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Abstract: The analysis of operating conditions of traction drives of electric locomotives with asyn-
chronous traction motors has been carried out. It was found that during operation in the output
converter of an asynchronous motor, defects may occur, which leads to asymmetric modes of its
operation. Models of a traction drive of an electric locomotive with asynchronous motors with
scalar and vector control of the output converter are proposed, taking into account asymmetric
operating modes. As a result of the simulation, the starting characteristics of the traction drive were
obtained for various control methods both in normal and emergency modes of the drive. For the
drive-in emergency mode, the following cases were investigated: the balance of the converter output
voltages and the turn-to-turn circuit of 10% of phase A winding of the motor stator; imbalance of
the output voltages of the inverter and an intact motor; imbalance of the output voltages of the
converter and interturn short circuit of 10% of phase A winding of the motor stator. Comparison of
the simulation results have shown that in emergency modes in the traction drive, the torque ripple
on the motor shaft in the drive with vector control is 13% less, and in scalar control, the phase current
unbalance coefficient is 22% less. The results of this work can be used to study the influence of the
output converter control methods on the energy efficiency indicators of the traction drive of an AC
electric locomotive.

Keywords: traction motor; converter; asymmetry; starting characteristics

1. Introduction

Reducing operating losses is a major challenge for optimal rail transport management.
A lot of research has been devoted to this problem. For example, works [1-3] are devoted
to the study of resistance to motion by improving the design of wheelsets. The influence
of the car design on energy losses during movement is considered in articles [4,5]. The
work [6] discusses the issues of increasing the reliability of structural elements and the
traction drive of crews. The processes in the traction drive of an electric locomotive on
curved track sections were investigated in [7].

The traction drive of an electric locomotive is the most complex and energy-intensive
element of a railway rolling stock. A topological overview of the rolling stock architecture
and the concept of the quality of traction power supply for railways are considered in
the article [8]. This work indicates that the traction drive of modern electric locomotives
is built on the basis of an asynchronous traction motor. Further, the directions of the
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development of traction drive control systems are shown in this work. However, the issues
of constructing traction drive control systems and the influence of the traction drive on
the power quality indicators in this work are considered only conceptually. To reduce the
negative impact of the operation of the traction electric drive on the traction power supply
system, and, consequently, to increase the power factor of the traction drive, it is proposed
to use on-board energy storage devices. The article also does not study the influence of
the operation of a traction drive with energy storage devices on the quality indicators of
traction power supply.

Studies of the energy efficiency of traction rolling stock with electric energy storage
units can be contained in works [9,10]. Despite the obviously correct results concerning
the issues of increasing the power factor of the traction drive, these works do not show
how the proposed solutions will affect the drive efficiency. This question is relevant since
additional devices in the drive lead to an increase in power loss.

This issue was investigated in the article [11], which is devoted to the determination of
the optimal operating modes of the traction drive. In it, the authors proposed to optimize
the power factor and efficiency according to the criterion of maximum energy efficiency.

In [11], the issues of the influence of the quality of power supply of the traction drive
and modes of its operation on energy efficiency are not considered. The problem of the
quality of power supply of the traction drive of an electric locomotive is also considered
in [12]. It is shown in the work that the process of voltage change in the contact network
is stochastic. The works [13-15] are devoted to the study of the influence of the operating
modes of the electric rolling stock on the voltage parameters of the contact network. In
particular, work [15] shows that the magnetic losses in the steel of the traction motor depend
on the rotational speed of the motor shaft. The analysis of the listed works proves that the
power factor and efficiency of the traction drive depend on the operating modes of the
electric rolling stock.

In an asynchronous traction drive, the control system is responsible for the quality of
control and optimization of operating modes. In work [8], it is indicated that in drives with
an asynchronous traction motor, control systems can be of the following types:

- Scalar.
- Vector.
- With direct torque control.

Scalar control systems for an asynchronous drive [16,17], in comparison with vector
systems and systems with direct torque control, have a simpler structure and higher
performance. However, they can only control one channel—torque. Due to the asymmetric
modes of stator currents during starting of the traction motor and at low rotation frequency,
the significant ripple of the motor torque can occur. This, in turn, is the reason for the
reduced power factor of the drive and increased dynamic loads in the drive elements.
In [17], it was proposed to use a damper to damp the torque pulsations on the shaft.

In systems with a vector type of control [18-20], control is carried out via two channels—
speed and flux linkage. In this regard, in systems with vector control, it is possible to spread
control over these channels in time. In this case, the flux linkage control channel operates
first, and the speed control channel is turned on after that. This makes it possible to
significantly reduce electromagnetic oscillations in the traction drive at a low speed of
the traction motor. Slow response to a change in the moment of resistance of the traction
drive is a drawback of the vector-type control system. This factor is important for traction
drive control, since, in the operation of electric rolling stock, the change in the moment of
resistance occurs frequently. This is due to the stochastic nature of the adhesion coefficient
and dynamic processes in the wheel-rail contact.

Traction drive with direct torque control [21-23] allows you to most effectively solve
this problem. In these systems, control, as well as in vector systems, is carried out through
two channels—flux linkage and electromagnetic torque. The introduction of a torque
control link into the control system makes it possible to quickly respond to changes in the
resistance moment and, thereby, to provide more accurate control of the traction drive.
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The listed works show the advantages and disadvantages of various types of asyn-
chronous drive control. The work is based on the hypothesis of strict symmetry of the
traction drive windings and the converter arms. However, during operation, various types
of malfunctions can occur in the traction drive, which can lead to asymmetric modes of
operation of the traction motor or power converter.

In works [24-26], it is shown that in operation, the parameters of power transistors of
the output converter of an electric locomotive traction drive often deviate from the nominal
value. Moreover, as a rule, these deviations are asymmetric with respect to different arms
of the converter. This leads to the emergence of asymmetric modes of the power supply
system of traction motors. This, in turn, leads to a ripple of the motor torque and imbalance
of the stator phase currents even in the steady-state operation of the traction drive.

In operation in traction motors, asymmetry of the stator windings may occur, caused
by such a defect as interturn short circuit [27-29]. Unbalanced stator windings also lead to
ripple in motor torque and imbalance in stator phase currents. Thus, both the asymmetric
modes of the traction motor power supply system and the asymmetry of its windings lead
to an increase in losses in the electric locomotive traction drive. The consequence of this is a
decrease in the energy parameters of the traction drive, such as power factor and efficiency.

Thus, the study of the influence of asymmetric modes of the power supply system and
the asymmetry of the traction motor windings on the operation of the AC traction drive
is relevant.

The aim of the study is to analyze the efficiency of scalar and vector control of the out-
put converter of the traction drive of an AC electric locomotive in normal and asymmetric
operating modes.

To accomplish the task, the following was completed:

- Selection of a mathematical model of a traction motor, which allows us to investigate
the operation of the motor in the presence of asymmetry in its windings and in the
presence of asymmetry in the power supply system.

- Simulation of the control system of the output converter with scalar and vector control.

- Received starting characteristics for scalar and vector traction drive control system for
normal operation.

- The starting characteristics were obtained for the scalar and vector traction drive con-
trol system for the emergency (asymmetric) mode: (1) in the traction motor; (2) in the
output converter; (3) simultaneously in the traction motor and the output converter.

- The comparison of the obtained starting characteristics.

This work can be used in the study of the energy efficiency of the traction drive of AC
electric locomotives, in the study of the interaction between the contact network and the
electric rolling stock, in the calculation of optimal control systems for the traction drive of
the electric rolling stock.

2. Materials and Methods

Investigations of the operation of an asynchronous traction drive with various control
systems of the output inverter were carried out on the basis of a mathematical model,
the equations of which are written in three-phase coordinates. These equations were
supplemented with equations allowing us to take into account the change in the values of
the mutual phase inductances and the main inductance of the magnetizing circuit when
changing the geometry of the winding stator.

A simulation model of a traction drive with various control systems for the output
inverter is implemented in the MATLab software. In the study of the starting characteristics
of the traction drive on the simulation model, eight numerical experiments were carried
out. The first experiment consisted in obtaining starting characteristics for a traction drive
with a scalar control system, which operates in a normal mode. The second one is for the
same drive, provided that a turn-to-turn closure of 10% of the winding occurred on phase
A of the stator of the traction motor winding. The third is for the same drive, provided
that the resistance of one of the power transistors of phase B of the output converter has



Symmetry 2022, 14, 150 40f 18

decreased by 2%. The fourth—for the same drive, provided that on phase A of the stator of
the traction motor winding, there was an interturn short circuit of 10% of the winding and
the resistance of one of the power transistors of phase B of the output converter decreased
by 2%. The fifth, sixth, seventh, and eighth experiments were carried out similarly to the
first, second, third, and fourth experiments, only with a vector control system. The starting
characteristics of the traction drive with different control systems were compared: the
results of the first and fifth, second and sixth, third and seventh, and fourth and eighth
experiments.

The object of research is an AC electric locomotive with an asynchronous traction
motor of the DS-3 series (country of origin—Ukraine). The technical characteristics of the
electric locomotive are presented in Table 1 [30].

Table 1. Technical characteristics of the electric locomotive DS-3.

Indicators Value
Number of locomotive axles N, pcs. 4
Starting traction Fr, N 27,523
Restrictions By current
Traction motor type AD914U1
Electric locomotive weight m, kg 90,000
Wheel radius R, m 0.6
Gear ratio p, p.u 4.105
Gearbox efficiency 1, % 96

Technical characteristics of the AD914U]1 traction motor are given in Table 2 [30].

Table 2. Traction motor parameters AD914U1.

Indicators Value
Power P, kKW 1200
Current value of line voltage Unom, V 1870
Effective value I,om, A 450
Rated frequency of the supply voltage f, Hz 55.8
Number of phases n, pcs. 3
Number of pole pairs py, 3
Nominal rotation frequency n;, rpm 1110
Efficiency 1, % 95.5
Power factor cos¢, per unit 0.88
Active resistance of the stator winding rs, O 0.0226
The active resistance of the rotor winding 0.0261
reduced to the stator winding r’y, Ohm
Stator winding leakage inductance Lss, Hn 0.00065
Reduced to the stator winding leakage 0.00045
inductance of the rotor winding, L' 5+, Hn
Total inductance of the magnetizing circuit L, 0.0194336

Motor moment of inertia |, kg-m2 73
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The rest of the parameters required for the implementation of simulation models of
the traction drive were obtained as a result of calculations and are given below.

3. Results of the Analysis of Control Methods for the Output Converter of the Traction
Drive of an AC Electric Locomotive

3.1. Justification of the Choice of a Mathematical Model of an Induction Motor

There are many models of induction motors described in various studies. Each model
is designed to solve a particular problem. On the one hand, it would be logical to use
a model of an asynchronous motor in two-phase a3 or dq coordinates. This is useful
when building a vector control system. On the other hand, to implement the set task
of studying the processes in the traction drive in the presence of asymmetric modes in
the traction motor, one should choose a mathematical model in a three-phase coordinate
system. In addition, the model should work adequately in the presence of asymmetric
modes in the power supply system. To accomplish these tasks, the model described in the
study [31] is suitable. This model is implemented in the MATLab software environment.
The electrical part of the model is made using electrical elements. This will allow the study
of asymmetric modes in the presence of asymmetry in the power supply system. The
magnetic and mechanical parts are realized with structural elements. This allows, using
the methodology given in the study [32], to investigate the operation of the motor in the
presence of asymmetry in its windings.

3.2. Simulation of the Control System of the Output Converter with Scalar and Vector Control

The block diagram of the scalar control system is presented in the study [23] and is
shown in Figure 1.

Speed ® A® Ao, Ao U
. ) se Speed s) sm [ Control x
ntensity corftroler t (;Ijl/fo _>Ua
transmitter Transform Transform
. Uyl with Xy with off
coordinates coordinates
to off U to ABC
0 coordinates _ﬁ» coordinates
Ll [dt | —
<_UA Urcfa Ua
Induction Uy Three- Uen P . U,
motor §——  phase |<— switching |[@——
U, inverter <Urefc technique <Uc

Figure 1. Block diagram of scalar control of an asynchronous motor.

The block diagram of the vector control system is presented in the study [24] and is
shown in Figure 2.
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Speed ~ v, Ay’ | Magnetizing | Ai’| Current |{y* U
intensity —- C%l/t?ﬂ current > regulator [ —
transmitter . regulator Ix
v, Transform Transform
with xy with off
coordinates coordinates
to off to ABC
y AT, x * coordinates coordinates |
Ao et Speed _; % lyse[ Aly Current U; U*
) controler P —® regulator B.
o O » Ix
v, 1,
i i, i U
g Transform [« Transform |- il U.. Ea_
Rgtor flux Wlth of with ABC B Induction |U Three- U.eﬂ] PWM U,
— linkage coordinates coordinates |« motor - phase ﬂ— switching <T
calculator i*y to Xy i; to off it U, inverter |gf&f technique [ ¢ |
- coordinates [« coordinates [« g
t
o

Figure 2. Block diagram of asynchronous motor vector control (*value expressed in relative units).

In the structural diagrams of scalar (Figure 1) and vector control (Figure 2), a speed
intensity regulator was used. It was calculated based on the following considerations.
When starting off an electric locomotive, its acceleration should not exceed the boundary
acceleration. The boundary acceleration is determined from the conditions for solving the
traction problem [33]

a = Fp/m = 27523/90000 = 0.306, m/s?, (1)
where Fr is locomotive pulling force when starting off (Figure 1).
m—Ilocomotive weight (Table 1).
The angular acceleration, converted to the motor shaft, is determined by the expression

dw/dt= (a-ur)/(Rn;) = (0.306-4.105)/(0.6-0.955) = 2.192, rad /s, )
where p,—gear ratio (Table 1).
R—wheel radius (Table 1).
nr—gearbox efficiency.
Time to reach the set rotation speed
tset = Wset/ (dw/dt), 3)

where wget—set value of the electric angular speed of rotation of the motor shaft.
Then the equation describing the work of the speed intensity generator has the form

w = (dw/dt)-t,at 0 <t < tget, 4)

©)

To comply with the U/f regulation law, the set value of the rotor flux linkage is selected
from the expression

W = Wget, at 0 < t < tget.

Py = Unom/(\/?)'wset)/

where Upom—nominal line voltage of the traction motor (Table 2).

(6)
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Coordinate transformations from ABC to «3 are described by the expressions

lq =2:(ia — (i3 +ic)/2)/3, @)
ig = (ip —ic)/v/3. ®)
Coordinate transformations from xf3 to ABC are described by the expressions
Uup = Ug, )
ug = —uy /2 + (v/3-ug)/2, (10)
uc = —uu/2 — (/3-ug)/2. (11)

Coordinate transformations from xy to a3 are described by the expressions
i =ix-cos Oy — iy-sin O, (12)
ig =ix-sin Oy + iy-cos 6;. (13)
Coordinate transformations from xf3 to xy are described by the expressions
ix =ix-cos Oy +ipg-sin O, (14)

iy = —ig-sin Oy +1ip-cos ;. (15)

Calculation of the rotor flux linkage module is provided in the mathematical model of
an induction motor [30], and thus is not given.

Calculations of current and speed controllers were performed according to the method-
ology given in [34-36]. The calculations were carried out in relative units. The calculation
results are shown in Table 3.

Table 3. The results of calculating the basic values and parameters of the regulator.

Base Values

Base value for voltages, V Up = v/2:Unom 1527
Basic value for currents, A Ip = 2 Inom 450
Base value for corner frequencies, 1/s O =2-mfhom 349.345
Base value for electrical angles, rad Op =27 6.283
Basic value for resistances, Ohm Ip = Up/Inom 3.393
Base value for flux linkages, Wb Py =Up /Oy 4.371
Base value for inductances, H Ly = Vp/Thom 0.009713
Base value for powers, W Py =2-Up-Inom/3 1,030,725
Basic value for mechanical angular velocities, 1/s Obmech = M/ Ppole 116.448
Basic value for moments, N-m My, =P/ Qpmech 8851
Base value for time Tp =1/ 0.002862
Basic value for moments of inertia, kg-m? Ty, = MpPpole/ ()? 0.218
Additional parameters of AM in p.u.
Magnetizing inductance L'm=Lm/Lp 1.334
Magnetizing inductance L's=Ls/Ly 1.401

Rotor phase total inductance L=L,/ Ly 1.38
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Table 3. Cont.

Base Values

R =Rs/Ry, 0.00666
R =R} /Ry, 0.07692
Rotor moment of inertia Ten=Jen/To 335.507
Additional dimensionless parameters of AD
Total dissipation coefficient o=1—(L"n)?/(L°sL") 0.08
Dimensionless stator time constant x's=L's/R's 210.314
Dimensionless rotor time constant X*r =L"./R; 179.434

Controller parameters

Current loop tuning factor X ary 2
Current loop tuning factor Y ary 2
Flow loop adjustment factor LY 2
Speed loop tuning factor aw 2
Uncompensated time constant X w =10/(6-Tpwm) 0.361
Proportional coefficient of the current regulator X in the absence e x *
of an EMF compensation unit Kpi = R 50X )/ (@ncX ) 0-155
Integral coefficient of the current regulator X in the absence of - * 2k .
an EMF Compensation unit K1Ix = (R s+ (X }L) /(X r'L r))/(alx'x u) 0.019
Proportional coefficient of the current regulator Y Kpry = R's-0-xs)/ (aIy~X* ) 0.155
Integral coefficient of the current regulator Y Kiy, = R's/(arX i) 0.00922
Proportional coefficient of the rotor magnetizing s «
current regulator Kpip =X v/ @ncan X w) 124.226
Integral coefficient of the rotor magnetizing current regulator Kiry = 1/(arcar X w) 0.692
Proportional coefficient of the speed controller Kpw = ]*en~kj /(ary-aw 'X*u) 6736
Integral coefficient of the speed controller Kiw =0 0

The moment of inertia, reduced to the motor shaft, was calculated by the formula
Jz = (m-R?)/ (1w 1e-N), (16)

where N—the number of traction motors of an electric locomotive (Table 1).
Then the proportionality coefficient of the moment of inertia of the traction motor

kji=(Jz+])/], (17)

where [ —moment of inertia of the traction motor (Table 2).
Mutual inductance of the magnetic circuit

Lm =(2-Ly)/3, (18)

where L,,—total inductance of the magnetic circuit (Table 2).
Total inductance of the stator winding

Ls=Lgs + L, (19)

where Lss—leakage inductance of the stator winding (Table 2).
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Total inductance of the rotor winding reduced to the stator winding
Ly =L + L, (20)

where L;s—leakage inductance of the rotor winding, reduced to the stator winding (Table 2).
When conducting research, the voltage inverter will not be used, since the nonsinu-
soidal shape of the traction current will not have a significant effect on the nature of the
processes that are being investigated [22,25].
The voltages supplied to the traction motor were determined by the expression

Uphs = Ud'Urefph/ (21)

where Ug—input voltage of the inverter, equal to the line voltage of the motor.

Urefph—phase voltage of the control circuit, expressed in relative units.

Since the inverter will not be used in building the model, the maximum frequency of
the current in the magnetizing circuit of the traction motor will be equal to the nominal
frequency. Thus tpywm = T

In the MATLab software environment, a scalar control circuit was simulated, the block
diagram of which is shown in Figure 1. In the same environment, the vector control circuit
was simulated, the block diagram of which is shown in Figure.

3.3. Simulation Results

The study of scalar and vector control systems was carried out at a traction motor
rotation frequency of 600 rpm in the starting mode of an electric locomotive without a train.

Studies of traction drive control systems in emergency modes were carried out after
the end of transient processes in the traction engine. To determine the time of transient
processes for the scalar and vector control systems, the starting characteristics of the
simulation model were obtained in the normal operating mode of the drive. The diagrams
of the torque and rotation frequency of the traction motor for the scalar control system are
shown in Figure 3a,b, respectively. Diagrams of the torque and rotation frequency of the
traction motor shaft for the vector control system are shown in Figure 4a,b, respectively.

10,000
600
8000 f"
|
£ 6000 |'lmu_u1_lJ‘_l\_l-,J\ _‘ J&_ 400
= =
g ] e
5 4000 < 200
2000 ' )
O«
0\
0 20 40 60 80 100 120 0 20 40 60 80 100 120
t,s t,s
(a) (b)

Figure 3. Starting characteristics of the traction motor for scalar control: (a) torque diagram; (b) dia-
gram rotation frequency of the traction motor.

According to the starting diagrams for scalar (Figure 3) and vector (Figure 4) control
systems, the times of transient processes are determined. For a scalar control system, it was
90 s, for a vector—100 s; therefore, all further studies were carried out for a time greater
than 100 s. According to the starting diagrams for scalar (Figure 3) and vector (Figure 4)
control systems, the times of transient processes are determined. For a scalar control system,
it was 90 s, for a vector—100 s; therefore, all further studies were carried out for a time
greater than 100 s.
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Figure 4. Starting characteristics of the traction motor for vector control: (a) torque diagram; (b) dia-

gram rotation frequency of the traction motor.

The purpose of the first experiment was to record the starting characteristics of the
current (Figure 5a), torque (Figure 6a) and rotation frequency (Figure 7a) for the normal

operation of a traction drive with a scalar control system.

200 200
100 100 |
< | ‘
~100 +/\ ~100 f /|
—-200 : : : : —200 . ! ‘ ‘
119.9 11992 119.94 119.96 11998 120 119.9 119.92 119.94 11996 11998 120
t,s LS
(a) (b)
200 ‘ : : : 200 :
. . —Isa
/N VAR —1Isb
100 A Isc |, 100
< < |/
7 0 ’2‘“ 0"‘\ /
\
-100+/\ / —100 /!
\‘7/" L \ \//
—200 : : : :
119.9 11992 119.94 119.96 119.98 120

00 ‘ ‘ ‘
1199 11992 119.94 119.96 119.98

120

t,s

t,s
()
Figure 5. Starting characteristics of the stator current of a traction motor under scalar control: (a) when
the motor is operating in normal mode; (b) if the stator phase A winding is damaged; (c) in the
presence of asymmetry in phase B of the power supply system; (d) in case of damage to the stator
phase A winding and the presence of asymmetry in phase B of the power supply system at the

(d)

same time.
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Figure 6. Starting characteristics of the stator torque of a traction motor under scalar control: (a) when
the motor is operating in normal mode; (b) if the stator phase A winding is damaged; (c) in the
presence of asymmetry in phase B of the power supply system; (d) in case of damage to the stator
phase A winding and the presence of asymmetry in phase B of the power system at the same time.

The second experiment consisted in taking the starting characteristics of the current
with a 10% damage to the stator winding of phase A (Figure 5b), torque (Figure 6b) and
rotation frequency (Figure 7b) for normal operation of the drive. The imitation of the
damaged stator windings was carried out according to the method described in [31].
An analysis of the results given in [36] shows that with an interturn closure of 5% of the
windings, the effect of the asymmetry of the stator windings on the starting characteristics is
insignificant. Turn-to-turn closure of 10% of the stator windings and more has a significant
effect on the starting characteristics of the traction motor.

The third experiment consisted in taking the starting characteristics of the current
when the supply voltage of phase B deviates by 2% from the nominal value (Figure 5c),
torque (Figure 6c), and rotation frequency (Figure 7c) for the normal operation of the drive.

As shown in the study [37], the asymmetry of the supply voltage system has a much
greater effect on the coefficient of unbalance of the phase currents of an induction motor
than the turn-to-turn circuit.

Therefore, when modeling the asymmetry of the supply voltages of the traction motor,
the degree of this asymmetry was chosen to be less than the degree of asymmetry of the
resistances of the stator windings of the motor.
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Figure 7. Starting characteristics of the rotation frequency of the traction motor under scalar control:
(a) when the motor is operating in normal mode; (b) if the stator phase A winding is damaged; (c) in
the presence of asymmetry in phase B of the power supply system; (d) in case of damage to the
stator phase A winding and the presence of asymmetry in phase B of the power supply system at the
same time.

The fourth experiment consisted in the removal of the starting characteristics of the
current with a 10% damage to the stator winding of phase A and a deviation of the supply
voltage of phase B by 2% from the nominal value (Figure 5d), torque (Figure 6d), and
rotation frequency (Figure 7d) for the normal operation of the drive.

The measurement results are listed in Table 4.

The torque ripple factor is determined by the expression [35]

ka = (Tmax — Tmin)-100/2-Trnig, (22)

Asymmetry factor of stator phase currents [35]

l(nbl = (Ismax - Ismin)'loo/lmid/ (23)

The calculation results are listed in Table 4.

The fifth experiment consisted of the removal of the starting characteristics of the cur-
rent with vector control (Figure 8a), torque (Figure 9a), and rotation frequency (Figure 10a)
for normal operation of the drive.



Symmetry 2022, 14, 150

13 0f 18
Table 4. Results of modeling scalar control of an asynchronous motor.
Parameter Value
Parameter . - - .
Experiment 1 Experiment2  Experiment 3 Experiment 4
Maximum torque, N-m 1745.5 2047 2857 3060
Minimum torque value, N-m 1745.25 1433 618.4 4259
Average torque, N-m 1745.375 1740 1403.3 1357.05
Ripple frequency, Hz 60 60 60 60
Stator phase current A, A 151.1 163.6 159.1 168.4
Stator phase current B, A 151.1 158.4 138.2 139.2
Stator phase current C, A 151.1 156.5 158.9 161.2
Engine speed, rpm 600 600 600 600
Transient end time, s 920 90 920 90
Torque ripple factor, kpr, % 0.002 17.64 40 48.5
Unbalance factor of stator 0 4.4 13.7 18.7
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Figure 8. Starting characteristics of the stator current of a traction motor with vector control: (a) when

the motor is operating in normal mode; (b) if the stator phase A winding is damaged; (c) in the

presence of asymmetry in phase B of the power supply system; (d) in case of damage to the stator
phase A winding and the presence of asymmetry in phase B of the power supply system at the
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Figure 9. Starting characteristics of the stator torque of a traction motor with vector control: (a) when
the motor is operating in normal mode; (b) if the stator phase A winding is damaged; (c) in the
presence of asymmetry in phase B of the power supply system; (d) in case of damage to the stator
phase A winding and the presence of asymmetry in phase B of the power system at the same time.
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Figure 10. Starting characteristics of the rotation frequency of the traction motor under vector control:
(a) when the motor is operating in normal mode; (b) if the stator phase A winding is damaged; (c) in
the presence of asymmetry in phase B of the power supply system; (d) in case of damage to the
stator phase A winding and the presence of asymmetry in phase B of the power supply system at the

same time.
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The sixth experiment consisted in taking the starting characteristics of the current
with vector control with 10% damage to the stator winding of phase A (Figure 8b), torque
(Figure 9b), and rotation frequency (Figure 10b) for normal operation of the drive.

The seventh experiment consisted in the removal of the starting characteristics of the
current with vector control when the supply voltage of phase B deviates by 2% from the
nominal value (Figure 8c), the torque (Figure 9c), and rotation frequency (Figure 10c) for
the nominal drive operation.

The eighth experiment consisted in the removal of the starting characteristics of the
current with vector control with a 10% damage to the stator winding of phase A and a
deviation of the supply voltage of phase B by 2% from the nominal value (Figure 8d),
torque (Figure 9d), and rotation frequency (Figure 10d) for normal operation of the drive.

The measurement results are listed in Table 5.

Table 5. Results of modeling vector control of an asynchronous motor.

Parameter Value

Parameter - - - -
Experiment 5 Experiment 6  Experiment 7 Experiment 8
Maximum torque, N-m 1744.2 2009 2942 3090
Minimum torque value, N-m 1743.5 1472 541.7 417.7
Average torque, N-m 1743.85 1740.5 1741.85 1753.85
Ripple frequency, Hz 60 60 60 60
Stator phase current A, A 133 138.6 141.8 146.8
Stator phase current B, A 133 133.1 118.9 116.9
Stator phase current C, A 133 132.3 140.9 140.6
Engine speed, rpm 600 597.8 597.6 597.3
Transient end time, s 90 90.3 90.51 90.65
Torque ripple factor, kpr, % 2 15.4 345 38.0
Unbalance factor of stator 0 16 171 1

phase currents, kpp;

The torque ripple coefficient and the stator phase current unbalance coefficient are
determined in accordance with expressions (22) and (23), respectively. The calculation
results are listed in Table 5.

4. Discussion

The authors did not develop structural diagrams of scalar or vector control systems.
The authors referred to previously published work by other researchers [34,35]. The authors
did not investigate the variable modes of electric locomotive movement, as this would
greatly increase the volume of the article.

The simulation accuracy of the scalar and vector control systems can be estimated by
comparing the obtained values of the engine speed and torque. The rotational speed was
determined without error. The error in determining the torque for both scalar and vector
control systems was no more than 0.1%.

Thus, simulation models of traction induction motor control can be considered reliable.

The analysis of starting diagrams of stator currents and torque gave the following results:

- The asymmetry in the power supply system has a greater effect on the torque ripple
and the imbalance of the stator phase currents than the asymmetry of the stator wind-
ings. With a deviation of the phase voltage of one of their phases by 2%, the torque
ripple coefficient for a scalar control system was 40%, the unbalance coefficient of the
stator phase currents was 14%. With a vector control scheme, the torque ripple coeffi-
cient was 34.5%, and the unbalance coefficient of the stator phase currents was 17%.
With a deviation of the impedance of one of the phases by 10%, similar parameters for
scalar control were: torque ripple coefficient—18%, stator phase current imbalance
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coefficient—4.5%. With vector control: torque ripple factor—15, 5%, unbalance factor
of stator phase currents—1.5%.

- With the same damages with a vector control scheme, less ripple of the torque occurs,
and with a scalar one, a smaller imbalance of phase currents.

However, it should be borne in mind that the models of control schemes were based
on the assumption that the operation of the inverter has little effect on the ripple of the
motor torque. This factor imposes some restrictions on the use of the developed models. To
take this factor into account, additional research should be carried out. At the same time,
the authors understand the difficulties with obtaining experimental data in the operating
conditions of an electric locomotive.

In the process of working on this article, the authors encountered objective difficulties
associated with the impossibility of conducting a full-scale experiment and thus obtaining
reliable experimental data. This is due to the fact that when conditions are created in
operation for the turn-to-turn closure of the traction motor windings, it completely breaks
down and requires major repairs.

An attempt to optimize the traction drive control system to increase the energy effi-
ciency of the traction drive can be a continuation of the research.

5. Conclusions

1. A mathematical model of an asynchronous traction drive has been built to study
the operation of a motor with asymmetric characteristics of windings and asymmetry of
power parameters.

2. The modeling of the control system of the output converter of the asynchronous
traction motor with scalar and vector control has been carried out.

3. Starting characteristics for scalar and vector control systems have been received.
In addition, the simulation results showed that the duration of transient processes in the
traction drive with a vector control system is longer than with a scalar system.

This is due to the fact that with a vector control system, the flux linkage and speed
control channels are separated in time. The flux link control channel performs the task first,
and then the speed control channel. The separation of the control channels in time leads
to the fact that with a vector control system, when starting the traction motor, there are
no torque pulsations. With a scalar control system, these pulsations exist since control is
carried out through only one channel—torque.

4. The starting characteristics of the traction motor for scalar and vector control systems
were obtained for symmetric and asymmetric operating modes. The following asymmetric
modes of operation are considered: asymmetry in the traction motor; asymmetry in the
output converter; asymmetry in the traction motor and the output converter at the same
time. The asymmetry in the motor was modeled by reducing the stator winding impedance
by 10% of the nominal value. The asymmetry of the power supply system was obtained by
reducing the phase voltage of one of the phases by 2%.

5. Comparison of the obtained starting characteristics gave the following results:

- With an asymmetry of the power supply system, the ripple coefficient of the motor
torque is 2.3 times greater than with the asymmetry of the stator windings with scalar
control and 2.2 times more with vector control; the current imbalance coefficient is
3 times higher with scalar control and 11 times higher with vector control.

- With the same damages with a vector control scheme, less ripple of the torque occurs,
and with a scalar one, a smaller imbalance of phase currents.

6. Patents

The implementation of this study became possible thanks to the funding by the
Ministry of Education and Science of Ukraine of the research project “Improving the energy
efficiency of railway rolling stock based on resource-saving technologies and smart energy
systems” (state registration number 0120U101912).
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