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IMPLEMENTATION OF SYNCHRONOUS ELECTRIC MOTORS WITH
PERMANENT MAGNETS IN THE TRACTION ELECTROMECHANICAL
SYSTEMS OF TWO-AXLE ELECTRIC LOCOMOTIVES

Annotation. The article presents a study evaluating the feasibility and effectiveness of using an
electromechanical traction complex based on synchronous motors with permanent magnets (SMPM)
for two-axle electric locomotives.

The author proposes a scientific research strategy in line with this topic, which, in order to obtain real
scientific results, should be carried out logistically in the following format: starting at a preventive
level and then moving on to a qualitative evidence-based level.

It is emphasized that a sufficient level of efficiency in general, and energy efficiency in particular, can
be achieved by integrating a corresponding control system (CS) for the speed of these types of traction
electric motors (TEM) into the ETS variant with SMPM. An important positive aspect of such a
development, taking into account the specifics of the operation of the analyzed types of electric
locomotives — as a rule, underground operating conditions and the corresponding requirements for the
special design of their equipment — is that a sensorless vector control option should be considered
sufficiently feasible.

An effective sub-option for the practical implementation of this idea is the use of high-frequency
injection (HFI) to implement this control method. This will allow the necessary condition to be
implemented in terms of circuitry — determining the position of the SMPM rotor at low speeds of the
electric locomotive, which is characteristic of these types of electric locomotives according to
established technologies for their operation. However, as established, the development of an effective
algorithm for control actions of the control system in this format of operation requires the study of all
factors influencing this process by rebuilding an adequate ETS controllability structure. The logistics
for launching this format, as well as the option of the ETS development itself, are presented in this
work.
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PEAJIIBAIISI CHHXPOHHUX EJIEKTPOJIBUT'YHIB 3 IOCTIMHUMH
MAT'HITAMMU B TATI'OBUX EJEKTPOMEXAHIYHUX CUCTEMAX
ABOCIX EJIEKTPOJIOKOMOTHUBIB

Anomauia. Y cmammi npedcmaeneno O00CHIONCEHHS, WO OYIHIOE OOYLIbHICMb Ma ehekmueHicms
BUKOPUCMAHHSA  e1eKMPOMEXAHIYHO20 MA208020 KOMNIEKCY HA OCHO8I CUHXPOHHUX OBUYHIE 3
nocmivnumu macnimamu (CHIIM) ona 0eosicnux enexkmpososie. Aemopu nponoHyoms cmpameito
HAYKOBUX OO0CHi0NCeHb B8I0N0BIOHO 00 yiei memu, sAKa ONsi OMPUMAHHA PEalbHUX HAYKOBUX
pe3yibmamié  NOGUHHA  JI02ICMUYHO  30IUCHIOBAMUCS 6 MAaKoMy ¢opmami: noyuHawouu 3
NpeBeHMUBHO20 Dpi6Hs, a HNOMIM Nnepexoosiuu 00 SKICHO20 pI6HA, 3ACHO8AHO20 HA OOKA3AX.
Iliokpecnioemovces, wo Oocmamuiti piGeHb epheKmusHOCmi  3azaiom, ma eHepeoepheKmusHOCmi
30Kpema, modce Oymu O0ocCseHymull waaxom inmeepayii 6ionosionoi cucmemu xepyseanus (CK)
weuokicmio yux munie mseosux enexkmpoosueynie (TE/) v eapianm ETC 3 TBIIM. Basciusum
NO3UMUBHUM ACNEKMOM MAKoi po3poOKU, 8paAxo8youu cneyuixy excniyamayii aHaniz08anux munis
eeKMPOBO3I8 — K NPABUNO, NIO3eMHI YMOBU eKChyamayii ma 8i0N08iOHI eumocu 00 cneyiaibHol
KOHCMPYKYIi iXHbo20 00NaOHAHHA — € me, WO 8apianm 6e3CeHCOPHO20 8eKMOPHO20 KEePYBAHHS CIiO
ssadcamu 00CMamubo OOULIbHUM.

Epexmusnum niosapianmom npaxmuunoi peanizayii yiei ioei € 8UKOPUCMAHHA BUCOKOUACMOMHOL
inorcexyii (BYI) ona peanizayii yboco memooy kepyeanus. Lle oozeonums peanizysamu HeoOXiOH)Y
VYMOBY 8 CXeMOMEXHIYHOMY NIAHI — 8U3HA4eHHs nonodcenus pomopa TBIIM na nuzvkux weuokocmsx
eeKMpPoB03a, WO XapakmepHo OJisl Yux munie eieKmpoBo3ié 32i0H0 3i 6CMAHOBIEHUMU MEXHOI02IAMU
ix excnayamayii. OOHAK, 5K BCMAHOBIEHO, PO3POOKA ePEeKMUBHO20 aANcOPUMMY Kepyrouux Oill
cucmemu KepysamHs 8 makomy gopmami pobomu umazae 8UGUEHHs 6CiX pakmopis, Wo 6NIUBAI0Mb
Ha yell npoyec, wiaxom nepebyoosu aodexeamuoi cmpykmypu keposanocmi ETC. YV yiti pobomi
npeocmasieHo 102IiCMUKy 3anycKy ybo2o hopmamy, a maxodic sapianm camoi pospobku ETS.
Knrwouoei cnoea: cunxpoHuuii O08ucyH 3 NOCMIUHUMU  MAZHIMAMU, eHepeoeheKxmueHicmo,
BUCOKOYACTOMHE BNOPCKY8AHHS, DE3CEHCOPHE KePYBaHHS, eleKMPOB8O3.

Relevance of research. Two-axle types of electric locomotives, or as they are
classified according to the relevant standardization — mine locomotives, are widely used
in underground work at mining enterprises, in construction, in the laying of
underground tunnels for subways, high-speed trams, and special-purpose routes [1].

In turn, two-axle electric locomotives are classified according to their ETS power

supply type as contact locomotives, which are powered by a contact network, battery
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locomotives, which are powered by autonomous traction batteries, and mixed contact-

battery locomotives [1,2].

To the above fact, for a sufficiently favorable understanding of the problem being
analyzed, it should be added that in such a technological line of types and a significant
number of operating units of these electric locomotives, all of them are equipped with
identical or similar 2-module ETS structures: series-excited traction motors and a
central contactor-resistor control unit.

In addition to the moral obsolescence of the existing ETS of the analyzed types of
electric locomotives, these complexes are energy-inefficient in the modern sense of the
term, since only in the CS regulating resistors, about 40 % of electrical energy is lost at
the TEM rotation frequency. In accordance with this odious indicator, at most
enterprises where these types of electric locomotives are operated, the level of
electricity consumption by the corresponding transport complexes reaches 12-15 % of
the total electricity consumed by the enterprises [1,3].

Assessing the not-so-low level of negativity in the technological and technical
indicators of the functioning of ETS two-axle electric locomotives, and relying on
modern visions and possibilities of circuit implementation, in terms of their current
efficiency, in recent years, research has been creatively resumed in the direction of
creating new types of traction complexes to replace outdated ones.

This is a necessary logical continuation of scientific research that has been
conducted for many years on the development and implementation of new models of
two-axle electric locomotives with modern ETS, including energy-efficient ones [4-7].
However, judging by the results, the proper and expected level of implementation of
new models has not yet been observed. Therefore, the problem remains unresolved, and
the question of the need to create modern ETS for the analyzed types of electric
locomotives remains relevant, especially in the context of energy shortages both in the
country and in specific industrial enterprises in particular.

Assessing, in a sufficiently accurate manner, new known trends in the study of

energy-efficient types of ETS for the analyzed types of electric locomotives, it can be
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argued that one of the promising areas here should be considered traction

electromechanical complexes based on SMPM [4-8].

At the same time, as an important a priori addition, in order to achieve a sufficient
level of efficiency of this ETS format, it is advisable to use sensorless control methods
in the project [4]. In turn, from the range of these control methods, the CS option with
high-frequency injection, better known in the literature as HFI, looks very interesting.
This approach to the development of CS ETS will allow additional optimization of the
energy consumption level of this format of control systems, increase the positioning
accuracy of the SMPM rotor, and ensure the stable operation of the entire
electromechanical complex of the electric locomotive in the changing and unpredictable
operating conditions of these types of vehicles.

Purpose of the study. Justification and development of a format for building an
energy-efficient traction electromechanical system for two-axle electric locomotives
based on synchronous motors with permanent magnets, integrating the high-frequency
injection method into the process of controlling their rotation speed.

Review of scientific publications. An analysis of well-known scientific
publications in terms of the above-mentioned objective of this scientific research shows
that the issue of improving the energy efficiency of two-axle electric locomotives and
the controllability of traction electric drives has been and remains one of the most
relevant and popular problems among researchers in this field of electric drives for a
considerable period of time. At the same time, most studies have proven the need to
replace outdated, low-efficiency ETS with new, modern versions. Thus, in works [1-4],
the possibility of using AC traction electric motors — asynchronous with pulse control
methods — in ETS structures was analyzed.

A number of studies of varying variability are also known [4-14]. However, there
Is still a lack of real solutions for the practical development of ETS for two-axle electric
locomotives. The search for such options, taking into account the specifics of the ETS
operating technology of these types of electric locomotives, is a necessary and relevant
process for evaluating and developing scientific and technical directions in the realities

of developing new projects for these types of electric locomotives.
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Presentation of the main material. A general analysis of the electromechanical

parameters that characterize the energy efficiency of any type of ETS should begin with
its main component — the electric motor. The potential capabilities of the ETS variant of
a two-axle electric locomotive, formed on the basis of SMPM, analyzed in this study, a
priori have a number of advantages over traditional traction complexes with DC motors
or asynchronous machines [3,4]. As is known, the main design feature of SMPM is the
presence of permanent magnets on the rotor, which eliminates the need for an excitation
winding and a DC power source to power it. This makes it possible to reduce energy
losses in the motor excitation process, increase the efficiency (EC) of the entire TEP
complex, and simplify its ETS design. At the same time, the EC of SMPM can reach
95% or more, which is a significant improvement compared to asynchronous motors,
where losses in the rotor and stator windings reduce the efficiency of ETS to 85-90 %.
As is known, SMPM is characterized by relatively high torque per unit mass of the
motor and better dynamic behavior due to the synchronous rotation of the stator and
rotor magnetic fields [4]. The rotor speed in SMPM is directly proportional to the
supply frequency and inversely proportional to the number of pole pairs. The canonical
dependence of motor speed on supply frequency actually provides the basis for a
physical description of the high-frequency injection (HFI) method studied in this work,
which allows determining the position of the SMPM rotor without using physical
sensors. HFI is based on the introduction of a high-frequency signal into the stator
windings and analysis of the system response, which depends on the anisotropy of the
motor's magnetic field. In SDPM, anisotropy arises due to the difference in magnetic
resistance along the d-axis (direct — along the magnets) and g-axis (transverse). This
difference is due to inductances L, and L,, which usually have different values due to
the design features of the rotor. For example, in SMPM with surface-mounted magnets,

Ly < Lg, while in motors with internally mounted magnets, the ratio may be reversed.
The principle of operation of HFI is to superimpose a high-frequency voltage Uy with
a frequency f,; significantly higher than the operating frequency of the motor on the

main control signal. This voltage causes a high-frequency current I, ¢, the amplitude and

Ne12(215).2025 EHEPTO3BEPEXKEHHA ¢ EHEPTETUKA ¢ EHEPTOAYAUT 65



EHEPFETUKA, ENIEKTPOHIKA TA EJIEKTPOMEXAHIKA
phase of which depend on the position of the rotor. Mathematically, the high-frequency

component of the voltage in the d — g coordinate system is defined as:

Uhfd = UthOS(ZTthft), Uhfq = 0, (1)

where U, —amplitude of the injection signal, f —injection frequency (typically 500-

2000 Hz). The current feedback in the d and g axes is determined by the inductances:

Unfa _ Ungq
(Uhde ’ B1q ‘Uhqu'

(2)

Infq =

where wp = 21 fy —injection angular frequency. Since Ly # L, the resulting current

will have a component proportional to the rotor position angle 8. By analyzing the
phase and amplitude of this current, the control system can calculate 6 with high
accuracy.

In addition, the HFI method is particularly valuable for two-axle electric
locomotives, as it eliminates the need for sensors, thereby increasing system reliability.
Operating conditions in mines are characterized by high dust levels, temperature
fluctuations, and mechanical loads, which complicate the use of traditional sensors. HFI
enables sensorless vector control, which ensures optimal current distribution in the
motor to maximize torque with minimal losses. Vector control is based on decomposing
the stator current into two components: I; (along the d-axis) and I, (along the g-axis).

Torque:

3
M = Ep[‘lfrmlq + (Lg — Lg)laly), (3)

where ¥, — rotor magnet flux, I; and I, —current components in axes d and q. In
maximum energy efficiency mode, I, is often set to zero (for motors with surface-
mounted magnets, where L; ~ Lg), which simplifies control and minimizes losses in
the windings [5,6].

The energy efficiency of the HFI system can also be achieved through adaptive
regulation of the frequency and amplitude of the power supply depending on the load of
the electric locomotive. When operating two-axle electric locomotives, the load on their

motors can vary significantly: from running an empty locomotive to transporting
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maximum loads. The HFI method allows dynamic adjustment of angle 8, ensuring
stable field synchronization even with sudden changes in torque. For example, when the
load increases, the system automatically increases I,, maintaining optimal engine
operation. This reduces power consumption compared to traditional fixed control
systems.

An important point in the development of the analyzed ETS variant is also that the
practical implementation of HFI in the electric drives of two-axle electric locomotives
requires powerful computing resources, since the processing of high-frequency signals
and the calculation of angle 6 occur in real time. Modern microcontrollers and digital
signal processors (DSP) allow these operations to be performed with a refresh rate of up
to 10 kHz, which is sufficient to ensure smooth control even at low speeds. At low
speeds, where traditional position estimation methods (e.g., based on back EMF) lose
accuracy, HFI demonstrates high efficiency, which is critical for maneuvering electric
locomotives in narrow mine tunnels. Thus, the integration of the high-frequency
injection method into SMPM control systems for two-axle electric locomotives creates
the basis for improving energy efficiency and reliability. This approach not only reduces
operating costs, but also provides a starting point for preliminary circuit adaptation of
the electric drive to specific operations in enterprises where stability and resource
conservation are key priorities [5, 8,9].

In other words, drawing certain conclusions from the above, it can be stated that
the energy efficiency of control systems for electric drives of two-axle electric
locomotives using SMPM and the high-frequency injection (HFI) method is the result
of several key factors: minimization of electrical losses, optimal distribution of currents
in the motor, and the aforementioned adaptive control of operating modes depending on
operating conditions. This is achieved through higher efficiency of converting electrical
energy into mechanical energy and reducing heat losses in the motor.

The main sources of losses in electric motors are resistive losses in the stator
windings (P.,), losses in the magnetic circuit (Pg.), and mechanical losses P,. For

SMPM, resistive losses are:

Pey = 3Rs(12 + 12), (4)
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where R, — stator winding resistance, I; and I, — current components in the d and g
axes. In systems with HFI, it is possible to precisely control I; and I, minimizing their
values at a given moment. For example, in Maximum Torque Per Ampere (MTPA)
mode, the system strives to optimize the angle between the stator current vector and the
rotor magnet flux, which reduces Pc,. Losses in the magnetic circuit, which depend on
the supply frequency and magnetic induction, are also reduced due to the efficient use
of the magnetic flux of permanent magnets, which does not require additional energy to
create [7,8].

To evaluate energy efficiency, it is important to consider the dynamic SMPM
model in the d — q coordinate system. The voltages on the stator windings are described
by the following equations:

dl,
Ud = RSId +LdE—O)Lqu, (5)
dl,

where Uy i U, — axial stresses d and g, o —angular frequency of the rotor rotation, ¥,,,,,

— permanent magnet flow.

dlg

. . a . . ‘g
In steady state, the derivatives and f are zero, which simplifies the model

to the expression:
Ug = Ry — wL g, (7)
U, = Rsly + wLgly + 0¥ (8)

Equations (7) and (8) allow calculating the power consumption P,; = Ugly + Ugl,
and optimizing it by adjusting I; and I,.. The HFI method plays a key role in this
process, ensuring accurate determination of w and the rotor position angle 8, which is
necessary for the correct transformation of coordinates from the abc system to the d-q
system.

It should be noted that an important aspect of the energy efficiency of this drive
option is the above-mentioned ability of the HFI to operate at low electric locomotive
speeds, when traditional sensorless control methods, such as back EMF estimation

(Back-EMF), become ineffective, because under such conditions the back EMF is
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proportional to the rotation speed (E = a)‘ifpm) and at low speeds the signal is too weak
for accurate analysis. Instead, HFI uses a high-frequency response that does not depend
on speed, but only on the anisotropy of inductances. This allows maintaining a stable
torque even when the electric locomotive starts from a standstill under load, which often
happens in mines when transporting heavy cars.

It is important to note that, compared to other sensorless methods such as model-
based adaptive control (MRAS) or extended Kalman filter (EKF) based observation,
HFI has the advantage of being simple to implement and less computationally complex.
MRAS, for example, is based on comparing the actual and model behavior of the motor,
which requires accurate knowledge of the system parameters (RS,Ld, Lq), which can
change due to heating or wear. EKF, although it provides high accuracy, requires
significant computational resources for recursive updating of covariance matrices. The
high-frequency injection method, on the other hand, relies on the physical property of
anisotropy, which is relatively stable and requires only high-frequency signal analysis,
which is easy to implement technically.

The analysis of currents caused by the injection signal is as follows. When

applying voltage Upsq = Uhfcos(whft) to axis d, the resulting current in the rotor

coordinate system will be as follows:

Usq cos(wsq t)
Isqd =

, (9)

(,l)SqLd
Inrq =0 (10)

After transformation into fixed coordinates a — 3, these currents depend on angle

Ihfa = IhdeOSQ, (11)
Ihfﬁ = IhdeinQ (12)

To extract 8, signal demodulation is typically used, for example, by multiplying
Ingq and Ipep by sin(wpst) and cos(wpyst), followed by low-frequency filtering. The

signal received is proportional to sin(26), which allows the rotor angle to be calculated
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with an accuracy of several degrees. This procedure is repeated with an update
frequency of 5-10 kHz, ensuring smooth control in real time.

We should add that the energy efficiency of HFI also depends on the choice of
injection frequency fsy.. ToO high a frequency (above 2 kHz) can increase losses in the
magnetic circuit due to eddy currents, while a low frequency (below 500 Hz) makes it
difficult to separate the injection signal from the main motor current. The optimal value
of fyw. 1s usually in the range of 800-1200 Hz and depends on the motor design and the
operating frequency of the converter. For example, for a 50 kW SMPM with a rated
frequency of 50 Hz, an injection frequency of 1 kHz provides a balance between
accuracy and losses [8-10].

However, when assessing the overall energy efficiency of the traction electric drive
system as a whole, in the context of two-axle mine electric locomotives and for the HFI
system option, this positive effect is manifested not only in reduced power
consumption, but also in extended battery life, which is the main power source for
battery-powered electric locomotives. For example, a 10% reduction in losses in an 8-
hour operating cycle can increase the autonomy of an electric locomotive by 30-40
minutes, which is critical for continuous transportation. In addition, stable operation at
low speeds reduces wear on mechanical components such as gearboxes and wheels,
which also contributes to resource savings.

A comparative analysis with asynchronous motor systems shows that SMPM with
HFI provides better specific power (kW/kg) and less sensitivity to temperature
fluctuations. In mines, where temperatures can range from +18°C to +40°C, the
resistance of asynchronous motor windings increases, leading to additional losses. In
SMPM, these effects are less pronounced due to the absence of rotor windings and the
stability of the magnetic flux of permanent magnets [5, 11].

While assessing the above as positive in the application of SMPM with HFI
control, it is necessary to note some problematic aspects of this method. The widespread
implementation of an energy-efficient control system for mine electric locomotives
based on SMPM with the HFI method requires a comprehensive approach that includes
the selection of hardware, the development of appropriate signal processing algorithms,

and consideration of the specific environment in which the system will operate. One of
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the key elements of the system is a frequency converter, which provides power to the
motor and generates a high-frequency signal. Modern converters based on IGBT
transistors allow achieving a pulse width modulation (PWM) frequency of up to 20
kHz, which exceeds the typical injection frequency (0,5-2 kHz), ensuring clear
separation of the main signal and the injection signal. The output voltage of the
converter is formed according to the equation:

U =U + U, cos (a)hft), (13)

out main

where Uy, 4 — main voltage for creating a working magnetic field, U,r — injection
signal amplitude, wyr = 2mf . The amplitude U ¢ is typically 5-10 % of the nominal
motor voltage to avoid a significant impact on the base torque.

High-frequency signal feedback processing is performed by a digital signal
processor (DSP) integrated into the control system. The implementation of the HFI
algorithm is divided into several sequential stages: injection of the signal, measurement
of the resulting currents in the stator phases (I,,1,,1.), conversion of them into the

a — 3 coordinate system using the Clarke transformation [8]:

_ _ Ib - Ic
Info = o) Infg = Nl (14)

with subsequent demodulation to determine the rotor angle 8. Demodulation is based on
multiplying the measured currents by the reference sinusoidal signals sin(whft) and
cos(a)hft), after which a low-frequency filter separates the components proportional to
sin(26) and cos(whft).

Angle 6 is calculated as:

Ifilter

1 h
9 = Earctan (If]icl[jfw)' (15)
hfa

The update frequency of this algorithm must exceed the injection frequency by 5—
10 times, i.e., reach 5-20 kHz, to ensure smooth control and minimize delays.
It is critically important to achieve high accuracy in determining 8, since any

deviation leads to suboptimal distribution of I; and I, which increases losses. In

Ne12(215).2025 EHEPTO3BEPEXKEHHA ¢ EHEPTETUKA ¢ EHEPTOAYAUT 71



EHEPFETUKA, ENIEKTPOHIKA TA EJIEKTPOMEXAHIKA
practice, in real mining conditions, HFI accuracy can be degraded by electromagnetic
interference, temperature changes, and mechanical vibrations. For example, heating of
the stator windings increases R, which affects the amplitude of I,r, and dust and
moisture can alter the insulation properties, creating noise in the measured signals. To
compensate for these effects, adaptive algorithms are used to adjust the model
parameters in real time. In particular, the inductances L, and L, can be estimated using

the following formulas:

U U
Ly=—dt—, L =—0— (16)

CWpplpra’ 1 Onplngg
where Iyq and Iy,r, measured during test cycles of injection in different directions [9,
14].
Another important aspect is the adaptation of the system to variable load
conditions. In mines, electric locomotives can operate in partial load modes (20-30% of
the rated torque) or in overload modes (up to 150% of the torque during start-up). The

HFI method allows dynamic adjustment of I, in proportion to the torque:

M
Iy = , (17)

3
2 qupm

where M — required torque. At the same time, I; — is kept at a minimum level or equal
to zero for motors with Ly ~ L, which reduces resistive losses. In overload mode, the
system automatically increases the supply frequency and voltage amplitude,
maintaining field synchronization thanks to HFI.

The limitations of the HFI method are also related to its sensitivity to magnetic
circuit saturation and nonlinearities in motor behavior. At high currents, inductances L,
and L, may decrease due to stator steel saturation, which reduces anisotropy and
degrades the accuracy of the 6 estimate. To solve this problem, modified HFI
algorithms are used, which inject into both (d, q) axes and analyze the resulting current

ellipse. For example, the injection voltage is set as:

Uhfd = UthOS(a)hft), Uhfq = Uhfsin(whft) (18)
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and the resulting current forms a trajectory whose parameters correlate with 8. This

approach increases the stability of the system but complicates the calculations [7,12-14].
Another challenge in the application of HFI is the “white” noise from the PWM

converter, which can be superimposed on the injection signal. To suppress it, bandpass

filters with a center frequency f, are used, as well as synchronization of the injection

frequency with the PWM frequency. For example, if f,,,,,, = 10 kHz, then f;,, = 1 kHz

Is selected as a subharmonic, which simplifies filtering.

As for the future prospects for the development of HFI systems for mine-type two-
axle electric locomotives, integration with artificial intelligence systems for load
forecasting and operating mode optimization is being pursued. For example, analysis of
data on the route, load weight, and rail condition allows for advance adjustment of the
1, and power frequency, further reducing energy consumption. In addition, the use of
materials with higher magnetic permeability for the rotor can enhance anisotropy,
improving the sensitivity of the HFI [11].

Conclusions. Comparison of the proposed ETS option for two-axle electric
locomotives with other technical analogues, such as frequency-controlled asynchronous
motors or valve-inductor machines and a number of others, shows that the option with
SMPM and HFI has the best energy efficiency and cost ratio for the conditions under
analysis.

The traction electric drive control system for two-axle electric locomotives with
SMPM and the HFI method is a promising and modern solution for the development of
new energy-efficient and flexible control solutions for their operation in the conditions
of enterprises where these electric locomotives are used, as it allows to reduce operating
costs, increase reliability, energy efficiency, and autonomy of their operation, and adapt
the electric locomotive to changing operating conditions.
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