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Abstract. The development of electric power industry requires transition 

to the technological platform, encouraging implementation of smart grids. 

To set up these grids it is necessary to apply smart technologies of power 

supply system control modes, as well as interfaces, ensuring the connection 

of renewable energy sources. These interfaces may be represented by energy 

routers. The paper discusses the results of simulating emergency modes, 

caused by short circuits in 10 kV and 0.4 kV grids of non-traction users, 

connected via energy routers to the railway power supply system. The 

studies were performed in MATLAB system. Simulation results showed that 

the application of controlled energy routers for the non-traction user power 

supply completely removes electric power quality problems, allows for 

reliable integration of distributed generation plants into the power supply 

system, and limits short circuit currents and reduces the depth of the AC 

failure.  

1 Introduction  

The development of electric power industry requires transition to the technological 

platform, encouraging implementation of smart grids. To set up these grids it is necessary to 

apply smart technologies of power supply system control modes [1-7], as well as interfaces, 

ensuring the connection of renewable energy sources. These interfaces may be represented 

by energy routers (ER) [8-10]. Completed studies [14] confirm that the use of ERs enables 

to improve the electric power quality in 0.4 kV grids, connected to the regional winding of 

traction transformers. 

The work considers an ER three-step topology and also presents the results of simulating 

emergency modes, caused by short circuits in 10 kV and 0.4 kV grids of non-traction users, 

connected to the railway power supply system with an ER. 
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2 Energy router structure  

An ER is basically a solid-state transformer (SST). So far numerous SST configurations have 

been suggested [15, 16]. They may be categorized into the following major groups: a single-

step topology with AC forward conversion; a two-step topology with a low-voltage DC link; 

a two-step topology with a high-voltage DC link; a three-step topology with low and high 

voltage DC links. 

A single-step topology is the earliest ER topology. This topology includes a forward or 

matrix АС–АС converter and does not have a DC link. Owing to the widespread 

implementation of DC devices, including photovoltaic panels, high power storage batteries, 

fuel cells, the topologies with DC links are in the focus of attention. 

An ER three-step topology, shown in fig. 1, is considered the best solution for smart grids. 

It has DC links and, therefore, may provide auxiliary services to both high-voltage and low-

voltage direct current consumers. 

 

Fig. 1. An ER three-step topology with high and low voltage direct current links. 

In low and medium power ER layouts a high voltage inverter may use metal oxide field 

effect transistors (MOSFET), which show high dynamic performance, enabling to work with 

the frequency of up to 100 kHz. The operating frequency of these ERs is approximately 20 

kHz. However, these semiconductor elements have limitations on current transfer capacity, 

100 А maximum. In the high voltage converter of the ER model under consideration bipolar 

IGBT transistors are applied. They can commutate currents over 1 kA. The efficient use of 

this transistor is limited by the switch frequency, under which losses are permissible ensuring 

the conversion efficiency factor over 90%. This frequency must not exceed 5 kHz. 

3 Model description and study results 

In the MATLAB system we developed a simulation energy router model [8], whose layout 

is given in Fig. 1. The model enables to connect AC and DC distributed generation plants. 

For the purpose of the research a separate 4.66 МVА non-traction use power supply 

region was simulated, including distributed generation plants, powered by renewable energy 

resources: solar power station and a micro hydro power station. Therewith, the power supply 

region was equipped with two simultaneously operating ERs with 3 МVА high voltage solid 

state transformers (fig. 2). 

The solar power station model was made using a MATLAB PV Array unit built on 100 

parallel and 10 serial photovoltaic modules. The simulation involved two solar power stations 

with the total power of 215 kW, connected to the direct current buses on the 0.4 kV side. For 

the micro hydro power station with the power of 250 kVА and voltage 0.4 kV we used a 

standard model of a synchronous generator (SG) from the SimPowerSystems package. The 

description of the applied models of the solar power station, micro hydro power station and 

synchronous generator regulators (automatic excitation control and automatic speed 

regulator) is provided in [4, 14]. 
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Fig. 2. A fragment of a railway power supply system: EPS – electric power system; TS- traction 

substation; ES– electric stock; SST – solid-state transformer; CW – contact wire; RSS –rotor speed 

sensor; EW – excitation winding; VT – voltage transformer; AER – automatic excitation regulator; 

ARSR – automatic rotor speed regulator. 

The results of simulation show that the application of ERs in railway power supply 

systems enables to solve non-traction users’ problem of electric power quality. Oscillography 

voltage records on 0.4 kV buses when using traditional transformers 10/0.4 kV and energy 

routers are given in Fig. 3. The figure also presents the factors of voltage harmonics and the 

asymmetry factors on reverse sequence. 

  
a)       b) 

Fig. 3. Oscillograms of voltages on 0.4 kV buses of non-railway consumers: а) transformer: 64.kUab 

%, 74.kUbc %, 43.kUca  %, 642 .k U  %; b) energy router: 30.kkk UcaUbcUab  %, 0502 .k U 

%. 

The results of simulating emergency modes, caused by three-phase short circuits (SCs) in 

ER connection units on 10 kV buses and in 0.4 kV grid, provide evidence that distributed 
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generation plants considerably increase short circuit currents in the connection point, but 

have low effect on SC currents in the 10 kV grid. 

To study the ER effect on the currents in the emergency modes, caused by different types 

of short circuits on 0.4 kV buses, simulation was performed with no connected distributed 

generation plants. The simulation results are consolidated in table 1 and also given as 

oscillography records of instantaneous currents and voltages for the three-phase SC in Fig. 4 

and 5. 

Table 1. Short circuit currents on 0.4 kV buses. 

Power Supply 

System 

operation mode 

SC currents nype One-

phase 

SC 

Two-

phase 

SC to 

earth 

Three-

phase 

SC 

1. Application of 

the traditional 10 / 

0.4 kV transformer 

Surge current, kA 
Ai  17,94 23,52 22,51 

Bi  11,34 18,02 19,99 

Ci   9,61 9,86 15,22 

Periodical current at the initial 

time (actual value), kA 
AI   12,04 13,55 13,29 

BI   7,69 10,6 11,4 

CI   6,83 6,9 10,47 

2. Energy router 

application 

Surge current, kA 
Ai   14,71 19,88 20,25 

Bi   11,14 16,13 19,23 

Ci   7,85 9,97 16,55 

Periodical current at the initial 

time (actual value), kA 
AI   11,25 12,12 9,77 

BI   7,9 7,08 9,76 

CI   5,43 7,05 9,75 

     
a)       b) 

Fig. 4. Oscillograms of instantaneous currents values on 0.4 kV buses with three-phase SC: а) 

transformer; b) energy router. 
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a)       b) 

Fig. 5. Oscillograms of instantaneous voltages values on 0.4 kV buses with three-phase SC: а) 

transformer; b) energy router. 

The analysis of the simulation findings shows that an energy router enables to limit short 

circuit currents compared to a traditional transformer; at the same time surge currents are 

limited to higher degree. In the above example the maximum surge current reduction when 

using an ER was observed under a two-phase SC to earth (earth fault) and was 15 %. The 

energy router also enables to reduce the failure depth under a remote short circuit: in this 

example by 14 % on average. 

4 Conclusion 

Following the simulation results the conclusion below may be made: 

1. The use of the energy router to connect non-traction railway users enables to remove 

problems with the electric power quality and ensures reliable integration of distributed 

generation plants into the power supply system. Thus, energy routers may be efficiently used 

in the trunk railway AC power supply systems as the elements ensuring the control of the 

power flows and the connection of distributed generation plants. 

2. An SST-based energy router allows for limiting short circuit currents compared to a 

traditional transformer. 

3. The use of an energy router compared to a traditional transformer enables to reduce the 

voltage failure depth under a remote short circuit. 
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