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Abstract. The work includes a comprehensive analysis of promising technologies for increasing the
efficiency of the electric traction system of metros. It is noted that the introduction of energy-efficient
systems on metro rolling stock can significantly reduce electricity consumption for traction — up to 40 %
using recuperation systems and another 10-20 % using energy storage systems. Microprocessor control
systems can also help reduce electricity consumption by 10 %. The use of such systems is a promising
direction for energy saving on metro rolling stock due to lower capital investments. Such systems can be
installed on various types of rolling stock and will help improve traffic safety, stabilize the traffic schedule
and make it easier for train drivers to control the train.
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Anomauin. Y pobomi nposedenHs KOMNIEKCHO20 AHANI3Y NePCHeKMUGHUX MEeXHON02il Ni08UUeHHS
epekmugHocmi  cucmemu  el1eKMPUYHOI  mMsASU MempOnonimenie. 3a3HAUEHO, WO BNPOBAOIHCEHHS.
eHepeoeheKMUsHULL  CUCmemM HA PYXOMOMY CKIAOi MempOonoNimeny Moxce 3HAYHO 3MEHUUmMU
cnooicusanns enekmpoenepeii na msey — 0o 40 % 3 suxopucmanuam cucmem pexynepayii ma we 10-20 %
3 GUKOPUCMAHHAM CUCMEM HAaKOnuuyenHs eHepeii. Mikponpoyecopui cucmemu YNpaguiHHA MAKO’C
MOACYMb 0ONOMO2MU CKOPOMUMU CNONXCUBAHHSA enekmpoenepeii na 10 %. 3acmocyeanns makux cucmem
€ NepcneKmuHUM HANPAMOM — eHepe030epediCeHHsl HA PYXOMOMY CKAAOi MemponoiimeHy 3a pPaxyHox
MeHwuUx Kanimanoeknadenv. Taki cucmemu MONCYmMb OYMU 6CMAHOBNEHI HA PIZHUX MUNAX PYXOMO20
CKIady ma OONnoMOdCYMb noKpawumu 0Oesneky pyxy, cmabinizysamu epagik pyxy ma noiecuiumu
KepysarHs N0i300M MAUUHICIMAM.

Knrouogi cnosa: eéazon mempo; pexynepayis, OnmumaibHa mpackmopis pyxy noizoa mempo, O8ucyHu 3
PMSM, npucmpoi naxonuuenns enepeii.

Introduction. Improving the energy efficiency of the metro is centered around three
interconnected technological pillars: energy recovery, energy storage systems (ESS), and
high-efficiency permanent magnet synchronous motors (PMSM). The combination of these
technologies creates a qualitatively new level of energy savings, ensuring the profitability
and environmental sustainability of megacities.

Analysis of previous research. The electrical energy consumed by urban electric
transport rolling stock and obtained from the power supply system is mainly used for
traction, but also to overcome the resistance of movement, including losses in the traction
drive and braking processes. In most metro systems, the kinetic energy of the train can be
partially recovered using regenerative braking and reused for traction, stored in on-board
energy storage systems, or returned to the traction network, where it can be used by other
trains or traction substations that recover it to a single power grid. Therefore, research
aimed at reducing traction energy consumption usually focuses on two main aspects:
minimizing the need for traction energy and maximizing the reuse of regenerative energy.
To address the first aspect, one of the effective approaches involves optimizing train
control strategies using the principles of optimal control theory, which determine the most
energy-efficient movement profile along a certain section of track [1].

Most modern metro cars use regenerative braking systems that convert Kinetic
energy into electrical energy, allowing up to 30 % of the traction energy to be recovered,
which can then be reused [2].

The regenerative energy can initially be used to power on-board systems, including
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lighting, air conditioning and safety equipment. The remaining energy is usually fed back

into the traction network to assist in accelerating other trains. However, the effectiveness
of regenerative braking is limited by the presence of simultaneous energy consumers in the
system. To overcome this problem, modern systems use energy storage or regenerative
substations that stabilize the power grid and improve the use of the energy that is
recovered. These energy storage systems store energy and release it during acceleration of
the train, reducing the load on the main power supply.

The use of regenerative braking energy can be divided into three main types: direct
energy exchange between metro trains; energy transfer between the train and the energy
storage system; energy exchange with a single power system. The overall energy
efficiency in each case depends on both the amount of energy recovered and the number of
energy conversion stages in the electric traction system.

A promising direction in the development of energy storage devices is the creation
of combined two or three component storage devices, each of which has its own capacitive
characteristic and dynamics of energy exchange with the network, which will allow
increasing the energy efficiency of electric traction systems in the metro [3].

Problem statement. The purpose of the work is to conduct a comprehensive
analysis of promising technologies for increasing the efficiency of the electric traction
system of subways through the use of both promising types of equipment and optimization
of the operating modes of the traction system elements.

Research results. Modern recuperation is not just a braking function, but a real-time
intelligent energy management system that turns a decentralized fleet of trains into a
virtual power plant.

Some of the promising technologies implemented in Europe and Asia are as follows:

Improved traction inverters with SiC and GaN transistors. As stated in [4] The basis
of these technologies is the transition from traditional IGBT transistors to wide bandgap
semiconductors (WBS) based on silicon carbide (SiC) and gallium nitride (GaN). Studies

show that SiC transistors can reduce switching losses by up to 70 % compared to IGBTSs,

50 Ne11(214).2025 EHEPTO3BEPEXKEHHA ¢ EHEPTETUKA ¢ EHEPTOAYAUT



EHEPFETUKA, ENIEKTPOHIKA TA EJIEKTPOMEXAHIKA
and also operate at significantly higher temperatures, which allows reducing the mass and

volume of cooling systems by 50 % or more. The results of the implementation achieved
the effect: the efficiency of the inverter converter increases from typical 93-95 % to 98-
99.5 %. This is critically important for recovery, as it minimizes losses during two-way
energy conversion (motor-generator). An example of the use of the approaches considered
in Europe is the German concern Siemens Mobility in its Siemens platform Mireo Plus
uses SIC power electronics, which is claimed to be a key factor in reducing power
consumption by 25 % [5], in Asia, China's CRRC is integrating SiC modules into its latest
trains, achieving a claimed 20-30 % increase in system efficiency [6].

The next direction of development of mutual energy management is the coordination
of metro train movement with optimization of consumption and energy recovery for train
traction (TOS). The basis of the technology is energy optimization algorithms that have
become the subject of intensive scientific research, created on the basis of methods and
models of predictive control (MPC — Model Predictive Control ), which allows
dynamically calculating the movement profiles for all trains on the line simultaneously,
maximizing the total recuperation and minimizing losses [7]. The following effect was
achieved as a result. The systems allow raising the share of usefully used recuperative
energy from the basic 30-40 % to 60-80 %, practically eliminating the discharge of energy
into the braking resistors. An example of use is the TOS system from Siemens , deployed
in the Nuremberg and London metro, which uses such algorithms [8] and JR East in Tokyo
uses the Energy system Management [9].

Reversible traction substations and Smart energy districts. The basis of the
technology is the introduction of bidirectional converters that allow the creation of DC
microgrids based on the metro. Studies show that such systems can increase the energy
sustainability of the city and reduce peak loads on the central grid [10]. The main effect of
the implementation allows not only to use energy within one contact network, but also to
export surpluses to the city grid. An example of application is the project of reversible

substations in the Munich metro (Stadtwerke Munich and Siemens) [11] and Tokyo Metro
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and JR East use Toshiba reversing substations [12].

The evolution of the metro car from a passive energy consumer to an active node of
the intelligent energy grid is the main path of development of the modern metro. A
complex of technological means based on PMSM — SiC inverter — ESS forms the physical
core of this transformation, and digital control systems are a component of the automated
consumption, storage and recovery system. The implementation of these solutions leads to
a significant increase in energy savings.

Modern energy storage systems (ESS) are the basis of the architecture of energy
independence and grid stability. ESS solve the main problem of recovery — asynchrony of
energy generation and consumption in space and time. Let's consider technological types,
architectures and world examples. Stationary storage at substations (Wayside ESS). Let's
consider the main technologies.

In [13], high-power lithium-ion batteries are considered. Research work focuses on
optimizing the topology of battery connection to the DC network (DC/ DC converters) and
developing charge/discharge management strategies to maximize battery life under
frequent high-current operation (Barrero and al., 2020). An example of the use of the
technology is the large-scale testing of Li-ion ESS in the Madrid metro by the EDDY
consortium within the Shift2Rail program [14] and one of the world's largest Li-ion ESS
for railways is installed in the Singapore metro ( Samsung SDI and Siemens ) [15].

An alternative approach is supercapacitor-based technology (EDLC). Studies [16]
confirm their effectiveness for regenerative braking with ultra-short duration. Hybrid
systems (supercapacitor + battery) are recognized as optimal in terms of cost, power and
energy density [34]. An example of the use of supercapacitor storage technologies is
Estonian Skeleton Technologies supplies ultracapacitors based on curved graphene for the
Lisbon metro [17].

Currently, the following types of storage devices are most widely used in rolling
stock: based on lithium-ion batteries [18, 19], based on double-layer capacitors [20, 21],

and based on flywheels [22].
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In the laboratory of the Japan Railway Research Institute, a tram car weighing 19.7

tons with two asynchronous traction motors with a capacity of 60 kW was tested with an
acceleration of 3 km/h/s and a deceleration of 3.4 km/h/s with an onboard letter 1.2, the
technical characteristics of which are given in tab. 1.

The studies showed that the amount of energy consumed by the tram for acceleration
was 3214.7 kJ. When the tram is braked from a speed of 49.9 km/h , the kinetic energy is
2085.1 kJ. The amount of energy recovered is 1535.8 kJ. As a result, the amount of energy
consumed during the running tests was 1678.9 kJ. Thus, the recovery ratio for acceleration
was 47.8 %, and for braking — 73.7 %.

Lithium-ion battery-based storage devices have the following disadvantages [23]:

- Inadmissibility of overheating by operating current;

- Narrow temperature range of operation, especially at negative temperatures;

- The impact of aging on the quality of performance;

- The need for complex, bulky switching and control systems;

- High cost today.

Another type of storage device is based on the use of double-layer capacitors as
batteries. An experimental storage device based on double-layer capacitors was created in
the power supply laboratory of the Japan Railway Research Institute [21], the performance

of which is given in tab. 2.

Table 1 — Battery specifications

Parameter Value
Capacity, Ah 55
High-voltage , 604.8 (3.6 V x 168 cells)
Maximum charge voltage, 705.6
Minimum discharge voltage, 504.0
Maximum current, A 500
Size, mm W960 x H1000X D900 (84 cells) x 2
Weight, kg 580 (84 cells) x2 (including frame)
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Table 2 — Technical characteristics of a double-layer capacitor storage device

Parameter Value
Element Cells Bloc Module
Composition 8 cel_ls 8 cel_ls 3 blogks
successively successively successively

Voltage, V 93 93 280

Current, A 50 400 400

Capacity, F 14 97 32

Resistance, Ohm 0.44 0.05 0.16

Dimensions, DxXWxH , mm 340x340x50 431x465x537 1000x900x2300
Weight, kg 7.2 74.5 715

Storage devices based on double-layer capacitors have the following disadvantages
[23] — inability to use the full energy of capacitors due to the linearity of the discharge
voltage;

In addition to stationary energy storage systems, it is possible to use onboard storage
systems on cars (On-board ESS). The basis of this approach is the technology based on
Lithium-titanate (LTO) batteries are actively researched for rail transport due to their
outstanding cyclicity (>20,000 cycles) and safety. In work [24], scientists propose
integrating such storage systems into the car power supply system to implement contactless
movement on neutral inserts. A practical implementation is the Chinese CRRC mass-
producing metro cars with onboard LTO storage systems [25].

Increasing energy efficiency in traction drive through the use of permanent magnet
synchronous motors (PMSM). PMSMs are a combination of reactive induction motor
technology and permanent magnet synchronous motors. In order to achieve the possibility
of mass production of PMSM motors, design and subsequent technological innovations
have been introduced.

In materials science and production of high-energy magnets, a technology has been
introduced that aims to reduce the dependence on dysprosium (Dy) while maintaining the
thermal stability of NdFeB magnets. The use of grain boundary diffusion technology
(GND) Boundary Diffusion allows for a significant reduction in the dysprosium content
while maintaining high coercivity [26].

Innovative designs of traction electric motors allow the use of gearless motor-wheel
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technology (Direct Drive). Comparative studies confirm that gearless PMSM-based drives

provide an increase in the overall efficiency of the traction drive by 5-7 % by eliminating
losses in the gearbox, as well as reducing weight and maintenance [27]. Current examples
of applications are CRRC Zhuzhou Electric Locomotive Institute is a world leader in the
commercialization of motor wheels for subways [28].

Another technological advancement is the use of liquid-cooled PMSM motors.
Developments are aimed at integrating cooling systems into the motor housing, which
allows for increased energy loads in structural elements and reduced mass of active
materials and overall size of the traction drive. An example of application is Siemens
Mobility uses compact liquid-cooled PMSMs in Inspiro trains [29].

An important direction of development of modern technologies for increasing
energy efficiency are traction motor control systems with simultaneous control of
permanent magnet demagnetization. Research conducted in [30] shows that the most
vulnerable element of PMSM traction motor design in terms of temperature load is
permanent magnets. To protect PMSM from irreversible demagnetization during
overheating, advanced observers and algorithms are being developed that estimate the
temperature of the magnets in real time and limit the stator current, preventing loss of
performance.

Permanent magnet synchronous reluctance motors are one of the most efficient
categories of electric machines used in modern transportation systems. Their high
efficiency significantly reduces electricity consumption and provides a longer range on a
single battery charge, which is especially important for electric vehicles. One of the key
advantages of PMSMs compared to other types of electric motors is their ability to
maintain high efficiency over a wide speed range. In addition, these motors are
characterized by a relatively simple design and lower overall weight, which further
increases their suitability for traction applications [32, 33].

The high efficiency of PMSMs is largely due to their improved power factor, which

reduces the effect of static losses in the stator windings. Moreover, unlike conventional
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induction motors, PMSMs do not suffer from magnetic flux leakage associated with rotor

currents. In induction machines, such leakage leads to additional losses and a
corresponding decrease in overall efficiency. Since PMSMs are widely used in electric
vehicles, such as electric buses and other types of electric transport, where efficiency is a
critical parameter, their use contributes to reducing the operating costs of electricity
[34,35].

In PMSM motors, most of the electromagnetic torque is generated by the interaction
between the magnetic field generated by the permanent magnets on the rotor and the
rotating magnetic field generated by the stator currents. However, torque generation is also
strongly affected by structural asymmetry within the machine. Such asymmetry can arise
from uneven placement of rotor components, such as rotor fins, or from uneven
distribution of permanent magnets. The combined effect of the magnetic moment and the
reactive moment resulting from this asymmetry allows PMSMs to achieve high torque
densities while maintaining efficient operation.

The rotor design plays a crucial role in determining the performance of synchronous
machines based on the non-uniformity of the magnetic resistance in the rotor. One of the
simplest rotor configurations is the salient-pole rotor. In this design, the permanent
magnets are mounted on the rotor surface and protrude towards the stator. This
arrangement is relatively easy to manufacture and provides a simple magnetic circuit,
making it suitable for certain applications where simplicity and cost are priorities [34, 35].

Another advanced rotor configuration is the axial laminated anisotropy (ALA) rotor.
This type of rotor consists of thin laminated sheets whose magnetic orientation is aligned
along the rotor axis. This structure, illustrated in Fig. 1 b, provides a high magnetic flux
density on the rotor surface. As a result, the output torque is increased and the energy
losses associated with magnetization reversal are reduced. This rotor concept has been
successfully implemented in traction motors manufactured by Siemens, as shown in fig. 2,
demonstrating its effectiveness in high-performance electric drive systems.

A further development is the multi-layer anisotropy (TLA) rotor design. This rotor
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consists of several layers of laminated sheets, each with a magnetic orientation located in

different directions, as shown in Fig. 1c. This layered configuration enhances the magnetic
anisotropy and allows for optimal control of the magnetic flux paths inside the rotor.
Consequently, the rotor achieves a high surface magnetic density, which leads to increased
torque and reduced magnetization losses. Such designs are particularly advantageous for
high-efficiency traction motors operating under demanding load and speed conditions.

A transverse anisotropy layer (TLA) rotor consists of multiple laminated layers with
magnetic orientations arranged in different directions, as shown in Fig. 1c. This structure
also results in a high surface magnetic flux density, which results in increased torque and

reduced energy loss during magnetization reversal.

Fig. 1 — Types of rotor designs for synchronous jet motors:
a) rotor with a single salient pole, b) ALA rotor, c) TLA rotor

Fig. 2 — Siemens synchronous jet engine
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In PMSM designs, the rotor typically contains permanent magnets mounted on its

surface, often using anisotropic layers (ALA or TLA). Such rotor configurations provide
high magnetic flux density on the surface, minimizing energy losses associated with
magnetization reversal.

As a result, the TLA rotor has become a popular choice for PMSMs. Its design is
complex, with anisotropic steel plates oriented at different angles to the rotor magnets.
This arrangement reduces energy dissipation in the rotor and increases overall motor
efficiency. In addition, TLA rotors offer higher specific strength, allowing them to operate
at higher speeds with minimal vibration and noise — a beneficial characteristic for electric
vehicles and other demanding applications where strength and reliability are critical.

The complex process of operation of the promising electric traction system of the
metro involves the following components of the time diagram of operation.

1. A metro car with a PMSM-based traction drive approaches a station. The on-board
computer, having received data from the central ATO dispatcher, calculates the optimal
braking start point and brake operating modes.

2. The PMSM motor switches to generator mode. Thanks to high efficiency and
precise control, 95 % of the kinetic energy is converted into electrical energy.

3. A low-loss SiC inverter directs this energy to the overhead contact line. Some of it
Is instantly consumed by a nearby accelerating train, also equipped with a PMSM.

4. Excess energy not consumed in the network is captured in a split second by the on-
board supercapacitor module or fed to a stationary Li-ion ESS at the nearest substation.

5. The central energy management system (EMS), analyzing the schedule of all trains,
decides when and where to discharge the storage batteries: to power the accelerating train,
to return to the city network through a reversing substation, or to supply station equipment.

6. The entire data chain (energy flows, train positions, storage status) is collected and
analyzed in a digital twin (Digital Twin) of the metro, which allows for continuous training
and improvement of optimization algorithms.

An example of the application of such technologies is the global integrated projects
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«European Rail Energy Storage Systemy» (EU-Rail ESS): Within the framework of the

Europe's Rail initiative aims to standardize and implement hybrid ESS (supercapacitors +
batteries) combined with PMSM motors to create a new generation of rolling stock with
zero energy emissions in braking resistors, as well as the Japanese initiative «Smart
Railway Systemy»: JR East and Toshiba are developing comprehensive systems where
PMSM, recuperation, ESS and hydrogen fuel cells are integrated to create fully energy-
autonomous railway lines.

Conclusions. The introduction of energy-efficient systems in metro rolling stock can
significantly reduce traction electricity consumption — up to 40 % using recuperation
systems and another 10-20 % using energy storage systems. Microprocessor control
systems can also help reduce electricity consumption by 10 %. The introduction of such
systems is a promising direction for energy saving in metro rolling stock and has lower
capital investments. They can be installed on various types of rolling stock and will help
improve traffic safety, stabilize the traffic schedule and make train control easier for

drivers.
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