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1. Introduction 

In recent years, the 25 kV single-phase AC 
system has been widely exploited in high-speed 
and long-distance railway lines. The single-
phase supply and load characteristics of 
locomotives in this system lead to substantial 
power quality (PQ) problems like negative 
sequence current, harmonics, voltage fluctuation 
and low power factor (PF) [1-3]. To deal with 
these problems, different methods and strategies 
have been presented in the literature. Various 
balanced transformers such as Scott, Roof-delta, 
Impedance-matching, and Woodbridge have 
been adopted in TSS to eliminate NSC [4-6]. 
However, with variable and unequal traction 
loads, the system still remains unbalanced. 
Adopting the FACTs instruments, passive filters 
and active power filters are the other utilized 
methods of compensation which have deficient 

compensation [7-9]. Introducing the railway 
power conditioner (RPC), a significant evolution 
in compensation has been performed [10-
12].The conventional RPC based railway system 
is illustrated in Figure 1. The RPC consists of 
two back-to-back (B2B) converters with a 
common dc-link capacitor which is installed at 
the secondary side of the TSS. It can transfer 
active and reactive powers from one feeder 
section to adjacent section and compensate 
harmonics.This system usually adopts two split 
catenaries supplied by different phase 
conductors of the 3-phase industrial system in 
every TSS. The sections are isolated by neutral 
section (NS) with the length of several hundred 
meters. Crossing the NS, the speed of the train 
will be decreased and the passengers may feel 
uncomfortable. Furthermore, switching the 
power supply of train in each NS needs the 
expensive switches and controllers. Therefore, 
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the procedure of one track line according to 
active power compensator (APC) was presented 
as the co-phase traction power supply systems 
(TPSS) [13, 14]. The APC can balance the active 
power consumed by two secondary-side 
windings of the TT and improve the reactive 
power together with mitigating harmonics. 
Figure 1 demonstrates the co-phase supply 
system. The NS number has been decreased by 
half. The remained NS are replaced by section 
insulators and the need for insulation has been 
decreased. However, the voltage of TT cannot be 
controlled and the terminals of catenaries cannot 
be connected directly. In addition, the train 
should reduce its speed when pantographs cross 
the insulated sections. To link the whole 
catenary system together and eliminate the 
neutral and insolation sections, an advanced co-
phase system introduced in [15, 16]. As shown 
in Figure 2, this system is based on the 3-phase 
to single-phase converter. From high-voltage 
(HV) side, the 3-phase rectifier based converter 
transfers power from the utility into the capacitor 
and charge it in the form of dc power. Then, the 
full-bridge converter acts as an inverter and 
transfers dc power to the catenary. This structure 
has the capability of transferring the active 
power from HV utility to single-phase catenary, 
link the catenaries, and compensate the 
harmonics and reactive power simultaneously.  

 

 

Figure 1. Three various TPSSs. (a) Conventional. (b) 
Co-phase. (c) Advanced co-phase. 

 

Figure 2. Indirect ac-dc-ac converter TPSS. 

Despite this, the DCMC-based ac-dc-ac 
converter in this system requires a complex dual 
control system both in rectifier and inverter 
section. Moreover, this topology adopts two 
high-capacity step-down transformers (SDT) to 
subtract the voltage rating of switches. This 
bulky transformer results in less compensation 
capacity, high switching frequency, high power 
loss as well as large size ac filter. Accordingly, a 
transformerless method can be a good choice. 
Recently, by the development of high power 
semiconductors, modular multilevel converters 
have attracted experts’ attention in the subject of 
power systems and railway interties. In this 
paper, a new power supply topology based on 
direct AC/AC MMC is presented. The schematic 
of the proposed system is shown in Figure 3. The 
suggested system does not require NS and IS and 
hence the OCS is uniformed and linked.  

The rest of this paper is organized as follows. 
Section 2 describes the proposed system 
topology and operation principles of MMC. In 
section 3, the control concepts of proposed 
MMC are studied in details. In section 4, 
simulation results and analysis are provided and 
compared. Finally, section 5 concludes this 
article. 

 

2. System Configuration 

2.1. MMC converter based topologies 

Considering the widespread development of 
MMCs, they have been identified as an excellent 
solution in many aspects of electric railway 
systems. Different MMC based converters have 
been used in TSS to supply the train powers. The 
easy to access to a high voltage level, avoiding 
the defects of static and dynamic voltage 
balancing, large switching loss, and high 
harmonic content of the device are the foremost 
advantages of MMCs. In Japan Tokaido 
Shinkansen, a new Electronic Frequency 
Converter (EFC) to replace Rotary Frequency 
Changer (RFC) has been built and used [17, 18].  



                                                                                                                                                Jafari Kaleybar et al. 

                                                                     International Journal of Railway Research (IJRARE)       41 

 

 

 

Figure 3. Modular multilevel ac-dc-ac topology as 
Electronic Frequency Converter (Japan Shinkansen) 

[17] 

The proposed EFC extracts 60Hz single-phase 
ac in the output side. In fact, EFC transforms 3-
phase 50Hz ac into 60Hz single-phase ac. Figure 
3 illustrates the 30 MVA EFC topology 
consisting a h-bridge cascaded multiple ac-dc-ac 
converters. The presented EFC has capability of 
controlling over-current suppression, reducing 
faults-current, and getting hardness to short 
faults. 

 

Figure 4. Diode clamped cascaded ac-dc-ac supply 
converter topology (ABB) [19] 

 

 

These developments lead to the capacity 
reduction of the EFCs and the interconnect 
operation with them, using interlink signals. This 
makes EFC a flexible and useful power supply 
[18]. 

Nowadays, the two European giant electric 
railway companies are mainly ABB and 
Siemens. Each of these companies has provided 
a specific structure to supply the train’s power. 
The main circuit structure of ABB company 
adopts diode clamped cascaded ac-dc-ac 
converter topology. This topology is provided by 
Deutsche Bahn. In 1995, Deutsche Bahn 
(German Railway Company) proposed a 15-MW 
standard railway intertie converter developed to 
replace old single-phase power stations and 
rotary converters. The 3-phase line-side 
converters used in this structure are similar to 
three-level construction. Figure 4 displays the 
structure of this supply converter. In this 
topology, the bridges of both sides are operated 
with 50 Hz switching frequency in order to get 
minimal line interference. The output voltages of 
the 16.7 Hz inverters are switched 
synchronously. Also, a relatively small 16.7-Hz 
filter is implemented via secondary windings of 
the two transformers [19]. 

 The topology presented by Siemens adopts 
modular multilevel ac-dc-ac conversion 
topology. It is demonstrated in Figure 5.  

 

Figure 5. Modular multilevel ac-dc-ac topology 
(Siemens) [20] 

The branches of MMC contain unipolar 
converter cells (UC). Each phase includes the 
two branches with number of N UCs [20, 21]. 
The presented indirect converter system in this 
Figure has a 3-phase and a 2-phase MMC which 
is connected to a dc terminals as can be seen in 
Figure 6.  
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Figure 6. Modular multilevel ac-dc-ac topology 
[21] 

The inductors in each branch facilitate 
controlling of the currents in each branch. In this 
structure, there is no need for additional ac filters 
because of the increased number of voltage 
levels and the higher switching frequency. 

The 3-phase to single-phase MMC applied in 
the proposed TPSS has a direct conversion. The 
structure of the MMC topology based on ac-ac 
direct converter is demonstrated in Figure 7. The 
branches in direct MMC consist of bipolar cells 
(BCs) and branch inductors. Since the converter 
is usually connected to the high-voltage grid the 
isolation transformers should be used in field 
application. The converter is comprised of three 
independent single-phase branch pairs. Each 
converter arm consists of N identical sub 
modules and is equipped with bipolar cell and an 

inductor. Each converter module has an 
individual DC-link capacitor. The branch 
inductors in this configuration are essential to 
limit the current harmonics. The increasing 
number of sub-modules in MMC can decrease 
the rated voltage level of power switching 
devices and leads to eliminate the SDT and its 
mentioned disadvantages. 

 

2.2. Technical and performance comparison 

Choosing a suitable power supply system for 
high-power and high-capacity railway systems 
are important, especially in case of assessing 
their suitability and future projection. To 
illustrate the main advantages of the proposed 
method, a comparative table based on the 
utilization and economic factors is presented in 
Table 1. As demonstrated in the table, 
independency for transformers and filters are 
one of the major advantages of these types of 
systems. Also, due to the conversion topology, 
the efficiency of the proposed system is high. 
However, the power electronics based 
converters investment costs are high. This has 
restricted their use on new power supply railway 
systems. 

 

3. Control Concept 

The implemented control strategy for the 
proposed MMC is based on controlling of the 

 

Figure 7. Proposed TPSS based on direct 3-phase to single-phase MMC 
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active and reactive power, line current, branch 
current and energy in the branches. Furthermore, 
the voltages of individual cell in each branch 
should be stabilized. There is a widespread 
discussion about the stabilization of the 
individual cell voltages in the literature [22] and 
therefore it is not mentioned in this paper. A 
branch of the proposed MMC is connected to an 
ac terminal of grid voltage and another ac 
terminal is connected to an ac voltage VR(t) with 
ac current iR(t). The branch power which is 
related to the input power and output power of 
the branch can be defined as in Equation (1). 

, ,( ) ( ( ) ( )) ( )br R x br x a b cP t V t V t i t                  (1) 

The ac terminal power is as follows: 

, ,( ) ( ) ( )x x x x a b cP t V t i t                                 (2) 

The branch current contains half of the ac output 
current and one third of the terminal current iR(t) 
as: 

( ) ( )
( )

2 3
U R

b

i t i t
i t                                          (3) 

Substituting (3) in (1) the branch power can be 
calculated as: 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
( )

2 3
R U U U R R U R

b

V t i t V t i t V t i t V t i t
P t

 
             

(4) 

It should be noted that the average amount of 
the power must be zero to avoid each cell 
capacitor to be overcharged or discharged during 
the operation. Calculating the dc parts of the 
power and substituting ( ) 3 ( )R UV t V t  and 

1
( ) ( )

2 3
R Ui t i t  , the dc or average part of the 

branch power is zero. 

 
4. Simulation Results 

To validate the effectiveness of the proposed 
configuration, simulations are modeled in two 
cases by using MATLAB SimPowerSystems 
Toolbox. The nominal power in the rail feeder is 
considered as SN= 10 MVA with the nominal 
voltage of VR=25 kV. An inductance of 0.1 p.u. 
is applied on the catenary side to limit short 
circuit currents in failure situation. The design of 
the MMC proposed system depends on the 
interior protection equipment. The maximum 
MMC converter output voltage is determined 
based on the customer requirements. In railway 
systems, a maximum transient overvoltage is 
considered as 20%. Therefore, the maximum 
transient overvoltage in designing is assumed as 
30kV. Thus, the maximum converter voltage is 
42.5kV. The number of cells in MMC topology 
are calculated based on the cell voltage. 
According to this voltage the switch module for 
the cells are determined.  

Considering the 4.5kV IGBT modules with 2.9 
kV and voltage fluctuation of +/-10%, the 
number of N=16 cells per branch are determined 
to have the capability of blocking the 
overvoltage of 42.5kV. With N=16, the 
superposition of the three branch output voltages 
is going to be a 48-level waveforms.  

Table 1. Performance comparison of different power supply system’s topology 

Topology Type 

PQ 

problems 

mitigatio

n 

Input/output 

filter 
Transformer 

Utilization 

speed of trains 

Total 

manufactured 

cost 

Efficiency 

Traditional power supply  No need Need    

Co-phase power supply  No need Need    

Advanced co-phase power 

supply 

 No need Need    

Diode-clamped cascaded  
ac-dc-ac topology  

 Need Need    

MMC ac-dc-ac circuit 
topology  

 No need No need    

Cascaded multiple ac-dc-
ac topology  

 Need Need    

Direct MMC method  No need No need    
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The proposed TPSS is simulated for two 
various cases with both 16.67 Hz and 50 Hz 
outputs separately. 

A. Case 1: railway terminal power supply with 
16.67 Hz 

The inconvenience of ac motors working 
with large loads at the industry frequency led to 
the progress of the 16.67 Hz system in some 
European countries like Switzerland, Germany 
and Austria. In this situation, the traditional ac 
converter-based systems connect the utility to 
the catenary via the rotary or static converters. 
However, the main disadvantages of these 
methods is the higher losses and high capacity. 
Therefore the MMC converters can be an 
appropriate alternative. 

In this case the output voltage frequency of 
MMC converter is assumed to be 16.67 Hz. 
Figure 8 illustrates the voltage waveforms 
related to grid, output and branches of the 
proposed MMC. 

 

Figure 8. Case 1- Voltage waveforms of 3-phase 
to single-phase MMC: Input grid voltage 50 Hz 

(blue), 48-level output voltage of converter 16.67 Hz 
(black) and the branch voltages 

 

In Figure 9 these waveforms are separated and 
are clearly presented. As illustrated, the input 3-
phase 50 Hz voltages are converted to single-
phase 16.67 Hz voltage which is made of 48 
levels. The distinguished and enlarged parts of 
output voltage show the superposition of the 
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Figure 9. Case 1- Voltage and current waveforms of 3-phase to single-phase MMC: From top: branch voltages, 

input (50 Hz) and output (16.67 Hz) currents, 3-phase grid voltages (50 Hz), output voltage of converter (16.67 

Hz) and the zoomed part of 48-level output voltage 
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three branches output voltages to a 48-step 
waveform 16.67 Hz. 

A. Case 2: railway terminal power supply with 
50 Hz 

In this case the output voltage frequency of  
MMC converter is assumed at 50 Hz. 

 

Figure 10. Case 2- Voltage and current 
waveforms of 3-phase to single-phase MMC: Input 
grid voltage 50 Hz (blue), 48-level output voltage of 

converter 50 Hz (black) and the branch voltage 

 

Figure 10 illustrates the voltage waveforms 
related to grid, output and branches of proposed 
MMC. In Figure 11 these waveforms are 
separated and clearly presented. The input 3-
phase 50 Hz voltages are converted to single-
phase 50 Hz voltage which is made of 48 levels. 
The one cycle enlarged parts of output voltage 
shows the superposition of the three branches 
output voltages to a 48-step waveform 50 Hz. 

 

5. Conclusions 

The widespread development of power 
electronics has revolutionized electric railway 
networks and made the converter based and 
transformerless rail interties systems to the 
forefront. In this paper the direct MMC based 
conversion system for railway power supply 
system is presented.  At first, the existing 
principal railway power supply systems are 
described and evaluated. Then a 48-level direct 
MMC based traction power supply system is 
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Figure 11. Case 2- Voltage and current waveforms of 3-phase to single-phase MMC: From top: branch voltages, 

input (50 Hz) and output (50 Hz) currents, 3-phase grid voltages (50 Hz), output voltage of converter (50 Hz) and 

the zoomed part of 48-level output voltage 
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proposed. The reduced number of substations, 
omitting the traction transformers, OCS 
integrates, removing the neutral sections and 
increasing the train speed are the foremost 
privileges of the proposed system. These 
advantages together with the capability of 
controlling the power attending to technical and 
economic constraints has turned the MMC based 
systems a good choice to become the future 
railway power supply system. 
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