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Recent advances in traction drive technology for rail transit
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Abstract: The traction drive system is the “heart” of rail transit vehicles. The development of sustainable, secure, economic,
reliable, efficient, and comfortable contemporary rail transportation has led to increasingly stringent requirements for traction
drive systems. The interest in such systems is constantly growing, supported by advancements such as permanent magnet (PM)
motors, advanced electronic devices such as those using silicon carbide (SiC), new-generation insulating materials such as
organic silicon, and advanced magnetic materials such as rare-earth magnets and amorphous materials. Progress has also been
made in control methods, manufacturing technology, artificial intelligence (Al), and other advanced technologies. In this paper,
we briefly review the state-of-the-art critical global trends in rail transit traction drive technology in recent years. Potential areas
for research and the main obstacles hindering the development of the next-generation rail transit traction drive systems are also
discussed. Finally, we describe some advanced traction drive technologies used in actual engineering applications.
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1 Introduction

As rail transit’s heart and power source, traction
drive technology is the symbol of rail transit renewal.
Since Stephenson invented the train, the development
of traction drive technology has progressed through
several stages: steam, internal combustion, internal
combustion electric, direct current (DC) electric drive,
and alternating current (AC) asynchronous electric
drive (Loewenthal et al., 1983). The technology contin-
ues to evolve and is gradually moving towards perma-
nent magnet (PM) synchronous electric drives (Miller
et al., 2007).

As examples of modern high technologies, artifi-
cial intelligence (Al), information technology, advanced
materials, and advanced manufacturing technology
profoundly affect rail transit PM synchronous electric
drive technology. Overall, the objectives of the next-
generation rail transit traction drive technology are to
provide more secure, convenient, efficient, intelligent,
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economical, and easy-to-use systems that have a lower
energy consumption.

Considering these objectives, some progress
has been made in recent years by governments, aca-
demia, and industry in various countries, including the
following:

(1) The engineering application of advanced trac-
tion motors and systems represented by PM motors
has contributed to the security and comfort of vehi-
cles and significantly reduced operating energy con-
sumption (El-Refaie et al., 2014).

(2) Silicon carbide (SiC) is a representative of the
new generation of wide-bandgap (WBG) electronic
devices that promote the switching frequency of power
devices. They not only significantly reduce the har-
monic pollution of the inverter, but also promote the
development of new technologies such as electronic
transformers (Morya et al., 2019).

(3) Al represented by autonomous driving tech-
nology promotes the intelligence of traction drive sys-
tems. This constitutes the core of a new generation of
intelligent trains (Flamig, 2016; Reschka, 2016).

(4) Multi-source and multi-system drive systems
for new energy sources continuously improve the
performance and environmental friendliness of non-
electrified railway trains and support cross regional
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operation (Corbo et al., 2006; Steimel, 2012; Piraino
et al., 2021).

(5) Innovations and breakthroughs in operation
and maintenance technology of traction drive systems
further improve the efficiency, reliability, and economy
of train systems (Xu et al., 2021).

Although these achievements clearly demonstrate
the prevalence of advanced technologies in theoretical
studies of traction drives, there have been few compre-
hensive studies of the status of such technologies in
engineering applications. It is also important to com-
pare the performance of each engineered application
with that of conventional traction drive technology. In
this paper, we focus on analyzing and summarizing
the engineering applications of these new technologies.
We aim to provide a convenient reference for conduct-
ing future research on traction drive technologies.

The rest of this article is organized as follows. The
new concepts and structures of electric motors and sys-
tems are presented in Section 2. Section 3 introduces
the application and development of advanced power
electronic (PE) devices and systems. In Section 4, the
application of Al technology is presented. In Section 5,
we discuss multi-source and multi-system drive sys-
tems for new energy sources. Section 6 summarizes
the current development of traction drive technologies
and identifies some challenges for future research.

2 New concepts and structures of electric
motors and systems

Since the advent of the first electric locomotive
in 1842, the evolution of electric traction technology
can be subdivided into three stages: internal combus-
tion electric traction, DC traction, and asynchronous
traction. Among these, the AC asynchronous traction
motor represented by vector control and direct torque

control is currently the mainstream traction motor tech-
nology. With their high efficiency, high power density,
and excellent controllability, PM motors are considered
the next generation of rail transit traction drive tech-
nology, and might represent a breakthrough in devel-
opment. A comparison of their performance with that
of induction motors (IMs) is illustrated in Fig. 1.

Value

Fig. 1 Performance comparison of IM and PM motors

Prototype PM motors for railway traction were
proposed by the Japan Railway Technology Research
Institute in 1990 (Matsuoka et al., 2001), followed by
Alstom in France, Bombardier in Canada, Siemens in
Germany, Skoda in the Czech Republic, and Toshiba
in Japan. All of these companies have independently
researched traction in experimental trains. A compari-
son of the performance typical of PM traction motors
produced by different manufacturers can be found in
Table 1. A automatic guided vehicles (AGV) high-
speed train pulled by a combination of PM and asyn-
chronous motors was manufactured by Alstom (Fig. 2).

Table 1 Performance parameters of PM traction motors made by various companies (data source: Binder et al., 2006;
Peroutka et al., 2009; Chen and Luo, 2017; Zhang et al., 2018)

Company  Structure Cooling Efficiency (%) . Efficiency N<?ise Traction — Mass Maximurr}
improvement (%) reduction (dB) power (kW) (kg) speed (r/min)
Alstom Closed Natural cooling 96.0 34 3-7 120 285 3600
Skoda Closed  Water cooling 96.6 34 6 46.6 335 196
Siemens Closed  Water cooling 96.5 3 15 500 2300 4000
Toshiba Closed Natural cooling 97.0 3 20 356 440 4500
Bombardier Closed Natural cooling 97.1 3.5 18 302 50 3500
CRRC Closed Natural cooling 96.1 3-5 10 690 385 3700
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Fig. 2 Automatic guided vehicles high-speed train

On April 3, 2007, this train set the world’s fastest rail-
road speed of 574.8 km/h, on the Champagne Ardenne
line in France, a record that still stands (Fan et al.,
2012). In China, a PM high-speed railway started in
2008, somewhat later compared to some European
countries. In 2015, CRH380AN PM high-speed trains
(HSTs) equipped with TQ-600 PM traction motors
jointly developed by Zhejiang University and China
Railway Rolling Stock Corporation (CRRC) were com-
missioned on the Great Western Line. Such trains were
then used for commercial operation on the Chengdu-
Chonggqing high-speed railway in 2020. The line exper-
iment indicated that the per capita energy consump-
tion per 100 km could be reduced by 30% compared
to the CRH380A. According to reports (Reportlinker,
2021), the global PM motor market has the potential
to increase from 41.2 billion dollars in 2021 to 64.6
billion dollars by 2026. In collaboration with Equip-
make, a power-intensive PM motor capable of produc-
ing 220 kW at 30000 r/min, weighing less than 10 kg,
with a power density of 20 kW/kg, was developed
by HiETA in March 2020 (ReportLinker, 2021). The
development of new technologies for motor design and
manufacture will result in continuous technological
improvement of PM traction motors.

Currently, considering the cost and scarcity of rare
earth components of PMs, traction motor designers
have contributed to reducing the magnet volume by
moving to motors with less or no magnetism. More-
over, the recyclability of PM material has also been a
research focus. In addition, PM direct-drive and flux
modulated motors have been proposed to meet higher
torque densities.

Produced in Japan in 2007, PM motors with
switched reluctance reportedly matched the power den-
sity of PM motors (Takano et al., 2010). To further
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improve the power density of switched reluctance
motors, a high-speed synchronous reluctance motor
with a carbon fiber wrapped rotor was designed and
tested by Grace et al. (2018). This design minimizes
flux leakage in the rotor poles compared to conven-
tional synchronous reluctance designs. Then, to allow
efficient recycling of the PMs, researchers proposed a
new motor structure that does not require glue for
holding the PMs in place (Gonzalez et al., 2020).
Motor designers are committed to further improv-
ing the torque density of PM motors. An early instance
of a PM direct drive solution with Syntegra bogies was
proposed by Siemens in 1997 and commissioned in
Munich, Germany, in 2007. Compared with traditional
traction motors, direct-drive traction motors are 30%
smaller, 15 dB quieter, and 3% more efficient (Kolar,
2016). In 2017, the CRRC Nanjing Puzhen Co., Ltd.,
CRRC Zhuzhou Institute, CRRC Zhuzhou Electric Co.,
Ltd., and other enterprises jointly developed PM direct
drive bogies for metro applications and completed a
circuit experiment in Suzhou, China (Fig. 3). Com-
pared with traditional trains, a reduction of 80 m in
the minimum turning radius of direct drive trains can
be achieved. The height of the bogies is only 350 mm
(Ma et al., 2021). Flux modulated motors, especially
vernier motors, have gained extensive attention from
the motor community in recent years due to their high
torque density. However, a low power factor and man-
ufacturing difficulties are the main factors limiting their
widespread application (Vukoti¢ and Miljavec, 2016).

Fig. 3 Metro direct drive PM motor

However, most of the above PM motors have
been commissioned in low-speed trains, and others are
still in the experimental stage. The engineering appli-
cation of PM motors in high-speed rail traction drive
systems faces tremendous obstacles, including the
following:

(1) Structure: The mainstream cooling method
for HST traction motors is forced internal ventilation.
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Due to the magnetism of the PM motor’s rotor, mag-
netic dirt is easily absorbed. PM motors must there-
fore adopt a closed structure, which reduces their heat
dissipation. Furthermore, temperature sensitivity is the
main factor that significantly increases the complexity
of thermal management of PM traction motors.

(2) Control: The main magnetic flux of PM mo-
tors is typically considered to be constant. Since the
speed of HSTs varies tremendously, the motors’ speed
range must be strictly regulated. Field weakening
control is considered an effective and indispensable
approach. However, due to the intensified coupling
between the traction motor’s rotation speed and the
train’s operation speed, to meet the security require-
ments under fault conditions, the field weakening
ratio of the PM motors is severely limited. This may
complicate the design and optimization of PM motors.

(3) Operating environment: the operation of HSTs
involves repeated acceleration and braking, and the
motor frequently operates under high overload condi-
tions (Kouroussis et al., 2021). Shock, vibration, and
armature reaction may complicate the irreversible
demagnetization behavior of motors in long-term ser-
vice, resulting in difficulties in analysing the whole
life cycle reliability and design of the motors. Mean-
while, the output of the inverter is non-sinusoidal due
to the immense power and increased frequency of the
motors, resulting in increased harmonic loss. This has
resulted in demands for more advanced PE devices.

3 Application and development of advanced
power electronic devices and systems

With the development of electric traction tech-
nology and power devices, attempts have been made
to use advanced power devices in train electric trac-
tion. After the thyristor was invented in 1957, an AC
traction drive system with vector control as the core
was developed. After that, the invention of the insulated
gate bipolar transistor (IGBT) promoted the develop-
ment of asynchronous traction drive technology. Com-
pared with early gate turn off thyristor GTO-based
asynchronous drive systems, IGBT-based traction drive
systems offer additional features such as higher effi-
ciency. IGBT has become the mainstream traction drive
technology for HSTs and heavy-duty freight trains, as
well as urban rail transit.

Next, the emergence of the first SiC device in
1993 marked the world’s entry into the era of four gen-
erations of WBG semiconductors represented by SiC
and gallium nitride (GaN) (Dmitriev et al., 1994). The
advantages of WBG semiconductors over silicon (Si)
devices include not only WBGs, but also higher break-
down electric fields, thermal conductivity, and electron
saturation rates. Furthermore, the on-state resistance
of SiC power devices switches is low. The switching
frequency is over 10 times higher than that of traditional
Si-based devices. Reductions of 40%, 71%, and 91% in
turn-on and turn-off losses and reverse recovery losses,
respectively, can be achieved by SiC MOSFET power
devices compared to new IGBT power devices for the
same power and voltage level applications. Moreover,
the low parasitic capacitance of SiC power devices
contributes significantly to achieving high switching
frequencies.

Currently, the voltage level of mainstream com-
mercial devices is reported to be in the range of 600—
1700 V for SiC PE devices (She et al., 2017), and 600 V
for GaN devices. GaN devices may be the preferred
choice with higher performance. A new generation of
GaN based CoolGaN™ devices for modular power sup-
plies with 2% higher efficiency and 40% lower loss
was launched by Infineon in 2020 (Moser et al., 2021).
Next-generation 650 V and 600 V GaN field-effect
transistors with fast switching, 2.2 MHz integrated gate
drivers that double the power density, and achieve
99% efficiency were proposed by Texas Instruments
in November 2020 (Bindra, 2021). In February 2021,
Nexperia introduced the AEC-Q101 half-bridge pack-
age extension LFPAK56D MOSFET product with 60%
lower parasitic inductance and clearly improved ther-
mal performance (Nexperia, 2021). Considering the key
parameters such as junction temperature detection to
support intelligent operation and fault diagnosis, the
sensors are integrated into the chip. This shows that
SiC and GaN devices are evolving toward intelligence.
The latest XM3 full SiC power modules (Fig. 4), with
built-in voltage sensing and an integrated temperature
sensor at the low-side switch position, were released
by Wolfspeed in 2019 (Feurtado et al., 2019).

The development of new PE devices with WBG
semiconductors increases the operating frequency and
significantly reduces the size and weight of passive
devices, such as filter reactors and capacitors. It also
improves waveform quality and control performance



Fig. 4 XM3 full silicon carbide power modules

and promotes the development of new technologies,
such as traction transformers and power electronic
transformers (PETS).

WBG semiconductors have the potential to fur-
ther contribute to the development of traction inverters.
A 1500 V DC traction inverter adopting full SiC power
modules was launched by the Mitsubishi Electric Cor-
poration in 2013. This device reduces switching losses
by 55% compared to a conventional inverter with an
IGBT power module (Fabre et al., 2012). Japan’s JR
company successfully developed the N700S HST
using the Mitsubishi SiC-MOSFET in 2017, and con-
ducted a line experiment in March 2018. The total mass
of its electrical traction equipment can be reduced by
20%, and with the complete absence of a traction
converter can be reduced by about 30% (Sato et al.,
2020). In 2017, SiC MOSFET-based traction inverters
were installed by Bombardier on the Green line of the
Stockholm metro system in Sweden for three months of
passenger operation. A 51% increase in power density
and a 22% weight reduction were achieved compared
to the use of conventional inverters (Lindahl et al.,
2018). A full SiC traction inverter based on 3300 V-
grade high-voltage and high-power SiC MOSFETs was
developed by the CRRC Zhuzhou Rolling Stock Co.,
Ltd. with Shenzhen Metro, and commissioned on the
Shenzhen Metro Line 1 in 2021. More than 65000
cumulative passenger kilometers were travelled in five
months, with a reduction of over 10% in annual total
energy consumption, a noise reduction of over 5 dB,
and a temperature rise reduction of over 40 °C.

The first single-phase 200 V/3 kVA PET was
launched by the Kyushu Electric Power Company in
Japan in 1996. This reduced the overall volume by 1/3
and mass by 4/5, with an operating efficiency of 90%
(Harada et al., 1996). A 5-kHz PET-based traction drive
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was developed and tested by San Manuel Arizona Rail-
road Company on a locomotive operated by Alstom
in 2003 (Hugo et al., 2007). A 1.2-M VA rated PET-based
traction drive was commissioned in a 15 kV/16.7 Hz
traction network in 2011, improving efficiency by 2%-—
4%, to 96%. This locomotive has operated securely for
over 13000 km in Geneva, Switzerland for two years
(Zhao et al., 2014). With the surge in progress in power
semiconductor devices in the field of PE, PETs com-
posed of power semiconductor devices have been suc-
cessively rolled out. An intelligent substation PET that
can be connected to the power grid was developed
in succession by the FREEDM system center. The
cascade-less connection makes the topology much sim-
pler. The prototype efficiency can reach up to 97%
with a 15 kV/20 SiC IGBT diode module for the high-
voltage stage, and a 1200 V/100 SiC MOSFET diode
module for the low-voltage stage (Hatua et al., 2011).
In China, under the support of the National Key Re-
search and Development Program, the world’s first
PET prototype for a 25-kV traction grid system was
developed and commissioned by the CRRC Zhuzhou
Electric Locomotive Research Institute Co., Ltd. in
2020 (Fig. 5). The system realizes a weight reduc-
tion of 15%, volume reduction of 20%, and an effi-
ciency improvement of 2%. The CRRC believes that
the SiC-based PET will be installed in locomotives
within 3 to 5 years, and the introduction of Al will
guarantee its operational reliability.

Fig. 5 CRRC Zhuzhou Electric Locomotive PET prototype

4 Application of artificial intelligence technology

4.1 Autonomous driving

One of the critical fields of application of Al is
autonomous driving. The autonomous driving technol-
ogy of rail transit has generally matured considerably
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earlier than that of autonomous vehicles. The first
autonomous metro line was opened in 1983 in Lille,
France. Subsequently, autonomous driving technology
has been applied to urban rail transit systems such as
maglev, metros, and urban rail. An autonomous driv-
ing high-speed maglev line has operated securely for
20 years in Shanghai, China (Tan et al., 2016). The
world’s first fully autonomous train conducted by the
German Federal Railways and Siemens was opened in
Hamburg, Germany, in October 2021. Real-time traf-
fic situation information is transmitted by radio, and
the transportation volume can be increased by 30%
(Designboom, 2021). In 2021, Alstom proposed to
achieve the highest level of automation on regional
railway lines by 2023, with an expected 30% increase
in transportation volume and a 45% reduction in energy
consumption (Alstom, 2021).

An autonomous train control system consists of an
automatic train protection system, automatic train oper-
ating system, and automatic train supervision system
(Fig. 6). This arrangement realizes data interconnec-
tion and intercommunication through wireless trans-
mission modules (Brenna et al., 2016). However, rail
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transit autonomous driving technology is still in the
embryonic stage, with the communication signal sys-
tem as the core to ensure operational safety. Further-
more, the potential ability to improve system safety,
comfort, economy, and operational efficiency through
autonomous driving has not been fully explored.

Essentially, a rail transit system is a displacement
control system, which can be considered a position con-
trol system of the motor under an adhesive constraint.
The comprehensive incorporation of Al to optimize
the whole process of displacement control by optimiz-
ing the speed profile might achieve the following aims:
(1) reducing point-to-point operating energy consump-
tion; (2) reducing the maximum acceleration and
impulse to improve comfort; (3) improving the aver-
age speed and reducing the point-to-point operating
time; (4) realizing the blocking of the moving section
using the centralized control of the training group, on
the one hand, improving the security, and on the other
hand, reducing the operation interval and increasing
the transportation volume.

In recent years, the China Railway Corporation
has led research on intelligent trains and has trialled
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Fig. 6 Automatic train control system



autonomous driving HSTs on the Beijing-Zhangjiakou
Line. Nevertheless, fully intelligent driving is yet to
be achieved. The significant step is that HSTs are a typ-
ical security-critical and colossal system. The dilemma
is that it is difficult to implement large-scale operation
of lines without a long-term reliability assessment, and
the system’s reliability cannot be comprehensively veri-
fied without a large-scale line operation assessment.
Therefore, a whole-line whole-process global semi-
physical simulation technology, covering all applica-
tion scenarios and fault conditions, has become an
essential approach to cope with this problem. In this
regard, the conditions are available with the develop-
ment of PE.

4.2 Intelligent operation and maintenance of traction
drives

With the formation of high-speed railway net-
works and the large-scale application of HSTs and
other transportation equipment, operation and mainte-
nance costs have gradually become a pivotal factor
affecting transportation economy. Meanwhile, the qual-
ity of operation and maintenance directly affects the
reliability and security of transportation. The efficiency
of operation and maintenance determines equipment
availability. Conventionally, railway operation and main-
tenance units have adopted a maintenance strategy
based on maintenance mechanism and classification.
The introduction of intelligent technology to realize the
reliability of a maintenance strategy based on equip-
ment operation status and risk management can not only
scientifically manage operation and maintenance costs,
but also effectively improve security and reliability.

For a traction drive system, the core of intelli-
gent operation and maintenance is predominantly the
philosophical perception of equipment status, followed
by the prediction and estimation of faults and risks.
This forms the basis of the operation and maintenance
strategy.

J Zhejiang Univ-Sci A (Appl Phys & Eng) 2023 24(3):177-188 | 183

The CRRC has achieved state observations based
on electrical signals for pivotal components such as con-
verters, electromagnetic motor systems, bearings, gear-
boxes, and transformers, through systematic research
in the last few years. The accuracy and efficiency of
the state of perception are clearly improved by inte-
grating with traditional signals such as temperature and
vibration. Scholars from Beijing Jiaotong University,
China proposed a risk-chain-based system safety guar-
antee approach. A comprehensive experimental sys-
tem for the intrinsic safety of rail transportation equip-
ment was presented to further enhance the safety and
reliability of the train traction drive system (Hao et al.,
2020).

4.3 Autonomous-rail transit development

Autonomous-rail transit is another prominent
example of traction drive intelligence. The CRRC Zhu-
zhou Electric Locomotive Research Institute Co., Ltd.
released a new rail transit vehicle and system integrated
with ground transportation autonomous rail rapid tran-
sit (ART) on June 2, 2017 (Fig. 7). A virtual track fol-
lowing control technology independently manufactured
by CRRC was adopted, which recognizes a virtual
track line on the road through various onboard sen-
sors, and can precisely control the train to travel on
the established virtual track. A 100% low floor struc-
ture and PM drive system were used. Meanwhile, a
flexible grouping mode of high-speed rail was adopted
to adjust the capacity according to the change of passen-
ger flow. Because ART does not rely on rails, the con-
struction period of ART is less than one year, with a
cost reduction of around 10-20 times compared to met-
ros. The minimum turning radius of the three-group
ART is 5 m smaller than that of direct-drive trains.
Furthermore, it has the zero-emission and pollution-
free characteristics of rail trains such as light rail and
metros, and supports multiple power supply methods
(Lawrie, 2020).

Fig. 7 The Alstom Prima H4 multi-power source locomotive
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5 Multi-source and multi-system drive systems
for new energy sources

Due to the divergent development histories of
rail transit systems in various countries, there are vari-
ous incompatible power supply systems (Fig. 8). More-
over, there are also divergent pivotal parameters such
as the gauge, catenary height, catenary form, and speed
limit under the same power supply system. Further-
more, there are plenty of non-electrified railways in
domestic and international use due to transportation
volume and environmental constraints. Compatibility
with divergent traction drive modes and power systems
is also a significant issue to be addressed urgently.

Multi-source power locomotives are common
and considered as a standard solution for rail transit
systems to address the interconnection between electri-
fied and non-electrified railways. The first multi-source
traction drive locomotive named “Green Goat” was
developed by the Canadian Railways in 2002. It was
deployed in the Illinois Railway system (Cousineau,
2006), reducing emissions by 80%. The H4 type multi-
source electric locomotive manufactured in France
by Alstom in 2018 (Fig. 8) can operate at a speed of
120 km/h. It can operate under the hybrid power of a
lithium battery plus a diesel engine in the section with-
out a contact network, and can also switch between
“grid+diesel engine” or “grid-+lithium battery” in the
section with a contact network. This locomotive con-
sumes 15% less energy than conventional locomo-
tives and reduces carbon emissions by 6000 t per year

(Lopez-Ibarra et al., 2019). In China, the Larin Line,
the first electrified railway in Tibet, was opened in June
2021. The CRRC Puzhen built the “Fuxing” plateau
double-source electric multiple units (EMU), which
operate through the Larin Line non-electrified and elec-
trified railways.

In view of the problem of incompatible power
supply systems in various rail transit systems, a uni-
versal multi-system electric locomotive is an efficient
and effective approach. Such a locomotive would be
compatible with various traction power supply systems
and various rail gauges. Siemens launched the Euros-
printer series of multi-system locomotives in the 1990s,
and its third generation Locomotive Rh121 was deliv-
ered to the Austrian Federal Railways in 2005. This
locomotive is compatible with four European power
supply systems and achieves speeds of up to 230 km/h
(Bakran et al., 2014). The Prima 3U15 electric locomo-
tive manufactured by Alstom in 2004 features three
pantographs suitable for operation at 15 kV/16.7 Hz
AC, 25 kV/50 Hz AC, and 1.5 kV DC, and is compati-
ble with the German, French, and Swiss rail networks
(Chapas and Barat, 2004). Developed by CRRC, the
400-km/h transnational interconnectivity high-speed
EMU rolled off the production line of the CRRC Tang-
shan Co., Ltd. in October 2020 (Fig. 9). The train adopts
an AC 25 kV/50 Hz and DC 3000 V dual-system power
supply while using 400-km/h high-speed variable gauge
bogies and built-in axle box bogies. This train can oper-
ate continuously at =50 °C at 400 km/h. It will realize
cross-domain operation with variable gauge and multi-
stream systems between China and Europe in the future.
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Fig. 9 The 400-km/h cross-border interconnection high-speed
EMU

5.1 Application of new energy technologies

In recent years, with the enhancement of low-
carbon environmental protection requirements, clean
energy and new energy-saving technologies in non-
electrified lines have gradually attracted increasing
interest.

A hydrogen fuel cell hybrid switching locomo-
tive weighing 127 tons with a transient power of more
than 1 MW, and a continuous fuel cell power of 250 kW
was developed by a North American team (Miller,
et al., 2007). The 4 billion CNY HYBARI hydrogen
hybrid train developed by Toshiba for trial operation
in Japan in 2022, which can travel about 140 km per
charge, is expected to come into service in 2030. In
November 2021, a hydrogen fuel cell hybrid locomo-
tive manufactured by the CRRC Datong Locomotive
and Rolling Stock Co., Ltd. was deployed in the 627-km
coal transport railway line in the Inner Mongolia Au-
tonomous Region of China. This vehicle can operate
for 24.5 h with a continuous power of 700 kW, and a
maximum traction load of 5000 t on straight tracks.
Moreover, a hydrogen fuel cell hybrid locomotive with
a continuous power of 2000 kW has been developed.

Biofuels are also a significant direction for re-
newable energy development and utilization. Since the
1970s, many countries have paid increasing attention
to the development of biofuels, and have achieved
remarkable results (Tang et al., 2019). We believe that
biofuels will be the new path to low-carbon transpor-
tation. They have huge potential to reduce the carbon
emissions of rail transportation. However, the use of
biofuels in rail transportation is still in the laboratory
stage.

5.2 Application of energy storage technologies

Improving the utilization efficiency of regenera-
tive braking energy feedback traction drive systems is
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a focus of attention in the field of rail transit. In con-
trast to the feedback to the transformer substation, a
braking energy storage system in braking energy recy-
cling can effectively improve the quality of electric
energy. This application is particularly attractive for
urban rail transit and in remote mountainous areas
with weak electric networks.

Battery energy storage was applied in the Berlin
metros in Germany during the early 1990s (Jiang et al.,
2014). Subsequently, the Gigacell battery module of
Kawasaki Heavy Industries was commissioned in light
rail lines in Japan and the USA to absorb the energy
generated by braking trains (Banham-Hall et al., 2012).

A flywheel energy storage device application in
the traction power supply system was tested in the
London metros in 2000. A Power-Bridge flywheel
energy storage system manufactured by the German
company Piller was deployed in Hanover, Germany, in
2004 (Mousavi et al., 2017). A 3-MW flywheel energy
storage system was commissioned in the Los Angeles
Red Line, USA, in 2012 (Gee and Dunn, 2015). Devel-
oped by Rotonix, the Onmifly™ high-energy carbon-
fiber flywheel energy storage system was installed in
a metro system in 2014, with a maximum output of
1 MW from a single machine, storing 12 kW-h of elec-
tricity with a footprint of only 0.84 m* (Rotonix, 2014).
Manufactured by the Dunshi Magnetic Energy Technol-
ogy Co., Ltd., a 2-MW carbon-fiber maglev high-speed
flywheel array GTR was successfully deployed in the
Fangshan Line of the Beijing metro in July 2019.

Alstom’s supercapacitor energy storage system,
STEEM, was installed in the T3 line of the Paris tram,
saving energy an average of 16% in 2009 (Moskowitz
and Cohuau, 2010). The world’s first supercapacitor
energy storage bus line opened in Ningbo, China, in
July 2015. Storing about 2 kW-h and reducing grid
power consumption by 20%-30%, a supercapacitor
from Maxwell Technologies was adopted by Bom-
bardier’s EnerGstor brake energy recovery system
(Lamedica et al., 2022).

However, there are still plenty of drawbacks of
these energy storage methods, which can widely be
summarized as follows: (1) the battery life is much
lower than the locomotive life; (2) flywheel energy
storage is less economical and requires extensive regu-
lar maintenance; (3) the cost required to regenerate
braking energy using a single supercapacitor train is
high.
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To address these shortcomings, researchers have
focused their attention on hybrid energy storage sys-
tems combining divergent energy storage methods, for
example, combining batteries with supercapacitors to
improve the energy density and power density of the
system (de la Torre et al., 2015). This also means that
the traditional traction drive system design technology
in the face of design requirements and constraints can-
not achieve high-performance rail transportation. There-
fore, improving and optimizing advanced traction
motor and PE technology, realizing autonomous driv-
ing HSTs, and establishing the full application of Al
are considered the new development trends for rail tran-
sit traction drive technology.

6 Conclusions

The traction drive system is considered to be a
well-established technology, but train operating speeds
are increasing, and requirements for operation security,
economy, and comfort are becoming increasingly strin-
gent. Fortunately, the surge of progress in motor, PE,
and information technology provides new technical
support for improving the performance of traction drive
systems. More progress on the development of trac-
tion drive technology for rail transit is expected in the
coming years.

In general, we believe that: (1) There is a general
trend that traditional asynchronous drive systems will
be replaced by advanced motor technologies repre-
sented by PM motors; (2) The large-scale application
of the new generation of traction converters with the
new generation of WBG PE devices as the core will
further improve the power supply quality and power
density of traction drive systems; (3) The combination
of Al technology and modern traction drive technology
will promote intelligent driving, intelligent operation,
and the development of new transportation modes,
thereby improving the efficiency and quality of trans-
portation; (4) The combination of clean energy repre-
sented by hydrogen energy, modern control technology,
and advanced energy storage technology will promote
energy conservation and emission reduction on non-
electrified and cross domain railway operations.

There are still plenty of obstacles to overcome to
achieve these objectives. A key issue is concerned about
the reliability and safety of the new technology. As

well as the world’s largest high-speed railroad network
and the most complete high-speed railroad industry
chain, China has the world’s largest research and devel-
opment team working on rail transportation technology.
This team has the responsibility and capability to make
crucial contributions to the development of new gen-
eration rail transportation traction drive technologies.
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