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Investigation of the influence of the quality of the power supply
system on the characteristics of an asynchronous motor with a
squirrel-cage rotor

Abstract. The paper presents the results of studies of the influence of the quality of power systems on the characteristics of an asynchronous
electric motor with a squirrel-cage rotor. During the research, a mathematical model of an induction motor, made in the MATLab software
environment, was used. Based on the simulation results, the coefficients of the torque ripple and the phase current unbalance were determined. The
results obtained are compared with previous studies of the manifestation of turn-to-turn closures in the phases of the motor stator winding, which
also create an asymmetry of the rotating magnetic field.

Streszczenie. W artykule przedstawiono wyniki badan wptywu jako$ci uktadéw zasilajgcych na charakterystyki silnika indukcyjnego ze zwartym
wirnikiem. W badaniach wykorzystano model matematyczny silnika indukcyjnego wykonany w Srodowisku oprogramowania MATLab. Otrzymane
wyniki poréwnuje sie z wcze$niejszymi badaniami wystepowania obwodéw miedzyzwojowych w fazach uzwojenia stojana silnika, ktére réwniez
tworzg asymetrie wirujgcego pola magnetycznego..(Badanie wptywu jako$ci uktadu zasilania na charakterystyki silnika asynchronicznego z

wirnikiem klatkowym)
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Stowa kluczowe: silnik asynchroniczny, asymetria, niesinusoidalnos¢, pulsacje, nierownowaga..

Introduction

Squirrel-cage induction motors are widely used in the
transport infrastructure. They are used as traction motors
and auxiliary drive motors on rolling stock of railways and
subways, as pump motors on sea and river vessels, etc. In
connection with the widespread operation of asynchronous
motors as part of drives of moving objects, the question
arises of creating effective diagnostic systems built into the
drive to increase the reliability of their operation [1-3].

All damage that occurs in an induction motor leads to
sudden failures or to gradual ones. The first type includes
damage, in the event of which the electric motor becomes
disabled. The second is damage with which the electric
motor can still work for some time, but with changes in the
values of one or several parameters. Among such damages
is the turn-to-turn circuit in the stator windings of the electric
motor [4-6]. Despite the fact that with such a defect, the
electric motor is in a working condition, its energy
performance deteriorates, the power consumed from the
network increases, the average value of the stator current
increases with a certain imbalance of the stator phase
currents and moment pulsations appear on the motor shaft
[7, 8].

When diagnosing an interturn short circuit in the stator
winding, three methods can be applied. The first method is
based on the fact that turn-to-turn closure leads to uneven
heating of the stator windings on the one hand and an
increase in the total temperature of the electric motor, on
the other [9-11]. The second method is based on the fact
that the occurrence of turn-to-turn closure leads to the
appearance of vibration caused by pulsations of the torque
on the motor shaft [12-14]. The third diagnostic method is to
analyze the values of the phase currents of the stator of the
electric motor [15-17].

Analysis of diagnostic methods showed that the most
accurate methods based on the analysis of the values of
phase currents and vibration methods [18-20].

Studies carried out in [7] showed that vibrations in an
induction motor upon detection of an inter-turn circuit are
most pronounced when the electric motor is in idle mode.
When the electric motor is running, vibrations decrease with
increasing load.

The works [21-23] present the results of scientific and
applied research to determine and analyze the influence of
the structural perfection of various components of the rolling
stock and their connections on traction properties, which
also affects the appearance of additional vibrations.
However, they do not take into account the poor-quality
power system on the starting characteristics of the traction
units and the aspects of the influence of structural
imperfections are not considered in this work.

The diagnostic systems considered above were based
on the assumption that the power supply system of the
electric motor is symmetrical, and the voltage waveform is
sinusoidal. This hypothesis can take place when building a
bench test diagnostic system. When constructing real
diagnostic systems built into the composition of the reason
for its application, it is incorrect. In particular, in [24-26] it is
shown that the voltage system in three-phase general-
purpose power supply networks is asymmetric, and the
voltage form is non-sinusoidal. Moreover, in work [26] it is
shown that in the contact network of the traction power
supply system, the process of voltage change is a non-
deterministic non-Gaussian process. In other words, in a
traction supply system, the process of voltage change is a
random process.

Taking into account the factor that the supply voltage
system of the induction motor is asymmetric, and the
voltage form is non-sinusoidal, the question arises of the
influence of a poor-quality power system on the
performance of an induction motor and, as a consequence,
the choice of a diagnostic method taking this factor into
account.
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In studies [27, 28], it is shown that the asymmetry of the
power supply system and the non-sinusoidal shape of the
voltages cause torque ripples on the shaft of an
asynchronous motor. But even when asymmetry occurs in
the windings of an induction motor, torque ripples also
appear [7, 8]. That is, when constructing diagnostic systems
using vibration methods, ambiguity arises, caused by the
influence on the vibration intensity of both a poor-quality
power supply system and the presence of asymmetry in the
windings of an asynchronous electric motor due to turn-to-
turn closures.

The same problems arise when constructing a
diagnostic system based on current methods. Poor-quality
power supply of an asynchronous electric motor leads to an
increase in the average value of the phase current and to
the unbalance of the phase currents [27,28]. The same
processes are observed in the presence of asymmetry in
the windings of an induction motor [7, 8].

To build diagnostic systems using intelligent systems
based on fuzzy logic methods [29], particle swarm methods
[30], taboo search methods [31] and other methods of
decision theory, it is necessary to determine the degree of
influence on the torque pulsations and phase imbalance.
currents of both a poor-quality power supply system and
asymmetric modes of the windings of an asynchronous
electric motor.

In this work, on the basis of the existing model, studies
of the influence of a poor-quality power system on the
performance of an asynchronous electric motor are carried
out. During the research, the hypothesis is used that the
asynchronous electric motor receives power from an
autonomous thyristor voltage inverter.

The article has the following structure: in the second
section, an object of research is selected and the use of a
mathematical model of an asynchronous motor is
substantiated, which can work with asymmetry and non-
sinusoidal voltages of the power supply system. There are
four experiments in the third chapter. The first assumes that
a sinusoidal system of three-phase voltages is symmetrical
at the output of the inverter. In the second, it is taken into
account that the output of the inverter is an asymmetric
sinusoidal system of three-phase voltages. In the third, it is
assumed that the output of the inverter is a symmetrical
non-sinusoidal system of three-phase voltages. In the
fourth, it is assumed that the output of the inverter is an
asymmetric non-sinusoidal system of three-phase voltages.
For each of the experiments, the ripple coefficients of the
torque on the motor shaft and the unbalance coefficients of
the phase currents were calculated. In the fourth section,
comparisons of the results obtained with the results
obtained in works devoted to the study of the influence of
asymmetric modes of windings of an induction motor on its
performance are made. By the end of the work, there are
conclusions.

Determination of the object of research and justification
of the choice of a mathematical model of an asynchronous
electric motor

Determination of the object of research

In the course of the research, the results of modeling the
effect of a poor-quality power supply system of an
asynchronous electric motor are compared with the effect of
asymmetric modes of operation on the starting
characteristics of an asynchronous electric motor. When
determining the object of research, it is advisable to choose
the same type and power of an asynchronous motor, for
which a number of studies have already been carried out, in
particular, the effect of asymmetric modes of its windings on
starting characteristics. In works [7, 8], the indicated studies
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were carried out for an asynchronous electric motor with a
squirrel-cage rotor of the AIR132M4 type with a power of
11kW. Therefore, it is logical to choose the specified motor
as an object of research.

Technical characteristics of an asynchronous electric
motor with a squirrel-cage rotor type AIR132M4 are given in
Table 1 [7].

Table 1. Technical characteristics of an asynchronous electric
motor with a squirrel-cage rotor of AIR132M4 type

Parameter Value
Shaft power rating, Pnom, kKW 11,0
Rated phase voltage, Unom, V 200
Rated frequency of supply voltage, f;, Hz 50
Rated rotation speed of a motor shaft in idle mode njqe, | 1498
rpm
Nominal motor shaft speed n,, rpm 1450
No loadno-load torque Tige, N-m 0,38
Rated torque on the motor shaft T,, N-m 72,671

The rest of the parameters of the asynchronous electric
motor are not given, since a ready-made simulation model
of the electric motor was used. More complete information
on the parameters of this electric motor is given in [32].

Justification of the choice of a mathematical model of
an asynchronous electric motor

In work [32], a mathematical model of an AIR132M4
induction motor in three-phase coordinates was developed.
The simulation model was executed in the MATLab
software environment in the form of structural elements.
The developed mathematical model of an asynchronous
electric motor makes it possible to study its operation in the
conditions of asymmetric modes of the stator windings.
However, when using it for this study, certain difficulties
arose due to the fact that with unbalanced voltages of the
power supply system, it is necessary to find the zero,
forward and reverse sequence of voltages. After setting
each of these parameters, it is necessary to implement their
combination in the simulation model when determining the
moment, which causes certain inconveniences in the
implementation of the model.

In [33], an approach was applied to modeling an
induction motor powered by a system of unbalanced
voltages. In this model, the electrical part of the motor is
made in the form of electrical elements of the MATLab
software environment, and the magnetic and mechanical
parts are in the form of structural elements. In addition, the
mutual inductance of the phases is made in the form of
controlled voltage sources. The control signals for these
voltage sources are the respective mutual phase flux
linkages. This makes it possible to carry out research under
conditions of power supply of an asynchronous motor from
an asymmetric and non-sinusoidal supply voltage system.
Therefore, the model presented in the study [33] was
adopted as a basic mathematical model.

Modeling the influence of asymmetry and non-
sinusoidality of the supply voltage system of an
asynchronous electric motor on its starting
characteristics
Modeling the operation of an asynchronous electric
motor with a symmetrical sinusoidal system of supply
voltages

When carrying out the above experiments, the initial
system of voltages of a conventional three-phase thyristor
autonomous inverter, which is not of high quality, was taken
as the basic system of supply voltages (Fig. 1).
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Fig. 1. Timing diagrams of the voltage system at the output of a
thyristor three-phase inverter

When carrying out the first experiment, the assumption
is used that the asynchronous electric motor is powered by
an autonomous voltage inverter, at the output of which a
sinusoidal system of three-phase voltages is symmetrical. A
symmetrical sinusoidal system of three-phase voltages was
obtained by means of modeling a poor-quality power supply
system shown in Fig. 1. The amplitude of the voltages and
the frequency of this system are equal to the nominal
values, the phases of the phase voltages are shifted by
120°. The timing diagrams of such a system of voltages are
shown in Fig. 2.
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Fig. 2. Timing diagrams of a symm’etrical sinusoidal voltage system

During the experiment, as a result of modeling, timing
diagrams of stator currents in steady state were obtained
(Fig. 3), timing diagrams of the torque on the motor shaft
(Fig. 4) and timing diagrams of the motor shaft rotation
frequency (Fig. 5).
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Fig. 3. Timing diagrams of stator currents in steady state, obtained
during the first experiment
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Fig. 4. Timing diagram of the torque on the motor shaft obtained
during the first experiment
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Fig.5. Timing diagram of the motor shaft speed obtained during the

first experiment

For steady state, the current values of the stator phase
currents in steady state, torque and speed of the motor
shaft are obtained. The results of modeling the power
supply of an induction motor from an autonomous voltage
inverter, the output of which is a symmetrical sinusoidal
system of three-phase voltages are shown in table 2
(experiment 1).

Table 2. Pesynbtatv MogentoBaHHsi
Table 2. Simulation results

Experiment No.

Parameter
1 2 3 4

Stator phase current value Isa, A 21,9 22,01 25,48 | 24,12
Stator phase current value Isb, A 21,9 21,47 | 2548 | 23,17
Stator phase current value Isc, A 21,9 | 22,87 | 2548 | 25.38
Maximum torque value Tmax, Nem 72,92 | 76,46 | 88,69 | 94,02
The minimum value of the moment

Trin, Nem 72,92 | 65,06 | 57,63 | 52,46
Q\./;rage value of the moment Tmean, 7292 | 7076 | 73,16 | 73.24
Ripple frequency fp, Hz 0 100 100 100
Motor shaft speed nr, rpm 1454 1452 1453 1454
Torque ripple factor kpr,% 0 8 21,2 28,4
Unbalanced current coefficient knbl, % 0 6,3 0 9,1

Torque ripple coefficient on the motor shaft in Table 2 is
calculated according to the ratio [7]

T =T

(1) Ky == s 100%,

mean

where: Tn. — the maximum torque value, Ty

—the

minimum torque value, T..n — the average torque value.
The unbalance coefficient of the stator phase currents in

table 2 is calculated according to the relation [7]

(2) k :@.100%’

imbl
ssym.mode
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where Iy — the maximum stator current, /., — the
minimum stator current, Ismmoqe — the average stator current
in symmetrical mode.

Modeling the operation of an asynchronous electric
motor with an asymmetric sinusoidal supply voltage system

When carrying out the second experiment, it was
assumed that the asynchronous electric motor is powered
by an autonomous voltage inverter, the output of which is
an asymmetric sinusoidal system of three-phase voltages.
The voltage amplitudes are equal to the first harmonic
component of the basic voltage system (Fig. 1): Uss = 311
V, Usy, = 307,4 V, Usc = 313,1 V. The voltage frequency is
equal to the nominal value, the phases of the phase
voltages are shifted by 120 °. The timing diagrams of such a
system of voltages are shown in Fig. 6.

400
—Usa
N\ // \ ——Usb
\ / \ Usc
>
o 0OFf \ /
- \
\\ \
-200 \ // \ A\
"/ \» /
-400 . | |
0.36 0.37 0.38 0.39 0.4
t,s

Fig. 6. Timing diagrams of phase voltages for the second
experiment

During the research, as a result of modeling, timing
diagrams of stator currents in a steady state were obtained
(Fig. 7), a timing diagram of the torque on the motor shaft
(Fig. 8) and a timing diagram of the motor shaft speed (Fig.
9).
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Fig. 7. Timing diagrams of stator currents in steady state, obtained
during the second experiment
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Fig. 8. Timing diagram of the torque on the motor shaft obtained
during the second experiment
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Fig. 9. Timing diagram of the motor speed obtained during
the second experiment

For the steady state, the effective values of the stator
phase currents, motor torque and motor shaft rotation
speed are obtained.

The results of modeling the power supply of an
asynchronous electric motor from an autonomous voltage
inverter, at the output of which an asymmetric sinusoidal
system of three-phase voltages is listed in Table 2
(experiment 2).

The coefficient of pulsation of the moment on the motor
shaft (1) and the coefficient of unbalance of stator phase
currents (2) were also calculated (see Table 2).

Modeling the operation of an asynchronous electric
motor with a symmetrical non-sinusoidal supply voltage
system

For the third experiment, the assumption is used that the
asynchronous electric motor is powered by an autonomous
voltage inverter, the output of which is a symmetrical non-
sinusoidal system of three-phase voltages. To organize the
specified power supply option, the following changes were
made to the basic system: the first harmonic components of
the stator phase voltages of phases B and C, equal to Ug, =
307.4 V, Usc= 313.1 V, multiplied by the coefficients ksg and
ksc, respectively. The first harmonic component of the
voltage of phase A remains unchanged, equal to the
nominal value Usg = 311 V.

The coefficients ksg and ksc are calculated in
accordance with the expressions

U
(3) ks :i’
° USB
U
4 ke =
( ) sC USC

The timing diagrams of such a system of voltages are
shown in Fig. 10.
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Fig. 10. Timing diagrams of phase ,voltages for the third experiment
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During the experiment, as a result of simulation, timing
diagrams of stator currents in steady state were obtained
(Fig. 11), a timing diagram of the torque on the motor shaft
(Fig. 12) and a timing diagram of the motor shaft rotation

frequency (Fig. 13).
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Modeling the operation of an asynchronous electric
motor with an asymmetric non-sinusoidal supply
voltage system

For the fourth experiment, a basic, conditionally low-
quality voltage system was used as a supply voltage
system (Fig. 1).

During the experiment, as a result of modeling, timing
diagrams of stator currents in steady state were obtained
(Fig. 14), a timing diagram of the torque on the motor shaft
(Fig. 15) and a timing diagram of the motor shaft rotation

frequency (Fig. 16).
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Fig. 11. Timing diagrams of stator currents in steady state, obtained

during the third experiment
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Fig. 12. Timing diagram of the torque on the motor shaft obtained
during the third experiment
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Fig. 13. Timing diagram of the motor speed obtained during the
third experiment

For a stable mode, the effective values of the stator
phase currents in the steady state, the motor torque and the
motor shaft speed are obtained. The results of modeling the
power supply of the motor from an autonomous voltage
inverter, at the output of which a symmetrical non-sinusoidal
system of three-phase voltages are listed in Table 2
(experiment 3).

The calculated ripple coefficients of the torque on the
motor shaft (1) and the unbalance of the stator phase
currents (2) are given in Table 2.
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Fig. 14. Timing diagrams of stator currents in steady state, obtained
during the fourth experiment
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Fig. 15. Timing diagram of the torque on the motor shaft obtained
during the fourth experiment
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Fig. 16. Timing diagram of the motor speed obtained during the
fourth experiment

For a stable mode, the effective values of the stator
phase currents in the steady state, the motor torque and the
motor shaft speed are obtained. The results of modeling the
power supply of the motor from an autonomous voltage
inverter, at the output of which an asymmetric non-
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sinusoidal system of three-phase voltages are listed in
Table 2 (experiment 4).

The calculated ripple coefficients of the torque on the
motor shaft (1) and the unbalance of the stator phase
currents (2) are given in Table 2.

Comparison of the results of studying the influence of
power quality with the influence of other asymmetric
modes of motor windings on its characteristics

In [7], studies of the influence of the degree of turn-to-
turn closure in the phase of the stator winding of the
AIR132M4 induction motor on its characteristics are
presented. In [8], the development of research for the same
motor in the presence of turn-to-turn closure simultaneously
in two phases of the winding stator is presented.

In order to determine the possibility of using vibration
and current methods for diagnostics of asynchronous
electric motors in conditions of a poor-quality power system,
a comparison was made of the degree of influence of the
power system and turn-to-turn circuit in the windings of an
electric motor on its characteristics. The results of
calculating the ripple coefficients and unbalance of phase
currents obtained in this study and the results obtained in
[7] and [8] are summarized in Table 3.

Table 3. Results of comparing the influence of the power supply
system and turn-to-turn circuit on the characteristics of an
asynchronous electric motor

Parameter
Asynchronous motor operation Thg r!pple Coefficient of
mode coefficient of | unbalanced
the moment | currents Ky,

kor, % %

Poor power supply system

Asymmetrical sinusoidal voltage

8,0 6,3
system
Symmetrical non-sinusoidal 212 0
voltage system
Asymmetrical non-sinusoidal 28.4 9.1

voltage system

Turn-to-turn circuit on one winding

Closed 10% of winding turns 2,03 12,1

Closed 20% of winding turns

4,152 24,11

Turn-to-turn closure in two windings at the same time.
One of the windings constantly has 20% of closed turns

The second winding has 10% 3.424 16,53
closed turns

The second winding has 20%

closed turns 3777

18,58

Analysis of the results of Table 3 shows the following:

- the influence of a poor-quality power system, as well
as the presence of turn-to-turn closures in the windings of
an asynchronous electric motor, cause a torque ripple;

- turn-to-turn circuit in the windings of an asynchronous
electric motor causes an imbalance in phase currents. With
a poor-quality power supply system, phase currents
unbalance occurs only when there is an unbalance in the
power supply system. With a symmetrical non-sinusoidal
power supply system, there is no imbalance in phase
currents;

- a poor-quality power system causes greater ripple on
the motor shaft than an inter-turn circuit. Yes, the smallest
torque ripples are ripples with an asymmetric sinusoidal
power supply system — 8%. The largest ripple during turn-
to-turn closure is ripple at 20% closure of turns of one
phase of the stator winding — 4.152%.

- turn-to-turn closure contributes to the occurrence of a
greater imbalance of phase currents than a poor-quality
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power supply system. So, the smallest unbalance of phase
currents is the unbalance at 10% of winding turns closed as
a result of damage, which is 12.1%, with a poor-quality
power system, the largest is the unbalance caused by an
asymmetric non-sinusoidal power system - 9.1%.

From the analysis of the research results, it follows that
in order to build a reliable system for diagnosing turn-to-turn
faults in the stator winding of the stator of asynchronous
electric motors, in the presence of a poor-quality power
system, it is advisable to use current methods.

CONCLUSION

To carry out the research cycle, a mathematical model
of an asynchronous motor with a squirrel-cage rotor was
selected, which allows, without additional model
transformations, to investigate the operation of an
asynchronous electric motor under conditions of a poor-
quality power system. The paper presents the results of four
experiments, during which the influence of a poor-quality
supply system on the characteristics of an electric motor
was investigated. For each of the experiments, the torque
ripple coefficient on the motor shaft and the phase current
unbalance coefficient were calculated. A comparison of the
results obtained, the manifestation of poor-quality power
supply with the influence of turn-to-turn closure on the
characteristics of the electric motor, obtained in other works
is carried out. According to the analysis of the results of the
studies carried out, it was found that on the ripple of the
torque on the motor shaft, a poor-quality power system has
a greater effect than turn-to-turn closures, and turn-to-turn
closures have a more significant effect on the phase current
imbalance. From the studies carried out, it follows that
under the conditions of a poor-quality power supply system,
which takes place in transport systems, current methods
are more effective than vibration ones. To improve the
monitoring of the state of the operating electromechanical
equipment, the use of current methods when building a
system for diagnosing turn-to-turn faults in the windings of
an induction motor is more.

Authors: PhD Sergey Goolak, State University of Infrastructure
and Technologies, Department of Electromechanics and Rolling
Stock of Railways, E-mail: sgoolak@gmail.com; PhD, Associate
Professor Oleg Gubarevych, Danube Institute of Water Transport of
State University of Infrastructure and Technology, Department of
Navigation and Operation of Technical Systems on Water
Transport, E-mail: oleg.gbr@ukr.net; Prof. Oleksandr Gorobchenko
State University of Infrastructure and Technologies, Department of
Electromechanics and Rolling Stock of Railways, E-mail:
gorobchenko.a.n@gmail.com; Oleksandr ~ Nevedrov  State
University of Infrastructure and Technologies, Department of
Electromechanics and Rolling Stock of Railways, E-mail:
anevedrov2017@gmail.com;, Kateryna Kamchatna-Stepanova,
National Technical University «Kharkiv Polytechnic Institute»,
Department of Mechanical Engineering Technology and Metal-
Cutting Machines, E-mail: katerina.ks@i.ua.

REFERENCES

[1] Gunderwar S.K., Kane, P.V., "Bearing Fault Diagnosis in
Induction Motor Using Modified AlexNet Algorithm”, In
Advances in Industrial Machines and Mechanisms, pp. 205-
218, Springer, Singapore, 2021.

[2] Koteleva, N. I., Korolev, N. A., Zhukovskiy, Y. L., “Identification
of the Technical Condition of Induction Motor Groups by the
Total Energy Flow”, Energies, vol. 14, no 20, pp. 6677, 2021.

[3] Rzeszucinski, P., Orman, M., Pinto, C. T., Tkaczyk, A.,
Sulowicz, M., “Bearing health diagnosed with a mobile phone:
Acoustic signal measurements can be used to test for structural
faults in motors”, IEEE Industry Applications Magazine, vol. 24,
no 4, 17-23, 2018.

[4] Kumar, P., Isha, T. B., “FEM based electromagnetic signature
analysis of winding inter-turn short-circuit fault in inverter fed

147



induction motor”, CES Transactions on Electrical Machines and
Systems, vol. 3, no 3, pp. 309-315, 2019.

[5] Cherif, H., Benakcha, A., Laib, I., Chehaidia, S. E., Menacer,
A., Soudan, B., Olabi, A. G., “Early detection and localization of
stator inter-turn faults based on discrete wavelet energy ratio
and neural networks in induction motor”, Energy, vol. 212, pp.
118684, 2020.

[6] Pietrowski, W., Gorny, K., “Analysis of torque ripples of an
induction motor taking into account a inter-turn short-circuit in a
stator winding”, Energies, vol. 13, no 14, pp. 3626, 2020.

[7] Goolak, S., Gerlici, J., Gubarevych, O., Lack, T., Pustovetov
M., “Imitation Modeling of an Inter-Turn Short Circuit of an
Asynchronous Motor Stator Winding for Diagnostics of Auxiliary
Electric Drives of Transport Infrastructure”,
Communications - Scientific Letters of the University of Zilina,
vol. 23, no 2, pp. 65-74, 2021.

[8] Gubarevych, O., Goolak, S., Daki, O., Tryshyn, V.,
“Investigation of Turn-To-Turn Closures of Stator Windings to
Improve the Diagnostics System for Induction Motors”,
Problemele energeticii regionale, vol. 2, no 50, pp. 10-24, 2021.

[9] Adouni, A., Cardoso, J. M., “A. Thermal Analysis of Low-Power
Three-Phase Induction Motors Operating Under Voltage
Unbalance and Inter-Turn Short Circuit Faults”, Machines 2021,
vol. 9, pp. 2-11, 2020.

[10] Muxiri, A. C., Bento, F., Fonseca, D. S. B., Cardoso, A. J. M.,
“Thermal analysis of an induction motor subjected to inter-turn

short-circuit failures in the stator windings”, In 20719
International ~ Conference  on  Industrial  Engineering,
Applications and Manufacturing (ICIEAM), pp. 1-5. IEEE,

March 2019.

[11] Rocha, M., Lucas, G., Souza, W., de Castro, B. A., Andreoli,
A., “Detection and Phase Identification of Inter-Turn Short-
Circuit Faults in Three-Phase Induction Motors Using MEMS
Accelerometer and Hilbert Transform”, In 2021 14th IEEE
International Conference on Industry  Applications
(INDUSCON), pp. 955-961, IEEE, August 2021.

[12] Liang, H., Chen, Y., Liang, S., Wang, C., “Fault detection of
stator inter-turn short-circuit in PMSM on stator current and
vibration signal”’, Applied Sciences, vol. 8, no 9, pp. 1677,
2018.

[13] Hegde, V., Sathyanarayana Rao, M. G, “Detection of stator
winding inter-turn short circuit fault in induction motor using
vibration signals by MEMS accelerometer”, Electric Power
Components and Systems, vol.45 no 13, pp. 1463-1473, 2017.

[14] Krishna, M. K., Kumar, K. K., Koushik, M., Sudhakaran, K.,
Kumar, N. P, “Inter-turn Stator Winding Short Circuit Fault
Analysis in Inverter fed Induction Motor Using FEM”, In 2018
3rd IEEE International Conference on Recent Trends in
Electronics, Information & Communication Technology
(RTEICT), pp. 392-396, IEEE, May 2018.

[15] Zaparoli, I. O., Baccarini, L. M. R., Lamim Filho, P. C. M.,
Batista, F. B., “Transient envelope current analysis for inter-turn
short-circuit detection in induction motor stator”, Journal of the
Brazilian Society of Mechanical Sciences and Engineering, vol.
42, no 2, pp. 1-12, 2020.

[16] Bessam, B., Menacer, A., Boumehraz, M., Cherif, H., “Wavelet
transform and neural network techniques for inter-turn short
circuit diagnosis and location in induction motor”, International
Journal of System Assurance Engineering and Management,
vol. 8, no 1, pp. 478-488, 2017.

[17] Prahesti, F. E., Asfani, D. A, Negara, |. M. Y., & Dewantara, B.
Y., “Three-phase induction motor short circuit stator detection
using an external flux sensor”, In 2020 International Seminar on
Intelligent Technology and Its Applications (ISITIA), pp. 375-
380. IEEE, July 2020.

[18] Smirnov, A. I., Voytyuk, I. N., “Diagnostics of inter-turn short-
circuit in the stator winding of the induction motor”, In IOP
Conference Series: Materials Science and Engineering, vol.
643, no. 1, p. 012023, IOP Publishing, Nov. 2019.

[19] Babaa, F., Bennis, O., “An accurate inter-turn short circuit
faults model dedicated to induction motors”, International
Journal of Electrical and Computer Engineering, vol.11, no 1,
pp. 9,. 2021.

[20] Malekpour, M., Phung, B. T., “Ambikairajah, E. Modelling and
diagnostic of incipient stator inter-turn short circuit fault in
induction motors”, In 2018 Condition Monitoring and Diagnosis
(CMD), pp. 1-6, IEEE, Sep. 2018.

[21] Fomin, O., Lovska, A., Pisték, V., Kucera, P., “Dynamic load
effect on the transportation safety of tank containers as part of
combined trains on railway ferries”, Vibroengineering procedia,
vol. 29, pp. 124-129, 2019.

[22] Tkachenko, V., Sapronova, S., Kulbovskiy, I., Fomin, O.
“Research of resistance to the motion of vehicles related to the
direction by railway”, Eastern-European Journal of Enterprise
Technologies, vol. 5, no 7, pp. 89, 2017.

[23] Fomin, O., Lovska, A., “Establishing patterns in determining
the dynamics and strength of a covered freight car, which
exhausted its resource”, Eastern-European Journal of
Enterprise Technologies, 6(7), 108, 2020.

[24] Gandoman, F. H., Ahmadi, A., Sharaf, A. M., Siano, P., Pou,
J., Hredzak, B., Agelidis, V. G., “Review of FACTS
technologies and applications for power quality in smart grids
with renewable energy systems”, Renewable and sustainable
energy reviews, vol. 82, pp. 502-514, 2018.

[25] Montoya, F. G., Bafos, R., Alcayde, A., Montoya, M. G.,
Manzano-Agugliaro, F., “Power quality: Scientific collaboration
networks and research trends”, Energies, vol. 11, no 8, pp.
2067, 2018.

[26] Goolak, S., Tkachenko, V., Bureika, G., Vaigiinas, G.,
“Method of spectral analysis of traction current of AC electric
locomotives”, Transport, vol. 35, no 6, pp. 658-668, 2020.

[27] Aderibigbe, A., Ogunjuyigbe, A., Ayodele, R., Samuel, |., “The
performance of a 3-Phase Induction Machine under Unbalance
Voltage Regime”, Journal of Engineering Science &
Technology Review, vol. 10, no 5, pp. 93-103, 2017.

[28] Rubino, S., Bojoi, R., Odhano, S. A., Zanchetta, P., “Model
predictive direct flux vector control of multi-three-phase
induction motor drives”, IEEE Transactions on Industry
Applications, vol. 54, no 5, pp. 4394-4404, 2018.

[29] Butko, T., Babanin, A., Gorobchenko, A., “Rationale for the
type of the membership function of fuzzy parameters of
locomotive intelligent control systems”, Eastern-European
Journal of Enterprise Technologies, vol. 1, no 3, pp. 73, 2015.

[30] Jiao, J., Ghoreishi, S. M., Moradi, Z., Oslub, K., “Coupled
particle swarm optimization method with genetic algorithm for
the static-dynamic performance of the magneto-electro-elastic
nanosystem”, Engineering with Computers, pp. 1-15, 2021.

[31] Zaeniah, Z., Salman, S., “Designing Class Schedule
Information System by Using Taboo-Search Method”, Jurnal
Pilar Nusa Mandiri, vol. 16, no 2, pp. 241-248, 2020.

[32] Goolak, S., Gubarevych, O., Yermolenko, E., Slobodyanyuk,
M., Gorobchenko, O., “Mathematical Modeling of an Induction
Motor for Vehicles”, Eastern-European Journal of Enterprise
Technologies, vol. 2, no 2(104), pp. 25-34, 2020.

[33] Goolak, S., Liubarskyi, B., Sapronova, S., Tkachenko, V.,
Riabov, le., Glebova, M., “Improving a Model of the Induction
Traction Motor Operation Involving Non-Symmetric Stator
Windings”,  Eastern-European  Journal of Enterprise
Technologies, vol. 4, no 8(112), 45-58, 2021.

148 PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 98 NR 6/2022



