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Abstract: The electrified railway systems have been spreading all over the world. In big cities, metro or light rail transit 
railway networks have been constructed extensively. Expansion of this enormous dynamic electric load has been created huge 
amount of stress on the power grid. Generally, the speed drives, power conversion equipment or frequency converters inject 
harmonic in to railways power supply system. These harmonics seriously disturbs other electrical systems or generate a high 
frequency electromagnetic fields in neighboring electrical equipment as well as traction network signaling system. However, 
new developments in power electronic converter enable efficient and flexible conditioning of electrical energy in the application 
of railway power system. Power electronics, already previously being a pioneer for progress of traction vehicles, brought forth an 
ultimate standardization of the traction power supply system. Today, the spectrum of power electronic converters application in 
the traction system spread in many areas including power electronics based traction transformers, auxiliary power supply 
systems, rectification, integration of regenerative braking, reactive power compensation and voltage regulation and traction 
motor controls. This paper reviews the applications of semiconductor based power electronic devices in electrified railway 
system and illustrates some major application areas. 
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1. Introduction 

The history of power electronics extends nearly 120 years 
of age. In 1901, the discovery of glass tube mercury arc 
rectifier by peter cooper Hewitt of the United States of 
America gave birth to power electronics [1]. Hot cathode 
thyratron was introduced in 1926 and the ignitron rectifier in 
1933. The 1930s and 1940s became the ages of gas tube 
electronics and saturable core magnetic amplifiers 
respectively. The applications of power electronic converters 
started to spread in the railway industry in 1930 when the New 
York sub way installs a grid-controlled mercury arc rectifier 
with a capacity of 3 megawatt for the direct current (DC) drive 
[6]. Then, the German railways introduced mercury-arc 
cyclo-convertors for universal motor traction drive system. 
The above two events are believed to be the first cases which 
introduced power electronics in the railway systems. 

Beginning from 1946 with the inventions of thyristor type 
devices the modern era of power electronics started [7]. In this 
era, the evolutions of power electronics can be divided into 
four generations as shown in Figure 1. The first generation 
lasted for almost two decades and was dominated by thyristor 
type power electronic devices and is identified as the era of 
thyristor. Self-controlled power electronics devices such as 
BJTs, power MOSFETs, and GTOs outshined in the second 
generation for a decade. The third generation witnessed the 
most dominant semiconductor based power electronic device, 
the IGBT, and setup an important landmark in the history of 
power electronics. At last, the fourth generation brought new 
devices such as IGCT, cool MOS and very recently a 
wideband power devices such as silicon carbide (SiC) [2, 4, 6, 
9]. Fortunately, in parallel with the power 
semiconductor-evolution, the railway system has been 
benefited a lot from this technological revolutions. 

Today, the scope of power electronics applications in the 
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railway system is very extensive. One end of the scope 
involves in the application of power electronics based traction 
transformers which exhibits one of the greatest breakthroughs 
in recent years. The auxiliary power supply system which 
receives a conditioned electrical signal from the traction 
transformer via power electronics converters to feed 
compressors and fans, the air conditioning, heating, lighting, 
the control for doors and breaking systems and to charge the 
battery of the vehicle. Modern power compensator are 
working based on power electronics converters, which helps 
to improve power factor of the traction power supply system. 
They are also a very important elements in modern flexible ac 
transmission systems (FACTS). Power electronics also used 
in rectification of the AC power to DC power in direct current 
traction system. The traction motor (AC or DC) drives 
certainly comprises the major area of power electronics 
applications. Many studies show the use of regenerative 
braking in railway system for recovering electrical energy 
saves energy consumption of the system up to 42% [3] but 
without power electronics converter this energy recovery 
mechanism cannot be realized. This paper reviews 
applications of power electronics devices in railway system 
and illustrates some major application areas. 

 

Figure 1. History of evolution of power electronic. 

2. Traction Power Electronics 

Transformer 

The decrease in the weight by high frequency transformers, 
market availability and impressively improved 
semiconductor devices, have led to research in 
power-electronic transformers that are also discussed in 
research literature as smart transformers and solid-state 
transformers [4, 5, 6]. The line frequency transformers as 
shown in Figure 2 are distributed broadly in electrical power 
systems environments and also in traction power supply 
system giving functions such as electrical isolation and 
voltage conditioning. Nevertheless, to solve problems related 
to power quality such as harmonics, flicker and sags at MVL 
(medium voltage levels), there is a requirement for the setting 
up of extra device commonly a power electronics devices 
working at high frequencies. 

This leads to an increase in the volume of the installed 

equipment’s, which in some applications area may not be 
feasible especially in traction system. Currently movements 
in medium voltage high power applications are repeating 
somewhat technologies that has been already realized and put 
into practice in low voltage applications areas. Therefore, 
today there is a trend to replace the conventional line 
frequency transformers by medium frequency transformers 
where high frequency signals are directly applied to the 
terminals of the transformer (traction transformer) as shown 
in Figure 3 and Figure 4, which in turn decreases the overall 
magnetic volume of the transformer and leads to more 
compact power converter devices. 

 

Figure 2. Conventional transformer for traction application [5]. 

In comparison to 50\60-Hz transformers, high-frequency 
transformers operating at 20 kHz, can be significantly 
reduced and lighter by a factor of 150 as presented in [10]. In 
addition to that size reduction also shows or implies as a 
substantial amount of core and copper material saving. It is 
important to note that, in [11] 90 percent power loss 
reduction has been reported for the comparable 30 KVA 
50/60 Hz line frequency transformer. The iron core of high 
frequency transformers is made up of a Nano crystalline 
material such as FINEMET® [14] that is ideal because of its 
high permeability, high saturation flux-density, and very low 
core-loss at frequencies of 20 kHz. 

 

Figure 3. Power electronics transformer for traction application [7]. 

The cost of material which is required for the production 
of the power electronics transformer decreases significantly 
in large volume production. Therefore, it is predictable that 
the overall losses, including those in power electronic 
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converters decreases significantly in any transformer rating. 
However, in some literatures [12-15] power electronic 
transformers drawbacks have been reported such as 
electromagnetic interference and severe stresses on the 
insulation of the transformer because of high rate of change 
of voltage during switching, which causes failure in the 
control circuits and in some auxiliary equipment’s inside the 
train. A serious harmonic problems also reported in [16]. 

 

Figure 4. Power electronics transformer for traction application [9]. 

 

Figure 5. Modularized Power electronics transformer [9]. 

In [17] switching power loss is reported because of hard 
switching techniques. In [19] a novel power electronic 
transformer is introduced by ABB which significantly 
reduced problems related to power loss and harmonics. 
Figure 5 shows compacted medium frequency transformer 
designed specifically for railway application. In this topology 
in order decrease electromagnetic interference, harmonics 
and power losses soft switching mechanisms are introduced. 

3. Auxiliary Power Supply System 

Another power electronics application area is the auxiliary 
power supply system. Auxiliary power supply system is one 
of the vital components of a trains. Voltage variation of 
auxiliary power supply system is a significant dynamics 
which jeopardize the safe operation of traction trains. The 
motor and auxiliary power supply system in the train are 
powered by traction transformer which can be either a 
conventional line frequency transformer or a power 
electronics transformer. The auxiliary power supply system 
provides power for all electrical equipment except the 
traction motor. Its regular and stable work is related to the 

well-being and comfort of the passengers. So, it plays an 
important role in a traction train. However, frequent passing 
neutral section of trains, switching of large loads and other 
factors will cause voltage fluctuation of the auxiliary power 
supply system. These will endanger the safe operation of the 
train. Currently, there are many studies on the normal and 
steady operations of auxiliary power supply system [21]. 

 

Figure 6. Auxiliary power supply system for railway system [21]. 

Due to the fact that auxiliary power despite of input 
voltage fluctuation has to provide a regulated voltage at 
output, some papers around this purpose are reviewed. [21] 
Applied the power electronics converter parallel technology 
to the auxiliary system to increase its reliability and 
redundancy. In [25] overvoltage of auxiliary power supply 
system produced by the train while passing neutral section of 
catenary system has been investigated. 

In [20] a technique is laid down to alleviate the 
overvoltage. In [21] the voltage variation caused by the start 
of the air conditioning loads in the auxiliary power supply 
system analyzed and changing the start sequence can mitigate 
the voltage fluctuation. [22] Describes the IEEE requirements 
for the passenger train auxiliary power supply system 
interface. In [23] auxiliary power arrangement in whole train 
combined of motor cars and passenger cars are clarified. In 
[24] innovative control approaches suitable for auxiliary 
power supply system is offered, which aims to accomplish 
high reliability by redundancy. It gives a power factor of 
auxiliary power electronics converters high. In this study in 
order to remove circulating currents between converters, one 
of them is monitoring its power factor and others follow it as 
shown in Figure 6. In [25] an isolated full bridge three phase 
DC/DC converter topology is proposed. In this paper the 
input DC voltage is inverted to three phase AC and then is 
converted to a DC voltage by a full-bridge rectifier. In [26] a 
novel multi-level DC/DC power electronic converter 
considered for auxiliary power supply application is 
proposed. The suggested system is built based on half bridge 
converter. [27] Introduces a specific prototype of auxiliary 
power supply system, which has applied IGBT as high power 
switches. In [28] an adaptive inverse model controller is 
devised to compensate non-linearity and imperfections of 
components. Switching strategy is modified PWM to adapt 
duty cycle with nonlinear and non-ideal system. In [29] a two 
switch high frequency fly back converter is developed to 
achieve ZVS. A few modules of proposed converter can be 
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paralleled for higher power. 
In [30] a phase modulated full-bridge converter is 

improved to decrease output voltage harmonics and enhance 
it to show more robustness against input voltage fluctuation. 
In [31] a ZVS multi-level resonant converter is proposed as 
well as [32] phase shift modulation is utilized. For ZVS, 
leakage inductance of transformer is brought into play. In [33] 
a novel AC three phase input DC output converter is 
introduced. The previous circuit that the new one is based on 
three parallel full bridge rectifiers followed by buck-boost 
converters, which proposed paper merged rectifiers together 
and uses a single buck-boost converter. [34] Has presented a 
new scheme for switching which decouples gate switching 
voltages from input voltage, and then it is a desirable 
configuration for situations with varying input voltage. 

4. Regenerative Energy 

Numerous researches have shown that the application of 
regenerative braking in railway systems could actually 
decrease the net energy consumption up to 42% depending 
on the characteristics of the system [35]. Regenerative 
braking concepts has been extensively utilized in traction 
system for many years using the train’s motors as a 
generators during barking. Today, the availability of state of 
the art power electronic switching devices has increased the 
efficiency of regenerative braking in traction system. Cities 
such as Hamburg, Caracas, Sao Paulo, Dublin, Vienna and 
shanghai including Japanese maglev system adopted or 
integrated regenerative braking into their railway system [36]. 
This concept has been utilized for many years [37], and with 
increasing electrification of the railways many new trains 
have been designed with such systems in mind [38]. The 
increasing availability of sophisticated power electronic 
components [39] and improvements in control circuitry [40] 
has improved the efficiency of regenerative braking on the 
railways. One article quotes a reduced electrical energy 
consumption of 37% [41]. Various computer simulations 
studies have modelled the effect of regenerative braking on 
power flow [42] and load flow [43]. 

In [44] implementation and control of the AC/DC/AC 
converter, used to connect the flywheel high voltage side to 
the wheel motor is discussed. Also the converter general 
operation and the adopted control strategy are presented. The 
dual-active-bridge (DAB) dc-dc converter is a promising 
topology for bidirectional applications. The DAB converter 
was proposed in [45], followed by a detailed investigation in 
[46] and a series of improvements such as improving the 
switching conditions [47] and reducing the circulating 
reactive power [49]. It is also possible to use other switching 
bridge cells different from a full-bridge. The DAB converter 
uses phase shifting to control the power flow through a 
high-frequency transformer. It has been proposed for high 
power density and high-efficiency dc-dc converting 
applications. In the category of isolated bidirectional dc-dc 
converters, several full-bridge derived converter topologies 
have been proposed in the literature, with the aim to reduce 

switching loss, minimize electro-magnetic interference (EMI), 
and increase efficiency [52, 53]. A bidirectional dc-dc 
converter can be as simple as a two-quadrant buck/boost 
converter which may fulfill the requirements for interfacing 
energy storage with a regenerative motors [54, 55]. The 
converter allows bidirectional power flow and can achieve 
high efficiency because of low parts count and lack of a 
transformer. Furthermore, low parts count allows for 
compact packaging and competitive pricing. 

However, the intermittent nature of regenerative energy 
source in the railway system does not assure a reliable and a 
continuous source of energy and makes it unsuitable for 
standalone operation. A common solution to solve this 
challenge is to use an energy storage device besides the 
regenerative energy source to compensate for these 
fluctuations and to make sure a continuous power is flowing 
to the load. Today, medium range power batteries and 
super-capacitors are regarded as the most common and 
economical energy storage devices and power electronic 
converters are always required to facilitate the flow of 
electrical energy between the source and the storage devices 
and also between the storage device and the rest of the 
system. 

5. Power Electronics Compensator 

Power quality problems which arise because of the very 
nature of the railway power supply system configuration 
reduce the efficiency of the other users significantly. The 
railway load is a single phase load and connecting this highly 
fluctuating, single-phase and non-sinusoidal traction loads to 
the grid or the three phase line causes a very serious power 
unbalance. Various countries use different solution for the 
existing problems. For example, some countries use by 
interchanging or sequencing the phase of the grid whether it 
is two phases or three phases as shown in Figure 7 and Figure 
8 below. Other countries isolate the total traction power 
supply system from the public grid to keep other customers 
from these enormous power quality disturbances. 

Apart from power unbalance the railway system is subject 
to a very serious harmonics injected to the supply system. 
This harmonics arise from various equipment’s such as speed 
drives, power conditioning or adaptation equipment’s or 
frequency converters. This harmonics causes a high 
electromagnetics disturbances to the neighboring electrical 
equipment’s such as signaling devices or systems. Today, in 
order to solve these problems thanks to technology a power 
electronics based modern active power filters are available. 

Another challenge regarding the railway power supply 
system power quality problem is flicker, which happens 
when the train passes between two neighboring substation 
and to solve these problems in different countries they use 
different methods. For example in Ethiopia the railway 
power supply network is connected to high voltage system or 
building the railway system to work under a higher catenary 
voltage. 
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Figure 7. A typical Single phase railway transformer connection with the three phase grid [44]. 

 

Figure 8. A typical Vv transformer connection with three phase grid [44]. 

Today power electronics devices become a new solution 
for power quality problems. To control the voltage form 
factor of the direct power supply electrified railway system 
[50] designed, simulated and experimented a novel power 
electronic compensators. The power electronic compensator 
presented in the above references are a shunt connected 
compensator to solve harmonic distortion and low power 
factor. The shunt compensator is connected at the end of 
overhead line and operates regarding to the voltage which 
senses at its connection point. 

 

Figure 9. Scott transformer and DC/AC converter for power balance. 

In [51] alternative shunt connected power electronics 
compensator is discussed which deals with unbalance 
produced by the moving loads apart from reactive power 

required by traction motor. The technique is improving the 
conventional traction transformer with a bidirectional 
inverter that can balance two output phases of the special 
transformer designed for the railway system called Scott 
transformer by transferring part of overloaded phase to under 
loaded one. In this case the inverter compensates harmonics. 
In [52] has realized same but more advanced strategy for 
Japanese high speed railway as shown in Figure 9. 

A power electronic based system stabilizer for the Korean 
high speed railway distribution system is applied in [5]. In 
this presented work the correlation between the stability and 
power loss in the traction supply system is examined. At the 
end the study comes to the conclusion that the stability of the 
system increases by decreasing the voltage drop through 
reactive power compensation. The stabilizer produces 
required reactive power. [53] Uses a thyristor which is cheap 
in comparison with the above discussed references. As a 
limitation, compensation in this method can be conducted in 
steps and not continuously and also thyristor is a source of 
harmonics because of its low switching frequency. 

6. Traction Motor Control 

In the past, both the electrical power system and the 
main-drive ideas were mainly connected together [54]. For 
example in some part of Europe such as Austria and 
Germany 15 kV 16.7 Hz traction power system shown 
largely with transformer, switch-gear and series-wound, 
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compensated commutator motors; then in the early 
seventeen’s thyristor control was introduced, which in turn 
demanded 50 Hz thyristor phase control and separately 
excited DC motors. In DC grids, the original 
camshaft-resistor control of series-wound commutator 
motors was replaced by thyristor chopper control in the 
sixties. 

 

Figure 10. Full-electric locomotive with two Four-Quadrant Converters. 

The French high speed railway system TGV-A used 
synchronous motors, fed by load-commutated thyristor 
converters [55]. Today drive system with asynchronous 
motors or squirrel cage induction motors fed by voltage 
source inverter (VSI) becomes the world standards. 

7. Conclusion 

The intense competition and new formation of railway 
industry led to numerous ground-breaking designs of 
electrified railway cars, which of course become attractive 
for the customer and economic to operate, largely assisted by 
high-performance power electronic converter and the high 
degree of modularity. In this paper a history, application and 
recent trend of power electronic converter in traction power 
supply system has been reiterated. In brief power electronics 
traction transformer, traction auxiliary power supply system, 
regenerative braking, power compensators and traction motor 
control system have been addressed. 
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