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Abstract. The relevance of the study is determined by
the need to improve the energy efficiency of the multi-
motor traction electric drive of commuter electric trains
by reducing electricity consumption and losses in traction
equipment, power converters, the overhead contact
system and auxiliary systems. The aim of the study was
to determine the most appropriate technical solutions
for improving the energy efficiency of a multi-motor
traction electric drive based on a comprehensive analysis
of the structure of energy losses, types of traction electric
motors, control methods and approaches to optimising
movement modes. The study used a multicriteria analysis
method applying the Harrington desirability function. The
results established that the main reserves for improving
energy efficiency are concentrated in reducing losses
in the traction electric drive, power converters and the
mechanical part of the drive, which account for the largest
share of the total energy losses of an electric train. It was
determined that the asynchronous traction motor is the

most appropriate option for use in a multi-motor traction electric drive, as it provides a rational combination of energy
efficiency, reliability, ease of maintenance and acceptable weight and dimensional characteristics. A comparison of
asynchronous electric drive control methods showed the advantage of vector control, which ensures high accuracy in
regulating electromagnetic torque, stable operation under variable loads and improved energy characteristics of the
drive. Among the methods for optimising the movement modes of electric trains, dynamic programming was identified
as the most promising, as it enables the formation of energy-saving movement trajectories while taking into account
speed limits, track profile and variable operating conditions. The obtained results confirm the feasibility of the integrated
combination of an asynchronous traction motor, vector control and dynamic programming algorithms as a basis for
creating energy-efficient traction electric drive systems for modern rail rolling stock

Keywords: induction traction motor; vector control; dynamic programming; electric train; energy losses; optimisation
of operating modes; multicriteria analysis

Introduction

Rail transport is traditionally regarded as one of the most
energy-efficient modes of mass transportation due to the
low rolling resistance of steel wheels on rails, high car-
rying capacity, and centralised power supply for rolling
stock. However, the rising cost of electrical energy, strict-
er environmental requirements, and the need to reduce
operating costs make further improvement of traction
rolling stock energy efficiency an urgent task. This issue is
particularly important for suburban multiple-unit trains,
which operate over short interstation distances with fre-
quent stops and repeated acceleration-braking cycles.

Under such conditions, a considerable part of the con-
sumed electrical energy is spent not only on useful train
movement, but also on covering losses in traction electric
drives, power converters, catenary systems, and auxiliary
equipment. Therefore, improving the efficiency of mul-
ti-motor traction electric drive systems is of significant
scientific and practical importance.

Atypical operating cycle of an electric train between ad-
jacent stations consists of acceleration, cruising, coasting,
and braking before stopping. The highest electricity con-
sumption is observed during acceleration, when traction
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motors operate under high-current conditions and sig-
nificant electromagnetic loads. During this period, in-
stantaneous power consumption may exceed average
values, leading to increased losses in converters, electric
machines, and the catenary system. Since electricity costs
constitute a significant component of operating expenses,
even a slight reduction in the specific energy consump-
tion of electric trains can provide a substantial economic
effect. In research, improving the energy efficiency of rail
rolling stock is regarded as a multidimensional problem
that includes energy-efficient train operation, reduction
of losses in traction power supply systems, rational use of
braking energy, and optimisation of traction drive perfor-
mance.Y. Rao et al. (2022) considered energy-efficient train
control taking into account traction system efficiency and
concluded that rolling stock energy consumption should
be assessed through train motion and traction equip-
ment efficiency. I. Riabov et al. (2023) considered the en-
ergy efficiency of a multi-motor traction electric drive and
emphasised that energy savings can be achieved through
rational load distribution between traction motors and
adaptation of drive operation to actual traction demand.
A separate group of studies is devoted to traction
motors and traction electric drive structures. S. Paul et
al. (2022) reviewed railway traction motors for distribut-
ed traction systems and showed that induction motors
and permanent magnet synchronous motors are among
the most promising solutions for modern rail vehicles.
Y. Peng et al. (2024) compared energy-efficient train con-
trol based on permanent magnet synchronous motors
and induction motors, confirming that motor type influ-
ences the attainable energy-saving effect. However, these
studies mainly focus either on motor design or on particu-
lar operating conditions, while an integrated multicriteria
comparison of traction motor types for suburban mul-
ti-motor rolling stock remains insufficiently developed.
The choice of the control method for induction
traction drives is also widely discussed in the literature.
S. Goolak et al. (2023) analysed traction drive control sys-
tems of electric locomotives with asynchronous traction
motors and showed that vector control and direct torque
control have different sensitivity to supply voltage and load
disturbances. These results are important for multi-motor
traction systems, where uneven load distribution, supply
asymmetry, and variations in wheel-rail adhesion may re-
duce overall drive efficiency. Therefore, the effectiveness of
a control method should be assessed by its ability to main-
tain stable and energy-efficient operation under variable
traction loads. Another important research direction is the
optimisation of train operating modes and speed trajecto-
ries. D. Kouzoupis et al. (2023) proposed a direct multiple
shooting approach and showed that this method provides
flexibility in problem formulation and sufficient computa-
tional efficiency for complex energy-efficient train control
tasks. Z. Xing et al. (2023) developed an improved brute-
force search approach and concluded that transforming the
problem into the search for optimal turning points can re-
duce the solution space and improve computational speed.
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Thus, individual aspects of rail rolling stock energy
efficiency have been studied in sufficient depth, ranging
from traction motor selection to train driving algorithms.
However, the integrated multicriteria selection of ways
to improve multi-motor traction electric drive efficien-
cy, simultaneously taking into account motor type, con-
trol method, operating conditions, and train operating
mode optimisation, remains insufficiently explored. The
purpose of the study was to substantiate promising ap-
proaches to improving multi-motor traction electric drive
energy efficiency through comparison of traction motor
types, induction drive control methods, and electric train
operating mode optimisation approaches.

Materials and Methods

The study was conducted as a comparative analytical in-
vestigation based on the systematisation of scientific pub-
lications, technical characteristics of traction equipment,
and expert evaluation of alternatives. The factual mate-
rial consisted of twenty peer-reviewed scientific sources
devoted to traction motors, induction-drive control, en-
ergy-efficient train operation, and railway trajectory op-
timisation. The publications were selected because they
directly addressed distributed or multi-motor traction,
induction and permanent-magnet machines, vector and
direct torque control, dynamic programming, model pre-
dictive control, genetic algorithms, and optimal-control
methods. The main sources used for the comparison of
traction-machine types were the works by S. Nategh et
al. (2020), 1. Riabov er al. (2023), and H.J. Kaleybar et
al. (2023). The comparison of induction-drive control
methods was based mainly on B. Liubarskyi et al. (2017),
A. Fathy Abouzeid et al. (2020), and S. Goolak et al. (2023).
The analysis of train-motion optimisation methods re-
lied on Y. Rao et al. (2022), D. Kouzoupis et al. (2023),
Z.Zhang et al. (2023).

The research sequence consisted of four stages. At
the first stage, the structure of energy losses in a subur-
ban electric train was generalised from the literature and
from the typical energy chain of an electric train: catenary
system — power converter — traction machine — gearbox —
wheelset — wheel-rail contact. At the second stage, the
main alternatives for the traction machine were selected:
DC motor, induction motor, permanent magnet synchro-
nous motor, and switched reluctance motor. At the third
stage, three control methods for induction drives were
compared: scalar control, vector control, and direct torque
control. At the fourth stage, four approaches to train-mo-
tion optimisation were compared: model predictive con-
trol, Pontryagin’s maximum principle, genetic algorithms,
and dynamic programming.

A multicriteria evaluation was used because the alter-
natives differed by parameters that could not be reduced
to a single physical dimension. For each group of alterna-
tives, five criteria were selected. For traction motors, the
criteria were efficiency factor, control-system complexity,
reliability, weight-and-size characteristics, and operat-
ing costs. For induction-drive control, the criteria were
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energy efficiency, torque control accuracy, control-system
response speed, implementation complexity, and opera-
tional stability. For train-motion optimisation, the criteria
were optimisation accuracy, computational complexity,
real-time implementation, solution stability, and versatil-
ity. For the criteria related to cost and complexity, a high-
er desirability value corresponded to a more favourable
state, that is, lower cost or lower complexity.

The numerical values in the tables were obtained
through expert scoring and subsequent normalisation.
The expert group included seven specialists: four aca-
demic researchers in electric traction and electric drives
and three engineers with experience in operation or
maintenance of electric rolling stock. The research in-
volving respondents was conducted on a voluntary basis.
All participants were informed about the purpose of the
study, the nature of their participation, and the intended
use of the obtained results. Written informed consent was
obtained from all respondents, including consent to pub-
lish the generalised research results. The confidentiality
and anonymity of the participants were ensured, and no
personal data allowing the identification of respondents
were disclosed. Participation in the study did not involve
any form of discrimination, coercion, pressure, or une-
qual treatment. The ethical principles of the study were
consistent with the Code of Ethics of the American So-
ciological Association (2018), the ICC/ESOMAR Interna-
tional Code on Market, Opinion and Social Research and
Data Analytics (2025).

Each expert evaluated every alternative on a 10-point
scale for each criterion. The individual scores were aver-
aged, after which the averaged values were transformed
into partial desirability indices on the Harrington scale.
The interpretation of the desirability index was as follows:
values from 0.80 to 1.00 corresponded to a very good level,
0.63 to 0.80 to a good level, 0.37 to 0.63 to a satisfactory
level, 0.20 to 0.37 to a low level, and values below 0.20 to
an unacceptable level. This procedure made it possible to
convert heterogeneous technical judgments into compa-
rable dimensionless indicators. The generalised Harring-
ton desirability function was used to obtain an integral
indicator for each alternative. The partial desirability for
the i-th criterion was defined as:

d; = exp[—exp(=y,)], (€]

where y,is a normalised coded value of the corresponding
criterion. When an expert-score scale was used, the coded
value was formed from the averaged expert score after ac-
counting for whether the criterion was beneficial or cost-
type. The generalised desirability index was calculated as:

Djznﬂldljdzjdnj, (2)

where 7 is the number of criteria. The geometric form of
the aggregation was chosen because it penalised alterna-
tives with one very weak criterion and therefore better re-
flected the requirements of traction systems, where high
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efficiency cannot compensate for insufficient reliability or
excessive implementation complexity.

Results

A typical operating cycle of an electric train between two
adjacent stations consists of acceleration, cruising at
constant speed, coasting, and braking before stopping.
The highest electricity consumption is observed dur-
ing acceleration, when traction motors operate under
high-current conditions and significant electromagnetic
loads (Haahr et al., 2017). During this period, instantane-
ous power consumption may considerably exceed aver-
age values, leading to increased losses in power convert-
ers, electric machines, and the catenary system (Feng et
al., 2013; Rao et al., 2022). Electricity costs constitute
one of the most significant components in the structure
of operating expenses of multiple-unit rolling stock. Ac-
cording to estimates by railway operating services, their
share may reach 25-35% of total passenger transporta-
tion costs. Under such conditions, even a slight reduc-
tion in the specific energy consumption of electric trains
can provide a substantial economic effect on the scale
of the entire transport system (Liu & Golovitcher, 2003;
Gonzélez-Gil et al., 2014). Analysis of the energy perfor-
mance of suburban electric train operation shows that
the pattern of electricity consumption has a pronounced
cyclical structure. Each operating cycle between adjacent
stops includes a period of intensive acceleration, a phase
of motion at limited or steady speed, and a braking stage.
Within this cycle, the electrical energy supplied from the
catenary system is used both to produce the useful me-
chanical work required for train movement and to cover
losses in various elements of the energy chain. During
acceleration, traction motors operate under high-cur-
rent conditions, which is accompanied by increased
electrical losses in their windings as well as increased
switching losses in power converters. In addition, high
traction currents cause extra losses in the catenary sys-
tem and in the power cables of the electric train. As a
result, the actual efficiency of the entire electric traction
system is significantly lower than the efficiency of its in-
dividual components.

For assessing the energy efficiency of an electric train,
the analysis of the structure of energy losses during trac-
tion operation is of particular importance. Energy losses
in an electric train are formed in several major subsys-
tems. A significant share of these losses arises in the trac-
tion electric drive, which includes traction motors, power
converters, and elements of the electrical circuits. Anoth-
er part is associated with mechanical losses in gearboxes,
bearing assemblies, and the wheel-rail contact. Additional
losses occur in the catenary system and current collection
equipment, as well as in the auxiliary systems of the elec-
tric train. A generalised distribution of the energy losses of
an electric train is shown in Figure 1. The presented values
are average values for modern DC electric trains and may
vary depending on the type of traction equipment, oper-
ating conditions, and track profile.
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Figure 1. Approximate distribution of energy losses
in an electric train
developed by the authors

A conventional distribution of energy losses may be
represented by the following shares. Approximately one
third of the total losses is attributed to the traction elec-
tric drive, where electrical and magnetic losses occur in
the motors and power converters. A significant portion
of the losses is also formed in the mechanical part of the
system, including losses in gearboxes, bearings, and the
wheel-rail contact. Some of the energy is dissipated in
the catenary system due to voltage drops and conductor
heating. A separate group consists of losses in the auxiliary
systems of the electric train, including ventilation units,
compressors, heating systems, and lighting. The analysis
of the loss structure shows that the greatest reserve for im-
proving the energy efficiency of electric trains is associat-
ed with the enhancement of the traction electric drive and
the optimisation of its operating modes. It is precisely in
this subsystem that the most intensive energy processes
occur, determining the level of electricity consumption
during train acceleration and motion. For this reason,
improving the energy efficiency of electric trains requires
an integrated approach involving simultaneous enhance-
ment of the traction electric drive design, optimisation
of its control algorithms, and rational formation of train
operating modes. Such an approach makes it possible
to consider the electric train as a unified energy system
in which electrical and mechanical processes are closely
interconnected (Rao et al, 2022). Structurally, an electric
train consists of motor cars and trailer cars. The motor
cars are equipped with traction motors, power convert-
ers, and auxiliary electrical equipment, whereas the trailer
cars primarily perform a transport function. Such a con-
figuration ensures a rational distribution of train mass and
makes it possible to provide sufficient adhesion between
the wheels and the rails (Paul et al., 2022).

The energy process in an electric train can be repre-
sented as a sequence of conversions of electrical energy
from the catenary system into the mechanical energy of
wheelset rotation. In general, this sequence includes sev-
eral main stages. Electrical energy is supplied through the
current collector to the power converters, where it is con-
verted into the parameters required to supply the traction

Maslii & Iakubovskyi

motors. Then, in the motors, electromagnetic energy is
converted into mechanical energy, which is transmitted
through the gearbox to the wheelsets, generating the trac-
tion force required to move the train (Nategh et al., 2020).
An important feature of electric trains is the presence of
a multi-motor traction drive structure. Each motor bogie
may have one or two traction motors operating in parallel
and producing the total traction torque. This arrangement
makes it possible to ensure a more uniform distribution
of traction effort among the train axles and improves the
utilisation of adhesive weight. At the same time, the mul-
ti-motor drive structure complicates the control system
and increases the requirements for synchronisation of
the individual traction motors. Uneven load distribution
among the motors may lead to increased energy losses and
a reduction in the overall efficiency of the system. Under
actual operating conditions, the power levels of individual
drives may differ due to variations in axle load, wheel-rail
contact conditions, and control system parameters. This
leads to additional energy losses associated with the un-
even distribution of traction torque (Goolak et al., 2023).
An increase in the efficiency of traction motors makes it
possible to directly reduce electricity consumption during
train operation. In modern induction traction motors, this
efficiency can exceed 0.9 over a wide load range, which
makes them attractive for application in multiple-unit
rolling stock (Peng et al., 2024). At the same time, the se-
lection of the optimal type of traction motor cannot be
based on a single parameter alone. For an objective com-
parison, it is necessary to take into account a whole set
of criteria, among which energy efficiency, weight and di-
mensional characteristics, reliability, control system com-
plexity, and operating costs are of primary importance.
Given the heterogeneity of these indicators, it is advisable
to use multicriteria evaluation methods that make it pos-
sible to integrate different technical characteristics into a
single generalised criterion. One of the most widely used
approaches for solving such problems is the Harrington
desirability function method (Harrington, 1965). Since
different types of traction motors are characterised by a
combination of technical and operational indicators, the
selection of the most appropriate option for use in the
electric traction system of an electric train should be car-
ried out using multicriteria analysis methods.

One effective approach to solving such problems is
the use of the generalised Harrington desirability func-
tion, which makes it possible to transform heterogeneous
technical characteristics into dimensionless indicators
and combine them into a single integral criterion. The
desirability function method is based on transforming
each technical parameter into a partial desirability in-
dex ranging from zero to one. Values close to zero corre-
spond to unsatisfactory characteristics, whereas values
close to one indicate a high level of technical excellence
of the respective parameter. For each type of traction mo-
tor, the corresponding values of the partial desirability
functions are determined. After that, based on the given
relationship, a generalised indicator is calculated that
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characterises the overall efficiency of using a particular
type of motor in the electric traction system. Several main
types of traction electric motors are used in modern elec-
tric traction systems. Each of these motor types has its
own technical and operational characteristics, which ne-
cessitates their comprehensive comparison. The choice
of these motor types and comparison criteria is consist-
ent with the works by S. Paul ez al. (2022), who empha-
sised the prospects of induction and permanent magnet
synchronous motors for distributed traction systems,
and S. Nategh et al. (2020), who identified efficiency, re-
liability, thermal loading, mass-dimensional parameters,
and manufacturability as important factors in traction
motor design. DC motors remained the principal type
of traction motor for electric trains for a long time. Their
widespread use was due to the relative simplicity of speed
control and the ability to develop a high starting torque.
At the same time, the presence of a commutator-brush
assembly results in increased operating costs associated
with maintenance and brush replacement. In addition,
electrical losses in the commutator assembly reduce the
efficiency of such machines.

Induction traction motors became widely used with
the development of power semiconductor technology.
They are characterised by a simple design, the absence of
a commutator-brush assembly, and high operational reli-
ability. The squirrel-cage rotor of an induction motor does
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not require special maintenance, which reduces operating
costs. Furthermore, modern control systems make it pos-
sible to provide effective control of the speed and torque
of such motors. I. Riabov et al. (2023) showed that the
energy efficiency of a multi-motor traction electric drive
depends on rational load distribution between traction
motors, which confirms the importance of considering in-
duction motors in such systems. Permanent magnet syn-
chronous motors are distinguished by high efficiency and
high specific power. The use of permanent magnets makes
it possible to reduce excitation losses and improve the
energy efficiency of the motor. However, such machines
are characterised by a more complex design and the high
cost of magnetic materials, which limits their widespread
application in multiple-unit rolling stock. Switched reluc-
tance motors attract the attention of researchers due to
their simple rotor design and high reliability. The absence
of rotor windings provides increased mechanical strength
and overload resistance. At the same time, the complexity
of the control system and the increased torque ripple are
factors that limit the use of such machines in the traction
drives of electric trains. H.J. Kaleybar et al. (2023) con-
firmed the relevance of multicriteria and optimisation
approaches for rail vehicle systems, which supports the
use of comparative evaluation when selecting traction
equipment. The initial values of the desirability indices for
different types of traction motors are presented in Table 1.

Values of partial desirability indices for different types of traction motors

Criterion DC motor Induction motor :yt::llmragzzfl?;il:z: relu::;il:f:lt:fgo 1or
Efficiency factor 0.90 0.95 0.96 0.94
Control system complexity 0.80 0.63 0.63 0.37
Reliability 0.37 0.80 0.80 0.80
Weight and dimensional characteristics 0.37 0.80 0.90 0.85
Operating costs 0.37 0.80 0.70 0.80

developed by the authors

These values were obtained on the basis of expert
evaluation and subsequent normalisation of the criteria
according to the Harrington desirability scale. The par-
tial desirability indices were determined using formula 1,
while the generalised assessment of each motor type was
performed using formula 2. The data presented in Table 1
show that the permanent magnet synchronous motor has
the highest values for efficiency factor and weight-and-di-
mensional characteristics. However, its operating costs
are lower in desirability than those of the induction mo-
tor and switched reluctance motor. The induction motor
demonstrates the most balanced combination of efficien-
cy, reliability, weight-and-dimensional characteristics,
and operating costs. DC motors are characterised by rel-
atively favourable control simplicity, but their reliability,
weight-and-dimensional characteristics, and operating
costs have lower desirability values. Switched reluctance
motors show acceptable reliability and operating costs,
but their practical application is limited by the complex-
ity of the control system. Therefore, taking into account
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the partial desirability indices calculated by formula 1 and
their generalised aggregation according to formula 2, the
induction motor can be considered the most rational op-
tion for use in a multi-motor traction electric drive of an
electric train. For a more illustrative comparison of the
technical characteristics of different motor types, the eval-
uation results should be presented in the form of a radar
chart (Fig. 2), which makes it possible to graphically rep-
resent the relationship among the individual evaluation
criteria. The chart presents the values of the partial desira-
bility indices according to the following criteria: efficiency,
control system complexity, reliability, weight and dimen-
sional characteristics, and operating costs. Each motor
type is represented by a separate curve, which makes it
possible to visually assess the relationship among the dif-
ferent technical parameters. Thus, the results of the mul-
ticriteria analysis show that the most appropriate option
for application in the traction electric drive system of elec-
tric trains is the induction traction motor. It is this type of
electric machine that provides the optimal combination
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of energy efficiency, reliability, and operational suitability.
Determining the feasibility of using an induction traction
motor in the electric traction system of an electric train
necessitates a detailed analysis of possible control meth-
ods for such a drive. The efficiency of an induction electric
drive largely depends on the control algorithms that en-
sure the formation of the required electromagnetic torque
and motor speed operating modes. Unlike DC motors,

Maslii & Iakubovskyi

in which speed control is achieved by varying the supply
voltage or field current, induction motors require more
sophisticated control systems. Similarly, to the previous
analysis of traction motor types, the Harrington desirabil-
ity function method is used to compare control systems.
This approach makes it possible to take into account sev-
eral technical characteristics of control systems and com-
bine them into a single integral indicator.
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0.9
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0.6
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Operating expenditures 0.3
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0.1

0

Weight-and-size
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Control
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complexity

DC motor

Induction motor

Permanent magnet synchronous moto
Switched reluctance motor

Reliability

Radar chart of desirability indices for different types of traction motors

developed by the authors

The evaluation criteria for induction drive control
systems include energy efficiency, electromagnetic torque
control accuracy, control system response speed, imple-
mentation complexity, and operational stability under dif-
ferent load conditions. The choice of these criteria is de-
termined by their direct influence on the operational and
energy performance of the electric train. Scalar control is
based on maintaining a specified relationship between the
supply voltage and frequency of the electric motor. This
approach is relatively simple to implement and does not
require complex computational algorithms. At the same
time, the torque control accuracy of scalar systems is lim-
ited, which reduces their effectiveness in traction electric
drives, where precise control of traction effort is of great
importance. Vector control of an induction electric drive is
based on the independent regulation of the stator current

components responsible for generating the magnetic flux
and the electromagnetic torque. This approach makes it
possible to achieve control characteristics similar to those
of a DC motor, thereby ensuring high torque and speed
control accuracy. The direct torque control method in-
volves the direct regulation of the electromagnetic torque
and magnetic flux of the motor based on the analysis of
instantaneous values of currents and voltages. This meth-
od is characterised by high dynamic response and makes
it possible to react quickly to load changes. At the same
time, its implementation requires the use of high-speed
computing devices and sophisticated signal processing
algorithms. For each of the considered control methods,
the corresponding values of the partial desirability indices
are determined. The normalised values of the criteria for
the three main control methods are presented in Table 2.

Values of partial desirability indices for different control systems of an induction electric drive

Criterion Scalar control Vector control Direct torque control
Energy efficiency 0.63 0.90 0.85
Torque control accuracy 0.50 0.90 0.85
Control system response speed 0.50 0.85 0.90
Implementation complexity 0.90 0.63 0.63
Operational stability 0.63 0.90 0.85

developed by the authors

The values were obtained by averaging expert scores
and converting them into partial desirability indices using
formula 1. The overall comparison of the considered control
methods was carried out using the generalised Harrington
desirability function according to formula 2. The results

presented in Table 2 indicate that vector control provides the
most favourable combination of energy efficiency, torque
control accuracy, control system response speed, and op-
erational stability. Direct torque control is characterised by
a high response speed and good energy performance, but

Transport Systems and Technologies. 2026. Vol. 29, No. 1
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its implementation complexity reduces its overall desirabil-
ity. Scalar control has the highest desirability value for im-
plementation complexity because of its relative simplicity,
but it is inferior to vector control and direct torque control
in terms of energy efficiency, torque control accuracy, and
dynamic response. Thus, based on the partial desirability
indices calculated by formula 1 and their generalised eval-
uation according to formula 2, vector control is the most

Operational
stability

Implementation
complexity
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appropriate method for induction traction drives operating
under variable load conditions typical of suburban electric
trains. Figure 3 shows the values of the partial desirability
indices for each control method, which makes it possible
to visually assess their advantages and disadvantages. The
analysis of the graphical representation confirms that vec-
tor control provides the most optimal combination of en-
ergy efficiency, control accuracy, and operational stability.

Energy efficiency

Torque control
accuracy

Scalar control
==@==YVector control
Direct torque control

System response
speed

Figure 3. Radar chart of desirability indices for induction electric drive control systems

Source: developed by the authors

Various mathematical approaches may be used to
optimize the operating modes of electric trains. Each of
them has its own advantages and limitations, which be-
come apparent depending on the operating conditions,
the required calculation accuracy, and the feasibility of
implementation in real-time control systems. Therefore,
it is advisable to carry out a comprehensive evaluation
of different train motion optimisation methods using
a multicriteria approach. To perform such an analysis,
the Harrington desirability function is used, making it
possible to integrate heterogeneous characteristics of

optimisation methods into a single generalised indica-
tor. As in the previous cases, each evaluation criterion
is transformed into a partial desirability index ranging
from zero to one. The higher the value of the index, the
more desirable the corresponding characteristic of the
method. The following train motion optimisation meth-
ods are considered in the evaluation process: dynamic
programming, Pontryagin's maximum principle, genetic
algorithms, and model predictive control. The normal-
ised values of the criteria for train motion optimisation
methods are presented in Table 3.

Table 3. Values of partial desirability indices for train motion optimisation methods

Optimisation accuracy 0.90 0.85 0.80 0.90
Computational complexity 0.37 0.63 0.63 0.63
Real-time implementation 0.37 0.50 0.63 0.75

Solution stability 0.80 0.80 0.63 0.90
Versatility 0.63 0.63 0.90 0.85

Source: developed by the authors

These values were formed on the basis of expert eval-
uation of the methods according to optimisation accura-
cy, computational complexity, real-time implementation,
solution stability, and versatility. The averaged expert
scores were transformed into partial desirability indices
using formula 1, and the integral comparison of the op-
timisation methods was performed using the generalised
desirability index calculated by formula 2. The data in Ta-
ble 3 show that model predictive control has a high value

Transport Systems and Technologies. 2026. Vol. 29, No. 1

for optimisation accuracy, but its practical use is limited
by high computational complexity and difficulties in re-
al-time implementation. Pontryagin’s maximum principle
demonstrates satisfactory values for most criteria, but its
versatility and real-time implementation are lower than
those of heuristic and dynamic programming approaches.
For a more illustrative comparison of the different optimi-
sation methods, the evaluation results should be present-
ed in the form of a radar chart (Fig. 4).
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The chart shows the values of the partial desirabili-
ty indices for each optimisation method, which makes it
possible to graphically assess their advantages and limi-
tations. Thus, the conducted analysis indicates the expe-
diency of using dynamic programming methods for the
formation of energy-efficient operating modes of electric
trains. The application of this approach makes it possi-
ble to take into account changes in operating conditions
in real time and to generate optimal control actions for
the traction electric drive. The results of the performed
analysis of the traction electric drive of an electric train,
control methods for induction motors, and optimisation
algorithms for train operating modes make it possible to
formulate general principles for constructing a control
system that ensures improved energy efficiency of roll-
ing stock. Such a system should combine the functions of
traction electric drive control, optimisation of train oper-
ating modes, and interaction with the railway power sup-
ply system. The general operating principle of the control
system may be described as a sequence of interactions
among several functional modules. First, the motion pa-
rameters and electrical quantities are measured. The ob-
tained information is then transmitted to a data process-
ing unit, where the current state of the system is assessed.
After that, the optimisation unit determines the optimal
control actions, which are transmitted to the traction elec-
tric drive control system. The implementation of such a
control system structure makes it possible to adapt the
operating modes of the traction electric drive to changing
train operating conditions. As a result, more efficient use
of electrical energy is achieved, and losses in the electric
traction system are reduced.

Discussion
In contemporary research, improving the energy efficien-
cy of rail rolling stock is regarded as a multidimensional
problem that includes energy-efficient train operation,
reduction of losses in traction power supply systems, ra-
tional use of regenerative braking energy, and optimisa-
tion of traction drive performance. X. Feng et al. (2013)

systematised the main directions of traction energy sav-
ingin rail transport and showed that energy consumption
depends not only on rolling stock parameters, but also
on driving strategy, timetable constraints, traction and
braking modes, and infrastructure conditions. V.I. Shyn-
karenko et al. (2016) focused on the modelling of recov-
ery energy distribution zones in DC traction systems and
demonstrated the importance of assessing the conditions
under which regenerated energy can be reused within the
traction power network. Y. Rao et al. (2022) further devel-
oped this research direction by considering the efficiency
of the traction system itself in energy-efficient train con-
trol. These studies confirm that the energy performance
of rail rolling stock should be evaluated as the result of
interaction between the vehicle, traction drive, power
supply system, and operating conditions.

A separate group of studies is devoted to the design
of traction motors and the structure of multi-motor trac-
tion electric drives. I. Riabov et al. (2023) considered the
problem of increasing the energy efficiency of a multi-mo-
tor traction electric drive and emphasised that energy
savings can be achieved through rational distribution of
load between traction motors and adaptation of the drive
operating mode to actual traction demand. S. Nategh et
al. (2020) analysed the main aspects of traction motor de-
sign for railway applications, including efficiency, thermal
loading, reliability, mass and dimensional parameters, and
manufacturability. S. Paul et al. (2022) reviewed the state
of railway traction motors for distributed traction systems
and showed that induction motors and permanent magnet
synchronous motors are among the most promising solu-
tions for modern rail vehicles. Y. Peng et al. (2024) com-
pared energy-efficient train control based on permanent
magnet synchronous motors and induction motors, con-
firming that the choice of motor type has a direct influence
on the attainable energy-saving effect. However, these
studies mainly focus either on motor design or on particu-
lar operating conditions, while an integrated multicriteria
comparison of traction motor types for suburban mul-
ti-motor rolling stock remains insufficiently developed.
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The choice of the control method for induction
traction drives is also widely discussed in the literature.
A. Fathy Abouzeid et al. (2020) analysed control strategies
for induction motors in railway traction applications and
showed that vector control and direct torque control pro-
vide better dynamic and energy performance than sca-
lar control, although they require more complex control
algorithms and higher computational resources. B. Li-
ubarskyi et al. (2017) studied optimal operating modes of
induction traction drives and substantiated the need to
coordinate motor operating conditions with the control
algorithm of the semiconductor converter. These results
are especially important for multi-motor traction systems,
where uneven load distribution, supply asymmetry, and
variations in wheel-rail adhesion may reduce the overall
efficiency of the drive. Therefore, the effectiveness of a
control method should be assessed not only by its theoret-
ical accuracy, but also by its ability to maintain stable and
energy-efficient operation under variable traction loads.

Another important research direction is the optimi-
sation of train operating modes and speed trajectories.
]J.T. Haahr et al. (2017) proposed a dynamic programming
approach for optimising train speed profiles under speed
restrictions and passage point constraints, which is di-
rectly relevant to railway sections with complex operating
limitations. P Wang & R.M.P. Goverde (2019) extended this
problem to multi-train trajectory optimisation for ener-
gy-efficient timetabling, showing that energy consump-
tion should be minimised while taking into account the
interaction between trains. D. He et al. (2021) applied an
improved differential evolution algorithm and a mul-
ti-particle train model to energy-efficient trajectory opti-
misation, while Z. Xing et al. (2023) proposed an improved
brute-force search approach for energy-saving train oper-
ation. These studies indicate that different optimisation
methods can provide significant energy savings, but their
practical applicability depends on computational com-
plexity, stability of the obtained solution, and the possibil-
ity of real-time implementation.

Studies increasingly focus on real-time and onboard
optimisation methods. D. Kouzoupis et al. (2023) pro-
posed a direct multiple shooting approach aimed at im-
proving the computational efficiency of train trajectory
optimisation. A. Liebhold et al. (2023) considered on-
board train speed optimisation using the prediction of
block clearing times under real-time rescheduling condi-
tions. A. Yildiz et al. (2023) analysed traction energy opti-
misation with regard to passenger comfort, which is par-
ticularly important for urban and suburban rail systems
with frequent stops. D. Wang et al. (2024) investigated
the use of deep reinforcement learning for energy-saving
operation in urban rail transit. At the same time, H.J. Ka-
leybar et al. (2023) showed that genetic algorithms and
their variants are widely used in rail vehicle optimisation
problems, mainly as heuristic tools for complex mul-
ti-parameter tasks. Thus, the available studies confirm
the effectiveness of modern optimisation methods, but
they do not fully solve the problem of jointly selecting
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the traction motor type, induction drive control method,
and train motion optimisation algorithm within a single
multicriteria framework.

The results of the study were generally consistent
with the conclusions of previous investigations, but they
also extended them by integrating three decision levels
into one multicriteria framework. 1. Riabov et al. (2023)
demonstrated that the energy efficiency of a multi-motor
traction drive could be improved by rationally discon-
necting or loading traction motors in accordance with the
operating mode. The present study reached a comparable
conclusion in a broader form: the highest energy effect
should be expected not only from the drive topology itself,
but also from the coordinated selection of machine type,
control method, and trajectory optimisation algorithm.
The conclusion regarding the preference for the induction
machine partially coincided with the findings of S. Na-
tegh et al. (2020) and S. Paul et al. (2022). These authors
emphasised that permanent magnet synchronous ma-
chines offer very high efficiency and high specific power,
whereas induction machines remain attractive because of
their robustness, simpler rotor design, and lower main-
tenance sensitivity. In the present study, the permanent
magnet synchronous machine also received the highest
partial score for efficiency and compactness. However,
after the inclusion of reliability and operating-cost crite-
ria, the induction machine obtained a slightly more ra-
tional position for suburban rolling stock. This difference
showed the importance of multicriteria evaluation: the
most efficient component by one criterion is not neces-
sarily the most appropriate component for a fleet with in-
tensive operation and high maintainability requirements.

The obtained preference for vector control was sup-
ported by the results of A. Fathy Abouzeid et al. (2020), who
showed that advanced induction-motor control strategies
were required in railway traction because the drive often
operated at low switching frequencies and in nonlinear in-
verter modes. S. Goolak et al. (2023) also showed that the
control system of asynchronous traction motors should
be assessed under disturbances and asymmetrical supply
conditions. The present study agreed with these conclu-
sions and indicated that vector control provided the best
compromise between energy efficiency, torque-control
accuracy, and operational stability. Direct torque control
remained competitive because of its high response speed,
but the multicriteria score reflected the need to limit rip-
ple and ensure predictable operation in a multi-motor
system. The results concerning train-motion optimisation
corresponded with the findings of Y. Rao et al. (2022), who
proved that traction-system efficiency had to be included
in train-control models. M. Nold & E Corman (2024) sim-
ilarly demonstrated that more realistic modelling of en-
ergy losses could change the optimal control strategy. In
the present study, this idea was reflected in the use of loss
distribution and drive-specific criteria before selecting
the optimisation method. Y. Peng et al. (2024) emphasised
that braking characteristics and reduced-power operation
should be included in the control model; this supported
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the conclusion that a universal energy-saving algorithm
must account for actual vehicle limitations rather than
only the theoretical speed profile.

The choice of dynamic programming as the most
promising basic method should be interpreted with re-
gard to alternative modern approaches. D. Kouzoupis et
al. (2023) showed that direct multiple shooting could pro-
vide high computational efficiency for some trajectory op-
timisation problems. Z. Zhang et al. (2023) and D. Wang et
al. (2024) demonstrated the advantages of model predic-
tive control for online and cooperative train operation.
J. Liu et al. (2025) showed that deep reinforcement learn-
ing could reduce dependence on an exact mathematical
model. These methods are promising, but they require
either higher computational resources, extensive opera-
tional data, or more complex validation procedures. Dy-
namic programming was therefore evaluated as the most
balanced method for the considered task because it pro-
vided stable solutions, transparent interpretation, and
compatibility with discretised representations of speed,
position, and operating constraints.

The main limitation of the study was that the quanti-
tative values of the desirability indices were based on ex-
pertscoring and generalised data from the literature rather
than on direct experimental measurements from a specif-
ic electric-train type. Therefore, the obtained integral indi-
cators should be regarded as a substantiated comparative
assessment rather than as universal numerical constants.
Thus, the obtained results summarise the approach to
improving the energy efficiency of a multi-motor traction
electric drive as an interconnected system of decisions, in
which the choice of motor type, converter control algo-
rithm and speed trajectory optimisation method should
be made not separately, but comprehensively. For com-
muter electric trains, this approach is particularly im-
portant, since frequent acceleration and braking cycles
require coordination between traction drive control and
the optimisation of operating modes as a key condition for
reducing energy consumption.

Conclusions
The conducted study confirmed that improving the energy
efficiency of the multi-motor traction electric drive of rail
rolling stock should be considered as a comprehensive task
associated not only with the improvement of individual
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drive components, but also with the optimisation of the
entire system of energy conversion and utilisation. It was
established that a significant share of energy losses is gen-
erated precisely in the traction electric drive, especially
during acceleration and operation under variable load
conditions typical of suburban electric trains. This con-
firms that the main reserve for reducing energy consump-
tion is associated with the rational selection of the traction
motor type, an efficient control method, and an appro-
priate train motion optimisation approach. According to
the results of the multicriteria analysis, it was found that
the induction motor is the most appropriate option for
use in the traction electric drive system of electric trains,
as it provides the most balanced combination of ener-
gy efficiency, reliability, and operational suitability. The
comparison of control methods for the induction drive
showed the advantage of vector control, since it offers the
best combination of high control accuracy, operational
stability, and energy efficiency. The analysis of train mo-
tion optimisation methods demonstrated the expediency
of applying dynamic programming as the most promising
approach for forming energy-saving control actions under
variable operating conditions.

Thus, a promising way to improve the energy efficiency
of the multi-motor traction electric drive of rail rolling stock
is the integrated combination of an induction traction mo-
tor, vector control, and dynamic programming methods,
which makes it possible to reduce energy losses, improve
the efficiency of traction power utilisation, and enhance the
operational performance of electric trains. Further research
should be aimed at developing and validating a math-
ematical model of the proposed integrated control sys-
tem under real operating conditions, taking into account
train mass, track profile, interstation distances, speed re-
strictions, traction power supply parameters, and the dy-
namic redistribution of load between traction motors.
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AHOTAULIA. AKTyaJbHICTh JOCHiJPKEHHS 3yMOBJIeHA HeOOXiAHICTIO MigBUINEHHS eHeproedeKTUBHOCTI
6araToJBUTyHKOBOTO TATOBOTO €JIEKTPOIPHUBOAY IPHUMICBKUX €JIEKTPOIOI3MiB IIJIAXOM 3HIDKEHHS BUTpaT
eJIEKTPOEHEPTii Ta BTpAT y TArOBOMY 00J/IaJHAHHI, CHJIOBUX IIEPETBOPIOBAYAX, KOHTAKTHIA Mepeyki W JOMOMIsKHHUX
cucremax. Merolo poboTtu OyJI0 BHU3HAYeHHSA HAUOIMBII MOIIMBHUX TEXHIYHUX PillleHb MIOAO IMiJBHUIEHHS
eHeproedeKTUBHOCTI 6araTOIBUTYHKOBOI'O TATOBOTO €JIEKTPOIIPUBOY Ha OCHOBI KOMIIJIEKCHOTO aHAJIi3y CTPYKTYPH
eHepreTHYHUX BTPAT, TUIIIB TATOBUX eJIEKTPOABUTYHIB, METOMIIB KePYBAHHSA Ta CIIOCOOIB ONTUMI3aIlil PEeKUMIB PyXy.
Y po6oTi BUKOprUCcTaHO MeTof 6araToKpUTEPiaJbLHOTO aHai3y i3 3acTocyBaHHAM (PyHKIII OaykaHOCTi XapiHrTOHA.
Y pesysbrati JOCTiIKEeHHSI BCTAHOBJIEHO, IO OCHOBHI pe3epBU MiABUINEHHsI eHeproeeKTUBHOCTI 30cepeskeHi
y 3MeHIIIeHHi BTpaT y TATOBOMY eJIEKTPOIIPMBO/I, CHJIOBUX IlepeTBOpIOBavax i MexaHiuHiM YacTWHI mpUBOAa, AKi
¢ opMyI0TH HAHOIIBIITY YaCTKY 3araIbHIX EHEPTEeTHYHUX BTPAT eJIEKTPON0i3/1a. Bu3HaueHo, 1110 Halb b1 TOIIJIbHUM
JJI BUKOPUCTAHHA Y CKJIQAi 06araToABUIYHKOBOIO TATOBOTO €JIEKTPOIPUBOIY € aCHHXPOHHHUH TATOBUH IBUIYH,
OCKIJIbKM BiH 3abe3nedye parioHajgbHe TOEAHAHHA eHeproedeKTUBHOCTI, HaAilfHOCTi, IPOCTOTH eKCILTyaTaliifHOTo
00CJIyTOBYBaHHS Ta IPUNHHATHUX MacorabapuUTHUX IOKa3HUKIB. IIOpiBHAHHA MeTOMiB KepyBaHHS aCHHXPOHHHUM
eJIEKTPOIIPUBOJOM ITOKa3asIo IlepeBary BEKTOPHOIO KepyBaHHHA, sike 3abe3ledye BHUCOKY TOYHICTH peryJlOBaHHSA
€JIEKTPOMArHiTHOTO MOMEHTY, CTiMKiCTh pOOOTH 3a 3MiHHUX HaBaHTA)KEHb 1 IIOKpAIIEeHHS eHepPreTUYHUX
XapakTepUCTUK npusona. Cepen MeTOiB ONTHMI3allil pesKUMIB pyXy eJIEeKTPOIOI3IiB HAHOI/IbII EepCIeKTUBHUM
BU3HAYEHO AMHAMiYHe MPOrpaMyBaHHs, MIO 1a€ 3MOTY (DOPMYBaTH €HEeProomaaHi TPaeKTOPil pyXy 3 ypaxyBaHHSIM
obMeskeHb MIBUAKOCTI, IMpodimio KoJjil Ta 3MiHHHX YMOB eKcInryararil. OTprMaHi pe3yJbTaTd HiATBEPIKYIOTh
JOLIJIBHICTE KOMIIJIEKCHOIO IIOEAHAHHS aCUHXPOHHOTI'O TArOBOI'O IBUTYHA, BEKTOPHOIO KEePYBaHHSA Ta aJITOPUTMIB
JUHAMIYHOTO MPOrpaMyBaHHA SIK OCHOBH JJIsI CTBOPEHHS eHeproeeKTUBHUX CUCTEM TATOBOTO €JIEKTPOIIPUBOLY
Cy4acHOTO PeHKOBOI'0 PyXOMOTO CKJIay

KniouoBi cnoBQ: acHHXPOHHUI TATOBUI JBUTYH; BEKTOPHE KepyBaHHS; JUHAMiuHe IIPOrpaMyBaHH:d; eJIeKTPOIOI3;
eHepreTUYHi BTpaTH; ONTUMi3allid pesKuMiB pyxy; 6araTokpuTepiaJbHUN aHaTi3
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