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1. Introduction  

The first part of the chapter will present the global aspect of the railway power infrastructures 

and specially the power supply substation. The goals of this study consist in proposing a high 

frequency model of the railway systems and verifying by simulation the conformity with the 

EMC standards. Thus, each component of the railway power infrastructure (transformer, 

power rectifier) is modeled and the simulation results of the conducted emissions are 

compared to measurements on a reduced scale of the power supply substation. 

2. EMI sources in railway system 

A railway system might pollute, in an electromagnetic sense, the surrounding environment, 

disturbing radio and communication systems which can be not related to the railway itself. 

In this case the whole railway can be considered as a source of Electromagnetic Interference 

(EMI). In order to avoid the disruption of the electronic equipments near to the railway, the 

overall field generated by railway system must be kept below certain safety values given by 

standards [1]. Obviously, there are many sources of the electromagnetic field and their 

contributions can come from:  

- Each part of the railway: for example, a locomotive or the power supply substation can 

induce EMI that exceed the EMC standards limits set for the electromagnetic field, 

because of power circuits that might become a source of emissions. 

- The whole system: the power supply line (cable) can behave as an antenna, which radiates 

an electromagnetic field proportional to the current. The spectrum and the intensity of the 

current depend not only on the power absorbed by a train, but also from the structure 

(geometrical dimensions ...) of the line, that may cause resonances as shown in Fig.2.  

However, a train might be or be not compliant to field standards depending on the line 
characteristics and on its position on the railway. Nowadays, trains are designed to meet 
EMC rules, but the non-compliances can be remedied thanks to identification of the 
different resonances frequency, which can occur mainly in a frequency range from some 
kilohertz up to one gigahertz.  
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2.1 Description of standards EMI measurement methods 

The EMC standard EN 50121 [1] is used to characterize the EM environment, in the railway 
systems; it notably aim to limit the EMI levels from the railway infrastructures to the 
external environment. This standard EN 50121 describes the methodologies and the limits to 
apply, relating to the EM radiations and immunity of railway equipments, vehicles and 
infrastructures. The emissions of the whole railway system, including vehicles and 
infrastructure, are dealt with the section 2 of the EN 50121. The objective of the tests 
specified in this standard is to verify that the EM emissions produced by the whole railway 
systems do not disturb the neighboring equipments and systems. 

The methodology then consists in measuring the radiated EM emissions at a distance of 10 
m from the middle of the tracks and at about 1.5 m from the floor (Fig.1) and in comparing 
them with the maximum levels (limit curve in red in Fig.2). The measurements protocol and 
the limits are specified for the frequencies varying from 9 kHz to 1 GHz. 

For each frequency band (9kHz-150kHz; 150kHz-30MHz; 30MHz-1GHz), the standards 
define among others: 

- which component of field, magnetic (up to 30MHz) or electric (above 30 MHz), has to 
be measured,  

- the resolution bandwidth (RBW) of the spectrum analyzer that must be used for the 
measurements. Then the limit curve depends on these parameters and is not a constant 
as shown until 1MHz in fig.2 

During measurements of the electromagnetic field radiated at 10 m from the railway track, 
we can observe that, sometimes, for some frequency, the standards limit can be exceeded. 
An example of measurement from 10 kHz to 1 MHz is given in fig. 2. The exceeding is 
characterized by resonance phenomena which appeared for some frequencies of the power 
supply current.  

 
 
 

 
 
 
 

Fig. 1. On site measurement of the electromagnetic radiation of the train (stationary and 
moving) 

10 m 

1.5 m 
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Fig. 2. Example of the measured magnetic field  

2.2 Effect of the resonances 

As presented previously, the aim of the standards is to limit the disturbance of the external 
environment produced by the railway infrastructure but also on the railways system itself. 
Indeed, the new generation of rolling stock is equipped with safety communication systems 
with on board antennas which must not be disturbed neither. These elements of safety 
system operate in frequency range from 10 kHz to 30MHz, which constitute the frequency 
range considered in this study but also above, for example, the GSMR signal frequency is 
around 900MHz. Thus, it becomes important to know which source can introduce the 
disturbances.  

Besides, sensitivity of these communication systems must also be evaluated for the resonant 
frequencies.  

3. Railway power infrastructures 

A schematic representation of the railway infrastructure is shown in Fig. 3. In this figure, 
we can see that the power supply system constituted by the substation, the rails, the 
catenaries and the train which constitutes the load of the power line. This figure also 
shows a location system based on telecommunication between on board antenna and 
antenna along the track. 

The railway power supply system is generally composed by two main systems:  

- The first one is the “lines system” constituted by the catenaries and the rails; this 
transmission line has already been modeled in a previous work [2], taken into account 
all important parameters in an EMC point of view (non uniformity and camber of the 
lines, multi-conductors structures, conductivity of the ballast, ...)   

- The second main part is defined by the power supply substation which contains often a 
power transformer, sometimes static converters, and cables, bus bars...etc.  
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Fig. 3. Simplified diagram of railway infrastructure 

4. Problem of EMC in railway 

In order to avoid EMI with high levels of electromagnetic disturbances, measurements are 
usually performed. Test results can lead to different comments and from an industrial point 
of view, it is important to distinguish the disturbances due to the railway power supply 
infrastructure (substation – line catenaries/rail) and others due to the train itself. Indeed, it 
is important to know which kind mitigations solutions have to be done to reduce the 
disturbances and who should do that: the train manufacturer or the power supplier. 

In a previous research project [2], the lines system has been modeled. The proposed model 
enables to estimate the field radiated by the power line taken into account various 
parameters like the geometry of the line; the conductivity of the soil … The model is based 
on line theory, the train is the load (Ztrain) and a generator feeds the lines.  

An example of the simulation conditions and the obtained results is given in figures 4 and 5 

This model gives good results and many details on how each parameter has been taken into 
account can be found in [2]. But it is only a model of the lines and the generator used in this 
simulation is a sinusoidal one with constant amplitude. 

Then, it was necessary to model the power substation to obtain a more realistic generator 
and this has constituted the goal of the CEMRAIL project of which some results are 
presented here. 

 

Fig. 4. Simplified model of the power supplier line 
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Fig. 5. Example of obtained results (corrsponding to the Fig. 4 configuration).  The generator 
give a sinusoidal signal of 1V amplitude. 

5. Power supply substation 

In the world, many kind of railway power supply exist: alternative (AC) or direct  

current (DC), with various amplitudes: 1500kV, 3kV, 25kV… Then, we have worked on a 

general power substation constituted by a transformer and a power converter as 

presented in fig. 6.  

 

Fig. 6. Schematic circuit of a railway substation   

In case of AC power supply substation, there is no AC/DC converter. The power 
transformer constitutes the main device of the substation.  

In order to propose a high frequency model of the whole system, it's necessary to determine 
a model for each element, especially of power transformer, which accuracy will be highly 
dependent of the accuracy of each primary model. The low frequency model of the 
transformer, defined at 50Hz, is not valuable when the frequency increases. Indeed, some 
phenomena can be predominant in high frequencies as the Eddy current, which depends on 
the variation of the magnetizing impedance and the winding resistance, but also the 
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parasitic capacitances which appear between windings due to the insulated parts of the 
transformer. The analysis of the transformer behavior shows that it's possible to use an 
equivalent electrical circuit model which is valid in the considered frequency band. 

During the past decades, many models of power transformer have been studied for several 
applications. Most of those models, often in a reduced frequency band, are based on the 
representation of the transformer by an arrangement of resistive, inductive and capacitive 
elements which can take into account the physical behavior of power transformer [3]; some 
others are wide band models established using the black box principle [7]. Obviously, it’s 
also possible to apply the FEM (Finite Element Method) method to have a precise model, 
but in this case, the exact constitution of the transformer must be known. Some additional 
difficulties are found in the studied problem: how to found the appropriate data sheet when 
the transformer is operated in the railway system since many years?  In the following 
sections, we will present the proposed equivalent model and two techniques used to 
identify the transformer parameters. 

6. High frequency model of transformer 

6.1 Preliminary study 

Making measurements in railways power substation is not easy, then preliminary 
investigations have been done on various power transformers. Primary and secondary 
winding impedances measurements in various configurations have been done on two 
different transformers: 

- 15 kVA three phase laboratory transformer,  
- 2.38 MVA train power transformer. 

Figure 7-a (15kVA transformer) and Fig. 7-b (2.38MVA transformer) show the secondary 
winding impedance measured when the primary is short circuited for these two 
transformers. 

These two impedances have been measured in the same frequency band: 100 kHz to 40MHz. 
We can note that these two responses are globally identical. Thus, we will model, in the first 
time, a low power transformer before to apply this model to a real substation transformer. 

 

Fig. 7. Secondary winding impedance measurements when the primary is short circuited  
for two tested transformers (a- 15kVA and b- 2.38MVA) 
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6.2 Laboratory test bench 

In order to analyze the behavior or the railway substation we have built a test bench which 
reproduces the substation in small scale.  

The experimental setup is composed with a three phase power transformer, a diodes 
rectifier and loads. The transformer is a 15 kVA - 220 V/110 V with Δ connected high 
voltage (HV) winding and Δ connected low voltage (LV) winding. The power rectifier is 
designed with twelve power diodes and is connected to 47 Ω resistor. All these elements are 
placed over a common ground plane (Fig. 8). The different devices are connected using 1m 
long cable. 

6.3 Transformer model 

A high frequency model of the power transformer, which takes into account the various 
physical phenomena has been studied [4][8]. Figure 9 presents this model applied to the 
15kVA three phase power transformer used in the laboratory test bench (fig.8). 

Starting from an ideal transformer model with transformation ratio η, the proposed model 
takes into account, for each phase, the leakage inductances, the skin effects, the magnetizing 
impedance and stray capacitances of which become significant at high frequency. Moreover 
the iron core has been considered linear at frequency above 10 kHz [12] [13] consequently its 
effect can be neglected at high frequencies. 

This model is valid in the frequency band varying from 40 Hz to 30 MHz.  

The subject of the work is to identify the important physical parameters which contribute to 
induce resonance phenomena. We have chosen to propose a model as physical as possible 
and after, if necessary, to add black box to model more intricate phenomena. 

 
 
 
 
 

 

Loads

Rectifier Power 

transformer 

Ground Plane 
 

 
 
 
 
 

Fig. 8. Circuit diagram  and photo of the test bench 
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Fig. 9. High frequency model of three-phase power transformer 

Each element of the equivalent circuit will be detailed and the method used to determine 
these parameters will be presented in the next section. 

- The block Ra12 - La12 (Rb12 - Lb12 and Rc12 - Lc12 resp.) shown in the Fig. 9 represents the 
leakage inductance and wire resistance (due to the skin effects) of the phase A (B and C 
resp.) [14].  

- The magnetizing impedance is modeled thanks to a resistance (Ram) with an inductance 
in parallel (Lam) for phase A (resp. Rbm, Lbm and Rcm, Lcm for phase B and C resp.). Of 
course, the magnetizing impedance changes with the frequency [7] [15]. 

- In the proposed model, the considered capacitances, presented in fig 9, are listed below 
[16], [17] : 
- Turn-to-turn capacitance of the primary and secondary windings: Ca1, Ca2, Cb1, Cb2, 

Cc1, Cc2, 
- Capacitances between windings (divided in two capacitances): Ca31, Ca32, Cb31, Cb32, 

Cc31, Cc32, 
- Capacitance between the input of the primary winding and the output of the 

secondary: Car, Cbr, Ccr, 
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- Capacitances between the winding and the ground: Ca1g, Ca2g, Cb1g, Cb2g, Cc1g, Cc2g, 
- Capacitances between the phases (CAB, CBC, Cab, Cbc). 

- Impedance called “augmented model”: the impedance measurements show fast 
fluctuations above 10 MHz (Fig.10) and their modeling using electric circuits can be 
time consuming. However, the use of macro model can be a good solution to take into 
account these fast variations at high frequency. These impedances are modeled by 
blocks named “augmented model” as shown in Fig.9 and defined by using vector 
fitting method; details are given in [4-5-6].  

Note: The proposed model can be used to model a single phase transformer by using only 
one circuit by phase.  

6.4 Validation results 

The experimental results, in time or in frequency domain presented in the next sections, 
allow determining the various parameters of the proposed model. Figure 10 shows an 
example of modeling results compared to experimental data. 

 

Fig. 10. Comparison within measurements and simulation results (impedance of the 
primary winding, the secondary being open) 

7. Determination of the various elements of the transformer model 

The determination of each parameter of the equivalent circuit (Fig.9) of the transformer 
model is realized from impedance measurements versus frequency, in different test 
configurations [7] [8].  

7.1 The magnetizing impedance  

The magnetizing impedance of each phase is modeled by a resistance in parallel with an 
inductance; their values are deduced from the impedance measured on the primary 
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winding, at low frequency, when the secondary winding is open as shown in Fig 11. The 
values of these parameters for the phase A and B are given as following:  

Ram= 13.44 kΩ,     and    Lam=31.19 mH, 

Rbm= 15.87 kΩ     and     Lbm=32.14 mH 

However, if we take into account the geometry of the transformer, phases A and C are 
considered, to have the same behavior, then the corresponding parameters are supposed to 
have the same value. 

7.2 The leakage impedance  

The leakage inductance and the wire resistance (the skin effect) of the winding can be 
determined by measuring the primary impedance when the secondary winding is short-
circuited. Winding losses can be estimated from the impedance measured in the low 
frequency band as shown in Fig. 12. 

 
 
 
 

Magnetizing

impedance

 
 

 
 
 

Fig. 11. Primary winding impedance when the secondary is opened (measuremens on the 
Phase A of the test bench transformer) 
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Leakage

inductance with

skin effects

 

Fig. 12. Primary impedance with secondary short circuited (phase A)  

The leakage impedance can be modeled using a R-L ladder network as shown in Fig. 13  

In order to have an efficient approximation, the parameters of the equivalent circuit are 
computed with a less square algorithm; the identification being performed with the results 
of measurements. 

  
Fig. 13. Equivalent circuit of the leakage impedance  

Table1 presents the parameters of the equivalent circuit of the leakage impedance obtained 
for the studied transformer. 

 

Ri in  R1 R2 R3 R4 R5 R6 R7 R8 

Phase A 0.6 58 49 132 45 472 746 679 

Phase B 0.6 58 0.001 33 37 1082 15 39 

Li in 
mH 

L1 L2 L3 L4 L5 L6 L7 L8 

Phase A 1.1 1.08 3.6 100 13 11 54 14 

Phase B 1.1 2.3 2.4 2.5 8.3 11 36 69 

Table 1. Parameters of the leakage impedance model of the laboratory transformer (phase C 
is supposed equivalent to phase A) 
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7.3 Stray Capacitances 

The stray capacitances of each phase of the transformer are estimated separately. As an 
example, here, the phase A (A0A1-a0a1) is studied. The transformer is modeled as a “black 
box”, and it’s necessary to determine the capacitance Ca1, Ca2, Ca31, Ca32, Car, Ca1g and 
Ca2g. Their effects are located in high frequencies so they will be evaluated in this frequency 
range.  

For each phase, seven measurement configurations are necessary to determine these 
capacitances. Thus, they provide seven equations which unknowns are the capacitances of 
the equivalent circuit. Following, the equation system is solved using mathematical tools. 
Figure 14 presents the seven measurements configurations with the associated equations, in 
the case of the phase A. The arrows show the measurements points, the short circuits are 
presented by the lines and Cme represents the measured capacitance. As well as the 
magnitude, the phase of the impedance is measured in order the make an efficient 
characterization.  

Moreover some precautions are taken for example it is proper to short-circuit the two other 
phases when the third is characterized in order to inhibit their influences. 

 
 
 

 
 
 
 

Fig. 14. Measurement configuration used for determining capacitances (example for phase A)   
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7.4 The augmented model impedance  

The impedance characteristics presented in Figures 11 and 12 show the same evolution at 
high frequency (above 3 MHz) with fast variations and consequently it costs time to model. 
Thanks to "augmented method" [5], it is possible to consider this part by using an 
inductance in parallel with a "black box". The "black box" is elaborated by using the 
principle of the "vector fitting" [13]. This algorithm consists in approximating a frequency 
response with a rational function, expressed by a sum of partial fractions. This principle is 
implemented in the IdEM® software [6] [18] used for our study. This code generates a 
macro-model which could be integrated in software like Pspice. Figure 9 presents the main 
equivalent circuit of the transformer with the added impedance issued from "augmented 
model" (Fig.15) which takes into account the high frequency effects. Figure 16 shows the 
effect of this ‘augmented model impedance’ on the HF accuracy of the model, by 
comparison of the measurements results with the model ones. 

MACRO HF

R=300 Ω

L=4.8 uH 

 

Fig. 15. Equivalent circuit for high frequency behavior of the transformer.  

This circuit is repesented by a component named "augmented model" in figure 9. 

 

Fig. 16. Primary impedance with secondary short circuited (Phase A). Comparison between 
measurement and simulation result with and without the augmented model (named black 
box in the figure). 
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8. Characterization of the transformer in frequency domain 

As detailed in the previous section, the determination of the proposed model parameters is 
based on impedance measurements which can easily be done in frequency domain with 
impedance or network analyzer.  

This method gives good results for low power transformer but there are some problems to 
make this kind of measurement with very high power transformer as the ones used in 
railways substation, which are the followings: 

- The connection between transformer and measurement apparatus (network or 
impedance analyzer) is not easy and some effects due to non ideal connection can be 
seen, especially at high frequency. 

- The windings are often constituted with 'bus-bar' because the nominal power is high. Then, 
measurements with the previous apparatus are done with very low level signal compared 
to nominal power and can induce many errors (signal to noise ratio, non linearity effect). 

We propose a measurement method, carried out in time domain and based on the injection 
of higher level signals in the transformer. The principle of the proposed method and the 
obtained results are presented in the next section. [9] 

9. Characterisation in time domain 

9.1 Measurements principle 

A square voltage waveform is applied at terminals of the transformer in the various 
configuration tests. The input current and input voltage are measured in time domain and 

determined in frequency domain via Fourier transforms and then the corresponding 
impedance can be deduced. 

This experimental method has been applied in reduced scale on the laboratory test bench, to 

characterize the 15kVA three phases transformer. For this characterization, a square signal of 

magnitude 30 V with a period equal to 30µs, duty cycle equal to 0.5 and the rise time and fall 

time equal to 10ns. A differential voltage probe (bandwidth: 100MHz) is used to measure the 

voltage at the generator terminals. The current is measured with a current probe (bandwidth: 

100MHz). The connection wires between the generator and the transformer are chosen as short 

as possible. Figure 17 shows a diagram of the measurement bench; we can see the generator, 

one phase of the transformer and the position of measurements probes. 

Figure 18 and 19 show respectively the waveforms of the primary voltage and current of one 

phase of the transformer, in the configuration described in figure 17 when the voltage signal 

is applied at the primary winding with the secondary being open. These measurements 

allow determining the magnetizing impedance. The sample frequency used for these 

measurements is 125 Msample/s. All impedances can then be measured with this technique, 

but now the data have to be processed. 

9.2 Impedance calculation 

The measurements results obtained in time domain will be converted in frequency domain. 
The impedance can be expressed as the ratio between the Fourier calculation of the voltage 
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and the Fourier calculation of the current which can be calculated through a FFT algorithm 
for all measurements. The various impedances of the equivalent circuit shown in Fig. 9 can 
then be determined through various configurations of the transformer.  

 

 

 
 

Fig. 17. Measurement bench in time domain 

 

 
 

Fig. 18. Voltage waveform in primary winding when the secondary is open 
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Fig. 19. Current waveform in primary winding when the secondary is open 

Figure 20 shows the comparison between the impedance measured at the primary winding 
when the secondary is short circuited measured directly in frequency domain with 
impedance analyzer and the impedance issued from the data processing applied to 
measurements in time domain.  

 

Fig. 20. Comparison between measurement of impedance in frequency domain and with 
temporal method applied to impedance of the primary winding, the secondary being short 
circuited. 
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The obtained results show a good agreement between these methods. However, we note a 
small difference, in the impedance variation between these methods in low frequency, 
which may be due to two reasons: the low accuracy of measurement equipments in the time 
domain (oscilloscope, probes ...) and the behavior of the magnetic material at low frequency.  

We can say that these results validate the proposed temporal method. This method is based 
on measurement of the voltage and current waveforms in the study system by reference to 
the method of Frequency Response Analysis FRA [10] which is based on the determination 
of the transfer function and voltage measurements. In the proposed method, the injection of 
higher current values allows us to obtain the nominal operating of the transformer. 

10. Application to the test bench 

10.1 The laboratory setup without the line 

The test bench (Fig. 8) is composed by the 15 kVA power transformer, a rectifier (twelve 
diodes) and a load constituted by four power resistances. The high frequency model of the 
power transformer is used in this simulation.  

 

Fig. 21.  Circuit diagram of the test bench 

The output current of the power transformer is measured for each phase using an 
oscilloscope and current probe. 

Figure 22 shows an example of current measured for phase A and obtained by the 
simulation. The test bench is simulated by using the high frequency equivalent circuit of the 
power transformer, presented previously, loaded with twelve diodes which model is 
available in the components library of the software simulator (SPICE) and four resistors.  

   

Fig. 22. Measured (left) and simulated (right) output current of the power transformer (Phase A) 
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As shown in Figure 22, we note a good agreement between the measured and simulated 
currents. Nevertheless, the waveform of the measured current is disturbed by digital noise 
of the oscilloscope. Moreover in our simulation we used sources without noise which does 
not exist in real case.  

10.2 The laboratory setup with the line 

As a conclusion of the laboratory study, we have realized a complete simulation of a railway 
power system by adding a power line and a power load to the transformer. Fig. 23 shows 
the experimental setup.  

 

Fig. 23. Laboratory test bench simulating a railway power infrastucture 

The test bench is constituted by the previous laboratory transformer (15kVA) used in one 

phase transformer configuration (the two others phases are short circuited), connected to a 

5.6m power line and load by power resistances. 

This system is fed by a network analyzer (connected to port 1) which allows measuring the 

current in the power line via the S21 parameter as presented in figure 23, thru a current 

sensor (connected to the port 2 of the analyzer) . 

Figure 24 shows a comparison between measurements and modeling for two extreme 

positions of the current sensor: near the transformer (z = 0) and near the load (z = 5.6m). 

z=5,6 mz=0 m

 

Fig. 24. Comparison between measurement and modeling  : frequency variation of the 
current in the power line for two positions of the sensors 
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These curves show that the model seems very good until 10MHz. These results on a reduced 
scale power system are very encouraging and this study has to be continued on a real 
railway power substation  

11. Conclusion 

The results obtained with a laboratory power transformer show a good agreement between 
simulations and experimental results in time and in frequency domain.  

Depending on the application, the measurements approach, in frequency domain, is often 
used and gives good results.  However, for the high power system it is not possible to use to 
impedance analyzer (specific apparatus) thus other methods can be used as the Frequency 
Response Analysis (FRA). Nevertheless, the power necessary for these experimental 
determinations is low and can be a problem when the goal of the measurements is to define 
a model functioning at high power level for a large frequency band. The proposed 
experimental method, in time domain, allows making measurements with high injected 
power. The preliminary results, obtained on a laboratory transformer are very interesting.  
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