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 This paper presents a methodology for the modelling of a 25 kV-50 Hz railway 

infrastructure, for frequencies from 0 to 5 kHz. It aims to quantify the amplifications of 

current and voltage harmonics generated by on-board converters into the infrastructure. A 

circuit is developed to model the skin effect in the overhead line for time-domain 

simulations. A new approach, based on state space representation and transfer functions, 

is also proposed to analyze the interactions between trains. The methodology is then 

applied in Matlab-Simulink and validated with EMTP-RV. Harmonic interactions between 

the infrastructure and on-board converters are analyzed. Then, an extension of the model 

is proposed for higher frequencies in order to study harmonic interactions between new 

on-board converters and the infrastructure. 
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1. INTRODUCTION 

 

Nowadays, different architectures of on-board converters 

coexist in the railway infrastructure [1]. Current topologies are 

generally composed of an input step-down multiwinding 

transformer supplying input active rectifiers [1]. New 

topologies, including medium frequency transformers, are 

currently studied to replace the on-board AC-DC conversion 

stages, as presented in the researches [2-5]. Thanks to the 

development of these new structures, a diminution of on-board 

weight and volume, an increase of the availability and an 

improvement of the efficiency are expected [6]. 

In any cases, the on-board converters use semiconductor 

switches which generate harmonics at the pantograph level. 

They are then injected into the infrastructure and they interact 

with the impedance of the railway line. If amplified, they can 

cause disturbances in the overhead line voltage and may 

disrupt rail signalling or other trains running on the same 

sector [7]. Thus, the harmonic level tolerated in the overhead 

line is limited by interoperability standards and constraints 

imposed by railway companies. As an example, the maximum 

peak voltage at every point of the infrastructure cannot exceed 

50 kV to comply with the European standard EN 50388 [8]. In 

addition, at some frequencies dedicated to signalling, no 

harmonic is allowed. 

In order to analyse the impact of disturbances on the 

network and to ensure the compliance with standards, a model 

of the railway infrastructure has to be developed for the 

frequency range of the harmonics generated by the on-board 

converters. 

After a short state of the art on the classical methodology of 

25 kV-50 Hz railway infrastructure modelling for frequencies 

up to 5 kHz, some innovative approaches are proposed. First, 

a circuit for overhead line skin effect modelling in the time 

domain is presented. A state-space representation based 

approach is also developed. Studies with several trains running 

on the same sector and the analysis of the impact of one train 

on another are hence simplified. These models are illustrated 

by simulations performed in the environment Matlab-

Simulink. Then, the Simulink models are compared with 

models implemented in EMTP-RV. The harmonic interactions 

between the 25 kV-50 Hz railway infrastructure and on-board 

multilevel converters controlled by phase shifted pulse width 

modulation are also analysed. Finally, the infrastructure 

models are extended for frequencies up to a few tens of kilo 

hertz in order to prepare the new on-board multilevel 

converters for certification. 

 

 

2. STATE OF THE ART 

 

A 25 kV-50 Hz railway infrastructure is generally 

constituted of electrically independent sectors from 30 to 90 

km (Figure 1 [1]). Every sector is supplied from the three-

phase grid thanks to a substation single phase transformer, 

connected between two phases of the grid.  

A single phase railway infrastructure can then be modelled 

by a 30 to 90 km line sector supplied with the substation 

transformer. The three phase network and the substation 

transformer may be roughly modelled by lumped series 

inductances and resistances [1]. However, comparing the wave 

length at 5 kHz in the overhead line (59 km) to the sector 

length, one can notice that the propagation effects cannot be 

neglected. Thus, distributed parameters should be used instead 

of lumped parameters to model the overhead line. Generally, 

the theory of multi-conductor transmission lines (MTL) and 

the telegrapher's equations are used to describe the overhead 

line and the rails, taking into account the propagation effects 
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[1, 7, 9-11]. Up to 5 kHz, it has been shown by Ferrari et al. in 

1998 [9] that the overhead wires can be reduced to a single 

equivalent conductor model, assuming the contact and 

catenary wires connected in parallel. Beyond 5 kHz, 

interactions between overhead wires, soil conductivity and rail 

geometry impact, a priori, this assumption.  

 

 
 

Figure 1. Diagram of a 25 kV-50 Hz infrastructure sector 

 

The telegrapher's equations use hyperbolic sines and 

cosines of complex variables. Thus, in order to simplify the 

implementation of the telegrapher's equations in some 

software specialized in time domain simulations, the line can 

be discretized in quadripoles associated in cascade. 

The quadripoles are composed of lumped parameters. Their 

length has to be small compared with the minimum wave 

length considered to neglect the propagation effects and to use 

lumped parameters instead of distributed parameters. Thus, it 

depends on the frequency range. Figure 2 and Figure 3 present 

the model of an infinitesimal section of the single-conductor 

equivalent line with distributed parameters and the model of a 

quadripole. 

The impedance seen by the train has been analytically 

calculated on the reduced model. The quadripole association 

has also been implemented in Matlab-Simulink, using the 

toolbox SimPowerSystems. Both calculation methods have 

been applied on an infrastructure sector. The parameters were 

calculated thanks to the tool "power_lineparam" from the 

SimPowerSystems library in Matlab [12] and the data [1]. 

They are given in Table 1. The different lengths correspond to 

the ones given in Figure 1. The quadripoles in the discretized 

model are 1 km long to be short enough compared to the wave 

length at 5 kHz, equal to 59 km. 

Figure 4 presents the impedance seen by the train for both 

models (telegrapher's equations and cascaded quadripoles). 

One can see that the results coincide exactly. Thus, the 

discretization with 1 km long quadripoles is a fair 

approximation of the multiconductor transmission line theory 

for this frequency range. 

Then, a study has been made to quantify the impact of the 

infrastructure geometry and the train position on the 

impedance. To do this, the impedance seen by the train has 

been calculated for different line sectors and different train 

positions. Figure 5 shows the results for a train on some 

different sectors. The substation is in the middle of the sector 

and the train at 10 km from the sub-station. The per-unit-length 

parameters and the substation parameters are given in Table 1. 

One can notice resonances in the impedance at some 

characteristic frequencies. If harmonics are generated by an 

on-board converter running on the sector at one of these 

resonant frequencies, they would be highly amplified by the 

infrastructure. Thus, an overvoltage could be caused in the 

overhead line. One can also see that the resonant frequencies 

depend on the sector on which the train runs. It has also been 

shown that these resonances depend on the train position [13, 

14]. 

 

 
 

Figure 2. Equivalent circuit of a single equivalent conductor 

overhead line 

 

 
 

Figure 3. Equivalent circuit of an overhead line quadripole 

with lumped parameters 

 

Table 1. Parameters of the sector 

 
Overhead line per-unit-

length parameters 

𝑟 = 0.16 Ω/km 𝑙 = 1.6 mH/km 

Sub-station parameters 𝑅𝑠𝑠 = 1.17 Ω 𝐿𝑠𝑠 = 21.2 mH 

Lengths 𝐿 = 50 km 𝑥𝑠𝑠 = 20 km 

 
 

Figure 4. Impedance seen by a train at a given position 
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Figure 5. Impedance seen by a train at a given position on sectors with different lengths 
 

 
 

Figure 6. Impedance seen by a train without and with skin effect 

 

 

3. MODELLING OF THE SKIN EFFECT 

 

From a few hundreds hertz, the skin depth becomes smaller 

than the line radius, typically 5.8 mm for a catenary in copper. 

Thus, the skin effect impacts the overhead line resistance. In 

order to quantify its impact on the impedance of the 

infrastructure, a comparison has been made. It is shown in 

Figure 6, between analytical calculations of the impedance 

seen by a train running on the sector without and with skin 

effect. The studied infrastructure sector is the one presented in 

the previous section with the parameters given in Table 1. 

One can notice that the skin effect has a significant impact 

on the resonances. Indeed, it tends to attenuate their amplitude. 

Besides, with the increasing frequency, this attenuation 

becomes more significant. For example, in Figure 6, the 

impedance at 2.5 kHz , the second resonance, is divided by 

three between the model without skin effect and the one with 

skin effect. 

However, one can see that the skin effect does not impact 

the resonant frequencies. Thus, neglecting the skin effect 

overestimates the amplitude of the resonances. 

In order to model the frequency dependence of the line 

resistance in a time domain simulation software, a ladder 

circuit composed of resistances and inductances, as shown in 

Figure 7, has been studied for transmission lines by Sen and 

Wheeler [15], and Yen et al. [16]. The resistances and 

inductances are chosen with, respectively, decreasing and 

increasing values. At low frequency, the circuit is equivalent 

to the resistances associated in parallel. When the frequency 

increases, the contributions of the inductances increase. The 

impedance of the external branches 𝑅𝑖 + 𝑗𝜔𝐿𝑖−1  becomes 

high in front of 𝑅𝑖−1 and the association in parallel of 𝑅𝑖−1 and 

𝑅𝑖 + 𝑗𝜔𝐿𝑖−1  can be approximated by 𝑅𝑖−1 . Thus, the 

impedance of the circuit increases from the association in 

parallel of all the resistances to the resistance 𝑅1, when the 

frequency increases. 

The values of resistances and inductances are calculated by 

an optimisation algorithm with the objective of minimizing the 

error (1) between the real part of the ladder circuit 

(𝑅𝑒(𝑍𝑅𝐿(𝑓))) and the resistance with skin effect of a line 

quadripole analytically calculated (𝑅𝐴𝐶(𝑓)) in the considered 

frequency range [17].  

 

 
 

Figure 7. Equivalent ladder circuit modelling the skin effect 

in transmission lines 
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𝑒𝑟𝑟𝑜𝑟 = ∑ (
𝑅𝑒(𝑍𝑅𝐿(𝑓)) − 𝑅𝐴𝐶(𝑓)

𝑅𝐴𝐶(𝑓)
 )

2𝑓𝑚𝑎𝑥

𝑓=𝑓0

 (1) 

 

Some constraints are imposed to ensure an accurate model 

at the fundamental frequency and a small imaginary part 

compared to the inductance of a quadripole.  

To reach convergence, the initial parameters have to be 

well-chosen. Thus, the optimisation is realised in several steps 

by increasing the number of levels in the ladder circuit. Each 

iteration takes as initial parameters the result of the previous 

iteration. The algorithm of the optimisation is shown in Figure 

8 and it is developed by Stackler et al. [14]. 

A 3-resistance 2-inductance ladder circuit has been obtained, 

both complying with the constraints and fitting with the 

resistance with skin effect up to 5 kHz. However, more 

resistances and inductances are necessary to have a fair model 

at higher frequencies. The real part of the result of the 

optimization is compared to the quadripole resistance with 

skin effect on Figure 9. 

Replacing the resistances in the line quadripoles by the 

obtained RL ladder circuit, the skin effect can quite easily be 

taken into account in the time domain simulation. A model 

using the cascaded quadripole theory presented in section 2 

and the RL ladder circuit modelling the skin effect has been 

realised in Matlab-Simulink, using the toolbox 

SimPowerSystems.  

In this model, one quadripole models 1 km of the overhead 

line. The resulting impedance seen by a train on the sector is 

drawn in blue in Figure 6, validating the model up to 5 kHz. 

An illustration of this model is shown Figure 10. 
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Figure 8. Flowchart of the optimisation algorithm 

 

 
 

Figure 9. Comparison between the normalized real part of 

the optimized ladder circuit and the analytical calculation of 

the resistance with skin effect for a 3-level ladder circuit 

 

 
 

Figure 10. Railway infrastructure modelled by cascaded 

quadripoles including RL ladder circuit for skin effect 

modelling 

 

 

4. STATE SPACE REPRESENTATION 
 

In order to simplify the consideration of several trains 

running on the same railway sector, a new approach, based on 

the state-space representation of the infrastructure has been 

developed. It is illustrated in Figure 11.  

The state-space representation of the railway infrastructure 

is calculated with, at input, the substation transformer voltage, 

𝑉𝑠𝑢𝑏−𝑠𝑡𝑎𝑡𝑖𝑜𝑛 and the currents in the trains' pantographs 𝐼𝑡𝑟𝑎𝑖𝑛𝑠. 

The outputs are the currents and voltages at different points of 

the line, such as the substation current of the voltages at the 

trains' terminals or at the extremities of the line. The states of 

such a representation correspond to the voltages at the 

terminals of the capacitors and the currents in the inductances 

of the line quadripoles. With a model of the trains, simulations 

with several trains running on the same infrastructure sector 

can easily be made. 

 
 

Figure 11. State-space diagram of the traction chain and the 

infrastructure 
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Typically, the state space representation of a railway 

infrastructure modelled by 1 km long quadripoles associated 

in cascade in which each resistance is modelled by a 

5-resistance 4-inductance circuit, counts hundreds of states. 

Thanks to Matlab-Simulink, the state space representation of 

the infrastructure can be automatically computed. Then, the 

transfer functions between every input and output can be easily 

determined from the state space representation. Hence, the 

influence of a specific input on an output can be analysed. 

Figure 12 presents some examples of transfer functions from 

a train current to voltages in the overhead line. Thanks to these 

transfer functions, the voltage harmonics caused by the 

amplification of current harmonics generated by a train on the 

sector can be estimated. For example, in Figure 12, the highest 

impedance value at 3 kHz is six times higher than the lowest 

value. Thus, current harmonics generated at 3 kHz  by on-

board converters would be more or less amplified depending 

on the position of the train on the line. 

 

 
 

Figure 12. Examples of transfer functions between a train current and voltages in different points of the line 

 

 
 

Figure 13. Comparison of impedances seen by a train on the sector according to the used method or software 

 

 

5. COMPARISON BETWEEN MATLAB-SIMULINK 

AND EMTP-RV 

 

Direct measurements on real lines are most of the time 

impossible. Indeed, both the installation for impedance 

measurements with a wide frequency range and the access to 

railway infrastructures are quite limited.  

In order to validate the approaches based on analytical 

calculations and SimPowerSystems modelling, a study has 

thus been carried out in EMTP-RV (ElectroMagnetic 

Transient Program) [18], a software specialized in power 

system studies and transients analysis. 

To validate Matlab-Simulink models, the infrastructure 

sector studied previously has been modelled in EMTP-RV 

using a frequency-dependent line model proposed by the 

software. The line parameters are calculated from the 

geometrical and physical parameters of the sector given in 

Table 2 and used to calculate the parameters used in Matlab-

Simulink model. 

Table 2. Parameters of the sector for EMTP-RV modelling 

 

DC resistance 0.16 Ω/km  

Line radius 5.8 mm 

Vertical height 5.5 m 

Soil resistivity 0 Ωm 

Number of conductors 1 

 

Then, the impedance seen by the train obtained on this 

model has been compared to the ones obtained with 

SimPowerSystems model and with an analytical calculation. 

Figure 13 shows the results of this comparison. 

One can notice that the impedance seen by the train obtained 

with EMTP-RV model coincides with both analytical 

calculation and SimPowerSystems model for frequencies up 

to 5 kHz. Thus, the frequency behaviour of Matlab-Simulink 

model is validated. 
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6. HARMONIC INTERACTIONS 

 

The harmonic interactions between an on-board converter 

and the railway infrastructure have then been analysed for two 

different sectors.  

 

6.1 Input on-board converter 

 

Most of the modern on-board converters running on AC 

railway infrastructures are constituted by a low frequency 

multiwinding transformer at input which steps down the 

supply voltage from the infrastructure. On the transformer 

secondaries, there are connected active rectifiers generating 

DC voltages to supply the three-phase inverters which control 

the AC traction motors. The principle diagram of these 

converters is presented on Figure 14. 

The new on-board multilevel converter topologies including 

medium frequency transformers are currently studied to 

reduce the on-board weight and volume and increase the 

efficiency of the traction chain [2-6, 19]. These converters are 

composed of several identical physical levels or cells 

associated in series at input and connected in parallel at output 

on the DC bus supplying traction motors through three-phase 

inverters. Each physical level is constituted by an AC-DC 

converter supplying a floating DC bus on which is connected 

an isolated DC-DC converter including a medium frequency 

transformer. The diagram of this topology is shown in Figure 

15. 

 

DC 

bus

LFT

AC catenary

Rail

 
 

Figure 14. On-board converter with a low frequency 

transformer (only one rectifier is drawn) 
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Figure 15. Power Electronic Transformer (PET) 

In both topologies, the input AC-DC conversion stage is 

controlled with interleaved pulse width modulation. Thus, the 

voltage at the train terminal can be seen as the sum of the 

voltage in either the leakage inductance of the input 

transformer or the input inductance of the converter and a 

multilevel voltage presenting 2𝑁 + 1  steps, where 𝑁  is, 

respectively for both topologies, the number of active rectifiers 

or physical levels [20]. This typical voltage and the 

corresponding spectrum are shown in Figure 16 [21].  

Thanks to the pulse width modulation, low order harmonics 

are cancelled. However, high frequency harmonics, centred on 

multiples of twice the switching frequency, are generated. 

Shifting the carriers used to control every physical level by the 

same angle 
𝜋

𝑁
, the harmonics are rejected at higher frequencies 

and thus, the total harmonic distortion is reduced [21]. For an 

association of 𝑁  full bridges, the apparent switching 

frequency on which are centred the harmonics, is defined as 

the switching frequency multiplied by the number of H-

bridges 𝑁𝑓𝑠𝑤. For example, for a 4-cell converter controlled 

with a switching frequency of 450 Hz,  the first harmonic 

block is centred at 3.6 kHz, as shown in Figure 16. 

The on-board converters are modelled in Matlab-Simulink. 

The skin, proximity and capacitive effects are neglected in the 

models of the input step down transformer. They should, a 

priori, have an impact on the harmonic amplitudes. 

 

6.2 Harmonic interactions 

 

Two different sectors have been modelled in Matlab-

Simulink. Both sectors have the same per-unit-length and 

substation parameters, which are given in Table 1. Sector A is 

40 km long, with a sub-station in the middle and a train 

running at 5 km from one extremity of the line. Sector B 

corresponds to the sector presented in section 3, Table 1. The 

impedances seen by a train on both sectors A and B are 

presented Figure 17.  

The study was carried in Matlab-Simulink with a train 

modelled as described previously and controlled by phase 

shifted pulse width modulation with a switching frequency of 

𝑓𝑠𝑤 = 450 Hz . The voltages at the train terminals on both 

sectors A and B are drawn Figure 18 and the corresponding 

spectra are shown Figure 19. 

One can notice, in Figure 18, some disturbances in the 

voltage on the sector A, whereas the voltage on the sector B 

seems quite sinusoidal. By analyzing the corresponding 

spectra presented in Figure 19, one can see that both voltages 

present a harmonic bloc centered around 3.6 kHz as expected. 

However, the harmonics are much more amplified on the 

sector A. For example, the maximum voltage harmonic on the 

sector A corresponds to 4 % of the fundamental, to be 

compared with less than 0.1 % on the sector B.  

By comparing the amplitudes of the impedances seen by the 

train on both sectors, one can see that on the sector A, the 

impedance seen by the train at 3.6 𝑘𝐻𝑧, is equal to 5 𝑘𝛺 while 

the one on the sector B is smaller than 20 𝛺 . Thus, the 

amplification at 3.6 𝑘𝐻𝑧 in the sector B is more than 250 times 

smaller than in the sector A. That is why, the harmonic bloc 

around 3.6 𝑘𝐻𝑧 is much more amplified in the sector B than 

in the sector A. 
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Figure 16. Voltage and spectrum generated in input of the 4-cell converter with a switching frequency 𝑓𝑠𝑤 = 450 𝐻𝑧 

 

 
 

Figure 17. Impedances seen by the train on both sectors A and B 

 

 
 

Figure 18. Voltages at the train terminals on both sectors 
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.    

 

Figure 19. Voltage frequency spectra at the train terminals on both sectors. Out of concern for visibility, the scale is logarithmic 

and has been maintained for both spectra. Indeed, with a linear scale, the harmonics are not visible in the voltage spectrum on the 

sector B using the same scale 

 

 

7. EXTENSION OF THE MODELS TO HIGH 

FREQUENCY 

 

In future on-board multilevel converters including medium 

frequency transformers (see Figure 15), several H-bridges 

have to be connected in series in input to withstand the 

infrastructure voltage. The number of levels depends on the 

voltages of the intermediate DC buses, and so, on the 

semiconductors used for the AC-DC conversion. Nowadays, 

semiconductors can withstand no more than a few kilovolts, 

which results in a number of rectifiers quite high. As explained 

in section 6, the harmonics generated by on-board converters 

controlled by phase shifted pulse width modulation depend on 

the number of cells. Higher is this number, lower is the total 

harmonic distortion and higher are the frequencies at which 

harmonics are generated. Thus, new on-board multilevel 

converters will, a priori, generate harmonics at frequencies 

higher than 5 kHz, as long as semiconductors do not withstand 

higher voltages. So, to study harmonic interactions between 

some new on-board converters and the railway infrastructure, 

the modelling proposed in the previous sections has to be 

extended up to a few tens of kilo hertz.  

Nevertheless, the models cannot be directly used for higher 

frequency simulations because the single equivalent conductor 

reduction presented in section 2 is not valid beyond 5 kHz. 

Indeed, the interactions between wires and the soil 

conductivity have, a priori, an influence which makes this 

assumption non valid. 

As it cannot easily be extended, a bibliographic study has 

been made in order to predict the behaviour of the 

infrastructure when the frequency increases. The problem is 

that in the literature, every railway infrastructure modelling is 

either made for low frequency study, thus below 5 kHz, or for 

high frequency study for Electromagnetic Compatibility 

(EMC) and thus over 100 kHz. Thus, no study has been found 

between 5 kHz and 100 kHz. 

First, some discontinuities have been neglected. For 

example, the overhead line is carried by masts located every 

50 to 70 m at 3 m from the track axis [22]. Moreover, the 

catenary is composed of different wires, at least a contact wire 

and a suspension wire, which are regularly connected together. 

It has been shown by Cozza [22] that below a few mega hertz, 

these discontinuities are negligible.  

Two other aspects could also impact the infrastructure 

model: the rails and the ballast on which it lays. Generally, the 

image principle is used to calculate the per-unit-length 

parameters [1]. However, the low conductivity of the ballast 

impacts the capacitance between the rails and the ground. 

Moreover, in order to calculate the per-unit-length parameters 

using the image principle, the considered conductors have to 

be cylindrical and sufficiently far from the soil. Thus, the rail 

geometry and their low height impact, a priori, the calculation 

of the parameters. However, it has been showed in the study 

[22] that their impact is negligible under a few mega hertz. 

Other effects, which were neglected before, are the 

frequency and parasitic effects in the sub-station transformer. 

So far, the sub-station transformer has only been modelled by 

a resistance and an inductance. However, other parameters, 

such as parasitic capacitors and magnetizing inductance, have 

an influence, a priori, on the impedance of the infrastructure. 

Moreover, when the frequency increases, both the skin and the 

proximity effects increase. Indeed, in the transformer, several 

conductors are close to each other and thus, are subject to 

proximity effects in addition to the skin effect in the resistance 

of the windings. Both these frequency effects result in an 

increasing of the resistance of the transformer winding with 

the frequency [1]. As shown both by Suarez [1] and Ouaddi et 

al. [23], under a few tens of kilo hertz, these phenomena result 

in an attenuation of the resonances in the infrastructure 

impedance. 

It is also shown that the soil conductivity impacts the 

infrastructure impedance [22, 24]. First, the soil was modelled 

as a perfect conductor. However, its real conductivity is not 

infinite. Thus, the per-unit-length parameters have to be 

recalculated taking into account the soil conductivity, which 

tends to attenuate the amplitude of the resonances in the 

infrastructure impedance.  

The behaviour at higher frequencies has been verified 

experimentally in the research [22]. An example is given in 

Figure 20, for a 2.75 km sector at the Centre d'Essai 

Ferroviaire (CEF) in Valenciennes, France. Measurements on 

a real line have been compared with analytical calculations 

based on the multiconductor transmission line theory. The per-

unit-length parameters of the model have been calculated 

thanks to the image principle in case of a perfectly conductive 

soil (PEC) and of a lossy soil (average soil). 
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One can see that the resonances are attenuated when the 

conductivity of the soil is not infinite compared to a soil 

modelled as a perfect conductor. One can also notice that for 

frequencies up to a few tens of kilo hertz, the impedance 

obtained with the model with a lossy soil is close to the one 

measured on the line, validating, a priori, the modelling for this 

frequency range. However, it is important to notice that all the 

tests were carried out on a short infrastructure regarding real 

line sectors and thus, have to be qualified. Besides, the 

resonances in the line impedances are higher in frequency, and 

the frequency effects are more important than in real lines. 

Eventually, below a few tens of kilo hertz, every aspect of 

the infrastructure, which was neglected below 5 kHz, seems 

either not to impact or to attenuate the resonances in the 

infrastructure impedance. As a first approximation, the 

modelling presented in this paper can be extended for 

frequencies up to a few tens of kilo hertz. A priori, the upper 

limit of the impedance seen by a train thus obtained, is a rough 

over-estimation of the real amplification of the infrastructure, 

which could be refined by accurate studies. 

 

 
 

Figure 20. Comparison between measurements on a 2.75 km 

line and modellings with soil assumed as a perfect electrical 

conductor (PEC soil) and as a lossy soil (average soil) [22] 

 

 

8. CONCLUSIONS 

 

In this paper, a methodology for 25 kV-50 Hz railway 

infrastructure modelling has been presented. First, the 25 kV-

50 Hz infrastructure and a state of the art on the railway 

infrastructure modelling based on the MTL theory have been 

presented. Then, a modelling in Matlab-Simulink environment 

has been proposed. It includes an equivalent circuit, composed 

by resistances and inductances disposed in ladder, for skin 

effect modelling in the overhead line resistance in the time 

domain. A new approach based on the state space 

representation of the infrastructure has also been developed. 

This approach makes it easier to take into account several 

trains running on the same catenary sector while reducing the 

simulation time. Thanks to the transfer functions deduced from 

the state space representation, it is also possible to analyse the 

impact of one train on another train running on the same sector. 

Then, the infrastructure modelling realised in the 

environment Matlab-Simulink has been validated thanks to 

simulations in EMTP-RV, dedicated to transient analysis and 

line modelling.  

By analysing the impedance seen by a train running on the 

infrastructure, some resonances at characteristic frequencies 

have been highlighted. Comparing the modelling without and 

with skin effect, it has been shown that the skin effect in the 

line resistance attenuates the amplitudes of the resonances of 

the infrastructure impedance. It has then been exposed that the 

resonant frequencies of the infrastructure impedance are 

dependent on the sector geometry and the train position. For 

this reason, boundaries were computed for further worst-case 

analysis.  

Then, this model has been used to study the harmonic 

interactions between an on-board converter and the 

infrastructure. In particular, the amplifications, in the 

infrastructure, of the harmonics generated by the on-board 

converter have been analysed in function of the sector 

geometry.  

Thanks to a bibliographic study, the infrastructure model 

has then been extended to frequencies up to a few tens of kilo 

hertz in order to study the harmonic interactions between new 

on-board converters and the railway infrastructure. 

 

 

9. OUTLOOK 

 

The infrastructure modelling methodology presented in this 

paper takes into account some frequency dependent 

phenomena such as the propagation and the skin effect in the 

overhead line. Nevertheless, this modelling remains 

incomplete. For example, the skin and proximity effects in the 

sub-station transformer have not been modelled. However, 

beyond a few kilo hertz, they would, a priori, have an 

influence on the transfer functions and on the impedance seen 

by a train running on the infrastructure. In order to improve the 

infrastructure modelling, they have to be modelled. If some 

information is known about sub-station transformers, the 

equivalent RL ladder circuit used for skin effect modelling 

presented in section 3 could possibly be used to do this. In 

addition, reactive power compensation banks are sometimes 

added to the sub-station transformer and should therefore be 

modelled. 
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