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Abstract. The further development of railway traction rolling stock is currently largely
associated with the predominant use of brushless traction motors, primarily asynchronous ones.
However, the efficiency of brushless traction drives largely depends on the control system, which
forms the optimal current distribution, ensures smooth acceleration, reliable braking with
recuperation, and stable operation in a wide range of modes. At the same time, the implementation
of control systems in brushless traction drives of railway transport is accompanied by a number of
technical and operational problems. The purpose of the article is to conduct a comprehensive analysis
of operating conditions and assess the energy efficiency of modern brushless traction motor control
systems used in traction rolling stock, in order to determine their advantages, disadvantages and
promising areas of improvement, which will allow formulating recommendations for choosing
optimal algorithms and technical solutions for specific operating conditions of traction rolling stock.
The object of the study is the control processes of brushless traction electric motors in electric drives
of traction rolling stock. The paper considers the main types of brushless traction machines
(synchronous with permanent magnets, asynchronous), modern control algorithms (vector control,
direct torque regulation, adaptive and optimizing approaches), as well as hardware solutions for
converters and diagnostic systems. A comparative analysis of losses and efficiency indicators was
carried out in typical driving modes (acceleration, steady driving, braking with recuperation) taking
into account temperature and load factors. The proposed methodology includes modeling in a
simulation computer environment, construction of efficiency maps, and experimental validation on a
bench with an inverter and current/voltage/temperature sensors. The expected result of the work is
recommendations for optimizing control algorithms and drive configurations to increase the
efficiency of traction motors, as well as a set of criteria for selecting a drive depending on the
operating mode of traction rolling stock. The practical value lies in the possibility of using the
research results in the design and modernization of electric motors of traction rolling stock, which
will increase the reliability of transport vehicles.

Keywords: operational efficiency, brushless traction motor, traction rolling stock, control
system, efficiency, recuperation.

Anomauyia. [looanvuiuii po36umok msa208020 pyxomozo ckaaody 3ani3Huyb HUHi 0azamo 6 4omy
noe’s3aHull i3 NepesaNdCHUM BUKOPUCMAHHAM 0E3KOJIeKMOPHUX MA208UX O08ULYHIB, Hacamnepeo
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acunxpourux. Oonaxk epexmusHicms pooomu 6e3K01eKMOPHUX MAC0BUX NPUBOOIE 3HAUHOW MIDOIO
3anexcums 8i0 cucmemu Kepy8awHs, AKA QOPMYE ONMUMANbHUL PO3NOOiL cmpymis, 3abe3neyye
NIABHUL PO32IH, HAOIHE 2aNbMYBAHHA 3 peKynepayicio i cmadiibHicmb pobomu 6 WUPOKOMY
oiana3zoni pescumie. Boonouac enposadoicennsi cucmem Kepy8amHs 6 0Oe3KOJEKMOPHUX MAL0BUX
npuUBOOax 3ai3HUYHO20 MPAHCHOPMY CYNPOBOONCEHO HUZKOK MEXHIYHUX Ma eKCHIyamayiuHux
npoonem. Memoio cmammi € npogedenHs 8CeOIUHO20 AHANIZY YMO8 eKCNIyamayii ma oyiHi08aHH
eHep2oepheKmMUSHOCMI Cy4acHUx cucmem Kepy8aHHs 0e3KO0IeKMOPHUMU MAL08UMU OBUSYHAMU, SKI
3ACMOCOBYIOMb HA MSA2080MY PYXOMOMY CKLAOI, O 6U3HAYEHHs IXHIX nepegae, HeOONIKi8 i
NepCneKmuBHUX HaANpPIMie 800CKOHANIEHHS, W0 0ACMb 3MO2Y CHOPMYTI0BAMU PEeKOMEHOAYii Wo0o
8UOOPY ONMUMATILHUX ANICOPUMMIE | MEXHIYHUX pilleHb OJi KOHKPEMHUX YMO8 poOOmu ma208020
pyxomozo ckaaody. O6’ekmom 00CNIONCeHHS € Npoyecu Kepy8aHHs OEe3KOIeKMOPHUMU MIA208UMU
eleKMpoO0BUSYHAMU 6 eeKMPONPUBOOAX MAL08020 PYXOMO20 CKAADY. Y pobomi po3eisiHymo 0CHOBHI
munu 0e3KO0NeKMOPHUX MA208UX MAUIUH (CUHXPOHHI 3 NOCMIUHUMU MASHIMAaMU, ACUHXPOHHI),
CYYACHI aneopummu KepyeamnHs (6eKmophe KepysauHsl, Npama pe2yiayis MOMeHmy, a0anmuseHi ma
ONMUMI3YIOUl NiOX00U), a MAaKoxdC anapamui piuieHHs nepemeoprosadis i cucmem OideHOCMUKU.
Ilposedeno nopiensanbHull ananiz empam i NOKA3HUKIE eQeKxmusHOCmi 3a MUNOBUX PENCUMIB PYX)Y
(po3ein, cmanuil pyx, 2albMy8aHHA 3 PEKYNepayi€r) 3 YPaxy8awHAM MeMnepamypHux i
HAaBaHmaicy8anbHux gaxkmopis. IIpononosana memoouxa 8KI04AE MOOENOBAHHS 8 IMIMAYIUHOMY
KOMN TOmepHOMY cepedosuwyi, nobyoosy kapm egpekmusHocmi, a MmaxKoxC eKCnepuMeHmMaibHy
ganioayito Ha cmenoi 3 IHEepMOpPOM [ damuukamu cmpymy/nanpyeu/memnepamypu. Ouikysanum
pe3yIbmamom pobomu € pekomMeHoayii wooo onmumizayii aneopummis KepysanHs i Koughieypayiil
npueooa 011 NIOSUWeH A eqheKMUBHOCMI pooomu msa208uUx 08USYHI8, A MAKONIC HAOIp Kpumepiie 0
8UOOPY NPUBOOA 3ANEHCHO BIO pedCUMy eKCHIyamayii msae08020 pyxomozo ckuady. Ilpaxmuuyna
YIHHICMb NONACAE 8 MONCIUBOCNT BUKOPUCAHHS PE3VTbMAmMi8 00CHI0HCEeHHS 011 NPOEKMYBAHHS Ma
MoOepHizayii eneKmpoOoBU2YHIE MA208020 PYXOMO20 CKAAOY, WO 0dAcmb 3M02y NIOSUWUmu
HaOiliHicMb 3ac00i8 MPAHCNOPMY.

Knwuoei cnosa: egpexmusnicmo excniyamayii, 6€3Ko1eKmMOpHULl MA208UL O8ULYH, MAL0BUL
PYXomuil CK1ao, cucmema KepysamHs, Koe@iyicHm KopucHoi 0ii, pekynepayis.

Relevance of the research topic. Further
progress in railway traction rolling stock is
largely due to the widespread introduction of
brushless  traction  motors, primarily
asynchronous ones. One of the main tasks that
arises during the development of new
locomotives is to improve their traction
properties. In turn, one of the features of an
asynchronous traction motor is the decisive
influence of the control method on its
characteristics. Therefore, the task of studying
the algorithms and principles of the control
system is one of the priorities in creating new
locomotives with an asynchronous traction
drive.

Introduction. The modern development
of traction rolling stock is inextricably linked to
the widespread implementation of energy-
saving technologies in traction electric drive

systems. One of the key areas for increasing
energy efficiency and reliability is the use of
brushless traction motors — synchronous
machines with permanent magnets and
asynchronous motors with a squirrel-cage rotor.
Such electric machines are characterized by a
high  efficiency, reduced maintenance
requirements, and the ability to implement
complex control algorithms due to the absence
of a collector-brush assembly, which limited
the operation of classic DC traction motors.
However, the efficiency of brushless
traction drives largely depends on the control
system, which forms the optimal current
distribution, ensures smooth acceleration,
reliable braking with recuperation, and stable
operation in a wide range of modes. At the
current stage of technology development, the
most common are vector control (Field
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Oriented Control, FOC) and Direct Torque
Control (DTC). These methods allow you to
maximize the energy potential of the machine,
reduce losses, limit torque ripple, and improve
the quality of current collection.

At the same time, the introduction of
brushless control systems in traction drives of
railway transport is accompanied by a number
of technical and operational problems [1, 2].
Among them:

— increased requirements for the cooling
system due to high specific loads;

—the need to ensure the stability of
control parameters in conditions of temperature
changes and aging of elements;

—the need for accurate current and
voltage sensors, as well as the development of
sensorless algorithms to improve reliability;

— complexity of hardware
implementation based on powerful transistor
converters and microprocessor controllers.

Thus, it is relevant to conduct a
systematic analysis of operating conditions and
assess the effectiveness of modern control
systems for brushless traction motors, which
will allow formulating recommendations for
increasing efficiency in real driving modes.

Analysis of recent research and
publications. In [3], an analysis of the
operating conditions of traction drives of
electric rolling stock with asynchronous
traction motors was conducted, and the starting
characteristics of traction electric drives with
different control systems were obtained both in
the absence and presence of power and load
failures. It is shown that at frequencies lower
than nominal, a traction electric drive with
direct torque control has higher accuracy of
speed and torque regulation, lower energy
consumption from the power source, lower
torque overshoot, but a higher level of torque
ripple than a traction electric drive with vector
control. At the same time, at frequencies higher
than nominal, vector control has higher speed
control accuracy, less torque overshoot, shorter
transient duration, and less torque ripple than
direct torque control. In addition, it was found
that the traction drive with direct torque control

is more resistant to power and load failures. The
disadvantage of the work is the lack of results
of research into the operation of these systems
in the electric braking mode, which could
contribute to a more complete comparison of
traction characteristics with different control
systems.

In [4], a theoretical justification of the
possibility of using the power factor as a
criterion for developing optimized automatic
control systems for traction drives of AC
electric rolling stock is provided. An analytical
time dependence of the power factor of the
traction drive was obtained, which is a
convolution of two time functions — efficiency
and the coefficient of use of active power of the
traction drive; an algorithm for eliminating
stochastic effects of disturbances acting on the
traction drive from the traction power supply
system and mechanical load was developed.
The significance of the results obtained lies in
improving the quality of control of AC traction
drives. However, the proposed scheme of
optimized automatic control of the traction
drive was not fully considered, in which the
parameters of the sampling frequencies of the
input and output parts of the traction drive are
used as controlled parameters, and the
efficiency is used as an optimization criterion,
which would make it possible to improve the
quality of regulation when building an optimal
automatic control system for the traction drive.

The article [5] presents a method for
optimizing the pulse-width  modulation
frequency in frequency converters, the load of
which is an asynchronous motor, according to
the criterion of minimum total power losses in
the inverter power transistors and the resistance
of the motor windings. The proposed
calculation method allows, through the use of
modern software environments
(MATLAB/Simulink, NI Multisim,
MelcoSim), to determine the dependence of
static and dynamic losses in power IGBT
transistors with fairly high accuracy (as shown
in publications [6-8]). To calculate losses in the
motor, it is shown that the switching frequency
of the power switches affects the harmonic
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distortion factor and the root-mean-square
value of the phase current of the induction
motor. Provided that only the first harmonic of
the current performs a useful effect in the
induction motor, the dependence of additional
power losses on the switching frequency is
given. The presented methodology allows to
determine the optimal modulation frequency in
frequency converters with asynchronous
motors and to ensure minimal total power
losses and maximum efficiency in the system
“autonomous voltage inverter — asynchronous
motor”. The limitation is that the practical
application of analytical expressions that
describe losses in the steel of induction motors
from higher harmonics of the inverter is quite
difficult due to the uncertainty of the
calculation coefficients for different motor
designs. In addition, the issue of determining
the optimal switching frequency of power
transistors at different values of load torque and
motor speed remains unresolved.

In [9], control strategies for induction
motors in railway systems are analyzed. The
main focus is on drives operating with a low
ratio of switching frequency to the fundamental
frequency and in the remodulation region or
six-step operation mode, as these are the most
complex cases. Modulation methods, effective
drive operating modes and their influence on its
dynamic characteristics, as well as the design of
the machine are considered. Extended
modeling results are presented, as well as
experimental results obtained using a traction
drive. However, the impact of overheating,
vibration and insulation aging on the motors
service life is not sufficiently considered.

The materials [10] consider the main
approaches to the control of complex objects. It
is shown that today it is advisable to use
approaches related to proactive supervision for
the control of rolling stock with traction
asynchronous electric motors. Using a
mathematical model that describes the
movement of a three-car diesel train, its
application for implementing proactive control
is demonstrated. To refine the parameters of the
existing model in the control system,

approaches related to the identification of the
parameters of the object during its operation are
proposed. In this case, it is proposed to identify
the parameters of the object in two stages: at the
first (lower) level, determine the parameters
related to traction asynchronous electric
motors, and at the second (upper) level, the
parameters related to train movement.
However, the issue of economic feasibility of
applying new approaches to the control system
was left out.

The traction motor consumes a
significant portion of the energy in railway
rolling stock, so in [11] a comparative study
was conducted between Indirect Field Oriented
Control (IFOC) with sensors and sensorless
IFOC in terms of both performance and energy,
with the aim of determining which one has
better efficiency. It is determined that the
sensorless method using the Model-Referenced
Adaptive System (MRAS) can be applied to
railways. However, its performance decreases
in the braking mode, which is manifested in
acceleration fluctuations, although the speed
characteristics are good. From an energy
perspective, the sensor method provides more
energy from regenerative braking. From the
total energy consumption, the sensor method
can save up to 33.76 % energy compared to the
sensorless method on a fixed track. A
disadvantage of the study can be considered the
lack of statistical data on traction motor failures
in industrial operation.

Article [12] is a technical review of
methods for controlling brushless DC motors
without position and speed sensors. The
achievements of sensorless technology are
reviewed and the latest developments in this
field are presented with their advantages and
disadvantages, including an analysis of
practical implementation problems and
applications. The most relevant estimation and
model-based methods, such as the sliding-mode
observer, the extended Kalman filter, the
adaptive system with a reference model,
adaptive observers (full-order and pseudo-
reduced order), and artificial neural networks,
are briefly analyzed. A drawback of the study is
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the lack of consideration of the impact of digital
technologies and Smart Grid on the
development of electric drives.

In cases where frequency speed control is
not required in an asynchronous electric drive
(for example, in ventilation systems or pumps),
the use of frequency converters is economically
impractical. In such situations, it is more
appropriate to use thyristor AC voltage
regulators, known in the industry as soft starters
[13, 14]. Soft starters, unlike frequency
converters, provide worse speed and torque
control capabilities of an asynchronous motor,
but are characterized by a significantly lower
cost, a simpler control system, and are the best
option for driving motor-compressors, motor-
fans, and other installations that do not require
precise or deep speed and torque control [15].

Works [16, 17] consider a control system
for a thyristor device for smooth starting of an
asynchronous motor with constant load torque.
During the simulation modeling, it was
established that the operation of the soft starter
allows to reduce the starting current and starting
torque by almost half. The results of theoretical
research are implemented in a real physical
prototype of a soft starter. An image of the
boards of the developed soft starter is provided
and its technical characteristics are indicated.

In [18] it is noted that vector-controlled
traction drives are widely used on mainline
locomotives with induction motors. Traction
motors can fail due to faults that occur during
locomotive operation. To prevent the failure of
traction motors, real-time functional diagnostic
systems are needed. The implementation of
such systems will allow detecting the
occurrence of faults in the traction motor at an
early stage and preventing further development
of the defect. The paper proposes a structural
diagram of functional diagnostics for
monitoring the condition of the rotor of an
asynchronous motor and develops an algorithm
for its operation.

In [19] it is noted that in modern traction
drive systems of rolling stock with
asynchronous traction motors, vector systems
have found the greatest application as control

systems. Reducing losses in the traction drive
system and, as a result, reducing electricity
consumption depends on the accuracy of
regulation of controlled parameters. This study
proposes a method for taking into account the
saturation of the motor magnetic circuit through
the main inductance of the motor as a function
of the flux linkage of the magnetic circuit.
Based on the proposed method, a simulation of
a vector control system with and without
saturation was carried out in the MATLAB
software environment. Comparison of the
simulation results showed that neglecting
saturation leads to an increase in the motor rotor
slip by 0.0111 relative units and, as a result, to
a decrease in the rotor efficiency by 1.02 %.
The disadvantage of the article is the lack of a
comprehensive approach to considering the
“motor — converter — load — control system”
system.

In [20], all complex electrical machines,
their control circuits, and embedded systems
used for the practical implementation of these
circuits are listed. It was determined that the
induction motor and the permanent magnet
synchronous motor were the most efficient and
suitable alternative for driving electric vehicles.
Furthermore, since torque and speed can be
controlled simultaneously with minimal noise
and ripple, the FOC approach remains an ideal
control method. A limitation of the paper is the
lack of actual motor load tests, comparing
theoretical and practical performance.

The autonomous voltage inverter belongs
to the most common types of power conductor
converters used in various industries, which is
due to the widespread use of asynchronous
motors [21]. One of the key performance
indicators of an autonomous voltage inverter is
its energy efficiency, which largely depends on
the sinusoidality of the output voltage and
current. Additional losses caused by higher
harmonics in the load, which is usually an
asynchronous electric motor, depend on these
parameters. The results of the study of the
energy characteristics of autonomous voltage
inverters when using various modulation
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algorithms and in the remodulation mode are
discussed in detail in [22—-26].

In [27], a review of the advances in the
field of brushless synchronous motors is
presented, as there is a growing interest in
advanced motor control and overcoming the
shortcomings of traditional motor control.
Traditional motor control strategies are simple
and easy to maintain, however, they require fine
tuning and are dependent on changes in motor
parameters. To address these and many other
issues (power factors, torque ripple, current
limiting, voltage limiting, speed limiting),
advanced control techniques are needed to
improve the performance of motor drive
control. Advanced control methods include
predictive model control, sliding mode control,
reinforcement learning, and fuzzy logic. This
article provides a comprehensive review of
advances in control methods and discusses the
challenges and limitations associated with their
practical application. The paper is limited by
the lack of practical verification of the research
results.

The publication [28] aims to improve
high-performance  control strategies for
brushless direct current (BLDC) motors in
electric vehicles, with a particular emphasis on
the use of an electronic differential system
(EDS) — a rear differential control system. The
experimental results show that the inclusion of
the electronic differential gives promising
results. These results demonstrate the improved
efficiency of the electric vehicle's propulsion
system, highlighting the positive impact of
electronic differentials on overall performance.
A limitation of the publication is the lack of
consideration of modern energy efficiency
requirements.

The article [29] notes that the control
characteristics of a brushless DC motor
(BLDCM, a complex nonlinear system)
significantly determine the control
characteristics of an electromechanical drive. In
order to find a more effective control method
for it, this paper takes the Hall sensor-based
BLDCM as the research object and presents
three control methods: «single closed-loop

control method based on the speed loop»,
«double closed-loop control method based on
the speed loop and current hysteresis loop», and
«double closed-loop control method based on
the fuzzy controlled speed loop and current
hysteresis loop». Modeling, simulation, and
comparison of control systems based on these
three control methods show that the third
method, which uses the deviation and deviation
coefficient of the reference speed and feedback
speed as inputs, and outputs the current
reference value through fuzzy proportional-
integral control and current hysteresis, has the
best tracking performance (e.g., short
regulation time and no overshoot in the
regulation process) when the speed command
or load changes suddenly. The results of this
work provide a certain theoretical basis and
reference value for the research, design, and
practical application of the control method of
BLDCM and electromechanical drive.

In [30], the use of a fuzzy logic-based
closed-loop speed control approach for
brushless direct current (BLDC) motors in
electric vehicles is investigated to overcome the
shortcomings of traditional control methods by
improving dynamic performance, response
time, and stability under varying load
conditions and parameter uncertainties. This is
achieved by using a state space modeling
method for a BLDC motor incorporating a
fuzzy logic controller (FLC) for precise speed
control. The results show that the FLC provides
smooth speed transitions, no overshoot, and
zero steady-state error with a settling time of
only 0.05 s, as opposed to 0.1 s for the PID
controller. According to these results, FLC is a
better option for controlling BLDC motor speed
in electric vehicles, guaranteeing efficient
driving force, less mechanical stress, and
greater driving stability.

Publications [31-34] are devoted to the
study of the energy efficiency of rolling stock
with an asynchronous electric drive.

Defining the purpose and objectives of
the research. The purpose of the article is to
conduct a comprehensive analysis of operating
conditions and assess the energy efficiency of
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modern brushless traction motor control
systems used in traction rolling stock, to
determine their advantages, disadvantages and
promising areas of improvement, which will
allow formulating recommendations for
choosing optimal algorithms and technical
solutions for specific operating conditions of
traction rolling stock. To achieve the goal, the
following tasks were set:

—to review the design features and
characteristics of modern brushless traction
motors;

—analyze existing management methods
and identify their strengths and weaknesses;

— to investigate methods for assessing the
effectiveness of control systems in different
operating modes;

— consider the hardware implementation
of control systems and measuring instruments;

—to review the experimental part and
model validation;

—compare and summarize the results
obtained.

The main part of the research.

Design features and characteristics of
modern brushless traction motors. The
development of electric traction over the past
decades has led to the transition from DC
collector machines to brushless electric motors,
which are characterized by increased reliability
and energy efficiency. Today, two main types
of brushless motors are used in traction drives
of rolling stock:

1. Induction Motors (IM), which are
characterized by the fact that [35, 36]:

—is the most common type of traction
machine due to its simple rotor design (short-
circuited «squirrel cage»), lack of contact
nodes, and low cost;

—have high reliability, the ability to
operate in overload modes, and good dynamic
properties;

— the disadvantage is the relatively lower
efficiency compared to permanent magnet
synchronous machines, especially in low load
modes, as well as the need to implement

complex control algorithms to achieve high
efficiency.

2. Permanent  Magnet  Synchronous
Motors (PMSM), which are characterized by
the fact that [37, 38]:

— magnets based on rare earth materials
(NdFeB, SmCo) are used in the rotor, which
ensures high power density and efficiency (up
to 95-97 %);

—the advantages are compactness, low
losses, and the ability to operate in a wide speed
range;

— disadvantages are high cost due to the
use of expensive magnets, complexity of
thermal regime, sensitivity to demagnetization
during overloads and high temperatures.

A relatively new type of brushless motor
that combines simplicity of design with
precision control capabilities are valve-inductor
motors. They are highly reliable due to the
absence of windings on the rotor and show
excellent performance at low speeds. However,
at present, valve-inductor motors have not yet
become widespread in rail transport, and they
can be found mostly only on experimental
rolling stock.

The design features of brushless traction
motors, first of all, can be summarized as
follows [39, 40]:

1) stator — a three-phase winding with
distributed or concentrated coils, made taking
into account minimization of steel losses and
increasing the slot filling factor;

2) rotor: for IM — aluminum or copper
short-circuited cage; for PMSM — embedded or
surface permanent magnets;

3) refrigeration — usually (oil, water) or
wind — an important aspect for traction motors,
motor parts operate at high temperatures;

4) diagnostic systems — temperature,
vibration, flow and voltage sensors, which
allow you to control the motor operation in real
time.

Analysis of scientific works [41-45]
makes it possible to equalize the characteristics
of asynchronous motors and synchronous
motors with permanent magnets (Table 1).
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Table 1

Equalization of characteristics of asynchronous motors and synchronous motors
with permanent magnets

Characteristic IM PMSM
Efficiency, % 90-94 95-97
Power density Medium High (up to 20-30 % more)
Cost Lower Higher (due to magnets)
Reliability Very high (simple rotor) High, but depends on the

preservation of the magnets

Control algorithms

Need complex (FOC, DTC),
especially for energy efficiency

FOC is widely used, provides
high efficiency

Overloading capacity

Good, resistant to short-term
overloads

Limited due to the risk of
demagnetization of magnets

Service Minimal, simple design Minimal but necessary
temperature control
Using Locomotives, metro, electric Light transport, high-speed

trains

trains, trams, electric buses

Regarding application, it can be noted
that induction motors are widely used in
locomotives of the Siemens, Alstom, Hyundai
Rotem series, as well as in the Kyiv and
Kharkiv metros after modernizations, induction
motors  with  permanent magnets are
increasingly being introduced in new models of
trams, electric buses, and high-speed trains (for
example, Shinkansen in Japan).

Brushless traction motor control
systems. The efficiency of brushless traction
electric motors is largely determined not only
by their design characteristics, but also by the
choice of control algorithm. Modern control
systems provide [46]:

— precise torque and speed control;

—weak field mode to extend the speed
range;

— energy efficiency optimization;

— possibility of regenerative braking;

— protection of power and
electromechanical parts;

— generation of controlled voltage/current
by the inverter and simulation to achieve the
required physical values on the motor;

— reduction of torque ripple and noise, as
well as improvement of dynamic response.

In the practice of traction rolling stock,
the following algorithms are most common
[47-50]:

1) vector control (FOC) - involves
transition to the dq coordinate system, where
the stator current is decomposed into two
components: ig — controls the magnetic flux, iq
— determines the electromagnetic torque. Thus,
the control becomes similar to the control of a
DC motor, which greatly simplifies the
regulation. The advantages of vector control
include high dynamic response, smooth torque
regulation, high accuracy across the entire
speed range, and the ability to implement
energy-saving strategies (MTPA, MTPV).
Disadvantages include requiring precise
knowledge of motor parameters (inductances,
resistances, magnetic fluxes), and complexity
of real-time implementation (requires a
DSP/FPGA controller);

2) Direct Torque Control (DTC) -
directly controls torque and magnetic flux using
the inverter voltage vector. This is done by
measuring stator currents and estimating the
flux state. The advantages of this algorithm
include very fast dynamic response, simpler
structure than FOC (fewer transformations),
high stability when changing motor parameters.
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Disadvantages include high torque and current
ripple, noisy operation, limitations in the low-
speed range;

3) optimizing
MTPV, recovery):

— MTPA (Maximum Torque per Ampere)
— a strategy that minimizes current
consumption at a given torque, allowing to
reduce losses in the windings;

— MTPV (Maximum Torque per Voltage)
— used in high-speed modes when the inverter
voltage is limited, allows you to obtain
maximum torque at the available voltage value;

— regenerative braking — recuperation
optimization algorithms allow for maximum
energy return to the network or storage, which
is critically important for urban transport
(frequent starts/stops);

algorithms (MTPA,

4) sensorless control methods — often
used to increase reliability and reduce system
cost (without a rotor speed/position sensor).
These methods include:

—estimation of rotor position by
electromotive force (EMF observer);

— adaptive state observers;

— MRAS-based methods
Reference Adaptive System).

The advantages of using sensorless
control methods are a reduction in the number
of sensors (and, as a result, higher reliability)
and lower operating costs, the disadvantages
are a decrease in accuracy at low speeds and the
need for complex evaluation algorithms [51,
52].

(Model

characteristics of the
systems are given in

Comeparative
considered control

Table 2.
Table 2
Comparative characteristics of control systems
Algorithm Torque | Dynamics | Losses/efficiency | Realization Typical
accuracy applications
FOC High High Low losses, Complicated | Trams, metro,
MTPA/MTPV electric trains
capability
DTC Medium | Very high Slightly higher More simple | Locomotives,
ripple losses heavy duty
MTPA/MTPV High High Optimized losses | Used together High-speed
with FOC transport
Sensorless Medium | Medium Sensor savings Complex Electric buses,
models metro
Regarding promising areas of Electric drive modeling and efficiency

development of control systems, the following
can be noted [53, 54]:

— adaptive and predictive control —allows
you to predict the state of the drive several steps
ahead and minimize losses in real time;

—artificial intelligence and neural
networks — to optimize torque, reduce losses
and identify motor parameters in operation;

— integration with the transport energy
system — optimization of motor operation
together with energy storage systems.

assessment methods. Evaluating the efficiency
of brushless traction motor control systems is
impossible without the use of mathematical
modeling [55]. It allows you to study the
operation of the drive in different modes, obtain
loss and efficiency maps, and determine

optimal control algorithms for specific
operating conditions.
A  flow-oriented dg model (in

synchronously rotating coordinates) is usually
used to model brushless machines.
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The stress equations in the dq coordinate
system for PMSM have the form [56]:

—w.Li

) di
Ud:Rsld-l-de—: eLolys

(1)

q s°q

i, .
u, =Rl +an—a)c(Ld|d+y/f),

where U,, U, is the voltages on the d and q

q
axes;

Iy, iy is the currents on the d and q axes;
Ly, L, isthe inductances;

R, is the stator winding resistance;
W is the magnetic flux;

@, is the electrical angular velocity.

The torque of an electric motor is defined
as:

M, =§ ply i +HLy - L iy} @

where p is the number of pole pairs.

Similar models exist for induction motors
taking into account slip and inductive currents
in the rotor [57-60].

To correctly assess energy efficiency, the
following losses are taken into account:

— losses in windings (copper):

P, =3I°R;; 3)

— losses in steel (P.,) — hysteresis, eddy

current (depend on frequency and induction);

— mechanical losses (P,..,) — friction in
bearings, ventilation/cooling;

— losses in the inverter (P, ) — losses due
to switching transistors, losses due to
conduction of power switches and diodes;

— additional losses (P,,, ) — due to current

harmonics, due to parasitic effects in the
windings and magnetic core.

The total system losses can be defined as:

I:)Ioss = PCu + PFe + I:)mech + I:)inv + I:)add' (4)
Then the efficiency can be defined as:
POUt
= (5)
=P 4P

out loss

To obtain a generalized assessment, an
efficiency map is constructed - a contour graph
that displays the efficiency value in the «torque
— speed» coordinates. The X axis shows the
speed (revolutions/minute or rad/s), the Y axis
shows the torque (N-m), and the cells show the
efficiency contours (%). The map allows you to
assess the ranges where the drive operates most
efficiently and the modes where losses increase
sharply.

Possible  operating  scenarios
simulation could be the following:

—acceleration — from 0 to operating
speed, evaluation of dynamics and losses in
transient modes;

— constant motion (cruise) — at different
speeds and loads;

—regenerative braking — assessment of
energy returned to the grid,;

— frequent stops/starts — typical of urban
transport;

—overload modes — operation with a
torque higher than the nominal, heating
assessment;

— temperature effect — increased winding
resistance and degradation of PMSM magnets.

The following tools can act as modeling
software:

— MATLAB/Simulink (Simscape
Electrical) is the most common tool for
modeling electric drives, allowing you to
implement FOC/DTC and estimate losses;

—PLECS (Piecewise Linear Electrical
Circuit Simulation) — convenient for modeling
power circuits and thermal processes in power
switches;

for
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— ANSYS Maxwell/Motor-CAD — used
for detailed electromagnetic analysis and
calculation of losses in steel,

— LTspice/PSIM — used for analyzing
inverter circuits.

The effectiveness
methodology includes:

— building a mathematical model of the
motor and inverter in MATLAB/Simulink;

—implementation  of the  control
algorithm (FOC or DTC);

—conducting simulations in typical
modes (acceleration, steady motion, braking);

— calculation of losses (in copper, in steel,
mechanical, inverter);

— construction of efficiency maps for
each algorithm;

— comparison of results (FOC vs. DTC,
with and without optimizations);

— determining modes in which energy
consumption is minimal and formulating
recommendations.

Hardware implementation of control
systems and measuring instruments. The
efficiency and reliability of brushless traction
motors depend not only on the control
algorithm, but also on the hardware of the drive.
The main components are: power inverter,
microprocessor controller, current and voltage
sensors, position and temperature sensors,
cooling and diagnostic systems.

The power inverter generates a three-
phase voltage to power the motor from a DC
source (catenary, battery, supercapacitor). The
main requirements for traction system inverters
are as follows [61]:

—high  reliability  during
operation;

—ability to work with high currents
(hundreds of amperes);

— high switching frequency to minimize
ripple;

— minimal losses on power switches.

Typical components are:

— IGBT modules (Insulated Gate Bipolar
Transistor) are the standard in traction
technology [62];

assessment

long-term

— SIC-MOSFETs (Silicon Carbide) are
promising, allowing to increase the switching
frequency and reduce losses, especially in
urban transport [63, 64];

— LC filters — to reduce harmonics and
electromagnetic interference [65, 66].

FOC, DTC and adaptive algorithms
require high-performance computing
platforms. The following microprocessor
controllers can be used:

—DSP (Digital Signal Processor) — TI
C2000 family, Infineon Aurix;

—FPGA (Field Programmable Gate
Array) — for fast calculations, complex
algorithms and parallel signal processing;

— ARM/Microcontroller — for auxiliary
functions (protection, monitoring).

The main functions of the controller
include:

— generation of PWM signals for inverter
control;

— execution of control algorithms in real
time;

— processing of signals from sensors;

— diagnostics and communication with
the upper control level (CAN, Ethernet, MVB).

Sensors and measuring instruments
include:

— current sensors — shunt resistors, Hall
effect sensors, optical current sensors (in high-
voltage circuits);

—voltage sensors — voltage dividers,
isolated transformer sensors;

—rotor position sensors — encoders
(optical, magnetic), resolvers (high accuracy,
used in traction drives), sensorless estimators
(based on electromotive force);

—temperature sensors — thermistors
(Pt100, NTC), thermocouples in the winding
and bearing area, infrared sensors for
contactless monitoring.

Traction motors and inverters operate in
harsh conditions and generate significant heat
fluxes. Therefore, it is necessary to use
appropriate cooling systems:

—air cooling — used in less powerful
drives (trams, electric buses);
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—liquid cooling is standard for
locomotives and powerful electric trains, and
can be water or oil;

—thermal sensors are a mandatory
element for controlling modes and preventing
overheating.

To ensure reliability and safety of
operation, diagnostic and protection systems
are used, which, in particular, provide for:

—insulation monitoring and leakage
current control;

— diagnostics of the condition of the
windings (assessment of partial discharges,
analysis of current harmonics);

— overheating and overload detection;

—inverter self-diagnostic systems (key
failure, abnormal currents);

— remote data transmission to the rolling
stock technical monitoring system.

Examples of modern hardware solutions
are:

— Siemens SITRAS — inverters for metro
and trams on IGBT modules;

— Mitsubishi ~ Electric  —  traction
converters with SiC transistors for high-speed
trains;

— Bombardier MITRAC - complex
control systems with integrated diagnostics;

— Alstom ONIX — inverter with optimized
cooling system.

Experimental part and model validation.
Experimental studies are a necessary stage in
confirming the correctness of mathematical
modeling and the effectiveness of brushless
traction motor control systems. They allow:

— check the accuracy of the calculated
data;

— identify additional losses not accounted
for in the model;

— assess the reliability of the hardware;

—to formulate recommendations for
implementation in real operating conditions.

A typical stand for researching a traction
electric drive consists of [67, 68]:

— brushless traction motor (PMSM or
asynchronous) — the object of study;

— power inverter — controlled by a PWM
controller that implements FOC or DTC;

—control  systems -  DSP/FPGA
controller with data acquisition software;

—load module — electrodynamic brake,
generator with rheostat or second motor that
simulates the load;

— cooling systems — for stable operation
during long-term tests;

— measuring equipment — current sensors
(Hall effect), voltage Sensors,
encoders/resolvers for determining the rotor
position, temperature sensors in the winding
and bearing area, computer data acquisition
system (DAQ).

The tests are carried out in several stages:

— no-load operation — estimation of steel
losses and mechanical losses, measurement of
magnetizing current;

—load characteristics — measurement of
torque dependence on current, construction of
mechanical characteristics at different rotation
speeds;

—acceleration and braking mode -
assessment of transient dynamics, analysis of
recuperation performance;

— thermal tests — monitoring of heating of
windings and power switches, determination of
limit modes;

—energy indicators — calculation of
instantaneous and average efficiency values,
comparison of losses in different modes (FOC
vs. DTC).

The  most  common
instruments used during testing are:

— oscilloscopes — for analyzing voltage
and current waveforms;

— power analyzers (Yokogawa, HIOKI) —
for accurate determination of efficiency;

— high-sampling-rate data acquisition
(DAQ) systems;

—thermal imagers and thermocouples —
for monitoring temperature fields;

— vibroacoustic sensors — for monitoring
mechanical defects.

The model validation procedure consists

measuring

of:

— comparison of mechanical
characteristics — experimental results vs.
simulation (torque—velocity);
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—loss assessment — analysis of
differences between calculated and measured
losses, introduction of correction factors into
the model;

—construction of efficiency maps -
comparison of experimental efficiency maps
with model ones, verification of optimal
operation ranges;

— checking control algorithms — analysis
of the quality of torque and speed regulation,
assessment of system stability during transient
processes.

The expected results of experimental
studies are usually:

— confirmation of the adequacy of the
mathematical model,

— determining the real limits of drive
efficiency;

— clarification of the influence of parasitic
losses and temperature factors;

— formation of
recommendations for
traction rolling stock.

Comparison and generalization of
results.  After conducting mathematical
modeling and experimental studies, the results
obtained are compared for different control
systems for brushless traction motors [69-72].

1. Comparison of simulation and
experimental results:

—mechanical characteristics (torque—
speed) should practically coincide in the
calculated and experimental data. The deviation
should usually not exceed 5-7 %, which would
confirm the adequacy of the mathematical
model;

—losses in windings and steel in the
model are usually slightly underestimated,
since the experiment takes into account
additional parasitic effects (harmonics, heating
of conductors);

— the efficiency map from the experiment
usually turns out to be more «narrowed», that
is, the real area of maximum efficiency is
slightly smaller than in the simulation.

2. Comparison of control algorithms:

—FOC - high accuracy of torque and
speed regulation, smooth transients, stable

practical
implementation on

operation in a wide speed range, slightly lower
efficiency at high speeds due to increased
switching losses;

—DTC - very fast dynamics, simpler
control algorithm, increased torque and current
pulsations, higher value of losses in steel due to
uneven flows;

—adaptive and optimization algorithms
(taking into account temperature, minimizing
losses) — the best energy performance, the
ability to maintain optimal mode in real time,
require more computing power of the
controller.

3. Energy efficiency:

—on average, the efficiency of the
traction electric drive on FOC is 92-94 %j;

— for DTC —90-92 %;

—for adaptive FOC  with  loss
minimization — up to 95 %;

—regenerative  braking modes are
particularly effective — up to 25-30 % of the
driving energy can be returned to the network
or battery.

4. Reliability and performance:

—FOC provides the smoothest drive
operation and lower vibration levels;

— DTC is more reliable in terms of simple
control structure, but requires harmonic
filtering;

— Adaptive methods require expensive
hardware (FPGA, high-end DSP) and more
complex debugging.

5. Practical recommendations:

—for wurban electric transport (trams,
electric buses) it is advisable to use FOC with
recovery and optimization for minimum losses;

— for high-speed trains and locomotives,
it is advisable to combine FOC with adaptive
temperature and current control algorithms;

— DTC can be effective for systems where
speed is critical, such as in magnetic levitation
trains or specialized drives;

—the use of SiC transistors in inverters
allows for an increase in efficiency by 2-3 %
compared to traditional IGBTS;

—it is necessary to integrate online
diagnostic systems to monitor temperature,
insulation status and switching parameters.
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Thus, the analysis showed that modern
control systems for brushless traction motors
provide a high level of energy efficiency and
reliability. The best results are achieved when
using FOC with adaptive loss optimization
algorithms, as well as using inverters based on
SiC elements. This allows you to reduce energy
consumption by 5-10 %, increase efficiency up
to 95%, and increase the durability of
equipment, which is critically important for rail
transport and urban power systems.

Conclusions. Modern control systems for
brushless traction motors provide a high level
of energy efficiency (up to 95 %), reliability,
and control flexibility. The combination of
vector control algorithms with adaptive
strategies and the use of the latest power
electronics (SiC) opens up opportunities for
further reducing energy consumption and
increasing the resource of traction rolling stock.
This makes such systems one of the key areas
of development of modern means of transport.

Based on the research conducted, the
following conclusions can be drawn:

—the analytical review showed that the
most common control algorithms are FOC and
DTC. They provide high dynamic and energy
characteristics, but differ in control accuracy,
ripple level, and hardware implementation
requirements;

— performing mathematical modeling in
the MATLAB/Simulink environment allows
you to build efficiency maps, estimate losses in
different modes (acceleration, steady state,
regenerative braking) and confirms the
effectiveness of FOC and DTC in different
operating conditions;

—the main losses of an electric drive
include: winding losses, steel losses,
mechanical losses and inverter losses. Their
accurate accounting is the key to improving
efficiency;

—conducting experimental research is
aimed at confirming the adequacy of the model:
the differences between theoretical and
practical results usually do not exceed 57 %.
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