% applied sciences

Article

Investigation of the Influence of Filter Approximation on the
Performance of Reactive Power Compensators in Railway
Traction Drive Systems

Rolandas Makaras !, Sergey Goolak >

check for
updates

Academic Editor: Gerard Ghibaudo

Received: 8 May 2025
Revised: 11 June 2025
Accepted: 16 June 2025
Published: 23 June 2025

Citation: Makaras, R.; Goolak, S.;
Lukosevitius, V. Investigation of the
Influence of Filter Approximation on
the Performance of Reactive Power
Compensators in Railway Traction
Drive Systems. Appl. Sci. 2025, 15,
7057. https:/ /doi.org/10.3390/
app15137057

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

and Vaidas Lukogevitius 1-*

Department of Transport Engineering, Faculty of Mechanical Engineering and Design, Kaunas University of
Technology, Studentu Str. 56, 44249 Kaunas, Lithuania; rolandas.makaras@ktu.lt

Department of Electromechanics and Rolling Stock of Railways, State University of Infrastructure and
Technologies, Kyrylivska Str. 9, 04071 Kyiv, Ukraine; gulak_so@gsuite.duit.edu.ua

Correspondence: vaidas.lukosevicius@ktu.1t

Abstract

In reactive power compensators applied in drives with asynchronous motors, a control
strategy focusing on the compensation of higher-order current harmonics is implemented.
Control schemes of such compensators typically employ low-pass Butterworth filters with
fixed cut-off frequencies to isolate the reactive power component. However, the impact
of alternative filter types on compensator performance remains insufficiently explored.
Furthermore, in the control systems under consideration, stator phase current signals of
the asynchronous motor are used as reference inputs. This approach proves effective
under the steady-state operating conditions of the drive. Under non-steady-state operating
conditions—typical for traction drive systems—this approach becomes ineffective due
to the increased complexity in obtaining accurate reference current signals. As a result,
the performance of the filters also deteriorates. It is therefore proposed to investigate the
impact of alternative filter types on the efficiency of compensator operation. To address
this challenge, the following strategies are suggested: implement higher-order harmonic
compensation in the system of stator phase supply voltages of the asynchronous motor; use
the control signals from the Field-Oriented Control (FOC) algorithm as reference inputs; and
adapt the cut-off frequencies of the filters dynamically to match the frequency of the supply
voltage. The simulation results indicate that the use of an elliptic filter in compensator
control systems yielded the highest effectiveness. Moreover, the results confirmed the
efficiency of the proposed solutions under both steady-state and non-steady-state operating
conditions of the traction drive. These approaches support the development of reactive
power compensators integrated into traction drive systems for railway rolling stock.

Keywords: reactive power; higher harmonics compensation; high-pass filters

1. Introduction

The railway sector remains one of the most energy-intensive branches of the economy:.
The largest share of energy consumption in rail transport is attributed to train traction,
specifically to the operation of the traction drive systems of rolling stock. Therefore,
improving the technical and operational performance of rolling stock by reducing energy
consumption is a strategic priority for railways in every country worldwide [1,2].

The traction drive of railway rolling stock is the single largest consumer of energy
within the railway infrastructure. Consequently, enhancing its energy performance con-
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stitutes the highest-priority direction in addressing the challenge of reducing energy con-
sumption in the railway transport sector [3,4].

Addressing this challenge is further complicated by the operational characteristics
of rolling stock. During service, the dynamic properties of the rolling stock are subject
to continuous variation [5-7]. This results in continuous fluctuations in load, which in
turn lead to persistent transient processes and, consequently, to a reduction in the energy
efficiency of the traction drive system of the rolling stock.

Asynchronous motors [8], synchronous motors [9,10], and series-excited direct current
motors [11] are used as traction machines in the traction drive systems of rolling stock.
Among these, asynchronous (induction) motors are the most widely applied in traction
systems for railway transport.

The traction drive system with asynchronous motors can be conventionally divided
into two main components: the input stage and the output stage. The output stage, which
includes the traction motors and output power converters, accounts for the largest share of
energy consumption within the traction system. Therefore, this study focuses exclusively
on the output stage of the traction drive for subsequent analysis and modeling.

The output power converter in the traction drive system is implemented as a stan-
dalone inverter. Its operation is typically controlled using a pulse-width modulation
(PWM) algorithm. This control approach introduces higher-order current harmonics into
the output stage of the traction drive. Although increasing the PWM switching frequency
reduces the amplitude of these harmonics, it simultaneously leads to greater switching
losses in the inverter’s power transistors [12]. Moreover, the switching frequency of trac-
tion inverters is typically limited to 1 kHz [12], which is significantly lower than that of
general-purpose drives. As a result, power losses in the traction drive system of rolling
stock increased substantially.

An analysis of operational factors and the structure of traction drive components
reveals the following:

1. Non-linear current-voltage characteristics of the inverter’s power transistors are
primary sources of higher-order current harmonics.

2. Variations in the dynamic behavior of the train lead to instability in the loading
conditions of the traction drive. This results in continuous transient processes within
the system, which in turn affect the harmonic content of the stator phase currents in
the traction motor.

The presence of higher-order harmonics in the stator phase voltages of an asyn-
chronous motor leads to increased power losses within the machine. This effect can be
attributed to the following factors:

e Anincrease in the temperature of the motor windings [13], which results in a rise in
their ohmic resistance.

e An increase in magnetic (core) losses in the motor steel laminations [14], which are
frequency-dependent and grow with the order of the harmonic components.

In addition, the presence of higher-order harmonics in the stator phase voltages causes
torque ripple generation [15], which leads to power losses in the mechanical part of the
drive. It should also be noted that the temperature rise in the motor windings—induced
by the higher-order harmonic components of the phase currents—can result in insulation
overheating. This reduces the motor’s reliability and may ultimately lead to fault conditions
or failure.

The analysis indicates that improving the energy efficiency of the traction drive re-
quires targeted measures to mitigate higher-order harmonics in the stator phase current
spectra of the traction motor. In electrical systems, this is typically achieved through
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the implementation of various reactive power compensators. The power stage of such
compensators is commonly realized in the form of active filters [16,17].

According to Parseval’s theorem [18], filtering can be performed either in the fre-
quency domain or in the time domain. In the context of active filter control systems
used in reactive power compensators, adaptive filtering techniques are employed to im-
plement frequency-domain filtering. These techniques include the least mean squares
(LMSs) adaptive method [19-21], predictive filtering based on forecasting of the controlled
variable [22,23], as well as Kalman filtering [24,25] and Wiener filtering [26,27].

The methods generally offer higher filtering accuracy compared to time-domain ap-
proaches; however, they also present several critical limitations. The first limitation is
associated with low convergence rates, leading to prolonged transient behavior during
filter adaptation [28]. This issue is particularly relevant in traction drive systems, where
unstable operating modes frequently occur due to varying service conditions of the rolling
stock. The second limitation also arises from operational characteristics. Traction drives typ-
ically utilize either Field-Oriented Control (FOC) [29] or direct torque control (DTC) [30,31].
In both cases, the stator phase voltage frequency is proportional to the rotor speed of the
asynchronous motor, which continuously varies during operation. This variability compli-
cates the synthesis of accurate stator current reference signals required for implementing
adaptive filtering algorithms.

Time-domain filtering methods offer faster convergence and facilitate easier synthesis
of reference signals for stator phase currents. When using time-domain filtering, control
systems for active power filters can be developed based on strategies such as the instanta-
neous reactive power compensation scheme (p—q control) [31-34] and the instantaneous
active and reactive current control scheme (Ig-Iq control) [35-37].

A common feature of the control strategies is the calculation and extraction—via
appropriate filters—of the reactive power to be compensated. Based on this quantity,
control signals for the active power filter are synthesized. In harmonic compensation
scenarios, where the source of distortion is non-linear loading, low-pass filters are typically
employed. To attenuate higher-frequency voltage harmonics, filters with higher cut-off
frequencies are used. The studies cited in this context frequently utilize Butterworth filters
of the fourth or fifth order.

In addition to the commonly used Butterworth approximation, other filter approxima-
tions exist, including the Chebyshev [38], Cauer (elliptic) [38], and Bessel [39] types. These
approximations serve as the basis for synthesizing Chebyshev Type I and Type II filters,
Cauer (elliptic) filters, and Bessel filters. Each of these filter types exhibits different ripple
characteristics within both the passband and the stopband, as well as different transition
bandwidths between these regions. These factors directly influence filtering quality and,
consequently, the performance of the reactive power compensator. A key limitation ob-
served in the reviewed studies on time-domain reactive power compensation methods is
the use of filters with fixed cut-off frequencies. Given that the supply voltage frequency
in traction drive systems is subject to continuous variation, employing filters with static
cut-off frequencies is inappropriate in such applications, as this introduces filtering errors.
This, in turn, reduces the effectiveness of reactive power compensation.

In summary, the review of studies dedicated to reactive power compensation methods
based on time-domain filtering reveals two key limitations. First, the influence of filter type
on the performance of reactive power compensator control systems has not been thoroughly
investigated. Second, the filters in these studies are typically designed with fixed cut-off
frequencies, which hinders the compensator’s ability to operate correctly under varying
frequencies of the monitored signals.
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The objective of this study is to investigate the influence of filter type on the perfor-
mance of reactive power compensator control systems in traction drives of railway rolling
stock equipped with asynchronous motors.

The research contributions of the article are as follows:

e A novel approach is proposed in which, instead of compensating higher-order voltage
harmonics within the line voltage system, compensation is performed within the stator
phase voltage system.

e  For the examined filter types, a structural scheme is developed that enables dynamic
adaptation of the filter cut-off frequencies to variations in the supply frequency of the
asynchronous motor.

e Analgorithm is proposed for evaluating convergence, defined as the time required for
the modulus of the spatial vectors of the stator currents in the studied configuration to
match those in a reference system powered by pure sinusoidal voltages.

e  The effect of the filter approximation method on the reactive power compensator’s
effectiveness is thoroughly investigated.

e  Within an FOC framework, the impact of adapting the filter cut-off frequency to
the supply frequency is assessed with respect to efficiency, torque ripple coefficient,
convergence behavior, and total harmonic distortion (THD).

The structure of the paper is as follows: Section 2 provides the rationale for selecting
the power circuit configuration and the control strategy of the reactive power compen-
sator. It also presents the derivation of transfer functions for high-frequency filters and
the development of an integrated model of the output stage of the traction drive system
incorporating the compensator. Section 3 presents the simulation results and their subse-
quent analysis. Section 4 is devoted to the discussion of the obtained findings and their
comparison with the results reported in related studies. Finally, the paper concludes with
Section 5, which summarizes the main conclusions.

2. Materials and Methods

As a prototype, the traction drive output section of the DS-3 series electric locomotive
(produced by Dnepropetrovsk Electric Locomotive Plant, Dnipro, Ukraine jointly with
Siemens, Munich, Germany) was chosen. The traction drive system of the DS-3 series
electric locomotive uses a vector control system for induction motors.

To simplify the research, we made the following assumptions:

e Autonomous voltage inverter receives power directly from the DC link.
e  The induction motor for the traction drive system serves as a linear load.

The traction drive of the specified electric locomotive uses induction motors of STA-
1200 series (Smelyansky Electromechanical Plant Ltd., Smila, Ukraine), parameters of which
are given in Table 1 [14].

Table 1. Parameters of the induction motor series STA-1200 (Smelyansky Electromechanical Plant
Ltd., Smila, Ukraine) [14].

Parameter Units Value
Power, P kW 1200
Phase-to-phase RMS voltage, Unom \% 1870
RMS value, Inom A 450
Nominal frequency of supply voltage, from Hz 55.8
Number of phases, n pcs 3
Number of pole pairs, pp pcs 3

Nominal rotational speed, nrnom rpm 1110
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Table 1. Cont.

Parameter Units Value
Efficiency, % 95.5
Power factor, cos@ r.u. 0.88
Active resistance of the stator winding, rs @) 0.0226
Active re;ms?ance/of the rotor winding reduced to the 0 0.0261
stator winding, r';
Stator winding leakage inductance, Lgs Hn 0.00065
Rotor w%nd%ng lee;lkage inductance reduced to the Hn 0.00045
stator winding, L' 5r
Total magnetizing circuit inductance, L, Hn 0.0194336
Moment of inertia of the motor, ] kg~m2 73

Bipolar insulated gate transistor (IGBT) modules 5SNA 1200G450350 (ABB, Vésteras,
Sweden) are used as power transistors on this electric locomotive, the parameters of which
are given in Table 2 [29].

Table 2. Parameters of the IGBT module 5SNA 1200G450350 (ABB, Visteras, Sweden) [29].

Parameter Units Value
Collector-emitter voltage, Ucgs \Y% 4500
Collector peak current, Iy A 2400
Total power dissipation, Piot W 10,500
Turn-on switching energy of the transistor, Eon m] 4350
Turn-off switching energy of the transistor, E m] 6000
Forward voltage of the diode, Uyp \Y% 34
Reverse energy recovery of the diode, Erey m]J 2730

2.1. Justification for the Selection of the Reactive Power Compensator Topology and Development of
Its Integration Scheme into the Power Circuit of the Traction Drive

The analysis indicates that, in the system considered, the primary source of higher-
order harmonics is the inverter, as the non-linear processes within the asynchronous motor
are not considered. Consequently, in this context, the task of reactive power compensation is
reduced to the elimination of higher-order harmonics from the supply voltage system of the
asynchronous motor. To enhance the energy efficiency of the traction drive, it is therefore
necessary to ensure a sinusoidal waveform of the stator phase currents. The method aimed
at maintaining a sinusoidal load current waveform in the presence of harmonic distortions
in the voltage supply—assuming a linear load—is commonly referred to as harmonic
damping of the supply voltage.

In [40], a connection scheme for integrating a reactive power compensator into the
traction drive power circuit was proposed, based on damping higher-order harmonics of
the supply voltage. This approach was developed for the case in which the load is powered
by a voltage source with a constant frequency. In that study, the reference signals were
chosen as sinusoidal line voltages with a fixed frequency. Such an approach is valid only
under the assumption that the traction drive operates at a constant shaft rotation speed
of the asynchronous motor. Under these conditions, the compensator is activated only
after the transient modes have ended, and reactive power compensation is performed
exclusively during the steady-state operation.

In traction drive systems, the reference rotational speed of the asynchronous motor
shaft continuously varies, which inherently results in the presence of non-steady-state
operating conditions. Therefore, to enhance the overall efficiency of the traction drive,
reactive power compensation must be implemented not only during the steady-state
operation but also under transient and dynamically changing conditions.
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In a traction drive system employing FOC, the following condition must be satisfied:

Usm
Wk

= VPpom = const, (1)

where Pnom is the nominal value of the flux linkage of the induction motor magnetization
circuit, Usm is the amplitude of the stator phase voltage, and wy is the angular frequency of
the stator phase voltage.

Under conditions of continuous variation in the stator phase voltage frequency, fulfill-
ing condition (1) for harmonic compensation in the line voltage system of the asynchronous
motor becomes a complex task. Therefore, it is proposed to perform higher-order harmonic
compensation directly within the line voltage system of the motor’s supply. To facilitate this,
the use of a delta configuration for the secondary windings of the transformer—through
which the compensator is connected to the traction drive’s power circuit—is recommended.
This choice is justified by the fact that in a delta connection, the line voltages are equal to
the phase voltages.

In the proposed compensation scheme, it is recommended to use voltage signals
as reference inputs and to perform compensation of higher-order harmonic components
within the phase supply voltages. Accordingly, the proposed configuration for integrating
the power stage of the reactive power compensator into the input section of the traction
drive is illustrated in Figure 1.

isa iLa
Inverter iSb; iLb | Induction
isc iLc motor
e AActveflte ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, |
1 ‘ =Y
51 53 S5 LY LY
N v
+ |Ua C g é é
S2 S4 S6
L L Cc Cb Ca
ua > Re Rb Ra
ub .
” > Filter control system
C

Figure 1. Connection circuit proposed for linking up the power section of the reactive power
compensator with the output section of the traction drive.

In Figure 1, the power stage of the active filter is implemented using IGBT power
transistors VI1-VT6. The voltage Uy represents the voltage drop across the DC link.
Capacitor C functions as a barrier that prevents higher-order current harmonics from
propagating from the inverter’s power circuit into the DC link. The transformer TV is
employed to match the amplitude levels of the stator phase currents of the asynchronous
motor and the compensating currents.
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To provide a conduction path for higher-order current harmonics within the com-
pensator’s power circuit and to ensure their transfer into the active filter stage, passive
high-frequency filters are employed. These filters, composed of elements R;, Ry, R¢, Ca, Gy,
and C,, are tuned to the fundamental frequency of the supply voltage system. The phase
voltages of the inverter shown in Figure 1 are denoted as u,, up,, and uc.

The calculation of the components of the compensator’s power stage is provided
below in the subsection “Development of the Simulation Model of the Traction Drive”.

2.2. Justification of the Power Circuit Topology for the Reactive Power Compensator and
Integration Scheme into the Traction Drive Power System

Since most of the control strategies that considered filtering the higher current har-
monics in the time domain are implemented based on the instantaneous power theory
(p—q theory), in this paper the method of controlling the instantaneous reactive power in the
p—q coordinates is chosen as the control strategy for the reactive power compensator [34].

Since in the implementation of this method the calculation of the controlled parameters
expressed in abc coordinates is carried out in «f3 coordinates, the direct Clark transforma-
tion should be applied to the input values. In this case, the input variables are the inverter
phase voltages u,, up,, and u.. The values of the inverter phase voltages in &3 coordinates
have the following form [29]:

Uy = \/g (ua —3up — %-uc) (2)

where u,, up, and uc are phase voltages of the induction motor stator in abc coordinates.

As stated in Section 2.1, the filter control system implements the compensation princi-
ple based on the determination of the stator phase voltages. The structure of such a control
system is shown in Figure 2. An important part of such a control system is the phase-locked
loop (PLL) circuit.

Scheme of l'oa=cos(wt)
determination of L
»| auxiliary currents I'p=sin(w-t)
» Instantaneous
Ua > Ua powers calculation
ub
Uc E Clark Transformation up
) ) P
High-Pass Filter
i'tx 1'[5 qv
-, - High-Pass Filter
P q
A 4 Uha Uha
. Inverse Clarke Uhk
ap currents calculation unp Transformation Tne

Figure 2. Voltage-based control of the active filter.

An important part of such a control system is the phase-locked loop (PLL) circuit. The
PLL block is a synchronization circuit that automatically determines the system frequency
and phase angle of the main component of the three-phase common input signal direct
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sequence. In this case, these are the three-phase measured phase voltages u,, up, and ue.
The PLL also generates auxiliary currents [40]:

i’y = cos(w-t) 3)
iy = sin(w-t)
where w is the angular frequency of the induction motor supply voltage.
These currents are necessary to calculate the values of auxiliary instantaneous active
power p’ and auxiliary instantaneous reactive power q’ (Figure 1). The specified powers
are calculated as follows [40]:
p’ = uaiy +up 'ilﬁ

/I ./ ./
q =up-iy —uu-ig

(4)

where uy and ug are the phase voltages of the induction motor stator in «f3 coordinates,
and i}, and i’B are the auxiliary currents calculated according to Equation (4).

FOC or DTC are used in the traction drive [29,30]. In these systems, the system
frequency and phase angle of the three-phase total input main component in the direct
sequence are determined based on the rotation frequency of the induction motor shaft.
Therefore, it is not advisable to determine these parameters again. Consequently, when
constructing a reactive power compensator for the traction drive, functions of the PLL
circuit will be limited only to generating auxiliary currents i, and i’ﬁ (Figure 3).

w-t ia
cos(w-t-11/2) —>
® 1
—) — —
S w-t i
sin(w-t) —>

Figure 3. Functional structural circuit of auxiliary current determination.

The controller determines “instantaneously” and continuously the harmonic content
of the measured voltage (ug+uy,) on the phases to which the active filter is connected. If the
phase voltage is balanced, i.e., does not contain negative sequence and/or zero sequence
components at the fundamental frequency, the difference between the measured voltage
and the output of this positive sequence detector corresponds to the harmonic voltage uy,
ie., [40]:

up = u —uy, k=ab,c (5)

where uy is the phase voltage of the k-th phase, and v’y is the desired phase voltage of the
k-th phase.

Harmonic voltage uy, for the specified strategy of control in the o3 coordinate system
is determined as follows [40]:

. . ~!

Uhe| _ 1 fo —ip P (6)
) 12 Y ./ ~/

Unhp 1“—1—1[3 I 1y q

~/
where i, and iIB are the auxiliary currents calculated according to Equation (3) and p

~!
and q are the auxiliary instantaneous active power at the output of the high frequency
filter and auxiliary instantaneous reactive power at the output of the high frequency
filter, respectively.
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To convert the obtained values of harmonic voltages expressed in o3 coordinates to
abc coordinates, we use the inverse Clark transformation [29]:

Upa 1 0
1
Uk :\fe -1 V3 ~[uh°‘1 @)
u
Upc -1 —\@ h

High-pass filters separate the oscillatory components of the auxiliary real power (p)
and auxiliary instantaneous reactive power and fictitious power (q'), which are calculated
using the auxiliary currents ig, and ij3. Signals iy and ijy are generated in the auxiliary
current determination circuit as built from the auxiliary positive sequence current com-

~!
ponent at the fundamental frequency. Thus, the average real power p , together with the

~/
average fictitious power q , constitute the main positive sequence power component of the
measured phase voltage.

2.3. Development of the Active Filter Voltage Control Circuit

Figure 4 shows the active filter voltage control circuit. This circuit compares the
compensation voltage uy; with the actual phase voltage u;. Each phase voltage u; is
determined at the point of active filter installation. Then, the difference signal Ay is
added to the reference voltage signal u.j. As a result, three current controllers produce a
three-phase reference voltage. Then, each reference voltage value u*; is compared with a
periodic triangle-shaped signal having a repetition rate equal to 20-fnom (from is the nominal
frequency of phase voltages of the induction motor stator) to generate gate signals for IGBT.

comparator

—>
gate drive

triangle carrier

Figure 4. Current control voltage for one phase.

2.4. Determining the Parameters of Filter Transfer Functions

In this paper, we consider the operation of the compensator control system with the
following types of high-frequency filters: Butterworth filter, direct Chebyshev filter, inverse
Chebyshev filter, Bessel filter, and elliptic filter (Cauer filter). Since the active filter control
systems of the compensator in the considered works used Butterworth filters of the fourth or
fifth order, in this work all filters were designed from the fifth order. The nominal supply
frequency of the induction motor was taken as the cut-off frequency foyt = from = 55.8 Hz. The
calculation of the transfer function parameters is provided in Appendix A. In its general
form, the transfer function of a fifth-order filter can be expressed as follows:

b o4 a3 i .
H(S):b5s + by-s* +b3z-s® +by-s* +bi-s+ by ®)

a5-s5 + a4-s4 + a3~s3 + a2~32 +ai's+ap

The structural circuit of the filter is based on the method of sequential integration
(Figure 5) [41].
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Figure 5. High-pass filter structural circuit.

2.5. Development of a Simulation Model of the Traction Drive Without a Control System

The simulation model of the inverter was developed in the MATLAB18b/Simscape/
Specialized Power Systems environment. The power stage of the inverter is implemented
using “IGBT/Diode” components, while the pulse-width modulation (PWM) algorithm is
realized using the “PWM Generator (2-level)” block.

In the development of the comprehensive model of the traction drive’s output section
(Figure 6), a simulation model of the asynchronous motor implemented in three-phase
coordinates was used, as described in [14]. This model is not presented in detail in the
current work, as it has been extensively documented in the referenced study. The validation
of this model was carried out in the study [14], where the simulation results under nominal
operating conditions—namely, the amplitudes of stator phase currents, rotor speed, and
electromagnetic torque—were compared with the manufacturer’s data. The deviation in the
amplitude of the stator phase currents was 1.7%, in the rotor speed 0.3%, and in the torque
0.74%, indicating a high level of accuracy in the obtained results. It is important to note that
the stator and rotor windings of the asynchronous motor in this model were implemented
using the MATLAB18b/Simscape/Specialized Power Systems environment, while all
other components were developed within the MATLAB18b/Simulink environment. The
parameters of the STA-1200 series asynchronous motor required for the development of
the simulation model are listed in Table 1. In the comprehensive traction drive model,
the simulation model of the asynchronous motor’s output section is incorporated within
the “Asynchronous Motor” block, while the simulation model of the standalone voltage
inverter is embedded in the “Inverter” block.

Since the comprehensive model of the traction drive output section utilizes elements
from the MATLAB18b/Simscape/Specialized Power Systems library and operates in
continuous-time mode, the simulation was implemented using a continuous solver. The
“Voltage Harmonic Compensation Control Block” (Figure 6) emulates the functionality of
the harmonic voltage compensation control scheme (Figure 2). The operational principle of
this control scheme involves comparing a reference signal u with the signal uh generated
by the reactive power compensator’s control system. The resulting error signal is then
fed into a PWM modulator. The output of the modulator provides gate signals for the
transistors of the active filter.

As the objective of the active filter is to eliminate higher-order harmonics in the stator
voltage system of the asynchronous motor, the reference signals are proposed to be the
fundamental components of the three-phase supply voltage system, defined as follows:
Ua = Unom-exp(j0°), Up = Unom-exp(—j120°), U = Unom-exp(j120°). These reference volt-
ages represent an ideal sinusoidal supply and serve as the basis for maintaining voltage
quality in the stator circuit.
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Figure 6. Comprehensive simulation model of the traction drive with field-oriented control and

reactive power compensator.

In the process of developing the simulation model within the MATLAB18b/Simulink
environment, it is technically incorrect to connect multiple voltage sources in parallel. Since

the power circuit of the compensator is implemented as an inverter, the configuration shown

in Figure 1 is not suitable for direct simulation due to these limitations. Consequently,

two alternative implementation approaches for modeling the compensator’s power circuit

are proposed:

1. By using a controlled voltage source connected in opposition to the stator phase

voltages of the asynchronous motor.

2. By employing a controlled current source.
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The comprehensive model (Figure 6) employs the Controlled Voltage Source compo-
nent from the MATLAB18b/Simscape/Specialized Power Systems library to implement
the power section of the reactive power compensator. The traction drive is powered by a
DC link. In the integrated model (Figure 6), the DC link is represented by the DC Voltage
Source element from the MATLAB18b/Simscape/Specialized Power Systems library. The
value of the DC Voltage Source corresponds to the nominal instantaneous line voltage of
the asynchronous motor 2642 B.

The Id signal is used to calculate the active power consumed by the traction drive. It is
measured using an ammeter connected to the inverter’s power supply circuit. To prevent
the penetration of alternating current components into the DC link, a large-capacitance
capacitor is typically connected in parallel with the inverter terminals. However, in the
MATLAB18b/Simscape/Specialized Power Systems environment, it is not feasible to
connect a capacitor directly in parallel with the DC Voltage Source element.

As an alternative, a low-pass RC filter can be employed, with a cut-off frequency lower
than that of the first harmonic. In such a filter, resistor R is connected in series with the DC
Voltage Source, while capacitor C is connected in parallel. Nevertheless, placing R in series
introduces additional power losses, which in turn leads to errors in determining the actual
power drawn by the traction drive from the DC link.

In the simulation model (Figure 6), the operation of the low-pass filter is emulated by
a first-order aperiodic circuit placed downstream of the ammeter. The time constant of this
aperiodic circuit is set to 0.05 s, which corresponds to a low-pass filter cut-off frequency of
20 Hz.

To obtain the values of the stator phase voltages, we used voltmeters with a parallel
connection of resistors r_ad with resistances of 10 k(). To display the simulation results,
we used the elements of MATLAB18b/Simulink “Scope” library. The values of the stator
phase currents are displayed in “Scope Isa_Isb_Isc”, the values of the torque are displayed
in “Scope Tem”, and the values of the shaft rotation frequency of the induction motor are
displayed in “Scope nr”.

Since the focus of this study is the damping of higher-order harmonics in the stator
phase voltages, it is proposed to implement the compensator’s power circuit using a
controlled voltage source. The control voltage applied to the input of the controlled voltage
source, exemplified for phase g, is determined as follows:

Uca = up, — U,, )

where uy, is the voltage coming from the reactive power compensator control system.

In the general form, the transfer function of a fifth-order filter can be described by
Equation (8). As demonstrated in Appendix A, both the numerator and denominator
coefficients of the transfer function change when converting a low-pass prototype filter
to a high-frequency filter, since these coefficients are functions of the cut-off angular fre-
quency. When the supply voltage frequency changes, the filter’s cut-off frequency also
varies, resulting in corresponding changes to the numerator and denominator coefficients.
Figure 7 presents the simulation model of the high-frequency filter, in which the transfer
function coefficients are expressed as functions of the prototype filter parameters and the
instantaneous supply frequency [41].
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The simulation model of the high-frequency filter was developed in the MAT-

LAB18b/Simulink environment. To switch from one filter type to another, it is necessary to

replace the prototype filter coefficients within the “Unit for calculating the denominator

of the transfer function of the filter” and the “Unit for calculating the numerator of the
transfer function of the filter.”

The DS-3 series electric locomotive, the traction drive of which is used in this study as

a prototype, is operated with the use of field-oriented control. The structural circuit of the

classical field-oriented control is shown in Figure 8 [29].

Setting W Field-oriented control (FOC)
the value [/ VFl‘JX i, [ xaxs system
of the I linkage » current |% U,
rotor flux 3| control- »| control T_VT
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Figure 8. Structural circuit of the traction drive output section with field-oriented control [29].
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The algorithm for calculating the parameters of the FOC system is presented in [29].
Therefore, in the present study, the parameter calculations and simulation model of the FOC
system are not provided. During the development of the simulation model of the output
stage of the traction drive, which incorporates the field-oriented control and a reactive
power compensator, the components outlined by dashed lines in Figure 8 were grouped
into a single functional block.

In the development of the compensator circuit for damping higher harmonics, which
will be used in a drive with FOC, there is a problem of determining the values of reference
(desired) phase voltages of the induction motor stator. This problem is related to the
fact that in such a drive, the frequency of the supply voltage system of the induction
motor stator is constantly changing. If the first harmonics of the reference phase voltages
supplying the induction motor stator are chosen as the values, then it is necessary to
apply spectral analysis methods. This will lead to many calculations and, as a result, to a
significant increase in the time of information processing. This circumstance worsens the
compensator convergence.

The algorithm proposed for determining the values of the induction motor stator
reference phase voltages was developed based on the following considerations:

1. Angular frequency of the first harmonics of the stator phase voltages is equal to the
electrical angular frequency of the coordinate system rotation in FOC. In other words, the
expressions for determining the first harmonics of the stator phase voltages can be written
as follows:

. . 2.1 . 2.7
UsA(l) = Ugm-sinwy-t; UsB(l) = Usm-SIIl((,Uk-t — T); UsC(l) = Usm'SIH(wk't + ?> (10)

where Ugp, is the amplitude of phase voltages and wy is the angular rotation frequency of
the coordinate system of the field-oriented control system.
Denoting wy -t = 6, as the angle of FOC coordinate system rotation, we obtain:

. . 2.7 . 2.7t
UsA(l) = Ugm-sindy; UsB(l) = Ugmsin <er - 3); UsC(l) = Ugm-sin (91« + 3> . (11)

Signal 0, in the FOC system is determined to perform the inverse Park and Clark
transformations. Therefore, it is not necessary to use additional units in the simulation
model to determine this signal.

2. When determining the amplitude of phase voltages, the following circumstance was
considered. When designing the control system, it is essential to maintain the relationship
between the amplitude and the angular frequency, which is defined by expression (1).

Because in the FOC system all quantities are determined in relative units and the
nominal value of the flux linkage of the induction motor magnetizing circuit is set equal to
unity, the amplitude of the phase voltages is determined as follows:

Usm = LwLUd (12)
V3
where Uj is the constant voltage of the inverter.

3. To connect the compensator to the traction drive circuit, we use a transformer (see
Figure 1). Primary windings of the transformer are connected in a “star” formation and
the secondary windings are connected in a “delta” formation. This means that a system of
linear voltages will be supplied to the induction motor phase from the transformer. In this
case, the phase A of the induction motor will be supplied from the transformer with the
linear voltage Uy, to phase B—Ucp, and to phase C—Uac. The ratio between the phase
and linear voltages is as follows:
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T 2.t T 2.t T
Upa = \@.Usm.sin(er + g); Ucg = V3-Ugnm-sin (er _Lr ); Uac = \@.Usmsin(er ERL ) (13)

3 6 3 6

Therefore, to account for the phase shift when transitioning from phase linear to

voltages, the phase of each linear voltage in the system of Equation (13) should be reduced

by an angle of 71/6. To match the amplitude levels when transitioning from phase linear
to voltages, each amplitude of the linear voltage in the system of Equation (13) should be
divided by /3.

Then, after fulfilling the above conditions for the system of Equation (13) and after

substituting expression (12) into it instead of the amplitudes of the phase voltages, the

system of reference phase voltages will be as follows:

1 . _ 2. T 1 « . 2w
),‘ U, = 3~(,Uk~Ud-Sln(er 3 + 6>; U. = 3'wk'Ud'Sln(9r + 3 + 6) (14)

That is, the simulation model of the traction drive with FOC and reactive power

compensator must be supplemented with a block for implementing Equation (14).

The comprehensive simulation model of the traction drive output section without

FOC (Figure 6) is supplemented with the “FOC” unit, from which the following signals

are derived:

U, PWM, Up_PWM, Up_pwM are the autonomous voltage inverter control signals.
teta_r is the angle of coordinate plane rotation in the field-oriented control system.
wy is the angular velocity of coordinate plane rotation in the field-oriented control system.

It should also be noted that wy signal in the “FOC” unit is determined in relative units.

Therefore, in the “Control unit for compensation of higher voltage harmonics”, this signal

is multiplied by the nominal value of the electrical angular frequency—350 rad/s.

The traction motor of the STA-1200 series has a nominal power output of 1200 kW.

Consequently, conducting experimental research on a locomotive traction drive is energy-

intensive and, therefore, costly. Moreover, integrating hardware components that imple-

ment the proposed technical solutions requires formal approvals from both the manufac-

turer and operating organizations. As a result, testing the proposed solutions on existing

rolling stock presents significant challenges. The development of a prototype is further

hindered by the following factors:

1.

Developing a full-scale model of a traction drive using a real traction motor, as
previously noted, is highly energy-intensive and financially demanding.
Constructing a scaled-down model of a traction drive is also challenging due to the
following consideration: in contrast to conventional industrial asynchronous motors,
traction motors are designed to operate at frequencies exceeding their nominal values.
To develop a scaled prototype, it would be necessary to manufacture a custom motor
with appropriately scaled parameters. However, producing a prototype asynchronous
motor is equally costly, as such a product would be considered non-standard and
non-serial by the manufacturer.

The use of a standard industrial asynchronous motor to develop a scaled-down

prototype of the traction drive may yield inaccurate results when operating at frequencies

above the motor’s nominal range. Therefore, in this study, the authors have limited the

scope of the investigation to simulation-based modeling only.

In summary, the following key contributions should be highlighted based on the

results presented in this section. In contrast to previous studies focused on harmonic

voltage compensation in power systems with linear loads [40], this work introduces the

following original contributions:
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1.  Itisproposed to perform harmonic compensation not in the system of line voltages but
directly within the stator phase voltages of the inverter. To enable this, the traditional
star connection of the secondary windings of the coupling transformer has been
replaced with a delta connection.

2. Itis proposed to replace current-based reference signals with voltage-based references,
utilizing control voltage signals generated by the FOC algorithm.

3. A generalized fifth-order transfer function-based filter architecture has been devel-
oped, enabling the dynamic adaptation of the filter’s cut-off frequency to the varying
frequency of the supply voltage. This architecture allows for the analysis of the com-
pensator control system with different types of filters without requiring changes to
the structural model.

The proposed contributions enhance the efficiency of higher-order voltage harmonic
compensation in the traction drive system and enable effective compensation under both
steady-state and transient operating conditions.

3. Simulation Results

In order to determine the influence of adapting the filter cut-off frequency to the supply
voltage frequency of the induction motor, simulations were conducted for the following
operating modes of the traction drive: when the motor shaft speed is in a steady state,
when the motor shaft speed in a steady state is below the nominal value, and when the
motor shaft speed in a steady state is above the nominal value.

3.1. Simulation Results in a Circuit with FOC at Rated Motor Shaft Rotation Frequency

The performance of the traction drive system with FOC was investigated at the
nominal rotor speed of the motor under five different scenarios: with a Butterworth filter
in the reactive power compensator, with a direct Chebyshev filter in the reactive power
compensator, with an inverse Chebyshev filter in the reactive power compensator, with
a Bessel filter in the reactive power compensator, with an elliptic filter in the reactive
power compensator.

For the circuits with compensators, the investigations were carried out at a fixed and
adapted filter cut-off frequency to the motor shaft rotation speed.

The simulation was carried out for the following conditions:

e Inverter supply voltage Uy = 1/2-Upom = 2645 V.

o PWM frequency fpym = 20-from = 1116 Hz.

e  Static drive torque T¢ = 10,324 N-m.

e Angular frequency of the motor supply voltage in steady mode w, = 348.7 rad/s,
which corresponds to the nominal frequency of the supply voltage fnom = 55.8 Hz.

e  Acceleration of the motor shaft rotation is chosen to be equal to a, = 0.333 rad/ 2.

e  The delay time of the speed controller is chosen to be equal to 0.7 s.

From the time diagrams of the torque in stable mode, we obtained maximum (Tmax)
and minimum (Tp,in) torque values (Appendix A). Based on these values, we calculated the
average values (Tay), the ripple values (ATay), and the ripple factor (kp) of the torque. The
average torque value was calculated by the formula:

_ Trnax + Tmin

Tav 2

(15)
The magnitude of the torque ripple was calculated as follows:

ATav = Tmax - Tmin (16)
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The torque ripple factor was calculated as follows:

_ ATay

kp B 2'Tav

(17)

Since the drive has symmetrical windings and symmetrical inverter arms s, = Iy, = Isc =1,
for all five cases in stable mode, the amplitude—frequency spectrum was calculated for the
stator in phase a, on the basis of which the THD was calculated for the first 40 harmonics

using the formula [28]:
/Y3012,
TDH = Y250 1009, (18)

sl
where ;) is the higher harmonics of the stator phase current.

For all five cases in the stable mode, the values of the consumed current Iy were
determined on the simulation model. Based on the obtained values of the consumed
current Iy the values of the consumed power P; were calculated (Appendix C). As a result
of the simulation, the values of the motor shaft rotation frequency were also obtained for
all cases n,. The calculated useful motor shaft power was determined as follows:

2-mtny

Py = Tay -y = Tav'w (19)

The efficiency of the output section of the drive is calculated as follows:

n= &-100% (20)
Py

The convergence time was calculated based on the following considerations. It would
be an optimal solution to determine the convergence time under the condition of coinci-
dence of the forms of the stator phase currents with the desired forms of these quantities.
The desired forms can be the forms of the stator currents obtained when the induction
motor is powered from a sinusoidal voltage system. In the simulation model, such a
system of phase currents can be easily obtained by replacing a three-phase inverter with a
three-phase system of supply voltages. But here a problem arises related to the fact that
the presence of filters in the compensator leads to a change in the phase shift between the
voltage and current of the corresponding phases. Therefore, with this approach, it is quite
difficult to determine the convergence time.

It is proposed to determine the convergence time when the amplitudes of the spatial
vectors of the stator phase currents coincide in the case of powering the drive from a
sinusoidal voltage system and using the drive circuit with a compensator.

The amplitude of the stator phase current spatial vector can be determined as fol-

lows [29]:
L= /B + 135 (21)

where I« is the projection of the stator phase current spatial vector onto the « axis and Isg
is the projection of the stator phase current spatial vector onto the 3 axis.
Projections of the stator phase current spatial vector onto the & and (3 axes are deter-

mined as follows [29]:

Isoc - % (Isa - %'(Isb + Isc)) 7
L = = (Ig, — I 22)
sp — /3 ( sb SC)

where Is,, Iy, and I are the phase currents of the induction motor stator.
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In accordance with Equations (21) and (22), time diagrams of the amplitudes of the
spatial vectors of the stator phase currents were built for the case when the drive is powered
from a sinusoidal voltage system and the drive circuit with a compensator.

As a result of the simulation, the values of the motor shaft rotation frequency were
also obtained for all cases n;,. All the results described above are presented in Table 3.

Table 3. Results of traction drive output section parameters calculation with FOC in the presence of a
compensator (nominal mode).

g
E
= 3
© "’g g !""13 o § =
g 5 g = g = g s
o< = < > <5 2 S £ <
ZEE R R R Ex
PR PR T ® < 2 o 2
Parameter IR £ 2 e > S I
= sl -pe =8 =3 il =&
|5 < < Y " c ® = & =
. | £ £ £ £
9 ‘5 &3 ‘50 Eﬂ - -
% g g9 g8 ¢ E gES
< HoB =g B = = 8 H o=
& O0m o=} 5 £ 03 OCRE
const var const var const var const var const var
Average torque value T,o, N'om 10,320 10,320 10,320 10320 10,320 10,320 10320 10,320 10,320 10,320 10,320
Torque ripple value AT,,, N-om 3024 33.1 3096 1632 1553 1634 1563 1625 1631 1629  14.95
Torque ripple factor ky, % 293 0.32 03 0.158 0.15 0158 0151 0158 0157  0.158  0.145
nMO;;rnfhaﬁ rotation frequency 44, 1106 1106 1106 1106 1106 1106 1106 1106 1106 1106
Ts
Useful power Py, kW 11952 11952 11952 11952 11952 11952 11952 11952 11952 11952  1195.2
Consumed current Iy, A 54564 50173 50127 50156 50133 50156 501.33 501.62 501.33 501.33  500.92
Consumed power Py, kW 14987 13781 13768 1377.6 13770 1377.6 13770 13778 13770 13770 1375.8
THD, % 21.42 1.50 1.42 1.46 138 1.48 147 1.44 143 145 1.39
Efficiency 1, % 79.75 86.73 86.81  86.76 86.8 86.76 86.8 86.75 86.8 86.8 86.87
Convergence time for stable - 0335 018 0363 0175 0344 0172 0638 0539 0172 015
mode teonv_st, S
Convergence time for motor 3.0 3.0 0.545 3.0 0.528 3.0 0.534 3.0 3.0 3.0 0.428

acceleration teony ac, S

The analysis of the results shown in Table 3 was carried out according to four criteria
(in order of the criterion importance):

1.  The largest value of efficiency.

2. The smallest value of the torque ripple factor.

3. The shortest convergence time for a stable mode.

4. The shortest convergence time during motor acceleration.

The analysis of the results presented in Table 4 showed that the drive circuit with FOC
in the presence of a compensator with elliptic filter with adapted cut-off frequency has the
highest efficiency value, the lowest values of the torque ripple factor, convergence time in
stable mode, and convergence time during motor acceleration.

At JSC “Ukrzaliznytsia”, 14 DS-3 series electric locomotives are operated at the Kyiv-
Pasazhyrskyi locomotive depot. According to post-repair test data from this depot in
2024, the torque ripple coefficient for the traction drives of these locomotives without
compensators ranged from 27.5% to 30.5%. As a result of the simulation, this parameter
was calculated as 29.3%, which confirms the high accuracy of the obtained result.

3.2. Simulation Results in a Circuit with FOC at a Steady Motor Rotation Frequency, Which Is
Lower than the Nominal Rotation Frequency

The performance of the traction drive system with FOC at the nominal shaft speed of
the motor was investigated for five distinct cases: with a Butterworth filter in the reactive
power compensator, with a direct Chebyshev filter in the reactive power compensator, with



Appl. Sci. 2025, 15, 7057 19 of 39

an inverse Chebyshev filter in the reactive power compensator, with a Bessel filter in the
reactive power compensator, with an elliptic filter in the reactive power compensator.

For circuits with compensators, the investigations were conducted at a fixed and
adapted filter cut-off frequency to the motor shaft rotation frequency. The simulation was
carried out for the following conditions:

e  PWM frequency fpywm = 20-from = 1116 Hz.

e  Static drive torque T, = 10,324 N-m.

e  Angular rotation frequency of the motor shaft in a stable mode w; = 174.6 rad /s, which
corresponds to the nominal frequency of the supply voltage fnom = 27.9 Hz.

e Since in FOC 1, = const, w; = 0.5-Wnom, then in accordance with Equation (1), the
supply voltage of the inverter Uy = 0.5-1/2-Unom = 1322.5 V.

o  Acceleration of the motor shaft rotation is chosen equal to a, = 0.333 rad/ s2.

e Delay time of switching on the speed controller is chosen equal to 0.7 s.

The analysis of the results presented in Table 4 showed that the drive circuit with FOC
in the presence of a compensator with elliptic filter with adapted cut-off frequency has
the highest efficiency value, as well as the lowest values of the torque ripple factor and
convergence time in stable mode.

Table 4. Calculation results of the parameters of the traction drive output section with FOC in
the presence of a compensator (when the motor supply frequency in stable mode is less than the
nominal frequency).

3 o 8

L] L] & = L] <

g g g g g &
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CE ] IR~ S8 < 2 o 2
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Parameter R R T = © =] R Y S ®=

£258 g5 £0 N IEE
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2o =B = = o9 B o=

J0m [Sfa) (SR Oom Qom

const var const var const var const var const var
Average torque value T,o, N-m 10,320 10,320 10320 10320 10320 10320 10,320 10,320 10,320 10,320
Torque ripple value AT,,, N-m  20.31 15.51 2121 15.77 21.19 15.79 17.57 2021 19.85 14.59
Torque ripple factor ky, % 0.32 03 0.158 0.15 0.158 0.151 0.158 0.157 0.158 0.145
yoﬁgifhaft rotation frequency  5,q 548 548 548 548 548 548 548 548 548
rrs

Useful power Py, kW 592.2 592.2 592.2 592.2 592.2 592.2 592.2 592.2 592.2 592.2
Consumed current Iy, A 48583 48495  485.44 4849 48523 48452 48468 48441 48479 48414
Consumed power Py, kW 667.2 666.0 666.7 665.9 666.4 66539  665.62 66524 66577 66487
THD, % 1.65 146 1.63 1.45 15 1.44 1.42 1.41 139 136
Efficiency 1, % 88.76 88.92 88.83 88.93 88.87 89.0 88.97 89.02 88.95 89.05
Convergence time for stable 0.304 0214 0.296 0.211 0.252 0.212 0.246 0222 0.239 0.197
mode teonv_st, S
Convergence time for motor 2.2 0.545 22 0.528 22 0.534 2.2 0.317 22 0.428

acceleration teony ac, S

However, the Bessel filter has a minimum convergence time during motor acceleration.
The presence of filters with adapted cut-off frequency in the compensator compared to a
fixed frequency leads to:

e Increase in drive efficiency.

e  Reduction in torque ripple factor both in stable mode (Table 4) and during motor
acceleration.

e  Reduction in THD.

e Reduction in convergence time both for stable mode and for motor acceleration.
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3.3. Simulation Results in a Circuit with FOC at a Steady Motor Shaft Rotation Frequency, Which
Is Greater than the Nominal

The operation of the traction drive system with FOC was studied at the nominal shaft
rotation frequency of the motor for five scenarios: with a Butterworth filter in the reactive
power compensator, with a direct Chebyshev filter in the reactive power compensator, with
an inverse Chebyshev filter in the reactive power compensator, with a Bessel filter in the
reactive power compensator, with an elliptic filter in the reactive power compensator. For
the circuits with compensators, the studies were conducted at a fixed and adapted filter
cut-off frequency to the motor shaft rotation frequency.

The simulation was carried out for the following conditions:

e PWM frequency fpywm = 20-from = 1116 Hz.

e  Static drive torque T = 10,324 N-m.

e  Angular rotation frequency of the motor shaft in stable mode w, = 174.6 rad /s, which
corresponds to the nominal frequency of the supply voltage from = 27.9 Hz.

e  Since in the FOC 1, = const, w; = 1.25-wWnom, then in accordance with Equation (1),
the inverter supply voltage Uy = 1.25-1/2-Unom = 3036.25 V.

e  Acceleration of the motor shaft rotation is chosen equal to a,, = 0.333 rad/ 2.

e  Delay time of switching on the speed controller is chosen equal to 0.7 s.

The simulation was conducted using the same program as in the previous cases. Since
the quality of the torque and stator phase current diagrams of the induction motor does not
differ from those obtained in Section 3.1, it is not advisable to present them. An exception
was made for the case with the Bessel filter, where the system operation became unstable.
All data required for the calculations are provided in Table 5. The calculation results,
obtained using the methodology outlined in the previous subsection, are also included in
Table 5.

Table 5. Calculation results of the parameters of the traction drive output section with FOC in the
presence of a compensator (when the motor supply frequency in stable mode is higher than the
nominal frequency).
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Average torque value T, N'm 10320 10320 10320 10,320 10,320 10,320 10,320 10,320 10,320
Torque ripple value AT,y,, N-m 1532 15.15 15.38 15.17 15.35 15.18 14.27 15.4 14.83
Torque ripple factor kp, % 0.148 0.147 0.149 0.147 0.149 0.147 0.138 Y 0.15 0.144
1 o]
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Consumed current Iy, A 55317  553.11 553.2 553.05  553.18  553.18 552.4 s 55311  552.47
Consumed power Py, kW 17441 17439 17443 17437 17441 17441 17417 E 17439 17419
THD, % 1.56 1.55 1.54 1.49 1.52 151 1.42 1.52 143
Efficiency m, % 85.82 85.83 85.81 85.84 85.82 85.82 85.94 85.83 85.93
Convergence time for stable 0.071 0.069 0.067 0.064 0.065 0.063 0.056 0.063 0.058
mode teonv st, S
Convergence time for motor 3.75 0.545 3.75 0.528 3.75 0.534 3.75 3.75 0.428

acceleration teony ac, S
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The analysis of the results presented in Table 5 was carried out according to four
criteria (in order of the criterion importance):

1. The highest efficiency value.

2. The lowest torque ripple factor.

3. Minimum convergence time for stable mode.

4. Minimum convergence time during motor acceleration.

The analysis of the results presented in Table 5 showed that the drive circuit with FOC
in the presence of a compensator with elliptic filter with the adapted cut-off frequency
has the highest efficiency value, as well as the smallest values of the torque ripple factor,
convergence time in stable mode and during motor acceleration. The drive circuit with FOC
in the presence of a compensator with an elliptic filter with a fixed cut-off frequency has the
highest efficiency value and the smallest value of torque ripple. However, when using the
Bessel filter with adapted frequency in the compensator, the drive circuit becomes unstable.
Therefore, the use of the Bessel filter in the compensator to damp higher harmonics of the
supply voltage in the traction drive output section with FOC is impractical. The presence
of filters with adapted cut-off frequency in the compensator compared to a fixed frequency
leads to:

e Increase in drive efficiency.

e  Decrease in torque ripple factor both in stable mode (Table 6) and during motor
acceleration.

e  Decrease in THD.

e  Decrease in convergence time both for stable mode and for motor acceleration.

Table 6. Comparative performance analysis of traction drive systems equipped with reactive power
compensators under different control strategy implementations.

Parameter
. Convergence Time
Control Strategy THD, % Torque Ripple for Stagble Mode
Factor ky, % t
conv_sts S
Adaptive filtering methods
LSM 10.07 15.96 1.27
NLSM 16.11 28.62 1.14
LLSM 10.66 15.37 1.12
Kalman filter 9.62 11.81 0.93
Wiener filter 0.38 0.04 0.62
Higher harmonic damping algorithm
With a Butterworth filter 1.42 0.3 0.186
With a Chebyshev Type I filter 1.38 0.15 0.175
With a Chebyshev Type II filter 147 0.151 0.172
With a Bessel filter 143 0.157 0.539
With an elliptic filter 1.39 0.145 0.15

In this paper, we assumed that the load for the traction drive is a constant static
moment. Moreover, this moment was determined without considering the weight of the
locomotive, the weight of the train, and the profile of the track section. Additionally, the
operational factors that cause stochastic changes in the voltage in the DC link and the load
on the motor shaft were not considered. The authors acknowledge that when considering
operational factors, the parameters of the traction drive with the compensator calculated in
this study will undergo quantitative changes. The purpose of this study was to provide a
methodology for assessing the effect of filters with different types of approximations on the
efficiency of the compensator in the traction drive system and to choose the optimal technical
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solution when synthesizing compensation circuits. The assessment of the effect of the filters
with different approximation types on the efficiency of the compensator in a traction drive
system with due consideration of operational factors, is a topic for further studies.

4. Discussion

The traction drive system represents a distinct class of automated electric drives. This
distinction is determined by several factors:

1.  In contrast to most industrial electric drive systems, traction drives operate under condi-
tions where the traction motor may function at frequencies exceeding its nominal value.

2. Traction drives are continuously subjected to non-steady-state operating modes caused
by various operational factors.

The aforementioned factors complicate the design and implementation of reactive
power compensators in traction drive systems. Moreover, conducting experimental studies
on real traction drives is highly energy intensive. Therefore, simulation-based modeling is
considered a more practical and efficient approach for conducting such investigations.

The analysis of the obtained results under steady-state conditions at the nominal
supply frequency of the asynchronous motor (Tables 3-5), as well as at frequencies below
and above nominal, has shown that using filters with an adaptive cut-off frequency in
the compensator control scheme within an FOC system enhances both efficiency (1) and
THD. Furthermore, implementing Butterworth filters, Chebyshev Type I and II filters, and
elliptic filters in the compensator control structure contributes to a reduction in torque
ripple and convergence time under both steady-state and transient operating modes of
the traction drive.

At nominal and sub-nominal supply frequencies, these improvements also apply to
Bessel filters. However, at super-nominal frequencies, the traction drive operation with
Bessel-filter-based compensator control becomes unstable, indicating a limitation of this
filter type under such conditions.

The comparison results of the performance indicators of the traction drive equipped
with a reactive power compensator—based on the implementation of the higher-order
harmonic damping algorithm of the supply voltage—with those of the traction drive using
adaptive control algorithms [28] are presented in Table 6.

The analysis of the results presented in Table 6 indicates that the best performance
parameters among the adaptive filtering methods are achieved using the Wiener filter.
In contrast, within the framework of the harmonic damping strategy, the most effective
control performance is observed with the implementation of an elliptic filter. A comparison
of these two control strategies shows that the Wiener adaptive filter provides superior
outcomes in terms of THD and torque ripple coefficient. On the other hand, the harmonic
damping algorithm employing an elliptic filter results in a shorter convergence time under
steady-state operating conditions.

The application of adaptive filtering for harmonic compensation under non-steady-
state operating conditions becomes significantly more complex. This complexity arises from
the fact that obtaining reference current signals, which is essential for adaptive filtering, is a
non-trivial task requiring considerable computation time. Consequently, this increases the
convergence time of the algorithms, which is a critical limitation in traction drive systems.
This drawback is not present in the case of implementing a harmonic damping algorithm,
as the reference voltage signals are synthesized by the FOC system.

5. Conclusions

The analysis revealed that compensating higher-order harmonics in the traction drive
system is more effective in the time domain than in the frequency domain. This study
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substantiates the choice of a control strategy for the compensator, which is based on
damping higher-order harmonics in the phase supply voltage of the asynchronous traction
motor. A connection scheme for integrating the compensator into the power circuits of
the traction drive is proposed, along with the structural diagram of the compensator
control system.

An algorithm for synthesizing reference voltage signals is also proposed, based on the
use of FOC signals. This approach reduces the implementation time of the control system
algorithm and, consequently, improves convergence. As a result, the compensator can be
effectively used under both steady-state and non-steady-state operating conditions of the
traction drive system.

A generalized structure of the transfer functions for filters was developed, enabling dy-
namic adaptation of the cut-off frequency in response to variations in the supply frequency
of the asynchronous motor, without the need to modify the filter structure itself. This is
a critical factor for improving the performance of the compensator at supply frequencies
different from the nominal value. A simulation model of the traction motor with FOC was
developed using MATLAB18b software.

A novel method for determining convergence was proposed—defined as the time at
which the magnitudes of the spatial vectors of the stator currents in the studied circuit
match those in a reference system powered by a sinusoidal voltage source. This approach
simplifies the procedure and increases the accuracy of convergence time estimation.

Based on the simulation results, the following performance metrics were calculated:
torque ripple coefficient, efficiency of the output section of the traction drive, THD, and
convergence time.

The analysis of the results obtained at the nominal supply frequency of the asyn-
chronous motor, as well as at frequencies below and above nominal, demonstrated that the
use of filters with an adaptive cut-off frequency in the compensator control scheme leads to
improved efficiency, reduced THD, and lower torque ripple coefficient. The THD value
did not exceed 2% in any of the cases, while the torque ripple coefficient remained at 0.3%
under steady-state operating conditions.

The analysis of the traction drive performance indicators with a reactive power com-
pensator revealed that the most effective solution is the implementation of an elliptic
filter in the compensator control scheme. The control scheme incorporating the elliptic
filter demonstrated the highest efficiency and superior convergence compared to schemes
utilizing other types of filters.

A logical continuation of this research involves efforts aimed at improving the energy
efficiency of traction drive systems for electric rolling stock equipped with alternative
types of traction motors—such as permanent magnet synchronous motors (PMSMs)—
and controlled by different strategies, including direct torque control (DTC). Moreover,
the findings of this study may be applied to enhance the effectiveness of other reactive
power compensation methods, such as the modified d—q method, instantaneous reactive
power control in p—q coordinates, and instantaneous reactive power control in extended
p—q-t coordinates.
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Appendix A
Appendix A.1. Butterworth Filter

Since filter order n = 5, i.e., is an odd number, the transfer function of the normalized
Butterworth filter is written as follows [38]:

1 (n—1)/2 1
H(s) = . Al
(s) s+1 g s+ (2-sinfy)-s +1 (A
In Equation (10), 0y is determined as follows:
0, =21ln k=1,2,...,n/2 (A2)
For the fifth-order filter (n = 5), we get:
1 1 1
H(s) = . . A3
(8 = 1 905095 +1 08095 1 (A3)
After transformations, we get:
1
H(s) (A4)

T S+ 211854 +3.368-5% +3.368-52 + 2.118'5 1 1

Filter scaling is performed as follows. When transitioning from a normalized fil-
ter to a high-pass filter, the variable s in Equation (A4) should be replaced with the
corresponding expression:

s “’;“t (A5)

where wyt is the high-pass filter cut-off frequency.
The amplitude—frequency response (AFR) of the filter was determined as follows:

H(jw)| = y/(Re(w))? + (Im(w))? (A6)

where Re(w) and Im(w) are real and fictitious parts of the normalized Butterworth filter
transfer function.

The AFR of the Butterworth high-pass filter is shown in Figure A4a.

As can be seen from Figure 8, the AFR of the Butterworth high-pass filter has a smooth
character in both the passband and the stopband.

Appendix A.2. Direct Chebyshev Filter

The transfer function of a normalized direct Chebyshev filter is written as follows [38]:

(A7)

where:
Sk = Ok + jwk (A8)
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ox = —sh [1-arcsh(1>} -sin (Zk —1 -71) (A9)
n € 2:n
1 1 2k—1

wy = ch [narcsh (5)} 'cos( o -7t> (A10)

In Equations (A9) and (A10), parameter ¢ is an oscillation parameter that characterizes

the maximum relative attenuation Amax in the passband and is determined in accordance
with the expression:
£ = 10(Amax/10) — 1 (All)

Taking Amax = 0.1 dB, we obtained the oscillation parameter € = 0.15262. The results
of calculating the transfer function parameters of the normalized direct Chebyshev filter
are summarized in Table Al.

Table Al. Calculation results of the parameters of the transfer function for the normalized direct

Chebyshev filter.
k Ok Wiy sk=0k+j-wk
1 —0.167 1.08 —0.167 +-1.08
2 —0.436 0.668 —0.436 +-0.668
3 —0.539 0 —0.539
4 —0.436 —0.668 —0.436 — j-0.668
5 —0.167 —1.08 —0.167 —j-1.08

The filter gain was determined as follows:
n
K=T](of+a) =041 (A12)
k=1

After substituting the obtained values of the transfer function parameters of the
normalized direct Chebyshev filter (Table A1) into Equation (A7), we obtain:

0.41
H =
(s) s® 4 1.745-s* 4+ 2.772-s3 4+ 2.398-s% + 1.423-s + 0.41

(A13)

Filter scaling is performed by substituting Equation (A5) into Equation (A13). The
expression for calculating the frequency response of the direct Chebyshev filter of high
frequencies is obtained in accordance with Equation (A7). The AFR of the direct Chebyshev
high-pass filter is shown in Figure Alb. As can be seen in Figure Alb, the AFR of the
direct high-pass Chebyshev filter has a smooth character in the stopband, and there are
oscillations in the passband.

Appendix A.3. Inverse Chebyshev Filter

To obtain the transfer function of the inverse Chebyshev high-pass filter, the transfer
function of the direct Chebyshev low-pass filter should be subtracted from unity [38]. In
other words, the algorithm for obtaining the transfer function of the inverse Chebyshev
high-pass filter is as follows:

1. In the transfer function of the normalized inverse Chebyshev low-pass filter, tran-
sition to the given cut-off frequency is performed by substituting the value into
the following:

(A14)

Wecut
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2. The resulting expression is subtracted from 1 to obtain the transfer function of the
high-pass inverse Chebyshev filter.

The AFR of the inverse Chebyshev high-pass filter is obtained according to Equation (15).
The AFR of the inverse Chebyshev high-pass filter is shown in Figure Alc.

As can be seen from Figure Alc, the AFR of the inverse Chebyshev high-pass filter has
a smooth character in the passband, and there are oscillations in the stopband.

Appendix A.4. Bessel Filter

The transfer function of the normalized Bessel filter is written as follows [39]:

H(s) = (A15)

where By, (s) is the n-th order Bessel polynomial.
Knowing that the Bessel polynomials for n = 1 and n = 2 are as follows:

Bi(s) =s+1; Bo(s)=s*+35+3 (A16)

The n-th order Bessel polynomial can be found using the following recurrence equation:

Bn(s) = (2n —1)By_1(s) + > Ba_2(s) (A17)
For a filter with n = 5, the Bessel polynomial is written as follows:

Bs(s) = s° + 15-s* 4-105-s% 4 420-s% + 945-5 4- 945 (A18)

The transfer function of the normalized Bessel filter of order n = 5 is written as follows:

1
H(S) = 51557 1 10599 1 42052 1 945.5 1 945

(A19)

The filter scaling is performed by substituting Equation (A5) into Equation (A19). The
expression for calculating the AFR of high-pass Bessel filter is obtained in accordance with
Equation (A16). The AFR of high-pass Bessel filter is shown in Figure Ald.

As can be seen from Figure Ald, the AFR of high-pass Bessel filter has a smooth
character both in the stopband and in the passband.

Appendix A.5. Elliptic Filter

The initial data for calculating the elliptic filter [38] are cut-off frequency wy, specified
transition band w1, permissible distortion in the passband Ry, and the required suppression
in the stopband Rs. The normalized elliptic low-pass filter was calculated based on the
following corridor of its AFR: wp =1 rad, ws = 1.37 rad, Gp = 0.9772 p.u., G5 = 0.01 p.u.
The parameters of the filter corridor are as follows:

/ ./097722 1=02173; & = /& — 1= /5iz — 1 =99.95; (A20)

=157 = 07299 kg = 2 = 09319753 0.0022

Eg

E‘E

We have checked the filter order compliance with the given AFR corridor of the elliptic
low-pass filter. To achieve this, we first calculate the full and complementary elliptic
integrals using the Landen transform [42]:
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K(k) = K(0.7299) = 1.8829; K(k;) = K(0.0022) = 1.5708;
K (k) = K(V1-K) = K(V1-07299) = 1.8272; (A21)
K/ (k;) = K(ﬁ) = K(\/m) = 7.518
Then, the filter order is as follows:
~ K'(kp)-K(k)  7.518-1.8829 49319 (A22)

"7 Kk)K'(k)  157081.8272

Since it was assumed that all the filters under study in this paper should have n =5

order, the parameters of the elliptic low-pass filter AFR corridor were selected correctly.

The elliptic filter module was recalculated. It was previously assumed that N =2-L + 1,

where L =2, r = 1. In this case:

=0.6

,i=12 w=1=02 uw=

[S71[e8)

The k module is recalculated as follows:

kip = /1 -k = v/1—0.00222 = 0.99999516;
L
kp =K, -TT sn* (u; K (kip), kip) = 0.6725;
i=1

k=./1— kf, = /1 —0.67252 = 0.7401

(A23)

(A24)

(A25)

(A26)

Calculation of the elliptic functions sn was carried out using Landen transforma-

tion [42].
Calculation of filter zeros and poles. Filter zeros were calculated as follows:

. 1 . 1
A7 Nced(u; K(k), k) )0.7401-cd(0.2-K(0.7401), 0.7401)

= §1.3976

. 1 . 1
22 =) ed(uy K(K), k) )0.7401-cd(0.6-K(0.7401), 0.7401)

— 2.0411

Calculation of filter poles. For this purpose, it was pre-calculated:

Lsn1 <]~K(0.0022),0.0022> = 0.2141
n €p 5

0.2173

Filter poles were calculated as follows:

po = j-cd(jvo-K(k), k) = j-cd(j0.2141-K(0.7401),0.7401) = —0.583
p; = j-ed((ug —jvo)-K(k), k) = j-cd((0.2 —j0.2141)- K(0.7401),0.7401) = —0.0887 +j1.0382

p, = j-ed((uz —jvo)K(k),k) = j-cd((0.6 — j0.2141)- K(0.7401),0.7401) = —0.3522 +j0.7616

(A27)

(A28)

(A29)

(A30)

(A31)

(A32)

Transfer characteristics were calculated based on the biquadrate form according to the

following equation:

Gp "Iy (s* — )
O e o) T (2~ s 7 o)

H(s) =

(A33)
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The transfer factor at zero frequency H(0) was determined as follows:

T, (—22)
0) =
O = o) T (o2 1 )

= 18.456 (A34)

where o; = Re(p;) and w; = Im(p;).
Since it was not necessary to calculate the odd-order filter (Gp)l’r , after substituting

Equations (A27), (A28), (A30)-(A32) and (A34) into Equation (A33), we obtained the
transfer function of the normalized elliptic low frequencies filter:

0.123-s* + 0.752-s2 + 1

H(s) = A35
(s) 2.196-s° +3.22-s% +537-83 +4.43-s2 +2.86-s + 1 (A35)

Filter scaling was performed by substituting Equation (A5) into Equation (A35).

The expression for calculating the AFR of high-pass elliptic filter was obtained ac-
cording to Equation (A6). The AFR of high-pass elliptic filter has oscillations in both the
stopband and the passband (Figure Ale).

1 — 1 —_——
508 / 3 08 /
K= K= |
/ |
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Figure Al. Amplitude-frequency characteristics of the filters: Butterworth filter (a); Chebyshev Type
I (b) and Chebyshev Type II (c) filters; Bessel filter (d); and elliptic filter (e).
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Appendix B

Figures A2-A17 show simulation results for a circuit with FOC at the nominal value
of the frequency of the IM supply voltage in stable mode.
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Figure A2. Simulation results for the traction drive output section with FOC without a compensator:
time diagrams of induction motor stator phase currents (a), time diagram of torque (b), time diagram
of motor shaft rotation frequency (c), time diagrams of induction motor stator phase currents in stable
mode (d).
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Figure A3. Simulation results for the case of traction drive output section with FOC in the presence
of a compensator with Butterworth filter with a fixed cut-off frequency: diagram torque (a), diagrams
of induction motor stator phase currents in stable mode (b).
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Figure A4. Simulation results for the case of traction drive output section with FOC in the presence
of a compensator with Butterworth filter with an adapted cut-off frequency: time diagram torque (a),
diagrams of induction motor stator phase currents in stable mode (b).
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Figure A5. Simulation results for the case of traction drive output section with FOC in the presence
of a compensator with a direct Chebyshev filter with a fixed cut-off frequency: diagram torque (a),
time diagrams of induction motor stator phase currents in stable mode (b).
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Figure A6. Simulation results for the case of traction drive output section with FOC in the presence
of a compensator with a direct Chebyshev filter with an adapted cut-off frequency: diagram torque
(a), diagrams of induction motor stator phase currents in stable mode (b).
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Figure A7. Simulation results for the case of traction drive output section with FOC in the presence
of a compensator with inverse Chebyshev filter with a fixed cut-off frequency: diagram torque (a),
diagrams of induction motor stator phase currents in stable mode (b).
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Figure A8. Simulation results for the case of traction drive output section with FOC in the presence
of a compensator with inverse Chebyshev filter with an adapted cut-off frequency: diagram torque
(a), diagrams of induction motor stator phase currents in stable mode (b).
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Figure A9. Simulation results for the case of traction drive output section with FOC in the presence
of a compensator with Bessel filter with a fixed cut-off frequency: diagram of torque (a), diagrams of
induction motor stator phase currents in stable mode (b).
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Figure A10. Simulation results for the case of traction drive output section with FOC in the presence
of a compensator with Bessel filter with an adapted cut-off frequency: diagram of torque (a), diagrams

of induction motor stator phase currents in stable mode (b).
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Figure A11. Simulation results for the case of traction drive output section with FOC in the presence
of a compensator with elliptic filter with a fixed cut-off frequency: diagram of torque (a), diagrams of
induction motor stator phase currents in stable mode (b).
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Figure A12. Simulation results for the case of traction drive output section with FOC in the presence
of a compensator with elliptic filter with an adapted cut-off frequency: diagram torque (a), diagrams

of induction motor stator phase currents in stable mode (b).



Appl. Sci. 2025, 15, 7057

33 of 39

800 800
< <
2]
600 — 600
5 5
E ——Is basis g —Isbasis
2 400 2 400
; ——Is comp o ——Is comp
200 £ 200
2 2
5 3
o3 &
0 ‘ ‘ ‘ 0 ‘ : : ‘
0 2 3 4 5 0 1 2 3 4 5
Time - t [s] Time - t [s]
(@) (b)
Figure A13. Time diagrams of spatial vector amplitudes of stator phase currents of the drive with FOC
and power supply from a sinusoidal voltage system (Is basis) and the drive circuit in the presence of
a compensator (Is comp) with Butterworth filter (nominal mode): at a fixed filter cut-off frequency
(a), at an adapted filter cut-off frequency (b).
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Figure A14. Time diagrams of spatial vector amplitudes of stator phase currents of the drive with FOC
and power supply from a sinusoidal voltage system (Is basis) and the drive circuit in the presence
of a compensator (Is comp) with a direct Chebyshev filter (nominal mode): at a fixed filter cut-off
frequency (a), at an adapted filter cut-off frequency (b).
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Figure A15. Time diagrams of spatial vector amplitudes of stator phase currents of the drive with FOC
and power supply from a sinusoidal voltage system (Is basis) and the drive circuit in the presence of
a compensator (Is comp) with an inverse Chebyshev filter (nominal mode): at a fixed filter cut-off
frequency (a), at an adapted filter cut-off frequency (b).
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Figure A16. Time diagrams of spatial vector amplitudes of stator phase currents of the drive with FOC
and power supply from a sinusoidal voltage system (Is basis) and the drive circuit in the presence of
a compensator (Is comp) with Bessel filter (nominal mode): at a fixed filter cut-off frequency (a), at an
adapted filter cut-off frequency (b).
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Figure A17. Time diagrams of spatial vector amplitudes of stator phase currents of the drive with FOC
and power supply from a sinusoidal voltage system (Is basis) and the drive circuit in the presence of

a compensator (Is comp) with elliptic filter: at a fixed filter cut-off frequency (nominal mode (a), at an
adapted filter cut-off frequency (b).

Appendix C

For the case of the circuit without a compensator, the consumed power was determined
as follows:

P, = Ugly (A36)

where 1 is the value of the consumed current and Uy is the value of the inverter supply
voltage. As mentioned above, Ug = 2645 V.

For the cases of circuits with compensators, the consumed power was determined
based on the following considerations. The power part of the drive with a compensator
consists of the power part without a compensator and the power part of the compensator
itself, which is additional inverter, transformer, and RC-high frequency filters (Figure 1). To
simplify the modeling on the comprehensive model (Figure 6), the inverter was replaced by
three controlled voltage sources. It follows that using the determined value of the consumed
current Iy for cases 2-6, it is possible to calculate the power consumed by the power part of
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the drive P;’ based on Equation (A36) without considering the power consumed by the
inverter of the compensator Pcy, i.e.:

P} =P, = Ug-Ig (A37)

Power losses in TV transformer were determined based on its energy efficiency. The
full rated power of the transformer should be slightly greater than the full rated power of
the traction motor. The full rated power of the traction motor is as follows:

g _ Pnom100 _ 1,200,000-100
oM coseen 0.88:95.5

=1,428,000,V-A (A38)

where Ppom is the rated power of the traction motor (Table 1), cose is the power factor of
the traction motor (Table 1), and 1 is the efficiency factor of the traction motor (Table 1).

A three-phase transformer with a full power of 1600 V-A was selected from the
standard series [43]. The losses in such a transformer should not exceed 1%. In further
calculations of the power consumed by the compensator, the losses in the transformer will
be considered as 1% of the power consumed by the traction motor, i.e.,:

Pyr = 0.01-P} (A39)

To simplify the calculations, the transformation coefficient TV is taken equal to 1
Ky =1).

The power consumed by the inverter is equal to the power losses in the inverter. The
power losses in the inverter can be divided into static and switching losses. Static losses
are power losses caused by the flow of current through the inverter elements. Dynamic
losses depend on the parasitic values of the capacitance and inductance of the p-n junctions
and the rate of increase in the current and voltage in the inverter elements. In this paper,
dynamic losses are neglected, since their magnitude is much smaller than static losses and
switching losses [44].

To account for the static power consumed by the power part of the compensator, the
following considerations were considered:

o  The power part of the compensator is powered by a direct current link, the voltage
which is equal to Ug.

e  The power circuit of the compensator is assembled according to the bridge circuit made
on IGBT modules of the same series as the autonomous voltage inverter (parameters
of the IGBT transistor and the reverse diode are given in Table 2).

The current equal to the phase current of the induction motor will flow through the
open transistor. Since the drive has symmetrical windings and symmetrical inverter arms,
then Igy = I, = Igc = L.

When implementing the algorithm, a mode with a pulse duty cycle was selected (50%
of the time in the pulse period is occupied by the pulse duration, and 50% by the pause).

Static power losses of one IGBT transistor are determined as follows [44]:

Py stat = Uck(on) (Ic, Tj) IS, (A40)

where Ucgon) is the transistor collector-emitter voltage in the open state, Ic is the average
value of the collector current over the period, S = 0.5 is the pulse duty cycle, and Tj = 125 °C
is the transistor temperature.



Appl. Sci. 2025, 15, 7057

36 of 39

Since the current, the collector current of the transistor has a non-sinusoidal shape, its
average value over the period is determined as follows [44]:

1 2.t N
Ic / E Ly -sin(i-w-t)-d(w-t) (A41)

2mJo {5

where ;) is the higher harmonics of the stator phase current, I is the harmonic sequential
number, N = 40 is the number of harmonics, w = 2-7t-f is the fundamental harmonic angular
frequency, and f is the fundamental harmonic frequency.

As can be seen from Equation (A38), the collector-emitter voltage of the transistor
in the open state is a function of the collector current average value (Ic) and transistor
temperature (Tj). The collector-emitter voltage values of a transistor in the conducting state
can be determined based on the average values of the collector current over one period [12].

A static power loss of a single reverse diode is determined as follows [44]:

Pyp_stat = Uyp-lyp-D (A42)

where Uyp is the forward diode voltage and Iyp = Ic is the average value of the forward
diode current over the period.
Power losses when the transistor is switched on [44] are as follows:

PVT_sw(on) = Eon'K'ff (A43)

where Egp is the energy loss for the switching transistor (Table 2), f is the fundamental
frequency value, and K is the number of PWM pulses.
The power loss for switching off the transistor [44] is as follows:

Pyt sw(off) = Eor K-f¢ (A44)

where E,, is the energy loss for switching off the transistor (Table 2).
Total losses in one transistor are as follows:

Pyt = Pyt _stat + Pyt sw(on) T PVT_sw(off) (A45)
The diode recovery power loss is as follows:
PVDfrev = Erev-K-f (A4e6)

where E; is the diode recovery energy loss (Table 2).
Total losses in one diode are as follows:

Pvp = Pvp_stat + PvD _rev (A47)

Since the inverter circuit consists of six IGBTs and six reverse diodes, the total power
loss in the inverter can be determined as follows:

Piny = 6-PyT +6-Pyp (A48)

In order to prevent the DC current components from entering the compensator inverter,
high frequency RC-filters are used in the output section of the drive with a reactive power
compensator (Figure 2). These filters are tuned to a cut-off frequency, which is 10 times
lower than the rotation frequency of the induction motor. In other words, the cut-off
frequency of the filter is equal to frc = 0.1-fnom = 0.1-55.8 = 5.58 Hz. The active resistance of
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the filter resistor R¢ is chosen to be 56 (). Then, the capacitance of the filter capacitor C¢ will
be equal to C¢ = 1/(frc-R¢) = 3200 pF.

Since the high-pass filter will suppress harmonics with frequencies lower than 5.58 Hz,
only the zero harmonic of the current (its DC component) will flow through the filter
resistor Ry. The higher harmonic components of the current will flow through the capacitor
Ct. Then, the power loss in the filter resistor Ry can be determined as follows:

Prp = Ry (A49)

where R = 56 () is the active resistance of the filter resistor and L is the constant
component of the current of the induction motor stator i-th phase.

The power loss in the capacitor is determined by the tangent of the dielectric loss
angle, which is a characteristic of the dielectric used in the capacitor. Since in the dielectrics,
which are used in high-voltage capacitors the dielectric loss angle tends to 90°, the cosine
of this angle tends to zero. Thus, the power loss in the capacitor is so small that it can
be neglected.

Consequently, the total power loss of the compensator can be determined as follows:

Pc = Pyt + Piny + 3-Pg¢ (A50)

Since three high-frequency RC-filters are used in the compensator (one for each phase),
a factor of 3 is used in Equation (A50) before the power losses in the filter resistor.

Then, the power consumed by the output section of the filter can be determined
according to the following equation:

P, =P +Pc (A51)
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