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3anpononosano 0as mMo0eal06anHs ACUHXPOHHO0Z0 06UYHA
mpancnopmnux 3aco0ié cxopucmamucs cucmemoro oudepen-
UIUHUX PIBHAHD, 3ANUCAHOI0 8 <3A2ATbMOBAHUX KOOPOUHAMAX >.
3 Memo1o nideuuienns CMilkocmi anzopummy CKOpoOueHo Kilb-
KiCmb pi6HSAHL CUCMEMU WNAXOM GUPAXHCEHHS (PA3HUX cmpy-
Mig uepe3 pasni nomoxozuennenns. Pospaxosano napamempu
0BuzyHa-npomomuny 3a Kaacuunolo memoouxoto. Pozpoéneno
aneopumm 6Paxy8anHs MeXaHiuHUX 6MpPam ma 6mpam nomyoxc-
Hocmi 6 cmani déuzyna. Peanizosano 6 npozpamnomy cepedosu-
wi MATLab imimauiiine mM00en06anns ACuUHXpon020 08UYHA
3 cumempuunumu obmomxamu. Buznaueno ocnoeni mexmiu-
Hi napamempu 0euzyna 3a 00nOMO02010 imimauiunoi mooei.
Buxonano nopisnanns pe3ynvmamie Mo0ent08aHHS 3 pe3yJib-
mamamu xaacuunux pospaxynxie. Ioxuéxa npu eusnauen-
Hi napamempié Ha Mo0ei i UKOHAHUX POIPAXYHKOBUM WS-
xom ne nepesuwuna 7 %. Ile ceiduumv npo eucoxy 36ixcnicmo
pe3yavmamie MO0en06aHHs 3 pe3yabmamamu po3paxyHkie.
3anpononosano 0as 00CAIONCEHHS ACUHXPOHHO20 08UYHA
3 HecuMempuuHUMU O00OMOMKAMU CMAMOPA ANLZOPUMM, AKUU
noas2ac Yy 6paxy6amnui 3IMiHU 63AEMHOI ITHOYKMUGHOCMI npu
3MiHI KOMNJEKCHO20 onopy o0niel, ado dexinvkox az oomo-
mox 0suzyna. 3anpononHosanulli anzopumm opzanizauii Hecu-
Mempuu020 pexcumy 00Momox cmamopa 00360aums Ge3 3IMiHu
cmpyxmypu moodeni 0ocaioumu OUHAMIMHI NPOUECU 6 ACUH-
Xponnomy 06uzyni npu Hecumempii paz 06momox cmamopa npu
ix nowxodicenni. Bpaxyeanns empam nomyscrocmi 6 cmani
ma mexaniunux empam nidsuuums 00CMoGIPpHICMb OMPUMAHUX
pesynvmamig. Iloxubxa eusnavenns napamempie acCuHxXpoOHHO-
20 0BUZYHA NPU HECUMEMPUMHUX OOMOMKAX CIMAMOPA, OMPUMA-
HUX npu MO0ent08aHHI, | SHAMUX eKCNEPUMEHMATLHO He nepe-
suwguna 3 %, wo ceiduumv npo adexeamuicms mooeJi.

Ile 0ozeonumv 3acmocysamu 3zanpononosany imimauiuny
MOOenb ACUHXPOHH020 O08uzyHA NPu 00CHI0NCEHHT OunHami-
HUX npoyecié 6 0euzyHax Mpancnopmuoi iHPpacmpyxmypu
npu BUHUKHEHHI MaK020 dedpexmy, K MINCEUMKOBe 3AMUKAHHS
6 oomomxax cmamopy

Kantouogi cnosa: onmumanvie ynpasuinns nepeee3eHHIMU,
napamempu ingppacmpyxmypu 3aniznuyi, mamemamuyne mooe-
N108AHHS, ACUHXPOHHUL 08UYH, HeCUMEemPis 00MOMOK
u| o
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The process of optimal railroad transportation manage-
ment requires information on the technical condition of
transport infrastructure facilities. The technical condition
of infrastructure facilities depends on the technical state of
the elements that a facility is composed of. One such element
is an induction motor. Induction motor is used as a tractive
engine and as an auxiliary machine for some series of electric
rolling stock, in the drives of rail turnouts, as well as in other
electric drives of railroad infrastructure. The effective opera-
tion of electric rolling stock, traffic safety, etc. depends on its
working state.

The increased requirements for the level of quality and
reliability of AC electric motors during transportation, as
well as the enhanced impact of the wide range of operatio-
nal factors, necessitate constant development of diagnostic
methods. The main condition that contributes to reducing

the failure of electric motors during operation is the timely
diagnosing and forecasting of their current state with a high
degree of reliability of the results.

The growing level of needs at diagnosing and choosing
the appropriate methodology necessitates thorough research
into the processes of manifestation of various defects of the
stator, which account for a significant proportion of all failu-
res in the induction electric motors. These tasks require using
a mathematical model of an induction motor with a high
degree of reliability that could make it possible to investigate
the asymmetrical modes, arising in the process of operation at
different types of the stator damage.

2. Literature review and problem statement

While considering the methodological approaches for
constructing a mathematical model for an induction electric



motor, it is necessary to take into account that the choice of
a methodology should allow for the possibility of consider-
ing a series of assumptions [1-3]. First of all, some authors
recommend that the power voltage system of an induction
motor should be considered symmetrical and sinusoidal
while the stator and rotor windings — symmetrical. It is also
necessary to assume that the stator and rotor of an induction
machine are smooth.

This approach to the modeling of induction machines
has been employed in a large number of studies; each of the
proposed models, however, is aimed at resolving a single
practical task. Thus, work [4] solves the problem of building
a model, in order to accurately determine a shaft rotation
frequency of the engine operated under a load, based on the
loss of electrical power in the engine steel. Paper [5] addresses
the development of an induction motor with a short-circuited
rotor operating under an alternating load. Study [6] proposed
a model to solve the task of multi-criteria control over a drive
with an induction motor. The model for precise measurement
of the mechanical coordinate of an induction motor is given
in paper [7]; the method for the identification of mechanical
parameters — in study [8]. The optimization of the tractive
induction motor regimes was considered in detail in work [9].

The mathematical models constructed on the basis of
these methods make it possible to explore the dynamic pro-
cesses in electric drives with induction motors; but only on
a condition for the symmetry of stator and rotor windings
and at a proper system that powers an electric machine.

However, despite the assumption that the power voltage
system is symmetrical and sinusoidal, an analysis of the ope-
ration of induction motors with defects should consider the
fact that most of the defects lead to the asymmetrical regimes
in an induction motor [10, 11].

Research into electromagnetic processes employs a large
number of approaches to the simulation of induction mo-
tors. Their differences are mainly related to the choice of
a coordinate system hosting the differential equations that
describe the operation of an induction motor. When modeling
induction motors with asymmetrical windings, one should
apply a system of differential equations within the «inhibited
coordinates», as it was noted in work [2]. When solving the
set task, the use of other coordinate systems is incorrect. This
is confirmed by the results reported in works [12, 13].

When constructing induction motor models in the «in-
hibited coordinatess, the issue that has remained unresolved
is accounting for the mechanical losses and losses in steel.
Disregarding these types of losses leads to the acquisition of
inaccurate data on the engine shaft rotation frequency, the
values of phase currents of the stator and rotor, etc.

The techniques to account for the mechanical losses are
suggested in paper [14]. Underlying these methods is the
assumption that the losses of mechanical power should be
taken into consideration by introducing an additional static
momentum to the model, which depends on both the loss
of power and the engine shaft rotation frequency. The issue
related to the losses in the motor’s steel has remained open.
This problem was tackled in studies [4, 15]. They also offered
to consider the power losses in the engine’s steel by introduc-
ing an additional static momentum to the model.

The above models did not imply the combination of
losses in the motor’s steel and mechanical losses. In addi-
tion, none of the above studies considered the impact of
asymmetry of the motor stator windings on a change in
the mutual inductance of the windings. The solution can

be found in works [16, 17]. In [16], it was suggested that
a single-phase engine, in order to convert parameters, could
be represented as an ideal transformer, and the factor of volt-
age deviation from the symmetric regime was replaced with
a voltage ratio; however, the mathematical apparatus and
the algorithm of its application were given only conceptually
in the cited work.

Determining the parameters of induction motors under
steady modes, powered by a single-phase network, makes it
possible, with great accuracy, to construct a mathematical
model for establishing the energy, mechanical, and operating
characteristics of a given engine under a steady regime [17].
Given the asymmetry, not only the transient processes, but
also the established modes, are dynamic, which is why they
are described by differential equations in any coordinate
system. To obtain the static parameters as a function of some
variable, a given system is differentiated analytically, and
then it is integrated, based on the numerical method, for
this variable. When performing differentiation, there may be
a question of method convergence.

In the case of asymmetry of the stator phases, the in-
tegrated phase resistances change, which, in turn, leads
to a change in the inductance of the phases. Changing the
inductance of phases leads to a change in the inductance of
the engine magnetic circuit. The change in the inductance
of the magnetic circuit of the engine in the implementation
of a mathematical model was considered in study [18]; the
authors proposed determining the inductance of an induction
motor based on a magnetization curve. The implementation
of this technique is associated with certain difficulties, speci-
fically, it is necessary to have the magnetization curve itself.

Further research into different modes of engine operation
implies devising an approach to mathematical modeling of an
induction motor with asymmetrical windings in the «inhibi-
ted coordinates» taking into consideration the losses in steel,
as well as mechanical losses. It is also necessary to suggest
the principle of model construction, which implies the calcu-
lation of an additional static momentum as a function of the
power losses in steel, mechanical losses, as well as motor shaft
rotation frequency. In addition, to implement the proposed
modeling principle, it is necessary to calculate the mutual in-
ductance of windings at a change in the integrated resistance
of one or several windings and to take into consideration the
calculated mutual inductance of windings in the model.

The proposed model could be adapted for studying the
induction motor operation in case it demonstrates such
a defect as interturn short circuit in the stator windings.
In addition, the proposed model could be used to determine
the starting and working characteristics of the engine, to
calculate energy indicators during the operation of the in-
duction motor with the specified defect.

3. The aim and objectives of the study

The aim of this study is to improve a mathematical model
for the simulation of an induction motor with asymmetri-
cal stator windings. This would make it possible to better
account for the influence of defects in the induction motor
operation in order to determine the method to diagnose them
and estimate the degree of damage.

To accomplish the aim, the following tasks have been set:

— to calculate the parameters for a prototype engine in
line with the classical procedure;



— to simplify the system of differential equations in the «in-
hibited coordinates» describing the induction motor operation;

—to simulate an induction motor in the MATLAB pro-
gramming environment considering the losses in steel and
mechanical losses;

— to construct an algorithm to account for a change in the
mutual inductance of windings due to the change in the inte-
grated resistance of one or several windings;

— to calculate the parameters for a motor according to the
data obtained during modeling and to compare the results of
simulation and calculation.

4. Materials and research methods

4. 1. The object of study

The prototype engine chosen for our research is the in-
duction motor with a short-circuited rotor of the ATP132M4
series, with a capacity of 11 kW, a synchronous frequency of
the stator field rotation of 1,500 rev/min, a power voltage
of 220/380 V, with an efficiency of 88 %, cos@;=0.845. The
following parameters were calculated for the rated mode of
this motor in line with the procedure from [19]:

—torque on the motor shaft; the motor shaft rotation
frequency; usable power;

— the active, reactive, and full power supplied from the
grid; losses in steel and in copper of the stator and losses in
the rotor; mechanical losses;

— the phase current of the stator winding; the efficiency
and power factor cos@.

In addition, we calculated resistance: the active resis-
tance of the stator winding and active resistance of the rotor
winding, brought to the stator winding; the reactive resis-
tance of the stator winding and the rotor winding resistance
brought to the stator winding and in a magnetizing circuit.
The calculation results are given in Table 1.

Table 1
Results of calculating the motor AIP132M4 parameters
Parameter Parameter
value

Torque on motor shaft M, Nm 72.671
Motor shaft rotation frequency #n, rpm 1,450
Usable power P9, kW 11.005
Active power consumed from the grid P,5, kW 12.491
Reactive power consumed from the grid Q,1, kW-Ar 7.84
Full power consumed from the grid S, kW-A 14.748
Acting value of the stator phase current Iy, A 22.343
Losses in steel AP, W 215.16
Losses in the stator copper AP,, W 748.8
Losses in the rotor copper APy, W 390.4
Mechanical losses AP,pcp, W 59.743
Efficiency, 1, % 88.1
Power factor cos@q 0.847
Active resistance of the stator winding 71, Ohm 0.5
Active resistance of the rotor winding brought to the
stator winding 73, Ohm 0.36
Reactive resistance of the stator winding xy, Ohm 0.56
Reactive resistance of the rotor winding brought to the
stator winding x5, Ohm 0.938
Reactive resistance in a magnetizing circuit x,, Ohm 22.828

Some of the parameters for the prototype engine, cal-
culated according to the classical technique, differ from
the specifications. Thus, the error of calculating the usable
power was 0.045 %, the error of calculating the efficiency
was 0.114 %, the cos@; calculation error was 0.237. This is
due to the error in the calculation procedure.

4. 2. Improving a system of differential equations in the
«inhibited coordinates» describing the induction motor
operation

In [28], the systems of equations describing the dynamic
processes in an induction motor are represented in the «in-
hibited coordinates».

The equation of electromagnetic processes in an induc-
tion motor [19]:
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where u is the voltage, V; i is the current, A; ¢ is the time, s; 7 is
the active resistance, Ohm; y is the flux linkage, A-Gn; p is the
number of poles pairs; the lower indices o, B, v denote the
belonging to the corresponding phase; the lower index s is the
belonging to the stator; the lower index 7 is the belonging to
the rotor; o, is the mechanical rotor rotation frequency, rad/s.

Flux linkage is described by the following system of dif-
ferential equations [27]:

(W, =Ly iy —0.5-M-iy—0.5-M-i_+
+M-(i,, -0.5:i,-0.5-i,);
Wy=Lyiy—0.5M-i, —0.5M-i_+
+ M- (iy—0.5-i,—0.5i,);

v, =L, i, —05Mi,~05M-iz+
M-(i, =05, ~05i,);

Vo =Ly iy —05-M-iy—0.5-M-i_ + 2)
+M-(i,—05i,-05i);

V=L iy—05Mi,~05M-i +

i
i

+ M- (ig—0.5-i=0.5-i);
W, =L, i, 0.5 M:i,-05M-i,+

|+ M- (i, =051, -0.5-iy),

where L is the full inductance of the phase, Gn; M is the mu-
tual inductance of the stator and rotor phases, Gn.



The electromagnetic torque equation of an induction
motor [16]:
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The motion equation for the motor shaft at a single-mass
mechanical part:

do, ' _
5= (Mo = M), (4

where J is the moment of inertia of the masses rotating on
the rotor shaft, k-gm? M¢ is the static momentum on the
rotor shaft, N-m.

When modeling an induction motor using equations (1)
to (4), there may be some difficulties associated with the robust-
ness of the algorithm of the model implementation. This is due
to the presence of a large number of integration operations in
the algorithm. To reduce the number of integration operations,
it is advisable to reduce the number of differential equations. To
this end, we shall express the derivatives from phase flux link-
ages through the flux linkage. To this end, the derivatives from
the flux linkages are expressed through the flux linkage. We
shall substitute the system of equations (1) with the equations
from system (2). We obtain after the transformations:
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where z; are the coefficients derived following the transforma-
tion, which are the functions of full inductances of phases and
mutual inductances of the stator and rotor phases. That is:

z=f(L,M), (6)

where L is the full inductance of the corresponding phase of
the stator or rotor, which is determined from formula [19]:

L=I_+M, %)

where Lj is the inductance of the corresponding phase of the
stator or rotor, Gn.

The mutual inductance is determined from the follow-
ing formula:

m=21

3L ®)

where L, is the inductance of the magnetizing chain, Gn.
The equations for determining the phase currents then
take the form:
'isu — .[a“ W ta Vgtap Y, + ;
ta, V,, tas Y t+agVy,
. .(%1 W thy Y t+ay Y, + )
B Fy Y, Ty Yo +ay ,
- ‘[031 W Ty Y tass Yo + :
tag Y, tass Wgt+ass

(am W T Vgtas VY, +]+

ro ra

Ty Y, T VgtV
V-V, ) po
(o) o, - 9)
V3
P 5 Yoo T 50 Vgt a5, + N
B
7 ! Fas Y, T 55 Wog 56V,
(v, ~v,.)po,
J3 ’
. Ao Yoo Ty Yg+agy Y, +
b, =T, +

+

Fag W, g5 Vg TV,

(vuva) o,
Yol 20

We build a single system of differential equations of the
first order from the systems of equations (3) to (5) and (8).
By solving this system in the Mathcad programming en-
vironment, we derive values for the motor shaft rotation
frequency, electromagnetic momentum, and phase currents,
which will be needed for further calculations.

4. 3. The implementation of an induction motor model
in the MATLAB programming environment considering
the losses in steel, as well as the mechanical losses

The dependence between the power, torque, and the an-
gular frequency of motor shaft rotation is determined from
expression [20]:

P

M==,
(O]

(10)

where P is the power, W; M is the torque, N-m; o is the an-
gular frequency of the motor shaft rotation frequency, N-m.
The static momentum that accounts for the mechanical
losses are calculated:
APmech

()

n

c.mech —

(11)

The angular velocity of motor shaft rotation under a rated
mode is calculated from expression [20]:



(12)

where 7,=1,450, rpm — the rated speed of motor shaft rota-
tion (Table 1); AP, =59.743, W — mechanical losses (Table 1).
Then w,=151.7671450, rad /s; M ;pech=0.39365, N-m.
The momentum that takes into consideration the losses
in steel is calculated from the following formula:

(13)

where AP;=215.16, W — losses in steel (Table 1).

Thus, M,,=1.418, N-m.

When switching to another mode (for example, idling),
one should calculate the motor shaft angular velocity, which
corresponds to a given mode.

The improvement of the simulation model of an induc-
tion motor in the MATLAB programming environment
started with the implementation of a system of differential
equations (9). The implementation of the equation for calcu-
lating the stator current is shown on the example of calculat-
ing the static current of phase A (Fig. 1, a), the equations for
calculating the rotor current — on the example of calculating
the rotor current of phase A (Fig. 1, b).
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Fig. 1. Implementation based on the calculation model:
a — stator current of phase A; b — rotor
current of phase A

Next, the implementation of the calculation of each equa-
tion was combined in a separate block and then the blocks
were combined to each other, as shown in Fig. 2, a for the
stator currents and in Fig. 2, b — for the rotor currents.

Next, the blocks (Fig. 2, a, b) were combined into sepa-
rate units for the calculation of stator currents (Stator Cur-
rent Calculation Unit) and rotor currents (Rotor Current
Calculation Unit).

The implementation of the system of equations for
calculating the phase flux linkages is shown in Fig. 3, 4.
Fig. 3 shows the implementation of equations for calcu-
lating the stator flux linkages; Fig. 4 — rotor flux linkages.
This is followed by the combination into a linkage calcu-
lating unit.

The implementation of equations for calculating the mo-
mentum is shown in Fig. 5. The elements used to calculate
the momentum are merged into a Moment Calculation unit.
It is necessary to pay attention to the three elements of the
unit: mutual induction is the element that assigns the value
of mutual inductance; taking into consideration mechanical
losses is the element the accounts for mechanical losses;
taking into consideration losses in steel is the element that
considers losses in steel.
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Fig. 2. Implementation based on the model of calculation
equations: @ — stator currents; b — rotor currents
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Fig. 3. Implementation of equations for the calculation
of stator flux linkages
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Fig. 4. Implementation of equations to compute
the rotor flux linkages

Next, the blocks were merged by connecting the respective
block ports. Phase voltage is fed by means of Sine Wave blocks,
where the corresponding amplitude and frequency are set.
It should be noted that the amplitude should be assigned
using instantaneous values. In addition, one should add those
elements that implement equation (4) in order to compute
the motor shaft rotation frequency. The following parameters



are displayed: the stator phase voltage, the stator phase cur-
rents, the rotor phase currents, the motor shaft rotation fre-
quency, and the usable momentum on a motor shaft. For this
purpose, an oscilloscope was used, which is implemented based
on the Scope element. A given oscilloscope has four sections:
Us, Is, I, n, M. The first section demonstrates the stator phase
voltage, the second — the stator phase currents, the third — the
rotor phase currents, the fourth — the motor shaft rotation
frequency and the torque on a motor shaft (Fig. 6). The signals
that correspond to the torque on the motor shaft and the mo-
tor shaft rotation frequency are displayed by the Display mea-
suring unit. This is necessary to determine the exact value of
the specified quantities. If necessary, measuring the amplitude
and phase angles of the stator voltage, the rotor currents, em-
ploys a Complex to Magnitude-Angle unit, whose input is fed
a corresponding signal; at the output, we acquire signals that
correspond to the amplitude and phase of this signal. Next, the
resulting signals are displayed using the Display units.
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Fig. 5. Implementation of equations for calculating
the momentum
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Fig. 6. An induction motor model
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Following the series of the specified improvements and
modifications, we obtained a model, which, after confirma-
tion of its adequacy, could be used for further research into
the operation of an induction motor with the symmetric and
asymmetrical stator windings.

5. Simulation results

5. 1. Calculation of the motor parameters based on the
data acquired during simulation; comparison of the simu-
lation and calculation results

After the model was assigned the stator symmetrical phase
voltages, whose time diagrams are shown in Fig. 7, we derived
values for the phase currents of the stator (Fig. 8), the phase
currents of the rotor (Fig. 9), the rotation frequency of a motor
shaft, and the torque on a motor shaft (Fig. 10) for the rated
mode. The values for the phase voltage of the stator and the
phase currents of the stator and rotor are set by the instanta-
neous values of these parameters. To account for the mecha-
nical losses and losses in steel at idling whose motor shaft ro-
tation frequency is n=1,500, rpm, it is necessary to recalculate
the momenta based on formulae (11) and (12). When setting
the static torque value on the motor shaft to zero, we have ac-
quired the diagrams of the motor shaft rotation frequency and
the torque on a motor shaft shown in Fig. 11.
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Fig. 7. Time diagrams of the stator phase voltages
for the rated mode

Fig. 8. Time diagrams of the stator phase currents
for the rated mode

Fig. 9. Time diagrams of the rotor phase currents
for the rated mode
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Fig. 10. Time diagrams of the motor shaft rotation
frequency (n) and the torque on a motor shaft (M)
for the rated mode
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Fig. 11. Time diagrams of the motor shaft rotation
frequency (n) and the torque on a motor shaft (M)
for the mode of idling

The motor shaft rotation frequency n=1,450 rpm and the
torque M=72.443 N-m, derived in the course of the simula-
tion, for the rated mode, and the motor shaft rotation fre-
quency n=1,500 rpm and the torque M=0 N-m for the mode
of idling, correspond to the specifications for a prototype
motor. The comparison of the simulation results and those
derived from the earlier calculations in line with the classical
procedure is given in Table 2.

Table 2
Results of simulating and calculating
the motor parameters
Parameter Cal.cu- Model Relatlze
lation error, %
Torque on motor shaft M, Nm 72.671 | 72.443 | 0.314
Motor shaft rotation frequency n, rpm | 1,450 | 1,450 0
Usable power Py, kW 11.005 11.0 0.045
Active power consumed from the grid
P, kW 12.491 | 12.29 | 1.609
Reactive power consumed from the
grid Qu1, KW-Ar 7.84 7.479 4.604
Full power consumed from the grid
S KW-A 14.748 | 14.39 2.427
Acting value of the stator phase cur- 99343 | 72443 | 0314
rent Iy, A
Losses in steel AP, W 215.16 | 211.798 | 1.563
Losses in the stator copper AP,, W 748.8 | 701.137 | 6.365
Losses in the rotor copper APy, W 3904 | 37814 | -3.14
Mechanical losses APypcn, W 59.743 | 59.743 0
Efficiency, n, % 88.1 89.5 -1.593
Power factor cos@q 0.847 | 0.854 | —0.834

Table 2 shows that the simulation error is quite low and is
within 0.045-6.365 %. It demonstrates the high accuracy of
modeling and simulating the processes occurring in an induc-
tion motor with symmetrical windings. In other words, the
simulation model of the induction motor can be considered
adequate with a high degree of reliability.

5. 2. Construction of an algorithm for considering a
change in the mutual inductance of windings due to a change
in the integrated resistance of one or several windings

To simulate the operation mode of an induction motor
with asymmetrical windings, arising in the case of damage
to one or several windings of the stator, one should consider
a change in the inductance of scattering and active resis-
tance of the corresponding winding (windings). That is, one
needs to find the difference between the valid values of the

specified parameters and the rated values. Next, consider the
change in the mutual inductance of windings.

To determine a change in the mutual inductance of wind-
ings, one should establish the effect exerted by a change in
the integrated resistance of one winding (several windings)
on the inductance of the magnetic circuit. Studies [21, 22]
derived a dependence between the inductances of the wind-
ings and the geometric dimensions of the windings. Con-
sidering that the air gap is uniform, and by analyzing the
values for the expressions of the inductances of scattering
and the phase mutual inductances, it was concluded that the
inductance of each phase scattering and the mutual phase
inductances can be written in a general form:
F(o;.0,).

XY
L' =(L7; - (14)
where (L’)f_(y is the component that depends on the geomet-
ric dimensions of a winding; F(oy;, @) is the component that
takes into consideration angular offsets between phase volt-
ages oy and the difference between the angular shifts of the
phase currents of the stator and rotor ¢j of the corresponding
windings under a symmetrical mode.

Since the component F(oy, ¢;) refers to a symmetric
mode, it is advisable to restrict the consideration only to the
component (L’):Y. The component of inductance, depending
on the geometric dimensions of a winding, equals [22]:

NXY T rra

(L )l,], ZZB‘ZZX‘Z}/'?'g'Hy (15)
where p is the magnetic permeability; n is the number of
periods in the spatial distribution of a current layer, which,
for a nonpolar machine, corresponds to the number of
poles p pairs; g=r—7, is the radial magnitude of an air gap;
7, is the stator surface radius; 7, is the rotor surface radius;
Zi=w)/l is the linear density of the conductor of a current
layer of the corresponding winding; w} is the number
of turns of the corresponding winding; l_f is the length of the
corresponding winding; /3 is the axial length of an air gap.

The inductance of the motor magnetic circuit is deter-
mined from expression [30]:

L=Y>L" X=#Y.
. XY:

Since the equality (L')ij (L');_Y holds, we substituted,
in equation (16), the value of one of these inductances [22].
Thus, equation (16) was substituted with the value of the
inductances calculated by using expression (15) taking
into consideration a change in the number of turns, which
corresponds to the change in the integrated resistance of
a stator winding:

L=Y3(L); X=Y.
i

After substituting the value of the magnetic chain induc-
tance for an asymmetric mode from expression (16) in ex-
pression (8), we derived the value of the mutual inductance
for the assigned mode.

By applying expression (7), we determined the full phase
inductances, and the results are substituted in expressions for
coefficients z (6). The resulting changes to the parameters are
adjusted on the simulation model. After that, the simulation
model is ready to be used to investigate the electromagnetic
processes in an induction motor with the stator asymmetric
windings at different damage.

(16)

A7)



While establishing the values for the active resistance
and inductance of the stator phase A, smaller by 20 % than
the corresponding parameters of the basic motor, when
maintaining other parameters unchanged, a series of new
parameters for the motor were obtained. We recalculated the
coefficients z (6), mutual inductance, the losses expressed
via momenta and the static momentum of resistance based
on the above algorithm. By changing the model parameters,
we acquired time diagrams of the phase currents of the sta-
tor (Fig. 12) and rotor (Fig. 13), the motor shaft rotation
frequencies, and the torque on a motor shaft (Fig. 14).
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Fig. 12. Time diagrams of the stator phase currents
at the asymmetry of the stator windings
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Fig. 13. Time diagrams of the rotor phase currents
at the asymmetry of the stator windings
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Fig. 14. Time diagrams of the motor shaft rotation
frequency (n) and the torque on a motor shaft (m)
at the asymmetry of the stator windings

We compared the simulation results with the data ac-
quired experimentally [23, 24] according to the following
parameters: the torque pulse rate on a motor shaft f,, the
pulse coefficient of the torque on a motor shaft k,,, the factor
of imbalance of phase currents ;. The value for the pulse
coefficient of torque on a motor shaft k,y was calculated
from formula [2]:

— Mmax — Mmin . 100 %,

mean

(18)

M

where My, is the maximum value of the torque, N-m;
Min is the minimum value of the torque, N-m; M, is the
mean value of the torque, N-m.

The value of the imbalance factor of phase currents &;,r
was calculated based on expression [2]:

— ISmax - ISmin 100%

imbl

(19)

Ssym.mode

where Isp.x is the maximum value of the stator phase cur-
rent, A; Ignac is the minimum value of the stator phase
current, A; Isymmode is the value of the stator phase current
at the symmetrical stator windings, A.

Calculations were performed for the rated mode and are
summarized in Table 3.

Table 3
Comparison of simulation results and experimental data
Parameter Model | Experiment | Error, %

Pulsation frequency f,, Hz 100 100 0
Torque pulsation coefficient on
motor shaft &y, % 4.002 4.112 2.675
Imbalance factor of Ehe stator 16.22 16.58 2171
phase currents Rippy, %

It follows from the comparison of simulation results and
those acquired experimentally (Table 3) that the parameter
determination error does not exceed 3 %. This indicates the
adequacy of the reported improved induction motor model
with a short-circuited rotor, which makes it possible to ana-
lyze the dynamic modes at the asymmetrical stator windings.

6. Discussion of the results of an induction motor
simulation

Our calculation of the parameters for an induction
prototype motor, based on the procedure proposed in
work [19] (Table 1), and the comparison of results with the
specifications, have shown that the error of the calculation
did not exceed 1 %, which indicates the properly selected
procedure and the performed calculation.

The characteristics of an induction motor (Fig. 8—11),
defined in the course of our simulation, testify to the high
stability of the algorithm for implementing a mathematical
model of the motor in the MATLAB programming envi-
ronment (Fig. 6). The high implementation stability was
achieved by simplifying the basic mathematical model of
an induction motor recorded in the <«inhibited coordina-
tes» (1) to (4). The simplification implied expressing the
corresponding derivatives from the phase flux linkages
through the phase flux linkages (5).

The parameters for an induction motor, calculated on the
basis of simulation results, as well as comparing them with
the parameters for an induction prototype motor, calculated
according to the procedure proposed in [19], have shown
that the maximum error in determining the parameters did
not exceed 7 %. This confirms the adequacy of the proposed
model. Such a result is achieved by considering the power
losses in the motor’s steel, as well as the mechanical losses.
In the model, these losses are expressed through additional
static momenta: M uecn 15 the momentum that takes into
consideration mechanical losses (11) and M, is the momen-
tum that takes into consideration the losses in steel.

In the organization of an asymmetric mode of the stator
windings in an induction motor, the characteristics for the
induction motor, defined in the course of the simulation, and
those acquired experimentally differ by not more than 3 %.
This convergence of results is explained by the following.



The mathematical model of an induction motor in the «in-
hibited coordinates» employs a parameter such as the mutual
inductance (1) to (4), depending on the inductance of the
motor magnetic circuit (8). The inductance of a magnetic
circuit is the sum of the partial mutual inductances of each
phase of the stator and rotor windings (16). The partial
mutual inductances, as well as the inductances of phase scat-
tering, primarily depend on the geometric dimensions of the
windings, in particular the number of turns (15). A change in
the number of turns of one of the stator windings leads to a
change in the inductance of scattering of this phase of a stator
winding and to a change in the partial mutual inductances as-
sociated with this phase. The consideration of the change in
the full mutual inductance of the motor windings did provide
for a high level of convergence between the simulation results
and experimental data.

The advantages of a given simulation model include the
possibility to investigate the dynamic processes in an induc-
tion motor with a short-circuited rotor, which includes the
asymmetrical windings of the stator with high reliability of
the results.

The high reliability in determining the motor parameters
is achieved due to the following:

—the introduction of an additional static momentum,
taking into consideration the mechanical losses and losses in
the motor’s steel;

— the consideration of a change in the magnitude of mu-
tual inductance at a change in the integrated resistance of the
motor windings.

The disadvantage of the model is that the model could
be used only for studying the motor operation provided the
quality of power, that is, at the symmetrical system of stator
voltages and at the sinusoidal shape of these voltages.

A given model is a continuation of such research works as
«Methods for improving the energy efficiency, reliability, and
diagnosing of modern and hybrid vehicles» (No. of the State
registration 0114U007085); «Construction of methods for
reducing the energy intensity and improving the systems for
diagnosing the railroad transportation equipment» (No. of
State registration 0116U006406), which were carried out
at the State University of Infrastructure and Technologies,
the Department of Traction Rolling Stock (Ukraine).

This work could be advanced by the following:

— to investigate the processes occurring in an induction
motor at interturn short circuiting in one or several phases,
when diagnosing the degree of interturn short-circuiting in
the stator winding, etc.;

—to study the operation of an induction motor with
asymmetrical windings, which is powered by a poor power
supply system;

—to examine the mutual influence of the operation of
drives with alternating and direct current motors.

6. Conclusions

1. We have advanced and improved a mathematical
model in which the differential equations are recorded in
the «inhibited coordinates». In order to reduce the number
of integration operations, when determining the dynamic
variables that describe the motor operation, the system of
differential equations has been simplified by representing the
phase currents through the flux linkage.

2. In order to conduct a thorough analysis aimed at com-
paring and estimating the results obtained in the course of
the simulation, we have performed the manual calculation
of the parameters and characteristics for an induction proto-
type motor with a short-circuited rotor of specific power,
thus establishing the parameters for a replacement scheme
for different modes of operation according to the classical
procedure.

3. We have improved the simulation mathematical model
of the motor with symmetrical windings taking into consi-
deration the losses of power in steel and the mechanical losses
by employing the MATLAB programming environment in
the «inhibited coordinates». The derived mathematical mo-
del has the high robustness of the implementation algorithm
due to the simplification of the basic mathematical model.

4. To establish the degree of adequacy of the constructed
model, we have compared the simulation results and the
results of calculations. The maximum error in determining
the parameters is within 0.045-6.365 %, confirming the
adequacy and a high level of the accuracy of the simulation
model. The power, the motor shaft rotation frequency under
the rated and idling modes almost completely coincide with
the specifications for a material prototype motor.

The maximum error in determining the parameters is
within 0.045-6.365 %, confirming the adequacy and a high
level of the accuracy of the simulation model. The power, the
motor shaft rotation frequency under the rated and idling
modes almost completely coincide with the specifications for
a material prototype motor.

5. For the mathematical model of an induction motor, an
algorithm has been proposed to consider a change in the mu-
tual inductance of windings due to a change in the integrated
resistance of one or several windings. That could significantly
improve the understanding of those dynamic processes that
actually occur in a motor with asymmetrical windings, and
would enable the further development of diagnostic measures
in order to identify the degree of damage to a stator winding.
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