\ energies

Article

Conceptual Basis of Adaptation of a Field-Oriented Control
System for Traction Induction Motors to the Operating
Parameters of a Locomotive

Vaidas LukoSevicius *, Sergey Goolak 2, IThor Derehuz 3, Larysa Neduzha ¢, Artiiras Kersys !

and Vytautas Dzerkelis !

Academic Editor: Federico Barrero

Received: 28 November 2025
Revised: 29 December 2025
Accepted: 5 January 2026
Published: 6 January 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1 Department of Transport Engineering, Faculty of Mechanical Engineering and Design, Kaunas University of
Technology, Studenty Str. 56, 44249 Kaunas, Lithuania; arturas.kersys@ktu.lt (A.K.);
vytautas.dzerkelis@ktu.lt (V.D.)

2 Department of Electromechanics and Rolling Stock of Railways, National Transport University, Mykhailo
Omelyanovich-Pavlenko Str. 2, 01010 Kyiv, Ukraine; s.hulak@ntu.edu.ua

3 Department of Transport Law and Logistics, National Transport University, Mykhailo
Omelyanovich-Pavlenko Str. 2, 01010 Kyiv, Ukraine; dereguz1998@ukr.net

4 Department of Technical Mechanics, Ukrainian State University of Science and Technologies,

Lazaryan Str. 2, 49010 Dnipro, Ukraine; nlorhen@i.ua

* Correspondence: vaidas.lukosevicius@ktu.lt

Abstract

Field-oriented control (FOC) of induction motors (IMs) is used in railway rolling stock. In
such control systems, a fixed frequency of the pulse-width modulation (PWM) inverter is
used, which leads to an increase in power losses in the traction drive. To optimize power
losses in the locomotive traction drive system, it is proposed to adapt the number of PWM
inverter pulses to the frequency of the FOC speed controller, which is proportional to the
locomotive speed. To solve this problem, conceptual foundations for adapting FOC to the
locomotive speed have been developed, the key aspects of which are algorithms for adapt-
ing the PWM inverter frequency, the controller parameters and the parameters of the FOC
speed controller frequency filters. The most significant results of the work are the methods
for adjusting the maximum of the controllers of the basic FOC IM system, the filter struc-
ture and the inverter control scheme, adapted to the locomotive speed. The modeling re-
sults have shown the effectiveness of the proposed technical solutions. The proposed ap-
proach to developing FOC will allow minimizing the consumption of energy resources by
the locomotive in the entire range of changes in its speed.

Keywords: field-oriented control; adaptation; inverter; induction motor; traction drive

1. Introduction

The trend of increasing prices for energy resources imposes strict requirements on
energy consumption [1-4]. One of the largest energy-consuming industries is transport,
in particular, electric transport [5-8]. Therefore, saving electrical energy consumed by
electric transport is an urgent task [9,10]. The largest part of the energy consumed by elec-
tric transport falls on the traction drive (TD). Research analysis shows that the directions
for increasing the TD energy efficiency of electric rolling stock (ERS) are: compensation of
higher current harmonics in TD circuits [11,12], use of on-board energy storage devices
[13-16] and energy-efficient management of the TD system [17-19], implementation of
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intelligent TD control systems [20,21]. When using compensation devices, additional
power elements are introduced into the TD [22-25]. The introduction of on-board energy
storage also requires the introduction of additional power elements into the traction drive
system, such as the storage devices themselves and converters, on which the energy ex-
change system between the storage device and the TD is organized [26-28].

Energy-efficient control, as well as intelligent control systems, do not require the in-
clusion of additional power elements into the TP system when they are implemented. This
is explained by the fact that such algorithms are implemented on existing microprocessor
control systems of TD. However, the implementation of intelligent control systems re-
quires a large amount of a priori data. Induction motors (IM) are most widely used in
modern electric rolling stock (ERS) [29,30]. FOC [31-33], direct torque control (DTC) sys-
tems [34-36] and model predictive control (MPC) method [37-39] are used as ERS control
systems.

Various approaches exist for designing energy-efficient drives with field-oriented
control of induction motors. These approaches are presented in [40] and can be classified
as follows:

e Improvement of the energy efficiency of induction motors.

e Application of energy-efficient control systems for induction motor drives.
e Implementation of energy-efficient operating modes of the drives.

¢ Improvement of operational maintenance practices.

¢  Enhancement of manufacturing technologies.

The factors that directly affect the overall efficiency of induction motor drives are
summarized in Table 1 [30].

Table 1. Factors affecting the overall efficiency of induction motor drives. Reproduced from [30].

Drive Component

Factors Items

Induction motor

Motor design

Slot design, air-gap length, core material, winding design, dimensions and ma-
terials of the stator and rotor, as well as the ventilation and cooling system

Operating conditions

Load type, load percentage relative to full load (FL), operating speed, inverter-
induced harmonics, and total harmonic distortion (THD) of the load current

Environmental conditions Ambient temperature, dust and humidity, mechanical vibrations

Inspection and maintenance Bearing and lubrication condition, winding insulation quality

Inventor

Type of power semiconductor

On-state resistance, switching characteristics, drive requirements

devices
Converter cooling Heat sink design, cooling type (forced air cooling, forced liquid cooling)
Operating conditions Switching frequency, load current, supply voltage
Conventional two-level inverter, multilevel inverter, number of power devices
Hardware topology . .
in novel topologies
Switching strategy Hard switching, soft switching, pulse-width modulation (PWM)
Environmental conditions Electromagnetic interference, ambient temperature, dust and humidity

Since modifications to the motor design, the type of inverter power semiconductor
devices, the inverter hardware topology, and the cooling systems of both the converter
and the motor require substantial capital investment—and operating conditions and
maintenance practices are beyond the scope of this study —improving the overall effi-
ciency of induction motor drives is primarily achieved through the application of energy-
efficient control strategies. In [41], the effectiveness of various control strategies is ana-
lyzed, and their comparative assessment is presented in Figure 1.
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Figure 1. Comparative assessment of the efficiency of various control strategies. Inspired by the data
reported in [30].

An analysis of the data presented in Figure 1 indicates that drives employing FOC
exhibit the lowest torque ripple, reduced THD of the stator current, and superior fault-
tolerance characteristics. In addition, it is reported in [32] that traction drives with FOC
provide better speed regulation performance compared to DTC. This characteristic is par-
ticularly important for the traction drive of a mainline locomotive. Therefore, a traction
drive based on FOC is considered in the subsequent analysis.

In study [42], the following classification of field-oriented control methods for induc-
tion motors is proposed: direct field-oriented control (DFOC) [31,43] and indirect field-
oriented control (IFOC) [44,45].

In drives employing DFOC, the occurrence of resistance deviations leads to an unde-
sirable drop in speed; however, the speed recovers within a very short time interval once
the deviation diminishes. In general, the DFOC method performs poorly when the stator
and rotor resistances increase, due to excessive voltage drops across the stator and rotor
windings. Moreover, an increase in the rotor magnetic flux is caused by the discrepancy
between the calculated flux and the actual flux in the motor, as well as by differences be-
tween the resistance values used in the observer and those of the motor. Unlike DFOC,
IFOC operates reliably and stably in the field-weakening region [42]. Since, in contrast to
DFOC, IFOC demonstrates robust and stable performance under field-weakening condi-
tions, energy-efficient control algorithms are considered specifically for this method of
implementing field-oriented control of induction motors.

An analysis of energy-efficient IFOC algorithms is presented in [46]. The following
algorithms were considered:

¢  Hybrid FOC based on a phase-locked loop (PLL) [46].
e  FOC with an extended Kalman filter (EKF) [47,48].

¢  FOC with a sliding-mode observer (SMO) [49-51].

e  Baseline [FOC.

The results of the comparative analysis of the above algorithms are presented in Ta-
ble 2.

Table 2. Comparative assessment of the efficiency of various control strategies. Reproduced from
[46].

Algorithm

Feature

Hybrid FOC Based on a Phase- FOC with an Extended Kalman FOC with a Sliding-Mode
Locked Loop (PLL) Filter Observer

Baseline IFOC

Rotor magnetic flux
angle estimation

PLL-based, fully integration-free Estimation using a Kalman filter Observer-based estimation

Integration-based slip esti-
mation

Accuracy (steady-

High accuracy (precise PLL tun- Moderately high (depends on Moderate (the algorithm is

Moderate (integration drift)

state) ing) model accuracy) affected by vibrations)
Transient perfor-  Good (hybrid :.sw1tch1ng mecha- Good (adaptive estimation Good (fast observer re- Good (stable method)
mance nism) method) sponse)
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Moderate sensitivity (parameter

Robustness to pa-  sensitivity exists but can be miti-

rameter variations ~ gated through online identifica-
tion)

High (robust to uncertain- Moderately low (sensitive to

Moderate (model-dependent) .
ties) rotor parameters)

Computational ~Moderate (PLL and simple switch- High (computationally inten- Moderately high (nonlinear

complexity ing logic) sive) observer) Low (simple slip calculation)

Moderately high level (re-
quires high-performance
hardware)

Moderate (standard DSP, no sen- High level (requires a high-per-
sors required) formance DSP processor)

Low (a standard digital sig-

Implementation cost ) .
nal processor is sufficient)

An analysis of the results presented in Table 2 indicates that the hybrid PLL-based
FOC algorithm provides high accuracy and favorable transient performance but exhibits
lower robustness to parameter variations than FOC with a sliding-mode observer, as well
as higher computational complexity and implementation cost compared to the baseline
IFOC approach.

Among the factors affecting the efficiency of FOC-based drives, Table 2 identifies the
switching strategy of the inverter power electronic devices. Therefore, in order to develop
an energy-efficient control strategy for a traction drive, an analysis of power losses in its
components is carried out below.

From the analysis of the data in [52,53] power losses in TDs with FOC can be divided
into power losses in TDs and inverters. Power losses in TD are divided into magnetic
power losses in motor steel, thermal power losses in the motor windings, and power
losses from high-frequency harmonics. Power losses in the inverter are divided into con-
stant and switching.

Magnetic power losses in TM steel depend on the following factors [54,55]:

¢ Design parameters and properties of the material from which the corresponding TM
elements are made.

¢  Magnetic flux through the structural elements.

e Supply voltage frequency.

Thermal power losses in TM windings are caused by the flow of current through
them. With increasing current, the amount of heat released by the active resistances of the
TM windings increases. An increase in the amount of heat released by the windings leads
to an increase in temperature and, as a result, to an increase in the active resistances of the
windings. This leads to an increase in power losses in the TM windings [56,57].

In systems with FOC, a pulse-width modulation (PWM) algorithm is implemented
to control the inverter. THD of the TD stator phase currents depends on the frequency of
the PWM pulses. The higher the frequency of the PWM pulses, the lower the THD value
[31-33]. Reducing the THD value leads to a decrease in power losses in the traction motor
from high-frequency current harmonics and a decrease in the torque ripple coefficient on
the motor shaft, which leads to an improvement in the reliability indicators of the me-
chanical part of the TD [58]. But in TD systems, powerful IGBT modules are used as power
switches of the inverter, the maximum switching frequency of which, according to the
data of the manufacturers, is limited to a frequency of 1 kHz [59,60]. While in general
industrial drives this value is within several tens of kHz.

The current flowing through the IGBT and the voltage drop across them cause con-
stant power losses in the inverter. The magnitude of the switching energy losses in the
IGBT depends on the values in unstable modes of the currents flowing through the insu-
lated gate bipolar transistor (IGBT), the voltage drops across them and the switching fre-
quency [59,60]. Moreover, the magnitude of the switching energy losses is directly pro-
portional to the value of the switching frequency (PWM pulse frequency). In FOC synthe-
sis [61,62], the frequency of the inverter PWM pulses is assumed to be constant. And the
parameters of such FOC controllers as current, flux linkage and speed are functions of this
frequency.
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From the analysis of the time diagrams of torque and phase currents of the TM stator
[31-33] it is seen that THD and the torque ripple coefficient depend on the frequency of
the TM supply voltage, with its increase these parameters increase. This fact is explained
by the fact that at a lower frequency of the supply voltage the period of the stator phase
currents is larger, and it is filled with a larger number of PWM pulses. With an increase in
the frequency of the supply voltage, the period of the stator phase currents decreases and,
as a result, the corresponding number of PWM pulses decreases. Therefore, when the TD
supply voltage frequency decreases due to a larger number of PWM pulses, the THD
value decreases and, as a result, losses from high-frequency harmonics of the stator phase
currents decrease. The PWM pulse frequency remains constant and, as a result, the switch-
ing energy losses in the inverter may be overestimated. Thus, optimizing the choice of
PWM pulse frequency to reduce power losses is a relevant task.

The objective of this study is to develop a concept for improving the energy efficiency
of the traction drive through the adaptation of the field-oriented control system to the
locomotive operating speed.

To achieve the stated objective, the following research contributions were made:

e  The selection of tuning methods for maximizing the performance of the controllers
in the baseline field-oriented control (FOC) system of the induction motor was sub-
stantiated.

e  Analytical relationships were derived, and the parameters of the controllers and fil-
ters for the current, flux linkage, and speed control loops of the baseline FOC IM were
calculated.

e  Asaresult of simulation modeling, the transient responses of each control loop were
obtained, on the basis of which the performance indices of the transient processes
were evaluated.

e  Methods for adapting the parameters of the controllers and filters of the baseline FOC
induction motor system to the locomotive operating speed were proposed.

e A control scheme for the inverter was proposed, enabling the adaptation of the con-
troller parameters of the baseline field-oriented control (FOC) induction motor sys-
tem to the locomotive operating speed.

e Afilter structure was developed, allowing the parameters of the filters in the baseline
FOC induction motor system to be adapted to the locomotive operating speed.

e Based on a comparative analysis of the simulation results of the baseline and adap-
tive FOC induction motor systems, the effectiveness of the proposed technical solu-
tions was demonstrated.

The article is organized as follows: Section 2—selection of the object of study. Section
3 is devoted to the development of a simulation model of the basic FOC scheme. Section
4 reports on the simulation model of the FOC scheme, the parameters of which are
adapted to the speed of the locomotive. Section 5 presents the simulation results and dis-
cussion. Section 6 summarizes the results.

2. Selection of the Research Object
When conducting the research, the following methods can be employed:

¢  Performing investigations directly on the traction drive of electric rolling stock.

e Applying scaling approaches, i.e.,, conducting studies on drives equipped with
lower-power motors.

¢  Simulation-based modeling.

Conducting research directly on the traction drive of electric rolling stock requires
substantial capital investment. In addition, the present study addresses only the concep-
tual foundations of adapting the field-oriented control system of traction induction
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motors to the operational parameters of the locomotive. Implementing the necessary mod-
ifications to the control system on a locomotive in active service also requires appropriate
certification.

The application of scaling approaches would be inappropriate. This is because, un-
like industrial induction motors, traction induction motors operate under magnetic satu-
ration conditions; that is, their magnetic systems exhibit nonlinear behavior. At present, a
validated methodology for transitioning from a linear magnetic system to a nonlinear one
has not yet been established. Consequently, results obtained from industrial induction
motors with linear magnetic systems cannot be reliably transferred to traction induction
motors.

For these reasons, the authors decided to conduct the study using simulation-based
modeling. This approach makes it possible to develop an induction motor model that ac-
counts for magnetic circuit saturation and to construct a field-oriented control system
whose parameters are adapted to the magnetic saturation characteristics of the induction
motor.

Therefore, it was carried out using simulation modeling on the example of a mainline
electric locomotive of the DS3 series [63-65]. The object of research is its TD. The electric
locomotive uses the IM of the STA 1200 series as TM, the parameters of which are given
in Table 3 [66].

Table 3. Parameters of an induction motor. Adapted from [66].

Parameter Designation Value
Nominal value of stator phase voltage, V Usnom 1080
Nominal power, W Puom 1,200,000
Nominal value of stator phase current, A Lsnom 428.3
Nominal frequency of stator supply voltage, Hz fonom 55.8
Number of pole pairs, r.u. p 3
Active resistance of stator winding, Q Rs 0.0226
Active resistance of rotor winding, reduced to stator winding, () Ry 0.0261
Dissipation inductance of stator winding, H Los 0.00065
Dissipation inductance of rotor winding, reduced to stator, H L'or 0.00045
Inductance of magnetizing circuit, H Ly 0.019436
Moment of inertia, kg m? ] 39
Efficiency, % n 95.5
Rated rotational speed, rpm 1 1110
Power factor, r.u. ky 0.88

Other IM parameters required for developing a TD simulation model are calculated
below.

3. Development of a Simulation Model of the Basic FOC Scheme
3.1. Selection of the Basic FOC Scheme

When developing the simulation model, several assumptions were made about the
absence of:
e  Thermal power losses in the TM.

e  Power losses from higher current harmonics in the TM.
e  Switching power losses in the inverter.

Also, the disturbances acting on the TD caused by changes in train dynamics [67-70]
and disturbances caused by noise in IGBT modules [71-74] were not considered. When
developing the simulation model, the nominal static moment served as the TD load, which
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was given in the form of a function Tc = 1(t — faa), where taa is the time of switching on
the speed controller. In other words, when creating the TD simulation model, a load
model was not developed, which is a function of the weight and movement of the train,
the parameters of the track section, etc. [75].

Due to the limitations in mass and dimensions, IMs are designed to operate in the
saturation mode. In [75], a simulation model of the output part of the TD with FOC is
presented, in which the structural elements of the FOC are designed considering the IM
saturation (Figure 2). That is why it was chosen as the basic scheme. Based on this block
diagram, a simulation model of the baseline FOC scheme was developed; after introduc-
ing minor structural modifications, a speed-adaptive FOC scheme was also implemented.

.
Setting the -
value ff the P Flux i:“el Xoaxis o, -
*|'| linkage » current | ¥ U
rotor flux | ¥r| | ¢ontrol- d
linkage N —»| control T ,T
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Figure 2. Structural scheme of FOC with induction TD. Adapted from [75].

The simulation model of an induction TM in [75] is made in three-phase coordinates,
the conceptual principles of its construction were given in [76], and the implementation
considering magnetic losses in steel [77]. They were considered by creating an additional
static moment on the shaft of an induction motor. As shown in [54], this approach is not
entirely correct and it is proposed to consider magnetic losses in the IM steel [78-80] by
introducing additional electromotive forces into the stator and rotor circuits, which simu-
late the specified losses. Therefore, in this work, the IM simulation model [77] is taken as
a basis.

3.2. The Model of Traffic on the Railway Section

To calculate the parameters and set the controllers of the basic FOC scheme, the struc-
tural scheme of this system [81] was used, which is depicted in the transfer functions of
the elements (Figure 3). To determine the parameters of the controllers, several auxiliary
IM parameters were calculated. Since the simulation model of the FOC scheme is made in
relative units, a system of basic quantities was calculated (Table 3).

https://doi.org/10.3390/en19020298
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Figure 3. Structural diagram of TD with FOC in transfer functions. Adapted from [81].

3.2.1. Calculation of Current Controller Parameters

The structural diagram of the TM with FOC consists of a flux-linkage control loop
and an angular velocity control loop (Figure 3). Each of these loops includes a current
control loop—a current control loop along the x axis to the flux-linkage control loop, and
a current control loop along the y axis to the velocity control loop. In accordance with
Figure 3, the current control loop diagram has the form (Figure 4).

i
e k/b 7 : 1
- T/l ss+1
Filterl
i : ,
sx_set Alb“, Pl uu> KI sy | l/ R l:x
T,-s+1 T s+1
Current Pl Transfer Fcn Transfer Fcn
Controller Inverter Current

Figure 4. Current control loop in the TD with FOC.

The current loop (Figure 4) contains an ideal inverter with a transfer function:

W (s) = —2 1
A (1)
where the inverter gain Kiis defined as:
U V2-U
K = = = = 15271, @
Ucmax Ucmax

In Equation (2) Uswom = 1080 V is the modulus of the space vector of the stator phase
voltage (Table 4); Ucmax =1V is the maximum inverter control voltage.
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Table 4. Calculation of auxiliary IM parameters. Adapted from [67].

Basic Vales

Parameter Formula Value
Voltage, V Ub = \2-Usiom 1527.4
Current, A Is = V2 Isnom 605.7
Frequency, 1/s Qb = 210 fsnom 350.6
Resistance, Q) Zv = U/ 2.5216
Inductance, H Lo = Us/(Ir-Cv) 0.0072
Flux, Wb Wy = U/ 4.3564
Torque, N m To = (3-p-Un-Iv)/(2-Q) 11,874
Relative values
Resistance of the stator winding, r.u. rs = Rs/Zb 0.0094
Resistance of the rotor winding, r.u. r'r=R"1/Zb 0.0109
Inductive resistance of the stator winding, r.u. Xs = (Los* Q) / Zb 0.095
Inductive resistance of the rotor winding, reduced to the stator winding, r.u. x'r = (L'orQ)/ Zb 0.0657
Inductive resistance of the magnetizing circuit, r.u. xXu = (Lp-Qw)/Zv 2.702
Time constant of the mechanical part, r.u. *n = (J-(Qw)?)/To 403.7375
Rotor circuit coefficient, r.u. kr = xu/(xs + xu) 0.9774
Equivalent resistance of the winding, r.u. r="1rs+1'rk% 0.0198
Equivalent inductive resistance of the winding, r.u. X's = xs + xp — 220/ (xs + xp) 0.1515
Rotor circuit time constant, r.u. = (x"r + xp)/7'r 267.0967
Stator circuit time constant, r.u. T =x's/R 8.0386
The inverter time constant is defined as:
1 1
T, = 0.000448, s 3)

2-fi 2N foom
where faom = 55.8 Hz is the nominal frequency of the stator supply voltage; N = 20 the
number of PWM pulses.
The inverter load is represented by the equivalent resistance of the stator winding R
and the time constant Ts. The equivalent resistance of the stator winding in absolute units
is calculated as:

R=r-Z,=0.0475Q 4)

where r=0.0188 r.u. the equivalent resistance of the stator winding in relative units (Table
5); Zv=2.5216 Q) is the base active resistance (Table 5).
Equivalent time constant:

Ts*r
T, = — = 0.0229,s (5)
Qp
where T¢' =8.0386 r.u. is the equivalent time constant in relative units (Table 5); (s =350.6
1/s is the base frequency (Table 5).
Load transfer function (stator winding circuit):

1/R
Ws(s) = m (6)
Filter transfer function Filtr1:
Wi () = —
L @

where Tn =0.1-Tr=0.1-0.000448 = 0.0000448 s, the filter time constant. The current feedback
coefficient is defined as:

_ Lesmax

Kepr =

= 0.0017,r.u. (8)

https://doi.org/10.3390/en19020298
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where Isma =1, A—maximum value of current in FOC in stable mode; I = 605.7, A—base
value of current (Table 5).

As can be seen from Figure 3, the open circuit of the current control loop contains
two aperiodic links—inverter and stator winding circuit. Moreover, the time constant of
the stator winding Ts is greater than the time constant of the inverter T: (Ts = 0.0229 s > Ti
=0.000448 s). For such circuits, the calculation of the controller parameters is most expe-
dient to perform by the Absolute Value Optimum (AVO) method [82,83]. In accordance
with this method, it is recommended to use a proportional-integral controller with a trans-
fer function of the form:

1+T;, s
Weoner (8) = keoner - le—lzs )
where keontr gain coefficient of the proportional part of the controller; Ti: the isodrome time
equal to the large time constant, i.e., Tiz = Ts.
For the current controller, the gain of the proportional part of the controller is defined
as:

Keomtrpt = ——— = 0.4385,0
contrPl — ay - Tul . KI . kbe - ’ (10)
where ax = 2 the optimization coefficient according to the absolute optimum method; Ts =
Tiz1 = 0.0229 s, the large time constant equal to the isodrome time Tiz1 = Ts;
Tw = Ti+ Tp = 0.000448 + 0.0000448 = 0.00049283 s, the equivalent small time constant of
the current loop.
For the current controller, the gain of the integral part of the controller is defined as:

contrPl

k Q
kcontTiI = T = 19.1239,; (11)

N

A simulation model was developed in the MATLAB 2020b software environment for
the current regulation loop scheme in the TD with FOC (Figure 3). On it, under the condi-
tion of a stepwise control influence, the transient characteristic of the current regulation
loop was obtained (Figure 5).

Stator phase current - Is |

0 ‘ ‘ ‘ ‘ . ‘
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time - t [s]

Figure 5. Transient characteristic of the current control loop.

3.2.2. Calculation of the Parameters of the Flux Linkage Controller

Considering the above optimized current loop, the structural diagram of the flux
linkage loop (Figure 3) has the form (Figure 6).

https://doi.org/10.3390/en19020298
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Figure 6. Structural diagram of the flux linkage loop.

The flux linkage loop contains an equivalent subordinate current loop, the transfer
function of which has the form:

1/kspi
S 12
We(s) = =1 (12)
where Tc = ar Ty = 2:0.00049283 = 0.000986 s, the equivalent time constant of the current
loop.
The transfer function of the flux linkage block has the form:
ky Ry - T,
Ww(s) - T, s+1 (13)
where T: = T*/Qp = 267.0967/350.6 = 0.7618 the rotor circle time constant in s.
The transfer function of filter Filtr2 has the form:
Weals) =
r2ts S Tppcs+1 (14
where Tp = Tr = 0.000448 s, the time constant of filter 2.
The feedback coefficient for the flux linkage is calculated as:
k _ l'I'[CSTYHJ.X _ 0 2295
oy = =0. ,r.u. (15)

As can be seen from Figure 6, the open circuit of the current control loop contains
two aperiodic links —the transfer function of the equivalent subordinate current loop and
the flux linkage transfer function. Moreover, the flux linkage time constant (rotor circle
time constant) Tr is greater than the equivalent current loop constant Tc (Tr=0.7618 s > Tc
=0.000986 s). For such circuits, the calculation of the controller parameters is most expe-
diently performed by the absolute value optimum (AVO) method [82,83]. In accordance
with this method, it is recommended to use a proportional-integral controller, the transfer
function of which is described by Expression (9).

The gain coefficient of the proportional part of the flux linkage controller is defined
as:

G Tz Ky R Tpokppy Qs

kCOTltT‘PlIJ =

where ar = 2 optimization coefficient by the absolute value optimum method; T = T*/( =
Tiz=0.7618 s—a large time constant equal to the time of the isodrome Ti2; Tye=Tc+ Tp =
0.000986 + 0.000448 = 0.0014 s, the equivalent small-time constant of the flux linkage.

The gain coefficient of the integral part of the flux linkage controller is defined as:

kcontrPllJ _

1
kcontnlll = T— = 129.0708,@ (17)

r

For the scheme of the flux linkage control loop in the TD with FOC (Figure 6), a sim-
ulation model was developed in the MATLAB 2020b software environment, on which,

https://doi.org/10.3390/en19020298



Energies 2026, 19, 298 12 of 36

under the condition of a stepwise control effect, the transient characteristic of the flux
linkage control loop was obtained (Figure 7).

Flux linkage - Psi [Wb]

0 . . . . . J
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time - t [s]

Figure 7. Transient characteristic of the flux linkage control loop.

Considering the current loop, the calculated speed loop diagram (Figure 3) has the

form (Figure 8).
I,
Ao, by o i,
o 1ol 1 gl o [l Ve [ ] N
- Ty, s+l T.-s+1 >3
Filter3.1 Speed PI Transfer Fcn Gain Te

Controller Current J—

Tc

1
»i
s+

» &
o [€ T,

Filter3.2

Figure 8. Structural diagram of the speed loop.

The speed loop contains an equivalent subordinate current loop with a transfer func-
tion:

1/k
We(s) = T s+1 ALl

e s+ 1 (18)

where Tc = ar-Tw1 = 2-0.00049283 = 0.000986 s, the equivalent constant of the current loop.
The magnetic flux is represented by the nominal value Y| = Yuom = Usnom/cwnom =
(30-1527)/(3-1t:1110) = (30-p- Usnom)/ (Tt 1nom) = 4.3799 Wh.
The gain of the torque block is calculated as:

3
Kz, = E P kr ) Nh‘xl = 19.2636, Wb (19)

e

The transfer function of the filter Filtr32 has the form:

1

Tf3.2 S+ 1 (20)

W3 ,(s) =
where Tp.2 = Tpp = 0.000448 s, the time constant of the filter 3.2 (Figure 8).
The transfer function of the IM is represented by an integrating element with a time
constant Tt =1 s and a gain of K =1/] =1/39 = 0.0256.
The speed feedback coefficient is:
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WOemax P Ocmax
ko = 2 = P = 00086, 21)

where wr_t = 1, rad/s the value of the output signal of the angular velocity controller in a
stable mode; (2» = 350.6, rad/s the basic value of the flux linkage (Table 5); p =3 the number
of pole pairs (Table 4).

As can be seen from Figure 8, the open circuit speed control circuit contains two
links—aperiodic and integral. The aperiodic link is the transfer function of the equivalent
subordinate current loop, and the integral link is the transfer function of the motor. More-
over, the motor time constant Ti is greater than the equivalent current loop constant Tc
(Tt =1 s> Tc=10.000986 s). For such circuits, the calculation of the controller parameters
is most expediently performed by the symmetrical optimum (SO) method [84,85]. In ac-
cordance with this method, it is recommended to use a proportional-integral controller,
the transfer function of which has the form (9).

The gain coefficient of the proportional part of the speed controller is determined in
accordance with the equation:

Tine ~ kspr -]
ag - Tu3 "Te - kfbu)

= 135.2615 (22)

keontrpe =

where Tys = Tc + Tp.2 = 0.000986 + 0.000448 = 0.0014 s, the small-time constant of the speed
loop.

The equivalent time constant of the optimized speed loop (the time of the speed con-
troller isodrome) is determined as:

Tizs = by * @i - Tys = 0.0057,s (23)

where bx = 2 the optimization coefficient by the symmetric optimum method.
The gain coefficient of the integral part of the speed controller is determined as:

Keontrio = —k“;i‘"”‘” = 23755 (24)
iz3
Transient processes in the symmetric optimum optimized loop are characterized by
large overshoot and oscillation. Their cause is the forcing link in the numerator of the
controller transfer function. Compensation of the forcing effect is achieved by installing
an inertial link (filter) Filtr31 with a transfer function in the task channel:

1 _ 1
Tf3.1's+1_Tiz3'S+1

Wr31(s) = (25)

For the speed control circuit scheme in the TD with FOC (Figure 8), a simulation
model was developed in the MATLAB 2020b software environment, on which, under the
condition of a stepped control influence, the transient characteristic of the speed control
circuit was obtained (Figure 9).

140

00

80

60

Speed - w [rad/s]

40

20

ol L . . i
0 0.005 0.0l 0.015 0.02 0.025 0.03 0.035 0.04
Time - t [s]

Figure 9. Transient characteristic of the speed control loop.
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3.2.3. Calculation of the Quality Indicators of the Operation of the Control Loops

The quality indicators of the operation of the circuits when working out the stepped
control influence are as follows:

e Overshoot.

e Time of the first entry into the 5% zone.

e  Time of the unstable mode.

e  Error in determining the controlled value in the stable mode.

The overshoot of the automatic control system is determined in accordance with the
expression:

Xmax - Xstab

Oy = -100% (26)

Xstab
where Xua the maximum value of the controlled value; Xstv the value of the controlled
variable in the stable mode.

When implementing the AVO method [82,83], the overshoot value should not be
more than 4.32%, and when implementing the SO method [84,85], the overshoot value is
not more than 8.14%. In accordance with the AVO method, the time of the first entry into
the 5% zone is determined as:

£®
contrAvVO

=51-T,, 27)

where Ty« the small-time constant of the corresponding circuit.
In accordance with the SO method, the time of the first entry into the 5% zone is
determined in accordance with the expression:

®

contrSO

=7.0" Ty (28)

For a circuit configured using the AVO method, the time of the unstable mode is
equal to the time of entry into the 5% zone. For a circuit configured using the SO method,
the time of the unstable mode is determined by the formula:

teontr astso = 12.0- Tp.x (29)

From Figure 4, the value of the time of the first entry into the 5% zone is determined,
which was 0.00193 s.
The error in determining the controlled quantity in a stable mode is calculated as:

AX = Xspap — Xset (30)

where Xs: the set value of the controlled parameter; Xst the value of the controlled pa-
rameter in a stable mode.

To calculate the quality indicators of the current control loop from Figure 5, the fol-
lowing parameters are defined: the current value in a stable mode it = 605.7 A; the max-
imum value of the phase current Limx = 631.2 A; the time of the first entry into the 5% zone
t14=0.00193 s.

To calculate the quality indicators of the flux linkage control loop from Figure 7, the
following parameters are defined: the flux linkage value in a stable mode st = 4.356 Wb;
the maximum value of the flux linkage {m = 4.543 Wb; the time of the first entry into the
5% zone t® =0.0092 s.

To calculate the quality indicators of the speed control loop from Figure 9 the follow-
ing parameters are defined: the speed value in the stable mode wstw = 116.9 rpm; the max-
imum speed value wmer=123.5 rpm; the time of the first entry into the 5% zone t.® = 0.0092
s. The results of the calculation of the quality indicators are listed in Table 5.

https://doi.org/10.3390/en19020298



Energies 2026, 19, 298 15 of 36
Table 5. The results of the calculation of the quality indicators of the control loops.
Control Loop
Indicator Current Flux Coupling Speed
Modeling Calculation Modeling Calculation Modeling Calculation
Value in stable

mode Istab = 605.7 [A] - Ustab = 4.356 [WD] - wstab=116.9 [rpm] -
Maximum Value Tsmax = 6312 [A] - q)max = 4543 [Wb] - (Wmax = 1235 [rpm] -

Time of first entry
into the 5% zone t®

tlfmod(s) = 000193 tlicalc(s) = 0002 twimod(s) = 00045 t¢7calc(5): 0004526 twﬁmod(S) = 001417

[s]

[s] [s] [s] [s] to_cald® = 0.0098 [s]

Overshoot

o1=4.21 [%] - oy =4.12[%] - O = 5.65 [%]

Time of unstable
mode

tastlfmud = 000193 tastlicalc = 0002 tastLLLmod = 00045 tast¢7calc = 0004526

[s]

tastw_mud = 00147 S| tastw_cale = 00168 S
[s] s s) ‘ bt bl

Error of determina-
tion of the con-
trolled quantity in
stable mode

In accordance with the AVO and SO methods, the error values of the controlled quan-
tities in the stable mode should be equal to zero. The obtained indicators of the quality of
the current loop operation when testing the stepwise control influence indicate the cor-
rectness of the adjustment of the controllers by the AVO (current loops and flux linkage)
and SO (speed loops) methods.

When modeling FOC, several studies [86,87] use PI controllers with saturation. This
approach allows to reduce the amount of overshoot but increases the time of the unstable
mode in the circuits [88-91]. Since the overshoot in the corresponding circuits does not
exceed the values regulated by the corresponding methods of adjusting the controllers to
the optimum, the use of saturation in them is inappropriate. The diagram of the simula-
tion model of the TD with FOC is given in the next section.

4. Development of the Conceptual Basis for Adapting FOC by Traction
IM to the Operational Parameters of the Locomotive

4.1. Development of the Concept of Adaptation Basics

The proposed concept of adaptation of FOC by traction IM to the operational param-
eters of the locomotive is based on the following aspects:

e  Justification of the need to adapt the FOC operation to the operational parameter of
the locomotive.

e  Selection of the operational parameter of the locomotive to which the FOC operation
is adapted.

o  Justification of the selection of FOC elements and which parameters should be
adapted.

As was noted, the PWM frequency is a constant value. This value is proportional to
the nominal frequency of rotation of the IM shaft. FOC synthesizes supply voltage signals,
the frequency of which is proportional to the specified frequency of rotation of the motor
shaft. Therefore, with a change in the specified frequency of rotation of the motor shaft,
the number of PWM pulses in the supply voltage period changes. At frequencies of rota-
tion of the motor shaft less than the nominal, the number of PWM pulses in the supply
voltage period is greater than at the nominal frequency. This leads to a decrease in the
THD value of the IM stator current and, as a result, to a decrease in the level of higher
harmonic components in its spectrum. This fact will lead to a decrease in power losses in
the IM from higher harmonics of the stator current and to overestimated values of switch-
ing power losses. At IM shaft rotation frequencies higher than the nominal, in the supply
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voltage period the number of PWM pulses is less than at nominal frequency, which leads
to an increase in the THD value of the IM stator current. The consequence of this is an
increase in the level of higher harmonic components in its spectrum, which will lead to an
increase in power losses.

The operation of the FOC is based on the synthesis of IM supply voltage signals. The
frequency of these signals is proportional to the given frequency of rotation of its shaft. It
is proportional to the frequency of rotation of the wheelset, which, in turn, is proportional
to the linear speed of the locomotive. In this regard, the linear speed of the locomotive
was chosen as an adaptation parameter. In FOC, the linear speed of the locomotive is set
by the speed controller. Therefore, the operation of the FOC is adapted to the speed con-
troller signal.

The THD of the phase current system of the IM stator depends on the number of
PWM pulses of the inverter. In this regard, the number of PWM pulses of the inverter is
adapted to the speed controller signal. In addition, the parameters of the gain coefficients
of the current, flux linkage and speed controllers depend on the frequency of the PWM
pulses. The operation of these controllers affects the quality indicators of the FOC. There-
fore, the gain coefficients of the specified controllers are also adapted to the speed control-
ler signal.

4.2. Development of an Inverter Control Scheme, the Operation of Which Is Adapted to the Speed
Change Function Generator Signal

In [34,35], an inverter is used, the basis of the operation of the control scheme of
which is the implementation of PWM. In such schemes, the input parameters are the fre-
quency of the modulated signal and the number of PWM pulses (N). The product of the
frequency of the modulated signal and the number of PWM pulses is called the PWM
frequency, which in these control schemes has a fixed value. Usually, the frequency of the
modulated signal is chosen equal to the nominal frequency of the IM supply voltage (fuom),
and the number of PWM pulses is chosen from the following condition:

N faom < finaxs (31)

where fion the nominal value of the IM supply voltage frequency; fmx the maximum
switching frequency of the IGBT of the inverter; N the number of PWM pulses.

To solve the problem of minimizing the total losses in the FOC of the IM by deter-
mining the balance between the values of losses from higher harmonics in the IM and the
values of switching losses in the inverter, appropriate studies should be conducted. For
this purpose, an inverter control scheme is proposed with adaptation of its operation to
the speed change function generator signal. When constructing it, an approach based on
the analysis of the functional scheme “Inverter with PWM IM” with a fixed PWM fre-
quency (Figure 10) was used, where the following notations were adopted:

e u¥, u*, u*, modulated voltage signals coming from the FOC.

*  ury a reference signal, which is a sawtooth, two-sided, symmetrical voltage with a
modulation frequency that significantly exceeds the frequency of the modulated volt-
age signals.

o Zl, ZIv and Zlv zero-elements that provide a comparison of the modulated voltage
signals with the reference signal. If u*s,,c > urs then the output signals of the zero-
elements f*s,,c > 0 otherwise f*s,1,c < 0.

e  Fuand Fu, Fiv and Fa, Fic and Fac—the shapers of the power switch control signals.
They have mutually inverse relay characteristics and separate the zero-element sig-
nal Z1 by two channels of control of the inverter switches [71]. In addition, small time
delays of switching on the switches are provided. This is necessary to prevent short
circuits of the DC voltage source Us through the power switches of the inverter.
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e  Fui Fa, Fi i Fa, Fic i Fae—discrete output signals from the shapers that control the

switching on of the power switches.

¢  Swuand Swz, Sww and Swa, Swic and Swa—power switches that alternately connect

the motor phase windings to opposite poles of the DC voltage source U..

u*sb

u*sc

Zla

f*a

0
A

fre

HEH

Flc

-
N
r

Figure 10. Functional diagram of the “PWM inverter” with a fixed PWM frequency. Inspired by the

concepts reported in [92].

The mathematical model of the sawtooth voltage generator is shown in Figure 11

[92].

Setting
zero

N
CO—
fnam »
X
>
' g

[

Relay

) 4
@

Uref

Figure 11. Mathematical model of the sawtooth voltage generator. Inspired by the concepts reported

in [92].

The input signals that set the parameters of the output signal urer are the number of

pulses N and the nominal frequency of the IM supply voltage fwn. The signal period is

1/(N-fuom), the signal has four intervals—the signal increases by two and decreases by two.

Therefore, the period of one interval is equal to 1/(4-N-fuom).

As can be seen from Figures 10 and 11, in the circuit, turning to the power supply

frequency of the IM is possible by changing the interval period of the output signal of the

sawtooth voltage generator. The speed change function generator signal w*set is
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presented in relative units. Therefore, adaptation of the inverter operation to a change in
the speed change function generator signal is possible by multiplying the frequency of the
interval change of the output signal of the sawtooth voltage generator by the signal w*set.
Taking this fact into account, the mathematical model of the sawtooth voltage generator
will have the form (Figure 12).

4
w*k
= N
(3) P
from X P l
; s Uref
0 +
>
Setting
zero Relay

Figure 12. Mathematical model of the sawtooth voltage generator with adaptation of its operation

to the speed change function generator signal.

To present the results of the PWM adaptation process, simulation modeling was per-
formed in the MATLAB 2020b software environment for an inverter with both baseline
and adaptive inverter control schemes. For the baseline and adaptive control schemes, the
time-domain signals of the reference voltage (urs) and the inverter output voltage (Uaxs
were obtained from the simulation models. Since asymmetric operating modes of the in-
verter and the induction motor are not considered in this study, it is sufficient to present
the PWM adaptation results for a single phase; the results for the other two phases are
analogous. Accordingly, the signals ur and Uss were analyzed.

The simulations were carried out for three operating cases:

1. Ataspeed 50% lower than the rated speed.
. At the rated speed.
3. Ataspeed 25% higher than the rated speed.

For clarity, the signals ur and Uar were scaled to 1 V and only the positive half-cycle
of the waveforms is presented. The simulation results are shown in Figures 13-15.

1 7 I 7 1
I Uaf

_ 05 S _. 05
s I ™N 2,
> U i >
0 N o 0
g g
3 G
> 05 05

1t -1

2.976 2.978 2.98 2.982 2.984 2.986 2.988 2.99 2.992 2.976 2.978 2.98 2.982 2.984 2.986 2.988 2.99 2.992
Time - t [s] Time - t [s]
(a) (b)

Figure 13. Time-domain waveforms of the reference voltage (i) and inverter output voltage (Uxs)

at a speed 50% lower than the rated value: baseline scheme (a) and adaptive scheme (b).
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Figure 14. Time-domain waveforms of the reference voltage (1) and inverter output voltage (Uay)

at rated speed: baseline scheme (a) and adaptive scheme (b).

Voltage - V [V]
S .
W

\

—

uaref
1 Uaf
6.99 6.991 §.992 6.993 6.994 6.995 6.99 6.991 6.992 6.993 6.994 6.995
Time - t[s] .
Time - t [s]
(@) (b)

Figure 15. Time-domain waveforms of the reference voltage (i) and inverter output voltage (Uxs)

at a speed 25% higher than the rated value: baseline scheme (a) and adaptive scheme (b).

As shown in Figure 13, at a speed 50% lower than the rated value, the number of
PWM pulses per signal half-period for the baseline scheme is greater than that at the rated
speed. Figure 14 demonstrates that, at the rated speed, the number of pulses per half-
period is the same for both the baseline and adaptive schemes. In contrast, Figure 15 indi-
cates that, at a speed 25% higher than the rated value, the number of PWM pulses per half-
period for the baseline scheme is lower than that at the rated speed. At the same time, for
the adaptive scheme, the number of pulses per half-period remains identical for all three
operating cases.

4.3. Adaptation of Controller Parameters to the Speed Setpoint Signal
4.3.1. Adaptation of Current Controller Parameters

From the analysis of Formula (10) it follows that both the proportional and integral
coefficients of the controller in the current loop depend on the PWM frequency. This is
explained by the fact that the equivalent small time constant of the current loop T de-
pends on the PWM frequency, which, in turn, depends on the PWM frequency. Thus, the
equivalent small-time constant of the current loop Ty as a function of the PWM frequency
is defined as:
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1.1

Tyi=—"—"7" 32
- 2N fonom (32)

When adapting the operation of the inverter control circuit to the speed setpoint sig-
nal, the PWM frequency is equal to 2-Nfuom*. After substituting Expression (32) into
Expression (10):

k =2'N'fsnom'(*)7c'Ts'R
contrPl 1.1 - a - Kl . kbe

(33)

When calculating the gain of the integral part of the controller in the current loop,
Expression (33) should be substituted into Expression (11), since the isodrome time Ts =
Tiz1 does not depend on the inverter frequency.

4.3.2. Adaptation of the Parameters of the Flux Linkage Controller

From the analysis of Formula (16), it follows that both the proportional coefficient
and the integral coefficient of the controller in the flux linkage loop depend on the PWM
frequency. This is explained by the fact that the equivalent small-time constant of the flux
linkage loop T2 depends on the PWM frequency, which, in turn, depends on the fre-
quency of the speed controller. Then the equivalent small-time constant of the flux linkage
loop T2 as a function of the PWM frequency is determined in accordance with the expres-
sion:

;o (1 a1

= 34
h2 2:N 'fsnom ( )

Considering that when adapting the operation of the inverter control circuit to the
frequency of the speed change function generator, the PWM frequency will be equal to
2-N-faom-wy,. After substituting Expression (34) into Expression (16):

k _ Z'N']csnom'w;c'Tr'kbe
ComrPY T (11 ap + 1) ag ke Ry Ty kppy

(35)

The isodrome time T = Ti2 does not depend on the frequency of the IM supply volt-
age. Therefore, when calculating the integral coefficient of the controller in the flux linkage
loop, Expression (33) is substituted into Expression (17).

4.3.3. Adaptation of Speed Controller Parameters

From the analysis of Formula (22), it follows that both the proportional coefficient
and the integral coefficient of the controller in the speed loop depend on the frequency of
the speed change function generator. This is explained by the fact that the equivalent
small-time constant of the speed loop Ty depends on the PWM frequency, which, in turn,
depends on the frequency of the speed controller. After presenting the equivalent small-
time constant of the speed loop Ty as a function of the speed controller frequency:

;1 a1

= 36
h3 2-N 'fsnom ( )

When adapting the operation of the inverter control circuit to the frequency of the
speed controller, the PWM frequency is equal to 2-N-fuom w},. After substituting Expression
(36) into Expression (22):

k =2'N'fsnom'0~);c'T1nt'kbe']
CoMTPO T (1l ag + 1) - ay - To * Kppe

(37)

From the analysis of Formula (23), it follows that the isodrome time of the speed con-
troller depends on the frequency of the IM supply voltage. After substituting Expression
(36) into Expression (23):
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(11 ) ak + 1)
2N * fsnom
The expression for determining the integral coefficient of the speed controller is ob-

tained by substituting Expressions (37) and (38) into Expression (24). Given that the PWM
frequency will be equal to 2-N-fuonw},, then:

keonerpw (2 "N 'fsnom ’ w;)z “Tine - kfbl -]

Keontrio =0 = = (AT ag + - ap)? b T kg 9

Tiz3 = by - ay - T3 = by - ay - (38)

4.4. Adaptation of the Filter Cutoff Frequency to the PWM Frequency

Analysis of the transfer functions of the filters in the current loop Wri(s) (7), in the
flux linkage loop Wez(s) (14) and in the velocity loop WFs2(s) (20) gave the following re-
sults:

1.  All transfer functions are aperiodic links.
2. The time constants of all filters (Tn, T, Tf32), which are inversely proportional to the
cutoff frequencies, depend on the frequency of the IM supply voltage.

By analogy with Expressions (32), (33) and (35), the adaptation of the filter time con-
stants to the PWM frequency was performed:

1
Ty =01-T, =
1 1= 20N fom o (40)
T, =T = ! (41)
12 ! Z'N'fsnom'wz
1
Tf3.2 =T, = (42)

2N fonom * Wk
To implement the adaptation of the filter time constants to the PWM frequency, the

transfer functions, which are aperiodic links, are decomposed to the integrator level (Fig-
ure 16).

1
fcutF \—> 1

)

Uin

9%

Figure 16. The filter transfer function is in the form of an integrator.

The following notations are used in Figure 16:

e uinis the signal value at the filter input.

®  utis the signal value at the filter output.

e fuur is the filter cutoff frequency, the value of which is inversely proportional to Ex-
pressions (41)—(43) depending on the filter being modeled.

4.5. Development of a Simulation Model of the Output Part of the Traction Drive

As already mentioned in Section 3, the model of the output part of the traction drive
is used as a base, in which the IM saturation is considered when calculating the parame-
ters of the FOC structural elements [74]. Saturation was considered by multiplying the
value of the main inductance L. by the normalized function L*. = f({*.), where {*.—the
modulus of the spatial vector of flux linkage in relative units.
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From Expressions (33), (35), (37) and (39), it follows that both the proportional and
integral parameters of the controllers depend on the normalized value of the frequency of
the speed change function generator w*set. From Expressions (40)—-(42) the time constants
of the filters depend on this frequency. These parameters are calculated in the “Parameter
calculation unit”. Considering the above, the complex simulation model of the proposed
circuit of the output part of the TD with FOC has the form shown in Figure 17. During the
research, the following parameters of the TD operation were analyzed, such as the stator
phase currents, the torque on the IM shaft and the motor shaft rotation frequency. To vis-
ualize these parameters on the complex simulation model (Figure 17), the elements of the
MATLAB/Simulink 2020b Scope library were used. To set the law of change of the IM
shaft rotation frequency, the element of the MATLAB/Simulink 2020b Signal Builder li-
brary was used.

ua_PWM » ua_PWM kp_!
Usa @—& Usa Is_a w*_set B
ub_PWM » ub_PWM Wil
Usb B—& Usb ls.b )
uc_PWM »  uc PWM S s o
Is_c -
*
w_set P w*_set Uc B——@  Usc ki_p
Tem
1"
3+
-B—a +ud ©
. ki_w
+ —=a v nr
ud Tf1
- L*u
—a 2
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Figure 17. Complex simulation model of the adapted circuit of the output part of the TD with FOC.

During the research, the following parameters of the TD operation were analyzed,
such as the stator phase currents, the torque on the IM shaft and the motor shaft rotation
frequency. To visualize these parameters on the complex simulation model (Figure 17),
the elements of the MATLAB/Simulink 2020b Scope library were used. To set the law of
change of the IM shaft rotation frequency, the element of the MATLAB/Simulink 2020b
Signal Builder library was used.
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5. Simulation Results and Discussion

The effectiveness of the proposed technical solutions was carried out by comparing
the parameters of the basic and adapted circuit of the output part of the TD. When deter-
mining the parameters of the basic circuit on a complex simulation model in the “Param-
eter calculation unit” signal w_set is taken equal to 1.

When implementing the law of changing the shaft rotation frequency of an induction
motor, the following sections were selected:

e Operation of the circuit with the speed controller turned off, necessary for the induc-
tion motor to enter the saturation mode.

e Acceleration of the induction motor to a frequency equals half the nominal speed.

e  Operation of the induction motor at a frequency equal to half the rated speed.

e  Acceleration of the induction motor to a frequency equal to the rated speed.

e  Operation of the induction motor at a frequency equal to the rated speed.

e Acceleration of the induction motor to a frequency 25% higher than the rated speed.

e  Operation of the induction motor at a frequency 25% higher than the rated speed.

The acceleration for all intervals of IM acceleration is the same. The law of change in
the motor shaft speed is shown in Figure 18.

Time -t [s]
Figure 18. The law of change in the motor shaft speed.
As a result of the simulation modeling, start-up waveforms of the stator phase cur-
rents were obtained for the baseline (Figure 19a) and adaptive (Figure 19b) schemes.
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Figure 19. Start-up waveforms of the stator phase currents for the baseline (a) and adaptive (b)
schemes.
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An analysis of the start-up waveforms of the stator phase currents (Figure 19) indi-
cates that, in the adaptive scheme, a significant overshoot of the phase-A current occurs at
the moment when the speed change function generator is activated; however, the system
stabilizes rapidly. Under transient operating conditions, as the set speed value increases,
the stator currents increase in the baseline scheme, whereas they decrease in the adaptive
scheme. Under steady-state conditions, the phase current magnitudes remain constant in
both schemes. Nevertheless, in the baseline scheme, the phase current magnitude in-
creases with increasing set speed, while in the adaptive scheme it decreases slightly.

Figure 20 presents the time-domain waveforms of the stator phase currents under
steady-state conditions at a speed 50% lower than the rated value for the baseline (Figure
20a) and adaptive (Figure 20b) schemes. As can be observed from Figure 20, the baseline
scheme exhibits a lower level of higher-order harmonics in the stator phase currents com-
pared to the adaptive scheme. This is attributed to the higher number of PWM pulses per
period in the baseline scheme at this operating speed relative to the adaptive scheme.

296 2965 297 2975 298 2985 299 2995 3 296 2965 297 2975 298 2985 299 2995 3

Time -t [s] Time - t [s]
(a) (b)

Figure 20. Time-domain waveforms of the stator phase currents under steady-state conditions at a

speed 50% lower than the rated value for the baseline (a) and adaptive (b) schemes.

Figure 21 presents the time-domain waveforms of the stator phase currents under
steady-state conditions at the rated speed for the baseline (Figure 21a) and adaptive (Fig-
ure 21b) schemes. As can be observed from Figure 21, the level of higher-order harmonics
in the stator phase currents is the same for both the baseline and adaptive schemes. This
is due to the identical number of PWM pulses per period in the baseline and adaptive
schemes at this operating speed.
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Figure 21. Time-domain waveforms of the stator phase currents under steady-state conditions at
the rated speed for the baseline (a) and adaptive (b) schemes.

Figure 22 presents the time-domain waveforms of the stator phase currents under
steady-state conditions at a speed 25% higher than the rated value for the baseline (Figure
22a) and adaptive (Figure 22b) schemes. As can be observed from Figure 22, the baseline
scheme exhibits a higher level of higher-order harmonics in the stator phase currents com-
pared to the adaptive scheme. This is attributed to the lower number of PWM pulses per
period in the baseline scheme relative to the adaptive scheme at this operating speed.

An analysis of the start-up torque waveforms (Figure 23) indicates that, in the adap-
tive scheme, a significant torque overshoot occurs at the moment when the speed change
function generator is activated; however, the system stabilizes rapidly. Under transient
operating conditions, as the set speed value increases, torque ripple increases in the base-
line scheme (Figure 23a), whereas it remains stable in the adaptive scheme (Figure 23b).
Under steady-state conditions, the torque magnitude remains constant in both schemes.
Nevertheless, in the baseline scheme, the torque magnitude increases with increasing set
speed, while in the adaptive scheme it remains constant.
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Figure 22. Time-domain waveforms of the stator phase currents under steady-state conditions at a
speed 25% higher than the rated value for the baseline (a) and adaptive (b) schemes.
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Figure 23. Start-up torque waveforms for the baseline (a) and adaptive (b) schemes.
In Figure 24, the start-up responses of the motor shaft rotational speed are presented
for the baseline (Figure 24a) and adaptive (Figure 24b) schemes.
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Figure 24. Start-up waveforms of the motor shaft rotational speed for the baseline (a) and adaptive

(b) schemes.

An analysis of the start-up responses of the motor shaft rotational speed (Figure 24)
indicates that, in the adaptive scheme (Figure 24b), a nonlinear segment appears at the
moment when the speed change function generator is activated, after which the motor
shaft speed varies according to a linear law. The presence of this nonlinear segment is
attributed to the significant overshoot of the stator phase currents. In the baseline scheme,
the motor shaft rotational speed (Figure 24a) varies according to a linear law throughout
the start-up process.

Analysis of the energy consumed by both schemes (Figure 21) shows that the pro-
posed scheme consumes energy by 5.85%. This circumstance is explained by the fact that
in the time interval from the motor start to the speed controller activation, the proposed
scheme does not consume the power required to saturate the motor magnetic system. This
was made possible by adaptively adjusting the FOC parameters to the speed controller
frequency.

From the torque diagrams (Figure 23a,b) for stable operating modes, the average val-
ues of the torque (Tav) and the average values of the torque ripples (AT) were determined.
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Based on the obtained average values of the torque and its ripples, the value of the torque
ripple coefficient was calculated in accordance with the expression [93]:

AT
kyr = T 100% (43)
av
where Tw the average value of the torque; AT the average value of the torque ripples.

The total values of the energy consumed by TD for both studied schemes and the
calculation results are listed in Table 6.

Based on the phase current waveforms under steady-state conditions for the baseline
control scheme (Figures 20a, 21a, and 22a) and for the adaptive control scheme (Figures
20b, 21b, and 22b), the components of the amplitude—frequency spectrum were deter-
mined, from which THD was calculated. The amplitude—frequency spectrum components
were obtained using the discrete Fourier transform in accordance with Equations [94,95]:

N-1

_zmn
Lalf) = Y Loat) e, i=012,., (44)
n=1

where La(fi) the i-th component of the stator current spectrum of phase A; La(t:) the n-th
time sample of the stator phase-A current; N = 128 the number of spectral components of
the stator phase-A current.

THD of the stator phase-A current were calculated using Equations [96,97]:

S A (F)I2 (45)
| Lsa(f)1

where |La(fi)| the magnitude of the i-th component of the stator phase-A current spec-

THD =

trum.

The results of the calculations of the THD of the stator phase-A current are presented
in Table 6.

Based on Figure 24a,b, the motor shaft rotational speeds under steady-state condi-
tions were determined for the baseline and adaptive schemes, respectively. The obtained
results are summarized in Table 6.

In accordance with Equation (47), the errors in estimating the motor shaft rotational
speed were calculated. The corresponding results are also presented in Table 6.

The error in estimating the motor shaft rotational speed under rated operating con-
ditions is determined in accordance with the following expression:

M. 100%

An, = (46)

nrnom

where 11mom = 1110 rpm the rated value of the motor shaft rotational speed according to the
manufacturer’s data (Table 4); n-» the motor shaft rotational speed value obtained through
simulation.

When determining the motor shaft rotational speed estimation error at speeds 50%
below and 25% above the rated value, the parameter #:.m in Equation (47) was multiplied
by 0.5 and 1.25, respectively.

Comprehensive indicators of energy efficiency include the efficiency factor () and
the power factor (kr). In the context of a traction drive, the efficiency is defined as the ratio
of the useful mechanical power at the motor shaft to the active electrical power drawn
from the supply. The power factor is defined as the ratio of the active power drawn from
the supply to the apparent power drawn from the supply. However, since the traction
drive (inverter) is powered from a DC link, the use of the power factor in this case is not
appropriate.
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For steady-state operating conditions, the efficiency was calculated in accordance
with the following expression:
P
n=—-100% (47)
Py
where P2 useful mechanical power at the motor shaft; P1 denotes the active electrical
power drawn from the supply.
The useful mechanical power at the motor shaft was determined as:
2-m-n,

20 (48)

Py =Ty

where Tw is the average torque, and nr enotes the motor shaft rotational speed.
The active power drawn from the supply was determined using the following ex-
pression:

P =U;- 1y, (49)

where Us—the direct voltage of the inverter supply, and Is the direct current consumed
by the transformer.

The results of the efficiency calculations are presented in Table 6. Since determining
the efficiency of the drive under transient operating conditions is a nontrivial task, while
the drive consumes electrical energy during transients as well, the impact of transient per-
formance on the energy efficiency of the traction drive was analyzed. For this purpose,
energy consumption waveforms for the baseline and adaptive schemes were obtained us-
ing the simulation model (Figure 25).
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Figure 25. Time diagrams of the consumed energy for the basic (E) and adapted (E1) schemes of the
output part of the TD with FOC.

The consumed TD energy was calculated in accordance with the expression:

where t—time.
Table 6. Results of simulation modeling.
Scheme
Basi A
Parameter Units of Measurement - asie - dapted
Time Interval t, s Time Interval t, s
2.5-3 4.5-5 6.5-7 2.5-3 4.5-5 6.5-7
Average torque Tw N-m 10,324 10,350 10,180 10,324 10,350 10,324

https://doi.org/10.3390/en19020298



Energies 2026, 19, 298

29 of 36

Average torque ripple AT N-m 1133 1894 2168 696 762 812

Torque ripple coefficient kyr % 10.97 18.3 21.3 6.75 7.65 7.87

THD % 12.73 22.28 25.64 14.94 14.97 14.98

n % 81.17 82.53 80.04 81.78 83.27 82.29

nMOtor shaft rotational speed rpm 552 1105 1375 554 1108 1385
haf ional

Motor shaft rotational speed % 0.54 0.54 0.9 0.18 0.18 0.18

estimation error Anr

Energy consumption E J 1.0907 x 107 1.0269 x 107

From the analysis of the results, it follows that for the basic scheme with an increase
in the frequency of the IM supply voltage in a steady state, the value of the torque ripple
coefficient increases much faster than for the adapted scheme. This circumstance is ex-
plained by the presence of adaptation of the parameters of the inverter, controllers and
filters in the proposed scheme.

An analysis of the results presented in Table 6 indicates that, for the adaptive scheme,
the values of the stator phase-A current harmonic distortion coefficients under steady-
state conditions remain constant across the entire speed range. For the baseline scheme,
at a speed equal to half of the rated value, this coefficient is lower than that of the adaptive
scheme; however, at the rated speed and at a speed 25% higher than the rated value, it is
higher than that of the adaptive scheme. The lower THD of the stator phase-A current
observed for the adaptive scheme at the rated speed is attributed to the adaptation of the
filters in the current, flux-linkage, and speed control loops to the rotational frequency of
the induction motor shaft.

As can be seen from Table 6, for the baseline scheme, the error in estimating the motor
shaft rotational speed is identical at locomotive operating speeds 50% below the rated
value and at the rated speed; however, with increasing locomotive speed, the estimation
error increases. For the adaptive scheme, the motor shaft speed estimation error remains
constant across all three operating conditions, and its value is three times lower than that
of the baseline scheme at speeds 50% below the rated value and at the rated speed, and
five times lower at a speed 25% above the rated value.

Analysis of the energy consumed by both schemes (Figure 25) shows that the pro-
posed scheme consumes energy by 5.85%. The obtained results can be explained by the
following factors:

¢  During the time interval from motor start-up to the activation of the speed change
function generator, the adaptive scheme does not consume the power required to
saturate the motor magnetic system.

e  The adaptive scheme exhibits superior transient performance compared to the base-
line scheme, with the exception of the moment when the speed change function gen-
erator is activated.

The authors continue to work on this research topic. In particular, ongoing studies
are focused on investigating the effects of disturbances of both electrical and mechanical
origin on the performance of the locomotive traction drive. In addition, the authors are
developing an algorithm for optimizing the controller parameters while accounting for
the aforementioned disturbances. Until these studies are completed, a quantitative com-
parison with other methods in terms of performance indicators such as response time,
ripple, and energy efficiency would be inappropriate. Therefore, in the present work, the
authors have limited the analysis to qualitative indicators only. As a reference, Table 2
presented in Section 1 was used.

When formulating the qualitative assessment of the proposed method, the authors
were guided by the following considerations:
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e  Since the proposed method does not require significant circuit-level modifications to
the baseline scheme and does not involve computationally intensive calculations, the
rotor magnetic flux angle estimation method, transient performance, robustness to
parameter variations, computational complexity, and implementation cost are ex-
pected to be comparable to those of the baseline scheme.

e  The steady-state accuracy is expected to be moderately high, as the controller and
filter parameters are adapted to the supply frequency of the induction motor.

An analysis of the results presented in Table 7 indicates that the proposed method is
inferior only in terms of steady-state accuracy when compared with the hybrid phase-
locked loop (PLL)-based FOC method. This can be explained by the fact that, in the pro-
posed method, the rotor magnetic flux angle is estimated based on slip estimation, which
is sensitive to rotor parameter variations.

Table 7. Comparative assessment of the efficiency of the proposed method with various control

strategies.
Algorithm
Hybrid F B F ith A, i
Feature ybrid FOC Based ona FOC with an Extended = FOC with a Sliding- . OC wit dapt?tlon to
Phase-Locked Loop . Baseline IFOC the Locomotive
Kalman Filter Mode Observer .
Operating Speed

Rotor magnetic flux PLL-based, fully integra- Estimation using a Kal- Observer-based estima- Integration-based slip es-Integration-based slip es-

angle estimation

tion-free man filter tion timation timation

Accuracy (steady-
state)

High accuracy (precise
PLL tuning)

Moderately high (con-

Moderately high (de- roller and filter parame-
oderately high (de Moderate (the algorithm Moderate (integration troller and filter parame
pends on model accu- o ) ters are adapted to the
is affected by vibrations) drift)
racy) supply frequency of the

induction motor)

Transient perfor-
mance

Good (hybrid switching Good (adaptive estima- Good (fast observer re-
mechanism) tion method) sponse)

Good (stable method)  Good (stable method)

Moderate sensitivity (pa-

Robustness to pa-
rameter variations

rameter sensitivity exists
but can be mitigated
through online identifi-

Moderate (model-de-  High (robust to uncer- Moderately low (sensi- Moderately high (sensi-
pendent) tainties) tive to rotor parameters) tive to rotor parameters)

Computational
complexity

Moderate (PLL and sim- High (computationally Moderately high (nonlin- Low (simple slip calcula- Low (simple slip calcula-
ple switching logic) intensive) ear observer) tion) tion)

Implementation Moderate (standard DSP,
no sensors required)

cost

High level (requiresa  Moderately high level Low (a standard digital Low (a standard digital
high-performance DSP  (requires high-perfor- signal processor is suffi- signal processor is suffi-
processor) mance hardware) cient) cient)

In the hybrid PLL-based FOC method, the estimation of the rotor magnetic flux angle
is based on phase-locked loop (PLL) synchronization. The high accuracy of the hybrid
PLL-based FOC approach is attributed to the precise tuning of the PLL.

6. Conclusions

This work proposes a concept for improving the energy efficiency of a traction drive
by adapting an FOC system to the locomotive operating speed.

From analyzing the causes of increased power losses in a locomotive traction drive
with FOC-controlled induction motors, it was established that a fixed inverter PWM
switching frequency at motor shaft rotational speeds below the rated value leads to a re-
duction in power losses associated with higher-order harmonics of the stator current,
while simultaneously increasing switching losses. Conversely, at shaft rotational speeds
exceeding the rated value, a fixed PWM switching frequency results in increased power
losses due to higher-order harmonics of the stator current.

https://doi.org/10.3390/en19020298



Energies 2026, 19, 298

31 of 36

References

To minimize power losses in the traction drive, it is proposed to adapt the parameters
of the FOC system to the frequency of the speed change function generator, which is pro-
portional to the locomotive operating speed.

To achieve this objective, the following tasks were performed:

1.  The selection of controller tuning methods for maximizing the performance of the
baseline FOC IM system was substantiated. The absolute value optimum (AVO) was
adopted for the current and flux control loops, while the symmetric optimum (SO)
was applied to the speed control loop.

2. Analytical relationships were derived, and the parameters of the controllers and fil-
ters for the current, flux-linkage, and speed control loops of the baseline FOC IM
system were calculated.

3. Asaresult of simulation modeling, the transient responses of each control loop were
obtained, and the corresponding transient performance indices were evaluated.
These results confirm the correctness of the controller tuning using the AVO method
for the current and flux-linkage loops and the SO method for the speed loop.

4. Methods for adapting the parameters of the controllers and filters of the baseline FOC
IM system to the locomotive operating speed were proposed.

5. An inverter control scheme was proposed that enables adaptation of the controller
parameters of the baseline FOC IM system to the locomotive operating speed. The
proposed scheme is based on adapting the PWM switching frequency to the signal
generated by the speed change function generator.

6. A filter structure was developed that allows the filter parameters of the baseline FOC
IM system to be adapted to the locomotive operating speed.

7. Based on a comparison of the simulation results of the baseline and adaptive FOC IM
systems, the effectiveness of the proposed technical solutions was demonstrated.

Future research will focus on investigating the impact of electrical and mechanical
disturbances on the energy efficiency of the proposed traction drive control system, as
well as on optimizing controller tuning strategies under such disturbances.
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