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from the material properties of the machines. For the precise
calculation of radiation and convection is necessary to combine
the thermal analysis with CFD calculation and create a weakly
coupled analysis. This provides more precise results.
Unfortunately, this method is more time-consuming. Using
partial FEA rather than the modeling of the complete machine
radically reduces time consumption. Or is possible to use a
combination of FEA and LP method. The resulting of LP
thermal model is very fast and different loadings and cooling
conditions of the machine can be obtained. Furthermore, the
temperature of the winding is important for the estimation of
the lifetime cycle of the electrical machine, and also the cooling
method can be adapted for removing possible created hotspots.

Abstract—This paper is dealing with the exact measurement
and calculation of the equivalent thermal conduction coefficient
between the winding and the slot. The main issue is how to describe
and solve the thermal conduction coefficient on the handmade
wired small machine with a low slot filling factor. There is a precise
model of the machine created and valuated by the real
measurement.
Keywords—Thermal
resistance,
Thermal
conductivity,
Temperature dependence, Thermal analysis, Permanent magnet
machines

I. INTRODUCTION
This paper is dealing with the synchronous machine with
permanent magnets designed in a low power range. During
prototyping of one type of machines is necessary to develop
some supporting concept and examples. A described prototype
of synchronous machines with permanent magnet was created
for the test of behavior and features of winding configuration.
There is an approach on how to reach the final target and
simulate the thermal model with reality. Usually are created the
thermal models in various programs based on FEA (finite
element analysis) or LPTN (lumped parameter thermal
network) and then is model validated by the real measurement.
Lumped parameter (LP) thermal analysis and numerical
calculations are major approaches for describing the thermal
effects in electrical machines. The LPTN is representing a
simplification of all thermal scheme. It is calculated as a
number of single scalars. LPTN is providing fast results with
reasonable accuracy. Usually are the dimensional data of
calculated machines with physical properties used. Lumped
parameter thermal modeling of electrical machines is deeply
described in the literature [1-7]. The first implementation of the
LPTN calculation on PMS machines was made in [7]. Using
LPTN in modeling provides quite good results with a relative
error of the temperature rise below 10% from reality. [1] In
comparison with FEA and computational fluid dynamics (CFD)
which are widely used for proving the electromagnetic design
of electrical machines is very important settings of the boundary
condition. The results are significantly impacted by the right
setting of the boundary conditions and these are empirically
correlated [8-12]. The conduction can be precisely selected

II.

DESCRIPTION OF THE MODELING METHOD

Firstly is the 3D model of the machine prepared. From the
obtained values of expected rising up temperatures is prepared
the measuring range of DC current. On the hand made example
of the electrical machine are important these points:
• maximum temperature class of used insulation
• maximum Curie temperature of the magnet
both of the mentioned parts cannot be exceeded. In the case
for measurement of the equivalent conduction coefficient of the
space between hand-wired winding and the slot is used steadystate thermal calculation. In this case is possible to measure the
machine and use the precise contact measurement of the
magnet, stator and winding temperature. This is made by using
the ALMEMO instrument set included thermocouples. Because
the machine is not rotating during the first thermal test and for
the equivalent coefficient is necessary to load the winding is
used DC current for creating the Joule losses. The losses not
dependent on the frequency are neglected and are not created.
Also, the values are measured on one side of the machine,
because the solved problem of the equivalent conduction
coefficient is 2D problem.
Calculation of equivalent thermal conductivity of the hand
made wired coil is a difficult process because it is strongly
dependent on the accuracy and random positioning of the wires.

978-1-7281-5602-6/20/$31.00 ©2020IEEE
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TABLE I. MAIN PARAMETERS OF SOLVED MOTOR

Parameter
Rated power
Rated voltage
Rated Current
Operational speed
Efficiency

Cu
Insulation

Value
max 50
up to 20
up to 2
0-1000
92

Unit
W
V
A
rpm
%

Air
Kapton tape
Air

Fig.1. Scheme of equivalent thermal conductivity of winding

Fig. 3. Settings of the boundary condition

Fig. 2. Detail scheme of the slot equivalent [1]

The reduction method on how to solve it is described further. Is
created a circle space where is considered all copper, insulation
and Kapton tape with equivalent dimensions refer to real
topology.
In the Fig1. is shown the cross-section of used stator sloth.
In the Fig.2 is then presented the way of simplification. For
the solution of the problem is calculated based on the next
equation the equivalent thermal conduction. This is based on
the simplicity of the stator sloth and the dimensions and
material properties of the winding insulation.
=

(1)

Where bw is the diameter of the copper wire, bi is the
dimension of the insulation and bc is wide of the Kapton tape.
The numbers are the material constant of the selected layers.
for winding
From the previous equation is obtain the
which is for this case 2,48W/m.K. This value is set to the
simulation in the direction x and x, see figure 3. This value was
calculated from the number of possible wires where is the heat
going through on both directions (x and y).[13-17]

Fig. 4. Tested and calculated motor with supports
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USED PARAMETERS FOR SIMULATION SETUP

Specific thermal conductivity - λ
Stator core (radial direction)
Equivalent conductivity of winding
Winding (copper)
Shaft isotropy thermal conductivity
PM isotropy thermal conductivity
Insulation thermal conductivity
Slot insulation – KAPTON tape
TABLE III.

LOADS FOR SIMULATION SETUP

Part of solved machine
Stator core losses
Winding losses
PM losses
Mechanical losses

Measuring for 1A DC

45

∙
∙
45
2,48 (x and y axis)
380 (z axis)
60
7.7
0.16
0,6

Value

Temperature rising up [K]

TABLE II.

Load [W]
3,5
up to5
2
0,3

40
35
30
25
20
15
10
5
0
1000 Time [s] 2000

0

Winding

Magnets

3000
Stator

Graph.1. Graph of the rising up temperatures values for first measurement

In the pictures 3 and 4 are presented the machine design.
There is also shown the design of the machine stand. This
handmade electrical machine and stand are after a series of
measuring of the winding behavior and thermal measurement
prepared for real use in the courses for students. That is why is
the design open and there is no protection against touch. It was
necessary to show the simplicity of the design and possible
changing of the features of the machines changed simply by
changes of the winding parameter.
It is possible to divide the thermal resistances into two basic
types. The thermal resistance of heat conduction Rv is given by
the expression:

In the measurement for 1A is the steady-state temperature of
winding 64,9°C. The temperature of the magnets is 41,8°C and
the stator temperature is 44°C.
III.

SIMULATION RESULTS

The thermal simulation of the machine is a steady-state
simulation. The results of the measurement are used for
selecting the right thermal coefficient of the space between coil
and stator core. This in the first step was calculated an air with
thermal conductivity 0,026W/m.K. In the second step is made
the parametrization and selected results of simulation with
equivalent thermal conductivity of air
(combination air + winding – caused randomly make winding)
as 0,042 W/m.K. This caused the precise accuracy of the
simulation model with reality.

(2)
∙
where l is a distance, λ is specific thermal conductivity and A is
the area. And thermal heat transfer resistance is based on the
heat flow equation: [2]
1
(3)
=
∙
where α is heat transfer coefficient.
These two thermal resistances are necessary to parametrized
and compare to reality. Then are selected possible coefficients
of thermal conductivity of air. This is shown in Figures 1 and 2.
Air is representing the space between the coil and the stator
core. Because the machine is handmade; the wires are touching
the stator cores randomly and there could not be done any
approximations. Because of this, is made the parametrical
steady-state model. In the reality the creation of the losses is
caused by DC current going through the winding, in the
simulation is the same. There are considered only Joule losses.
In the graphs 1 and 2 are presented results of the real
measurement. They have controlled three temperatures:
temperatures of winding, magnets and stator. These are the
most important values from the machine. The limitation for
stator winding was set to 150°C.
=

Fig. 4. Controlling the temperature by the thermal camera
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IV.

The main aim of the presented paper is to solve the nonhomogeneous wounded wire winding. The thermal calculation
of the machine is then very problematic because the nonhomogenous winding is not repeatable. This can be solved by
implementing two equivalent thermal coefficients, combined
is
with parametric simulation. First equivalent coefficient
used for solving the thermal conduction of the coil. This coil is
divided into 5 layers and calculated the equivalent coefficient.
is than parametrically
The second coefficient
calculated with the previous use of the equivalent coefficient
coefficient is simulating the
for the coil. This
situation when are some wires in contacts with the stator sloth
walls and some not. This coefficient is empirically obtained
from the parametrization of simulation. For this type of
machine and thermal measurement is the equivalent thermal
set as 0,042W/m.K. A
conductivity of air
comparison between real measurement values and result form
simulation confirms this added coefficient to calculation. The
maximal accuracy error is less than 3%. The comparison is
made in Table 4. It is also compared the result with thermal
camera measurement (Fig.4). This measurement is only
supporting measurement to see the behavior of the electrical
machine. All kinds of simulation and measurement are in this
case made when is machine no rotating. In the next step is
prepared the measurement under rotating condition and also
preparing the empirical equation, which will be made form a set
of simulations results and measurements for different currents
and speed of rotation.

Fig. 5. Results from FEA Steady State Simulation
TABLE IV.

Temperature
[°C]
Winding
PM
Stator

FEA
64,17
41,61
45,40

COMPARISON OF VALUES

Measurement
(contact)
64,91
41,84
43,99

Measurement
(non-contact)
61,3
40,1
42,2

CONCLUSION

Max Err
[%]
1,2%
0,5%
3%
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For selected equivalent thermal conductivity of round wire
= 0,042 W/m.K are the maximum
winding
accuracy errors less than 3%. This was achieved by the
equivalent thermal conductivity of the coil in the slot by using
equation (1). In total, there are two equivalent thermal
coefficients and these two coefficients have a strong impact on
is calculated like the number
the results of the calculation.
of possible wires in one layer for both directions contacted to
the wall of the slot. This is calculated from the dimension of the
sloth and the size of used insulated wires. It is calculated the
number of wires as the half from all possible placeable wires,
because we are counting with the worst case, that the generated
heat has to pass from the exact middle of the stator slots. The
is then used for
second equivalent coefficient
correction between the coil size and amount of the space (air)
where are the wires placed. The coefficient should represent the
possibility that some wires are touching directly the stator sloth
or some are in touch only in few places or some are not and the
heat must go through the air and coil insulation. This is usually
happening when the coil is non-homogeneous.
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Abstract—The paper presents a simple yet powerful method
of efficiency mapping of induction machines. The whole
calculation process is based on knowledge of induction machine
equivalent circuit parameters and approximation of losses
based on known dependencies on speed, current and magnetic
flux linkage. The proposed method is then verified on two
samples of electric machines – large industrial induction
machine and a sample of a traction induction machine.

II. MATHEMATICAL MODELS OF INDUCTION MACHINE
To be able to perform an analysis of the induction
machine and its losses, it is necessary to use one of available
mathematical models. For given purpose a sufficient
accuracy is provided by its circuit description – induction
machine equivalent circuit. The steady state equivalent
circuit of the induction machine as it is usually used is shown
in Fig. 1 [1]. The main disadvantage of this variant of the
induction machine equivalent circuit is, that it does not
include direct relation between stator voltage and rotor
current, which is necessary for calculation of induction
machine torque considering both stator and rotor parameters.

Keywords—approximation method, computational efficiency,
induction motors, magnetic losses, measurement

I. INTRODUCTION
The induction machines (IM), although founded in
1885/1886 [1], saw their widest usage at the end of 20 th
century since when they are being partially replaced by the
permanent magnet synchronous machines (PMSM) of
various topologies [2]. In comparison to permanent magnet
machines their greatest advantage is simple design and – by
principle – the absence of any type of permanent magnets.
This fact makes induction machines more robust and also
more environmentally friendly than permanent magnet
machines because of absence of rare-earth alloys.

I1

R1

jω1L1

jω1L21

I21

I0
V1

In comparison to permanent magnet synchronous
machines there is one more important advantage in case of
induction machines – there is no permanent magnetic field
generated by the machine since it is excited from the stator
side only. This fact simplifies flux weakening in high speeds
(which leads to increase of machine losses in case of PMSM
[3, 4]), as well as transport of a damaged vehicle – the
absence of permanent magnetic field in the machine leads to
generation of only negligible back EMF in comparison to
permanent magnet machines. This effect may primarily
worsen the process of the malfunction and consecutively
hinder the transport of damaged vehicle (e. g. a tram or a bus
with PMSM drive).

RFe

E1

R21
s

jω1Lμ

Fig. 1. Induction machine equivalent circuit in form of T-shape two-port

For the purpose of determination of direct relation
between rotor current and stator voltage directly on the level
of the equivalent circuit, the equivalent circuit can be
transformed by introduction of complex coefficient
c̄1=1+

R1 + j ω1 L1
Z̄μ

(1)

from the T-shape to its Γ-shape (see Fig. 2) [8]. In this case
the stator current I1 is divided directly to no-load current I0
flowing through no-load impedance Z0 (see Fig. 3) and rotor
current I21, thus it is possible – knowing machine parameters
– to determine its terminal voltage V1.

These reasons lead many developers of electrical vehicles
to at least consider or directly to switch back from the
permanent magnet motor technology to induction machines
[5, 6]. In consequence to rising ecological demand on electric
vehicles in terms of compliance with the WLTC driving
cycle [7] at possibly lowest energy requirements, it is
necessary to be able to investigate the efficiency of induction
machines in various combinations of speeds and loads.

I1

c1R1

c1jω1L1

c12jω1L21

I21

I0

The following text describes a procedure of calculation of
induction machine parameters for the purpose of obtaining its
efficiency map suitable for vehicle simulation. The whole
approach if focused on obtaining load maps from limited
resources – e.g. datasheets or fundamental measurements.
Because of this reason the whole approach considers linear
models of the induction machine and each component of
losses is approximated based on known dependencies.

V1

Z0

c12 R21
s

Fig. 2. Induction machine equivalent circuit in form of Γ-shape two-port
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I0

R1
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−
f −f f 2 ω 2
p
p
s=
= 1 = =
.
60f 1
f1
f 1 ω1
p

jω1L1

V1

RFe

The results of (6) may be used in (2) to obtain the torquefrequency characteristic as it depends on rotor and power
supply angular frequencies

jω1Lμ

E1

T= p m 1⋅

Fig. 3. No-load impedance Z0 of the induction machine as used in Fig. 2.

p m1 R 21
⋅ ⋅
ω1 s

V

(
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2
R1+ c1 21 + ( ω1 L1 +c1 ω1 L21)
s

,

c1 R 21

√ R + (ω L +c ω L
1

1

1

1

21

)

2

,

,

(8)

)

c 1 R 21
2 π ( L 1+c 1 L21)

(9)

Since the induction machine works stable only in range
between -fc and +fc, this part of the torque characteristic is the
most important for determination of electric variables within
the induction machine. Now, based on known stator
frequency, rotor frequency and terminal voltage it is possible
to analyze equivalent circuit of the machine (either in Fig. 1
or in Fig. 2) in a numeric software [10, 11] and obtain related
values of machine currents and back EMF (see Fig. 4).

(2)

(3)

1500

torque, current [Nm, A]

1000
500
0
-500
-1000

torque
stator current

-1500

magnetizing current
rotor current

-2000
-4

-2

0

2

4

rotor frequency [Hz]

Fig. 4. Characteristics of a traction machine in range between motor and
generator critical slip values.

A. V/f Regime
For the V/f regime the stator voltage must be adopted to
reflect voltage drops on resistances of machine windings. To
include consideration of this effect it is suitable to obtain
stator voltage from the rotor current. For this purpose at the
beginning of the calculation the characteristics of the
machine for rated voltage and speed are calculated to obtain
T = f(I21) dependency. Then for requested torque value the

(4)

where speeds may be replaced by related frequencies by
60 f
p

.

2

R1
2
+ ( L1+ c1 L21)
ω1

and it is constant for any power supply frequency.

III. DETERMINATION OF ELECTRIC PROPERTIES
FOR VARIOUS SPEEDS AND TORQUES
To obtain torque characteristic of an induction machine
which would be fixed to one variable only, it is necessary to
introduce rotor frequency into relation (2) and move from
critical slip in case of (3) to critical rotor frequency. The slip
of an induction machine is defined as [9]

n=

√(

f c =±

The above described approach allows description of the
induction machine behaviour, but all mentioned relations
have multiple dependences on stator frequency and speed of
the machine. Both of them are included in so-called slip,
which is a hardly describable variable in case of power
electronics supplied machines, as the torque-slip dependency
significantly changes based on chosen stator frequency.

n1−n
,
n1

c1 R21

In case the stator resistance of the machine is negligible, the
critical rotor frequency obtained from (8) is

where “+” denotes motor mode and “-” generator mode.

s=

(7)

)

2π

)

2
1

ω
2
R1+ c1 1 R21 + ( ω1 L1+ c1 ω1 L21 )
ω2

f c =±

which further allows determination of the critical slip as
s c =±

2

and the related value of critical rotor frequency

The equivalent circuit in Fig. 2 allows calculation of the
rotor current directly as it depends on stator voltage V1 and
thus obtain the torque equation for the induction machine
considering both stator and rotor parameters
T=

V 21

R21
⋅
ω2

(

In (1) the Zμ is the impedance of the vertical branch in the
equivalent circuit (parallel connection of RFe and
magnetizing reactance jω1Lμ). After the transformation, the
rotor current and the no-load current flow through separate
branches of the equivalent circuit while both are connected
directly to the stator voltage. Similarly to equivalent circuit
in T-form (Fig. 1) the input current of the machine is the sum
of both currents. In contrast to the T-form equivalent circuit,
the Γ-form hides the back-EMF (variable E1) position in the
element of the no-load impedance Z0 (see Fig. 3).

2
1

(6)

(5)

which gives
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rotor current and rotor frequency at certain machine speed
are obtained. Using these variables it is now possible to go
through the equivalent circuit from the rotor current to back
EMF value and to stator voltage.

where the real mechanical power is given by resulting torque
of the machine and angular speed of the shaft ω

B. Flux-Weakening Regime
In the flux-weakening area, the induction machine has
reached maximal available voltage of the power source. In
this case the characteristics of the machine significantly
change in comparison to fundamental characteristics in
Fig. 4, thus for each machine speed the characteristics must
be re-calculated to respect factual available torque.

The sum of the above mentioned losses gives the total
losses for sine-wave power supply

P m=( T −Δ T )ω .

Δ Psin =Δ P j + Δ P Fe+ Δ Pm +Δ P add ,

Δ P PWM =k PMW Δ Psin ,

where

Δ P j=m1 (R I + R I )

ηsin , PWM =1−

is the actual value of motor terminal
voltage,
and on power supply frequency f1, and they may be
approximated as

where
and

f1
fR
ψR

f1
fR

β

( )( )

,

(12)

The mechanical losses are then approximated using
square of the ratio of actual speed n to rated speed nR
n
nR

( )

A. 1.4 MW Industrial Induction Machine
As a sample of induction machine an 1.4 MW induction
machine by ABB was chosen. The machine is designed as a
standard IM 1001 machine with IC 06 air cooling. The rated
parameters of the machine are shown in Table I, the
equivalent circuit parameters are shown in Table II [13].

2

.

(13)

Since the mechanical losses form also additional torque for
the machine, they must be also considered in adding related
torque to requested shaft torque
ΔT=

Δ Pm
.
ω

Using input data from the data sheet the machine was
analysed which resulted in load maps shown in Figs. 5 – 8.
A comparison of selected working points provided by the
manufacturer with results of calculation is shown in
Table III. All results are calculated for sine-wave power
feeding. The presented load maps of the ABB motor presume
limitation by rated voltage and by maximal current value of
1100 A. The voltage shown in Fig. 5 is the phase voltage as it
results from equivalent circuit, the voltage in Table III
reflects line-to-line values as provided in the datasheet.

(14)

The additional losses of the machine are determined from
actual mechanical power of the machine by
Δ P add =k add Pm ,

(20)

On the other hand the traction machine is designed to
work with high power density, which requires high current
density resulting in non-negligible influence of resistances on
results of the calculations. By comparison of results for both
machines the applicability of the calculation algorithm as
well as the influence of stator resistance may be evaluated.

is the actual stator power supply frequency
is the rated stator power supply frequency
is the rated value of magnetic flux linkage
obtained from (11) using rated parameters.

Δ Pm =Δ P mR

Δ Psin , PWM
Pm

V. EVALUATION OF CALCULATED RESULTS
Based on above mentioned calculation a software for
calculation of load maps of induction machines was written.
To verify its applicability it was tested on two fundamentally
different induction machines – a large 1.4 MW industrial
induction machine and a traction induction machine with
water cooling and 100 kW output power. In case of the
industrial machine the design focuses on high efficiency,
which results in low current densities and also resistances,
thus their impact in calculations is relatively negligible.

V1

2

(19)

for a generator.

(11)

ψ1
ψR

Δ P sin , PWM
Pm + Δ Psin , PWM

for a machine in motor mode or

(10)

V
ψ 1= 1
ω1

Δ P Fe=Δ P FeR

is the coefficient of additional PWM
losses.

ηsin , PWM =1−

The iron losses depend on the saturation of the magnetic
circuit, which is related to machine voltage through magnetic
flux linkage

where

kPWM

(18)

The efficiency of the machine then results

The directly calculated component of losses are the I2R
losses, which result from the equivalent circuit analysis:
2
21 21

(17)

and in case of pulse-width modulated power supply voltage
the PWM losses may be estimated by

IV. DETERMINATION OF LOSSES
For the purpose of simple and fast calculation most of
loss components are approximated based on known
frequency, current and flux dependencies [12]. Since all
components of losses may be obtained from motor datasheets
and/or basic measurements, this approach allows sufficient
accuracy.

2
1 1

(16)

(15)
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TABLE I.
RATED PARAMETERS OF ABB AMI 500L6W BAFTH
Parameter

[unit]

Value

Power

[kW]

1400

Voltage

[V]

1500

Current

[A]

650

Speed

[rpm]

992

Efficiency

[%]

Torque

[Nm]

95.5
13480

TABLE II.
EQUIVALENT CIRCUIT PARAMETERS OF ABB AMI 500L6W BAFTH
Parameter

[unit]

Value

Stator Resistance

[Ω]

0.016

Stator Leakage Inductance

[mH]

0.548

Rotor Resistance

[Ω]

0.012

Rotor Leakage Inductance

[mH]

0.316

Iron Loss Resistance

[Ω]

180.0

Magnetizing inductance

[mH]

11.84

Fig. 5. Calculated voltage map of ABB AMI 500L6W BAFTH.

TABLE III.
COMPARISON OF CALCULATED RESULTS AND DATA SHEET
Parameter

[unit]

Data Sheet

Calculation

Difference

Speed

[rpm]

610

---

Torque

[Nm]

13429

---

Voltage

[V]

927

920

-0.79

Current

[A]

648

639

-1.36

Power factor

[-]

0.87

0.866

-0.48

Efficiency

[%]

93.0

94.7

1.82

Speed

[rpm]

995

---

Torque

[Nm]

13437

---

Voltage

[V]

1500

1486

-0.93

Current

[A]

647

641

-0.96

Power factor

[-]

0.87

0.86

-0.66

Efficiency

[%]

95.5

95.7

0.18

Speed

[rpm]

1500

---

Torque

[Nm]

8911

---

Voltage

[V]

1500

1500

0.00

Current

[A]

628

636

1.26

Power factor

[-]

0.89

0.87

-2.04

Efficiency

[%]

95.6

95.4

-0.17

Speed

[rpm]

1800

---

Torque

[Nm]

7427

---

Voltage

[V]

1500

1500

0.00

Current

[A]

642

628.6

-2.09

Power factor

[-]

0.88

0.86

-2.09

Efficiency

[%]

95.4

95.1

-0.28

Fig. 6. Calculated current map of ABB AMI 500L6W BAFTH.

Fig. 7. Calculated power factor map of ABB AMI 500L6W BAFTH.

Fig. 8. Calculated efficiency map of ABB AMI 500L6W BAFTH.

9

2020 19th International Conference on Mechatronics – Mechatronika (ME)

TABLE VI.
COMPARISON OF CALCULATED RESULTS AND MEASUREMENT

B. 100 kW Traction Induction Machine
The second verification was performed for a traction
induction machine with output power 100 kW. In this case it
is a prototype of water cooled induction machine
manufactured by SKODA ELECTRIC, a. s. with copper
squirrel cage [14]. In comparison to the ABB machine the
per unit stator resistance is significantly higher, so its
influence on results may be well observed. The rated
parameters of the machine are shown in Table IV,
the equivalent circuit parameters are shown in Table V.
In this case data in both tables were measured during testing
the machine in testing laboratory.
TABLE IV.
RATED PARAMETERS OF SKODA ELECTRIC PROTOTYPE
Parameter

[unit]

Value

Power

[kW]

100

Voltage

[V]

420

Current

[A]

178

Speed

[rpm]

2218

Efficiency (PWM)

[%]

92.3

Torque

[Nm]

432

TABLE V.
EQUIVALENT CIRCUIT PARAMETERS OF SKODA ELECTRIC PROTOTYPE
Parameter

[unit]

Stator Resistance
Stator Leakage Inductance

Parameter

[unit]

Measured

Calculated

Difference

Speed

[rpm]

1452

---

Torque

[Nm]

894.4

---

Voltage

[V]

314

288

-8.39

Current

[A]

318

334

4.98

Power factor

[-]

0.88

0.88

-0.58

Efficiency

[%]

90.0

89.5

0.02

Speed

[rpm]

2135

---

Torque

[Nm]

447.3

---

Voltage

[V]

420

415

-1.09

Current

[A]

174

173

-0.77

Power factor

[-]

0.84

0.93

11.1

Efficiency

[%]

94.6

94.7

0.14

Speed

[rpm]

2135

---

Torque

[Nm]

894.5

---

Voltage

[V]

420

415

-1.07

Current

[A]

342

334

-2.37

Power factor

[-]

0.88

0.88

-0.55

[%]

91.7

92.3

0.57

Efficiency

Value

Speed

[rpm]

4701

---

[Ω]

0.019

Torque

[Nm]

277.9

---

[mH]

0.235

Voltage

[V]

420

420

0.00

Rotor Resistance

[Ω]

0.014

Current

[A]

247

232

-5.74

Rotor Leakage Inductance

[mH]

0.196

Power factor

[-]

0.82

0.83

1.55

Iron Loss Resistance

[Ω]

70.6

Efficiency

[%]

92.5

92.8

0.41

Magnetizing inductance

[mH]

5.48

The load maps calculated for the SKODA ELECTRIC
traction machine prototype are limited by the rated voltage of
the machine, maximal current value I1 = 350 A and maximal
speed 4800 rpm. Since in this case the speed range is wider,
the physical limit of the machine given by the value of
critical torque may observed at speeds higher than
approximately 4200 rpm in motor mode – the torque is
limited although the machine does not consume maximal
current (see Fig. 10).

Based on measured parameters of the machine it was
further analysed using developed efficiency mapping
software. Numeric results comparing calculations and load
tests in the laboratory are shown in Table VI. The calculated
load maps are the shown in Figs. 9 – 12. During the testing
the machine was fed by an inverter with sinusoidal filter,
thus in this case the results also reflect data for sine-wave
power supply.

Fig. 10. Current map of SKODA ELECTRIC prototype.

Fig. 9. Voltage map of SKODA ELECTRIC prototype.
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load map calculation tool. The difference in the power factor
near to the rated working point (11.1 per cent at 2135 rpm
and 447.3 Nm) is most possibly a measurement inaccuracy,
since all other compared values correspond with accuracy
better than 1.1 per cent.
As mentioned in the introduction, the calculation tool and
the whole approach are focused on possibility of obtaining
load map from datasheet parameters or parameters
obtainable by fundamental measurement. This limitation
leads to linear model and approximation of losses from
known losses at the rated point of the machine. From this
point of view the obtained results are more than satisfying.
On the other hand the presented approach offers a lot of
space for further development – introduction of nonlinearities of resistances and inductance or consideration on
non-linear steel behaviour. The implementation of these
factors is also possible, but it goes beyond the expected
objective and it would require far more input data than
obtained from the datasheets or simple measurements.

Fig. 11. Power factor map of SKODA ELECTRIC prototype.
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The motor housing of the electric machine is usually
designed as a support to stator core and protecting the whole
motor from objects, water, dust, etc. There is a huge variety in
the types of motor housing and configuration. For the
manufacturing could be use wrapping, casting, extruding,
machining and stamping. The main requirements are for the
motor housing structural strength for support the stator core, low
emissions of vibration, weight, corrosion resistance and lost
cost. [7,8,9]

Abstract—The main aim of this paper is to prove the
importance of precision of the manufacturing process during
designing and producing the electrical machine. There is made a
comparison of several models and shown the dependency on the
accuracy of the dimension of the stator core and the contact region
between the stator and motor housing. This paper is also focused
on the modification and improvement of the passive cooling system
of the high-speed electrical machines body. The contribution of the
paper is the valuation of the inaccuracy of the prediction thermal
calculation in comparison with a real electrical machine.

II. DESCRIPTION OF MODELLED PROBLEM

Keywords—Thermal
resistance,
Thermal
conductivity,
Temperature dependence, Thermal analysis, Permanent magnet
machines

During the designing new conception of the traction power
unit is necessary to consider all potentials of problems. One of
the main problems is the technology and manufacturing of the
traction motor. The advantage of the passive cooled high-speed
machines used for traction can be neglected if the manufacturing
process is wrong, or the used materials do not have necessary
features. For the motor housing is used the self-developed casted
aluminium body. During the manufacturing is put inside by high
pressure the stator core with the winding. During this process is
in the aluminium housing high tension in various directions.
When is used the iron casted motor housing is usually possible
to remove the stator core several times. The iron is much
stronger than the aluminium and the flexibility without
significant impact is higher. When is the aluminium body used,
there are several problems involved. First, the aluminium body
has different thermal dissipation coefficient and during the
operation time the speed of the dimension changes is different.
The second problem is that aluminium is much softer than iron
and is very easily damageable. [7]

I. INTRODUCTION
Currently is the market of the electrical machines focused on
reducing the size and increasing the power density of machines
[1]. For decreasing the size and increasing the power density of
the electrical machine is necessary to go in the high-speed range.
The high-speed machine (it is possible to talk about 6-30krpm)
brings weight and money saves but on the other hand also
involved new problems. [1,2]. The traction applications as the
traditional field is also changing and it is possible to find new
solutions as using the high-speed electrical machines and
drivers. For the automotive use are high-speed machine usually
used [3,4,5] For the cooling systems of the machines this new
trend brings new opportunities and sophisticated solutions. [6]
In the paper is presented the solution for a new traction unit
which is currently developed. This traction unit is designing to
power a tram vehicle. The unit is using the high-speed
synchronous machine with permanent magnets on the surface of
the rotor. Another design target is to do the passive cooling
system of the machine. The main aim is to remove the losses
created in small volume with high power density. For this case
has been used the passive cooling of the motor housing with the
special shape of the cooling ribs. This design should provide
higher heat transfer coefficient than the conventional one. The
compactness of the whole drive should be the same.

978-1-7281-5602-6/20/$31.00 ©2020IEEE

Fig. 1 is showing the scratches created after the stator core
was removed. This motor housing is then not possible to reuse
for second putting the stator core in. This is caused due to the
softness of the aluminium. The motor housing is made with a
slightly smaller dimension of the diameter to provide the support
for created mechanical torque. It is used the overlap 0.4mm.
In TABLE 1 are presented main parameters of the modelled
motor. It is a synchronous machine with surface permanent
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Fig. 1. Picture from the inside of motor housing after stator packet removing
TABLE I.

MAIN PARAMETERS OF SOLVED MOTOR

Parameter
Rated power
Rated voltage
Rated Current
Operational speed
Efficiency

Value
110 000
400
198
3000-10000
96.4

Fig. 2. Settings of the boundary condition for the thermal calculation

Unit
W
V
A
rpm
%

These losses are already recalculated with additionally created
loads from the power supply. In this case is used PWM at the
frequency 8kHz.
In the Fig.2 is shown the setting of the boundary conditions
of the solved electrical machine. On the red surface is set the
fixed condition - Temperature at 80°C. This came from the
whole drive configuration when the motor body is directly
connected to the gearbox and this temperature was measured
during the test. The heat transfer coefficient is set on the motor
body. It is calculated the worst case when are the vehicle and air
not moving. The heat transfer coefficient on the motor housing
is set by the previous measurement.

magnets placed on the rotor and fixed and held by glass fibre
tape. The stator body is inserted into the motor housing by high
pressure. During this process could be due to inaccuracy of the
technology or manufacturing process on the inner surface of the
motor housing could be created some spots between the stator
packet and motor body. These spots are usually only a few
dozens of micrometres. This could result in the local thermal
hotspots. These places could be filled by air and they are
represented as resistance for heat going through the micro airgap
to the motor housing. In the TABLE 2 are presented values of
the created heat in selected parts of the electrical machine.
TABLE II.

Fig.3 is showing the thermal dissipation around the winding
and the connection of stator core to the motor housing. Because
of the small changes in the diameter is necessary to set the mesh
very precise. In this case, it leads to 18,5 million nodes and 11,4
million elements. Only with a high number of small elements is
possible to evaluate the impact of a possible created air gap
between the motor housing and stator core. The very high
temperature is caused by the setting of the worst condition when
is the heat transfer coefficient lowest and it is expected not
moving vehicle and only the natural convection. The
temperature class of the wire insulation is H 180. For the traction
drives is than used the notice that the maximal temperature of
the winding insulation is equal to possible temperature rising up
of the winding insulation. The ambient working temperature is
set to 40°C. The simulation and calculation are then similar to
[8-18].

MAIN LOADS OF SOLVED MOTOR

Part of solved machine
Stator core losses
Winding losses
PM losses
Mechanical losses
Additional losses

Load [W]
802
1586
403
416
600
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A is the area. In the reality, the thermal resistance of the stator
joke will be raised by air gap thermal resistance. The thermal
resistance of the joke is then:
= 0,024
0,1

(2)

= 0,294

(3)

= 0,318

(4)

III. RESULTS
In TABLE 3 is calculated the thermal difference when the
air gap is calculated between the motor housing and stator core.
This calculation is made for the worst case; the whole surface of
the stator core is not connected directly the motor housing and
the air gap is created between these two surfaces. This situation
is unreal. Usually are only a few centimetres long and wide and
create only the local temperature hot spot but with the same
temperature difference because is calculated only the hotspots
region and the heat going through this area. In conventional
design with active cooling provided by air fan are these hot spots
not so big problem. For the passively cooled motor
Fig. 3. Reference thermal calculation of the winding
TABLE III.

TABLE OF POSSIBLE TEMPERATURE DIFFERENCE

The resistance of air gap
between mot.housing
and the stator core
R for 0,01mm
R for 0,02mm
R for 0,05mm
R for 0,1mm
R for 0,2mm
R for 0,3mm
R for 0,4mm
R for 0,5mm
R for 0,6mm
R for 0,7mm
R for 0,8mm
R for 0,9mm
R for 1mm
TABLE IV.

Thermal
resistance
[K/W]
0,002
0,004
0,009
0,018
0,035
0,053
0,070
0,088
0,105
0,123
0,141
0,158
0,176

The thermal
difference[K]
For load: 2388W
4,2
8,4
21,0
42,0
83,9
125,9
167,9
209,8
251,8
293,8
335,7
377,7
419,7

TABLE OF A POSSIBLE TEMPERATURE DIFFERENCE BY USING
THE THERMAL CONDUCTIVE PAST

The resistance of air gap
between mot. housing
and stator core
R for 0,01mm
R for 0,02mm
R for 0,05mm
R for 0,1mm
R for 0,2mm
R for 0,3mm
R for 0,4mm
R for 0,5mm
R for 0,6mm
R for 0,7mm
R for 0,8mm
R for 0,9mm
R for 1mm

Fig. 4. Thermal scheme of calculated PMSM made by LPTN method

The heat network in Fig. 4 consists of 6 sources of heat
(nodes) ΔP, which are connected through 14 thermal resistances
R. The individual nodes represent: (1) - Stator winding, (2) Stator tooth, (3) stator, (4) - winding face, (5) - PM, (6) - shaft.
It is possible to calculate two thermal resistances connected
in series. The thermal resistance of heat conduction Rv is given
by the expression:
=

∙
where l is the distance, λ is specific thermal
conductivity and

(1)
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Thermal
resistance
[K/W]
8,16E-06
1,63E-05
4,08E-05
8,16E-05
1,63E-04
2,45E-04
3,26E-04
4,08E-04
4,90E-04
5,71E-04
6,53E-04
7,34E-04
8,16E-04

The thermal
difference[K]
For load: 2388W
0,0
0,0
0,1
0,2
0,4
0,6
0,8
1,0
1,2
1,4
1,6
1,8
1,9
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housing body could be this situation fatal. The thermal
difference is calculated for the combination of Joule losses and
Stator core losses. Due to the combination of the used materials
aluminium and iron and different thermal stretchability could be
created local hot spots on different places around the motor
housing. This could be solved by using the thermal paste during
inserting the stator core to the motor housing. The thermal
conductivity of the air is 0,026W/m.K but the thermal
conductivity of the thermal paste is usually from 5,6W/m.K to
11,8W/m.K. It strongly depends on the material which is it made
from. Usually are used microparticles of carbon. Even for using
the thermal paste during the insertion of the stator core to the
motor body is possible to reduce the thermal difference between
the winding and motor housing surface to values presented in
TABLE 4.

[2]

[3]

[4]

[5]

The temperature difference between the motor housing and
stator core is then almost non-measurable and is possible to
neglect it.

[6]

In the paper are not presented all results from the
simulations (local heat transfer coefficients, etc.) for the huge
number of figures.

[7]

IV. CONCLUSION

[8]

The main topic of the presented study is evaluating the
impact of the production tolerances and production technology
on the final thermal scheme of the high-speed synchronous
machines with permanent magnets. This machine is designed for
powering the tram vehicle. The new approach in the design is to
use passive cooling of the electrical machine surface. For the
good material features is used the aluminium motor housing
with cooling ribs. Using of the aluminium leads to the very
precise made of the inner dimension of the motor housing with
overlap 0,4mm. This provides the support for created
mechanical torque. But during the manufacturing process could
be some inaccuracies made and small air gap created. It was
confirmed by simulation and an analytical result that locally
created hot spots could be a hard issue and could locally overheat
the parts of the electrical machine. In comparison when is the air
gap with wide 0,1mm between the motor housing and stator core
created, the temperature could locally rise 42K up. For the
passively cooled machine could be a solution to use the thermal
conductive paste. The application on the stator core surface
could improve the thermal behaviour and can remove the hot
spots. For proving the results is now prepared the real
measurement and is solved the manufacturing process to keep
the thermal conductive paste on the surface.

[9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]
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Mathematical description of asynchronous generator,
operating on an active rectifier depends and structure system
that manages asynchronous machine [11-19].

Abstract— The main reason for using asynchronous cage
generators in ship's systems is their reliability, simplicity of
connection to the grid network and the possibility to implement
the system at different generator rotation speeds. In addition,
cage generators running on a DC network can easily distribute
and sum up the power of generators running in parallel.
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In this article a test was carried out on a cage induction
generator with an active rectifier and a load. The machine is
controlled in a closed system with field-oriented control. The
mathematical description of the system has been implemented.
A model of this system was designed in the Matlab-Simulink
package. The simulation results confirmed the functionality of
the system and its good dynamic quality.
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Fig.1. Example of a DC network on a ship

I. INTRODUCTION

The operation of the asynchronous machine in generator
mode must be realized, so that in addition to the drive of the
machine, an independent control of the current reactive
component (magnetizing machine) must be necessary.

The use of Cage Induction Generator (CIG) instead of
EESG, due to its simple construction, will increase the
reliability of the power generation system and significantly
reduce investment and maintenance costs. The disadvantage
of CIG is the difficulty in stabilizing the voltage and frequency
with the load [1 - 6].

This article examined the structure of system with vector
control method (FOC - Field Oriented Control). Designed and
built model of generator in package Matlab-Simulink when
changing the load current and DC generator shaft rotation
speed.

The development of power electronic technologies allows
to eliminate the above mentioned disadvantage of CIG. In
recent years, for design of ship energy systems, a growing
preference is given to DC networks. Not stopping on all the
advantages and disadvantages of electric networks AC and
DC, we note only a few features [3, 7]:

II. MATHEMATICAL DESCRIPTION OF " CAGE INDUCTION
GENERATOR - ACTIVE RECTIFIER" SYSTEM
Block diagram of asynchronous generator with active
rectifier is shown in Fig. 2. In this block diagram AR on AC
side connected to the stator circuit of asynchronous machine,
on DC side it connected to load DC circuit with filter.
Asynchronous machine with squirrel-cage rotor is represented
by a substitution scheme with parameters E, r1, x1. The control
unit (CSAR) provides control of the active rectifier according
to the selected law.

• in DC networks easier to solve problems of the
separation of power between generators,
• in DC networks is easier to solve the problems of
summing the power of generators of different types
operating to the same network.
• in DC networks we have better voltage regulation
compared to the AC system due to the lack of
inductance.
Active Rectifiers (AR) rectify AC into DC and regulate the
voltage on DC buses while providing reactive power for CIG.
AC loads are supported by Active Inverters (AI).

The system “CIG-AR” is a nonlinear control object and
requires sequential structural and parametric synthesis when
constructing a DC generator set. The first step of the structural
synthesis is the choice of the control method of the
asynchronous machine. The basis of the mathematical
description of electromagnetic processes in AR lies method of
spatial vector [14, 16, 18, 19].

In this article is described a system that contains the CIG
and an active rectifier (AR). This system allows to build DC
electric network on the ship [8, 9].

Description of asynchronous machine with squirrel-cage
rotor is performed in the rotating coordinate system x, y with
the basic flux vector of the rotor [11, 13,14,18].

Fig. 1 shows an example of a DC ship network.

978-1-7281-5602-6/20/$31.00 ©2020 IEEE
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r1 , x1

I DC

I1

k R RR iSx =

AR

E1

U1

VD

IC

U DC

C

VT

ωk = pωm +

R

3
3
ωk Ψ Rx iSy = U dc (t ) I dc (t ) + r (iSx2 + iSy2 ),
2
2
dU dc (t )
U dc (t )
.
C
= I dc (t ) −
dt
R

Fig.2. Block diagram of CIG with AR

In this case, the mathematical description of open-loop
system “CIG-AR" is:

uSx = r (1 + TS/ s)iSx + x1iSy −

kR

Ψ Rx ,
TR
uSy = r (1 + TS/ s )iSy + x1iSy + E1 ,
1
Ψ Rx + sΨ Rx ,
TR

The system of equations (2), (3) is a non-linear, it does not
have analytical solution, so further research carried out on
models in Matlab-Simulink.

(1)

However, electromagnetic and energy characteristics of
the system can be calculated without solving nonlinear
differential equations. For this purpose it is necessary to
investigate equations (2), (3) in the steady-state operating. The
mathematical description of system operating mode with the
basic flux vector of the rotor must meet several supplementary
conditions:

In the system of equations (1):

d
- time derivative,
dt

ωk = p ⋅ ωm - angular frequency control of the active
rectifier,
E1 = k R p ω m ψ Rx - electromotive force of CIG,

r = ( RS + k R2 RR ), x1 = ωK L/S , L/S = ( LS −

L2m
L
), k R = m ,
LR
LR

2
m

(3)

C, R- capacitor of filter and resistance load.

Te = 1.5 pk R Ψ Rx iSy .

•

The rotor flux Ψ R is set and maintained constant.

•

The shaft speed of the squirrel-cage asynchronous
machine is set.

•

The angle frequency of the rotating coordinates in
system is ensure that the projections of the flux
vector of the rotor are equal: Ψ Ry = 0,

Ψ R = Ψ Rx = const.

/
R

L
L
L
L
, k S = m , L/R = ( LR −
), TR/ =
RS
LS
LR
RR
parameters of CIG,
TS/ =

(2)

where:

0 = −k R RR iSy + (ωk − pωm )Ψ Rx ,

/
S

,

To fully describe of the system “CIG-AR” for generator
mode, power balance equation and Kirchhoff equation for the
load circuit should be added to equations (2).

CSAR

s=

k R RR iSy

ψ Rx
Te = 1.5 pk R ψ Rx iSy .

I

0 = −k R RR iSx +

1
ψ Rx + sψ Rx ,
TR

If these conditions are met, the mathematical description
of electromagnetic and electromechanical processes in the
system in the steady-state operating can be represented by
equations [20]:

U Sx , U Sy - stator phase voltage in x, y axes,

I Sx =

I Sx , I Sy - stator current in x, y axes,
Ψ Rx , ωm - stator current in x, y axes, rotor flux and rotor
angular speed,

ωk =

1
Ψ Rx ,
LR k R
k R RR I Sy
Ψ Rx

+ pωm ,

(4)

Te = 1.5 pk R Ψ Rx I Sy .

T - electromagnetic torque,
e

U Sx = rI Sx − x1 I Sy

p - number of machine pole pairs (torque is negative in
generator mode).

kR
TR

Ψ Rx ,

(5)

U Sy = E1 − rI Sy − x1 I Sx .

The implementation of the selected control law (Field
Oriented Control) requires compliance with the condition that
the angular velocity of the coordinate system is determined
from the fourth equation of the system (1) as a function of
machine state variables.

Further studies were carried out for a CIG type 20HP
(15kW) , with the following passport data and parameters:
UAB = 400 V, (U1m = 310 V),
f1 = 50 Hz, (ω1 = 314 1/s),
RS = 0.2147 Ω,
RR = 0.2205 Ω,

When the stator windings of the machine are powered
from current sources [13], equations (1 ) are converted to
form:
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LS = LR = 0.06518 H,
Lm = 0.06419 H,
J = 0.102 kgm2,
p = 2.
The algorithm for calculating the electromagnetic
characteristics of generator set with FOC contains the
following sequence:
1. We set the rotor flux corresponding to the nominals
voltage and frequency.
2. We set the range of change in current and speed of the
machine and from equations of the system (2) find Usx
and Usy.
3. After determining the voltages determine the active and
reactive power and output DC power of the generator
set from the equations:

PS = 1.5(U Sx I Sy + U Sy I Sy ),
QS = −1.5(U Sx I Sy − U Sy I Sy ),
Pdc =

(6)

3
3
ωk Ψ Rx I Sy − r ( I Sx2 + I Sy2 ).
2
2

Fig.3. The dependencies of output voltage the generator set (the symbol
wm corresponds to ωm in the text)

The last step in the calculation is to determine the DC voltage
at the output of the generating set.

U dc = Pdc ⋅ R

The electromagnetic characteristics of system with FOC
shows that the range of permissible speeds and currents of
generator decreases with increasing voltage output of the
generator.

(7)

III.

The dependencies of output voltage the generator set on
current and speed are shown in Fig.3. Load resistance used in
the simulation R = 50 Ω.
Projections of the surface on the basic plane represents
dependency between speed and current at a constant voltage
on output of generator set.
According to these projections can be judged about
restrictions on the variation range of speed and current of
generator set.

IMPLEMENTATION OF PROPOSED CAGE INDUCTION
GENERATOR - ACTIVE RECTIFIER SYSTEM.

The results of the theoretical calculation were tested on a
simulation model that was developed in the Sim Power
System package. This model is shown in Fig.4.
This model is constructed according to equations (1)
taking into account current control of the active rectifier.

Fig. 4. Model CIG with AR in the rotating coordinate system with the base Vector Rotor Flux (FOC) (the symbol wm corresponds to ωm and wk
corresponds to ωk in the text)
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Changing the generator speed, changing the load resistance
and changing the control signal in this system causes the
output voltage to change accordingly.

Current control in the model is implemented by means of
relay feedback.
The results of the modeling (Fig. 5) coincide quite precisely
with theoretical calculations (Fig. 4).
The simulation did not consider the process of initial charging
of the capacitor at the output of the active rectifier. The initial
voltage on the capacitor is required to excite the
asynchronous machine. In a real installation, the capacitor is
initially charged using various devices. In the model, the
initial charge is realized by introducing initial conditions in
the integrator (equation 3).

IV.

MODEL STUDY OF THE CLOSED-LOOP SYSTEM "CIGAR"

Ψ *Rx

Ψ Rx

U

*
DC

PI Ψ Rx

x, y

PI UDC

a, b, c

UDC

LOAD

Block schema of CIG with AR in the closed-loop system
is shown on Fig. 6. In this functional diagram AR with AC
side connected to the stator circuit of asynchronous machine,
on the DC side it connected to load DC circuit with filter.

UDC
a, b, c

Ψ Rx

CIG

x, y

ωm

ωm

TG

Fig. 6. Block schema of the closed-loop system "CIG-AR".

To stabilize output voltage of active rectifier the control
system is builds with two channel control. In first channel
supported by a steady flux of rotor. Another channel control
an active current in the asynchronous generator. This channel
contains the output voltage stabilization circuit AR.
Model that allows you to explore the electromagnetic, energy
and dynamic characteristics of the system is presented in Fig.
7.
In contrast to the structural model (Fig. 4) in external
control circuit is added two PI regulators.
Parameters of PI controllers are based on the requirements
for the transition process in the system.

Fig. 5. Electromagnetic processes in the system when changing the load and
speed of rotation of the shaft (the symbol wm corresponds to ωm in the text)

Fig. 7. Model of closed loop systems CIG-AR (the symbol wm corresponds to ωm and wk corresponds to ωk in the text).
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Electromagnetic processes current and voltage on output
AR when the load and speed of rotation are changed are
shown in Fig. 8.

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

Fig. 8. Processes in CIG-AR closed-loop systems when changing the
load and speed of rotation of the shaft (the symbol wm corresponds to ωm in
the text)

[12]

The change of speed (at t=1.5 s) does not change the
voltage of Udc in the DC circuit. Double the load increase (at
t=2.5 s) also does not change the voltage. Of course, to keep
the Udc voltage constant, such operation is possible within
certain limits of speed and load changes so that CIG energy is
sufficient.
V.

[13]
[14]

[15]

CONCLUSION
[16]

Active three-phase rectifier connected to the windings
asynchronous generator allows you to maintain a constant
voltage at the load when changing the rotational speed of
asynchronous machine and when changing the load current.
Such a system is nonlinear dynamical system with adjustable
effect energy accumulation. It is described by non-linear
differential equations and does not have an analytical solution.

[17]
[18]

[19]

Therefore, the research on dynamic properties of system
“CIG- AR” can be implemented using structural models,
which take into account both its linear properties and its
nonlinear properties of system.

[20]
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In this paper algorithm for creating of thermal network is
presented. This algorithm is used as a foundation for a
modular thermal model, which allows easy implementation of
different topologies of machine parts, such as types of
windings, shapes of PM, and types of housing. The thermal
model is realized as software in the computing environment
MATLAB.

Abstract — Equivalent thermal circuit with lumped
parameters is a frequently used method for thermal modeling of
electrical machines. This paper presents an algorithm of the
modular thermal model for the Permanent Magnet
Synchronous Machine (PMSM). Modularity is achieved by
separating geometry into sub-models, which allows easy
introduction of different topologies into the calculations which
leads to easier setting for modeled machines. First, used methods
are introduced than algorithm realized in MATLAB interface is
described step by step, at the end results and verification with
FEM calculations are presented.

II. THERMAL EQUIVALENT NETWORK
The thermal equivalent network is a method using an
analogy between electric and thermal fields (Table I), it
transforms the physical geometry of the machine into the
electrical circuit representing thermal processes that occur
inside of the machine [1, 3 - 6].

Keywords — thermal analysis, lumped parameter equivalent
thermal circuit, permanent magnet synchronous machine,
calculation algorithm, FEM

I. INTRODUCTION

TABLE I.

Nowadays with pressure on designers of electrical
machines to make machines with higher power density and
better efficiency, arises a situation where thermal analysis is
an inseparable part of complete design of machines [1, 2].
This applies especially for permanent magnet synchronous
motors (PMSM), because of frequent usage of this type of
machine for modern traction applications. For that is
important to create a machine with required power
performance with the smallest possible dimensions, to save
space and weight, as well as a machine with the economical
operation and long service life however, an increase of power
naturally leads to an increase of power losses which has to be
dissipated into the cooling medium without damaging heatsensitive parts of the machine [3, 4].

COMPARISON OF THERMAL AND ELECTRICAL VARIABLES
[3]
Thermal variables

Q
q
T
Θ
λ
Rth
Gth
Cth

Heat flow
Heat flow density
Temperature
Temperature rise
Thermal
conductivity
Thermal resistance
Thermal
conductance
Heat capacity

Electrical variables
W
W.m-2
K
K
W.m-1
K-1
K.W-1

I
J
ϕ
U

-1

W.K

G

J.K-1

C

Electrical current
Current density
Electric potential
Voltage
Electric
conductivity
Electric resistance
Electric
conductance
Capacitance

σ
R

A
A.m-2
V
V
S.m-1
Ω
S
F

The thermal network consists of nodes representing a
specific part of the machine. The heat generated in part is
considered by the current source connected to the node, heat
capacity is in the circuit taken account by the capacitance
between the node end ambient, connections between nodes
represent heat flow paths [3]. Heat flow conducting thru the
material creates temperature rise, which is considered by
thermal resistance. There are three types of thermal resistances
corresponding to three different principles of heat exchange:
conduction, convection, and radiation [3, 13].

There are three main methods used for thermal modeling:
numerical Finite Element Method (FEM), Computational
Fluid Dynamics (CFD) and third is an analytical method of
equivalent Thermal Network with Lumped Parameters
(LPTN) [1, 4, 5]. Numerical methods are great because of the
possibility to model complex shapes and topologies which are
difficult to describe by the analytical equations [1, 4, 5]. On
the other hand, for the FEM thermal analysis of the whole
machine 3D analysis has to be made, to be able to capture
difficult thermal conditions in the end-space, and because of
that Finite Element Analysis (FEA) takes a lot of time [1 - 5].
Analytical computation has the main advantage in time
consumption, steady-state thermal computation is solved in a
matter of few seconds, but to obtain accurate results, an
appropriate thermal network is required, which means
preparing a different model for each topology [1].

A. Thermal resistances
Conduction thermal resistance represents the temperature
difference created on material volume by conduction of heat
flow. Assuming constant heat transfer area A(m2), resistance
can be calculated by (1) [1, 3 - 9, 13].
Rcond =
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.

(1)

Where Rcond (K/W) is conduction thermal resistance and
L (m) is length in the direction of the heat flow. For thermal
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temperature has meaning of average temperature in the
component. The next step is to connect nodes by thermal
resistances calculated from dimensions of materials placed
between positions of nodes. Each connection expresses the
path of heat flow. Thermal losses generated in the machine are
considered as heat generated in the volume of element, in the
network modeled as a current source with the value of
generated heat connected to a node which represents volume
where are the losses generated [3].

modeling of electrical machines cylindrical coordinates are
often used, and because of the variable heat transfer area in
the radial direction equation for the section of a cylinder is
used [6, 10].
Rcond =

r
ln 2
r1

λ·2πl

.

(2)

Where r2 (m)is inner and r1 (m) outer radius, l (m) is the
axial length of the cylinder.

For transient analysis thermal capacity is considered as
capacitance connected to the node, value is estimated based
on the material and volume of the component by equation (6)
[3, 6].

Convection thermal resistance comes from thermal
difference which occurs on the cooling surface due to the
transfer of the heat from the surface to liquid coolant,
calculated by (3) [1 - 13].
Rconv =

1
hc A

.

C=V·ρ·cp .

(3)

Where V(m3) is a volume of component, ρ (kg/m3) is
density, and cp (J/kg·K) is specific heat capacity.

Where A(m2) is the area of cooling surface and hc
(W/m2K) is heat convection coefficient. Accurate estimation
of the convection coefficient is one of the most difficult parts
of thermal modeling, it depends on the characteristics and
velocity of coolant as well as on the characteristics of the
surface [2, 3, 12]. Coefficient is estimated by empirical
relations using dimensionless numbers such as Nusselt
number Nu, Reynolds number Re, and Prandtl number Pr
[3, 13].
Radiation thermal resistance (4) describes heat radiation
between two surfaces, in thermal analysis of electrical
machines is this principle often neglected, due to low
transferred heat compared to convection, it is important for
passively cooled machines where the heat convection
coefficient is low [3,13].
Rconv =

1
hr A

.

C. Solution
To obtain the required temperatures of nodes thermal
network has to be solved, for those classic methods for solving
electrical circuits can be used, however, the most suitable
method for this type of circuit is the method of nodal voltages,
which describes each node by the equation. For example (7)
describes node number 1 with temperature T1, thermal
capacity C1, and generated heat ΔP1 [3].
T1 -T2
R1,2

hr =εr ·σ·

T1 - T2

+

T1 -T3

+⋯+

R1,3

T1 -Tn
R1,n

+C1

dT1
dt

(7)

=ΔP1

Where T2;3;…;n are temperatures of neighboring nodes
connected to node 1 and R1,2;3;…;n are thermal resistances
between nodes. In the case of transient calculation, equations
create a system of the first-order linear differential equation,
in case of steady-state solution member with derivation is
neglected and the system of linear algebraic equations is
created.

(4)

Where hr (W/m2K) is the heat radiation coefficient,
calculated by (5), εr is relative emissivity, σ = 5.67·10-8
W/m2K4 is Stefan-Boltzmann constant, T1 is the
thermodynamic temperature of the radiating surface and T2 is
the thermodynamic temperature of absorbing surface.
T41 -T42

(6)

Due to the high number of nodes in thermal networks,
equations are usually transformed into matrix form in which
case is the circuit described by matrix equation (8) [3, 7 - 9].
C

(5)

dT
dt

(8)

+G×T=ΔP

Where C is a diagonal matrix of thermal capacities, T is a
column vector of temperatures, G is a matrix of thermal
conductivities (9) and ΔP is a column vector describing
generated heat and connections to ambient (10)

B. Application of thermal network method
The first important step is to decide on the number and
positions of nodes in thermal network. The number of nodes
directly correlates with the final accuracy of the model, with
more nodes, a better description of the geometry and detailed
layout of temperature is obtained but on the other hand more
nodes also mean more equations and complex solution [3, 6].
For efficient reduction of nodes, symmetries can be used, in
case of symmetrical geometry, heat losses and cooling
conditions on Drive End (DE) and Non-Drive End (NDE)
only one side of the machine can be modeled, leading to
reduction of nodes by half, another reduction can be
implemented by consideration of radial symmetries which
usually allows modeling only area of one sloth pitch [3 - 8].
For modeling of electrical machines discretization to
components is used, such as sloth, tooth, yoke, etc [1 - 8].
Nodes are placed in the center of the component and obtained

∑ni=1
G=

1

+

R1,i

-

1
R2,1

1

-

R1,amb

∑ni=1

⋮

-

1
R1,2

1
R2,i

+

⋮

1

-

Rn,1

⋱
…

1

Rn,2

ΔP1 +
ΔP=

1
R2,amb

ΔP2 +

-

…

-

∑ni=1

1
R1,n
1

(9)

R2,n

1

⋮

Rn,i

+

1
Rn,amb

Tamb 1
R1,amb
Tamb 2
R2,amb

⋮
T
ΔPn + amb n

Rn,amb
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calculated temperatures of neighboring sub-models can be
used as boundary temperatures, and more precise calculation
of thermal distribution in the geometry of one sub-model can
be achieved. For the created model, the machine was divided
into 6 sub-models shown in Fig. 1. From the center it is a shaft,
the area of rotor yoke which can also account for different
types of axial cooling channels, next is area is PM which
represents various types of magnet mountings, next part is the
area of stator slots which accommodates stator winding with
end windings and stator teeth after that is stator yoke and
finally housing with end shields and bearings. For example, in
sub-model PM in this model, 7 different types of permanent
magnets are already implemented and only change of
parameter allows fast changes between these types which
allows fast analysis and optimal design of PM from the
thermal side of view.

Non-diagonal elements in (9) by its position describes
connections between nodes for example if there is no
connection between node 1 and 3 elements G1,3 and G3,1 are
equal to zero. Diagonal elements are the sum of all the thermal
conductivities connected to the node including connection to
the ambient. In (10) temperature Tamb is known ambient
temperature delivered as a boundary condition and Ri,amb is the
resistance between a node and this temperature.
III. CREATED THERMAL MODEL
The created algorithm serves for the building of equivalent
thermal network which differs from others with requirements
for accuracy and modularity. Modularity is in this case
important for the ability of simple implementation of other
machine parts topologies, which may result in a universal
thermal model for fast calculation of PMSM. To reach these
requirements complete model of the machine was separated
into sub-models, which are dedicated to each important
component of the machine, oriented in layers from shaft to
housing.

B. Thermal network
The simplified thermal network is depicted in Fig. 2,
simplified in sense of that only nodes of considered parts of
the machine are shown as well as considered heat conduction
paths. In a full thermal network, each node in Fig. 2 is, in
reality, the number of nodes that are created automatically
according to the parameter which decides on the number of
elements. This implemented controlled discretization allows
for the user to control the resolution of resulting temperatures
and control accuracy in some limited way, because with a
decreasing number of nodes in the shaft have a noticeable
effect on accuracy in these nodes.
All parts are divided along the longer side, which means
axial direction for all parts except for end shields, which are
divided in the radial direction to set of concentric cylindrical
shapes. Each bearing takes only one node, on the other hand,
all parts of the housing, stator yoke, and end shields are also
separated tangentially to quarters, which allows taking
asymmetry of cooling conditions into account. The layout of
the nodes is depicted in Fig. 3. As said previously this
approach allows for consideration of different cooling
conditions by establishing different boundary conditions on
each side, also this allows easier implementation of
asymmetric housings into the Housing sub-model.

Fig. 1. Sub-models of PMSM

For the assembly of the thermal network, no symmetry
was respected in other words full thermal model was created
in which are sides differentiated into Drive End (DE) and
Non-Drive End (NDE).

Fig. 2. Simplified thermal network

A. Principle of sub-models
As written, the machine is separated into parts in which is
a thermal circuit created independent of the other parts of the
machine, which allows variations of the thermal models
within one sub-model without changes in the overall thermal
network. This can be carried out with an assumption of the
constant number of nodes within one sub-model and with a
defined number of connections with other sub-models.
Another advantage of this method lies within a precise
calculation, after the solution of the thermal network,

Fig. 3. Discretization of the stator in the radial plane
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IV. ALGORITHM FOR CREATING OF EQUIVALENT THERMAL
CIRCUIT

Rotor yoke= 1 :Nyr
PM=((Rotor yokeEND +1) :(Rotor yokeEND +NPM )

The algorithm is created in computational software
MATLAB, divided into several parts. The overview of the
algorithm and calculation procedure is depicted by the
diagram shown in Fig. 4. Whole procedure is initiated from
one function which assures all necessary steps, also few
important parameters for control of calculation are defined by
hand, namely ambient temperature, length of element
controlling the number of nodes, and a parameter which
access additional calculation for a more accurate result.

(11)

Where Nyr is the number of nodes for rotor yoke, Rotor
yokeEND is the last node of rotor yoke and NPM is the number
of nodes for Permanent magnets. Position in matrix describing
thermal connection is then simply determined by command
R(Rotor yoke(i), PM(i)), from which is easy to the distinct purpose of
command thus adds to the clarity of code.
When the number of nodes is known zero matrices are
created, namely matrix of thermal resistances R, which is a
square matrix with dimensions of a total number of nodes, and
computational matrix of thermal conductions G (9) with
dimensions of nodes with unknown temperatures and last is
the vector of loses P (10).

A. Parameters and data input
There are some possibilities for how to perform data input,
it can be filled by hand into a script or in the graphic interface,
however, in this case, data is loaded from an Excel table. This
option was selected primarily due to clarity for users and the
possibility of coupling with results from electromagnetic
design.

In the next step are calculated from input data all the
necessary dimensions as well as boundary conditions, that are
used in definitions of thermal resistances. Calculation of
boundary conditions means estimations of heat convection
coefficients needed for convection thermal resistances (3). As
mentioned before, the value of this coefficient is estimated
based on empirical relations for example in [2, 12] however,
the velocity of coolant is still necessary for these relations.
Velocities can be calculated by lumped parameters flow
network, which similarly as LPTN transfers the coolant flow
circuit into the electrical circuit, and solution gives the
required pressures and velocities of coolant, but more often
numerical CFD is used which can give values of coefficient
directly, but it takes significantly more time and computing
capacity[2, 4, 11]. This model currently has coolant velocities
as input values, but in the future, the flow circuit will be added
into the calculation.

Practically for input was used function “xlsread”, which
according to input arguments selects an area of the input file
and return data in numeric format, which are then saved into
internal variables and deleted from memory.
B.

Nodes and indexing of positions in matrices
The next step is to decide on the number of nodes and their
distribution between parts of the machine. The number of
nodes comes out of the parameter stated in the initiation
function, this parameter is the length of each element.
Normally each node has its number which describes the
position in the matrix, this time when the position of a node
depends on variating discretization, numbers of nodes are
saved into vectors created for each part of the machine, length
of the vector correspond to the number of nodes for the part
and this time to describe the position in the matrix, name of
the vector is used. When referring to position, this approach
has a meaning of a set of nodes instead of a single node and
works in the assumption that connection between parts of the
machine is provided by connection of nodes with the same
position in the vector. This allows for easy and clear indexing
instead of complicated formulas describing the position of
each node to retain variable discretization.

C. Filing of resistivity matrix R
The next step is to fill matrix R and with that define the
thermal connections between nodes. In this step algorithm
gradually goes through all sub-models from shaft to housing,
and each sub-model fills its designated positions in the matrix.
In sub-model can be implemented more sets of resistances
according to used geometries, a required topology is selected
according to input parameters.
First, based on dimensions and materials, elements of
thermal resistances are calculated by (1 - 4), then these
elements are stacked together by cycle to get whole thermal
resistance between nodes, each value is filled into the matrix
to the position which corresponds to the numbers of nodes
connected by this resistance. The mentioned cycle goes
through every vector of nodes described in part 4-B, and fill
connections to other nodes. In other words, the algorithm goes
axially through the whole machine and sets connections to all
nodes. It goes from the DE side to the NDE side, axially
connects the last position of the previous part with the first of
the next part, and radially connects vector elements with the
same position.
1) Slot area sub-model
As an example of a sub-model that will serve a slot area,
which accommodates stator teeth and winding. For this
component had to be made up way, how to take account of
different topologies of winding, in other words how to
combine different models of different winding. For that, the
element of the thermal network on Fig.5 was made. This
element is made of thermal resistances in the axial direction,
which uses star connection for volume with generated heat

Fig. 4. Diagram of algorithm

Vectors are created by adding the number of elements to
the previous vector, for example (11).
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limited, it can be placed anywhere in the radial plane to
achieve accurate distribution of generated losses, which lead
to better detection of the hotspot. In the created model
currently, two types of additional calculations are used, in the
area of PM and in winding for estimation of temperature in
each conductor.

which is defined in [3, 6], advantage of this method lies in
better accuracy with a low number of nodes, and this element
calculate both maximal and average temperature in the axial
direction. For each topology axial resistances are the same,
defined by the area of copper in the slot, a difference arises in
tangential resistance to teeth and radial to air gap and yoke.
For each type of winding, a model that describes these
resistances has to be implemented. For this calculation model
for preformed winding with rectangular conductors presented
in [14] was used. This model takes advantage of the known
layout of conductors in the slot and creates a detailed thermal
network with a node in each conductor, network is then solved
and from the known maximal temperature in the slot and from
heat flow in each direction are calculated required resistances
using (12). The created thermal network of the slot can be later
used for additional calculation of temperature in each
conductor.
R=

ΔT
P

1) Additional calculations in the PM sub-model
I the case of PM additional calculations are performed
depending on the selected type of magnet, as said before in
model are currently respected seven types of PM geometry,
post-calculations are used in four of them, namely, it is PM
with pole extension, internal one layer PM, internal
embedding with V-shaped magnets and multi-layered internal
PM. For example, in the case of PM with a pole extension
shown in Fig. 6, in default calculation, are used nodes: Shaft,
Yoke, PM, and Airgap, the thermal network is formed by
resistances indicated in the figure. The whole area of PM is
respected only by node PM and all resistances are transfigured
into a single one from Yoke to the Airgap, and node PM is
placed in the middle, while all the losses generated in magnet
and pole extension are placed in this node. After the default
solution temperatures of Air gap and Yoke are already known
and are used while calculating temperatures in node 1
respecting only magnet, and 2 respecting pole extension.

(12)

Where ΔT is the thermal difference between maximal
temperature in the slot and boundary temperature on the
considered side and P is heat flow in the considered direction.

2) Additional calculation in winding
For calculation previously created model of the slot is
used, similarly as in the case of PM known temperature of
Tooth, Yoke, and Air gap is used as boundary temperatures.
This time is calculated temperature distribution in all
directions, temperatures are calculated in all conductors for all
axial positions defined by discretization of default calculation.
The algorithm goes through all positions and solves the
created network while saving temperatures as a row vector in
the matrix, final result is a matrix where row defines one
conductor and column temperatures of one axial position.
Also, temperatures from previous calculations are used as
boundary temperatures for another position. The calculation
of end winding follows the same pattern, but this time is
distinguished number of layers in the slot. In the case of the
one-layered winding, the temperature of end winding is
considered symmetrical and is calculated only half of the
length of end win., in the case of two-layered winding
algorithm goes from the upper and lower slot layer
simultaneously and for final temperature uses for boundary
condition temperatures from both side, the difference is
usually within 2K and only small error is introduced.

Fig. 5. The element of the slot

D. Reordering into computational matrices and solution
Now with the created matrix of resistances, the
computational matrix of conductivities G (9) has to be created.
This is realized by cycle which goes through the previously
created matrix and selects elements from matrix R and creates
elements according to (9), which means the sum of all
conductivities in line for diagonal, and negatively taken
conductivity for non-diagonal elements, also conductivity to
ambient is added to elements of vector ΔP which is created at
the same time as matrix R. Results of steady-state analysis is
then obtained with simple equation (13).
T=G-1 ×ΔP

(13)

E. Additional calculations
This algorithm uses the advantage of sub-models to
perform additional calculations within the sub-model to
achieve more accurate heat loss placement and distribution of
temperature. These accurate calculations are performed later
due to the requirement for a constant number of nodes in
default calculation. Additional calculations use elements of
thermal resistances created before to create a more detailed
thermal network with more nodes and uses calculated
temperatures at interfaces between parts as boundary
temperatures, in this calculation number of nodes in no longer

Fig. 6. Thermal network of PM with pole extension

F. Result output
Results from the calculation are obtained as vector T in
which position corresponds with numbers of nodes. Currently,
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Verification shows good agreement for both calculated
models with an average error of around 2 %. In these
calculations around 3800 nodes were used and the whole
process took about 3 seconds. In the future to verify the real
accuracy of this model, comparison with test results from
measurements has to be made.

this vector is processed into a table which to name of each
component assigns calculated maximal and average
temperature and also shows the span of nodes that respects this
component.
V. MODEL VERIFICATION
All the sub-models were gradually verified with
corresponding models calculated by FEM in Ansys software.
For all components, maximum errors ranged around 2% and
only with limit dimension variations. The whole model was
then verified with two models in ANSYS, first with onelayered winding and second, with two layers, both with
surface mounted magnets around the whole surface of the
rotor. The model was considered symmetrical on the radial
plane, thus only one sloth pitch was modeled.
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I. I NTRODUCTION
The electrical machines play a major role in the production and consumption of electricity. According to [1],
electrical motors are globally involved in the consumption
of 40 % of the electricity produced. Due to that, the electrical
machines have great potential for energy savings which can
be achieved by minimization of their losses. To speed up
the innovation and development of high-efficiency electrical
machines, the International Electrotechnical Commission on
March 2014 published standard IEC/EN 60034-30-1 [2]
dedicated to efficiency classes of line operated AC machines.
This standard defines four efficiency classes: standard efficiency (IE1), high efficiency (IE2), premium efficiency (IE),
and super-premium efficiency class (IE4).
According to [3], the three-phase induction machines (IM)
represent the majority of the machines used in industry
nowadays. For that reason, they are often called as the
workhorse of the industry. This paper also has shown that
present commercial IE4 IM with aluminum cage are offered
within the power range from 5.5 kW - 355 kW. A similar
type of the Direct-on-line (DOL) machine which can reach
IE4 efficiency class and IE5 efficiency class with difficulties
is the Line-start permanent magnet synchronous machine
(LSPMSM) [4]. Therefore LSPMSMs can become a good
candidate to in IE4 efficiency class for (DOL) applications.
However, LPSMSM has more costly structure and some
other operational drawbacks [3]. Consequently, the commercial potential of LSPMSM is mainly in a power range below
5.5 kW in which IE4 IM is not available on the market [5].
Concepts and principles of LSPMSM machines were discovered once the permanent magnet technology was applied
in electrical machines, but they were not often used in
real applications because of their higher price and more
complicated manufacturing [6]. In general, the rotor of the
LSPMSM consists of three zones shown in Fig. 1. The
squirrel cage is accommodated in the zone close to the rotor
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Fig. 2. Cross-section of the initial 1.5 kW induction machine.
Fig. 1. Example of the design of four-pole LSPMSM rotor with marked
typical zones

TABLE I. K EY

INDUCTION MACHINE PARAMETERS .

Parameter
Nominal power, kW
Pole pairs
Nominal frequency, Hz
Rated voltage line to line, V
Stator winding connection
Number of stator slots
Number of rotor slots
Active length, mm
Stator outer diameter, mm
Rotor outer diameter, mm
Radial air-gap length, mm

surface in the cage area. The magnets are located in the area
between the cage and the shaft area.
An exhaustive overview of the existing LSPMSM technology and historical development based on literature review is
provided in [7]. Practical design information together with
theoretical background of line-start synchronous machines
can be found in [8]. With present pressure towards higher
efficiency of electrical machines, LSPMSMs are getting
more popular in industrial applications [3]. Moreover, as
it was shown in [9], the lower losses of LPSMSM enables
the significantly higher extension of the variable-speed drive
(VSD) constant power range compared to IM. Therefore
LSPMSM can be in specific operating conditions in the VSD
application superior in comparison to IM. Practical in-field
experiences with LSPMSM are reported in [4].
In this paper, the design of high-efficiency low power
LSPMSM with the use of optimization is presented. The
proposed design approach is simple and allows to the design
of new high-efficiency LSPMSM by retrofitting the IM
rotor. This approach can beneficial for IM manufacturers
since the emphasis is given on keeping as much as possible
original parts. The presented approach is demonstrated on a
retrofitting of four-pole IM which is described in more detail
within section II. The section III presents the results of the
optimized LSPMSM and the final section IV concludes the
results of presented work.

Value
1.5
2
50
400
Wye
36
28
160
135
83.4
0.3

For the optimization of LSPMSM, only the dimensions
of the stator and shaft are left from the initial induction
machine. That means that optimization and redesign are
focus only on the rotor of LSPMSM. In addition, the stator
winding number of turns per phase is also changed. That is
because the optimal number of turn of LSPMSM might not
be the same as for the induction machine. The optimized
parameters are described in the following section.
B. Optimized Parameters
The optimized machine is using the same stator stack
as the initial induction machine. During the optimization,
only the rotor and number of stator turns is changed. The
cross-section sketch of the LSPMSM rotor for optimization
is shown in Fig. 3. Optimized parameters are listed in Table
II together with maximum and minimum boundaries considered during the optimization run. The boundaries have been
selected concerning the manufacturability of the optimized
design. The total number of optimized parameters is eleven.
The number of rotor bars is predefined based on the initial
induction machine in order to not increase the number of
variables. The method of optimization is described in the
following section.

II. C ASE STUDY
A. Description of initial induction machine
A commercial enclosed fan-cooled (CEFC) four-pole
1.5 kW induction machine is used as a reference in the case
of study. The machine is designed for operation from 400
V three-phase 50 Hz network. The used induction machine
cross-section is shown in Fig. 2. The machine is installed in
a frame with foots and the shaft height of the machine is 90
mm.
The induction machine lamination is made of M470-50A
steel. The stator and rotor stack length is 160 mm. The
stator and rotor outer diameter are 135 mm and 83.4 mm
respectively. The rotor cage is die-casted into 28 rotor slots
and stator three-phase single layer concentric winding is
installed in 36 stator slots. The rotor is skewed by one stator
slot pitch to reduce the influences of slot harmonics. Key
induction parameters are also shown in Table I.

C. Method of optimization
A self-organizing migration algorithm (SOMA) with an
All To One strategy was chosen for optimization. This algorithm is inspired by the competitive-cooperative behavior
of intelligent creatures solving a common problem [10]. The
algorithm works in loops which are called migration loops.
For clarity, the optimization process is shown in Fig. 4.
The input parameters for the optimization are the definition of the cost function, population size, etc. In more detail
inputs parameters are described in [10]. In the first step,
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Fig. 3. Cross-section of the rotor lamination and respective design.
Fig. 4. Optimization process of the SOMA.
TABLE II. B OUNDARIES OF THE OPTIMIZED PARAMETERS .
Parameter
Mwid, mm
Rmi, mm
TWR, mm
B1R, mm
H2R, mm
Br1, mm
Hr2, mm
AirGap, mm
Hr0, mm
Hr1, mm
Zq, -

Minimum
20
21
1
5
1
3
2
0.28
0.2
0.2
25

Maximum
30
24
7
10
15
5
5
0.5
1
2
40

optimized variables, the so-called penalty functions are defined. Optimized variables are converted to relative errors
and then they are compared by a penalty function.
The estimation of the relative error for the efficiency is
defined as follows:
ηdef − η
ηdef

CEF =

(1)

where ηdef is the required value of the efficiency and η is
calculated value of the efficiency of machine design by FEA.
The estimation of the relative error for the power factor is
defined as follows:

the algorithm creates randomly a set of geometric designs
of the machine according to the selected parameters in the
given range shown in Table II. Each machine design is
calculated by the finite element method and evaluated by the
cost function within the migration loop, which is indicated
by arrows between the population matrix and the function
evaluation shown in Fig. 4. The machine design from the
population (an individual with the best fitness according to
the cost function) with the best parameters is selected for
the leader position of the current migration loop. In the
next phase of the algorithm, the so-called migration rounds
take place, when other individuals travel towards to selected
leader. During this phase, individuals are trying to find a
better solution during their movement. After the migration
lap, the best individual is chosen as a new leader. The
optimization ends after a given number of migration rounds
or after the termination conditions are met. The SOMA has
been programmed in MATLAB software with the ability
to use the ANSYS Maxwell program for electromagnetic
calculations.
For an optimized machine, it is desirable to achieve the
ability to start with the static load torque which is equal
to rated torque and mass of inertia equal to ten times the
machine mass of inertia. This ability is check for each
optimized design during optimization runs.
Three optimization objectives are considered, as they are:
maximization of efficiency, power factor, and minimization
of the torque ripple. At the same time, the ability of the
machine to synchronize is evaluated by FEA in Ansys
Maxwell.
In order to be able to sum the three physically different

CP F =

cos ϕdef − cos ϕ
cos ϕdef

(2)

where cos ϕdef is the required value of the power factor and
cos ϕ is calculated value of the power factor of machine
design by FEA. The estimation of the relative error for the
torque ripple is defined as follows:
CT R =

TR
T Rdef

(3)

where T R is the calculated value of the torque riple and
T Rdef is required value. The estimation of the relative error
for the rotation speed:
CN =

ndef − n
ndef

(4)

where ndef is the required value of the speed and n is
calculated value of the speed of machine design by FEA.
The required values considered for the optimization are
listed in Table III. The required value for efficiency is chosen
to push the algorithm to find the highest possible efficiency.
The requirement for the power factor is lower but also
chosen to force SOMA to find machine design with a high
power factor. The desired torque ripple is selected 20 %
that means that the optimization tries to reach torque ripple
below this value. This can be seen in equation (3). The speed
requirement is equal to the synchronous speed of the fourpole machine connected to a 50 Hz network.
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TABLE III. D ESIRED VALUES FOR LSPMSM
Parameter
Efficiency, EF, Power factor, PF, Torque ripple, TR, %
Rotation speed, N, rpm

OPTIMIZATION .

Desired value
1
0.9
20
1500

TABLE IV. W EIGHT COEFFICIENTS .
Parameter
Efficiency weight coefficient, W1
Power factor weight coefficient, W2
Torque ripple weight coefficient, W3
Rotation speed weight coefficient, W4

Value
10
2
0.01
1

Fig. 5. Optimized rotor of the LSPMSM.

The calculated efficiency, power factor, and torque ripple
relative errors (CEF , CP F , CT R) are substituted into the
following penalty function for the variable x.
CEF, CP F, CT R = 8.89x6 − 33.75x5 + 48.09x4
−33.03x3 + 11.46x2 − 0.68x + 0.01

(5)

To ensure the tolerance of the result in a certain range, the
conversion curve does not have the character of a straight
line, but for a small error, the penalty is essentially zero.
The speed penalty function is defined as follows:
CN = 145.56x5 − 169.57x4 + 87.05x3
+13.192x2 + 3.32x + 0.0853

Fig. 6. Magnetic flux distribution at the rated operating point.

(6)

The penalty function of speed ensures that an increasing
deviation of rotation speed from the required steady speed
causes a sharp increase of the penalty value. The result is a
narrow tolerated range of deviation from the required steadystate speed, while a larger value results in such a penalty that
the design is evaluated by the algorithm as unsuitable.
Objectives for the cost function are calculated from the
square of the values determined by the penalty functions.

Fig. 7. Vector diagram of the LSPMSM for nominal working point.

decreasing flux density on one side of the pole but increases
on the other side.
The strong armature reaction of the optimized LSPMSM
can be also seen in the vector diagram shown in Fig. 7.
The magnetizing flux is given by the vector sum of flux on
direct axis (Ψd = Ψpm − Ld × Id = 0.5 p.u.) and quadrature
armature reaction (Ψq = Lq ×Iq = 0.82 p.u.). The optimized
value of the no-load induced voltage is 0.55 p.u. which is
much smaller value compared to typical value for classic
permanent magnet synchronous machines.
Calculated parameters are compared with the induction
machine in Table V. Optimized LSPMSM has higher efficiency compared to the induction machine and its efficiency
is enough to classify optimized machine into the efficiency
class IE4.
All calculated losses are listed in Table VI. The mechanical losses are based on typical losses for a similar
size of the induction machine. The core losses have been
multiplied by correction factor 1.5 to take manufacturing
effects into account and extra losses were determined as
0.5 % of the machine output power. Mainly stator and rotor

O1 = CEF 2 , O2 = CP F 2 , O3 = CT R2 , O4 = CN 2 (7)
The cost function is a combination of weight coefficients
and penalized objectives. The optimization algorithm is
minimizing cost function, which is defined as follows:
Costf unction = W1 O1 + W2 O2 + W3 O3 + W4 O4 (8)
where W1 , W2 , W3 and W4 are weight coefficients. The
values, of weighting coefficients are reselected before the
iterations (convergences) to the desire global extreme and
are shown in Table IV.
III. R ESULTS
The optimized LSPMSM is shown in Fig. 5 and the calculated electromagnetic field under the rated load condition
is shown in Fig. 6. The maximum flux density in the middle
of the stator tooth is about 1.5 T, about 1.4 T in the stator
yoke, and about 2 T in the rotor. The saturated areas are
mainly located on the upper side of the rotor pole. It is
caused by the high armature reaction of the machine, which
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TABLE V. R ATED

LSPMSM

PERFORMANCE COMPARISON OF
INITIAL INDUCTION MACHINE .

Parameter
Output power, W
Speed, rpm
Torque, Nm
Efficiency,%
Power factor, Internal induced voltage, V
Torque ripple peak to peak, Nm
Yoke flux density (max), T
Tooth flux density (max), T
Rotor flux density (max), T

LSPMSM
1508.36
1500
9.55
89
0.82
216.55
3.34
1.4
1.5
2.08

TABLE VI. L OSSES COMPARISON OF LSPMSM
INDUCTION MACHINE .
Parameter
Stator resistive losses, W
Core Losses, W
Rotor resistive losses, W
Mechanical losses, W
Extra losses, W
Total losses, W

LSPMSM
100.29
56.23
6.1
15
7.5
185.12

[6] J. Hendershot and T. Miller, Design of Brushless Permanentmagnet Machines. Motor Design Books, 2010. [Online]. Available:
https://books.google.cz/books?id=n833QwAACAAJ
[7] R. T. Ugale, B. N. Chaudhari, and A. Pramanik, “Overview of research
evolution in the field of line start permanent magnet synchronous
motors,” IET Electric Power Applications, vol. 8, no. 4, pp. 141–154,
April 2014.
[8] I. Boldea and L. Tutelea, Reluctance Electric Machines: Design and
Control. CRC Press (Taylor Francis Group), 2018.
[9] T. Marcic, B. Stumberger, and G. Stumberger, “Comparison of induction motor and line-start IPM synchronous motor performance in
a variable-speed drive,” IEEE Transactions on Industry Applications,
vol. 48, no. 6, pp. 2341–2352, Nov 2012.
[10] I. Z. Donald Davendra, Self-Organizing Migrating Algorithm.
Springer International Publishing, 2016.

AND

IM
1500
1455
9.84
84.3
0.7
1.4
1.4
1,29

AND INITIAL

IM
128.12
76.89
50.75
15
7.5
278.26

winding resistive losses are reduced compared to those in
the induction machine. This reduction is caused by a higher
power factor and the synchronous speed of the optimized
machine. The rotor resistive losses are generated by the highorder stator current linkage and slot harmonics.
IV. C ONCLUSION
This paper has shown the optimized design of 1.5 kW
LSPMSM which using the same stator lamination of standard commercial 1.5 kW TEFC induction machine. Only
the rotor lamination and stator winding number of turns
have been considered in the optimization. SOMA has been
implemented by means of developed MATLAB script for
optimization. Optimization setup, optimization algorithm,
and optimized parameters have been described in section
II.
The resulting design of optimization has been presented
and compared with the initial induction machine. The optimized LSPMSM achieves the efficiency class IE4 with a
sufficient margin.
The presented approach towards LSPMSM design can be
utilized for any design of low power LSPMSM using the
same stator as of commercially available induction machines.
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perspective [1] through an economical motive [2] to an
improving in a manufacturing feasibility [3].
A new legislatively driven approach to an efficiency
improvement [4] is drawing attention of both a commercial and an academical research branches towards a new
innovation in a field of an electrical machines. The new
IE4 and in near future expected IE5 efficiency standards are
putting pressure on finding a new methods of minimizing
the losses in a electromechanical conversion process. Therefore new topologies and combinations of known topologies
are discovered or rediscovered nowadays e.g. synchronous
reluctance machines, that were discovered in 1921 by J.K
Kostko [5] or line-start synchronous machines [6], [7].
In a visible opposition to the legislation accent on the plain
electric motor efficiency goes the economical requirements
of the market. The manufacturers are forced to find cheaper
ways or technologically, and thus usually economically, less
challenging processes to lower the final cost of a product to
stay more competitive on the market. This is also affected
by rather a political influences, a skepticism or a conflicts in
various parts of the world. All these things affect the choice
of materials, that will be used in the products. Therefore even
though the rare-earth (RE) surface mounted permanent magnet (RE-SPM) machine has several supreme characteristics
e.g. torque volume ratio (TRV) [8], manufacture feasibility
[9] and power factor [8] over the other machine types, the
use of neodymium magnets and their price instability forces
developers to find alternatives to this machine type.
The investigation towards the RE-SPM alternative is what
could intrested the researches into the synchronous reluctance machines (SynRel). This machine is proposing
usually very cost-oriented alternative, where either purereluctance (without permanent magnet) or ferrite-assisted
or RE-assisted SynRel combinations are presented. Mostly
ferrite-assisted or RE-assisted SynRel machines are used
in a case of traction or special drives, because of limited
space and need of a high TRV [8]. It is well known, that
in a case of a ferrite-assisted SynRel (FASR) machines, a

Abstract—The electrical machine’s development focused on
the specific industry applications are becoming very attractive
in recent years. The goal is to simplify, increase reliability, and
reduce the cost of the application drive train that is usually
achieved by diminishing the need for a gearbox. A possible
electric motors drive train cost optimization could be achieved
in two ways – use of cheaper electric motors or reduce either
amount or cost of the electric motor accessories. The hightorque ferrite synchronous reluctance machine design is aiming
at both of these assumptions. This electric motor is using lowcost ferrite permanent magnets, this could reduce the motor
price and since it is developed for the specific application, there
is no need for a gearbox.
This paper focuses on the design and optimization of hightorque ferrite assisted synchronous reluctance machine. The
application of the proposed design is to replace surface permanent magnet low-speed traction motor while reducing the motor
cost and achieving the best possible efficiency. The main aim of
achieving the best possible efficiency is always done within the
specified boundaries. The optimization method chosen by the
authors is the design optimization by evolutional algorithm.
The multi-objective self organizing migrating algorithm was
used for an optimization of the high-torque ferrite assisted
synchronous reluctance machine in this publication.
Keywords—ac machines, permanent magnet machines, traction motors, optimization.

I. I NTRODUCTION
The aim of the research groups in nearly all industry
sectors is either to improve current technologies and devices
or develop new methods or devices, that are better in specific way. A motivations could vary from an environmental
This research work has been carried out in the Centre for Research
and Utilization of Renewable Energy (CVVOZE). Authors gratefully
acknowledge financial support from the Ministry of Education, Youth
and Sports of the Czech Republic under institutional support and
from the Technology Agency of the Czech Republic under National
Centres of Competence Programme (project No. TN01000071 National
Competence Centre of Mechatronics and Smart Technologies for
Mechanical Engineering)
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TABLE I. K EY

PARAMETERS OF THE

Parameter

HT-FASR

MACHINE .

HT-RESPM

Nominal power, kW
Nominal speed, rpm
Rated voltage line to line, V
Number of stator slots
Stator outer diameter Dor , mm
Shaft diameter Dshaft , mm
Number of poles
Number of slots per pole per phase

HT-FASR

55
100
400
60
640
200
50
0.4

10
2

lower TRV (about 30 % lower) is achieved, which is usually
compensated in a increased dimensions of the machine [10].
The design of a FASR geometry for high-torque (HT-FASR)
low-speed application to replace high torque RE-SPM (HTRESPM) will be the subject of this research paper. The
goal of achieving the best possible characteristics within
the one machine type is usually achieved by some kind of
optimization process. Along with the increasing performance
and decreasing the cost of the computational power goes the
growing popularity of a optimization algorithms. Probably
the best-known optimization algorithm nowadays is the nondominated sorting genetic algorithm NSGA-II. It benefits
from the widely tested area of applications from surface
gridning process [11] through optimization of autonomous
underwater vehicle [12] to electric machines [10] over the
years. Also a new optimizatzion are found in a field of
electric devices, such as a multi-objective self organizing
migrating algorithm (MOSOMA), that hasn‘t been widely
used in a electric machine optimization, but showed very
good results in a optimization of a electronic components
[13], [14]. The MOSOMA optimization algorithm will be
described more thoroughly and will be used for a optimization of HT-FASR machine in this paper.

(a)

(b)
Fig. 1. Cross-section of initial HT-RESPM machine with 60 slots and 50
poles (a) and proposed HT-FASR geometry (b).

or by a higher number of the same materials, it was decided
to keep the same stator geometry as the initial machine.
Therefore only the rotor parameters will be considered in
the optimization process.
The performance of the HT-FASR is affected by the amount
of the permanent magnet (PM) flux included in the rotor
geometry as depicted in the equation (1):

A. Key parameters of the machines
The optimized HT-FASR should, as mentioned before,
serve as the original HT-RESPM machine replacement.
Initial HT-RESPM slot-pole configuration is 60 slots and 50
poles, thus is equipped with the fractional slot concentrated
winding arranged in two layers. The machine proposed for
the optimization is HT-FASR machine has the same stator
geometry, thus 60 slots and the pole count decreased to a
10 poles. The resulted machine has the number of slots per
pole and phase equal to 2 and therefore has integral slot
winding. Similarly to the original machine, the magnets and
rotor stack are expected to be axially segmented and have
radial water cooling in stator. The machine outer diameter
and stack length are limited and only rotor geometry optimization will be performed. Key parameters of both initial
HT-RESPM and optimized HT-FASR geometry are listed in
Table I. Both machine types are depicted in Fig. 1, where
key dimensional parameters are highlighted.

Telm =


3 
p λP M id + (Ld − Lq )id iq
2

(1)

, where the p is number of pole pairs, λP M is the
PM flux, Ld and Lq are indutances d and q axes and id
and iq are currents in d and q axes. In assisted SynRel
machines is vital to develop machine with high amount of
PMs to achieve the highest possible PM torque. Therefore
the simplest flux-barrier shape, where the most rectangleshaped ferrite magnets could fitted into the rotor was chosen.
The number of flux-barriers equal to 3 was chosen according
to a cross-section of the rotor area and considered minimal
thickness of ferrite magnets, based on experiences gained by
the authors with the similar machine designs.
The flux-barriers thickness, a width and a position within the
rotor area could be modified by set of parameters defined
for each flux-barrier. Each barrier could be defined by 5
parameters, the parameters are depicted in the Fig. 2.
Three out of five parameters are in form of the ratios,
therefore dimensionless. The parameters MThick ratio and
SThick ratio are in relation to the space defined by the
rotor outer diameter and the bottom radius of the first

II. HT-FASR GEOMETRY
The HT-FASR optimized design is aiming for the lowest
manufacturing cost, while achieving the highest possible
efficiency. It is usually prefered to derease the the fixed costs
of the process e.g. by same punching tools for various parts
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Barrier_angle
b_gap

Rotor_outer_radius

SThick_ratio
MThick_ratio

Barrier_offset

MWidth_ratio
Bottom_radius
Shaft_radius

Fig. 2. HT-FASR geometry parameters.

Fig. 3. MOSOMA principle.

TABLE II. B OUNDARIES OF THE OPTIMIZED PARAMETERS .
Parameter
MWidth ratio, MThick ratio, SThick ratio, Barrier offset, mm
Barrier angle, deg
Bottom radius, mm

Flux-barrier 1

Flux-barrier 2

Flux-barrier 3

0.2 ÷ 0.85
0.2 ÷ 0.85
0.2 ÷ 0.85
−2 ÷ 2
10 ÷ 22

0.2 ÷ 0.85
0.2 ÷ 0.85
0.2 ÷ 0.85
−2 ÷ 2
−3 ÷ 3
165 ÷ 180

0.2 ÷ 0.85
0.2 ÷ 0.85
0.2 ÷ 0.85
−2 ÷ 2
−3 ÷ 3

A. Optimization objectives
The set of objectives was chosen based on an investigation
of objectives, that are interesting from the desing point of
view. The first objective is the average value of the developed
electromagnetic torque.
The second objective, that will be considered is the ripple of
the electromagnetic torque evaluated according to equation
(2).
Trip = 100 × 0.5 ×

barrier. The parameter MWidth ratio is related to the polewidth. The other two paramters defined for each barrier
are Barrier offset as a deviation from equidistant placement
of the barriers and Barrier angle as a deviation from the
first flux-barrier end angle. Variables Rotor outer radius and
Shaft radius are defined by the SPM geometry and the
variable b gap is fixed to 0.5 mm. Therefore optimization
will be done with 5 variables for each flux-barrier and one
variable defining the Bottom radius of the first flux-barrier,
16 variables in total.

Tmax − Tmin
Tavg

(2)

where Tmax , Tmin and Tavg are the maximum, minimum and
average torque, respectively. The third objective, that will be
taken into account is the power factor of a machine, defined
by an equation (3).
Pn

i=1

cos(ϕ) =

ui ·ii

n

URMS · IRMS

(3)

Where the ui and ii are the values of voltages and current
at i-th time sample and URMS and IRMS are the effective
values of the same voltage and current waveforms.

III. M ETHOD OF OPTIMIZATION
The multi-objective self-organizing migrating algorithm
(MOSOMA) will be used in this paper for HT-FASR optimization. MOSOMA achieved at least comparable results
in all watched metrics with NSGA-II and SPEA2 in [13].
This paper also demonstrated MOSOMA effectiveness and
performance in various mathematical benchmark tasks [14].
Although, no application neither the comparison with other
evolutionary algorithms were given in electrical machines
design field.
The main MOSOMA idea is depicted in Fig. 3. The principle
is rooted in the original self-organizing migrating algorithm
(SOMA) [15], which is based on the behavior of a wolfpack
searching for food. Always some members of the population
are closer to food, which represents the global optimum, and
those are kept in the external archive (in Fig. 3 labeled as
EXT). Other members (labeled as x−1 ) of the population
are traveling towards those members and slightly further
behind the member, hoping to be closer to true Pareto
front (PF) (in the figure as x). The biggest modification of
MOSOMA concerning to the original SOMA algorithm is
the multiobjective modification, where PF search with nondominant sorting is adopted.

IV. O PTIMIZATION RESULTS
The optimized results will be depicted as a three PFs while
all three objectives will be in the altered on each axis. The
chosen design will be highlighted by the green color, while
the other members are scattered with the red color. The PF of
objectives torque ripple versus efficiency is depicted in Fig. 4
(a). The PF of a electromagnetic torque versus efficiency
shown in a Fig. 4 (b). And the last PF, electromagnetic torque
versus torque ripple, is depicted in a Fig. 4 (c). Because the
efficiency and the power factor objectives are supposed to be
maximized and the usual algorithm function is to minimize
the objective, have to be both objectives assigned with be
negative sign.
The first PF (depicted in the Fig. 4 (a)) is by the authors
considered as the most important and therefore the point
closes to the axes cross-sections will be chosen.
A relatively sufficient results are found with the MOSOMA
algorithm, especially considering the high amount of parameters (16), that were in optimization considered. The optimal
member was chosen based on relatively good compromise
found between the average torque and torque ripple.
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(b)
Fig. 5. Cross-section (a) and magnetic flux distribution (b) of the optimal
HT-FASR geometry.
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TABLE III. C OMPARISON OF OPTIMIZED HT-FASR

AND

SPM.

(b)
Parameter

3500
3750

HT-FASR

55

55.1

4000
4250
4500

Difference
0.1

Efficiency, %

87.5

85

-2.5

Torque ripple , %

6.15

9.37

3.22

Power factor,

0.88

0.836

-0.044

PM magnet area, mm2

9 300

29 830

20 530

4750

5250
0.90

0.88
0.86
Power Factor [-]

0.84

0.82

XqIq
= 0.82 p.u.

(c)
Fig. 4. PFs of all considered objectives - average torque, torque ripple and
power factor.

φ = 34

A. Comparison of SPM and optimized HT-FASR

°

The cross-section of a chosen HT-FASR geometry from
the optimized results is depicted in Fig. 5 (a), while the
magnetic flux distribution at the rated operated point is
shown in Fig. 5 (b).
The electromagnetic efficiency (without mechanical loss)
was obtained and is depicted along with the optimization
objectives in comparison with the SPM geometry in the
Table III.
From the Table III is obvious, that the optimized geometry
has slightly lower efficiency and power factor compare to
HT-RESPM. The torque ripple and magnet area, on the other
hand, are increased, while achieving very similar output
powers. Considering the increased magnet area and the price
of the ferrite magnets that is, by the sources [16], [17]
only a portion of the RE magnet prices, it is reasonable

p.u.

Ef = 0.46 p.u.

5000

XdId
= 0.37 p.u.

Is = 1 p.u.

Um = 0.83

Average torque [Nm]

RE-SPM

Nominal power, kW

LdId =
0.37 p.u. ψpm =
0.46 p.u.
LqIq = 0.86 p.u.

ψm = 0.83

p.u.

Fig. 6. Vector diagram of the optimized HT-FASR geometry

to assume, that the expected cost of the HT-FASR would be
signifincantly lower.
The Fig. 6 shows the vector diagram of a optimized HTFASR machine.
The vector diagram is showing relatively significant voltage
drops on the d and q inductances, which is given by both a
high stator current and high stator inductances. The induced
voltage by the PM-flux is, despite the large inductance drops,
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still higher than a half of the air-gap voltage Um , that
includes both inductance drops.

[14] P. Kadlec and Z. Raida, “Comparison of novel multi-objective self
organizing migrating algorithm with conventional methods,” in Proceedings of 21st International Conference Radioelektronika 2011,
2011, pp. 1–4.
[15] I. Z. Donald Davendra, Self-Organizing Migrating Algorithm.
Springer International Publishing, 2016.
[16] F. Meier and J. Soulard, “Pmsms with non-overlapping concentrated
windings: Design guidelines and model references,” 01 2009.
[17] Nov. 2011. [Online]. Available: http://www.intemag.com

V. C ONCLUSION
The paper presents optimal design of the HT-FASR topology capable of replacing HT-RESPM. The importance of this
paper is twofold. One is, that it is possible to design HTFASR machine with similar characteristics compare to HTRESPM without the stack length increase. The HT-FASR
was within the same outer dimensions and same 55 kW
output power optimized to achieve 85 % efficiency, 9.37 %
torque ripple and power factor equal to 0.836. The original
HT-RESPM machine had 2.5 % efficiency increase, almost
3 % lower torque ripple and only slight decrease of a power
factor.
And the other benefit of this paper is proof of the MOSOMA algorithm sufficiency to optimize a higher number
of parameters in electrical machine. Even though the number
of optimized parameters was significanlty higher than in
other papers focusing on MOSOMA algoritm, the algorithm
performed with relatively good performance and found good
optimal design. The peformance could be increased by a bigger optimization time or testing optimization with different
algorithm setting.
R EFERENCES
[1] M. R. C. Reis, W. P. Calixto, W. R. H. Araújo, and C. A. Matias,
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synchronous motors suitable for various pole combinations,” IEEE
Transactions on Industry Applications, vol. 53, no. 5, pp. 4360–4367,
2017.
[7] D. Mingardi and N. Bianchi, “Line-start pm-assisted synchronous motor design, optimization, and tests,” IEEE Transactions on Industrial
Electronics, vol. 64, no. 12, pp. 9739–9747, 2017.
[8] M. Galea, “High performance, direct drive machines for aerospace
applications,” 10 2013.
[9] L. Wu, R. Qu, B. Song, H. Bi, O. Jing, G. Yang, and C. Du, “Analysis
of cogging torque in surface permanent magnet machine with manufacturing tolerances,” in IECON 2015 - 41st Annual Conference of
the IEEE Industrial Electronics Society, 2015, pp. 004 732–004 737.
[10] G. Bramerdorfer, S. Silber, G. Weidenholzer, and W. Amrhein,
“Comprehensive cost optimization study of high-efficiency brushless
synchronous machines,” in 2013 International Electric Machines
Drives Conference, 2013, pp. 1126–1131.
[11] S. P. Kodali, R. Kudikala, and D. Kalyanmoy, “Multi-objective
optimization of surface grinding process using nsga ii,” in 2008 First
International Conference on Emerging Trends in Engineering and
Technology, 2008, pp. 763–767.
[12] G. Xia, C. Liu, and X. Chen, “Multi-objective optimization for auv
conceptual design based on nsga-ii,” in OCEANS 2016 - Shanghai,
2016, pp. 1–6.
[13] P. Kadlec and Z. Raida, “A novel multi-objective self-organizing
migrating algorithm,” in RADIOENGINEERING, VOL. 20, NO. 4,
vol. 20, no. 4, 2011, pp. 804–816.

37

2020 19th International Conference on Mechatronics – Mechatronika (ME)

Energy properties of a hybrid DC generator
with PMSM
Sergey German – Galkin
Faculty of Mechatronics and Electrical
Engineering
Maritime University of Szczecin
Szczecin, Poland
s.german-galkin@am.szczecin.pl

Marek Staude
Faculty of Mechatronics and Electrical
Engineering
Maritime University of Szczecin
Szczecin, Poland
m.staude@am.szczecin.pl

Abstract— In recent years, hybrid generator set systems
have found wide application, especially in the construction of
power plants for autonomous facilities, such as motor vehicles,
ships and planes. This paper presents analytical and simulation
tests of a hybrid power plant system based on a permanent
magnet synchronous machine (PMSM) connected to battery
operating in a DC network. As a result of the tests, energy and
electromagnetic characteristics of such a power plant were
obtained at variable PMSM speed and variable load. The
characteristics obtained for the non-optimized system showed
the amount of energy losses that increased significantly with the
power of the power plant. Therefore, a method of energy
optimization of such a power plant was proposed and a system
control algorithm was developed and proven in simulation tests.
The results of the research presented in this paper confirmed
the effectiveness of the proposed solution.

AR
ARCS
I d*

SPS – shaft position sensor,

•

CS – phase current sensor,

•

AR – active rectifier,

•

ARCS – AR control system,

•

UDC – battery,

•

RL - load.

VD2 VT 4

VD4 VT 6

VD6

RL

a, b, c

ia
i
b
ic

CS

ωm
PMSM

The active rectifier control system (ARCS) includes
hysteresis current regulators with phase current sensor (СS)
and angular coordinates (d, q) to linear coordinates (a, b, c)
converters. Such a structure allows for the control of a
synchronous magnetoelectric machine. Further tests,
presented below, were carried out on a laboratory installation
with electrical machine parameters are shown in Table 1.
TABLE I.

MACHINE PARAMETERS
Parameter

Nominal
torque

Armature
winding
resistance

Armature
winding
inductance

EMF
constant

Number
of pairs of
poles

Unit

Nm

Ω

H

V/rad

-

Value

111

0.05

0.000635

0.192

4

III.

MATHEMATICAL DESCRIPTION OF THE GENERATOR
WITH PMSM-AR

The electromagnetic processes taking place in the
generator can be tested on the basis of the equivalent circuit
shown in Fig. 2. In this equivalent circuit the AC side of AR
is represented by a voltage source U1 which is connected in
parallel with the stator windings of the PMSM. Both active
and reactive resistance in the equivalent circuit take into
account the internal parameters of the machine and the AR.

Function diagram for generator system based on PMSMAR is shown in Fig. 1, where:
•

VT 2

Fig.1. Function diagram of the generator with PMSM-AR.

FUNCTION DIAGRAM OF THE GENERATOR WITH
PMSM-AR

PMSM – permanent magnet synchronous machine,

VD5

SPS

INTRODUCTION

•

VD3 VT 5

U dc

θ

Utilization of permanent magnet synchronous machine
(PMSM) with active rectifier (AR) allows to build DC
electrical grid with adjustable power load, in wchich constant
output voltage is controlled by DC voltage source. Such a
source may be an electrical battery, a rectifier with a capacitor
(supercapacitor) or similar mechatronic system connected
with synchronous or asynchronous generator. The paper
discusses the possibility of the reduction of losses in the AR
and in the busbars through reactive power control in PMSMAR circuit. These problems can be solved in practice thanks
to advances in electromechanics, semiconductor and
microprocessor technologies. Maximization of energy
efficiency of such a system is ensured by optimization of AR
control system operating as controlled current source.
II.

VD1 VT 3

d,q

I q*

Keywords—permanent magnet synchronous machine, hybrid
DC generator, field oriented control, active rectifier, MatlabSimulink the model

I.

VT1

r ,x
1 1

I
1

AR
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E
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U
1

RL

dc

VT VD

ARCS

Fig.2. Equivalent circuit of PMSM-AR system.
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The mathematical description of the PMSM-AR generator
is carried out in a synchronously rotating coordinate system
using the space vector method [8,10,15] and the method of
first harmonic [2,3,14]. This mathematical description is as
follows:

q

y

jx I
11

rI
11

E1

U1

, (1)
where:
– space vector of the electromotive
force on the stator windings of the PMSM;

ϕm

– space vector of the AR voltage applied on the AC

side;

d

I1

x

– is the space vector of the current in the machine
armature;
,

– resistance and inductance of PMSM phase;
Fig.3. The vector diagram in system with FOC.

– reactance of PMSM phase;

For a given current and speed, from the geometrical
relationships shown in Fig. 3 following can be found:

– angular frequency of AR voltage;
– number of pole pairs in the machine;

,

– angular speed of the machine shaft.
In the quasi-steady mode, the system of equations (1) can
be transformed to the form:

,
1.5
1.5

(2)
where:

In the description of the PMSM (2), the state variables are
vector values, which makes it possible to use the vector
diagram to study the electromagnetic and energy properties of
the PMSM-AR system.

shaft, с

,

(3)
,

с
,
,
– angular speed of the PMSM
– parameters of PMSM

The dependence of active and reactive power at the
generator output on the current, calculated in accordance with
equations (3), is shown in Fig. 4.

When creating a vector diagram, according to equation (2),
electromagnetic processes in PMSM are represented in the
coordinate system (d, q) connected with construction of
machine, and electromagnetic processes in AR are connected
with the x, y coordinate system related to voltage and current.
In this case, the resultant vector
of the flux is applied along
the real axis (d) and electromotive force of rotation
leads the magnetic flux of the rotor by 90
degrees and will be applied along the imaginary axis q.
The vector diagram reflects the physics of the generator
system work with PMSM-AR and allows to assess the
electromagnetic and energy properties of the generator, which
depend both on the parameters of the device itself and on the
control system of the active rectifier.

a)

b)

Fig.4. Energy characteristics of the system with FOC.

The control system of the PMSM-AR is
synchronized with the d, q coordinates and can be performed
optimally in terms of energy, if the reactive power of the
system is kept at the level of zero, and thus there are no losses
resulting from the presence of reactive current.

The projections of the surfaces on the principal plane show
the relationship between the current and the speed at which the
power is constant.
The basic properties of the considered system are as
follows:

IV.

ELECTROMAGNETIC AND ENERGY CHARACTERISTICS
OF THE GENERATOR WITH FIELD ORIENTED CONTROL

•
The reactive power in the system is about 30-40% of
the active power.

The most common way to control AR in a system is field
oriented control (FOC). In this case, the signal is not applied
to the second input (Fig. 1 id = 0). The vector diagram built on
the basis of equation (2), while controlling the AR along one
(q) coordinate, is shown in Fig. 3. The geometrical
relationships of the vector diagram allow to calculate the
electromagnetic and energy characteristics of the generator.

•
At high speeds and currents, a rapid increase in
reactive (capacitive) power is observed, accompanied by an
increase in the total current and an increase in system losses.
•
The active power balance in the system is performed
automatically:
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The calculated and plotted energy characteristics of the
system with optimal management, in spatial coordinates, are
presented in Fig. 6, which shows that:

When the PMSM generates more energy than the load
requires, the "excess" energy is stored in the battery. When the
PMSM produces less power than the load requires, the
"scarcity" of energy is supplied from the battery.

•
With the AR control according to equations (4), the
active power output can be kept constant with a substantially
non-linear relationship between the current and the rotational
speed of the machine shaft.

•
At speeds lower than 50 1/s, the PMSM cannot
provide generator mode operation.
V.

ELECTROMAGNETIC AND ENERGY CHARACTERISTICS

•
In a system with optimal control, the reactive power
is zero and the active power is non-linear with the current. At
significant currents, a decrease in power is observed.

OF AN OPTIMALLY CONTROLLED GENERATOR
WITH PMSM-AR

If current control is used in the active rectifier, then the
PMSM-AR system, by controlling the q and d coordinates,
can maintain zero reactive power when changing speed and
load.
This operating mode of the generator set is
hereinafter referred to as optimal. The vector diagram for the
optimal mode of operation is shown in Fig. 5. From the
geometrical relationships of the vector diagram it is possible
to determine the longitudinal and transverse components of
the current for which the reactive power in the PMSM-AR
system is maintained at the level equal to zero.
∗

,

∗

q
E1

(4)

y
jx1I1

rI
11

U1

ϕ =0
d

Iq ϕ
m

I1

x

Id

Fig.5. The vector diagram in system with optimal control.
Fig.6. Energy characteristics of the system with optimal
control.

The calculation of the energy performance of the generator
with optimal control is based on the equations obtained from
the geometric proportions of the vector diagram:

VI.

,
,
1.5

,

THE STUDY OF THE MODEL OF THE GENERATOR WITH
PMSM-AR

The study of the model of the genset with PMSM-AR has
been conducted in MATLAB-Simulink. The generator model
is shown in Fig. 7.

(5)

,
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Fig.7. Model of the generator with PMSM-AR.
In function generators f(u), the control currents ( ∗ , ∗ ) are
calculated according to the equation (4).

The curves in Fig. 8 a, b show the behavior of active,
reactive and load power at the output of the system with FOC
∗
0, а ∗
,
,б ∗
,
.

The simulation results make it possible to compare the
energy performance of the system with field oriented control
and with the optimized control, which is described by equation
(4).

In this case, the reactive power in the system is about 3040% of the active power.

a)

b)

Fig.8. Energy processes in the PMSM-AR system with FOC
300 (1/s) = const
a – with linearly increasing current and
b – with linearly increasing speed and I = 100A=const.
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. In this case, the reactive power in the
,
system is about 1-2% of the active power.

Fig. 9 a, b shows the energy (a) and electromagnetic (b)
processes in the PMSM-AR system with FOC when current is
increasing from 20A to 100 A and
300 (1/s)=const.

Fig. 11 shows the energy (a) and electromagnetic (b)
processes in the PMSM-AR system with optimal control when
current increasing from 20A to 100 A and
300 (1/s)=const.

The curves in Fig. 10 a, b show the behavior of active, and
reactive and load power at the output of the system with
∗
∗
optimal
control:
,
,

a)

b)

Fig.9. Energy (a) and electromagnetic (b) processes in the PMSM-AR system with FOC
when step load current is increasing from 20A to 100 A and
300 = const.

a)

b)

Fig.10. Energy processes in the PMSM-AR system with optimal control
a – with linearly increasing current and
300 (1/s) = const
b – with linearly increasing speed and I = 100A=const.
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a)

b)

Fig.11. Energy (a) and electromagnetic (b) processes in the PMSM-AR system with optimal control
300 = const.
when step load current is increasing from 20A to 100 A and
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VII. CONCLUSIONS
The analysis of the energy characteristics of the generator
with PMSM-AR and a battery connected in parallel on the DC
side showed that the AR control algorithm has a significant
impact on them. With field oriented control the reactive power
of system is comparable with the active power, which
increases the total current and leads to an increase in losses in
the system.
With optimal control the reactive power of system is equal
zero, the losses in PMSM and AR are significantly reduced,
but the maximum output power of the generator set is
somewhat limited.
The power in the battery is equal to the difference in load
power and active power in the PMSM-AR system. At low
speeds, the battery gives power to the load and discharges. At
high speeds, the power in the load is provided by the PMSMAR system and the battery is charged
Optimization of the energy properties of gensets is of
a particular importance when building high-power hybrid
transport systems and all-electric drive systems that have
different, comparable in terms of power, sources of electricity,
operating under one common changing load. Examples of
such facilities are land, sea, river and air transport, and
examples of such electricity sources are diesel generators,
shaft generators, steam turbines and turbo generators,
batteries, supercapacitors, etc.
REFERENCES
[1]

Ahmed, A., Haider, A., Van Hertem, D., Zhang, l. and H. Nee,
P., Prospects and challenges of future HVDC Super Grids with
modular multilevel converters, Proceedings of the 2011 14th
European Conference on Power Electronics and Applications, 30

43

2020 19th International Conference on Mechatronics – Mechatronika (ME)

[12] ] López-Ortiz, E., N., Campos-Gaona, D., and Moreno-Goytia,
E., L. "Modelling of a wind turbine with permanent magnet
synchronous generator," IEEE 2012 North American Power
Symposium (NAPS), Added to IEEE Xplore: 22 October 2012.
[13] Lu, S., Wang, L., Lo, T., Prokhorov, A.: Integration of Wind
Power and Wave Power Generation Systems Using a DC
Microgrid, Published in: IEEE Transactions on Industry
Applications, Volume: 51 , Issue: 4 , July-Aug. 2015, DOI:
10.1109/TIA.2014.2367102.
[14] Ovchinnikov I. E. Permanent Magnet Synchronous Motors and
drive on their basis. SPB, Corona - Century St. Petersburg, 2006,
ISBN 5-7931-0344-9.
[15] Park, R. H.: Two-reaction Theory of Synchronous Machines—
II", AIEE Transactions, vol. 52, June 1933.
[16] Rossa R., E. Krol, "Modern electric machines with permanent
magnet.," Przegląd Elektrotechniczny, Volume 84, Issue 12.
2008 pp. 12-17, ISSN: 0033-2097.
[17] Semken, R.S., and all, "Direct-drive permanent magnet
generators for high-power wind turbines: benefits and limiting
factors," Renewable Power Generation, IET , vol.6, no.1, pp.1-8,
January 2012.

44

2020 19th International Conference on Mechatronics – Mechatronika (ME)

Iron Losses Calculation in Non-Harmonic Power
Supply
Vladimir Kindl
Regional Innovation Centre for Electrical Engineering
University of West Bohemia
Pilsen, Czech Republic
vkindl@rice.zcu.cz

Jan Laksar
Regional Innovation Centre for Electrical Engineering
University of West Bohemia
Pilsen, Czech Republic
laksar@rice.zcu.cz

Bohumil Skala
Regional Innovation Centre for Electrical Engineering
University of West Bohemia
Pilsen, Czech Republic
skalab@rice.zcu.cz

Tristan Schönfelder
Department of Electromechanics and Power Electronics
University of West Bohemia
Pilsen, Czech Republic
tristan@kev.zcu.cz

triangular, trapezoidal or the flux could be constant
depending on the number of poles and slots of the machine
[4].

Abstract— The non-harmonic input voltage waveform
becomes more frequent with the increasing interest in the
multiphase machines; the injecting of higher harmonics is used
to the decrease of the saturation of the machine. The nonharmonic flux linkage waveform affects the total iron losses.
Presented paper deals with the usage of the modified Steinmetz
equation (MSE) used to the calculation of the iron losses. The
analytical-numerical tool including the nonlinearity of the
magnetic circuit and the dynamic BH curve is presented.
Different configurations of input voltage and magnetic
material properties are analyzed and the results are compared
with the analytical calculation and finite element analysis.

Increased attention is paid to multiphase machines
(number of phases m > 3) in the relation to modern trends in
e-mobility. The biggest advantages of the multiphase
machine application are the cogging torque reduction, higher
reliability and the fault tolerance of the system [5] - [8]. The
power per one line is decreased thanks to the higher number
of phases and the power electronic component requirements
decrease. The windings of multiphase machines have usually
higher distribution factor which decreases the joule losses.

Keywords—higher harmonic, iron losses, modified Steinmetz
equation

The biggest advantage and center of research of
multiphase machines is the possibility of injecting of higher
harmonic components to decrease the saturation of the
magnetic circuit while preserving the rms value of the
current [9], [10]. It decreases the requirements to the
excitation of the magnetic field (magnetizing current, PM
dimensions etc.) or could help to decrease the weight of the
machine.

I. INTRODUCTION
Harmonic distribution of the air gap magnetic field is
assumed in the conventional electrical machines. Therefore
the harmonic waveform of flux density is expected and the
losses in the magnetic circuit can be calculated by the usage
of Steinmetz’s empirical equation [1]

The flux linkage waveform is then non-harmonic which
increase the total loss in magnetic circuit. It is useful to
include this effect into the analytical design of the machine.
Therefore the Modified Steinmetz Equation (MSE) [11] is
used in this paper to evaluate the losses caused by the nonharmonic power supply.

∆

=
+ + =
(1)
.
.
=
+
+
Parameters ph, pc, and pe are the per-unit hysteresis, eddycurrent and additional loss coefficients respectively, f is the
frequency of the magnetic field, and Bm is the magnitude of
flux density of applied magnetic field. Parameters kh, kc, and
ke are Steinmetz parameters which can be found in the
datasheet or can be evaluated based on the loss
characteristics.

II. APPLICATION OF MSE TO THE IRON LOSSES
CALCULATION OF NON-HARMONIC POWER SUPPLY

The higher-harmonic components of magnetic field used
to be a parasitic effects caused e.g. by the flattening of the
flux density of induction machines [2] or the pulsation of the
magnetic field due to the slotting [3]. Losses caused by these
higher harmonic fields could be included to the analytical
design of machine as additional losses.

Equation (1) can be generally written as
(2)
=
which is valid only for harmonic supply. Coefficients α and β
are respecting the component of losses according to (1). This
equation can be substituted by general expression [11]

Electric motors used in modern drives often do not have
harmonic power supply or harmonic flux density distribution
due to the principle of the machine. Switching reluctance
machines operate with the rectangular terminal voltage
waveform and the flux waveform in different parts can be

=

(3)

where B is the time dependent waveform of flux density, ΔB
is the peak-to-peak value of flux density and
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o
Var. D. Real magnetic circuit with nonlinear BH curve
and non-harmonic power supply u1 = 5 sin (ωt) +
1.5 sin (3ωt).

The losses are then calculated based on the definition of
average value of one period T:
=

∆

,

(5)

The losses can be approximated by the superposition of
every harmonic component of flux density in the analytical
calculation. The magnitude of the flux density for defined
harmonic component of the terminal voltage μ is calculated
as

Simple magnetic circuit with constant cross section SFe
and uniform distribution of the flux density B is considered
to eliminate the effect of the geometry of the machine
(slotting etc.).

=

When the waveform of induced voltage ui(t), number of
turns N1, and the cross section SFe are known, the flux density
can be evaluated as
=

and the losses are then (ke = 0)
∆

(6)

and (5) can be written as
=

∆

(8)

_

=

+

(9)

Variant D consists of real electric steel and non-harmonic
power supply; therefore there are shown examples of voltage
and current waveforms obtained by FEM calculation and the
losses obtained by MSE in Fig. 2 and Fig. 3 respectively for
this variant.

(7)

A. Validation of presented method
Simple geometry of magnetic circuit and the coil is used
to the FEM validation of the presented method (see Fig. 1).
The magnetic circuit is designed to obtain the uniform flux
density in the analyzed area (dark grey color in Fig. 1). The
electrical steel is M350-50A and the Steinmetz parameters
are kh = 196.8, kc = 0.417, ke = 0. The parameters of the
magnetic circuit are N1 = 13, SFe = 50 mm x 20 mm = 1·10-3
m2, and the volume if analyzed area is VFe = 50 mm x 20 mm
x 20 mm = 2·10-5 m3.

Fig. 2. The supply voltage and current calculated by FEM for variant D

Fig. 1. Analyzed geometry

Four different combinations of supply voltage and
material properties are applied to the geometry to compare
the analytical calculation, the FEM calculation, and the MSE
and evaluate the importance of proposed method (Serial
winding resistance R = 30 mΩ is included in all FEM
models):
o
Var. A. Ideal magnetic circuit with relative permeability
μr = 5000 and harmonic power supply u1 = 5 sin (ωt).

Fig. 3. The losses calculated by MSE for variant D

o
Var. B. Ideal magnetic circuit with relative permeability
μr = 5000 and non-harmonic power supply u1 = 5 sin (ωt) +
1.5 sin (3ωt).

Comparison of results obtained by FEM, analytical
calculation and MSE for all described variants are
summarized in TABLE I. It is obvious that including of the
real BH curve of magnetic circuit does not affect the loss
calculation in this weakly saturated geometry (magnitude of
the first harmonic component of the flux density is
Bm1 = 1.21 T) despite of the current waveform deformation.

o
Var. C. Real magnetic circuit with nonlinear BH curve
and harmonic power supply u1 = 5 sin (ωt).
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In the other hand the superposition of harmonic loss
components used for the analytical calculation gives results
with significant difference. The MSE calculation is suitable
approach for the non-harmonic supply of the magnetic
circuit.

Variant
Var. A
Var. B
Var. C
Var. D

COMPARISON OF OBTAINED RESULTS
FEM
325 mW
390 mW
325 mW
389 mW

Analytical
325 mW
336 mW
324 mW
336 mW

(H/m)

TABLE I.

MSE
325 mW
391 mW
324 mW
390 mW

III. IRON LOSSES IN NOT NEGLIGIBLE SERIAL RESISTANCE AND
LEAKAGE INDUCTANCE
Fig. 5. Curve of dynamic and static permeability

The time-variable voltage drop caused by the resistance R
and leakage inductance Ls could cause significand difference
of terminal and induced voltage. The losses are calculated by
the usage of flux density waveform (or the flux linkage or
induced voltage), which is deformed. The analyticalnumerical tool is used to evaluate the transient effect
respecting the non-linearity of magnetic circuit and the
resistance and leakage inductance. The current waveform is
calculated and then the induced voltage, flux linkage, and
flux density are obtained.

o
Preparation of the constants. Definition of loss
constant and solution of the integral (4)
o
The main calculation. The initial inductance L is
obtained from the initial conditions (e.g. zero flux linkage)
The current response is then evaluated by the usage of total
inductance L + Ls, winding resistance R and terminal voltage
u1(t). The induced voltage is then evaluated as

A. Methodology
Equations (5) and (7) are extended by external
calculations of the inductance and the winding current. The
approach can be summarized as:

=
or simply by

Δ
(10)
Δ
is used to evaluate the inductance of the magnetic circuit.
Therefore the BH curve is interpolated and the characteristics
of magnetic circuit are obtained (see Fig. 4 and Fig. 5).
=

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
10 2

10 3

10 4

(11)

B. Example of Calculation and Results Comparison
The geometry presented in paragraph II-A is used again.
The leakage inductance is set to Ls = 5·10-5 H and the losses
are calculated for the resistance equal to 0.08, 0.8, 3, and 8
Ω. The results obtained for R = 0.8 Ω are shown in Fig. 6 Fig. 8.

o
BH curve of used electrical steel. The dynamic
permeability of electrical steel

10 1

Δ
Δ

=

o
Supply voltage. Definition of the harmonic content of
terminal voltage, the armature resistance R and leakage
inductance Ls

10 0

−

Δ
(12)
Δ
The peak-to-peak value of flux density is then evaluated
from the flux linkage in the steady state and the losses are
calculated by the usage of (7).

o
Geometry of the problem. The dimensions of solved
area – the cross sections and number of turns to evaluate the
flux density and the inductance.

0

−

10 5

H (A/m)

Fig. 4. BH curve of the electrical steel M350-50A
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Fig. 6. Waveforms of current, terminal voltage and induced voltage

IV. CONCLUSION
Modified Steinmetz equation application is useful when
the non-harmonic flux density waveform is applied to the
magnetic circuit. Presented results are used to demonstrate
the value of MSE in the loss calculation and the results are
validated in the simply geometry.
The biggest challenge will be to apply this improved loss
calculation to the design of multiphase machines operating
under the injection of higher harmonics. The flux density
waveforms in different parts (especially the teeth and the
yoke of the stator) are not affected only by the applied
voltage and equivalent circuit parameters, but also the
geometry of the machine and the winding configuration can
significantly change the flux density waveform and the
losses of the magnetic circuit.
.
REFERENCES
[1]

C. P. Steinmetz, “On the law of hysteresis,” Proc. IEEE, vol. 72, pp.
197–221, (1984), doi: 10.1109/PROC.1984.12842.
[2] J. Pyrhönen, T. Jokinen, V. Hrabovcova, “Design of Rotating
Electrical Machines”, 2nd ed., Chichester, England, John Wiley &
Sons Ltd, 2014. ISBN 978-1-118-58157-5.
[3] B. Heller, V. Hamata, “Harmonic Field Effects in Induction
Machines”, Elsevier Science Ltd.: Amsterdam, The Netherlands,
1977. ISBN 9780444998569.
[4] M. Hassanin, M. T. Alrifai, D. A. Torrey, F. L. Ahmed and M. H.
Shaker El-Markabi, "Flux density models for the switched reluctance
machine," IAS '96. Conference Record of the 1996 IEEE Industry
Applications Conference Thirty-First IAS Annual Meeting, San
Diego,
CA,
USA,
1996,
pp.
745-752
vol.2,
doi:
10.1109/IAS.1996.560169.
[5] M. J. Duran, E. Levi, and F. Barrero, Multiphase Electric Drives:
Introduction, pp. 1–26. American Cancer Society, 2017. [Online].
Available:
https://onlinelibrary.wiley.com/doi/abs/10.1002/047134608X.W8364
[6] E. Levi, F. Barrero, and M. J. Duran, “Multiphase machines and
drivesrevisited,” in IEEE Transactions on Industrial Electronics, vol.
63, no. 1, pp. 429–432, 2016.
[7] E. Levi, R. Bojoi, F. Profumo, H. Toliyat, and S. Williamson,
“Multiphase induction motor drives - a technology status review,”
Electric Power Applications, IET, vol. 1, DOI 10.1049/ietepa:20060342, no. 4, pp. 489–516, Jul. 2007.
[8] E. Levi, “Multiphase electric machines for variable-speed
applications,” in IEEE Trans. Ind. Electron., vol. 55, DOI
10.1109/TIE.2008.918488, no. 5, pp. 1893–1909, May. 2008.
[9] J. Gong, H. Zahr, E. Semail, M. Trabelsi, B. Aslan, and F. Scuiller,
“Design considerations of five-phase machine with double p/3p
polarity,” in IEEE Transactions on Energy Conversion, vol. 34, no. 1,
pp. 12–24, 2019.
[10] A. Cervone, M. Slunjski, E. Levi, and G. Brando, “Optimal
thirdharmonic current injection for asymmetrical multiphase pmsms,”
in IEEE Transactions on Industrial Electronics, pp. 1–1, 2020.
[11] J. Reinert, A. Brockmeyer and R. W. A. A. De Doncker, "Calculation
of losses in ferro- and ferrimagnetic materials based on the modified
Steinmetz equation," in IEEE Transactions on Industry Applications,
vol. 37, no. 4, pp. 1055-1061, July-Aug. 2001, doi:
10.1109/28.936396.
[12] I. S. Jacobs and C. P. Bean, “Fine particles, thin films and exchange
anisotropy,” in Magnetism, vol. III, G. T. Rado and H. Suhl, Eds.
New York: Academic, 1963, pp. 271–350.

Fig. 7. Waveform of induced voltage and magnetic flux

Fig. 8. Waveforms of the components of losses

The transient effect is short due to the relatively high
winding resistance. The influence of the BH curve is
highlighted by the shape of the current waveform. The
difference of terminal and induced voltage is obvious around
the area of the current peak.
The comparison of average losses calculated by the MSE
and FEM of every value of resistance is summarized in
TABLE II. It is obvious that the error of MSE is increasing
with higher R:L ratio (or with difference of induced and
terminal voltage). But the significant calculation error can be
found for extreme values (here R = 8 Ω), which usually
cannot be expected in the real application.
TABLE II.

COMPARISON OF OBTAINED RESULTS

Variant

FEM

MSE

R = 0.08 Ω
R = 0.8 Ω
R=3Ω
R=8Ω

384 mW
264 mW
38.5 mW
1.88 mW

373 mW
269 mW
39.8 mW
1.26 mW

Relative
difference
-2.86 %
1.89 %
3.38 %
-33.0 %

48

2020 19th International Conference on Mechatronics – Mechatronika (ME)

Design of Permanent Magnet Synchronous
Generator for a Wide Speed Range
Jan Laksar
Regional Innovation Centre for
Electrical Engineering
University of West Bohemia
Pilsen, Czech Republic
laksar@fel.zcu.cz

Zdenek Raab
Regional Technological Institute
University of West Bohemia
Pilsen, Czech Republic
raabz@kks.zcu.cz

Abstract— This paper deals with the design and testing of
the independent permanent magnet synchronous generator
(PMSG). Maximal speed of the generator is up to 1100 rpm,
but the target of the design consists of the highest speed range
where the required output power 200 W is achieved. It
emphasizes especially the losses analysis and output current
limits. The output voltage is rectified to the stabilized DC
voltage which increases the power electronics requirements.
The limits of the power electronic define the maximal output
voltage of the generator.

A. Requirements
The generator is directly mounted to the bearing cover of
the standardized Y25 bogie of the wheel with nominal
diameter Dw = 925 mm. The required output power 200 W is
reached at the lowest possible speed of the wagon and is held
up to the theoretical maximal velocity of wagon vmax = 180
km/h. The dimensions of the generator and the electronic
system are limited by the maximum wagon profile given by
the ČSN EN 15273-2+A1 Czech standard.

Keywords—generator, permanent magnet, electromagnetic
design, wide speed

1) High-speed limits
The ratio of generator rotational speed ns and wagon
velocity v is calculated as

I. INTRODUCTION
The area of the wide speed range operation of the
electrical machine mainly focuses on electric traction and
electromobility. Modern electric drives are operating in the
area of vehicle speed from zero to tens or hundreds of
kilometers per hour. The constant terminal voltage gives
limits to the speed above which the flux weakening operation
is necessary to apply [1].

30
=

=

=

50

= 5.735

rpm
km h

(1)
3
2
3.6
where ωs is the mechanical angular frequency. The maximal
rotational speed of the generator is then nsmax = 1032.4 rpm.
The induced voltage increases proportionally with the speed
of the machine; the power electronics defines requirements
to the maximal output DC voltage to UDCmax = 110 V.
3.6

The wide speed range of the generators can be ensured
similarly to the motor operation by the large flux weakening
area [2], [3], or can be achieved by the control strategy of the
generator, e.g. the switchable cascade topology [4].
Described applications are using the constant terminal
voltage which is included in the control of the machine. The
object of this paper is a design of an independent generator
used in the railway application; the terminal voltage of the
generator is directly dependent on the speed of the wagon
and the load of the generator. The available space for the
generator itself and the power electronics is limited;
therefore the biggest attention has to be paid to the
electromagnetic design of the generator to meet the required
properties. The ratio of the nominal power of the generator
lies in the area between 50 and 180 km/h but the lowest
speed limit of the generation of the electric energy has to be
about 10 – 20 km/h.

2) Limits of dimensions
The housing of the generator will replace the original
front shield of the bearing housing of Y25 bogie. The outer
diameter of the housing is define to 240 mm and the outer
diameter of the generator is De = 210 mm. The maximal axial
length of the machine is not directly defined; the total axial
length of the housing end cover of the electronic area is
limited by the maximum wagon profile. It is also suitable to
reduce the axial length to reduce the additional bending
forces and torques created by the mass of the generator and
its cover.
B. Electromagnetic design
The radial permanent magnet synchronous machine
(PMSM) configuration is chosen to increase the power
density (in comparison with slotless or coreless axial PMSM)
[5] and to decrease the production costs (in comparison with
slotted axial PMSM) [6]. High number of poles (2p = 10)
and fractional-slot concentrated winding (FSCW) is chosen
to decrease the height of the yoke of stator and rotor and to
decrease the end winding area. The maximal electrical
angular frequency is then

II. PARAMETERS AND DESIGN OF THE GENERATOR
Proper definition and respecting of the limiting
parameters is necessary to the electromagnetic design of the
generator. Therefore the requirements and limits are set
before the design process.
This research has been realized using the support of Technological
Agency, Czech Republic, programme National Competence Centres,
project # TN01000026 Josef Bozek National Center of Competence for
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∙ 1032.4
= 540.5 rad s
30
30
and the maximal frequency is
=

(2)

=5

=

540.5
(3)
= 86.03 Hz
2
2
Traditional FSCW with number of slots per pole and
phase q = 1/2 is replaced by the q = 2/5 winding. This
winding provides higher winding factor kw and the induced
voltage Ui waveform has reduced higher harmonic content
[7]. The winding factor of this winding can be calculated as
kw = 0.933. Expecting the harmonic waveform of induced
voltage and the amplitude of the line-to-line voltage equal to
the maximal output voltage, the PM flux linkage ΨPM equals
=

=

=

i (t)
u (t)
π
6

5π
6

110

Fig. 1. Ideal waveform of the phase current and equivalent phase voltage
respectiong the rectified output of the generator

The DC power is defined as
(7)
=
where UDC and IDC are the average values of the rectified
voltage and current respectively. The amplitude of the
rectified voltage and current are equal to the amplitude of the
line-to-line voltage Ulm and phase current Im. so

The generator was designed according to described limits
and the analytically calculated parameters of the equivalent
circuit are summarized in TABLE I. The nominal
temperature is chosen to ϑn = 120 °C.
TABLE I.

(6)

=

= 0.117 Wb
(4)
√3
√3 ∙ 540.5
This maximal flux linkage cannot be exceeded in the no-load
operation of the generator when the permanent magnets have
reference temperature ϑref = 20 °C. It is expected, that the
temperature at the maximal speed 180 km/h will be much
higher, but the wheel diameter can be reduced down to 850
mm which will increase the rotational speed of the generator
by 8 percent according to (1).
Ψ

1 √3
+
= 0.686
3 4

(8)
=
The power of the alternate voltage and current is defined by
its rms value, so (8) can be extended to

PARAMETERS OF EQUIVALENT CIRCUIT (ANALYTICAL
CALCULATION)

Parameter
Winding Resistance Ra
Direct/quadrature axis inductance
Ld = Lq
Flux Linkage ΨPM

Unit
mΩ

20°C
110.1

120°C
156.9

mH

1.31

1.34

mWb

117.2

108.9

= √3

=

(9)

where U and I are the rms values of phase voltage and
current respectively and kp is the power coefficient calculated
as
=

C. Calculation of the power of the generator
Following simplifications are assumed to the calculation
of the output power of the generator:

√3

= 2.95

(10)

The current is then calculated from the power equation
(9) and equation describing the phasor diagram

• The output voltage is rectified by the three-phase bridge
diode rectifier

(11)
=
+
+
where Uib is the rms value of induced voltage, and Xd is the
winding reactance.

• The DC-DC converter creating constant output voltage is
neglected
• Produced power is consumed by the resistive load RL
connected to the rectified output

D. Thermal limist of the operation of the generator
The wide speed range of the operation gives specific
boundary conditions to the thermal calculation, especially to
the heat transfer coefficient. It is expected, that the nominal
power 200 W can be reached when the speed of the wagon is
v = 50 km/h. The losses at this speed (equal to the rotational
speed ns = 286.8 rpm) are:

The bridge diode rectifier creates a 6-pulse rectified DC
voltage and current and the ratio between the maximal and
average value can be calculated as kDC = 3/π [8]. The phase
current waveform has two pulses per one half of the period
(see Fig. 1) and the ratio between the rms and maximal value
is evaluated as

• Joule losses ΔPj = 25.0 W
• Core losses ΔPFe = 4.1 W

1 √3
(5)
+
= 0.78
3 2
The phase voltage is expected to be sinusoidal, but the power
is produced only in the area of non-zero current (see Fig. 1).
The ratio between the rms and maximal value of phase
voltage is evaluated as
=

• Additional losses (mechanical, PM, rotor etc.) < 1 W
The ambient temperature of the cover of the housing is
set to 40 °C. The calculated distribution of the temperature is
shown in the Fig. 2.
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Fig. 4. Temperature of permanent magnets respecting the bearing
temperature 150 °C

The temperature rise has met the expectations and the
power 200 W at the speed 50 km/h can be obtained.

Fig. 2. Temperature distribution at the speed 50 km/h and ambient
temperature 40 °C

The housing of the generator directly faces the bearing of
the wagon. The limiting temperature of this bearing is up to
150 °C. This boundary condition is applied to the wall facing
the bearing and the results of the temperature distribution
respecting the temperature of the bearing are shown in Fig. 3.

E. Traction characteristics
Maximal rms value of the phase current is chosen
according to the thermal calculation and power electronics
requirements to Imax = 8 A which approximately equals to
DC current IDCmax = 10A. The power, current and output
voltage is calculated according to (5) - (11) and obtained
traction characteristic is shown in the Fig. 5 and
characteristics of the current and losses is shown in Fig. 6.

The maximal temperature rise caused only by the losses
of the generator is 33 °C. The distribution of the temperature
is mainly affected by the bearing boundary condition when
the bearing temperature is applied. The average temperature
of both permanent magnets and winding is 120 °C – 125 °C
(see Fig. 4).

Fig. 5. Traction characteristics of the generator

Fig. 3. Temperature distribution at the speed 50 km/h, ambient
temperature 40 °C and bearing temperature 150 °C
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P (W)

M (Nm)

The decrease of the current in the lowest speed area (< 15
km/h) is caused by the maximization of the output power
(the non-stable area will be achieved if the generator is
operated under the maximal current). The nominal power
P = 200 W is achieved at the speed v = 47 km/h and the
current starts to decrease. Minimal losses are achieved at the
speed about 85 km/h.

I (A)

P (W)
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Fig. 6. Current and losses characteristics of the generator
Fig. 8. Line-to-line voltages and output voltage (P = 200 W,
v = 180 km/h)

III. VALIDATION OF THE ELECTROMAGNETIC DESIGN
The rotor of the first test sample consists of 80 block
permanent magnets glued to the massive rotor and secured
by the carbon fiber bandage. This rotor configuration is
respected in the 2D electromagnetic validation by the finite
element analysis (FEA).
The results of the FEA calculation are shown in Fig. 7 Fig. 9. The circuit used to the FEA calculation consists of the
equivalent circuit of the generator, the rectifier and the
loading resistance. The expected waveforms of the voltage
and current are confirmed in Fig. 8, Fig. 9.

Fig. 9. Phase currents and output current (P = 200 W, v = 180 km/h)
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Equivalent circuit parameters calculated by the FEA
(including the real shape of the induced voltage waveform)
are applied to the equivalent circuit shown in Fig. 10. The
output capacitor 500 μF is included in the output DC circuit.
This configuration enables fast calculation of every working
point only by the definition of the speed and load resistance.

V

+
+

Ui3_180kmh

Fig. 7. Flux density distribution of the generator with power P = 200 W
and speed 180 km/h
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Fig. 10. Equivalent circuit of the generator and the output electric circuit

A. Final design and testing
The layout of the generator assembly is shown in the Fig.
11. The shaft of the generator is flexibly connected to the
wheel to reduce the transfer of vibrations to the rotor of the
generator.
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measurement; in the other hand, the calculated resistance is
smaller in comparison with the measurement.

I (A)

P (W)

The under-load power characteristics were measured
after that and the measured values are compared with the
There is shown comparison of the traction characteristics of a
cool generator (ϑ = 20 °C) obtained by the FEA and
measurement in the Fig. 13. The difference of the generated
power in the area of smaller speeds (up to 50 km/h) for
defined current is caused mainly by the difference of
calculated and real resistance of the winding.

Fig. 11. Assembly of the generator

The manufactured generator was inserted to the 3D
printed testing housing (see Fig. 12) and the equivalent
circuit parameters were measured. Comparison of the
calculated and measured parameters of equivalent circuit is
summarized in TABLE II.
Fig. 13. Comparison of the traction characteristics obtained by the FEA and
measurement (temperature of the generator ϑ = 20 °C)

IV. CONCLUSION
The most critical part of the operation of the independent
PMSM generator lies in the lower speed area. The proper
prediction of the output power is limited by the accurate
calculation of the equivalent circuit parameters, especially
the flux linkage and the armature resistance.
The output power of the generator is rectified by the
diode bridge rectifier, which affects the rms coefficients of
the voltage and current. These coefficients are included in
the analytical calculations to improve the design and the
calculation of traction characteristics.
The nominal power is reached at the speed about 45 km/h
when the winding current limit 8 A is applied. The actual
current limit will be defined after the warming test of the
generator with final metal housing.

Fig. 12. Test stand of the generator

TABLE II.

COMPARISON OF CALCULATED AND MEASURED
PARAMETERS OF EQUIVALENT CIRCUIT

Parameter
Winding
Resistance Ra
Direct/quadrature
axis inductance
Ld = Lq
Flux Linkage
ΨPM

Unit

Temp.

Anal.

2D
FEA

Measur.

mΩ

20°C
120°C

110.1
156.9

-

129.7
-

mH
mWb

20°C

1.31

1.17

1.105

120°C
20°C
120°C

1.34
117.2
108.9

1.21
115.1
107.3

115.0
-

REFERENCES
[1]

[2]

[3]

Analytically defined values of inductance and flux
linkage are higher in comparison with the FEA and

53

W. L. Soong and T. J. E. Miller, "Field-weakening performance of
brushless synchronous AC motor drives," in IEE Proceedings Electric Power Applications, vol. 141, no. 6, pp. 331-340, Nov. 1994,
doi: 10.1049/ip-epa:19941470.
P. H. Mellor, S. G. Burrow, T. Sawata and M. Holme, "A wide-speedrange hybrid variable-reluctance/permanent-magnet generator for
future embedded aircraft generation systems," in IEEE Transactions
on Industry Applications, vol. 41, no. 2, pp. 551-556, March-April
2005, doi: 10.1109/TIA.2005.844381.
Li Yong, H. Yuwen, L. Lingshun, H. Wenxin and C. Guanghui,
"Control of a Novel Dual Stator-Winding Induction Generator for
wide speed-range operation," 2007 IEEE Power Electronics

2020 19th International Conference on Mechatronics – Mechatronika (ME)

[4]

[5]

[6]

Specialists Conference, Orlando, FL, 2007, pp. 2096-2101, doi:
10.1109/PESC.2007.4342330.
Z. Bingyi, S. Shaonan, F. Guihong and G. Xin, "A switchable
cascaded multi-dc-branch for permanent magnet synchronous
generator in wide speed range on wind energy conversion system,"
2017 IEEE 12th International Conference on Power Electronics and
Drive Systems (PEDS), Honolulu, HI, 2017, pp. 131-135, doi:
10.1109/PEDS.2017.8289210.
S. Neethu, S. P. Nikam, A. K. Wankhede, S. Pal and B. G. Fernandes,
"High speed coreless axial flux permanent magnet motor with printed
circuit board winding," 2017 IEEE Industry Applications Society
Annual Meeting, Cincinnati, OH, 2017, pp. 1-6, doi:
10.1109/IAS.2017.8101733.

[7]

[8]

B. Zhang, T. Seidler, R. Dierken and M. Doppelbauer, "Development
of a Yokeless and Segmented Armature Axial Flux Machine," in
IEEE Transactions on Industrial Electronics, vol. 63, no. 4, pp. 20622071, April 2016, doi: 10.1109/TIE.2015.2500194.
J. Yang et al., "Quantitative Comparison for Fractional-Slot
Concentrated-Winding Configurations of Permanent-Magnet Vernier
Machines," in IEEE Transactions on Magnetics, vol. 49, no. 7, pp.
3826-3829, July 2013, doi: 10.1109/TMAG.2013.2243407.
A. Panchbhai, Y. R. Patel and N. Prajapati, "Simulation and hardware
of multi-pulse rectifier for more electric aircraft," 2016 IEEE 7th
Power India International Conference (PIICON), Bikaner, 2016, pp.
1-6, doi: 10.1109/POWERI.2016.8077161.

.

54

2020 19th International Conference on Mechatronics – Mechatronika (ME)

Topology optimization of line-start synchronous
reluctance machine
Iveta Lolova

Jan Barta

Dep. of Power Electrical and Electronic Engineering
Brno University of Technology, FEEC
Brno, Czech Republic
Iveta.Lolova@vutbr.cz

Dep. of Power Electrical and Electronic Engineering
Brno University of Technology, FEEC
Brno, Czech Republic
bartaj@vutbr.cz

Gerd Bramerdorfer, Senior Member, IEEE

Siegfried Silber

Institute for Electrical Drives and Power Electronics
Johannes Kepler University Linz
Linz, Austria
Gerd.Bramerdorfer@jku.at

Linz Center of Mechatronics GmbH
Linz, Austria
siegfried.silber@lcm.at

Abstract—This paper deals with the topology optimization of
line-start synchronous reluctance machines (LSSynRM). Topology optimization can lead to a reduction in energy consumption
thanks to the higher efficiency of optimized electrical machines.
The topology optimization is based on the normalized Gaussian
network (NGnet) within this paper. The dependency of the
NGnet on the distribution of Gaussian functions is analysed
in detail. The evaluation algorithm of a single individual is
developed. The algorithm manages communication between
Ansys Maxwell and software tool SyMSpace. Furthermore, the
algorithm leads to a reduction in computational time due to the
preselection of unfeasible geometries. The latter is necessary
due to a time-consuming transient analysis considering the
machine’s start-up. The topology optimization of LSSynRM
based on the NGnet is performed and the results are discussed.
One selected optimized design is analysed in detail.
The main contribution is the creation of the methodology
for the topology optimization of LSSynRM based on the NGnet
extended with the evaluation algorithm, which can be used for
further improvement of line-start machines.

TABLE I. S PECIFICATION OF THE O PTIMIZED M OTOR .
Number of phases
Number of poles
Rated power
Rated speed
Rated line-to-line voltage
Terminal connection

3
4
2.2
1500
400
Y

shown within this paper. This topic is described in [3]–[5].
In [4], the authors focus on optimization of synchronous
reluctance motor (SynRM) and [5] the optimization of
interior permanent magnet synchronous motor (IPMSM)
is investigated. The authors of [6] and [7] even consider
localized material degradation caused by manufacturing in
topology optimization. The publications [4]–[8] deal with
synchronous machines, but this paper brings methodology
of TO based on NGnet for line-start synchronous machines.
The line-start synchronous machines are presented in [9]–
[14] as the reasonable replacement for widespread induction
machines thanks to better performances. There are various
types of line-start machines. The main difference is in
the presence of permanent magnets. The methodology of
topology optimization of line-start reluctance synchronous
machines is shown within this paper.
The presented paper is organized as follows: Section II
contains the description of TO based on the NGnet. It reports
used software for TO. This section is divided into two
parts. The first part II-A represents the creation of NGnet
and its utilization for TO in general. The second part II-B
gives a detailed description of the distribution of Gaussian
functions in NGnet. Section III presents the setting of TO
and the developed evaluation algorithm for analyzing single
individuals including preselection of promising geometries.
Section IV discusses the obtained results of LSSynRM TO
and it contains the comprehensive analysis of one chosen
individual. Section V concludes the paper and it gives some
perspectives for future work.

Keywords—AC motors, finite element analysis, line-start synchronous reluctance motor, pareto optimization

I. I NTRODUCTION
The electrical machines are apparatuses with the greatest
energy consumption in the world [1]. The reduction of
energy consumption is urged by climatic and economic demands. The IEC 60034-30 efficiency classification standard
defines increasing requirements for efficiency of electrical
rotating machines. Thus, the development of new approaches
for their optimization is very desirable. The topic of topology
optimization (TO) is very progressive and in combination
with electrical rotating machines, especially line-start motors, it becomes very challenging.
The comparison of the parametric optimization with topology optimization is shown in the publication [2]. There are
different approaches to topology optimization. The topology
optimization based on the normalized Gaussian network is
This research work has been carried out in the Centre for Research
and Utilization of Renewable Energy (CVVOZE). Authors gratefully
acknowledge financial support from the Ministry of Education, Youth and
Sports under institutional support and BUT specific research programme
(project No. FEKT-S-20-6379).
This work has been supported by the COMET-K2 “Center for Symbiotic
Mechatronics” of the Linz Center of Mechatronics (LCM) funded by the
Austrian federal government and the federal state of Upper Austria.

II. T OPOLOGY OPTIMIZATION BASED ON NG NET
SyMSpace and Ansys Maxwell are software tools used
for topology optimization within this paper. SyMSpace is
a software tool for system simulation and optimization. It
offers the possibility of interaction with external simulation
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Fig. 2. The NGnet f (x, y) defines final geometry.
Fig. 1. The created model in Ansys Maxwell for topology optimization.
(a) The prepared model. (b) Zoom of the design space (green).

software. The potential for electrical machines development
by optimization with SyMSpace is presented in paper [15],
which deals with the optimization of highly-efficient permanent magnet motors. The part of the SyMSpace, which is
used for optimization, is called the Optimizer. The Optimizer
contains built-in MOEAs (Multi-objective evolutionary algorithms), which can be applied for machine’s optimization,
such as NSGA-II [16], [17], SPEA2 [18] and DECMO2
[19]. The DECMO2 algorithm is chosen for TO within
this paper. The finite element analysis is performed through
Ansys Maxwell. The Python scripts ensure communication
between SyMSpace Optimizer and Ansys Maxwell.
The LSSynRM is optimized within this paper. The specification of the optimized motor is shown in Table I. This
motor is very similar to an induction machine except for the
changed rotor. The rotor represents the design space considered for optimization. The prepared model of LSSynRM in
Ansys Maxwell for TO is shown in Fig. 1. The green colour
represents the design space.
It consists of 3150 elements. Each element can independently be assigned with two different states within the
direct topology optimization (DTO) approach. The number
of optimized parameters would be 3150 during DTO, therefore another approach for optimization is necessary due to
unreasonable computational time. The topology optimization
based on the normalized Gaussian network is presented
within this paper. The topology optimization based on NGnet
brings a significant reduction in optimized parameters in
comparison with DTO. The creation of NGnet is described
in the following section.

Fig. 3. Design space (green) vs optimized space.

bi (x, y) =

The normalized Gaussian function gives a real number
between 0 and 1 at any position (x, y). The created NGnet
is used for the definition of each element in the design area in
the LSSynRM. Each element can have two different states.
The state of element S(xe , ye ) defines the material which
is assigned to the element. If S(xe , ye ) is equal to 0, the
element is assigned with the electrical steel. If S(xe , ye ) is
equal to 1, the element is assigned with the aluminum. The
output of NGnet f (xe , ye ) determines the state S(xe , ye ):

0 if f (xe , ye ) ≥ 0.5
S(xe , ye ) =
,
(4)
1 if f (xe , ye ) < 0.5
where xe and ye are the coordinates of the centres of each
element. Thus, the LSSynRM topology is fully determined
by NGnet as it is shown in Fig. 2. The final shape of NGnet
depends on the weighting coefficients wi of each Gaussian
functions. Thus the number of Gaussian functions is equal
to the number of optimized parameters. This brings the
possibility of obtaining various resultant geometries as in
DTO but with a smaller number of parameters required to
be optimized. The number of the optimized parameters is
set to 40 due to requirements of DECMO2 algorithm used
during TO and available computational power.

The normalized Gaussian network is based on a Gaussian
function, which has the following form in two-dimensional
space:


2

 y−µ 2 
y
+
σy

,

(1)

where µ is expected value and σ is variance of the normalized Gaussian function, respectively. The function f (x, y) of
the NGnet [4] is defined by:
f (x, y) =

N
X

wi bi (x, y),

(3)

j=1

A. The normalized Gaussian network

x
− 21 ( x−µ
1
σx )
e
G(x, y) =
σx σy 2π

Gi (x, y)
.
N
X
Gj (x, y)

B. The distribution of Gaussian functions in NGnet

(2)

i=1

The final shape of NGnet depends on the number and distribution of Gaussian functions and variance σ and overlap
Ω of the Gaussian functions. The design space is equal to
the rotor of the motor excluding the shaft. The optimized
space is between inner and outer boundaries, as shown in

where wi and N are weighting coefficients and the number
of Gaussian functions, respectively. bi is given by the portion
of one Gaussian function on a position Gi (x, y) and the sum
of all Gaussian functions:
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Fig. 4. The first version of distribution of Gaussian functions.

Fig. 6. The final distribution of Gaussian functions.

Fig. 5. The second version of distribution of Gaussian functions.

Fig. 7. The final NGnet with random weighting coefficients (top view).

Fig. 3. The optimized space represents the area, where the
Gaussian functions are deployed and NGnet is changed by
weighting coefficients. The wider boundaries for Gaussian
functions are desirable because of the satisfying variability
of resultant geometries even in areas near to the inner and
the outer diameter of the rotor.
The dependency of NGnet on the distribution of the
Gaussian functions is analyzed. The first version of the
distribution of Gaussian functions is shown in Fig. 4. The
distribution of Gaussians is different in the inner and the
outer area of optimized space. There are bigger overlaps
of Gaussian functions in the inner than in the outer area.
The weighting factor w1 defines the value of NGnet in the
blue round area of one Gaussian function as shown in Fig. 4.
Moreover, the areas in the overlap of two Gaussian functions
are changed by two weighting coefficients, e.g. w1 + w2 and
w1 + w4 . It can be seen that the clear blue area changed
only by the weighting coefficient w1 is much smaller than
clear red area changed only by the weighting coefficient w7 .
Thus, the weighting coefficients have different impacts on
the final NGnet in the inner and the outer area of the rotor
and it depends on the overlap of adjacent Gaussian functions.
Hence, it can lead to confusion of the optimizing algorithm.
The second version of the distribution of the Gaussian
functions is shown in Fig. 5. It can be seen that the Gaussian
functions are equally distributed in the whole optimized
space. The optimized space can be changed more variously
with the same number of Gaussian function as in Fig. 4.
The optimizing algorithm can identify easier how and where
is the final geometry changed by a particular weighting

coefficient.
The number of Gaussian functions depends on the set
variance σ and overlap Ω in the second distribution. The
number of Gaussian functions is smaller with the larger
variance σ and with smaller overlap Ω. The variance affects
the number of Gaussian functions, and thus a variability of
the final geometry more significantly than the overlap Ω.
Overlap Ω changes smoothness of final NGnet, which is
desirable for obtaining a feasible geometry.
LSSynRM optimized within this paper is purposed to be
used in a household application, where the rotation of the
rotor is expected in both directions. So, the symmetrical
rotor pole is required. The symmetrical NGnet brings the
possibility of using the equivalent number of Gaussian
functions with bigger variability of the final geometry. The
Gaussian functions are deployed only in one half of the pole
in the rotor and the NGnet is symmetrically mirrored to
the other half. The final distribution of Gaussian functions
is shown in Fig. 6. The example of the final NGnet with
random weighting coefficients is shown in Fig. 7 and in
Fig. 8. This NGnet represents one of the possible NGnets
suggested by TO during the optimization.
III. T OPOLOGY OPTIMIZATION OF LSS YN RM
The topology optimization of LSSynRM can be performed
with the well-prepared distribution of Gaussian functions in
NGnet. The constraints for optimized parameters are shown
in Table II. The objectives with their constraints are shown
in Table III. The efficiency EF and power factor P F are
optimized with constraints from 0.0 to 1.0. These constraints
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SyMSpace
Optimizer

Set Gauss weighting
coefficients

GausMxwl

Import Gauss weighting
coefficients
Script:
Topology
creation

Creating NG net

Yes

Geometry
feasible?

No

Results:
EF = 0;
PF = 0;
TR = 200

Creating of topology

Fig. 8. The final NGnet with random weighting coefficients (3D view).
Script:
Initial
torque analysis

TABLE II. T HE O PTIMIZED PARAMETERS S ETTING .
Parameter
Gauss 0
Gauss 1
···
Gauss 39

Min
0.0
0.0
0.0
0.0

Max
1.0
1.0
1.0
1.0

5 ≤ T ≤ 20
AND
0 ≤ TR ≤ 50
Yes
Script:
Transient
analysis

TABLE III. O BJECTIVES AND C ONSTRAINTS SETTING .
Name
EF
PF
TR
S

Objective
MAX
MAX
MIN
NONE

Min Constraint
0.0
0.0
0.0
1400.0

Steady-state
analysis of
torque

Max Constrain
1.0
1.0
100.0
1600.0

Transient
analysis

Individual results evaluation

No

Results:
EF = 0;
PF = 0;
TR = 100

Final
results
from
trasient
analysis
Export results

Fig. 9. Evaluation algorithm of one individual.

are applied to avoid numerical errors. The torque ripple
T R is minimized with maximal constraint value 100 %.
There are constraints also for the speed S because line-start
machines can sometimes fail to reach synchronous speed.
Thus, the constraint for S ensures that only the geometries
which are capable of synchronization will be positively
evaluated during the optimization process. The value of S
is obtained from the start-up transient analysis. So, only the
transient analysis of the whole starting process can confirm
that the geometry is capable of synchronization. Thus, the
main problem of TO of the line-start machine is the necessity
for a very time-consuming transient analysis of the starting
process. If the transient analysis is performed to confirm the
synchronization capability for every individual, TO takes an
unreasonable amount of time. Therefore, the method of preevaluation of each design, before transient analysis, has been
developed.

script GausMxwl ends, the SyMSpace Optimizer evaluates
the results obtained from it.
The evaluation algorithm of one individual starts with
the setting of Gauss weighting coefficients in SyMSpace
Optimizer. These coefficients are imported to main script
GausMxwl. The GausMxwl calls individual subscripts based
on the fulfilment of conditions. The individual subscripts are
described in following subchapters.
1) Geometry check: The subscript Topology creation is
called every time as it is the first subscript. The first subscript
calculates the NGnet from weighting coefficients. Fig. 9
shows that the subscript Topology creation controls the
feasibility of geometry. The principle of geometry control is
very alike the flood-fill algorithm [20]. If the rotor laminated
sheet is not one piece, the geometry is labelled as unfeasible
and the subscript Topology creation stops. The prepared
unsatisfactory results are sent to SyMSpace optimizer and
the geometry is evaluated as non-reasonable. The evaluation
of this geometry takes approximately 2-4 minutes in this
case. If the geometry is feasible, Ansys Maxwell is called
and the geometry is created in the prepared model. Then the
subscript Topology creation stops and the second subscript
Initial torque analysis starts.
2) Torque check: The second subscript Initial torque
analysis initiates the communication with Ansys Maxwell
and starts transient analysis at steady-state of the prepared
model with changed geometry by the first subscript. The
time simulation is set to 4 ms, as it was found as sufficient
time for determination of average torque and torque ripple at

A. Evaluation algorithm of a single individual
The TO can produce unfeasible geometries or geometries
with low rated torque during optimization and typically
these geometries would be needlessly analysed for the
transient start-up. The created evaluation algorithm of a
single individual prevents start-up transient analysis to be
done for unpromising geometries. The evaluation of one
single individual is divided into parts. These parts are three
subscripts of one main Python script GausMxwl. The whole
evaluation algorithm of one individual is shown in Fig. 9.
The SyMSpace Optimizer performs the leading part of the
optimization. It calls the Python script GausMxwl. After
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Fig. 12. Speed dependency on time during the starting process.
Fig. 10. The Pareto front of the topology optimization.

Fig. 13. Torque dependency on time during the starting process.

IV. R ESULTS
A. Results of topology optimization
The whole optimization ran for one and half month and
it was performed on the two processors: Intel(R) Xeon(R)
CPU ES-2660 v3 (2.60 GHz); physical cores: 20; logical
processors: 40. Approximately 15 000 geometries were
evaluated during optimization. Such a high number of the
evaluated individuals has been reached thanks to the particularly defined evaluation algorithm applied for analyzing
each individual, which was described above. The initial
population, also called a buffer, was set to 4500 individuals.
Only 0.02 % of geometries in the initial buffer approached
to the third subscript Transient analysis. The rest of the
geometries were sorted out by the two first subscripts.
Fig. 10 shows the Pareto front of the performed optimization. The Pareto front includes about 40 geometries.
The efficiency and power factor increase with an increase in
torque ripple. The values of efficiency and power factor do
not reach the desired values. The highest efficiency is 88.3 %,
but this geometry has a high torque ripple and the efficiency
still does not reach IE4 class efficiency. The IEC 60034-30
efficiency classification standard [21] defines IE3 efficiency
class for 4-pole 2.2 kW machine as 86.7 % and for IE4
efficiency class as 89.5 %. Thus, one geometry with potential
to reach at least IE3 class efficiency is selected for more
comprehensive analysis and it is highlighted in Fig. 10. The
electromagnetic efficiency of the chosen individual is 86.9 %
and the power factor is 0.618.

Fig. 11. The geometry of the chosen LSSynRM for the detailed analysis.

steady-state. The communication with Ansys Maxwell stops
after the steady-state analysis. The results are sent to the
main script GausMxwl, which continues as it is shown in
Fig. 9.
3) Transient analysis: The main script GausMxwl calls
the subscript Transient analysis if the torque is within
acceptable limits. The Transient analysis is the last subscript
and it is the most time-consuming. The transient analysis inspects the start-up process and the synchronization capability
of the proposed motor. The time of simulation is set to 0.35
s with step 0.2 ms and time of solving this simulation is 2-4
hours.
The evaluation algorithm of single individual ends with
results export from the main function GausMxwl into
SyMSpace Optimizer. The SyMSpace Optimizer evaluates
the results according to the setting shown in Table IV. The
run-time of evaluation of one individual depends on the number of performed subscripts. If the geometry is evaluated in
the first subscript as unfeasible, it is done in 2-4 minutes. The
Initial torque analysis takes approximately 20-30 minutes.
On the one hand, the final evaluation time of promising
geometries is prolonged by these additional testing. On the
other hand, the evaluation time of unpromising geometries is
reduced to 2-30 minutes compared to 2-4 hours. This leads
to a boost of the topology optimization process.

B. Best geometry results
Fig. 11 shows the geometry of the chosen individual,
where bright blue parts represent the lamination domain and
the yellow parts represent aluminum. The biggest yellow part
can be seen as one flux barrier and the second biggest yellow
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TABLE IV. M AIN PARAMETERS OF LSS YN RM
Apparent power, S
Rated input power, P1
Rated output power, P2
Rated speed, n
Line-to-line voltage, Un
Rated phase current, I1n
Fundamental harmonic of flux density, Brad
Power factor, cosϕ
Estimated efficiency from losses, η
Rated torque, Tn
Torque ripple peak to peak, TPeak-Peak
Torque ripple, Tripple
Synchronous inductance in d-axis, Ld
Synchronous inductance in q-axis, Lq
Saliency ratio, Ld /Lq

IN

S TEADY- STATE .

VA
W
W
rpm
V
A
T
%
Nm
Nm
%
mH
mH
-

3903
2411
2214
1500
400
5.627
0.779
0.618
86.2
14.1
5.9
21.1
0.220
0.052
4.230

Fig. 15. Magnetic flux density in the middle of the air-gap.

TABLE V. T HE DISTRIBUTION OF LOSSES IN STEADY- STATE .
Iron losses, PFe
Solid losses, PSolid
Stator resistive losses, PCuS
Mechanical losses, PMech
Sum of losses, PSum

W
W
W
W
W

95.359
16.808
221.415
22.000
355.581

Fig. 16. Normalized harmonic content of flux density normal component.

ripple is defined by equation (5). The efficiency is estimated
from losses and it is 86.2 %. The low power factor 0.618
results in a higher rated phase current of the value 5.6 A. The
saliency ratio is 4.23. It is shown in [12] and [13] that a much
higher saliency ratio can be achieved. The publications [9]
and [13] present the increase in efficiency with the increasing
number of flux barriers up to five. It suggests the idea that
much better results would be obtained with the distribution
of Gaussian functions in NGnet that could allow geometries
with more than two barriers. It could be achieved by an
increase in the number of Gaussian functions used in NGnet
or with the changed distribution of Gaussian functions in
NGnet.

Fig. 14. Flux density distribution in the LSSynRM.

part in the middle as the second flux barrier. The four smaller
yellow parts look like the bars of the squirrel cage. Although
the mechanical properties are not analyzed within this paper,
the bridge between the main flux barrier and the shaft seems
insufficient considering mechanical aspects. Moreover, it
disrupts the magnetic flux in this area. It indicates that the
boundaries of optimized space should be moved farther from
the shaft in future optimization.
The starting process transient analysis was performed in
more detail for this chosen geometry. The time step was
decreased to 0.1 ms. The load mass of inertia was set equal
to the rotor mass of inertia. The fan load was set with rated
load torque 14 Nm at 1500 rpm. The speed behaviour during
the starting process is shown in Fig. 12. The rated speed of
1500 rpm is reached in 85 ms and the motor successfully
reaches synchronization in 200 ms. The torque behaviour
during the starting process is shown in Fig. 13. Torque
stabilizes at the value 14.1 Nm in 200 ms.
The main parameters of LSSynRM in steady-state are
shown in Table IV. The rated output power of the motor is
2.2 kW and the rated speed is 1500 rpm. The rated nominal
torque is 14.1 Nm and torque ripple is 21.1 %. The torque

Tripple =

0.5 · TPeak-Peak
· 100
Tn

(5)

The distribution of losses at steady-state is shown in
Table V. The iron losses are multiplied by the correction
factor 1.5. This factor takes into account the manufacturing
effects on iron losses. The biggest portion of losses 62.2 %
represents the stator resistive losses. It is caused by high
stator currents due to low power factor. Stator resistive losses
and solid losses are not multiplied by any correction factor.
The mechanical losses are determined to 22 W based on
experience with a comparable type of motor of equal rated
power.
Fig. 14 shows the flux density distribution. The flux
density reaches almost 2.3 T in the ribs on the surface of the
rotor. The maximum flux density in the rotor yoke is 1.9 T.
The aforementioned insufficient location of the main flux
barrier affects the flux density in the inner area of the rotor.
The magnetic flux density in the middle of the air gap in
one-quarter of the rotor is shown in Fig. 15. The normalized
harmonic content of the flux density in the middle of the air
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Fig. 17. Currents behavior at steady-state.

Fig. 18. Normalized harmonic content of the phase current.

gap is shown in Fig. 16. The currents behaviour at the steadystate is shown in Fig. 17 and its FFT analysis is shown in
Fig. 18. THD of the phase current is 19.6 %. The maximal
current during the starting process is 58.6 A, which is ten
times higher compared to the rated current.
V. C ONCLUSION
This paper deals with the topology optimization based
on the normalized Gaussian network of the line-start synchronous reluctance machines. The dependency of NGnet
on the distribution of Gaussian functions is described. The
evaluation algorithm of one individual was developed as
the possibility of a significant reduction in optimization
time. Moreover, this algorithm includes a script for NGnet
creation based on weighting coefficients and it ensures
communication between SyMSpace and Ansys Maxwell.
The paper shows the topology optimization of the line-start
synchronous reluctance motor with a rated power of 2.2 kW.
The Pareto front obtained through topology optimization is
presented. An individual is selected for a more comprehensive analysis and the results are presented.
The main contribution of the presented paper is the
developed methodology of TO based on NGnet for linestart synchronous reluctance machines and the evaluating
algorithm of one individual. It leads to a significant reduction
in computation time thanks to separating out unpromising
geometries. The developed methodology of TO based on
NGnet for LSSynRM and the evaluation algorithm of one
individual can be used for future work. It can be used for the
optimization of line-start reluctance synchronous machines
and, with modifications, also for line-start machines with
permanent magnets.
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machine). However, the disadvantage of the CFD analysis is
the time consumption and the complex meshing process [6]
The mesh complexity can be to reduce by neglecting the
model geometry details which do not significantly contribute
to the accuracy of the results. However, the CFD analysis still
require long simulation times. This is the reason for the use of
the lumped-parameter thermal network (LPTN), which is time
efficient and accurate, but is requires accurate definition of
input parameters which usually need to be determined by
means of CFD calculations and experimental measurements
on the real electrical machines.

Abstract—The main purpose of this paper is to analyze and
examine the thermal effects caused by the stator end-winding of
an induction machine using the numerical computational fluid
dynamics (CFD) modeling approach. The study was focused on
the heat transfer phenomena between the end-winding and the
cooling air inside the end-cap region of interest. Based in the
CFD simulation results the heat transfer coefficients between
the end-windings and the region of the cooling air and between
the cooling air region and the end-cap were determined. The
obtained results are validated with the results from the
literature. The calculated heat transfer coefficients are
important parameters for more accurate thermal analysis of
induction machines using lumped-parameter thermal network.

In order to better describe the thermal behavior of the machine
using LPTN one of the most important parameters to be
determined is the heat transfer coefficient (HTC) between the
end-windings and their surroundings [2-4, 7-11]. In the past
the HTC calculations were done empirically, based on the
experimental investigations [7-10], based on which the
dependency of the heat transfer coefficient HTC on the air
velocity inside the end-cap region. Due to the complex
geometry of the end-windings and their surrounding
compartments the determination of the inner air velocity is not
an easy task. Therefore, several approaches have been used in
order to simplify the physical problem [7-10], such as for
example the use of the rotor peripheral speed [2]. Due to the
fact that the complexity of experimental measurements
involving expensive measurement equipment the numerous
research investigations are being focused on determination of
thermal parameters such as HTC by means of CFD
simulations. The output results obtained with CFD are then
calibrated and validated empirically, which enables
optimization of experimental work.

Keywords—thermal analysis, heat transfer, heat transfer
coefficient, air flow, numerical modelling, stator end-windings,
electrical machines, computational fluid dynamics (CFD),
induction machine

I. INTRODUCTION
Induction motors are widely used electrical machines in
various industrial applications, such as drive systems in
automotive industry and many other applications [1]. An
important step in the design of the high efficiency induction
machines is the detailed analysis of thermal effects which are
dependent on electromagnetic and other physical phenomena
occurring in the machine during its operation. However, due
to the complexity of the induction machine configuration such
as for example a totally enclosed fan-cooled induction motors
[2] and the cooling system requirements the heat transfer
analysis is a great challenge in the adequate design of
electrical machines. [1] Nowadays, two major approaches are
used for the thermal analysis such as lumped-parameter
thermal network (LPTN) [1] and numerical computational
fluid dynamic (CFD) analysis [3]. The lumped-parameter
thermal network (LPTN) is the most frequently used for
thermal analysis [1], however, due to numerous heat
exchanges in electric machines, the thermal effects have to be
approached by means of the three-dimensional (3D) CFD
analysis [3,4], which usually comprises the conduction,
convection and radiation phenomena [5].

Although, the CFD modeling in combination with
different empirical methods and the lumped-parameter
thermal network (LPTN) is extensively used in analysis of
thermal effects of induction machines the complete thermal
behavior is still a subject of extensive research work [1,3]
The present study is focused on the analysis of the heat
generated by the stator winding of an induction machine,
which flows to the machine frame. The heat generated by the
end-windings has two flow routes. One route travels along the
copper winding to the stator core, while the other route
dissipates the generated heat to the air surrounding the end
region. In machines having long end-windings, the amount of
copper in the end-winding can be significantly greater
compared to the amount of copper in the stator slots. Thus, the
heat generated in the end-windings can be substantial and for
that reason, the end-windings are commonly identified as the
machine hot-spots. Those hot-spots, if not addressed properly,
may lead to insulation breakdown in the end-winding.

The advantage of the CFD analysis is that it enables
modeling of a real system geometry which can be analyzed
with adequate set ups defined as boundary conditions,
material properties and other input parameters involving
angular velocity of the rotor, the contact between the machine
components, roughness of the surface, characteristics of the
heat sources and other physical characteristics. In addition, the
fluid flow of the coolant and the heat distribution can be
accurately calculated around complex geometry such as
around end-windings (being the hottest spot in the induction

978-1-7281-5602-6/20/$31.00 ©2020 IEEE

62

2020 19th International Conference on Mechatronics – Mechatronika (ME)

In general, the HTC coefficient is the proportionality
constant between the heat flux q’’ and the temperature
difference between the surface and the surrounding air ΔT [5],
equation (3):

Therefore, defining the heat transfer coefficient in the
mechanism of convection and predicting end-winding
temperatures are crucial tasks in the thermal analysis of the
machine. However, the heat transfers between end-winding
and the cooling air region is difficult to predict and the
experimental measurements due to the complexity of electric
machines difficult to perform. Therefore, a 3D computational
fluid dynamics (CFD) numerical model was built and
simulations performed in order to determine the HTC
coefficients of the heat transfer between end-winding and the
cooling air region and the cooling air region and end-cap of
the induction machine. The determined coefficients are
important for an accurate selection of the input parameters and
more precise LPTN analysis [1].

=

ℎ

The average heat transfer coefficient ℎ
according to the equation (5):
ℎ

(4)

=

is calculated
(5)

where ′′
is the heat flux between the air in the region
̅and
are the average
of interest and the end-cap and the
temperature of the air in the region of interest and the average
temperature of the end-cap.
In order to simplify the calculations, the two heat transfer
coefficients are determined based on the average temperatures
of the air in the region of interest, the end-windings and the
end-cap. This simplification was done due to the large
variations in temperatures in the cooling air region, while in
the end-cap and in the end-windings regions the temperature
distribution was almost constant.

(1)

j


where ρ is the density, E is the energy, v is the velocity field,
p is pressure, keff is the effective conductivity, T is

temperature, hj the is the sensible enthalpy, J j is the diffusion

B. Description of the 3D numerical model
The numerical model was built according to the realistic
dimensions of the E-machine components (in our case
induction machine) in three dimensions using Ansys Fluent
19.3R software package for the CFD numerical calculations.
The details of the geometry of the machine model Fig. 1a and
the geometry of cooling fan are described in Fig. 1b. The Fig.
2a shows the axial view of the motor geometry and its
parameters and the Fig. 2b shows the region of the interest (red
region) of the machine geometry where the physical
phenomena were analyzed in detail. The geometry parameters
indicating the dimensions of the motor components marked in
Fig. 2a are listed in Table 1. The material properties assigned
to the modelled e-machine components are given in Table 2.
The dynamic viscosity of the air used in all simulations was
1.7894·10-5 Pa·s.

flux of the component j and the Sh stands for the heat source.
For the heat transfer involved within the compartments of the
electrical machines the energy equation (1) can be written as
follows [12]:


∂
(ρh) + ∇ ⋅ (v ρh) = ∇ ⋅ (k∇T ) + S h .
∂t

=

where ′′
is the heat flux between the end-winding and
and the
̅ are
the air in the region of interest and the
the average temperature of the end-winding region and the
average temperature of the air in the region of interest,
respectively.

A. Theoretical background
The thermal behavior in electrical machines can be
described by three major phenomena involving conduction,
convection and radiation. Due to the complex configuration of
the electrical machines including the cooling effects the
computer aided computational dynamic methods are generally
used for the thermal heating and cooling analysis. The
convection is the most critical heat transfer mechanism that
need to be taken into account, however due to the complex
geometric and material properties the conduction and
radiation also play a role. In general, the heat transfer
mechanism can be described with the energy equation (1)
[12], as follows:



(3)

Based on the equation (3) the two HTC coefficients have
been derived: 1) the average HTC coefficient of the heat
transfer between end-winding and the air in the region of
interest ℎ
and 2) the average HTC between the air in the
. The average heat
region of interest and the end-cap ℎ
is calculated according to the
transfer coefficient ℎ
equation (4):

II. METHODS


∂
(ρE ) + ∇ ⋅ (v (ρE + p)) =
∂t



∇ ⋅ (keff ∇T −
h j J j + ( τeff ⋅ v )) + S h

∆

(2)

The convective heat transfer is described through the left hand
side of the equation (2), the first term on the right-hand side of
the equation (2) describes the heat flux due to the conduction
and the second term on the right-hand side stands for the heat
source (in our case the source is located within the endwindings).
It is well known that the forced convection heat transfer
strongly depends of fluid velocity [5]. And the fluid velocity
in the induction machine depends on several factors such as
fan diameter, number of blades, blades height, angular
velocity of rotor, end-winding geometry and other parameters.
It is important to mention that the HTC coefficient calculated
in this paper represents the equivalent coefficient which takes
into account the natural convection, the forced convection and
the radiation phenomena. In should be noted that the
component of the radiation heat transfer in the end-cap region
is almost negligible compared to the forced convection.
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Figure 1. The e-machine model geometry: a. 3D model and b. the 3D
geometry of the cooling fan (with 12 blades and 1.5 cm high)

Because the model contains a rotating fan, an air domain as a
moving reference frame that encompasses the fan and its
surroundings was created. To simplify the model as much as
possible and to reduce the computational time, the fan was
modeled as an empty space instead of a solid component with
the real geometry. The angular velocity of the fan was set to
this rotating air domain (comprising the fan and its
surroundings). For the air flow outside the fan region the
stationary frame was created.

Figure 2. The axial view of the model a. with the marked geometry
parameters and b. the zoomed axial view of the region of interest (i.e.
the cooling air region – red color)

Since this research is focused only on the on heat transfer
analysis within the regions between the end-windings, cooling
air region surrounding the end-windings and the end-cap only
one heating source was defined due to the losses in the endwindings. (Other sources due to the heating of the stator core
and the rotor was neglected). More precisely the heat source
was defined as the heat losses in the windings which occur due
to the copper Joule’s losses, which was set as the input model
parameter.

Table 1. The motor geometry parameters

The CFD calculations were done for two different average
air velocities within the region of interest (7.1 m/s and 14.3
m/s, imposed by two different cooling fan speeds
corresponding to two different rotor-speeds) at the same input
set as Joule’s losses P = 50 W. For the two selected velocities
corresponding to two different rotational speeds the air flow
velocities and the temperature distribution have been
calculated as the model outputs. Based on the model outputs
the HTC coefficients for each of the air velocities have been
calculated. The two velocities were used in order to verify the
accuracy of our CFD model (i.e. higher velocity results in
lower end-winding temperature). The velocities values were
chosen based on the published literature review data [2].
It should be noted that usually the losses in end-windings
are in the range of 1 kW, but in order to simplify the model as
much as possible (only the end-winding were modeled) and
still obtain the accurate results (being in the real temperature
range of the air around the end-windings), the heat loss was
set to 50 W.

Geometry
parameter

Parameter description

Dimension
[mm]

lec

End-cap length

49

lh

Main case length

145

tec

End-cap thickness

6

ls

Stator length

134

ds1

Stator inner diameter

101

ds2

Stator outer diameter

173

dsh

Shaft diameter

36

dew1

End-winding inner diameter

118

dew2

End-winding outer diameter

150

tew

End-winding thickness

21

db1

Bearing inner diameter

30

db2

Bearing outer diameter

62

Table 2. The material properties of the modelled e-machine
components

Additional reason why only the Joule’s losses of the endwinding were taken into account and all other heat losses are
neglected is because the results of this study will be used for
the set-up of the experimental test bench for further validation.
It is also well known that for precise definition and heat
transfer coefficient experimental determination only the losses
of the end-windings suffice.

64

Material

Density
[kg/m3]

Specific heat
capacity [J/kgK]

Thermal
conductivity
[W/mK]

Air

1.225

1006.43

0.0242

Aluminum

2719

871

202.4

Copper

8978

381

387.6

Iron

7874

444

80.4

Steel

8030

502.48

16.27
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The CFD numerical simulations were run at the
Laboratory of Electrical Machines, Faculty of Electrical
Engineering, University of Ljubljana on the workstation
platform computer HPE Apollo r2800 Gen10 24SFF CTO
Chassis with HPE XL1x0r Gen10 Intel Xeon-Gold 6130
(2.1GHz 16-core 125W) processor with eight HPE 32GB
(1x32GB) Dual Rank x4 DDR4-2666 units, resulting in 256
GB of RAM. Since the accuracy of the CFD numerical
simulations depends on the physical properties of the model,
the mesh density was manually selected for each region.
Especially important is to use a fine mesh for the contact area
between the solids (in our case windings and end-cap) and the
fluid (in our case air) components in order to accurately model
the air velocity and the temperature distribution. For this
purpose, the 5 inflation layers were added to the mesh at
boundaries of the air domain (Fig. 3). Solid components with
good thermal conductivity (metals) can have larger elements.
(in our case the maximum cell size of the solid objects was set
to 8 mm). Usually smaller cells have to be used for the air
domains (moving fluid domain). In our case, the air domain
(set as the frame motion) has 1.5 mm cell size.

Figure 4. The air velocity streamlines around the end-winding: for
average air velocity ̅ a. 7.1 m/s and b. 14.3 m/s.

Figure 3. The axial view of the generated mesh in of the region of
interest and its surrounding

As shown in Fig.3 the tetrahedron cells were used. The
total number of elements/cells in the e-machine model was 3.4
million. The average computational time needed for one CFD
simulation was 36 hours.
III. RESULTS AND DISCUSSION
The numerically calculated air velocity streamlines within
the model region of interest around the end-windings at two
different cooling average air velocities (7.1 m/s and 14.3 m/s),
which induced forced convection between the end-winding
and the air are shown in Fig. 4.
The velocity and temperature contours of air domain
(region of interest) in the radial and axial cross section of the
model are shown in Figs. 5 and 6, respectively. The highest
values of velocities occur around the fan. The highest
temperature values of air are around the end-windings,
because the end-winding is the only heat source in the model
surrounded with the cooling air. As expected, the coolest
component of the model is the end-cap (Fig. 6).

Figure 5. The air velocity distribution around the end-winding for: a.
air velocity ̅ 7.1 m/s in axial view, b. air velocity ̅ 7.1 m/s in radial
view, c. air velocity ̅ 14.3 m/s in axial view and d. air velocity ̅
14.3 m/s in radial view.

The results of CFD calculations, and the calculated values
of the average heat transfer coefficients between the endwinding and the cooling air region ℎ − (eq. 4) and
between cooling air region and end-cap ℎ − (eq. 5) for two
different average air velocities ̅ inside the region of interest
(7.1 and 14.3 m/s) are shown in Table 3. Our calculated results
of ℎ
shown in the Table 3 are in good agreement with the
experimental and theoretical data from the extensive review
literature [2] reporting the dependency of for the equivalent
heat transfer coefficients in end-winding regions of the
induction motors on the velocity, which validated our

The temperature of the air varies from 40.8 to 64.6°C in
the model with the average air velocity ̅ 7.1 m/s and from
40.0 to 53.8 °C in the model with velocity ̅ 14.3 m/s (Fig. 6).
The average temperature values of the cooling air region are
52.5 and 47.1°C for air velocities ̅ 7.1 and 14.3 m/s,
respectively.
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and between the air in the region of interest and the end-cap.
The calculated HTC coefficients are of great importance for
further analytical modeling with the lumped-parameter
thermal network (LPTN). Based on the numerical results
shown in this study the prototype of measurement setup for
the future experimental analysis of the thermal phenomena
will be built.

modeling approach. As expected, the values of the coefficients
calculated in this study are higher compared to [2]
ℎ
since in our study the average velocity was taken into account.
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Figure 6. The temperature distribution around the end-winding for: a.
air velocity ̅ 7.1 m/s in axial view, b. air velocity ̅ 7.1 m/s in radial
view, c. air velocity ̅ 14.3 m/s in axial view, d. air velocity ̅ 14.3
m/s in radial view.

Table 3. The calculated output model parameters for two
average air velocities inside the region of interest: 7.1 m/s and
14.3 m/s.
[m/s]

7.1

14.3

[°C]

70.1

57.0

[°C]

52.5

47.1

[°C]

42.6

41.8

′′

[W/m2]

1644

1647

′′

[W/m2]

462

422

ℎ

[W/m2K]

93

166

ℎ

[W/m2K]

47

80

IV. CONCLUSIONS
In this paper the authors have presented analysis of
thermal effects caused by the stator end-windings of an
induction machine using numerical CFD modeling approach.
The study was focused on investigation of the heat transfer
phenomena between end-winding and its surrounding regions
and on determination of the heat transfer coefficients (HTC)
between the end-windings and the air in the region of interest
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Abstract—The paper deals with the squirrel cage of an
induction motor. Faulty connection between the rotor bar and
the end-ring has a fundamental effect on the magnitude of the
current of an affecting bar and surrounding bars as well. By
the matrix equation is solved the current distribution in the
damaged bars of a squirrel cage. The thermal dilatation of the
bars is also observed. Unsymmetrical thermal stress on the
bars causes them to different dilatation and leads to further
development of the fault.

II. ROTOR PARAMETERS
The rotor has Q2=112 slots and bars. For a parameters
calculation we need to know the basic dimensions of main
rotor parts, especially slots, bars, rings (fig. 2) and currents.
Very important is also the air gap size and number of stator
slots.

Keywords—induction machine, squirrel cage, weld, dilatation

I. INTRODUCTION
Induction machines are the most widely used in the
industry. These are used as pump drives, fans, working
machines, etc. The reliability of the machine is very
important and therefore it is measured mostly the
temperature of the bearings and their vibration. During a
regular inspection of the machine, the user discovered a
broken weld between the bar and circle. This created the
question of how the broken welds affect the operation of the
machine and the possible further development of the fault.

Fig. 1. Rotor owerview.

The rotor of induction machine is provided with single or
double cage windings in addition to typical three phase
windings on wound rotors.
The rotor bars and end-rings are made of the die cast
aluminum for a low and medium power and from brass or
copper for high powers. For the medium and high powers,
the bars are silver-rings-welded to ring to provide low
resistance contact [1].

Ø1530

Wrong
weld
area

Although, great attention is paid to the design and quality
of the weld which is highly stressed due to the centrifugal
forces, vibrations and thermal dilatations of the bars (fig. 1).
In the traction machine of the rail vehicle, strokes from the
unspring mass of the wheel are also significant [1-9].

Ø1330

The task is to investigate the effect of weld failure for the
residual area size of 70, 50 and 20 %.
This paper analyses the distribution of current and power
losses in the cage when 1/3 of the weld on one ring is faulty.
The size of the failure will be given according to the results
of the analysis according to the above mentioned point.
Fig. 2. Short circuit ring and weld area.
This work has been supported by the project TA CR No. TH 0302
0322 and by the project No. SGS 2018-009.

978-1-7281-5602-6/20/$31.00 ©2020 IEEE
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These parameters have been calculated based on the
drawings.

(6)

III. MODEL OF THE SQUIRREL CAGE
A. Linear Systems of Equations
The exact distribution of currents in the rotor cage in the
event of a fault can be precisely determined either
numerically (takes a long time) or using the equivalent
circuit (fig. 3) and using the loop current method [10-14].
This model has its advantage mainly due to the current
overload of the bars adjacent to the broken bar. These can
heat unevenly and cause greater thermal expansion. This
results in additional stress on healthy welds (bar – end ring)
[15-17].

B. Resistance calculation
All the resistances are calculated for a working
temperature of 200°C. The rotor bars are made from coper
which has specific resistance
0,0178

Ω

(7)

and the thermal coefficient of resistance
3,92. 10

(8)

From the rotor bar sizes we can determine the following
resistances (@ 200 oC)
98,08 Ω

(9)

25,41 Ω

(10)

Health weld area has a resistance
0,27 Ω

(11)

C. Reactance calculation
The reactance was determined from FEA. The following
example illustrates the bar reactance determination.

Fig. 3. Equivalent circuit of squirrel cage

In the equivalent circuit the parameters are
Zkn impedance of the part of short circuit ring
(n=1÷224)
Ztn

impedance of the bar (n=1÷112)

Zsn impedance of the weld (n=1÷112)
Uin induced voltage to the bar (n=1÷112)
In

loop current (n=1÷113)

We replace the circumference of the armature with
equivalent elements representing the impedances of the bars
and parts of the circles between them.
̅

(1)
̅

(2)
̅

(3)

Equivalent circuit is described by equations
̅

̅\

, where

(4)

Fig. 4. Rotor slot FEM model.

(5)

The rated bar current is Ibar=1302 Arms. Rated slip is
s=0.013.
We determine the energy accumulated in magnetic field
and thanks to relation (12) we calculate the bar inductance

⋮

2.

0
We suppose the input voltage to be of sinusoidal
distribution.

2.14,74
1302 . 2
2

.

8.69
35 Ω

(12)
(13)

The slot effect of the stator was neglected. Similarly, we
determine the ring and weld reactance.

The matrix of the impedance is given as
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IV. VOLTAGE INDUCED INTO ROTOR BARS

4

Assume that the induced voltage is the same in all bars
(fig. 5) and differs in individual bars only in its phase (fig. 6).
The magnitude is possible to determine thanks to FEA.

Ib

3
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peak
Trms

2
1
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Trms
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Fig. 8. Currents in the bars.
-10
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Bar No. (-)

80
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In order to be able to calculate currents in the cage in the
event that some welds of the bars are defective, it is
necessary to specify the resistance of the weld with a defined
fracture.

120

Fig. 5. Voltage on the bars
180

VI. BROKEN WELD RESISTANCE
To fit into the above equations, it is necessary to
determine the resistance of the weld, which is broken due to
stress - a partial or complete fracture of the weld has
occurred. Assume a weld length of l=5 mm, where a crack
will form, it will gradually extend over the entire crosssection of the bar, i.e. in an area of 10 x 33 mm, by which the
bar is welded in a short circle. This is the area marked in red
color (fig.2).

90

0

-90

-180

0

20
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60

80

100

120

Bar No. (-)

100
Bar R=97.08

Fig. 6. Phase of the voltage on the bars.

@200 oC (operation temperature)

20 oC
100 o C

80

Because the machine is 6-pole, the same phase is
repeated around the perimeter of the machine 3 times. In
addition to the magnitude of the voltage and phase, the
voltage induced in each bar can also be expressed by its real
and imaginary components (fig. 7).
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Bar R=56.92
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Weld length = 5mm
Weld area 100% = 330 mm 2
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Fig. 9. Resistance of the weld.

0

Based on the fig.9, we can take a partial conclusion. It is
not important to determine the behavior of the cage for weld
resistance lower than about 10-100 times of its original
value. This represents an area less than 5-10 % of the
residual weld area.

-5
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0
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40

60
Bar No. (-)

80

100
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VII. BAR CURRENT AND POWER LOSSES
Although the area (length) of the weld is very small
compared to the length of the whole rod, the current of the
whole bar will be affected by this resistance.

Fig. 7. Real and imaginary components.

V. CURRENTS IN THE BARS

It can be seen that the current of the bars does not change
much with the increasing area of faulty weld. Only when
about the last 5 % of the area remains, a significant decrease
occurs. If the bar is completely torn from the end ring, the
current of the bar will be zero.

The above mentioned voltages are used in the equations
for solving the loop currents. According to the defining
relations (4), we then briefly determine the currents in the
individual bar of the cage from the loop currents.

Note that this is an idealized state, i.e. the worst case. In
fact, the current of the bars will not be zero, because the bar
is not insulated in the slot. Therefore, even with a completely
broken weld, a certain residual current flows, which the bar
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takes over from its adjacent bars through the conductivity
(approximately 15-20 times lower than for copper) of the
magnetic circuit. This current will be given by the magnitude
of the bar -slot resistance, which is, however, very uncertain.
It can be seen (in fig. 10) that the current is lower for higher
temperatures, due to the increasing resistance of the bar.

last 5% of the weld area and less remains. At the moment of
bar breakage, the power loss in the weld drops to zero.
VIII. SQUIRREL CAGE WITH 1/3 WELD DEFECT
The condition where 1/3 of welds on one short circuit
ring is broken is investigated. The size of the fracture is 95%,
i.e. the weld leads only from the last 5 % of its total area.

2.5
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Rated bar current I n=1302Arms @200 C

1
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100 oC
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Weld area (%)

Fig. 10. Bar current.

The power losses heat the bar and the weld. The
temperature is then given not only by this heat, but especially
by the amount of cooling, i.e. the transfer of heat to the
surroundings. The heat is dissipated both directly into the
surrounding air and by leading the rods, resp. ring and
transfer to the magnetic circuit and from there to the air gap.
In addition, the heat transfer coefficient is a function of
temperature, i.e. the warmer parts cool better.

Fig. 13. Broken welds (No. 50-87, red points) are located on the bottom
ring only.
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Fig. 14. Bar current.

70
60
50

20o C
100 oC

8

200 oC

7

Trms

300 oC

6

400 oC

40

Weld area 100% = 1.3 W @20 oC

5

Weld area 100% = 0.8 W @200 oC

30

4

20

3

10

2
Weld OK

0

0

10

20

30

40

50

60

70

80

90

100

1
0

Weld area (%)

0

20

40

60

Bar No. (-)

Fig. 12. Broken weld - power losses.
Fig. 15. Ring current.

An intact weld has negligible power dissipation due to its
small volume. The power losses of the weld reaches a
comparable value with power losses of a bar only when the
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Fig. 16. Bar power losses.
[8]

IX. CONCLUSION
An analysis of the induction machine squirrel cage failure
has been performed. This is specifically the effect of the size
of the weld-crack, which is located between the bar and the
short-circuited ring.

[9]

[10]

Based on the simulations, it was determined that a
significant change in failure occurs for the last 5-10% of the
original weld area.
A broken weld causes a decrease in the current of the
bars, and in the event of a rod being torn from the ring, this
current theoretically drops to zero. In practice, however, a
certain residual current will still flow through the bar,
because it is not stored in the slot in isolation and takes the
current from the adjacent bars via the conductive magnetic
yoke packet. However, the simulation does not consider this.

[11]

[12]

A bar with a broken weld will be cooler than a bar with
intact welds. In a broken weld, a higher power loss will
occur, but due to the very small area of the weld, this will
practically not be reflected in the increase in temperature due to the high thermal conductivity, the heat is dissipated
away by the bar and ring.

[13]

Adjacent bars will be stressed by increased current and
therefore will have higher temperatures (up to 5x), i.e. they
will dilated more.

[14]

This will cause positive feedback and further increased
mechanical stress around the damaged weld. The
surrounding bars dilate more, the affected bar less.

[15]
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from the winding space is therefore to increase the filling
factor of the slot kfill.

Abstract — The main part of this work deals with the
description of the created mathematical model for calculating
the magnitude of the thermal resistance of the stator slot
winding of an electric machine. The given model is able to
perform calculations for several different slot shapes. One of the
mains input values of the calculation is the slot filling factor. The
output values of the model are dependent at this factor and the
total thermal resistance of the slot winding. At the end of this
work is a comparison of the resulting values of the calculation
and evaluation of the functionality of the mathematical model.

=

The purpose of cooling in an electric machine is to prevent
the temperature from exceeding a certain limit. If this happens,
the temperature cannot be reduced immediately due to the
large time constant of the machine parts. During this time,
heat-sensitive parts can be exposed to conditions worse than
they are suitable for, or even permissible. This can lead to
irreversible damage [1 – 3]. One of the most thermally stressed
critical parts in the electrical machine is the slot winding. This
part of the electrical machines consists of several material with
several thermal material properties. In the thermal modelling
of the winding in the slot, it is impossible to model the exact
position of every single conductor. These days exist three
simplified methods to model the heat transfer inside the slot
winding [4].
•

Cuboidal method,

•

Equivalent insulation.

TABLE I.

(1)

MACHINES WINDING TYPES AND SLOT FILLING FACTORS

Technology

Filling
factor

Rounded
wires

40%

Litz Wire

65%

Hair pin

85%

II. SLOT WINDING FILLING FACTOR
The influence of the slot filling factor depends on the total
amount of insulation in the slot, ie on the thickness of the main
slot insulation, conductor insulation, the thickness of the
insulating inserts, and the free space or the impregnation in the
slot. As the thickness of the insulation increases, not only the
filling factor of the slot decrease but also the overall thermal
conductivity of the slot decreases, ie the ability to dissipates
heat loss. A suitable method of increasing heat dissipation
This research has been supported by the Ministry of Education, Youth and
Sports of the Czech Republic under the project OP VVV Electrical
Engineering Technologies with High-Level of Embedded Intelligence
CZ.02.1.01/0.0/0.0/18_069/0009855 and by funding program of the
University of West Bohemia number SGS-2018-009.
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,

Types of windings with different slot filling factors are
listed in Table 1. The table shows that the type of winding with
the worst properties in terms of cooling is a rounded winding.
On the other hand, the best thermal properties are the Hair pin
winding, which achieves a slot filling factor of up to 85% [9],
[10].

I. INTRODUCTION

Layer winding method in this method, [5], [6]

=

where Sc is the area of the conductors and Ss is the total free
area of the slot, V is the number of conductors in the slot and
n is the number of parallel conductors [8]. It is clear from the
relationship that filling the slot with a conductor increases the
total equivalent thermal conductivity of the slot.

Keywords — thermal model, thermal resistance, lumped
parameter thermal model, stator winding, slot filling factor
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III. LUMPED PARAMETER THERMAL MODEL

d
+
d

The LPTM is widely used method for solving the thermal
phenomena in electrical machines. By this method it is
possible to replace the complex geometry with a group of
nodes interconnected by thermal resistance.

=−

+

Rz0,5

=−

∆ ∆ ∆ +

∆ ∆ ∆

∆
,
∆ ∆

=

∆
,
∆ ∆

IV. EQUIVALENT THERMAL STATOR SLOT WINDING MODEL
The detailed mathematical thermal description of the slot
winding is based on the individual components of the slots.
First of all, attention is focused on the main insulation of the
slot, where the insulation layer of thickness bi in the direction
of heat flow represents the thermal resistance defined [12],
[13]

,

+

,

+
=

,

+

,

(6)

,

where λi is the specific thermal conductivity of the insulation
material and Si is the area over which the thermal flow passes.
For insulation composed of several layers can apply

(3)

=

+

…+

,

(7)

or

.

=

∑

+
+

…+
…+

(8)

.

If we consider the filling of slot free space with air, unevenly
distributed over the entire surface S, it is necessary to respect
the unevenly distributed touches, which can be achieved by
connecting two parallel thermal resistors [12]
=

+

+
,

1
1

+

1

=

(9)

,
1−

+

where Ri is the insulation resistance without air bubbles, kair is
the factor defining the contacting surface and Rair is the air
resistance. It follows from the above that an increase of the
heat dissipation in the winding slot part can be achieved by
eliminating air bubbles. Elimination of bubbles is performed
by impregnation of the winding, when in the worst possible
case, ie that air remains in the winding slot part, equation (9)
changes to the form [12]

the term pgen∆x∆y∆z represents the amount of heat generated
in the considered element Pgen, the term ρcp ∆x∆y∆z is the heat
capacity of the element C. After the sign modification of
equation (3), substitution for thermal resistances, the
substitution of Pgen and C
+

Tamb

Fig. 2. Equivalent thermal circuit of base
element

∆
,
∆ ∆

=

Ry0,3
T3

The expressions in the denominator of the left side of the
equation are expressed as thermal resistances by the line in a
given direction
=

T2
C0

T5

=
−2 +
∆
∆ ∆

+

Rx0,2
T0

,

−2 +
∆
∆ ∆

+

Rx0,1 Pgen

T1

the following is obtained:
−2 +
∆
∆ ∆

Rz0,6 T6

Ry0,4

(2)

+

(5)

= .

T4

The derivation of the
thermal network is based
T4
on a defined element with
T6
finite dimensions, Δx, Δy,
and Δz shown at Fig. 1.
T1
T2
The task is to determine
T0
the temperature of the
∆ T
5
element T0, which is
located in the node in the
∆
∆
center of the element.
T3
Temperatures T1 ÷ T6 are
Fig. 1. Base element of lumped
parameters thermal model
the temperatures of
neighboring
elements
that are known. By expressing the 1st and 2nd temperature
differences in the direction of the individual coordinate axes
and substituting them into the differential equation (2) [11],
+

×

(4)
,

.

=

Equation (4) describes an elementary six-pole (Fig.2), which
forms a heat network of 7 nodes. A system of n differential
equations solves a heat network of n nodes. For general timevarying processes can be the equations solved in the matrix
form [11]

1− 1−

+

−

,

(10)

+

where Rim is the impregnation thermal resistance. With perfect
impregnation, we return only to the series combination of
resistors, see (7).
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A. Rectangular conductors
thermal model
The description of the
thermal model of slot winding
is based on conductors of
rectangular cross-section with
dimensions bc × hc and
insulation thickness
(see
Fig. 3). If we consider onedimensional heat conduction
in the slot winding in the xdirection, the specific thermal
conductivity of the slot
winding part can be expressed
by the relations (6) and (7)
[12], [13]
=

+

V. EXAMPLE – THERMAL MODEL OF STATOR SLOT WITH
RECTANGULAR WIRES

hc

An example of deriving the slots own thermal model is
made for an M-type slot with a rectangular conductor, which
is shown in Fig. 5., where the winding conductors are marked
in orange, the winding insulation is marked in green, the slot
lining insulation is marked in blue, the insulation between the
individual winding layers is marked in yellow and the slot
wedge is marked in red.

εy

y

εx

bc
x

Fig. 3. Thermal model of
rectangular conductors

(11)

,

+
where λc is the specific thermal conductivity of the conductor.
The assumption bc ≫ εx and λc ≫λiz is introduced and for the
resulting equivalent thermal conductivity in the x-direction, it
is possible to write
=

1+

(12)

.

A similar relationship can be obtained for the equivalent
thermal conductivity in the y-direction
=

1+

1+

Winding resistance
(including insulation)

•

Additional insulation
resistors

(14)

.

−1

hwe
biR

biT
hsl

biw
bil

hc
bc
Fig. 5. Detailed thermal model of
rectangular winding

A. Equivalent thermal resistance
The thermal model of the winding resistances in the crosssection of the machine includes both the resistance of the
conductor itself and its insulation. Fig. 6 shows the considered
directions of individual heat fluxes in the model, while their
areas of application are divided by dashed lines. In all the
following equations, the dimension designation is used in
accordance with Fig. 5.

When we consider air between conductors, it is possible, as in
the previous case, to derive an equation for n conductors in a
series
=

•

(13)

.

bs

The heat model of the
slot is focused only on the
heat flow through the slot
in the cross section, so only
the heat flow in the radial
and tangential direction is
examined. For this reason,
the thermal resistors are
designed only for these
directions.
Thermal
resistances in the model
can be divided into two
groups, according to their
purpose in the model,
namely:

B. Circular conductors thermal model
In addition, the modelling of circular conductors
complicates the very uncertain distribution of air around the
conductors, so it is based on the placement of the conductors
in a row. This case is solved by converting to square
conductors with the same cross-section and side length
defined by ac = 0.884 Dc, see Fig. 4. Based on such defined
relationships, a universal winding slot model is created, which
models the temperature distribution in the slot winding with
high accuracy. The thermal model is based on the type of
winding, the size of the conductors, and the dimensions of the
winding slot. The thermal model determines the filling of the
slot with individual materials and then calculates the
equivalent thermal resistance.

qR2
qT2

qT1

qR1
Fig. 6. Detail of one rectangular
conductor

2

=

On the basis of the
fields of individual heat
fluxes thus defined, the
resistance in one of the
two radial directions can
be defined as the use of
the mean widths of the
surfaces as
(15)

+

2

2
and also in one tangential direction

+

ac
Dc

Di

y
x

ε

(16)
+

,

+
2
where lsl is the axial length of the winding slot part of the
packet, λc, λi are the specific thermal conductivities of the
individual materials. It is a series connection of conductor
resistance and insulation, while in both relations the first
fraction corresponds to the resistance of the conductor.

ac

y

2

=

2

ε
x

Fig. 4. Thermal model of circular conductors
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temperatures of individual conductors, of which the highest
value becomes the replacement temperature for the entire slot
winding Tmax.

Therefore, a constant 2 appears in the equation, which
respects the source of losses in the conductor. The total radial
as well as the tangential resistance is given by the parallel
combination of both its components, ie in this symmetrical
case half. However, only the one-way components specified
above are required to create a thermal model.

T01

T01

Rwe

Rwe

2 RilR

2 RilR

RwR

RwR

The remaining elements, ie the insulation of the slot lining,
the insulation between the winding layers and the slot wedge,
are inserted in a separate category. The reason is the difference
in their purpose in the model because they are used only in the
calculation windings that are the same for all conductors.
T02

The tangential resistance of the slot insulation can be
described as
(17)
=

T1
RilT

RwT

RwT
RwR

resistance of its radial part
=

T02

where it is necessary to take into account that in the area below
the slot wedge, two parts of this insulation are folded over each
other, which respects the factor n, which is equal to two for
this area. This factor takes one value to calculate the liner
insulation at the bottom of the slot. The symbol λil is the
specific thermal conductivity of the insulation used.

RilT

RiwR

RiwR

RwR

RwR

RilT

RwT

RwT

RwT

RwT

RilT

RwR
RilR

RilR
T03

T03

Fig. 7. Equivalent thermal model of double layer winding

Subsequently, using superposition and relation (21), the
substitute thermal resistances RRU, RRD and RT for the given
direction are determined

description of the insulation resistance between te individual
winding layers
,

T02

T4

RwR

(19)

,

−2

RwT
RwR

T3

The resistance of the slot wedge can be determined by

=

RwT

(18)

,

=

T02

T2

(20)
=
where ∑ Δ

B. Slot winding equivalent thermal model
Based on the resistances defined in this way, it is already
possible to assemble the thermal network of the slot winding
in cross-section. In the algorithm for calculating the thermal
network of the slot, the individual resistors are first converted
to conductivities and then a matrix is created from them,
which according to the documents interconnects all adjacent
conductors in both radial and tangential directions.
Furthermore, for certain positions, the conductivities of
additional insulations are added to the matrix, which is
additionally multiplied by constants depending on the number
of columns, resp. rows of conductors, because their definition
applies to the entire slot, and here they only need to correspond
to the path of one conductor.

∑Δ

is the sum of all winding losses in the slot.

The
result
is
a
replacement with a simple
thermal circuit shown in
Fig. 8. In the recalculation,
the amount of losses
flowing
in
individual
directions from the slot
winding
outwards
is
calculated in the model
from the knowledge of the
temperatures of the end
conductors,
ambient
temperatures, and thermal
conductivity between them

For a better idea of the calculation, Fig. 7 can be used,
which shows what the replacement circuit for a double-layer
winding slot with four conductors arranged in two columns
looks like. Temperatures T1 to T4 are located in the middle of
the conductors. Ambient temperatures are divided into three
types according to the position in the machine, where T01
corresponds to the temperature in the air gap (heat transfer is
not solved here), T02 to the temperature in the teeth, and T03 to
the temperature in the packet part at the bottom of the slot.

(21)

,

Δ

T02

T01

Tmax

T02

T03
Fig. 8. Sub-model of slot winding

C. Results and comparison with FEM
In the analytical calculation of the thermal model of the
slot winding, the main nodes of the replacement thermal
network of the slot are located in the centre of the individual
conductors. This means that all the heat flux flowing through
a given conductor and its surrounding insulation in the xdirection (Fig. 5 and Fig. 7) converges at its centre and then
continues in the x-direction to the next conductor.

Based on the knowledge of all necessary dimensions,
ambient temperatures (in the first iteration equal to 0), and the
magnitude of losses, the model calculates the magnitudes of
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The FEMM program is used to compare the accuracy of
the proposed model. The results of the calculation are shown
in the graphical dependencies in Fig. 9 – 13.

R RD (K/W)

(%)

The first three graphical dependencies show the courses of
values obtained using the created analytical model, these are
marked in blue, and the values read from the temperature
models in the FEMM are marked in red.

kfill (-)
Fig. 12. The difference in the analytical model vs. FEM

When examining the resistance components in the
individual directions in more detail, it can be seen that the
radial resistance in the direction of the opening of the slot
shows a considerable error. Due to the lower thermal
resistance in the tangential direction compared to the slot
wedge, part of the losses initially leaving the air gap deviates
from the original direction and travels to the tooth.

R RU (K/W)

kfill (-)
Fig. 9. Equivalent thermal resistance in radial direction

kfill (-)
Fig. 10. Equivalent thermal resistance in radial direction – slot
opening

Fig. 13. Detailed FEM model of thermal flow in conductor and
slot

R T (K/W)

As the amount of insulation in the slot increases, the heat
flux in the insulation deviates in the y-direction, and the
calculation error increases. Thus, it can be stated that with
increasing slot filling factor, which indicates the degree of
representation of conductors in the slot, the resulting
calculated values must converge to the actual values. This fact
is also confirmed by inspections performed using FEM
software.
VI. CONCLUSION
The work describes a mathematical thermal model of the
stator slot winding and its comparison with FEM software.
The designed mathematical model is able to perform
calculations for several different stator slot shapes. The output
of the mathematical model is four equivalent thermal resistors
(two in the tangential direction and two in the radial), which
correspond with sufficient accuracy to the detailed LPTM of
the slot winding. The newly designed winding slot thermal
model is designed depending on the slot filling factor. The
magnitude of the error of the equivalent slot winding model is
inversely proportional to the slot filling factor. The limit value
of the slot filling factor is determined in the work.

kfill (-)
Fig. 11. Equivalent thermal resistance in tangential direction

In the obtained graphical dependencies, it is possible to
observe the assumption that with the increasing representation
of conductors in the slot, its thermal resistance decreases.
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Based on the comparison of the resulting values of the total
thermal resistance of the analytical model of the slot and the
results obtained from the FEM, it can be observed that for a
slot filling factor of 0.5 and higher, the results are identical
with a relative deviation of less than one percent. This value
also gives the lower limit of the slot filling factor for which
the analytical model can be considered sufficiently accurate.

[5]

[6]

[7]

In the case of a wound conductors with a small slot filling
factor, it is not possible to determine the exact position of the
conductor in the slot and thus also the exact replacement
thermal conductivity of the slot.

[8]
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how to improve efficiency and minimize the torque ripple is
based on injection of higher order harmonics in to the input
voltage. This is essentially achieved by separately controlling
individual current harmonics, each using its own dq rotating
reference frame linked with particular harmonic components
of the rotor magnetic flux [3]–[5]. Alternative approach can
be found using model predictive control [6]–[9]. Specifically
we focus on simple and popular version of MPC called
Finite control set predictive control FCS-MPC which has
gained considerable attention in electric drive society [10]–
[16]. In analogy to FOC mentioned earlier, in [17], [18]
the FCS-MPC has been used with multiple dq coordinated
systems addressing individual harmonics in current separately.
However this approach does not deal with the interaction of
individual harmonics. In addition only the dominant higher
order harmonics are taken in to account in order to keep the
control algorithm simple. In this paper we design the control
based on the mathematical model assuming time varying
values in stationary reference frame α, β rather than using
multiple d, q reference frames for particular harmonic components. The back EMF is measured at real drive prototype
and then it is reconstructed as a parameter variable depending
on rotor position. This allows as to directly control the motor
torque while taking into account complete frequency spectrum
of the back EMF . The proposed FCS-MPC has been tested
in simulation using the measured back EMF of the drive
prototype of rated power of 100kW.

Abstract—A conventional field oriented control (FOC) relies
on park transform and sinusoidal back EMF, in order to
tread harmonic signals as constants. As a consequence, resulting
control structure based on linear PI controllers is very simple
and well tested. However if the back EMF of the machine is
not sinusoidal, single coordinated dq system fails to adequately
describe the motor, which negatively impacts the control performance and causes additional torque ripple and joule losses in the
motor. A commonly used methods for compensation of negative
effects of non-sinusoidal back EMF significantly increase the
complexity of the algorithm. In this paper we use popular version
of predictive control called FCS-MPC which does not relies on
the park transform, and thus it allows to address this issue in a
simple way. The algorithm has been tested in simulations using
the real data of target permanent magnet synchronous motor
(PMSM) drive of rated power 100kW.
Keywords—Non-sinusoidal back-EMF, Predictive control,
minimization torque ripple, PMSM

I. I NTRODUCTION
In order to maximize power density, the PMSM are often designed with non-sinusoidal back electromagnetic force
(EMF). Trapezoidal back EMF is typical for structurally
similar BLDC motors. This kind of motors are supplied
by rectangular phase currents producing constant torque.
Modern PMSMs, especially with internal permanent magnets (IPMSM) using of reluctance torque to improve power
density, have non-sinusoidal back EMF quite often due to
shape and position of permanent magnets and rotor magnetic circuit structure. The sinusoidal current created by
the conventional FOC based control algorithms, oriented on
harmonic signals, produces with non-sinusoidal back EMF
torque ripple and additional joule losses. By neglecting the
higher order harmonics in the back EMF, the drive is not
operated at maximum efficiency and it has negative impact
on a torque ripple as well which leads to increased noise,
vibration, and eventually even shorter lifetime for particular
components of the drive. [1], [2] The conventional way of

978-1-7281-5602-6/20/$31.00 ©2020 IEEE

II. M ATHEMATICAL MODEL OF PMSM DRIVE WITH
NON - SINUSOIDAL BACK EMF
Conventional mathematical description relying on single
Park transform system fails to effectively describe PMSM
drive with non-sinusoidal back EMF. In this paper we define
a control problem in stationary reference frame and thus
we completely eliminated the need of Park transform. The
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mathematical model is designed in α, β reference frame
allowing to approximate the problem of non-sinusoidal back
EMF by modeling the rotor flux as a variable changing with
rotor position.
The PMSM machine is described by following set of
differential equations :
Rs
ψP M α (ϕ)
1 sc
diα
=−
iα + ω
+
V
dt
Ls
Ls
Ls α

In general, we can define the relation between magnetic
flux and back EMF as
dψ(ϕ) dϕ
= Vi ,
dt dϕ
dψ(ϕ) dϕ
= Vi ,
dϕ dt

(6)
(7)

which can be rewritten for steady state as

(1)

dψ(ϕ)
Vi
= .
dϕ
ω

Rs
ψP M β (ϕ)
1 sc
diβ
=−
iβ + ω
+
V
dt
Ls
Ls
Ls β

(2)

dω
pp
=
(M − Tl )
dt
J

(3)

(8)

Then we can express the magnetic flux in each phase as
2π
Z
Via,b,c
ψP M a,b,c (ϕ) =
dϕ
ω

(9)

0

dϕ
=ω
dt

Using Clarke transform, reconstructed flux is converted into
stationary reference frame α, β.

(4)

where iα , iβ are stator currents in stationary reference
frame,Rs is stator resistance, Ls is stator inductance, ϕ is
electrical rotor position calculation expressed by equation
(4), ω is electrical speed, Vαsc , Vβsc is the input voltage in
stationary reference frame, pp is number of pole pairs, J is
moment of inertia, Tl is load torque and M is electromagnetic
torque described in eq.(5).


 
M =k
ψP M α (ϕ) iβ − ψP M β (ϕ) iα
(5)



ψP M α (ϕ)
ψP M β (ϕ)



2
=
3



1
1 −
√2
3
0
2

−√12
− 23




ψP M a (ϕ)
 ψP M b (ϕ) 
ψP M c (ϕ)
(10)


The variability of reconstructed magnetic flux is clearly visible at fig.2 which shows the rated value of the reconstructed
magnetic flux in α, β plane.
fα = ψs cos(ϕ), ψ
fβ = ψs sin(ϕ)
ψ
(11)
ψsm
ψsm
q
Where, ψsm = max|ψs (ϕ)|, |ψs (ϕ)| = ψα2 (ϕ) + ψβ2 (ϕ)

where ψP M α (ϕ), ψP M β (ϕ) are the components of magnetic flux of permanent magnets in stationary coordinated
system as a function of electrical rotor position and k is a
constant.
The ψP M α (ϕ), ψP M β (ϕ) are usually not provided by the
manufacturer of the motor, so we use the simple technique
to reconstruct them from measured back EMF. Example of
measured back EMF of investigated PMSM with rated power
100kW is shown at fig.1

.
The reconstructed magnetic flux is implemented in the
mathematical model in the form of the look-up table.

e
Fig. 2. Magnetic flux variability in relative units ψ

Fig. 1. Non-sinusoidal back EMF, open circuit phase-to-phase voltages
measured on PMSM for steady state rotation speed of 3333rpm
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Iα∗
ia , ib , ic

I∗β

ω(k+1)
ϕ(k+1)

ϕ

dϕ
dt

ω

Mathematical
model

Iα(k+1)
Iβ(k+1)

ϕ

Cost
function
evaluation

G(1−7)

Optimal
switching
combination
selection

Converter

M(k+1)
ia , ib , ic

M∗

Look-up table

PMSM
e
ψ[−]

ϕ

ϕ[rad]

Fig. 3. Block diagram of FCS-MPC for minimization torque ripple

III. P REDICTIVE CONTROL OF PMSM
In this section we present a control algorithm for torque
control of PMSM with non-sinusoidal back EMF. For this
purpose, we use simple version of predictive control which is
working with limited set of control actions called FCS-MPC.
By optimizing the control problem over only finite small set
of possible control actions, the FCS-MPC is very simple and
effective on short prediction horizons for a wide range of
control problems and it has gained extensive popularity in
electric drives over the last few years [19], [20].
Proposed control algorithm is shown at the block diagram
at fig. 3.

ψP M α(k+1) iβ(k+1)

(13)



− ψP M β(k+1) iα(k+1)



(17)

(18)

and it essentially used for two different purposes in two
distinct cases. The important role here is played by the value
of the penalization λcur in (12) which is defined as
(
2
1
if ((iα(k+1) )2 + (iβ(k+1) )2 ) < Imax
λcur =
.
2
λmax
if ((iα(k+1) )2 + (iβ(k+1) )2 ) = Imax
(19)
If the stator current limit is violated, the penalization
λcur = λmax . The λmax must be high enough to eliminate
corresponding switching combination out of the selection.
However if the the stator current operates in defined limits,
then λcur = 1 and eq. (18) has a different purpose. Since
the required torque cannot be uniquely defined by eq. (14)
we seek for a solution of (14) which minimizes (13) with
respect to minimal joule loses. By penalizing the stator current
we prioritize such switching combinations which achieves
acceptable torque tracking with minimal joule loses. The
optimal compromise between those two criteria is found by
proper setting of the penalization λM .

Here, M ∗ denotes reference value of the torque and M(k+1) ,
are the predicted control variables obtained from (1)-(4) by
standard Euler discretization method as:


ψP M β(k)
Rs
∆t sc
∆t) + ω(k)
∆t +
V ,
Ls
Ls
Ls β
(16)

gi = ((iα(k+1) )2 + (iβ(k+1) )2 ),

where, the λcur , λM are coefficients penalizing particular
terms gi and gM .
The primary goal of the controller is precise tracking of the
torque reference. This is achieved by minimizing the quadratic
error defined as

M(k+1) = (kp pp )

iβ(k+1) = iβ(k) (1 −

The kp = 23 is a Clarke constant and ∆t is sampling time.
The second term gi in (12) is defined as

(12)

gM = (M ∗ − M(k+1) )2 .

ψP M α(k)
Rs
∆t sc
∆t) + ω(k)
∆t +
V ,
Ls
Ls
Ls α
(15)

ψP M α(k+1) = ψP M α (ϕ(k) + ω(k) ∆t),
ψP M β(k+1) = ψP M β (ϕ(k) + ω(k) ∆t),

A. Cost function
Cost function is evaluated for all possible voltage vectors
V sc ∈ {V (1) , . . . , V (7) } of three-phase VSI and it is defined
as a weighted sum of all control objectives as (12)
J(k+1) = λcur gi + λM gM ,

iα(k+1) = iα(k) (1 −

, (14)
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A)

B)

Fig. 4. Simulation results - FCS-MPC without compensation of non-sinusoidal magnetic flux (assuming harmonic shape of back EMF). The machine starts
from zero speed with reference torque M = 200Nm. A) Stator currents of the machine and electrical speed for mathematical model without compensation
non-sinusoidal magnetic flux. B) Detail of current and electrical speed in range from 3 to 3.1s.

A)

B)

Fig. 5. Simulation results - FCS-MPC assuming non-sinusoidal magnetic flux ψP M (ϕ) implemented by look-up table. The machine starts from zero speed
with reference torque M = 200Nm. A) Stator currents of the machine and electrical speed for mathematical model with compensation non-sinusoidal magnetic
flux. B) Detail of current and electrical speed in range from 3 to 3.1s.

been obtained by experimental verification in the simulation
and provide us with satisfactory result, however if it would
not be sufficient, here are some guidelines how to tune the
penalization in one step FCS-MPC [21]–[23]. The simulations
have been designed to show the performance of proposed
torque control using conventional model amusing sinusoidal
back EMF, in the whole operational speed range. The moment
of inertia has been set to J = 50kg · m2 . The requested torque
is set to nominal value of the motor which is M ∗ = 200N m.
Fig. 4 shows motor start up from zero speed to 1400rpm
without using compensation for non-sinusoidal back EMF in
mathematical model. Fig. 5 shows motor start up from zero
speed to 1400rpm with using compensation for non-sinusoidal
back EMF.

B. Simulations
TABLE. I
PARAMETERS OF PMSM
Parameter
Pn [kW]
pp [-]
Rs [mΩ]
Ls [mH]
ψP M [Wb]
VDC [V]
fc [kHz]

MACHINE

Description
nominal power
number of pole pairs
stator resistance
stator inductance
magnetic flux
DC voltage
switching frequency

Value
100
4
19
4.6
0.128
800
50

Proposed FCS-MPC for torque control of PMSM with
non-sinusoidal back EMF has been tested in simulations.
Maximum stator current has been limited to Imax = 630
A. The sampling time of the FCS-MPC is ∆t = 20µs
which corresponds to maximal switching frequency of 50kHz.
The penalizations in the cost function (12) has been set to
λmax = 1e9 and λM = 2000. Note that this setting has

Torque ripple for mathematical model without compensation of non-sinusoidal back EMF is 19Nm, while the torque
ripple with compensation is 1Nm. A comparison of the two
methods is shown in fig.6.

81

2020 19th International Conference on Mechatronics – Mechatronika (ME)

[6] A. A. Ahmed, B. K. Koh, and Y. I. Lee, “A comparison of finite control
set and continuous control set model predictive control schemes for
speed control of induction motors,” IEEE Transactions on Industrial
Informatics, vol. 14, no. 4, pp. 1334–1346, 2017.
[7] S. Hanke, O. Wallscheid, and J. Böcker, “Continuous-control-set model
predictive control with integrated modulator in permanent magnet
synchronous motor applications,” in 2019 IEEE International Electric
Machines & Drives Conference (IEMDC). IEEE, 2019, pp. 2210–
2216.
[8] F. Wang, X. Mei, J. Rodriguez, and R. Kennel, “Model predictive
control for electrical drive systems-an overview,” CES Transactions on
Electrical Machines and Systems, vol. 1, no. 3, pp. 219–230, 2017.
[9] G. Cimini, D. Bernardini, A. Bemporad, and S. Levijoki, “Online model
predictive torque control for permanent magnet synchronous motors,” in
2015 IEEE International Conference on Industrial Technology (ICIT).
IEEE, 2015, pp. 2308–2313.
[10] A. G. Bartsch, G. H. Negri, M. S. Cavalca, J. de Oliveira, and A. Nied,
“Cost function tuning methodology for fcs-mpc applied to pmsm
drives,” in 2017 Brazilian power electronics conference (COBEP).
IEEE, 2017, pp. 1–6.
[11] M. Preindl and S. Bolognani, “Model predictive direct speed control
with finite control set of pmsm drive systems,” IEEE Transactions on
Power Electronics, vol. 28, no. 2, pp. 1007–1015, 2012.
[12] W. Xie, X. Wang, F. Wang, W. Xu, R. M. Kennel, D. Gerling, and
R. D. Lorenz, “Finite-control-set model predictive torque control with
a deadbeat solution for pmsm drives,” IEEE Transactions on Industrial
Electronics, vol. 62, no. 9, pp. 5402–5410, 2015.
[13] R. P. Aguilera, P. Lezana, and D. E. Quevedo, “Finite-control-set
model predictive control with improved steady-state performance,”
IEEE Transactions on Industrial informatics, vol. 9, no. 2, pp. 658–
667, 2012.
[14] J. Rodriguez, M. P. Kazmierkowski, J. R. Espinoza, P. Zanchetta,
H. Abu-Rub, H. A. Young, and C. A. Rojas, “State of the art of
finite control set model predictive control in power electronics,” IEEE
Transactions on Industrial Informatics, vol. 9, no. 2, pp. 1003–1016,
2012.
[15] J. Rodriguez and P. Cortes, Predictive control of power converters and
electrical drives. John Wiley & Sons, 2012, vol. 40.
[16] M. Tomlinson, H. du Toit Mouton, R. Kennel, and P. Stolze, “A
fixed switching frequency scheme for finite-control-set model predictive controlâconcept and algorithm,” IEEE Transactions on Industrial
Electronics, vol. 63, no. 12, pp. 7662–7670, 2016.
[17] H. Zhang, M. Dou, and J. Deng, “Loss-minimization strategy of nonsinusoidal back emf pmsm in multiple synchronous reference frames,”
IEEE Transactions on Power Electronics, vol. 35, no. 8, pp. 8335–8346,
2019.
[18] C. L. Baratieri and H. Pinheiro, “Sensorless vector control for pm
brushless motors with nonsinusoidal back-emf,” in 2014 International
Conference on Electrical Machines (ICEM). IEEE, 2014, pp. 915–921.
[19] H. A. Borhan, C. Zhang, A. Vahidi, A. M. Phillips, M. L. Kuang,
and S. Di Cairano, “Nonlinear model predictive control for power-split
hybrid electric vehicles,” in 49th IEEE Conference on Decision and
Control (CDC). IEEE, 2010, pp. 4890–4895.
[20] Z. Zhang, J. Rodriguez, and R. Kennel, “Robust predictive control of 3lnpc converter fed pmsm drives for electrical car applications,” in 2018
IEEE Energy Conversion Congress and Exposition (ECCE). IEEE,
2018, pp. 5204–5208.
[21] S. A. Davari, D. A. Khaburi, and R. Kennel, “An improved fcs–mpc
algorithm for an induction motor with an imposed optimized weighting
factor,” IEEE Transactions on Power Electronics, vol. 27, no. 3, pp.
1540–1551, 2011.
[22] ——, “Using a weighting factor table for fcs-mpc of induction motors with extended prediction horizon,” in IECON 2012-38th Annual
Conference on IEEE Industrial Electronics Society. IEEE, 2012, pp.
2086–2091.
[23] P. Ngatchou, A. Zarei, and A. El-Sharkawi, “Pareto multi objective
optimization,” in Proceedings of the 13th International Conference on,
Intelligent Systems Application to Power Systems, 2005, pp. 84–91.

Fig. 6. Comparison of torque of FCS-MPC with compensation of nonsinusoidal back EMF and without compensation non-sinusoidal back EMF

IV. C ONCLUSIONS
This paper describes method for direct control of torque
of PMSM with non-sinusoidal back EMF. The main focus
of the paper is to enhance the control in terms of torque
ripple. The presented technique considers the magnetic flux
of permanent magnet as a function of rotor position which
is obtained from measured back EMF during steady state
operation. In our case we used PMSM with parameters as
listed in table I, however this technique may be adopted
to arbitrary PMSM. Unlike most of the state of the art
control techniques the proposed FCS-MPC is designed in
stationary coordinated system α, β, allowing to address the
non-sinusoidal back EMF directly without using multiple dq
coordinated systems. The resulting algorithm is very simple
and it can be easily implemented in common micro-controller.
In the next steps we will focus on the implementation and
experimental verification of algorithm.
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Abstract—The paper deals with magnetic forces and
vibration analysis of a nine-phase induction motor. It is
described a method of voltage harmonics injection for reaching
either the same amplitude or RMS value of supplying voltage as
for the case of supplying the motor using the voltage
fundamental only. Influence of the both types of voltage
harmonics injection on the magnetic forces and motor vibration
is evaluated using finite element analysis and compared to the
motor supply by sinusoidal voltage.
Keywords—induction machine,
vibrations, harmonic injection

multiphase

TABLE I.
OVERVIEW OF THE MAIN ADVANTAGES OF A MULTIPHASE MACHINE COMPARED TO A THREE-PHASE MACHINE [1]
Property
Torque ripple
frequency
Order of the lowest
space mmf harmonics
(sinusoidal mmf
machines)
Power/torque per
phase
(rated power/torque
=P/T )
Post-fault operation
Torque enhancement
by stator current
harmonic injection

machine,

I. INTRODUCTION
Multiphase machines penetrate more and more to various
applications, e.g. electric ships, traction motors for trams and
locomotives, more-electric aircraft, electric and hybrid
electric vehicles etc. because of the indisputable advantages
such compared to the three-phase motors. Among the key
advantages of multiphase machines are low torque ripple
minimizing the noise and vibration, lower phase current at the
same power rating, high power density which is related to
increasing the torque when injecting higher harmonics [1]–
[7], fault-tolerant operation producing torque in case of an
open-phase condition etc.

1
2

=
=
=

978-1-7281-5602-6/20/$31.00 ©2020 IEEE

7

/3 ( /3)

∙

2∙

± 1( > 5, 7)

/

(> 6 ∙

)

( / )

NO1

YES2

Not possible

YES (concentrated
winding machine)

2

+

( − 1); ∈

(3)

( − 1) ± 2; ∈
( − 1) ± 3; ∈
( − 1) ± 4; ∈

(4)
(5)
(6)

Harmonics described in equations (4) and (6) create 7·2p
(4) and 5·2p (6) with reverse "+" or sequential "-" rotating
magnetic field. The equation (5) describes harmonics that
create 3·2p with reverse "-" or sequential "+" rotating
magnetic field.

Time harmonics μ can be manifested in m-phase machines
in the following ways [11]:
; ∈
± 1; ∈

5

2∙

Equation (1) describes harmonics with zero phase shift
that create unidirectional magnetization. Time harmonics
according to equation (2) form a reverse "-" or a sequential "+"
rotating field. The subharmonic components described by
equation (3) create a pulsation field. Time harmonics of the
remaining orders create a rotating field, but at the same time
change the number of poles 2p in the machine. The change in
the number of pole depends on the number of phases and on
the harmonic order. Equations (4) – (6) describe nine-phase
distributed winding which is used in presented induction
motor.

II. HARMONIC INJECTION

=

6∙

m-phase

Not possible without modification of the power converter topology.
Requires derating after fault for continuous post-fault operation.

=

The key advantage of multiphase machines is the fault
tolerant mode for safety reasons. This fault tolerant mode
means that rotating magnetic field and torque are produced
even if one or more phases are not available. This property is
very important for drive unit of electric vehicles [1], [2], [4],
[6], [8]–[10]. Multi-phase systems can be used for induction
machines, synchronous machines and also synchronous
reluctance machines [1]–[4]. A basic comparison of the
multiphase machines and their traditional three-phase
counterparts is possible at several basic points which are
shown in Table I, where f1 is the fundamental frequency, m
represents the number of phases, P is the power and T is the
torque.

=

Three-phase

(1)
(2)
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supplying frequency (2L). For 50 Hz supplying electric
fundamental frequency, vibrations fundamental 2L is 100 Hz.

If the condition, that the multiplier of the pole is equal to
the order of the harmonic, is kept, the resulting magnetic field
rotates with the same speed as a magnetic field generated by
the fundamental harmonic. This phenomena, can be used to
“flatten” a voltage waveform to keep the same magnitude
(MAX) but with the higher RMS value, or to reduce the MAX
value but maintain the RMS value as depicted in Fig. 1. In a
nine-phase distributed winding can be used the 3rd, 5th and
7th harmonics.
Waveforms in the Fig. 1 are described by the following
equations.
•

Without harmonic injection:
=

•

sin(

)

(7)

Harmonic injection with the same RMS value:
= 0.956

sin( )
sin(3 )
+ 0.26768
sin(5 )
+ 0.1147
sin(7 )
+ 0.0478

(8)

Fig. 1. Voltage waveforms with different types of harmonic injection

1.4

•

Harmonic injection with the same MAX value:
= 1.2311

sin( )
+ 0.3275
+ 0.1255
+ 0.0369

sin(3
sin(5
sin(7

)
)
)

1.2
1

(9)
0.8
0.6

Waveform with the same RMS value is lower at MAX by
21.86 % and waveform with the same MAX value has RMS
value higher by 27 % than a simple sine wave.

0.4

Due the harmonic injection, the waveform of the magnetic
flux in stator yoke and stator tooth also changes (see Fig. 2).
Results for magnetic flux magnitude ϕm and average magnetic
flux ϕavg for ideal machine are listed in Table II.
TABLE II.

Stator
yoke
Stator
tooth

0
0.005

( .
( .
( .
( .

.)
.)
.)
.)

Same
RMS
1.075
0.5919
0.1356
0.118

0.01
Time (s)

0.015

a)

MAGNETIC FLUX IN AN IDEAL NINE-PHASE MACHINE
Without
injection
1
0.6366
0.1737
0.1106

Without Injection
Harmonic injection - same RMS
Harmonic injection - same MAX

0.2

0.2

Same
MAX
1.37
0.763
0.1742
0.1506

0.15

0.1

Saturation has a crucial influence on the magnetic forces
originating in the machine. Surface force density (also called
magnetic pressure) Δp has a quadratic dependence on the
magnetic flux density B as presented in (10) where surface
force dependency on the saturation around stator bore
(angle ξ) in a time domain is described. Permeability of
vacuum µ0 denotes the force is acting on the interface between
electrical steel and air. Therefore, flux density distribution in
the air-gap has a direct impact on the force amplitude and
frequency spectrum.

0.05

Without Injection
Harmonic injection - same RMS
Harmonic injection - same MAX

0
0.005

0.01
Time (s)

0.015

b)
Fig. 2. Magnetic flux waveforms with different types of harmonic
injection a) Stator yoke b) Stator tooth

B 2 (ξ , t )
(10)
2μ0
Magnetic forces acting on the stator teeth consequently
excite stator core vibrations. Due to the quadratic dependency
on the flux density, forces and vibrations oscillate at twice the

III. DETAILS OF THE PERFORMED ANALYSES

Δp (ξ , t ) =

A. Studied Nine-Phase Induction Motor
The presented nine-phase induction motor (IM) is
manufactured by making a new winding arrangement in an
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older three-phase machine. It has a single-layer winding with
a full-step placed in 36 stator slots. Winding is a star
connected. The motor has a squirrel cage rotor with 28 rotor
bars. The machine parameters are listed in Table III and
machine geometry together with magnetic field distribution
for all modeled cases is shown in Fig. 3.
TABLE III.

RATED PARAMETERS OF THE MODELED MOTOR
Number of phases
Pole pairs
Rated power
Phase voltage
Phase current
frequency
Rated speed

9
2
18.5
380
7.2
50
1475

B. Magnetic Transient Analysis
The IM is simulated in no-load operation using finite
element method (FEM) analysis in Maxwell2D. The supply
voltage was set according to the equations (7) – (9). The
increase of magnetizing current during harmonic injection is
caused by the higher magnitude of the magnetic flux in stator
yoke and higher average value in stator teeth (Table II).
Results of simulations are listed in Table IV, where Um and Im
are magnitudes and U and I are RMS values of phase voltage
and phase current.

a)

Time step of the analysis is set to 5e-5 second and the
simulated time slot is 250e-3 second. Rotor revolutions
correspond to the synchronous speed and therefore no voltage
is induced into the rotor bars. Boundary condition with zero
magnetic vector potential is set in 2 millimeter distance from
the stator outer circumference. The 2 millimeter distance is set
due to search coil placement around stator yoke. Magnetic
forces and bending moments acting on all stator teeth are
calculated every time step.
TABLE IV.

RESULTS OF MAGNETIC TRANSIENT FEA

Without Injection
Injection - same RMS
Injection - same MAX

( )
537.4
426.12
534.93

( )
380.1
381.85
483.84

( )
5.68
7.71
16.74

b)
( )
2.84
2.37
6.32

C. Analysis of Harmonic Response
Analysis of harmonic response is solved on a stator core
in 3D utilizing the full model in Ansys Mechanical. Tooth
forces and bending moments calculated in the magnetic
transient analysis are transformed into the frequency domain
using DFT and set as an excitation to the corresponding tooth
in harmonic response. Sample window for DFT correspond to
the one mechanical cycle and it is repeated five times.
Sampling frequency time is inversely proportional to the
magnetic transient time step. Considering mentioned DFT
parameters, the forces are transformed with a 5 Hz frequency
step in the range 10 kHz.
Stator core is modeled using equivalent material
parameters taking into consideration the effect of electrical
steel lamination [12]. As a boundary condition, both ends of
the stator yoke are fixed. Vibration velocities are evaluated in
the finite element mesh nodes on the outer circumference of
the stator core. Mesh nodes located in the tooth axes and in the
middle of stator core axial length withal are selected.

c)
Fig. 3. Field distribution a) Without injection b) Same RMS
c) Same MAX

IV. RESULTS AND DISCUSSION
Maps of magnetic field distribution depicted in Fig. 3 are
in a good match with the theoretical presumptions presented
in Fig. 2. Flux density or flux respectively in stator yoke is
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magnetic circuit optimization. Voltage MAX and RMS values
obtained by simulations (see Table IV) are also in a good
accordance with the theory.

slightly higher for harmonic injection with the same RMS
value and substantially higher for harmonic injection with the
same MAX value compared to the pure sine wave supply as
presumed in Fig. 2 a). On the other hand, flux density in stator
teeth is lower for injection with the same RMS while it
remains identical to the sinusoidal supply for injection with
the same MAX value. It should be noted that machines with
the harmonic injection have a higher number of saturated teeth
which corresponds to the flat shape of flux wave presented in
Fig. 2 b). Higher yoke and teeth saturation can be managed by

Force - radial (p.u.)

Force - radial (p.u.)

Force - radial (p.u.)

Spectra of resulting radial force magnitudes acting on the
stator teeth are presented in Fig. 4 for all modelled cases.
Force magnitudes are depicted in p.u. system compared to the
force fundamental (100 Hz) of the machine without harmonic
injection.

Velocity - radial (p.u.)

Velocity - radial (p.u.)

Velocity - radial (p.u.)

Fig. 4. Spectra of radial magnetic forces acting on the stator teeth

Fig. 5. Spectra of vibrations detected at the stator outer circumference
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TABLE V.
Harmonic order

DC

1

SUMMARY OF RESULTS PRESENTED IN FIG. 4 AND FIG. 5
2

3

4

5

6

7

Force (p. u.)
Without injection

1.025

1

0.041

0.016

0.013

0.019

0.009

0.045

Injection - same RMS

1.021

0.386

0.301

0.186

0.108

0.024

0.004

0.027

Injection - same MAX

1.626

0.69

0.463

0.272

0.126

0.044

0.017

0.09

Without injection

---

1

0.018

0.015

0.005

0.003

0.126

0.687

Injection - same RMS

---

0.38

0.102

0.028

0.02

0.069

0.075

0.735

Injection - same MAX

---

0.719

0.162

0.044

0.032

0.114

0.21

1.111

Velocity (p. u.)

value or the same amplitude as in case of the machine without
injection. Saturation of magnetic circuit as well as force and
vibration frequency spectra are compared for all the modelled
cases.

In the spectra of machine without harmonic injection
dominates the force fundamental as expected. Force DC
component has a similar value to the fundamental one. In the
case of injection with the same RMS, DC force differ
negligibly from the one for sinusoidal supply. On the contrary,
DC force in the case of injection with the same MAX is almost
63 % bigger.

Decrease in the force and vibration fundamental is
reported in the case of harmonic injection. Other force
harmonics are emphasized in the force spectra of machines
with harmonic injection as well as DC force component in the
spectrum of the same MAX. Rise in the lower vibration
harmonics is also reported, however not so evident as in the
force spectra. On the other hand, vibrations have more rich
spectra in at the higher frequencies.

Looking at the oscillating force components, the
harmonics does not fully correspond to the ratios of voltage
harmonics presented in (7), (8) and (9). Considerable decrease
is reported at the force fundamental for the both harmonic
injection cases. On the other hand, a significant increase in the
2nd, 3rd and 4th force harmonic is apparent in the machines
supplied by harmonic injection. Slight increase is visible also
in the 5th harmonic. In the spectrum of injection with the same
MAX is also more pronounced the 7th harmonic which is
suppressed in the spectrum of injection with the same RMS.
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Spectra of vibrations presented in Fig. 5 display velocities
detected in the finite element mesh nodes located at the stator
outer circumference. Velocities are presented as p.u. values
related to the velocity fundamental in the machine without
harmonic injection. Vibrations at the fundamental are in the
similar relations as in the force spectra. Spectral lines at the
2nd, 3rd and 4th have lower relative amplitude compared to
the forces. However, the 5th and 7th are more pronounced in
the vibration spectra. Vibration spectra are also more rich at
higher frequencies which can be explained by the higher
structure sensitivity (modal properties) in this frequency
region. Also vibrations at the subharmonic frequencies with a
negligible force excitation are highlighted there. The main
results from Fig. 4 and Fig. 5 are quantified in Table V.
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implementation of a Support Vector Machines (SVM)
classifier, which is used for segmentation of the vertebra
image data provided by the University Hospital Brno. The
resampling and registration algorithms have been optimized
to process both the MR and CT data weighted by selected
parameters.

Abstract— Scoliosis embodies the most frequent three
dimensional spinal deformities in children. Only timely
treatment during the growth of the spine may significantly
reduce related health problems inflicted by the deformity on
adults. The results obtained via conservative therapy are
problematic, and a certain degree of curvature already requires
surgical treatment that currently consists in repeated spinal
surgeries posing a high risk of complications. The aim is to use
a spine model for computer based simulation of changes in the
stress on the spine during idiopathic and syndromic deformity
correction via vertebral osteotomy. One of the goals of the work
was resampling and registration of the CT and MR image
sequences. CT volumes provided solid contrast. Due to the low
quality of the MRI volumes image data CT were used as a
reference for gaining properly segmented groups of vertebrae.
The concern of this work is a development of an extension
module for 3D Slicer platform. The core of the module is an
implementation of a Support Vector Machines classifier, which
is used for segmentation of the vertebra image data provided by
the University Hospital Brno. The resampling and registration
techniques has been optimized to process the MR and CT data
of all imaging sequences. CT volumes provide solid contrast and
were used as a reference for gaining properly segmented groups
of vertebrae. The extension module scripted in Python language
is freely accessible as a 3D Slicer tool and can be used in the
future to process new datasets.

The motivation of the project is the cooperation with the
University Hospital Brno Bohunice. They offer us unique
image data of the human spine torso with surrounding muscles
and even without them. The extraction of the hard tissues from
the torso was processed by the Department of Anatomy,
Faculty of Medicine, MU. The Clinic of radiology and nuclear
medicine provides the CT and MR spatial image datasets of
the torso. The main problem is in the low contrast of MRI
which adversely affects the further processing (segmentation,
classification, etc.). The goal of this work is to obtain the
binary masks of individual vertebra from the high-contrast CT
scans and – after coregistration – used these to train the
classifier to obtain very precise segmentation results by
processing MR images. The advantage of the proposed
approach is to significantly decrease the need for ionizing
diagnostic methods in the examination of pediatric patients.
The proposed extension module scripted in Python language
is freely accessible as a 3D Slicer tool and can be used in the
future to process new datasets.

Keywords—scoliosis, spinal deformities, SVM, 3D Slicer,
toolbox, machine learning

The authors collective has experiences with previous 3D
Slicer modules development [1]. One of the most similar
worth mentioning project deals with human brain registration
and segmentation [2] to analyze the perfusion magnetic
resonance images [3]. Perfusion images are of very low
contrast and resolution and with very heavily recognizable
tissue structures, but their analysis can help with tumor
differentiation [4].

I. INTRODUCTION
Scoliosis embodies the most frequent spinal deformities in
children. Only timely treatment during the growth of the spine
may significantly reduce related health problems inflicted by
the deformity on adults. The aim of this work is to use a spine
model for computer based simulation of stress changes in the
spine during idiopathic and syndromic deformity correction
via vertebral osteotomy. The chain of diagnostic data analysis
consists in resampling and registration of the CT and MR
image sequences. CT volumes provides solid contrast of hard
tissues. Due to the low tissues contrast in the MRI volumes,
CT are used as a reference for gaining properly segmented
groups of vertebrae. The developed extension module for 3D
Slicer platform is introduced. The core of the module is an

978-1-7281-5602-6/20/$31.00 ©2020 IEEE

II. IMAGE DATABASE
As mentioned in the Introduction, for the purposes of this
work, images of the spine with surrounding muscles and also
without the muscles were provided. The first step of the
research was to select the suitable imaging modality (MRI
sequence), which provides sufficient contrast between hard
and soft tissues and the image background. This dataset is
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parameter similarly describes the image quality by the ratio as
follows:

further used as the reference for other modalities registration.
Segmentation of this reference dataset gives us the ground
truth binary mask. This reference mask is then employed to
assess the segmentation quality of other low-contrast
modalities processing, typically MRI images. An example of
CT and MR image to compare the tissue/background contrast
is shown in Fig. 1.

CNR =

μback − μ vert
.
σ back

(2)

The CT(A) images show the highest SNR and CNR, because
this modality clearly represents the hard tissues of the spine
with no significant noise in comparison to MRI.
III. PROPOSED APPROACH
Image data obtained by CT and MRI stored in DICOM file
format are loaded into the 3D Slicer which employs image
resampling and registration. The main goal of this work is to
extract the spine tissues from the surrounding muscles and
background by the Support Vector Machine (SVM) classifier.
The input vector of the trainable model contains the original
image data with proposed features. The resulting binary 2D
masks can further be composed into three dimensional mask
to get spatial representation of the vertebra. It is consequently
utilized to print the whole spine by means of 3D printer. The
processing chain can be seen in Fig. 2.
CT & MRI

Fig. 1. Two modalities comparison; CT with hard tissues (left), MR with
hard and soft tissues (right)

Basic information
Resolution

CT (A) harda
CT (B) harda
T1 harda
T2 harda
T1 softb
T2 softb

512 × 512
512 × 512
1024 × 1024
512 × 512
1008 × 1008
784 × 784

Pixel intensities
Slices

812
812
26
168
26
41

Mean

-735
-702
2245
1354
1104
703
a.

TABLE II.
Sequence
CT (A) hard
CT (B) hard
T1 hard
T2 hard
T1 soft
T2 soft

Stdev

402
543
402
509
441
536

SVM
segmentation

Visualisation

A. Image registration
To employ the registration of the CT&MR images, the BSpline algorithm has been utilized [5]. The detail of image
registration is shown in Fig. 3. The color grid shows computed
deformation which can be compared with black-colored grid
of the original image. The Mutual information approach has
been used as a cost-function to converge in the optimal
solution of the image processing.

OVERVIEW OF THE IMAGING SEQUENCES/MODALITIES
SELECTED FOR FURTHER PROCESSING

Sequence

Resampling
Registration

Fig. 2. Algorithm of the image datasets processing

The table 1 introduces the selected image
sequences/modalities and their fundamental parameters. The
quantitative analysis has been carried out from the area of one
vertebra.
TABLE I.

Image data
extraction

Median

-929
-983
2330
1511
1077
485

hard tissues only, b. soft and hard tissues

INTENSITY STATISTICS OF THE SELECTED DATASETS
µback
-989
-976
2595
1783
949
788

µvert
-358
-417
2098
1059
1465
376

Δµ
631
559
497
724
516
412

σback
10,2
29,4
128,4
91,5
104,4
106,9

SNR
65,3
20,6
16,3
11,6
14,0
3,5

CNR
61,9
19,0
3,9
7,9
9,9
6,4

Tab. 2 introduces mean voxel intensities around (µback) and
inside the vertebra (µvert). Their absolute difference (Δµ)
demonstrates the mutual similarity and consequently the level
of separability of the tissues and background. Further, the SNR
describes the image quality by formula:
SNR =

μvert
,
σ back

Fig. 3. Detail of the MR image registration by means of B-Spline approach

The registration process is based on searching the
geometrical transformation y (x; w ) : 3 →  3 with the
similarity measure  ( w ) , regularization term  ( w ) and

optimization algorithm  ( w ) = D ( w ) + α  ( w ) . The
similarity measure used to register the processed images
compare image intensities between template image  and
the reference image  :

(1)

where vert is the mean intensity inside the vertebra, and back
is standard deviation of background intensities. The CNR
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( ( y ( x ; w ) ) , ( x ) ) −
,
− H ( ( y ( x ; w ) ) ) − H ( ( x ) )

 (w ) = H 

i

i

i

(3)

.pickle

i

where the first term is joint entropy of the corresponding
image histograms and the latter two terms are the marginal
entropies of these histograms.
B. Vertebra segmentation
To segment the whole datasets the SVM classification
approach was utilized and the vector of input features was
proposed. The current 3D Slicer module provides following
characteristics to train the model: voxel intensity, mean value,
variance, the Gaussian, median, Sobel operator, gradient
matrix, and the Laplacian. The Grid search algorithm [6] was
employed to find the optimal settings (parameters C and γ) of
the SVM classifier with the constrains as follows:

CLI
background_classifier

SVM
Classifier

features extraction

GUI

CLI
background_classifier

.pickle

classification
Fig. 4. Module architecture

V. RESULTS AND CONCLUSION
A. Datasets transformation
At first, all the images of CT and MR modalities has been
spatially transformed to ensure that the corresponding tissues
overlap. Considering the huge spatial shift and rotation, which
are caused by obtaining individual modalities utilizing
different diagnostic equipment, it was necessary to make the
initial transformation by hand. The referential and processed
images are shown in Fig. 5.

C ∈ {1,10, 50,100, 250,500} , γ ∈ {0, 2, 4, 6,8,10} . (3)
Parameter values leading to the optimal model settings
depend on input datasets, quality of the feature vector and
other consequences.

a)

IV. IMPLEMENTATION
A. 3D Slicer
The 3D Slicer is open-source software [7] designed for
tomographic image processing and visualization. It was
created by grouping more individual projects dealing with
image visualization, surgery navigation and graphical user
interface. The prototype of the software was presented in 1999
[A] at the Massachusetts Institute of Technology. Nowadays,
the Slicer is developed by professionals and even by large
community. The 3D Slicer core is based on standard MVC
(Model–View–Controller) architecture, which enable us to
extend it by custom specialized modules.

b)

c)

B. Module implementation
The designed segmentation module is divided into 3 parts
corresponding to image processing chain. The training data
section allows the user a) training datasets and b)
corresponding mask datasets selection. Further, it is important
to choose the slices of interest. User can select individual
slices or enter a range to select a compact volume. In the same
section the user has several features, which can be included to
the input training vector. The training section offers to the user
the classifier parameters settings and also switching between
one-step training or Grid search algorithm for parameters
optimization. The last section – predicting – allows to user
selecting the new image dataset to process by the trained
classifier.

Fig. 5. Datasets transformation, a) CT reference, b) original MR, c)
transformed MR

Final registration of images has been employed by means
of B-Spline module which is part of the 3D Slicer
environment. The Mutual information approach was selected
to control the optimization process. The result of spine
registration inside the area of three selected vertebras is shown
in Fig. 6.

The whole module is developed in Python and it is also
optimized for parallel processing by the BaggingClassifier [8]
utilizing the scikit-learn library to decrease time consumption
of the whole process.

Fig. 6. The result of B-Spline registration of all-modalities images;
reference CT (left), original MR (middle), registered MR (right)
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morphological operations, for instance binary dilatation or
closing.

B. CT&MR image segmentation
Within the project the CT, MRI–T1 without muscles,
MRI–T2 without muscles, MRI–T1 with muscles, and MRI–
T2 with muscles were segmented. The Grid search algorithm
implemented in scikit-learn was used to find the optimal
parameters of the classification model. For the optimal
settings of the SVM classifier, the Dice coefficient is
evaluated and the resultant prediction is shown. The Dice
coefficient is computed by means of definition:
D ( A, B ) =

2 ⋅ N TP
,
2 ⋅ N TP + N FP + N FN

CT

Predicted mask

Ground truth

T1 soft

Predicted mask

Ground truth

T2 soft
Fig. 8. Predicted masks

Predicted mask

Ground truth

(3)

where NTP is number of correctly classified positive pixels, NFP
is number of misclassified positive pixels, and NFN is number
of misclassified negative pixels.
Fig. 7 demonstrates the curve of Dice coefficient evolution
depending of γ a C parameters setting during the CT dataset
segmentation. In Table 3, the found optimal parameters values
of the SVM classification algorithm for all modalities are
shown.

C. 3D printing
To print the spine, the 3D Systems ZPrinter 650 was
employed. Each spine was printed and impregnated utilizing
two different materials (glue, wax). The Systems ZP150
powder (80 %) was used and it was reinforced by 20 % plastic
fillers to improve mechanical properties. In the first case the
synthetic paraffin, in the second case cyanoacrylate have been
used. The result of the printing is shown in the 0. The printing
of the model takes about 3 – 5 hours independently of the
number of vertebrae.

Fig. 7. Example of the Grid search algorithm result for CT image voxels
classification
TABLE III.
Modality
CT
T1 hard
T2 hard
T1 soft
T2 soft

OPTIMAL PARAMETERS AND THE DICE COEFFICIENT

Training
set
98782
161280
161280
54560
116500

Validation
set
51920
80640
80640
27280
58250

C
10
10
100
10
250

γ
0,5
1
1
2,5
2,5

Dice
0,980
0,948
0,967
0,910
0,917

The segmented images are introduced in Fig. 8. It is clear that
the best segmentation result was obtained by processing the
CT dataset also due to highest SNR and CNR measures.
Segmentation of MRI-T2 without soft tissues also gives
promising result because there is subjectively distinguishable
boundary between soft and hard tissues and even the
background. Segmentation of MRI-T1 images gives also
promising result but not so employable for further processing
in compare to other dataset. In the last mentioned binary
masks, the holes inside the closed positive areas, can be found.
However, these artifacts can be suppressed utilizing the basic

Fig. 9. A sample of the printed spine

Currently, the printed models are used during the surgery
as a three dimensional template of the real hard tissues
distribution in the affected area. Objectively, it increased the
doctor’s comfort during the surgery. Further step will be
creation of the numerical model to simulate the mechanical
forces before and after surgery which enable us to optimize
the surgery by minimizing the operation range needed to
balance the shape of the spine into a physiological state.
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research. Each letter of the alphabet is expressed by single
sign, contrary to some other alphabets, see e.g. work regarding
the recognition of arabic sign language alphabet using
polynomial classifiers [5], where the number of gestures for a
single letter can vary.

Abstract—The paper deals with the classification of images
of Czech sign language alphabet, single handed version in
particular, without diacritics. The classification is performed by
convolution neural network using TensorFlow computational
library. Network topology, data acquisition and automatic
labelling and obtained results are described in the paper. The
accuracy on the test data - captured images of a person not
previously seen by the network – was over 87%.

While it is possible to use traditional image processing
methods to obtain the features and use a classifier to
distinguish the particular letters based on the features, it is a
difficult task due to variations in hand position, orientation,
light conditions and different proportions of fingers / palm for
different gesturers, as illustrated in Fig. 1 and 2. As machine
learning and convolution neural networks (CNN) in particular
proved to be suitable for this kind of task, it was selected as
the classification method.

Keywords—Czech sign language, convolution neural network,
classification

I. INTRODUCTION
Sign language is the main mean of communication used
by hearing impaired. It exhibits all key properties of a natural
language with own grammar and lexicon [1]. While all sign
languages are based on manual articulations, the language
itself is not universal. Sign language is a natural language,
however, when a word needs to be borrowed from the spoken
language, it is spelled by letters, using so called manual
alphabet also known as fingerspelling. Use of fingerspelling is
common e.g. in spelling the names, words that do not have
specific sign yet, and during sign language teaching. This
paper introduces automatic classification of particular letters
of manual alphabet.

The paper is organized as follows: the training and testing
data acquisition is described in detail, followed by used CNN
topology description and obtained results analysis.

There are various methods proposed for both letters
detection / classification and the sign language signs detection,
commonly using special instrumentation such as
accelerometers on gloves/hands of the gesturer, see e.g. [2], or
3D sensing technology [3,4]. This paper is focused on using
monocular camera images as the only source of input, as it
reduces the instrumentation needs for the real-world
application, as e.g. camera equipped smartphone can be used
for both image acquiring and processing.

Fig. 1. Single hand sign for letter CH

This paper deals with the classification of single hand
Czech alphabet letters from static images. Czech alphabet has
certain differences compared to international sign language
alphabet, mainly by the presence of letter “CH”, that is unique
among alphabets. Examples of letter “CH” signed by different
signers are shown on Fig. 1. One can see that the shape of
fingers and hand position varies among gesturers to a large
extent. Apart from such variations, some gesturers randomly
reverse the orientation of the hand with certain letters
(typically letter Y), see examples in Fig. 2. This holds even for
the same gesturer during a single word fingerspelling.
Czech alphabet contains letters with diacritics (accents),
that are expressed by the motion of the hand shaped into letter
sign, however, diacritics are not considered in this study, as it
requires image sequence analysis and is a subject of further

Fig. 2. Single hand sign for letter Y. Note different palm orientation even
for the same gesturer

The results were obtained with institutional support RVO 61388998 of the
Institute of Thermomechanics AS CR v.v.i. and with support of Mobility
Plus Projects with Ministry of Science and Technology of AS CR, v.v.i.,
project no. MOST-20-06.
978-1-7281-5602-6/20/$31.00 ©2020 IEEE
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for Rectified Linear Unit function, Max stands for Maximum
Pooling, SoftMax is normalized exponential function and
Params indicates number of trainable parameters. The total
number of trainable parameters for given topology is 23505.
Surprisingly the single classification layer exhibited results
comparable to multi-layer classifiers.

II. MATERIALS AND METHODS
A. Convolution neural networks
Traditional image processing techniques are difficult to
use in given classification task due to vast possible variance in
hand and fingers physiology, position and image background.
On contrary, the deep learning techniques and convolution
neural networks in particular exhibit encouraging results in
this type of task and were therefore chosen as the approach
used.

TABLE I.
Layer

Depth

Fcn

Output

Params

Conv 3x3

12

ReLU

222x222

336

Max

111x111

ReLU

109x109

Max

54x54

Pool 2x2

Convolutional neural networks (CNN) are multilayer
perceptron type of deep neural networks that use convolution
on its initial layers in order to build and learn a set of filters to
recognize automatically the features in the input data.
Convolution layers are followed by common flatten fully
connected layer(s) that handles the classification itself.

Conv 3x3

12

Pool 2x2

B. Data acquisition and preprocessing
The data for network training and validation were acquired
from both hearing impaired persons and professional Czech
sign language interpreters. Only right-handed adult gesturers
in the age range 21-53 years recorded the images. Up to date
(summer 2020) the data from 31 persons were acquired, 17
females and 14 males.

1308

Conv 3x3

14

ReLU

52x52

1526

Conv 3x3

14

ReLU

50x50

1778

Max

25x25

Pool 2x2
Conv 3x3

18

ReLU

23x23

2286

Conv 3x3

18

ReLU

21x21

2934

Max

10x10

Pool 2x2

The images were acquired using custom written
application with automatic labeling. The application allows
the gesturer to see both the video feed of him/her self and the
letter to be signed, together with indication of data being
recorded. This way the images recorded are labelled
accordingly and error signs can be discluded from the data set.
Recording sessions were labeled by the initials of the
gesturers.

SELECTED NETWORK TOPOLOGY

Conv 3x3

22

ReLU

8x8

3586

Conv 3x3

22

ReLU

6x6

4378

Max

3x3

SoftMax

198

Pool 2x2
Full

27

5373

III. TRAINING PROCESS
Computations described in this paper were all performed
using TensorFlow library [6].

Recorded images were preprocessed using data
augmentation to generate larger training set. In particular the
translation in 8 directions, rotation in range of -3 to +3
degrees, uniform scaling and non-uniform scaling in both
vertical and horizontal direction. This way additional images
were made out of each source image. Augmentation was
performed prior to the training to speed up the process. Images
size was fixed to 224x224 pixels and 3 channels (RGB).

Network was trained using Adam - stochastic gradient
descent method that is based on adaptive estimation of firstorder and second-order moments [7], implemented in
TensorFlow package. In order to prevent overtraining the 50%
dropout [8] was applied together with L2 regularization.
All experiments were performed on AMD Ryzen based
PC with 16GB RAM running 64bit Windows 10 operating
system. Actual computations were performed on GeForce
RTX 2060 GPU with 8GB GDDR6.

Data were divided into training and validation sets in the
following way. One person was selected for the primary
validation set, therefore the data from that individual were not
included in the training set at all. This validation set is denoted
as PG. Two additional secondary validation sets were created
from the data of gesturers that were present in the training set,
but from a different recording session. This way the data in the
validation set have different background, lighting conditions
and recording angles than the data in the training set. All
validation sets contain only original nonaugmented images.
The secondary validation sets are of a hearing impaired person
with low quality images (denoted TZ) and of professional
interpreter with normal images quality (denoted MX). In total
595.256 images were used for training. Validation sets sizes
were 1.181 (PG), 681 (TZ) and 342 (MX).
C. Used CNN topology(s)
Number of topologies was tested, varying in both
convolution layers depths and size and fully connected
classification layer(s). The topology of the network further
presented is shown in Table 1., where Conv stands for
convolution layer, Pool stands for Pooling layer, ReLU stands

Fig. 3. The course of accuracy development during the training for both
training data set and all validation sets, denoted by the initials of gesturers.
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The test results for the MX data set (validation set of a
gesturer previously seen by the network) are shown in Fig. 7.
While the overall average success rate over all the letters to be
classified was high (92.1%), we can see that the variance in
classification among letters is higher. While 16 letters reached
perfect score of 100%, letters J and K exhibit much lower
score.

The course of training for the first 20 epochs is shown in
Fig. 3. Longer training did not lead to improvements in
validation set. One of the questions of our interest was whether
there are significant differences among gesturers. The overall
test results for training data set for particular gesturers at the
beginning and end of the training is shown in Fig. 4.

Fig. 6. Classification success rate for TZ test data set for particular letters.
Fig. 4. Test result for training data after first training epoch (top) and after
the training (bottom).

One can see that there are substantial differences between
particular gesturers at the beginning of the training, however,
during the training the differences are reduced and gesturers
features (male/female, natural/interpreter) are not
distinguishable.
IV. RESULTS
A. Overall test results
The test results for the PG data set (large validation set of
a gesturer not previously seen by the network) are shown in
Fig. 5. The average success rate over all letters to be classified
was 87.2%.
Fig. 7. Classification success rate for MX test data set for particular letters.

Fig. 5. Classification success rate for PG test data set for particular letters.

The test results for the TZ data set (validation set of a
gesturer previously seen by the network but of low quality
images) are shown in Fig. 6. The average success rate over all
letters to be classified was 79.3%.

Fig. 8. Classification success rate for MX train data set for particular letters.
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favorized (letter S in particular), it is clear that the uncertainty
is spread much more widely among the letters.

This behavior indicates that the role of the particular
gesturer is not important, contrary to image quality (see TZ
test results) and the precision of the actual letter signing.
B. Particular letters classification analysis
Classification results are different for some letters. In PG
data set the worst results are exhibited in letter N. We can take
a closer look at both the classification rate (which letters were
selected when image of letter N was presented to the network)
and cumulative probabilities (the normalized sum of network
output for all images of letter N), see Fig. 9. One can see that
both classifier and cumulative probabilities for
misclassifications are concentrated on letter M, whose sign is
very similar to N. While it is still an error, such concentrated
misclassification can be used in further processing of e.g.
fingerspelled word.

Fig. 11. Classification results for letter N in TZ dataset.

Fig. 9. Classification results for letter N in PG dataset.

Fig. 12. Classification results for letter M in TZ dataset.

Fig. 10. Classification results for letter M in PG dataset.

When corresponding data are shown for the M letter, there
is no such duality in result, see Fig. 10. Validation set TZ
exhibits similar results for N/M letter combination, see Fig.
11-12.

Fig. 13. Classification results for letter K in TZ dataset.

For TZ test data set the worst results were reached for
letters K and Z. The corresponding classification rate and
normalized cumulative probabilities are shown in Fig. 13 and
14. For letter K the results are similar to previously
misclassified letters – there are both high classification rate
and probability for another letter, R in particular. Results for
letter Z are a little bit different, mainly when looking at the
cumulative probabilities. While there is still another letter

MX data set exhibits the best overall average results,
however there are two letters with low classification rate: J
and K. Corresponding graphs are shown in Fig. 15-16. For
both of those letters we can see that the misclassification is
concentrated on one or two letters only.
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Result analysis shows several interesting conclusions. In
particular:
The sign of letter Y is classified successfully in spite
reverse hand orientation of some gesturers, both in training
and testing data sets.
The fact whether the gesturer is a natural hearing impaired
or professional interpreter does not play any role during the
training nor validation.
The majority of misclassifications is concentrated on a low
number of other letters. This fact can help significantly in the
use of classification on higher application level, for example
when building the system for detection of fingerspelled
words/sentences.
The future work will be focused on fine-tunig of CNN
architecture where we do not expect a substantial
improvement and mainly on the extension of training data set.
This might include nonadult gesturers as well. Another thing
that is to be considered is including left-handed gesturers.

Fig. 14. Classification results for letter Z in TZ dataset.

Natural extension of the work is to use trained network
together with a state estimator for decoding of fingerspelled
words and sentences and including diacritics. The later one
will require the processing of image sequences.
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V. CONCLUSIONS
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[9], contrast sensitivity [10] and field of view [10]. In the case
of a motor system, range of motion, strength, endurance and
coordination especially of upper and lower extremities with
regards to the requirements of handling the steering wheel,
gear lever and pedal controls, are evaluated [1].The
development of tools and procedures for evaluating driving
ability and consequently practicing driving skills are a crucial
step in the TBI rehabilitation process [6]. Within the cognitive
processing, the effort has been made mainly to evaluate the
influence of acquired brain damage on driving parameters,
which, however, are not standardized [1].

Abstract— The aim of the article is to describe the design of
a car simulator for clinical or rehabilitation facilities for patients
after acquired brain injury who are interested in returning to
driving a car. The article describes the HW and SW design. The
driving skills recording subsystem and the biotelemetry
subsystem is also described, as well as data evaluation methods
for determining the parameters of patients' driving skills
evaluation.
Keywords—car simulator,
biosignal processing

brain

injury,

rehabilitation,

I. INTRODUCTION

Cognitive test batteries predicting driving skills and
potential impairments are also used for evaluation of the
ability to drive a car [11]. These tests include, for example, the
evaluation of attention (e.g., the distribution of attention or the
ability to sustain attention) of visual search associated with
selective attention, ability to make decisions corresponding to
a given traffic situation and traffic regulations and planning
abilities [12].

Car driving requires the proper function of human sensory
systems with subsequent cognitive processing, which is
crucial for adequate motor response [1]. Loss of the ability to
drive a car negatively affect person´s independence and
quality of life [2]. Sustaining the ability to drive a car after
acquired brain injury prevents potential social isolation and it
also increases the chances of keeping a job [3].
Acquired brain injury can be of traumatic or non-traumatic
(tumor, infection, stroke) origin [4]. Traumatic brain injury
(TBI) can be caused by external mechanical forces that affect
neurological function [5]. TBI is a major cause of acquired
disability for people under 35 years of age and primarily
affects the motor and cognitive skills [6]. The falls and traffic
accidents are the first and the second leading cause of TBI,
respectively. [7]. The incidence of TBI in Europe is 262 cases
per 100,000 [7]. Although patients (n = 106) after TBI do not
report an increase in car accidents compared to pre-TBI, 20 %
report a higher involvement in crisis situations, 36.8 % report
driving time limitations, 40.6 % drive slower and 41.5 % have
difficulties with navigation [8].

Classical driving assessment (on-road and in-clinic
evaluations) has failed to demonstrate effectiveness to assess
fitness to drive in TBI individuals. Driving simulators
represents a promising way for driving assessment [13].
To verify this hypothesis, a hardware and software
extension of the car simulator was proposed and extended by
the use of standardized psychological tests (Trail Making Test
(TMT) Parts A & B, Stroop Test and Go/no go test.
II. METHODS AND MATERIALS
For the purpose of selection, screening and rehabilitation
of patients after acquired brain damage, a diagnostic and
rehabilitation tool in the form of a car simulator was designed.
The clinical requirements were:

Standardly evaluated parameters of the visual system are
visual acuity [9, 10], depth perception [9], color perception
This work was supported by the Technology Agency of the Czech Republic
TJ02000036: Back behind the Wheel - Diagnostic and rehabilitation tool for
people after brain injury.
978-1-7281-5602-6/20/$31.00 ©2020 IEEE
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1) Fulfillment of conditions for category 3 car simulator
according to Act No. 247/2000 of the Czech
Republic:

The HW part of the simulator also includes the
Thrustmaster TSSH Sparco handbrake, which is located on
the right side from the driver's point of view.

a) Computer-controlled simulator with the
possibility of active forward view, simulation of
basic driving characteristics and vehicle sounds,
simulation of forward and reverse drive on roads
with one or more lanes with horizontal and
vertical traffic signs together with simple traffic
interactions in different light modes with the
possibility of practicing crisis situations.

B. Software
The SW part of the simulator consists of an application for
traffic simulation. The advantage of this solution is the ability
to create own objects, map and scenarios, including individual
scenarios' triggers. The current position of the car is usually
used as a trigger.

2) Parallel synchronized recording of the position,
orientation, velocity, and other parameters of the
simulated car.

1) Driving in a parking lot (evaluation of basic car
control skills - starting, driving forward, turning,
shifting, etc.).

3) Parallel synchronized recording of selected biosignals
for the evaluation of the proband's physical and
mental condition (ECG, physical activity).

2) Highway (field of view testing, lane keeping ability,
ability to maintain speed, etc.).

Possible traffic simulations are:

3) Driving without traffic in the city (reaction to traffic
lights, ability to keep the lane when turning, etc.).

The complete car simulator system is shown in Fig. 1. The
system consists of: HW part of the simulator, SW part of the
simulator, system for measuring biotelemetry data and station
for evaluation of biometry data and data from the simulator.

4) Following the car (ability to maintain a safe distance).
5) Driving with traffic in the city (reactions to other cars
and the ability to comply with the traffic rules).
6)

Crisis situation (reaction time).

Fig. 2. Example of SW simulation
TABLE I.

MONITORED PARAMETERS OF THE SW PART OF THE
SIMULATOR

Unit

Range

Car position in X, Y, Z

m

Map size

Fig. 1. The complete car simulator system: HW a SW part of the simulator
(1), proband with sensors for measuring biotelemetry data, station for
evaluation of biometry data and data from the simulator (3)

Car orientation in X, Y, Z

°

0-360

Car speed

m·s-1

A. Hardware
The HW part of the simulator consists of a structure for
mounting three 32'' widescreen monitors. The main (center
monitor) is located perpendicular to the driver's position,
which is given by the Next Level Racing GT ultimate seat.
The side monitors are tilted at a 45° angle to the driver's
position. The seat can be adjusted horizontally and vertically,
ensuring an ideal position behind the steering wheel. The
construction for the seat displacement adjustment is connected
to the construction for mounting the monitors by using screws
with regard to possible separation for transport needs.

Engine RPM

rpm

Parameter

Steering wheel position

-

Accelerator pedal position

According to the
power setting
According to the
range setting
-1000-1000
0-1000

Brake pedal position

-

0-1000

Clutch pedal position

-

0-1000

Gear position

-

0-5 (0-6) + reverse

Status of other controls and
buttons

-

On/Off

The Go/No go test according to [14] was also included in
SW part of the simulator, see Fig. 3.

The Thrustmaster T500 RS GT steering wheel is firmly
fixed to the same construction as the seat. The advantage of
this steering wheel is a set of buttons that can be used for the
needs of individual scenarios. The steering wheel is further
complemented by wiper and turn signal controls.
The complete Thrustmaster T3PA-Pro pedal system
(accelerator, brake and clutch) is mounted on the structure
under the monitors.
The Thrustmaster TH8A gear lever, which is located on
the right side of the seat mounting structure, can be adjusted
to a given number of gears with regard to the type of car.

Fig. 3. Go/No go test

100

2020 19th International Conference on Mechatronics – Mechatronika (ME)

linear acceleration to a CSV file with posix times for
synchronization purposes. The evaluated parameter is, for
example, the resulting vector of linear acceleration
according to eq. (1):

C. System for measuring biotelemetry data
The biotelemetry data system allows the recording of the
ECG (electrocardiogram) with the synchronized recording of
the movement of the upper limbs.

=

• Systems for ECG

+

+

,

(1)

where:

Wireless 12-lead ECG EDAN SE-1515 DX12 PC with a
sampling frequency of 500 Hz is used for the needs of ECG
recording. For the purposes of measurement, Einthoven's
leads with the use of clip or standard Ag/AgCl electrodes, are
used.

– linear acceleration in the X axis.
– linear acceleration in the Y axis.
– linear acceleration in the Z axis.

• Motion tracking system

SW applications ECG EDAN SE-1515 allows storage in
DICOM format with posix timestamps, making it possible for
synchronization with other systems. Posix timestamps are also
used for data generated by the simulator software.

For the purpose of monitoring the movement of the upper
limbs, a pair of wireless 9-IMU units MbientLab
MetaMotionC placed in 3D printed case, is used. The case
uses velcro strips for the purpose of fixation on the dorsal side
of the wrist, see Fig. 4. These units allow recording on 8MB
NOR Flash memory and asynchronous data transfer in real
time to the station for evaluation of biometry data and data
from the simulator by using Bluetooth Low Energy (BLE).
The data provided by these units are shown in Tab. 2

Application with GUI for data recording and
synchronization was implemented in the MATLAB
environment. This application also allows the setting of
individual scenarios and the selection and timing of
appropriate instructional audio recordings, which are used to
guide the proband.
For evaluation of the physical and mental state of the
subject data from the above tools can be used. Time and
frequency domain evaluation methods and nonlinear analysis
methods are used. Methods of nonlinear analysis for data
evaluation include: recurrent quantification analysis [15], the
largest Lyapunov coefficient [16], Hurst exponent [17],
Detrended fluctuation analysis and Multiscale Poincaré plot
analysis [18] with density scatter function [19] with
calculation of SD1 and SD2 parameters [20]. The advantage
is easy implementation of these algorithms in the MATLAB
environment directly into the GUI.
III. RESULTS

Fig. 4. Detail of the location of the clip ECG electrode and motion tracking
system
TABLE II.
Parameter
Linear
acceleration in
X, Y, Z

MBIENTLAB METAMOTIONC DATA
Range

Resolution

Sampling frequency

± 2 g, ± 4 g,
± 8 g, ± 16 g

16 bits

up to 100 Hz stream,
up to 800 Hz log

Angular
acceleration in
X, Y, Z

±125 °/s,
±250 /s,
±500 °/s,
±1000 °/s,
±2000 °/s

16 bits

up to 100 Hz stream,
up to 800 Hz log

Temperature

-40 – 85 °C

0.01 °C

up to 50 Hz

Ilumination

0.01– 64k lux

16 bits

up to 50 Hz

Barometric
pressure

300 – 1100
hPa

0.01 hPa
(< 10 cm)

up to 50 Hz

Fig. 5. Distance from the ideal route

D. Station for evaluation of biometry data and data from
the simulator
The station for evaluation of biometry data and data from
the simulator is used for synchronization, recording, and
evaluation of measured data.

Fig. 6. Go/No go test evaluation

A console application in the .NET environment for
asynchronous transfer from MbientLab MetaMotionC units
was programmed. This application allows recording of a
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ECG recording using the EDAN SE-1515 DX12 PC is
trouble-free, but it must be controlled manually, as it is not
possible to run it via our GUI application. Another
disadvantage is the possibility of continuous recording for
only 30 minutes. Since the measurement itself consisting of
several scenarios takes about 45 minutes, it is necessary to
check the measurement time and start the second recording of
the ECG between the individual scenarios. Placing clip
electrodes on the wrist and ankle causes artifacts from muscle
activity. It is advisable to use standard Ag / AgCl electrodes
placed on the chest of the proband. An example of the
evaluation of a 40-minute recording using a Multiscale
Poincaré plot analysis is shown in Fig. 8. Parameters SD1
(length of the minor axis of the ellipse) and SD2 (length of the
minor axis of the ellipse) show the opposite dependence to the
scaling parameter.
V. CONCLUSION
The presented system of the driving simulator
demonstrated the ability for the selection and screening of
patients after brain injury. In a pilot measurement on healthy
subjects, the system demonstrated the ability to collect
synchronized biotelemetry and driving data. As part of the
further research, the system will be supplemented with the
possibility of monitoring eye movements using contactless
technology.

Fig. 7. Example of the upper limb linear acceleration resultant vector
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• missing introductory methodology for practical use,
etc.
The researchers aim was to introduce a system and
measurement procedure eliminating the shortcomings listed
above. The proposed system and methods may be used for the
evaluation of rehabilitation processes and in diagnostics of
health state with relatively low computer processing
utilization. This hardware architecture solution is designed to
use a third-party measurement software (in this case
OpenPose software combined with some extra utilities). The
main challenge of such software is that it uses algorithms that
are process intensive, especially in the feature extraction phase
(OpenPose phase). Therefore, the proposed solution includes
an object tracking algorithm, allowing the third-party
algorithm to extract features from fewer frames and
interpolate those points into the missing frames. This approach
allows the algorithm to focus on the measuring phase.

Abstract–The posture of body segments can be negatively
influenced by many diseases of the nervous, visual and
musculoskeletal systems. This article outlines a newly designed
system and related procedures to record and evaluate
anatomical body angles. The system is equipped with two
mutually calibrated cameras allowing the evaluation of body
movement in two anatomical planes. The hardware part of the
camera system and calibration method was designed for
practical use in clinical practice. Moreover, the proposed
camera system allows for the recording and evaluation of
motion data in a home environment or at a safe distance. It
enables non-invasive and non-contact measuring of body
segments and, therefore, can be used in distance rehabilitation
and distance diagnosing. The study also demonstrates the
hardware’s performance accelerator based on a human body
tracking algorithm. The device utilizes the third party
algorithms, such as OpenPose, for the extraction of major body
points from selected video frames. Any missing data points are
then interpolated through the proposed tracking algorithm.
This procedure results in an acceleration of the overall
hardware performance.

II. MATERIALS AND METHODS
A. Measuring Instruments
Although there are many types of MoCap systems,
physical rehabilitation needs one which allows visual
monitoring of the patient's physical activity. In this respect the
choice of systems is limited to one - equipped with a MoCap
camera. Clinical practice also requires a system that can be
easily used, which is currently not possible, as existing MoCap
camera systems are constructed for universal use.
Additionally, they are costly and have no customized software
meeting the requirements of clinical practice. The third aspect
which needs to be considered is the financial cost and low
weight of the MoCap system, intended to be used in a home
environment. None of the MoCap camera systems presently
offered commercially meets these requirements. For this
reason, a bespoke system along with the corresponding
guideline for its use had to be created.

Keywords–posture, body movements, joint angles, camera
calibration, distance medicine, OpenPose, tracking

I. INTRODUCTION
The objective of this research was to develop a system and
technique to easily measure body segment posture and
evaluate the results which can be performed in a clinical
setting or in the home environment. In clinical practice, the
motion capture (MoCap) system is presently used as a
standard approach to evaluating angles simply and quickly. In
a clinical application, however, there seems to be some
limitations especially when a majority of body segments are
to be measured distantly [1]. These shortcomings include:
• high cost of the system,
• missing clinical practice introduction,
• complicated to use the equipment,
978-1-7281-5602-6/20/$31.00 ©2020 IEEE
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50°C, storage temperature -30° to 60°C. The image capturing
and on-camera pre-processing can be controlled both
automatically and manually within the camera system.
The cameras are equipped with Fujinon 3 MP Varifocal
Lens (Fuji Photo Film Co., Ltd.) designed for use with indoor
security applications. The 3MP Varifocal Lens has a focal
length ranging from 3.8 to 13 mm and zoom capacity of 3.4x.
Equipped with a glass that offers low dispersion and a high
refractive index, the high-accuracy aspheric lens maximize
optical performance. Iris range of F1.4 and a 97° horizontal
angle of view at 3.8mm allow for manual operation of the
zoom, focus, and iris and is compatible with 1/2", 1/3", and
1/4" type image sensors. It is equipped with a C-type lens
metal mount.
Laser collimators are based on the Laser Level
ULTRALiner 360 4V Set (ADA Laser Tools Ltd.). Laser level
ULTRALiner 360 4V Set is designed for professional usage.
A special emitter projects a 360° horizontal beam. Four other
emitters project additional perpendicular vertical planes.
There are four laser crosses if switching on vertical lines. The
system is automatic self-levelling, but it is also possible to
switch to laser lines. For placement, the working range of the
system is 20 m, accuracy ± 0,2 mm/m and self-levelling range
is ± 3°.

Fig. 1. Setting of optical axes of two cameras and laser collimators
designed for the precise adjustment of the system.

To record complex spatial movements of the human body,
it is necessary to ensure that the movement is recorded by
more than one camera. The most commonly used anatomical
planes to assess body movement in rehabilitation are the
sagittal and frontal planes, [2]. To evaluate the movement of
the body on these planes, it is necessary to arrange the cameras
for the system properly. The proposed system, see Fig. 1, is
equipped with two cameras each placed on a tripod. The
cameras are calibrated by laser collimators using a certified
laser level. This complete system comprises of the following
devices:

The parallelism between the laser axis of the laser level
and the optical axis of the camera can be achieved by Camera
Calibration Toolbox in MatLab software and collimator.
Camera Calibration Toolbox enables the accurate detection of
the optical axes positions by scanning correction marks on a
mask/board, [3]. The software provides information on the
displacement and rotation of the optical axes of the cameras.
The information received is used to align the collimator axis
precisely with the optical axis of the camera. After the angle
of mutual rotation is identified, the angle is steadily and
mechanically removed by positioning screws.

The colour camera Blackfly S USB3 BFS-U3-13Y3C-C
type (FLIR Systems, Inc.) featuring: a resolution 1280 x 1024
pixels, frame rate 170 FPS, megapixels 1.3 MP, sensor format
1/2", pixel size 4.8μm, flash memory 6MB non-volatile
memory, interface USB 3.0. Operating temperature 0° to

The tripod of the laser collimator is based on the
professional tripod DSLR type (Digiant Ltd.). It has a 60180cm height range, 3-way flexible pan head with tilt and
swivel motion pivots up to 180 degrees, providing for 360degree rotation panoramas.

Start of
measurement

The first
measurement ?
No
Capturing of a
video of body
movement

Yes Checking the mutual
position of cameras
using collimators

B. System Calibration and Measurement
Respecting the system design, see Fig. 1, it is necessary to
ensure that standing and movement of a subject's body are in
such a way that the anatomical axes are parallel to the optical
axes of the cameras, [4], [5]. Measurement accuracy is
affected by the accuracy of the cameras’ calibration. The
problems with deviations of optical axes can be eliminated by
special hardware or computationally intensive software. In the
developed system, this function was carried out by laser
collimators. When the axes of cameras are on the axes of laser
level, the right position is signalled by the LED diode (the
laser beam is detected), [4], [5]. The certified laser level which
has laser emitters perpendicular to each other can ensure the
mutual perpendicularity of the optical axes of the cameras, see
Fig. 1.

Precise positioning
of the cameras using
collimators

Calculation of
the body
angles
Calculation of the
body movement
parameters

Once the mutual perpendicularity of the two system
cameras is confirmed and the position of the measured subject
is ensured in front of the camera lenses, the measuring can
start. The calibration and measurement procedure is shown in
Fig. 2. The cameras record movement along the frontal and

Display of results and
data storage in a
database

Fig. 2. Flowchart of clinical measurement by a new camera system.
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FR-CNN – is an improved R-CNN. The R-CNN uses
selective search to generate about 2K region proposals, i.e.
bounding boxes for image classification. Then, for each
bounding box, image classification is conducted through
CNN. Finally, each bounding box can be refined using
regression.
Next, in the prediction phase, the bounding boxes are
filtered to remove any ambiguity arising from the transition of
the objects. The Kalman filter is the most common method for
this purpose. The general form of the systems that Kalman
filter [8] targets at is denoted as:

Fig. 3. System architecture.

sagittal planes. Following this method, a patient can exercise
without being directly monitored by a therapist.
C. Data Processing and Data Transmission
Each video is then sent to a server for processing in
OpenPose software, see Fig. 3. The OpenPose software is
described in detail in [6]. The data obtained from the
coordinates of anatomical points in space and time, including
video recordings, are stored on a server. Subsequently,
anatomical angles between selected body segments are
determined using a custom-made application, designed and
created according to physiotherapists´ requirements. For
practical usage, the new application was designed to identify
the change of joint angles over time during the performance
of pre-selected exercises. A web application created during
this research for data collection and processing (see Fig. 3) is
based on an open source Apache server, MariaDB, PHP and
Nette Framework. Since the process of video analysis is too
time-consuming, it is not conducted in real-time. Here, two
processing approaches might help: the first is known as batch
jobs, the other as a tracking algorithm. The patient’s exercise
is captured with a camera and the data is sent to the server,
where it is processed and evaluated by OpenPose software
while using a deep neural network to extract skeleton joints.
Using batch jobs, the process would be carried out by the
server off-line, contrary to the tracking algorithm, where the
process is performed on-line as the video is streaming.

0,

(1)

0,
The variables are: the state - ; the disturbance input (or
control input) - ; ; the process noise - ; and the observation
at time - . (1) shows the following in order: the
noise process model to represent the state transition of the system;
the observation model to represent the change made when the
state is observed; the probability of noise distributions where
,
denotes a normal distribution with mean
and
variance . Finally, in the association process, the unique IDs
are annotated to the bounding boxes after the prediction
process, and corresponding boxes are associated with boxes
that are obtained in the next frame [9].
E. Tracking with Motion Vectors
Based on the Tracking-By-Reference method mentioned
above, the researchers propose their own framework - a
computationally efficient detection method for video streams
while applying MVs. The algorithm performs a CNN based
detection on the I-frame within each Group of Pictures (GOP)
to create a bounding box for each object in the frame.
Afterwards, the motion vectors are extracted from the encoded
frame, and interpolated to create the bounding box for the next
P-frame. At the end of each GOP, the Hungarian method (3)
is applied in the Tracking-By-Reference algorithm.

Tracking algorithm: The OpenPose software detects
human joint vertexes and can reduce body movements into
trajectories of the skeleton points set. This technique
substantially simplifies the movement’s description. It is
computationally extensive and restrictive in terms of Frames
Per second (FPS). The coded video Motion Vectors (MVs)
used during the experiments are, however, able to predict the
joints’ movement much more efficiently, since they can
reduce computational complexity and increase supported
frame rate.

The process is described in Fig. 4. It includes
Interpolation, Prediction and Association.
Interpolation – to accomplish the process efficiently. The
bounding box centre was moved to the next interpolated
centre
by a linear function depicted in Eq. (2). There ∝ is
a regularization parameter to control the effect of the MVs,
and are the numbers of the horizontal and vertical Macro
Blocks (MB) respectively, and
, is a MV corresponding

D. Tracking Method
Tracking-By-Detection is a popular approach to detect
objects. The process is divided into 3 steps: (1) Detection; (2)
Prediction; and (3) Association. In the detection phase, the
bounding boxes of the observed objects are generated from an
input frame. Various detectors are in use to accomplish it.
Here are some examples:
DPMv5 -uses a sliding window approach, where a filter is
applied in all positions and scales of an image. It is based on a
Dalal-Triggs detector that uses a single filter on the histogram
of oriented gradients (HOG) features to represent an object
category [7].

Fig. 4. Proposed object tracking using MVs [9].
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to each MB, associated with the bounding boxes in a preprocessed procedure.
∑ ∑

,

(2)
∙
Prediction and Association - for prediction and association
cases, simple and efficient methods were adopted. First, the
prediction process was implemented to identity
transformation without the addition of any noises.
Afterwards, in the association process the Hungarian method
depicted in Eq. (3) was used.
∙

1

|
|

,
∩
∪

|
|

Fig. 6. GUI of custom-made Physioprocessor application enabling video
storage with information about the subject and for sending information and
video to the server for processing.

(3)

all matching MVs applicable to their respective bounding
boxes. The matching algorithm then applies the bounding box
movement to its new location, detected by the interpolation
of MVs. This procedure is repeated over entire GOP and then
starts again.

represents the area of the bounding box . (3)
Where
provides Intersection over Union (IoU) of the two bounding
and
.The complete algorithm of the process is
boxes
depicted in a flowchart in Fig. 5. First, the frames from a
specific GOP are extracted. If it is an I-frame, CNN detects
objects in this specific frame. If it is not an I-frame, MVs are
extracted through the matching procedure, which identifies

In the custom-made application (called Physioprocessor),
the user logs into the application where the list of exercises
(see Fig 6) is offered. The user can add new exercise by filling
in the necessary parameters and uploading the recording of
their exercises. The user can also watch a video of exercise
being performed by a physiotherapist. Consequently, the
exercise is added into the queue for processing. The user is
notified about their processed results, and can then view the
data results.
III. APPLICATION OF CAMERA SYSTEM
The new system and software is designed for rehabilitation
and diagnostic use in clinical practice. The system cameras
record the movement of the subject's body in the frontal and
sagittal planes. To meet this need, a battery of tests has been
designed according to physiotherapists’ requirements. The
tests can be used for measurement by the proposed system.
The most important types of exercises and angles are those
corresponding to the following six movements for further
remote medicine application:
I. Full range movement of outstretched arm (sagittal plane
recording):
• neck flexion angle
• angle in the shoulder
• elbow angle
• upper trunk flexion angle
• knee angle
II. Full range arm rotation movement (frontal plane
recording):
• upper trunk lateral flexion angle
• angle in the shoulder
• shoulder inclination angle
• elbow angle
• knee angle
• ankle angle
III. Full backward leg extension movement (sagittal plane
recording):
• neck flexion angle
• upper trunk flexion angle
• knee angle
• shoulder inclination angle

Fig. 5: Algorithm flowchart of association process.
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IV. Lifting of the body from a chair (sagittal plane
recording):
• neck flexion angle
• upper trunk flexion angle
• elbow angle
• knee angle
• hip angle
• ankle angle
V. Full side leg lift (frontal plane recording):
• neck flexion angle
• shoulder inclination angle
• upper trunk flexion angle
• knee angle
• angle in the shoulder
• elbow angle
VI. The full trunk rotation movement (frontal plane
recording):
• upper trunk flexion angle
• shoulder inclination angle
• angle in the shoulder
• elbow angle
• knee angle
• thoracic tilt angle

stationary cameras, the proposed system offers complex
information about specific body movements, without the need
to use a complicated algorithm, e.g. to calculate the location.
Such an algorithm must be used in accelerometer systems
since it needs integration in the calculations when this
measurement is long. Another advantage is contactless motion
sensing, which an accelerometer, GPS or others do not allow
[10].

The most important body movement parameters calculated by
this system are:
• minimum angle of each joint angle,
• maximum angle of each joint angle,
• range of motion (maximum angle minus minimum
angle) of each joint angle.
The calculated parameters can be used for the evaluation of
exercises by an expert or expert system based on artificial
intelligence methods.

V. CONCLUSION

The use of camera systems under the proposed procedures
does have its limitations, but these can be addressed through
use since camera systems, especially the MoCap systems,
have been used in medicine for the longest time [11]. Of
course, it is possible to use different types of specific cameras
or camera systems. The applicability of the proposed method
is not affected by a particular type of camera. This system is,
however, based on two identical digital cameras and the
OpenPose software, which is sufficient for the determination
of the complex body movement in two anatomical planes and
in 3-D space, [12], [13]. Finally the real advantage, of the
system described in this article is that it is easy to determine
the anatomical, horizontal and axis angles and the physical
coordinate system as they are defined by the positions of the
cameras.

The special equipment and procedures described in this
article serves for digital recording and evaluating of recorded
movement data. The new equipment and measurement
method have been designed for application in distance
medicine, specifically in diagnostics. As the proposed system
is cheaper than more sophisticated MoCap systems, testing in
wider clinical practice is expected in the very near future.
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application of a stationary digital camera, the graphs can be
used for the calculation of the time of performing exercises,
body stability, etc.
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primary prerequisite for the selection of air defense members
in practice is their preparedness, [2]. Intensive research is
currently underway for the development of monitoring
methods for psychological readiness of air defense members,
[3]. Mental state identification helps to collect information to
increase overall safety, i.e. how to exclude the less-prepared
air defense members from the control or decision-making
processes, [4], [5]. Although several approaches to assessing
subjects’ psychological state using physiological data have
been tested in the past [6], [7], no optimal assessment based
on physiological data monitoring, has been established in line
with psychological practice approaches. None of the
appropriate assessments based on quantitative indicators of
mental states, as used in questionnaire assessment, correspond
with the methods utilized in psychological practice. Another
research question, which has not been answered yet, is
whether the two approaches (physiological measurements and
psychological questionnaire-based evaluations) lead to the
same conclusions. Furthermore, there are questions
concerning application in the specific military context,
whether the two evaluation approaches are interchangeable,
and if they can be applicable to the different types of air
defense professions, who perform tasks simultaneously during
a joint mission.

Abstract— This paper aims to evaluate psychological load
assessment methods in air defense members. The study is based
on physiological data monitoring and compares this method
with
traditional
questionnaire
evaluation
methods.
Measurement using a biotelemetric system was conducted while
training in flight simulators. A total of 28 subjects/soldiers were
divided into seven four-member teams consisting of two pilots,
an air traffic controller and a member of ground support.
Physiological data was collected and monitored for all subjects
during a mission flight operation. Calculations of the R-R
interval length and respiratory rate were performed for all
soldiers involved. Statistical analysis, i.e. the calculation of the
median, maximum, minimum, first quartile and third quartile
were used for physiological data presentation and the
quantitative evaluation of mental stress. These results were then
compared with results showing the subjective degree of
psychological stress load, as determined by the questionnaire
evaluation method. A simple rating scales repeatedly evaluated
by individual subjects were used to determine their subjective
level of mental stress before and after individual phases of the
training. The data for takeoff, landing, horizontal flight and fall
were evaluated and compared. Then the results for both
evaluation approaches (physiological data measurement and
questionnaire-based subjective evaluation) were compared.
Since the normal data distribution was not shown, statistical
evaluation was conducted through non-parametric tests. Based
on the calculated values of the physiological parameters
compared with the determined value of the questionnaire
method’s rating scale, it was found that with increasing mental
load determined by the subjective evaluation method, the length
of the R-R interval decreased and the respiratory rate increased.
These conclusions were consistent for different flight phases and
within the groups of pilots, air traffic controllers and ground
support members.

This study describes the methods used for assessing
psychological load in air defense members. The technique
described is focused on physiological data monitoring and
compares its results with the outcomes of the traditional
approach based on psychological questionnaire evaluation. It
will answer whether the results are identical for different
professions in the air defense of the country. The study will
further evaluate and compare three critical professions in air
defense: pilots, air traffic controllers and ground support.

Keywords— Physiological Data, Stress Load, Air Force,
Rating Scale, Questionnaire Evaluation

II. METHODS
In line with this study’s aims, methods to measure the
mental state of the air defense members, based on
physiological data have been designed which can then be
compared with the traditional, subjective questionnaire
evaluation. Such methods may provide data for measuring
emotional and physiological load in the performance

I. INTRODUCTION
The challenging task of recruiting suitable military
personnel, has led to advanced selection methods being
utilized. This is due to the complexity of technical systems and
missions performed by multidisciplinary teams, [1]. The

978-1-7281-5602-6/20/$31.00 ©2020 IEEE
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Biomedical Engineering, Czech Technical University, [9]. It
is a modular bio telemetric system for real-time monitoring,
see Fig.1 and consists of sensors for monitoring respiratory
rate and ECG (i.e. R-R interval), [5], [9].
Simulators for mission training are divided into: an
airplane cockpit for pilot training, an air traffic control
simulator for training air traffic controllers, and an airport
ground station simulator for ground support crew training. In
the case described here, two airplane cockpits, one air traffic
control simulator and one airport ground station simulator
were used. The core of all simulators for military personnel
training was Prepar3D® simulation and training simulation
software (Lockheed Martin CP, Orlando, USA) which relies
on 64-bit architecture, [2].
The data from both systems were synchronized with the
trainer's commands and the physiological activity and
working activity was recorded by both techniques. The
systems collected data at a sampling rate of 1Hz [2].

A.

C. Measuring procedure
Twenty-eight subjects were divided into seven, fourmember teams. Before each measurement, four portable
systems for monitoring physiological data were placed on the
soldiers’ trunks in accordance with [3], [9], see Fig.1.
Then, the simulators were used for training on a military
mission. The instructor proposed a list of tasks to be
performed by all team members. The basic tasks performed
were: takeoff, landing, horizontal flight and fall. The data was
recorded and stored for the follow-up evaluation.
A questionnaire method was used to evaluate mental states
subjectively. The Beck Anxiety Inventory (BAI) [10],
extended by a set of stress-load related questions were used to
record a subjective evaluation of the experienced anxiety and
degree of stress load rated on a 5-point Likert scale (from 1 no load to 5 - high load). For mental state evaluation, including
related changes caused by stress, each participant completed
the questionnaire three times (I - before the experiment, II after completing the 1st training and III - after completing the
2nd training).

B
Fig. 1. Modular sensing unit (A) and its applications for measuring
physiological (B).

assessment of air defense members, [8]. The methods
developed are based on direct and indirect measurements of
the mental state of the air defense members, i.e. pilot, air
traffic controller and ground support crew.

D. Data Processing
The R-R interval length and respiratory rates for all
subjects were calculated. The data for takeoff, landing,
horizontal flight and fall were extracted and compared with
the results obtained by the questionnaire evaluation method.
Data for 60-second sections were included in the evaluation,
with only the start and end phases removed. This procedure
was performed by a custom-designed MatLab program based
on the functions of the MatLab software (MatLab R2010b,
Mathworks, Inc., Natick, MA, USA), [2].

A. Participants
Twenty-eight subjects (aged 21.1 (SD 2.2)) were selected
for the experiment [2]. The subjects were chosen from the
cadets/students of the University of Defense (Czech Armed
Forces). The students are all prospective members of air forces
and their future occupational positions are expected to be the
same positions (pilot, air traffic controller or ground support
crew) as their positions determined during the experiment.
They all met the minimum required experience in piloting
aircraft in an attempt to display more pronounced changes in
their mental state for study purposes. Soldiers were subjected
to diagnostic evaluation focused on their detailed medical
history, a neurologic examination, and routine laboratory
testing [2]. The study was performed following the Helsinki
Declaration, and its protocol was approved by the local Ethics
Committee of the Faculty of Biomedical Engineering of the
Czech Technical University (CTU). All the subjects
underwent measuring on the same days [2].

E. Statistical Analysis
Standard statistical evaluation methods were used to
evaluate the data in this study. The parameters determined by
the statistical evaluation methods include the median,
maximum, minimum, first quartile and third quartile. The
Shapiro-Wilk test tested normality. In addition, the MannWhitney-Wilcoxon test was employed to compare the median
values. The significance level was set at p=0.05. Statistical
analysis of data was performed using the MatLab software.

B. Measurement Equipment
The FlexiGuar system employed in monitoring
physiological data has been developed by the Faculty of
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was also noticed between the values of
physiological parameters for the same
subjective stress levels but different
phases of flight. The evaluation was
performed for both physiological
parameters (R-R interval length and
respiratory rate), but separately for
individual groups of pilots, air traffic
controllers and ground support crew.
The evaluation of particular groups is
depicted through a box plot, see Fig.2.
Based on the calculated values of
physiological parameters compared
with the determined value of the
subjective rating scale of the
questionnaire method, it was found that
with increasing mental load reported
based on subjective evaluation, the
length of the R-R interval decreases and
the respiratory rate increases. These
conclusions hold true for different flight
phases and for individual groups of
pilots, air traffic controllers and ground
support.
IV.

DISCUSSION

The measurement method based on
physiological parameters was well
applied to individual categories of
professions as well as the individuals.
The physiological findings validated the
data from the subjective psychological
evaluation; however, our results pointed
out some limitations of the traditional
questionnaire methods. For example, the
psychological results revealed a
complete lack of rating classification on
level 4 (medium-high load), which the
subjects failed to use in their subjective
assessment, while they could easily
identify stress-load on a level 3 (medium
load) or level 5 (high load) pre or post
simulation training. Importantly, data
from physiological measurements
demonstrated stress-load differences
also in case the subjective evaluation
failed to show any mental state changes.
These findings indicate that the
physiological measurement is more
precise and sensitive than the subjective
evaluation method. On the other hand,
our study confirmed that it is possible to apply physiological
measurement data as a form of continuous stress assessment,
and simultaneously evaluate individual’s mental state based
on subjective ratings using the traditional questionnaire
method applied before and after the measured interval.
Conversely, an expert system could be developed to convert
physiological data values to stress values on the rating scale
of the questionnaire method. This would allow for greater
comparisons in complex missions, as well as exploring
individual and team dynamics for assessment.

Fig. 2. Relationship between R-R intervals and subjective stress levels.

III. RESULTS
The results obtained by physiological data monitoring
were compared with the results of the questionnaire evaluation
of the subjectively experienced mental stress (only
questionnaire items directly evaluating the stress-related
changes were selected for the purpose of this analysis). The
results revealed the relationship between physiological
parameters and subjectively evaluated stress levels. Since the
normal data distribution was not shown, the non-parametric
test was selected for statistical evaluation.
The Wilcoxon test showed a statistically significant
difference between the values of physiological parameters for
different subjective stress levels measured for the same
subject(s). Furthermore, a statistically significant difference

V. CONCLUSION
The preliminary findings described in this study
demonstrate the ability of the proposed method to identify
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differences in the mental state of team members of the air
force during training. The technique can be used for mental
state quantification of the air force team members. The
proposed methods and findings may be used for assessing the
readiness of air defense members while using expert systems
in addition to traditional questionnaire based evaluation
method. Moreover, physiological evaluation would allow
determining the current mental stress-load without the
potential risk that some individuals will try to hide the
experienced stress in the subjective evaluation.
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increases, albeit at the expense of a higher complexity of the
solution of the given task, including the achievement of
convergence in the process [2].

Abstract—The paper discusses experimental measurement,
simulation, validation, and reconstruction of complex
admittivity, with all of the steps performed by utilizing electrical
impedance tomography. After a brief introduction, the main
aspects of the research are characterized, including the principle
of the forward problem, in which the complete electrode model
is embedded; the basics of the inverse problem, comprising an
objective function solved with the Gauss-Newton method; and
the impact of the objective function`s regularization. The 8electrode measuring configuration and the simulation
environment are described in detail, as they facilitate the
reconstruction process. The experiment-related portion of the
paper outlines the measured voltages and phases for the
homogeneous and inhomogeneous admittivity distribution
inside the tomograph. Based on the measurement results, we
reconstructed the image of the real and imaginary parts of the
admittivity, using the EIDORS library to support the
procedure. The obtained components were evaluated and
compared with the actual position of the inserted object. The
final images show that the determinability of the inhomogeneity
position has generally improved through exploiting the real part
of the complex admittivity; simultaneously, however, the
stability of the imaginary part has visibly decreased.

EIT finds use in multiple, diverse fields of science and
technology, such as biomedicine, material engineering,
chemistry, and geophysical mapping. Within the last
mentioned province, the method is employed for subsoil
monitoring [3], soil research, and the survey of watercourses
and reservoir bottom [4]. A suitable example of the
techniques’s applicability consists in the research on
reconstruction exploiting special fluids to improve the
localization and detectability of inhomogeneities. The
experiment discussed herein was carried out in a rectangular
vessel containing clay in sand, in which we monitored the
impact exerted by saturation on the reconstruction of the
conductivity [5]. Another EIT research stream focuses on the
design and development of measuring methods within
measurement strategies to maximize the number of individual
measuring cycles: More independent cycles enable us to
obtain more data concerning complex admittivity distribution
[6]. Similarly to electrical impedance spectroscopy, EIT is
also utilized to evaluate permafrost, namely, its current status,
ability to absorb groundwater, and active layer [7].
Furthermore, ERT (a technique derived from EIT) finds
experimental application in volcano monitoring to predict
accurately the formation of vents and parasitic craters or,
possibly, structural disruption around the main crater. In this
context, Lesparre et al. evaluated the subsurface activity of a
volcano via a reconstructed resistivity image obtained from
measured voltage values [8].

Keywords—Electrical Impedance Tomography, complex
admittivity, admittivity reconstruction

I. INTRODUCTION
Electrical impedance tomography (EIT) is, similarly to
magnetic resonance tomography, computer tomography (CT),
and ultrasonic sensing, a non-destructive method for imaging
inhomogeneities or anomalies inside an investigated object.
EIT facilitates effective acquisition of information on
conductivity and permittivity distribution in an examined
object or medium. This paper discusses the reconstruction of
conductivity and permittivity inside a cylindrical model; in the
proposed procedure, the real and the imaginary admittivity
components were reconstructed via a differential algorithm
from the EIDORS library, with the result being an image of
the difference between complex admittivity distributions
obtained by means of two consecutive measuring cycles [1].

The experiment outlined within this paper was performed
as a part of a project centered on various sectors of
geophysical mapping with the aim to reconstruct the rock and
soil bottom of reservoirs. To implement our portion of the
investigation, we set up a relevant laboratory model and
executed basic measurement of a water bath with a graduated
cylinder. After refinement of the entire system, soil and clay
will be inserted in the tomograph, and their positions and
complex admittivity will be localized and determined.

Principally, EIT reconstructs complex admittivity
distribution from voltages measured on the surface of a
tomograph. The investigated system is first excited by
alternating current, which is then transferred to a system with
unknown admittivity distribution by using electrodes placed
equidistantly on the surface of the object. The voltage on the
remaining electrodes is measured according to the preselected technique. The number of exciting and measuring
electrodes fundamentally influences the detectability of
inhomogeneities: with more electrodes, the spatial resolution

978-1-7281-5602-6/20/$31.00 ©2020 IEEE

II. MATHEMATICAL DESCRIPTION
An EIT image reconstruction process generally comprises
two main elements: the forward and the inverse problem. The
forward task is solved via methods based on partial differential
equations, whose mathematical model exploits the Laplace
equation; this then characterizes the electric potential
distribution inside an object and assumes the form
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∇ ( (σ + iωε )∇ϕ ) = ∇ ( γ ∇ϕ ) = 0 ,

consists in minimizing the convenient objective function. This
is often achieved by using iterative algorithms, which exploit
the method of least squares. One of the most widely favored
approaches is to search for the minimum of the objective
function completed with a Tikhonov regularization term,
using the Gauss-Newton iteration method. With the quadratic
norm, the regularized objective function can be written as

(1)

where σ is conductivity, ω is angular frequency, ε is
permittivity, γ is complex admittivity and φ denotes scalar
potential [9].
The solution of the Laplace equation must satisfy the
conditions at the boundary of the object. To minimize effects
such as noise or error of the method, we have to describe the
boundary as closely as possible. At present, the most precise
physical characterization of the boundary conditions is
provided by the complete electrode model, utilizing the
following equations:

γ

El

∂ϕ
dE l = I l for l = 1, 2,..., L ,
∂n

∂ϕ
ϕ + zl γ
= U l on E l , l = 1, 2,..., L ,
∂n

γ

∂ϕ
= 0 on Γ \ ∪lL=1 E l ,
∂n

Ψ (γ) =

(2)

(3)

The regularization term leads to an increased stability of
the solution. Besides Tikhonov regularization, other relevant
techniques are available, such as NOSER (Newton‘s One Step
Error Reconstructor) and total variation.

(4)

Utilizing the Euler-Lagrange equation, it is possible to derive
from the objective function (6) the formula to predict
unknown admittivity [12]. We then have

γ i +1 = γ i + ( J iT J i + α R T R ) ⋅
−1

⋅  J iT ( U M − U FEM ( γ ) ) − α R T Rγ i 

,

(7)

where γi+1 is the new approximation of the desired admittivity,
and J denotes the Jacobi matrix expressing the sensitivity of
the electrical potentials of the given element of the
discretization mesh [10][13].

Equations (2), (3), and (4) define the current flowing into
the measured object through the electrode surface, and the
computational procedure also includes the effect of the
transient impedance between the electrode and the measured
object. This characterization corresponds to the condition
where - due to, for example, insufficient contact - a thin layer
having an increased resistivity may form between the
electrode and the investigated medium, resulting in voltage
loss at the boundary separating the electrode and the material.

III. ANALYSIS TOOLS
This chapter presents the simulation environment
EIDORS, which reconstructs the complex. The second part of
the chapter then briefly characterizes the design of a physical
model for evaluating electrical properties of soil and outlines
the principle of measuring the voltage and phase shift on the
model’s electrodes.

The forward problem determines the voltage value on the
electrodes at the boundary of the domain if the admittivity
distribution is known. The problem is consistent with a
physical model allowing a stable and clear solution. In the
computation, we use numerical methods based on
discretization of the domain, which is divided into partial
components (the finite element and finite difference methods).
The partial differential equations are approximated via the
Taylor polynomial [10]. After discretizing the electric
potential from the Laplace equation (1), we obtain the
following formula:

e

(6)

where Ψ(γ) is the objective function, γ denotes the admittivity
vector, UM represents the vector of voltages measured on the
surface, UFEM(γ) is the vector of voltages obtained via the
forward solution, α denotes the regularization parameter, and
R stands for the regularization matrix [11][12].

where γ is the complex admittivity, φ denotes the potential
inside the domain Ω, n is the normal to the surface of the
domain Γ, El represents the electrode, l stands for the index of
the electrode, L denotes the number of electrodes, Il is the
excitation current on the electrodes, Ul represents the voltage
measured on the electrodes, and zl is the impedance at the
boundary between the electrode and the measured medium 0.

ϕ =  ϕe , nWe , n ,

2
1
2
 U M − U FEM (γ ) + α Rγ ,
2 ne

A. Simulation intruments
The measured values were reconstructed with the
EIDORS tool box, namely, a universal library for
reconstructing tomographically obtained data. The library,
executable in Matlab or Octave, contains algorithms to
compute the forward solution by exploiting the finite element
method and to solve inverse problems via differential or
iterative techniques (including, for instance, the GaussNewton iteration, conjugate gradient, and Kalman filter-based
dynamic imaging methods) and regularizations (such as the
Tikhonov, Laplace, and NOSER procedures). EIDORS is
compatible with mesh generators enabling domain
discretization, such as distmesh, GMSH, and Netgen.
Functionally, the library also allows the user to set a strategy
for the excitation and measurement that involve selected
electrodes of the domain.

(5)

n

where φ is the electric potential, φe,n denotes the electric
potential in the nodal points of the mesh, and We,n represents
the approximating linear basis function [10].

B. Physical Model
To enable the measurement, we prepared a cylindershaped polyvinyl chloride physical model (Fig. 1).

The inverse problem seeks to reconstruct the admittivity
distribution inside the domain from the voltage on the electrodes. In general terms, the problem is usually nonlinear and
remains solvable only with difficulty. Principally, the solution
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The circuit diagram indicates the tomograph‘s feeding and
measuring sections, which are galvanically separated. The
impedances Z12 and Z34 denote, in the investigated medium,
the impedance between the physical model and the electrodes
1-2 and 3-4. The feeding portion of the circuit comprises a
function generator with a voltage output, which is connected
to the tomograph’s excitation electrodes via a shunt resistor
ZB = 10 Ω. To the resistor ZB, a voltmeter and differential
amplifier with the channel A of the oscilloscope are
connected. The voltmeter enables us to control the AC current
value from the source. The differential amplifier and the
oscilloscope facilitate the measurement of the phase shift of
the harmonic signal between the feeding and the measuring
sections.
The measuring section consists of the impedance Z34, a
voltmeter, and a differential amplifier with the oscilloscope
channel B; these components are connected in parallel. The
voltmeter indicates the voltage value between a given pair of
electrodes; the differential amplifier with the oscilloscope
scan the harmonic signal to measure the phase shift for the
admittivity evaluation.
IV. EXPERIMENT
The present chapter summarizes the parameters of the
applied measuring devices; discusses the results obtained
from the sequence of voltages measured on the electrodes;
characterizes the phase shift of the excitation current in
relation to the voltages on the electrodes of the physical
model; and shows images of reconstructed admittivity,
comparing the values measured in the physical model with the
real position.

Fig. 1. The physical model to evaluate electrical properties of soil.

The image of the model shows the electrodes of the
tomograph, distributed equidistantly around the device’s
perimeter at three height levels. The individual electrode
planes are located at 13.6, 21.7, and 29.7 cm above the bottom.
Each level comprises 16 electrodes formed from stainless steel
bolts, connected with conducting leads via a screw terminal.
The diameter of the tomograph equals 19 cm, and the total
height is 35.5 cm.

A. Types and parameters of the measuring devices
To excite the physical model with a harmonic signal and
to measure the electrical voltages and phase shifts, we used
the following equipment:

C. Voltage and phase shift measurement
The complex admittivity inside the tomograph was
experimentally measured by utilizing a purpose-made circuit
diagram, Fig. 2.

AC

•

• An Keysight 34450A 5½ digit multimeter
o Input impedance 1 MΩ ± 2 % + 100 pF
o Frequency measurement between 20 Hz and
100 kHz
o AC measurement accuracy of 0.2 % from the
measured value + 0.1 % of the range

Z12

ZB

Z34

V

V

kU

kU

Channel A

Channel B

An Agilent 33220A function waveform generator
o Voltage range between 10 mVpp and 10 Vpp
o Voltage uncertainty ± 1 % of range + 1 mVpp
o Frequency resolution 1 µHz
o Frequency range 1 µHz to 20 MHz

• An Agilent DSO-X 3014A four channel oscilloscope
o Sampling frequency 4 GSa/s
o Cut-off frequency 100 MHz
o Horizontal resolution 2.5 ps
o Measurement accuracy (2 % + 0.5 %) of the
range
o Input impedance 1 MΩ ± 1 % + 14 pF.

B. Measuring the physical model
The tomographic measurement was performed with only
one level of electrodes, using 8 electrodes in total. The
excitation and measurement relied on the ASP (Adjacent
Stimulation Pattern). Such a configuration then enabled us to
conduct 40 measurements. This subchapter presents the
measured values of the voltage and phase shift between the
signal read on the ZB and the impedance found in the

Oscilloscope
Fig. 2. The circuit diagram characterizing the voltage and phase shift
measurement in the tomograph.
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tomograph. The converted excitation current IB equalled
2.008 mA at 1007 Hz.
The measured voltages in the tomograph with an inserted
homogeneous water bath exhibit a variance of values under
excitation at the given accuracy of the electrodes‘ positions
and contact impedances between an electrode and the
measured medium. This variance is most apparent in the local
maxima, where the voltage values on neighboring electrodes
range between 34 mV and 36 mV, Fig. 3 and Fig. 4.
U [mV]
35
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Fig. 5. The tomograph with the graduated cylinder inserted.

10

The voltages and phase shift between the excitation
current and the voltage measured on the tomograph’s
electrodes when the graduated cylinder surrounded by the
water bath was inside are shown in Fig. 6 and Fig. 7.
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Fig. 3. The voltages measured at the electrodes of the physical model, with
a homogeneous water bath inserted.

Fig. 6. The voltage measured on the electrodes of the physical model with
the water bath and the graduated cylinder configuration.
Fig. 4. The phase shift values acquired at the electrodes of the physical
model, with a homogeneous water bath inserted.

The pattern of the values measured along the perimeter
corresponds to the assumption, namely, voltage loss
decreasing in relation to increasing distance and, thus,
growing impedance. The phase shift of the generated and
measured signal rose with increasing distance up to the band
between 2.6° and 3.2°; such a variation had been caused by
the magnitude of the measured voltage, which in this sector
ranged around 10 mV, while the resolving capability of the
oscilloscope corresponded to 1 mV.
At the following stage of the experiment, a graduated
cylinder was inserted in the tomograph to generate an
impedance inhomogeneity having a predefined shape (Fig. 5).
Fig. 7. The phase shift measured on the electrodes of the physical model
with the water bath and graduated cylinder configuration.

The visualized data show an inhomogeneity between the
3rd and the 6th electrode; in this region, compared to the water
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bath measurement, we detected a step increase in the
measured voltage values in the range from 40 mV to 47 mV.
Changes in the voltage values are observable in the other
electrodes too; more concretely, such variations relate to the
voltage pattern shape, which is not exponential (for example,
the 38th measured voltage value). The measured phase shift
does not indicate substantial differences between the
homogeneous and non-homogeneous instances of the
medium. In both of these cases, the phase values are within
the range of 0 - 3°, which probably results from the phase
noise and measurement uncertainty.
The outcome of the measuring procedure indicates that a
non-conductive object placed inside the tomograph increases
the voltage value measured in the electrodes located closest to
the inhomogeneity; at the same time, however, there also
appears a decrease in the phase shift.

C. Admittivity reconstruction
To reconstruct the admittivity, we generated a mesh
with 17,708 elements via the Netgen tool. The resulting model
includes mesh refinement, potentially leading towards more
accurate admittivity distribution around the electrodes. The
actual reconstruction accuracy is given by the fineness of the
resolution of the electric field values in the vicinity of the
electrodes. The real and imaginary admittivity components
were reconstructed via minimization of the objective function,
completed with a Tikhonov regularization term by using the
Gauss-Newton method.

Fig. 9. The cross-sectional image of the difference between the
reconstructed real admittivity component inside the physical model.

Fig. 10. The distribution of the difference between the reconstructed
imaginary admittivity component inside the physical model.

Fig. 8. The distribution of the difference between the reconstructed real
admittivity component inside the physical model.

The cross-section image of the real component indicates
an inhomogeneity in the region around the coordinates -0.01;
0.04 (Fig. 8, Fig. 9). The reconstructed inhomogeneity enables
us to estimate the radius of the inserted object, with the
approximate value being 2 cm; compared to the conductivity
of the water (46.4 mS/m, measured by using a TDS
conductometer), the cylinder is non-conductive. The threedimensional cross-section defines the vertical expansion of
the object; the related distortion was expectable, considering
the fact that the 3D reconstruction procedure utilized only one
level of electrodes and that the object extends beyond the
scanning plane.

Fig. 11. The cross-sectional image of the difference between the
reconstructed imaginary admittivity component inside the physical model.
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In the imaginary component (Fig. 10), the threedimensional cross-section resembles that characterizing the
real component; this case, too, exhibits major vertical
expansion caused by the presetting of the experiment. In view
of the results of the reconstruction procedure, the object can
be described as being weakly capacitive (see the red band).
Furthermore, the three-dimensional cross-section contains
weakly inductive areas, represented vividly by the blue
patterns in Fig. 11; these elements are originated from the
measurement error. The resulting cross-section through the
applied level of electrodes localizes the capacitive region of
the inserted object between the coordinates 0.03; -0.04
to -0.06; -0.04; in terms of the shape and position, the
capacitive region does not entirely match the inserted cylinder.
This error was most probably due to two factors, namely, the
small difference between the phase values during the
measurement of the homogeneous and nonhomogeneous
variants of the medium and the graduated cylinder, which acts
as an insulator.

The methodology for determining the real and the
imaginary admittivity components inside the examined
medium requires more complex measurement of the voltage
on the surface, arising from the necessity to establish the
relevant phase shift in relation to the excitation current. To
define the admittivity phase shift, we thus have to separate the
exciting and the measuring parts.

The reconstructed comprehensive admittivity images were
evaluated in terms of the location of the inhomogeneity in the
real sample; the evaluation was performed by using the
Jaccard index and the mean absolute value defined in the
section through the electrode level. In the specific
conductivity, the Jaccard index and mean square error values
equalled 0.8498 and 1902.5, respectively, while the imaginary
component admittivity corresponded to 0.5837; 8994.7.
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component has a major impact on determining the position
and its approximate size. By comparison, the imaginary
component does not possess such a property, meaning that it
lacks the capability of informing reliably on the position of the
inserted object; such a deficiency follows from several
prominent factors, including, above all, the excitation current
frequency and the difference between the conductivity of the
homogeneous medium and that of the inserted cylinder. These
facts then cause the phase between the excitation current and
the measured voltage to be virtually unmeasurable, meaning
that the reconstruction of the imaginary phase becomes a very
problematic task. The localization accuracy was evaluated by
the Jaccard similarity index and the mean square error. In the
real component, we obtained the similarity of 0.8498 at the
quadratic error of 1902.5, while the imaginary one exhibited
the Jaccard index and quadratic error values of 0.5837 and
8994.7, respectively. With the reconstructed image, the
inhomogeneity was successfully localized at coordinates
0.01; -0.04, the diameter being 2 cm.
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Artificial life research is often performed in small,
government funded labs and as such the cost of acquisition is
a limiting factor. Hence, the cost is the second challenge of
the robot design. The approach using robot design based on
open-source software and hardware provide technically
feasible methods to create low-cost, highly customized
scientific research equipment. Open-source 3D printers have
proven useful for manufacturing scientific tools. Therefore,
an open-source 3D printer has improved to become a highly
flexible scientific platform. Here an automated robot using
improved open-source 3D motion control platform is
presented that has the ability to perform scientific
applications. The approach using SCARA (SelectiveCompliance-Articulated Robot Arms) such as a robot
phenoSeeder [1] improves the handling of individual seeds of
very different sizes and is suitable for jobs that require
flexibility and speed. They have predefined ratings of
accuracy that makes it easy to define their repeatability of
movement. It means that the robots lock their owners into one
level of accuracy at the time of purchase, which makes
SCARA rather expensive. The robot in our research used the
approach using Cartesian style for better precision, ease of
programming and lower cost.

Abstract—An automated seed dispensing robot is a useful
tool to save time with manual work in bio-laboratories for more
efficiency, but it is not yet popular because of the cost and the
fact that some of the functions are complex and redundant. In
order to address these issues, the paper presents the design of an
automated handling robot to dispense seeds in the biolaboratory based on a modified 3D printer frame with an
additional axis and sensors. The robot was equipped with
additional sensors and functionalities for control and
monitoring. Seeds are picked up and dropped accurately by a
vacuum tool mounted on the mobile carriage of the robot’s
frame. The pick-up process is guided by a seed detector sensor.
Moreover, an additional needle length sensor combines with the
distance sensor to detect the released distance for an accurate
position. In the experiments, we investigate runtimes, the
archive accuracy and describe the modular design of the robot
to show that the prototype is well sufficient to distribute
accurately small seeds to the dish.
Keywords—Intelligent
Micropump, Microvalves.

robots,

Intelligent

sensors,

I. INTRODUCTION
The seed has an important role in the inheritability of the
next generation and is the key to the distribution and
evolution of a high-level plant. Knowledge has been gathered
by bio-laboratories and researchers around the world.
Automated handling robots were used in the bio-laboratory
from 1957, which were large and expensive. However, it is a
useful tool to save time with manual work for more
efficiency. Moreover, it also uses automatic monitoring and
logging of the results. However, it is not yet popular with
laboratories in the world because of the challenges. The first
challenge is connected to all the functions required of the
laboratory. One of the most time-consuming tasks for
researchers is to dispense the seeds manually. The manual
dispensing work is one of the useful functions required of the
robot in the bio-laboratories to save time because it is not
worth the time of the researcher. Various kinds of seeds in the
bio-laboratory include a variety of length, volume, mass,
weight, shape of the seed. Popular seeds in the bio laboratory
have open-source gene maps such as Zea Mays, Hordeum,
Petunia Hybrida, Arabidopsis Thaliana. In the pass, Zea
Mays was used widely in a lot of the bio-laboratory which
has big size, shape of seeds like smooth round. Nowadays,
Arabidopsis Thaliana is one of the most popular seeds in the
laboratory in the world with an open source gene map, with
an average diameter of about 0.5 mm, weighing 20-30
µg/seed when dried, while the Solanum Lycoperium only
weighs 3 mg/seed. The challenge for the automatic robot is
to work with the various shapes, sizes and weights of seeds.

978-1-7281-5602-6/20/$31.00 ©2020 IEEE

II. IMPLEMENTATION
A. Overview
We describe the general concept of the system which
enables picking and placing the seed from the test tubes to the
Petri dish. As mentioned, the key to the mechanical robot
design is based on the 3D printer frame structure with
additional parts. The design allows to build a fast prototype
to evaluate the performance of the robot. We built the robot
from off-the-shelf components and where possible used
components made of ABS (Acrylonitrile Butadiene Styrene)
plastic material. Nema17 step motors were used for motion
on the axes X-Y1-Y2-Z and the controller was based on
Arduino to control the movement on the axes of the robot.
The robot consists of a plastic structural frame, electronics
and software for HMI (Human Machine Interface). The frame
is made of ABS plastic profiles and the device can have a
work area 250x250x50mm, which can be extended. The
actuation module of the robot contains a head, which can
move in a horizontal plane using a micro pump and needle
for sucking and releasing seeds. We will describe the
operation of the robot in more detail by the implementation
of the modules. User prepared seeds in the test tube for the
initial operation and after that process, the header is mounted
on the Z axis as the robot moves to the selected test tube for
sucking the seeds. The header is moved down to the position
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where σ is the charge density of the surface, ε0 and ε are the
air’s and the plane’s dielectric constants respectively and d is
the object diameter.

beyond the test tube, sucks the seed, moves up and goes to
the position of the seed detector sensor to monitor the suction
process. An overview of the system is described in Fig. 1.

The Van der Waals force Fvdw is an intermolecular force
caused by momentary movements of electrons. The
following equation demonstrates the relation between the
force and the Hamaker constant H, the object diameter d and
the object-plane distance z.
Fvdw =

H .d
12.z 2

(2)

The capillary force Fcap appears from a liquid film
between the objects, that normally originates from the air’s
humidity. The graph n Fig. 2 shows that capillary force Fcap
is bigger than gravity force when the object is small. The
relationship can be expressed as the following equation:
Fcap = π .d .γ

(3)

With d is the diameter of the contact surface between the seed
and the needle, γ is the surface tension force.
Fig. 1. Mechanical frame of the robot.

If the header sucks the seed successfully, the header is
controlled to move down to the close-up position on the
surface of the dish to release the seed, but if the process is not
successful, the header is moved back the test tube position to
repeat suction again until the seed is sucked by the vacuum
force or time out.
In microbiology, very sensitive living seeds are handled
by the suction force. However, to handle the micro-parts, the
gripping force of the suction from the vacuum tool is not only
because of the bigger gravity force. In papers [2] and [3], the
adhesive force is used directly to grip the small objects. The
adhesive force is usually divided into three major
components: electrostatic attraction, Van der Waals force and
capillary force as shown in the demonstration in Fig. 2.

Fig. 3. Forces acting onto the object during suction operations.

The major forces acting on the small seeds were in contact
with both the substrate and objects: the gravity force Fg and
the adhesion force on the substrate Fad. The necessary
conditions to realize suction operations can be derived by the
combined forces acting on the objects:
Fsuc > Fg + Fad

For the release operation, the simple condition is that the
suction force of the vacuum tool be cancelled by turning off
the micro pump.

Fig. 2. Main components of adhesion force [3].

B. Driver and controller
In order to create a low-cost prototype, we built the robot
from off-the-shelf components and, where possible, used
components used by the open-source 3D printer community
and therefore readily available. For instance, we used
Nema17 motors for actuation and Arduino based electronics
for controlling the robot. This was to lower the production
time and to improve the quality of the produced components

Electrostatic attraction Fel is the Coulomb forces between
electrically charged objects. The force Fel between a charged
object and an uncharged plane can be quantified by [4].
Fel =

π ε − ε0 2 2
.
.d .σ
4ε 0 ε + ε 0

(4)

(1)
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without the seed at the tip is enough to change the position of
the shadow screen.

in comparison with the elements produced through a steel
frame. However, the prototype will not achieve as high
accuracy as the metal frame. Specifically, the Arduino
MEGA2560 with the shield RAMPS v1.4 was used to feed a
cheap electronics platform to build on, but perhaps more
importantly, allows us to build on existing open-source
software. A good feature of the electronics design was the
number of wires between components as low as possible to
avoid interference between parts in the system and to give the
robot a clean look. In order to do this, the actuation tool
includes a micro pump which is connected to a removable
needle and mounted on the head Z for the suction of seeds. A
circuit board was designed to route power, the controller and
the communication parts to the other modules on the top side
of the robot.

Fig. 5. Algorithm for additional fourth endpoint sensor.

It means that status of the sensor was changed to show
whether the seed was sucked successfully or not. The model
of sensor circuit is demonstrated in the Fig. 6.

Fig. 4. General model of system.

The Marlin-based firmware on the first Arduino is an
extended version of Marlin, firmware used to control opensource 3D printers. The head Z that is mounted on the
actuation is controlled directly using the functionality that
Marlin provides. The use of Marlin is also useful as it is our
research to improve an extruder module, which can be a
modified mechanism to bring the rack of test tubes as the
additional fourth axis Y2. The rack moves along the Y2 axis
to feed the seed. The additional fourth endpoint sensor is a
mechanical or optical switch to detect status of Y2 axis for
identifying the initial position. The second Arduino controls
the movement on the Y2 motor for detecting the initial
position by an interrupt from the fourth endpoint sensor.

Fig. 6. Seed detector sensor.

The flow chart of firmware on the second Arduino is briefly
outlined in the following description:

C. Sensors
As has been mentioned, the rack of test tubes is controlled
by the motor of the additional axis Y2. To identify the initial
position, the second Arduino uses the algorithm, as described
in Fig. 5. The second micro-controller also uses the additional
sensor to detect the suction process. The approach using a
sensor to monitor the success of the suction process has
advantages such as simplicity, accurate time-keeping,
simplicity, relatively low in cost. In short, the sensor system,
which is based on a slotted optical switch, is screened by the
shadow screen. The screen is made of light-weight and
flexible material such as a section of aluminium foil, etc.
When the needle sucks the seed at the tip, its suction force on
the surface of the shadow screen is not enough to change the
status of the sensor. However, the suction of the needle

Fig. 7. Algorithm of seed detector sensor.

The seed detector sensor works as a closed-loop control to
ensure the performance of the seed suction. This solution is
simpler than the solution using a camera and image
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processing [5] but it is also reliable. The Fig. 8 demonstrates
the real picture of the sensor:

III. PRECISION AND PERFORMANCE
In this part of the paper, we demonstrate below a careful
investigation of the precision and performance of the robot.
Firstly, our research evaluated the parameter speed. An
important parameter to perform experiments is the
implementation speed of the robot because the experiments
in the laboratory could take a long time. However, in the
practical application, the speed of the robot should be faster
than the speed of a human. Hence, the test consisted of
movements on each axis, increasing its acceleration and
maximum speed until the robot makes an error. It means that
the maximum speed of the robot is when the position of the
robot is not accurate after some movements. In fact, the speed
of movement on the axis Y2 containing the rack of test tubes
was not evaluated because the rack does not need high speed.
Table I. demonstrated the results of the tests and shows that
they are significantly higher than the expected accuracy

Fig. 8. Seed detector sensor.

TABLE I.

The seed in the above experiment is about ten times
bigger than the Arabidopsis Thaliana seed. As is mentioned,
the Arabidopsis Thaliana seed is a popular object in
biotechnology. The shape of the Arabidopsis Thaliana dry
seed is almost a prolate spheroid. The seed also is also small
and light. The suitable force was calculated in the above
equations. The real test with this kind of seed is important and
Fig. 9 shows the tested results using a microscope.

SPEED AND ACCELERATION TESTS

Axis

X

Y1

Z

Max speed (mm/s)

160

160

220

Acceleration (mm/s2)

2500

2500

220

Secondly, the accuracy of position using the ISO standard
9283:1998 was tested. The head of the robot was modified to
hold a test probe. The probe was positioned so that an end
effector to the laser pointer dot is projected across the room
onto the opposite wall about 3 meters away. The red diode
laser works as the optical sensor to detect accurately the
distance from the head Z to the dish. The optical lever
magnifies the steps for accurate readings. In the test, the robot
moved to the initial position or zero position. Then, the robot
moved one axis sequentially to three different positions and
the real position of the probe was measured. This step was
repeated 10 times at half the max speed. The accuracy was
calculated by comparing the real value with the average value
of 10 measurements. The results are shown in Table II.
TABLE II.
0

12.5

25

37.5

50

X (mm)

0.12

0.1

0.01

-0.08

-0.1

Y1 (mm)

0.18

0.07

-0.05

-0.09

-0.12

Z (mm)

0.2

0.23

0.32

0.48

0.31

Position (mm)

Fig. 9. Real test with the suction of an Arabidopsis Thaliana seed.

D. Software
The software includes two parts: HMI software on the
host’s side and firmware on the robot’s side. The purpose of
the HMI software provides the end-user with a GUI (Graphic
User Interface) manual control interface to the robot. The
firmware on the first Arduino is a modified version of the
Marlin firmware used in open-source 3D printers and the
firmware on the second Arduino implement above algorithms
to control the motion of the robot and signal processing from
sensors. A keypad to control directly the instrument was
connected to the second microcontroller. On the host side, the
chosen language, Python, was implemented on the platform
Raspberry Pi with the Linux operating system for its
simplicity. This is a feature that has saved a significant
amount of development time. The interface gives the user
access to moving the robot head Z and to moving the
actuation module. Moreover, it exhibits visually the status of
the seed suction and release process.

ACCURACY OF AXES OF MOTION

The accuracy of testing results shows the impression
when the main material of the robot is made of ABS plastic
and structure is based on the popular 3D printer machine.
IV. CONCLUSION
At the time the paper was presented, the robot was based
on the improved open-source 3D platform as a low-cost
instrumental ecosystem for bio-laboratories. It was
developed for the automatic process as above, but there are
still possibilities for improvement and extension because of
its modular design. There are many future approaches such
as improving the delivery system for multi-seed or adding
image processing for colour and pattern recognition, etc.
Moreover, the robot also can be used for a large number of
applications, such as the automated handling of liquid
handling for gripping micro-objects. Thus, the robot’s design
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provides a versatile and low cost way of carrying out research
in multiple fields. However, the tested data shows that the
positioning performance of robot is not perfect in some highprecision applications. This can be improved by making the
structure of metal because issues caused by the mechanical
error will be reduced.
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simplicity of its execution due to filtering of surgeon's tremor
and the usefulness of the robot system for the operation.
The aim of this article is to compare three methods of the
soft tissue surgery. The adopted measures for the evaluation
of operations from the mechanics point of view are: tool path
lengths, treatment time and tool speeds.
Researchers in many research centers have conducted
some studies in this area. For example, in work [1], robotic
and classical techniques were assessed by parameters, such
as: treatment time, tool path length and tool orientation. The
kinematic values were obtained by using a system of two
cameras.
In work [2], displacement hodographs were analyzed and
the force generated by the needle during artificial tissue
suturing was measured. Systems with tactile feedback and the
da Vinci robot were used. In work [3], a system
of electromagnetic sensors and an optical system were used
to analyze redundancy in medical robots during orientationpositioning tasks. In work [4], the movement of endoscopic
tools after passing through the trocar was analyzed in terms
of parameters, such as: time, trajectory length, speed value,
acceleration, and smoothness of movement of both hands.
The experiment of optical analysis of the kinematics
of a surgical operation with the usage of a camera, with
an innovative method without the use of reflective markers,
was carried out in work [5]. Surgeons' speeds
and accelerations during classical tissue stapling were
assessed.
The optical system was used to track the position of the
medical robot's operating tools in work [6].
The 3D SMA system was used to determine the trajectory
of robotic endoscopic tools. Passive markers were attached
to a laparoscopic instrument [7].
The following work [8] presented the EVA system for
examining the kinematics of endoscopic instruments by using
the optical method. The basic kinematic parameters of tools
were determined. Spatial tool path charts were also
introduced.
The results of the optical system usage were obtained
in this study, which expand the current state of knowledge,
constitute a scientific value in the field of obtaining the
kinematic values of operating tools and the surgeon's
biokinematic chain during the three types of operations. It is
therefore stated that surgical operations are scientifically
recognized by the optical method. This approach enables
a more scientifically effective selection of a surgical method
for emerging diseases and preoperative planning. The effects

Abstract: It is significant to analyze how long the treatments
with the usage of a medical robot, classical or endoscopic
instrumentation last. Moreover, it is important to determine the
velocity, acceleration and length of the path. This gives
an overview of the basic parameters of the operation
and enables preoperative planning. The proposed approach
makes it possible to evaluate the technical abilities of the
surgeon during the suturing operation in an objective manner
by specifying quantitative mechanical values, such as: time
of the operation, length of the path, and the speed, which are
required to achieve proper performance of the procedure.
A system of synchronized motion detectors was used in the
form of digital cameras with a CCD matrix. The cardiac
surgeon's movements were recorded at a frequency above 30
Hz. The APAS system was applied for kinematic analysis.
Mechanical quantities and phenomena were determined based
on FDM and analytical geometry.
The results section demonstrates the trajectories of various
operational activities. Times of classical, endoscopic operations
and the usage of a medical robot were also assigned. The results
are presented in spatial charts.
Information about the duration of individual operations was
received. Speeds and joints trajectory provide a view on the
cardiac surgeon's mobility for various types of surgeries.
Keywords: surgical operation, optical experiment, motion
analysis, trajectory

I. INTRODUCTION
Many life-threatening diseases can be treated surgically.
Operations can be performed on soft tissue with a variety
of techniques in the thorax, urology, neurosurgery, oncology,
during transplantation, in dentistry, etc. Soft tissue surgery
techniques are divided methodically into invasive and
minimally invasive. In this article, classical, endoscopic and
medical robot techniques will be described. Each of these
techniques uses a different type of a tool. Advantages and
disadvantages can be given for each of these operations.
The classic operation is performed by a surgeon
in a simple way due to the open operating field. Operational
tools are not expensive. However, postoperative scars are
large, which can cause a dangerous infection. The endoscopic
technique requires also expensive tools. Operations are
difficult for a surgeon to perform. In contrast, postoperative
scars are relatively small. The use of medical robots enables
the use of endoscopic tools, which makes the scars small but
the cost of the operation is high. An important advantage of
the operation with the usage of a medical robot is the
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of work are also the extortions based on the data on
kinematics of endoscopic tools and classic tools for the
transient dynamics model of innovative medical robot, which
will enable the development of a regulators model for
subsequent degrees of freedom.
II. MATERIALS AND METHODS
In vitro studies on the animal preparation, i.e. pig’s heart
and chicken’s tissue, were performed by using the classic
surgical needles, tweezers, scalpels, endoscopic instruments
and the Robin Heart surgical robot. The animal preparation
was placed on the operating table, which is used during the
operations in hospitals. In some experiments, a robot with an
endoscopic camera played a crucial role. Then the surgeon
observed the experiment on the monitor. The trocars were
simulated with spherical joints, removing the number
of degrees of freedom from the tools appropriate for the
actual operation.
Figure 1 shows a pig's heart used in these experiments.

Fig.4 Suturing operation using standard tools and hands placed close to the
body

The third and fourth operations consisted of pulling the
needle through the tissue with endoscopic instruments. In the
first case the trocar was parallel to the operating table and in
the second, it was inclined at an angle. Figure 5 presents the
surgeon operating with two endoscopic instruments through
trocar, inclined at an angle to the operating table.

Fig.1 Pig’s heart

Fig.5 Suturing operation using endoscopic tools and trocar leaned towards
the operating table

Figure 2 presents the endoscopic instrument used in the
conducted experiments, with four degrees of freedom after
passing through the trocar, with which the surgeon operated
the tissue.

The fifth operation was performed with a motion sensor
and a medical robot named Robin Heart.
Figure 6 shows a surgeon using two endoscopic
instruments and a Robin Heart Vision robot acting as an
endoscopic camera. During the operation, the surgeon
observed the operation on the monitor.

Fig.2 Endoscopic tool (tweezers)

Five experimental surgeries were performed with the
FRK team to pull a needle through the tissue. The
methodology of the experiment was described in work [9].
The first and second operations were performed with
a classic tool for two positions, i.e. hands adjacent to the body
and hands supported on armrests.
Figure 4 shows the surgeon holding the classic
instruments and the biokinematic chain is marked. Reflective
markers were placed in the joints.

Fig.6 Operation using the medical robot Robin Heart Vision. Surgeon and
markers determining the biokinematic chain

Surgery on animal preparation was performed by an
experienced surgeon, an employee of the ŚCCHS. Several
experiments were carried out at the FRK Biocybernetics
Laboratory.
To obtain the trajectory of tools, measuring equipment
was used in the form of cameras with a CCD matrix with
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=

a sampling frequency sufficient for the needs of the
experiment (on the basis of research it was found that the
frequency above 30 Hz is correct). Figure 7 shows a diagram
of an experiment using the optical method. The displacement
signal was obtained by the position of the reflective marker.
Markers were attached to the operating instruments, the
surgeon's upper limb joints and the head. Marker
displacement analysis was performed in the APAS system.
Smoothing of the displacement signal was applied in order to
get rid of random component.
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where: -rotational acceleration.
From an operational point of view with the usage of
a medical robot and the structure of its kinematic chain, the
spherical movement of the endoscopic tool can be
decomposed into two rotational movements, whose angular
speeds correspond to the angular speeds of the robot's
and . These are the speeds of the first and
mechanism
second degree of freedom of the medical robot tool.

Fig.7 Measurement diagram with the optical method

ω1

Based on the displacement, the values of successive
kinematic quantities were obtained by the finite difference
method [10,11,12].

ω2
Fig. 9 The velocities of a medical robot in motion consisting of two
rotational movements

A. Kinematics of endoscopic tools
The kinematics of endoscopic tools is related to the
imposed bonds that deprive the freedom of tool’s movement,
i.e. trocars in the outer shells of the body. The basic
movements performed by the tools are translational and
spherical movements. The movements of the endoscopic
instruments during surgery were a combination of these two
basic movements. Figure 8 shows a diagram of the spherical
movement of the surgical end.
.
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Fig.10 Acceleration of a medical robot in motion consisting of two
rotational movements
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The component values of the acceleration vector can be
obtained from the following formula:
=

The component values of the velocity vector are:
−
−

,
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The values of kinematic parameters obtained on the basis
of equations (1-10) should be summed up in vector with the
kinematic parameters of the translational motion. The
kinematics of the endoscopic and robotic endoscopic tools are
then obtained.

Fig. 8 Spherical movement of the operational end

=
=

×
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III. RESULTS

Displacement Z [cm]

Figures 11, 12, and 13 show the displacements of the
endoscopic instrument during the operation of suturing the
heart tissue. As expected, the trocar displacement plots are
constant functions. The displacement of thoracoscopic tools
is characterized by ascending-descending functions without
sudden slopes.

Fig. 14 Suturing the tissue with an endoscope, using the right hand
with the trocar inclined towards the operating table

Fig. 11 The displacement of the endoscopic tool along the X axis

Fig. 15 Suturing the tissue with an endoscope, using the right hand
with the trocar parallel to the operating table
Fig. 12 The displacement of the endoscopic tool along the Y axis

In the case of suturing the tissue with classic tools,
complicated paths can be seen in Figure 16. The length of this
path was 34.37cm. When hands were on the armrests, the
path length was shorter and amounted to 12.82cm.
The operation time was 3.37s and 5.2s respectively.

Fig. 13 The displacement of the endoscopic tool along the Z axis

On the basis of the displacement diagrams by the finite
difference method, diagrams of subsequent kinematic
quantities were obtained, i.e. velocity, accelerations, jerks
of tools and the surgeon's biokinematic chain.
Figures 14 and 15 show an operation of pulling a needle
through the tissue by using two endoscopic instruments. The
path in the case of trocars inclined to the operating table was
more complicated and longer (18.4 cm) than the path where
the trocars were parallel to the operating table (11.41 cm).
The duration of the operation in the first case was 5.6s and in
the second 4.93s.
Fig. 16 Suturing the tissue with a classic tool, using right hand, arms
placed adjacent to the body
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Fig. 17 Suturing the tissue with a classic tool, using the right hand,
arms placed on the armrests

Fig. 21 Suturing the tissue with classical tool, using the right hand,
arms adjacent to the body

When the operation was performed with a medical robot,
the path was the least complicated. Its length was 10.56 cm.
The operation time was 3.6 seconds.

Fig. 18 Trajectory of the motion controller during the suturing
operation

Fig. 22 Suturing the tissue with a classical tool, using the right hand,
arms placed on the armrests

Figures 19 to 23 show the velocity waveforms
for individual operations. The highest speed was recorded for
the operation of suturing with a classic tool with the arms
adjacent to the body.

Velocity of the medical robot

Velocity [cm/s]

Medical robot

Time [s]

Fig. 23 Speed of the motion controller during suturing operation

The speeds of suturing with the use of endoscopic tools
were comparable to those of suturing with the use of a motion
controller and a medical robot.
Figure 24 shows the kinematic parameters of the cardiac
surgeon's biokinematic chain.

Fig. 19 Suturing the tissue with an endoscope, using the right hand, with
the trocar inclined towards the operating table

Fig. 20 Suturing the tissue with an endoscope, using the right hand,
with the trocar parallel to the operating table
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and for the surgeon's deformable biokinematic chain, which
has certainly been proven by many experiments. Using the
finite difference method, reliable values of derivatives after
the trajectory time are obtained.
The program for calculating the trajectory based on the
information of the marker’s position in time can be written on
the basis of elementary matrix transformations or relatively
expensive commercial software can be used. To conduct this
experiment, at least 2 optical sensors with CCD matrices
(sometimes one) and an image processing program are
needed. It was found that the frequency of the CCD matrix
for this type of research has to be 30 Hz.
The disadvantage of using an optical system is the
possibility of a temporary disappearance of the marker in the
optics of the CCD sensor. This is the reason of the
discontinuity of the trajectory. The disadvantage can be
effectively eliminated by interpolating the discontinuities
with parabolic polynomials. Another disadvantage of the
optical system is the need to use cameras with high sampling
rates for signals with amplitude changes at relatively small
intervals.
To be correct with the trajectory, it is important to filter
the random component from a discrete signal about the
marker displacement, which follows with the correct
amplitudes of the kinematic quantities resulting from the
finite difference operator approximating the derivative after
the time.
An alternative to the optical system is the usage of contact
measuring systems for displacement of endoscopic tools with
built-in encoders in the joints of consecutive degrees of
freedom. Such systems are based on a mechanical structure
consisting of links systems.
The information about the position of the endoscopic
medical robot tool can be obtained on the basis of information
from the encoders in its connectors.
Another alternative to an optical system is the usage
of accelerometric sensors and the three axis IMU gyroscope.
By integrating the acceleration signal, it is possible to obtain
values of velocities and displacements with their usage
[13,14]. Systems based on IMU do not have the optical
system defect related to the temporary disappearance of the
marker in the CCD matrix. However, they also have some
disadvantages in the usage [15]. OTS systems are also used
to obtain information about the position of surgical
instruments [15, 16, 17].
On the basis of biometric experiments, it is possible
to develop a research method that can be used in the cycle
of research on the structure of a medical robot as well
as classical and endoscopic tools. The idea is to identify
kinematic quantities in terms of quantity and quality from
a variety of surgical procedures. Determining their
mechanics after developing appropriate questionnaires may
be used to determine the correctness of the surgical technique
and be helpful for doctors who want to objectively assess
their skills. Such surveys are planned to be developed.
There is an opinion that conducting research with
an optical system in minimally invasive and classical surgery
is justified, which is confirmed, firstly, by research threads in
many academic centers around the world, as well as the
research presented in this article.
It is of great importance to obtain information about
displacements of the surgeon's biokinematic chain in building

Fig. 24 Displacement of the surgeon’s instrument and joints during
surgery with an endoscopic instruments

On their basis, the ranges of motion in the joints during
particular types of operations can be determined. The
obtained data also enables the analysis of ergonomics during
various operating techniques.
IV. DISCUSSION
In an experimental way, it is possible to show how the
surgical technique is performed in an objective way, so it is
possible to show how experienced a surgeon is while
performing a classic, minimally invasive and robotic
procedure. The surgeon's experience can be demonstrated by
analyzing such quantities as: the time of the operation, length
and complication of the trajectory (number of relapses of the
tool, direction of relapses, trajectory smoothness, volume of
the working space), speed, acceleration, and jerks of the tool.
The time of the operation and the length of the trajectory are
particularly important due to the simplicity of the assessment.
Based on such data, the surgeon can improve his technique.
The author expresses the view that the time parameters and
trajectory lengths are easy to analyze for the surgeon as they
do not require the use of a mathematical apparatus for their
assessment. It is similar with the speeds of the tool and the
biokinematic chain. Physical quantities related with
accelerations and jerks are much more difficult for quick
assessment. The first says a lot about the dynamics of the
operation, the second states whether some jerks will occur
in the tested system, which results into smoothness of the
tool’s trajectory. Jerks occur when the acceleration waveform
is not a constant value.
The community of surgeons is of the opinion that
the method presented in this article is useful in assessing their
ability to properly perform a surgical operation.
The optical method is an effective experimental technique
for obtaining a reliable trajectory for rigid instruments, robots
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[2]

an energy model that enables the analysis of surgeon's effort
during various forms of surgery. The aim is to build a model
that is useful in the opinion of doctors who perform surgical
operations.
Subsequent researches using the optical system will aim
to obtain results from a larger research group of surgeons
to confirm the correct tendencies of movement in the given
surgical procedures.

[3]

[4]

V. CONCLUSIONS
[5]

The experiment of a soft tissue surgery has been
conducted and the optical method specified the kinematic
quantities which were essential for comparing classical,
endoscopic and robotic surgery.
The path lengths, operation times and speeds of the
operating tool were considered to be important for the
purposes of preoperative planning. The sense of this is that
on the basis of kinematic quantities, an objective assessment
of the surgical operation can be made. The obtained courses
of kinematic values were analyzed and assessed.
The longest path during the operation of pushing the
tissue with a needle was obtained during the suturing with
a classic tool, when hands were close to the body.
The shortest path was obtained during the suturing
operation with the medical robot, Robin Heart. The procedure
time was also relatively short during surgery with a medical
robot.
The obtained kinematic parameters of the biokinematic
chain enabled to make conclusions about the ergonomics of
the surgeon during individual operations.
An important result of this work was the specification
of values that allows the surgeon's experience to be
determined by providing quantitative kinematic parameters.
Particular weight and value were assumed for the parameters
of time and trajectory length enabling the determination
of the surgeon's technical skills.
An equally important element of the work was the
definition of mathematical formulas enabling the calculation
of the kinematic sizes of endoscopic tools and the conversion
of the kinematic quantities of endoscopic tools into the
kinematic quantities of the kinematic chain of the medical
robot. In this way, it is possible to transfer the kinematics of
endoscopic surgery to the kinematics of a medical robot and
study its dynamics under the influence of emerging inputs. It
is also stated that the scope of using the optical method in
kinematic research of medical operations is very wide.

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]
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Route guidance takes information from V2X
communication into account in order to plan the route,
considering necessary charging or refuelling stops with regard
to available infrastructure. These charging and refuelling stops
have a direct influence on the energy management, as this
could empty the corresponding energy storage device more
strongly before charging or refuelling in order to be able to
store as much energy as possible and thus have it available for
the onward journey.

Abstract—This paper presents the design of a predictive
energy management (pEEM) for an automated electric vehicle
with fuel cell range extender in connected traffics systems. An
essential task of the pEEM is the optimization of the power
supply by a controlled power distribution to battery and fuel cell
for the entire journey to minimize energy losses considering
restrictions by operating limits or available energy. To solve this
optimization problem, a nonlinear model predictive control
structure is designed, since it considers the future system
behavior on the one hand and is excellently suited for the
integration of constraints or restrictions on the other hand. This
control structure consists of several model predictive controllers
(MPC), which cover different time horizons with different
sampling times in a time cascaded structure. This structure
reduces the accuracy of time periods far in the future, which are
subject to high uncertainty. Furthermore, the computational
effort is considerably reduced, so that a realization under realtime conditions is possible. The paper concludes with an
exemplary application of power supply that demonstrates the
functionality of the pEEM both in simulation and under realtime conditions on a HiL test bench.

The trajectory planning optimizes the velocity for the
selected route and makes it available for the prediction of the
future vehicle power (see section V.A) for the entire journey
or until the next charging/refueling stop. The longitudinal and
lateral guidance of the vehicle considered in this paper is
automated to such an extent that the optimized velocity is
controlled and can thus be considered a good basis for
prediction.
For further information on route guidance and trajectory
planning within the iREX 4.0 project, please refer to [1], [2]
and [3].

Keywords—predictive energy management, model predictive
control, lithium-ion batteries, fuel cells, range extender.

C. Vehicle electrical system and drivetrain topology
This paper is based on the vehicle electrical system (VES)
and drivetrain topology shown in Fig. 1.

I. INTRODUCTION

hydrogen
tank

fuel cell

DC
DC

gearbox
AC
DC

battery
(LV)

DC
AC
battery
(HV)

electric
drive

DC
DC

electric
drive

A. Motivation
In the sub-project Intelligent Electric Vehicles with Range
Extender in Transport Systems with Vehicle 4.0 (iREX 4.0) of
the joint project Future Vehicle Technologies in the Open
Region Lab (ZuFOR), funded by the Ministry of Science and
Culture in Lower Saxony, Germany, and the Volkswagen
Foundation, automated electric vehicles with fuel cell range
extenders are being investigated. The aim of iREX 4.0 is to
realize time- and energy-optimized, predictive driving in
connected traffic systems. In order to achieve this goal,
optimization potentials are focused in the areas of route
guidance (Which route is optimal for the fulfilment of the
driving task?), trajectory planning (Which trajectories are
optimal on the selected route for the fulfilment of the driving
task?) and energy management (Which distribution of the
power required for the fulfilment of the driving task on battery
and fuel cell is optimal?). This paper focuses on the optimized
power supply by battery and fuel cell.

gearbox

Fig. 1. Vehicle electrical system and drivetrain topology of the vehicle
under consideration with hybrid power supply by battery and fuel cell.

The vehicle has two energy storage systems. This hybrid
power supply is realized with a high-voltage (HV) battery,
which can store power from or provide power to the HVvehicle electrical system, and a fuel cell system, which can
provide power to the HV-VES. Furthermore, it has two
electric traction drives close to the wheels, which are supplied
with power from the HV-VES by means of bidirectional
power electronics or, in case of recuperation, feed power back

B. Route guidance and trajectory planning in connected
traffic systems
Integration of the pEEM into connected traffic systems is
done by functions for route guidance and trajectory planning.
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into the HV-VES. Further HV-loads are supplied directly and
the low-voltage-(LV-)VES with its own battery from the HVVES by means of a unidirectional step-down converter.

cell power in a fuel cell vehicle, which should minimize
hydrogen consumption with minimal changes in power. The
SoC of the battery, which can only be charged by the fuel cell
and not externally, should be kept constant. [10] represents a
similar approach with a short prediction horizon, which differs
only in the optimization goal to maximize fuel cell efficiency
as opposed to minimizing hydrogen consumption.

D. Problem definition and structure of the contribution
The problem dealt with in this paper is the optimization of
the power supply by HV battery and fuel cell to achieve an
energy-optimized operation under integration of predictive
strategies. In addition to the specific efficiency characteristics,
operating limits and other restrictions such as the State of
Charge (SoC) or the amount of hydrogen in the hydrogen tank
during and at the end of the journey have to be considered.

Two-stage approaches to power distribution in parallel
PHEVs are shown for example in [11] and [12]. From the
future driving profile, [11] derives a charge trajectory using a
linear relationship, which represents a restriction of the
following MPC to control the power distribution with the aim
of minimizing fuel consumption. [12] first determines the
operating mode of the internsl combustion engine and electric
drive with the aid of a rule-based approach. By means of MPC
a cost function, which describes costs for fuel consumption
and consumption of electrical energy by means of weighting
factors, is to be minimized.

In order to solve this problem, sec. II first describes the
state of the art in pEEM in vehicles with multiple energy
sources. Subsequently, in sec. III the methodical approach for
the development of the pEEM is presented. In section IV the
concept of the pEEM is described, which is the basis for the
design in sec. V and the verification and validation in sec. VI.
Finally, sec. VII contains conclusions and an outlook.

An approach for power distribution between the internal
combustion engine and electric motor in an automated hybrid
vehicle to achieve an optimum in time and energy is described
by [13]. A restriction of the energy content of the battery but
not of the fuel tank is considered. A time-cascaded, model
predictive control structure (cMPC) with three prediction
horizons and different execution frequencies is used to reduce
the computational effort and to achieve real-time capability.
The results of the optimization in the far horizon up to the end
of the journey serve as reference for the subordinate MPCs
with shorter prediction horizons.

II. STATE OF THE ART
In this section, the state of the art regarding energy
management is presented as the basis for solving the problem
formulated in section I.D. To narrow down the subject area, a
distinction is made between offline and online procedures
according to the classification of energy management
strategies for hybrid vehicles proposed by [4].
Offline algorithms often converge to a global optimum,
which is why they are used as a reference in the design of
online algorithms. Due to the lack of the possibility to realize
them in real-time applications, offline processes are not
considered further in this paper. Online methods can be
classified as instantaneous and predictive approaches as well
as approaches based on artificial intelligence (AI) with
machine learning (ML). Instantaneous methods are not
considered further in this paper, since they do not allow for the
optimization of future time periods. Methods based on AI with
ML are also not further considered, since models and learning
methods usually have no relation to the underlying physics
and thus do not allow a prediction of the functional behavior.

The presented approaches are not suitable for the
complete solution of the problem described in section I.D. In
the approaches presented in [5] and [6], the power is not
distributed to several energy sources in a loss-minimizing
manner, but in a frequency-dependent manner. Due to the
short prediction horizons, it is not possible to consider
restrictions at the end of the journey. The approach to power
distribution in a fuel cell vehicle presented in [7] and [8] is
based on preliminary planning for complete discharge of the
battery by the end of the journey and minimization of the fuel
cell losses under this boundary condition. Thus, there is no
global optimization of the total energy consumption, which
does not necessarily lead to a complete discharge of the
battery. Similarly, the approaches described in [9] and [10]
only achieve an optimum in fuel cell operation under the
condition that the battery SoC is to be kept constant and is
therefore effectively only used as a buffer for dynamic power.
[11] also optimizes the energy consumption of a PHEV only
under the condition of a predetermined, non-optimal SoC
trajectory. The optimization of the SoC trajectory itself is not
part of these optimization procedures. Also [12] does not
determine an optimal SoC trajectory, but optimizes the power
distribution in pre-selected operating modes. [13] differs from
the other approaches in that the power distribution is
optimized for the entire driving operation without static
specification of SoC trajectory for charge sustaining or
complete discharge. However, the approach is not suitable for
solving the problem without adaptations, because on the one
hand a parallel hybrid vehicle with ICE engine is considered
and only restrictions of one energy source are considered.

The focus of this paper is thus on predictive online
algorithms, which are usually model predictive controllers.
Approaches based on a frequency-dependent distribution
of the total power to several energy sources are described by
[5] and [6]. For example, [5] uses a wavelet transformation for
frequency-dependent power distribution to a battery and a
supercapacitor as well as a linear MPC with a short prediction
horizon for adjusting the power. [6] uses two low-pass filters
for frequency-dependent power distribution to a fuel cell, a
battery and a supercapacitor and also uses a linear MPC to
control the power.
The work of [7] and [8] describes an approach used in two
different fuel cell vehicles, which first estimates the power
requirement from a predicted speed profile and determines a
SoC trajectory based on a complete battery discharge until the
end of the journey. A following MPC controls the power
output of the fuel cell in a short prediction horizon of a few
seconds in order to adjust the deviation of the SOC to the SOC
trajectory with the lowest possible losses at the fuel cell and
small power changes.

III. METHODOLOGY
For the development of pEEM, the mechatronic
development cycle (Fig. 2), a methodology for the holistic

The approach presented by [9] provides for an MPC with
a short prediction horizon of a few seconds to control the fuel
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model-based development and validation of mechatronic
systems according to [14], is applied. The methodology is
characterized by iteration possibilities at any time, so that
errors can be eliminated at an early stage, thus reducing
development time and ultimately development costs.

field test

analysis of system
behavior

RCP
bypassing

physical
modeling
RCP
fullpassing

testing

analysis (MiL)

software-in-the-loop
(SiL)
automated code
generation

synthesis and
control design

•

R.3: In order to achieve energy-optimized vehicle
operation in the power supply, the pEEM must
determine an optimum in terms of energy
consumption or energy loss by distributing the total
power to the battery and fuel cell.

•

R.4: It must be possible to control the distribution of
power to battery and fuel cell by using the given
hardware (cf. Fig. 1).

•

R.5: The algorithm must consider the entire journey
in order to achieve an optimum power supply for the
entire journey and not only for the current time or a
near horizon. In particular, the battery SoC and the
available hydrogen quantity must be taken into
account as restrictions.

•

R.6: In order to distribute the power for the entire
journey, the power must be predicted for this period.

•

R.7: It shall be possible to perform the energy
management under real-time conditions.

•

R.8: The dynamics and operating limits of battery and
fuel cell (e.g. maximum currents and powers or
minimum and maximum voltages) must be
maintained by the algorithm to protect these
components from destruction and premature ageing.

•

R.9: Restrictions such as a minimum SoC at the end
of the journey or a minimum amount of hydrogen
remaining should be met by the control system as far
as possible, so that these can be used for the next
journey if no charging or refuelling facilities are
available at the destination.

system is ok

system

modeling

mathematical
modeling

R.2: The power of all loads in the VES must not
exceed the maximum available power.

hardwarein-the-loop

requirements
specifications

•

analysis of the
controlled system (SiL)
control design

Fig. 2. Mechatronic development cycle for holistic model-based system
development.

The development cycle begins with the definition of
requirements and specifications the system has to meet. With
this knowledge, a physical model of the system is created,
from which a mathematical model is derived. The model
parameters are determined from technical documents or
measurements on real components and HiL test benches. This
modeling process is followed by an analysis of the system
behavior by model-in-the-loop (MiL) simulations and, if
necessary, a modification of the underlying model. After
successful analysis of the system behavior, the controller
design with controller synthesis and analysis of the controlled
system is also performed by MiL simulations. As soon as the
controlled system has been successfully analyzed, an
automated code generation of the controller takes place so that
the controller is available as a code without error-prone
manual programming. This generated code is examined again
in software-in-the-loop (SiL) simulations before further
verification and optimization is performed under real-time
conditions in RCP full- or bypassing and HiL simulations.
Finally, field tests are performed, which end the mechatronic
development cycle when all requirements and specifications
are met.

B. Concept of the Predictive Energy Management
The functional structure of the pEEM shown in Fig. 3 is
proposed here based on the requirements.
The fuel cell management system determines and monitors
the states of the fuel cell (e.g. current, voltage, gas pressures),
controls the gas supply and exhaust and performs safety
functions. The battery management system determines and
monitors battery states (current, temperature, voltage, state of
charge, functional state, aging) at HV and LV level.
Furthermore, the charge balance between cells and modules,
the prognosis of the performance as well as the execution of
safety functions are carried out. The VES management
performs the priority-based allocation of power demand and
supply to ensure a stable VES voltage and to protect the
energy sources against overload. The charge management
coordinates the charging process of the HV battery at an
external charging point. Control signals for the unidirectional
buck converter for energy transfer from the HV- and LV-VES
are generated from the specifications of the VES management.

IV. CONCEPTION OF THE PREDICTIVE ENERGY MANAGEMENT
The pEEM is conceptualized in this section.

Based on actual data from the VES management and the
velocities planned for the future (cf. section I.B), the future
power profile in the HV-VES is predicted. The power supply
is provided by the model predictive power distribution, which
determines the optimum distribution of the predicted power
profile between battery and fuel cell considering relevant
restrictions. From the specifications of the model predictive
power distribution, control signals are generated for the
unidirectional boost converter to control the power of the fuel

A. Definition of Requirements
As the basis of the concept for solving the problem (cf.
sec. I.D), following requirements are placed on pEEM and the
power supply based on the current state of the art (cf. sec. II):
•

R.1: The states of battery and fuel cell have to be
determined and monitored.
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cell fed into the HV-VES. The power to be supplied by the
battery is the difference to the total power, so that complete
control is implemented using the available hardware.
fuel cell
management

predicted
speed profile

𝛥𝑢
̲k in 𝑘. By this definition restrictions of the manipulated
variable change can be considered more elegantly in the
formulation of the optimization problem (cf. eq. 13).
Following the MPC introduced by [15], the manipulated
variable change vector 𝛥𝑢
̲k is used as optimization variable
instead of the manipulated variable vector 𝑢
̲k . However, this
is only possible if the state vector at time 𝑘

battery
management

H2
fuel cell states

battery
states

model predictive
power distribution pred. power prediction
power

DC

H2

DC

control of
boost converter

set
powers

k

In this section the power prediction and the design of the
model predictive power distribution on battery and fuel cell as
the core of the pEEM are performed.

pre k

k

eh k

=

(1)

+

fc

(5)

(6)

(7)

+

= 𝑅b ⋅ 𝑖b

fc

(8)

k

(9)

= 𝑅fc ⋅ 𝑖fc k

⋅ [1 − 𝜂 (

Jk (𝑥k Δ𝑢
̲k ) =

fc

𝑢fc 𝑢b )]

(10)

k (𝑥k

Δ𝑢
̲k )

(11)

takes this power losses at time 𝑘 into account and forms
the basis of the optimization problem to be solved.
The prediction horizon 𝑁p , which indicates the time
period for the prediction and optimization of the future system
behavior, is equated with the control horizon, which indicates
the time period for the variation of the manipulated variable
change 𝛥𝑢
̲, in order to be able to actively influence the power
supply for the entire prediction horizon by the sequence of
manipulated variable changes
̲k
Δ𝑢
̲̃ k = [Δ𝑢

Δ𝑢
̲k+

⋯ Δ𝑢
̲k+Np − ]T .

(12)

The optimization problem to be solved is described as a
nonlinear optimization problem
𝑁p

is estimated. The powers
k and
k are
considered constant and at each prediction time are equated
with the actual powers
and
, which are known
from the VES management.

min ∑ Jk (𝑥k Δ𝑢
̲k )
̃k
Δ𝑢
̲

(13)

𝑘=0

subject to:
𝑢
̲min k ≤ 𝑢
̲k ≤ 𝑢
̲m

B. Design of the model predictive power distribution
For the design of the control, the system is described in the
time-discrete, nonlinear state space with the sampling time 𝑇.
The manipulated variable vector in the time step 𝑘
𝑖b k
𝑖b k−
Δ𝑖b k
𝑢
]=[
]+[
]
̲k = [
𝑖fc k
(4)
⏟𝑖fc k−
⏟Δ𝑖fc k
𝑢
̲ k−1

𝑖fc k− ]T

The quadratic cost function

(3)

𝜂A

b

fc

Based on the predicted velocity profile (see section I.B)
and an inverse longitudinal dynamics model, the mechanical
power of the vehicle
1
eh k = (𝑚𝑎k + 𝑚𝑔𝑓 + 𝑚𝑔 sin 𝛼𝑘 + 𝜌𝑐W 𝐴𝑣k ) 𝑣k (2)
2
is predicted, from which with the help of the efficiency 𝜂A
the electrical power of the drives
=

=

b

is composed at any time step 𝑘, according to the VES and
drivetrain topology shown in Fig. 1, of the power of the drives,
summarized as
k , the power of other HV consumers
and
the
power
k
k of the buck converter for
supplying the LV-VES.

k

k−

by battery (eq. 8), fuel cell (eq. 9) and boost converter (eq.
10).

A. Power Prediction
The prediction of the future power in the HV-VES is a
necessary asis for model predictive power supply. This power
k+

𝑢fc k 𝑖b

The goal of the pEEM is to minimize the total power losses
in the power supply

V. DESIGN OF THE PREDICTIVE ENERGY MANAGEMENT

k+

k

in the next time step k+1 is performed with a non-linear
relationship starting from the current state 𝑥̲k , the manipulated
variable change 𝛥𝑢
̲k and the sampling time 𝑇.

Fig. 3. Functional structure of predictive energy management.

=

𝑢b

𝑥̲k+ = 𝑓(𝑥̲k Δ𝑢
̲k T)

charge
management

control of
buck converter

2k

contains besides the battery charge level 𝑆𝑜𝐶k , the
available hydrogen quantity 𝑚 2 k and the voltages of battery
𝑢b k and fuel cell 𝑢fc k also the currents of battery 𝑖b k−
and fuel cell 𝑖fc k− from the previous time step 𝑘 − 1. The
prediction of the state vector

vehicle el. system
VES management
states
pred.
power

set power
fuel cell

𝑥̲k = [𝑆𝑜𝐶k 𝑚

xk

Δ𝑢
̲min k ≤ Δ𝑢
̲k ≤ Δ𝑢
̲m
𝑥̲min k ≤ 𝑥̲k ≤ 𝑥̲m
k

=

𝑥̲Np ≥ 𝑥̲

Δ𝑢
̲k

xk

xk

(14)
(15)
(16)

pre k

(17)

rge

(18)

where equations 14 to 18 describe constraints to be
fulfilled.

comprises the currents of battery and fuel cell, which are
composed of non-influenceable components 𝑢
̲k− of the
previous time step 𝑘 − 1 and the still influenceable change
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These constraints are limitations of the manipulated
variables (eq. 14), of the manipulated variable changes to
account for different dynamic behavior (eq. 15) and of the
state variables (eq. 16) in each time step. Furthermore, eq. 17
specifies that the power provided by the battery and fuel cell
in the HV-VES
k

= b
= 𝑢b

k
k

+𝜂
⋅ 𝑖b

k

⋅ fc k
+ 𝜂 ⋅ 𝑢fc k ⋅ 𝑖fc k

planning within a near horizon. The prediction horizon 𝑁p
extends to the first point of the preliminary planning in 𝑘 +
1. Within this prediction horizon, detailed planning is carried
out under the constraint that at the end of the prediction
horizon 𝑥k2+𝑁p 2 = 𝑥k1 + is valid. The calculation of the
model predictive power distribution is repeated cyclically
with the respective sampling time of the time cascade, so that
changes in the prediction on different time horizons due to
unforeseen events and uncertainties are also considered. To
reduce the computational effort, the control structure can be
supplemented by further time cascades, depending on the
performance of the executing real-time system.

(19)

must correspond to the predicted power in each time step
(cf. section V.A). Minimum values for state variables such as
battery SoC or available hydrogen quantity in the tank at the
end of the prediction horizon are considered by eq. 18.

The results presented in this paper are achieved with a
control structure consisting of four MPCs. For an efficient
numerical solution with high accuracy the sampling times
Δ𝑡 = 180 𝑠 , Δ𝑡3 = 30 s , Δ𝑡 = 5 𝑠 and Δ𝑡3 = 1 𝑠 are
chosen.

The solution of the optimization problem (eq. 13) is based
on the numerical approach of Sequential Quadratic
Programming (SQP) described in [16]. In order to reduce the
computational effort with regard to a realization under realtime conditions, a cMPC consisting of several MPCs and
different prediction horizons is used, similar to the one
presented by [13] for a hybrid vehicle with combustion engine
and electric drive.

VI. VERIFICATION UND VALIDATION OF THE PREDICTIVE
ENERGY MANAGEMENT
In this section verification and validation of the pEEM by
means of MiL, SiL and HiL simulations are performed.

Fig. 4 shows the principle of a cMPC with two timecascades, for the sake of clarity for a scalar state variable 𝑥.
An MPC with prediction horizon 𝑁p , which extends to the
end of the journey, and the step size Δ𝑡 determines the
optimum profile of a state variable 𝑥 by optimizing the
sequence of manipulated variable changes. This determined
profile can be regarded as pre-planning of the entire journey.
The state variables lie within a permissible range between
𝑥min and 𝑥m x and must not fall below the limitation 𝑥 rge
at the end of the prediction horizon. By choosing a large step
size Δ𝑡 the computational effort is reduced at the expense of
accuracy, which seems acceptable for prediction results lying
far in the future due to the uncertainties. The prediction
horizon 𝑁p is not constant and decreases during the journey
with the remaining journey time.

A. Development tools
In the following, the development tools used for
verification and validation of the pEEM by MiL, SiL and HiL
simulations according to the methodology (cf. section III) are
presented.
Fig. 5 shows the structure of the virtual test bench used for
MiL and SiL simulations. The simulation model consists of a
vehicle model which, among others, depicts the vehicle
dynamics as well as the VES and drivetrain, a driver model
and a model of the driving environment. These models are
coupled together via interfaces and interact with each other.
With the help of a test case database and a model database, the
simulation can be configured with regard to the maneuver to
be performed, the vehicle structure and the vehicle
parameters.

𝑥
prediction horizon 𝑁p
step size Δ𝑡

𝑥

rge

prediction
horizon 𝑁p
step size Δ𝑡
𝑥

simulation model
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permitted area

x

permitted area at the end of the journey

𝑥m

𝑘 +𝑁p

𝑘 +2

𝑘 +1
𝑘 +𝑁p

𝑘 +2

𝑘 +1

results

vehicle
control
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𝑥min
𝑘
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• …

driver
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𝑘
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• road
• traffic
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• infrastructure
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database

time
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•SiL: C-Code

vehicle
model
•vehicle dyn.
•VES and drive
train
•…

Fig. 5. Structure of the virtual test bench for MiL and SiL simulations.

Fig. 4. Illustration of a cascaded, model predictive control structure
consisting of two model predictive controls with different sampling times
and prediction horizons.

In this paper the cMPC is implemented into the vehicle
model for verification and validation. In MiL simulations the
cMPC is examined as a Simulink model before C code of the
cMPC is compiled and examined in SiL simulations.

To increase the accuracy in the near future, a second MPC
with a smaller step size Δ𝑡 < Δ𝑡 is used to perform accurate
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The flexibly configurable HiL test bench presented in [17]
and shown in Fig. 6 is used to carry out HiL simulations. It
emulates the VES and drivetrain topology shown in Fig. 1.
Due to the modular design, various applications can be
covered, from system identification and validation of
simulation models to testing, verification and optimization of
developed functions.

This corresponds to the subordinate MPC of the cMPC
without the superimposed cascades, so that the optimization
only takes place in a near prediction horizon without
prediction of the entire journey.
The results of the unrestricted cMPC (scenario 1) represent
the reference, since no restrictions due to the SOC or the
hydrogen tank led to a deviation from the global optimum. The
battery SOC (Fig. 7c) at the end of the journey is 38 %. In
total, the battery and fuel cell provide 7.78 kWh including the
losses of 0.34 kWh caused by the power supply (Fig. 7d). The
losses thus amount to 4.4% of the energy applied.

test bench modules

boost
converter

S3

S4

S5

battery

electric
drive

load &
source

measured
values

fuel cell

S2

input signal
conditioning
software module

bus
communication

digital signal
processor

In the second scenario, a SOC limitation at the end of the
journey to 50 % was specified, as this is required for the later
continuation of the journey and there is no possibility of
charging or refuelling. In Fig. 7c it can be seen that the SoC
limitation is complied with. However, the losses (Fig. 7d) in
the energy supply increase by 0.17 kWh or 50 % to 0.51 kWh,
as over the entire travel less power can be taken from the
battery than in the unlimited, optimum case and thus the global
efficiency optimum cannot be set. It can be seen that the
cumulative losses over the entire trip are above the reference.

set points

S1

output signal
conditioning
real-time module

Fig. 6. Structure of the flexibly configurable HiL test bench. The position
of the switches S1 to S5 shows the configuration used for testing the model
predictive power distribution, which emulates the VES and drivetrain
topology shown in Fig. 1.

The test bench consists of a real-time module (RTM), a
software module (SWM) and several test bench modules
(TBM). The RTM includes the processing and digitisation of
the measurement signals of the TBMs, the calculation of the
control algorithms on a digital signal processor (DSP), the
conversion of setpoints for the TBM actuators and the
communication with the TBM. The SWM includes models of
non-real system components, control algorithms and the
interface between user and test bench for status visualisation
and test bench operation. The models and controllers are
compiled from a CAE tool by an automated code generator
with all target information and transferred to the DSP. The
TBMs are a fuel cell module, a battery module, an electric
drive module, an electrical load and source module and a boost
converter.

a) Velocity of the vehicle

b) Total power

B. Results from MiL and SiL simulations
In this section, results of the power supply for a journey
from the Ostfalia in Wolfenbuettel to the Ostfalia in
Wolfsburg (approx. 41 km), achieved by means of MiL and
SiL simulation, are presented.With the help of the velocity
profile (Fig. 7a) predicted by means of route guidance and
trajectory planning, the power profile to be provided (Fig. 7b)
is predicted. The power profile is distributed in three scenarios
to battery and fuel cell in order to be able to make statements
about the influence of constraints and the advantage of the
long-distance horizon up to the end of the journey.

c) State of Charge

d) Accumulated energy losses
Fig. 7. Results of MiL simulations of model predictive power supply for a
journey from Ostfalia University in Wolfenbuettel to Ostfalia University in
Wolfsburg.

In the first scenario, the power distribution is based on the
cMPC presented in section V.B, which can be regarded as
unrestricted by a low defined SOC restriction at the end of the
journey to 10 % at a sufficiently high initial state of charge of
58 %. In the second scenario, the power distribution is also
carried out by the cMPC, but with a SOC limitation at the end
of the journey to 50 %. In the third scenario, power
distribution is carried out by a simple, non-cascaded MPC.

Due to the lack of remote prediction, the results of the
third, non-cascaded scenario initially follow those of the
unrestricted scenario, as there are no relevant restrictions
within the short prediction horizon that could be violated.
However, after about 12.5 minutes the SOC limitation is

137

2020 19th International Conference on Mechatronics – Mechatronika (ME)

reached (Fig. 7c), so that the battery is no longer able to
provide any power. The fuel cell applies the entire power with
a lower efficiency, so that the total losses are greater than in
the cascaded case. In total, the losses in the power supply (Fig.
7d) increase to 0.58 kWh, which is an increase of 0.24 kWh
or 70.6% compared to the unrestricted case and 0.07 kWh or
13.7% compared to the cascaded case. Conversely, the
consideration of the long-distance horizon by the cMPC
results in a saving of 0.07 kWh or 12.1% compared to the
simple, non-cascaded MPC.

a) Total power

In further simulations, the SOC limit to be complied with
at the end of the journey was varied. If this is below the final
value of the unrestricted reference scenario of 38%, all
approaches yield the same result with energy losses of
0.34 kWh. If the SOC limit is raised to 55%, the losses for the
non-cascaded MPC increase to 0.67 kWh and those for the
cMPC to 0.64 kWh, resulting in savings of 0.03 kWh and
4.5% respectively by the cMPC. This saving is significantly
lower than the savings of 0.07 kWh or 13.7% achieved for a
50% charge limit.

b) State of Charge

From this consideration it is clear that the savings achieved
by the cMPC are largely dependent on the energy content of
the battery available for power distribution. With a higher
SOC limit, less energy is available to the power distribution of
the battery, so that the losses due to the increased use of the
fuel cell increase compared to optimal operation.

c) Accumulated energy losses
Fig. 8. Comparison of results from HiL simulation with results from
MiL/SIL simulations for cMPC.

The results of the MiL and SiL simulations show that the
cMPC achieves the control objective of minimizing energy
losses while complying with all restrictions.

VII. SUMMARY AND OUTLOOK
In this paper the design of a predictive energy management
for an electric vehicle with fuel cell range extender was
presented. The core of this pEEM is the energy-optimized
power supply by battery and fuel cell through a model
predictive power distribution. This optimizes the power
distribution with the help of a cascaded, model predictive
control structure, which first carries out a preliminary
planning of the power distribution with a step size of 180 s in
the uncertain far horizon up to the end of the journey. The
accuracy of the pre-planning is increased by three subordinate
MPCs with smaller sampling times and shorter prediction
horizons.

C. Results from HiL simulations
HiL simulations are performed to further verify the results
of MiL and SiL simulation. Both battery and fuel cell of the
flexibly configurable HiL test bench (cf. section VI.A) have a
significantly lower power output than the vehicle considered
in the MiL/SiL simulations. For this reason, the power profile
(cf. Fig. 7b) is scaled linearly to a maximum power of 800 W.
Fig. 8 shows a comparison between cMPC results from
MiL/SiL simulation and HiL simulation for the scaled power
profile (Fig. 8a). It can be seen that both the state of charge
(Fig. 8b) and the losses (Fig. 8c) correspond well and thus the
cMPC results from MiL/SiL simulation are confirmed by HiL
simulation. The deviations are due to measurement and
modeling inaccuracies.

The functionality of the cMPC could be proven for a
journey from the Ostfalia in Wolfenbuettel to the Ostfalia in
Wolfsburg by means of MiL and SiL simulations. Compared
to an MPC without a long-distance horizon until the end of the
journey, reductions of 4.5 % and 13.7 % in energy losses in
the energy supply were achieved. These results must be
substantiated by further tests. Investigations were performed
in HiL simulations on a flexibly configurable HiL test bench
with a scaled power profile, which confirmed the functionality
of the cMPC under real-time conditions. An investigation of
the turnaround times confirmed the real-time capability of the
cMPC.

In addition, investigations on the computing time on the
real-time system DS1005 from dSPACE were carried out. The
results (TABLE I) show that the turnaround times are less than
the respective task time and thus operation under real-time
conditions is possible.
TABLE I.

TURNAROUND TIMES OF THE CMPC

Based on the results presented, verification and validation
of the pEEM will be carried out using further scenarios in
MiL, SiL and HiL simulations to ensure correct functioning
and further optimize the pEEM. Furthermore, in-depth
investigations of the cascaded, model predictive control
structure are to be carried out, from which optimal structural
parameters such as number, sampling times and horizon
lengths of the model predictive controllers are to be derived.
In this context, the influence of these parameters on the
computing time will also be investigated and quantified.

turnaround time

task time
𝚫𝒕

min

mean

max

1s

0.0005 s

0.0531 s

0.4686 s

5s

0.0019 s

0.2551 s

0.6728 s

30 s

0.0039 s

0.4690 s

0.9106 s

180 s

0.0124 s

2.0132 s

4.2623 s
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explicitly programmed. There are many ML methods used for
the different tasks and a lot of them are suitable for vibration
diagnostics [6]. Typically, the most recommended and used
algorithms are support vector machine (SVM), k-nearest
neighbor (k-NN), Mahalanobis-Taguchi system (MTS) and
principal component analysis (PCA). SVM and k-NN are
typical ML classification algorithms, whereas PCA is an
algorithm for reduction of the dimensionality, applicable to
the input feature space prior to the pure classification methods.
MTS is a combination of both, a space dimensionality
reduction of the input vector as well as classification process
into one of the classes (output clusters).

Abstract—This article deals with comparison of a
classification success rate of machine learning methods used for
vibration signals captured on damaged bearing. The most
significant and the most used methods suitable for this
vibrodiagnostic field have been selected, namely support vector
machine, k-nearest neighbor, Mahalanobis-Taguchi system and
principal component analysis for reduction of a dimensionality
of a features space. All the methods have been implemented in
MATLAB and their performance has been analyzed using same
input datasets. As the input for all the aforementioned methods,
data from bearing shortened life-cycle test, done by Bearing
Data Center at Case Western Reserve University, have been
used. Intentionally, computationally intensive pre-processing
procedures have been excluded from the computational chain,
as only time domain features have been used for the
classification process. Resulting from this study, a classification
error rate, an execution time, an implementation difficulty and
a robustness of the algorithm strongly differ among all the
methods while using the same input data and the same number
and type of the input extracted features.

II. MOTIVATION AND RELATED WORK
There exist a lot of related publications which describe
usage of many different ML methods and their applicability
and effectiveness in the vibrodiagnostic field. Most of these
publications unfortunately deal on the one hand only with
single specific method showing practical results of this
method without broader comparison or on the other hand with
utilization of several methods, but without testing these
algorithms on real world data and more importantly on the
same data. The main aim of this work is to perform
meaningful comparison of the most used ML methods in
vibrodiagnostics, present their basic mathematical
background and compare their results based on a same input
dataset acquired on a real machine with bearings faults.

Keywords—machine learning, support vector machine, knearest neighbor, Mahalanobis-Taguchi system, principal
component analysis, vibrodiagnostics

I. INTRODUCTION
Bearings are typical components of almost all rotating
machines [1], therefor estimation of their health status is a
critical part of a vibration diagnostics. There are a lot of
methods used in the practice, which utilize classical approach
of the vibrodiagnostics, i.e. sensing mechanical vibrations,
mostly by accelerometers, data preprocessing (corrections in
the magnitude and frequency domain), features extraction and
manual or semi-automated health state evaluation and fault
type recognition and classification [2]. Nowadays, final
evaluation of a bearing health state is mostly done by a human,
which leads to a high demand on the technical level of service
staff as well as their strong experience [3]. Machine learning
methods can replace this crucial and critical part of the
diagnostic chain in bearing faults classification by replacing
the human dependent decision by a process executed by
artificial intelligence (AI) methods [4].

A comprehensive overview of AI methods applicable for
fault diagnostics of rotating machinery can be found in
literature [6], unfortunately without presentation and
discussion of practical results of bearing failures
classification. Furthermore, a detailed review of DL
algorithms (including both ML and DL procedures) is
presented in [4], but without showing comparable results
based on the same dataset. Although details of individual
methods are described e.g. in [1,7,10,11,12] for the SVM
algorithm, in [13,14,20] for the k-NN method, in [18,19] for
the PCA reduction algorithm and in [15,16,17] for the M-T
system, there can’t be found any true comparison of the
individual methods using the same input dataset.
All the aforementioned methods will be described in detail
in the following chapters. For comparison of performance of
the methods, a publicly available dataset has been used. There
are several datasets describing the bearing lifecycle available
to download [4]. One of them, Case Western Reserve
University (CWRU), has been chosen, mainly due to its high
complexity of bearing faults and containing data for several
degrees of the bearing fault degradation [9]. A test stand used
for the data generation contained 1,5 kW motor with a
dynamometer coupled with a torque transducer. A small pit
has been made on the inner ring, outer ring and rolling element

The principle of AI methods is to classify the output
category given the input data using a dedicated algorithm,
while behavior of the algorithm is set by an input training
dataset. Quality of the classifier is proportional to the diversity
of the input dataset in the meaning of the highest coverage of
the input space of the faults. The more datasets representing
various faults and their grades provided to the method, the
more robust and reliable algorithm is achieved [5].
A set of the machine learning (ML) methods is a subset of
a superior group of the AI techniques, which includes
statistical processes with the ability to learn without being

978-1-7281-5602-6/20/$31.00 ©2020 IEEE
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networks are currently very frequently used approaches for the
fault detection and classification [8].

of the bearing under test using electric discharge machining.
The fault diameter is roughly 0,177 mm, 0,355 mm,
0,533 mm, 0,711 mm, and 1,02 mm. Sets of vibration data
were captured for a load of 0 kW up to 2,25 kW with a step of
0,75 kW and a speed of around 1750 RPM at sampling
frequencies of 12 kSps and 48 kSps.
III. THEORY OF MACHINE LEARNING METHODS
All considered ML methods work with descriptors of the
input dataset, in AI terminology commonly called features,
which are used as an input for the algorithms. Features
calculation can be considered as the reduction of the input
signal dimensionality – e.g. sine waveform consisting of
1000 time samples can be reduced into three features –
amplitude, frequency and phase of the signal. Choosing the
features is a key step in machine learning processing because
their selection directly affects the success rate of the
classification process. In the vibrodiagnostics, three types of
the features are commonly used [7]:

Fig. 1. Two states of a machine defined by two features F1 and F2.

A. Support Vector Machine
A principle of the SVM algorithm is to find parameters of
an optimal separating hyperplane (OSH) by maximizing a
margin between OSH and normal vectors defined by points at
edges of output classes. The algorithm was initially developed
as a binary classifier and other derivatives, such as multiclass
SVM one-vs-one or one-vs-all [11], have been developed
thanks to simplicity and effectivity of the original SVM
method. The principle of the algorithm can be seen in Fig. 2.
Bolded points in the figure are called support vectors. If the
clusters are not linearly separable, the SVM algorithm
transfers the data into a space with higher dimension using
kernels as long as the data are linearly separable. In this case,
the OSH separates two classes according to (1),

• time domain features – parameters of signal are
calculated in the original time domain, e.g. RMS value,
magnitude, skewness, kurtosis, peak-peak value,
standard deviation, etc. Their calculation is quite
simple with no need of powerful computational
resources and to deeply understand the meaning of the
individual features.
• transformed domain features – parameters of signal are
calculated in the transformed domain, e.g. magnitude
of several frequency spectral lines, partial results of
different transformations, like wavelet transform,
Hilbert transform, Gabor transform, S-transform, etc.
Their calculation very often requires considerable
computational resources. A user must also understand
all results of the transformation to select the proper one
as the input feature, because there is no advantage to
use, e.g. complete spectrum of signal, as features
vector.

∙

1

0

(1)

where is a normal vector, x is a point lying on the OSH
and b is an offset of OSH, y is an output class (for this simple
case with the values +1 and -1).

• mixed domain features – combination of features
calculated in original as well as in translated domain.
It is recommended to use a combination of features (time
and transformed domain types), but it has a few disadvantages,
described above, compared to using only simple time domain
features.
In general, ML methods are based on fact, that the same
states of a diagnosed object (bearing of the machine in our
case), described by several features, creates in the space
defined by the features sufficiently concentrated clusters and
the clusters representing different states are well separated.
Two machine states (green and red clusters) defined by two
features F1 and F2, and thus shown in 2-D space, can be seen
in Fig. 1. Green cluster can represent for example healthy
bearing with no damage and red cluster can represent bearing
with an outer race failure. Number of used features is typically
higher than two, the same number of states. Not only ML
methods can be used for the classification purposes, but also
the deep learning (DL) methods including artificial neural

Fig. 2. Principle of the SVM method.

After several mathematical steps, which can be found in e.g.
[12], k decision functions (2) can be found for the
classification process:
∅
⋮

(2)

∅
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where ∅ x is a transformation function of the space
. These decision functions are afterwards
the space
used for the classification process.
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B. k-Nearest Neighbor
A k-NN method works with a presumption, that the
vectors belonging to the same class have similar flags, thus
lies in close distance to each other. The algorithm calculates
the distance between an unknown vector to be classified and
other vectors from all output classes (stored in a memory from
the learning phase). Based on the majority vote of the k lowest
distances, the vector is classified into the appropriate output
class [13]. Number of the distances k must be clearly an odd
number. The principle of the method for k = 5 can be seen in
Fig. 3.

Fig. 4. Principle of Mahalanobis-Taguchi system.

The Mahalanobis distance is defined by (3)
/

(3)

where i = 1…n is a number of the input vector, p is a
number of states for the final features count,
is an inverse
covariance matrix of the input vector and
, ,...,
states for standardized data of the ith
sample. Standardization process is done by subtracting the
mean value ̅ and dividing the result by standard deviation
according to the (4).

Fig. 3 Principle of the k-NN method.

There are many metrics used for calculating the distance
between the two vectors. The most used metric is classic
Euclidean distance, other commonly used metrics are
Minkowski,
standardized
Euclidean,
Mahalanobis,
Chebyshev, City block, Hamming, etc. [14].

̅ /

(4)

Calculation of mean value and standard deviation can be done
according (5) and (6).

C. Mahalanobis-Taguchi system
Basis of the MTS method lies in selection a suitable set of
features from the original group and perform appropriate
dimensionality reduction using Taguchi orthogonal arrays
theory and optimizing a system using a Mahalanobis distance
[15]. A principle of the MTS method can be summed up into
four main steps [16]:

̅
s

∑
∑

(5)
x

x

(6)

Sometimes it is impossible to calculate inverse covariance
matrix, therefore calculation of the MD according to (3) is
also not feasible and it should be calculated using e.g. GramSchmidt orthogonalization process. The details can be found
in e.g. [17].
Identification of useful variables can be done by using a
theory of Taguchi orthogonal arrays (OA). This procedure
serves for optimization of testing process of huge set of
variables with a lot of states. Thanks to using OA it is not
necessary to test all combination of the levels and variables,
but only selected and significant combinations of them [15].
In the MTS, two levels OA are used. The first level means
using a feature in the MD calculation and the second level
states for exclusion of the feature from calculation. Signal-tonoise ratio (SNR) is calculated according (6) from the MDs
in the row of the OA considering usage the feature. Positive
and negative gains are calculated as an average of the SNRs
when the feature is used (marked as SNR+) and when the
feature is not used (SNR-). After that, the gain is calculated
as a difference of these SNRs according to the (7).
∑
(6)
10

• Creation of a Mahalanobis space (MS) from a set of
input vectors describing healthy state of a system. The
Mahalanobis distance (MD) of the normalized vectors
is calculated thus reference point for calculation the
MDs of the abnormal input vectors is obtained.
• Validation of the measurement scale is done over the
input testing set describing abnormal state. The
sequence is analogic to the previous point, but
covariance matrix of the healthy dataset is used for MS
creation. If MDs for abnormal state are higher than
MDs for healthy state, scaling is considered as
correctly created.
• Useful features identification is done using orthogonal
arrays theory and the influence of the features on the
resulting classification. A set of useful features is
obtained after the gain calculation of the individual
features. As soon as useless variables are excluded,
new MS is created, but only using the useful set of
variables.
• Classification process of new unknown vectors using
newly constructed MS.

(7)
The features with negative gain are considered as useless
and are excluded from future calculations. Afterwards, new
MS is constructed using only new set of useful features.

The principle of the method can be seen in Fig. 4.
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the methods was evaluated and compared using confusion
matrices approach.

Afterwards, classification process is executed by calculating
and comparing MD of the vector to be classified according to
Fig. 4.

A. Features selection
Only time domain features have been chosen as an input
features set. Reason for this is not to burden the processing
chain by computing the transformations and to use the features
without prior knowledge about the system, which is almost
always necessary when using for example FFT results. It is
impossible to use complete spectrum data as features, but only
several significant frequency lines can be considered and their
thorough selection is important. Only these FFT bins can be
efficiently used as the features vector.

D. Principal component analysis
All ML methods are based on classification of an input
vector described by a set of features. If number of features is
too high, some of them can be excluded based on their
individual contribution to the overall classification process,
similar as in the MTS. The PCA algorithm is a powerful
technique for dimensionality reduction [18]. Main principle of
the method is recalculation of original features sets, which can
be correlated, into new features sets, called principal
components, which are uncorrelated. Each principal
component is linear combination of the original features.
Newly computed principal components are then sorted in
descending order based on its variance contribution to the
overall variance and only the most useful components are
used. Principal components can be shown in the scree plot,
like in the following text.

From the aforementioned aspects, only the most used time
domain features [20] were selected and their values were
calculated. In this study, nine features have been taken in
consideration for features vector construction: RMS value,
kurtosis, skewness, variance, standard deviation, mean value,
minimal value, maximal value, and entropy. Mathematical
formulas for calculation of these parameters are quite simple,
well known and can be found in many references, e.g. in [7].

Let
be the original feature space,
, ,...,
where k states for the features count and
is a vector of the
k-th feature during n-th observation. A vector
can be
understood as a matrix n x k. The input feature vector is
normalized according e.g. (4) - (6) and a covariance matrix S
is calculated. Afterwards, eigenvalues and eigenvectors are
calculated according to (8):
|

|

0

where states for j-th eigenvalue and
appropriate to j-th eigenvalue.

B. Practical results
The SVM and k-NN methods were simulated for
classification of input data into five output classes, while the
MTS and PCA were tested only on processing of two classes
(healthy vs. damaged bearing).
The SVM has been learned and tested by the same type of
data. A learning phase has been done for a load of 0,75 kW,
while classification process was carried out for a load of
2,25 kW. Confusion matrix of the classification process can
be seen in Fig. 5. Accuracy of the classification process is
relatively high, with the value of 91,3 %, calculated

(8)
is the eigenvector

Eigenvalues and eigenvectors are sorted in descending
order, eigenvalues are normalized (9) and their cumulative
contribution is calculated (10):
,

∑
∑
∑

(9)
(10)

where m is a number of new components, that describe the
original data sufficiently. A set of new features, based on the
reduced principal components set, can be calculated using
(11):
(11)
is a vector of the new features, E is a matrix of
where
reduced eigenvectors and X is the original features vector. The
details can be found in [18, 19].

Fig. 5. Confusion matrix of the SVM method.

according e.g. [21]. Representation of all five clusters
showing five states of bearing damage in a 3D space, using
only the first three features to maintain clarity (RMS value,
kurtosis and skewness), can be seen in Fig. 6. All output
clusters, represented by different colors, are clearly separable.
Good separability of output clusters in this features space
yields to relatively high accuracy of all the methods used for
the classification.

IV. SIMULATION RESULTS
Performance of the above mentioned methods has been
proven by MATLAB simulations on publicly available data
[9] from the Case Western Reserve University Bearing
Center. Four levels of damage on the inner ring of the bearing
have been chosen, so the input data set consists of five classes
(healthy state, damaged bearing with a pit depth of roughly
0,177 mm, 0,355 mm, 0,533 mm and 0,711 mm). Captured
data with length of approx. 10 s were split into individual
epochs with length of 0,1 s containing 1200 samples each.
All the methods have been implemented as a set of Mfiles using standard MATLAB functions and performance of
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Result of the classification for the output classes 2 and 3
was completely wrong. To improve the classification
accuracy, number of neighbors (parameter k) was varying and
also different metrics were used, but the accuracy has never
exceed this initial value. For the two metrics (Hamming and
Jaccard), the accuracy has even decreased down to 20 %.
Details can be seen in Fig. 9 and Tab. 1.

Fig. 6. Representation of the output clusters in 3D space.
Fig. 9. Variation of the parameter k in the classification process using the
k-NN algorithm.

The k-NN method has been trained and tested on the
exactly the same data as the SVM method and its confusion
matrix can be seen in Fig. 7.

TABLE I - ACCURACY OF K-NN CLASSIFIER FOR DIFFERENT METRICS.

The MTS algorithm has been implemented and tested for
classification of two output states – normal (healthy) state of
the bearing and state representing failure on the outer ring with
the depth of 0,355 mm and a load of a 0,75 kW. The

Fig. 7. Confusion matrix of the k-NN method for different grades of the
same failure.

Five nearest neighbors (k = 5) and Euclidian metrics were
used as a setup for this method. As it can be seen from the
figure, accuracy of the method is very high, around 99,6 %.
As the accuracy of classification in this case was very high,
the algorithm was also tested on different types of bearing
faults (healthy state, inner ring, outer ring and two grades of
ball damage). While using the same setup of the algorithm
(k = 5, Euclidian metrics), classification accuracy decreased
significantly down to ca. 60 % - as can be seen in the
confusion matrix in Fig. 8.

Mahalanobis space was constructed, with the parameters
mentioned in Tab. 2 on the left side and Taguchi optimization
process, using L9(28) orthogonal array [22], was performed.
Reduction of the dimensionality from eight features space
(8-dimensional) to six features space (6-dimensional) was
achieved and a new MS was constructed afterwards with the
reduced features set. The parameters of the new MS can also
be seen in the Tab. 2.
TABLE II – MTS METHOD RESULTS COMPARISON.

It can be found out that the new MS for a healthy state has
almost the same parameters (mean value and dispersion), but
the MS for a damaged state has significantly higher mean
value. This fact also confirms the theory, that the process has

Fig. 8. Confusion matrix of the k-NN method for different fault types.
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difference between the vectors in particular classes and also
sufficient separability of the classes before and after
optimization is still preserved. This is the major requirement
for utilization of dimensionality reduction methods – not to
preserve accurate vector’s values and positions, but to keep
the vectors as close as possible to their original positions and
to keep the possibility of unambiguous separation of the
classes.

been optimized for classification of the damaged state. The
damaged state is thus better separable from the healthy state
and the algorithm (after Taguchi optimization process) is more
robust at all.
The PCA is not a pure classification method, but it is very
suitable algorithm performed prior to the classification
process. The same dataset as for the MTS has been used and
the method has been implemented according to the theory
mentioned above - eigenvectors and appropriate eigenvalues
have been calculated, sorted in descending order and shown in
the scree plot (see Fig. 10). Contributions of each eigenvalue
to the total variance of the dataset are shown in the graph as
well.

V. DISCUSSING THE RESULTS
All the above described methods were tested on the same
input datasets representing the same faults of the rolling
element bearing. The accuracy of the SVM method was
91,3 % for classification of input data into five output classes.
Implementation of the method is more difficult and its
execution time is longer compared to other methods. The
method has no options for setup its parameters to influence the
result of method.
On the other hand, the k-NN method is very easy to
implement – the method contains only process calculating
distance between vectors. Its execution time is rather short, but
it can be dramatically increased for larger datasets or for larger
features vector. Its accuracy was 99,6 % for k = 5 and with
Euclidian metrics used. Because the accuracy is excellent, the
method has also been used for the additional dataset
(containing different faults) classification. Accuracy for this
case decreased significantly down to 60,0 % and any other
setup of the method (variation of the parameter k as well as
use of the different metrics) leads only to decreasing of the
accuracy down to 59,6 % - see Tab. 1 (when excluding last
two metrics, which are not obviously used for such kind of
distances calculation). It can be learned from this result, that
the method is useful for simple datasets with clearly isolated
clusters of faults, but its accuracy for more complex datasets
is significantly lower.

Fig. 10. Scree plot of the PCA method for the dataset with two classes and
8 features.

It can be seen that the data have significant variance in the
direction of the 8th principal component (PC8), which covers
roughly 78 % of the total variance of the dataset. Red line
shows cumulative contribution of all PCs from the current PC
to the left. E.g. the value for PC6 (roughly 97 %) means, that
if first three PCs are used (PC8, PC7 and PC6), resulting
dataset will cover 97 % of the original variance. Remaining
3 % are covered by PC5 – PC1.

The MTS and PCA algorithms have been tested in slightly
different way – not for five output classes classification, but
only for distinction between two classes and emphasis is
placed on the dimensionality reduction process of the input
features set. The MTS algorithm reduced the original 8-D
space down to 6-D (two features were found as useless and
were excluded from the classification process). Mean value of
the optimized MS increased from 297 up to 329 (see Tab. 2),
which is about 10 % addition, than before optimization. The
features set was reduced, which leads to less system resources
required for computation and classification process. Also, the
output classes are better separable and the robustness of the
method significantly increased while amount of computing
resources presumably decreased due to lower dimensionality
of the input features space.

For clarity, two output classes are depicted in Fig. 11. The
first class showing healthy state is represented by small
crosses, the second class describing damaged state is shown
by small dots. Blue color represents original dataset (described
by eight features, but shown by first three features for better
illustration, namely RMS value, kurtosis, and skewness). Red
color represents reduced dataset after the PCA algorithm with
only first three PCs. As it can be seen, there is no significant

The PCA shows importance of the individual PCs from the
variance contribution point of view. After application of the
algorithm the result shows, that the most of total variance is
covered by one principal component PC8, with coverage of
79 %. If one admits decreasing of the total variance to the
tolerable limits, the dimensionality of the new dataset of
features can be significantly reduced. In aforementioned case,
reduction from eight-dimensions space to three-dimensions
space of features has been done while keeping roughly 97 %
of the original variance of the dataset and maintain reliable
output clusters separation. This result is very important for
bigger systems with huge input data sets, e.g. for neural
networks preprocessing for saving computational resources

Fig. 11. Representation of the original classes (blue color) and the classes
after reduction by using the PCA algorithm (red color).
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while ensuring the same (or very similar) results compared to
the case with original non-reduced dataset of the input
features.

[9]
[10]

VI. CONCLUSION
In this paper, selected machine learning methods for
vibrodiagnostic tasks have been compared using the same
input data sets and with same selected features. The datasets
from shortened bearing lifecycle with the several faults types
and several degrees of faults strength were used. Only time
domain features have been used for simplification of the
preprocessing chain and to eliminate the necessity of deep
knowledge about properties of the system for their better
selection in case of using the features from translated domain.
The methods were simulated in MATLAB software and their
accuracy has been calculated using confusion matrix
computations. Not only pure classification methods were
investigated, but also the methods for reduction of the
features vector dimensionality were taken into consideration.
Performed comparison shows weaknesses and strong points
of the individual methods as well as its implementation
difficulties and computational resources requirements.

[11]
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this is a common technique to use NARX-RNN to control a
Single-Input Single-Output system such the robotic arm, we try
to describe how different layers and training algorithms in DLbased structures, called DL-NARX-RNN, can improve the
efficiency of the system. Hence, the extended results of this
methodology can be utilized to evaluate many other controllers
which are designed based on conventional Artificial Neural
Networks (ANN). In another word, this paper demonstrates the
ability, potential and advantages as well as challenges of
generalizing traditional AI-powered controllers to the DL-based
ones. This paper is organized as follows: in section 2 the
proposed methodology is demonstrated while section 3 gives
information about training algorithms. The case study and
associated results as well as discussion have been described in
section 4. Finally, in section 5 conclusion is explained.

Abstract— Although many mathematical and analytical
techniques have been presented to control and identify the
dynamic systems, there are vast fields of research needing to be
developed and extended through Deep Learning (DL) approaches.
In this paper, we try to describe how intelligent controllers can
interact under control systems in a unique DL-based package.
Despite the fact that conventional techniques have some
advantages, such as the appropriate reliability and simple
implementation for industrial goals, intelligent methods have
potential to solve complex problems and identify nonlinear
systems. Hence the concentration of this research is on the use of
DL techniques to improve the system identification and control in
model reference adaptive controllers. A dataset is also used to
validate the responses of the proposed techniques. The simulation
results demonstrate that not only are the proposed methods
consistently appropriate to control the complex systems but also
they have acceptable responses in order to utilize for system
identification.

II. METHODOLOGY
ANNs are able to address some problems associated with
modeling, particularly those models which are analytically
difficult [5]. Furthermore, such techniques have a suitable
performance for the problems that traditional methods are not
applicable to solve them. In the field of modeling, a NARX
model is defined as a nonlinear autoregressive model containing
exogenous inputs [6]. In another word, both past values and
present values of the model are used simultaneously to
determine the output of the model. Moreover, the model
comprises to an “error” term. The cause of this error is not have
enough knowledge of other parts of the model to forecast the
future precisely. This model algebraically is shown as follows:
y t = F ( y t −1, y t −2 , y t −3 ,...,ut ,ut −1,ut −2 ,ut −3 ,...) + εt (1)
Fig. 1 demonstrates a conventional NARX-RNN controller
which have been used in several publications. This figure shows
an integrated shape of the network. In this arrangement the
upper network is responsible for controller while the lower one
identifies the plant. This structure contains one input layer, one
output layer and a hidden layer. In such structure, a LevenbergMarquardt Backpropagation (LM-BP) are usually used to train
the network . Despite the fact that LM-BP with this structure has
good results in pervious investigations. We aim to develop and
evaluate the developed structures. One of the most important
parameters that can improve the efficiency of ANNs to face big
data is increasing the number of layers and rearranging ANN.

Keywords—Adaptive Control, Artificial Neural Networks, Deep
Learning, Intelligent Control, System Identification

I. INTRODUCTION
Nowadays, nonlinear processes are the inseparable and
common parts in industrial systems. Therefore, development of
nonlinear controllers, especially the controllers are able to track
the output accurately, play a crucial role in increasing the
efficiency and productivity of industries [1]. Needless to say, the
use of the conventional controllers for the complex process is
not suitable because industrial systems usually suffer from
numerous serious problems, including a number of time-varying
parameters, nonlinearities, uncertainties, frequent disturbances,
and dynamic behavioral. Thus, it is essential to develop
controllers based on new methodologies which can conquer
such problems. Artificial Intelligence (AI) is a popular area of
study that can solve many complex problems in various fields of
science, such as control systems, medicine [2], and electrical
engineering [3]. A multitude number of researchers have
recently interested in applications of AI-based controllers due to
their potential to improve the stability of systems [4]. In this
approach, a model reference adaptive controller of a robotic arm
based on Nonlinear Autoregressive eXogenous model Recurrent
Neural Networks (NARX-RNN) has been presented. Although,
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Fig. 1. The structure of a conventional NARX-RNN controller including one hidden layer in ANN controller and one hidden layer in ANN identifier.
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Fig. 2. Two 5 layers structures as developed versions of the conventional NARX-RNN including ANN controller and ANN identifier.
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Fig. 3. A developed arrangement including 5 layers in ANN controller and 7 layers in the identifier.
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Fig. 4. An proposed DL-NARX-RNN containg 7 layers for the controller and 10 layers for system identification of the plant.

These training techniques include Scaled Conjugate
Gradient Backpropagation (SCGBP), Conjugate Gradient
Backpropagation with Polak-Ribiére Updates (CGBP-PR) [7],
Conjugate Gradient Backpropagation with Powell-Beale
Restarts (CGBP-PB) [7], Conjugate Gradient Backpropagation
with Fletcher-Reeves Updates (CGBP-FR) [8], Gradient
Descent with Momentum And Adaptive Learning Rate
Backpropagation (GDMALR-BP), BFGS Quasi-Newton
Backpropagation
(BFGSQN-BP)
[9],
Resilient
Backpropagation (R-BP)[10] and LM-BP. It should be said that
all algorithms have been modeled and simulated in MATLAB.
To validate the proposed techniques, a famous dataset of a
robotic arm has been used.

Fig. 2 to Fig. 4 demonstrate the new versions of a
conventional NARX-RNN proposed techniques for intelligent
controllers. As is observed, in this figures, a simple 3-layer
network called conventional NARX-RNN has been developed
by increasing the number of layers. This development is
practical to improve the accuracy of the network, particularly
in the case of big data. In the next step, several algorithms have
been used to train the developed structures.
III. TRAINING ALGORITHMS
In order to evaluate different training algorithm to train
ANN, we used several methods to train the network. Fig. 5
illustrates the process of training for an adaptive reference model
controller.

IV. RESULTS AND DISCUSSION
Since we aim to concentrate on designing a DL-based
controller system as an effective platform to be extended for
similar problems and systems, a dataset in MATLAB generated
by the Simulink model narmamaglev.mdl, namely
“robotarm_dataset”, is considered the black-box model to be
examined by the proposed controller [11]. Although the input
and output of the understudied system is available, there is no
analytical relationships and information about the system.
Hence, one of the greatest advantages of this method is not to
require the accurate knowledge about the plant. Therefore, this
dataset is an appropriate case study to measure the performance
of the introduced method. For calling the dataset, the phrase of
“help nndatasets” needs to be typed in Command Window in
MATLAB which is categorized into the input-output time series
problems in the Sample Data Sets for Shallow Neural Networks
of Deep Learning Toolbox. It consists of two variables including
a 1463-timestep signal as the input signal of the robot arm and a
1463-timestep signal as the output signal of the system. Another
signal which is necessary to design of model reference controller
is model reference signal. Fig. 6 and Fig. 7 illustrate the input
and output signals of the robotic manipulator and model
reference signals, respectively. As is observed, input signal is
torque while the output signal is angle of the robotic arm.

Plant
R-BP
NN Plant
Model
LM-BP

GDMALR-BP

CGBP-PR

CGBP-FR

NN Controller

BFGSQN-BP

Reference
Model

Fig. 5. Schematic diagram of a model reference adaptive controller powered
by the proposed developed DL-NARX-RNN.
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Fig. 6. The used dataset contains the input signal and output signal of the plant.

Fig. 7. Signal reference used for the model reference adaptive controller.

model act. Hence, the performance of the controller which is
trained by BFGSQN-BP, depicted in Fig. 13 is much better than
the controller trained by R-BP shown Fig. 11 and Fig. 12.
Moreover, Fig. 14 to Fig.16 show the comparison between the
reference signal and output of the plant. It goes without saying,
the more domain of set point is extended, the less controller
tracks the reference signal correctly. Besides that, Table I, Table
II and Table III give information about the accuracy of the
proposed methods in three various set points. Set points 1, 2 and
3 fluctuate between [-0.7 0.7], [-0.8 0.8] and [-1.5 1.5],
respectively. In these tables, 151151 means the network includes
6 layers, 2 three-layer networks which are coupled together. The
number in this type of definition indicates the number of neurons
in each layer. For example, for the network mentioned above,
there are 12 neurons. As it can be seen the tables, for each of the
proposed platforms, 4 mentioned criteria have been utilized to
evaluate them. Based on the data given in this table, the
networks trained by LM-BP holds the best results compared to
other techniques. However, there are some exceptions that we
will discuss. For instance, in Table I which is related to the set
point 1, the amount of MSE in the DL-NARX-RNN trained by
BFGSQN-BP is much more less than other methods in this
category with 0.0065. Furthermore, in the same row in Table I,
the amount of STD is 0.0801 indicating the accuracy of
BFGSQN-BP than that of other methods that are brought in
Table I. In this table, the mean error belongs to a LM-BP
platform with 10 layers and 64 neurons (1 10 10 1 1 10 10 10 10
1). This result also proves that the increasing the number of
layers and neurons not only is not problematic but it also can be
fruitful to improve the accuracy. In Table II, a 14-layer network
trained by LM-BP has an excellent performance with -0.0009
and an arrangement of neurons as 15551154433331. The
important result of this case is to prove the effectiveness of

Input signal fluctuate dramatically between -10 to +10 [N.m]
(+ and – in terms of direction) which is an appropriate signal in
order to stimulate the system to evaluate the performance of the
controller. It is essential that the main object of this simulation
is to compare the efficiency of the under test algorithms not to
control a simple device. The output signal is angle of the arm
which oscillates between -2.5 to +2.5 [rad] depends on the
applied torque to the system. Naturally, reference signal should
have less fluctuations (Fig.7).
After preparing the input signal, output signal and the
program based on the mentioned training algorithm, the results
of simulation need to be analyzed. In this research, which is a
part of a comprehensive investigation about developing the DLbased method, 23 various DL-NARX-RNN platforms including
6 structures and 8 different training methods are modeled and
simulated. For validation of each platform, 4 well-known
criteria, Mean Squared Error (MSE), Root Mean-Square
(RMSE), Mean Error and Standard Deviation STD, are used.
Also, for each platform all charts and outputs of the program
were recorded. However, due to the limitations of this report, a
few number of this results have been shown. For example, Fig.
8 to Fig. 10 demonstrate the response of three platforms with 8
10 and 14 layers, respectively. In these figures, some
information including training targets, training outputs, errors
and responses are available. As it can be seen, the performance
of the proposed networks is different. For example, in Fig. 8, the
controller trained by R-BP algorithm with 8 layers has an
inappropriate response than the response of controller shown in
Fig. 10 trained by LM-BP with 14 layers. Furthermore, Fig. 11
to Fig. 13 depict the standard error of the regression for three
platforms. Admittedly, approaching points to the square
diameter proves the performance of the method. In another
word, the more points approach to the diameter, the better ANN
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Ii is proved that how increasing the number of layer leads to
improvement of the network. In another case, mean error for RBP has an acceptable value compared to other techniques with
0.0279. It is note that the structure of platform is designed by 10
layers,1544115441.

application of DL methods instead of conventional ones. In the
case of Table III, we can also see such important results. For
instance, the mean error for a platform same as the before one,
14-layer DL-NARX-RNN trained by LM-BP is 0.0011.
Surprisingly, RMSE for a network with an arrangement like
15115441 which is trained by LM-BP algorithm is just 0.2326.
0.6
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Fig. 8. Output of a DL-NARX-RNN trained by R-BP with
1515441-neuron-layer arrangement.
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Fig. 11.The standard error of the
regression for a DL-NARX-RNN
trained by R-BP with 15115441-neuronlayer arrangement.

0.6

Fig.14. the comparison between the reference
signal and output of the plant for a DL-NARXRNN trained by LM-BP with 15551154433331neuron-layer arrangement (set point 1).
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Fig. 9. Output of a DL-NARX-RNN trained by R-BP with
1544115441-neuron-layer arrangement.
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Fig.15. the comparison between the reference
signal and output of the plant for a DL-NARXRNN trained by LM-BP with 15551154433331neuron-layer arrangement (set point 2).

Fig. 12. The standard error of the
regression for a DL-NARX-RNN
trained by R-BP with 1544115441neuron-layer arrangement.
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Fig. 10. Output of of a DL-NARX-RNN trained by LM-BP
with a 1555115443333-neuron-layer arrangement.
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Fig. 13. The standard error of the
regression for a DL-NARX-RNN
trained by BFGSQN-BP with
1544115441-neuron-layer arrangement.
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Fig.16. the comparison between the reference
signal and output of the plant for a DL-NARXRNN trained by LM-BP with 15551154433331neuron-layer arrangement (set point 3).
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TABLE I.

THE RESULTS RELATED TO SET POINT 1

Structure

Algorism

MSE

RMSE

1544115441
15551154433331
15551154433331
15551154433331
15551154433331
1544115441
1544115441
1544115441
1544115441
1555116661
15115441
15115441
15115441
15115441 (POP)
15115441
151151
151151
151151
151151
151151
1 10 10 1 1 10 10
10 10 1
1 20 1 1 20 1

R-BP
LM-BP
GDMALR-BP
CGBP-PR
CGBP-FR
R-BP
CGBP-FR
BFGSQN-BP
LM-BP
LM-BP
SCGBP
R-BP
BFGSQN-BP
LM-BP
LM-BP
GDMALR-BP
CGBP-FR
CGBP-PB
BFGSQN-BP
LM-BP
LM-BP

0.0456
0.0194
0.0868
0.0875
0.1145
0.0207
0.0769
0.9453
0.0752
0.0439
0.1225
0.1326
0.1315
0.0120
0.0049
0.1455
5.1591
0.0719
0.0065
0.0108
0.0724

LM-BP

0.1660

TABLE II.

TABLE III.

TABLE TYPE STYLES

STD

Structure

Algorism

MSE

RMSE

0.2136
0.1392
0.2946
0.2958
0.3384
0.1440
0.2774
0.9723
0.2742
0.2095
0.3500
0.3642
0.3627
0.1096
0.0697
0.3815
2.2714
0.2681
0.0805
0.1037
0.2691

Mean
Error
0.1382
0.0117
0.0575
0.1050
0.0095
-0.0080
-0.0500
-0.4324
-0.2229
0.00033
-0.2271
0.0603
0.2364
-0.0028
0.00068
0.00082
-0.6059
0.0405
-0.0083
-0.0037
-0.0016

0.1629
0.1388
0.2891
0.2767
0.3384
0.1439
0.2730
0.8713
0.1598
0.2096
0.2665
0.3593
0.2752
0.1096
0.0698
0.3817
2.1901
0.2652
0.0801
0.1037
0.2692

R-BP
LM-BP
GDMALR-BP
CGBP-PR
CGBP-FR
R-BP
CGBP-FR
BFGSQN-BP
LM-BP
LM-BP
SCGBP
R-BP
BFGSQN-BP
LM-BP
LM-BP
GDMALR-BP
CGBP-FR
CGBP-PB
BFGSQN-BP
LM-BP
LM-BP

0.1787
0.1757
1.1273
0.5223
0.2453
0.2236
1.0283
1.2622
0.5521
0.4682
3.2206
0.7963
0.6535
0.1820
0.0541
0.3466
5.3781
0.5136
0.4304
0.1028
0.2987

0.4075

-0.2044

0.3527

1544115441
15551154433331
15551154433331
15551154433331
15551154433331
1544115441
1544115441
1544115441
1544115441
1555116661
15115441
15115441
15115441
15115441 (POP)
15115441
151151
151151
151151
151151
151151
1 10 10 1 1 10 10
10 10 1
1 20 1 1 20 1

LM-BP

0.5231

0.5757
0.4192
1.0618
0.7227
0.4953
0.4728
1.0140
1.1235
0.7430
0.6842
1.7946
0.8923
0.8084
0.4266
0.2326
0.5887
2.3191
0.7166
0.6560
0.3206
0.5465

Mean
Error
-0.1142
0.0011
-0.8153
0.1152
0.2208
0.0279
-0.5020
-0.6129
-0.0911
-0.3309
1.0315
0.0939
0.4167
0.0063
-0.0329
0.0842
-0.5953
-0.1517
0.3256
0.1736
0.2440

STD
0.7505
0.4194
0.6805
0.7138
0.4436
0.4723
0.8815
0.9420
0.7378
0.5992
1.4692
0.8878
0.6930
0.4268
0.2303
0.5829
2.2425
0.7007
0.5698
0.2697
0.4893

0.7232

0.3668

0.6236

V. CONCLUSION

THE RESULTS RELATED TO SET POINT 2

0.4228
0.2148
0.5010
0.4027
0.2715
0.1925
0.3770
0.9619
0.3722
0.1708
0.4487
0.2564
0.3129
0.2542
0.1619
0.4552
2.2989
0.2882
0.1461

Mean
Error
-0.2914
-0.0009
-0.3525
-0.1088
-0.1047
0.0111
-0.0459
-0.6812
-0.1367
-0.0017
-0.2496
-0.1210
0.0062
-0.0108
-0.0128
0.2928
-0.6913
0.0148
0.0070

0.3064
0.2149
0.3561
0.3879
0.2506
0.1923
0.3743
0.6794
0.3464
0.1708
0.3730
0.2261
0.3130
0.2541
0.1615
0.3487
2.1936
0.2880
0.1460

0.0111
0.0743

0.1051
0.2725

-0.0063
-0.0213

0.1050
0.2718

In this paper, DL approaches in the design and improvement
of model reference adaptive control based on NARX-RNN,
called DL-NARX-RNN were presented. In addition, we
demonstrate how DL-based method can dramatically improve
the performance of NARX-RNN identifiers that are an
important part of such controllers. The main contribution of this
research was to prove this fact in most cases, increasing the
number of layers in NARX-RNN structures, not only does not
lead to overfitting, but it also will result in more precise
performance. In addition, in order to evaluate the performance
of DL-based controllers with different training methods, a
couple of training algorisms have been used to prepare the
proposed structures. Results prove that although LevenbergMarquardt backpropagation have acceptable responses, some
other training methods like BFGS Quasi-Newton
backpropagation and Resilient backpropagation can be reliable
at least in the case these types of controllers.

0.1983

0.4453

0.0010

0.4455

ACKNOWLEDGMENT

Structure

Algorism

MSE

RMSE

154415441
15551154433331
15551154433331
15551154433331
15551154433331
1544115441
1544115441
1544115441
1544115441
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15115441
15115441
15115441
15115441 (POP)
15115441
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151151
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Also, in the same case with an arrangement following
15115441 the mean error is obtained with an appropriate value,
0.0939 (See the Table III). On the basis of the results, it can be
said that the proposed DL-NARX-RNN techniques in are more
accurate than the conventional NARX-RNN to use as model
reference adaptive controllers. Moreover, the evidence show
that in LM-BP algorithm is not always the best option to train
such networks. Furthermore, results have proved that using
several layers for NARX-RNN can contribute to brilliant
accuracy. Generally, the proposed methods show an effective
performance to model nonlinear systems, notwithstanding the
fact that the preciseness of the DL-NARX-RNN method
depends on many factors. First factor is the amount of data; in
this technique, we used several hidden layers to improve the
performance of conventional NARX-RNN methods, it means in
comparison with a conventional NARX-RNN the proposed
method has a better accuracy to analyze the big data. the network
is used the amount of data.
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rises with the operational number of sub-modules and thus for
high voltage levels. Another common approach is to design
the converter for required power at LV range and use the
transformer to adjust the voltage levels at the motor terminals
if necessary [5]. A similar concept is used commonly for
example in industrial sector for the drive of the electric
submersive pumps [6] [7].

Abstract—This paper deals with the control of induction
motor drive powered by 3-phase VSI with 3-phase output
transformer. The drive configuration using transformer to adjust
the voltage level from the converter is common for example
in submersive pumps drives or in mining industry where the
transmission line is limited to low voltage levels. Another field,
where such drive configuration finds its place is in the testing
facilities where the converter needs to cover wide portfolio
of ac drives from medium voltage to low voltage range. The
transformer together with usually long cables and difficult
availability of the speed measurement strongly complicates the
control design. A common control algorithms are based on open
loop voltage per hertz techniques which are very simple and
robust however they fails to provide high dynamic performance.
In such a case FOC based algorithms may be used, which
strongly increases the complexity of the cascade based control
design, especially during motor startups, where high demanded
torque may easily result in over-saturation of the transformer. In
this paper we use popular version of the predictive control FCSMPC using complete model of the drive with the transformer.
The resulting control algorithm is very simple and robust
while provides high dynamics and effective solution to oversaturation of the transformer even in the low speed operation.
The theoretical assumptions are validated by simulations.

The control algorithm has to ensure proper operation of
the drive and prevent from over-saturation of the transformer
which may easily be exited by high torque demand, during
the startup and in the low speed region operation. In addition,
the tested drives are often not equipped by speed or position
measurement, which complicates the control design even
more. Since reliability and simplicity are major concerns,
voltage per hertz based algorithms are commonly used for
such drive configurations [8]. By controlling the voltage per
hertz ratio we can easily avoid the transformer over-saturation
and it is very simple and well proven technique, however,
the dynamic performance is limited and the acceleration of
the drive needs to be ramped in order to avoid over-current.
Therefore the designers often turn to FOC based algorithms
which are based on a cascade structure of PI controllers if
there is a demand for higher dynamics. In such a case the
phenomenon of the transformer over-saturation needs to be
carefully taken in to account and it may significantly increases
the complexity of the algorithm. In some cases it may be
beneficial to combine voltage per hertz with FOC [6] [9].

Keywords—predictive control, induction motor, multiple motor
drive, pareto front

I. I NTRODUCTION
Typically the testing facilities for low-voltage (LV) and
medium voltage (MV) speed adjustable drives needs to cover
a wide voltage and power range. One way how to achieve
high voltage range in speed adjustable ac drives is to use
multilevel converter design [1]. Lately a huge attention is
given to multilevel converters based on modular typologies.
By stocking individual modules of the converters based on
half/full bridge in series we can achieve desired voltage
capability [2], [3], [4]. However in that case, the nominal
power is only available for MV drives and at lower voltage
levels it is limited by the nominal current of the converter.
Moreover the complexity of the multilevel converter control

In this paper we focus on designing very simple and robust
algorithm which provides comparable dynamical performance
to the FOC, while it is capable to avoid over-saturation of the
transformer and over-currents in a very simple and direct way.
For this purpose, we use version of predictive control called
finite control set model predictive control (FCS-MPC) which
has shown to be effective in control of electric drives [10].
Resulting control algorithm is tested in simulation with the
parameters of the 4kW drive prototype
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II. C ONTROL OF INDUCTION MOTOR WITH THE
TRANSFORMER

dψp
,
(1)
dt
dψs1
dψs2
0 = Rs i¯s +
+
,
(2)
dt
dt
dψr
0 = Rr i¯r +
− jωm ψr ,
(3)
dt
di¯p
di¯s
dψ¯s2
u¯p = Rp i¯p + Lpσ
+ Ls1σ
+ (Rs1 + Rs2 )is +
,
dt
dt
dt
(4)
u¯p = Rp ip +

∗
ωm
ωm

i∗q

PI

Uc
θ

Uc

where, Rs is the stator resistance, Lpσ and Ls1σ are stray inductance of the primary and secondary site of the transformer.
ip is current of the primary winding, is ,ir are the stator/rotor
currents ,ψp , ψs1 are the primary/secondary magnetic fluxes
ψs2 , ψr are stator/rotor magnetic fluxes. After necessary alternations we derive mathematical model in form
dx̄m
= Ad x̄m + Bd ūm ,
(5)
dt
The state vector of the drive is defined in stationary coordinated system α, β and it is defined as xm =
[is,α , is,β , ψp,α , ψp,β , ψr,α , ψr,β ]T . Here , A(ωm )d is a matrix
of the state dynamics, ωm is a mechanical angular speed and
Bd is an input matrix.

d, q

i∗d

α, β

3phase VSI

FCS-MPC

ψpα,β
ψrα,β
isα , isβ
ia , ib

isα , isβ
ψpα,β
ψrα,β
θ

Flux
observer
IM 2

B. Control criteria

ωm

The primary goal of the control is to secure tracking of
∗
the requested rotor flux vector ψr∗ and torque TM
e of the
motor. Moreover it is essential to secure hard limits on the
stator current as well as the transformer magnetic flux to avoid
overheating and the transformer over-saturation. Formally we
are looking for solution of following control problem.

Fig. 1. Block diagram of investigated induction motor drive with the
transformer.

Cascade structure in FOC is a standard way how to deal
with multi-variable multi-input (MIMO) systems. It is an
elegant and very simple way how to deal with control of
electric drives in general. However the cascade structure
has its limits. When there is a high number of control
variables and control objectives, the control structure may
become too bulky and the setting of particular controller gains
too complicated. In this paper we use popular version of
predictive control using limited set of control inputs (FCSMPC) [11]. Unlike FOC, we define the control objectives
in a single cost function. We define mathematical model of
the drive with the transformer which is used to predict the
evolution of particular control variables in time. the resulting
control algorithm has to achieve high quality control, while it
is very simple and computationally cheep. The block diagram
of proposed control is shown at Fig.1

uopt
t:t+h

= arg

min

ut:t+h ∈U

t+h
X

g(xm,τ , um,τ ),

τ =t+1

subject to: umτ ∈ U,
is,τ ∈ XI ,
ψp,τ ∈ Xψ ,
xmτ = f (xmτ , umτ ),

∀τ = t, t + 1, . . . , t + h.
(6)
where, g() is the cost function defining the control criteria,
U is the set of admissible inputs,XI is the operational
set of motor stator current,Xψ defines operational set of the
transformer magnetic flux, f () is the mathematical model (5).
Index τ is a running time on the prediction horizon from the
current time t to t + h.
The solution to (6) can be found very effectively by using
popular version of predictive control FCS-MPC which has
shown to be very effective in solving multi-variable control
problems on short prediction horizons [12], [11] [13]. By
(1)
(7)
using limited set of input variables um ∈ {um , . . . , um }
which corresponds to all admissible voltage vector of threephase VSI, the cost function is minimized by “brute force”
search over the admissible voltage vectors, which dramatically
simplifies the control design.

A. Mathematical model of the drive
The mathematical description of the drive is derived from
block diagram Fig. 2, which can be described by following
set of equations
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Fig. 2. Block diagram of investigated dual motor traction drive.

where Imax is the maximum stator current magnitude.
The satisfaction of the transformer magnetic flux limit is
done analogically to the current limit as

C. Predictive control
Analogically to standard FOC tracking of the requested
∗
rotor flux ψ̄r∗ and torque T̄M
e can be simply transformed
to current tracking control problem by designing appropriate
current references. To this purpose we design the references
in dq coordinated system using the assumption of dq frame
linked to a vector of the rotor flux (7), (8). This step allows to
clearly separate the current components responsible for torque
and flux change.
ψ∗
(7)
i∗sd = r ,
Lm
T∗ e
i∗sq = ∗M
.
(8)
ψr 23 pp

gψL

χ =

where λ̄(.) are particular penalization’s, and g(.) are terms
respecting particular control objectives. Note, satisfaction of
both limits wold be complicated in standard FOC since the
transformer magnetizing current is usually not controlled
directly.
In order to achieve required property of the control algorithm, proper penalization settings is important especially
when the cost function works with different quantities. Nevertheless in (17) the penalization setting is dramatically simplified due to transformation of torque and flux control in
to simple current tracking problem, defined α, β plain, Here
both current errors are equally weighted λ̄i = [1, 1]T . The rest
of the cost function is only active when the the switching
combination would lead to violation of any of the limits.
In order to eliminate such switching combination from the
selection, λiL an λψL needs to be chosen sufficiently large
(i.e. λiL =λψL = 1 × 10−5 in our case) .

(10)

Then we can calculate the angular position of the rotor
magnetic flux using :
!!
Lm 1
dt,
(11)
θ̂k = θ̂k−1 + ωm,k + isq,k
Tr |ψ̂rd,k |
Finally the current references (7), (8) are transformed in
the the stationary reference frame α, β using inverse park
transform and the current tracking problem is then defined as
2

giα,β = (iα,t+1 − i∗α ) + iβ,t+1 − i∗β

2

,

III. S IMULATIONS

(12)

The simulations has been designed to validate the control
algorithm design. during the tests the main focus is to show
the ability meet all imposed limits and still maintain the best
possible current tracking. Simulation test hes been performed
for the drive of with following parameters tab I, the sampling
period of the algorithm has been set to 50µs. The PI controller
has been set for all the experiments the same (i.e. the
proportional gain Kp = 1.2 and the time constant of the
controller τi = 1.5 × 10−4 ) . The first experiment shows the
behavior of the drive during the step change of the requested

Satisfaction of the hard limits in (6) is met by defining
additional terms in the cost function, which are designed to
introduce high penalty for violation of the limits. In the case
of the current limit the additional term can be designed as
giL

=

χ =

q
2
2
+ ψpβ,t+1
) − ψp,max )|,
(15)
χ |( (ψpα,t+1

q
2
2
0 if( (ψpα,t+1
+ ψpβ,t+1
)5 ψp,max )
q
(16)
.
2
1 if( (ψ 2
pα,t+1 + ψpβ,t+1 ) > ψp,max )

Following all control objectives in (6), the cost function is
designed as a weighted sum of all control criteria as.

gmpc= λ̄i giα,β + λiL giL + λψL gψL ,
(17)

The Lm is the main inductance of the motor, pp is the number
of pole pares.
Since the rotor flux is an unmeasured value we use standard
current model to obtained it


Lm
1
ψ̂rd,k = ψ̂rd,k−1 +
isd,k − ψrd,k−1 dt, (9)
Tr
Tr
ψ̂rq,k = 0,

=

q
(13)
χ |( (i2α,t+1 + i2β,t+1 ) − Imax )|,

q
0 if( (i2α,t+1 + i2
β,t+1 )5 Imax )
q
, (14)
2
1 if( (î2
d,t+1 + îq,t+1 ) > Imax )
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A)

B)

Fig. 3. Simulation of the the step change of the requested speed ω ∗ from 0 to 300 rad/swheel slip. The moment of inertia of both motors is set to
J = 3 × 10 kgm−3 and the load torque TL = 3Nm. The reference magnetizing current i∗d is set to 8A and the overall current limit is set to is is set to
20A. A) the speed ωm , and stator current in α, β stationary reference frame, B)stator current in stationary reference frame α, β.

A)

B)

Fig. 4. Simulation of the the step change of the requested speed ω ∗ from 0 to 100 rad/swheel slip. The moment of inertia of both motors is set to
J = 3 × 10 kgm−3 and the load torque TL = 3Nm. The reference magnetizing current i∗d is set to 8A, the overall current limit is set to is is set to 20A
and maximum transformer magnetic flux is set to 1Wb

∗
from 0 to 300 rad/s and back to 0. the stator
speed ωm
current is limit has been set to 20A and the transformer
magnetic flux ψp is limited to 1.5 Wb. The speed and stator
current are shown at Fig. 3 and the transformer magnetic
flux as well as rotor magnetic flux are shown at Fig. 6. The
second experiment investigates the behavior of the drive when
the transformer magnetic flux ψp is limited to 1 Wb. The
∗
requested speed ωm
is step changed from 0 to 100 rad/s and
back to 0. The speed and stator current are shown at Fig. 4
and the transformer magnetic flux as well as rotor magnetic
flux are shown at Fig. 7. Note that since the value of ψp
and ψr is lower in this case compared to the previous case
also the torque is lower which essentially effects the dynamic
properties of the drive. The last experiment investigates the
impact of variable ψp limit during the low speed operation
where the transformer over saturation is usually the biggest
issue. The experiment is shown at Fig.5 A) and B). The
∗
requested speed ωm
has been step changed from 0 to 13 rad/s
and at the time t = 0.3s the limit on ψp has been reset from
1.5 Wb to 0.8 Wb.

TABLE. I
PARAMETERS OF T ESTED D UAL I NDUCTION M OTOR D RIVE
Pn = 4.5 [kW]
Un = 3 × 400 [V]
Rs = 1.617 [Ω]
Rr = 1.609 [Ω]
Ls = 8.5 [mH]
Lr = 8.5 [mH]

Lh = 134.3 [mH]
Pp = 2 [−]
J = 0.03kgm2
Lµ1 = 81[mH]
Lσp = 1.12[mH]
Rp = 0.1[Ω]

IV. C ONCLUSION
We have proposed simple control algorithm of induction
motor drive with input transformer. The aim was to design
control technique which is very simple and yet providing comparable results with conventional control algorithms
based on cascade structures of PI controllers.
In analogy to FOC we use rotating reference frame only
to design the references for the stator current. However the
current control is done in stationary reference frame α, β
using one step FCS-MPC using the complete model of the
induction motor with the transformer. The important property
of designed controller is the ability of stator current and
transformer flux limitation in a very simple end effective
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A)

B)

Fig. 5. Simulation of the the step change of the requested speed ω ∗ from 0 to 13 rad/swheel slip. The moment of inertia of both motors is set to J =
3 × 10 kgm−3 and the load torque TL = 3Nm. The reference magnetizing current i∗d is set to 8A, the overall current limit is set to is is set to 20A and
maximum transformer magnetic flux is set to 1.5Wb at the beginning and at the time 0.3s the limit has been reset to 0.8Wb A) the speed ωm , and stator
current in α, β stationary reference frame, B) transformer magnetic flux and rotor magnetic flux in stationary reference frame α, β.

and λiL =λψL = 1 × 10−5 Here, λi can be omitted since
it has no effect to the cost function value and λiL =λψL is
chosen as a sufficiently large number in order to penalize
the switching combinations leading to violation of the limits.
The simulations shows that proposed control algorithm is
capable to maintain proper operation of the drive even under
changing transformer flux limit. The future research will focus
on experimental testing of the algorithm.
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encryption methods. Since individual development of
application ground-up could be extensively time consuming,
a number of operating systems for the development of IoT
applications have been created in the recent years. A brief
comparison of such operating systems is in [4]. A typical
representative of such systems is the Zephyr project [5], which
is ported to extensive number of more than 200 platforms. For
each and every platform it has implemented full control of
basic peripherals. Build on a microkernel or nanokernel
depending on the device in the means of performance,
supports methods of multithreading and non-preemptive and
preemptive scheduling. C and C ++ are exclusively used as
programming languages.

Abstract— IoT and their industrial implementation aimed at
Industry 4.0 is of a major interest among both research and
development professionals. This article deals with the
modifications and extensions possibilities of the standard
MicroPython implementation on the STM32 platform, as well
as the use in the development, implementation and
programming of IoT peripherals, creation of custom libraries
and custom modules at the hardware level. Discussed are the
essentials associated with the development of general IoT
application and the MicroPython environment, as a tool for
rapid-prototyping of such applications. Portability is ensured
thanks to the intensive utilization of HAL (Hardware
Abstraction Layer) technology, which allows usage across the
entire spectrum of devices with ported MicroPython.
Modularity, scalability and extendibility of the application are
demonstrated in examples, where the connection of a common
LM92 temperature sensor, the control of a microcontroller pin
and a DDS (Direct Digital Synthesis) generator are shown.

It is a fact that the development of an IoT application
requires the creation and utilization of development tools for
preparation and debugging of application designed. This can
consume a considerable time, depending on the project scope
and complexity. Efficient way to simplify this issue is using a
flexible universal tool, enabling interactive design and testing
of individual parts of the IoT application. In this article we will
go through the options and possibilities provided by utilization
of the Python language as a development tool for IoT
applications.

Keywords— MicroPython, IoT, Industry 4.0, STM32, HAL

I. INTRODUCTION
IoT and their industrial implementation aimed at Industry
4.0 is of a major interest among both research and
development professionals. New devices are developed
almost on daily basis and bring new, required properties to the
areas of their use, not limited just to the industrial automation,
but also building automation and HVAC areas [1] and also in
civil engineering [2]. Growing number of new, modern
devices with enhanced properties also brings new
requirements on development tools and applications.
Developing a general IoT application consists of two
elementary parts [3]:

II. MICROPYTHON AS A TOOL FOR RAPID PROTOTYPING IOT
DEVICES

Python is well known as a high-level programming
language, quite a long-way from hardware. It could be also
considered an excellent tool that is many times quite useful in
hardware development. MicroPython [6] is a transcript of
CPython reference implementation of the Python language,
and is aimed for usage in microcontrollers. The
implementation is already ported to several different target
platforms and it is scalable and open-source. It gained its
popularity in recent years in the community of developers,
which is also evidenced by the fact that there are currently
over 2,000 different forks on the github. These forks deal with
various modifications, extensions and adaptations for multiple
development and experimental boards.
The utilization of MicroPython is fairly simple, as the
firmware is loaded by standard flashing software for a specific
type of microcontroller into its flash memory and after it
typically communicates using a terminal application on a
computer using emulation of a serial interface. Main use
targets of MicroPython and its forks can be sorted into
following categories:

• hardware control design development – input/output
devices and sensing elements, HMIs and indicating elements
and output devices, actuators and motors. Development of this
part can be effectively performed on multiple levels - from a
simple task of connecting a standard device to a standard
interface (I2C, SPI,1-Wire, etc.), through creation of API for
its operations, to development of own-design of a specialized
sensor or output device with custom firmware. Such a
firmware may contain customized implementation of
communication interface, protocol implementation, data
processing and unique API,
• custom application design development - from a simple
single purpose application to an extensive system
communicating over the Internet utilizing latest protocols and
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•

•

quite simpler with microcontrollers, there is
available a direct port of MicroPython as an
application that can be used in the Zephyr project [8].

Education purposes - MicroPython allows using a REPL
(Read – Eval – Print Loop) method to interact with the
microcontroller. It makes possible accessing the
microcontroller peripherals using terminal emulator
without the need to program the code for initialization of
peripherals and elementary communication. This way, it
is possible explaining to students the basic principles of
data acquisition and processing on multiple supported
boards, in a simplified way using higher programming
language.
Development and testing of device and sensor designs MicroPython provides verified, debugged and tested
reference implementations of interfaces used in
microcontrollers. This solves one of the developer’s
tasks of implementing the entire vertical structure
associated with peripheral communication setup and
control. Currently used integrated peripherals
communicating via several serial interfaces (I2C, SPI,
CAN, 1-Wire etc.) are controlled by writing and reading
values, often using multiple different registers for
enhanced properties of the given device, with different
meaning of individual bits and interconnection of values.
MicroPython provides with direct interactive access to
device registers, makes it easy to verify the functionality
of peripherals, develop and test appropriate hardware
parts and devices, as well as algorithms for control and
data acquisition from the device. The abstraction of
hardware and the versatility of implementation allows
using other platform than the one used originally for
development, without the need for detailed knowledge
of the new target platform programming.

It is obvious that using a suitable design of a device with a
microcontroller and attached various peripheral devices, we
can reach a state, where it is possible to simply replace
MicroPython based firmware with device firmware or vice
versa, both during the development state of the application and
in the production state of an IoT application. A comparison of
the general development environment architecture and the
alternative using MicroPython solution is shown in
Fig. 1.
A. Possibilities of using STM32 platform in developing of
IoT applications
STM32 microcontroller platform can be used as a
platform for demonstrating possibilities of using
MicroPython in the development of IoT applications. Family
of STM32 microcontrollers is quite popular among developer
due to its availability, price and support. It contains a wide
range of microcontroller types that vary in performance,
memory size, built-in peripherals and interfaces and power
optimization modes. Although the STM32 platform is not
fully officially supported in the MicroPython, there are
available ports for some common members of this platform
directly in the MicroPython source code, and the compilation
of the firmware for the selected type of microcontroller is
effortless thanks to the thorough documentation. Installation
of MicroPython on the STM32 platform is well documented
and can be done in a user-friendly way.
B. Portability of the code
Thanks to the intensive utilization of HAL (Hardware
Abstraction Layer) technology, MicroPython allows for
portability of the developed code not only among
microcontrollers within a single family or platform, but also
across the whole spectrum of supported devices from various
manufacturers with ported MicroPython. In the following
basic coding example, data are read from a temperature
sensor and a temperature comparator LM92 [8] which is
connected to the internal interface I2C bus 1. The data are
read from the TEMPERATURE REGISTER as 2-byte blocks
at register address number 0. The temperature sensor has 7
registers for data reading and writing the thresholds of
comparators and hysteresis settings.

Fig. 1 Comparison of development environments
•

Monitoring and configuration tool used in design of
complex applications - specific applications on high
performance microcontrollers and FPGA solutions
often include the implementation of small,
independent tools used for state monitoring and
system parameters set-up. FPGAs often utilize a
software implementation of a small microprocessor
e.g. 8051, Z80, etc. Creating a program for such
microprocessors, can be ensured state monitoring
and set-up of system parameters and other
configuration parameters. The one of first attempts
to implement MicroPython on an FPGA [7], shows
the prospect of the further development. In the field
of operating systems, there are already several
experimental MicroPython ports for monitoring and
setting Linux kernel parameters [10]. The situation is

import machine
def read_LM92_TR(ic, addr):
raw = ic.readfrom_mem(addr, 0, 2)
# read 2 bytes from register 0
data = (raw[0] << 8) + raw[1]
# 16 bit format conversion
td = data >> 3
# 2'compl b15-b3 temperature
TEMP = (-(td & 0x1000) | (td & 0xFFF))* 0.0625
L = data & 0x01
# T_LOW -> H, TEMP < 10 deg
H = (data & 0x02) >> 1 # T_HIGH -> H TEMP > 64 deg
C = (data & 0x04) >> 2 # T_CRIT -> H TEMP > 80 deg
return TEMP, C, H, L
# MCU STM32L432KC
ic=machine.I2C(1)# init I2C interface, PA10-SDA, PA9-SCL
print(ic.scan())
# -> [75] list of all devices in I2C(1)
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print(read_LM92_TR(ic, 75)) # -> (24.5625, 0, 0, 0)
Given basic program example will work and be fully
functional not only on used microcontroller and all supported
microcontrollers from the STM32 family, but also on any
device produced by any other manufacturer with ported
MicroPython with an I2C interface. This way, if mode
demanding requirements are put on the utilization of
peripheral equipment, it is possible carrying out the
development itself on a high-performance microcontroller
and use a lower range microcontroller for the final application
deployment.

chdir -- <function>
getcwd -- <function>
ilistdir -- <function>
listdir -- <function>
mkdir -- <function>
...
mount -- <function>
umount -- <function>
The file system can be also used with external storage
media, such as SD-Card. Support for communication with
cards is a part of MicroPython. The file system is not only
available in the MicroPython environment, but using an
utility ./tools/pyboard.py it is possible to save, delete files and
export the directory structure outside the MicroPython
environment.

C. Code modularity
MicroPython has a feature, that allows adding a new code
i.e. frozen module, as a library that will become a part of the
developed firmware. This prevents from repeatedly
downloading already debugged code into the MicroPython
environment after microcontroller resets. This feature is
activated by a quite simple way and consists in saving the
developed library code file (in Python language) to the
directory structure at .ports/stm32/modules shown in Fig. 2.
After this operation we need to compile the firmware and
upload it to the target microcontroller. The library is then
fully available using the commonly used import command.
micropython
|
+--ports
| |
| +--stm32
... | |
... +--my_modules
| |
... +--demo.py

usage: pyboard.py [-h] [--device DEVICE] [-b BAUDRATE]
[-u USER] [-p PASSWORD]
[-c COMMAND] [-w WAIT] [--follow] [-f]
[files [files ...]]
Additional arguments for -f (--filesystem)
ls
ls ./adresar
cp ./file ./
rm ./file
rmdir addr
mkdir addr
cat ./subor file listing in the terminal
cat./subor > local.txt

<--- created directory
<--- module code

Example
python pyboard.py -f ls
python pyboard.py -f cp ./test.py :

Fig. 2 Directory structure
When compiling, we need to define the variable
FROZEN_DIR. Compilation is the same as when creating a
clone for the target platform. After compiling and uploading
the firmware to the microcontroller, the module is available
via import demo. Exceeding the Flash memory range results
in a compilation error.

If the main.py file is overwritten or modified to contain
executable code, it will automatically run after the next reset.
D. Implementation scalability
The elementary version of MicroPython without libraries
is about 20KB in size after compilation. For FLASH memory
usage optimization, creators of MicroPython added as many
standard and supporting libraries as possible for every
individual platform. Some implementation can thus differ in
the manner of available libraries. Depending on the
microcontroller’s FLASH memory and RAM sizes, the
firmware may contain the possibility of mapping part of the
memory as a file system. This file system can also contain
external storage media such e.g. SD/TF card and others.
When some libraries and extension are not required, the
firmware configuration may be modified and optimized
according to current requirements. The mpconfigboard.h file
is used to configure the target firmware for each individual
platform. This file contains variables used to mark include or
exclude tags for selected parts of the source code being
prepared for the firmware compilation.

directory ./ports/stm32/, compilation for Nucleo32
STM32L432KC
make BOARD=NUCLEO_L432KC clean
make BOARD=NUCLEO_L432KC
FROZEN_DIR=./my_modules
Microcontrollers with larger FLASH memory have a
certain advantage, as a free part of the FLASH memory can
be used as a local storage medium which is then mapped as a
file system. The os library provides with elementary
functions for creating and manipulating directories and files.
>>> import os
>>> help(os)
object <module 'uos'> is of type module
__name__ -- uos
uname -- <function>
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E. Implementation extensibility
While developing a new, non-standard device, the
standard drivers included in MicroPython installation may
not meet the requirements e.g. low-level peripheral
operations and calculations may be needed. Likewise, with
standard Python language there is also a possibility of
extending MicroPython with native modules programmed in
C/C++ language. Such modules can also use system libraries
to control peripherals of the used microcontroller. Creating a
module, the same way as in a standard Python, we need to
program an interface between the native module in C/C++
and its representation in Python language. A thorough
procedure of such procedure can be found in [13]. A number
of program macros are used to create the interface, though
with larger modules their structure can get quite large and
complicated. Since the method of interfacing to native
modules is widely standardized, there are available code
generators for standard Python, e.g. SWIG, is used to
generate the required interface based on the modules source
code. In MicroPython is used the reverse procedure, we may
use an interface generator (stub). Experimental
implementations are shown in examples [11], [12], which
create a stub consisting of program macros in C/C++ based
on a function declaration in Python language.

if len(sys.argv) < 1:
print("Usage: python3.7 gen_stub.py input.py > output.c")
exit()
md = sys.argv[1].split(".")[0]
stub = __import__(md)
s = ustubby.stub_module(stub)
print(s)
The implementation of the code itself can be created using
HAL or LL. Example using low-level STM32 library is
shown in the code snippet below (the full code is available on
gihub [14]).
...
STATIC mp_obj_t blink_blink(mp_obj_t n_obj, mp_obj_t
delay_obj) {
mp_int_t n = mp_obj_get_int(n_obj);
mp_int_t delay = mp_obj_get_int(delay_obj);
//Your code here
// ----------------------------------------------------------------int i=0;
for(i=0; i<n; i++){
LL_mDelay(delay);
LL_GPIO_TogglePin(GPIOB, LL_GPIO_PIN_3);
}
// -----------------------------------------------------------------

III. EXAMPLES OF APPLICATION

return mp_const_none;
}
MP_DEFINE_CONST_FUN_OBJ_2(blink_blink_obj,
blink_blink);
...
Directory structure is then in the form shown in Fig. 3

A. Example 1 – Pin control
This example contains a simple module that consists of an
initialization and a function that switches the pin with LED
for a specified number of times and with an adjustable
interval. The declaration of functions for interface generation
has the following form:
# File blink.py, Python 3.7
# interface functions declarations
def init()-> None:
"""
Function for port initialization and pin (with on-board
LED)setup on NUCLEO_STM32L432KC is LED
connected to PORTB, PIN3
"""
def blink(n: int, delay: int) -> None:
""" LEDblinking
:param n: number of blinks
:param b: delay
:return: None"""

my_project/
|
+-- modules/
<-- modules directory
| +--blink/
|
+--blink.py
<-- source file for stub generator
|
+--blink.c
<-- generated and modified source
code
|
+--micropython.mk <-- module configuration
|
+-- micropython/
<-- original MicroPython
+--ports/
<-- ports for platforms
... +--stm32/
<-- directory for firmware compilation
...
Fig. 3 Directory structure for stub

This declaration is used to generate a stub. For stub
generation is used [12] and the stub contains the
implementation of the relevant function. We can use the
procedure given in the manual to generate it, or we can use
the following simple script.

Compilation using HAL libraries does not require any
modifications. When compiling the implementation of
modules with LL libraries, ./stm32/Makefile must be
modified as follows:
•

# File gen_stub.py
# script for generating stub for micropython modules
following https://github.com/pazzarpj/micropython-ustubby

•

add initialization of the USE_FULL_LL_DRIVER flag to
make LL libraries available,
add the compilation of LL libraries.

In the section CFLAGS add:

import ustubby
import sys

CFLAGS = $(INC) -Wall ...
...
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CFLAGS += -DUSE_FULL_LL_DRIVER

<- added flag

Initialization of DMA, TIM6, DAC and PA4
:param prescaler: prescaler setting for TIM6
:param period: TIM6 period value - update step size
:return: None
"""
def set(step: int) -> None:
"""
Phase start
:param step: phase increment
:return: None
"""

In the section SRC_HAL add:
SRC_HAL = $(addprefix
$(HAL_DIR)/Src/stm32$(MCU_SERIES)xx_,\
hal.c \
...
hal_uart.c \
ll_gpio.c \
<- added LL drivers no-prefix
...)
To compile the module, we still have to create a file
micropython.mk in the module directory, which keeps the
defined structure of the module, which itself can also consist
of several files.

The core of the DDS generator consists of a function that
initializes the array with the values transferred in the DMA to
the DAC converter at a rate defined by the timer. There are
two arrays, while moving the first, the second one is filled in
and the control for the MicroPython is released.

# File micropython.mk
BLINK_MOD_DIR := $(USERMOD_DIR)
SRC_USERMOD += $(BLINK_MOD_DIR)/blink.c
CFLAGS_USERMOD += -I$(BLINK_MOD_DIR)

void DMA_Update(void){
// callback function from DMA interrupt TC (Transfer
Complete)

Starting the compilation is then just alike in the previous
case. In the directory ./ports/stm32/, we start the compilation
of the firmware:

uint16_t index;
LL_DMA_DisableChannel(DMA1, LL_DMA_CHANNEL_
3);

make BOARD=NUCLEO_L432KC
USER_C_MODULES=../../../modules CFLAGS_EXTRA=DMODULE_BLINK_ENABLED=1 all

if(buffer_select == 0){ // buffer selection
LL_DMA_SetMemoryAddress
(DMA1,
LL_DMA_CHANNEL_3, (uint32_t) &buffer_low); }

After compiling we download the resulting file to the
microcontroller using the standard procedure. Using the
module in MicroPython is the same as using any other library:

else{

>>> import blink
>>> blink.init()
>>> blink.blink(10, 100)

LL_DMA_SetMemoryAddress
(DMA1,
LL_DMA_CHANNEL_3, (uint32_t) &buffer_high); }
LL_DMA_SetDataLength(DMA1,
LL_DMA_CHANNEL_3, BUFFER_SIZE);
LL_DMA_EnableChannel(DMA1,
LL_DMA_CHANNEL_3);
// DMA refresh

B. Example 2. DDS Generator
As an example of a larger module, we will show the
implementation of DDS (Direct Digital Synthesis) generator.
For several applications requiring an active excitation source,
it is sometimes necessary to use a variable frequency
harmonic signal source. For implementation, we will use the
easy-to-implement DDS principle, which consists of a
variable representing a 32-bit phase accumulator and a 32-bit
phase step variable. The part of the accumulator word is used
as the address of the value in the table of generated waveform
values. For the synthesis of the harmonic waveform, we use
the 8bit resolution of the DAC converter with a table length
of 512 values. To transfer the values from the memory to the
DAC, we will use DMA transfer. We will implement this in
two steps using a double-buffer, while transferring the
contents of one buffer to the DAC, we will prepare and
initialize the contents of the other. The basic timer TIM6 is
used to control the transmission, the output is PA4.

for(index=0; index<BUFFER_SIZE; index++){
// next buffer initialization
phase_acc = phase_acc + phase_incr;
// DDS phase accumulator
phase_addr = (phase_acc & 0x01FF0000) >> 16;
// mask for array of 512 table items – 9 bit
if(buffer_select == 0){
buffer_high[index]= (SineTable[phase_addr]
ampl) >> 8;}

*

else{
buffer_low[index] = (SineTable[phase_addr]
ampl) >> 8;}
}
buffer_select = (buffer_select==0) ? 1 : 0;}

# Fil dds.py for stub generator
# Declaration of interface for DDS on STM32L4

void DMA1_Channel3_IRQHandler(void){
// Interrupt handler
if( LL_DMA_IsActiveFlag_TC3(DMA1) !=0){
// Transfer complete

def init(prescaler: int, period: int, )-> None:
"""
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DMA_Update();
LL_DMA_ClearFlag_TC3(DMA1);
}
if(LL_DMA_IsActiveFlag_TE3(DMA1) == 1){
// Transfer error
}
}
Because the module size is larger, code itself is available
on github [14]. We proceed with the compilation in the same
way as in the previous example:
Make BOARD=NUCLEO_L476RG_EXP
USER_C_MODULES=../../../modules CFLAGS_EXTRA=DMODULE_DDS_ENABLED

Fig. 5 DDS generator - frequency spectrum of the signal
IV. CONCLUSIONS

we come across one problem - the used IRQHandler is
already reserved in MicroPython in the file
.ports/stm32/dma.c, where it needs to be commented out.
When initializing the module, we enter the parameters of the
prescaler and the period of the counter, with the set method
we set the phase increment (generator tuning):

MicroPython on currently available microcontroller
platforms provides effective option for the rapid development
of IoT devices, in which the routine operation of standard
high-level peripherals is implemented using verified and
tested libraries. One of its advantages is possibility of
focusing creative potential on the design and development of
the application in hardware, driver, conversion and data
processing without the need to solve general tasks bind with
common operations. On the other hand, MicroPython allows
creating modules using low-level programming, that can be
compiled and used in the final firmware. With a suitable
combination of its properties, it is possible to quickly
implement tasks and assignments of practice, which under
normal conditions can be time consuming. A distinctive
advantage of such solution is portability. Developed
firmware may be deployed not only within a single platform
used for primary build, but also across a range of many
solutions with implemented MicroPython. Such system
properties could from multiple points of view represent a
great added value in developing IoT devices intended for
industrial usage, especially in the Industry 4.0 environment.

>>> import dds
>>> dds.init(4,50)
>>> dds.set(0x00004000)
>>> dds.set(0x00028000)
It is obvious, that the resulting generator in Fig. 4 does not
have the parameters of a laboratory device, but it is sufficient
for common applications. With a clock frequency of the
processor core of 80MHz (STM32L476RG), the generator
can be used up to approx. 150kHz with jitter up to 1Hz.
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Abstract—This paper describes the usage of neural networks
in microcontrollers for deployment in embedded devices. The
issue is focused on the design of a suitable neural network, its
optimization and deployment in a 32-bit microcontroller with
regards to the limiting factors of the chosen microcontroller.
The introductory part of the article is a description of the
used technology and hardware on which the solution will be
implemented. Accelerometer motion recognition was chosen as a
practical application. The proposed solution recognizes 6 basic
movements, respectively movement in three axes. Tensorflow
and Keras frameworks were used to design and implement a
neural network. The created neural network model was after
optimization implemented in the firmware of the STM32L4x
microcontroller. The proposed solution implements automatic
motion detection and its subsequent classification. The proposed
principle can be applied to a group of sensors connected to
the available interfaces of the microcontroller. Application with
an accelerometer can be used to detect specific vibrations,
application with MEMS microphones can be used to detect
specific sound patterns that indicate a possible fault condition
of the monitored device in industry.
Keywords—Machine learning, microcontrollers, neural network.

I. I NTRODUCTION
Automatic motion detection in devices, whether they are
wearable electronics or smart devices, is now becoming quite
common. Motion recognition can be implemented in a ways
from simple detection of the movement itself, through detection of specific movements such as free fall, to the recognition
of movement patterns. In the first two cases, the detection is
simple - just monitor the acceleration vector and if it exceeds
the limit values, the given movement has occurred. In the
case of recognizing specific motion patterns, this problem can
be solved by classifying the patterns using a neural network.
This paper presents a study in which was proposed a solution
for the recognition of several motion patterns using a neural
network. The calculation of the neural network structure was
performed using the TensorFlow library and the Keras framework. The resulting neural network model was implemented
in the control program of the STM32L4x microcontroller,
978-1-7281-5602-6/20/$31.00 c 2020 IEEE

which is a high-performance microcontroller with low power
consumption. The structure and parameters of the neural
network that will be used to recognize the motion patterns
have been designed with regard to the limitations of the used
microcontroller. Subsequent visualization of motion pattern
recognition was performed via a desktop application using the
described hardware module as data source. The motion pattern
recognition application is only one case in the classification
category. Similar problems include categorization of vibrations
or categorization of sound signals, respectively noises. In
these applications, the aim will be to determine the nature
of vibrations, respectively the sound signal.
II. A PPLICATIONS OF CLASSIFICATION IN TECHNICAL
PRACTICE

Solving classification related problems is a typical example
of machine learning. Machine learning is an automatic process
of revealing patterns (similarities and groupings of states)
in available data using statistical models, where the created
model can be used for forecasting purposes based on new
(current) data [3].
Instead of analyzing large volumes of data, machine learning
algorithms can process this data and create rules from it, that
can then be applied in the end application. Machine learning
algorithms thus offer a much more efficient alternative for
learning from data. Machine learning is a subset of artificial intelligence methods, which aims to provide machines,
respectively computers learning options without the need of
programming. The main idea for ML is the ability to learn
and generalize knowledge from the gained experience. The
machine that is learning must be able to create a general model
while obtaining sufficient information and based on the model
should recognize states with sufficient accuracy [4], [7]. The
basic principle of implementing a simple neural network into
the microcontroller code is described in the publication [5],
where was used STM32F030 microcontroller, with a minimum
FLASH memory capacity - 16kB. The created neural network
was able to distinguish 4 movements and the module communicated with the superior PC via Bluetooth. Machine learning
algorithms can be implemented in available microcontrollers,
which are used in various embedded solutions or in wearable
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electronics, which gives us the opportunity to create smart
functions using these devices. General example is task of
detecting whether a person is resting, walking or running.
Accelerometer data can be used as source data. Another application that uses a microphone is location detection - outdoor
environment, home environment or office environment. In the
field of industrial applications, a noise analysis application can
be used to detect an impending fault condition. The use of
classification itself, as a neural network application, can be
part of a complex process [9], [10], [11], or even a simulation
within the modeling of a complex system [2].
III. S TATE OF THE ART
The issue of implementing a neural network into microcontroller code is addressed in several publications. In
[12], the principle of implementing a neural network into
the microcontroller code is specified. The author focuses
on implementation details with emphasis on accelerating the
calculation of the activation function. Implementation details
of the deployment of a neural network in a microcontroller
are described in [16]. In the article, the author presents the
interdependencies between the accuracy of the neural network
and the current consumption or memory requirements on the
microcontroller used. The practical use of a neural network in a
microcontroller is presented in [13], where a neural network is
used to control the movement of an autonomous vehicle. The
use of a microcontroller for the implementation of a neural
network is demonstrated in the case study [14] where a rapid
evaluation of the state is required, since the neural network
is used to control the drone rotors. The implementation of
a neural network on the STM32 architecture, specifically
the STM32F401 microcontrollers is presented in [15], where
authors implemented neural networks with 14, 100 and 5115
neurons in a hidden layer. Using this neural network, they approximated the electrocardiogram and electroencephalogram.
The implementation of a convolutional neural network on the
STM32 platform is presented in [17]. The network is used to
detect a human in a thermal image.
IV. H ARDWARE DESIGN
The hardware configuration of the solution was simplified
as follows: an MPU6050 accelerometer was connected to the
STM32L432 microcontroller via the I2C bus. The operating
frequency of the microcontroller was 32MHz. The data acquisition frequency was set to 100Hz. Data were acquired
in 3 axes. The resolution of the accelerometer was 16-bit,
the measuring range was +/- 2g. In the first step was this
hardware prototype used to collect data for a training set.
These were movements in all 3 axes: left - right, forward backward, up - down. This created 6 sets of data that were used
to train the neural network. To ensure correct readings from
the accelerometer was used an algorithm, which automatically
starts data acquisition when the movement has started.The
application operation principle in the microcontroller is following: initialization of the microcontroller and accelerometer
itself, motion detection - in case of detection of any motion,

Fig. 1: Algorithm for accelerometer data readings
the measurement itself is started on the accelerometer in a
batch of 100 measurements every 10 ms. Subsequently, the
data is sent for processing and the program is repeated ( Fig.
1)
In Fig. 2. Is presented a motion detection algorithm. In
this algorithm, data (m1 and m2) are gradually read from the
accelerometer with a time delay of 10ms between subsequent
readings. In case 10-times in a row (variable repeat) is the
difference between two successive readings greater than the
defined threshold, the cycle ends and the reading of data that
are already part of a certain movement is continued (Fig. 1
- block “read ACC data”). Subsequently, 100 measurements
are read from the accelerometer with a mutual time shift of
10ms. This data, which represents the acceleration values over
1s period, is then sent via the UART interface for processing.
The processing of these measured data consists in the creation
of CSV files that contain data from several measurements. One
file is created for each direction of movement. These files will
then be used as a training set for the neural network.
A. Neural network model
The determining parameters in the overall design were the
properties of the used microcontroller: the size of the program
memory (FLASH) and the size of the operational memory
(RAM). The microcontroller has 256kB FLASH and 64kB
RAM. The resulting neural network model is part of the final
firmware and takes up space in the FLASH section. The used
Keras framework solution allows the resulting model to be
compressed. After successful motion detection - the algorithm
in Fig. 2. starts the data collection from the accelerometer
(block “read acc data” - Fig. 1), where the data is acquired
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Fig. 2: “Movement detection” algorithm

for a period of 1s. When processing this data, we empirically
set the reading frequency to 50Hz, i.e. there is a 20ms pause
between individual readings. In this configuration we get 50
measurements, where each measurement consists of 3 values
- acceleration from the x, y and z axes. This data will be the
input vector for the proposed neural network. In Fig. 3. Are
displayed the acceleration curves in all 3 axes when moving
up and down.
The number of neurons in the output layer will be the same
as the number of detected motion patterns – i.e. 6 output
neurons. The structure of the neural network in hidden layers
is given by the addition of other functions and filters in the
Keras framework. The proposed neural network consists of the
following layers:
•

•

•
•
•

Conv2D - 2D convolution layer. This layer creates a
convolution kernel that is convolved with the layer input
to produce a tensor of outputs,
MaxPooling2D - Downsamples the input representation
by taking the maximum value over the window defined
by pool size for each dimension along the features axis,
Dropout – this function helps prevent overfitting,
Flatten – Flattens the input. Does not affect the batch
size,
Dense – neural network layer.

Fig. 3: Acceleration curves in the x, y, z axes when moving
in the direction of the z axis [1]

Neural network structure is in Listing 1.:
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model = k e r a s . S e q u e n t i a l ( [
t f . k e r a s . l a y e r s . Conv2D ( 3 2 , ( 3 , 3 ) ,
input shape =(50 , 3 , 1) ,
activation=’ relu ’ ) ,
t f . k e r a s . l a y e r s . MaxPooling2D (
pool size =(2 ,2) , s t r i d e s =2) ,
t f . k e r a s . l a y e r s . Dropout ( 0 . 2 ) ,
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t f . keras . layers . Flatten () ,
t f . k e r a s . l a y e r s . Dense ( 7 5 ,
activation=’ relu ’ ) ,
t f . k e r a s . l a y e r s . Dense ( 6 )
])

B. Neural network model implementation into STM32L432
microcontroller

Listing 1. Neural network structure

To create the neural network model, we decided to use the
convolutional neural layer (Conv2D), because it is suitable
for tasks related to classification [8]. The first parameter of
the Conv2D function determines the number of output filters
in the convolution. The second parameter (3,3) specifies the
height and width of the 2D convolution window, parameter
(50,3,1) defines the dimension of the input vector: the data is
stored in a 50x3 matrix, where each matrix cell contains one
value. As activation function was used ‘relu’, which applies
the rectified linear unit activation function. The MaxPooling2D
function downsamples the input representation by taking the
maximum value over the window defined by pool size for
each dimension along the features axis. Parameter strides
specifies how far the pooling window moves for each pooling
step. This is followed by the Dropout function, which is used
against overtraining. The Flatten function simply changes a
multidimensional array to one-dimensional. We set the number
of neurons in the hidden layers to 150 (layer dense) and 75
(layer dense 1). The last output layer has 6 neurons, since
we have 6 directions of motion, which the neural network
evaluates. The resulting neural network model is shown in
Listing 2.
Model: "sequential"
_____________________________________
Layer (type)
Output Shape
=====================================
conv2d (Conv2D)
(None, 49, 2, 32)
_____________________________________
max_pooling2d
(None, 24, 1, 32)
_____________________________________
dropout (Dropout)
(None, 27, 1, 32)
_____________________________________
flatten (Flatten)
(None, 768)
_____________________________________
dense
(Dense)
(None, 150)
_____________________________________
dense_1 (Dense)
(None, 75)
_____________________________________
dense_2 (Dense)
(None, 6)
=====================================
Listing 2. Resulting neural network model
After neural network model verification, it is necessary to
implement the created model into a program that will run
directly on the microcontroller.

This project used the STM32L342 microcontroller, which is
a 32-bit microcontroller with a low-power ARM architecture.
For the basic configuration of the microcontroller was used
STM32Cube software, which allows setting basic parameters
such as core frequency, activate and set peripherals such as
serial UART, I2C or SPI communication interface of the
microcontroller in the GUI environment. The result of this
configuration is a program template into which is written the
user code.
const ai
0 x42 ,
0 xc2 ,
0 x72 ,
0 x54 ,
0 xb6 ,
...
}

u8 s network weights [131864] = {
0 xbc , 0 x98 , 0 xbe ,
0 xee , 0 x58 , 0 x3d ,
0 x04 , 0 x02 , 0 xbe ,
0 xcc , 0 x94 , 0 x3e ,
0 x8d , 0 x27 , 0 xbe ,

Listing 3. Demonstration of a neural network model as an
array in C language
Deployment of the created neural network into the microcontroller is possible thanks to the X-CUBE-AI library. XCUBE-AI is an STM32Cube Expansion Package part of the
STM32Cube.AI ecosystem and extending STM32CubeMX
capabilities with automatic conversion of pre-trained Neural
Network and integration of generated optimized library into
the user’s project [6]. When creating the resulting firmware
for the microcontroller, we used the additional software component X-CUBE-AI in the “Application template” mode. We
imported the created neural network model into the settings.
After generating the basic code, the neural network model is
represented as a weight vector (Listing 3.).
In the last step we used the neural network model. The
trigger for evaluating the motion pattern is the beginning
of the motion. To detect the beginning of motion, we use
the algorithm described in Fig. 2. After successful detection,
50 samples are read with a time delay of 20ms between
subsequent reads, which represents the acceleration values
during interval of 1s. The data is then sent for processing to
the prepared neural network - Fig. 4., aiRun() function. The
function processes input data and in the output is the value of
neurons from the last layer of the neural network.
The last layer of the neural network has 6 neurons. The
output is therefore an array of weights of size 6. If we mark
the individual elements of this array 0/1 - positive/negative
orientation in the x-axis, 1/2 - positive/negative orientation in
the y-axis and 3/4 - positive/negative orientation in the z-axis,
so the result is the index of the output field with the largest
index. The getDirect() function is used to determine the index
of an element with a maximum value. The result is the value
of dir, respectively the numerical indication of direction. This
value is then sent via the UART interface for the purpose of
visualization and verification of correct motion detection. The
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works for classification tasks, is advantageous for applications
in embedded systems or smart solutions. As current singlechip microcontrollers achieve sufficient performance to run
neural network evaluation, machine learning algorithms are
suitable for solving classification problems in embedded and
smart solutions. The problem of motion recognition based
on accelerometer data can be generalized to the problem of
finding patterns from sensory data. It can be audio data or
a video stream. Trained neural networks can find specific
patterns in this data, which can indicate specific states of the
monitored device.
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Abstract—This paper shows experimental results for three
different methods used for a voltage synchronization to the threephase grid. Tested methods are: traditional phase locked loop
using Clarke and Park transformation (SRF-PLL), dual secondorder generalized integrator phase locked loop (DSOGI-PLL)
and sliding discrete Fourier transformation (sDFT). Experiments
are carried out using controlled laboratory three phase power
supply and show robustness of the methods to the noise, voltage
distortion and sensitivity to grid frequency fluctuations. Finally,
strong and weak aspects of the methods are discussed.
Index Terms—DSOGI-PLL; grid synchronization; sDFT; SRFPLL

I. I NTRODUCTION
Nowadays semiconductor power converters are more and
more used in cooperation with an AC power grid. They are
used to compensate for the disruptions in grid, it is case of
active rectifiers, STATCOMs or active power filters. Another
use is linked to the power plants, in this field is dominant use
of inverters in renewable energy plants such as photovoltaic
or some types of wind turbines. In all of these applications
it is necessary to use some kind of voltage synchronization.
There are many techniques for a voltage synchronization with
various strengths and weaknesses [1]. From the application
point of view, the main concern is if the grid is three or one
phase. For some of the techniques it is indispensable condition,
to measure three phases. Example of such technique is SRFPLL [2].
Some studies has already been done, comparing a performance and robustness of the voltage synchronization techniques [2], [3], [4]. These studies are in the most cases
comparing PLL based techniques or they are comparing some
other technique with basic SRF-PLL. In this paper advanced
PLL based technique (DSOGI-PLL) and sDFT algorithm are
compared, results of SRF-PLL are used as a benchmark to
show benefits of these techniques.
Results of this this experiment will be used in symmetrization station for RES (railway electrification system). Goal is to
decide, if there is necessity to employ different techniques for
the voltage synchronization and the reactive power compensation. For the reactive power evaluation is used sDFT, because
in case of RES the load is connected between two phases.

978-1-7281-5602-6/20/$31.00 ©2020 IEEE

II. VOLTAGE SYNCHRONIZATIONS
From the known techniques, three were chosen for the
experiments. The first, the simplest technique, is the SRFPLL. This technique is based on Clarke Park transformation
connected with PI controller, which alternates dq system rotational speed. The second examined technique is the DSOGIPLL. This technique is very similar to the SRF-PLL, the
main difference is the input stage where the double second
order generalized integrator is used, which provides a stronger
immunity to the disturbances in the grid voltage. The last
examined technique is a synchronization using the sDFT. This
technique differs from the previously mentioned, which are
a time domain based. This technique is a frequency domain
based. All of the used synchronization techniques identify grid
voltages Um and angle θ as shown in equations (1).
Ua = Um cos(θ)
Ub = Um cos(θ + 120°)
Uc = Um cos(θ − 120°)

(1)

A. SRF-PLL
The input stage of the SRF-PLL is based on the Clarke and
Park transformation. The Clarke transformation (2) is used
to transform the three phase voltages Ua , Ub and Uc to the
stationary reference frame voltages Uα and Uβ . The Park
transformation (3) transforms the stationary reference frame
voltages Uα and Uβ to the rotational reference frame voltages
Ud and Uq . Two types of the Clarke transformation are
commonly used, the power invariant form and the amplitude
invariant form. In case of the voltage synchronization, it is
better to use the amplitude invariant form, because it directly
provides a value of a grid voltage amplitude. This can be useful
for a feed-forward control. After the input transformations, the
calculated Uq is send to the PI controller, marked as the PLL in
Fig. 1, which corrects the systems rotational speed ω to keep
Uq = 0 V . The PI controller was tuned for the fast response,
used PI controller is in (4). Output angle θ of the PLL is
calculated as (5).
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1 
1
−
−
2
Uα
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Fig. 1. Scheme of DSOGI-PLL
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SOGI tuning also against frequencies lower than fundamental
[6]. Another benefit of the DSOGI is an improved immunity
against nonsymmetries which can be caused by the one phase
loads or grid faults.
The DSOGI is tuned to utilize its benefit of filtering
frequencies other than fundamental. The gain constant k of
the DSOGI is set to 0.5. The impact of the gain constant is
shown in Fig. 2 [5]. The rest of the DSOGI-PLL is identical
to the SRF-PLL, including the gain setting of PI controller.
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C. sDFT
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ˆ
θ = ωdt
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(3)
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(5)

B. DSOGI-PLL
The DSOGI-PLL is actually the SRF-PLL extended with the
double second order generalized integrator inserted between
the Clarke and the Park transformation. The DSOGI detects
the input voltages positive-sequence component at fundamental frequency. This feature guarantees an immunity against
frequencies higher than the fundamental and depending on the

The sDFT originated as the an improvement of the recursive
DFT. Recursive DFT has an issues, when the time window
of DFT does not match period of grid voltage, a phase shift
occurs between input grid voltage and the filtered output [1].
The use of a sliding time window reduced computational
complexity of the algorithm. It is well known, that sDFT
has problem with numerical stability. There are two methods
to resolve this, the first is introducing damping. The second,
which is used in tested algorithm, is to use two sDFTs and
alternate between them. When the second is activated, first is
zeroed and after its initialization the the roles are reversed.
Principle of the sDFT is shown in Fig. 3 and described
by the equation (6). Constant C determines the analyzed
frequency in relation to the fundamental frequency ω. Because
frequency analyzed by the sDFT is the fundamental frequency
of the grid, C = 1. The constant N is count of the samples per
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Fig. 4. Test signals

window and it is calculated by (7). The product of the equation
(6) S is complex a number corresponding to Uα + iUβ , that
means Um , θ and ω can be calculated by (8).
C

S(k) = S(k−1) ejω N +

N=

Um(k) =

2
2
x(k) − x(k−N )
N
N

fsampling
ff undamental

(6)

(7)

q

θ(k) =

2
2
Sre(k)
+ Sim(k)
S
tan Sim(k)
re(k)

B. Higher harmonics
In the public power grid may be expected some distortion
of the voltage caused by the higher harmonics components.
These components are specifically formed by odd multiples of
fundamental frequency. Lower higher harmonics, 3rd and 5th,
are commonly more significant. Because input the transformations are simplified and neglect gamma component of Clarke
transformation, the 3rd harmonic is filtered from the signal.
The 5th harmonic with the amplitude 20% of fundamental
harmonic is used for the experiment. Wave form of testing
voltage is shown in Fig. 4.
C. Frequency change

(8)


ω(k) = θ(k) − θ(k−1) fsampling
III. E XPERIMENTS
Few tests were proposed to evaluate robustness of examined
techniques for the voltage synchronization. Details of these
tests are described in the following chapter.
A. Locking speed
Very important feature of every voltage synchronization
technique is the speed in which it can be initialized and give
an useful information. This can be in some cases improved,
for example in case of the DSOGI the integrators can be
initialized by the first measured value of the grid voltage. In
the contrast to this, an initialization of the sDFT can not be
sped up, because it is necessary to firstly fill the input buffer.
Another trick to speed up synchronization is to start a PLL
at the defined time regarding input signal. In experiments is
shown case, where the PLL is synchronized and started at the
θ = 90°, but there are other points of sinusoidal signal that
can be identified and used for this purpose. The point of 90°
is identified as zero crossing with negative derivation of the
first phase voltage.

In public power grid can also occur fluctuations of fundamental frequency. This test is again exaggerated in comparison
to the actual behavior of the grid. In this test the grid voltage
will be raised and dropped by 2 Hz. There is expected poor
performance of sDFT algorithm, because it has no feature to
make it adaptable to different frequency. Main goal of this test
is to evaluate how significant error will appear.
IV. R ESULTS
In this chapter are shown results of the experiments proposed in the previous chapter. To show a fidelity of the signal
identified by the used technique the input of the first phase
is reconstructed by the calculated amplitude a phase of the
signal.
A. Locking speed
The experiment shows that locking speed of the techniques
is similar. In the Fig. 5 are compared different cases of
DSOGI-PLL and SRF-PLL. The first two figures show start
of the PLLs at the worst case θ = 180°, which is given
by the default initialization which is θ = 0°. In this case
the time of locking of PLL based techniques is influenced
by used initialization setting. It takes between one and five
periods of the input signal, that means 15 to 100 ms. This
is similar to sDFT which needs one period (20 ms) to fill
up its input buffer. In last case was the start of PLLs set
at θ = 90° with the output the theta initialized accordingly.
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(a) DSOGI-PLL without initialization

(b) DSOGI-PLL with initialization

(c) SRF-PLL and DSOGI-PLL with start at θ = 90°

Fig. 5. locking experiment (cyan SRF-PLL (400 V/div), purple DSOGI-PLL (400 V/div), green sDFT (400 V/div), blue first phase grid voltage)

Result shows immediate synchronization between PLLs and
grid. Slight disadvantage can be time where algorithm waits
for the right time to start, but this can be shortened up 12
times with the use of the all zero crossing detection from all
three phases.
For evaluation of locking performance locking time and
mean squared error (MSE) are used, results are shown in
shown in table I. MSE is calculated according (9), on the
100 ms window.
n

1X
(Ug − Ux )2
M SE =
n i=1

(9)

TABLE I
R ESULTS OF LOCKING EXPERIMENT
Technique
sDFT
SRF-PLL standard
SRF-PLL start at θ = 90°
DSOGI-PLL standard
DSOGI-PLL with initialization
DSOGI-PLL start at θ = 90°

Locking time
20 ms
20 ms
15 ms
100 ms
80 ms
15 ms

MSE
3.6 · 103
15.9 · 103
8.5 · 103
36.4 · 103
33.2 · 103
8.6 · 103

B. Higher harmonics
In Fig. 6 is shown effect of the 5th harmonic. In case of
PLLs the transmission of higher harmonical components can
be reduced by lowering gain of inner PI controller. For all
experiments the PI controllers of SRF-PLL and DSOGI-PLL
has the same settings. From the result is apparent that with
this setting the SRF-PLL transmits the 5th harmonic. This is
consequence of rapid changes in rotational speed of rotational
reference frame. This is especially bad, because in application
described in the introduction, the rotational speed of rotational
reference frame is used for the setting of resonant frequency of
PR controllers. In table II is shown measured rotational speed
ripple for different techniques.
C. Frequency change
Used PLLs work well with the change of the grid frequency.
sDFT has problem because it has fixed frequency given by the
sampling and width of measured window. Change of frequency
causes phase shift of reference θ. This can be especially

TABLE II
R ESULT OF EXPERIMENT WITH 5 TH
Technique
sDFT
SRF-PLL
DSOGI-PLL

HARMONIC

ωpeak−peak
14 rad/s
130 rad/s
8 rad/s

dangerous in case of some applications of inverters with low
energy in DC-link. Phase shift between generated and grid
voltage causes flow of active energy resulting in charging or
discharging of DC-link capacitors. Measured phase delay of
the phase at input frequency 48 Hz is 360 µs, it means 0.12
rad. Measured phase delay of the phase at input frequency
52 Hz is 420 µs, it means 0.14 rad. This is combined with
oscilation of ω, where ωpeak−peak = 30rad/s
V. C ONCLUSIONS
Experiments showed, that sDFT algorithm can be used as
method for voltage synchronization. It works well and does
not need as extensive tuning as PLLs.
In case of locking speed sDFT starts faster than basic PLLs.
It was proven, that PLLs can be improved by adding some
extension for better initialization. With this improvement, PLL
can reach faster locking time, than sDFT. Conclusion is, with
all methods can be reached locking time 20 ms (with the 50
Hz grid).
The worst performance in the test of robustness against
higher harmonic distortion of the grid has SRF-PLL. It must
be said that in case of SRF-PLL the huge impact on its
performance has setting of its PI controller gains. Similarly
the performance of DSOGI-PLL can be adjusted by the tuning
of gain constants.
Last experiment with the change of grid frequency confirmed assumption of poor performance of sDFT, which has
fixed frequency. This can be solved by the use of sDFT
with adjustable frequency, but it would lead to inadequate
complexity of algorithm.
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(a) Reconstructed wave form (cyan SRF-PLL (200 V/div), purple DSOGI-PLL(b) Deviation related to nominal frequency (cyan SRF-PLL (60 rad/s div),
(200 V/div), green sDFT (200 V/div), blue first phase grid voltage)
purple DSOGI-PLL (60 rad/s div), green sDFT (60 rad/s div), blue first phase
grid voltage)
Fig. 6. Higher harmonics

(a) Grid frequency 48 Hz

(b) Grid frequency 52 Hz

Fig. 7. Output θ (cyan SRF-PLL (1,6 rad/div), purple DSOGI-PLL (1,6 rad/div), green sDFT (1,6 rad/div), blue first phase grid voltage)
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electrical signal into the mechanical deformation is known as
a reverse piezoelectric effect. The piezoelectric effect is based
on the fundamental structure topology which has an oriented
polarization in one direction.

Abstract—This paper deals with a review of potential
technical applications of piezoelectric polymer systems for
Industry 4.0 applications. Polyvinylidene difluoride (PVDF) is a
highly non-reactive thermoplastic fluoropolymer produced by
the polymerization of vinylidene difluoride. Copolymers of
PVDF with beta phase could be used in piezoelectric and
triboelectric applications which are presented in this paper.
PVDF is a candidate for harvesters and sensors that cannot be
realized with piezoceramics or single crystals. Both technical
applications for sensing and energy harvesting are presented in
this paper. These technologies could be useful in mechanical
engineering applications like a strain sensor, strain energy
harvesting, vibration energy harvester, load sensing and
triboelectric sensors/generators. The opportunity for future
usage in Industry 4.0 devices is outlined and experimental
results of individual systems are presented.

Piezoelectric materials are commonly used in various
sensing, actuating and energy harvesting applications.
Polyvinylidene fluoride (PVDF) is well known ferroelectric
material for piezoelectric applications. Sensing and energy
harvesting purposes of piezoelectric polymer and copolymers
of PVDF with beta phase could be used in different
operational modes which is presented in this paper. Both
harvesting and sensing applications could employ thin
polymer sheets based on PVDF [3]. An electrospinning is also
method for effective production of piezo-active PVDF
materials for sensing and harvesting applications. This process
combines the effect of stretching and electric field, and it
produces PVDF based nano scaled fibres and fibrous mats.

Keywords—PVDF, piezoelectric, strain, vibration, stack,
energy harvesting, sensing, triboelectric

Offered and presented smart technologies based on both
PVDF materials could provide opportunity for smart system
of machines and devices due to affordability and flexibility of
PVDF materials.

I. INTRODUCTION
Concepts of modern sensing for Industry 4.0 applications
are under the recent development. A development of modern
engineering applications expects higher availability and
affordability of sensors and data acquisition systems [1]. An
employment of smart materials could provide new cyberphysical system which could be integrated in modern devices
and engineering applications. Mechanical structures of
modern machines and devices with smart materials provide
electrical signal which is proportional to operational and
structural loads. Employed piezoelectric materials inside
mechanical structures enable transfer of physical operation
into an electrical signal for cyber-physical system.

II. PIEZOELECTRIC CONVERSION AND APPLICATIONS
A. State-of-art Applications of PVDF Piezoelectric
Materials
Recent development of piezoelectric applications is
focused on energy harvesting applications, where ambient
mechanical energy is transferred into the useful electricity for
autonomous and wireless applications [4]. Basic physical
principle for energy harvesting from ambient mechanical
energy are:

A main feature of general piezoelectric materials [2] is a
conversion of the applied mechanical stress or strain into the
electric field. Such a conversion is called the direct
piezoelectric effect and vice versa, the conversion from

•
•
•

Czech Science Foundation project GA19-17457S: Manufacturing and
analysis of flexible piezoelectric layers for smart engineering.
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Piezoelectric strain energy harvesting [5],
Piezoelectric kinetic energy harvesting [6],
Triboelectric energy harvesting [7].
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Authors [8] propose applications of piezoelectric materials
into energy harvesting skin of an aircraft cover, which
includes energy harvesting sources of energy and embedded
sensors. The sensing and harvesting application are widely
discussed for PZT piezoceramic materials [9]. In case of strain
applications, the utilization of thin polymer-based systems
would be an efficient tool how to reduce the volume and
weight of sensors e.g. for pipe monitoring applications [10].
In case of vibration energy harvesting the piezoelectric
PVDF kinetic devices are presented in paper [6]. This type of
autonomous energy provides very low output power – see e.g.
[11]. However, PVDF cantilevers are very sensitive to
acceleration excitation and it could be thus, with an advantage,
used for sensing purposes [12].

In both operation modes (31 and 33) the electric
displacement, electric field and voltage on electrodes are in
direction 3, which denotes polarization axis of the
piezoelectric material. Mechanical load to piezoelectric
material (stress and strain) is applied and it is shown in Fig. 1.
In mode 33 the stress, strain and external force are in the same
direction as the material polarization (direction 3); and in
mode 31 the stress, strain and external mechanical loads are in
perpendicular direction 1. Both principles with PVDF
materials were tested and are also presented in this paper.
III. PIEZOELECTRIC PVDF MATERIALS
Both description of functional properties of the PVDF
material and a research focused on the physical processes
responsible for the electroactivity are essential for design of
sensors and generators. Nowadays, research is carried out in
several fields, including the macro level, i.e. measurement of
the piezo- and tribo-effect of bulk samples, both at the micro
and nanoscale, using probe microscopy techniques. This
enables to determine the dominant orientation of electrical
domains and the electrical activity. PVDF is a semi-crystalline
polymer, therefore it is important to know crystallinity, to
determine the percentage of material that contributes to the
formation of domains for example by differential scanning
calorimetry. PVDF can crystallize in α-, β-, γ-, δ- and ε phases
and phase composition is one of the main factors influencing
the electro activity. To determine phase composition, several
techniques can be used as e.g. the Fourier transform infrared
spectroscopy, X-ray diffractometry or Raman spectroscopy.
Undesired contamination or intentional doping of the fibres
also influences properties of the PVDF. The type of
incorporation of dopants or impurities into the PVDF structure
can be analysed by X-ray photoelectron spectroscopy.

Developing of triboelectric nanogenerator as a new energy
technology is presented e.g. in paper [7]. This new type of
energy harvesting device is marked as triboelectric
nanogenerator (TENG). The TENG has a novel and unique
mechanism to convert a mechanical movement into the
electricity. It utilize the coupling between triboelectric and
electrostatic effect [7]. Electrospun PVDF nanofiber mats and
layers [13] provide a suitable material for these triboelectric
applications.
B. Theory of Piezoelectricity
The direct piezoelectric effect, which generates an electric
charge based on the deformation of the material with
piezoelectric properties [14], is expressed by the following
coupled electro-mechanical matrix equations [15]:
⋅

⋅

(1)

⋅

⋅

(2)

A. PVDF Foil for Energy Harvesters and Sensors
The commercial PVDF solution for electro-mechanical
coupling application has piezoelectric coefficient in range 1535 pC/N. This foil material can be prepared by large-scale
fabrication techniques like extrusion or blown sheet extrusion
and provide samples in form of thin sheets with thickness in a
range of 100 – 200 μm. Examples of piezoelectric PVDF foil
patches are shown in Fig. 2.

is a stress component (in newtons per square meter),
where
is an elastic stiffness constant for a constant electric field
is a strain component
(in newtons per square meter),
is a piezoelectric constant (in coulombs
(dimensionless),
is an electric field component (in volts
per square meter),
per meter),
is an electric displacement component (in
is a permittivity component
coulombs per square meter),
for constant strain (in farads per meter),and , , , are
direction indexes (dimensionless), denoting the respective
modes. These equations express piezoelectric effect in the 6
general directions. However, two basic operation modes
(mode 31 and mode 33) are commonly used for sensing and
energy harvesting applications [16].

Fig. 2. Poled Piezoelectric PVDF Foils 10x100-0.14 mm

A fabrication of various PVDF-based materials and its
copolymers is also the main aim of our research. This structure
can be used for an efficient integration of strain
electromechanical transducers into smart devices. A
compression moulding technique is used to choose the best

Fig. 1. Piezoelectric Operation in Modes 31 and 33
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conditions for preparation of the piezo-active material and
then the affordable piezoelectric material with piezoelectric
capability is fabricated by an extrusion process. In this case
the utilization of the PVDF [17] or PVDF-based copolymers
PVDF-co-HFP [18] or PVDF-TrFE-CTFE [19] seems to be a
promising solution. However, very promising technique is an
extrusion process of PVDF as well as PVDF-based
copolymers [20], [21]. The piezoelectric coefficient of PVDF
material can be tuned by various techniques such as filler
addition [22], polling [23], stretching [24], and combination
of all mentioned techniques [25].
B. Electrospinning of PVDF Nanofiber Material for
Triboelectric Applications
Electrospinning is an electric field induced spin processing
and a versatile method for the preparation of nano/microscaled
fibers and fibrous mats. The diagram of the electrospinning
process is shown in Fig. 3. This process combines the effect
of stretching and electric field, and thus it is perspective for an
efficient production of piezoactive PVDF based fibrous
materials. Published experiments [26], [27] and [28] proved
that β-phase formation was higher in the electrospun fibers
compare to conventionally casted PVDF films. The β-phase
formation in PVDF during electrospinning can be explained
by the high voltage applied to the polymer solution and the
high stretching jet (similar to a uniaxial mechanical
stretching). Moreover, electrospinning is sufficiently variable
to enable doping and mixing of precursors or fibre alignment
to enhance the fibre piezoelectric property.

Fig. 4. Microstructure of Aligned (left side) and Non-Aligned (right side)
PVDF Electrospun Fibers.

Fig. 5. PVDF Nanofiber Layer on Alluminium Foil

IV. PIEZOELECTRIC
HARVESRTING

STRAIN

SENSING

AND

ENERGY

A. Piezoelectric Strain Sensor
Both the PVDF strip of foil and PVDF nanolayer were
tested in a form of the mechanical strain sensor. The silver
electrodes were applied and electrical signal in operation
mode 31 was measured. A steel cantilever beam under
deformation was used for a lab test of PVDF sensors.
Measured electrical signals were compared with piezoceramic
composite sensor (MFC) from Smart Material company. Also
the traditional strain gauge measurement was compared with
all piezoelectric signal. The lab test apparatus and the voltage
response in time domain are shown in Fig. 6.

Fig. 3. Electrospining process of PVDF Materials

A microstructure of electrospun PVDF nanofibers is
shown in Fig. 4. Both aligned and non-aligned structure of
nanofiber structure can be used, and the main effect of the
fiber structure is the subject of our research [29]. The final
nanofiber layer is shown in Fig. 5. This nanofiber layer can be
also used for triboelectric applications.

Fig. 6. Lab Test of PVDF Patches for Strain Sensing in Mode 31
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The used layer of nanofiber material does not provide
required voltage signal in piezoelectric operation mode 31.
There are only signals from PVDF foil and MFC sensor in
Fig. 6. The MFC signal is illustrated in yellow colour and
PVDF signal is red with some noise and significantly lower
voltage. However, the shape of both signals is aligned for
beam deformation during test. The mechanical strain ε can be
calculated from Eq. 3 in case of voltage open U(t) circuit
measurement [30]:

For such piezoelectric resonator, an equivalent electromechanical model can be used for a design of optimal
parameters or for the simulation of the piezoelectric resonator
behaviour. The mass-damping-stiffness parameters are real
properties of the mechanical resonator which can be excited
by mechanical vibrations. The reversible deformation, it
means the strain of PVDF layer, provides a transformation
into the voltage signal, which is observed on the resistive load.

(3)
where Cp is the capacitance of the used piezoelectric
element, L×B is the area of electrodes and e31 is the
piezoelectric modulus. The piezoelectric modulus of the
PVDF material is significantly lower than of piezoceramic
materials which is caused by high flexibility of PVDF
structure. For this reason, the PVDF open voltage is lower
than of piezoceramic patches with the same mechanical strain.

Fig. 8. Equivalent Circuit of Single Degree of Freedome Kinetic Energy
Harvester

B. Idea of Skin Energy Harvesting
The voltage signal of PVDF patches could also provide
electricity for ultra-low power applications. In case that the
harvested electricity is consumed in a resistive load (e.g.
operation of sensing node) the generated voltage is calculated
from differential equation:

This single degree of freedom (SDOF) electromechanical
system can be described by following coupled differential
equations (5) and (6) for mechanical and electrical domains.
(5)
(6)

(4)

The voltage response of the coupled electromechanical
system is shown in Fig. 9. In frequency domain. The
application of simple single degree of freedom model were
compared with continuum model (NDOF) and with the finite
element model in Ansys Workbench environment. Simulation
results confirmed that the single model is suitable for a design
of parameters and prediction of voltage responses for varied
input vibrations.

However, the area of the used foil must be significantly
higher than area of sensing patches. An idea of the
piezoelectric skin could be very promising approach, how to
integrate PVDF foil to bigger mechanical parts, e.g. for the
aircraft monitoring. The used large-scale area of PVDF foil
can be used for sensing and energy harvesting system on a
hosted aircraft construction.
V. PIEZOELECTRIC KINETIC ENERGY HARVESTING
A. Unimorph Design and Modeling of PVDF Cantilevers
The strip of PVDF foil is used for a design of piezoelectric
unimorph cantilever beam. This foil is glued on the steel shim
with a thickness of 0.5 mm. A silver layer is used for
electrodes and a tip mass can be fixed on the free end for
tuning up of the resonance frequency. Different length of the
cantilever with different tip masses were used for a design and
testing of this piezoelectric device. The unimorph
configuration was used for operation with positive tensile
stresses in piezoelectric layer due to beam deformation under
tip mass. This device is shown in Fig. 7 and it operates in the
mode 31 where the cantilever bending provides tensile strain
in the PVDF foil.

Fig. 9. Simulation Results for Different Models
acceleration of mechanical vibration in level 50 mg

Maturity;

input

B. Experimental Results of Unimorph PVDF Cantilever
Beam under Vibrations
Based on the simulation results several piezoelectric
unimorph cantilever beams with varied length and tip mass
were assembled, see example in Fig. 10.

Fig. 7. Topology of Piezoelectric PVDF Unimorph Cantilever

Fig. 10. Lab-Made Piezoelectric PVDF Unimorph Cantilever with Tip Mass

181

2020 19th International Conference on Mechatronics – Mechatronika (ME)

C. Kinetic Energy Harvester for Sensing Purposes
Output power of the kinetic PVDF energy harvester under
vibrations is not high and probably this source of energy
cannot be used as an autonomous source of energy.
Piezoceramic devices provide much higher output power.
However. piezoelectric kinetic energy harvesters could be
used as a sensor and an indicator of the mechanical shock or
impacts. Several studies about this application are published
for railway applications or bridges [31] a [32]. Sensing
applications use the energy harvester as an active source of the
voltage signal and data acquisition unit records and analyses
voltage responses. Such a system is shown in Fig. 14. The
voltage response is proportional to acceleration peaks of
mechanical shocks or impacts. The sensitivity was tested in
our lab and a finger knocking provide kinetic inputs which are
converted into the voltage response in Fig. 14. This system
could identify amplitude and time of input mechanical shocks
and mechanical load peaks could be analysed.
Fig. 11. Shaker Test of PVDF Kinetic Energy Harvester

The shaker excited the piezoelectric cantilever, see Fig. 11,
with a different level of vibration acceleration (value is a
multiple of the gravity constant). Due to a fixed tip mass of
the unimorph cantilever the tensile load in PVDF layer was
positive for the whole period of the excited oscillation. The
shaker excited the piezoelectric cantilever, see Fig. 11, with a
different level of vibration acceleration (value is a multiple of
the gravity constant). Due to a fixed tip mass of the unimorph
cantilever the tensile load in PVDF layer was positive for the
whole period of the excited oscillation. The PVDF cantilever
with a resonance frequency of 18.7 Hz was used for
presentation purposes in this paper. Measured voltage
responses in the frequency domain are shown in Fig 12. The
impedance of the measuring chain is around 300 kΩ.
Furthermore, the energy harvesting performance was analysed
and the output power measurements are shown in Fig. 13.

Fig. 14. Voltage Response Measurement for Sensing Applications

Fig. 15. Example of Voltage Response – Sensing of Operation with Impacts

VI. PVDF PIEZOELECTRIC STACK FOR SENSING APPLICATIONS
Furthermore, the responses of the PVDF foil under the
operation mode 33 are also under the investigation. The
voltage response of the single layer for applied force is very
low [33]. For this reason, the design of multilayer
piezoelectric PVDF stack is used for testing of the PVDF in
mode 33.

Fig. 12. Output Voltage Response for Different Vibration Excitation

a)

b)

Fig. 16. Piezoelectric Stack: a) Topology of Piezoelectric Stack; b) PVDF
Piezoelectric Stack with 16 Layers of Foils 5 x 5 mm

Fig. 13. Output Power for Different Vibration Excitation
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A schematic diagram of the piezoelectric stack VII. APPLICATION OF PDVF NANOFIBER MATERIAL
architecture is shown in Fig. 16 a). Sixteen layers of the PVDF
A. Triboelectric Effect of PDVF Nanofiber Material
foil of area 5 x 5 mm were used for an assembly of the
Triboelectric harvesters present advantages as the high
piezoelectric stack for the lab test - see Fig. 16 b). This stack
output
voltage source of energy and the high energywas tested on the lab shaker with sensing of displacement,
conversion
efficiency [34]. Four basic modes of triboelectric
force and electric responses, see Fig. 17.
harvesters have been developed:
•
•
•
•

Vertical contact separation mode [35],
Lateral sliding mode [36],
Single-electrode mode [37],
Freestanding triboelectric-layer mode [38].

The vertical contact separation mode of the triboelectric
effect was tested in our lab. An assembly of sensing system
was developed for this mode and the microstructure of
electrospun PVDF nanofibers was used. This device consists
of two conductive copper layers which are moved against each
other. The bottom copper electrode is covered by the PVDF
layer with nanofibers. The area of the PVDF layer was approx.
2 cm2. Input mechanical vibration causes a mutual movement
of both electrodes until the contact of bottom nanofibers with
the top electrode is reached - see Fig. 19. A force induced by
the contact is measured by a force gauge.

Fig. 17. Shaker Test of PVDF Stack with Verification of Force Gauge

Responses of the developed piezoelectric stack from
PVDF foils are shown in Fig. 18. This device was tested under
several vibration frequencies and levels. The output voltage is
proportional to the applied force, i. e. proportional to the
displacement due to a stiffness of the piezoelectric stack.
These results show that this device in the operation mode 33
can be used for the force or displacement sensing. Mainly this
stack can be implemented in smart structures for sensing
application under the dynamic load or mechanical vibrations.
Fig. 19. Shematic Principle of Triboelectric Response Measurement in
Vertical Contact Separation Mode

Fig. 18. Resulting outputs from the Shaker Test Measurements of PVDF
Stack with selected vibration frequencies a) 10 Hz and b) 30 Hz

Fig. 20. Shaker Test of PVDF Nanofibers Layer in Triboelectric Vertical
Sensing Mode; Shaking of PVDF Nanolayer vs. Static Copper Electrode
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B. Experimental Results of Triboelectric Effect
The vertical contact separation mode of the triboelectric
effect was measured under sinusoidal vibrations. The lab
shaker provides a relative movement of the bottom electrode
with PVDF nanofiber layer against the top electrode, see Fig.
20. The PVDF fibres in contact with the top electrode provide
an electrical signal which is proportional to the velocity of the
contact and impact force. The voltage responses for different
vibration frequencies are shown in Fig. 21 for 10 Hz operation
and in Fig. 22 for 20 Hz vibration operation. The course of the
voltage signal to the contact is different from the course of the
unloading. There are evident steps of the voltage signal in case
of both layers contact. The contact force amplitudes were in a
range of 5 - 15 N.

VIII.

CONCLUSIONS

This paper deals with a review of energy harvesting and
sensing applications with Polyvinylidene difluoride materials.
The PVDF has piezoactive behaviour mainly in the beta phase
crystalline structure. PVDF materials can be used in the form
of foil and strips or in the form of nanomaterial layers.
Examples of individual application of both material forms are
presented.
In case of energy harvesting applications only the strain
energy harvesting in a form of the smart skin with large-scale
PVDF foils can be useful due to enough output power for
autonomous applications and wireless sensors. Small-scale
PVDF foil in the operation mode 31 can be used as cheap and
flexible strain sensors for cyber-physical system solutions.
Both technical applications of the operation mode 31
(harvesting and sensing) can be used in mutual combination
and it provide diagnostic and monitoring solution for aircraft
structures.
PVDF energy harvesting cantilever beams provided a very
low output power in case of the operation under vibrations.
Due to its flexibility, only unimorph structure can be used with
PVDF layer in tension. However, such an electro-mechanical
resonator provides a very high sensitivity to mechanical
shocks and impacts. Therefore, it can be used for sensing in
the traffic and heavy industry applications.
The PVDF foils in operation mode 33 can be used in the
multilayer solution where piezoelectric stack is assembled.
PVDF piezoelectric stack provided enough voltage response
for the operation with dynamic loads and mechanical
vibrations. There is a potential to include these stacks into
smart structures of cyber-physical systems as sensing
elements.

Fig. 21. Example of voltage response 10 Hz impact of both layers

The microstructure of electrospun PVDF nanofibers was
also tested in the vibration environment, where PVDF
nanomaterial layer was driven against to the fixed copper
electrode. The measured signal in a range of volts can be
useful for an application as an overload sensor. The overload
of the mechanical structure causes deformation and this
deformation provides contact of both materials. Such a
principle can be also used for counting solutions in traffic
applications.
Main aim of this paper was a brief introduction of the
piezoelectricaly active polymer PVDF material in several
examples of engineering applications. The recent
development of the modern engineering application requires
integration of sensing system into mechanical parts. The
application examples of polymeric PVDF material published
here have a great potential to be used in the modern cyberphysical system in Industry 4.0 applications. Furthermore,
these technologies can also be used in biomedical applications
and wearable electronics.
Fig. 22. Example of voltage response 20 Hz impact of both layers

Due to a high voltage response this system can be used for
energy harvesting in case of the large area of layers in contact,
for example in road applications [39]. Otherwise, the usage of
this system for contact or event sensing can be employed.
Such applications can provide very interesting and cheap
solution for the use in heavy industry, as event or overload
sensors, or transportation applications, e.g. traffic counting
sensor. The technical life of these layers in contact must be
investigated for sensing purposes.
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systems, chronological work sequences are rigidly specified
and have to be executed one-by-one by the user.

Abstract— Industry 4.0 imposes many challenges for
manufacturing companies and their employees. Innovative and
effective training strategies are required to cope with fastchanging production environments and new manufacturing
technologies. Virtual Reality (VR) offers new ways of on-thejob, on-demand, and off-premise training. A novel concept and
evaluation system combining Gamification and VR practice for
flexible assembly tasks is proposed in this paper and compared
to existing works. It is based on directed acyclic graphs and a
leveling system. The concept enables a learning speed which is
adjustable to the users’ pace and dynamics, while the evaluation
system facilitates adaptive work sequences and allows employeespecific task fulfillment. The concept was implemented and
analyzed in the Industry 4.0 model factory at FH Aachen for
mechanical assembly jobs.

There is a need for an adaptable VR set-up that can be
operated intuitively by non-specialists. The VR set-up should
consider the knowledge backgrounds and skillfulness of the
employees and adapt accordingly. Alternative solutions
should be considered as acceptable by the system on top
instead of fixed model instructions.
To address this problem, an adaptive gamified VR training
system for the manufacturing industry is proposed. It is based
on three pillars:
• Efficient set-up for new exercises: The VR set-up
builds upon existing CAD models. The environment is
adjusted automatically for the training of different
product variants. Company-specific learning routines
are defined using a generic structure.

Keywords—Virtual Reality, Gamification, Human-Machine
Interaction, Industry 4.0, Education

I. INTRODUCTION

• Adjustment of training difficulty: Different game
elements are selected to create a generic level system.
Levels are adjusted using key performance indicators
(KPIs). Introductory scenes assist users without
previous VR knowledge.

Employees should receive regular on-the-job training
based on their personal knowledge and capabilities to cope
with new forms of manufacturing in the course of Industry
4.0.[1–3] Industrial training workshops typically involve high
personnel and time expenditure, resulting in increased costs.
Virtual Reality (VR) training applications can lower the
corresponding barriers. [4, 5] In previous years, different VR
learning environments for industrial applications have been
developed, integrated, and tested. Popular application areas
are operator, maintenance, and emergency training. [6–8]
Employees using VR education environments can have a very
diverse knowledge of VR technology and the actual training
task. In computer games, new players receive basic tutorials
to lower their entry barriers; different levels of difficulty
provide all users with equivalent experience. [9] Standard VR
training procedures should adapt automatically to the unique
demands of the training person. [4] This includes the technical
aspects (VR usage) and the applications (training exercise).

• Flexible task fulfillment: Work sequences are specified
using a graph-based structure with parallel branches.
Users can adopt different routines to solve a task. The
efficiency of a routine is evaluated based on time and
quality.
II. ANALYSIS AND COMPARISON OF RELATED WORK
A. VR for industrial training
VR training applications simulate real-life situations by
providing realistic work environments, equipment, and work
tasks to their users. There are four main reasons for the change
from in-person to VR training: the unavailability of training
resources (personnel, machines, tools, etc.) [10, 12], the high
costs of training facilities and training equipment [13], the
necessity to train people independently with different
geographical locations and time zones, [6], and the need to
practice suitable behaviors in dangerous situations or rules of
conduct in case of emergencies. [8, 14]

However, VR training systems are still considered niche
products in the manufacturing area. VR environments require
significant investment and effort. VR experts are needed to
plan, create, and adapt VR scenarios. [10, 11] Additionally,
existing VR training systems do consider the need for
adaptability sufficiently in their designs. In most existing
978-1-7281-5602-6/20/$31.00 ©2020 IEEE
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In the manufacturing industry, operators are trained for
assembly and maintenance tasks in most of the VR
applications. [6, 10, 12, 13] While case studies show the
positive effects of VR training on work performance [14, 15],
the implementation of the technology into the companies,
however, remains a major barrier. [6]

applications”. In comparison to Palmas et al., this work
proposes the use of a level system to create a Gamification
effect. Thus, the system does not only challenge the users via
time constraints but also by increasing complexity.

Nelson et al. [16] propose a 3D training platform to
introduce the components of a bogie, to teach the assembly
sequence, and to explain the usage of the tools. The users
receive visual 2D instructions in the form of text and pictures
on a graphical user interface. The assembly sequence is fixed,
and no adaptions according to the user interactions are
considered. In the course of this work, a small VR test scenario
was used within the team to evaluate the usability of the VR
interactions and visual guidance. During these tests, the users
complained about the fixed work sequence as it did not fit their
real-world experience. Therefore, the proposed framework
includes a flexible control system for work performance
(III.A) and not a fixed assembly sequence as in [16].

We aim to provide a standardized training set-up for
manual work tasks in the manufacturing area. The training setup separates into an agent-based execution system and a VR
environment (Fig. 1).

III. VR TRAINING CONCEPT

A. Agent-based execution system
An agent system [21] performs the business logic of the
VR training set-up. It is responsible for the initialization
process of the VR environment and process control.
An exercise includes several recipes with individual tasks. The
work sequence is specified using connected tasks (Fig. 2). The
tasks are defined following the structure specified in TABLE
I. The structure includes all required resources (parts and
tools) as well as the information about succeeding steps. Each
task is represented as a node in a directed acyclic graph
(DAG). The list of successors creates dependencies. The step
name uniquely identifies the task within a recipe and the
associated node. The skill defines the essential action which
must be executed by the user. Objects and tools are specified,
which must be active to perform the task.

Loch et al. [4] focused on developing a VR system that is
accessible to different types of users. Their proposed lessons
are adjustable to the person’s needs regarding the
“interactivity, the presentation, and the content”. Each lesson
is split into a predefined sequence of sub-steps stored in a
superordinate “lesson controller”. Each sub-step is shown and
controlled by an “instruction provider”, which can have
different characteristics. They suggest using eye-tracking,
voice analysis, and time measurements as a basis to adjust the
training’ complexity. While the paper includes many ideas, it
lacks concepts for the generic definition of learning tasks.
Concrete measures for adapting information provision and
guidance are not shown. This work proposes a recipe structure
(III.A) to define training exercises. The idea of personalized
training systems is taken up in the proposed work by providing
an adaptive support system.

The agent links all required resources to storage areas of the
workplace and provides this information to the VR
environment. In return, the agent receives an acknowledgment
of the successful initialization and a notification about the
current user.
The DAG is created once at the beginning of the recipe
processing. The user’s interaction in the VR environment
creates a callback and modifies the DAG. All graph nodes
without unfinished predecessors are active and can be
executed by the user (Fig. 2). The user restricts possible next
steps by his actions. If the user, for instance, grabs part A, only
actions with part A are activated. If no actions require part A,
the action is wrong, and part A must be returned. Only planned
actions trigger the next possible steps. In case of an unplanned
action, the user is instructed to undo the action and can only
proceed afterward.

Rodán et al. [17] replace the manual identification of work
sequences by collecting assembly data from experts in VR.
Different ways to perform the assembly action are tracked,
analyzed, and noted in a generic coding system during an
initial expert mode. The sequences are used afterward as a
basis for the training mode. During training mode, the users
are guided through the assembly process by highlighted
objects. To test their concept, the authors used objects of
identical shapes, which were assembled by moving a pin into
a hole. However, if the same strategy is used for complex
industrial components, each object would need an individual
coding for the faces, and the different assembly possibilities
would lead to a high implementation effort in VR. This is why
the proposed VR system uses CAD models as a basis for
assemblies instead of a coding system. Moreover, there is no
need for an expert mode as the evaluation of efficient
procedures is done during training.

An instruction set is defined to communicate with the VR
environment. The instruction set specifies user interactions at
a granular level. Therefore, each task (for example, “mount
part A”) is split into sub-tasks (for example, “pick part A” and
“place part A”). A list of all possible sub-tasks, including local
information such as the users’ skill level, is sent to the VR
environment after each user interaction. The VR environment
translates this information into visual signals for the user.

B. Gamified VR applications for the industry
Gamified VR environments are typically used for health
applications and teaching purposes in educational institutions.
[18, 19] Only Palmas et al. [20] is comparing VR and
Gamification manufacturing applications by analyzing the
efficiency of a gamified and non-gamified assembly training
tasks. For the gamified training, they use four different game
elements (progress bar, points, sound feedback, and visual
feedback); all other aspects of the VR environment remain
identical for both training tasks. They confirm that the “use of
gamification can enhance the efficiency of VR training

Fig. 1. General concept for the VR training environment
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TABLE I. WORK TASK SPECIFICATION
Required

environment. The loading of resources can include
models of machines, tools, and single items that are
used during the VR training.

Max. Quantity

Step name

Yes

1

Names of successors

No

∞

Skill

Yes

1

Parts

No

2 (one for each hand)

Tools

No

2 (one for each hand)

• Instruction and feedback system. This part is modified
for each task according to the executed steps of the
user. It might include the highlighting of objects or
showing text messages.
Different guidance techniques [22] can be applied to
virtually train movement patterns. Visual guidance typically
shows the result of pending work steps and can be based on
3D models, pictures, videos, and texts. Verbal guidance gives
an audiovisual explanation of the required techniques for a
work task and is typically used for more advanced learners.
Manual guidance supports the user by providing physical
support during task execution.
To use the advantages of VR environments, the focus of
the proposed support system is on visual guidance throughout
the task execution. As the visual elements provide different
amounts of information, they are assigned to basic game levels
(TABLE II). The game levels adjust the training environment
according to the user’s knowledge by changing the complexity
of the work environment by providing different amounts of
support, and by setting different tolerances during the actions
of the user.
During exercise, the task time and the number of errors are
used as KPI to evaluate the performance. The outcome is
assigned to the skill of the employee to update his experience
status. [23]

Fig. 2. An exercise consists of recipes which provide adaptive work
sequences through acyclic directed graphs

IV. IMPLEMENTATION
Two use cases with different complexities were selected
for the VR training environment. Both applications include
several assembly steps with various tools (Fig. 3). For the elongboard assembly training, the complexity was reduced to
twelve work steps without the need for two-handed
operations. One work step includes the use of a cutter. As
shown in the graph in Fig. 3, most steps can be executed
following a personal routing.

B. VR training environment
The VR system provides interactions and visual elements
for user guidance. It does not contain information about the
process sequence, and it does not include an evaluation
system. The agent system provides business logic. Thus, the
VR environment remains independent from specific recipes
and is reusable for the different exercises. In VR, the
possibilities to perform actions are limited. The objects, as
well as the users’ movements, are tracked easily. All
interactions (such as grabbing, placing, destroying, applying
tools, and generating new objects) are transferred to the agent.
The agent evaluates the interactions and instructs the VR
environment on how to react to them.

The assembly of industrial aluminum profiles and
connectors to a dog shape is more complicated as it contains
23 work steps, a higher amount of tool usage, and the
simultaneous handling of several items. Additionally, the
assembly needs to be turned into several predefined mounting
positions, which increases the VR implementation effort.

For users without previous experience, an introduction
system is included. It covers the general usage of the VR
hardware and the specific introduction to the training
environment.

TABLE II. VISUAL ELEMENTS FOR INDUSTRIAL VR APPLICATIONS
User-Level

Elements

1

The VR training set-up should cover a broad range of use
cases while reducing the effort for manual configurations.
Therefore, the VR components are divided into three
categories based on their necessity for adjustments:

2

3D object representation

• Basic layout: This part is not modified for the different
applications and can include objects such as the VR
background, the general workplace structure, and the
initial position of the player.
• Resources: This part is adjusted for each recipe by
providing resources at predefined areas of the VR
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3
x

2D object representation

x

x

Highlighting of objects

x

x

Text-based list of work sequence

x

x

x

Highlighting of correct executions

x

x

x

Highlighting of wrong executions

x

x

x
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Fig. 3. Use cases in the Industry 4.0 model factory

A. Gamified VR training scene
The VR environment is developed using the game engine
Unity [24] and an HTC Vive [25]. The VR application
consists of a VR introduction scene, a workplace introduction
scene, and a training scene (Fig. 4). Only the primary training
scene interacts with the execution system. The VR
environment contains a general work station that is used for
all training scenarios without adaptions. The work station is
automatically loaded with tools and items according to an
initial message from the execution system.
Different levels of visual support are used. In level one, the
correct mounting position is highlighted in yellow. In level
two, a 2D image is superimposed to show the mounting
position. In level three, no visual support regarding mounting
positions is provided. In all levels, the contour of the objects
is highlighted in green if the assembly was successful. In the
case of unplanned actions, an error message appears. A pickby-light system shows which of the resources are required for
the next step. Several objects are highlighted if the different
pick or place options are available (Fig. 5).
The assembly procedure is based on CAD models that are
imported into Unity. During training, the position and rotation
of the objects in hand are compared to a predefined assembly
location. If the user drops the object at the correct location, the
object automatically snaps into the defined position. The
tolerances regarding position and rotation of objects decrease
for each level-up. The users receive points according to their
training performance (time and number of wrong actions).
The points are used to define knowledge levels of skills.

Fig. 4. Scenes of the VR training environment
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Fig. 5. Several assembly (above) an pick (below) options during training;
the yellow boxes are not part of the VR environment and only used
for better understanding of the implementation

B. Agent-based execution system
The DAGs are implemented using the Python Package
NetworkX. [26] It provides methods for creating, analyzing,
and manipulating data structures. A TCP/IP connection is
established between the VR environment (server) and the
agent (client). The VR environment informs the client about
its’ status (training, ready, busy, error) according to the scene
selection (Fig. 4). As soon as the main training scene is
selected (status: ready), the initial message is generated. The
VR environment processes the message and returns the user
information (Fig. 6). After initialization, the available nodes
are selected, and a list of the next sub-tasks generated. The
agent sends the list to the VR environment, which displays all
options (Fig. 7). In case of an error, the list of sub-tasks
contains only the error solving step, such as a tool or object
return.

Fig. 7. Evaluation process during training

V. CONCLUSION AND FUTURE WORK
This paper proposes an adaptive, gamified VR learning
environment for industrial scenarios. The VR environment is
adapted automatically to each exercise by loading the
resources at the beginning of the learning sequence. The
adjustments are based on predefined CAD models. A levelbased visual guidance system increases the difficulty and
complexity of the work tasks gradually. DAGs allow
procedures that adapt to the user’s actions. KPIs are used to
evaluate the user’s performance and transferred via points into
the level system. Additionally, the KPIs are used to figure out
efficient work sequences which are transferred into real-world
applications.

During training, the number of wrong actions is counted,
and the time for each task is recorded. This data is used to
evaluate the performance of the user and to set the levels.
Efficient work routines are figured out using aggregated
training data and can be transferred to the real-world
workstation.

The concept is based upon a separation of the business
logic (agent system) and workplace tracking (VR
environment). Only the agent contains procedural knowledge.
Errors are identified by comparing the user’s actions to the
DAGS active nodes. Agent-based task management is
executed outside the VR environment. The learning exercises
and the required resources are stored in a generic, reusable
format. The same generic instruction set is used for all use
cases. To control other learning environments, the
communication adapter must be implemented according to the
agents’ interface. Thus, the agent can control different VR and
real environments without the need for application-specific
adaptions.
The concept is implemented for an e-longboard assembly
exercise and a mounting sequence of industrial profiles and
connectors. The use cases show that the approach is feasible
for applications of different complexities and requirements.
However, it must be noted that the modeling effort in the VR
environment increases if the assembly orientations vary and if
movement sequences for tools must be defined in VR.
Fig. 6. Initialization process
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In the next step, a case study will be performed to test the
VR training regarding usability [27]. The learning outcome of
use case two (Fig. 3) will be tested by performing the
assembly on the real manual work station at the Industry 4.0
model factory at FH Aachen. Additionally, the concept will be
applied to other industrial use cases to evaluate the
implementation effort and the feedback system.
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contribution to the overall engine power as it is mainly used
to initiate combustion. This helps to lower both particulate
and smoke emissions [3]. The LPG fuel that is injected
within the air intake manifold, is introduced in the gaseous
state and mixes with air, creating a homogeneous fuel and air
mixture. This mixture is then drawn into the piston cylinder
where it is compressed to a higher temperature and pressure.
Due to the high self-ignition temperature of 481 ºC of LPG
[4], the gaseous fuel doesn't auto-ignite. Hence when the
piston approaches top dead centre (TDC), a small amount of
pilot diesel fuel is injected so as to initiate the combustion
flame. The LPG and air mixture close to the diesel spray will
ignite, releasing a flame-front. With this method, the
combustion process starts smoothly and the flame front
propagates evenly across the cylinder volume, similar to a
spark ignition engine. Around 10% to 20% of the mass
fraction of diesel fuel required for normal operation alone is
used for the pilot injection [1].

Abstract—Research on Liquefied Petroleum Gas (LPG) use
for automotive application is stemmed from the lower cost of
the fuel and also from its lower emission potential. This paper
details the experimental implementation of LPG fuel onto a
Peugeot four cylinder common rail diesel engine. This diesel
engine was already electronically controlled with an in-house
Engine Control Unit (ECU) already reported in earlier IEEE
papers.
The electronic and software implementation
performed to achieve Dual Fuel operation is detailed, i.e. LPG
addition in gaseous state in the inlet manifold in conjunction
with Diesel Injection directly into the cylinder. The Diesel
Injection is used as the ignition source and thus is required
throughout the engine operation, i.e. from idle to full load.
LPG addition was utilized from 20% load upwards. The
experimental setup used the Diesel ECU already reported and
made use of additional electronic circuitry and LabVIEW to
control the low impedance LPG injectors. The additional
electronic circuitry and LabVIEW control are therefore the
main contribution presented in this paper.

Performance and emission characteristics were studied by
Prasath [5] who compared the volumetric efficiency and
emissions between Manifold Injection setup (MI) and a low
pressure Direct Injection system (DI) on a single cylinder
diesel engine. They found out that slightly higher volumetric
efficiencies were attained when using DI. This is because the
LPG introduced doesn't displace the air within the cylinder,
unlike during MI where the gaseous fuel replaces a portion
of air within the intake manifold. This led to lower smoke
emission levels, since more oxygen was available for the
pilot diesel fuel to combust completely. Another advantage
observed from the DI setup is that 3 % more LPG could be
injected without knock occurrence, compared to the MI setup
[5]. However, the recorded levels of Carbon monOxide (CO)
and unburnt HydroCarbons (HC) for DI setup where higher
compared to MI. This was due to the increase in
inhomogeneity of the gas-air mixture [5].

Keywords—autogas, Liquified Petroleum Gas LPG, common
rail, diesel, dual fuel

I. INTRODUCTION
The diesel engine concept has long been within the
transportation sector due to its good efficiency and torque
characteristics as well as its low fuel consumption. With tight
emission standards being enforced within legislation as well
as depletion of petroleum resources, researchers are shifting
their investment in the use of alternative fuels. One of the
solutions is the addition of LPG, along with diesel fuel
within Compression Ignition (CI) engines. Being a highly
abundant resource and inexpensive compared to other fuels
also makes LPG a suitable alternative [1].
Current diesel engines operate on the method of
Compression Ignition (CI) where the main source of fuel is
diesel. The intake air that is required for combustion is
compressed via upward piston displacement so that it reaches
the sufficient temperature for the diesel fuel to ignite
immediately after injection. The high cylinder pressure
released by the combustion helps to force the piston
downwards so as to generate torque on the crankshaft. Hence
the chemical energy released from the fuel is converted into
kinetic energy [2].

From tests conducted by Ayhan [6] on a modified dual
fuel, single cylinder engine; for a fixed LPG composition of
30% propane and 70 % butane by mass, as the mass fraction
of LPG injected into the manifold increases, the torque
increases considerably. The fuel mass fractions were
controlled by supplying the correct duration of injection to
both the diesel and LPG injectors. The diesel injectors
directly sprayed the diesel fuel into the cylinder whilst the
LPG injectors were used to introduce the gaseous fuel within
the intake ports. Improvements in fuel savings were found to
occur with addition of LPG. At full load conditions, the
specific fuel consumption (SFC) decreases the more LPG is

In the LPG and diesel dual-fuel engine, the main source
of energy comes from the LPG fuel. The diesel fuel has little
funding from the University of Malta Research fund is acknowledged
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volumetric efficiency and rich mixture [6]. Studies
conducted by Jian [10] showed that at light load conditions,
the amount of CO and HC emissions remained higher
compared to standard diesel operation. The low combustion
temperatures at low load conditions as well as the lean fuel
mixtures introduced, lead to incomplete combustion or even
absence of combustion [1, 10].

introduced and such changes were significant at low engine
speeds. The minimum SFC achieved was at 15% LPG [6].
On the other hand, at light load conditions, the torque and
SFC characteristics of dual fuelling become inferior
compared to standard diesel operation. Also, cyclic
variations in ignition delay and peak cylinder pressure tend
to occur. This is the result of poor flame propagation
characteristics due to the low quantity of air being present
within the combustion chamber. An increase in the amount
of pilot fuel quantity or the use of diesel having higher cetane
content was found to improve engine performance as well as
combustion stability [1, 7].

In the context of Particulate Matter (PM) emissions, Jian
[10] performed smoke opacity measurements on a sixcylinder diesel engine with LPG pre-mixed with air within
the intake manifold. From measurements performed at full
load and fixed engine speed, it was noted that an increase in
amount of LPG mass fraction creates a decrease in soot
emissions. Since the carbon to hydrogen ratio of LPG is
smaller than that of diesel and is easier to burn due to its
gaseous state, the amount of soot formation drops when more
diesel is replaced with the gaseous fuel [3]. Another reason
for reduction in soot emissions is due to the increase in
cylinder temperatures [6]. With high combustion
temperatures, the chances that the soot particles oxidize to
form carbon monoxide and carbon dioxide increase [11]. The
greater the mass fraction of LPG added, the higher the
cylinder temperatures reached leading to less soot content.
However, beyond 40% increase in LPG, little improvements
occur in soot emission reduction [10].

The amount of torque increase by LPG addition is
dictated by the engine's knock limit. Dual fuel engines
exhibit higher peak cylinder pressures during combustion
compared to standard diesel operation. The greater the mass
fraction of LPG, the higher the pressures reached, hence the
greater are the chances for knock to occur [8]. The
susceptibility of knock is also dependent on engine load and
speed. From experimental tests performed by Tuan [9] on an
AVL5402 single cylinder engine, at high engine speeds and
full load conditions, the LPG mass fraction substitution was
limited to 40% due to the knock limit. At engine speeds
lower than 2000 rpm, higher mass fractions up to 54% were
possible. This was attributed to lower turbulence effects and
compression temperatures which have the effect of
increasing the chemical delay [9]. Ayhan [6] said that the
torque increase occurs due to two reasons; one being the
increase in homogeneity of the mixture of the gaseous fuel
with air and the other being the high calorific value of LPG
fuel.

Within the context of combustion characteristics, Mirica
[4] found out that a decrease in combustion duration of the
fuel burn profile occurs when more diesel is substituted with
LPG. This trend is due to the increase in flame speeds,
thanks to the homogeneous mixture between the gaseous fuel
and air. However, Poonia [12] noticed that due to the
reduction in oxygen concentration caused by the richer gas to
air ratio, the ignition delay period between the start of diesel
injection to the onset of combustion increases as more LPG
is introduced.

Ayhan [6] also conducted emission measurements on the
single cylinder engine in order to investigate the exhaust
emission characteristics upon adding LPG via manifold
injection. All tests were conducted at full loads and at
different engine speeds. Results of Nitrogen Oxides (NOx)
emissions, show that the lowest NOx release occurs at a mass
fraction substitution of 5% LPG. This is because a slightly
rich air to fuel ratio is present within the cylinder [6]. As
more mass fraction of LPG is introduced, the NOx content
increases. This results from the higher cylinder temperatures
that are reached during combustion. However, up to 25%
LPG mass fraction, the amount of NOx released remains less
than that of standard diesel operation. Ayhan [6] highlighted
that the high mixture homogeneity of LPG with air as well as
the increase in ignition delay between diesel fuel release and
combustion, are the reasons behind such trend. Although
higher cylinder pressures were recorded in dual-fuel
operation, because of the ignition delay, the point of
maximum pressure shifts towards piston bottom dead centre
(BDC) which leads to gas temperatures reached at peak
cylinder pressures that are lower due to the higher piston
expansion closer to BDC. Therefore the rate of formation of
NOx decreases [6]. On the other hand, beyond 30 % LPG
addition, the high exhaust temperatures are enough to
increase the NOx content more than that compared to
standard diesel operation, as confirmed from studies
conducted by Aydin [3].

II. FUELLING SYSTEM SETUP
Ongoing electronic engine control of engines at the
University of Malta has progressed from spark ignition
engine, LPG conversion in the liquid state and subsequently
to common rail diesel engine [13-17].
In this work of LPG and diesel, dual fuel, implementation
on a common rail diesel engine, a vapor manifold injection
system was adopted in which the LPG was introduced into
the intake manifold, in vapor form. A set of two Barracuda
LPG/CNG injectors were used to supply the gaseous fuel.
Their technical data can be found in TABLE I. [18]. The
combined delivery flow rate of two injectors was determined
to be enough for the LPG flow requirement of the 2 liter
turbocharged common rail Peugeot Hdi engine used. With
regards to controlling the quantity of LPG injected, the first
considerations would have been to connect the LPG injectors
to the engine ECU and use the engine ECU software so as to
be able to vary the Duration Of Injection (DOI). However,
the used engine ECU was not intended for dual fuel
operation and neither the hardware nor the software handled
such fuel mixture set-up. As the scope of the dual fuel
research was to experimentally test dual fuel implementation
in the laboratory and not to produce a compact ECU, a
combination between the diesel ECU and LabVIEW was
deemed adequate and versatile enough to measure the
benefits from engine power/emissions.

With regards to CO emissions, more CO emissions result
when more LPG is injected. Similar to CO, unburnt HC
emissions are also higher compared to standard diesel
operation [6]. Reason for such trends of CO and HC is due to
the incomplete combustion of both fuels, caused by the lower

193

2020 19th International Conference on Mechatronics – Mechatronika (ME)

injector power module in order to trigger the opening of the
diesel injector. This diesel injection pulse was sensed and
manipulated using a CD4011BE IC chip. This served as an
edge detector and also created a suitable narrow trigger
signal for the NE555 Timer. This timer then supplied a
square wave pulse of the required duration (DOI) to the
LM1949 injector driver once a trigger signal is fed to pin 2.
The length of the square pulse generated by the 555 Timer
would dictate the duration for which the LPG injector
remains open [20]. The LM1949N controller [21] and
TIP121 Darlington transistor then convert the square pulse
into a peak and hold signal which is suitable for the LPG
injector to open and release the gaseous fuel.

The diesel engine ECU was therefore used to control the
common rail fuel injectors and the common rail pump while
outputs from an National Instruments SCXI DAQ controlled
via LabVIEW were used to control the LPG fuel. An LPG
injector controller circuit had to be designed and constructed
so that the analog voltage from the DAQ device is converted
into a pulsating signal that is suitable for the injectors.
TABLE I.

TECHNICAL DATA OF THE BARRACUDA LPG CNG
INJECTORS [18]

A digital output signal from an NI PCI 6251 board
connecting to an NI SCC-68 module was used for switching
on and off the supply battery voltage to the injectors and the
electronic circuit. Isolation of the LabVIEW signal from the
12 V battery powered electronic circuitry was achieved using
a relay. Since the current signal from LabVIEW is too weak
to energize the relay coil, a BC547B transistor was used to
amplify the current. A 1N4148 diode was used to protect the
transistor from the induced flyback of the relay coil when the
signal is turned off to the coil.
A. Edge detection
As already mentioned, the ECU square pulse signal that
is sent to the injector power module in order to trigger the
opening of the diesel injector, was used as the onset of
injection for the LPG injector. However, this was not fed
directly to the trigger pin of the 555 timer because if the
pulse duration of the low state of the ECU signal is greater
than the high state duration of the 555 timer output signal,
the resultant output signal becomes a constant voltage supply
instead of a square wave [20]. This will damage the injectors
by overheating, supply excessive LPG fuel quantity and
render the fuel quantity uncontrollable. Hence a CD4011BE
IC chip was used to manipulate the ECU signal and create a
suitable narrow trigger signal as shown in the lower trace in

III. LPG INJECTOR CONTROLLER CIRCUIT
The schematic of injector controller circuit that was
constructed for each LPG injector is shown in Fig. 1. The
working principle is similar to the injector controller which
Busuttil [19] had used to achieve water injection in sequence
with gasoline injection where the quantity of water injection
was separately controlled from the gasoline injection
quantity. Likewise, in this dual fuel implementation, the
LPG fuel squirt was issued when every diesel injection event
was commanded, i.e. the LPG injection shadows the diesel
injection. However the duration (thus quantity) of LPG fuel
was separately controlled from LabVIEW.
The onset of injection of the LPG injector was achieved
by using the ECU square pulse signal that is sent to the diesel

Fig. 1. Schematic of the injector controller circuit. This circuit is for one LPG injector, the second LPG injector had an identical circuit that was fired by
diesel injectors 3 and 4. The LabVIEW relay, LM 7805 and LabVIEW analog signal were shared for the two LPG injectors.
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movement of the internal components. This also indicates the
point at which the injector starts to open and release fuel.

Fig. 2. The IC chip acts as an edge finder, in the sense that it
creates a low pulse signal of 500 microseconds every time
one of the two ECU signals rises from the 0V state [19]. It is
noted that the 500 microseconds was determined by the
choice of R3 and C1 to artificially increase the propagation
delay of the IC.
Each LPG injector receives two ECU signals, one from
the first and the other from the fourth diesel injector. This
was done so as to increase the amount of injected LPG since
the LPG injectors will be operating at twice the frequency
compared to the diesel injectors.

Fig. 3. Oscilloscope screen shot, upper: Channel 1 shows the trigger signal
given to the 555 timer, lower: Channel 2 shows the square wave
signal produced by the 555 timer at its output pin.

Fig. 2. Oscilloscope screen shot, upper: Channel 1 shows the ECU signal
sent to the diesel injector power module, lower: Channel 2 shows the
500 micro second pulse released from the CD4011BE integrated
circuit.

B. Control of LPG pulse duration, DOI
The 555 timer was configured to work in monostable
mode, i.e. the IC chip releases an output square wave every
time the voltage level at the trigger pin drops below one-third
of the voltage supplied to the timer [20], as shown in Fig. 3.
The output square wave is then fed to the LM1949N injector
driver controller which with the help of a TIP121 transistor,
provides a peak and hold type pulse so as to successfully
operate the LPG injectors. The lower trace in Fig.4 shows the
peak and hold pulse released from the transistor. If the output
square wave was fed directly to the TIP121 transistor instead
of the LM1949N, the injectors would overheat due to their
low impedance of 1.9 Ω [18].

Fig. 4. Oscilloscope screen shot, upper: Channel 1 shows the 5 V square
wave signal provided to pin 1 of the LM1949 injector driver IC,
lower: Channel 2 shows the peak and hold volatge trace at the emitter
terminal of the TIP 121 transistor.

The peak and hold current values were set via the resistor
RS1 connected to the emitter end of the TIP121 transistor, as
shown in Fig. 1. Since the injector requires 4 A of current to
open and 2 A to remain open [18], the optimum value of RS1
was found to be 0.1Ω. During the peak-to-hold transition,
and the subsequently the OFF transition, a voltage spike is
released from the injectors (flyback) which can damage the
Darlington transistor. Hence a Zener diode was connected so
as to discharge the voltage spike safely to ground and
prevents the spike from exceeding the Zener voltage value of
33V.

The lower trace in Fig. 4 shows the voltage at the emitter
of the TIP121 and therefore as it is the voltage across the 0.1
Ω RS1 resistor, it provides a current measurement flowing
through the injector. When a square pulse is provided to pin
1 of the LM1949, the injector driver initially provides a full
voltage pulse to the transistor so as to generate a high current
to quickly open the injector. It then drops the supply voltage
to maintain one-fourth of the peak current value which is
enough to maintain the injector open for the rest of the
duration as well as to protect from overheating. This is
known as the holding current and it helps to reduce the
power consumption of the injector [21]. A sudden change in
the trace's slope is observed during the peak period as shown
in the red circle enclosure in Fig. 4. The authors believe that
this is due to the change in inductance caused by the onset of

To limit the exposure time of the injector to the
exponential current increase during the peak period, a timer
function t1, inbuilt within the LM1949N IC was used who's
value was set using resistor RT and capacitor CT as shown in
equation (1) [21].

t1 = RT CT
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durations require high voltage values whilst longer time
pulses need lower voltages.

When the value of t1 is exceeded, the injector driver IC
switches into the hold state where the current is decreased to
one-fourth of the peak value. This protects the injectors from
overheating due to the prolonged high current exposure.
The values of RT and CT were set as 42 kΩ and 0.1 μF
respectively which give a time constant of t = 4.2 ms. Such
resistance and capacitance values were chosen so that the
required peak current of 4 A (which corresponds to a peak
voltage of 385 mV) is reached during a cranking voltage of
11 V, as can be seen in the lower trace in Fig. 4. With RT
lowered to 10 k Ω , the resultant t value was 1 ms. In this
condition, the sudden change in slope in the voltage slope
was no longer present as shown in Fig. 5, thus indicating that
there was no movement of the injector's internal components.
In such condition, the LPG injectors did not open and the
flow stopped completely eventhough the DOI was high such
as 10ms as shown in Fig. 5.

Fig. 6. Graph comparing change in pulse time t (ms) with supplied
capacitor voltage Vb (V) between theoretical values and experimental
readings, for a Vcc of 5 V.

IV. LPG DOI CONTROL SCHEME
Using LabVIEW software, a control scheme was
developed so as to be able to change the DOI of the LPG
injectors during engine operation. The block diagram used to
achieve such scheme is shown in Fig. 7. It is noted that the
diesel ECU receives the driver's torque request
electronically, commonly referred to as drive by wire throttle
control for gasoline engine. The amount which the driver
presses on the accelerator pedal is typically called Throttle
Position Sensor (TPS). Therefore the fuelling strategy was
developed in such a way that if the engine operates only on
diesel, the “TPS input” from the operator will be directly sent
to the engine diesel ECU. When the virtual “LPG switch” is
enabled and the TPS input is greater than the specified
“Diesel Pilot %” TPS value, a 5V digital signal is sent to the
relay to power up the LPG injector controller circuit. The
diesel ECU will then receive the “Diesel Pilot %” TPS value
which remains constant even if the “TPS input” changes, as
shown in Enclosures 1 and 2 in Fig. 7. This was done so that
the diesel fuel injected during dual fuel tests remains
constant. A 20 percent pilot TPS was set since at that
condition, the quantity of diesel injected was sufficient to
maintain engine diesel operation at low loads and idling.

Fig. 5. Oscilloscope screen shot, upper: Channel 1 shows the 5 V square
wave signal provided to pin 1 of the LM1949 injector driver IC,
lower: Channel 2 shows the reduction in peak value due to RT
changed to 10kΩ which results in inability to open the injector.

The pulse duration t, of the output square wave from the
555 timer dictates the DOI of the LPG injectors. To control
this electronically, the voltage Vb, that is supplied to
capacitor C5 shown in Fig. 1 (which forces the square pulse
into the low state when two-thirds of VCC is reached), was
manipulated. This was achieved by connecting the capacitor
to an analog output terminal of the National Instruments
SCXI module. Equation (3) shows the formula for
calculating t which was derived from the capacitor equation
shown in (2). The voltage V(t), is equal to two-thirds of VCC
at time t.

(

V (t ) = Vb 1 − e − t ( R5 + R9 )C5

)

 2V
t = − (R5 + R9 )C5 ln1 − 3 CC
Vb


With reference to Enclosure 1 in Fig. 7, when the “LPG
switch” is enabled, an “LPG TPS” will be computed by
subtracting the “Diesel Pilot %” value from “TPS input”
value. The new value (termed "LPG TPS") was used to
dictate the operator's request of gaseous fuel into the engine.
Since the analog voltage determined the injector DOI, a
linear relation was imposed between the “LPG TPS” value
and the voltage sent to the LPG electronic control circuit.
This was achieved by setting the maximum analog voltage of
10 V to 10 percent LPG TPS and 5 V to 80 percent LPG TPS
as shown in Fig. 8. The resulting linear formula in Fig. 8 was
then used within a Formula function so as to convert the
“LPG TPS” value to the desired analog voltage. For the
operator's knowledge of the DOI value sent to the LPG
injectors, a scaling and mapping function was used to
convert the analogue voltage to its respective DOI as shown
within Enclosure 7 in Fig. 7. This contains the formula as
shown previously in (3).

(2)





(3)

Fig. 6 shows the exponential variation of t with capacitor
supply voltage Vb for a VCC of 5 V. As can be seen from the
figure, two plots are shown. One displays the theoretical
values using (3) whilst the other shows the experimental
values obtained from a DC voltage power supply and an
oscilloscope. From both plots it can be seen that small pulse
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Fig. 7. LabVIEW block diagram of LPG DOI control system.

Fig. 8. Graph showing linear realtion between analog volatge sent to
controller and LP TPS.

Fig. 9. Graph of ignition Overall multiplier (%) vs analog volatge (V).

For timing advance, the maximum multiplier value was
set to 200 % which corresponds to 5V as shown in Fig. 9.
This means that with 5V present, the SOI value within the
diesel injection table would be doubled. For timing
retardation, the smallest value was set to 1%. This prevents
the SOI value from dropping below 0º as it is not accepted
by the ECU. For diesel operation, a 100% multiplier value
was set so as to not alter the diesel SOI table. This
corresponds to an analog voltage of 2.5 V. However, in order
to prevent changes in multiplier value due to slight voltage
changes within the signal wire, the 100% value was set
within the 2.4 and 2.6 V range.

To protect the SCXI module from excessive voltage, the
functions within Enclosure 4 in Fig. 7 were developed.
Voltage values below the 10 V limit are left unchanged
whilst those exceeding the limit are clamped to 10 V. The
functions shown in Enclosure 6 were created to prevent the
injectors from overheating due long DOI periods. It achieves
this by limiting the least voltage supplied to the controller to
4 V.
V. TIMING COMPENSATION SCHEME
In order to be able to change the Start Of Injection (SOI)
value during dual fuel operation, a timing compensation
scheme was devised using another analog output from the
SCXI module and the spark compensation function inbuilt
within the diesel ECU. With the analog output connected to
one of the ECU's auxiliary analog inputs, the voltage sent
from the SCXI module would be converted into a
compensation multiplier, according to the values imposed
within an ECU look up table. Fig. 8 shows the relation
between the analog voltage and the respective compensation
multiplier values.

VI. LPG INJECTOR FLOW BENCH TESTING
With the injector controller circuit working, it was logical
to conduct a flow bench test procedure for the LPG injectors.
This was done so as to determine the relation between the
volume flow rate of gaseous fuel injected to the
corresponding DOI. These tests were also repeated at
different injector supply voltages between 11-14 V so as to
investigate how the flow results are affected by battery
voltage variation.
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A. Flow Bench Test Setup
For the flow tests, pneumatic air was used as the working
medium since LPG is highly flammable and a correction
factor for the different gas properties was applied later. A
pressure regulator was fitted between the laboratory
pneumatic source and the LPG injectors, so as to set the
same operating pressure that emerges from the LPG
vaporizer-regulator which is 1.5 bar. The duration of
injection and frequency were controlled using a signal
generator. A 5V square wave pulse from the signal generator
was fed to pin 1 of the LM1949N IC in order to operate the
injectors. The supply frequency from the signal generator
was kept at a fixed value of 100 Hz. The variation in supply
voltage to the injectors was controlled using a DC power
supply. A buffer tank was placed between the injectors and
the flow meter so as to mitigate the pulses that emerge from
the injectors, thus achieving a more stable reading from the
flow meter. A total of two readings were taken for the
volume flow of air and the average results were then used for
subsequent calculations. The flow meter used was of the
variable area type.

Fig. 10. Graph of LPG volume flow rate at atmospheric pressure in
liter/min with DOI in ms for injector 1 at different supply voltages.

C. Setup of LPG fuel system on Diesel Engine
Once the flow tests were complete, the LPG injectors
were incorporated into the engine setup. The pressure
regulator used for the flow bench test was replaced by the
vaporizer-regulator, and a propane gas tank regulator was
fitted onto the LPG tank. Fig. 11 shows the schematic of the
LPG fuel piping and the control hardware adopted for the
LPG injectors on the diesel engine. Propane was used as the
LPG fuel. For safety reasons, both the LPG tank and gas tank
regulator were kept within the control room and not close to
the dynamometer and engine setup. This was done so that the
operator could quickly close the LPG flow to the engine if
any abnormalities arise during operation.

B. Flow Test Results
The recorded volume flow rates of injector 1 for different
DOI values and voltage levels is shown in Fig. 10. As can be
seen from Fig. 10, the relationship between volume flow and
duration of injection is linear. It can be noted that with
increase in supply voltage, the fuel volume flow increases for
every corresponding value of duration of injection. this is
due to the fact that with higher supply voltage the current rise
is higher in the peak stage resulting in a faster injector
opening and hence less "wasted" or "delay" time. Since,
during engine operation, the battery would be charged up to
14V, the injectors will follow the 14V line.

The LPG vaporizer-regulator was mechanically fastened
to the front engine mounting and the injectors were securely
attached to the intake manifold. The LPG line was fed
through the intake manifold opening of the EGR system.

Fig. 11. Schematic of the LPG piping and injector control.
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[8]

VII. CONCLUSION
The main objectives achieved where to construct and
implement an LPG fuelling system onto a common rail
diesel engine. A peak and hold LPG injector circuit was
designed and built to run in tandem with the diesel ECU. The
LPG fuelling quantity and timing strategy was implemented
in LabVIEW at this research stage. Injector flow bench tests
were performed such that injector DOI were established
before engine testing. Compressed air was used for flow
bench testing to reduce hazards.

[9]

[10]
[11]

[12]

The injector driver electronic circuit and LabVIEW
control were then successfully used on the engine and
dynamometer test setup. Engine was run in dual fuel mode
whereby a small fraction of pilot fuel was injected to ensure
ignition while a top-up of sufficient mass flow of LPG fuel
was injected such that the same torque characteristics of
diesel operation were obtained.

[13]

[14]

The possibility of performing experimental tests using
different mixture ratios between the fuels (diesel and LPG)
could now employed so as to understand how the mixture
ratio effects the timing characteristics and specific fuel
consumption values, whilst still maintaining the same torque
characteristics.

[15]

The dual fuelling strategy can also eventually be
implemented within the in-house engine ECU [15]to provide
a more compact and vehicle implementable system.

[16]
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external disturbances as random shocks from the road and
impact of driving maneuvers.

Abstract— The mounting system of a vehicle powertrain has
to meet many demands on durability, powertrain weight
support and support of the powertrain torque, good isolation of
high-frequency vibrations originating in the powertrain,
damping of road induced vibrations and also crash
performance. Therefore, experimental studies still have an
irreplaceable role in design process of the mounting system,
especially because it is a component involving rubber-like
materials with many sorts of difficulties for computational
simulation due to its nonlinear complex static and dynamic
characteristics. But physical prototyping and testing is highly
time-consuming and expensive process, so using of simplifying
and accelerating testing methods is highly required. This article
describes influence of two cases of the powertrain mounting
method on vibration of both sides of powertrain mounting
system (in front of the mount – the engine side (active side), and
behind the mount – the chassis side (passive side)), whereas first
case is powertrain assembly in a test rig (powertrain
dynamometer) and second one is powertrain mounted in a car
(chassis dynamometer). The experiment was carried out on a
small passenger car powertrain with three-cylinder sparkignition engine.
Keywords—powertrain,
prototyping.

mounts,
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Connection of powertrain to engine-body-chassis system
is in vehicle assembly realized by powertrain mounting
system (PMS). The main functions of PMS are static
supporting, limiting and good vibration isolation to achieve
smooth vehicle movement and NVH reduction. Thus, the
design of PMS is a great complexity task, constitutes an
essential step for the NVH improvement.
The ride comfort and handling behaviour of vehicles in
early stage of development process can be simulated with
Multi-Body System (virtual models). MBS allows to build
computational models composed of many components (as
rigid or flexible bodies) and integrate specific submodels
(hydrodynamic bearings [3], mounts with non-linear static and
dynamic properties [4] etc.). It can be therefore used for global
dynamics solution of full-vehicle simulation, but also for
analysis of individual components of dynamic system [5],
while the type and size of vehicle is not limiting (e.g. it can be
used also for train simulation and its cargo [6, 7] or for
transport machine [8] in specific terrain [9]).

vibration,

The crucial question for MBS is overall accuracy of the
PMS model simulation, time duration of preparation of a
computational model and difficulty of getting input data
(inertias, material properties etc.) of every single part of the
model. Especially in analysis with aim to powertrain-vehicle
interaction, where mounts with very specific static and
dynamic characteristics are most import parts, model
preparation is very time and cost consuming. The mount
characteristics can be measured on a special test rigs, but the
transferability to the model simulating a real situation is
questionable, because the same boundary conditions on the
test rig are hard to guarantee.

I. INTRODUCTION
Market competitiveness in automotive industry is already
a long time in a constant rapid growth with corresponding
saturation of various types of vehicles, but differences
between manufacturers are narrowing, especially in low cost
non-luxury segment. The production of a wide portfolio of
vehicles for the manufacturers means the need for more
efficient development process with reduced overall costs to
increase and maintain an edge over market competitors.
One of the greatest production costs reduction potentials is
closely connected with powertrain (i.e. engine and gearbox
assembly) overall its design characteristics (as downsizing,
absence of balance shaft, partial cylinder deactivation etc. [1,
2]) and that unfortunately often have a negative impact to
noise, vibration, and harshness (NVH) levels, which is in
direct conflict with customer's demand for driveability and
ride comfort (powertrain is the largest concentrated mass in
the vehicle).

Models of mounts for accurate PMS simulation results can
be validated via special test rigs adopted for each mount, but
it requires money and time [10, 11]. And time is strictly
limited to shorten development cycle.
Adequate model’s accuracy must correspond to
reasonable effort and costs. That is why the best method for
engineers in mount’s optimisation task can be to use their
long-time experiences, choose a limited number of mount sets
and rely on try-and-error tuning.

Internal combustion engine cannot avoid vibrations. There
are two fundamental dynamic vibration sources: the firing
pulses caused by explosion of the fuel in the cylinder and
inertia forces and torques due to the rotating and reciprocating
parts (the components of the unbalanced disturbance depend
in the number of cylinders and its arrangement in the engine).
In case of non-static use must be taken into consideration also

Various tests can be performed to validate its performance
in real powertrain-chassis excitation conditions. The most
valid test at full vehicle level (chassis dynamometer, Fig. 1b)
can be replaced by only powertrain assembly test (powertrain
dynamometer, Fig. 1c), which allow time savings and brings
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many other benefits (e.g. placing the assembly in a special
measuring room) but with the disadvantage of different
boundary conditions for mounts.

The frequency of the main unbalanced disturbances is
defined by number and arrangement of engine cylinders. For
presented study of influence of a powertrain mounting method
on PMS vibration transmission level was chosen modern 1.0litre in-line three-cylinder engine without balance shaft,
because balances of 3-cylinder engine (every arm of
crankshaft is designed by 120 degrees phase on rotated axis)
is worse than 4- or 6-cylinder engine and therefore PMS
measurement of vibration level offer the range of expected
measurable frequency-dependent vibration amplitudes (Fig. 4,
Fig. 6): in low frequency, first order of exciting force is
dominating [12, 13]. Other expected harmonic orders are
1.5th, 2nd, 3rd, 4.5th and 6th, which comes out from rolling
moment by cylinder gas pressure.

Comparison of these two measuring stands can help
design engineers to further improve balancing between
accuracy and time in developing process of powertrain mounts
to ensure optimal solution.
II. POWERTRAIN DYNAMICS
Vibration that influences driver comfort in car can be
transmitted through two different types of path: noise-born
and structure-borne paths. Powertrain is one of the major
sources of structural-borne path in passenger car and PMS
which support powertrain has a big influence in transmitted
engine originating vibration into the car interior.

III. POWERTRAIN MOUNTS
The mounts (Fig. 2) are generally composed of three
fundamental parts: two attaching flanges (metal support): one
the side of powertrain (active side) and one the side of body
(passive side) and isolating and damping element (rubbermetal compound) between these two parts.

Engine vibration source is defined by cyclic acceleration
of reciprocating components and rapid gas pressure changes
which occurs throughout each cycle of operation. This
vibration sources generate three kinds of vibrations which are
transferred to the PMS: vertical and horizontal shaking,
fluctuating torque reaction and torsional vibration of
crankshaft. Most of vibration are transmitted to the PMS.

Besides the primary function of engine mounts (to support
the static load and applied torque), many other design
requirements have to meet, for example:

a)

•

to isolate vibrations originating in the powertrain,

•

to support forces during drivers’ manoeuvres,

•

to prevent road shocks caused by road irregularities,

•
to prevent fatigue failure of the PMS support points
(on chassis or body structure),
•

to hold the powertrain during crash,

•

to allow assembly and serviceability,

•
to keep function and efficiency during vehicle
lifetime etc. [14]

b)

The ideal engine mounts should perfectly isolate vibration
caused by powertrain disturbances (high-frequency vibration)
and de-facto decouple the powertrain from the body (mounts
with a low stiffness and damping), but also it should prevent
engine bounce from damp vibration (low-frequency vibration)
to ensure handling and passengers’ comfort (mounts with high
stiffness and damping). [15] The need arises from this
conflicting requirement is frequency dependency, which can
be achieved by a various engineering design.
Required static and dynamic properties of mounts are
considered already during its design phase and tested on
special test rig, but in-car testing or at least prototype testing
on a simplified powertrain assembly is irreplaceable. The
resulting behaviour in the vehicle affecting the passenger's
travel experience depends on hard predictable manner as
external temperature, heat and cycling aging or concrete static
pre-load given by manufacturing and assembly deviations.
Finally, the subjective perception of vibrations and noise by
the passengers is also very important and practically
impossible to calculate. That is why powertrain mounting
strategy depends also on customer expectations (e.g. luxury
car is design as plush and quiet, but the drivers of sport cars
may not – or even prefer – higher level of vibration and sound)
[16].

c)

Fig. 1. Car of interest and its coordinates (a), chassis dynamometer (b) and
powetrain dynamometer (c)
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The current state of knowledge allows a development and
production of very sophisticated and efficient mounts. But the
car of interest belongs to the segment of small cars, where the
pricing policy is a very important element of the car's design
measures and corporate strategy of manufacturer strives to use
the developed PMS components in more types of vehicles.
Testing of various sets of mounts is therefore a common
practice in PMS development, even though the rubber-like
materials have properties dependency on many factors, which
cause seeming measurement variability (complementary with
cycle-to-cycle variation, Fig 5).

a)

Škoda Fabia 1.0 MPi (tested vehicle, Fig. 1a) has a 3-point
mounting system. The engine mount is hydro mount, which
enhance the damping characteristics in the vertical direction
during dynamic load. The transmission mount and torque rod
are simple rubber-to-metal mounts. Engine and transmission
mounts support the powertrain’s static load, torque rod is
specifically designed to support the torque turning the
powertrain.

b)

A. Simple rubber mount
Common materials used in the isolating and damping
elements as powertrain mounts are elastomers (rubber). They
are able to operate under large deformations (static load) and
they have very good damping characteristics (energy
dissipation), which can be represented by a hyperelastic model
(non-linear stress-strain relationship), usually considering
frequency, temperature and amplitude dependent behaviour.
The dynamic stiffness of rubber mount is smaller in low
frequency excitation and is growing with increasing
frequency. Due to this fact, designers have to face trade-off
decisions between good isolation function and appropriate
support behaviour.

c)

Despite suboptimal dynamic characteristics, simple
elastomer mounts are still widely used. Its main advantages
are compactness, low maintenance requirement and especially
cost effectiveness.
B. Hydro mount
Hydraulic mount (or better “hydro-elastic” mount) is
better than rubber mount for its ability to provide better
behaviour in low frequency range (external excitations, e.g.
road shocks), which helps to solve conflicting design
requirement between isolation and damping (even passive
design variant).

Fig. 2. Hydro mount (a) and rubber-to-metal mounts (b, c) with sensors

Optimal mounting of the powertrain depends also on the
right locations of the support points (and of course on the
position and orientation of the powertrain). Deviation from
optimal locations can heavily degrade the vibration isolating
abilities of PMS, because non-ideal location will lead to an
increased degree of modal coupling [17]. Location points is
important to optimize in very early stage of development
process and it is not area of interest of this article, because it
is not usual to optimise it experimentally.
Engine mounts are generally divided into few basic
groups: rubber-to-metal mounts (Fig. 2, b, c), passive
hydraulic mounts (Fig. 2, a), semi-active mounts, and active
mounts. In simple, more sophisticated design mount mean
greater variability in stiffness and damping characteristics, but
also higher production costs.

Fig. 3. Drive shaft (connection between powetrain and dynamometer)
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The typical hydro engine mount contains two fluid
chambers separated by a plate that contains a fluid channel
that forms an inertia track. The fluid usually used in this mount
type is typically a mixture of ethylene glycol and water or
propylene glycol (remain in a liquid between -40 and 115
degrees of Celsius).

Amplitude of 1st order acceleration
[m/s2]

1.5

Elastomeric part of hydro mount (bounded on a steel plate)
helps with vibration isolation of a high frequency excitation
(low damping and stiffness characteristics). In low frequency,
the resistance of the fluid passing through the inertia track
increases the stiffness, which in combination caused desired
frequency dependency.
IV. EXPERIMENT SETUP
The focus of the presented research is to compare different
operating conditions of powertrain for evaluation PMS
performance, which should help with future test rig
arrangement in mount development process (e.g. vibration
transfer path simulation etc.) and with decisions about making
NVH measurement more flexible, efficient and reliable.

AVERAGE

1

MIN
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0.5
0
0

100

200

300

-0.5
-1
-1.5

[deg]

Fig. 5. Averaging of cycle-to-cycle data

A. Chassis dynamometer
So called “in-situ” measurement provide real world
operation conditions, which allow to measure PMS in setup,
which is the same as setup for the end customer experience.
This type of testing is not much efficient for fast-moving
development process, because installation time of PMS into
chassis is not negligible. Full access to the individual parts on
powertrain assembly is also problematic for difficulties in
instrumentation as well as sensor placing. Moreover, the
similarity with real operation is questionable because of not
exact track conditions, weather conditions, driving style etc.

The main subjects of measurement were therefore the
mounts: every mount had two measure points with 3-axis
acceleration sensors. One sensor was placed at vibration
source side (active side) and another at chassis side (passive
side). The experimental data also include engine tachometer
signal and temperature of elastomeric part of each mount.
Regarding the discussed placement of the powertrain
during the measurement, basically two alternatives of
arrangement to perform operational measurement may be
taken into consideration: full vehicle testing (chassis
dynamometer) or with powertrain installed to dynamometer
test rig (dyno).

Fig. 4. Acceleration in frequency domain at gearbox mount (4000 min-1)
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Fig. 6. Acceleration in frequency domain at gearbox mount (colormap)

V. EXPERIMENTAL DATA PROCESSING
Acceleration data were gathered (from six measure points,
each containing the data from three axis) to evaluate vibration
transmissibility of mounts (Fig. 8 and Fig. 9). Presented data
are from wide open throttle condition (throttle 100 % open).

B. Powertrain dynamometer
Powertrain dynamometer measurement may give slightly
different results compared to full-vehicle measurement, but
the severity of this problem depends on what is the main
parameter we need to evaluate. For example, in case of engine
performance measurement is dyno for most cases probably
no-problem solution, but problematic deviation can be
expected for engine mount performance measurement,
because stiffness of support points of stand has very likely a
considerable impact (constraint conditions impact).

To confirm the repeatability of collected accelerations,
every measurement sequence was repeated at least 3 times
(just for comparison, not averaging). Averaging was used
from approx. 20 seconds record to eliminate random highfrequency noise.

Fig. 7. Acceleration in frequency domain at gearbox mount (4000 min-1)
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Fig. 9. Average percentage-point change of mounts isolation efficiency
(average from all mounts and all directions).

To exclude the effect of sensor fastening, removal and
reattachment was done. It confirmed that variability of
measurement is very low.
A. Steady state conditions
Advantage of steady state conditions at a known constant
speed and load lies in longer duration, which allow to stabilize
mount temperature for appropriate comparability of individual
measurements. The disadvantage is that measurement can be
very time-consuming, if a bigger number of speed points is
required.
B. Speed sweep conditions
Speed sweep conditions (so-called transient test) collect
operating data through a range of engine speed (sweep run-up
speed measurement). Recording from the whole speed range
is important to minimize risk of missing some important speed
point with some significant vibration level, which would be
suitable for further investigation.
VI. FREQUENCY DOMAIN RESULTS
Acceleration signal data in time domain from six measure
points were obtaining simultaneously. There are several ways
to interpret this signal for PMS performance evaluation, but
most obvious is transfer to frequency domain with Fast
Fourier Transform, which provides more insight into the
various components of the signal. In case of combustion
engine it is especially impact of harmonic orders on overall
vibration level (the significant peak of amplitude can be
expected every half order of engine speed).
Fig. 4 shows example of amplitude-frequency
experimental results from one speed point measured at
gearbox mount and good correlation between chassis
dynamometer measurement and powertrain dynamometer
measurement can be seen at glance, but on the contrary
relatively low correlation is in individual orders ratio between
measurement at active and passive sides. However, the same
non-correlation is in both methods of PMS measurement. This
picture also illustrates very pronounced peaks of harmonic
orders for lower frequencies and gradual occurrence of
amplitudes for non-harmonic frequencies, that are more
distinctive in chassis dynamometer measurement.
VII. TRANSMISSIBILITY
To quantify the vibration isolation performance,
transmissibility function can be estimated as ratio of
acceleration reduction and then it represents the amount of
powertrain vibration transmitted through the mounts to the
vehicle chassis. It can be defined by simple formula, where T
is transmissibility, ap is passive side vibration and aa is active
side vibration:

Fig. 8. Average percentage-point change of mounts isolation efficiency at
0.5th to 8th order for speed points from 2000 rpm to 5000 rpm.
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T=

ap
aa

.

REFERENCES

(1)

[1]

Then mount isolation efficiency IE in percentage can be
simply defined as:

[2]

IE = 100 (1 − T ) .

[3]

(2)

Comparison of engine mount isolation efficiency at
gearbox mount between discussed two types of measurements
for one speed point is shown in Fig. 7. In most cases of
harmonic orders, again, a significant correlation is apparent
between them, but for the powertrain dynamometer (where
mounts are attached to a special stand) is usually slightly
higher. That was not caused by higher vibration levels at
active side, but by lower vibration level at passive side.

[4]

[5]

[6]

Preferred value of isolation efficiency for conventional
vehicles is about 90 %. [18] The average values of the
performed measurements were slightly lower, especially for
full-vehicle chassis dynamometer.

[7]

VIII. MOUNTING METHOD COMPARISON
In order to compare the influence of powertrain mounting
method on powertrain vibration, simple subtract isolation
efficiency measured by one mounting method (powertrain
dynamometer) from isolation efficiency measured by second
method (chassis method) was done for all mounts, directions
and speed points and eight main harmonic orders were
averaged for simplified visualisation (Fig. 8). As seen, all
results are positive. The reason is lower vibration level
measured at passive side of mounts during powertrain
dynamometer method measuring. It confirms the effect of the
stiffness of the test rig frame.

[8]

[9]

[10]

[11]

The difference between methods is increasing with the
intensity of the vibration level (increased with the engine
speed, Fig. 9).

[12]

IX. CONCLUSION
The experimental comparation of two mounting methods
was performed and evaluated with the main aim at PMS
performance. These test results can be helpful to engineers for
decisions about experiments setup for simulation methods
validation or try-and-error tuning method for best selection of
mounts.

[13]

[14]

[15]

Establishment of laboratory experiment for comparison
requires a huge data collection. Signals from three axis at six
measuring points were gathering from number of speed points
and transient tests and also with different load (full load and
no load). In this paper, the procedure was discussed, but just
sample of results was presented.

[16]
[17]

[18]

The experimental results indicate significant influence of
mounting method, especially if vibration at passive side of
mounts is an object of interest. Active side measurement
correlation was greater which point out to test rig impact and
indispensability of full-vehicle testing.
ACKNOWLEDGMENT
The authors gratefully acknowledge funding from the
Specific research on BUT FSI-S-20-6267.

206

Sjöberg, M., 2002. On Dynamic Properties of Rubber Isolators.
Doctoral Thesis, Royal Institute of Technology (KTH).
Hwang, C., Lee, B., and Jung, P., "Reduction of Interior Booming
Noise for a Small Diesel Engine Vehicle without Balance Shaft
Module," SAE Technical Paper 2009-01-2121, 2009
L. Drápal, P. Novotný, „Torsional vibration analysis of crank train with
low friction losses,“ Journal of Vibroengineering, vol. 19, iss. 8, pp.
5691–5701, 2017.
C. Scheiblegger, J. Lin, H. Karrer, "New nonlinear bushing model for
ride comfort and handling simulation: focussing on linearization and
the implementation into MBS environment," Lecture Notes in
Electrical Engineering, vol. 198, pp. 461-473, DOI: 10.1007/978-3642-33795-6_38, 2013
L. Drápal, L. Šopík, „Influence of Crankshaft Counterweights upon
Engine Block Load,“ Transport Means 2016 – Proceedings of the 20th
International Scientific Conference, Kaunas: Kaunas University of
Technology, pp. 809–814, 2016.
Fomin O., Lovska A., Píštěk V., Kučera P. Research of stability of
containers in the combined trains during transportation by railroad
ferry. MM SCIENCE JOURNAL, March, 2020, p. 3728–3733.
Fomin , O.; Lovska, A.; Píštěk, V.; Kučera, P. Dynamic load
computational modelling of containers placed on a flat wagon at
railroad ferry transportation, VIBROENGINEERING PROCEDIA ,
2019 , 29, pp. 118– 123.
J. Kašpárek, P. Pokorný, „Analysis of the Dynamics of a Virtual
Prototype Wheeled Transport Machine,“ Transport Means 2014 –
Proceedings of the 18th International Scientific Conference, Kaunas:
Kaunas University of Technology, pp. 99–102, 2014.
J. Kašpárek, M. Jonák, „Advanced Approaches for Modeling of a
Virtual Terrain,“ Transport Means 2015 – Proceedings of the 19th
International Scientific Conference, Kaunas: Kaunas University of
Technology, pp. 47–50, 2015.
Pfeffer, Peter E. Hofer, Karl. Simple Non-Linear Model for Elastomer
and Hydro Mountings. to Optimise Overall Vehicle Simulation [J].
ATZ worldwide, 2002, 2002-05
Jomaa, Sam M., B. Thibault and Clayton A. Maas. “New Two-Step
Optimization Process of an Active Engine Mount: Applying DFSS
Techniques and Taguchi Methods of Robust Design Strategies: Part I.”
(2006).
Liu, X., Lv, Z., and Shangguan, W., "Design of Powertrain Mounting
System for Engine with Three Cylinders," SAE Technical Paper 201501-2354, 2015, doi:10.4271/2015-01-2354.
Kalla, B., Patil, S., and Kumbhar, M., "Idle Shake Simulation and
Optimization through Digital Car Model," SAE Technical Paper 201501-2368, 2015, doi:10.4271/2015-01-2368.
Hempel, J. (Ed.): “Schwingungstechnik für Automobile”, Vibracoustic
GmbH & Co. KG, Weinheim, Germany, 2002. – ISBN 3-00-010-2744
Abe, M. and Manning, W.: “Vehicle Handling Dynamics: Theory and
Application”, Elsevier Ltd., Oxford, UK, 2009. – ISBN 978-1-85617749-8
Chung Ha Suh and Clifford G. Smith, Dynamic Simulation of EngineMount Systems, SAE Proceedings, 971940, 561-572, 1997
Scheiblegger, C. & Pfeffer, P., 2012. New Models for Elastomer and
Hydro Mounts for Ride Comfort and Handling Simulation. 6th CTI
Conference: Federung & Dämpfung im Kfz, 27th Janaury 2012.
Stuttgart, Germany: Car training Institute.
Channamaneni, R., Kannan, P., and Padavala, P., "A Systematic
Approach Towards Engine Mounting System Vibration Isolation
Performance Validation in Commercial Vehicles," SAE Technical
Paper 2017-28-1928, 2017, doi:10.4271/2017-28-1928.G. Eason, B.
Noble, and I. N. Sneddon, “On certain integrals of Lipschitz-Hankel
type involving products of Bessel functions,” Phil. Trans. Roy. Soc.
London, vol. A247, pp. 529–551, April 1955.

2020 19th International Conference on Mechatronics – Mechatronika (ME)

AGVs mission control support in smart factories by
decision networks
Stanislav Vechet

Jiri Krejsa

Kuo-Shen Chen

Institute of Thermomechanics, v.v.i.
Czech Academy of Sciences
Technicka 2, Brno, Czech Republic
vechet.s@fme.vutbr.cz

Institute of Thermomechanics, v.v.i.
Czech Academy of Sciences
Technicka 2, Brno, Czech Republic
krejsa@fme.vutbr.cz

Department of Mechanical Engineering
National Cheng-Kung University
Tainan, Taiwan, 70101 R.O.C.
kschen@mail.ncku.edu.tw

Abstract—Towards the implementation of AGV’s (Automated
Guided Vehicles) complex navigation tasks within the dynamic
and hazardous environment of upcoming smart factories the
developers challenges reliability and maintenance problem. While
the number of AGVs in shared space gets higher the risk of
failure follows the trend and both the users and developers need
an adequate tool to monitor and diagnose all applied AGVs
in real time. We have prepared a decision network to support
the AGVs missions by real-time internal diagnostic to prepare
more reliable AGV solutions in smart factories. The internal
diagnostics monitors the sensors/inputs signals and internal
communication channels to take decision on further actions to
perform within the given environment [13]. The main task for
the decision network is to support the control system or human
operator with possible decisions to take to avoid system failure.
Index Terms—decision network, Bayesian probability, smart
factories, AGV

I. I NTRODUCTION
Within last few years our team developed various autonomous mobile platforms AGVs [1] which can serve for
service, carrier or maintenance purposes in smart factories [3],
[4], [11] (see robot BREACH in industrial environments on
figure 1). Mobile robot BREACH is fully powered by robot
operating system ROS [7] and as a device deployed in industry
it needs to fulfill strict safety standards. Due to the complexity
of such machine (see example internal processes structure
2) the internal diagnostics [9] and safety internal processed
needs to be integrated. This paper deals with decision network
internally applied to robots control actions to achieve more
secure behaviour [6].

is supported by set of possible evidences which can be
gathered from AGV as set of observations (sensor readings).

II. D ECISION NETWORK ARCHITECTURE
The internal architecture of the decision network [8] is based
on Bayesian network [2] with utility function defined (see 3).
The key aspect is that each possible hypothesis is represented
as separate naive Bayesian network by single parent node with
many child nodes. Each parent node represents a hypothesis
which needs to be proved or rejected. Each defined hypothesis
The results were obtained with support of mobility project plus MPP with
Ministry of Science and Technology MOST-20-06.

978-1-7281-5602-6/20/$31.00 ©2020 IEEE

Fig. 1. BREACH mobile robotic platforms in industrial environment.

Evidences are assumed as binary variables which can
handle two state information only (eg. 1/0, True/False,
Yes/No, Open/Closed, Low/High). Similarly, each hypothesis can have two states only. The Bayesian rule used for
posterior calculation of believe which is based on Bayesian
probability calculus “(1)”. The believe of given hypothesis use notation Bel (h) and it means the posterior probability of variable h conditioned by set of evidences e as
P (h = T |e1 = T, e2 = T, ..., en = T ). The posterior probability is given by:
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Fig. 2. BREACH mobile robotic platforms internal ROS processes structure.

P (h = T |e1 = T, e2 = T, ..., en = T ) ≡ Bel (h) is posterior probability conditioned by number of n evidences
e with value T which means the value of the variable is
known.
• η is normalization constant calculated by total probability
−1
law as η = P (h) .
The posterior calculation of hypothesis probability [12] is
used in utility function to assure the correct decision is taken.
The posterior probability itself cannot be used for decision
making due to normalization constant η which amplify the
final probability towards the excessive values 0 or 1.
To avoid such unclear results the utility function is used to
choose correct hypothesis from a number of possible/probable
ones. The expected utility function is defined as:
•

EU (A) = U (h|A) P (h|A) + U (¬h|A) P (¬h|A)

(2)

While in our case the probability P (h|A) doesn’t depend
on decision A which means that P (h|A) = P (h) we can
rewrite equation (2) to:
EU (A) = U (h|A) P (h) + U (¬h|A) (1 − P (h))

where:
• EU (A) represents expected utility of decision A.
• U (h|A) utility function of choosing correct decision A
based on hypothesis h
• P (h) represents the posterior probability “(1)”.
• U (¬h|A) utility function of choosing wrong decision
A based on hypothesis h - thus represents the worst
scenario.

Fig. 3. Decision network architecture for single hypothesis.

P (h = T |e1 = T, e2 = T, ..., en = T ) =
n
Y
P (ei |h = T ) P (h = T ) (1)
η

III. A PPLICATION OF DECISION NETWORK

i=1

where:
•

Bel (h) is posterior probability of given hypothesis h.

(3)

Previously described decision network is used in AGV’s
internal decision processes to support operation reliability
in two ways: first is data fusion from various sensors (eg.
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camera, LIDAR) [5], [10], second the internal diagnostics. The
example of data fusion is defined as follows:
• The goal of AGV is to decide whether the planned path
is free of obstacles or not.
• The sensory information are camera, LIDAR and odometry (robot location in the map).
• Each sensor readings has information how likely is to use
this information for decision.
• The decision, if pre planned path can be followed needs
to be made.
Indoor applications of mobile robots rely more often on
LIDAR sensors due to the fact that the detection range in the
order of meters is adequate to size of rooms (and due to the
nature of such environment) or offices. On the other hand the
outdoor mobile robots rely more on cameras, because they
need to see much more further than common LIDARs can
(30m and more). In our indoor application the robot needs
to decide if it can proceed further with the camera is 60%
sure the path is free, the LIDAR is 80% sure and odometry
(which means the robot is localized in the map and there are
no dynamic obstacles registred) is 50% sure.
The believe calculation is given by “(1)” and can be
rewritten with above mentioned sensors as follows:

Fig. 4. Two variables simulation.

Bel (h) = ηP (e1 = CAM |h)
P (e2 = LIDAR|h) P (e3 = ODO|h) P (h) (4)
where
• P (e1 = CAM |h) = 0.6
• P (e2 = LIDAR|h) = 0.8
• P (e3 = ODO|h) = 0.5
• η ≈ 3.57
• Bel (h) ≈ 0.86
There is clearly seen that if the robots decision would be
made on probability only it can easily follow the road until
hit some obstacle. One can see that even if the camera returns
the likelihood 0.6 and odometry 0.5 the resultant believe is
relatively hi 86%, on the other hand the usage of the expected
utility can avoid such high result under uncertain parameters.
The next section shows the simulation of wider ranges of
parameters and how they influence the decision.

Fig. 5. Two variables simulation.

IV. PARAMETERS SIMULATION
This section deals with with simulation of wide range of
parameter values to show how the expected utility calculation
“(2)” influence the final decision.
I our case where the three variables (camera, lidar and
odometry) are observed with various likelihoods we would like
to simulate the level of probability in which the most likely
hypothesis is chosen. Consider the case that one variable have
fixed value and two remaining variables are simulated with
complete probability range h0, 1i with 0.01 step. The results
are shown on figures 4, 5 and 6, where the x axis shows
the probability that the camera measurement is correct, the y
axis shows the final believe and the probability that LIDAR
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measurement is correct is shown by five lines of different
colours.
V. R ESULTS DISCUSSION AND CONCLUSIONS
Presented results shows the advantage of expected utility
calculation. In case the decision would be made on join
probability calculation only (figure 4), the sensitivity of the
decision to small changes in data readings is unacceptable
high, e.g. on figure 4 when the camera probability (x axis) is
0.65 and lidar 0.8 (dotted line) the resultant believe is over
0.95 which is (subjectively) very hi believe for such uncertain
sensor measurements.
However, if the expected utility calculation is used, it serves
as a kind of a trigger with wide hysteresis which can be
precisely adjust to given decision scenario.
Figures 6 and 5 shows the sensitivity to expected utility
node calculations. The decision is taken if the expected utility
calculation is higher in favour selected hypothesis (line Y )
than values represented by line marked as N . The decision
point is the crossing of two lines with the same color, e.g. if
the lidar has the probability only 0.5 the crossing of two lines
(lidar 0.5 Y and N ) is with camera measurement probability
0.87 (figure 5) or 0.97 (figure 6), which depends on expected
utilities value.
The utility node can represent optimistic or pessimistic
decisions. It depends on selected use-case, the optimistic (see
figure 5) utility node means that the decision is made based
even on low probabilities of given sensor measurements, on
the other hand the pessimistic/careful (see figure 6) decision
means that the sensor reading needs to be know with high
probabilities.
We have found this approach very useful in scenarios where
more sensors with various principles are used to measure the
same environment features.
There is always possible to use some kind of weighted
average approach, which is common, however the setup for
different scenarios and weight adjustment is poor similarly to
simple calculation of posterior join probability (figure 4).
The biggest advantage of presented approach it that the
method of expected utility calculation brings the possibility to
use informed trigger with the possibility to choose optimistic
or pessimistic decision policy.
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Abstract—The paper describes the vibration laboratory
stand solution, developed and realized by authors. The stand is
used to reduce the influence of the environment on the measured
system, so only required vibration sources are present (and
captured). The stand itself is presented in the paper, as well as
its finite element analysis. These are followed by an initial set of
measurements, including the description of the used hardware
and settings.

II. DESCRIPTION OF THE STAND
As already mentioned above, the basic idea of building the
stand is based on fact, that parasitic vibrations are present
almost everywhere. Actually, the principle of vibration-based
energy harvesting is developed on the specific use of these
parasitic vibrations. Nevertheless, the laboratory stand is
designed for different conditions. Here, the external vibrations
are unwanted since they might affect the obtained results.
Therefore, the laboratory stand has to be designed so that it
eliminates the influence of the environment and allows to
generate the required vibration characteristics.

Keywords—Energy harvesting, vibrations, FE analysis,
measurement stand design.

I. INTRODUCTION

The stand itself can be seen in Fig. 1. The rigid metallic
profiles are used as ground core construction elements. The
sizes of the constructed box are 70/70/80 cm (width/length/
height). Avoiding the influence of external vibrations, a
central plate (scheme can be seen in Fig. 2) is placed in the
middle of the stand. Four springs are used to minimize
unwanted external vibration influence. The plate sizes
(30/20/2 cm) allow fixing and fasten the necessary vibration
source as well as fixing the measuring sensors system.
Another four springs fixing the central plate to the bottom of
the stand can be used to minimize the external environment
influence. Based on authors experience during practical
experiments, considering the real mass and sizes of used
apparatus (including the properties of used vibration sources
and sensors), these additional springs had not been applied.

Energy harvesting (EH) becomes more and more
important for any "small" electric energy consuming device
[1]. There are many examples of an "island" type operating
systems, or their parts, such as wireless sensor networks [2].
One of the basic requirements of these systems is a reduction
in human interaction. Therefore, the supplied energy
consumed from batteries has to be reproduced automatically –
the batteries have to be recharged during the operation of the
device. There are a lot of available external sources for the
mentioned recharge – electromagnetic field wasted in the
surrounding space, solar energy (one of the most popular
sources [3, 4]), vibrations, and many more.
Vibrations are present almost everywhere, even if human
senses cannot observe them. Since the determination of the
threshold between useful and useless components is often very
complicated, the measurement of available vibration sources
is complicated as well. Before deployment of the vibration EH
device, much testing has to be done. Since, as mentioned
above, the vibrations are present almost everywhere, the
measurements can be affected by a lot of unpredictable and
confusing external influences. Therefore, to be able to
reconstruct the required environment in the laboratory, a
unique vibration measuring stand is needed.
Authors of this paper focus on both solar and vibration
sources since the quality and quantity of these are typically
enough for recharging the batteries of a small communication
device receiving or transmitting electromagnetic waves signals. The experience of authors with building and testing
the laboratory stand for vibration measurement is presented in
this paper. The structure of the paper is as follows: description
of the stand, description and results of applied finite element
analysis (FEA), basic information on measurement, including
the hardware description, and preliminary measurement
results, and, finally the conclusions.

Fig. 1. View on the stand

978-1-7281-5602-6/20/$31.00 ©2020 IEEE
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Fig. 2. The central plate of the stand

III. DESCRIPTION OF SIMULATIONS
Mechanical vibrations can be considered as a cyclic
movement of a mass around a central position [5]. The
direction of the movement can be both single and multiple
oriented. Since this research is focused on energy harvesting
technologies, it is necessary to mention the following. The EH
hardware can "harvest" the generated vibrations in all three
axes; nevertheless, there are EH devices that react on a single
axis vibration only. Therefore, based on the principle, only
one degree of freedom of the central plate is taken into
account.

Fig. 3. Illustration of vibrations effect

While analyzing the vibrations as waves, the complexity
of the mechanical system would make the solution too
difficult. Therefore, the influence of vibrations as a (potential)
displacement in one axis has been studied. For illustration, the
amplitude of the displacement calculated with a sinusoidal
force applied in the middle (with an amplitude of 10N and a
frequency of 711 Hz) can be seen in Fig. 3. The deformation
of the plate (caused by infinitesimal displacement due to the
thickness of the plate) can be seen here.
Software package ANSYS Mechanical was used to model
the system. This software allows performing simulations
using the Finite Element Method (FEM) that can successfully
be used both for 1D, 2D and 3D mechanical problems. This
approach enables to analyze the task in its complexity without
any significant simplifications, as typical for different
equivalent circuit schemes used, e.g. in MatLab® or similar
software. The FEM analysis enables determining the natural
frequencies of a system as well as its modal deformities (Fig.
3).

Fig. 4. View on the FE model

IV. REALIZATION OF SIMULATIONS
The model of the stand itself (Fig. 1), especially its central
plate (Fig. 2) had been realized in the environment of the finite
element method (Fig. 4). The 3D model is matching the real
sizes of the plate (30 x 20 x 2 cm) and its mechanical and other
parameters (Young's modulus, Poisson's ratio, mass density).
The model contains approx. 14000 elements and 17000 nodes.
Due to the parametrical inputs, the sizes can easily be changed
(if necessary), and the model can be rebuilt.

A. Modal Analysis
A sinusoidal force had been applied to the model. This
allows discovering the frequencies that cause the resonance
phenomenon, where the amplitude of movement becomes
more and more critical. Also, a movement associated with
natural frequency (translation, rotation or a combination) can
be identified. The behaviour of the system is, in this case,
similar to the harmonic oscillator.

The modal analysis had been performed to obtain the
natural frequencies of the system. Following these, the
harmonic analysis was realized. In this step, the input data are
completed with force applied to the plate. The amplitude of
the applied force, as well as its position, can be changed in this
type of analysis. The input frequency is not a user-defined
parameter, since the FEA since the software passes through
the required frequency range and analysis the frequencydependent response of the system. Typical output for this
phase of the analysis can be seen in Fig. 5. The frequency
range starts with 0 Hz (non-alternating displacement; if any)
and ends with 99 Hz. It means that 100 different frequencies
are analyses within this interval with a step of 1 Hz. As can be
seen in Fig. 5 the response of the system is significant in the
neighbourhood of 5 Hz, where the received amplitude of

B. Harmonic Analysis
Harmonic analysis [6] can also be used to determine the
dynamic behaviour of the structure in response to a load that
varies sinusoidally over time. This analysis calculates the
system's response at different frequencies by moving it into a
steady-state, i.e. when the response speed is stable. After the
application of the load on a defined position on the plate, the
amplitude of the movement (as a function of the frequency of
each point on the plate) can be observed and analyzed.
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displacement is more than 0,003 m (3 mm). It can also be said
that Fig. 5 represents the absolute value of the displacement.
The phase of the displacement should also vary for specific
frequencies; typically to the opposition.

V. DISCUSSION ON LIMITS OF THE MODEL
The next step after the simulations is the verification of
obtained results by practical laboratory experiments. The
possible ways of experiments are introduced in the next
chapter. Nevertheless, it must be stated that in the current
situation, the simulations may be affected or touched by
several factors and parameters. These might be briefly
summarized in the following points:

Fig. 5. FEA output example

As mentioned above, the different position of the applied force
is taken into account. Furthermore, for each applied force
position, the response is analyzed in 9 different positions over
the plate. This will lead to a sophisticated understanding of the
behaviour of the system. For illustration, the system's response
for all 9 points can be seen in Fig. 6. The mentioned 9 points,
where the displacements are evaluated, are identified as A, B,
C, D,…I. The red dot in the plate is the actual position of the
external force (in this sample case identical to point H).

Observed amplitude

500 N/m

0,045 m at 3 Hz

1000 N/m

0,064 m at 6,5 Hz

2000 N/m

0,035 m at 9 Hz

The springs in the model are based on element type
that evaluates both compression and tension, while in
reality, the tension only occurs.

•

It is assumed that there is no energy dissipation within
the spring, and no torsion type forces are applied to
the spring.

•

The spring forces are considered as linear;
nevertheless, this is valid for small displacements
only.

•

The material chosen is a base aluminium; however,
the use of alloys can modify specific values, such as
Young's modulus and this may impact the results.

•

The size of the elements: generally, the smaller size
of the elements lead to more precise calculation. As
the base idea is to check the suitability of the stand for
measuring purposes, a compromise between size and
computation time had been realized. This might lead
to a specific loss of accuracy.
VI. INTRODUCTION TO MEASUREMENTS

Besides the already discussed and described parameters,
the influence of the system (springs) stiffness has also been
evaluated. In this case, the force had been applied to the
central point, and the displacement of the same (central) point
has been studied. Three different stiffness values had been
applied to the model with the following results:
Applied stiffness

•

The realized simulations are defining the range of
frequencies which can significantly affect the obtained results.
The response of the shows that the natural/resonance
frequencies are below 8 Hz. Therefore the stand can be used
to analyze the frequencies from approx. 10 Hz.
Accelerometer BMA220 had been used for measuring the
acceleration of the plate. This is cheap hardware which can
successfully be used in different acceleration-based tools as
game-controllers, cell phones, handhelds, computer
peripherals, man-machine interfaces, etc. [7-9].

Fig. 6. Example of system’s response (amplitude (m) vs. frequency (Hz))
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there are several local maximal values – e.g. 0,74 mm at 20,77
Hz or maximal global value of 1,18 mm at 77,23 Hz. This
values, since they are far away from critical frequencies, can
be used for further analysis.

The BMA220 is a triple-axis accelerometer, small-sized,
tri-axial, low-g sensor, equipped with I2C interface, aiming
for low power applications.

VII. CONCLUSIONS
The energy harvesting (EH) is still an essential and up-todate topic. One of the most common EH techniques are based
on vibrations (as described in the Introduction Chapter). Since
there are a lot of possible troubles and problems in laboratory
experiments and analysis of vibrations, a simple stand has
been constructed. This paper proofs the suitability of the stand
for laboratory measurements of vibrations and draws its limits.
The stand itself has been introduced in this paper (Chapter II).
Then (Chapters III and IV) the computer-based simulations
are presented. These are realized in a finite element
environment, both as modal and harmonic analysis. The
primary goal of the analysis is to define the possible and safe
frequency ranges (avoiding the natural frequencies of the
stand). Subsequently, a discussion (Chapter V) of the limits of
the stand is presented, with particular attention paid to
possible faults, shortcomings and/or improvements.
Furthermore, a simple set of measurements (Chapter VI) has
been realized.
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Fig. 7. Typical measurement output
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Arduino Uno had realized the control of the sensor with
I2C bus in master or slave mode (maximum data transfer rate
of 400 kHz) and a serial bus via USB cable for communication
with a connected personal computer. The same Arduino Uno
had also been used to data transfer from sensor to PC.
For initial experiments, an electric saw coupled to the
central plate of the stand had been used to generate the
vibrations. The mass of the saw is approx. 2,6 kg, and six
different gears can be chosen. This will lead to a speed
between 500 rpm and 3100 rpm. Due to the electrical and
mechanical principle of the saw, dominant frequencies should
appear, followed by a required random noise and
irregularities.
As already has been mentioned above, the Arduino Uno is
used to control the sensor and read the data. As the system
does not provide any user-friendly interface, a Python script
[10] has been designed and implemented. Based on this script
the test measurement can easily be controlled directly from PC
(wired to Arduino by USB cable), and the read data can be
exported to generally know formats (e.g. comma-separated
values - CSV). The obtained data are further postprocessed by
Fast Fourier Transform to obtain the amplitude-frequency
characteristics. Typical output of the measuring system can be
seen in. 7 and 8. Based on input (load) conditions, a significant
peak can be seen in Fig. 7. Unfortunately, this peak appears
for a frequency equal to 8,75 Hz, which corresponds to the
resonance frequency of the stand. Due to the observed
amplitude (almost 60mm) it is clear, that for the used
combination of input parameters (amplitude and major
frequency of the load) the stand cannot be used for further
analysis. On the other hand, changing the amplitude and the
major frequency of the load can lead to data presented in Fig.
8. Besides the noise present in the whole range of frequencies,
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Abstract—Academic
and
industrial
experimental
campaigns on internal combustion engines typically prefer a
single cylinder setup to simplify instrumentation and auxiliary
requirements. Unfortunately, single cylinder engines might not
be of the same “generation” as the engines on which
investigations are planned. Therefore the need to modify
available and current “generation” multi-cylinder engines to
single cylinder operation is a task that some engine researchers
might require. Detailed literature of how this modification is
done is lacking. Therefore this paper details the modification
carried out on a four cylinder inline Peugeot Hdi common rail
diesel engine to be operated as a single cylinder. This single
cylinder engine was required for the in-cylinder heat transfer
research being conducted on a pressurized motored setup. The
mechanical aspects of the modification as well as the balancing
weights determination are explained.
Finally, but most
importantly, the accelerometer measurements obtained from
three piezoelectric accelerometers on the front and rear of the
engine (and in two orientations, i.e. along the cylinder axis and
perpendicular to it) are presented. These measurements were
used to trim the balancing weights.

Despite the extent to which this kind of modification was
used for various research purposes, literature of the
conversion procedure adopted by the mentioned authors is
very limited. Single cylinder operation is not only
advantageous from an apparatus point of view. Certain tests
span on long durations, sometimes extending on a number of
days non-stop operation. This means that the cost of testing
is hefty, especially if the engine in question is of the heavy
duty type. Hence a smaller single cylinder version of the
engine of interest can provide testing at a much lesser cost,
with the benefit that the results obtained from testing are
representative of the original multi-cylinder engine. If testing
requires frequent strip/assembly, the simplicity inherent in
the single cylinder engine allows for a smaller downtime.
The multi-cylinder engine modified in this work is a 2.0
litre, four cylinder inline Peugeot HDi. The geometrical
details of the engine are given in Table 1. The multi-cylinder
version of this engine was used extensively by the same
researchers in previous studies involving mechanical friction
determination. It was also used slightly for the determination
of transient heat transfer measurements from the combustion
chamber. The multi-cylinder engine was operated in the fired
mode in [7] and in the pressurized motored mode in [8-10].
In the preliminary heat transfer studies, it was appreciated
that results of transient heat transfer are affected by the
fitment of the surface thermocouples. As a result, integrating
the surface thermocouples in the readily available injector,
glow plug or spark plug holes is not always the best solution.
In most cases, custom fitment of the surface thermocouples
throughout the combustion chamber is necessary, with the
associated complications of gas pressure sealing, coolant
passages and accessibility. Heat flux studies are also known
to be spatially sensitive, meaning that different locations in
the combustion chamber are exposed to different heat fluxes.
Hence, to have a better picture of the overall heat transfer
from the combustion chamber, ideally several surface
thermocouples are fitted. These kinds of modifications are
not always easy to implement, and often require extensive
planning and intricate machining. As a result, investigating a
single cylinder engine might allow a somewhat easier
instrumentation.

Keywords—internal combustion engine, single cylinder,
balancing, accelerometers

I. INTRODUCTION
As part of a heat transfer study from the combustion
chamber of an internal combustion engine, at University of
Malta, a conversion was done whereby a multi-cylinder
engine was converted to single cylinder operation. The aim
for this bespoke conversion was to keep the original
production engine and components, whilst reducing the
burden on the instrumentation required by the multi-cylinder
engine.
Literature shows that the conversion from a multicylinder engine to single cylinder was done several times for
different purposes. Hennes [1] used a single cylinder version
of the inline six-cylinder Daimler OM 471 for heat flux
measurements in the combustion chamber. Alkidas [2] used
a single cylinder version of a spark ignition (SI) V8 engine
and Hoag [3] used a single cylinder version of a production,
naturally aspirated compression ignition (CI) V8 Cummins –
both for heat transfer studies. For the same purpose
Nijeweme [4] used a single cylinder version of the Rover
K6, inline four cylinder engine. Kouremenos [5] used a
single cylinder version of a six-cylinder engine for
mechanical friction measurement, while Fitzpatrick [6]
converted a V6 engine to a single cylinder engine to be used

Converting the multi-cylinder engine to single cylinder is
not a simple task. The engine configuration and design will
also dictate the complexity of the conversion, as shall be
discussed. In principle, the following needs to be considered:
cranktrain balancing, valvetrain modification and oil gallery
modification.

The research work disclosed in this publication is partially funded by
the Endeavour Scholarship Scheme (Malta). Scholarships are part-financed
by the European Union-European Social Fund (ESF)-Operational
Programme II–Cohesion Policy 2014-2020 “Investing in human capital to
create more opportunities and promote the well-being of society”.
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consideration the effect of mechanical friction, cylinder-tocylinder variations, and other occurrences which might still
create small unbalance in the system. Liu [14] also states that
oil-wetting of the moving engine components might have a
significant effect on balancing. In the forthcoming
consideration, such effects were neglected, and only inertial
effects were considered.

TABLE I. Engine Specifications
Make and Model
Peugeot 306 2.0L HDi
Year of Manufacture
2000
Number of Strokes
4-stroke CI
Number of Cylinders
4
Valvetrain
8 Valve, OHC
Static Compression Ratio
18:1
Engine Displacement [cm3]
1997
Bore [mm]
85
Stroke [mm]
88
Connecting Rod Length [mm] 145
Intake Valve Diameter [mm]
35.6
Exhaust Valve Diameter [mm] 33.8
IVO (1mm lift)
170 CAD BBDC intake
IVC (1mm lift)
20 CAD ABDC intake
45 CAD BBDC
EVO (1mm lift)
expansion
EVC (1mm lift)
10 CAD BTDC exhaust

Considering the single cylinder system given by Fig. 1, it
is shown that the mass of the connecting rod, denoted by mc
acts at point C1. To simplify the mathematical calculation,
the total mass mc of the connecting rod can be split over two
point masses mcrot and mcrec which act at points A and B
respectively. mcrot represents the fraction of the connecting
rod mass which performs pure rotational motion, whereas
mcrec represents the fraction of the connecting rod mass
which performs pure linear motion. The equivalent of these
masses can be determined by using an appropriate setup in
which the connecting rod is suspended horizontally and the
masses of the small end and big end are measured separately.
=

+

… (1)

The distance d from the crank pin to the center of mass of
the connecting rod can be found by taking moments about
C1, given in (2).

In this work, the aim was to keep the single cylinder
version of the engine as close as possible to the production
engine, hence all engine components, i.e. piston, connecting
rod, crank and valvetrain from the original multi-cylinder
engine were retained, but modified accordingly. In this work,
the conversion from multi- to single cylinder was done
through the complete removal of the unwanted pistons and
connecting rods, leaving only the piston and corresponding
connecting rod of the cylinder to be used. In preparing for
this conversion, the authors came across certain instances
whereby the unwanted cylinders were deactivated by simply
drilling an orifice in the piston crowns. This latter method is
thought to be much less involved than the one communicated
in this publication, however for the purpose of this work it
was deemed unfit since with this method, the rubbing friction
of the deactivated cylinders will still be present. In addition,
the associated pumping of the air from the cylinder to the
crankcase through the drilled hole in the piston crown,
together with the windage of the deactivated pistons and
connecting rods is thought to negatively affect any Friction
Mean Effective Pressure (FMEP) measurements made on the
modified engine. As a result this method was discarded.

=

1−

… (2)

At point B, the mass of the piston mp is added to mcrec to
give the total mass moving in a linear manner, mtrec, as given
by (3).
=

+

… (3)

The mass of the crank throw and crank pin m acts at an
arbitrary point C. The two masses assigned at A and B to be
equivalent to the total mass of the connecting rod in
translation does not result in the same total moment of inertia
as the rod about any axis perpendicular to the plane,
therefore a fictitious moment of inertia I has to be assigned
say to point A. Therefore, the moment of inertia with respect
to B for a dynamically equivalent system is given by (4),
where I’ is the moment of inertia of the actual connecting rod
about its centroidal axis, normal to the xy-plane.
+ =

+

( − )

… (4)

Substituting equation (2) in (4) yields:
=

The removal of the pistons and connecting rods from the
deactivated cylinders calls for a revision of the cranktrain
balancing. The process of balancing the cranktrain will be
dealt with in the following sections.

−

II. SINGLE CYLINDER BALANCING THEORY
To understand the rationale behind the balancing
technique used, it would be beneficial for the reader to first
understand the limits of balancing associated with a
conventional single cylinder engine. This is best understood
if a summation of forces and moments on the cranktrain of a
conventional single cylinder engine are considered. This
derivation is presented in great detail by Timoshenko [11].
For the sake of conciseness, in the following text, only the
salient points of the derivation are given.
According to literature [12, 13], balancing of an engine
usually entails only a mechanical consideration, (i.e.
reciprocating and rotating masses) and do not take into

Fig. 1. The single cylinder arrangement.
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The summation of forces in the x- and y- directions yield
the two results given by (6) and (7), where
are constants
in terms of the crank throw-to-connecting rod length ratio, .
=(

+
+
+

)∅
+
∅ (
2∅ −
6∅ − … )

=(

)∅

+

angular velocity ∅ of the cranktrain changes continuously
due to inter-cycle variations in load, i.e. mainly, compression
and expansion. Due to this, it is bound that ∅ will have some
value other than zero, however its value is still minute
compared to the effect of ∅ [11], especially for modern high
revving engines. Thus, it is wiser in the majority of the cases
to satisfy condition (D) and leave condition (C) unsatisfied,
meaning that the resultant moment about the z-axis is given
by (10).

∅
4∅
∅

… (6)
… (7)

This shows that if the single cylinder engine is to transmit
no forces to its foundations, i.e. = 0 and = 0, then the
following two conditions must be satisfied:
=0

+

= −∅

…( )

=−
,
Condition A can be better written as
meaning that for it to be satisfied, the centre of mass of the
crank throw and crank pin C, has to be situated on the
opposing side of point A, about point O. This is
understandable and usually fulfilled by the crankshaft
counterweights. The fulfillment of condition A results in
= 0, and a portion of to be nullified. Condition B on
the other hand cannot be fulfilled, as otherwise, the masses
performing linear motion at point B would need to be zero.
Since condition B cannot be fulfilled, a component of the
force cannot be reduced to zero. As a result, the single
cylinder engine has an inherent unbalance in the cylinder
axial direction equal to (8). It can be noticed that this residual
force is composed of a primary harmonic component
together with higher order harmonics.
∅ (

=

∅+

2∅ −

4∅ +

6∅ − … )
… (8)

If moments are considered around the axis of interest, i.e.
z-axis, the result given by (9) is obtained. Constants
are
expressed in terms of , and is the radius of gyration of
the crankshaft with respect to the z-axis.
= −∅

+

5∅ − … − ∅ (

+
∅−

∅

∅−
3∅ +

… (10)

Having looked at the theory of engine balancing, it
should be clear that the single cylinder engine cannot be
completely balanced, even if just the summation of forces are
considered. Condition A, which states that the moment of the
counterweight should balance the moment of the total
rotational mass, removes completely the y-component of the
unbalance. This however means that the unbalance induced
in the x-direction will have a relatively large primary
harmonic effect of
∅
∅ , along with secondary
and higher harmonics. One could adjust the product (
) in
such a way that the summation of forces in the x-direction is
nullified for the primary harmonics, but this then results in a
situation where the summation of forces in the y-direction
will not resolve to zero, but will have a primary harmonic
unbalance of −
∅
∅ . For this condition, the
moment of the counterweight (
) should be designed to
balance the moment of the total rotating and reciprocating
mass. From such consideration it should be clear that
adjusting the value of the product (
) in a single cylinder
will only be compromising the magnitude of one force
direction over another, but not eliminating them both [15].
As a compromise, throughout the years, engine designers
) should balance
developed the wisdom that the product (
the whole of the rotating mass and only around 50% of the
) , where
reciprocating mass, i.e.
=(
+ 0.5
the 0.5 factor is known as the ‘reciprocating ratio’, RR. This
means that the summation of forces in the x- and y-directions
will be as follows (for the 50% reciprocating ratio):

…( )

=0

+

3∅ +

=

5∅ − … )

1
2

∅

∅+

ℎ ℎ

… (11)

… (9)

If the single cylinder engine is to transmit no resultant
angular moment, then the following two conditions must be
satisfied, where:
+
=0

=0

ℎ

=−

1
2

∅

∅

… (12)

III. APPLICATION OF THEORY

…( )

In the modification done in this project, whereby the four
cylinder engine was converted to single cylinder, retaining
the same crankshaft, the foregoing derivation holds true but
with minor modifications. A four cylinder engine planar
crankshaft is known to be fully balanced [16] (except for the
minor manufacturing inaccuracies) when rotated on its own
on a balancing machine. Adding only one piston and one
connecting rod induces an imbalance in the system, similar
to that in a single cylinder engine, which requires the product
(
) to achieve partial balancing, as previously discussed.
The product (
), unlike in a single cylinder engine, cannot
originate from the counterweight on the four-cylinder
crankshaft mass. Instead it has to originate from extra added
bob-weights (acting as extra counterweights) placed in the
appropriate locations on the crankshaft.

…( )

These two conditions cannot be satisfied simultaneously.
To better understand, revisit (5). For = 0 , should be
( − ), since ≠ 0. This therefore implies
equal to
that > . Such result would satisfy condition (D), but not
condition (C). To understand, revisit (2). For condition (C) to
be satisfied,
should be negative, which implies
from (2) that > . This is contrary to what was required by
condition (D), and hence this shows that (C) and (D) cannot
be satisfied simultaneously. This consideration therefore
highlights the fact that the moment
can never be
completely removed by any kind of balancing. To
compromise, one must choose which component from (9) to
remove, and which to keep. Considering the operation of a
single cylinder engine, it is commonly known that the
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Due to several practical reasons, these bob-weights could
not be included in the same plane of the active piston, but as
discussed in the forthcoming text, they had to be placed on
the flywheel plane, second crank pin and auxiliary pulley
plane. Because of this, and the fact that complete balancing
cannot be achieved, the moments in the x- and y- directions,
which were not considered in the derivation of the
conventional single cylinder, also become important.
In this project, the balancing of the converted four- to
single-cylinder engine is very similar to that considered in
the above derivation for a conventional single cylinder
engine. The reason being that ultimately it is the same kind
of unbalance that is being mitigated (i.e. one connecting rod
and one piston). Hence, as explained earlier, in this
conversion, a compromise on the unbalance in the and
had to be made by the choice of the reciprocating ratio, i.e.
what fraction of the reciprocating mass should be accounted
for in the determination of the counter bob-weights.

Fig. 2. 3D render of the assembled crankshaft.

Once the reciprocating ratio is fixed, one could very
easily find the bob-weight masses at the three chosen planes
to balance the moment of the representative mass (
+
) , placed at crank pin one, where RR is the
reciprocating ratio. The results obtained from this calculation
however will have the underlying condition that the
) is not a
representative mass (
+
representation of a fully balanced engine to start with. Hence,
the four-cylinder modified to single-cylinder engine, making
use of the added three bob-weight masses will also have the
same unbalance of the single cylinder, if not more, because
of moments of the residual unbalance arising about the xand y- axes.

Fig. 3. 2D render of the crankshaft with defined distances.

To make the iterative process easier for changing the
reciprocating mass ratio, the added flywheel mass was bolted
and guarded with a metal cover. The mass added on the
auxiliary pulley plane was temporarily clamped to an
aluminium coupling used to drive the crankshaft encoder. To
evaluate which reciprocating mass ratio shows better
balancing, three accelerometers were installed on the engine;
one along the cylinder axis close to cylinder one, and two
close to cylinder four; one along the cylinder axis and
another perpendicular to it. Two accelerometers were
installed parallel to the cylinder axis in order to capture any
rocking motion present in the engine. The accelerometers
used in this study were Brüel & Kjær of type 4370 and 4371.
Fig. 4 and Fig. 5 show the accelerometers as fitted to the
engine. The engine was motored at around 40 bar peak incylinder pressure throughout the entire engine speed range
(i.e. 1400 rpm to 3000 rpm). In total, four reciprocating
ratios were tested; 0.1, 0.4, 0.6 and 1.0.

The choice of the reciprocating ratio for a single cylinder
engine is not backed up theoretically, but usually set to
around 50% according to practical wisdom [15]. When
finding the masses of the bob-weights for the single-cylinder
converted engine, the reciprocating ratio was initially left as
a variable parameter and designed the bob-weights in such a
way that the reciprocating ratio could be easily varied. The
fixed constants were the axial and radial distances of the
bob-weights, and hence a variation of the reciprocating ratio
resulted in a variation of the bob-weight masses. As an initial
guess, the value of 10 % was used as a reciprocating mass
ratio. The reason for such choice was that it happened to be
easier to add masses to the initial bob-weights, rather than
decrease, once the engine is installed on the test bed.
The active cylinder chosen in this study was cylinder one,
(i.e. the one closer to the flywheel). To make it easier to
adjust the bob-weight masses, the axial distances chosen
were the flywheel, crank journal of cylinder two and the
plane defined by the crankshaft damper. Such problem could
theoretically be solved if just two planes are chosen for the
fitting of the bob-weights; however the crank-pin of cylinder
two has to be accessed through the engine sump and hence
was deemed unpractical to use this location to vary the bobweights of the system. As a result, on the crank-pin of
cylinder two, the mass placed was that required when a 10%
reciprocating mass ratio was assigned, if no mass is placed
on the auxiliary pulley plane. Increasing the reciprocating
ratio mass further could then be done on the plane defined by
the crankshaft auxiliary pulley plane and the flywheel. Fig. 2
and Fig. 3 show renders of the assembled crankshaft with the
added flywheel mass and the added mass on the auxiliary
pulley plane.

Fig. 4. The two accelerometers fitted at the front of the engine (close to
cylinder 4).
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=

(

+

) … (13)

The crankshaft rotates about axis with an angular
velocity ∅ and hence the centripetal force acting on each
mass is given by ∅ , which acts towards the centre of
rotation, i.e. the axis . Conversely, the centrifugal forces
which act on the crankshaft due to the rotating masses act
away from the center of rotation, axis z. Taking the plane of
mass
(flywheel) as the reference plane, and considering
the forces and moments on the crankshaft according to the
prescribed coordinate axes, (14), (15), (16) and (17) are
obtained. The parameters which were fixed were those
constrained geometrically, for example the radial and axial
distances of the bob-weights, r1, r2, r3, r4, a, b, c. From the
below equations, the mass at the flywheel plane and at the
auxiliary pulley plane could be found, together with their
angular position.
:−

∅

+
+

:

Flywheel Plane
Bob-Weight

∅

∅
−

+

Fig. 5. The accelerometer fitted near cylinder one, and bob-weight attached
on flywheel plane.

:−

∅

∅

=0
∅

+

∅
+

… (14)

∅
=0

… (15)

∅

In determining the masses of the bob-weights for the
corresponding reciprocating ratio, the theory of shaft
dynamic balancing was used. Fig. 6 shows a schematic of the
planes defined on the crankshaft, where plane 1 corresponds
to the flywheel, plane 2 corresponds to the active first
cylinder, plane 3 corresponds to the second cylinder
(deactivated – but accommodating a bob-weight), and plane
4 corresponds to the auxiliary pulley plane. It can be noticed
from Fig. 6 that the mass on the third plane is not drawn
vertically, similar to the mass in the second plane, even
though both masses are placed on the two relative planar
crank journals. This was purposely done to allow θ34 be
determined through the calculation, and hence serves as a
check on the same calculation. Another observation from the
same figure is that the mass on the fourth plane is placed at
the same angle as the mass on the third plane, θ34. The reason
for this was outlined earlier since the mass on the fourth
plane had to have the same effect as the mass on the third
plane, only having a better access for adding or removing
masses when varying the reciprocating ratio. m2 is defined by
(13), where RR is the reciprocating ratio, as discussed in the
previous section from the balancing derivation on the single
cylinder engine.

To verify the correctness of the derived equations,
demonstration equipment of shaft dynamic balancing,
available at University of Malta was used [17]. The
demonstration equipment is shown in Fig. 7.

Fig. 6. The four cylinder crankshaft arrangement.

Fig. 7. Equipment for demonstration of shaft dynamic balancing.

+
:−

∅

∅

=0
−

∅
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IV. EXPERIMENTAL DETERMINATION OF RECIPROCATING
RATIO
Fig. 8, Fig. 9 and Fig. 10 show the magnitudes of the
Fourier cosines, as computed by a Fast-Fourier Transform,
for the traces recorded by the three accelerometers at 1400
rpm for the reciprocating ratios of 0.4, 0.6 and 1.0. The trace
for the reciprocating ratio of 0.1 is not shown for figure
clarity. It can be seen that the magnitudes are highest at the
22 Hz and 24 Hz, both of which surround the 23.33 Hz,
which corresponds to the frequency of rotation of the engine
(1400 rpm). This shows that the unbalance which remains in
the engine when considering the corresponding reciprocating
ratios happen mainly one time per revolution (primary
harmonic), as expected from the derivation previously
presented. It can also be noted that there are some smaller
peaks at the 34 Hz and 46 Hz which correspond to 1.5x and
2.0x the primary harmonic.

Fig. 9. The magnitude of the Fourier cosine at 1400 rpm, determined by the
accelerometer aligned with the cylinder axis at the timing belt side.

From an observation made on Fig. 8 and Fig. 9 it is noted
that the RR of 0.4 consistently showed a smaller cosine
Fourier magnitude at the primary harmonic. This is
contradictory when compared to the theoretical result derived
in (6) and (7). From (6) and (7), it was shown that if the
moment of the counterweight is designed to balance no
fraction of the moment of the reciprocating mass (i.e.
+
= 0 ), the force unbalance in the direction
perpendicular to the cylinder axis should be zero, whereas
the primary harmonic unbalance parallel to the cylinder axis
should be maximum (i.e.
∅
∅ ). On the other
hand, if the moment of the counterweight is designed to
balance 100 % of the moment of the reciprocating mass (i.e.
+
+
= 0 ), the primary harmonic
unbalance in the direction perpendicular to the cylinder axis
will be maximum (i.e. −
∅
∅ ), whereas the
primary harmonic unbalance in the direction parallel to the
cylinder axis should be zero. It is therefore expected, based
on theory, that RR of 0.4 should have shown the highest
amplitudes in Fig. 8 and Fig. 9 for the 23.33 Hz frequency. It
is unclear why the experimental data did not show this. One
possible explanation to this observation is that with RR of 0.6
and 1.0, any unbalanced moments induced about the y-axis
due to the residual force unbalance could have been
interpreted as acceleration in the x-direction. Fig. 10, on the
other hand, is consistent with theory and shows that the
lowest primary harmonic unbalance in the direction
perpendicular to the cylinder axis occurs with a reciprocating
mass ratio of 0.4.

Fig. 10. The magnitude of the Fourier cosine at 1400 rpm, determined by the
accelerometer perpendicular to the cylinder axis at the timing belt side.

To investigate if any rocking motion is present in the
cylinder axis direction, two accelerometers were used at the
opposite ends of the engine as already discussed. Fig. 11
shows the three accelerometer signals together with the incylinder pressure of the single active cylinder to give a rough
indication of the piston location. Fig. 11 is plotted for the
1400 rpm, with a reciprocating ratio of 1.0. It is noted that
only minimal shift is evident between the two accelerometers
which are in the direction parallel to the cylinder axis. The
accelerometer perpendicular to the cylinder axis shows a
near anti-phase relationship with the other two
accelerometers.
Fig. 12 shows the magnitude of the Fourier cosines for
the reciprocating ratio of 0.4, at different engine speeds. The
signal being shown is the one along the cylinder axis on the
flywheel side. It is evident that at all engine speeds, a
maxima occurs on both the primary and secondary harmonic
frequency.
From previous Fig. 8, Fig. 9 and Fig. 10, it was shown
that the 0.4 reciprocating ratio results in the smallest
magnitudes of unbalance at the primary harmonic (even
though this was not expected from theory in the direction
parallel to the cylinder axis). Based on this iterative process,
the 0.4 reciprocating mass ratio was used in this final
conversion implementation and subsequent heat transfer and
FMEP research. The corresponding flywheel mass was
secured permanently to the flywheel and the added mass on
the crankshaft auxiliary pulley plane was also rigorously
designed by machining an aluminium clamp on to the
crankshaft encoder coupling. A recessed hole was machined
radially from the internal curved surface of the aluminium
clamp, which was later filled with molten lead to serve as the
counterweight (shown earlier in Fig. 2).

Fig. 8. The magnitude of the Fourier cosine at 1400 rpm, determined by the
accelerometer aligned with the cylinder axis at the flywheel side.
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The single cylinder version built in this work was
successfully used for transient heat transfer measurements
from the combustion chamber in the pressurized motoring
configuration, where the intake manifold is pressurized up to
around 2.5 bar, which results in peak in-cylinder pressures of
around 120 bar, synonymous to fired engine operation. In
this configuration, the exhaust gas was rerouted to the intake
manifold of the engine, to minimize the compressed gas
consumption. Several gas mixtures, apart from air were used
to achieve in-cylinder gas temperatures close to that obtained
in the fired engine [7-10].
ACKNOWLEDGMENTS
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Fig. 11. The graph of accelerometer signals and in-cylinder pressure of the
active cylinder against time (x-axis).
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Fig. 12. The magnitude of the Fourier cosines for the reciprocating ratio of
0.4, at different engine speeds.

V. CONCLUSIONS
In this publication, the fundamentals of single cylinder
engine balancing have been revised and used to propose a
method of how a multi-cylinder engine can be converted into
single cylinder operation for research and testing purposes.
This offers the advantage of simpler instrumentation and less
expensive testing, whilst ensuring that the engine structure is
still representative of the multi-cylinder production engine.
From the mathematical derivation of the single cylinder
engine, it was deduced that complete balancing cannot be
achieved, and primary harmonic forces will always be
available in the engine structure, which can be distributed on
the two cylinder axes (parallel and perpendicular), depending
on the choice of the reciprocating ratio. In this study bobweights were attached at different locations on the four
cylinder crankshaft, which served as the counterweights to
the unbalance introduced by the single active piston and
connecting rod. The bob-weights were designed in a modular
fashion to allow different values of reciprocating ratios to be
experimentally tested using accelerometers. It was
determined that the reciprocating ratio of 0.4 resulted in the
smallest accelerations in the engine structure.
Other engine modifications were required in the
conversion from multi-cylinder to single cylinder. Some of
these include the modification of the valvetrain, and the
modification of the oil gallery orifices. Discussion of these
modifications however is not in the scope of this publication.
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effective and requires the least modification to the
turbocharger unlike hybrid-electric assistance.

Abstract—Engine downsizing has been widely used by the
automotive industry to lower engine emissions. In conjunction
with engine downsizing, turbocharging is typically used to
provide equivalent power output to the previous large capacity
engines. However, turbocharging is typically criticized due to
the inevitable turbo-lag. In this paper, the experimental
approach adopted to measure turbo-lag as performed on the
University of Malta Hot Gas Test Stand is detailed. The turbolag measurement was stemmed from experimental research
aimed at utilizing compressed air injection into the compressor
housing to impinge on the compressor blades and therefore
spool up the turbocharger (i.e. similar to impulse turbine). The
focus in this paper is how this Hot Gas Test Stand provided an
extremely beneficial method to measure turbo-lag without the
complications and interactions of an accompanying internal
combustion engine. Furthermore it was found that the turbolag measurements can be done on this test stand without firing
up the combustion chamber, i.e. using more air flow in lieu of
high temperature, was found to be adequate to provide
representative turbocharger operation.

Important factors affecting turbo-lag are the moments felt
by the turbocharger’s shaft and therefore turbochargers are
always made using the lightest materials possible like Ti-Al
alloys. These moments are the moment generated by the
expanding gasses in the turbine (LT), the moment consumed
by the compressor (LC) and the moment dissipated by
friction (LF). The turbocharger is most efficient and
responsive when LT is high, and LC is low. LT can be
maximized by increasing the gas flow rate through the
exhaust, increasing the exhaust temperature, reducing the
back pressure in the exhaust, and increasing the exhaust
pressure into the turbine inlet. LC should be reduced to
increase the turbocharger’s response; however, this will
decrease the pressure created by the compressor. LF should
also be minimized. [2]
II. TURBO-LAG REDUCING TECHNIQUES
A. Electrically Assisted Turbochargers
Hybrid turbochargers use an electric motor fixed onto the
turbocharger’s shaft to supplement LT. The electric motor is
powered from a rechargeable battery. Some set-ups
recuperate energy from the exhaust gasses and recharge the
battery. [3]

Keywords—Turbo-lag, hot gas test stand, engine downsizing

I. INTRODUCTION
Turbo-lag is defined as the time increment the
turbocharger needs to build up enough pressure to take over
the vehicle acceleration. Physically, the acceleration of a
turbocharged engine can be divided into two distinct phases,
these being the acceleration provided by the naturally
aspirated engine, and the engine when turbocharged. The
time lapse between the two is turbo-lag. Turbo-lag exists due
to the transient response of the turbocharger and the intake
system Therefore, the turbo-lag depends on the torques felt
on the turbocharger’s shaft and the moment of inertia of the
turbocharger as well as the size and design of the intake
system.

B. Air Injection Assistance
Air stored at high pressure can be released upstream or
downstream from the engine to aid in reducing turbo-lag and
improve the engine’s performance. The point where the air is
injected defines the type of air injection system.
Air may be injected into the exhaust manifold. Even
though the turbine now generates more torque, the injected
air is wasted into the environment. When injecting air into
the intake manifold, the fresh pressurized air is not wasted
and is used up for combustion. Intake manifold injection still
increased the power generated in the exhaust, but the air is
used up in combustion and so this type of air assistance is
favored over exhaust injection. [4, 5]

A few of the techniques for reducing turbo-lag involve
the location/implementation of the turbocharger and
supplementing energy to the turbocharger. The location of
the compressor can be upstream/downstream of the throttle
for Spark Ignition engine which highly effects the windage
experienced by the compressor. Throttle bodies are
sometimes also found beneficial on Compression Ignition
(Diesel) engines. The turbine implementation can be
Constant Pressure Turbocharging (CPT) or Pulse System
Turbocharging (PST) [1]. Variable inlet geometry turbines
also provide the capability to vary response times.
Supplementing energy can be performed through mechanical
means like air injection or electric motor thereby adding
torque to the turbocharger. The effect of pneumatic
assistance was the focus of this work as it is the most cost

C. Compressor Housing Injection
The air can also be injected into the compressor housing
using nozzles. These nozzles consist of tubing which
accelerated the flow of air from the reservoir to sonic
velocities. Air is injected at the tip of the compressor wheel
which spools up the compressor. In the work by Leger [5]
these nozzles were positioned inside the compressor housing
and around the compressor wheel at the exducer. This set-up
was followed and built at the University of Malta as it is
relatively easy to implement and offers minimal drawbacks.

Honeywell Garrett sponsored the turbochargers (Formula SAE) and
funding from the University of Malta Research fund are acknowledged.
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The three holes were positioned 3mm from the edge of
the compressor wheel. The drilled holes were positioned
tangentially to the edge of the exducer blades and at a 45˚
angle to the plane of rotation of the compressor wheel. The
hole locations were selected such that the drilled passages do
not pass through the diffuser channel. The direction with
which the compressor spins was noted to make sure that the
jets of air are injected in the same direction to the spinning
compressor wheel.

III. TURBO-LAG MEASUREMENT TECHNIQUES
Accelerometers are useful in measuring the acceleration
of the entire vehicle. The acceleration of a vehicle at a fixed
gear ratio takes place with a constant rate, and so change in
rate can be related with the change in turbocharger working
phase. The time period when the acceleration does not occur
at constant rate is identified as the turbo-lag phase. [2]
Another method for measuring the turbo-lag of the
vehicle is through the measurement of the engine noise and
vibration using microphone. The engine’s main combustion
order while accelerating can be plotted against time and since
the noise’s amplitude is a function of the engine torque, the
turbo-lag phase can be identified from the turbo power
phase. A Campbell diagram which plots the engine
frequency response against time shows that the turbo-lag and
turbo power phases are identified by two straight lines of
different gradients. [2]

C. Drilling Process
The drilling was done on a pillar drill with a swiveling
head and an adjustable height worktable. A rotating chuck
with marked graduations was fixed to the table to position
the compressor housing in a way to be able to drill at 45˚
angle to the horizontal. The drill head was swiveled to a
horizontal position as shown in Fig. 2.
A center drill was first positioned at an angle lower than
45˚ and was used to drill a shallow center hole at the point
where the hole was to be drilled. This was done to be able to
position the drill with the smaller diameter and stop it from
slipping off the marked spot. Next, a 2mm diameter hole was
drilled through. Finally, the 2mm diameter hole was widened
to 3.5mm using a 3.5mm drill.

IV. AIR INJECTION IMPLEMENTATION
A. Air Jet Positioning Test
The best angle with the plane of rotation at which the air
is to be injected on the compressor wheel was experimentally
studied. It was predicted that the optimal angle would be 0˚,
that is, parallel to the plane of rotation. However, this set-up
was not possible since it would require drilling through the
diffuser and impede the flow of the air out of the compressor.
Using the set-up shown in Fig. 1, the optimal angle was
found to be 45˚. The Hall effect sensor and associated circuit
detailed in [6] was used to read the turbocharger RPM. A jet
of air was shot onto the compressor wheel and the angle to
the horizontal was varied. The angle that made the
compressor wheel spin the fastest was selected as the optimal
angle.

D. Installation of Nozzles
A 70mm long copper tube with internal diameter of
3.5mm and outer diameter of 4.5mm was to be inserted into
the drilled compressor housing to provide an air supply
connection. Therefore, the drilled hole needed to be widened
to accept the copper tube. The copper tube was then inserted
and fixed into place with high temperature resistant epoxy
glue. The nozzle installed into the compressor housing can
be seen in Fig. 3.

B. Air Injection Compressor Housing Set-up
Three holes were required to be drilled into the Garrett
MGT 1238 compressor housing to have enough injection air
flow and at the same time balance the jet forces on the
impeller. In the work done by Ledger [5] the importance of
equally spacing the three holes around the compressor wheel
was stressed. Balancing the forces on the compressor wheel
is essential when the turbocharger is rotating at high
velocities.

E. Torque Produced from Air injection
Determining the torque produced from the installation of
the air injection set-up is critical to predict the performance
gains that maybe expected. The first step is to determine the
velocity of air being injected. The critical pressure ratio is
defined as the ratio of pressures between the throat of the
nozzle and inlet to the nozzle. This critical pressure ratio
depends entirely on the value of the ratio of specific heats of
air, γ. Therefore, for air having a γ of 1.4, the critical
pressure ratio is 0.528 [7]. Since the pressure ratio of the air
injection tank to the compressor housing is more than 0.528,
the air injection jet would be at a sonic velocity.

Fig. 1. Setup for determining optimal angle of nozzle.

Fig. 2. Pilar drill set-up in horizontal position.
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maximum voltage that can be outputted though the
LabVIEW control system is by-passed and higher mass flow
rate can be achieved without switching on the combustion
chamber (i.e. higher mass of cold air through the turbine is
utilized instead of less flow at higher temperature). This was
done by controlling the signal voltage of the inverter that
drives the blower directly rather than with the LabVIEW
control system.
A. Measuring of Turbo-lag Using Hot Gas Test Stand.
A correct measurement of the period of lag is needed to
analyze the transient response of the turbocharger. In the
work done by Stoffels [2] the engine frequency response
during acceleration was split into three distinct parts. The
part when the acceleration has started, the lag phase and the
turbo-power phase. This unique ramp-up can therefore be
attributed to the change in turbocharger performance as the
engine accelerates and it can be deduced that the
turbocharger’s RPM, mass air flow and compressor pressure
increase with the same profile and for each of the same three
distinct phases.

Fig. 3. Nozzle copper tube inserted and epoxied to compressor housing.

By using equation c = γRT the velocity of air
injected was found to be 314 m/s. Where c is speed of sound,
γ is ratio of specific heats, R is specific gas constant (287
kJ/kgK) and T is the Temperature in Kelvin.

To measure the lag several slow ramp-up tests, seen in
TABLE I. were carried out. In these tests the inverter was
set to accelerate the blower motor over a long period of time
and the turbocharger’s performance was logged with the aim
of measuring the turbo-lag period. It is noted that in TABLE
I, Speed (Hz) refers to the inverter frequency driving the
roots blower motor that feeds air into the turbine side.

The mass flow rate of the air injected was calculated
from experimental measurements on different sized orifices
at the thermodynamics laboratory, University of Malta [8].
The mass flow rate was found to be 12.14 g/s at 6 Bar of
pressure. Since the system has three air injection nozzles, the
flow rate would be 36.42g/s.

TABLE I.

V. HOT GAS TEST STAND TESTING
The build and control of the Hot Gas Test Stand
developed at the University of Malta has already been
outlined in previous IEEE papers [6, 9-11]. Considering that
the desired research was to understand and measure turbolag, it was decided that the hot gas test stand would be a
more accurate and easier set-up to test an air injection set-up
rather than testing the turbocharger performance on an
engine test-bed. It is noted that the engine test bed was
readily available in the laboratory and already equipped with
a turbocharged Kawasaki ZX6r 600cc engine, but engine
testing is far more complex than testing on the Hot Gas Test
Stand. A Garrett MGT 1238 was already installed on the
Hot Gas Test Stand. The Hot Gas Test Stand has a throttle
valve installed at the outlet of the turbocharger’s compressor
which regulated the flow of air through the compressor there
by varying the restriction on the compressor.

RAMP-UP TESTS SPECIFICATIONS

Test

Speed (Hz)

Ramp-up time (s)

Throttle (%)

1

40

30

21

2

25

20

50

3

40

30

50

4

25

20

21

TABLE I shows that tests with a relatively slow ramp up
were performed. This was done for two main reasons.
A: a slow ramp up simulates an engine that is heavily loaded
and at low RPM. When the throttle is then pressed, the
engine is slow to respond since the flow rate of air through
the turbo’s turbine is low. Eventually, due to the increase in
volumetric efficiency provided by the turbocharger
(compressor side), the rate at which the exhaust gasses flow
increases accordingly. However, since the hot gas test stand
used was not a single loop but a two loop system (i.e. the
compressor flow is not fed into the combustion chamber and
subsequently the turbine), the effect of the increase in
compressor flow on the turbine work could not be
considered. Hence these tests were simulating an engine at
tip-in at high load and low RPM.

A few modifications were done to the LabVIEW control
and the data acquisition system. These included turning off
the combustion chamber control system because at low
engine speeds the exhaust is quite cold. Turning off the
combustion chamber will also decrease the pressure ratio at
the turbine wheel which in turn will decrease the torque and
consequently the work done by the turbine. This will make
the turbocharger less responsive, increasing the turbo-lag and
thus making the measurement of turbo-lag easier. Turning
off the combustion chamber also made testing easier as help
from the lab technicians was not required and the operation
of the hot gas test stand was now a one-man-job.

B: A slow blower ramp-up implies that the rate of increase
of torque produced by the turbine with time is slow, and the
turbo is made to accelerate slower. A slower acceleration
gives a longer and more evident lag-phase and power-phase
aiding with finding these two phases. The slow ramp up also
provided the opportunity to obtain more data points during
measuring.

The speed control of the blower which drives air through
the turbocharger (turbine side) was also modified so that the
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defined changes in gradients seen in the Campbell diagram
of Stoffels [2] the ramp up in compressor pressure had more
curved transitions between phases. Curves were obtained
rather than lines because the acceleration of the turbocharger
changed with time and so the rate of change was not constant
for the lag and power phases. Even though this was a
deviation from the results reported by Stoffels, the phases
could be identified on the plots. It was however a bit harder
to pinpoint the exact points where the transitions occurred.

B. Ramp-up Test Results
The compressor outlet pressure and the turbocharger
RPM were used to measure the turbo-lag of the system. At
the point when the turbocharger started spinning the
compressor was not generating any pressure. It was only
after about two and half seconds (2.5s) that the pressure
started to increase. As further discussed later, when plotting
the compressor outlet pressure on a logarithmic scale, the
plot had the same profile as the two phases found in the work
by Stoffels [2]. The line of the plot with the shallower
gradient was identified as the turbo-lag phase. The turbo-lag
phase is marked on Fig. 4 using the two red spots (red
diamond markers).

C. Measurement of Turbo-lag from Ramp-up Tests
The compressor outlet pressure plot showed a steady
increase in pressure (monotonically increasing) and under
careful observation of the plot it was found that a slight shift
in gradient occurs around two and half seconds from the start
of the test. However, this shift could not be easily identified.
Therefore, the compressor outlet pressure was plotted on a
logarithmic scale of base e. Fig. 5 shows how the change in
gradient of the compressor pressure outlet plot is more
clearly identifiable using the log scale. The start of the turbolag phase was obtained from the RPM measurement which
clearly showed that at 3.080s the turbocharger started
rotating. The end of the turbo-lag phase was determined
from the logarithmic plot of the compressor outlet pressure
which showed that at 5.539s the compressor gradient started
to increase. This period was marked with two red markers
and it was identified as the lag phase since it visibly had a
shallower gradient than the rest of the outlet pressure
logarithmic plot. This procedure was repeated for the other
three tests and the durations of the turbo-lag phase and the
turbo power phases were tabulated in TABLE II.

The results for the third ramp up tests can be seen in Fig.
4. All tests showed the same profile when ramping up as that
seen in Fig. 4.
The results show that in the middle part of the ramp-up,
as the airflow through the turbine was increased, a steady
increase in all turbocharger parameters was registered.
However, the mass airflow readings of both the turbine and
the compressor showed an initial drop in flow at the start of
the ramp-up. The reason for this could not be explained. It
is reiterated that the Hot Gas Test Stand has two distinct flow
paths one for the turbine and one for the compressor, while
in an engine mass flow from the compressor flows
subsequently into the turbine. It is also noted that the mass
flow measurements on the Hot gas Test Stand are OEM
automotive Mass Air Flow sensors and their suitability for
transient testing might be limited (Ford part number 93BB12B579-BA [6]). Therefore it was decided and deemed
beneficial to base the turbo-lag measurements on the
measurements of compressor pressure and RPM as these
were reliable and monotonically increasing.

TABLE II.

Measurements for compressor pressure produced the
smoothest curves and they were preferred to be used to
analyze the turbo-lag. Although the overall progression and
ramp up of the RPM could be clearly identified,
measurements for RPM had more noise and data points had
more scatter and therefore less viable to accurately point out
changes in the gradient of the curve. Unlike the clearly

TURBO-LAG AND POWER PHASE RESULTS

Test

Turbo-lag Phase
(s)

Turbo Power Phase
(s)

1

2.419

28.32

2

2.518

17.52

3

2.459

29.94

4

2.341

18.20

1.40

200000
Test 3

160000

Turbine in MAF

1.00

140000

compressor Pressure out
0.80

120000

RPM

100000

0.60

80000

3.080176

5.539317

60000

0.40

40000
0.20

20000

0.00

0
0

5

10

15

20
Time (s)

Fig. 4. Plot of paremeters measured during ramp up test 3.
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Fig. 5. Compressor pressure reading plotted on logartithmic scale (base e) and compared to linear scale.

The results for the turbo-lag in TABLE II show that the
almost identical lag times were obtained. This can be linked
with the turbo having a constant inertia for all four tests [12].
The compressor at these low speeds also absorb a small
amount of work as it is generating no boost and so the
throttle position had no effect on the turbo-lag duration.
Therefore, the lag at low engine speeds with low intake air
flow depends entirely on the turbine power.
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The power phases were identified as the duration from
the end of the lag phase to the peak in compressor pressure.
The addition of the lag and power phases amount to a
duration close to the test duration as can be verified by
comparing the addition of these two phase in TABLE II and
compared to the 'Ramp-up time' given in TABLE I .
VI. CONCLUSIONS
Various types of turbo-lag reduction techniques were
considered and the air injection set-ups were found to be
easiest to implement. Air injection set-ups required less labor
and cheaper components to implement. They also give good
results when compared to other means of assisting the
turbocharger
trailing
only
behind
hybrid-electric
turbochargers.
The Kawasaki ZX6r engine in the thermodynamics lab
was considered for a test bed where air injection can be
installed and tested. Unfortunately, the engine proved too
complex as a test bed and the Hot Gas Test Stand was used
instead. The Hot Gas Test Stand provided a means to
measure just the turbocharger’s parameters without any
dependencies and inaccuracies from the engine.
The measurement of turbo-lag was successfully
conducted using the Hot Gas Test Stand. This method can
be used to measure the improvements in turbo-lag after
installing the air injection system. The tests performed
showed that the RPM measurement and the compressor out
pressure can be used to detect the change in turbo
performance and hence measure turbo-lag. It was noted that
plotting the log to base e (ln) of the compressor outlet
pressure revealed the change in gradient better than plotting
the pressure in the linear scale.
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Various stands have been manufactured to focus on different problems from AMB control of unbalance to rotor
dynamics. These 2 topics are in sense of AMB closely interconnected. Mainly in high-speed applications where rotor
dynamics become decisive. One professionally designed by
SKF is in the laboratory in Virginia [3].
The most conventional configuration of test-stand is a
combination of a couple of radial AMBs attached to the
flexible shaft with a balance disc driven by a conventional
motor with speed regulation [2]. Unbalance disc is located
between two radial bearings and motor is clutched from
one side. The stand presented in this paper is a simpler
construction involving just single radial heteropolar AMB
and sensors. The built is clutched thought the extended shaft
to the drive unit via the flexible clutch.
There were already numerous test stands made. For example, in [4] test stand with the same configuration of AMB
and drive unit as presented in this paper is made. The focus
of the work is placed on the reduction of vibration in a
combination of hydrodynamic tilting-pad bearing with an
electromagnetic actuator. Another work has been done on a
stand presented in [5], [6] and [7]. In this paper, the authors
attempt to eliminate the whip in the rotor-bearing system.
They successfully applied methods to stabilize the system
on design examples. Similar stand [8] has been also used
to control the vibration characteristics of a super-critical
transmission shaft by using magnetic bearing. The system
with single AMB has been used in [9] to experimentally
identify and clarify dynamic parameters of AMB.
In this paper design of low-cost AMB is presented. Modern manufacturing facilities as 3D printing and laser cutting
has been used. These facilities allow rapid transfer from
design to reality. It can be beneficial for AMB developers.
Proposed test in this paper is employed with 150 N AMB.
Test stand requirements are listed and discussed in the
first section. The second section discusses the AMB design
with a design example. In the following section, design
considerations and constraints of test stand are investigated
and the design model is proposed. Finally, aspects of design
low-cost stand are concluded in the final section

Abstract—Active magnetic bearings (AMB) are used in much
high-speed application nowadays. Early development usually
requires to measure AMB properties outside its application
to adjust and optimize control loops and warm-up/lift-down
logic. Many laboratories developed their own, more or less
complex test-stands. Such as stands are usually expensive and
they are not usually applicable for all types of AMB. Magnetic
bearings vary in geometry and measuring systems need some
adjustments or new parts have to be manufacture to fit the
system. There are new technologies that can enhance the stand
itself production time and reduce the costs. 3D printed parts
and parts widely available in hardware stores support the idea
of a low-cost system build. In this paper design requirements
for test-stand are discussed alongside the low-cost test stand
design proposal employed by AMB.
Keywords—magnetic bearing, test stand, test rig, 3D print,
low-cost

I. I NTRODUCTION
Over the last 3 decades, magnetic bearing systems became
widely used in many segments of the industry. They took
a place in applications such as flywheel storage systems,
turbocompressors, oil pumps etc. In comparison to the
traditional ball bearing the main advantages of AMB are
lubricant-free operation, active damping control and low
maintenance. Contrary, the disadvantages of AMB are large
demanded build-space and costs. Besides, AMBs are used
in an application where ball bearing can not be used due to
high friction or harsh environment [1].
There is already so much work done in the field of AMB.
Most of the research is successfully transferred into the
industry. But ongoing research requires further development
of laboratory equipment and production of the specimen.
Production of specimens is not intended for the industry.
Numerous properties can be checked and the AMB control
can be tuned for the best performance. Due to this, the
test stands where are investigated some closely specified
parameters and testing or operational methods are needed.
Most of the existing test stands are equipped with a couple
of radial AMBs and motor unit alternatively supplemented
by axial bearing and/or unbalanced disc to simulate the load.
An extended preview of test stands is reported in [2].

II. T EST STAND REQUIREMENTS

This research work has been carried out in the Centre for Research
and Utilization of Renewable Energy (CVVOZE). Authors gratefully
acknowledge financial support from the Ministry of Education, Youth and
Sports under institutional support and BUT specific research programme
(project No. FEKT-S-20-6379).

As was mentioned earlier test stand are usually designed
for a certain purpose. According to purpose, the design is
adjusted. For example to investigate the influence of rotor
dynamics on control algorithms it can be the shaft designed
flexible instead of rigid. That leads to a thinner shaft. The

978-1-7281-5602-6/20/$31.00 ©2020 IEEE
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amount of change is questionable and is highly depended on
research intention.
The general requirements for AMB stand are listed below:
• variable AMB journal length
• sensor mounting in 0/90° or ±45° position or some
other angles
• easy to assemble/disassemble
• non-magnetic shaft material
• available materials
• rigid/flexible construction
• variable AMB rotor/stator overlap
• force measurement and application
• embedded motor/clutch to connect drive unit flexible
coupling
• methods to attach the stand to the table
• load types
There are also numerous other requirements/consideration
in sense of designing the test stand.
Additional equipment that can be used is impulse hammer,
tensometer to measure acting/disturbing forces etc. All of
these are connected to signal acquisition and processing unit
where are converted and used as an input for the control
loop.
Conventional test stand equipment consists of one or pair
of AMBs, balanced disk, drive unit, sensors, ball bearings
and housings for all of these. The combination and number
of parts vary depending on the research focus.
In the next section general AMB design is discussed and
one design example is presented.

Fig. 1. Design flow of magnetic bearing.

The calculation can be found in many already published
work, for example [11], [12], [13] or [10]. All of them
are following equation derived from the basics of electromagnetic theory. AMB is designed as 8-pole heteropolar
construction. To calculate the load capacity of single-pole
of AMB following simplified formulas is used.
Fmax =

2
π
SF e Bsat
cos
µ0
8

(1)

Where, Fmax is peak force of electromagnet, Bsat is
saturation magnetic flux density at which the peak force is
developed, µ0 is the permeability of the vacuum.
Then, the magnetomotive force that gives requirements
for the power amplifier as
NI =

III. ACTIVE MAGNETIC BEARING DESIGN

Bsat g0
µ0

(2)

Where N is a number of turns of the coil and g0 is airgap
width.
Following these equation gives the basic overview of requirements placed on AMB. This analytical design assumes
the geometrical proportions and outlines the parameters but
still to provide a finite-element method (FEM) simulation is
highly recommended.
These equations are applied and in the next section and
an example design is presented and discussed.

Active magnetic bearing supports the shaft in two degrees
of freedom. To properly designed AMB, the load character
should be known at the beginning. Primarily, the AMB supports the weight of the shaft itself and secondly, all dynamic
events occurred in machine operation. From the known load
cycle it is extracted requirements for load capacity and
dynamics of an AMB. The rotor rotates at a certain speed
and the AMB must be fast enough to react on disturbance. If
the reaction is slow, the disturbance travel under the poles.
Because of slow control, the system becomes unstable and
it leads to a failure of AMB. High dynamics is achieved by
lowering the inductance of the AMB coil. It can be easily
done by reduction of the number of turns of AMB coil.
Also, raising system dynamics can be achieved by a faster
control algorithm or adjusting parameters. But to ensure the
same load capacity, a higher current is required. Hence, it is
a balance between control speed and current requirements.
Design of AMB is a process and have certain steps that are
mentioned in the following section.

B. AMB for test stand
A design example of a test stand presented in this paper
is a radial magnetic bearing presented in paper [11]. AMB
is designed as a heteropolar radial magnetic bearing. It is
one from a pair of AMB designed for high-speed machine
45000 rpm 12 kW. The force of 150 N developed by single
AMB has been chosen to support the shaft weight of 7.6 kg.
One production specimen has been manufactured to test
electronic circuits to acquire and process the signal from
sensors and to develop a control algorithm. Manufactured
AMB is shown in Fig. 2.

A. Design flow

C. FEM analysis

As any of machine, also AMB design process follows
design steps Fig.1. Extended design flow is presented in [10].
It starts with a list of initial requirements and conditions.
Then static and dynamic parameters of AMB are calculated
and at the end is checked if they fulfil initial conditions.
If not, the procedure is repeated with iteratively adjusted
parameters.

Performance of analytically modelled AMB has been
proven by the finite element method (FEM) simulation.
FEM simulation gives more accurate results compared to
analytical computation. The analytical analysis didn’t count
with side effects like hysteresis, eddy currents, flux fringing
etc. Hence, simulated performance is not an ideal case.
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Fig. 2. Radial AMB with load capacity of 150 N.
TABLE I
C ALCULATED PARAMETERS OF RADIAL AMB
weight of rotor system [kg]
force of single AMB [N]
air-gap g + max offset xmax [µm]
pole cover τp
copper fill factor kCu
mag. flux density Bsat [T]
R1 [mm]
R2 [mm]
R3 [mm]
R4 [mm]
R5 [mm]
length of AMB l [mm]
slew rate df /dt [kN/s]
magnetomotive force M M F [A]
current stiffness Ki [N/A]
position stiffness Kx [kN/m]

7.6
150
800
0.3
0.5
1.2
24.7
32.4
32.8
52.3
60
19
706.9
763.9
24.2
-198

Fig. 3. Magnetic flux density distribution (I = 12 A and dy = 400µm).

The examined parameters were load capacity of AMB and
saturation of an iron core.
In studied design is maximal offset considered 800µm.
At that offset AMB should develop a force of 150 N.
Numerically calculated force is 145.3 N what gives an error
3.1%. The list of all parameters of AMB is in Tab. I.
In Fig. 3 is illustrated the distribution of magnetic flux
density of one pole of AMB at offset 400µm. And Fig. 4
shows the force at the various configuration of current and
offset.

Fig. 4. Force at various currents and offsets.

IV. T EST STAND
The first section summarized specification and expected
performance. In this section, the proposed design is commented. There was a need to have a simple low-cost test
stand design to check if all calculated parameters of AMB
meet the FEM simulation results and real performance of
manufactured AMB accordingly. The current manufactured
AMB is shown in Fig. 2 in previous section. As a manufacturing process for test stand milling and 3D printing has
been chosen. In the next sections, details about each part of
the stand are discussed.
The 3D model of designed test stand is shown in Fig. 5
and its cross section in Fig. 6.
A. Stator mounting
The stator of AMB is manufactured from laser-cut metal
sheets and put together into the packet. The metal block is
inserted into the 3D printed housing part. The convectional

Fig. 5. 3D model of test stand.
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Fig. 6. Cross section of 3D model of test stand.

3D model is transferred from CAD software in STL format
accepted by 3D printers. So, this format even is widely
accepted converts nice vector curves into triangles and thus
round hole in stator mounting part is polygon consists of
n segments and thus reduce the designed diameter. Due to
this, it was proposed to cut a kerf in the mounting ring on
one side and use it to tight the stator block inside using
bolts and screw as is illustrated on Fig. 5. The flexibility of
the material allows the slight opening of the ring. Also, this
approach gives an option for slight packet move if necessary.

Fig. 7. Test stand with employed AMB.

The length of the shaft is selected to reduce the impact of
tilting in rear rigid support. To keep rotor and stator facing
surfaces as parallel as possible. the sensor is attached closer
to the rigid support and thus measure lower deviation. The
end of the shaft follows the periphery with larger radius
compares to the radius of the periphery in sensor disc
position. Therefore, in the control is demanded to recalculate
measured offset to AMB position.
Under the AMB, the shaft has to move in radial direction
what means that on the other end of the shaft the ball bearing
has to allow it. This can handle tilting ball bearing that was
used in the proposed stand.
The shaft is considered as rigid. For example in [4] has
been flexible shaft studied. The end-piece is ready to attach
to the external rotating machine via a flexible clutch. Also,
another end piece of the shaft (closer to the AMB) is ready
for an unbalance disc or any load that can be attached to the
shaft.

B. Sensors
The SKF company recommended sensor model CMSS 75LM1-01. They proposed as the best for our design. It is a
conventional eddy current based sensor. Sensors should be
mounted perpendicularly to the shaft/sensor disc.
On a proposed stand were cubic block designed with a
hole in the middle of the block to insert and tighten the
sensor inside. There are 4 mounting blocks for sensors. The
reason behind is to allow measure rotor offset from the
nominal position in 0◦ /90◦ or ±45◦ . This model doesn’t
count with the differential measurement with a pair of
sensors in each axis. The reference disc is attached to the
rotor and tightens by Dural nut. Because, the sensor is a
magnetic type, the disc magnetic material has been selected
according to manufacturer guidance as SCM440. There are
numerous mounting instructions to prevent measurement
from external noise disturbance that has been considered in
the design.

E. Housing
Here, both housings are 3D printer from PLA material.
There is still a requirement that housing should be as rigid
as is possible and due to this requirement, it has 100% inner
fill. Entire stand can be attached to the bench table to fix the
system.
To align both supports, 4 threaded rods have been used.
The rod travels through the aluminium tube that plays a role
of spacer or standoff. Both housings are tightened together
by nuts.

C. Rotor
To isolate the flux path only to magnetic bearing, the shaft
has to be made from non-magnetic material. The rotor part
of the magnetic bearing is from the same material as stator
M400-35A. Rotor metal sheets are squeezed together by a
Dural nut. Due to burrs originated during laser cut as well
as the requirement for concentric positioning between rotor
and shaft, the assembly has been cut on the lathe to clean
the outer surface.

F. Discussion

D. Shaft

Full assembly of the manufactured test stand is in Fig. 7.
Low-cost manufacturing processes find new application
where can be employed. Also, simple laboratory machinery
becomes more available and marker competition between
labs raising what reduce prices, therefore. On the other
hand, cheap manufacturing processes usually are subjected
to lower quality and precision/accuracy.
This stand is not designed for high-speed tests. Some
rotation can be applied to study eddy current induced in the

The shaft is made from non-magnetic material Dural.
Because of low-cost design, the shaft volume has been
reduced. Instead of cut from a single metal block, just part
under the AMB and sensor has been made from Dural. The
shaft is extended by threaded rod and slightly cut the end
piece to attach ball bearing as support on one side of the
shaft. The ball bearing is fixed on the shaft by a couple of
self-locking nuts.
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rotor or how sensors are influenced by rotation. Numerous
details can be studied on the proposed stand.
V. C ONCLUSION
In this paper design and manufacturing consideration of
low-cost AMB, stand are presented. Details about each design are discussed. These days are still more manufacturing
facilities available than in the past. Due to easy applicability
in manufacturing then also brings affordable production. In
this paper 3D-printed parts, laser cut stator metal sheets,
lathe and parts from the hardware store have been used
to design a test stand for active magnetic bearing. All of
them have certain requirements for production. Also, each
manufacturing process has some disadvantages and parts are
manufactured with a certain precision. The purpose of the
stand is to measure static and dynamic parameters of AMB,
tune the control and improve lift-up/down logic. Different
control methods and parameters set can be studied also.
AMB employed in the stand is originally designed for the
high-speed motor. The load capacity of AMB is 150 N.
R EFERENCES
[1] G. Schweitzer and E. H. Maslen, Magnetic bearings. New York:
Springer, [2009].
[2] R. Siva Srinivas, R. Tiwari, and C. Kannababu, “Application of active
magnetic bearings in flexible rotordynamic systems - a state-of-theart review,” Mechanical Systems and Signal Processing, vol. 106, pp.
537 – 572, 2018.
[3] A. Pesch and J. Sawicki, “Active magnetic bearing online levitation
recovery through µ-synthesis robust control,” Actuators, vol. 6, p. 2,
01 2017.
[4] H. Pizarro Viveros and R. Nicoletti, “Lateral Vibration Attenuation
of Shafts Supported by Tilting-Pad Journal Bearing With Embedded
Electromagnetic Actuators,” Journal of Engineering for Gas Turbines
and Power, vol. 136, no. 4, 12 2013, 042503. [Online]. Available:
https://doi.org/10.1115/1.4026038
[5] C. Fan and M. Pan, “Fluid-induced instability elimination of rotorbearing system with an electromagnetic exciter,” International Journal
of Mechanical Sciences, vol. 52, no. 4, pp. 581 – 589, 2010.
[6] C.-C. Fan and M.-C. Pan, “Experimental study on the whip elimination of rotor-bearing systems with electromagnetic exciters,” Mechanism and Machine Theory, vol. 46, no. 3, pp. 290 – 304, 2011.
[7] C. Fan and M. Pan, “Active elimination of oil and dry whips in
a rotating machine with an electromagnetic actuator,” International
Journal of Mechanical Sciences, vol. 53, no. 2, pp. 126 – 134, 2011.
[8] J. L. Nikolajsen, R. Holmes, and V. Gondhalekar, “Investigation of
an electromagnetic damper for vibration control of a transmission
shaft,” Proceedings of the Institution of Mechanical Engineers, vol.
193, no. 1, pp. 331–336, 1979.
[9] D. Kozanecka, Z. Kozanecki, and T. Lec, “Experimental identification
of dynamic parameters for active magnetic bearings,” Journal of
Theoretical and Applied Mechanics, vol. 46, no. 1, pp. 41–50, 2008,
cited By 9.
[10] Y. Le, J. Fang, and K. Wang, “Design and optimization of a radial
magnetic bearing for high-speed motor with flexible rotor,” IEEE
Transactions on Magnetics, vol. 51, no. 6, pp. 1–13, June 2015.
[11] D. Rura, “Design example of radial active magnetic bearing for highspeed machine,” in Proceedings I of the 26th Conference STUDENT
EEICT 2020. Brno: Brno University of Technology, 2020, pp. 413–
417.
[12] S. G, “Active magnetic bearings – chances and limitations,” in Proc.
of 6th International IFToMM Conf. on Rotor Dynamics.
[13] M. I. Daoud, A. S. Abdel-Khalik, A. Massoud, S. Ahmed, and N. H.
Abbasy, “A design example of an 8-pole radial amb for flywheel
energy storage,” in 2012 XXth International Conference on Electrical
Machines, 2012, pp. 1153–1.

231

2020 19th International Conference on Mechatronics – Mechatronika (ME)

Methodology for Calculation of Efficiency Maps for
Permanent Magnet Synchronous Motors from
Sparse Measured Data
Martin Novak

Jaroslav Novak

Department of Instrumentation and Control Engineering
Faculty of Mechanical Engineering
Czech Technical University in Prague
Prague, Czech Republic
Email: Martin.Novak@fs.cvut.cz

Department of Instrumentation and Control Engineering
Faculty of Mechanical Engineering
Czech Technical University in Prague
Prague, Czech Republic
Email: Jaroslav.Novak@fs.cvut.cz

Abstract—This paper presents a methodology to evaluate the
efficiency map of a permanent magnet synchronous machine
(PMSM) from sparse measured data. The methodology is based
on a model of losses of the machine. Based on the model the
efficiency at an arbitrary point can be calculated and an error
between the calculation and measurement can be determined.
The mathematical model is adapted in such a way that the error
between the model and experiment is minimized. The model has
from 7 to 20 adapted parameters. The search for the optimal
parameters is done with two approaches: brute force and Monte
Carlo search. The results are compared in the paper. With the
Monte Carlo search the algorithm finishes in few minutes, based
on the number of parameters. The result is an analytical function
for the efficiency map and the efficiency can be calculated at
an arbitrary point with arbitrary precision. The resulting fit
between the measured and calculated map is within a few percent
difference.
Index Terms—efficiency maps, permanent magnet synchronous
machine, sparse measured data, curve fitting

I. I NTRODUCTION
One of the most important characteristics for an variable
speed electric drive is its efficiency map. It describes the
dependence of efficiency on speed (RPM) and torque. When
the efficiency map is known, for example for an electric car,
it can be used to calculate energy consumption for a given
driving cycle. In many cases however the efficiency map is
not known. For example the engineer is given a motor with
unknown parameters and he has to use it in an application.
This can be for example for commercial reasons. Another
reason for the lack of efficiency map might be that it is not
provided by the manufacturer, only basic motor parameters are
known. The parameters of an unknown motor can certainly
be measured on a test stand. However the experiments are
costly, time consuming and can provide data only in few points
of the efficiency map. When a detailed efficiency map, with
This work has been partially funded with project FV30213 ”Research and
development of a higher efficiency electric traction system for an electric bus”,
Czech Ministry of Industry and Trade
978-1-7281-5602-6/20/$31.00 ©2020 IEEE

hundredths of points, should be obtained, the measurement
would be very long.
There are other approaches. When basic motor parameters
are known, a mathematical model of the drive can be developed and used to calculate the efficiency map. An example
for Electrically Assisted Turbochargers (EATs) is shown in
[1] where a model is developed in Simulink. The model is
capable of providing Motor-Generator Unit (MGU) efficiency
maps starting from single-point data and to easily perform
machine scaling taking account of rotordynamics constraints.
Another approach, based on a simplified model for the
losses, is shown in [2] [3]. Here a larger, 100kW motor
is measured experimentally and then the efficiency map is
calculated based on a simplified loss component model. The
efficiency map calculation can also be based on the parameters
of the equivalent circuit of the drive, if they are known, as
shown in [4].
In [5] the measurement of the efficiency map is shown
with the goal to obtain a considerable efficiency improvement,
while maintaining equal speed and angle synchronization
properties as the substituted gearbox mechanics for a directdrive conversion of an existing four-axis wire processing
machine. Then a control algorithm based on the method of
‘electronic line shafting’ is implemented and verified with
simulations and experiments on a test setup. The efficiency
improvement potential is verified with measured efficiency
maps of all drivetrain components.
In [6] a hardware setup to measure efficiency maps of
low-power electric motors and their associated inverters is
introduced. A Matlab-based software approach in combination
with an open Texas-Instruments (TI) hardware setup is used
to ensure flexibility. The efficiency of a Permanent Magnet
Synchronous Machine (PMSM) is measured as a proof of
concept.
Artificial neural networks can be used to estimate the
PMSM parameters including the efficiency map as well, as
shown in [7]. It uses Kohonen’s Self Organizing Feature Map
to estimate the currents and fluxes in the two axis model which
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are further used for the estimation of torque, fluxes and the unit
vectors. From those values the efficiency could be calculated.
When the efficiency map is known, then the evaluation of
energy consumption for the PMSM drive system is possible as
shown in [8]. First, it is confirmed that the error ratio between
the calculation result and the measurement result is less than
5%. In addition, the energy consumption of the PMSM drive
system for actual hybrid electric vehicles is calculated by the
proposed method.
Efficiency analysis of drive train topologies applied to
electric/hybrid vehicles is shown in [9]. In this paper, two basic
traction electric drive systems of electric/hybrid vehicles are
presented and evaluated, with a special focus on the efficiency
analysis. The first topology comprises a traditional pulse width
modulation (PWM) battery-powered inverter, whereas in the
second topology, the battery is connected to a bidirectional
dc-dc converter, which supplies the inverter.
The performance analysis of PMSM for high-speed flywheel
energy storage systems (HS-FESSs) in electric and hybrid
electric vehicles is presented in [10]. It aims to identify optimal
speed ranges, within which HS-FESS performances can be
appropriately maximized, especially in terms of efficiency.
This enables an appropriate analysis of PMSM performances
within its operating boundaries. As a result, PMSM efficiency
maps can be achieved.
An iron-loss-model can also be used for efficiency map
calculation as shown in [11].The introduced iron loss model is
included in the calculation of the efficiency map. In this paper,
the iron losses are additionally included into the equivalent
circuit diagram, taking effect on the current and the voltage of
the machine. The main idea is to calculate iron loss resistances
based on numerically calculated iron losses from a finite
element identification and to add these resistances as new
elements to the equivalent circuit diagram.
Regardless of the used method to obtain the efficiency
map, the model has to be always verified with an experiment.
When the efficiency map is measured experimentally one of
the problems is the density of the measurement data. Due to
practical reasons the mesh cannot be very dense otherwise
the experiment would be very time consuming. Hence the
mesh of the measured points is not very dense at the end.
Another problem is that an analytical function describing the
efficiency map is not known. Hence the efficiency in points
between the measured data cannot be calculated and hash
to be only estimated. This paper tries to deal with those
problems. In introduces a methodology how to fit an analytical
function through the measured points in the efficiency map
when the measured data is relatively sparse. The fit between
the measurements and calculation is the best in the sense of
squared quadratic difference.
The paper is organized as follows. First the theoretical background is given. The mathematical loss model of the PMSM is
developed and described in detail. Then the experimental setup
where the approach was verified is described. Then the used
algorithms for optimal fitting are described. Two approaches,
brute force and Monte Carlo search are used. Finally the

Fig. 1. Stator voltage vs. stator current frequency for a machine controlled
from a frequency inverter

results are presented as sample efficiency maps where the
differences between the measured and calculated values are
shown.
II. T HEORETICAL BACKGROUND
A. Theoretical machine model
The presented method is based on a model for power in the
machine. The losses ∆P in the machine can in general case
be calculated as
∆P = ∆P0 + ∆Pj

(1)

where ∆P0 are the no load losses (independent on machine
load) and ∆Pj are winding losses (dependent on machine
load).
In the simplest case, the no load losses ∆P0 are given as
a sum of iron losses ∆PF e and mechanical losses ∆Pm . Iron
losses are typically significantly larger than mechanical losses.
Winding losses ∆Pj are dependent on the second power of
phase current I1 . When the machine is controlled with a
frequency inverter, the following assumptions can be made.
In the constant torque region the inverter controls the motor
voltage V1 in accordance with the stator current frequency f1 .
This assures the constant value of the magnetic flux Ψ. In the
constant torque region also a linear dependence between the
voltage V1 and mechanical angular speed ωm can be assumed.
Then the following equation holds true
Ψ≈

V1
ωm

(2)

This equation is valid for both induction and permanent
magnet synchronous machines (PMSM). For PMSM the magnetic flux is created by the permanent magnets.
In the constant power region (above the nominal stator
current frequency f1n ) the voltage V1 remains constant and
with increasing mechanical angular speed ωm the magnetic
flux has to be decreased with flux weakening. The dependence
of voltage on frequency for both regions is shown in figure 1.
Iron losses in the magnetic circuit of the machine are a
function of frequency and can be calculated with the Steinmetz
equation.
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where Ψ is the magnetic flux, f its frequency and a is
Steinmetz coefficient(its initial estimate will be taken as 1.5).
Typically iron losses are significantly larger than mechanical
losses, therefore mechanical losses will be neglected. This is
certainly a simplification, however iron losses and mechanical
losses cannot be simply distinguished if only the data for a
measured efficiency map are available. If the machine could
be tested on a dynamometer, the mechanical losses could
be determined and the model further improved. Using this
simplification the no load losses ∆P0 can be calculated as
follows
V1 2
) · ωm
(4)
ωm
This equation can be rewritten with nominal values, where
V1n is the nominal voltage, ωmn is the nominal angular speed
and ∆P0n are no load losses at the nominal operating point.
∆P0 u ∆PF e ≈ (

∆P0 = ∆P0n · (

V1
ωm 2
)
V1n
ωmn

·

V1 2 ωmn
ωm
= ∆P0n · (
) ·
(5)
ωmn
V1n
ωm

In order to calculate the winding losses ∆Pj the following
assumption is made. Around nominal load a linear dependence
between the machine torque T and current I is assumed.

Fig. 2. Drive system - electric machine with a frequency inverter, with shown
measured quantities for efficiency mapping

B. Practical drive model
The above presented model takes into consideration only
the properties of the electric machine itself. However, in a
real drive system, the electrical machine is always connected
with a frequency inverter as shown in figure 2. Hence there
are further components in the system, they have nonlinearities
and the model does not consider this. Therefore the model in
equation 8 has to be further changed. In order to compensate
for the effects not modeled in equation 8 further coefficients
are added into the equation.
V1 A ωmn B
) ·(
) +
V1n
ωm
T
ωm V1n C
+∆Pjn · (
·
·
)
Tn ωmn V1

∆P = ∆P0n · (

V1
·I
(6)
ωm
Hence the winding losses ∆Pj can be calculated as follows
T ≈Ψ·I ≈

T ·ω

∆Pj = ∆Pjn · (

m
I 2
V1
) = ∆Pjn · ( Tn ·ω
)2 =
mn
In
V

1n
(7)
T · ωm · V1n 2
= ∆Pjn · (
)
Tn · ωmn · V1
where Tn is the nominal torque, In is the nominal current
and ∆Pjn are winding losses at the nominal point. From
equation 5 and equation 7 the total motor losses ∆P can be
calculated as follows

V1 2 ωmn
T · ωm · V1n 2
) ·
+ ∆Pjn · (
) (8)
V1n
ωm
Tn · ωmn · V1
The machine efficiency η at any point can then be calculated
with the known formula
P
η=
(9)
P + ∆P
where P is the output power.
It can be seen that the presented calculation relies on the
knowledge of the nominal parameters of the machine, nominal
no load losses ∆P0 and nominal winding losses ∆Pjn . If those
losses are known, for example from a no load / short circuit
test or from nominal machine current, winding resistance and
total machine losses, those values can be used.
If those parameters are not known, they have to be tuned
in order to obtain the best fit between the measured values
from the efficiency map and the theoretical function describing
analytically the efficiency map as will be shown in next
sections.
∆P = ∆P0n · (

(10)

where A,B and C are equation coefficients that have to be
tuned to obtain the best match between the measured and
calculated values in the efficiency map.
The coefficients A,B and C respect the fact that not all
influences have been modeled in equation 8 and simplifications
have been made in the mathematical model. Therefore for
example the coefficient A will not be exactly equal to 2 as
it was in the theoretical model. The theoretical value for
coefficient B is 1. All the other coefficients are equal to 2
in the theoretical model. However in the practical they will be
different. As will be shown in an example later, all parameters
can be unknowns and searched for, including ∆P0 , ∆Pjn , Tn
etc. The coefficients will also be different in flux weakening
and in full magnetic flux mode.
III. E XPERIMENTAL SETUP
The efficiency map was measured on an experimental setup
shown in figure 3. The PMSM properties are summarized in
table I, the properties of the used frequency inverter are shown
in table II. A more detailed description of the experimental
setup is available in [2]. The measured efficiency map is shown
in figure 4. It can be seen that the measured data is relatively
sparse, since it can be time consuming/costly to obtain more
dense data or the more dense data may not be available at
all. It can also be seen that the measured efficiency map
does not cover the whole range of machine torque. Due to
the limitations of the dynamometer (max. torque limit), the
measurement was limited to approx. 0.55 Tn .
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Fig. 3. Tested PMSM with a dynamometer, used frequency inverter

TABLE I
N OMINAL PMSM PARAMETERS
Fig. 4. Measured efficiency map, motor 1NY160V-4 with inverter UST10
Motor type
Manufacturer
Nominal power Pn
Nominal torque Tn
Nominal voltage V1n
Nominal current I1n
Nominal speed nn
Nominal efficiency ηn
Power factor cosφ
Pole pairs pp
Stator winding resistance R1
Stator winding inductance Ls
Back EMF constant
Moment of inertia

1NY160V-4
EM Brno, Czech Republic
100 (kW)
191 (Nm)
3x350 (Vrms), 560 (Vdc)
200 (A)
5000 (min-1)
0.97 (-)
0.85 (-)
2
6,6 (mω)
230 (µH)
60 (V / 1000 min-1)
0,21 (kg.m2)

A. Brute force search
This is a very simple approach. All the parameters are
changed in a loop from a given minimal value to a maximal
value with a given step. The result is the efficiency calculation
for the given point. Then a sum of squared differences E
between the calculated and measured efficiency is calculated
as follows
E=

N
X
(ηC − ηM )2

(11)

0

IV. A LGORITHM DESCRIPTION
The goal of the search algorithm is to find the best fit of the
model, equation 10, with the measured data. It searches for the
values of the coefficients from a given maximal and minimal
range. The searched coefficients are summarized in table III.
The described algorithm searches for the values of exponents
in equation (10) and for the values of ∆P0n and ∆Pjn . It
can also eventually search for unknown nominal values of the
motor, nn , Tn , Vn . Two approaches have been tested. They
are described in next subsections. All the calculations have
been made on a AMD Ryzen 7 2700X Eight core processor,
3.7GHz, running on a single core. The algorithm was not
optimized to run on a multi core/multi thread platform.

where ηC is the calculated efficiency from the model,ηM
is the measured efficiency and N is the number of measured
points in the efficiency map.
The calculation runs through all measured points N and
through all the selected parameters. A choice was made
to use 20 values in each interval for every parameter. The
chosen interval cannot be very large and fine, as the memory
requirements grow quickly. The calculation stores the resulting
value of E from equation 11. When all parameters are tested,
the matrix is searched for the minimal value, i.e. the best fit
between the measured and modeled efficiency map.
Not all parameters from table III have to be optimized with
the algorithm. If some values are known for the motor, it is
best to use them directly. For example for the shown motor,
the values of ∆P0n and ∆Pjn have been calculated using the
known motor values as follows
∆Pn =

TABLE II
F REQUENCY INVERTER PARAMETERS
Inverter type
Manufacturer
function
Input voltage
Output voltage
Continuous output current
PWM frequency
Rate-of-rise of voltage (dv/dt)
Used IGBT modules

UST10
Rail Electronics,
Czech Republic
Synchronous rectifier
+ frequency inverter
0 – 440 (Vrms) 0 – 720 (Vdc)
0 – 440 (Vrms)
200 (A)
0 – 15 (kHz)
3700 (V/µs)
FF600R12ME4, Infineon

√
3 · V1n · I1n · cosφ

(12)

2
∆Pjn = 3 · R1 · I1n

(13)

∆P0n = ∆Pn − ∆Pjn

(14)

However there are cases where the measured efficiency map
is available, but nothing is known about the motor. Then all
the parameters have to be optimized. The herein described
algorithm takes about 10 minutes to optimize for 5 parameters
with 45 measured points. For larger number of parameters the
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time increases, so for example for 7 parameters it takes about
1 hour. For larger number of parameters the search would take
long time and would not fit into the available memory (8 GB
for the used system).
Hence the disadvantages of this approach are long search
time and the necessity to have a very large memory if the
number of searched parameters is large. On the other hand
this approach has some advantages. Within the given ranges
of parameters it finds the global minimum. Also the search
time is constant and depends only on the number of searched
parameters and the granularity of the intervals.
TABLE III
O PTIMIZED PARAMETERS , THEIRS RANGE AND FOUND PARAMETERS FOR
EQUATION 10, MOTOR 1NY160V-4 WITH INVERTER UST10
parameter
A (-)
B (-)
C (-)
Tn (Nm)
nn (min-1)

min value
1
0.8
0.5
170
4000

max value
2.5
1.5
2.5
210
6000

found value
1.9
0.95
0.74
170
4939

Fig. 5. Calculated efficiency map, Monte Carlo search, 10 searched parameters,motor 1NY160V-4 with inverter UST10

B. Monte Carlo search
The disadvantages of the previous approach are solved by
the Monte Carlo search. The algorithm runs in a loop, in every
iteration of the loop the coefficients are generated randomly
from the same range as in the previous algorithm. Then the
value of the efficiency is calculated and the sum of squared
differences E, equation (11) is calculated. If the currently
calculated difference E is smaller than the so far minimal
value, the current values of coefficients are stored as a new
minimal value. This loop is repeated until a given threshold
for E is reached or the calculation has reached a given number
of iterations.
The advantage of this approach is calculation speed. On the
described setup, the result is usually found very fast, under one
minute (for 10 parameters). It also has no significant memory
requirements, since the only stored values are the last minimal
value of E and equation coefficients. On the other hand it is
not possible to say accurately in advance how much time will
the search take, since the values are produced randomly. Also
it might happen that the global minimum of the calculation
criteria is missed and not found. On the described system the
iteration speed is around 1.7 million iterations per minute. So
if the brute force algorithm was able to find a solution for 7
parameters in about 1 hour, the Monte Carlo algorithm does
the same in under 1 minute for 10 parameters. The rough
estimate for 10 parameters for the brute force algorithm was
about 1 year. Hence the presented results in the next chapter
are all obtained with the Monte Carlo search. The brute force
approach was validated for up to 7 parameters.
V. R ESULTS
The calculation results are shown in figures 5 and 6. Figure 5
shows the calculated efficiency map as calculated by equation
10. The parameters found by the algorithm are shown in table

III. It can be seen that the nominal torque is found correctly,
on the other hand the nominal speed match is around 15 %
off the known nominal value nn . The differences between the
calculated and measured efficiency map are shown in figure
6. The differences are in some cases 4 %, for some points
up to 12 %. It can be seen that especially the points on the
bottom or left side, where the speed or torque is low, have
a large difference between the calculation and measurement.
On the other hand, the points on the right upper side, with
larger torque and speed have an difference of around 2%,
so a good match between model and experiment. On the
described test setup it was not possible to measure for higher
torques and speed due to the limitations of the available
dynamometer (maximal torque limit). This effect was however
also observed for another motor, as shown in figure 6, with
smaller power, where exactly the same algorithm was used.
This motor is a NISAN LEAF motor, the measured efficiency
map was obtained from [12], it was manually processed from
the figures in [12]. The motor parameters are unknown. The
found parameters are shown in table IV. In table IV the lower
index ”fw” denotes the coefficients found in flux weakening
mode.
In general it can be said that the algorithm estimates the
efficiency for values near the nominal point and in flux
weakening region with a good agreement. On the other hand
the match is not good for lower torques and speeds. Near the
nominal point and in the flux weakening region the difference
between calculation and measurement is around 1% or better.
VI. C ONCLUSIONS
This paper has presented a methodology for calculation of
efficiency maps for PMSM. It provides an analytical function
for efficiency map calculation based only on sparse experimental data of the efficiency map.
As it can be seen from the results the agreement between
the measured and calculated efficiency is around 1 % for larger
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Fig. 6. Difference (0 to 1) between measured and calculated efficiency
map,motor 1NY160V-4 with inverter UST10

the range where the efficiency map was measured. Based on
the experience with different motors, the fit is better for points
near the nominal operating point than near low torque or low
speed. It is also better if the range of measured efficiency map
covers the whole range of torque and speed of the motor. If
the efficiency map is measured only partially, the calculated
map can extend beyond the measured map, but only to some
extend. One of the possible direction of future work is to find
out how far this extrapolation can go, for example by deleting
some points from the measured map used for the fit and the to
compare the calculated map with the points not given to the
algorithm. The presented approach is very fast. With the Monte
Carlo search, the fit is found at in few minutes, dependent on
the number of searched parameters and the desired accuracy
of the fit. It is also not memory consuming. In the future other
optimization algorithms could be used. Also it is planned to
test the approach on a wider selection of motors to confirm
its accuracy for a wider range of motors.
R EFERENCES

TABLE IV
F OUND

PARAMETERS FOR EQUATION 10,
INVERTER

parameter
A (-)
B (-)
C (-)
Tn (Nm)
nn (min-1)
∆P0n (W)
ηn (-)

value
1.65
1.08
1.41
119
3528
425
0.957

NISAN LEAF

parameter
Af w (-)
Bf w (-)
Cf w (-)
V 1n (V)
I1n (A)
∆Pjn (W)

MOTOR WITH

value
0.83
1.33
0.61
351
111
2656

torques and speeds, around the nominal operating point of the
machine. The agreement is very good. For small torque, lower
than 10 % of the nominal torque or for small speeds, smaller
than 10% of the nominal speed, the error is around 10 to 15
%.
There is also a dependence of the accuracy of the fit and

Fig. 7. Difference (0 to 1) between measured and calculated efficiency map,
NISAN LEAF motor with inverter, 17 searched parameters, measured data
from [12]

[1] M. Ciampolini, L. Fazzini, L. Berzi, G. Ferrara, and L. Pugi, “Simplified
approach for developing efficiency maps of high-speed pmsm machines
for use in eat systems starting from single-point data,” in 2020 IEEE
International Conference on Environment and Electrical Engineering
and 2020 IEEE Industrial and Commercial Power Systems Europe
(EEEIC / I CPS Europe), 2020, pp. 1–6.
[2] M. Novak, J. Novak, Z. Novak, J. Chysky, and O. Sivkov, “Efficiency
mapping of a 100 kw pmsm for traction applications,” in Proceedings
of 2017 IEEE 26th International Symposium on Industrial Electronics
(ISIE), 2017, pp. 290–295.
[3] M. Novak and J. Novak, “Test setup with a permanent magnet synchronous machine for efficiency maps of an electric vehicle,” in 2018
XIII International Conference on Electrical Machines (ICEM), 2018, pp.
1698–1703.
[4] K. Hruska and P. Dvorak, “The validity range of pmsm efficiency map
regarding its equivalent circuit parameters,” in 2016 17th International
Conference on Mechatronics - Mechatronika (ME), 2016, pp. 1–7.
[5] J. Lemmens and J. Driesen, “Synchronization and efficiency analysis
of a direct-drive multi-motor application,” in 6th IET International
Conference on Power Electronics, Machines and Drives (PEMD 2012),
2012, pp. 1–6.
[6] T. Endress and M. Bragard, “Recording of efficiency-maps of low-power
electric drive systems using a flexible matlab-based test bench,” in 2017
IEEE 58th International Scientific Conference on Power and Electrical
Engineering of Riga Technical University (RTUCON), 2017, pp. 1–5.
[7] B. Jaganathan, S. Venkatesh, Y. Bhardwaj, and C. A. Prakash, “Kohonen’s self organizing map method of estimation of optimal parameters
of a permanent magnet synchronous motor drive,” in India International
Conference on Power Electronics 2010 (IICPE2010), 2011, pp. 1–6.
[8] D. Sato and J. Itoh, “Evaluation method of energy consumption for
permanent magnet synchronous motor drive system,” in IECON 2015
- 41st Annual Conference of the IEEE Industrial Electronics Society,
2015, pp. 005 267–005 272.
[9] J. O. Estima and A. J. Marques Cardoso, “Efficiency analysis of drive
train topologies applied to electric/hybrid vehicles,” IEEE Transactions
on Vehicular Technology, vol. 61, no. 3, pp. 1021–1031, 2012.
[10] A. Serpi, F. Deiana, G. Gatto, and I. Marongiu, “Performance analysis
of pmsm for high-speed flywheel energy storage systems in electric and
hybrid electric vehicles,” in 2014 IEEE International Electric Vehicle
Conference (IEVC), 2014, pp. 1–8.
[11] P. Dück and B. Ponick, “A novel iron-loss-model for permanent magnet
synchronous machines in traction applications,” in 2016 International
Conference on Electrical Systems for Aircraft, Railway, Ship Propulsion
and Road Vehicles International Transportation Electrification Conference (ESARS-ITEC), 2016, pp. 1–6.
[12] T. Burress. (2013) Benchmarking state-of-the-art, oak ridge nat. lab.,
oak ridge, tn technologies. [Online]. Available: https://www.energy.gov/
sites/prod/files/2014/03/f13/ape006 burress 2013 o.pdf

237

2020 19th International Conference on Mechatronics – Mechatronika (ME)

PLC based weather station for experimental
measurements
Peter Fabo*, Stefan Sedivy+, Michal Kuba*, Anna Buchholcerova~, Juraj Dudak°, Gabriel Gaspar%
*Research

Centre, University of Žilina, Zilina, Slovak republic, fabo.peter@gmail.com, michal.kuba@rc.uniza.sk
of Civil Engineering, University of Žilina, Zilina, Slovak republic, stefan.sedivy@uniza.sk
~Earth Science Institute, Slovak Academy of Sciences, Bratislava, Slovak republic, anna.buchholcerova@gmail.com
°Faculty of Materials Science and Technology in Trnava, Slovak University of Technology in Bratislava, Trnava, Slovak republic,
juraj.dudak@stuba.sk
%TNtech, s.r.o , Lucna 1014/9, Bytca, Slovak republic, ggaspar@tntech.eu
+Faculty

identification of dynamic phenomena in the ground layer vary
considerably. The motivation for the construction of the
experimental weather station was therefore the
implementation of the requirement to measure the local state
of the atmosphere near the antenna system, ideally in the line
of sight (LOS) in the direction of the signal source. The need
for accurate and reliable meteorological as well as operational
measurements is evident from several areas of science and
also applications in industry [4] and construction [5, 6], where
is clearly named the relationship between external weather
conditions and their impact on the investigated objects.

Abstract— Monitoring the lower layers of the troposphere by
observing the signals of BTS base stations requires additional
weather measurements. It was decided to build an experimental
weather station for purposes of comparison and evaluation of
experimentally obtained data from radio frequency
measurements. A PLC based implementation was chosen due to
its ease of operation and possibility of simple future expansion.
It consists of a control PLC with connected meteorological
sensors such as air temperature and humidity, pressure, dew
point, anemometer, rain-gauges and others. Weather station lot
was built with regards to WMO standards as a fenced area with
meteorological masts and electrical boxes for power and control
circuits of the weather station. After one year of operation, it is
clear, that the weather station serves well and supplies with
required additional measurements for the radio frequency
measurements.

Since refractivity measurement is a linear measurement of
the effective value of refractivity along a route from several
hundred meters to several kilometers, direct comparison of
linear and point measurements is possible only in selected
meteorological situations where the atmosphere is in a steady
and in the horizontal direction in a homogeneous state - which
usually corresponds to a state of inversion, in which the
vertical inversion of air temperature suppresses vertical
movements and agitation of the air turbulence. Despite the fact
that the meteorological station provides only information from
the measurement site, its significance lies not only in the
aptitude of direct comparison but also in the identification of
ongoing atmospheric phenomena, when it is possible to assign
an appropriate pattern to a specific meteorological situation
based on the analysis of the time evolution of refractivity.

Keywords— PLC, weather station, refractivity, BTS

I. INTRODUCTION
For the needs of monitoring the lower layers of the
troposphere by observing the signals of BTS base stations, it
was necessary to build an experimental weather station for
comparison and evaluation of experimentally obtained data
from radio frequency measurements. The principle of
troposphere monitoring is based on determining the value of
the effective refractivity of the atmosphere between the signal
source in the band 920-960 MHz - downlink BTS and the
antenna system of a coherent receiver. The value of
refractivity is determined from time relations during signal
propagation and depends on the current state of the
atmosphere – air pressure, temperature and humidity and
occurrence of hydrometeors [1], [2], [3]. The instantaneous
value of refractivity is characterized by a high time-resolution
of events in the atmosphere in the line of signal source direct
visibility, the value of refractivity and its time evolution also
reflects phenomena that are not in direct range of standard
meteorological sensors, such as air turbulence intensity, water
vapor condensation, development and changes of thermal
gradient/lapse rate and others. For the development of
measurement methodology, evaluation and comparison of
measurement results with the real meteorological situation, it
is necessary to know the actual state of the atmosphere at the
site of radio frequency measurements. Due to the high spatial
variability of atmospheric phenomena in the lower layer of the
troposphere, it is not possible to use standard meteorological
network stations for comparison, because even at relatively
small distances in the hundreds of meters, data on air
temperature and humidity, precipitation intensity and

978-1-7281-5602-6/20/$31.00 ©2020 IEEE

II. EXPERIMENTAL WEATHER STATION REQUIREMENTS
Unlike conventional weather stations, whose
configuration is in general determined by relevant standards
and regulations [7], the high time resolution of troposphere
measurements requires specific measurement and data
collection procedures.
A typical situation is the fluctuation of solar radiation
intensity due to the change of cloud coverage, to which the
value of refractivity responds with a second delay. There is
also an immediate response to the occurrence of hydrometeors
even with very low intensity, when classical rain gauges react
with a considerable delay or do not register weak rainfall at
all. For this reason, the following requirements were set for
the experimental weather station:
• high data collection rate used for monitoring
continuous phenomena in the atmosphere, typically
with a period of less than 1 sec (typically 250 msec),
• analog interfaces for standard sensors,
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•
•
•

•
•

digital interfaces for sensors communicating via
serial buses,
modular concept with the possibility of extending the
weather station using other types of sensors,
possibility of duplicate measurement of the same
phenomenon by different types of sensors for
identification of spatial and temporal variability of
the observed phenomenon,
possibility of program operation of non-standard
sensors in the stage of development and verification
prototypes of sensors,
communication interface with sufficient data
throughput.
III. WEATHER STATION IMPLEMENTATION

The experimental weather station is currently equipped
with the following sensors:
• mechanical anemometer, digital, RS485, Modbus,
• ultrasonic anemometer, digital, RS485,
• combined sensor of air temperature and humidity,
pressure, dew point at 2m height, RS485, Modbus,
• laser disdrometer, TCP/IP,
• tipping bucket rain gauge 0.1mm/hour, binary,
• solar radiation sensor, digital, RS485, Modbus,
• photosynthetic activity sensor, analog, voltage,
• thermometer PT1000 at 0,5m height, analog,
resistive,
• capacitive hygrometer, analog, 4-20mA,
• vertical soil temperature profile sensor to 1.5 m
depth, digital, 1-Wire.

Fig. 1 External layout of the weather station
V. WEATHER STATION CONTROL
Since the general single-purpose data loggers did not
meet the above requirements, a sufficiently modular and
robust PLC Micro850 by Rockwell Automation [8] was used
to control the data collection in the weather station.

The list of sensors is informative, according to the state
of current development and requirements, the station is
supplemented by other types of sensors and experimental
boards. At the same time, it also serves as a reference station
for testing, comparing and verifying prototype sensors from
our own research and development.
IV. WEATHER STATION LOCATION
Requirements for standard automatic meteorological
measurements are defined by the WMO standard
(meteorological station area, shading, surface), compatibility
among stations, long-term measurements and climate
monitoring, continuity of measurements. For our applications,
we did not require strict adherence to standards, the priority
was to obtain data from the real environment, preferably in the
vicinity of the antenna system location and in the line of direct
visibility to the signal source.
The weather station in Fig. 1 is located on a separate
fenced meteorological station lot with 230V power supply and
network connection to the local data network. The power and
signal part of the installation is divided into two separate boxes
for safety and protection against contact voltage. Placing the
sensors on a separate mast with arms requires careful
installation in order to minimize the mutual influence of the
sensors (e.g. shading), on the other hand it simplifies the
maintenance of the surface around the weather station.

Fig. 2 Weather station control box implementation
The PLC configuration can be changed using modules
and extensions, programming and modifications are also
possible remotely via the network interface. The temperature
range specified by the manufacturer allowed the installation
of the PLC in Fig. 2 directly outdoors in a durable waterproof
plastic box in close proximity to the mast on which are located
the sensors. The PLC power supply is realized by means of a
galvanically isolated power source from the distribution
network with overvoltage protection, data communication is
done via the ethernet interface on a network switch with
overvoltage protection up to 6 kV. Power, signal and
communication cables to the sensors are led out of the plastic
box through watertight adapters, the sensors are at floating
potential and ferrite rings are installed on the cables to protect
the PLC inputs from the induced overvoltage. Simplified
block wiring of the weather station is presented in Fig. 3.
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The standard industrial protocol Modbus over TCP is
used for data communication with the PLC, the PLC is in
Slave mode to the higher-level system. Data collection is
controlled by a standard program loop, time sessions are
primarily determined by data collection from sensors on the
RS485 interface with the Modbus protocol.
The PLC is in Master mode to the sensors. Data from the
sensor registers are stored in the array in a defined format
(unit16). Analog sensors with voltage or current outputs (420mA) (solar radiation, photosynthetic activity) are processed
by a 12-bit A/D converter, as well as platinum PT1000
thermometers and thermoelectric temperature sensors. Pulse
sensors with a binary output (tipping bucket rain gauges)
increment the value of the counter in the interrupt, which after
calibration gives the total rainfall value and partly also
information about the dynamics of rainfall activity.
Sensors with a direct TCP-IP interface (disdrometer,
vertical air temperature profile) communicate with the master
computer directly, outside the PLC, via a common network
switch located in a common box with the PLC.

measured by the weather station - daily record for relative air
humidity, air temperature, solar radiation and air pressure
during anticyclonal, sunny day.

Fig. 4. Visualization of part of the data measured by the
weather station
In Fig. 5. is displayed a comparison of the refractivity
values obtained by calculation from the data measured by the
weather station [9], with the phase shift data proportional to
the refractivity obtained by measurement at the frequency
928.8 MHz.

Fig. 3 Simplified block wiring of the weather station
The master computer controls the flow of data, processing
and storage on the server. After receiving data from PLC and
network devices, data blocks are on the basis of protocols
divided according to individual sensors and data are sorted,
converted into physical quantities and stored with metadata
allowing for complete sensor and measurement (measuring
units, sensor type, location, etc.) identification into a simple
database together with time data. Individual records are
organized on a daily basis and stored on a disk array with a
capacity of 60TB. The presentation layer is implemented
using the Bokeh library and a visualization program for readonly presentation of data for security reasons is implemented
in the Docker container.

Fig. 5. Comparison of refractivity values measured and
calculated from meteorological data
After approximately one year of the weather station
operation regime, it is possible to identify some problems
related to the physical principle of the used sensors. These
problems and shortcomings will be continuously addressed in
the future by adding other sensors - if technological
possibilities allow using of different physical methods for
monitoring the same phenomenon or by developing our own
solutions:
• beginning of precipitation detection - installation of
optical infrared sensors based on the light refraction
detection to detect the impact of water droplets,
• measurement of small precipitation totals installation of rain gauges with different
sensitivities,
• detection of the state of the beginning and the end of
water vapor condensation - installation of a surface
capacitive sensor with detection of the condensed
component occurrence on the surface, probably also
several types with different stabilized surface
temperatures,
• time delay of rain gauges in the detection of light
rainfall - identification by fusion of sensors,
• time inertia of air humidity sensors, capacitive
hygrometers and saturation of sensors measuring

VI. CONCLUSIONS
The results from the evaluation of the refractivity
measurement with the comparison of local data confirmed the
reasons for the construction of the experimental weather
station. The evaluation revealed the directions of further
development of methods for measuring and monitoring
refractivity, helped to determine the phenomena that occur in
the measured data and their relationship to real
meteorological situations - such as the state of local air
temperature inversion in the surface layer of the atmosphere,
identification of vertical movements even at very low
intensity of solar radiation at sunrise, monitoring the
disappearance of thermal turbulence after sunset, the
dynamics of precipitation activity at the crossing fronts and
much more. Fig. 4. shows visualization of a part of data
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relative air humidity
hydrometeors.

in

the

presence

of

ACKNOWLEDGMENT
This work was supported in part by VEGA through the
Holistic Approach of Knowledge Discovery From Production
Data in Compliance With Industry 4.0 Concept Project under
Grant 1/0272/18.
This paper was supported with project of basic research:
Expanding the base of theoretical hypotheses and initiating
assumptions to ensure scientific progress in methods of
monitoring hydrometeors in the lower troposphere”, which is
funded by the R&D Incentives contract.
The authors acknowledge the support of the VEGA
2/0015/18 grant Meso- and micrometeorological exploration
of the occurrence of hydrometeors in boundary layer of
troposphere based on passive evaluation of changes of
electromagnetic radiation from anthropogenic sources.
REFERENCES
[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

PODHORSKY, Dusan and Peter FABO. Localization of rainfall and
determination its intensity in the lower layers of the troposphere from
the measurements of local RF transmitter characteristics. In:
Contributions to Geophysics and Geodesy. 2016, s. 307-319. DOI:
10.1515/congeo-2016-0018. ISSN 1338-0540.
FABO, Peter, NEJEDLIK, Pavol, PODHORSKY, Dusan, KUBA,
Michal and BUCHHOLCEROVA, Anna. Detecting the hydrometeors
based on multi-frequency passive monitoring of mobile network
station signals. In SIRWEC 2018 : abstracts book : 19th international
road weather conference from 29th may to 1st june 2018. - Bratislava:
SHMU : 2018, p. 102-103.
KUBA, Michal, FABO, Peter, NEJEDLIK, Pavol, PODHORSKY,
Dusan. Moznosti detekcie hydrometeorov pomocou zmien
elektromagnetickeho signalu = Possibilities to detect hydrometeors
based on the changes of the electromagnetic signal. In Monitorování
přírodních procesů, Lednice 12.-13.9.2018. - Brno: Mendelova
univerzita, VÚMOP, v.v.i, 2018, [15] p. ISBN 978-80-7509-570-1.
STRIESKA, Miroslav, Peter KOTES, Petra BUJNAKOVA, Jozef
JOST and Matus FARBAK. Sensitivity Analysis of Zinc Doseresponse Function according to Actual Standard Approach. In: IOP
Conference Series: Materials Science and Engineering. 2019. DOI:
10.1088/1757-899X/661/1/012072. ISSN 1757-899X.
BUJNAKOVA, P, J JOST, M FARBAK and P KOTES. Experimental
study of the modulus of elasticity of concrete at different ambient
temperature. In: IOP Conference Series: Materials Science and
Engineering. 2019. DOI: 10.1088/1757-899X/549/1/012049. ISSN
1757-899X.
JANDAČKA, Jozef, Peter HRABOVSKÝ, Zuzana KOLKOVÁ and
Zuzana FLORKOVÁ. Analysis of Building Management Systems to
Ensure Optimal Working Environment. In: Science and Technologies
for Smart Cities. Cham: Springer International Publishing, 2020,
2020-07-28, s. 273-284. DOI: 10.1007/978-3-030-51005-3_23. ISBN
978-3-030-51004-6.
Guide to Instruments and Methods of Observation. 2018 Edition.
Geneva, Switzerland: World Meteorological Organization (WMO),
2018. ISBN 978-92-63-10008-5.
Micro800 Control Systems | Allen-Bradley [online]. Milwaukee,
USA: Rockwell Automation, 2020 [cit. 2020-09-09]. Available at:
https://www.rockwellautomation.com/enus/products/hardware/allen-bradley/programmablecontrollers/micro-and-nano-controllers/micro800-family.html
Recommendation ITU-R P.453-11(07/2015) The radio refractive
index: its formula and refractivity data: P Series Radiowave
propagation. Geneva, Switzerland: International Telecommunication
Union, 2016.

241

2020 19th International Conference on Mechatronics – Mechatronika (ME)

Vibration Shapes Identification Applying Eulerian
Video Magnification on Coffee Fruits to Study the
Selective Harvesting
Carlos I. Cardona
Experimental and Computational
Mechanics Laboratory,
Universidad Autónoma de Manizales
Manizales, Colombia
carlosi.cardona@autonoma.edu.co
Jaime Buitrago-Osorio
Experimental and Computational
Mechanics Laboratory,
Universidad Autónoma de Manizales
Manizales, Colombia
jaime.buitragoo@autonoma.edu.co

Hector A. Tinoco
Experimental and Computational
Mechanics Laboratory,
Universidad Autónoma de Manizales
Manizales, Colombia.
Institute of Physics of Materials,
Sciences Academy of the Czech
Republic
Brno, Czech Republic.
Central European Institute of
Technology
Brno, Czech Republic
htinoco@autonoma.edu.co

Mateo Hurtado-Hernandez
Experimental and Computational
Mechanics Laboratory,
Universidad Autónoma de Manizales
Manizales, Colombia
mateo.hurtadoh@autonoma.edu.co

Daniel A. Pereira
Engineering Department,
Federal University of Lavras
Lavras, Brazil
danielpereira@deg.ufla.br
Luis Perdomo-Hurtado
Experimental and Computational
Mechanics Laboratory,
Universidad Autónoma de Manizales
Manizales, Colombia
lperdomo@autonoma.edu.co

Juliana Lopez-Guzman
Experimental and Computational
Mechanics Laboratory,
Universidad Autónoma de Manizales
Manizales, Colombia
juliana.lopezg@autonoma.edu.co

I. INTRODUCTION

Abstract—In the last few years, Colombian coffee
production has decreased by different economic factors related
to the increment of costs in manual selective harvest
operations. Consequently, an interest has arisen for studying
selective harvesting methods based on mechanical vibrations in
seeking for an alternative technology. In this sense, it is mainly
essential to understand the dynamic behavior of the coffee
fruits at different ripening stages. In this study, an experiment
was proposed to observe the vibration shapes of coffee fruits
(Coffea arabica var. Castillo) in defined frequency intervals.
The ripening stages were categorized by a strategy based on
color measurements in the CIELab space. Four ripening stages
were determined from color data taken of 84 fruits, which
allowed the development of the dynamic experiments over
classified fruits. The dynamic excitation was applied to the
coffee fruits between 0-1000 Hz in which ripe fruits evidenced
higher vibration amplitudes in specific frequency intervals.
These motions cannot be visualized from a normal videocamera (60 Fps). Therefore, a high-speed camera (Chronos 1.4)
was used to record these during harmonic excitation. Eulerian
video magnification technique was applied to the video-based
measurements to visualize the amplified vibration shapes. The
magnified motions were contrasted with vibrometry
measurements and a piezo sensor attached to the fruit pedicel.
Results show that the ripe fruit can vibrate with higher
amplitudes in comparison with the other ripening stages, this
information could be used to harvest selectively only ripe
fruits.

In recent years, worldwide coffee production comes from 45
developing countries which export income highly depends
on this market [1]. Coffee production increased by around
7% and 4% between 2017 and 2018, respectively. Despite
the global pandemic, coffee consumption increased by 2.1 %
compared with the same period in the year 2019 [2]. The
coffee trades is an intensive economic activity characterized
by its instabilities in terms of prices, harvesting, and
production, which does that the incomes of around 25
million people are related to this industry [3].
In 2017, 8.9% of the total global trade was produced by
Colombia, where around $ 2.8 billion of coffee goods were
exported. This industry represents the source of income for
more than 540000 families that directly grow coffee [4]. The
United States of America imports around 44% of its internal
demand from Colombia and is the main customer [5].
Despite this, the Colombian coffee industry has been
exposed under a crisis where 30% of coffee growers cannot
return their investment by the production costs [6]. The
unavailability of the harvesting task labor force increased the
production cost, added to the international price-controlled
by external factors that have done that the coffee
stakeholders get worried about the sustainability of the
Colombian coffee industry [7].
The manual harvesting method in Colombian has
guaranteed in the coffee products its characteristic aroma, its
sweet and fruity notes, indistinct acidity, among other
properties [8] that have been worldwide recognized. The
selective hand-picking method grants a large quantity of only
ripe fruits to be harvested even in difficult access hilly
terrains where less than 3% of unripe fruits are allowed [9].
These factors represent challenges to propose a selective

Keywords— High-speed video, video magnification, Eulerian
video magnification, Chromaticity, CIELab space, high-speed
camera, modal analysis, motion magnification, coffee.
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coffee harvest technology to overcome the scarcity in the
labor force and achieves the high-quality standards required.

II. MATERIALS AND METHODS
A. Eulerian Video Magnification (EVM)

Different proposals have been developed to improve
coffee harvesting methods, such as assisted hand-picking
tools [10], robotic-assisted harvesting [11], mechanized
harvesting [12], and semi-mechanized harvesting [13].
Vibration harvesting methods are a class of semi-mechanized
technique where mechanical excitations are applied to the
coffee trunk at established frequencies to cause the fruits
detachment. This method increases more than 300% of the
capacity per operator, showing reductions of about 10% in
the unit cost of harvesting. However, with this technique,
many unripe and ripe fruits are left on the trees, and there is
no possibility to harvest only ripe fruits. Therefore, current
designed technologies present several limitations, including
access to mountain terrains [14].

Eulerian video magnification is a suitable computational
technique for exaggerating small motions without
significantly amplifying noises in video sequences. Inspired
by the Fourier shift theorem, a phase-based version uses the
complex steerable pyramid to separate phase and amplitude
of local wavelets, providing an analysis of the images with
spatially local complex sinusoids [19], which permit to
measure and amplify local motions.
The study performed [27] illustrates the main idea of the
phase-based magnification that shows an intuitive
explanation of the method considering a 1D image, a
Fourier basis, and a displacement function δ ( t ) . Taking a
profile function f ( x + δ ( t ) ) that characterizes the global
translation in time of the image intensity, the goal is to
determine f ( x + (1 + α ) δ ( t ) ) that includes a magnification
factor α . With this procedure; the translated image is a
magnified sequence of the original one. However, with the
Fourier basis, only global motions are considered.

For a selective harvesting purpose through vibrations, it
is necessary to estimate the mechanical properties to identify
the vibrational frequencies of the ripe fruits. Several studies
have reported some mechanical properties of the fruitpeduncle system for different ripening stages [15-17].
Experiments and simulations have been carried out to
compare vibration modes with the calculated properties, and
sophisticated experimental equipment would be necessary to
observe the vibration shapes in high frequency. If this were
carried out with standard video technology, it would not be
an easy task due to the involved micro-motions and limited
sample rate in ordinary video devices. High-speed video
cameras can operate to measure temporal and spatial
variations in high numbers of frames per second, which
offers the possibility of observing in slow motion [18]. So,
different structures could be monitored using high-speed
cameras, avoiding contributions of mass or stiffness of the
assessed system as occurs typically with direct contact
measurement sensors such as accelerometers.

The complex steerable pyramid is considered in the
phase-based video magnification approach to focus on local
motions, as proposed in [19], each frame of the image is
projected on the basis, and there is an independent
amplification of the phase differences. Consequently, the
small motions in the video are also amplified. The
computational codes made available by [27] can be used to
implement this method. These were used in this study to
obtain the vibrations modes of coffee fruits in high
frequency.
B. Ripening stages classification based on color CIELab
and variances of Gaussian ellipses

Eulerian video magnification (EVM) is a computational
technique applied to videos for revealing slight movements
and color changes that are difficult to notice with the naked
eye [19-20]. The applications include biology, structural
analysis, mechanical engineering, health care, among others
[20]. In biology and health care, it has been used to detect
physiological signs [21], wrist pulse signals [22], and to
measure heart rate [23]. Also, this technique has been applied
to structural health monitoring cases such as the detection of
defects in fiber-reinforced polymer-bonded civil structures
[24], structural inspection of ventilation ducts [25]; and
vibrations of towers have been observed via EVM [26].

A color space is the specification of a three-dimensional
system of coordinates in which each point represents a color
definition; its purpose is to allow the representation of color
space in some range of visible light [28]. One of the
chromaticity basis is CIELab color space, which is a uniform
color space accepted in professional and commercial
imaging systems. It was internationally adopted in the 1970's
[29], and in its color space is a graphical representation
composed by lightness L * , a * and b * axes [30]. a * goes
from green color (negative values) to red color (positive
values), and b * goes from blue color (negative values) to
yellow color (positive values), as illustrated in Fig. 1.

In this paper, vibration analysis is carried out on coffee
fruits at three ripening stages with the aim to identify
frequency intervals that favor the selective harvesting. With
this purpose, mechanical excitations were analyzed in two
frequency intervals (10 to 100 Hz and 100 to 1000 Hz) using
a laser vibrometer and a piezo-support. In the experimental
test, video sequences were recorded to reveal the motions of
the unripe and ripe fruits that were used posteriorly to
reconstruct the vibration shape of both with the EVM
technique. This study is performed to have a better
understanding of the fruit dynamics, which can contribute to
the development of technology that helps to detach ripe fruits
selectively.

In this study, CIELab measurements will be used to
classify the ripeness stages of coffee fruits (Coffea arabica
var. Castillo). A strategy based on color measurements in the
CIELab space was established to classify the fruits through
chromaticity. Samples were detached from a coffee farm
located in Belalcazar, Caldas (Colombia). Measurement
conditions are listed in Table 1. Each coffee fruit was
detached from the tree and placed in a coupling for
chromaticity measurement CIELab, which was attached to
the nozzle of a PCE CSM 4 colorimeter, as shown in Fig. 1.
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TABLE I.

FARM CHARACTERIZATION FOR COFFEE FRUITS COLOR

For each ripening stage, a domain is defined through
Gaussian distribution, which is known in probability theory
and represents the probability that a * and b * values are
found inside the interval defined by the hyperplanes. This is
represented as follows

MEASUREMENT

Item

Variable

Measured value

2

Environment
temperature
Atmospheric pressure

3

Relative humidity

4

Wind speed

5

Altitude

81%
3 km/h west northwest
direction
1352 m

6

Coordinates

5º 0’ 40’’, 75º 47’ 44’’

7

Age of coffee trees

2 years

1

25.2 °C
75.9 kPa

N (μ , σ ) =

1

σ 2π

e

−

( x − μ )2
2σ 2

(1)

,

where μ is the mean of color data, σ is the standard
deviation and x represents the data a * and b * values [31].
The distribution functions are computed as N a and N b in
each color direction. These are correlated with the covariance
matrix, which is determined as follows
σ 2
C= a
σ ba

σ ab 
,
σ b2 

(2)

where σ a2 and σ b2 are variances; σ ab and σ ba are crossed
covariances. By means of the covariance matrix, it is
established an eigenvalues problem as

Cx = λx,

(3)

being λ the eigenvalues, where λmax and λmin are the
maximum amplitudes of data variation in each ripening
stage. Each identified cluster can be delimited by an ellipse
oriented
at the principal
defined by eigenvectors
 direction

 

λ = λ a i + λ b j , where i and j are unit vectors. Therefore, it
is possible to determine the principal direction of each data
cluster in the following way


λ 
β = tan − 1  b  .
 λa 

Fig. 1. Color measurement on coffee fruits

The measurements were performed for 84 fruits, and only

a * and b * values were represented as detailed in Fig. 2.

(4)

For a confidence domain of 95%, it is necessary to scale
the principal axes with the variances, so that λmin and λmax
are increased by a factor of α = 2 .4 4 7 7 (chi-square). Each
ripening stage is represented by a mathematical expression
as follows

This shows the color data clusters. A timeline can be
observed from unripe to the overripe stage. Also, differences
between color data clusters are evidenced. According to the
color map, we segmented the data into four groups separated
by hyperplanes representing four ripening stages.

( ( a − μ ) cos( β ) + ( b − μ ) sin( β ) )
a

b

λ max 2

2

+

( − ( a − μ ) sin( β ) + ( b − μ ) cos( β ) )
a

b

λ min 2

(5)

2

= 1.

Equation (5) describes a rotated ellipse β with maximum
amplitudes λmax and λmin . Table II shows the parameters of the
ellipses that describe the four ripening stages taken into
account in this study. However, for the vibrometry
experiments, six fruits, two by each ripening stage, were
considered, as represented in Fig. 3. Therefore, two unripe,
two semi-ripe, and two ripe were classified in the tree with
the proposed methodology, before detaching these.

Fig. 2. Coffee fruits classification and 95% confidence ellipses
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TABLE II.

Ripening
stage

ELLIPSES PARAMETERS FOR RIPENING STAGES
CLASSIFICATION .

μb

λmax

λmin

β

-11.83

28.7

13.83

6.28

1.547

10.35

35.2

19.06

14.33

2.45

Ripe

31.0

17.21

16.26

9.17

1.646

Overripe

20.5

4.97

11.54

2.70

3.68

Semi-ripe

GEOMETRICAL AND PHYSICAL PROPERTIES OF THE COFFEE
FRUITS SELECTED AS STUDY SAMPLES

Parameter

μa

Unripe

TABLE III.

Item

a*

b*

UR1
UR2
SME1
SME2
RP1
RP2

-13,97
-12,83
8,24
3,03
39,66
34,41

24,75
27,96
44,92
51,12
14,34
17,17

[mm]

φ1

[mm]

φ2

[mm]

φ3

Mass
[g]

13.6
13.0
13,00
12,90
13,80
13,64

11.4
11.82
11,50
11,10
12,40
12,30

17.4
16,14
16,24
15,60
15,70
15,20

1,48
1,35
1,70
1,63
1,87
1,95

C. Experimental Setup for Identifying Frequency Intervals
An experimental setup was established to assess six
coffee fruits (including the pedicel) characterized and
classified as detailed in Table III. Each sample (coffee fruit)
was excited through a 3D printed support assembled coupled
to an electrodynamic shaker (Mini-Shaker Sentek Dynamics
Brand), which acts as a vibratory source to induce the same
dynamic conditions in each test. The orientations of the fruit
are taken as a reference to induce the excitations with the
vibratory platform; considering e1 as the direction in the
higher diameter, e2 as the orthogonal direction to e1 , and
e3 as the polar direction parallel to the pedicel The support
of the fruits consists of a PLA (polylactic acid) frame with a
piezoelectric transducer clamped inside it, as illustrated in
Fig. 4a. The support allows measuring the vibrations
generated by the fruit motions in the direction of e3 , mainly.
The pedicel was attached at the bottom of the piezoelectric
transducer using epoxy adhesive. A laser vibrometer
(POLYTEC CLV-2534) measured the vibrational velocity of
the fruit in a degree of freedom defined by the established
orientation system. For our case, point P2 was named for the
orientation, as shown in Fig 4b. The experiment was set with
a data acquisition card (National Instruments NI DAQ-6211)
where the signals were programmed and measured. The
piezoelectric transducer and the vibrometry equipment were
connected to the analog inputs and the shaker to the output of

Fig. 3. Classification and ripening stages of tested fruits

The results of the fruit characterization show that the
mass and the orthogonal diameters presented small
deviations in each ripening state, as reported in Table III.
The pedicel lengths of the fruits were cut to 3.4 mm to
establish a standard parameter for the tests.

Fig.4. Experimental setup for identifying frequency intervals
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points. In the interval of 10 Hz to 100 Hz (Fig. 6a), the
frequency response velocity presents a structure of the signal
with two pronounced resonance peaks in the interval of 10
Hz to 60 Hz. It observed that in each pair of fruits (same
ripening state), the signals are well correlated, which
indicates that the experiments were well controlled. The
relation between the resonance frequencies suggests that the
relation stiffness/mass is lower in the unripe fruits than the
ripe fruits. It indicates that signals move forwards from
unripe to ripe.

it. Two chirp excitation signals were designed to assess the
frequency response of the fruits in two ranges. The first
signal was established between 10-100 Hz, with 0.12 V of
amplitude, 100 s of excitation time, and a sampling rate of
2000 Hz. The second signal was configured between 1001000 Hz holding the same excitation amplitude and time but
defining 10000 Hz as the sampling rate. This experiment
aims to identify the resonance frequencies that show
significant differences in amplitude and frequency between
ripe and unripe fruits.

The frequency response functions obtained for the piezotransducer show different resonant peaks between 50 Hz and
100 Hz. The FFT voltage functions revealed two high
resonance peaks that were not visualized in the FFT of the
velocity (Fig. 6a). It means that the vibrations measured on
e3 were stimulated in other dynamic conditions. Comparing
Fig.6a and Fig. 6c is easily observable that when the
resonance is attenuated at the e2 direction, these are
amplified on the piezo-transducer ( e3 ).

D. Experimental setup for the video magnification
An experimental set up configured to visualize the shape
of the vibration at fixed frequencies identified between 10100 Hz and 100-1000 Hz, respectively. The coffee fruits
were excited from the shaker through the support in the
A high-speed digital video camera
direction of e2 .
(CHRONOS 1.4) was used to record the motions of the
fruits. The objective was to record the videos focusing the
fruit perpendicularly in the excitation direction. In this case,
the fruits were stimulated harmonically at the resonance
frequency. The assembly was placed in front of a black
background with an illumination system of 180 W. The
video camera was set up using two configurations of
resolution and frame per second (fps). For excitation
frequencies lower than 100 Hz, the camera was set with a
resolution of 1280x1024 pixels and a rate of 1057 fps; and
for frequencies higher than 100 Hz was configured with
640x480 pixels and 4436 fps. The harmonic signals were set
up with an amplitude of 0.4 V defined in the shaker with an
excitation time of 8 s. Experimental setup is represented in
Fig. 5.

Furthermore, in the range from 100 Hz to 1000 Hz, the
highest resonance peaks were evidenced between 500 Hz to
1000 Hz for the FFT of velocity and voltage (Fig.6b and
Fig.6d). Also, both measurements are correlated since these
contemplate the dynamics of the fruits after 500 Hz where all
ripening stages reflected their characteristic resonance peaks.
In this case, the signals start with a high amplitude at 100 Hz
and then decrease until reaching higher amplitude resonances
that appear after 550 Hz. However, in this range, it is
possible to observe that the velocity resonance peaks shift
differently when the ripening stage changes. For instance, the
peaks of the ripened fruits appear first, followed by the
unripe and semi-ripe resonate at higher resonances. This
permits us to observe that at these frequencies the
mechanical resonances are mainly influenced by the stiffness
changes. We can conclude that the correlation between both
signals among fruits of the same ripening indicates that the
resonances correspond with the intrinsical properties of
these.
In Fig. 6a and 6b, there are star marks for the frequency
values selected used to excite harmonically in posterior
experiments; the values are listed in Table IV.
TABLE IV.

Ripening
stage
UR1
UR2
SME1
SME2
RP1
RP2

Fig. 5. Experimental setup to record high-velocity videos using a camera
CHRONOS 1.4.; during the excitation of fruits harmonically.

III. RESULTS AND DISCUSSION
A. Experimental results: Comparison between velocity and
voltage measurements

PARTICULAR IDENTIFIED RESONANCE PEAKS FOR THE
FREQUENCY INTERVAL 10-1000 HZ .

Resonance peaks
between 10-100 [Hz]
FFT
FFT
Velocity
Voltage
25.86
58.22
25.43
60.43
31.32
57.96
31.3
57.5
42.82
58.98
44.95
55.36

Resonance peaks
between100-1000 [Hz]
FFT
FFT
Velocity
Voltage
766.06
601.33
769.03
628.79
826.74
614.95
787.25
788.62
690
582.48
694.5
592.59

B. Experimental results: Vibration shape identification on
the coffee fruits

In this section, Fast Fourier Transform (FFT) of the
velocity (vibrometer laser) and voltage measurements (piezotransducer) are compared and discussed, as shown in Fig. 6.
All the signals were smoothed by applying FFT filter of 30

For visualization of the vibration shape of some fruits, an
unripe and ripe fruit (UR1 and RP2) were selected to
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1057 fps and the third one with 640x480 pixels and 4436
fps. Moreover, in the video acquired for the third frequency,
EVM algorithm was applied with an amplification factor
α =150.
For the UR1 sample, three videos were obtained at 24 Hz,
96 Hz, and 760 Hz. For the RP2 sample, the videos were
obtained at 44 Hz, 88 Hz, AND 695 Hz, respectively. Figure

acquire video sequences with the fruits tested by harmonic
excitations. For this objective, three frequencies were
chosen to visualize and recognize the vibration modes in
both fruits. The first two frequencies were selected between
10 Hz to 100 Hz, and the third frequency was selected for a
resonance identified between 600 Hz to 1000 Hz. The first
two frequencies were recorded with 1280x1024 pixels at

Fig.7. Vibration shape of the fruits through high speed videos. a) UR1 ay 24 Hz. b) UR1 at 96 Hz. c) UR2 at 760 Hz (EVM,
RP2 ay 44 Hz. e) RP2 at 88 Hz. f) RP2 at 695 Hz Hz (EVM, α =150).
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7 depicts the analysis of motion in both fruits edited from
the videos acquired. Also, in the figure, a deformation FEM
model of the fruits reported by [16] is used as a reference to
compare and illustrate the image description. In the images,
the green dashed lines represent an equilibrium position, and
the white dashed lines, the final position. The arrows
represent the displacement patterns occurred where red
indicates higher displacements, and yellow and blue indicate
medium and lower, respectively. It can be evidenced that
for the first applied frequency, both fruits (Fig.7a and
Fig.7d) present a rotational vibration shape moving like a
pendulum. In the second vibration shape, it is given as a
rotational mode induced by flexural motions where the fruit
pivots with respect to a fixed point (rotation), producing a
bending effect in the pedicel (Fig.7b and Fig.7e). In the final
vibration shape, tension-compression patterns are evidenced
in the whole fruit structure showing that it tends to expand
and contract (Fig.7c and Fig.7f). This effect also is produced
in the interface pedicel-fruit.
IV. CONCLUSIONS
This work exposed an application of high-speed video to
visualize the vibrations of coffee fruits (Coffea arabica var.
Castillo) contrasted with measurements obtained from a
laser vibrometer and a piezo-transducer. Two frequency
intervals of chirp excitation (10-100 Hz and 100-1000 Hz)
were studied. Ripening stages were classified according to a
strategy based on measurements of CIELab color of the
fruits.
The FFT of the measurements obtained (velocity and
voltage) from laser vibrometer and the piezo-transducer
evidenced that ripe fruits presented the highest vibration
amplitudes in particular frequency intervals. Between 10 Hz
to 100 Hz resonances are more influenced by the lower
stiffness (in the pedicel) and for that reason the unripe fruit
resonate first than the semi-ripe and ripe fruits. However,
from 100 Hz to 1000 Hz resonances were more influenced
by the elasticity of the fruit since ripe fruits resonate first
than the others.
Motions filmed by the high-speed camera permitted to
analyze the vibration shapes at three selected frequencies. In
first frequency both fruits vibrated like pendulum. In the
second frequency, a semi-pendular shape was presented
with a rotation point that induced bending at the pedicel.
The third shape was revealed applying the EVM method
where both fruits exhibited contraction and expansion
patterns including the pedicel location.
For selective harvesting methods based on vibrations,
frequencies between 40 to 45 Hz and close to 700 Hz,
should be evaluated. However, fatigue analysis should be
done in order to study which of both frequencies promote a
faster detachment of the ripe coffee fruits. Finally, we point
out that additional experiments with more samples should be
performed in order to evaluate deviations in the dynamic
behavior of the fruits.
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Due to the short metallic loops used for G.fast lines, the
application of G.fast technology is mainly focused on FTTdp
scenarios (Fiber To The distribution point). This scenario is
based on Remote DSLAM (fiber is connected to the DSLAM
– DSL Access Multiplexor as the distribution point) being
located close to the end users, typically up to 250 m. FTTdp is
basically an analogy to the FTTB (Fiber To The Building)
conception used for scattered buildings (households). Due to
the fact, that Remote DSLAM (FTTdp) cannot be powered via
optical fibers from the backbone network infrastructure, its
inverse powering from end-user terminals is proposed. The
G.fast conception and G.fast lines have the transmission
capability to cover all current transmission demands and
potential future requirements [2], which are typical for NGN
(Next Generation Network) [3] as well as gigabit VHCN
(Very High Capacity Network).

Abstract—Today, G.fast subscriber technology belongs to
the most advanced access network technologies used in practice
and it should be used for massive FTTx development. However,
only the narrow band of G.fast subscriber lines is ready for
practical deployment. Due to this fact, simulations and modeling
of G.fast lines based on different transmission parameters and
environment are important in order to estimate future access
networks development. For that reason, it is important to
implement additional parameters to provide more accurate and
relevant modeling and simulations of real access networks and
various types of G.fast transmission lines. This paper deals with
modeling and simulations of G.fast lines in typical twisted pairs
in industry environment. The article provides calculations and
simulations of G.fast lines for various types of metallic cables
and under different conditions, including specific profiles of
crosstalk spectral densities. Next, these theoretical simulations
are compared with real measurements, which increases the
accuracy of the modeling. These presented models can be used
to accurately estimate the performance of local networks under
different conditions in practice.

The application of G.fast technology for local metallic
loops and lines helps covering NGN demands in two possible
ways [4]. The first requirement is to increase the transmission
capacity of metallic lines, the second goal is to increase the
network and transmission reliability. In order to increase the
transmission performance of xDSL lines, two possible
scenarios can be used. The first option is to suppress the
influence of crosstalk and other disturbances in metallic lines
by using VDMT modulation (Vectored DMT). The second
way is to increase the frequency band used for the
transmission. The combination of these solutions was used in
previous generations of xDSL lines as well. One of the
requirement presented during the development of G.fast
technology was to be spectrally compatible with previous
VDSL2 lines as well as with other services and transmissions
already using higher frequency bands, such as DAB (Digital
Audio Broadcasting). To fulfill these requirements several
spectral masks PSD (Power Spectral Density) together with
the ability to additionally mask (notch) selected frequency
bands were implemented. Based on the individual
transmission parameters of the environment, the starting
G.fast frequency can either be 138 kHz, 2.2 MHz, 18 MHz or
30 MHz. The ending frequency of G.fast transmission band
can either be 106 or 212 MHz [5, 6]. The potential future
updates of G.fast could possibly use the frequency bands up
to 424 MHz or 848 MHz (called multi-G.fast). The
incrementation of network availability in G.fast lines is
achieved by the inverse powering of distribution points as well
as by the exploitation of multiple metallic lines (loops) and
phantom circuits.

Keywords— access networks, twisted pair, xDSL

I. INTRODUCTION
This article is focused on high-speed metallic lines and
subscriber lines used for Internet access in business
applications. First, the G.fast technology is described as well
as the methods of modeling and simulations of subscriber lines
and their transmission performance. Next, the experimental
laboratory workplace of G.fast is described and its results are
compared with theoretical simulations. These graphical
comparisons are focused mainly on bit allocation graphs and
the impact of vectored discrete multitone modulation
application and its crosstalk suppression ability is discussed.
II. THE G.FAST LINES
The G.fast lines belong to the 4th generation of xDSL
(Digital Subscriber Line) and their specifications re provided
in details in ITU-T recommendations G.9700 and G.9701. The
G.fast lines are designed for the applications using metallic
access lines and cables, especially for the last-mile segments
(their physical distance reach is about hundreds of meters).
Compared to the previous generation of xDSL, VDSL2 (Very
high bit rate DSL) [1], the G.fast lines have several
innovations and new conceptions implemented. The main
purpose of these upgrades is to reach higher transmission
performance compared to the old xDSL lines, such as the
transmission speed up to 500 Mbps both upstream and
downstream for metallic lines up to 100 meters. The future
multi-G.fast update should achieve 1 Gbps symmetric speed.
In order to reach higher transmission speed, it is necessary to
shorten metallic loop adequately.
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Typically, metallic lines are also used in various industrial
applications. For example, SHDSL (Single-pair high-speed
DSL) and VDSL2 lines are often used in Smart Grid
powerline networks to connect high-power switching nodes
[7]. Since the optical fibers are used in powerline networks as
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models, as well as the velocity of propagation ηVF, which can
be obtained by using TDR (Time-Domain Reflectometer)
method or direct calculations from the phase characteristics.
The parameters φ, qH, qL, qx, qy, Rs0, Z0∞, ηVF for reference
model are obtained by measurements and approximation of
characteristics.

well, their combination with G.fast metallic lines can be
potentially used too. One of the frequently used metallic
control bus, RS-485, can be replaced by the G.fast technology
as well. The Ethernet based networks can be also replaced by
G.fast lines as well, especially when these networks do not
meet the specific requirements of 5E metallic cables, such as
the line attenuation, crosstalk, reflections, etc. Additionally,
the G.fast is suitable for the network applications, in which
just a single twisted pair of a local metallic loop is available,
or the network segment is more than 100 m long (the Ethernet
twisted pair segment length specification).

The simulation program [8] allows to perform simulation
of G.fast lines. For G.fast it is possible to set up parameter,
like frequency band, PSD mask, Noise Margin etc. The
transmission environment is modelled with use of the typical
noise profiles A, B, C, D, defined by ITU-T. However, it is
also possible to use one’s own combination of different
transmission technologies. The PSD calculations (crosstalk or
the signals of interest) are under ITU-T recommendations.

III. G.FAST LINES MODELING
The modeling and simulation of G.fast lines is based on
the analytical models of transmission environments and
methods [10]. These models use specific transmission
parameters of the line and the disturbances (crosstalk) inside
the cable. Due to the extended frequency band used in G.fast
technology, standard metallic lines models such as the British
Telecom models cannot be used. Instead, the G.fast line model
is based on modeling the longitudinal impedance and
transverse admittance. The modeling of crosstalk and
disturbances is based on standard methods and techniques [8].

IV. G.FAST EXPERIMENTAL WORKPLACE
In order to validate the results provided by the G.fast
simulator, the experimental workplace provided with real
metallic cables and lines as well as transmission systems used
for FTTx, was created. The workplace contains several
various metallic cables with different transmission
parameters, which enable to validate and simulate different
transmission scenarios typical for various private network
solutions as well as for industrial applications. These metallic
cables include for example typical indoor UTP cat. 5E cables
and SYKFY cables (cat. 3) and their 100 and 305 m long
segments. Another example of the cable is TCEPKPFLE
75x4x0.4 mm cable with the lengths of 100 and 400 meters,
which is typically used in FTTx last-mile network segments
to connect the end-users to the nearest backbone network
point. The experimental workplace consists of two access
multiplexors, Remote DSLAM type ZyXEL GES2104-A55,
equipped with 4 G.fast ports. The end user terminals are
ZyXEL XMG3927-B Series Dual-Band Wireless AC/N,
which support both VDSL2 and G.fast lines and they act as a
typical home-gateway, router/switch/Wi-Fi access point. The
workplace also includes all necessary measurements tools and
equipment, such as spectral and vector analyzers, generators
of disturbances and noises (Arbitrary Waveform Generators),
etc.

The longitudinal impedance and transverse admittance for
the elementary homogenous line segment can be specified as:
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V. COMPARISONS OF SIMULATIONS RESULTS AND
EXPERIMENTAL MEASUREMENTS

(5)

Several real measurements were performed in order to
verify and validate the functionality of the experimental
workplace.

(6)

• The G.fast ports on DSLAM were set for the highest
available transmission speed of 1 Gbps, symmetric in
both transmission directions (upstream, downstream).
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• The frequency band of DSLAM G.fast ports were set
to 106 MHz, that is starting at 43rd subchannel
(2.22525 MHz) and ending at 2047th subchannel
(105.93225 MHz).

This model can be usually simplify by qc = 0 a fd = 1. After
this simplification, the transverse admittance Yp is showed in
equation:

• The transmission capacity of 1 Gbps was
symmetrically divided 50:50 in both directions
(MDS 18 parameter was selected).

= 3 ∙ 10
= 4 ∙ 10

= ∙2 ∙

∙

/

(8)

/

∙ 1+ ∙

∙

• Noise margin value (NM) was set to 6 dB.

(10)

The comparison between simulated theoretical
transmission speed and the real measured value for various
lengths of metallic line created using TCEPKPFLE cable is
presented in the table below. The parameter Measured Total

The estimation of characteristic impedance Z0∞ of a line is
also necessary for appropriate application of presented
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crosstalk influence was suppressed by the VDMT modulation.
On the other hand, in scenario no. 2, each G.fast line was
connected to different DSLAM, therefore no transmission
coordination was performed and VDMT modulation was not
active. Both scenarios used a TCEPKPFLE metallic cable
with the length of 100 meters.

Channel Capacity is the summary transmission capacity in
both directions (upstream and downstream). This summary
transmission capacity is then divided using TDD principle
(Time Division Duplex) in G.fast lines.
Tab. I containing the comparison of transmission capacity
simulated by the G.fast Line Simulator and the real
transmission speed measured using experimental workplace.
TABLE I.

In scenario no. 1, a minor decrease in transmission speed
about 2.5% can be observed compared to the scenario with
one single G.fast line in a cable. Obviously as can be seen in
scenario no. 2, when VDMT modulation cannot be used, the
impact of crosstalk noise between both G.fast lines reduces
their transmission speed more significantly. The upstream
speed (US) of both G.fast lines without the VDMT modulation
is only ¼ compared to the scenario no. 1 with full VDMT
application, the downstream speed (DS) is reduced to 1/3.

THE COMPARISON OF TRANSMISSION CAPACITY

Cable
TCEPKPFLE
l[m]
100

Measured Total
channel capacity
[Mbps]
844.5

Simulated
Transmission Rate
[Mbps]
1068

200

539.0

564.4

400

280.2

242.6

500

172.9

173.3

The results were obtained using AWGN (Additive White
Gaussian Noise) -140 dBm/Hz and average estimated code
gain value CG = 8.6 dB. It is evident that the simulated
transmission speed is about 12% higher compared to the
measured one. This is caused mainly by the redundant bits
used for FEC (Forward Error Correction) detection and
correction code bits and several bits are also used for
management and controlling messages.
VI. EXAMPLES OF OUTPUTS AND RESULTS
The simulations were performed using recommended and
standardized simulation scenarios and situations of typical
G.fast lines applications. The value of PSD (Power Spectral
Density) mask is -65 dBm/Hz starting at 30 MHz frequency
band and is falling to -76 dBm/Hz at 106 MHz.
The simulations were performed also for the scenario with
bridged taps (BT) as well as the influence of the termination
of taps, open and short taps, etc. The values in graphs were
obtained using internal diagnostic of the DSLAM. The
metallic line was UTP cat. 5E with the length of 200 m, the
length of a tap was 20 m and was placed in the middle of a
line, which is 100 meters from the begging of the line. The
following graphs contain the attenuation characteristic and bit
allocation (bits allocated for each subchannels based on the
signal to noise ratio, SNR) for three specific situations.

Fig. 1. The attenuation characteristic of the 200 m UTP cat. 5E line (blue),
the same containing a BT (open end) with length of 20 meters (red) and
the same situation with the BT with correct termination (yellow).

Fig. 1 containing attenuation characteristic provided by the
internal DSLAM diagnostic for the 200 m UTP cat. 5E line
(blue), the same containing a bridge tap (open end) with length
of 20 meters (red) and the same situation with the bridge tap
with correct termination (yellow).
Fig. 2 containing bit allocation provided by the internal
DSLAM diagnostic for the 200 m UTP cat. 5E line (blue), the
same containing a bridge tap (open end) with length of 20
meters (red) and the same situation with the bridge tap with
correct termination (yellow).
VII. TESTING OF CROSSTALK SUPPRESSION TECHNIQUES
We also performed simulations, experimentations and
testing of the crosstalk reduction abilities implemented in
G.fast, the VDMT, and its influence. In all following scenario,
two G.fast lines in one metallic cable were active, the results
are presented in Tab. II. In the scenario no. 1, these both G.fast
lines were connected to one DSLAM, therefore, their
transmission was coordinated by the DSLAM and the

Fig. 2. The bit allocation of the 200 m UTP cat. 5E line (blue), the same
containing a BT (open end) with length of 20 meters (red) and the same
situation with the BT with correct termination (yellow).
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TABLE II.
Scenario
1
2

INFLUENCE OF THE VDMT

G.fast line
no. 1
no. 2
no. 1
no. 2

US [Mbps]
426.9
431.0
105.9
96.9

ZyXEL GES2104-A55 and modems ZyXEL XMG3927-B
was presented. This workplace was used to measure and verify
the results obtained by simulations. These simulations were
performed with AWGN noise value -140 dBm/Hz and
average code gain value CG = 8.6 dB. Simulations usually
provide 12% higher transmission speed values compared to
measured values. This is caused mainly by the fact that
simulations do not use FEC detection and corrections codes,
whish decreases possible transmission capacity. The article
also deals with VDMT modulation and its suppression of
FEXT crosstalk abilities. When VDMT was active for two
G.fast lines operating in one metallic cable, the transmission
speed decreased about 2.5% only. On the other hand, when no
VDMT is used in this situation, the noise caused by FEXT
crosstalk reduced the transmission capacity of the G.fast lines
to ¼ in the upstream and to 1/3 in the downstream.

DS [Mbps]
394.9
398.6
123.8
140.7
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Fig. 3. The power spectral density of noise (QLN) for scenario without any
disturbance (blue), disturbance caused by one single G.fast line using
VDMT modulation (red) and disturbance caused by single G.fast line
without VDMT modulation (yellow).

The VDMT efficiency was also elaborated through
measuring the background noise in a metallic line channel.
This background noise was estimated as QLN parameter
(Quite Line Noise). In case there is no G.fast line active in a
metallic cable, the value of this noise is approx. -135 dBm/Hz.
In the situation with one single G.fast line being active
together with VDMT modulation (transmission coordination),
this noise increases to -122 dBm/Hz. Finally, when the
transmission of this single G.fast line is not coordinated by
VDMT, the noise raises to the value of -101 dBm/Hz caused
by the FEXT crosstalk not being suppressed by VDMT. The
following graph contains the values of QLN provided by
internal DSLAM diagnostic.
Fig. 3 containing power spectral densities of noise (QLN)
provided by the internal DSLAM diagnostic for scenario
without any disturbance (blue), disturbance caused by one
single G.fast line using VDMT modulation (red) and
disturbance caused by single G.fast line without VDMT
modulation (yellow).
VIII. CONCLUSIONS
This article deals with high speed modern transmission
systems using metallic lines and cables for Internet and
industrial applications. First, the introduction into G.fast lines
was provided, together with the techniques for modeling of
lines and simulations of their performance. Next, the
experimental workplace equipped with Remote DSLAM
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Abstract— This paper describes the design of a Genetic
Algorithm (GA) for intelligent control systems with Artificial
Neural Networks (ANNs) in the context of autonomous driving
in a model-based and verification-oriented process. First, a
summary of the state of the art is given on the use of ANNs and
GAs in control engineering. This is followed by an explanation
of the design methodology used in this paper. Then the concept
of a universal GA for the (simulation-based) training of any
common ANNs is presented. Afterwards the design of the GA is
explained in detail. Special aspects of parameterization and
algorithms are also discussed. Finally, the presented method is
validated by an example of a model-based design of a driving
function based on an ANN for automated lateral guidance.

II.

STATE OF THE ART

A. ANNs in Control Engineering
The goal of a control system is to impose a desired
behavior on a dynamic system. Control theory is a
comprehensive and well-founded field of research, which has
proven itself both in theory and in various practical
applications. Nevertheless, extreme system complexity, e.g.,
due to highly nonlinear or unknown dynamics, complex crosslinked environments, or high-dimensional state spaces, pushes
the methods and algorithms of classical and modern control
theory to their limits [1]. In contrast, methods of Artificial
Intelligence (AI), especially ANNs, in a wide variety of forms
have proven to be successful in dealing with the
aforementioned challenges. The reason for this is especially
their ability to learn. As a result, the final controller can adapt
to disturbances, nonlinearities, manipulated variable
restrictions etc. and is also robust in the actual application after
training in the design phase. [2]
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I.
INTRODUCTION
The aim of the joint project autoMoVe (Dynamically
Configurable Vehicle Concepts for a Use-specific
Autonomous Driving), funded by the European Regional
Development Fund (EFRE, ZW 6-85030889) is to develop an
autonomous, modular and electric vehicle concept. By
exchanging application-specific modules during runtime, a
variety of applications from internal goods transport to
passenger transport in road traffic will be realized
autonomously. The research focus of the Ostfalia, autoEVM
(Holistic Electronic Vehicle Management for Autonomous
Electric Vehicles), lies on the model-based development of
innovative intelligent algorithms and functions for
autonomous driving operations. Also, the research results in
this paper contribute to digitization research in Lower Saxony
within the context of the Future Laboratory Mobility, which is
funded by the Ministry of Science and Culture of Lower
Saxony as well as the Volkswagen Foundation and supported
by the Center for Digital Innovations (ZDIN).

This is due to the fact that ANNs basically form a
mathematical model to approximate the highly parallel
structure and functioning of the human brain, which is also
capable of learning and adapting. Analogous to biology,
artificial neurons j are processing units that accumulate R
input stimuli (signals) pi via weighted connections wi,j to the
so-called network infeed netj. Using a freely definable
activation function fa,j(netj), the neurons calculate an output
value aj. A neuron can have several input values but only one
output value (see Fig. 1) [3].
Through the weighted and directed connection of several
neurons an ANN is created. The neurons are typically
connected in layers. In the input layer, each input neuron is
assigned a value of the external input signal. In the input layer
no processing (accumulation and activation) takes place. Via
the weighted and directed connections, input signals are
passed on to the hidden layers. After a freely definable number
of hidden layers U, the output layer forms the external output

As a subgoal of these research projects, this paper
describes how Genetic Algorithms (GA) can be used for
simulation-based training of Artificial Neural Networks
(ANN) in control engineering applications. After an overview
of the state of the art in section II, the underlying methodology
for virtual development and validation is presented. The
approach for simulation-based training of ANNs with the help
of GAs is conceptualized in section IV and described in detail
in section V. Finally, the method will be applied and validated
in an example for automated lateral control.
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of the ANN. Additionally, a bias neuron is added to each layer,
which has no inputs and permanently outputs the value 1. The
bias neuron is also connected via weighted connections bj to
each neuron of a layer and simply added to the network input:
netj =

ΣRi=1

highest possible reward. A central point of the development is
therefore the design of the reward function, as this has a
significant influence on the behavior of the ANN.
RL does not describe a concrete algorithm for adjusting
the weights, but rather a basic learning concept. Concrete
methods, some of which are widely used, are e.g. Deep
Deterministic Policy Gradients (DDPG) [11] or state-actionreward-action (SARSA) [12]. Both have a relatively
complicated structure and are based on gradient descent
methods. Therefore, they are quite slow and tend to converge
into local optima. An efficient and effective, but still complex
gradient free alternative for RL with ANNs are e.g. Extended
Kalman Filters. [13] Another gradient free method for training
ANNs are the GAs used in [9]. These simple and universal
algorithms can often achieve better results in less time.

()

wi,j ∙ pi + bj

It serves as a variable excitation threshold. Depending on
the sign and value of the bias weights, a neuron can be more
active or more inhibited.
The properties and behavior of ANNs are determined on
the one hand by their structure, i.e. the number of layers and
neurons S, and on the other hand by their parameters, i.e. the
connection and bias weights, which are adjusted during the
learning phase. In which way the individual layers are
interconnected and whether e.g. there is feedback is an
additional influence [4]. Even if there is no general procedure
for the selection of a suitable ANN architecture, popular or
suitable architectures have emerged for some tasks [5]. In the
field of control engineering these are, among others, ANNs
with internal feedback, so-called Recurrent Neural Networks
(RNN). Their field of application ranges from light aerial
vehicles [6] to water level control [7]. But even the simplest
form of ANNs, pure feedforward networks with fully
connected layers, also called Multilayer Perceptron (MLP)
(Fig. 2), are very powerful and are therefore often used, for
example in robot manipulators [8] or automated vehicle
guidance [9].

GAs are a group of algorithms that mimic the natural
process of evolution in order to successively approach an
optimal solution according to the Darwinian principle. At the
beginning of a GA is a randomly generated collection
(population) of possible solution candidates, so-called
individuals. These individuals consist of genes, which are the
parameters to be optimized for the problem. Every individual
is used in the application and evaluated according to the basic
idea of the RL with a reward or fitness function. The higher
the fitness the higher the probability that an individual will
evolve into the next generation through selection, crossing (of
genes) or mutation. All evolutionary mechanisms are random
or probability-based. Due to the stochastic influence, finding
a global optimum is neither guaranteed nor reproducible, but
nevertheless much more probable than with the previously
mentioned approaches [1]. Due to the logical comprehensible
procedure and their structure they are almost universally
applicable and have already proven themselves in various
optimization problems. In [14] they were used, for instance, to
optimize steel hall constructions with regard to weight and
strength. They were also used in control engineering tasks, e.g.
in [1] to tune the parameters of a classic PID controller.
Examples for training ANNs are described in [9] and [15].
However, most of the contributions focus on the applications
presented therein and less on the description, analysis and
optimization of the concrete GAs.

B. Training of ANNs in control engineering
Even though ANNs are basically extremely versatile, they
can only fully unfold their potential, regardless of the
application area, in combination with powerful training
algorithms. Training or learning can be seen as an
optimization process in which the connection and bias weights
are adjusted so that the ANN shows the desired or optimal
behavior. In many areas, such as image-based object
recognition [5], supervised learning is used with remarkable
results. However, this type of learning requires training data
sets with related input and output data. Apart from a few
exceptions, where existing control systems are to be copied or
the controller is used as an inverse plant model [10], such data
is usually not available for controller synthesis [1]. Therefore,
the concept of Reinforcement Learning (RL) is used. Here the
ANN learns by itself the best possible strategy to maximize a
reward function specified by the developer. The self-learning
is done by interaction of the ANN with his environment (the
controlled system). From the positive or negative feedback of
the reward function, the ANN builds up a kind of experience
and successively adjusts the weights so that it receives the
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III.

METHODOLOGY

In RL, the ANN to be trained is used in the application and
is evaluated depending on its behavior with regard to its ability
to solve a specific task. In control design for mechatronic
systems this procedure is not very practicable when using the
real system. On the one hand, the actions of the ANN as
controller are unpredictable, especially in early training
phases, which could lead to massive irreversible damage to
persons, machines and the environment. Even if no damage
occurs, the system must be manually returned to the same
initial state after each training episode. This additionally
endangers the reproducibility of the test conditions, which is
difficult to guarantee anyway. On the other hand, real
prototypes are expensive and not always available during the
development phase. This also applies to the experts who
operate the prototype. Another aspect of machine learning in
general is the adaptability during operation. Also, this
requirement is usually hardly realizable with real prototypes.
Depending on the complexity of the control and the
experience of the developer, many training episodes are
needed until the ANN is fully trained and tested. To update the
code manually after each training episode is unimaginable.
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Even independent of ANNs and RL, the complexity of
mechatronic systems is constantly increasing due to the higher
degree of internal and external cross-linking and the
increasing number of intelligent and powerful hardware and
software components. In order to handle the system
complexity and to detect and avoid errors at an early stage
when designing information processing, a holistic, structured
and model-based design methodology is indispensable. In
mechatronics research as well as in research and development
of intelligent vehicles, the consistent model-based
development methodology based on Rapid Control
Prototyping (RCP) and Model-in-the-Loop (MiL), Softwarein-the-Loop (SiL) and Hardware-in-the-Loop (HiL)
simulations has therefore been established. [16] All these
methods are based on function-oriented physical models of the
controlled system. The control function is then also designed
in the simulation depending on the system behavior and
validated in MiL simulations at an early stage. To avoid the
error-prone process of manual programming, the model and
the control function are developed in block diagram-based
programming languages. The target code of the function,
which is then automatically generated, is again tested against
the plant model in SiL simulations. HiL-simulations are used
for further validation and optimization of the information
processing with real-time capable simulation models and real
components of the system to be controlled.

Genetic Algorithm

Environment
controlled system

states
interaction
system environment

Fig. 3. Concept for training ANNs with GAs for control
engineering tasks

in Fig. 3. The system under consideration no longer consists
only of agent and environment. An external setpoint input,
typical for control engineering, was added, which determines
which variable the agent resp. the ANN as controller should
adjust depending on the system states. The action or
manipulated variable calculated by the agent affects the
system to be controlled. This system interacts with its system
environment and vice versa. In terms of RL these two
components form the environment and return their current
states to the agent. The agent in turn consists of the actual
controller, i.e. the ANN and the learning or training
framework. As the name suggests, this part is only used during
the training phase and not in the subsequent application phase.
The training works iteratively. The single individuals are used
and evaluated one after the other in the application or
simulation. Then an evolution process takes place and the
simulation and evaluation phase starts again. For the
evaluation of the behavior, relevant signals from the states of
the environment are selected and fed into the fitness function
designed by the developer. The result of the evaluation are
fitness values for each individual. The GA itself then creates
a new generation of individuals by applying evolutionary
mechanisms.

This methodology supports the development process not
only in the particularly challenging task of validation but also
in training in the context of RL. It addresses the above
mentioned weaknesses of the classical validation based on
physical prototypes. Due to their virtual character, MiL, SiL
and HiL simulations save time and costs. They enable tests
that can be performed and reproduced at any time without
direct dependence on physical prototypes, time of day or
human experts. Moreover, damage in the real world is
avoided. Virtual development methods like these are the basis
for many intelligent systems such as highly automated
vehicles. With prototype-based tests, the several hundred
thousand test kilometers required would not be possible [17].
Consequently, the GA presented in this paper focuses on the
training of ANN in a simulation environment. In principle, the
GA is platform independent, but some aspects, such as the
calculation of fitness values, are specifically designed for
simulations. The ANN in the final example in section VI is
also designed in a simulation-based manner.

For each evolutionary mechanism numerous algorithmic
implementations exist in the literature [19]. Due to the analogy
to the natural competition of random individuals, the genetic
diversity in tournament selection is significantly better than in
the widely used roulette selection. This allows the further
development of inferior individuals, but in the long run it
strengthens the exploitation. In tournament selection, each D
individuals compete in P tournaments. D is called tournament
size. P is the so-called population size and describes the
number of individuals in a population. The individuals with
the highest fitness from each tournament evolve into the socalled parent population. This population is the basis for the
crossing of two randomly selected parent individuals. In
single-point crossover, the first half of the genes from one
parent are recombined with the second half of the second
parent. This creates two child individuals with the contiguous
gene halves of their parent individuals. For a better
exploitation in the whole population it is therefore useful to
randomly choose the recombined genes for each parent pair.
This procedure is called multi-point crossover. There are also
numerous algorithms for mutation, such as the uniqueness

IV. CONCEPT OF THE GA FOR TRAINING ANNS
From the explanations in section II it is clear that ANNs
are very well suited for control engineering tasks due to their
adaptability and performance even when dealing with
complex systems. In this context, they can develop their selflearning character especially with RL-algorithms. Compared
to classical RL algorithms, such as DDPG or SARSA, GAs
are gradient-free and therefore faster. Their logically
comprehensible process as well as the stochastic influence
also offer a higher probability to achieve a global optimum for
the weights of ANNs. For reasons of time, safety and cost, the
training and testing process should take place in the
simulation. In this GA an individual is represented by one
ANN. The genes of the individuals are the connection and bias
weights of the ANNs.
According to the well-known basic framework of RL [18],
a general concept for the training of ANNs with GAs for
control engineering applications was developed and illustrated
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mutation, where a randomly selected individual is mutated to
be unique in the current generation. At first glance, this seems
to be an advantage, because a "real" exploration of the search
space takes place. But if one chooses random genes of random
individuals and initializes them again randomly, there is a very
high probability that the result is also a unique individual.
However, this so-called uniform mutation is much more
careful, because usually only single genes of individuals are
changed. Thus, a large part of the learning success is
preserved.

Once the basic properties have been defined, the actual
training process can begin with the random initialization of the
population. This is then used and evaluated individually for
each individual in the simulation. If an individual already
exists in the initial population that meets one of the defined
termination conditions, the training can be stopped. The best
individual in the population is identified and can then be
tested. If the termination conditions are not met, an
evolutionary cycle is performed. The evolutionary
mechanisms selection, crossing, mutation and elitarism
described in detail in section II.D are applied to the population.
Afterwards, a new simulation and evaluation cycle starts,
followed by a check of the termination conditions. This cycle
is repeated until at least one termination condition is fulfilled.

After the developed concept has been explained, the next
section contains the description resp. the design of the
concrete GA for the training of ANNs.
V.

DESIGN OF THE GA

B. Encoding
The encoding describes the mathematical representation
of the ANNs for the GA. An algorithmic encoding is
indispensable for the design of a general GA for training
ANNs. The encoding should support all common ANN
architectures regardless of their number and size of layers. As
described in section IV, one ANN forms an individual. The
connection and bias weights represent the genes. It is therefore
useful to store all genes of an individual in a certain order in a
row vector x with the dimension (1 × Q). Where Q is the
number of weights in the ANN. To calculate Q, all neurons
must be numbered as shown in Fig. 2. The total number of
neurons is S. The number of neurons per layer k is Sk. The
input layer has the index k = 0, the number of hidden layers is
U, so the index of the output layer is k = U +1. Q is composed
of the sum of the connection weights Qw and the bias weights
Qb. For Qw, the number of outgoing connections is summed
layer by layer for each neuron j. The factor tk describes
whether the considered neuron has connections to layer k.
Thereby the own layer of j (k = j) can be considered too:

A. Sequence of the GA
The scheme shown in Fig. 4 shows the GA sequence
similar to the general procedure in accordance to [14]. At the
beginning there is always the definition of the population
properties. Based on the control engineering task and the
information derived from it, such as value ranges of the
weights, interfaces and architecture of the ANN, the
optimization problem for the GA can be formulated. Among
other things, this includes the encoding, i.e. the decision in
which (mathematical) form the ANNs are presented to the
GA. In addition, quality criteria and termination conditions are
derived from the requirements of the task. The quality criteria
are used on the one hand to select the observation variables
and to set up the fitness function. On the other hand the
definition of termination conditions is necessary, because
otherwise a GA runs infinitely in analogy to nature.
Termination conditions are thus both a mathematical
formulation of the requirements and a means to limit the
iterations if no optimal solution is found. The choice of the
maximum number of generations belongs to the definition of
population characteristics just like the definition of other
general GA parameters. Other general parameters include e.g.
population size and crossing rate.

1
tk = {
0

Definition
of population characteristics
Initialization
of the initial population

Qw = ΣSj=1 ΣU+1
k=0 Sk ∙ tk

Simulation and evaluation
of individuals

Evolutionary
Mechanisms

Determination
of the best individual

()

Since each neuron in the hidden and the output layer has a
bias weight, only the number of neurons Sk is cumulated for
each of these layers:

Termination condition
fulfilled?
no

Qb = ΣU+1
k=1 Sk

Selection
of the best individuals

()

The arrangement of the weights in the row vector x is done
neuron- and layer-wise. First, all connection weights of the
neurons of one layer are stored in x. Then the bias weights of
this layer follow. After this, all further layers are continued
with this procedure. Fig. 5 shows an example of how the
encoding of an individual x looks like for a specific ANN.
Since every ANN within the GA must have the same structure,
an entire population can be represented as a collection of
single individuals in a matrix X with the dimension (P × Q).

Crossing
of random individual pairs

Mutation
of random genes
Elitarism
to keep the best individuals

End

Fig. 4.

()

Thus, as usual, it is assumed that all layered connections,
if a connection is existent, are always fully connected, no
matter in which direction. If you want to model an ANN with
layers that are not fully connected, the corresponding weights
must be set to 0 afterwards. The connections of j are now
checked and added layer by layer. This process is repeated for
all S neurons:

Start

yes

connection
no connection

Sequence of the designed GA
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A high crossing rate promotes a better investigation of the
known search space by increasing recombination of the genes,
but this can lead to convergence into a local optimum. With
the mutation rate, the situation is reversed. It promotes the
exploration of the unknown space. If it is set too high,
however, it can lead to a loss of already found good solutions.
To prevent this and to preserve at least the best individual in
each generation, there is additionally the mechanism of
elitarism. Strictly speaking, elitarism is part of selection, but it
is nevertheless a separate evolutionary mechanism. Similar to
the selection rate, a too high rate of elitarism leads to a loss of
diversity and thus finally to stagnation of the GA. Similar to
the definition of the quality criteria, these influencing
variables are strongly dependent on the optimization problem.
Thus, there is no universal GA. Reference values can be found
in the description of the application example in section VI as
well as in literature.
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Fig. 5. Encoding of an exemplary ANN as an individual in the GA
with Q = 9

C. Definition of Population Characteristics
The first step after encoding is the mathematical
formulation of the quality criteria, i.e. the design of the fitness
function and the definition of the termination conditions.
Since these quality criteria always depend on the concrete
task, it is not possible to give a general scheme for this. In fact,
this is where the highest development effort lies in the area of
RL. However, it can be said that termination conditions and
fitness function should be chosen intuitively so that positive
behavior is rewarded and negative behavior is punished with
a negative reward. For classical control engineering tasks it is
advisable, for example, to penalize the control deviation as
well as the manipulated variable in order to design a fast,
stable controller with high accuracy and damping. In the same
fitness function, the ANN could be rewarded if the controlled
variable lies within a defined tolerance band around the
setpoint. When designing the fitness function, it should also
be taken into account that it increases monotonically during a
training episode to improve the optimization process [1].
Another influencing variable that is more related to the task is
to define the range of the weights. In general, this is
independent of the GA, but the search space for optimization
shrinks for smaller ranges. Therefore, it is often useful to
define the weights in the range {wi,j ∈ ℝ | -1 ≤ wi,j ≤ 1} resp.
{bj ∈ ℝ | -1 ≤ bj ≤ 1}.

In order to detect the mentioned problem of stagnation at
an early stage, it makes sense to integrate a stagnation check
as termination condition in the GA. This can be used to check,
for example, how fitness has developed over the last few
generations. If it has continuously decreased, remained the
same or increased only minimally, stagnation exists and the
GA can be terminated early. After a new parameterization a
new cycle can be started.
D. Evolutionary Mechanisms
a) Tournament Selection
The algorithm for tournament selection is shown in Fig. 6.
Basis of the evolution process is the population
Xδ = [x1 , … , xq , … , xP]T of the current generation δ. For each
individual xq contained in the population a fitness value fq is
calculated
and
stored
in
the
fitness
vector
F = [f1 , … , fq , … , fP]T. After choosing a tournament size D
the tournament matrix is generated. It contains (P × D)
randomly selected individuals, which are compared by rows
according to their fitness. From each row a winning individual
with the highest fitness is determined. This winning individual

The actual influencing variables of the GA are population
size, selection rate, crossing rate, mutation rate and the
elitarism rate individuals. Except for the population size, they
all describe the probability with which the individual
evolutionary mechanisms are applied to the population.
Ultimately, they determine the approximate proportion of new
individuals in the new population that will be evolved by the
respective mechanisms. The influence of these mechanisms is
described in the following section. When choosing the GA
parameters, there is always a conflict of goals between
exploration and exploitation of the search space for
optimization. For example, a large population size increases
the genetic diversity and thus also the exploration of the search
space. A small population size, however, promotes
evolutionary optimization and thus exploitation. The selection
rate describes less how many of the best individuals will
evolve into the next generation, but rather which ones are
selected based on probability. This means that a high selection
rate leads to the best individuals being more likely to be found
in the next generation. In the extreme case, this consists only
of the best individual of the current generation. This
contradicts the idea of diversity to find the best solution by
crossing. But if the selection rate is too low, good individuals
and thus the evolutionary progress are lost. In the case of
tournament selection, the selection rate corresponds to the
ratio D/P, where usually only the tournament size D is given.

function tournamentSelection(Xδ , F , D , P)

1
2
3
4
5
6
7
8
9
10

% input: population Xδ of the generation δ
% input: fitness values F of the individuals xq
% input: tournament size D
% input: population size P
% output: parent population XδD
% definition of the dimension and range of the
tournament matrix
dimension ← (P × D)
range ← [1 , P]
% random selection of individuals, which are
compared by rows
tournamentMatrix ←
randomIntegers(dimension,range)
% determination of the winner individual for
each row
winnerIndividualVector ←
indexRowMax(F(tournamentMatrix))
% hand over winner individuals to the parent
population
XδD← Xδ(winnerIndividualVector)
return XδD

Fig. 6.
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is then copied from the current population Xδ into the so-called
parent population XδD, which is passed on to the next
evolutionary mechanism (multi-point crossover).

explore the unknown search space without losing previous
successes, the uniform mutation is now applied to XδC. Similar
to the multi-point crossover, a uniformly distributed random
matrix is formed in the interval [0,1] and dimension (P × Q).
If the elements are lower than the mutation rate M, the
corresponding genes are mutated, i.e. re-initialized in the
specified value range W. The corresponding genes are simply
replaced in XδC. As described in Fig. 8, this results in the
mutated population XδM.

b) Multi-Point Crossover
In multi-point crossover according to Fig. 7 the parent
population XδD serves as the basis, since this already
represents a pre-selection of good individuals. The preselected gene pool is now further optimized by crossing
random genes of randomly selected parent pairs to exploit the
search space in the best possible way. For this purpose, two
parent matrices with the dimension (P/2 × Q) are created,
which contain the genes of randomly selected individuals
from XδD row by row. Then two matrices are initialized for the
child individuals. The crossed genes are selected by a random
matrix with the dimension of one parent or child matrix. Each
element of the random matrix lies in the interval [0,1] and is
then compared with the crossing rate C. If the respective
element is smaller or equal to C, a logical 1 ("true") is written
into an intersection matrix, otherwise a 0 ("false"). The
crossing matrix now contains the information which genes of
the first and second parents are recombined. The first child
individuals get all genes of the first parents marked with
"true". The remaining genes come from the second parents.
For the second children vice versa. The first and second child
matrices then together form the child population XδC with the
original dimension (P × Q).

d) Elitarism
The last evolutionary mechanism is elitarism. Because of
the stochastic influence of the GA there is no guarantee that
the next generation will perform as well or better than
individuals of previous generations. In order to at least
maintain the level of the current generation, elitarism passes
the best E individuals of the current generation directly into
the next generation. With E = P the whole generation is
transferred, with E = 0 no elitarism takes place. The
individuals preserved by elitarism replace the mutated
individuals at the point in XδM where they were previously in
Xδ (Fig. 9). After all evolutionary mechanisms have been
completed, the population of the next generation Xδ+1 has been
created. According to Fig. 4 a new iteration cycle can start
with the simulation and evaluation of the current generation
until a termination condition is fulfilled.
VI.

c) Uniform Mutation
The child population is a pre-selected and recombined
gene pool to exploit the known search space. In order to

Although the GA described in sections IV and V was
designed specifically for training ANNs, it can basically be
used universally with appropriate encoding. Nevertheless, the
GA was used in an example application to train an ANN for
the self-learning of automated lateral guidance. The ANN
serves as a controller for a vehicle that is supposed to navigate
on any track. To model the behavior of the vehicle as a system
to be controlled, a linear single-track model is used.
Automatically generated routes according to German federal
guidelines form the system environment. These tracks
represent realistic trajectories including a safe area with a total
width of 3.5 m. The position and orientation within this socalled trajectory tube are perceived by the vehicle using a
virtual sensor. Eleven lines in an angular range of ±40 ° and a
radius of 8 m detect intersections with the trajectory tube. In
addition, they measure the distance from the detected
intersection point to the sensor mounting point at the front of

function multiPointCrossover (XδD , Q , C , P)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
21

% input: parent population XδD
% input: number of genes Q
% input: crossing rate C
% input: population size P
% output: child population XδC
% definition of the dimension and range of the
parent matrices
dimension ← (P/2 × Q)
range ← [1 , P]
% randomly choose parent pairs
firstParents ← XδD(randomRows(range))
secondParents ← XδD(randomRows(range))
% initialize child individuals
firstChildren ← zeros(dimension)
secondChildren ← zeros(dimension)
% determine which genes are crossed
% all genes with a logical 1 will be crossed
randRange ← [0,1]
crossID ← rand(dimension,randRange) ≤ C
% transfer genes to children
firstChildren(crossID) ← firstParents(crossID)
firstChildren(¬crossID) ←
secondParents(¬crossID)
secondChildren(crossID) ←
secondParents(crossID)
secondChildren(¬crossID) ←
firstParents(¬crossID)
XδC ←[firstChildren;secondChildren]
return XδC

Fig. 7.

APPLICATION: AUTOMATED LATERAL GUIDANCE

function uniformMutation (XδC , M , W , Q , P)

1
2
3
4
5
6
7
8
9

% input: child population XδC
% input: mutation rate M
% input: value range of the genes W
% input: number of genes Q
% input: population size P
% output: mutated population XδM
% determine which genes are mutated
% all genes with a logical 1 will be mutated
dimension ← (P × Q)
randRange ← [0,1]
mutID ← rand(dimension,randRange) ≤ M
% mutation of genes
XδC(mutID) ← initGenes(W)
XδM ← XδC
return XδM

Fig. 8.

Multi-point crossover algorithm
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function elitarism (XδM , Xδ , F , E)

1
2
3
4
5
6

% input: mutated population XδM
% input: population Xδ of the generation δ
% input: fitness values F of the individuals xq
% input: number of elite individuals E
% output: population of next generation Xδ+1
% determine the E best individuals from Xδ
bestIndividuals ← indexEMax(F,E)
% replace mutated individuals with best
individuals
XδM(bestIndividuals) ← Xδ(bestIndividuals)
Xδ+1 ← XδM
return Xδ+1

Fig. 9.

Elitarism algorithm

Fig. 10. Exemplary simulation result of the application example

the vehicle. These eleven sensor values are transferred to the
agent, i.e. the ANN, which has the task of calculating the
corresponding steering angle. As a driving function, the ANN
should show natural steering behavior without permanent
oscillations with large amplitudes.

80 % : 20 % (transverse deviation : steering angle change)
shows the best driving behavior according to the
requirements. This ANN trained with GAs is the result of the
model-based design of a function for automated lateral
control. Training and testing of the designed ANN were
always performed at a constant vehicle speed of 50 km∙h-1, on
tracks up to a length of 800 m. In order to verify the developed
driving function more comprehensively, additional tests were
carried out on significantly longer routes at random but
constant speeds. It was shown that the ANN generalizes in a
speed range from 30 bis 79 km∙h-1. For further details about
this driving function refer to [1]

In a preliminary experiment, the ANN architecture was
empirically determined. In order to keep the computational
and training effort low, pure Feed Forward Networks were
used and only the number and size of layers were varied. To
achieve an optimal solution, a suitable GA is also elementary
in the preliminary experiment. In the fitness function, for
example, pure progress on the track, without consideration of
lateral deviations or oscillations, was initially rewarded. After
extensive testing and intensive research, the following value
ranges (TABLE I. ) for the general GA parameters were
identified and selected:
TABLE I.

VII. SUMMARYAND OUTLOOK
In this paper the design of a universal GA for the
simulation-based training of any common ANNs for control
engineering tasks was presented. At the beginning an
overview of the complexity of modern control systems was
given and the advantages and challenges of the use of ANNs
and RL resp. GAs were pointed out. As a suitable approach to
meet the mentioned challenges, the underlying method for
model-based design and validation was introduced.
Afterwards the concept of the GA was presented and
explained. Then the realization and design of this concept was
described in detail. Thereby, processes, special
parameterization features as well as the concrete algorithms
were presented. Finally, the design was applied and validated
in an example application for automated lateral guidance.
Interesting future work steps include intensive comparisons
with other gradient-free optimization algorithms, such as
Particle Swarm Optimization or Ant Colony Optimization.

PARAMETERS OF THE GA USED IN VI

Parameter

recommended

chosen

Population size P

25 – 250

50

tournament size D

5-15 % of P

5

crossing rate C

50-95 %

90 %

mutation rate M

0.5-3 %

1%

number of elite individuals E

0-2 % of P

0

The resulting ANN has eleven input neurons (sensor
values), one hidden layer with four neurons contained therein,
and one output neuron (steering angle). After the GA
parameters have proven to be successful in the preliminary
test, they remain as defined in TABLE I. . In the next step only
the behavior of the ANN has to be optimized accordingly. This
is done by adjusting the fitness function. The ANN should
keep the vehicle in the middle of the trajectory tube without
any oscillations. In the first consequence it is therefore
reasonable to penalize the deviation from the center of the
trajectory tube. In addition, in order to avoid oscillations of the
steering angle, large steering angle changes at the steering
wheel > 60 °∙s-1 are penalized. Slower steering angle changes
are necessary to maneuver the vehicle in curves and will
therefore not be penalized. The weightings of the two
mentioned penalty terms among each other have also been
determined experimentally. Exemplary partial results with
different weightings are illustrated in Fig. 10. Shown are the
lateral deviation a), the steering angle b) and the steering angle
speed c) over the x-coordinate of the track. It can be seen that
the yellow curve with a weighting of the penalty terms of
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Abstract — The current trend for road transport is the
transition from fossil fuels to electric drives, which is
associated with the use of Li-on batteries. The role of BMS
(battery management system) is necessary for correct and
safe operation of the battery. This task can in principle be
categorized into several sub-parts - power interface
electronics, monitoring analog front-end (AFE) circuits,
communication peripherals and a central control unit
equipped with the appropriate software. The battery
management system is used for continuous dynamic
monitoring of the flow of electricity and is implemented by
supporting circuits of the BQ769x0 series. The choice of a
specific circuit mainly affects the variable series
combination of cells. The single-processor control unit,
outside its energy-saving operating phases, reads the
operating information from the AFE circuits with the
required period, which is processed by the implemented
algorithms. The principle of advanced control requires full
control over the connected Li-Ion cells, which are initially
thoroughly mapped by the first operating cycles. The central
control unit must have an options for recording operating
data on the MMC, service USB communication and wireless
connection via a Bluetooth module for service tasks.

the

ongoing

processes

of

its

aging.

Figure 1: Continuity of BMS function blocks [4]
II. MONITORING ENERGY IN BATTERY
There are many different approaches to BMS electronics
design depending on the specific requirements of the end
applications, however, most of them focus only on the cell
balancing functions and the mentioned SoC estimates. A
small number of them then present BMS research from a
more global perspective, showing the whole design of a
distributed structure to achieve better modularity and
portability. The trend to direct BMS to design intelligent
systems that include areas of research into artificial
intelligence used to estimate remaining battery capacity is
gradually intensifying in electronic vehicles. Adaptive and
predictive BMS based on heuristic models are particularly
important for large batteries in electric vehicle applications
and in the future in smart grids. The BMS is designed on the
basis of a seventh order for a model with a simple battery
with a diffuse electrolyte and temperature-dependent
parameters that use the interaction of the lithium-ion cell
response with temperature, focusing efforts on accurate SoC
estimation..

Keywords — Battery Management System, Li-Ion
Battery, Active Cell Balancing, Batteries, State of charge,
Voltage measurement

I. INTRODUCTION
A battery management system (BMS) is a specific
hardware system equipped with software that monitors and
controls the operating conditions of the battery in real time,
thus extending its life, ensuring safety and providing an
estimate of the remaining value of capacity. In order for the
BMS to fulfill the stated goals, it approaches the individual
cells in a battery unit separately. The battery's ability to store
energy gradually decreases throughout its life, an indicator of
deterioration compared to the original capacity is the State of
Health (SoH) parameter. The remaining life, whether in units
of time or the number of discharge cycles, is defined in the
English literature as Remaining Useful Life (RUL) until the
battery reaches the end of its life - End of Life (EoL). In
order to increase the efficiency and safety of the battery, the
BMS must be a very reliable and accurate device that can
predict SoC, SoH, RUL, capacity and performance from
continuously measured electrical and non-electrical values.
The estimated SoC parameter can be described as one of the
most important in BMS, however determining its current
exact value remains a challenge due to strong nonlinear and
complex electrochemical reactions in the battery and also

978-1-7281-5602-6/20/$31.00 ©2020 IEEE
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A. Methods for estimating SoC
State-of-charge estimation is the most important aspect of
a battery management system, which is one of the key
features of the higher classes of BMS systems used
especially in battery-powered electric vehicles. The SoC
parameter represents the available capacity of the battery,
which can be actively worked with, without underdischarging or overcharging the cells and thus optimizes its
life. There are many different methods for designing SoC
estimates, however, their classification is not easy, as most
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approaches are based on combinations of two or more
methods and involve a number of heuristic or deterministic
mathematical tools. In practice, it is possible to rely quite
successfully on a combination of methods for measuring the
voltage of the Open Circuit Voltage (OCV) and Coulomb
Counting (CC). It is common for these methods to correct
their initial estimate continuously during energy transfer as
they may suffer from certain inaccuracies. There are
combinations of OCV algorithm methods and dynamic load
detectors with the key function of the CC method extended
by the Kalman filter algorithm (REKF). These combinations
deviate from the classical spectrum of method classification
and therefore two new representative categories of direct and
indirect SoC estimation with expert subcategories
summarizing current development trends are expertly
proposed.

[2]
The OCV method continuously measures the partial
stresses of the cells, which are then compared with a defined
table. The pre-calculated SoC values correspond to the
specific OCV values. This method requires in practical
applications an increased accuracy of sensor resolution and
sufficient time is needed for stabilization. The OCV method
can return very accurate values of the state of charge of the
battery, however, due to the mentioned time requirement for
stabilization of chemical reactions it cannot be used in real
time. The OCV - SoC relationship also differs between
individual cells and therefore the method must not perceive
the battery as a whole and the value must be recalculated for
each cell individually. The OCV method, along with other
adaptive methods, is used in noise filtering to initially
calibrate the CC method.

B. Direct methods - Coulomb charge calculation (CC)
The SoC parameter represents the available capacity of
the battery, with which it is possible to actively work without
under-discharging or overcharging of the battery cells and
thus at the same time optimizes its long-term life.
Coulomb Counting (CC) is standardized in the industry
as a representative method for SoC estimation. At present,
this is the most widely used method, which is more generally
known as ampere-hour (Ah) from the marking of galvanic
cells. The CC method defines the SoC parameter integrally:

100%

(1)

where SoC (t0) is the initial value of SoC, Cn is a
nominal capacity and Icell is the value of the passage of the
discharge or charging current. The Coulomb charge is
calculated using the time integral of the discharge and
charging current, where knowledge of SoC is required. The
CC method is computationally and feasibly simple but it
carries with it problems arising from inaccurate initial values
and permanent accumulation of errors. Sensor errors, noise,
wide resolution with rounding and other sensing or
computational factors lead to a gradual loss of accuracy
therefore supporting algorithms are necessary. The initial
value of SoC may not even be known in practice and we can
only define it correctly if the battery system is in
thermodynamic equilibrium. If the initial SoC value is
inaccurate, all subsequent estimates are affected in turn and
the calculation ceases to correspond to the actual values.
Although the CC method remains very popular in design
systems it is often supplemented by other techniques for
more accurate SoC estimation.

Figure 2: OCV vs. SoC during charging for various cells of
the same series
D. Models-Single Particle Model SPM
The single particle model (SPM) is a model that is
derived directly from the equations of chemical reactions. It
is based on two particles that represent electrodes. The
derivation and naming of the model itself is based on one
particle that forms the electrode. It is assumed that both
electrodes are equally large spherical particles. The model
consists of a system of differential equations and a set of
parameters. The parameters of the model can be determined
by microscopic analysis. Other parameters that enter the
model are cell capacity, rated voltage and temperature. SPM
is characterized by the ability to model cell degradation
based on the loss of lithium ion concentration. [2]
E. Models - Preisach model
The Preisach model is a model designed to model
hysteresis phenomena. Its principle is based on E. Preisach's
knowledge of magnetism. Therefore, its individual cells are
rectangular hysterons. Since the model was found to be a
general model by later research, it is possible to use it in the
field of modeling battery conditions.

C. Direct methods – Open Voltage Circuit (OCV)
SoC estimation methods based on open circuit voltage
measurements store the characteristic values of OCV curve,
typically in the form of look-up tables. Inverse approaches
interpolate values to obtain smooth waveforms or use cell
models.

The Preisach model in its basic form is described by an
integral equation
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U (t ) =  μ (Cu , Cd )γ (Cu , Cd )C (t )dPT ,
PT

where

μ (Cu , Cd )

indicated active filter for the fourteenth (e.g. defective) cell.
The output of the filter is short-circuited by means of a
jumper, which ensures that the cell will no longer be used. If
it is damaged in a way that leads to an excessive increase in
internal resistance it is necessary to bridge such a cell
externally so as not to degrade the properties of the entire
battery. The technique of reducing the number of battery
cells can be applied analogously to other missing or nonfunctional cells over time. When installing BMS with
electronic components, the functional application with the
battery configuration for which it is intended is often
predefined. The limitation of the number of cells in these
cases is typically done primarily at the hardware level.
Schematic wiring captures a cutout of AFE balancing
circuits, analogously following the number of BQ769x0
circuit channels.

(3)

is a model weight function, which

determines the course shape of output values, γ (Cu , Cd ) is
the operator, who determines the switching of individual
cells between their two states. C (t) is the input capacity that
says how much energy is currently stored in the accumulator
and the whole is integrated over the area of the Preisach
triangle that is defined

min(Cu ) = min(C d ) ≤ C (t ) ≤ max(Cu ) = max(C d ), (4)
where Cu and Cd are the values of switching up and down
for elementary cells and at the same time correspond to the
geometric position in the plane of the Preisach triangle.
As can be observed from the equation 3, there is a single
parameter that affects the shape of the charge and discharge
curves, and thus the weight function μ (Cu , Cd ) . Therefore,
the weighting function must be different for different battery
temperatures and different degrees of SOH. The
disadvantage of this model is that we need a set of weight
functions which are relatively complicatedly gained.
It can be seen in the Figure 3 that the Preisach model
models the individual loops for different degrees of
discharge and charge well. These data were used as input to
the model because they were used to determine the weight
function and thus correspond to the current state of the
article. Each additional measurement leads to further
degradation of the battery and thus to a change in the shape
of the charging and discharging hysteresis curves..

Figure 4: Configuration of upstream balancing circuits
A. Balancing voltage levels
Balancing the voltage levels of the individual battery
cells can be achieved in principle in several ways. DC / DC
converter systems, which dynamically transfer energy from
more charged cells to weaker ones, are very efficient, but
also electronically demanding. This balancing principle is
used mainly by applications associated with large battery
modules in which it makes sense to consider the overall
energy efficiency. BMSs with a purely dissipative balancing
character are much more common for a wide range of use
not just in terms of price. The current development of
electronics described in the following texts will follow this
path.

Figure 3: Comparison of Preisach model with experiment

III. BATERY INTERFACE BQ76940

Dissipative balancing of cells is principally controlled by
software algorithms of parent systems. There is usually a
user choice where the cells can be balance according to the
focus of the application. In general, the stored energy is used
sparingly and balancing occurs only during the charging
process. If we consider battery cells of the same series of the
given manufacturer their parametric conformity in the area of
capacity and internal resistance is largely guaranteed. A
series combination that does not exhibit significant inter-cell
voltage dis-balance does not even need to supply high

The BQ76940 circuit provides support for the separate
operation of nine to fifteen series-connected Li-Ion cells and
includes current measurement and other associated
protections. A modular chaining method is offered for large
battery systems but that is not necessary for this application.
Conversely, a lower battery configuration can be achieved by
connecting the inputs of the respective interface pins, as
shown in the Figure 4. The figure depicts an electronics
configuration with a full range of fifteen cells and the
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balancing currents and therefore the BQ76940 circuit allows
a 5 mA ICB for each channel. Its value is defined by the
configuration of RC resistors, with a value ranging from
500 Ω to 1 kΩ. Balancing therefore takes place passively
where a constant power heat loss is generated on the
mentioned resistors.
The design of electronics can also be extended for
applications that work for various reasons with a higher risk
of operating cells with unstable parameters or with highcapacity cells. In extreme cases, voltage level equalization
can be activated even outside the normal charging cycle,
therefore in the longer term currents in the order of tenths of
an ampere can also equalize even considerable battery
blocks. The extended electronics configuration for higher
discharge currents is shown in the Figure 5. Labels O1 to
O15 are the original bidirectional inputs to the BQ76940
circuit, which cyclically measure the voltage of unloaded
cells in OCV mode and then open, in case of detected
voltage disbalance, a corresponding associated mosfet with
hardware-specified load.

Figure 6: Block continuity of BQ series circuits [3]
V. DISCUSION
the batteries, is gaining in importance with the everexpanding use of electric cars. This parameter is determined
in many different ways, which can differ significantly in the
possibilities of use, e.g. OCV can not be used while driving
or immediately after.
VI. CONCLUSION
The main task of BMS is to manage cells in battery-pack,
for which there are circuit solutions that reliably monitor the
operating parameters of batteries (overvoltage, under
voltage, overcurrent charging / discharging and temperature
parameters). In principle, this is to protect the battery from
dangerous operating conditions. The problem of determining
the amount of remaining energy stored in the battery-pack is
very complicated. There are many possibilities for
determining such value but each suffers from certain
shortcomings and therefore it is necessary to combine several
methods in an appropriate way. The most important goal of
the project was to develop our own HW, which will allow us
to test OCV/SoC algorithms through data extracted from
AFE circuits. Free access to FW allows experimental
development and subsequent implementation of new
sophisticated mathematical models.
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analysis reveals the frequency characteristics of the gyroscope.
The gyroscope resonators with (111) silicon were fabricated.
The paper illustrates the layout adjustment and reduces the
frequency split from 70Hz to 20Hz, which was consistent with
the electromechanical coupling simulations.

Abstract—The paper presents the frequency characteristics
of silicon gyroscope with cyclic symmetry architecture. The
conditions of existence about degenerate modes in cyclic
symmetric structures were discussed, which broadens the
potential structural designs. For the n=8 cyclic symmetric
patterns, which are the most common applications, 2θ and 3θ
modes are degenerate, and there is a non-degenerate solution for
4θ modes. Isotropic materials are also not necessary due to
structural patterns also appear periodically. However, the
crystalline cycle period is required to be consistent with the
structural cycle period. The spectral responses at both the
stiffness axis and non-stiffness axis were conducted. The layout
adjustment reduces the frequency split from 70Hz to 20Hz with
0.05 degree spoke rotation, which is consistent well with the
simulations. The electromechanical coupling model with
electrostatic stiffness effect was used to simulate the frequency
splits compensation. For the structure, 75 volts bias voltage is
required for tuning 70 Hz frequency split.
Keywords—silicon-based
frequency split.

gyroscope;

cyclic

II.

A. Cyclic symmetry and modal degeneration
Cyclic symmetrical architecture means the structure is
superimposable completely as the pattern rotates over an angle
ϕ. The number N means that after n times rotation, structure
pattern overlaps the original one. As listed in Table I, when ϕ
is 180o, the patterns are coincident totally as the patterns rotate
180o. The cyclic symmetry mode number is 0 and 1 under the
circumstance. As the rules derived through the ray-tracing
method [8], there is no degenerate mode when κ equals 0 or
N/2 for the cyclic symmetrical structure. κ equals 0 means
acoustic wave phases are in phase and κ equals N/2 indicates
that acoustic wave phases are opposite. In both cases
mentioned above, there are no solutions through the acoustic
wave model.

symmetry;

I. INTRODUCTION
In the past few decades, silicon resonator gyroscopes have
achieved excellent performance, relative to the volume,
weight, and cost. Quadruple mass architectures and wineglass
mode disc resonators are representative solutions for the next
generation MEMS gyroscope [1-3]. The mode-marching with
tuning frequency is one of the common advantages to achieve
more massive displacement output. Some architectures such
as hemisphere gyroscope, both material and resonators, are
isotropic and excellent symmetry. It is quite different
situations about silicon-based gyros. The material of silicon is
anisotropic and the frequency split after fabrication is much
larger than hemisphere gyro generally.

The validation simulations were carried out, as illustrated
in Fig.1, where the non-degenerate mode shapes were marked
with shading boxes. The results were consistent with
theoretical predictions well. For N=2 structure, every mode is
non-degenerate, and the frequency split was observed for 2θ,
3θ and 4θ mode. For N=3, modal degeneration occurs at 3θ
mode without frequency differences. For N=8, applied in most
cases, there is no degenerate mode at 4θ, which means the
device is workable at 2θ, 3θ modes, but not at 4θ mode, even
the material is isotropic. So the conclusion is entirely
meaningful in engineering applications. The gyroscope with
cyclic symmetry design requires cyclic symmetry for both
structure and material.

Many works have been taken about the frequency
distributions for MEMS gyroscope [4], including
summarizing the mode-matching technique about wineglass
mode shape gyroscope in monocrystalline silicon wafer [5, 6].
Epitaxial polysilicon is also employed as resonant materials
with high-quality factor (Q-factor) for multi-ring architectures
[7]. However, there is no clear presentation about the necessity
of isotropic materials applied in the disk gyroscope. The paper
focuses on the frequency characteristics of the cyclic
symmetrical structures and indicates that isotropic materials
are also not necessary, but the crystalline cycle period is
required to be consistent with the structural cycle period.

B. Material, fabrication process, and frequency split
The modal distributions and rules indicate that the
structure could achieve degenerate mode with cyclic
symmetry architecture. Silicon is anisotropic but periodic
material, which is available material for a cyclic symmetrical
gyroscope, even served as the whole angle mode. The
degenerate frequency distributions of silicon with (100) and
(111) lattice orientation are listed in Table II. For (100) wafer,
3θ vibration mode is degenerate due to the same cyclic
symmetry of Young's modulus, where frequency differences
are large at 2θ mode [9]. For (111) wafer, the case is different,
that 2θ vibration mode exhibits degenerate with little
frequency split [10].

The paper presents the existing conditions of the
degenerate mode. The cyclic symmetry number determines
the available operating modes of the gyroscope. The harmonic

In order to study the frequency characteristics at different
positions of the cyclic symmetry gyroscope with splitting
frequency, the harmonic analysis was carried out. As shown
in Fig.2, the resonant frequencies of 2θ mode are located at
8kHz and 8.1kHz, with 100 Hz frequency differences. The

The works were supported by National Natural Science Foundation
(61805121 and 61971466), Jiangsu Natural Science Foundation
(BK20170850), China..
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both degenerate resonant mode. It means the vibration at any
orientation of the cyclic symmetrical structure is superposed
by degenerate modes. The conclusion indicates that it is
available for a gyro operating through a precession effect with
non-frequency split, even with frequency differences.

mode shapes are vibrating along 0o and 45o orientation. The
harmonic forces were applied at 0o, 22.5o, and 45o . The gyro
resonator was supported at the innermost ring. The amplitude
response at 0o and 45o position are corresponding to the
degenerate modes with frequency split. The detected
frequencies with harmonic perturbation at 22.5o are including
TABLE I.

A SIMPLIFIED PATTERN OF CIRCULARLY SYMMETRICAL STRUCTURE AND THE NON-DEGENERATION MODAL

Simplified Pattern

Cyclic symmetry rotation angle, ϕ
Cyclic symmetry Number, N = 2 π / φ
Cyclic symmetry mode Number, κ
κ = 0,1,...,( N / 2 −1)
Non-degenerate
mode

κ, κ = 0 or N / 2
Mode

180o
2

120o
3

90o
4

45o
8

0, 1

0,1

0,1,2

0,1,3,4

0, 1
Everyone

0
3θ, 6θ, …

0, 1
2θ, 4θ, 8θ, …

0, 4
4θ, 8θ, …

Fig. 1. Modal distributions and simulations of simplified circularly symmetrical structures with N equal to 2, 3, 4, 8 (corresponding cyclic
symmetry rotation angle, ϕ equal to 180o, 120o, 90o, 45o ).

positions compensate for the frequency differences through
symmetric adjustment. The resonance frequency at 0o (90o)
decreases as the spokes are close to 0o (90o) axis, and
meanwhile the frequency arises at 45o (135o). Fig.3 shows the
numerical calculation of the process. The rotation angle with
0.02 degrees causes 20 Hz frequency differences between two
degenerate modes, about 0.23% of the original value. The
layout design compensates for the systemic error caused by
fabrication, packaging, or materials.

TABLE II.

THE MODAL DISTRIBUTIONS AND FREQUENCY SPLIT OF
DISK GYRO WITH (100) AND (111) SILICON WAFER.
2θ mode

3θ mode

9546.8
9901.7
Δf=354.9 Hz
11070.9
11070.9
Δf=0 Hz

10340.6
10341.3
Δf=0.7 Hz
11905.7
11927.05
Δf=21.35 Hz

Orientation
(100)
(111)

III.

B. Frequency split suppression with electrostatic negative
stiffness effect
The cyclic symmetrical gyroscope requires two
orthogonal resonance modes without frequency split, which is
called degenerate modes. In practically, frequency difference
is everpresent, several or dozens of Hertz for MEMS devices
generally. In order to suppress the frequency difference below
1 Hz, the bias voltage was applied for providing electrostatic
stiffness. The Electrostatic field distribution and deformation
of the resonator are shown as Fig.4. The mechanism of the
process is based on the electrostatic negative stiffness effect,

FREQUENCY COMPENSATION AND SUPPRESSION

A. Frequency split compensation with layout design
The MEMS fabrication process leads to performance
differences of chips on the whole wafer, which breaks the
circular symmetry and reflecting as resonator frequency split.
The layout design was used as a frequency split compensation.
The schematic diagram is a circularly symmetrical structure,
and the cyclic symmetry number equals 8, which means the
patterns are overlapped with rotating 45o. The spokes at 22.5o
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where the eigenfrequency of the corresponding mode
decreases as the rising of the bias voltage. The numerical
calculations were carried out and the results indicate that 75
volts are required for suppressing 70 Hz frequency split
(Fig.5).

IV.

EXPERIMENTS AND RESULTS ANALYSIS

The cyclic symmetrical silicon gyroscope with multirings was designed. The architecture was fabricated on (111)
silicon wafer through Si-Si bonding processes and the device
layer is thinning to 60μm (Fig.6). The critical width is 3μm,
corresponding to the minimum gaps of the devices. The
degenerate frequencies and frequency split are listed in Table
III. The value is about 70 Hz and 75 V bias voltage is required
to suppressing frequency split. The differences are caused by
systemic error because the distribution of frequencies is stable
and regular. The layout adjustment was complimented for the
frequency split compensation. The layout adjustment reduces
the frequency split from 70Hz to 20Hz with 0.05 degree
spoke rotation, which is consistent well with the simulations.

(a) Applied harmonic force at 0o

(b) Applied harmonic force at 22.5o

Fig. 5. Frequency split suppression with electrostatic negative stiffness effect
and the relationship between applied voltage and resonator degenerate
frequencies.
(c) Applied harmonic force at 45o
Fig. 2. Harmonic analysis on the disk gyroscope with splitting frequency at 0o,
22.5o and 45o.

Fig. 6. The profiles of circularly symmetrical silicon gyroscope on (111) with
multi-rings
Fig. 3. Frequency split compensation with stiffness adjustment.

TABLE III.
No.
1
2
3
4
5

THE FREQUENCIES OF THE GYROSCOPE ON (111)

Degenerate frequency (Hz)
Freq. Split (Hz)
0o Axis
45o Axis
9151.5
9226.5
75
9139
9209.8
70.8
9134.9
9204.5
69.8
Layout adjustment with 0.05 degree spoke rotation
8431.5
8409.9
21.6
8511.6
8493.3
18.3

V.

CONCLUSIONS

The paper presents the frequency distributions of a cyclic
symmetrical silicon gyroscope, where indicates that cyclic
symmetry is required. The paper summarized the availability
of a degenerate mode of the circularly symmetrical structure

Fig. 4. Electrostatic field distribution and deformation of resonator
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was summarized, which determines whether the gyro is
workable at the circumstance. The 3θ mode on (100) wafer
and 2θ mode on (111) wafer are with no frequency split at
degenerate modes theoretically. The compensation and
suppression of frequency could be complemented through
layout design and bias electrostatic field. The results reveal
that 0.02 degree spoke rotation leading to a 20 Hz frequency
shift. The bias voltage with 75 volts is required to tuning 70
Hz mode-matching. The gyroscope with multi-rings structures
was fabricated on (111) silicon. The frequency difference
reduced from 70Hz to 20 Hz, with 0.05 degree spoke rotation,
which was consistent with simulations well.
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Intelligent Transportation System (ITS) is one of these novel
technologies that can solve many problems associated with
the huge demand for public transportation and traffic
congestion [2]. Furthermore, we have witnessed a noticeable
development in applications of Long-Term Evolution (LTE)
networks for IoT, ITS, and other vehicular services. LTE is
a standard wireless data communication and also it is an
infrastructure to develop the GSM/UMTS standards owned
by European Telecommunications Standards Institute
(ETSI) [3]. The main objective of establishment of this
standard was to improve the speed and capacity of wireless
data networks with the use of novel modulations and Digital
Signal Processing (DSP) methods. There have been many
ITS and IoT services designed based on LTE [4-6]. One of
the most important challenges for the utilization of the ITS
is designing and manufacturing reliable components and
devices, in which the essential factors and requirements for
safe radio communication are satisfied. Generally, the most
significant concern for communicating in ITS is in the field
of wireless communication. Hence, microwave devices and
antennas play a crucial role in developing its various
subsystems.

Abstract— An Intelligent Transportation System (ITS) is a
modern technology aiming to improve traffic management and
modes of transport. The Long-Term Evolution (LTE) standard
is a suitable protocol for wireless communication systems in
new ITS applications due to its high speed capacity. In this
paper, a novel H-shaped filtering Wilkinson Power Divider
(WPD) is proposed using H-shaped resonators at LTE
standard and frequency of 1.8 GHz. Firstly, a compact LPF
with simple structure is designed at 2.2 GHz cut-off frequency.
The proposed LPF has a wide stop band from 2.85 GHz up to
8.16 GHz with more than 20 dB attenuation level, while the
stop band can be considered from 2.5 GHz up to 20 GHz with
more than 10 dB attenuation level. The results show that the
measured insertion loss is less than 0.5 dB, the input and
output return losses are more than 16 dB and 22 dB, while the
ports isolation is higher than 17 dB at the main frequency. The
proposed divider can correctly work at a 480 MHz bandwidth,
which is corresponding to more than 25% fractional
bandwidth. Furthermore, the harmonic suppression up to the
eleventh harmonic is achieved for the proposed divider. The
obtained measured results proved the efficiency of the
proposed component.
Keywords— Intelligent Transportation Systems (ITS); LongTerm Evolution (LTE); Wilkinson Power Divider (WPD);
Wireless communication systems

I.

Power dividers and filters have key role in modern
communications systems [7-9]. Suppressing harmonics is an
important procedure in communications systems and
devices. Harmonics are produced by non-linear and active
devices, which cause distortion, and have undesirable effects
on signals waveform. Therefore, it is essential to eliminate
unwanted harmonics.

INTRODUCTION

The considerable development in the Internet of Things
(IoT) [1], smart systems, artificial intelligence, machine
learning, self-driving cars, and communication systems have
recently attracted much attention from policymakers,
scientists and researchers to utilize such modern
technologies in order to improve the modes of
transportation. Because of such incredible advancement, the
demands for the vehicular technologies and different types
of mobile communication systems are dramatically rising.

Conventional dividers could not suppress unwanted
harmonics. So far, many methods are introduced to suppress
harmonics in dividers. The harmonics can be suppressed by
using filters in communications systems, which can be also
used in dividers. In [10, 11], filters are used in the divider
structure to eliminate harmonics. This method usually

978-1-7281-5602-6/20/$31.00 ©2020 IEEE
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suppresses the high order of harmonics in the divider.
Second and third harmonics suppression of divider using
filter are so difficult; because the applied filter must be so
compact to be inserted in two branch lines of the divider.

1

Electronic band gap (EBG), defected ground structure
(DGS) and photonic band gap (PBG) cells were used in [1416], to reject harmonics. These cells have a significant effect
on harmonics suppression but have complex circuit
fabrication processes.

1

Z1,

1

Z1,

Moreover, there are several approaches to achieve
harmonic suppression in power dividers. In [12, 13], open
stubs are used to overcome this problem. Usage of open
stubs is a very simple method but it is not so effective and
only suppresses a few harmonics with a narrow frequency
band near the desired frequency.

Z1,

Z1,
1

In the proposed design, a modified 1.8 GHz WPD is
designed, in which two compact low pass filters with wide
stop band are used. Proposed LPFs can suppress second and
third harmonics easily. Moreover, in order to have more
harmonics suppression, three open stubs are used at each
port, which provide two transmission zeros near 7 GHz and
8 GHz. The proposed divider suppresses harmonics from
2.85 GHz to 8.16 GHz with more than 20 dB suppression
levels.
II.

Fig.2. Proposed Wilkinson divider configuration with LPFs
and open stubs.
1) Primitive LPF
Fig. 3 demonstrates the layout of the designed primitive
LPF, based on the RT/Duroid 5880 substrate. The proposed
filter has a very simple structure. In the structure of the
filter, a high impedance line with a width of 0.1 mm is
connected between two ports. Besides, three open stubs are
inserted in the filter structure as shown in Fig. 3. Two big
stubs have 4 mm width, and a small middle stub has 1 mm
width. Fig. 4 depicts the frequency response of the primitive
LPF. As seen in the frequency response of the primitive
LPF, the simple LPF does not have a sharp response. The
stop band of the primitive filter is achieved from 3.9 GHz to
6.9 GHz with 20 dB attenuation.

DESIGN PROCESS OF PROPOSED DIVIDER

The typical WPD is shown in Fig. 1. In this structure,
two 90˚ microstrip lines with √2Z0 impedances are used and
a resistor with 2Z0 value is inserted between two output
ports. This configuration shows appropriate performance at
operating frequency (f0), but could not eliminate unwanted
harmonics. In order to suppress harmonics, the designed
LPFs and three microstrip open stubs are used at each port
to form the proposed WPD as seen in Fig. 2. The design
procedures of the proposed filter and the proposed WPD are
explained in the next subsections.

2) Proposed LPF
In order to improve the performance of the primitive
LPF, the proposed LPF is introduced with the same overall
dimensions as seen in Fig. 5. The simulated frequency
response of the proposed LPF is demonstrated in Fig. 6. As
seen in, the LPF has a sharp response. The stop band of the
proposed filter is from 3.2 GHz to 6.5 GHz with 20 dB
attenuation.

10.5mm

2

2
Fig.1. Conventional Wilkinson divider configuration

4mm
1.56 mm

A. Filter Design
In the proposed 1.8 GHz Wilkinson divider structure,
applied LPFs must suppress at least 2nd and 3rd harmonics.
In the first step, the primitive LPF is designed and then, the
design procedure of the proposed divider is explained at the
following subsections.

Fig.3. The layout of the primitive LPF
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Magnitude [dB]

1.8 GHz, but the divider performance is not acceptable at
this frequency. The primitive divider suppresses 2nd and 3rd
harmonics, which has a suppression band from 2.8 GHz up
to 6.45 GHz, with attenuation level of more than 20 dB.

Fig.4. The frequency response of the primitive LPF

0.5 mm

18.3 mm
Fig.7. The configuration of the primitive divider.

Magnitude [dB]

Fig.5. The layout of the proposed LPF

Fig.8. The simulated frequency responses of the primitive
divider.

3 mm

B. Power Divider Design Process
The proposed WPD design process is described in this
section. In the first step, the primitive divider is introduced,
which in this divider two proposed LPFs are inserted in the
branch lines of conventional divider.

29.9 mm

Fig.6. The simulated frequency response of the proposed
LPF

1) Primitive Power Divider
Fig. 7 illustrates two proposed designed LPFs, which
were inserted in the conventional divider in previous
sections to suppress unwanted harmonics. The total size of
the
primitive
divider
is
18.3 mm × 29.9 mm
(0.15 λ × 0.24 λ).
The simulated frequency response of the primitive
divider is shown in Fig. 8. The primitive divider works at

Fig.9. The structure of the proposed WPD.
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III.

Magnitude [dB]

2) Proposed Power Divider
In order to improve divider performance at the operating
frequency and extended the rejection band, three open stubs
are inserted at each port. The structure of the proposed WPD
is illustrated in Fig. 9. The proposed divider has the same
overall dimensions as the primitive divider, which the total
size of the proposed divider is 18.3 mm × 29.9 mm
(0.15 λ × 0.24 λ).
RESULTS

To verify the simulation result, the proposed PD is
fabricated on the RT/Duroid 5880 substrate with thickness
of 0.508 mm (20 mil), and relative permittivity of 2.2. The
measured and simulated frequency response of the proposed
divider is depicted in Figs. 10 and 11, respectively. The
inserted open stub at port 1 with 7.2 mm (0.58λ) length has
created a transmission zero near 7 GHz, while the two
inserted open stubs at ports 2 and 3 with 6.8 mm (0.55λ)
length have created a transmission zero near 8 GHz. These
two transmission zeros have resulted in a wider rejection
band. The proposed divider correctly works at 1.8 GHz,
which has a suppression band from 2.85 GHz to 8.16 GHz,
with more than 20 dB attenuation levels, as is demonstrated
in Fig. 10. The suppression band shows more than
5300 MHz of bandwidth, which can suppress up to 4th
harmonic with suppression level of better than 20 dB.

Fig.12. The overall measured suppression band of the
proposed divider

Operating Bandwidth

Magnitude [dB]

(a)

Fig.10. The S21 and S11 parameters of the proposed divider.
(b)

Magnitude [dB]

Fig.13. (a) Fabricated power divider. (b) The measurement
setup of the proposed device
The result shows that the operating bandwidth of the
presented PD is obtained from 1.62 GHz up to 2.1 GHz
which shows more than 480 MHz operating bandwidth.
Therefore, the fractional bandwidth (FBW) of more than
25% is achieved for the proposed PD. Moreover, according
to the obtained results, the measured insertion losses at the
second and third ports are 0.5 dB and 0.33 dB, respectively.
Measured return losses at input and output are more than
16 dB and 17 dB, while the measured ports isolation is
higher than 17 dB at operating frequency of 1.8 GHz.

Fig.11. The S23 and S22 parameters of the proposed divider.

The overall suppression band of the proposed divider is
illustrated in Fig. 12. According to this figure, the overall
10 dB suppression band of the proposed divider is achieved
up to the eleventh harmonic of the main frequency. The
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width of this suppression band is more than 17 GHz, which
means approximately no harmonic can pass through the
proposed divider. Therefore, the proposed PD can highly
suppress unwanted harmonics. The fabricated proposed PD
and its measurement setup are shown in Fig. 13.
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windows to the helicopter cabin, see [1], [2]) and also in
automotive industry (for example reinforcements of car
chassis, reinforcements of important body components, see
[3]). However, frame composites are currently used also in
other areas, for example in the manufacture of agricultural
equipment to make use of their flexibility and strength (see
[4]).

Abstract—Polymer frame composites are increasingly
applied in aerospace and automotive industry. These
composites are primarily preferred due to their excellent
mechanical and physical properties, in particular their eminent
tensile strength and exquisite flexibility as well as high
resistance to harsh weather conditions and corrosion. In the
frame composites production frames with circular crosssections are frequently used. The frames are often composed of
several parts with different cross-section radii (for instance
composites for car door reinforcement elements). Correct
winding angles and homogeneity of fibre windings on a given
3D shaped non-bearing frame are necessary prerequisites for
the production of high-quality frame composites. This article
presents an overview of a new method to ensure compliance
with these two important conditions. A fiber-processing head
and industrial robot are used in the process of winding the
fibres onto the frame. To keep the correct winding angles and
homogeneity for the given frame, an optimized robot trajectory
is calculated off-line using a mathematical model of the
winding process, matrix calculus and a differential evolution
algorithm. The computational procedure is independent of the
type of industrial robot and its software tools. The method is
programmed in the Delphi development environment system.
The scheme of the calculation procedure forms an integral part
of this article.
The presented method was verified in
experimental laboratory tests.

Adherence to the correct composite production process is
a necessary prerequisite to ensure the required properties of
the composite. In the case of frame composites, it is
absolutely necessary to ensure the required winding angles of
the fibres and homogeneity of individual layers of windings.
A detailed study and modelling of physical properties
precede the design of frame composites, the actual modelling
and simulations are usually performed using software tools
(e.g. ANSYS system). In case different loads on individual
parts of the frame composite should be applied, different
angles of fibre windings for a given winding layer may be
required. Adherence to the correct winding angles in the
production of frame composite is often difficult, especially
for 3D complicated frames (see Fig. 1).

Keywords—mathematical model, winding of fibres, polymer
composite frame, robot trajectory, matrix calculus, optimization
algorithm

I.

INTRODUCTION

Composites increasingly replace conventional materials
such as steel, wood, glass, etc. Their main advantages are
flexibility, tensile and torsional strength, low weight, low
maintenance costs and long life-span (see [5]).
Fig. 1. Example of a 3D complicated polyurethane frame.

This article deals with the technology of production of
polymer frame composites reinforced with long fibres.
Several layers of fibres are wound on a non-bearing frame
(usually from polyurethane) using a fibre-processing head
and an industrial robot. This type of frame has a circular
cross-section and is generally geometrically 3D shaped.
Frames often consist of several parts with different radii.

The use of a fibre-processing head and an industrial robot
to wind the fibres onto the frame has proven itself to be a
suitable choice to provide the required fibre winding angles
(see [6], [7]). The non-bearing frame is attached to the end of
the working arm of the industrial robot. The fibre-processing
head is fixed to the floor in the working space of the robot.
During the winding process, the frame gradually passes
through the fibre-processing head and the fibre windings are
formed on the basis of a suitably determined trajectory of the
robot. The correct trajectory of the robot can be determined

These composites are finding ever wider practical use.
They are mainly applied in aviation industry (for example
fuselage reinforcements, fuselage doors, attaching the
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by use of the matrix calculus, especially rotation and
translation matrices and calculating Euler angles for given
rotations. The use of an optimization method to determine
the trajectory of the robot has proven its worth in the case of
3D geometrically shaped frames in order to maintain the
correct winding angles. The input data of the robot trajectory
calculation procedure can be entered using a file generated in
the CAD system (especially the description of the considered
frame). The calculation of the robot trajectory can be
performed on an external PC and then entered using the
robot commands into its central unit. The computational
procedure is completely independent of the industrial robot
type. The trajectory calculation procedure is programmed in
the Delphi development environment system and all tests
were performed with KUKA robot KR 16-2 in the robotic
laboratory. After the frame is wound by the fibres, then it is
transferred to a mould where matrix material is injected
around the frame and the mould is heated (for more detail see
[8]).
Suppliers of industrial robots offer to users several
specific software tools, such as the modules
KUKALasertTech (for welding and laser cutting) and
KUKAPlastTech (for movement synchronization of the robot
and injection moulding machines during the production of
plastic moulds). The software typically offers support for
robot applications in such areas as welding, cutting, packing
and pressing. But these supplied tools are not suitable for
fibre winding onto frames. The developed procedure for
calculating the robot trajectory can be successfully used for
other production processes using industrial robots.
II.

PROCESS OF CONSTRUCTION OF A FRAME COMPOSITE
REINFORCED WITH LONG FIBERS

The flow chart in Figures 2a, 2b shows the development
process for the production of a frame composite. The chart
was assembled on the basis of the authors' practical
experience. Problems usually arise in the development of the
frame composite manufacturing technology due to two main
reasons. The first is the incomplete and inaccurate
specification of requirements posed on the final product.
Therefore, it is necessary to obtain comprehensive complex
requirements from the client and the manufacturer at the
beginning of the composite development process. The
second possible area of problems are limited possibilities of
individual technologies and results they are able to generate.
Therefore, the close cooperation of all participants in the
development of the composite is essential.

Fig. 2a Diagram of the frame composite development process – first
part.

The mathematical model of the winding process uses two
3D right-handed Euclidean coordinate systems. Points and
vectors in the workspace of the robot are described in the
base coordinate system (BCS). The industrial robot is
controlled using a control unit. For our purposes it is crucial
to set the desired position of the robot-end-effector (REE).
The position of the REE in the BCS is determined by the
location and orientation of the LCS relative to the BCS, see
Fig. 5. The current position of the REE relative to the BCS is
entered into the industrial robot using six parameters
(position and orientation), which are part of the so-called
Tool Centre Point (TCP, for more detailed description see
[3]).

The procedure described in the flow chart is designed on
the basis of theoretical knowledge of the authors and their
practical experience gained in experimental development of
frame composites at the Institute for Nanomaterials,
Advanced Technologies and Innovation of Technical
University of Liberec. All experimental tests of the
developed polymer frame composites were performed by the
robotic laboratory and in the laboratory of composite
materials.
III.

A. Definition of the frame shape and fibre-processing head
Input data for the frame shape definition are usually
generated in a CAD/CAM system. We assume a circular
cross-section of the frame with radius r along its entire
length (see Fig. 6). Therefore, the position of the centre axis
o of the frame is sufficient to determine the position of the
frame in the LCS.

MATHEMATICAL MODELLING OF THE WINDING
PROCESS

This chapter briefly describes the main components of
the mathematical model of the winding process. The model
is used to facilitate the calculation of the robot trajectory.
The winding process is realized using a fibre-processing
head and an industrial robot (see Fig. 3, 4).
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Fig. 4. One layer fibres winding initiation onto a polyurethane frame.

Fig. 5. The base coordinate system (BCS) of the industrial robot and
the local coordinate system (LCS) of the robot-end-effector (REE).

In our model, axis o is defined by a discrete set of points B(i)
(1≤ i ≤ N) that lie on it. At the same time, tangent vector
b1(i) to axis o and vector b2(i) are entered at each point B(i),
enabling the calculation of the required passage of the frame
through the fibre-processing head. For more details
concerning the frame definition see [3] and [17]. In general,
a 3D shaped frame can be open or closed (see Fig. 3).
The description of components of the fibre-processing
head is entered in the BCS. The head consists of three guidelines, each of them contains 10 to 12 spools of winding fibres
(see Fig. 4). In our mathematical model the outer rotated
guide-lines of the head are represented by circles k1 and k2
with centres S1BCS = [xS1, yS1, zS1]BCS and S2BCS = [xS2, yS2,
zS2]BCS (see Fig. 7). Both circles k1 and k2 have the same
radius rCIRCLE. The central guide-line is static and ensures
longitudinal laying of fibres and is not important for our
model. Point HBCS is the centre of the head (HBCS =
(S1BCS+S2BCS)/2).

Fig. 2b Diagram of the frame composite development process – second
part.

At the same time, unit vectors h1BCS and h2BCS are
entered. Vector h1BCS indicates the direction of the frame
passage through the head, while the relation h1BCS ┴ h2BCS is
valid. Point HBCS and vectors h1BCS and h2BCS allow the
calculation of a suitable robot trajectory for the winding
process (for more details see [3]).
IV.

PRINCIPLE OF ROBOT TRAJECTORY OFF-LINE
CALCULATION

Now, we focus on the description of the procedure for the
off-line calculation of the optimized trajectory of the robot
(i.e. specifically the trajectory of REE) in order to ensure the
correct winding of fibres onto the frame. Recall that the
fibre-processing head is fixed in the BCS and the position of
the frame is defined in the LCS of the REE. The

Fig. 3 Industrial robot KR 16-2 with closed non-bearing polyurethane
frame and fibre-processing head with three guide-lines.

277

2020 19th International Conference on Mechatronics – Mechatronika (ME)

determination of the trajectory is made by calculating the
sequence of N of the TCPi values, where 1≤ i ≤ N. The
current TCP contains six parameters to indicate the position
of the LCS relative to the BCS, i.e. the instant position of the
REE relative to the robot workspace.

Fig. 6 Example – vertical cross-section of a closed polyurethane frame
with axis o in the LCS.

Fig. 7 Model of the fibre-processing head in BCS.

Then the REE changes its position in relation to changes
in parameters based on their interpolation (linear or use of
splines, see [9]) during the transition from the current TCPi
to the subsequent TCPi+1. Based on the calculated TCPi, the
frame passes through the fibre-processing head one by one
and gradually three layers of fibres are wound onto the
frame. The calculated parameters of TCPi (1 ≤ i ≤ N)
guarantee an optimized passage of the frame through the
fibre-processing head. For more details see [12] and [17].

Fig. 8. Schema of the off-line REE trajectory calculation.

The identifications in relation (1) have been made on the
basis of the calculation of the corresponding TCPi. The
individual TCPi parameters are defined based on the
determination of the transformation matrix Ti from LCS to
BCS such that the identifications in relation (1) are satisfied.
Transformation matrix Ti is calculated as a product of
translation matrix Li and rotation matrix Qi, i.e.
Ti = Li . Qi .

By this procedure we determine the passage of the frame
through the fibre-processing head. The initial TCP0 indicates
the position and orientation of the REE before the start of the
passage of the frame through the fibre-processing head. A
schematic procedure for calculating the REE trajectory while
passing the frame through the fibre-processing head is shown
in Fig. 8.

Transformation matrix Ti allows the relation (1) to be
satisfied, since it holds
HBCS ≡ Ti B(i)LCS, h1BCS ≡ Ti b1(i)LCS, h2BCS ≡ Ti b2(i)LCS.
(3)
The determination of matrix Ti is realised on the basis of
matrix calculus (for more details see [3], [10] and [11] ).

We find TCPi for each i (1 ≤ i ≤ N) on the assumption
that the following relations are valid
B(i)BCS ≡ HBCS, b1(i)BCS ≡ h1BCS, b2(i)BCS ≡ h2BCS.

(2)

We calculate the TCPi sequence using relations (1) to (3)
by means of an external computer and then insert this
sequence into the robot control unit. The optimized REE

(1)
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CZ.02.1.01/0.0/0.0/16_025/0007293.

trajectory as the frame passes through the fibre-processing
head is determined by the TCPi sequence.
The REE trajectory with complicated 3D geometry of the
frame can be optimized using a differential evolution
algorithm (for more details see [12], [13], [14], [15]).
V.

No.

REFERENCES
[1]

ADVANTAGES OF THE TRAJECTORY CALCULATION
PROCEDURE

[2]

The main advantages of determining the REE trajectory
are in particular the following:
1/ The computational procedure to determine the
trajectory is more efficient than the method based on the
repeated searched trajectories (method teach-in) using a
manual control panel (teach pendant). In addition, the
trajectory optimization using the teach-in method is
practically impossible. The more complicated shape of the
3D frame is, the more efficient is the REE trajectory
calculation algorithm.

[3]

[4]

2/ The use of the algorithm does not increase financial
costs (contrary to purchasing special commercial software
tools). Additionally, such tool for the purpose of fibres
winding is not available).

[5]

3/ The principle of the trajectory calculation procedure is
applicable to other production processes performed by
industrial robots.

[6]

[7]

4/ The use of the algorithm is independent of the robot
programming environment.
Additional significant advantages of the calculation of
the REE trajectory when winding fibres on a composite
frame are the processing accuracy and the minimum scrap
rate (see [16]).
VI.

Reg.

[8]

[9]

CONCLUSIONS

[10]

The present article is focused on the description of the
possibilities of using a mathematical model and matrix
calculus to determine the optimal trajectory of the industrial
robot during winding of fibres on a 3D frame. The described
algorithm can be applied to any industrial robot used in the
production of the frame composites and also in many other
manufacturing processes. Applying the algorithm for
calculating the optimized trajectory of the robot does not
induce any increase in the production costs. On the contrary,
the application of the algorithm results in an improvement of
quality of the fibre windings and in this way the polymer
composite itself.

[11]
[12]

[13]

[14]

[15]

The authors are currently developing and testing a
process for fibre winding onto frames composed of several
parts with circular cross-sections with different radii. At the
same time, the authors focus on the issue of performing a
current winding of fibres onto the frame when changing the
winding angles on individual parts of the frame due to
different planned loads in different parts of the composite.
The aim is to generalize the calculation of the trajectory of
the industrial robot and rotational angular velocity of the
guide-lines of the fibre-processing head in the production of
composites with general 3D frames.

[16]

[17]

ACKNOWLEDGMENT
This article was supported by project “Modular platform
for autonomous chassis of specialized electric vehicles for

279

A. McIlhagger, E. Archer, R. EMcIlhagger, “Manufacturing
processes for composite materials and components for aerospace
applications,” In Polymer composites in the aerospace industry,
Elsevier: 2020; pp. 59-81.
M. Petrů, J. Mlýnek, T. Martinec, “Numerical model describing
optimization of fibres winding process on open and closed frame,”
Proc. Of the 5th Internat. Conf. on Mathematical Modeling in
Physical Sciences, Athens, Greece, May 2016, Journal of Physics:
Conference Series, Volume 738, Issue 1, 5 September 2016, Article
number 012094, ISSN: 17426588, DOI: 10.1088/17426596/738/1/012094.
T. Martinec, J. Mlýnek, M. Petrů, “Calculation of the robot trajectory
for the optimum directional orientation of fibre placement in the
manufacture of composite profile frames,” Robotics and ComputerIntegrated Manufacturing, Volume 25 (2015), ISSN: 0736-5845,
DOI: 10.1016/j.rcim.2015.02.004, pp. 42-54.
J. Mlýnek, M. Petrů, T. Martinec, “Design of Composite Frames
Used in Agricultural Machinery,” Proceedings of the 7th International
Conference on Trends in Agricultural Engineering, 2019, D. Herák
(Ed.), Czech University of Life Sciences Prague, Prague, September
2019, pp. 396-401, ISBN: 978-80-213-2953-9.
J. M. Hodgkinson, Mechanical Testing of advanced Fibre
Composites, Volume in Woodhead Publishing Series in Composites
Science and Engineering, Elsevier, Cambridge, UK, 2000.
B. Schirinzadech, G. Cassidy, D. Oetemo, G. Alici, M. H. Ang.,
“Trajectory generation for open-contoured structures in robotic fibre
placement,” Robot. Comput. – Integr. Manuf. 23 (2007), pp. 380-394.
M. Quanjin, M. Rejab, M. Idris, N. M.Kumar, M. Merzuki, “Robotic
Filament Winding Technique (RFWT) in Industrial Application: A
Review of State of the Art and Future Perspectives,” Int. Res. J. Eng.
Technol. 2018, 5, pp. 1668-1676.
D. Gay, S. V. Hoa, S., V. (2007). Composite materials – design and
applications. CRC press. Taylor & Francis Group London, 2007,
ISBN: 978-1-4200-4519-2.
Antia, H.M. Numerical Methods for Scientists and Engineers;
Birkhäuser Basel: 2002, ISBN: 3-7643-6715-6.
L. Sciavicco, B. Siciliano, Modelling and Control of Robot
Manipulators. London, Springer, 2004, ISBN:978-1-84628-641-4.
G. G. Slabaugh, Computing Euler angles from a rotation matrix.
https://www.gregslabaugh.net/publications/euler.pdf
J. Mlýnek, M. Petrů, T. Martinec, S. S. R., “Fabrication of Highquality Polymer Composite Frame by a New Method of Fiber
Winding Process,” J. polymers, Volume 12(5), 1037, 2020, 30pages,
https://doi.org/10.3390/polym12051037, Open Access
K. Price, R. M. Storn, J. A. Lampinen, Differential evolution: a
practical approach to global optimization; Springer Science &
Business Media: 2006.
Z.Hu, S. Xiong, Q. Su, X. Zhang, “Sufficient conditions for global
convergence of differential evolution algorithm,” Journal of Applied
Mathematics 2013, 2013.
R. Knobloch, J. Mlýnek, R. Srb, “The classic differential evolution
algorithm and its convergence properties,” Applications of
Mathematics 2017, 62, pp. 197-208.
D. Groppe, “Robots improve the quality and cost‐effectiveness of
composite structures,” Industrial Robot: An International Journal
2000,Vol. 27 No. 2, pp. 96-102, doi:10.1108/01439910010315391.
J. Mlýnek, T. Martinec, “Mathematical Model of Composite
Manufacture and Calculation of Robot Trajectory,” Proc. Of the 16th
Internat. Conf. Mechatronika 2014, 3-5 December 2014, pp. 345-351,
ISBN 978-80-214-4817-9.

2020 19th International Conference on Mechatronics – Mechatronika (ME)

Dynamic interaction between robot and UAV in
aerial manipulation
Silvio Cocuzza
Department of Industrial Engineering
University of Padova
Padova, Italy
silvio.cocuzza@unipd.it

Edoardo Rossetto
Department of Industrial Engineering
University of Padova
Padova, Italy
edoardo.rossetto.1@studenti.unipd.it

control. Nevertheless, in these works, the experimental
results still show significant COG variations and attitude
destabilization during the manipulator motion.

Abstract—Aerial manipulation is an emerging field of
research, and important applications can be envisaged, such as
inspection and maintenance, search and rescue, structure
assembly, and logistics. The manipulator transfers forces and
torques to the UAV, which affect the UAV position and
attitude. This may cause failure or loss of precision in pick and
place and assembly operations. In this paper, first, the effect of
simple impulsive force and torque disturbances on UAV
dynamics is studied. Then, a coupled dynamic model of the
UAV and a 1-DOF (Degree of Freedom) manipulator is
developed and compared to a simplified decoupled model.
Finally, a decoupled dynamic model is proposed for a 3-DOFs
manipulator, and the simulation results for a real pick and
place operation are presented and discussed. It is evidenced
that, in all of the considered scenarios, a lateral displacement
of the system is generated during the manipulation in hovering
flight, which could jeopardize the manipulator precision.
Keywords—UAV, aerial
disturbances, coupled model

manipulation,

robot,

The minimization of the dynamic disturbances
transferred by a manipulator to a moving base has been
investigated in space robotics [7, 8]. Moreover, in [9], a
global optimal method suitable for the minimization of
reactions transferred to the manipulator base has been
proposed. Nevertheless, the application of these methods to
aerial manipulators should be investigated.
Another important challenge in aerial manipulation is
related to the vibrations induced on the manipulator and its
end-effector by the UAV, which significantly affect the
grasping and manipulation precision/performance. The
vibration control of an aerial manipulator is still under
development. Nevertheless, methods have been already
developed for the identification of joint stiffness of a
manipulator using Experimental Modal Analysis EMA [10,
11]. Moreover, in [12], the vibration analysis of a heavy
payload octocopter has been carried out using EMA, in order
to identify a simple Mass-Spring-Damper (MSD) dynamic
model that will be useful for the design of the manipulator
and related vibration isolation system.

dynamic

I. INTRODUCTION
Aerial manipulation is a new and emerging field of
research [1-3]. EU considers it a strategic research line and
has recently funded several collaborative projects in this area
under the programmes FP7 and H2020. Indeed, aerial
manipulators have many important potential application
scenarios, such as (i) inspection and maintenance (e.g., in the
offshore or nuclear industry), (ii) search and rescue, in case
of a disaster or in hazardous environments, (iii) structure
assembly (one or more cooperative aerial manipulators), and
(iv) logistics (e.g., in an industrial environment).

In this paper, first, the effect of simple impulsive force
and torque disturbances on UAV dynamics is studied. Then,
a coupled dynamic model of the UAV and a 1-DOF (Degree
of Freedom) manipulator is developed and compared to a
simplified decoupled model. Finally, a decoupled dynamic
model is proposed for a 3-DOFs manipulator, and the
simulation results for a real pick and place operation are
presented and discussed.

One of the main issues [1-3] that prevents the effective
deployment and diffusion of this technology is that aerial
manipulators do not have a stable base and, therefore, forces
and torques generated by the manipulator affect the UAV
position, attitude, stability, and flight autonomy (since the
compensation through attitude control wastes energy). As a
consequence of the coupled kinematics and dynamics of
UAV and manipulator, the precise positioning of the endeffector of the manipulator for grasping and manipulation is
very challenging.

The paper is organized as follows: Section II describes
the simulated system, Section III introduces the UAV
dynamics and control, Section IV and V describe the
dynamic models and report the simulation results, and
Section VI concludes the paper.
II. SIMULATED SYSTEM
The system under consideration is composed of an
octocopter UAV (Fig. 1 and Table I) and a 3-DOFs robot
manipulator (Fig. 2 and Table II). A 1-DOF manipulator
(Table III) is used for comparison purposes in Section IV.

In order to reduce the destabilizing effect and improve
the robotic grasping precision, several attempts have been
made in the literature: (i) static Center of Gravity (COG)
balancing through arm design, (ii) static (COG) balancing
through tailored control, (iii) UAV attitude variation
minimization through a dedicated control. In particular,
Bellicoso et al. [4] proposed a manipulator design that
minimizes the variation of COG of the robotic arm during its
motion using a static balancing approach. Other authors
proposed to limit the arm COG displacement [5] or the
attitude variation [6] using redundant arms and a tailored
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The UAV is a DJI S1000 heavy payload octocopter. It is
composed of a carbon fiber reinforced plastics (CFRP) frame
with eight arms carrying the motors and propellers, a flange
for the battery that is also used as mechanical interface to the
robot manipulator, and a landing gear including two
retractable legs.
In this study, the frame of the UAV, the propellers, and
the manipulator’s links are considered as rigid bodies.
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III. UAV DYNAMICS AND CONTROL
A. Mathematical model
The octocopter UAV considered in the framework of this
research is equipped with 8 identical propellers driven by
electric motors. In order to minimize the gyroscopic effects,
4 propellers rotate clockwise, whereas the other 4 propellers
rotate counter-clockwise. Lift and drag forces are assumed
proportional to the square of the angular velocity of
propellers. Ground effect is neglected. If all the elements of
the UAV are assumed to be rigid, the system has 6 DOFs.
Recent studies have shown that the first modes of vibration
related to structural deformation of the octocopter appear
above 40 Hz [12].

Fig. 1. UAV considered in this study with body (B) and inertial (I)
reference frames

This UAV, as most of multi-rotor UAVs, is controlled
acting on propellers angular velocities. Increasing or
decreasing the 8 propellers angular velocities together
changes the global lift force and generates the vertical
motion. Increasing the angular velocity of propellers 1, 2, 3,
4 and decreasing of the same amount the angular velocities
of propellers 5, 6, 7, 8 does not change the global lift force,
but generates a torque about axis
that controls the roll
rotation (ϕ), see Fig. 3. A similar operation carried out on
two different groups of propellers (3, 4, 5, 6 and 7, 8, 1, 2)
generates a torque about axis
that controls the pitch
rotation (θ), see Fig. 3. Increasing the angular velocities of
the 4 propellers rotating clockwise and decreasing of the
same amount the angular velocity of the 4 propellers rotating
counter-clockwise generates a torque about axis
that
controls the yaw rotation (ψ).
It is worth highlighting that this UAV is under-actuated,
because there is no possibility of directly generating thrusts
in the
and
directions. Actually, the roll and pitch
rotations alter the direction of the thrust with respect to the
inertial reference frame and make possible motions along the
and directions.

Fig. 2. UAV with 3-DOFs manipulator and its workspace (black circles:
end-effector positions; blue circles: arm COG positions)
TABLE I.

UAV INERTIAL PARAMETERS

Mass
(kg)

Moment of
Inertia around
xB (kgm2)

Moment of
Inertia around
yB (kgm2)

Moment of
Inertia around
zB (kgm2)

4.2

0.4097

0.4097

0.3421

TABLE II.

3-DOFS MANIPULATOR GEOMETRICAL AND INERTIAL
PARAMETERS

Link
nr.

Mass
(kg)

Length
(m)

Moment of
Inertia
(Barycentric,
kgm2)

1

0.529

0.13

5.926 10-4

0.114

2

0.657

0.26

4.147 10-3

0.209

0.13

-4

0.065

3

The three-dimensional (3D) dynamics of the UAV is
described by Newton’s equation (written in the inertial
reference frame I) and by Euler’s equation (written in the
body reference frame B):

0.129

TABLE III.

1.813 10

Center of
Gravity (m)

m

=

+
(1)

=−

−

Ω +

1-DOF MANIPULATOR GEOMETRICAL AND INERTIAL
PARAMETERS

Link
nr.

Mass
(kg)

Length
(m)

Moment of
Inertia
(Barycentric,
kgm2)

Center of
Gravity (m)

1

1

0.13

1.408 10-3

0.065

Fig. 3. UAV control, a thicker line means an increased velocity
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and are the lift and drag coefficients of propellers. Angles
β are the angles between
and the
rotor arm (see Fig.
3), and (β ) and (β ) are their sine and cosine.

In the Newton’s equation in (1), is the UAV mass,
the gravity
vector the center of mass (CM) acceleration,
the rotation matrix from body axes to
force, matrix
inertial axes, which depends on Euler’s angles.
is the
propeller, and
is the unit
thrust generated by the
vector of this thrust force in the body reference frame.

A control system is needed to set the inputs , , ,
in order to obtain the desired vertical position and attitude of
the UAV. Many control strategies have been proposed to
control the attitude of UAVs, see for example the review
paper [13]. In this research, the control problem is simplified,
since small oscillations about the hovering configuration are
considered. In this case, the coupling terms between roll,
pitch, and yaw equations become negligible and a set of
independent PID controls [14] is used. The PID controllers
are tuned by means of the Ziegler–Nichols method [15]. The
equations of the controlled UAV have been implemented and
solved in Simulink. Fig. 4 shows the flow-chart of the
Simulink model.

In the Euler’s equation in (1), and are the angular
velocity and acceleration of the UAV,
is the inertia
tensor of the UAV, which is assumed diagonal
0
= 0
0

0
0

(2)

0

is the inertia tensor of the propellers, and Ω is the
propeller. Finally, vector
angular velocity of the
contains the torques generated by the lift and drag forces
about the body axes.

B. Response to impulses
In order to study the main features of UAV dynamics, the
3D dynamic model with PID control is stimulated by
triangular forces (or torque) impulses.

Equations (1) can be developed in scalar form making
two important simplifications. The first simplification is
related to UAV geometry: the unit vectors of propeller forces
are assumed aligned to
. The second simplification is
related to the motion of the UAV. Since the focus of this
research is on manipulation, which is performed when the
UAV is in hovering flight, there is a small difference
between the orientations of inertial axes and body axes, and
the angular velocities in the body reference frame are almost
equal to the derivatives of the Euler’s angles.

Fig. 5 shows that a roll torque impulse is compensated by
the control system and, after the transient, the desired attitude
is maintained. Since the variation in the roll angle changes
the direction of the global thrust force , a transient lateral
force along appears. Since the system is under-actuated,
the force along causes a displacement of the UAV. It is
worth noticing that the transient torque about the roll axis has
no effect in and directions, and negligible effect on the
pitch and yaw angles.

Under these assumptions, the equations of motion of the
UAV become:

Similar effects are showed by a simulation with a
transient pitch torque.

=θ
= −ϕ
=−
ϕ = θψ

−

−

θΩ +

θ = ϕψ( −

)+

ϕΩ−

−

+

ψ = ϕθ

Simulations with impulsive yaw torque and impulsive
vertical force show that the controller is able to cope with
these disturbances with no effect in the other directions.

+
(3)

with
Ω = (Ω − Ω + Ω − Ω + Ω − Ω + Ω − Ω )
= (Ω + Ω + Ω + Ω + Ω + Ω + Ω + Ω )
=

=

(β )Ω + (β )Ω + (β )Ω + (β )Ω
+ (β )Ω + (β )Ω + (β )Ω
+ (β )Ω

(4)

(β )Ω + (β )Ω + (β )Ω + (β )Ω
+ (β )Ω + (β )Ω + (β )Ω
+ (β )Ω

= (−Ω + Ω − Ω + Ω − Ω + Ω − Ω + Ω )
The term Ω is related to gyroscopic effects. It is equal to
zero, if the angular velocities of the propellers rotating
clockwise are equal to the angular velocities of the propellers
rotating counter-clockwise. The term
is the global thrust
force that acts along
. In hovering flight it is almost
aligned to and has small components along and . The
terms
, ,
are the torques about the body axes
generated by the propellers. The term
is the barycentric
moment of inertia of propellers around their axis, and

Fig. 4. Flow-chart of the Simulink model
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=

1
2

+

1
2

+
1
+
2

+
1
+
2

=

4

ϕθ

(ϕ + θ)ϕ

2
2

(ϕ + θ)θ

(ϕ)ϕθ +

2

(ϕ) −

−

(6)

1
ϕ
2

(ϕ + θ)

2

−

∂
=
∂

(7)

−
is the Lagrange’s function, are the
In (7), =
the
generalized coordinates ( , , ϕ , and θ ), and
generalized forces. The introduction of (6) in (7) leads to the
dynamics equations of the coupled system:
+

(ϕ) +

+

+

+

(ϕ) +

2

(ϕ + θ)θ

(8)
(ϕ + θ) ϕ

2

(ϕ + θ)ϕθ = − (ϕ)

2

(ϕ) +

+

2

(ϕ + θ)θ

−

−2

1
ϕ +
2

(ϕ + θ) ϕ +

2

+

energy of the system

(ϕ + θ) ϕ +

2

2

(ϕ + θ)θ

(ϕ + θ)θ

+

+

+

(ϕ) +

(5)

ϕ+θ
+

1
1
θ +
ϕθ
2
2

d ∂
d ∂

A. Mathematical model
The analysis presented in the previous section has shown
that the dynamics of the roll, pitch, and yaw axes are
essentially decoupled. Therefore, the development of a
planar model in the vertical plane (
) is meaningful. This
model is developed to study the main features of the
coupling between UAV dynamics and manipulator
dynamics. A robot arm having 1 DOF is considered.
Therefore, the model, which is represented in Fig. 6, has 4
DOFs, which are associated to the coordinates of the CM of
the UAV ( and ), roll angle ϕ, and rotation θ of the robot
arm with respect to the UAV. The equations of motion of the
coupled system are derived with Lagrange’s method.

(

(ϕ)ϕ + 2

+

IV. COUPLED MODEL WITH 1-DOF MANIPULATOR

1
)+
2

2

θ +2+

Lagrange’s equations are:

Fig. 5. Response to a triangular impulse about the roll axis

1
=
2

4

(ϕ + θ)θ + 2

2

+2

ϕ +

4

(ϕ)ϕ

ϕ +2

(ϕ + θ)ϕ + 2

2

+2

The kinetic ( ) and potential
are given by the following equations:

+

(ϕ)ϕ +

+2

=

ϕ
+

+2

+

1
2

2

(9)

(ϕ + θ) ϕ

2

,

(ϕ + θ)ϕθ +
2
= (ϕ)
−2

in which
(= ) is the moment of inertia of the UAV
about its CM,
and are the mass and moment of inertia
of the manipulator about its CM, and , are the velocity
and vertical position of the robot CM, and
is the
gravitational acceleration. If the position and velocity of the
robot CM are expressed as a function of the selected
coordinates, the following equations are obtained (see Fig. 6
for the definition of and ):

(ϕ) +

2

(ϕ + θ)

+

+

2

(ϕ + θ) +

+

+

(θ)ϕ

2
+
+

(ϕ + θ) +

2

4

+2

2

ϕ

(10)

(θ) +

+

+

(θ) ϕ + 2

2
2

(ϕ + θ)

2

(θ)θ

−

+

2

(ϕ) +

+

+

+

4

2

2

(ϕ + θ) =

+
θ+

(θ)ϕθ

4
2

+

2

(θ)ϕ

(θ) ϕ

(11)

(ϕ + θ) =

It is worth noticing that these equations hold true even for
large rotations of the UAV and of the manipulator. The
generalized forces along the and coordinates are the

Fig. 6. Coupled model
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components of the global thrust force . The generalized
force along ϕ is , whereas the generalized force
is the
torque exerted by the motor of the manipulator’s joint. Inputs
and
are controlled by the PID controllers mentioned in
Section III. The PID parameters are equal to the ones
adopted in Section III for axes and ϕ.
In the next subsection, the effect of a prescribed motion
of the manipulator on the position and attitude of the UAV is
studied. Therefore, θ and its derivatives are prescribed and
(11) becomes an algebraic equation that makes possible the
calculation of . Therefore, only differential equations (8),
(9), and (10) have to be solved to analyze the dynamic
behavior of the coupled system. This system of equations has
been implemented and solved in Simulink.
B. Response of the coupled system
The simulated motion of the manipulator is a rotation
from the vertical position (with the end-effector pointing
downwards) to a maximum angular position (θ = 65.1 deg),
and back to the vertical position. A triangular velocity profile
is prescribed with maximum velocity equal to 0.4545 rad/s
and duration 10 s.
Fig. 7 (blue lines) shows the effect of manipulator motion
on the UAV that is calculated using the developed coupled
model. The reaction torque on the UAV, generated by the
motion of the manipulator’s joint, modifies the attitude of the
UAV (angle ϕ), but the PID control counteracts this effect
and in the end it guarantees the desired attitude (ϕ = 0 deg
for > 15 s).
The transient variation of the attitude of the UAV
changes the direction of the global thrust force
with
respect to the inertial reference frame.
is an external force
for the coupled dynamic system. There is a very small
perturbation in the vertical position of the UAV with respect
to the reference position, which disappears after the end of
the manipulator motion, owing to the effect of the controller.
The most important effect is a lateral displacement of the
UAV, which does not extinguish at the end of the
manipulator motion, and causes a final position error of
about 0.06 m. This effect takes place because the inclination
of the thrust force generates a lateral force component
(− (ϕ) ), which is not compensated by the control system.

Fig. 7. Dynamic response of the coupled model (blue lines) and of the
decoupled model (red dashed lines)

V. ROBOT DYNAMICS
A. Multibody Model of UAV and 3-DOFs Manipulator
In this subsection, a simplified multibody model of the
UAV and a 3-DOFs planar manipulator is presented. This
model synergistically uses Working Model 2D and Simulink.
A pick and place operation is dealt with, in which the
manipulator moves from the stowed configuration to reach
an object located below the UAV (see Fig. 8). First, the force
and torque reactions exerted by the manipulator on the UAV
are computed using Working Model 2D. Then, the calculated
force and torque reactions are used as an input to the
Simulink UAV model in order to estimate UAV dynamics
during the manipulation.

Fig. 8. 3-DOFs manipulator in stowed configuration (left) and in extended
configuration (right)

UAV dynamics is simulated by means of the model of
section III.
The proposed 2-step simulation procedure is an
approximation (since it considers the manipulator and UAV
as decoupled systems) of the actual system dynamics. In
order to demonstrate that it is a reasonable approximation of
system dynamics, the proposed approach is applied to a 1DOF manipulator (see Table III for the manipulator
geometrical and inertial parameters), and simulation results
(red dashed lines) are compared to those of the coupled
model (blue lines), see Fig. 7. It can be noticed that
negligible errors are present in the variables and ϕ, and
that the presence of a displacement of the system is

In the WM analysis, the UAV control is simplified
assuming that (i) the manipulator base is free to slide along a
horizontal guide (to simulate the fact that the UAV is not
actuated along this direction), and (ii) the manipulator’s base
can not rotate (roll angle ϕ always equal to zero, to simulate
an ideal attitude control with zero error).
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predicted by both models, even if an approx. 10% error is
present when the decoupled model is used.

system cannot be actuated in the related direction while it is
in hovering flight. Finally, the decoupled model is used to
simulate the dynamics of a UAV equipped with a 3-DOFs
planar manipulator during a pick and place operation. The
simulation results show that in this scenario an undesired
lateral displacement of the system is also present, which
could jeopardize the manipulator precision.

B. Simulation Results – UAV and 3-DOFs Manipulator
Decoupled Model
The simulation results for the pick and place operation
described in the previous subsection are presented here
below. Fig. 9 shows the lateral displacement, the vertical
displacement, and the roll angle of the UAV caused by the
motion of the 3-DOFs manipulator.
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It can be noticed that at the end of the operation the and
ϕ variables return to zero thanks to the UAV control system,
whereas a net displacement of about 0.11 m is generated,
which cannot be compensated by the UAV control during
hovering flight. Hence, owing to the displacement of the
UAV, there is a position error between the end-effector and
the object that has to be compensated.
VI. CONCLUSIONS
In this paper, first, the analysis of the dynamic response
of a UAV to impulsive force/torque disturbances is carried
out. In particular, it is showed that the system is able to
suppress torque disturbances in the roll/yaw directions, but
an undesired horizontal displacement is generated. Then,
using a 1-DOF manipulator, it is demonstrated that a
simplified decoupled model is effective in estimating the
UAV-manipulator dynamics and, in particular, is able to
predict (with an approx. 10% error) the lateral displacement
of the system. This displacement is due to the fact that the

Fig. 9. Dynamic response of the decoupled model
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the network and the way it is installed. Ad-hoc networks seem
to be great option for out-of-the-box solutions as they natively
support somewhat dynamic network creation and scalability.

Abstract—A communication infrastructure is an important
part of any multi-agent system. This paper introduces a movable
Wi-Fi mesh network implementation, while keeping in mind
that not all devices are Wi-Fi mesh enabled. The main goal was
to experimentally compare the implementation to regular Wi-Fi
access point application. The results show that it is possible to
use such network, while gaining in operational range.
Disadvantages were also found, mainly in response time, but
connection could still be held. The resulting system enables
usage in both centralized and decentralized manner.

There have been previous instances of ad-hoc networks
being used for multi-agent robotic systems e.g. [2]. The IEEE
802.11s standard introduced “mesh” for wireless networks
[3]. Previous works mention it in relation to Wi-Fi, but found
it being used only in limited amount of cases [4]. The main
properties of mesh network are self-forming (connecting new
device) and self-healing (bypassing disconnected device or
bottlenecks). In their basic form they are centralized but can
also be used in a decentralized manner.

Keywords—Wi-Fi mesh, multi-agent system, multi-robot
system, robot, communication, ROS, robot operating system, no
signal coverage, decentralized system

I.

Keeping in mind the possibility of multi-robot system
being deployed into environment without cellular coverage,
preinstalled Wi-Fi coverage or without access to those, the
mesh Wi-Fi network distributed by the robots themselves
seems like reasonable solution. It enables the robots to
increase signal range, go out of signal range and back in
without heavy management, while allowing them to
communicate with each other and any potential control system
connected to the network.

INTRODUCTION

Once a solution to a problem is implemented, there come
questions how to make the process of problem solving faster.
With tasks performed by mobile robots the options are mainly
algorithm improvement and optimization, hardware
enhancement and with that also using more robots. The
premise is clear: using more robots makes the problem solving
faster. But by introducing more agents into the system new
problems arise [1].

There are certain limitations to mesh Wi-Fi networks that
need to be addressed. There are not that many “Wi-Fi mesh
enabled” devices and when they are, it is usually a closed
environment (i.e. Google Home). This also makes the mesh
network invisible to devices that do not support it even though
it is still a Wi-Fi network, which might be an advantage. The
other main disadvantage is that it is not originally meant for
mobile application and frequent connection breaking /
rebuilding can overwhelm the network itself. Last, but not
least, as it still is a Wi-Fi network it uses up radio bandwidth,
so with increase in number of nodes there might appear
complications.

One problem that is not that often addressed is the need for
communication infrastructure. As the robots are mobile, any
kind of wired connection would be very restrictive. There are
multiple options for wireless communication with various
usability. For most outdoor tasks the cellular network would
be the most obvious choice as the communication range is
almost of no concern. Nonetheless, even in outdoors, and
especially in the indoors there are scenarios with no or bad
cellular coverage. It might not seem that way but buildings
with metal reinforcements in their structure, buildings with
thick walls or underground buildings have quite often bad
cellular signal strength and stability. Also, loss of cellular
signal can sometimes be observed in proximity of elevators.

This paper presents implementation of Wi-Fi mesh
network in mobile multi-robot system controlled by personal
computer (PC) with Wi-Fi connectivity, without mesh
capabilities. The main feature of this implementation is the
fact that the mesh is “self-movable”. A comparison of one
robot to two robots will be made in communication and robot
operating
system
(ROS)
navigation
application.
Communication between the two robots will also be tested.
The main purpose is to verify usability of such solution.

As the cellular network is out of question because of the
reasons mentioned above, the most popular solution is Wi-Fi.
The robots can all be connected to one access point (AP),
network of APs or ad-hoc network. One AP is very restrictive
in range, but certainly usable. Network of APs increases
operational range but is still limited by the need to pre-install
This work was supported mainly by FME Brno University of
Technology under the project FSI-S-20-6407.
It was also supported by National Cheng Kung University under the
project MOST-109-2927-I-006-508.
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connected through the AP of the other robot (robot_2), while
controlling the robot_1, thus utilizing the Wi-Fi mesh.

II. RELATED WORK
The main utilization of multi-agent robotic systems is
probably Multi-Robot Simultaneous Localization and
Mapping (MR-SLAM). There are many papers targeting
problems in MR-SLAM. Mainly data fusion (using extended
Kalman filter [5], particle filter [6], Gaussian filter [7],
RANSAC algorithm [8], etc.).

The expectation is that communication time will slightly
increase.
B. Lost Robot Rescue, Operating Range
When using only one robot there is a risk of losing control
over it, because it was commanded to go into location that lies
outside of the signal range. As the main program runs on the
robot, it is capable of getting to the location without the need
to stay connected to the control system. The robot is lost to the
control system even though it is fully operational. Utilizing
Wi-Fi mesh capabilities, the control can be regained by
sending another robot i.e. half-way to the first one.

There are surveys comparing the data fusion methods, but
the network that the robots use is rarely mentioned [1]. This
fact is stated in [9] and the paper deals with a networking
topic. Finally, the usage of mesh Wi-Fi network is mentioned
in [10], but it is not explored into any detail.
The idea to use mesh network to create “self-moving”
network is not brand new, but we did not find it being explored
and compared to traditional AP way. That is the motivation
behind this paper.
III.

The other test verifies the aforementioned “rescue”
capability by sending robot_1 into location outside signal
range (or into signal shadow), checking that the connection is
truly lost, then sending the robot_2 closer to the robot_1 and
checking the connection again. If the connection is
reestablished, the regained control is verified by commanding
both robots to return. The main interests in this test are
answering question whether a robot lost to the control system
can reconnect by itself and how far from the control PC must
the “rescuing” robot go to reconnect the PC to the “lost” robot.

MATERIALS AND METHODS

A prototype of wheeled robot by codename “Leela”
developed by Bender Robotics was used for the purposes of
this paper. The most notable parameters for the experiments
are the computer and the router. The computer is Jetson Nano
by NVIDIA running Linux Ubuntu 18.04 operating system
and ROS Melodic Morenia. The router is GL-AR300M
running OpenWrt firmware. It is Wi-Fi mesh enabled. The
computer is connected by LAN cable to the router.

Also, a comparison of direct connection between PC and
the robot, and the bridged connection was performed. The
expectation is that the overall operational range will increase
significantly, which could bring the possibility to rescue
a robot that lost signal.

The PC used to control and test the system has Wi-Fi
connectivity, but is not Wi-Fi mesh enabled. That determines
the setting of the GL-AR300M routers. They are set so that
there are three modes operational at one time: a) LAN; b) WiFi AP; c) Wi-Fi mesh. All those three modes are bridged. This
enables the PC to connect to any of the robots and gain access
to the whole robot network. The Wi-Fi AP is set into
compatibility mode with IEEE 802.11b/g/n standard with
frequency 2.4 GHz and speed 54 Mbit/s, which is the top
speed for Wi-Fi generation 3. The Wi-Fi mesh is on the same
frequency with the same speed and is implementation of
IEEE 802.11s standard.

It is worth noting that the test relies on assumption that the
robot_1 can reach intended destination even after losing
contact with the control system. This is manually verified
during the test.
The maximum speed of the robots is 0.5 ms-1. During the
“rescue” phase the robot_2 moves in steps of cca 1 m and then
it waits a while for the possible reconnection to happen. This
way the possible influence of speed of the robot on the
experiment should be minimal.

Each robot computer runs its own ROS core and acts as
a ROS master. This prevents issues with program execution
upon connection loss. The program used for these experiments
was navigation on previously mapped floor of Department of
Mechanical Engineering of National Cheng Kung University.
The program awaits commands for goal position. The PC can
connect to both robots at the same time as a ROS slave and
send commands to the robots, containing their respective goal
positions.

V.

On the figures below there are graphical representations of
the experiment results.
A. Communication Performance Comparison
The results of this test are shown in Fig. 1 (for environment
without obstacles) and Fig. 2 (for environment with
obstacles).
B. Lost Robot Rescue, Operating Range
The results of this test are shown in Fig. 3. During the test
when the robot_1 was sent into a spot with expected signal
loss, the connection was always broken, but the robot reached
the destination anyhow. The connection could always be
reestablished using both approaches: moving the PC or
moving the robot_2.

The environment used to control the robots is RVIZ. The
connectivity was tested by periodical communication.
IV.

RESULTS

EXPERIMENT

There were two experiments. In each, the robots were
commanded into certain position in previously known
environment.
A. Communication Performance Comparison
The first test serves to compare connection over Wi-Fi
mesh with direct connection to Wi-Fi AP. It consists of
periodic communication on varying distance and obstacle
occurrence. Results of PC being connected to single robot’s
AP (robot_1) are compared with results of PC being

In order to regain control over robot_1, in direct AP
connection scenario the PC had to be moved always at least
5 m farther than the robot_2 had to move in the bridged
scenario.
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Fig. 1.

Fig. 2.

Message roundtrip test result in environment without obstacles (200 samples per distance): A – PC directly connected to robot_1;
B – PC connected to robot_1 through robot_2; C – successful transaction rate for both cases

Message roundtrip test result in environment with obstacles (200 samples per distance): A – PC directly connected to robot_1;
B – PC connected to robot_1 through robot_2; C – successful transaction rate for both cases

advantage of such network was introduced. The
implementation was tested and compared to regular Wi-Fi AP.

The whole area shown in Fig. 3 could be covered using
two robots. Using only one robot would result in signal loss
thus losing the robot.
VI.

One of expected benefits of Wi-Fi mesh was increased
operational range along with possibility to rescue robot that
got out of signal range. The overall range improvement was
confirmed. The range at which control was reestablished was
even greater than expected based on results from Wi-Fi AP
tests.

SUMMARY

Firstly, a comparison of coverable range was performed.
Fig. 3 shows typical spots in an environment where loss of
control over a robot occurred if only one robot was used and
connected directly to a PC. It also shows that when another
robot was used with a Wi-Fi mesh enabled, it enabled
regaining control and covering the whole area. That
effectively ensured possibility to control the robot in range
approximately 50 m from the PC in area with obstacles.

In scenario without obstacles a slight increase in time
needed for messages to pass through the mesh was observed.
That is something that was expected as the messages had to
go through a network bridge. The success rate of
communication attempts was comparable in both cases, so the
only apparent possible complication in potential use case
could happen due to longer transfer times.

An improvement was found regarding the range in which
lost control was regained. The PC always had to be moved at
least 5 m farther than the rescuing robot. This also confirmed
the possibility of “rescuing” lost robot with the help from
another robot.

Scenario with obstacles showed again increased
communication time, but increased success rate of
communication attempts. This suggests better reliability for
real-world applications.

On both Fig. 1 and Fig. 2 we can see that using
a connection bridged through another robot generally brings
worse response times. On the other hand, it had better success
rate in an environment filled with obstacles as can be seen in
Fig. 2 part C thus bringing increased reliability.

The specification IEEE 802.11s mentions that mesh could
become unusable in scenario where the network has to often
deal with interruptions and disconnections. This is because
network management messages could overwhelm the network
nodes. No such behavior was observed, but that could be due
to having only 2 nodes in the mesh.

VII. CONCLUSION
In this paper a usage of movable Wi-Fi mesh for multirobot applications was proposed. An implementation that also
allows devices without Wi-Fi mesh capability to take

Future work should focus on testing the network with
more than 2 nodes. There are two ways to test it. Increase the
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Fig. 3.

2D map of National Cheng Kung University, Department of Mechanical Engineering, Floor 7 (the square area in the middle is
empty space - not wall - only secured with guardrail; grid spacing: 5 m; the letters A,B,C,D show 4 different scenarios):
1 – Starting position of PC,
2 – Position where communication with robot_1 could not be held from position 1,
3 – Left: position where the PC had to be moved to regain connection; Right: position which robot_2 had to reach to regain connection

number of robots or adding a Wi-Fi mesh enabled router
connected by cable to the control PC. If the problem with
network overload appears a possibility to incorporate beaconbased proximity detection should be explored (e.g. [11]).

[4]

A. Quattrini Li, P. K. Penumarthi, J. Banfi, N. Basilico, J. M. O’Kane,
I. Rekleitis, S. Nelakuditi, and F. Amigoni, “Multi-robot online sensing
strategies for the construction of communication maps”, Autonomous
Robots, vol. 44, no. 3-4, pp. 299-319, 2020.
[5] T. Sasaoka, I. Kimoto, Y. Kishimoto, K. Takaba, H. Nakashima, I.
Rekleitis, S. Nelakuditi, and F. Amigoni, “Multi-robot SLAM via
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Requirements”, IFAC-PapersOnLine, vol. 49, no. 22, pp. 303-308,
2016.
[6] J.-H. Kim, D. Kim, “Cooperative Range-Only SLAM based on RaoBlackwellized Particle Filter: Architectures and Requirements”, 2019
IEEE SENSORS, vol. 49, no. 22, pp. 1-4, 2019.
[7] J.-H. Kim, D. Kim, “Cooperative Range-only SLAM based on Sum of
Gaussian Filter in Dynamic Environments: Architectures and
Requirements”, 2019 IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS), vol. 49, no. 22, pp. 2139-2144,
2019.
[8] C. A. Velásquez Hernández, F. A. Prieto Ortiz, J. Wu, and J. AlJaroodi, “A real-time map merging strategy for robust collaborative
reconstruction of unknown environments: Architectures and
Requirements”, Expert Systems with Applications, vol. 145, no. 4,
2020.
[9] I. Jawhar, N. Mohamed, J. Wu, and J. Al-Jaroodi, “Networking of
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Sensor and Actuator Networks, vol. 7, no. 4, 2018.
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The fact that the proposed and implemented solution
makes the robots “carry” the network with them proved
versatile. This way the robots can perform different missions
autonomously and communicate with the rest of robot team
when the communication becomes available. It enables an
outside system to control a group of robots in a centralized
manner, which is so far the most used approach. It also enables
the robots to communicate with each other thus giving
possibility to use decentralized approaches. All that without
the need of prior network coverage of the environment that is
being explored. This should provide opportunity to look into
decentralized solutions more. It could prove particularly
useful for decentralized Simultaneous Localization and
Mapping.
ACKNOWLEDGMENT
Other than the funding parties, the company Bender
Robotics supported the project by providing the “Leela”
robots.
REFERENCES
[1]

[2]

[3]

J. Kshirsagar, S. Shue, and J. M. Conrad, “A Survey of Implementation
of Multi-Robot Simultaneous Localization and Mapping”,
SoutheastCon 2018, pp. 1-7, 2018.
T. Andre, D. Neuhold, and C. Bettstetter, “Coordinated multi-robot
exploration: Out of the box packages for ROS”, 2014 IEEE Globecom
Workshops (GC Wkshps), pp. 1457-1462, 2014.
802.11s-2011: IEEE Standard for Information Technology-Telecommunications and information exchange between systems-Local and metropolitan area networks--Specific requirements Part 11:
Wireless LAN Medium Access Control (MAC) and Physical Layer
(PHY) specifications Amendment 10: Mesh Networking. Piscataway,
New Jersey, US: IEEE, 2011.

289

2020 19th International Conference on Mechatronics – Mechatronika (ME)

Cyber-physical Industry 4.0 laboratory test field to
simulate self-optimizing intralogistics
Xiaobo Liu-Henke, Sven Jacobitz, Marian Göllner, Jie Zhang, Sören Scherler, Or Aviv Yarom
Ostfalia University of Applied Sciences
Department of Mechanical Engineering, Institute for Mechatronics
Salzdahlumer Str. 46/48, 38302 Wolfenbüttel, Germany
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Abstract—This paper presents a cyber-physical Industry 4.0
laboratory test field, test field for short, for the investigation
of self-optimizing intralogistics and production planning. The
test field allows strategies and functions to be evaluated and
tested under reproducible real-time conditions. This closes the
gap between simulation and real production application in the
development process for intelligent functions of the Industry
4.0. We will introduce a detailed concept of the test field as
well as a brief overview of the design. Core of the test field
are automated guided vehicles (AGVs) for intralogistics, which
interact autonomously with other participants in an Internet
of Things (IoT) network. The concept of an AGV will be
presented in the course of this paper. Also, the independent
guideline-free navigation will be integrated into Software-in-theLoop simulations of the test field.
Index Terms—Cyber-physical system, Industry 4.0, automated
guided vehicle, Internet of Things, Intralogistics, Real-time simulation, Hardware-in-the-Loop, Model-based design

I. I NTRODUCTION
In the context of the fourth industrial revolution (Industry 4.0), both the production facilities and the production
environment are becoming increasingly intelligent. In cyberphysical systems (CPS), intelligent mechatronic components
share information to improve productivity and reduce energy
consumption [1]. The Internet of Things (IoT) is a key technology to enable these functionality. Despite its many advantages,
Industry 4.0 applications are not yet widely used, especially in
small and medium-sized enterprises (SMEs) [2]. The reasons
for this include a lack of background knowledge and a lack of
systematic evaluation methods. These barriers will be removed
by the EU-funded joint project Methods and Tools for the Synergetic Considination and Evaluation of Industry 4.0 Solutions
(Synus), in which the Technical Universities of Braunschweig
and Clausthal as well as the Ostfalia University of Applied
Sciences are involved [3]. Also, the research results in this
paper contribute to digitization research in Lower Saxony
within the context of the Future Laboratory Mobility, which
is funded by the Ministry of Science and Culture of Lower
Saxony as well as the Volkswagen Foundation and supported
by the Center for Digital Innovations (ZDIN).
Within the project Model-based design and evaluation of
Industry 4.0 solutions for the networking of mechatronic components in production plants through digitalization (MiMec),
978-1-7281-5602-6/20/$31.00 ©2020 IEEE

Ostfalia is forcing optimal transportation of goods in the cyberphysical production system as well as self-optimization of production planning through the use of IoT technology. To realize
this, intelligent automated guided vehicles (AGVs), which are
networked to all other participants in the production system,
will be used. The AGVs accept and execute transport jobs
fully automated through decentralized decision making [4].
To verify the project results, to carry out further research and
for demonstration purposes, the cyber-physical Industry 4.0
laboratory test field for the investigation of self-optimizing
intralogistics and production planning (test filed for short) was
established at the Ostfalia by the research group for control
engineering and automotive mechatronics.
This paper presents the concept of the laboratory test field
as well as first simulation results of decision making for
transport jobs, made by the AGVs. It is structured as follows.
Section II introduces the methodology used for model-based
development of mechatronic systems. Section III gives an
overview over the state of the art for development and testing
of AGVs. Subsequently, in section IV, the conception of the
test field follows and in section V, the results of Software-inthe-Loop simulations for transport order-acceptance decision
making of AGVs are presented. The paper closes in section VII
with a conclusion and an outlook for future work.
II. M ETHODOLOGY
The development of cyber-physical systems poses a particular challenge. A systematic approach is essential to master the
complexity. For this reason, the development of cyber-physical
production systems and their components is based on the
model-based, holistic mechatronic development methodology
according to [5]. In a top-down process, the system is first
modularized and hierarchized to manage complexity. Then,
starting with the lowest hierarchy level, the modules are
designed and integrated into the entire system. Model-in-theLoop (MiL), Software-in-the-Loop (SiL) and Hardware-in-theLoop (HiL) simulations are carried out from an early phase
of development, to optimize and test the functionality on each
level.
Especially the optimization and testing on higher hierarchical levels of the CPS is a huge challenge. Complexity
and a high degree of networking require the use of real-time
capable prototypes under realistic conditions. For this purpose,
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a laboratory test field, as described in this paper, can be used
to simulate a real production system. An essential element
for the design and development of the test field as well as
efficient control systems is a sufficiently accurate model of
the controlled system [6].
III. S TATE OF THE ART
In order to relieve the employees, and also to increase
production efficiency, various kinds of AGVs are used in
different areas of the production system [1]. Examples are
mobile workstations in pre-assembly, transport of goods for
connecting production machines, commissioning in the warehouse or material delivery to the production lines [8].
One of the most important functions for an AGV is navigation, which continuously determines the current vehicle
position and finds the optimal route to the destination according to defined target criteria (e.g. transport time or energy
consumption) [9], [10]. According to [11], this includes the
tasks locating, route planning and trajectory generation. The
navigation of the AGV is done conventionally by inductive
or optical guidelines on the ground [12]. Such navigation
approaches are easy to realize, but due to the predefined
guidelines, the flexibility of movement is considerably limited [13]. Extensions of the operating range are difficult, due
to the predefined route network and the limited number of
lanes. By using sensors for self localization and mapping,
the AGV creates a detailed environment map. In combination
with intelligent communication functions, navigation without
guidelines can be achieved [14], [15].
According to [16], the AGVs are integrated into the operational environment by a central superimposed control system.
The key functions of the control system are material flow
control and transport order processing. The orders transmitted
by the customer must be converted into feasible transport
jobs, which are then coordinated according to priority, and
distributed to the available AGVs. After completion of the
job, a feedback is sent to the client.
IoT technology allows the transmission of large data
amounts. This enables direct communication between individual AGVs and other participants in the production system [17].
In recent years, use of multi-agent systems, which decentralize
the central control system on basis of the information obtained,
has been investigated [14], [18].
The greatest challenge in future-proof production is to
reliably schedule the manufacturing of multi-variant to customized products in the smallest series or even individual
production [2], [19]. In order to meet these requirements, the
degree of automation of the AGVs will be increased by using
new functionalities from different fields of technology. The
functions developed for automobiles, to realize autonomous
driving, e.g. object recognition based on image data under
unfavorable optical conditions, can also be integrated into the
AGVs for this purpose [20].
Newly designed functions need to be integrated into research vehicles or real-time capable prototypes, and tested
under realistic conditions after functional validation by offline

simulations [21]. Once this validation has been completed,
they can be used in AGVs or other participants in a real
production system. In addition, the model-based developed
functions can be reliably evaluated by examination in a realistic environment and thus valuable basic knowledge for
companies can be offered during the introduction. So far,
however, there is no possibility for intralogistics to realistically
examine complex test scenarios with several participants under
real-time conditions. This leads to a gap in the development
process between simulation and realization.
IV. C ONCEPT OF THE LABORATORY TEST FILED
A. Motivation and objectives
As discussed in section II, the testing and optimization of
prototypes under realistic conditions is an essential step in
cyber-physical system development. Since this is often difficult
or even impossible in a real production environment, the use of
a laboratory test field to simulate the cyber-physical production
system is investigated by the authors.
In order to close the gap in the development process, a
scaled cyber-physical production system for the investigation
of self-optimizing intralogistics and production planning was
built. The focus of this test field is the AGV of the intralogistics. For this purpose, an interaction between several AGVs as
well as other participants in a simulated integrated production
system is enabled by the test field. Physically unavailable
actors, disturbances, external events and critical situations are
generated virtually. Interaction between the AGVs is achieved
via communication interfaces. In addition, inventories, process
run times, infrastructure, etc. are simulated. The setup of
the test field is also realized in a virtual test-bench for SiL
simulations.
The following use cases for the test field result from the
above-mentioned objectives:
1) Optimization and testing of smart functions for intralogistics and production planning in a cyber-physical
production environment.
2) Analysis and assessment of alternative algorithms and
strategies for self-optimizing intralogistics and production planning in a cyber-physical production system.
3) Investigation of new technologies, e.g. for communication, in the cyber-physical production system.
B. Requirements for the tesf field
Functional and non-functional requirements for the test
field can be derived from the objectives, use cases and other
boundary conditions, presented in section IV-A. The most
important requirements are:
1) Scaling of a production system to laboratory size.
2) Application of modern Industry 4.0 technology under
real-time conditions.
3) Simulation of all relevant processes for intralogistics
by AGVs in real-time, either by physical set-ups or
virtually.
4) Simulation control and real-time data acquisition by a
central control and monitoring system.
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C. Structure and functions of the test field

B. Networking and information processing

The structural design of the test field can be derived from
the explanations of previous subsections. Figure 1 gives an
overview about the hierarchical structure of the test field. It
mainly consists of participants like AGVs, production machines, shipping, stock and charging infrastructure. In addition,
virtual boundary conditions such as hazardous areas as well as
an order and data management are simulated. All participants
are equipped with sensors, actuators, intelligence module and
communication module. They are networked with each other
via IoT and can thus exchange information.

The IoT communication in the test field is done by
IEEE 802.11ah wireless LAN for movable participants or
Industrial Ethernet for stationary devices. The networking
is basically carried out via an industrial local area network
(Industrial Ethernet - ILAN) or the wireless version (industrial
wireless local area network - IWLAN). Each participant is seen
as an equal client. Prioritization is based on the data structure
of the messages sent. The mobile participants are integrated
into the network via a Siemens Scalance access point, to
which they log on via the related client. The advantage of
these standards is the possibility of real-time data transmission
and deterministic within a low latency framework, which is
necessary for the applications in the test field. In addition,
several functions are integrated which keep the latency low
when roaming over several wireless cells.
The network protocol on the application level is the open
Message Queuing Telemetry Transport (MQTT) protocol,
which ensures very fast and demand-oriented communication of data [22]. Due to its message retaining server-based
structure, it acts as a state database with a data structure
built up by a hierarchical tree. Thus, it is always clear which
machine has sent which data (publish) and a simple search
pattern can be used to access any data branch at any time
(subscribe). Each participant creates a type-dependent data
branch, through which it makes information available to other
participants. Data branches can be organized by various topics
and thus offer a clear and flexible data structure. Due to the
resulting flexibility, the test field can be extended and adapted
to changing participants without effort.
Each participant has its own customized information processing, based on various hardware systems like simple microcontrollers or powerful real-time simulation hardware e.g.
from dSPACE. The high-level management system is executed in a dSPACE real-time environment. This provides the
possibility of coupling with other real-time systems and test
benches. The software functions of the test field are developed
using the model-based design method presented in section II.

High-level management
Order and data
management
AGV 1

Participants

AGV 2

…

Hazard map

Participant n

Fig. 1. Hierarchical structure of the cyber-physical Industry 4.0 test field.

A high-level management system is provided for the coordination and monitoring of various test scenarios. This includes
a service for communication, an order and data management
as well as a user interface, which visualizes current processes
and data of the test field. Via IoT, all subordinate participants
can use services of the central system.
The following functions must be realized by participants or
the central management for operating the test field:
1) Storing and allocation of goods (e.g. stock or shipping)
2) Transformation of goods (e.g. by a production machine
or robots)
3) Transport of goods (e.g. by AGVs)
4) Orchestration and management (e.g. energy management
or test field management)
Goods can be both, semi-finished casting products or already manufactured and mounted assemblies. The mentioned
functions can be realized either by a real setup (e.g. prototype
of an AGV), by a simulation virtually or in a combination of
both.
V. D ESIGN OF THE TEST FIELD
A. Simulation environment
The heart of the test field is a hybrid simulation environment, which on the one hand simulates event-based production
or company processes and on the other hand continuously simulates the dynamic behavior of non-physical participants. This
simulation can be performed on a virtual test rig environment
as SiL simulation or on a real-time hardware from dSPACE
as HiL simulation. Using Matlab/Simulink and Stateflow, the
models can be easily extended and optimized.

C. Participants in the test field
In order to meet the functions, required in section IV,
various participants are provided within the test field, which
interact with each other. All of them are equipped with
sensors, actors, intelligence module and communication module. Figure 2 illustrates that concept. In detail the following
participants are realized:
1) Three AGVs for the transport of goods
2) Three machine modules for transformation of goods
3) One stock module for good storing and allocation
4) One shipping module as a sink for goods
5) Charging infrastructure for energy management
6) A high-level test field management system for orchestration
AGVs transport virtual goods autonomously within the production system. They decide decentrally on the acceptance of
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AI

AI

Machine 1

Machine 2

AI

Machine 3

AI

AGV 1

station and charge it’s battery.
The high-level management system has various coordination
responsibilities in the test field, and also includes the user interface. The management system distributes production orders
to the machine modules or direct transport orders to AGVs.
In addition, the hazard situation messages of the AGVs are
evaluated and integrated in association with other information
into a hazard card. This is communicated to the AGVs so that
the hazards can be taken into account, early during navigation.
Since the AGVs are a main component of the test field,
section V-D presents the information processing of an AGV.

AI

Virtual hazard area
AGV 3

D. Intelligent AGVs for intralogistics
AI

IoT
AI

Stock

AGV 2
Charging
station

Fig. 2. Conceptual overview of the participants in the test field.

transport orders, taking into account energy and time aspects,
and coordinate their actions. They are therefore not dependent
on the function of the high-level management system. The
AGVs can navigate freely within the production hall and
are not bound to predefined routes. When the battery state
of charge is low or when there is plenty of free wheeling,
they visit the charging infrastructure on their own. Thanks
to the integrated sensor technology, they independently detect
hazardous situations and report these to the high-level management system. Hazard areas that have been determined by these
reports, in combination with further sources of information, are
automatically taken into account both in the decision to accept
the order and in route planning.
A machine module virtually realizes manufacturing processes such as machining or coating processes. Here, mainly
the process throughput times and the energy consumption
are simulated. This approach allows flexible simulation of a
wide range of production processes. Based on the assigned
production order, the machine module independently assigns
transport orders to an AGV.
The stock module is a virtual store of goods and serves in
this first configuration as transport destination or starting point
for an AGV. In future expansion stages, further investigations,
e.g. on material flow, can be carried out by extending the stock
module. The same applies to the shipping module, which is
realized as a virtual material sink in this initial configuration.
The battery of an AGV is recharged by intelligent charging
infrastructure. The AGVs can request information such as the
number of free charging stations or remaining charging times
via IoT-based communication. If the energy offer is profitable
(e.g. due to recuperation of production machines or low energy
prices), all AGVs are automatically informed. If necessary or
worthwhile, an AGV can independently drive to a charging

Figure 3 gives an overview of all essential functions of an
AGV’s information processing for the realization of decentralized decision making in transport order-acceptance according
to [14]. On the left, a production machine sends a transport
order to the AGVs. Each AGV estimates the travel cost J,
according to (1), with the help of its navigation and vehicle
management, so that a decision can be made decentrally. In
the following, the individual functions are described.
1) Navigation: The most effective route of an AGV to a
target position, given by the order, is determined starting from
its current position using the Dijkstra algorithm. This is done
by taking into account the AGV’s own objectives, and also
the common objectives of the entire production system, by
minimizing the time and energy required to complete the order.
The Dijkstra algorithm is based on graph theory, where the
entire route network is described by a number of nodes and
directed edges. The travel cost of each passed edge is described
by a cost function, so that the calculation of the shortest, most
time or energy efficient route can be performed.
2) Energy management: All energy functions (e.g. battery
charge management) of the AGV are coordinated in the
energy management system. It ensures a demand-oriented
and priority-based distribution of the limited electrical power
available in the AGV. This way the safe, timely and efficient
transport of goods is always assured. The subordinate battery
management system records the current states of the battery
pack (e.g. state of charge and state of health). This enables
the energy management system to distribute the energy of the
AGV and make this information available for the transport
order-acceptance function.
3) Integrated Dynamics Control: The trajectory for performing a task is provided by the integrated dynamic control.
It is generated from the route, given by the navigation. In
addition, low-level dynamic control (e.g. the wheel-speed)
is performed by this module. With help of this controller
group, the target position defined in the transport order can
be reached.
4) Decision Making: Decision making for transport orderacceptance is one of the core functions of the AGV, and
also an essential process to support the production flow. This
decision is made using artificial intelligence (AI). Based on
the route, determined by the navigation function, the transport
duration T , distance D and energy consumption E for a job
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Production Machine

AGV 1
Navigation

AI

Information and
Order Delivery
AGV 2

Order

AGV 1
Decision

target
point

start point
fastest Route
shortest Route
most energyefficient Route

Trajectory
Planning

Integrated Dynamics Control
Vehicle Status

estimated E, T and D
𝑱𝑱𝟏𝟏 = 𝒇𝒇(𝑬𝑬, 𝑻𝑻, 𝑫𝑫)

Decision Making

Energy Management

Energy Status

…

AGV n

Vehicle Management

𝑱𝑱𝟐𝟐,…,𝒏𝒏 = 𝒇𝒇(𝑬𝑬, 𝑻𝑻, 𝑫𝑫)
Fig. 3. Functional structure of an AGV to realize decentralized decision making [14].

J = aT + bD + cE

(1)

AGV2

Route AGV1
Route AGV2
Route AGV3

AGV1

AGV3

y in m

can be estimated. The energy management provides the current
energy status of the AGV, which is also taken into account
in the decision-making process. If the battery charge level is
too low, to carry out the transport order, this is reported to
the other AGVs and the order is rejected. If the battery has
sufficient energy content, the travel cost J is calculated taking
into account the weighting factors a, b and c to weight the
objective values T , D and E:

VI. S IMULATION RESULTS
The following is an example scenario that illustrates the
function of decentralized decision making for transport orderacceptance, using IoT-based communication of the AGVs.
Therefore, numerous SiL simulations were carried out.
When a production machine is ready for processing a new
part, it communicates via WLAN with the AGVs and issues
a transport order, to have the needed goods transported by
one of the AGVs from the stock. Based on the given first
destination of the order (in this case the location of the stock),
the AGVs use their navigation function, to plan a route from
its current position. The transport costs are estimated, using
AI-based heuristic algorithms. Then, a decentralized decision
on the acceptance of the transport order is made.
Figure 4 illustrates the determined route of each AGV in
the test field. The production hall is 7mx11m and bounded by
walls (black lines). The filled areas in the production hall are
blocked due to barriers (e.g. production machines, the stock
or a hazardous area).
The travel distances, times and energy demands as well as
the transport costs of the three AGVs are compared in table I.
Taking into account a simple vehicle dynamics model in
combination with AI, the energy demand is determined based
on the route. In this scenario, the focus is on energy efficiency.
So, the weighting factors are chosen to a = b = 0.25 and
c = 0.5.
Since AGV 3 has the lowest transport cost, it is selected
for this order. The information about order acceptance as

Target Position

x in m
Fig. 4. Optimal route of the respective AGV to a target position.

well as estimated transport duration are transmitted to the
production machine. Further activities are organized directly
between AGV 3 and the production machine. All other AGVs
are still available for transport orders.
TABLE I
D ISTANCE AND TRANSPORT TIME OF THE RESPECTIVE AGV
Distance D in m
Transport time T in s
Energy demand E in J
Transport cost J

AGV 1
5.74
7.71
2.741
4.733

AGV 2
6.64
8.3
1.983
4.726

AGV 3
4.22
5.28
1.978
4.363

VII. C ONCLUSIONS AND FUTURE WORK
This paper gives a first overview of the cyber-physical
Industry 4.0 laboratory test field for the investigation of
self-optimizing intralogistics and production planning (short
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test field). This allows simulating an Industry 4.0 production
system under real-time conditions. The key components are
intelligent Automated Guided Vehicles (AGVs), which autonomously carry out transport orders within the framework
of intralogistics. The test field allows various functions and
algorithms for the intelligent production environment to be
tested, optimized and validated under real-time conditions.
Based on an overview of the state of the art, the concept
of the test field was drawn up, and then the design was
presented. Special attention was paid to the participants and
their networking. As an elementary part of the test filed, an
AGV was presented. Finally the AGVs were integrated into
SiL simulations of the test field and simulation results for
transport order-acceptance were discussed.
Further work on the test field will deal with the realtime realization of all participants as well as the high-level
management system. Also, the interaction between different
participants and the implementation of more complex scenarios will be investigated. This will make it possible to
examine the influence of different technologies and strategies
in production planing and automated intralogistics.
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Abstract—The article deals with the modelling and simulation
(M&S) of missile guidance systems and methods, especially the
Line-Of-Sight Beam Riding (LOSBR) guidance and passive homing (PH) guidance in WEBOTS robot simulation environment.
The major goal is to evaluate general possibilities and aspects
of M&S of missile guidance systems, methods and describe the
process of implementation and suitability of WEBOTS simulator.
The main focus is on the implementation and functionality
verification of launcher, missile and target models. Functionality
model includes the essential parts of given guidance system,
such as laser beam emitter, photo detectors, IR emitter, range
finder, optical sensor and other devices for position settings.
Simulation results are verified, evaluated and compared with
expected behaviour and mathematical models.
Index Terms—Modelling and Simulation, M&S, Missile Guidance

I. I NTRODUCTION
The field of M&S influences every single area of human
activity. The advantages and reasons for usage of M&S are
well known and proved. There are numerous ways of M&S,
from theoretical mathematical description of simple models
to complex cooperative simulation in artificial environment.
The crucial aspect of M&S is to use optimal model and
way of simulation in accordance with the purpose. Also the
military applications are being modelled and simulated very
progressively [1]. Particular area of military application are
missile weapon systems (WS), such as Air to Air Missiles
(AAM), Surface to Air Missiles (SAM), Anti-Tank Missiles
(ATM), etc. This WS use several types of guidance systems
and methods. Missile Guidance System (MGS) is defined
by the WS architecture and design (e.g. active, semi-active,
passive guidance, etc.) and Missile Guidance Method (MGM)
describes the way how is the missile guided towards a target
(pursuit, proportional guidance, etc.) [2], [3]. For the purpose
of the article, the Line-Of-Sight Beam Riding and the passive
homing MGS with the pursuit and beam riding MGM were
selected.

emitting the laser beam with exact parameters (e.g. modulation type, beam angle of view, etc.) towards the target and
evaluation of the missile position within the laser beam. The
laser beam detector is on the back of the missile and the
position is evaluated on-board of the missile. The tracking of
target is done manually by operator (RBS-70, 1st generation)
or semi-automatically (RBS-70 NG), where operator provides
only rough tracking and the precise target aiming is executed
automatically using image processing algorithms. This type
of guidance requires aiming a target all the time of missile
flight. The PH guidance simplified model is based on the Man
Portable Air Defence System (MANPADS), which is the InfraRed (IR) homing SAM missile, such as FIM-92 Stinger or
9K32 Strela 2 (SA-7 Grail in NATO code) [4]. This type of
missile is based on tracking the IR image of the target with IR
(heat) seeker. The IR homing missiles belongs to the Fire and
Forget (F&F) missile guidance category. Simplified layout of
guidance methods is in Fig. 1 and Fig. 2, where basic vectors
and parameters in Cartesian coordinate system are defined.
Zero represents the initial point (launcher), M - missile, T target, rm and rt are radius vectors, vt and vm are velocity
vectors, ε is elevation angle and σ is azimuth angles (indexes
t and m stands for target and missile) [5].

A. Missile guidance

Fig. 1. Line of Sight guidance layout

LOSBR guidance simplified model is based on a VSHORAD (Very Short Range Air Defence) RBS-70 system
[4]. The principle of this type of guidance is ensured by
978-1-7281-5602-6/20/$31.00 ©2020 IEEE

B. WEBOTS robot simulator
WEBOTS is an open-source three-dimensional mobile robot
simulator [6], which provides synthetic environment of various
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dr
= v · cosΘ · cos(Ψ − σ) · cosε + v · sinΘ · sinε
dt
r

(1)

dε
= −v · cosΘ · cos(Ψ − σ) · sinε + v · sinΘ · sinε (2)
dt
r · cosε ·

σt
= v · cosΘ · sin(Ψ − σ)
dt

(3)

Angle Θ represents the heading angle of velocity vector in
XY and Ψ is heading angle of velocity vector in XZ.

Fig. 2. Homing guidance layout

robot applications with support of external programming languages (C, C++, Python, Java, Python, ROS or MATLAB).
The 3D models are define by Virtual Reality Modelling
Language (VRML) and environment with physics and general
settings is build in World file (.wbt), see Fig. 3. The simulator
architecture is node based with tree structure, where nodes represents various robot parts (e.g. sensors, motors, solid parts),
modelling or control elements and functionalities (transform
node, world node, robot/supervisor node, etc.) [6], [7].

Fig. 4. Line of sight guidance principle

Pure pursuit (PP) guidance method for IR homing missile,
is usually defined for outbound targets, where missile hits the
target from rear hemisphere. See kinematic equations (4) and
(5), [10].
drm
= vm − vt · cosΘ
dt

(4)

dθ
) = −vt · sinΘ
dt

(5)

rm (
Fig. 3. General schema of WEBOTS files [7]

C. Motivation and main goal
Initial impulse of the research was caused by inaccurate and
ambiguous missile behaviour in various commercial simulators
(e.g. Presagis or Virtual Battle Space 3) [8], in comparison
with mathematical models [5]. The suggested solution and the
main goal of the article is to verify possible implementation
and usage of missile guidance models in WEBOTS simulator
environment, describe the process of the design and evaluate
the missile guidance models. The idea is based on assumption,
that the missile system can be understand as an robotic system,
which used common sensors and actuators. That is reason why
the WEBOTS robot simulator environment was chosen [9].

Fig. 5. Pure pursuit guidance principle

II. M ATHEMATICAL MODEL
Initial mathematical model of LOS guidance for simulation
verification is based on modified kinematic equations (1), (2),
(3), [10].

III. S IMULATION LAYOUT AND IMPLEMENTATION
In accordance with the WEBOTS principles [6], [7], presented missile guidance was realised in following several steps.
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A. Environment design
Environment was designed as an optimal world with no
disruptive effects. Simulation world was composed of following nodes and settings and it was constant for all provided
simulations.
2
• WorldInfo node - gravity −9.81 m/s , simulation step 32,
an FPS 60, rest of the setting was default.
2
• Node Floor - defines the flat area 10000 m , with grass
texture.
• Node TexturedBackground - defines the ”sky” with
mountain texture and luminosity of environment.
• Node ViewPoint - defines the view settings for simulation
observing.
B. Line-Of-Sight Beam Riding Guidance Layout
•

•
•

RBS Robot node - is based on 3D VRML model of RBS70, divided into several parts (nodes).
– Legs - 3D model of legs, where all other parts are
mounted on.
– Stand with sight - 3D model of stand for azimuth
rotation.
– Missile Launcher - 3D model of missile launcher part
for elevation rotation.
– Camera - represents the eyes of operator to follow
the target with XGA resolution (1024 × 768 px).
– Range Finder - provides the value of distance of a
target.
– Spot Light - represents the model of Laser beam
emitter with these settings (ambient intensity 0, attenuation vector [0 0 1], beam width 0.1, colour [1 1
1], cutoff angle 0.1, direction [0 0 -1], radius 10000).
Target Robot node - is designed as a simple sphere with
1 m radius, where controller defines its movement.
Missile Robot node - is graphically represent as a sphere
with 0.025 m radius and has following nodes:
– Transform node - for elevation angle settings.
– Transform node - for azimuth settings.
– Propeller node - WEBOTS do not have entity which
represents rocket motor. The propeller node was used
for thrust generation and model movement. Thrust
Constant was experimentally set to values [11] an
propeller maximum velocity is 1000. Value of thrust
T is computed according to (6), where t1 and t2
represents the thrust constants and ω is the motor
angular velocity and V is the component of the linear
velocity of the centre of thrust along the shaft axis.
– Light sensor nodes - four light sensors were placed
in rear hemisphere of the missile in cross profile with
10 cm spacing to measure the irradiance of light from
the RBS laser beam emitter. Sensors resolution was
set according to the lookup Table [10 1024 0], where
simulated irradiance values are from 10 to 1024 with
no noise level [6].
T = t1 · |ω| · ω − t2 · |ω| · V
(6)

Fig. 6. Simulation 3D view

C. Passive homing guidance design
Passive homing guidance compose of the target and missile
entity with no launcher.
• Target Robot node - is based on LOSBR guidance target
model with additional point light node, which emits light
in all directions and represents the ”heat emitter” of the
target.
• Missile Robot node - is based on LOSBR guidance missile model. The light sensor nodes are in front hemisphere
and represents the heat seeker of the missile.
D. Controller design
All controllers were programmed in Python programming
language and use several Python modules (math, Webots
controller and csv) and all robot nodes are set as an supervisor
nodes.
• Target controller - defines initial position of target and its
speed according to the scenario.
• LOSBR guidance missile controller - has 3 main parts.
Initial part, where all required nodes values are initiated,
loop part, where actual data are read and write and final
part, where measured values are exported of target and
missile position are exported to the external csv file. See
Code 1.
• LOSBR guidance launcher controller - represents the
operator, who manually follows the target and emits laser
beam toward the target.
• PH guidance missile controller - has same philosophy as
LOSBR guidance controller.
1
2
3

4
5
6
7

# PYTHON PSEUDO CODE
import libraries/modules
# Create the Robot instance. Initial part. Define
simulation entities.
simulation_time_step = time_step_value(value)
entity_1 = get_Entity_1("name1")
entity_2 = get_Entity_2("name2")
entity_x = get_Entity_x("namex")
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8

9
10
11

12
13

14
15
16
17

18
19
20

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

38

39

IV. V ERIFICATION AND EVALUATION

# Set initial parameters for missile and target
rotation and velocity
set_initial_parameter("missile",value1, value2)
set_initial_parameter("target",value1, value2)
# Main loop perform simulation steps until Webots is
stopping the controller
while simulation is running
#When simulation is running, get rotation and
position values of missile and target.
value1=get.value1.(3f vector)
value2=get.value2.(3f vector)
valuex=get.valuex.(3f vector)
#Based on position vectors, calculate the angles of
azimuth and elevation
azim=atan(abs(xt-xm)/(-zt+zm))
elev=atan((yt-ym)/(-zt+zm))
# Unguided phase of missile flight settings for t
<=1.5
if time <=1.5:
set_value_elevation=(3f vector)
set_value_azimuth=(3f vector)
# Guided phase, based on light sensor(LS) values.
if Light sensor values detect the target left
set_azimuth_angle = left
if Light sensor values detect the target right
set_azimuth_angle = right
if Light sensor values detect the target up
set_elevation_angle = up
if Light sensor values detect the target down
set_elevation_angle = down
# Prepare data for CSV export and post process
Round all the data to two decimal places and
prepare vector of the data with 7 parameters and
open CSV file and write current data in new line
# Hit or Miss evaluation. Hit in range of 1m. Miss
after 30 s.
if Missile distance is in range of 1m from the
target, evaluate the simulation as HIT and stop
the simulation.
if Missile did not reach the Target within 30s,
evaluate the simulation as MISS and stop the
simulation.

For each scenario was evaluated missile trajectory, and the
mean time of hitting target tmean (7). Each scenario was run
100 times and data from WEBOTS were exported in csv text
file.
100
1X
tmean =
tn
(7)
n n=1
Data were post-processed and evaluated in Jupyter notebook
environment with Python programming language [12]. Results
shows the average time to hit, which is based on dynamic
parameters of model of missile, which has average speed
approximately 300 m/s, and it is 15 times faster then moving
target.
1
2
3
4
5
6
7
8
9
10

11
12
13

# PYTHON PSEUDO CODE
import libraries/modules
# CSV data import
Open CSV file("CSV_File_Name")
Get data from CSV file.
# Data transform
Arrange CSV data as matrix.
Set data type as float.
# Figure of graph parameters definition.
#axes: x - parameter_distance, y - horizontal
distance, z - altitude
Define figure and its parameters.
Define variables of graph and its parameters.
Plot Figure of Graph.
Code 2. CSV data analysis Python pseudo-code [11]

TABLE II
S IMULATION RESULTS
Guidance
type
LOSBR
PHG

Code 1. LOSBR Guidance robot controller Python pseudo-code [11]

E. Scenario layout
Seven experimental scenarios for both MGS were designed.
It represents elementary tasks for V-SHORAD systems. Target
(helicopter) in hanging position and inbound and outbound
flight. See Table I, where S is horizontal distance, H is height
and P is parameter in m. vS , vH and vP are velocities in
each axis. Positive value of vS is for inbound and negative for
outbound.
TABLE I
S CENARIO PARAMETERS
Sc.
No.
1
2
3
4
5
6
7

S [m]
4000
4000
4000
4000
4000
4000
4000

H [m]
0
0
0
500
-500
500
-500

Target position and speed
P [m]
vS [m/s]
vH [m/s]
1000
0
0
1000
20
0
1000
-20
0
1000
0
-20
1000
0
20
1000
-20
0
1000
-20
0

vP [m/s]
0
0
0
0
0
0
0

1
12.51
12.71

Scenario number/average time to hit [s]
2
3
4
5
6
12.35
12.71
15.42
15.51
13.75
MISS
13.21
MISS
MISS
13.92

7
13.76
13.88

In scenario 2, 4 and 5 PH guided missile miss the target every
time, because of its base principal where missile is guided
on thermal image of target engine, which is in its rear hemisphere. PHG is effective on target during its outbound flight.
This result corresponds with the theoretical assumption. The
trajectory of the missile corresponds with the general premise
and its mathematical description and assumed trajectories Fig.
4 and Fig. 5. Presented 3D plots shows the missile and target
trajectory of selected scenarios, see Fig. 7 and Fig. 8, where
blue is a trajectory of target and orange is missile. And Fig.
9 illustrates the missile trajectory in S, H axis. The main
aim of the testing procedure, was to verify essential model
functionality in basic scenarios. Model of a missile prove to
be applicable for the further development.
V. C ONCLUSION AND FUTURE WORK
Presented article was focused on M&S of two different
MGS and its guidance methods, which are based on real air
defence missile weapon systems. The main goal of the article
was, to verify possible usage of WEBOTS robotic simulator
for the missile M&S and describe the process for future usage.
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Fig. 9. 2D graph of PSG Scenario 3

systems to achieve battlefield information superiority”. DZRO
FVT ELEKTRO.
R EFERENCES

Fig. 7. 3D graph of LOSBR scenario 4

Fig. 8. 3D graph of PHG scenario 3

It can be stated, that WEBOTS simulator can be used, however,
following issues have to be improved:
•
•
•

Design and implement a model of reactive (rocket) engine
with adequate vector of thrust.
Implement 3D models of missile and targets.
Implement real-time evaluation algorithm.

These issues will be focused on during the following research,
and hopefully soon we may have some other positive results.
The WEBOTS robot simulator performed as an robust and
useful tool especially for educational process, where the M&S
process can be visualised for easier understanding.
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Abstract—The article deals with the area of modelling and
simulation and it is focused on automatically generated flight
routes as a part of complex simulation tool for the air defence
mission planning. The routes are based on generic plane model,
which consists of a controller part (a pilot) and plane dynamic
model and it is defined by the system of differential equations
with adjustable parameters, for instance values of velocity,
acceleration, pitch and yaw angles or determined way-points.
The simulation is done in the Jupyter notebook environment,
using the Python programming language, where the complete
set of all the possible flight routes is generated and evaluated in
accordance with further requirements, e.g. analysis of optimal
track for the attack.
Index Terms—Modelling and Simulation, M&S, Flight route,
War-gaming, Optimal track

I. I NTRODUCTION
War-gaming in connection with modelling and simulation
(M&S) is nowadays unquestionable part of any modern military mission analysis or planning, during its course of action
(COA) procedure [1] [2]. Even though the human experience
are the most valuable elements in decision making process,
the initial data with suggested solutions can be produced
automatically, and the commander select the final resolution.
The part of mission analysis in the surface based air defence
(SBAD) planning is to identify the possible paths of approach
(POA) of enemy flying units. This supposal is critical element
for the following planning process and must be provided
very precisely [3]. The support for the possible enemy POA
evaluation is the main goal of the presented article. The article
is focused on autonomous (automatic) generation of the large
numbers of POA for further computer supported processing.
The entire simulator consists of several parts, see 1, where full
line blocks represents the parts which have been addressed in
this article and the dashed line blocks are blocks which will
be solved and implemented in addition, e.g. radar model [4].
A. Jupyter Notebook Environment
The experimental part of the work is done in object
oriented Python programming language and it was chosen,
among other benefits, for its simplicity and rapidity of basic
applications creation. Python language is well-designed and
widely developed programming language which prove its role
978-1-7281-5602-6/20/$31.00 ©2020 IEEE

Fig. 1. Simulator general schema

over time. A couple years ago the interactive python was
introduced. The web interface followed and now the whole
project named Jupyter [5] is used by large companies such
Google [6]. For easier implementation and effectiveness the
simulator is designed in the Jupyter Notebook environment.
The Jupyter Notebook is an open-source application for interactive computing that allows the creation and sharing of
interactive documents with live code, equations and visualisations. Jupyter allows integration of rich media explanation part
and computation (programming) part. It has been shown that
such integration supports fast understanding for students as
well as scientists. Moreover, the objects which could preserve
the current state of research were introduced [7].
II. S IMULATION LAYOUT
The experiment is designed as a hybrid simulation, where
the discrete-event simulation is represented by a sequence of
events called Event Calendar. Events (generated entities) are
happening at unknown time and have to be served at the
appropriate time in time order. Some simulations use just
one timeline which is often generated by ordinary differential
equations (ODE) solver [8]. Managing (synchronising) several
dynamic systems (described by ODE) as a complex system
in several timelines or subsystems which do not use ODE
models leads to complex solution which is described as an
event manager (part of event calendar) and it is used during
event driven simulation. Such simulation adapts needs of ODE
solvers thus all timelines must are synchronised, even those
created by ODE solvers. ODE model with appropriate solver
is implemented as a generator which releases new state of
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dynamic system and time at which this state will be valid.
In fact this ODE model with solver conversion into generator
creates a source of timeline which is event simulator able to
synchronise with others.
The flight itself represents the continuous component, where
the continuous part consists of dynamic model of a plane
with its controller defined by its ODE and the solver, which
computes the trajectory, which is afterwards evaluated, see 2.

Fig. 3. Roll, Pitch, Yaw plane definition

Plane Model (GPM) is defined by differential equation with
following nine variables (state):
1

state = [x, y, z, vx, vy, vz, v, pitch, yaw]

Fig. 2. Simplified simulation functionality schema

Code 1. Plane model variables

A. Event Calendar
The first part called Event Calendar manage all the events
in the simulation. The class Event Calendar includes following
methods:
• Method Step sorts the queue by time, deletes the last
executed event and calls current event.
• Method P repareN ext prepares the next event and returns its initial time.
• Method AddEvent adds an event to the event queue with
the time of its execution.
The Event Calendar ensures the planning and execution of
events and calls the dynamic models from continuous simulation part.

where:
x, y, z are Cartesian coordinates of the plane position [m].
vx , vy , vz and ~v represents the velocity [m/s].
pitch is a plane elevation (nose up or tail up) angle [rad].
yaw is a plane azimuth (side to side) angle [rad].
Parameters one to six (x, y, z, vx , vy , vz are dependent on
core parameters seven to nine ~v , pitch, yaw).
Plane model also defines basic limitation factors and initial
conditions of the plane. For the purpose of the simulation
verification the minimum velocity limit is EpsVmin = 10 m/s
and maximum centripetal acceleration of Yaw and Pitch is
AY awmax = AP itchmax = 20 rad/s2 . The numerical integration of ordinary differential equations (ODEs) is represented
by following equations:

B. Plane Model
An essential part of the flight simulation was the creation
of state description of an plane. The plane model has a
elementary structure and it is based on Pitch/Yaw kinematic
model, see 3, of an plane with 5 degrees of freedom (DoF),
where roll attribute is not used [9]. The model consists of
a pure plane model and path and destination controller. The
model fits a mathematical ODE structure thus it returns state
derivation at given time and state. The controller computes
control values which are yaw omega and pitch omega. Of
course, usually such models use roll omega and velocity.
For simplicity those two values were omitted as they were
found as unusable for this experiment as well as XYZ model.
This separation of a ”pure” plane model and its controller
allows to tackle with different types of source signal such as
a single point which the plane should fly through or a whole
path. The controller was designed to follow the path with use
of high order function (plane model), which takes function
as parameter and returns a function. The resultant Generic
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vx = v · cosΘ · cosΨ
vy = v · cosΘ · sinΨ
vz = v · sinΘ

(1)

dvx
dv
=
· cosΘ · cosΨ
dt
dt
dΘ
−v · sinΘ · cosΨ ·
dt
dΨ
−v · cosΘ · sinΨ ·
dt

(2)

dvy
dv
=
· cosΘ · sinΨ
dt
dt
dΘ
−v · sinΘ · sinΨ ·
dt
dΨ
+v · cosΘ · cosΨ ·
dt

(3)

dvz
dv
dΘ
=
· sinΘ + v · cosΘ +
dt
dt
dt

(4)
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C. Path Controller

yield currentItem # send signal, inform about
current result
if (not(solver.status == ’running’)):
break
return

8

Path controller evaluates current state (position) of the plane 9
and pass the coordinates of the next way-point to destination 10
controller. List of way-points (generated path) is obtained from 11
the route generator.

Code 3. Runge-Kutta 45 Solver

As a result from the solver output we get the function instead
of a variable preceded by the yield statement representing a
sequence of results. The function Compute, encapsulates the
solver for ordering the outputs.
III. ROUTE G ENERATOR

Fig. 4. Path controller feedback

D. Destination Controller
Destination controller computes the required parameters
(AY aw, AP itch and ~v ) for plane model to get the plane from
current position to the next WP (destination position). Inputs
for the controller are current position of the plane, its current
yaw and pitch and coordinates of the next way-point. Based
on this input, the radius vector and required yaw and pitch
are computed. Plane is controlled with maximum manoeuvre
(maximum values of yaw and pitch acceleration) and value
of velocity is constant. To avoid control oscillation, the ”dead
zones” of yaw and pitch angles tolerance, were set [10].

Fig. 5. Destination controller feedback

1
2
3
4
5

6
7
8

#Destination controller variables
radiusVector = destinationPos - currentPos
radiusVectorAbs = np.linalg.norm(radiusVector)
radiusVec1 = radiusVector / radiusVectorAbs
paramxy = sqrt(radiusVec1[0] * radiusVec1[0] +
radiusVec1[1] * radiusVec1[1])
yaw = atan2(radiusVector1[1], radiusVector1[0])
pitch = atan2(radiusVector1[2], paramxy)
deltaYaw = yaw - currentYaw

Generation of routes can be realised in different ways. It
can be done by defining the values of velocity, acceleration,
pitch and yaw angles or determining the way-points. The
basic principle of operation here is based on the comparison
of current and destination state in each step. Furthermore,
the maximum deviation at which the target has already been
reached is defined as well as the initial conditions concerning initial coordinates, initial speed and final position which
represents a defended object or a target.
A. Random Route Generator
The change of direction creating a random movement of an
plane is done in a plain whose normal vector ~n is located on
the line connecting the current position S with target position
T , 6. In that plain there are two other vectors ~a and ~b, where
one of them we get randomly as a perpendicular to normal and
the other one is their vector product. By normalising them,
we obtain a set of points forming a circle with changeable
radius. Route (path) is defined by following WP. The start
point, destination point and ~n randomized middle points (e.g.
2). These middle points lie on a vertical plain which divide
the line between start and destination point into the n + 1
equidistant segments. Random displacement of these middle
points creates a possible trajectory.

Code 2. Destination controller variables

E. Solver
As an ODEs solver the Runge-Kutta method of order 5(4)
from SciPy Python module [11] is used, see code 3.
1

2

def compute(model, state0, t0 = 0.0, t_bound = 10,
max_step = 0.0625):
solver = integrate.RK45(fun = model, t0 = t0, y0 =
state0, t_bound = t_bound, max_step = max_step)

Fig. 6. Random direction calculation

3
4
5
6

7

while True:
message = solver.step()
currentItem = {’time’: solver.t, ’y’: [*solver.y
], ’yd’: [*model(solver.t, solver.y)]}

All the trajectories with identical start and destination points
creates an envelope of possible paths, see 7. All possible start
points with same distance from the destination point defines
a circle envelope of start points, see 8.
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IV. R ESULTS AND EVALUATION
Created models were experimentally evaluated and verified.
The paths in corridor 9, and circle envelope of start points
10 were evaluated. In the simulation the flat terrain (ground)
was implemented. When the height of the plane (Z axis) was
equal or below zero the simulation was interrupted (incomplete
lines in 9). The same desirable result is assumed when
implementing a real terrain.
It can be stated, that the simulation behave according to
authors expectation and it can be used for additional research.

Fig. 7. Envelope of possible paths
Fig. 9. Paths in Corridor evaluation

Fig. 10. Start points evaluation

V. C ONCLUSION AND WAY A HEAD
Fig. 8. Circle envelope of start points

This work can be understood as a definition of optimisation
task with criterion function representing a route in military
domain.
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The simulation philosophy reflects the real behaviour of the
flight execution. The first step is to plan the flight event (Event
Calendar), next is to create the flight path (Path Controller) and
execute the flight in relation with the plane possibilities (Plane
model).
The main aim was to generate a number of routes from which
the best ones will be chosen statistically in accordance with
given requirements. This was preceded by generation of routes
and subsequent filtering by terrain.
An example of use could be the protection of defended object.
In this case we need to generate routes to the object position
from specific interval of directions at a certain distance. From
that start position an plane will perform manoeuvres to specific
points as a defence against potential air defence.
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The Faraday mirror, as the linear birefringence
compensation element, has been applied to the Tore Supra
tokamak – thermonuclear fusion reactor, to experimentally
measure plasma current which is a crucial parameter of fusion
reaction stability [5].

Abstract—In this paper we propose the analysis of integral
magneto-optics sensors performed by Jones matrix calculus
including impacts of simultaneous influence of induced circular
and undesired linear birefringence. The incorporated Faraday
mirror as a compensating element of linear birefringence is
taken into account in analysis and simulation respectively.

This linear birefringence compensation technique can be
applied also in other areas, e. g. fiber optical interferometry.
The representative of this area can be fiber Michelson
interferometer, where both reference and the signal arms are
terminated by FM [6].

Keywords—SOP, Faraday mirror, sensor, optical fiber, Jones
calculus

I.

INTRODUCTION (HEADING 1)

Integral magneto-optic sensors in the role of electrical
current or magnetic field measurements represent actual and
still favored way of diagnosis. The example of such a sensory
application is plasma current detection in thermonuclear
fusion reactors, where the plasma current stands as the key
parameter of plasma diagnosis. Among magneto-optical
effects, we focus on the Faraday magneto-optical effect, the
most important one for the electrical current sensory
applications [1].

Authors [1] state the Stoke analysis showing the result that
linear birefringence is not perfectly compensated by the FM
when circular birefringence (magnetic field influence) is also
induced in the optical fiber. The remaining linear
birefringence dependence is mentioned by the authors and
showed via simulation, performing the analysis of the fiber
optical current sensor (FOCS) beat length as a function of the
real plasma current (which will be measured in ITER fusion
device). Based on the measurement error evaluation, they
conclude that fibers with a minimum beat length of 150 m are
required for a correct plasma current sensing.

The Faraday effect causes the Faraday rotation of the state
of polarization (SOP) of the light wave traveling the optical
fiber. This requested situation is unfortunately burdened by
the parasitic effects like induced or/and intrinsic linear
birefringence, inherent to single-mode optical fibers.
Generally, the linear birefringence has random character and
negatively affects the SOP rotation that results in the
impossibility of correct SOP evaluation [1] [2].

In this paper, we perform an analysis, based on the
simulation, to simply display the linear birefringence
dependence of the linear birefringence compensation using
FM.
II.

To compensate those parasite phenomena, several
suppressing or compensatory techniques have been developed
[3]. The widely used technique contains the Faraday mirror
(FM) as the compensatory element, performing the phase shift
compensation of the orthogonal wave components. FM rotates
the plane of polarization of the light wave under the angle
α=90° at the end of the optical path. The optical mode
traveling forward as a fast one travels back aligned with the
slow axis and vice versa. This allows the phase shift
cancellation during the backpropagation via the same optical
path [4].

INTEGRAL MAGNETO-OPTIC SENSOR

Fig. 1 shows the integral magneto-optic current sensor in
its basic setup.

Fig. 1. Integral fiber-optic current sensor principle [2].

978-1-7281-5602-6/20/$31.00 ©2020 IEEE
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The sensing section of the optical fiber creates an integration
loop around the conductor. Electrical current(s) are encircled
by this loop, where the B is the flux density vector. Only
currents encircled by the loop are taken into account by the
sensor.

stands for the circular birefringence, and are linear
birefringence and the angle between the fast and x-axes.
Fig. 3. shows the overall light wave propagation from the
Jones vectors analysis point of view.

Mathematically is the sensor functionality described by
. µ is the permeability of the
Ampere’s law: ∮
magneto-optic material and I stand for electrical current
passing through the conductor.
The angle θ describes Faraday rotation of the input SOP (E1
 E2). The Faraday effect in combination with the Ampere’s
law is described as follows [2]:

Fig. 3. Jones vectors in the birefringence analysis [8].

Jones vector J1 describes the light wave that enters into the
birefringent fiber, characterized by the matrix M, resulting in
the SOP change (vector J2) [1] [4].

(1)

1

∙

V means the Verdet constant inherent for each magneto-optic
material, N stands for the number of the loops (to modify
sensor sensibility) and is the vacuum permeability.

1

1
1

√2

√2

(3)

The SOP of the light wave is elliptical and such a wave
enters the compensatory section. Subsequently, the output
wave is characterized by the Jones vector [1] [4]:

A. Linear birefringence compensation – Faraday mirror
Fig. 2. depicts the situation, where the input optical wave
travels forward through the birefringent element (the phase
shift between the slow axis and the fast axis is gained), then
enters the FM, which is the concatenation of the Faraday
rotator with the rotation angle of α = 45° (permanent magnet)
and the plane mirror. At this point, the light wave reflects and
travels backward with the SOP twisted under the overall angle
of 90° (45° for the forward direction and 45° for the backward
direction). Fast and slow axis are switched. Subsequently, the
light wave travels through the same birefringent element
which results in the linear birefringence (phase shift)
cancellation.

1

∙
1

√2

0
1

1
∙
0

√2

and

(4)

are orthogonal:
∙

0
(5)

If the orientation of a coordinate system is respected as
shown in Fig. 4., the parameters , , and are independent
of the travel direction.

Fig. 2. Linear birefringence compensation using FM [2] [4].

III.

BIREFRINGENCE ANALYSIS, JONES CALCULUS

An essential Jones matrix for the birefringence analysis is
the matrix describing birefringent optical fiber M [1] [7].
cos 2
sin 2

Fig. 4. Coordinate system orientation for the forward and backward
directions [1] [8].

sin 2
cos 2

The light wave continues in the backward propagation
through the birefringent fiber, where the magnetic field is still
present. Jones vector characterizes the output SOP of the
light wave [1] [4]:

(2)
where

sin ∆
2 ∆

cos ∆
sin ∆
∆

∆

∙

4

1
√2

∙
1
√2
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(6)

The initial SOP
is always twisted at one of the
mentioned angles (for the forward direction) in a positive
sense, subsequently follows a twist of 90° in the opposite
sense (magnetic field of FM) and finally (for the backward
direction) undergoes the twist at the same angle as for the
forward direction.

from the
It is quite difficult to analyze vector
birefringence point of view, but this task can be simplified and
divided into two separate cases.
0

1) Circular birefringence is neglected
(the magnetic field is not present) [1] [4]
´

∙

1

´

´

´

0
´

0

√2

´

´

1

√2

sin

2

cos

1

´

´

´

´

cos

1

´

sin

2

2
2

1
1

√2

Fig. 7. Shows the same situation with an exception. The
magnetic field, which is affecting the sensing fiber has the
opposite orientation.

´
´

√2

∙

∙

(7)

´

The output SOP
is orthogonal to the input SOP J1,
linear birefringence is suppressed.
A software script has been performed to display this
situation [8]. The graphical output shows Fig. 5.

´

Fig. 5.

0 rad ∙ m [8].

(green color) as the output SOP when

∙
1
√2
1
√2

´´
´´
´´

cos
cos

1

´´

√2

´´

´´

´´

´´
´´

´´

∙

´´

´´
´´

´´ ´´

2
2
sin
sin

´´ ´´

sin 2
sin 2

when δ

0 rad ∙ m , positive sense of [8].

Fig. 7. Output vectors

´´

when δ

0 rad ∙ m , negative sense of [8].

If we take into account the simultaneous effect of the
induced circular and parasitic linear birefringence, we can
display such a situation through the simulation with an
advantage. The simulation parameters have been set identical
as displays Fig. 6., but also, the linear birefringence value is
δ 1 rad ∙ m . Fig. 8. shows then the graphical output.

(8)
Jones vector ´´ contains element sin 2
induced circular birefringence.

´´

A. Simultaneous influence of induced circular and linear
birefringence
In the previous chapter, we performed the Jones analysis
in two separate cases. Either the induced circular or the linear
birefringence has been neglected. The results showed the
predicated functionality of FM, specifically when the circular
birefringence is neglected, the linear birefringence is
compensated. On the other hand, if the linear birefringence
equals 0 rad ∙ m , only the rotation of the magnetic field
affecting the sensing fiber and the FM rotation take effect.

2) Linear birefringence is neglected
0
∙
(no fiber bending, no stress applied on the fiber…) [1] [4]
´´

Fig. 6. Output vectors

that represents

Fig. 6. shows the graphical result of the simulation
performed for the situation, when the linear birefringence has
been neglected. The circular birefringence induced into the
sensing fiber, caused twisting of the SOP of the light wave,
gradually at angles 45° , 90° , 135° , and 180° , for one passage
of the light wave traveling through the sensing fiber.
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3)
1 ;
°/

Fig. 8. Output vectors

´

when δ

increases from
126.5
∙

180°/ to 180°/
.

with a step of

1 rad ∙ m , positive sense of [8].

Fig. 8. Shows the phase shift between the slow and the fast
axis, which results in the final SOP misplacement in
comparison to the simulation results for δ 0 rad ∙ m (Fig.
6.) – The final state of polarization of the light wave (at the
sensor output) is not linear anymore.
B. Simultaneous influence of induced circular and linear
birefringence – division of the light wave intensity into
orthogonal modes
To support the conclusion of the previous chapter, we have
performed the simulations that show how the light wave
intensity divides into the orthogonal modes in different cases
[8]. For each case stated, the values of δ and ρ stand for one
passage of the light wave through the sensing fiber. Overall
values are doubled at the sensor output.
1)
1 ;
°/

increases from
is neglected.

180°/ to 180°/

Fig. 11. The light wave intensity division into orthogonal modes
dependence on the circular birefringence variation [8].

4) increases from 0
∙
,
45°/ .
step of 0.1
∙

to 1

∙

with a

with a step of

Fig. 12. The light wave intensity division into orthogonal modes
dependence on the linear birefringence variation [8].

5) increases from 0
,
step of 0.1
∙

Fig. 9. The light wave intensity division dependence into orthogonal
modes on the circular birefringence variation [8].

2)
1 ;
°/

increases from 180°/ to 180°/
0.8
∙
.

∙
to 120
45°/ .

∙

with a

with a step of

Fig. 13. The light wave intensity division into orthogonal modes
dependence on the linear birefringence variation [8].

Fig. 10. The light wave intensity division into orthogonal modes
dependence on the circular birefringence variation [8].
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We can state that for case 1, the sensor reacts to the
magnetic field changes. There is no linear birefringence
present and the division of the intensity of the light wave, into
orthogonal modes, is periodic.
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Case 2 shows the situation, when the linear birefringence
increased but is constant. Only the magnetic field (circular
birefringence) is changing. We can see that the sensor began
to lose its sensibility, the ability to follow the magnetic field
changes regularly. This sensor provides different final SOPs
than case 1 sensor.
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(IPMSR) has been trying to respond to these requirements
with a demonstrative production system which combines
modern technologies and implements the elements of industry
4.0 [4], [5]. The production system is then used in teaching,
where students learn the methodology of how to design,
commission and maintain these systems, which contributes to
increasing their qualifications, multidisciplinarity and ability
to create and apply new innovative technologies for
development and competitiveness, which is presented in [6].
The implementation of similar production systems in the
teaching for the purpose of demonstrating the technologies of
Industry 4.0 was also described in [7], [8].

Abstract—This paper focuses on virtual commissioning of a
robotic production system with elements of Industry 4.0. This
model production system is located on the grounds of the
Institute of Production Machines, Systems and Robotics,
Faculty of Mechanical Engineering, Brno University of
Technology. Production systems serve as a teaching support in
the fields of robotics and automation. Students are acquainted
with the mechatronic approach to the design of robotic
production systems which are model based design For the
production system design advanced software is used which is
capable of simulating its kinematics, dynamics, their connection
with controlling system and their mutual co-simulation. The
outcome of the abovementioned is a virtually commissioned
workplace. The entire design is then verified in a real workplace.
Keywords—virtual commissioning,
Industry 4.0, simulation, education

production

In the first part, the paper describes the pillars and ideas of
Industry 4.0 used in the teaching process at the IPMSR
followed by the introduction to virtual commissioning, which
is one of the technologies that satisfies the requirements of
Industry 4.0 for flexibility and constant cost reduction of the
production processes. The next part of this paper is a detailed
description of the production system at the IPMSR, FME,
BUT and with the implementation of the virtual
commissioning technology at the teaching. In the end of the
paper, all findings are summarized.

system,

I. INTRODUCTION
The production system is a complex set of several
mechanical, electrical and software components. Thanks to
the interconnectedness of all these components, it is necessary
to apply a holistic approach when a production system is
designed. It is not possible to design individual parts without
a vision of their subsequent integration and interconnection
into one unit. The production system can be considered a
complex mechatronic unit and its design requires a synthesis
of knowledge of mechanical engineering, electrical/electronic
engineering, software engineering and automation; thus a
mechatronic approach [1] and a model-based design [2] are
achieved.

II. INDUSTRY 4.0
The issues of Industry 4.0 and Industry 4.0 in the
educational process have already been discussed in many
papers [9–12]. Government initiatives and development plans
are also emerging to increase competitiveness in the age of
digitization and Industry 4.0 [6]. The implementation of
Industry 4.0 into manufacturing companies requires a
multidisciplinary approach which is based on nine pillars,
which include the following technologies: Big Data and data
analytics, simulation, horizontal and vertical integration,
industrial internet of things, autonomous robots, cloud
computing, cyber security, augmented and virtual reality,
additive manufacturing and 3D printing [13].

Advanced production systems are the cornerstone of
modern factories in the spirit of Industry 4.0. Thanks to today's
requirements, production is shifting from mass production to
customer-oriented production, with a great emphasis put on
production cost reduction and keeping the quality of the final
product [3]. To satisfy these requirements, it is necessary to
have flexible production, which modern production systems
should provide.

A. Virtual commissioning within Industry 4.0
In order to meet the requirements of Industry 4.0, such as
flexible production and the constant reduction of production
costs, production systems are becoming more and more

In order to create and maintain such complex production
systems, a number of experts with multidisciplinary
knowledge are required [10], [11]. Therefore, the Institute of
Production Machines, Systems and Robotics, Faculty of
Mechanical Engineering, Brno University of Technology
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Fig. 1 The McKinsey Digital Compass maps Industry 4.0 levers to the 8 main value drivers [14]

complex units, where their simulation is increasingly taking
place. The cost savings are reflected mostly in the phase of
new production systems commissioning, which speeds up the
start of the production of the required product. In Fig. 1 it is
possible to see such savings in the "time to market" section,
where the saved time is between 20–50 %.

Thanks to the virtual commissioning, mistakes in the
design of the production system are detected and immediately
eliminated, which leads to significant time savings in the real
commissioning of new or modified production systems. Based
on this process, meeting the requirements of Industry 4.0 for
production flexibility and production cost reduction are
facilitated.

The technology of virtual commissioning (Fig. 2) takes the
simulations to a higher level and thus makes it possible to
satisfy the above-mentioned requirements imposed on the
production systems today. The entire production system or its
individual peripherals can be simulated thanks to a number of
advanced software tools. Process of virtual commissioning
can be divided into several steps. In the first step, a complete
model of the production system, CNC machines, robots and
other components is created in a virtual environment. This
model has all kinematic and dynamic properties. This creates
a model with physical properties corresponding to the real
counterpart. The next step is the creation of a logical and
signal structure to which a control PLC is subsequently
connected and which communicates through signals
corresponding to real hardware. After connecting the control
PLC to the model with all signals, it is possible to verify the
functionality of control PLC program and HMI panels, design,
production cycle time, to check for possible collisions and
investigate what-if situations without any risk of damaging
real hardware, which could possibly result in a delay in the
real commissioning of the production system.

Fig. 2 Virtual commissioning scheme
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The main benefits of the virtual commissioning include the
following:
•

verification and debugging of the program in control
units (PLC),

•

significant saving of engineering time,

•

verification of the design of sensors and their
connection to the PLC,

•

testing of interlocks and safety elements,

•

testing of various variants of design solutions,

•

testing of different variants of control programs,

•

debugging error scenarios,

•

optimization of the overall design without the need
for testing on a real device,

•

significant time savings for commissioning and
tuning real system,

•

very early operators training before the real
commissioning,

•

a true mechatronic approach thanks to the connection
of mechanical, electrical and software engineering.

Fig. 3 Production system at the IPMSR

use in the teaching process, where students can use virtual
commissioning for various complex units.
A. Software tools used to achieve virtual commissioning
In order to achieve virtual commissioning, it is necessary
to use several instances of advanced simulation software,
which are then interconnected.
First, it is necessary to create an elevated CAD model with
all kinematic-dynamic properties, sensors and signal structure.
For production systems containing industrial robots, software
from robot manufacturers can be used, such as ABB Robot
Studio for ABB robots, Roboguide for Fanuc robots,
KUKASim for KUKA robots, etc. It is also possible to use
software such as Delmia V5 Robotics from Dassault
Systemes, FastSuite from Cenit, RF :: Suite from EKS or
Process Simulate (Fig. 5) from Siemens for robotic production
systems. Such more complex software is not limited to robots
from one manufacturer, but allows the implementation,
programming and simulation of robots from various
manufacturers.

III. IMPLEMENTATION OF VIRTUAL COMMISSIONING INTO
TEACHING AT THE IPMSR
At the IPMSR, virtual commissioning is performed on a
production system (Fig. 3), which provides the hardware
founding not only for virtual commissioning, but also for the
implementation of other elements of Industry 4.0 in order to
achieve multidisciplinary teaching. Students are acquainted
with the design process of such a production system (design
of mechanical and electrical components, creation of control
software and commissioning, safety, metrology, data storage
and processing and diagnostics) in a number of subjects. The
cell is still being developed depending on the financial
capabilities of the institute.

The main difference between robot manufacturer
simulation software and manufacturer-independent robot
simulation software is that robots simulated in their mother
software are absolute copies of real robots and their control
systems with all dynamic properties. For the other group of

The production system consists of two machine tools
MAS SPM16 and MAS MCV 754quick. There is also an ABB
IRB4400 / 60 robot with an IRC5 control system, an ABB
Pluto B46 v2 safety PLC with connected safety components
(fences, light curtains and safety door locks). There is also a
stand for robot tools and desks for part handling in the
workspace. The latest element is a single-purpose measuring
device used to measure and refine the machining processes
(Fig. 4 – orange box).
The concept of teaching and especially the skills that
students acquire during the design and commissioning of such
a production system is shown in Fig. 4. Thanks to this,
students gain a multidisciplinary and holistic overview, which
is needed to create modern production systems in the spirit of
Industry 4.0.
The virtual commissioning is applied not only to the entire
presented production system but also to its partial
components, such as the MCV 754quick milling machine
(Fig. 7) or the single-purpose measuring device. As part of
Rajdl’s master thesis [15], only the MCV 754quick machine
tool exchanger was virtually commissioned, which shows the
possibility of variability of this method and its suitability for

Fig. 4 Skills acquired in process of production system virtual
commissioning
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Fig. 7 Virtual commissioning of the CNC machine tool
Fig. 5 Simulation model of the presented production system in the Process
Simulate

kinematic structure is created using a constraint system, and
virtual sensors and actuators are also created here.
Subsequently, physical properties are assigned to the
individual mechanical components and constraints.
The model created in this way can be connected to the
SIMIT simulation platform via the "SharedMemory"
communication and a real machine control system can be
connected via SIMIT UNIT (Fig. 7). The created simulation
model replaces the real machine and provides feedback to the
control system. Thanks to this, it is possible to simulate
various states of the machine, monitor its response, everything
in a virtual environment without the risk of damaging a real
machine.

software, it is often necessary to purchase these modules
calculating with robot dynamics (RCS – Realistic controller
simulation). This means that the simulation software equipped
with this module is a mirror of a real robot, and therefore the
times of robotic operations are almost identical to reality,
which is important for the fidelity of the simulation and
compliance with the required cycle time of the production
system.
Once this advanced CAD model has been created and all
processes have been simulated, it must be connected to the
control PLC for virtual commissioning. This can be achieved
with several software tools. The choice of communication
platform is influenced by the simulation software and the
control PLC because both can have different connectivity
options. The IPMSR has simulation software ABB Robot
Studio and Process Simulate and, on the control side, has
PLCs from Beckhoff and Siemens. The connection could be
done in many ways, which are shown in Figures 6 and 8.
As described above, not only robotic production systems
can be virtually commissioned. Virtual commissioning can be
applied also to the CNC machines and other technologies.
During the virtual commissioning of machines, such as the
MAS MCV 754quick milling machine, the NX Mechatronic
concept designer software from Siemens is used to create a
kinematic-dynamic model. In this software, the entire

B. Procedure of virtual commissioning in teaching
At the IPMSR, the teaching of virtual commissioning is
carried out in several steps. At each step, students use the
knowledge acquired in subjects during their studies and
expand their multidisciplinary skills. It is necessary to
proceed in accordance with a holistic view because the
production system is considered a whole and each of its
components must be designed primarily for implementation in
this whole unit. In this part, the virtual commissioning of a
robotic production system is presented.

Fig. 6 Connection between simulation software and PLC (Siemens)
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Fig. 8 Connection between simulation software and PLC (Beckhoff)

Subsequently, the required operations are created. It can
only be an operation where an object is moved by a conveyor.
In the Process Simulate, it is also possible to simulate the
manipulation of an object by a human, when the operator
performs loading into the input tray, etc. Furthermore, robotic
operations are created. These operations can represent robotic
manipulation, robotic machining, glue application, welding
(arc and spot), paint spraying, etc. The proposed robotic
operations must be supplemented by so-called OLP
commands, which are then translated into the controller
language (ABB – Rapid, KUKA – KRL, or KAREL –Fanuc).
It creates cycles, controling I / O or otherwise supplements the
robotic code itself automatically generated by the compiler in
the simulation software. The created robotic operations are
then used to check and validate the designed CAD models and
the overall layout of the production system in terms of
configurations and reachability of the robotic arm to the
required locations, as well as to verify collision states. The
robotic programs created and debugged in this way can then
be fed into a real robot, where after setting the characteristic
coordinate systems, the robot is ready to perform its routine.
This approach is called off-line programming and saves a lot
of time to put robotic production system into production. The
off-line programming itself is used in smaller robotic
production systems, where the robotic controller takes care of
the complete production.

Step 1 – Components and layout design
In the first step, it is necessary to think about how the
resulting production system should be designed. An analysis
of the required production operations must be performed and
on this basis conceptual variants are proposed, where the sizes
and numbers of robots and their tools, numbers of production
machines, jigs, sizes of in process trays, loading stations and
safety elements differ. After this evaluation, the resulting
conceptual variant is selected in order to meet the required
time cycle of production systems.
After selecting the most suitable variant, the creation and
dimensioning of individual Mechanical components, such as
robotic tools, jigs, etc. follows. In this part, students use the
acquired knowledge of mechanical design subjects, such as
GVK - Calculations and Simulation in Machine Design and
GMK - Modern Methods of Constructional and Strength
Calculations. These include the ability to create 3D CAD
models and basic mechanical calculations. In the case of more
complex and more stressed components, the FEM and MBS
analyses are used.
Jigs or robotic tools are often driven by pneumatic or
hydraulic actuators. Here the knowledge from the subject
GHP - Hydraulic and Pneumatic Mechanisms, where students
learn how to design and dimension pneumatic or hydraulic
circuits, is applied.

During the design of robotic operations, students develop
their knowledge gained in previous subjects focused on
robotics GPZ - Industrial Robots and Manipulators I, GPL Industrial Robots and Manipulators II and GNP - Robotics
Workcell Designing and Programming.

Production systems also have a wide range of electrical
installations (motors, cables, cable trays, switchboards), so
students must consider these elements when designing a
production system and dimension them appropriately.
Students acquire basic electrical knowledge used to satisfy
these requirements in the subjects GES - Electrical
Servodrives, GEV - Electrical Engineering of Production
Machines and GE2 - Electrical Engineering of Production
Machines II.

In the Process Simulate, students can also define the
material flow, which allows them to continuously simulate the
entire production process thanks to the fact that instances of
individual components are continuously generated in the
simulation.
Step 3 – Communication preparation

Once all elements are designed, their 3D CAD models are
imported into simulation software where a complete layout of
the production system is created. When creating layouts, it is
possible to evaluate the proposed design solutions and modify
them in case of any discovered mistake.

For virtual commissioning, it is necessary to enrich the
simulation model with sensors, which then generate signals
during the simulations that correspond to the real production
system. These sensors detect the presence of components, the
position of individual kinematic links, etc. They can also
detect specific properties of components and thanks to them
call various operations, which simulates the use of RFID chips
or QR codes.

Step 2 – Operation and component kinematic creation
In the next step, kinematic structures are created for the
designed components. These include the movement of the
jaws of robotic grippers, jigs, opening and closing of security
doors, etc.
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Subsequently, it is necessary to prepare signals from
robots and other devices so that the signal response for the
control PLC corresponds with a real production system. In the
case of robots, these are mainly system inputs (starting motors,
loading and starting programs, etc.), system outputs sending
information about the robot status (motors on/off, robot in
automat, TCP speed, etc.) and finally user inputs and outputs,
where the user defines his or her own signals needed to control
the production system.

and visualizations are generated and immediately applicable
to a real production system. As a result, the production system
is very flexible and easily modifiable in order to meet the
requirements of flexible production and production cost
reduction within Industry 4.0.
IV. CONSLUSION
This article has presented virtual commissioning as part of
the teaching process at the Institute of Production Machines,
Systems and Robotics, Faculty of Mechanical Engineering,
Brno University of Technology (IPMSR). Virtual
commissioning is one of the disciplines corresponding to the
requirements of Industry 4.0., such as the flexibility caused by
mass customization and the effort to achieve this mass
customization at the lowest possible cost. Holistic foresight
and a mechatronic approach are needed to create production
systems that meet these requirements, because production
systems are complex units combining Mechanical, Electrical,
Software
engineering
and
Automation.
Virtual
commissioning is based on one of the nine basic pillars of
Industry 4.0, which is simulation, where virtual
commissioning is created by interconnecting and cosimulating a simulation model of production systems and a
control PLC via one of the offered communication platforms.
The greatest benefit of virtual commissioning is the possibility
of debugging PLC control programs, robotic operations and
mechanical units in the design phase of the production system
itself without the risk of damaging real hardware. Another
benefit is the possibility of parallel work on production
systems in the design phase, when designers, process
engineers, robot programmers and PLC programmers can
make changes in parallel thanks to the virtual model. Thanks
to the virtual commissioning, it is also possible to train an
operator who will learn how to operate the real production
system in design phase.

Once the simulation model is ready for external
communication, it is necessary to select the platform through
which the communication between the simulation model and
the control PLC will be performed. The communication
options are shown in the Figures 6 and 8. At the IPMSR
teaching process the following options are used:
ProcessSimulate → PLC SimAdvanced → TiaPortal
(Siemens Simatic PLC) if a PLC from Siemens is used to
control the production system. It is possible to feed the PLC
program into a virtual instance created in PLCSIM Advanced
and connect this instance directly to the Process Simulate. If
the simulation model of the proposed production system is
created in ABB Robot Studio, it is necessary to communicate
through the SIMIT platform, where the Robot Studio-SIMIT
connection is provided by the Shared Memory tool and, on the
other hand, SIMIT-PLC communication is provided by the
OPC server. If a Siemens PLC is used, the connection between
the PLC and SIMIT can be ensured using a PLC SIM
Advanced or PLCSIM. The resulting connection is Robot
Studio → SIMIT → Siemens / Beckhoff. It is also
necessary to create charts in SIMIT, where the logic of signal
connection between PLC and Simulation Software is created.
Step 4 – PLC program creation and virtual commissioning
The last part before the actual virtual commissioning is the
creation of a PLC program. At the IPMSR Siemens and
Beckhoff PLCs are used. Students create a control PLC
program, which is then uploaded to a virtual instance or a real
PLC and through the selected communication platform a
connection is established between the simulation model and
the control PLC, which leads to virtual commissioning.
Furthermore, visualization (HMI) is created with all controls,
alarms, etc. Through the visualization it is possible to control
the virtual model and examine its response to requirements,
examine what-if situations and test the whole spectrum of
control programs, signal and communication between
components, which will be used at the real production system.

At the IPMSR, virtual commissioning is performed on the
presented robotic production system using simulation
software ABB Robot Studio and Siemens Process simulate,
where the communication interface is provided by PLCSIM
or PLCSIM Advanced emulators, or SIMIT simulation tool
with the possibility of connecting the emulators, but also
SharedMemory and OPC server. Siemens and Beckhoff PLCs
are used to control the production system. The whole 3D
model of the production system can then be examined in
virtual reality. Virtual commissioning of production robotic
systems is performed in five steps at the IPMSR (1.
Components and layout design, 2. Operation and component
kinematic creation, 3. Communication preparation, 4. PLC
program creation and virtual commissioning and 5.
Validation).

When creating a control PLC and HMI, students apply the
knowledge acquired in subjects GAR - Automatic Control of
Production Machines, where they are acquainted with PLC
programming and HMI creation and also with industrial buses
and sensors.

Virtual commissioning is applied not only to the presented
production system, but also to the included MAS MCV
754quick CNC machine and other components. For this, the
NX Mechatronics concept designer is used to create a
simulation 3D model. The Sinumerik control system is used
for control and the connection is provided by SIMIT via
SharedMemory (NX→SIMIT) and via Simulation Unit
(Sinumerik→SIMIT).

Step 5 – Validation
Thanks to the presented production system at the IPMSR,
students can validate the created robotic and PLC programs on
real hardware, where real commissioning takes place. In the
real environment, students must focus on key coordinate
systems according to designed robotic operations. They must
also load and verify the functionality of the PLC programs and
the HMI. After the real commissioning, students
retrospectively correct the simulation model and robotic
operations. In each iteration, a more accurate simulation
model is obtained, and in the event of any change this model
is immediately modified. Modified robotic and PLC programs

Since the production system is a complex mechatronic
unit, a wide overview of disciplines is required for its creation,
which is presented to students in completed subjects and it is
further expanded within the described teaching of virtual
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commissioning. As a result, students acquire the knowledge
and skills required in Industry 4.0.

[8]

In the near future, it is necessary to further develop this
multidisciplinary approach, apply more elements of Industry
4.0 to the teaching and thus bring up graduates familiar with
modern technologies and immediately applicable in practice
which will increase the competitiveness of Czech companies.

[9]
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The dynamics of the crank train, the dynamics of the
engine-dynamometer system, or the dynamics of the enginegearbox system [9, 10] can be simulated using advanced MBS
(Multi-Body System) tools including modally reduced elastic
bodies or FEM sub models [11, 12]. These computational
models can also include various types of nonlinearities [13,
14], or allow the study of detailed stresses of individual parts
in terms of fatigue life [15].

Abstract— Internal-combustion engines with a small
number of cylinders can be difficult to test on a dynamometer
due to the increased load of parts of the torsional chain between
the engine and the dynamometer. This is due to the uneven
rotation of the crankshaft, especially at low speeds. It is
therefore advisable to perform appropriate simulations before
the experiment itself. The paper describes a time-efficient
simulation of the torsional dynamics of a two-cylinder engine for
an electric vehicle range extender, connected via a complex
torsional chain to an electric dynamometer for testing purposes.
The simulations are performed in the frequency domain by
means of an in-house software built in the Fortran
programming language. Particular attention is paid to the disc
clutch, which is significantly loaded in the case of this engine.

Computational models with lumped mass are used
for simulations in the case where the output is, for example,
only torsional dynamics of the system [16, 17]. The
advantages are lower complexity of the computational model,
faster simulation time [18, 19] and easier incorporation
of frequency-dependent parameters.

Keywords—torsional vibration, two-cylinder engine, range
extender, disc clutch, dynamometer

II. DESIGN MODEL OF A TORSIONAL SYSTEM
The subject of further research is the torsional system with
the concept internal combustion engine, couplers,
and a dynamometer rotor. Based on previous analyses [4]
and other requirements, a concept with an angular offset
of crankpins of 180 degrees is chosen. Compared to previous
studies [4], the cylinder unit size is also increased from ⌀74.5
x 76.4 mm to ⌀74.5 x 91.6 mm, which is closer to the optimal
displacement of the cylinder unit, for example see [20].
To reduce development costs, the crank train is designed
for use in a three-cylinder mass-produced engine block from
the EA211 engine family.

I. INTRODUCTION
In order to meet the strict requirements for modern
passenger cars regarding low CO2 emissions, it is necessary
for vehicles to be equipped with advanced power trains, low
air and rolling resistances, and low overall mass [1].
Fleet CO2 emissions can be significantly reduced by using
electric drive. However, in the case of pure electric cars, it is
still necessary to choose a certain compromise between
sufficient range, and the high costs and mass of traction
batteries. In this respect, it may be interesting to use a range
extender in the form of a small and suitably designed internalcombustion engine connected to an electric generator.

The engine is connected to the dynamometer rotor
in accordance with the ŠKODA AUTO methodology.
Therefore, a standard disc clutch with a diaphragm spring
is used. Design models of other parts of the torsional system
are created using reverse engineering methods. The entire
torsional system is shown in Fig. 1.

Recently, various research institutes have been engaged
in the design of special internal combustion engines intended
as range extenders of an electric vehicle. Due to the required
performance parameters, these are most often two-cylinder
engines [2, 3], designed and tuned to specific operating
conditions. In the case of cylinders arranged in a row, different
variants of the arrangement of crankpins are possible, which
affects the balance of the crank train [4], or the overall
dynamics of the power train [4, 5].

The motivation for presented simulations is to prevent
clutch disc failure due to exceeding the maximum torque
value, or relative rotation, the hub and outer clutch disc part
with torsional coil springs. For this reason, a total of four
variants are suggested, combining two sizes of flywheels
and two types of clutch plate with always corresponding
pressure plates, see Fig. 2.

The thermodynamics of such an internal combustion
engine can be simulated in the phase of its development using
1-D computational tools, for example [6–8]. The obtained
results can be used as excitation effects of the computational
model of forced vibration of the crank train.

III. COMPUTATIONAL MODEL OF THE TORSIONAL SYSTEM
For the needs of this project, the simulation of the torsional
vibration of the system is performed using a 1-D dynamic
model with lumped masses, see Fig. 3. The inertia effects
of the individual parts of the system are lumped
in the respective disc with an equivalent moment of inertia.

This research has been realized using the support of The Technology
Agency of the Czech Republic, program National Competence Centres,
project # TN01000026 Josef Bozek National Center of Competence for
Surface Transport Vehicles. This support is gratefully acknowledged.
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Fig. 1. Design model of the torsional system

created in the FORTRAN environment. The model is excited
by the torque of inertia forces of the reciprocating parts and
the pressure in the combustion chamber.

Torsional stiffness of the individual parts is represented
by the corresponding stiffness of the intangible shaft
connecting the adjacent discs. The nonlinear course of the
torsional stiffness of the clutch disc is linearly approximated
by the torsional stiffness in section 1, see Fig. 4.

The pressure in the combustion chamber differs for both
cylinders and originates in a thermodynamic 1-D simulation
in a GT-POWER environment. The thermodynamic model
is based on a modified and verified computational model
of the original three-cylinder engine.

The natural torsional vibration of an undamped system can
be determined by solving the following equation system:

 + Cq = 0 ,
Mq

(1)

A hysteresis damping model is used to simulate
the internal damping. However, the damping in the rubber
parts has the most significant effect. The rubber parts are
the torsional damper and the rubber coupling in this case.
The damping of the crank mechanism relative to the
construction frame is modelled to be proportional to the
estimated friction mean effective pressure.

where M is the mass matrix, q is the vector of generalized
torsional coordinates and C is the stiffness matrix. The results
are vectors of natural torsional shapes and their corresponding
frequencies.
The response of a steady damped system to time-varying
forced torsional excitation can be determined from
the equation system:

 + Bq + Cq = 0 ,
Mq

IV. SIMULATION RESULTS

(2)

The results of torsional system dynamics simulations of all
four variants of clutches and flywheels are shown in Fig. 5
in terms of clutch disc torque load. As follows from the curves
of the maximum and minimum torque in the clutch plate,
increasing the moment of inertia of the flywheel (variants B

where B is the damping matrix and Q is the excitation
vector. The simulation of this type of vibration is performed
in the frequency domain on an in-house computational model

Fig. 2. Combinations of clutches and flywheels

319

2020 19th International Conference on Mechatronics – Mechatronika (ME)


ω

Fig. 3. Computational model of the torsional system

and D) shifts the resonant frequency to lower speeds.
At the same time, however, a higher amplitude of vibration
in resonance is achieved (A vs. B).

V. CONCLUSION
The computational torsional model with lumped masses
allows for time efficient simulations in those cases where
the system can be linearized and there is no need to analyse
the detailed stress or fatigue life of individual component
parts. In a matter of fact, in the described torsional system,
when the stop in the clutch plate is reached, there would
be a sharp increase in torsional stiffness associated with
impacts and high stress on the clutch plate. The described
computational model cannot affect this, nor is it necessary. If,
in the case of a linearized model, the value of the maximum
torque in the clutch plate exceeds the maximum design value,
this is a sign of overload of the clutch disc.

Variants with a smaller and torsionally more flexible
clutch plate (C and D) achieve resonance out of the operating
speed range.
Even in the case of these variants, however, the highest
values of the torque in the clutch plate exceed the maximum
value given by the design of the clutch disc. However,
the effect of a lower natural frequency predominates;
therefore, a power train equipped with a smaller clutch disc
with lower torsional stiffness can be operated at full engine
load at lower speeds.

Although the engine in the role of a range extender would
operate at full load at speeds higher than 2000 rpm, the aim
of this project is to experimentally map its parameters
in the widest possible range of operating speeds. For this
reason, the use of smaller couplings, that is to say variants C
and D, seems to be more appropriate.

Figure 6 shows a harmonic analysis of the torque between
the parts of the clutch disc of the variant A.
It is clear that the most significant effect is the ½-order
harmonic component. The resonance occurs at a speed of 1470
rpm, which, considering the damping effects, corresponds
to the 1st shape of the natural vibration at a speed of 735 rpm
determined by modal analysis. Harmonic analysis of other
variants shows similar results, only for variants C and D with
a smaller clutch the resonance of the ½-order harmonic
component is not achieved in the engine operating range
of speed.

However, the choice of the final variant also depends
on whether a mass-production flywheel (var. C) is used or a
new flywheel with increased moment of inertia is produced
for experiments (var. D).
100

1
50
0
-100

-50

0

50

100

Relative torque [%]

Relative torque [%]

100

50

1

0
-100

-50

-50

0

50

-50

-100
Relative angular displacement [%]

-100
Relative angular displacement [%]

Fig. 4. Relative torsional stiffness of the clutch disc (left var. A and B, right var. C and D)

320

100

2020 19th International Conference on Mechatronics – Mechatronika (ME)

100

150

B
Max. clutch stop of var. A, B
D

C

0
1000
-50

Max. clutch stop of var. C, D

2000

3000

4000

5000

6000

75

Relative torque[%]

Relative torque [%]

50

½

A

100

50

25

2 1½

Min. clutch stop of var. C, D

0
1000 2000 3000 4000 5000 6000
Engine speed [rpm]

Min. clutch stop of var. A, B
-100

Synthesis

Engine speed [rpm]

Fig. 5. Simulation results: max. and min. relative torque in the clutch disc on the right, harmonic analysis of the relative torque in the clutch
disc of var. A on the left
[10] M. Zubík, A. Prokop, K. Řehák, “Investigation of Single Stage
Gearbox Parameters Including Variable Torque Conditions,” Transport
Means 2016 – Proceedings of the 20th International Scientific
Conference,” Kaunas: Kaunas University of Technology, pp. 720–724,
2016.
[11] Z. P. Mourelatos, “A crankshaft system model for structural dynamic
analysis of internal combustion engines,” Computers and Structures,
Vol. 79, Issue 20–21, pp. 2009–2027, 2001.
[12] B. Vandenplas, K. Gotoh, S. Dutre, “Predictive Analysis for
Engine/Driveline Torsional Vibration in Vehicle Conditions using
Large Scale Multi Body Model,” SAE Technical Paper. Warrendale
(PA): SAE, 2003.
[13] J. Kašpárek, P. Pokorný, “Analysis of the Dynamics of a Virtual
Prototype Wheeled Transport Machine,” Transport Means 2014 –
Proceedings of the 18th International Scientific Conference, Kaunas:
Kaunas University of Technology, pp. 99–102, 2014.
[14] J. Kašpárek, M. Jonák, “Advanced Approaches for Modeling of a
Virtual Terrain,” Transport Means 2015 – Proceedings of the 19th
International Scientific Conference, Kaunas: Kaunas University of
Technology, pp. 47–50, 2015.
[15] T. Ortjohann, M. Rebbert, F. Maasen, M. Robers, “3D-Durability
Analysis of Crankshafts via Coupled Dynamic Simulation including
Modal Reduction,” SAE Technical Paper. Warrendale (PA): SAE,
2006.
[16] A. Milasinovic, Z. Milasinovic, D. Kneževic, I. Mujanic,
“Determination of Differential Equations of Motion and Parameters of
an Elastic Internal Combustion Engine Crankshaft,” Transactions of
FAMENA, Vol. 40, No. 7, pp. 83–95, 2016.
[17] F. Östman, H. T. Toivonen, “Torsional system parameter identification
of internal combustion engines under normal operation,” Mechanical
Systems and Signal Processing, Vol. 25, Issue 5, pp. 1146–1158, 2011.
[18] O. Fomin, A. Lovska, V. Píštěk, P. Kučera, “Research of stability of
containers in the combined trains during transportation by railroad
ferry,” MM SCIENCE JOURNAL, March, 2020, pp. 3728–3733,
2020.
[19] O. Fomin, A. Lovska, V. Píštěk, P. Kučera, “Dynamic load
computational modelling of containers placed on a flat wagon at
railroad ferry transportation”, VIBROENGINEERING PROCEDIA,
Vol. 29, pp. 118– 123, 2019
[20] G. Mastrangelo, D. Micelli, D. Sacco, “Extreme downsizing by the
two-cylinder gasoline engine from Fiat,” MTZ worldwide, Vol. 72,
Issue 2, pp. 4–10, 2011.

ACKNOWLEDGMENT
Authors of the paper would like to express their special
thanks of gratitude to staff from the Engine Development
department of the ŠKODA AUTO Company for their
excellent cooperation during this project.
REFERENCES
[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

E. Wilhelm, J. Hofer, W. Schenler, L. Guzela, “Optimal
implementation of lightweighting and powertrain efficiency
technology in passengers’ vehicles,” Transport, Vol. 27, Issue 3, pp.
237–249, 2012.
J. Andert, E. Köhler, J. Niehues, G. Schürmann, “KSPG Range
Extender: A New Pathfinder to Electromobility,” MTZ worldwide,
Vol. 73, Issue 5, pp. 12–18. 2012.
B. Mahr, M. Bassett, J. Hall, M. Warth, “Development of an Efficient
and Compact Range Extender Engine,” MTZ worldwide, Vol. 72, Issue
10, pp. 16–22, 2011.
L. Drápal, J. Vopařil, “Crank Train Concept Design of an In-Line TwoCylinder Range Extender Engine,” Transport Means 2018 –
Proceedings of the 22nd International Scientific Conference,” Kaunas:
Kaunas University of Technology, pp. 978–982, 2018.
C. Hubmann, W. Schoeffmann, H. Friedl, B. Graf, “360° vs. 270° vs.
180°: The Difference of Balancing a 2 Cylinder Inline Engine: Design,
Simulation, Comparative Measurements,“ SAE Technical Paper,
Warrendale (PA): SAE, 2012.
W. F. Northrop, D. Zarling, “One-Dimensional Modeling of a
Thermochemical Recuperation Scheme for Improving Spark-Ignition
Range Extender Engine Efficiency,” SAE International Journal of
Advances and Current Practices in Mobility, Warrendale (PA): SAE,
Vol. 2, Issue 2, pp. 543–550, 2020.
M. Noga, B. Sendyka, “Increase of efficiency of SI engine through the
implemantation of thermodynamic cycle with additional expansion,”
Bulletion of the Polish Academy of Sciences-Technical Sciences, Vol.
62, Issue 2, pp. 349–355, 2014.
D. Vasudevan, R. Saravana Venkatesh, S. Krishnan, K. K. Varathan,
“Simulation and Experimental Study of Intake Air Flow Pulsation and
Resolution for a 2-Cylinder Uneven Firing (0°-540°) Naturally
Aspirated and Turbocharged CPCB II Diesel Engine,” SAE Technical
Paper. Warrendale (PA): SAE, 2012.
A. Prokop, K. Řehák, “Virtual prototype application to heavy-duty
gearbox concept,” Enginnering Mechanics 2017, Brno: Brno
University of Technology, pp. 810–813, 2017.

321

2020 19th International Conference on Mechatronics – Mechatronika (ME)

Locomotive, principally kinematic system of snakelike robot mathematical model with variable
segment length
Erik Prada
Faculty of Mechanical Engineering
Technical University of Kosice
Kosice, Slovakia
erik.prada@tuke.sk

Michal Kelemen
Faculty of Mechanical Engineering
Technical University of Kosice
Kosice, Slovakia
michal.kelemen@tuke.sk

Alexander Gmiterko
Faculty of Mechanical Engineering
Technical University of Kosice
Kosice, Slovakia
alexander.gmiterko@tuke.sk

Ivan Virgala
Faculty of Mechanical Engineering
Technical University of Kosice
Kosice, Slovakia
ivan.virgala@tuke.sk

Ľubica Miková
Faculty of Mechanical Engineering
Technical University of Kosice
Kosice, Slovakia
lubica.mikova@tuke.sk

Darina Hroncová
Faculty of Mechanical Engineering
Technical University of Kosice
Kosice, Slovakia
darina.hroncova@tuke.sk

Martin Varga
Faculty of Mechanical Engineering
Technical University of Kosice
Kosice, Slovakia
martin.varga.2@tuke.sk

Peter Ján Sinčák
Faculty of Mechanical Engineering
Technical University of Kosice
Kosice, Slovakia
peter.jan.sincak@tuke.sk

kinematics of a wheeled snake-like robot and analyses the
relationship between body shape changes. Similar approaches
are considered in Ostrowski and Burdick [2], where also the
solutions of dynamics of a wheeled snake-like robot are
considered. Another example of solving the locomotion
problem was in Ishikawa’s work [3]; the solution consists of
modelling and controllability analysis of the kinematics of a
three-linked wheeled snake-like robot. Also Hatton and
Choset [4] introduced the concept of a body velocity integral
in order to easily approximate the net displacement of a snakelike robot during a gait. By focusing on lateral undulation
motion, we are able to describe the interacting relationship
between the environment and the mechanism as the
conversion of energy between shape and group variables. This
relationship can be expressed in geometric mechanics in the
form of connection. Connection is one of the important events
taking place on a fiber bundle.

Abstract—In this work, we focused on the principle of
locomotion and its description using the formalism of geometric
mechanics, applied to a specific robotic mechanism. By applying
non-holonomic constraints to the mechanism, we know that the
speed at which the entire system can move is sideways limited,
but without changing the configuration environment. By
expressing the language of differential geometry, the
nonholonomic constraint is defined by the function on the
system’s configuration tangent bundle TQ. Although the nonholonomic constraints prevent us from performing a certain
type of movement, in the end it is still true that the mechatronic
system can reach a defined point of the manifold ( ) when
performing a certain combination of possible movements.
Among other things, the existing two types of configuration
variables affecting the overall locomotion of the mechanism
were presented in the work. The first type of configuration
variables are the so-called shape variables and the second type
are positional variables or also group variables. The work shows
that the specific locomotion of a snake-like robot is the result of
a suitable combination of changes in shape and position
variables.

A. Definition
An ideal rigid body can be described as a material object
whose structure is undeformable by the action of external
forces on this object. Mathematically, a rigid body is described
in the continuous expression of individual material points, the
distances of which are constant within the rigid body. This
means that if we describe the material points in a local
coordinate system and another point in another local
coordinate system of the material body, the origins of these
systems are at a constant distance from each other. When
modeling a rigid body using mathematical formalism, we first
select a suitable moving coordinate system. During this
process, we are provided with a sufficient degree of freedom
in choosing the location of the mobile coordinate system. A
possible solution is, for example, to place the origin of the
movable coordinate system in the center of gravity of the
body, at its end or outside the body, provided that the
condition of maintaining the same distance between the
individual points of the body is met. The next step is to select
a suitable group structure and configuration space that best

Keywords— geometric mechanics, locomotion, snake-like
robot, manifold SE(2), principal connection

I. INTRODUCTION
Several works have dealt with the description of the snakelike robot locomotion in the past. Depending on the type of
movement and other input factors, these types of locomotion
can be classified into several classes. In this work, however,
we will focus primarily on the type of motion which is lateral
undulation with sideslip constraints. This type of movement is
partly based on the biological representation of snake
movement which also takes into account the anisotropic
properties of snake skin and its friction. In connection with our
problem, which focuses on the description of the locomotion
of a snake-like robot when considering non-holonomic
constraints, this problem has been analyzed for example in the
work of Krishnaprasad and Tsakiris [1] which models the
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describes the configuration of the mechanism. In the case of
body movement in two-dimensional space moving along the
surface together with a defined orientation component, it is
possible to use a configuration group (ℝ × , +) in which
the components of surface movement and rotation occur
independently. Since in locomotor systems the emphasis is on
the relativity of the movements of individual rigid bodies, we
will use a special Euclidean group (2). This group contains
in its structure a translation and rotation operation [5].

II. MATHEMATICAL MODEL OF PRINCIPALLY
KINEMATIC SYSTEM

In this chapter we will deal in more detail with the creation
of the connection of a specific mechanism of a snake-like
robot. As the title of the chapter implies, we will focus mainly
on the kinematic system which we could classify as one of the
simplest and most basic types in terms of creating a
mathematical model of connection. The principally kinematic
system is characterized by the existence of nonholonomic
constraints in Pfaffian form. Assuming that the condition is
met, we can transform the reconstruction equation (2) into the
case where the number of non-holonomic constraints is equal
to three, k=3. We will start with the equation of nonholonomic
constraints [8]:

B. Manifold (2)
(2)
The special two-dimensional Euclidean group
contains in its structure a translation and rotation operation.
These movements can be classified as "clean", without the
occurrence of irregularities in the form of jamming, mirroring
(2) contains
or repetition of movement. The element ∈
components of coordinates ( , , ) and is typically
represented by a homogeneous matrix whose shape is:

0
×
×
0 =
0
After multiplying the blocks of matrices we get:

cos
− sin
( , , ) = sin
(1)
cos
0
0
1
This structure contains an element of an orthogonal group
(2) representing rotation and configuration space ℝ ,
which characterizes the position in the plane direction of
movement [6]. The resulting shape of this structure can be
written in the form of a partially direct multiplication of an
orthogonal two-dimensional group and a planar configuration
space which is represented as the interaction of the rotating
and translational parts of the mechanism together. The
(2) in the process of
advantage of using the manifold
creating a mathematical model of a specific mechanism
consists in the fact that for individual rigid bodies of the
mechanism, the relativity of positioning is taken into account
when using a given group action. When compared to the group
(ℝ × ), at first glance it seems the group (2) is more
complicated. This can be seen in the case of defining a rigid
body configuration, when the additive operation is easier for
translation and reorientation of the body on (ℝ × ) than
the operation of matrix multiplication. It is also a matter of a
general view of the operations of the displacement and
rotation of the local coordinate system of the body, when
actions on Lie group (2) take into account the orientation
of the local coordinate system, and thus the interpretation of
the change of position is different from the orientation on the
group (ℝ × ). Therefore, the individual shifts are related
to the global coordinate system on the group (ℝ × ) ,
while in the case of the group (2) the displacements are
relative to the mechanism's initial coordinate system. This
feature of the group (2) is a good reason for applying the
jointed mechanisms [7].

0
0 =
0

+

=−

−

( ).

(4)
(5)

After multiplying the equation by an inverse matrix
from the left we get the equation between and :
=−
Principal connection

(6)

thus has the following form:
=

(7)

When comparing the previous equation of the principal
connection and the reconstruction equation (2) it can be seen
that the equations are similar. In a similar way, we can express
the principal connection for the locomotor mechanical system
of a snake-like robot. The serpentine robot consists of three
links that are interconnected by a pair of rotating joints. Each
of the links includes a pair of passive wheels that represent a
restriction of movement, the wheels being structurally
positioned perpendicular to the axis of each link. The figure
(Fig.1) shows the layout of the main components of a threelink serpentine robot. It is also possible to see the location of
the local coordinate system of the middle link in the figure,
which we will consider as the starting link. Angles
and
represent the rotation of individual articles relative to the next
or previous link [9].

C. Expression of principally kinematic mechanical system
A principally kinematic mechanical system has a
sufficient number of non-holonomic constraints, so the
condition applies: = , where l is the dimension of the fiber
manifold and k is the dimension corresponding to the number
of non-holonomic velocity constraints on the mechanical
system. This number corresponds to the full span of the fiber
on the fiber manifold, in other words, the number of nonholonomic constraints must be sufficient to determine the base
velocities by the velocity on the fiber manifolds. The
reconstruction equation has the following form [6]:
=−

(3)

(2)

Fig. 1. Three-link snake-like robot with non-holonomic constraints
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perpendicular to the axes of the links, this means that the
speeds in this direction will also be zero. The only achievable
movement of the links of the mechanism will be in the
direction of movement of the wheels. We write the zero
velocities in the direction of the y-axis as constraints, so that
each vector corresponding to the movement in the direction of
the y-axis from the equations of velocity (9), (10) and (11) is
guided through the form of the following matrix [11]:

The position of the center link coordinate system is
represented by three fiber global variables ( , , ), while this
position simultaneously indicates the overall position of the
robot in the plane. The mechanism has two degrees of freedom
represented by relative angles of rotation
a . Overall,
this principally kinematic mechanism of a three-link snakelike robot can be classified as a five-dimensional system,
=
5. Configuration manifold is equal to = × ℳ, where
associated Lie group of fiber manifold determines the
orientation in the plane and is equal to a special Euclidean
(2). For the base space, it identifies the
group, that is =
internal degrees of freedom, which for our three-link
mechanism means equality of manifold ℳ = × . The
three-link serpentine robot cannot move in any direction as it
is true that non-holonomic speed limits cover the full range of
the fiber manifold. As follows from the definition of the
principal mechanism, we will not consider matter or moments
of inertia. For (Fig. 1) the following general equation form
[10] corresponds to three non-holonomic speed constraints
acting on the mechanism,
cos( )
)
=0
sin( )

(

=
sin
−

cos

−

−(

)/2 sin

sin

+

−(

)/2 cos

−

cos

+

+(

)/2 sin

sin

+

+(

)/2 cos

− ( /2)
+ ( /2)

−
+

(13)

We can further modify this matrix of constraints into the
Jacobian form, giving us non-holonomic constraints in the
Pfaffian form. Pfaffian's constraints are also used to refer to
these constraints, but they can also be expressed in a global
coordinate system. Pfaffian's constraints are in next
representation:
0
0 =
0
sin
0
− sin

cos
1
cos

+ )/2

−( cos
( cos

0

)/2

+

/2
0
0

0
0
/2
(14)

We can now compare the expression of the matrix of
Pfaffian constraints with the vectors of the following Jacobs'
matrices of each of the links of the robotic mechanism:

−

=

=

(10)

cos

−sin

sin
0

cos
0

( sin )
2
−( cos + )/2
1

0
/2
−1

0
0
0
(15)

+

+
+

)/2 cos

(9)

=

( /2)

+(

(8)

−

= −

+

)/2 cos

0
= 0
0

A. Derivation of the principal connection of a three-link
snake-like robot in local coordinates
To create a principal connection in the local coordinates of
the mechanism in the figure (Fig. 1), we use the expression of
velocity and the Jacobian matrix for each of the snake-like
robot links. The following equations apply to the velocities of
the individual mechanism links in the figure (Fig. 1):

( /2)

−(

(12)

) is the global position of the point, which is
where(
represented by the intersection of the axis of the member of
the mechanism and the axis of the wheel joint. at the same
time represents the angle of rotation of these mutual axes, i.e.
it is really a matter of orientation of the direction of movement
of the link. In the following part we will show the expression
of the principal connection for a three-link snake-like robot
from the point of view of the local coordinate system.

=

sin

+

1
= 0
0

(11)

We will further use these equations to define the
constraints of lateral motion in local coordinate expression.
Since the robotic snake cannot move in a direction

0
1
0

0
0
1

0
0
0

=
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cos
= − sin
0

( sin )/2
( cos + )/2
1

sin
cos
0

0
/2
1

0
0
0

has the following formula

definition formula. Matrix
after computation:

=
(

(

0
sin

(17)
It is clear from the comparison that the vectors of Pfaffian
constraints and the vectors at the ypsilon local axis positions
for each mechanism link
of the Jacobian matrices , ,
are identical. In this way, we actually verified the correctness
of the calculated Pfaffian constraints. In the next step of
deriving the connection we can proceed to the transformation
of the matrix of Pfaffian constraints into the component form
of the equation (6) based directly on the reconstruction
equation [11].
=

)

)

0
sin
(23)

After adjusting and multiplying the equation (19) from left
we were given the final form of velocity with principal
connection :
(

=

=−

)

0
sin

=

(

)

0
sin
(24)

Where,
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(20)

First, we calculated the sub-determinants that make up the
adjoint matrix. Subsequently, we substituted these results
according to the formula (20) [6].
=
(

)

cos

−

cos

−|0|
|sin

)
(

|

−

−
)

sin cos +
+ cos sin

)

=−

⇒

=

∧

=

sin

= − 1,013 cos( ) + 0,268 sin( )

−

sin

|sin

(25)

We were inspired by the use of the gait function from work
[12]. By assessing the shape of the vector field with respect to
the gait function curve, we can determine the motion in the x
- direction of the local coordinate together with the rotation by
the zeta angle of the whole three-link snake-like robot with
respect to the global coordinate system. The figure (Fig. 2)
shows the vector field of the principal connection
together with the generated gait function curve . It is by
analyzing the shape of the vector field against the shape of the
gait function curve that we can get a deeper look into the issue
of motion with non-holonomic constraints. From the figure we
can deduce how the mechanism will move in the direction or
against the direction of the x-axis.

−|0|
|
(21)

In the next step, we have an adjoint matrix
because we know:
has been multiplied

)+

= − + 0,637 cos( ) + 0,832 sin( )
(

+
(

=

+

−

Since we know the form of the principal connection from
the previous chapter
, by using the knowledge of the
representation of the principal connection in the form of a
vector field, we can realize a vector field for our case of a
three-link snake-like robot. For this purpose, we used the
MATLAB programming environment and the function
„quiver“, which allowed us to plot a two-dimensional vector
field of velocity components. The calculation algorithm was
designed to be able to plot a vector field for each of the
velocity components
,
,
. The input parameters of
the algorithm were rotation angles of joints
a , which
changed in the interval(− , ), due to singularities in the
vector fields at the lines
=± ,
= ± and
= , we
present plots with an angle-preserving arctangent scaling on
the magnitudes of the connection vector fields. For the first
case, we chose a unit length of segments = = = 1. At
the same time, a gait function curve was generated in the
vector field [12]. The equations that generated the gait
function curve had the following form:

we calculate by determining the minors of the
Where
submatrix of Pfaffian constraints
as follows:
|
−|
|

) cos(

MOVEMENT VIA VECTOR FIELDS

2

To calculate the local principal connection, we can help
with the modification of the formula (2) to the following
equation:

=|

−

III. IDENTIFICATION OF THE POSSIBILITIES OF LOCOMOTIVE

(18)

=

sin(

which
(22)

That is, by the use of the product we have ensured that the
matrix
will be a part of the final principal connection as a
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Fig. 2. Representation of velocity vector field of connection
with the gait function curve ϕ

together

Fig. 4. Representation of velocity vector field of connection
with the gait function curve ϕ

Fig. 3. Representation of velocity vector field of connection
with the gait function curve ϕ

together

Fig. 5. Representation of velocity vector field of connection
with the
changed dimensions of the first and third members of the mechanism
together with the gait function curve ϕ

For example, if the arrows of the vector field in the figure
(Fig. 2) are in the opposite direction of the sense of motion on
the gait function curve, then the mechanism will move in the
negative x-axis direction and vice versa. In the case of arrows
incident perpendicular to the gait function curve, the
movement in the direction of the x-axis at this moment of the
gait function curve is negative. The movement of the threelink snake-like robot itself is a combination of the movements
of the joint rotation, which has an effect on the rotation of the
whole body relative to the global coordinate system and the
movement in the x-axis direction of the local systems. For this
reason, it is necessary to assess the principal connection with
respect to the axis y and rotation . The figure (Fig. 3) shows
the gait function curve and the zero vector field of the
principal connection
, which is in line with the nonholonomic constraints of the snake-like robot. This means that
no movement is performed in the y-direction in the local
system. In a global expression, however, the movement in the
y-direction is expressed by a combination of local movements
in the x-direction and the rotation of the joints. The figure
(Fig. 4) shows the vector field of principal connection
together with the generated gait function curve . Based on
the direction of the vector field with respect to the gait
function curve, we can deduce the meaning of the rotation of
the whole mechanical system with respect to the global
coordinate system by the angle θ.

together

Fig. 6. Representation of velocity vector field of connection
with the
changed dimensions of the first and third members of the mechanism
together with the gait function curve ϕ

The analysis of the figure (Fig. 4) is similar to that of the
figure (Fig. 2). When the vectors are perpendicular to the gait
function curve, then the rotation of the whole mechanism
relative to the global system does not change. If the direction
of the vectors coincides with the direction of travel along the
gait function curve, the whole mechanism is rotated relative to
the global system in a positive direction. If the direction of the
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resulting shape of the vector field, which also affected the
resulting trajectory of motion. The results of the simulations
are practically applicable mainly in the underactuated robotics
mechanics with respect to symmetry. When designing a
principally kinematic mechanical system, it is necessary to
take into account the geometry of the mechanism which has a
major influence on the overall modes of motion.

vectors is opposite to the direction of travel along the gait
function curve, the entire mechanism is rotated relative to the
global coordinate system in the negative direction. By a
combination of motions with respect to vector fields of
principal connections
and
we get the resulting
movement of a three-link snake-like robot in the plane. As
part of the work, we also investigated the second case of the
input configuration of a three-link snake-like robot. This
consisted of changing the lengths of the first and third link of
the robot. The lengths changed in the following order:
1.

=

=

2.

= 10 ⋀

=

=1

3.

= 10 ⋀

=

=1
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=1

For each of the changes, we plotted a vector field of both
a
shown in the pictures (Fig.
principal connections
5) a (Fig. 6). The blue vector field corresponds to the first
configuration setting, when all links have the same length. The
green vector field corresponds to the second configuration
setting, when the first link is ten times larger than the other
two. The third configuration setting corresponds to the pink
vector field, when the third link is ten times larger. We can see
in the pictures that with the change of the dimensions of the
links, the overall movement of the three-link snake-like robot
also changes. The directions of the vector fields have changed
radically in some cases. We can therefore state that the
asymmetry of the mechanism also affects the change of
locomotion. The final form of locomotion based on previous
knowledges is on (Fig. 7).

REFERENCES
[1]

P. S. Krishnaprasad, D. P. Tsakiris, “G-snakes: Nonholonomic
kinematic chains on lie groups,” IEEE Conference Decision and
Control, vol. 3, pp. 740–741, 1994 [Proc. 33rd IEEE Conference
Decision and Control Lake Buena Vista, FL , USA, p. 2955-2960].
[2] J. P. Ostrowski, J. Burdick, “The geometric mechanics of undulatory
robotic locomotion.,” Int. J. Robot. Res. 17(7), pp.683-701, 1998.
[3] M. Ishikawa, “Iterative feedback control of snake-like robot based on
principal fiber bundle modeling.,” Int. J. Advanced Mechatronic
Systems. 1(3), pp.175-182, 2009.
[4] R. L. Hatton, H. Choset, “Approximating displacement with the body
velocity integral.,” In: Proc. Robotics: Science and Systems. 2009.
[5] R. L. Hatton, H. Choset, An Introduction to Geometric Mechanics and
Differential Geometry, 2011.
[6] E. Shammas, Generalized Motion Planning for Underactuated
Mechanical Systems. PhD thesis. Carnegie Mellon University.
Pittsburgh, USA, 2006.
[7] E. Prada, M. Valášek, I. Virgala, A. Gmiterko, M. Kelemen, M.
Hagara, T. Lipták,
“New approach of fixation possibilities
investigation for snake robot in the pipe. ” In Proceedings of the 2015
IEEE International Conference on Mechatronics and Automation
(ICMA); Institute of Electrical and Electronics Engineers (IEEE):
Piscataway, NJ, USA, 2015; pp. 1204–1210.
[8] I. Virgala, M. Kelemen, E. Prada and R. Surovec, "Motion analysis of
snake robot segment," 2013 IEEE 11th International Symposium on
Applied Machine Intelligence and Informatics (SAMI), Herl'any, 2013,
pp. 145-148, doi: 10.1109/SAMI.2013.6480963.
[9] R. Surovec et al., "Kinematic analysis of snake-like robot using
obstacle aided locomotion," 2012 IEEE 10th International Symposium
on Applied Machine Intelligence and Informatics (SAMI), Herl'any,
2012, pp. 451-455, doi: 10.1109/SAMI.2012.6209009.
[10] M. Vacková et al., "Intelligent in-pipe machine adjustable to inner pipe
diameter," 2012 IEEE 10th International Symposium on Applied
Machine Intelligence and Informatics (SAMI), Herl'any, 2012, pp.
507-513, doi: 10.1109/SAMI.2012.6209020.
[11] Erik Prada, Alexander Gmiterko, Tomáš Lipták, Ľubica Miková, and
František Menda, “Kinematic Analysis of Planar Snake-like Robot
Mechanism Using of Matrices Formulation.” American Journal of
Mechanical Engineering 1, no. 7 (2013): 447-450. doi: 10.12691/ajme1-7-59.
[12] L. R. Hatton, H. CHoset, "Connection Vector Fields for Underactuated
Systems. " In: Proc. IEEE/RAS-EMBS Int. Con. on Bio. Rob. And
Biom. Scottsdale, AZ, USA. 2008.

Fig. 7. Representation of the locomotion of a three-link snake-like robot
with respect to the vector fields of principal connection

CONCLUSION
We can state from the results of the simulations that the
shape of the vector field with respect to the gait function curve
can present us, with sufficient confidence, with the
possibilities of motion of a given type of mechanism.
Specifically, we found out from the simulations the overall
position of the link mechanism at individual points of the gait
function and the corresponding change in the shape of the
arrangement of individual links. An important finding in the
simulation verification was that the change in the dimensions
of the article snake-like robot significantly affected the
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which can describe point cloud can be used, because there is
the need to compute data for new curve from the old data

Abstract—Union of point clouds converted into lines
is basically impossible nowadays. In big area mapping task,
there is a problem how to represent scanned data. A point cloud
is basic output from almost every mapping and environment
scanning system, but as the area grows, there comes need for
huge data storage and also the computation cost starts to grow
rapidly. On the other side, curve representation is simple and
easy to process, but all other data from point cloud get lost and
further actualization of curve is basically impossible. In this
article we present algorithms of robust procedure which can
transfer point-cloud to curve and data. The final goal
is to achieve the same result for two curves which are merged,
as if two point-clouds were merged and transferred to curve.

A. Transfer point cloud to data
For representation of point cloud huge amount of
mathematical procedures can be used. For our purposes it is
required that mathematical procedure can be validly merged
whit results of one in another position. This condition
excludes some important methods, such as convolution. In the
process of research, two methods were discovered, full
method and fast method.
1) Full method
The full method is proceeded in two steps. Firstly,
the point cloud is interpolated by curve (line by default),
by least square method. After that is the whole point cloud
rotated so it has mean value and tangent equal to zero. Second
step transfers point cloud to data, in full method there are used
interpolated curve from first step, interpolated odd polynomial
for positive and negative sides of point cloud, histogram
approximated by polynomial for both sides and simplified
border(Fig. 1 and 2).

Keywords— point cloud, line approximation, mapping, SLAM,
multi-agent system, multi-robot system

I. INTRODUCTION (HEADING 1)
Nowadays, as amount of automatized task has grown, the
area, which needs to be processed in localization and mapping
task, increases rapidly. The problem is in the huge amount of
data, which need to be processed in bigger area. For example
city as Prague, has area about 30 x 30 km, about 1000 km of
roads (and about the same amount of sidewalk and pathway).
If resolution is set to only 1 cm grid, the amount of data which
are needed to create one-point border 2D plane around roads
is about 1 GB (long int is needed). However, one-point border
is insufficient, for good result more points are needed to
compensate measurement error. So, if border was extended
to amount of 10 to 50 points, the size of map would rise to
9 to 45 GB. This amount of data needs great computing power
to enable real time localization and mapping. Possible
solution is transfer point cloud to curves, such as using maps
in GPS navigation. Transfer to curve solution has one
substantial disadvantage: as point cloud is converted, all other
data than the output curve are lost and future actualization or
correction is impossible, leaving only replacing one curve
with another as solution. But in fully automatized system, who
knows which curve is right, what is the ground truth?

Fig. 1. First point cloud interpolation (red/green curves, right/left site odd
polynomials)

In this article an algorithm which transfers point cloud to
curve and additional data, so transferred curve can be merged
with another transferred curve, is introduced. This can be used
in situation, when new measured data are needed to add to old
ones. Furthermore, this system can be used in situation when
more agents in system gather data and have different degree
of accuracy, so one set of data is more trustable than another
[1].
II. METHOD
The algorithm of low data loss point cloud to curve
conversion and union can be divided into three parts. Firstly,
there is conversion of point cloud to desired data. Secondly,
there is need to merge two sets of data together. At the end
the data for new merged curve are computed. Not all methods

978-1-7281-5602-6/20/$31.00 ©2020IEEE

Fig. 2. Second point cloud interpolation
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In the full method computation of new data is more
complicated. Firstly, there are three basic situations from
which futher steps are decided (Fig. 4). In situations a) and c)
is the solution simpler: data for lines on sides of the new line
are merged together, where histogram function is added and
for polynomials weighted mean values are used. In situation
b) lines in the middle are added to both sides, but with position
weighted coefficient.

2) Fast Method
Fast method has the first step same as the full method, but
transferred data are only interpolated curve and histogram
approximated by polynomial for whole point cloud. This
method is less precise than full method, but is much faster and
requires less computing power.
B. Merge data together
After data for curves are obtained from two data sets which
both represent one scanned line, is needed to merge the data
together to compute new line. There is also difference between
full and fast method. The data from the full method and the
fast method can be merged together, but output can be only
data to the fast method.
1) Full method
As base for merging data together first polynomial on sites
for both point clouds is used. Therefore, there are four lines
which will be used to compute the new line. For each line
a curve of weight index, which is composed as weight sum of
side polynomials multiple by histogram functions, is
computed.

Fig. 4. Basic layout for point clouds (black/red lines – first/second point
cloud side lines)

The last step is to unite boundaries of both point clouds.
For final boundaries outer points and transection of both point
clouds are used. In complex shape, or when lot of
actualizations occur in the future, the last step is to simplify
boundaries. This step is not necessary.

The curve of weight index serves to generate points to base
curve, where higher function value means more points in one
place (e.g. function value 100 means there were generated 100
point in one place on curve, see in Fig. 3). After points are
generated on all four base curves, these generated points are
interpolated by a curve (LSM is used).

III. RESULTS
Both methods have very accurate results. These methods
are more precise in cases of point cloud translation than simple
interpolation (Fig. 5). For this reason, it is very hard to
measure undistorted results, because interpolation of both
point clouds does not always bring an exact solution.

2) Fast Method
In Fast method the point cloud is represented only by line
and histogram curve, so points are generated only from
histogram function. This accelerates whole process rapidly,
but there is lesser accuracy compared to the full method.

Fig. 5. Translation error

The test was divided into two parts. First, mutual positions
of interpolated curve, and curve from both methods in
situation with minimum translation is tested. Second test is
comparison of fast and full method.

Fig. 3. Example of a figure caption. (figure caption)

C. Compute data for new curve
At the end, when new curve is approximated, the only task
left is to calculate the remaining data, so the process can be
repeated as new data are measured. For the fast method the
process is very simple, histogram data are summed together
and approximated by curve.

A. Full comparison
For the test a situation, when translation is basically zero
and all difference is in rotation, is chosen. The results are on
Fig 6.
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TABLE I.
Curve
Gradient (m)
Angle (ϕ) [°]
Y-intercept (b)
∆m
∆ϕ [°]
∆b

FULL COMPARISON RESULTS

Interpolated
15.0921
86° 12’ 34’’
9.908
-

Full method
15.1267
86° 13’ 4’’
9.932
0.0346
0° 0’ 30’’
0.024

Fast method
15.1277
86° 13’ 5’’
9.933
0.0356
0° 0’ 31’’
0.025

B. Comparison of fast and full method
In most cases, both methods have practically the same
results. So, for comparison three situations, where there is
significant difference between both solutions, are chosen. All
cases are based on a situation where the point cloud is strongly
asymmetric in relation to the interpolated curve. This will
cause slight variations between the methods.
First situation (Fig. 7) is two points clouds, where
interpolated curves are inside of point cloud. The biggest
difference between the methods is that the fast method cannot
leave the area between interpolated curves for point cloud, but
the full method is driven by sides lines, so it does not have this
restriction.

Fig. 7. First situation
Fig. 6. Full comparsion
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TABLE II.
Curve
Gradient (m)
Angle (ϕ) [°]
Y-intercept (b)

Full method
14.4862
86° 3’ 4’’
9.375

FIRST SITUATION
Fast method
14.6033
86° 4’ 57’’
9.556

difference
0.1171
0° 1’ 53’’
0.181

Second test is for point cloud where interpolated curve is
only translated (Fig. 8). Difference in full and fast method is
also caused by the shape of the point cloud. In normal
distributed point cloud is the difference almost zero.

Fig. 9. Third situation

CONCLUSIONS
Methods to approximate point cloud to data with low
information loss was presented in this article. Two methods,
fast method and full method, were found. These methods can
be used in situations, when future update of line model is
needed. It can be used for some robots that should operate in
urban area (for maintenance, cleaning), in shopping centrum
or in warehouse, basically in all situations when environment
changes can be anticipated. These methods gradually
eliminate errors caused by measurements and approximations
thanks to constant updating.
Fast method needs only small computation power to
function, there is only few basic functions for each step. Full
method has greater computational complexity and for normal
distributed point cloud has basically the same result as the fast
method. However, in reality only small amount of measured
surface return data with normal distribution, so the full method
gives better results.

Fig. 8. Second situation
TABLE III.
Curve
Gradient (m)
Angle (ϕ) [°]
Y-intercept (b)

Full method
15.0103
86° 11’ 19’’
10.134

SECOND SITUATION
Fast method
15.0950
86° 12’ 36’’
10.117

In current state the methods can be used only on lines with
similar length in static environment. Future research is needed
to use of the method on different types of curves, especially
for full method, fast method can be refined quite easily.
These methods are designed for static environment, dynamic
content should be filtered before transfer to curve.

difference
0.0847
0° 1’ 17’’
0.018

The last test shows the most significant difference between
the two methods (Fig. 9). It was caused by the interpolated
curves being on outside of the point clouds. The difference can
be seen in Table 4.
TABLE IV.
Curve
Gradient (m)
Angle (ϕ) [°]
Y-intercept (b)

Full method
19.0124
86° 59’ 21’’
12.512
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THIRD SITUATION
Fast method
17.5258
86° 44’ 4’’
11.551

difference
1.4866
0° 15’ 17’’
0.961
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