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1. Introduction

It is impossible to manage railroad electric rolling stock 
efficiently without optimal control over all its compo-
nents [1, 2]. The rolling stock operation is associated with 
high electrical consumption, which renders relevance to the 
task of reducing losses within its systems, primarily in the 
traction electric drive [3, 4].

In order to find ways to reduce losses in the traction 
electric drive, electrodynamic processes in its components 
should be investigated. Studying electrodynamic processes 
in the traction electric drive of the electric rolling stock re-
quires that its simulation model should be built, which would 
make it possible to determine certain parameters of it with 
high accuracy [5].

The modern rolling stock commonly exploits induc-
tion traction electric motors (ITM) as traction electric 
motors. This is because induction traction electric motors 
have several advantages compared to collector traction 
electric motors such as greater power at the same mass-
sized parameters, the simplicity of design, and greater 
efficiency [6].

There are several approaches to modeling induction 
electric motors. They are primarily associated with the 
choice of a coordinate system. The simplest approach is to 
build a mathematical model of an induction motor in sin-
gle-phase coordinates [7, 8]. A model of the induction motor 
in single-phase coordinates is effective under the condition 
of symmetry of all engine windings. Otherwise, the use of 
single-phase coordinates is invalid.
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The analysis of operating conditions of induc-
tion traction motors as part of traction electric 
drives of electric locomotives reported here has 
revealed that they are powered by autonomous 
voltage inverters with asymmetric non-sinusoi-
dal voltage. It was established that the induction 
motor operation may be accompanied by defects 
caused by the asymmetrical modes of the motor 
stator. A model of the induction motor has been 
proposed that takes into consideration changes 
in the values of mutual inductance of phases and 
complete inductance of the magnetization circuit 
due to changes in the geometric dimensions of the 
winding caused by a certain defect. An algorithm 
that considers the saturation of the magnetic cir-
cuit of the electric motor has been proposed.

This approach to modeling an induction motor 
is important because if one of the stator's windings 
is damaged, its geometry changes. This leads to 
a change in the mutual inductance of phases and 
the complete inductance of the magnetization cir-
cuit. Existing approaches to modeling an induction 
motor do not make it possible to fully take into con-
sideration these changes.

The result of modeling is the determined start-
ing characteristics for an intact and damaged 
engine. The comparison of modeling results for an 
intact engine with specifications has shown that 
the error in determining the controlled parameters 
did not exceed 5 %. The modeling results for the 
damaged engine demonstrated that the nature of 
change in the controlled parameters did not con-
tradict the results reported by other authors. The 
discrepancy in determining the degree of change 
in the controlled parameters did not exceed 10 %. 
That indicates a high reliability of the modeling 
results.

The proposed model of an induction electric 
motor could be used to investigate electromagnet-
ic processes occurring in an electric motor during 
its operation as part of the traction drive of elec-
tric locomotives
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with PWM to power the traction induction motor, a dilem-
ma arises. It is associated with the following factors. On the 
one hand, the higher the sampling rate for the control signal 
when arranging PWM, the closer the phase current shape 
to the sinusoid. That indicates a significant main harmonica 
of the phase voltage. On the other hand, force transistors 
used as power keys in an autonomous voltage inverter are 
low-frequency devices. Even within the operating range 
of frequencies, increasing the sampling rate leads to an in-
crease in the heating of transistors. That, in turn, leads to 
an increase in the active resistance of transistors and, as a 
result, to a decrease in the efficiency of the inverter. In other 
words, it is almost impossible to ensure such a voltage at 
the output of the autonomous inverter that, when powering 
the traction induction electric motor, could make its phase 
currents almost sinusoidal [23]. That is, when modeling a 
traction induction motor, it is incorrect to assume that the 
voltage supply system for an induction motor is symmetrical 
and sinusoidal.

A solution to this problem is suggested in studies [24, 25]. 
Their author used a three-phase coordinate system for mod-
eling and proposed to implement the electric part of the elec-
tric motor in the form of elements of an electrical circuit ‒ in-
ductances and resistances. That has allowed him to simulate 
the operation of an induction electric motor powered by an 
asymmetrical non-sinusoidal voltage system. In addition, 
the author of those studies offered algorithms for choosing 
the active resistance of the magnetizing circuit and taking 
into consideration the saturation of the magnetic circuit of 
the induction electric motor. Despite the proper approach 
to modeling electromechanical processes in an induction 
motor, the cited studies do not propose the implementation 
of asymmetric modes that may occur in the traction induc-
tion electric motor during its operation. In the event of such 
modes, not only the active resistances and inductances of 
the damaged phases change but also the mutual inductance 
of phases and the complete (main) inductance of the mag-
netization circuit. A procedure for determining the mutual 
inductiveness of the induction electric motor when chang-
ing the geometrical parameters of its windings is reported 
in [26]. However, the cited study gives only the algorithm in 
the form of a mathematical apparatus and does not show the 
implementation of the algorithm.

The implementation of the algorithm proposed in 
work [26] is illustrated in [16]. However, the cited work took 
into consideration only the changes in the local mutual in-
ductances of stators and rotors when changing the geometric 
dimensions of windings. Local mutual inductances induced 
by magnetic links between the stator and rotor windings were 
not taken into consideration in [16]. A model of the induc-
tion motor given in [16] is executed in the form of structural 
schemes; it cannot account for those local mutual inductances 
that are the functions of the motor shaft rotation angle.

The issue related to accounting for the local mutual 
inductances induced by magnetic links between the stator 
and rotor windings can be solved by choosing the model 
proposed in study [25] as the basic model of the induction 
motor. In the cited study, the mutual inductances of phases 
in the electrical part of the model are replaced by controlled 
voltage sources. 

That could make it possible to implement an algorithm 
for changing the mutual inductances of phases when chang-
ing the geometric dimensions of windings.

Asymmetric modes [9] may occur during the induction 
motor operation in the stator windings, for one reason or 
another. A three-phase coordinate system [10, 11] is used for 
modeling such modes of operation of the induction motor.

In three-phase induction electric motors, the stator 
and rotor magnetic circuits are permeated with a rotating 
magnetic flux with a corresponding pole [12, 13]. Satura-
tion from the main magnetic flux is created by all phases 
throughout the entire magnetic system. Given this, when 
building a model of the induction motor, one should take 
into consideration the effect of saturation on the value of the 
main inductance of the three-phase induction motor.

When modeling induction electric motors, the right 
choice of active resistance in the magnetizing circle is essen-
tial, which takes into consideration losses in the magnetic 
circuit of the electric motor [14]. Losses in the magnetic 
circuit affect determining such energy indicators of the in-
duction motor as a power factor and efficiency.

Constructing a mathematical model of the induction 
traction electric motor providing for the possibility of exam-
ining the asymmetric modes of the stator, taking into con-
sideration the saturation of the magnetic circle and losses in 
the magnetic circuit, would make it possible to achieve high 
accuracy in the calculations of electrodynamic processes in 
the electric motor. Such a model could enable determining 
with high accuracy the energy indicators of both the trac-
tion electric motor and the traction drive of the electric 
locomotive. This testifies to the relevance of the topic of this 
study involving the modeling of the induction traction motor 
operation.

2. Literature review and problem statement

The choice of procedure for constructing a mathematical 
model of the induction traction motor is associated with the 
possibility of taking into consideration a series of assump-
tions [15, 16]. First of all, it concerns the power supply system 
of the induction traction motor. Several authors recommend 
that the power supply system of the induction motor should 
be considered symmetrical and sinusoidal while the stator 
and rotor windings ‒ symmetrical. One should also assume 
that the stator and rotor of the induction machine are smooth.

When arranging a traction drive with induction motors, 
there are several methods for adjusting the motor shaft 
rotation frequency. These are current control [17], vector 
control [18], and direct torque control [19]. In all the spec-
ified methods for arranging a traction drive with induction 
motors, electric motors are powered by an autonomous volt-
age inverter. The choice of optimal modes of operation de-
pending on the modes of movement of a vehicle was tackled 
in work [20], which considered the basic modes of operation 
of the traction induction drive. Since it is impossible, when 
implementing an autonomous voltage inverter, to select its 
elements with completely identical parameters, the voltage 
system at the inverter output would be asymmetrical [21]. 
Work [22] considers the modes of operation of the induction 
traction drive in a rolling stock with energy storage. Howev-
er, the choice of engine parameters is carried out on the basis 
of a mathematical model with a large number of assump-
tions. In addition, underlying the algorithm for managing 
the valves of the autonomous voltage inverter is pulse-wide 
modulation (PWM). When using an autonomous inverter 
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Studying the electric motor operation using the simula-
tion model involved two experiments. The first experiment 
was to obtain starting characteristics for an intact engine. 
The other – on condition that in phase A of the stator’s 
winding there was an inter-turn short circuit of 10 % of the 
winding.

For the first case, we validated the proposed solutions 
by comparing the engine parameters acquired from the 
model with the specifications of the prototype engine. For 
the second case – by comparing the nature of changes in 
the starting characteristics acquired from the model with 
similar results reported in other works that addressed an 
inter-turn short circuit in the winding of the stator of the 
induction motor.

The study object is the induction traction motor for elec-
tric locomotives. The example selected for modeling was the 
traction motor STA-1200 (Ukraine), which is used on the 
AC electric locomotives of the DS-3 series. Its parameters 
are given in Table 1.

Table	1

Traction	motor	STA-1200	parameters

Parameter Parameter value

Power, kW 1,200

Effective linear voltage value, V 1,870

Phase current effective value 450

Power voltage rated frequency, Hz 55.8

Power voltage frequency adjusting range, Hz 0…146

Phase quantity 3

Pole pair number 3

Rated rotation frequency, rpm 1,110

Shaft moment, N∙m 10,700

Efficiency η, % 95.5

Power factor cosφ 0.88

Magnetic circuit axial length lβ, m 0.460

Stator turn length ls, m 1.92

Rotor turn length lr, m 0.465

Stator turn quantity ws 48

Stator outer diameter rs, m 0.51

Rotor outer diameter rr, м 0.506

All other traction engine parameters required to build a 
model were calculated below.

5. Results of studying the induction traction  
motor operation 

5. 1. A mathematical model of the induction traction 
motor

Underlying a mathematical model of the three-phase 
IM is a mathematical model of the three-phase electric 
machine in the braked coordinate system whose axes  
α , β, γ [24, 25] are combined with the axes of stator phases 
A, B, C. This system, in order to take into consideration 
losses in the magnetic circuit, is supplemented with the 
active resistances of the magnetization circuit rμ, enabled in 
each phase in parallel to the main inductances Lμ (an anal-
ogy with the T-shaped circuit replacement of the induction 
electric machine) (Fig. 1).

However, it is still an open question to take into consid-
eration the saturation of the magnetic circuit of the electric 
motor when changing the geometric dimensions of its wind-
ings. Study [25] proposed an algorithm that considers the 
saturation, but for symmetrical windings. In works [27, 28], 
it was noted that under the asymmetric modes of induction 
motor operation, saturation from the main magnetic flux is 
created by all phases throughout the entire magnetic system 
unevenly. Therefore, when setting an asymmetric mode, 
the effect of saturation on the mutual inductance of each 
phase should be taken into consideration separately and, in 
addition, the effect of saturation on the value of the main 
inductance of the three-phase induction electric motor must 
be accounted for.

Our review allows us to assert that modeling an induc-
tion traction electric motor taking into consideration the 
possible asymmetric modes of its windings and accounting 
for the saturation of the magnetic circuit is expedient.

3. The aim and objectives of the study

The purpose of this study is to improve a mathematical 
model for simulating the traction induction electric motor 
providing for the possibility of managing the asymmetric 
mode of stator windings. This could make it possible to 
properly take into consideration the impact of defects on 
the operation of traction induction electric motors in order 
to study electromagnetic processes occurring during their 
operation.

To accomplish the aim, the following tasks have been set:
– to finalize the basic model of the induction motor in 

three-phase coordinates, whose electric part employs electri-
cal elements, all others are executed in the form of structural 
schemes in order to implement an asymmetric mode; 

– to model an induction motor taking into consider-
ation the losses in steel and the saturation of the magnetic 
circuit;

– to develop an algorithm that would account for a 
change in the mutual inductances of phases and the main in-
ductance when changing the geometric dimensions of wind-
ings due to changing the integrated resistance of one or more 
windings and to implement the algorithm in the MATLAB 
programming environment; 

– to simulate, using the programming environment 
MATLAB, an induction motor with asymmetric stator 
windings and compare the nature of changes in the con-
trolled parameters with similar parameters acquired from 
the model of an intact motor; 

– to check the model for adequacy.

4. The study materials and methods

We studied the traction induction motor operation based 
on its mathematical model whose equations are recorded in 
three-phase coordinates. These equations were supplement-
ed with equations that make it possible to take into consider-
ation a change in the values of mutual inductances of phases 
and the main inductance of the magnetization circle when 
changing the geometry of the stator winding.

The simulation model of the traction induction motor is 
implemented in the MATLAB programming environment. 
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The equations of the IM electromagnetic processes 
are given in system (1) [25]. The following conventional 
assumptions regarding a generalized electric machine are 
accepted: 

– each of the three stator windings creates a sinusoidal 
distributed magnetomotive force (MMF) in a smooth gap; 

– the saturation coefficient of the magnetic circle is un-
changed.
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where u is the voltage;
i – current;
t – time;
r – active resistance;
ψ – flux coupling;
ωr – mechanical rotor rotation frequency;
p – the number of pole pairs.
Lower indexes α , β, γ indicate belonging to the cor-

responding phase. The lower index s indicates stator 
affiliation, the index r indicates rotor affiliation, and the 
index μ is an affiliation to the magnetizing branch. The 

components of system (1) are given in detail in expres-
sions (2) to (8). 

Voltages on the clamps of the magnetizing branches (de-
rivatives from the flux coupling via mutual induction) of 
phases [25]:
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For the symmetrical mode of stator windings, the mu-
tual inductances of the IM windings are equal and defined 
as [24]

µ= ⋅
2

,
3

M L      (3)

where M is the mutual inductance of the IM rotor and stator 
windings phase at the coincidence of their axes or the induc-
tance of the stator winding due to the main magnetic flux, 
calculated in the absence of currents in other stator phases 
and rotor windings (that is, from the part of the main mag-
netic flux created by the stator phase itself);

Lμ is the full inductance of the stator winding phase due 
to the main magnetic flux. It takes into consideration the 
presence of currents in other phases (the inductance from 
the part of the main magnetic flux created by the M winding 
itself) and the inductance due to the part of the main flux 
created by two other stator windings.

Phase magnetization currents [25]:
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Fig.	1.	Scheme	of	generalized	induction	machine	in	the	“braked	coordinates”
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In expression (4), iμ active and iμ reactive are the active 
and reactive (inductive) components of the phase mag-
netization current, respectively. The active components 
of the phase magnetization current are determined from 
expressions given in [25]:
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The magnetizing branch MMF [25]:
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The rotor phase rotation MMF [25]:
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The rotor phase flux coupling [25]:
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The equation of the IM electromagnetic moment takes 
the following form [25]:

( )
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The equation of motion for an IM shaft at a single-mass 
mechanical part [24]:

( )ω
= ⋅ −

1
,r

C

d
M M

dt J
  (10)

where J is the moment of inertia of rotating bodies. 
The angle of rotation of the IM rotor shaft [26]:

θ = θ + ω ⋅∫0
0

d ,
t

r r r t     (11)

where θr0 is the initial angular position of the IM rotor 
shaft, rad.

Expressions (1)–(3), and (10) demonstrate that the 
following parameters are necessary for ITM simulation: the 
active resistances of stator windings (rsα, rsβ, rsγ), the active 
resistance of the rotor ( )α β γ′ ′ ′, , ,r r rr r r  reduced to the stator 
windings, the active resistance of the magnetization circle 
rμ, the inductance of the scattering of stator windings (Lsα, 
Lsβ, Lsγ) reduced to the stator windings ( )α β γ′ ′ ′, , ,r r rL L L  the 
full inductance of the magnetization circuit Lμ, the moment 
of inertia J. The next stage of modeling was the calculation 
of these parameters.

We calculated the active resistances of stator wind-
ings (rsα, rsβ, rsγ), the active resistances of rotor windings 
( )α β γ′ ′ ′, , ,r r rr r r  reduced to the stator windings, the inductance 
of stator windings scattering (Lsα, Lsβ, Lsγ), the inductance of 
rotor windings scattering ( )α β γ′ ′ ′, , .r r rL L L reduced to the stator 
windings. Their values are given in Table 2.

Table	2

Parameters	of	the	traction	motor	STA-1200	acquired		
from	calculations

Parameter Parameter value

Active resistance of stator winding rs, Ohm 0.0226

Rotor winding active resistance reduced to 
the stator winding, ′,rr  Ohm

0.0261

Stator winding scattering inductance, Ls, mGn 0.65

Rotor winding scattering inductance reduced 
to the stator winding, ′,rL  mGn

0.45

Magnetization circuit full inductance  
Lμ, mGn

19.4336

Moment of inertia J, kg∙m2 39

The calculation of other parameters was carried out 
below.

5. 2. Calculating the value of rμ while taking into con-
sideration the saturation of the magnetic circle along the 
path of the main magnetic flux

When modeling, the issue is to properly set the value  
of rμ, the criterion of which is the correct value of losses in 
the ITM steel (pst). 

Since the correct value of pst is not exactly known, its val-
ue was calculated based on the reference for the rated mode 
of ITM operation [25]



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 4/8 ( 112 ) 2021

50

 
≤ ⋅ − =  η

 = ⋅ − =  

2 1
1

3

1200 1
1 56.545, kW,

3 0.955

st

P
p

  (12)

where P2=1,200 kW is the power on the IM shaft (Table 1); 
η=0.955 is the IM efficiency. 

Considering that under other equal conditions, the volt-
age on the terminals of the magnetization circuit U0 almost 
does not depend on the value of rμ, since it is stabilized by large 
inductance, one can adjust the rμ value in accordance with the 
required value of pst, using the following formula [25]

µ
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U
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The voltage U0 was determined from the model in the 
absence of the resistance rμ. Additionally, when adjusting 
rμ, the current value of the IM stator phase was controlled.

Saturation of the magnetic circuit of the electric motor is 
an important factor affecting the ITM dynamic character-
istics [28, 29]. To take the saturation into consideration, an 
approach based on the use of nonlinear coefficients was cho-
sen. This approach, unlike the approach based on accounting 
for a change in the harmonic composition of voltages and 
currents, does not require a priori knowledge of the quanti-
tative characteristics of harmonic spectra.

The authors of [27, 28], in order to take into consider-
ation the saturation for each phase and the equation of an 
ITM electromagnetic torque, apply the dependence of the 
main inductance as the function of the amplitude of the rep-
resenting vector of the flux coupling of mutual inductance 
Lμ=f(ψμΣm). The total flux coupling is derived from the fol-
lowing expressions

µΣ µ µψ = ψ + ψ2 2 ,m x y     (14)

where ψμx and ψμy are the amplitudes of projections of the 
representing vector of flux coupling onto the orthogonal 
axes of coordinates X and Y. 

For the three-phase “braked coordinates”, these projec-
tions were derived from the flux coupling of phase magne-
tization [25]

µ µα µβ µγ
 ⋅π ⋅π   ψ = ⋅ ψ + ψ ⋅ − + ψ ⋅        

2 2 2
cos cos ;

3 3 3x  (15)

µ µα µβ µβ
 ⋅π ⋅π   ψ = ⋅ ψ + ψ ⋅ − + ψ ⋅        

2 2 2
sin sin .

3 3 3y  (16)

To simplify modeling, when accounting for these induc-
tances as the functions of flux coupling and flux coupling are 
expressed in relative units. The instantaneous value of the full 
inductance of the stator winding phase in relative units [25] is

µ
µ

µ

=
⋅

* ,
2 nom

L
L

L
    (17)

where Lμ is the instantaneous value of the full inductance of 
the stator winding phase; Lμnom is the rated value of the full 
inductance of the stator winding phase. 

The instantaneous value of the representing vector of 
flux coupling [25] is

µΣ
µΣ

µΣ

ψ
ψ =

⋅ψ
* ,

2 nom

   (18)

where ǀǀψμΣǀ is the module of the instantaneous value of flux 
coupling; ψμΣnom is the rated value of flux coupling. 

The dependence of the instantaneous value of the full 
inductance of the stator winding phase in relative units on 
the instantaneous value of flux coupling is shown in Fig. 2.

Fig.	2.	Dependence	of	the	instantaneous	value	of	the	stator	
winding	phase	full	inductance	in	relative	units	(Lm*)	on	the	
instantaneous	flux	coupling	value	(Psi*)	and	its	polynomial	

approximation	(Lmn*)

We have performed the polynomial approximation of 
the dependence of the instantaneous value of the full induc-
tance of stator winding phase in relative units on the in-
stantaneous value of the main magnetic flux (Fig. 2). Fig. 2 
demonstrates that the result of approximation has high 
convergence with the values of the complete inductance of 
the stator winding phase.

5. 3. Developing an algorithm for taking into consider-
ation a change in the parameters of the electric motor when 
changing the geometrical dimensions of its windings

The occurrence of asymmetry of the windings could be 
caused, for example, by the inter-turn short circuit of the 
stator’s windings. At an inter-turn short circuit, there is 
a short circuit of one or more turns of the winding. That 
is the number of intact turns decreases. Study [26] shows 
a relationship between the geometric dimensions of the 
windings and the inductances of scattering and mutual 
inductances. The examined traction motor is an implic-
it-pole machine. The relationship between the mutual 
inductances of stator windings and their geometric di-
mensions for an implicit pole machine is calculated using 
the following expression [26]

µ= ,ss ss
ij ijL L      (19)

where
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µ β
π

= ⋅ ⋅ ⋅ ⋅ ⋅µ
3

2 ,ss s s r
ij i j

r
L l Z Z

p g
   (20)

where lβ is the air gap axial length;
Zs=w/ls – the linear density of the current layer conductor;
w – the number of a winding’s turns;
ls – the stator winding length;
g=rs–rr – the radial value of an air gap;
rs – the stator radius;
rr – the rotor radius;
μ – the vacuum magnetic permeability;
p – the number of pole pairs.
The upper indices indicate belonging to the stator (s) or 

rotor (r) winding; the lower indexes indicate phase belong-
ing (a, b, or c). 

The relationship between the mutual inductances of ro-
tor windings and their geometric dimensions in the machine 
is calculated using the following expression [26]

µ= ,rr rr
ij ijL L      (21)

where

µ β
π

= ⋅ ⋅ ⋅ ⋅ ⋅µ
3

2 .rr r r r
ij i j

r
L l Z Z

p g
   (22)

The linear density of the conductors of the current layer of 
the rotor was determined from the following expression [27]

⋅
=

⋅π ⋅
2 2

,
2

r

r

Z
Z

r
     (23)

where Z2 is the number of rotor rods. 
The relationship between the mutual inductances of 

the stator and rotary windings and their geometric di-
mensions in the machine is calculated using the following 
expression [26]

αα αα ααµ

ββ ββ ββµ

γγ γγ γγµ

αβ βα αβµ

αγ γα αγµ

βα αβ βαµ

βγ

= = ⋅ ⋅θ

= = ⋅ ⋅θ

= = ⋅ ⋅θ

 ⋅π
= = ⋅ ⋅ θ +  ⋅

 ⋅π
= = ⋅ ⋅ θ −  ⋅

 ⋅π
= = ⋅ ⋅ θ −  ⋅

cos ,

cos ,

cos ,

2
cos ,

3

2
cos ,

3

2
cos ,

3

sr rs sr

sr rs sr

sr rs sr

sr rs sr

sr rs sr

sr rs sr

sr

L L L p

L L L p

L L L p

L L L p
p

L L L p
p

L L L p
p

L βγ βγµ

γα αγ γαµ

γβ βγ βγµ
















  ⋅π = = ⋅ ⋅ θ +   ⋅


 ⋅π = = ⋅ ⋅ θ +   ⋅
  ⋅π

= = ⋅ ⋅ θ −   ⋅

2
cos ,

3

2
cos ,

3

2
cos ,

3

rs ss

sr rs sr

sr rs sr

L L p
p

L L L p
p

L L L p
p

 (24)

where

µ β
π

= ⋅ ⋅ ⋅ ⋅ ⋅µ
3

2 .sr s r r
ij i j

r
L l Z Z

p g
   (25)

Then the mutual inductances for each phase take the 
following form

α αβ αγ αβ αγ αα αβ αγ

β βα βγ βα βγ ββ βα βγ

γ γα γβ γα γβ γγ γα γβ

 = + + + + + +
 = + + + + + +


= + + + + + +

,

,

.

ss ss rr rr sr sr sr

ss ss rr rr sr sr sr

ss ss rr rr sr sr sr

M L L L L L L L

M L L L L L L L

M L L L L L L L

  (26)

Then the complete inductance of the magnetizing branch is

µ αβ αγ βγ αβ αγ βγ αα

ββ γγ αβ αγ βα βγ γα γβ

= + + + + + + +

+ + + + + + + + .

ss ss ss rr rr rr sr

sr sr sr sr sr sr sr sr

L L L L L L L L

L L L L L L L L  (27)

When no symmetry was set, the value of the active resis-
tance of the damaged winding was found on the basis of the fol-
lowing considerations. The active resistance of the winding is

θ
⋅

= ⋅ρ ⋅
⋅ ⋅. . . .

,mean
s r

e c e c

l w
r k

q n a
    (28)

where kr is the coefficient of an increase in the active resis-
tance of the winding phase due to the effect of the current 
displacement effect;

ρθ – the specific resistance of the material at estimated 
temperature;

lmean – the mean length of a winding turn;
w – the number of a winding’s turns;
qe.c. – the cross-sectional area of the elementary conductor;
ne.c – the number of elementary conductors;
a – the number of parallel branches in a stator phase.
The winding scattering inductance is

( )
σ

⋅µ ⋅′
=

2

0 ,s
s

w S
L

l
    (29)

where S is the area of the cross-section of the conductor. 
Since both active resistance and the inductance of wind-

ing scattering are the functions of the number of turns, they 
were calculated for a damaged winding according to the 
following expressions

′= ⋅_ ,s defect s

w
r r

w
    (30)

σ σ
′ = ⋅  

2

_ ,s defect s

w
L L

w
   (31)

where w´ is the number of turns in a winding. 
It follows from equations (27) that when setting an 

asymmetric mode, expression (3) is not to be used. Therefore, 
in expressions (2), the value of the mutual inductance (M), 
which, under a symmetric mode, is the same for all three 
phases, has been replaced by those appropriate to a system of 
equations (26). 

The active resistance and the scattering inductance of 
the damaged stator winding were taken into consideration 
by substitution into equation (1) for the damaged phase.

5. 4. A simulation model of the traction induction motor
The simulation model of the traction induction motor has 

been implemented in the MATLAB programming environ-
ment (Fig. 3). 
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It consists of four units. “Motor phase current detection 
unit” implements equation system (1). It is implemented in 
the software package Simscape/Electrical/Specialized Pow-
er Systems. The equations from system (1) were implement-
ed with the help of elements such as resistors, inductance, 
controlled voltage sources, and controlled current sources.

All other units were implemented in the Simulink pack-
age in the form of structural schemes. “Unit for calculat-
ing magnetic parameters of the engine” implements equa-
tions (2), (6) to (8), (14) to (18). “Unit for calculating 
mechanical parameters of the engine” implements equa-
tions (9) to (11), “Unit for calculating the mutual induc-
tances and complete inductance of the circuit of magnetism” 
implements equations (19) to (27). The traction motor power 
supply employs the system of symmetrical phase voltages 

Usα, Usβ, and Usγ, whose amplitudes and frequencies corre-
spond to the rated mode.

The static resistance of the motor is set constant, its val-
ue corresponds to the rated load.

5. 5. Simulation results
The diagrams of stator currents (Fig. 4), stator currents 

under a steady mode (Fig. 5), rotor currents (Fig. 6), rotor 
currents under a steady mode (Fig. 7), electromechanical 
torque (Fig. 8), and motor shaft rotation speed (Fig. 9) were 
acquired from the simulated model for the stator intact 
windings.

The diagrams of stator currents under a steady 
mode (Fig. 5) were used to determine the effective value of 
stator currents. It was 429 A.
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Fig.	3.	Simulation	model	of	the	induction	traction	motor
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The value of torque under a steady mode was 
10,700 N∙m (Fig. 8), the value of the shaft rotation speed 
under a steady mode – 1,112.36 rpm (Fig. 9), the transition 
process time ‒ 4.02 s (Fig. 8, 9).

When setting the asymmetrical mode of stator wind-
ings, it was suggested that there was an inter-turn short 

 

 
  Fig.	4.	Diagrams	of	stator	currents	of	an	intact	motor

 

 
  Fig.	5.	Diagrams	of	stator	currents	of	an	intact	motor	under		

a	steady	mode
 

 
  

Fig.	6.	Diagrams	of	rotor	currents	in	an	intact	motor

 

 
  

Fig.	7.	Diagrams	of	rotor	currents	in	an	intact	motor	under		
a	steady	mode 

 
  

Fig.	8.	Diagram	of	electromechanical	torque	in	an		
intact	motor

 

 
  

Fig.	9.	Diagram	of	the	shaft	rotation	speed		
in	an	intact	motor
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circuit in the winding phase A. At the same time, it was 
believed that 5 turns of the windings were short-cir-
cuited. Formulas (30), (31) were used to calculate the 
active resistance and the inductance of scattering in the 
stator winding phase A. Appropriate changes were intro-
duced in the “Unit for determining the phase currents 
of the motor”. In the “Unit for calculating the mutual 
inductance and complete inductance of the magnetizing 
branch”, the number of stator windings of phase A was 
reduced by 5. As a result, we acquired time charts for 
the stator (Fig. 10, 11) and rotor currents (Fig. 12, 13), 
as well as the diagrams of electromechanical tor-
que (Fig. 14, 15) and a diagram of the motor shaft rotation  
speed (Fig. 16).

The effective value of the stator current for the dam-
aged phase A was 462 A, for the intact phases B and  
C – 431 A (Fig. 11). Under a steady mode, torque pulsations 
appeared on the motor shaft, the frequency of which is equal 
to the double frequency of the power voltage – 111.2 Hz. 
Their maximum value was 11,2300 N∙m, the minimum val-
ue was 93,100 N∙m (Fig. 15). The transition process time  
was 2.85 s.

 

 
  

Fig.	10.	Diagrams	of	stator	currents		
in	a	damaged	motor

 

 
  

Fig.	11.	Diagrams	of	stator	currents	in	a	damaged	motor	
under	a	steady	mode

 

 
  

Fig.	12.	Diagrams	of	rotor	currents		
in	an	intact	motor

 

 
  

Fig.	13.	Diagrams	of	rotor	currents	in	a	damaged	motor	under	
a	steady	mode

 

 
  

Fig.	14.	Diagram	of	the	torque	electromechanical	moment	in		
a	damaged	engine
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6. Discussion of results of modeling the induction  
traction motor

The accuracy of modeling an intact induction traction 
motor could be estimated by comparing the estimated val-
ues of stator currents, the motor shaft rotation frequency, 
and the torque for the rated steady mode with its specifi-
cation values. The error in determining the stator currents 
was 4.67 % (Fig. 5), the motor shaft speed of rotation ‒ 
0.21 % (Fig. 9), torque ‒ 0 % (Fig. 8).

The high degree of reliability when determining the 
model-based stator currents is explained by the fact that 
the calculation of the active resistance of the magnetization 
circuit was carried out taking into consideration the specifi-
cation value of the motor efficiency. 

Accounting for the saturation of the induction motor 
magnetic circuit has made it possible to clarify the pa-
rameters of the electric motor under the transition and 
steady modes.

In other words, we can consider the simulation model of 
an induction traction engine adequate with a high degree of 

reliability. Note that the proposed model did not take into 
consideration mechanical losses that will be accounted for 
in further studies.

The algorithm for managing the asymmetric mode of 
stator’s windings (19) to (26), (29) to (31) was proposed 
based on the procedure given in study [26]. The proposed 
algorithm was implemented on a simulation model. Based on 
the procedure reported in study [26] the asymmetric mode 
of stator windings was implemented in work [16]. However, 
in work [16], when determining the mutual inductances of 
phases, changes in the local mutual inductances of the stator 
and rotor windings were taken into consideration. It did not 
take into consideration the local mutual inductances caused 
by the mutual connection between the stator and rotor wind-
ings, which is a function of the angle of rotation of the motor 
shaft. We took into consideration this drawback, which has 
made it possible to obtain more accurate characteristics of 
the electric motor with asymmetric stator windings.

We have analyzed the time charts of stator and rotor 
currents (Fig. 10‒13), the diagrams of the electromagnetic 
moment (Fig. 14, 15), the speed of rotation of the motor 
shaft (Fig. 16) for the damaged induction motor. The anal-
ysis revealed that the nature of change in these parameters 
does not contradict the data given in works [29, 30], which 
studied the inter-turn short circuit in the stator windings of 
the induction motor.

Investigating the operation of an engine with asym-
metric stator windings has demonstrated that a given 
mode is characterized by torque pulsations under a steady 
mode (Fig. 15), as well as the imbalance of stator phase cur-
rents (Fig. 11). The pulsation frequency of torque is equal 
to the double power voltage frequency. The pulsation coeffi-
cient of the torque was

−
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⋅
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   (32)

The value for the maximum and minimum torque was 
determined from Fig. 14. 

This indicator for a similar degree of damage to the 
stator winding in the induction electric motor, reported 
in [29, 30], was 6.85 %. The difference between the results 
of our modeling and those given in studies [29, 30] does not 
exceed 5 %. 

The imbalance of the stator phase currents was
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The value of the maximum and minimum current of the 
stator was determined from Fig. 11; the rated value for the 
symmetrical mode ‒ from Fig. 5. 

A similar indicator for a similar degree of damage to the 
stator winding in the induction electric motor, given in stud-
ies [29, 30], amounted to 7.55 %. The difference between the 
results of our modeling and those given in s [29, 30] does not 
exceed 5 %.

 

 
  

Fig.	15.	Diagram	of	the	torque	electromechanical	moment	
under	a	steady	mode	of	the	damaged	engine 

 
  

n,
rp

m

Fig.	16.	Diagram	of	the	shaft	rotation	speed	in	a		
damaged	engine
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The time of the transition process for a damaged en-
gine (Fig. 14, 16) decreased, compared to the time of the 
transition process in an intact engine (Fig. 8, 9), by 26.7 %. 
This is due to the fact that in the damaged motor, due to 
a decrease in the number of intact windings, the mutual 
inductances of phases, the complete inductance of the mag-
netizing branch (19) to (27), the active resistance (30), and 
the inductance of scattering (31) in the damaged winding, 
decrease. The comparison of the transition process time for 
the damaged and intact engine given in studies [29, 30] 
has shown that the transition time in the damaged engine 
decreased by 24.3 %. The difference between the results 
of our modeling and those reported in [29, 30] does not 
exceed 10 %.

However, the construction of the proposed model was 
based on the assumption about the independence of the 
values for the active resistances of the stator and rotor on 
temperature, which, in turn, is a function of the values of 
the corresponding phase currents. This factor imposes cer-
tain restrictions on the application of the proposed model. 
To take into consideration this factor, additional research 
should be carried out. At the same time, we are aware of the 
difficulties associated with acquiring experimental data 
during the operation of an electric locomotive.

Some areas to advance this study are:
– to investigate the operation of the traction drive in 

an AC locomotive with induction traction motors; 
– to examine the influence of electric locomotive 

operating modes (starting and braking of the train, the 
transition from one position of the controller of the driver 
to another, slipping, skidding) on the energy indicators of 
the traction drive with induction traction engines.

7. Conclusions

1. We have replaced, in the basic model of the induction 
motor, the mutual inductances with a controlled voltage 
source. The control signal for the voltage source is the de-
rivative from the flux coupling of the magnetization circuit 
for time. This has subsequently made it possible to take 
into consideration the saturation of the magnetic circuit of 
the electric motor and account for a change in the mutual 
inductances of each phase when changing the geometry of 
one of the phases. At the same time, the electric part of the 
electric motor does not require structural changes.

2. Taking into consideration losses in steel by intro-
ducing the active resistance into the circle of magnetiza-
tion, enabled in parallel to the controlled voltage source, 
has allowed the high accuracy of taking into consider-
ation the losses in the electric motor in general, as well 
as obtaining the value of phase currents of the stator 
with fairly high accuracy. This is explained by the fact 
that the calculation of the value for the active resistance 
of the magnetization circuit was carried out taking into 
consideration the specification value of the efficiency of 
the electric motor.

Accounting for the saturation of the magnetic circuit 
of the electric motor by multiplying the mutual inductanc-
es of phases and the complete inductance of the magneti-
zation circuit by the relative inductance of the magneti-
zation circuit as a function of the relative flux coupling 
has improved the dynamic properties of the model. At the 

same time, unlike the saturation consideration approach, 
using magnetized circuit inductance as a function of the 
current of the magnetization circuit, the ratio between 
the active and reactive components of the current of the 
magnetization circuit was not compromised.

3. When developing an algorithm for taking into 
consideration a change in the mutual inductances of the 
phases and the main inductance when changing the geo-
metric dimensions of stator windings, only local mutual 
inductances of the stator and rotor windings were taken 
into consideration in a series of studies. Our proposed 
algorithm also took into consideration the local mutual 
inductances between the stator and rotor windings. That 
has made it possible to investigate with higher accuracy 
the operation of the induction motor with asymmetric 
stator windings.

4. When implementing the mathematical model in the 
MATLAB programming environment, the basic model 
was supplemented with a unit for calculating the mutu-
al inductances of phases and the complete inductance 
of the magnetization circuit. That has made it possible, 
when managing the asymmetry of stator windings, not to 
change the structure of the simulation model. To this end, 
one should replace only the values for the active resistance 
and the inductance of the damaged phase, and the number 
of damaged turns in a winding.

5. When testing the model for adequacy for an intact 
engine, we compared starting characteristics under a 
steady mode with specification values. Errors in measur-
ing the speed of rotation of the motor shaft, the electro-
magnetic moment, and the phase currents of the stator 
in an intact motor under a steady mode, compared to the 
specification data for the electric motor, were 0.21 %, 0 %, 
4.67 %, respectively.

The nature of changes in the starting characteristics 
of the intact and damaged engines has revealed the fol-
lowing. The imbalance of phase currents in a damaged 
engine was 7.2 %. The pulsation coefficient was 7.2 %, 
the pulsation rate was equal to the doubled power voltage 
frequency. The time of the transition process in a dam-
aged engine decreased by 26.7 %. The works that tackled 
the inter-turn short circuit of stator windings in an in-
duction motor reported the following results. The imbal-
ance of phase currents in a damaged engine was 6.85 %. 
The pulsation coefficient was 7.55 %, the pulsation rate 
was equal to the doubled power voltage frequency. The 
time of the transition process in a damaged engine de-
creased by 24.3 %. The difference between the results 
of our modeling and those given in other studies does 
not exceed 10 %. This indicates that the nature of their 
changes does not contradict the data reported in studies 
that tackled the inter-turn short circuit of stator windings 
in an induction motor.
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