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Abstract: This paper presents a methodology to consider the impedance of a grid in power hardware in the loop (PHIL) experi-
ments to validate power converter control in presence of harmonics or resonances in the network impedance. As the phenomena
to emulate are in a large frequency range, the skin effect in conductors has to be taken into account. A procedure is developed
to model the network. Then, the model is simplified to reduce the computation requirements and discretised for real-time imple-
mentation. The proposed method has been applied to analyse the harmonic interactions due to on-board converters running on a
25 kV-50 Hz railway infrastructure for frequencies from 0 to 5 kHz. The model is computed in Matlab-Simulink, a SpeedGoat Per-
formance Machine and a linear power supply are used for a real time implementation. The converter under test and the test bench
are presented. Some experimental results are presented, showing the feasibility and the usefulness of the proposed approach.

1 Introduction

Becoming more and more commonly used by Power Electronics
R&D teams in Energy and Transportation sectors [1, 2] and for edu-
cational purposes [3], power hardware in-the-loop (PHIL) systems
are deployed with the aim of testing a physical power system and its
control, such as a solar panel or a power converter, within a simula-
tion environment. The emulated system, which can be the model of a
grid [4], wind turbines or converters, runs on a real-time simulation
target (RTST). This RTST is interfaced with the device under test
(DUT) (e.g. the actual power system) thanks to AD/DA (analogue-
to-digital, digital-to-analogue) converters and power amplifiers, as
illustrated in Fig. 1. The DUT includes the converter and its con-
troller. Rapid control prototyping (RCP) softwares with automatic
code generation allow the change of the parameters of the network
and on-line interactions between the user and the emulated envi-
ronment, hence making the test bench very flexible and realistic
[5].

In the development process, PHIL experiment comes after the
modelling of the system components. It allows the validation of
the control principles and their implementation, taking into account
computation time, sampling frequency, jitters and other parasitic
and stray elements, which are difficult to include in the system
level modelling. It also allows the study of the interactions between
the tested power device and the environment, as transients, short-
circuit. . . Thanks to PHIL testing, some phenomena not observable
in simulation, such as instabilities, can then be studied. The benefit
of this type of system is that the converter control system design can
be fully tested on a scaled-down model of the power converter, with
respect to converter ratings and also capital expenditure. To do that,
the model of the infrastructure has to be implemented to control the
amplifier supplying the mock-up of the converter, as shown in Fig. 1.

Some limits of PHIL, which have to be taken into account, come
from the minimum step-time of RTST compared to the high fre-
quency of the transient signals [6, 7], the stability issues which can
appear due to the delay of each components of the system [1, 2] or
the extrapolation of the results if the DUT has to be a small scale
mock-up for safety or cost and time savings.

Real Time Simulation Target

Amplifier DUTVinfra
Infrastructure 

emulation

Current 
Sensor

ADC

DAC

Iinfra

Fig. 1: Diagram of PHIL of the power supply system emulation for
a small scale mock-up of on-board converter

In the field of rail transport, many research efforts are dedicated
the study of new topologies of on-board converters, such as power
electronic traction transformers (PETT) [8–10]. A special care must
be assigned to the interactions between the railway network and the
converter. A model of the infrastructure is thus requested.

Simplified models of a railway infrastructure have already been
emulated to study harmonic interactions thanks to passive compo-
nents [11]. However, in this case, the parameters of the infrastructure
and the train position cannot be easily modified.

In this paper, PHIL experiments are considered to emulate the
power supply network. Thanks to this emulation, both the train posi-
tion on the network and the geometry of the network can easily be
modified. To our knowledge, no PHIL implementation of railway
infrastructure has been presented in the literature.

As on-board power converters running on railway infrastructure
reject harmonics into the overhead line, which can be amplified by
the impedance of the overhead line [12], some overvoltages, pos-
sibly resulting in disturbances for other trains on the infrastructure
or for rail signalling, can be observed. Both standards, such as the
standard EN 50388 [13], and railway companies limit the toler-
ated level of harmonics injected into the infrastructure by on-board
converters [14]. Then, while PHIL experiments are generally used
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Fig. 2: Diagram of a sector of 25 kV-50 Hz infrastructure

to analyse either the stability of the network, i.e. considering only
the fundamentals, or the transients, here, PHIL is used to study
harmonics.

After a brief presentation of the theory used to model the 25 kV-
50 Hz railway infrastructure, an electrical circuit will be introduced
in section 2.2 to take into account the skin effect in the overhead
line. A state space representation approach of the infrastructure will
also be described. In the next section, the methodology used to emu-
late the infrastructure model for PHIL applications will be presented.
It includes the main contributions of the paper, i.e. the process to
reduce the number of states in the representation and to discretise
the state space representation. Then, the methodology is applied
to a small scale mock-up of an electronic transformer. The con-
verter topology and the mock-up are presented in section 4. The last
section is devoted to the results of the tests validating the theory. A
conclusion and some perspectives close this paper.

2 Infrastructure modelling

2.1 State of the art

A typical 25 kV-50 Hz railway infrastructure is divided in electri-
cally independent sectors, from 30 km to 90 km, as presented in
Fig. 2, [14]. Each of them is supplied by a sub-station with single
phase transformer, connected between two phases of the three-phase
grid.

Lumped series inductances and resistances are generally used to
roughly model both the sub-station and the three-phase grid [14–
18]. Beyond some kilohertz, the wave length of the overhead line is
in the same range than the length of a sector. Therefore, the overhead
line is usually modelled by distributed parameters to take the prop-
agation effects into account. The set constituted by the rails and the
overhead line is then described using the multi-conductor transmis-
sion lines theory (MTL) and the Telegrapher’s equations [14–18].
For frequencies under a few kilohertz, a single conductor equivalent
model can be used to represent the overhead wires [15]. For higher
frequencies, typically beyond 5 kHz, this hypothesis is not valid any-
more due to interactions between overhead wires, rail geometry or
soil conductivity.

To avoid having the complexity of hyperbolic functions of com-
plex variables and simplify the implementation of the Telegrapher’s
equations, cascaded quadripoles with lumped parameters are often
used to discretise the line. The length of a quadripole has to be
chosen as small compared to the wave length at the maximum con-
sidered frequency, to keep a fair approximation of the propagation
effects. A diagram of a line section modelled with distributed param-
eters and a line quadripole are presented respectively in Fig. 3 a) and
b).

Applying the theory in Matlab-Simulink, the impedance seen by
a train on an infrastructure has been calculated. The line parameters
used for the calculation [14] are given in Table 1, and results are
drawn in black in Fig. 4. The infrastructure impedance presents some
resonances at characteristics frequencies.

Table 1 Overhead line and substation parameters

Overhead line Sub-station Lengths
per-unit-length parameters (x and xss

parameters refer to Fig. 2)

r = 0.16 Ω/km Rss = 1.17 Ω L = 90 km
l = 1.55 mH/km Lss = 21.2 mH xss = 45 km
c = 7.4 nF/km Vss = 27.5 kV x = 10 km
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Fig. 3: a) single equivalent conductor overhead line section; b) over-
head line quadripole without skin effect; c) RL ladder circuit mod-
elling the skin effect in the time domain; d) overhead line quadripole
with skin effect

2.2 Skin effect modelling

Beyond a few hundreds of hertz, the line radius, typically 5.8 mm for
a copper catenary, becomes bigger than the skin depth. Therefore,
the line resistance increases, which results in an attenuation of the
resonances present in the infrastructure impedance, as one can see
in red in Fig. 4. Moreover, the attenuation is more important when
the frequency increases. Nonetheless, the resonant frequencies are
independent of the skin effect.

To model the skin effect in the line in the time domain, a cir-
cuit with resistances and inductances disposed in ladder has been
proposed [19, 20] for transmission lines. An example is shown on
Fig. 3 c). In low frequency, the impedance of the circuit is equivalent
to all the resistances in parallel. When the frequency increases, the
impedance of the inductances increases too. Thus, the impedance
of the ith branch becomes high regarding Ri−1. The ith branch
becomes then negligible in front of the resistance of the (i− 1)th

branch. When the frequency increases, the total impedance of the
ladder circuit increases from all the resistances in parallel to R1. If
the values of resistances and inductances are well-chosen, such a cir-
cuit can be used to mimic the skin effect in the line resistance. The
number of branches depends on the considered frequency range.

The RL ladder circuit can also be implemented in a line
quadripole to model the skin effect in the resistance, as shown on
Fig. 3 d). An optimisation, detailed in [12], has been made to cal-
culate the values of the parameters. Finally, a three-resistance-two-
inductance-ladder-circuit has been obtained as an accurate model of
a quadripole resistance with skin effect up to 5 kHz. The impedance
seen by a train obtained on a Matlab-Simulink, using "SimPower
Systems" model with cascaded quadripoles including the skin effect
RL ladder circuit is drawn in blue in Fig. 4, validating the approach.

3 Infrastructure emulation

3.1 State space representation

In order to emulate the model presented in the previous sections
for PHIL applications, the state space representation of the infras-
tructure model is calculated in Matlab-Simulink. It takes in input
the substation voltage (Vss) and the current(s) drawn by the train(s)
(Itrain,i) and outputs the voltage(s) at the terminals of the train(s)
(Vtrain,i) and the substation current (Iss), as illustrated in Fig. 5.
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Fig. 4: Impedance seen by a train on the sector: analytical calcula-
tions and simulation in Matlab-Simulink without and with skin effect
(top), complete and reduced model (middle) and ratio between the
infrastructure voltage at the pantograph of a train and the voltage at
the terminals of the AFEC (bottom)

Train 1

Train n

Itrain  1

Itrain  n

Iss

Vtrain  1 

Vtrain  n  

ẋ =Ax+Bu
y=Cx+Du

Vss

 
Fig. 5: Diagram of the state space representation of the infrastruc-
ture

The states of the representation are the currents in the inductances
and the voltages at the terminals of the capacitors of the cascaded
quadripoles.

A sector modelled with cascaded quadripoles with RL ladder cir-
cuit representing 1 km of the line, i.e. small compared to the wave
length at 5 kHz, counts, typically, some hundreds of states. However,
the number of operations realisable in real time by the micropro-
cessor supporting the infrastructure model for PHIL experiments is
much more limited. Thus, a methodology has been developed to
drastically reduce the number of states of the representation.
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(k)

OUT 
(k)
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Fig. 6: Alternatives for execution order inside the task: (a): out-
puts updated at the end of the period; (b): outputs updated at the
beginning of next period

3.2 Reduction of the number of states

To obtain a reduced model, the so called balanced realisation of the
state space representation [21], organising the states in function of
their energy, is first calculated in Matlab. Then, the states are selected
in function of their observability and their controllability. That is,
the states with lower observability and controllability are eliminated.
Another constraint is also added on the frequency range: the states
which contribute to frequencies beyond 5 kHz are removed.

Thanks to tools provided by Matlab toolbox "Control System
Toolbox", this reduction is quite easily made. However, due to both
the wide frequency range of the modes and the disparate values
of the corresponding Gramian, characteristic of the observability
and controllability of the states [21], the reduction, sometimes,
results in unstable state space representations caused by numerical
inaccuracies. The stability of the model has then to be verified.

With this method, for the sector whose parameters are given in
Table 1, a ten-state-representation can be obtained from a state space
representation with, initially, hundreds of states. The impedance seen
by a train obtained with the simplified state space representation for a
frequency range between 50 Hz and 5 kHz is displayed in the middle
of Fig. 4.

3.3 Discretisation of the state space representation

After having reduced the number of states, the model is discretised in
order to be implemented for real time applications, classically using
zero-order hold on the inputs and a sample time Ts (Eq. (1)).{

Xk+1 = FXk +GUk
Yk = CXk +DUk

(1)

Where the inputs Uk are the substation sinusoidal voltage and the
train current

[
Vss Itrain

]t and the output Yk is the voltage at
the terminals of the train Vtrain. As the inputs do not have a direct
impact on the output, the feed forward matrix D is equal to zero.

For the real time implementation, the execution order inside the
task is a key point. Usually, a period starts by the acquisition of the
inputs, then the calculations are realized and in the end, the outputs
are updated (Fig. 6 (a)). The problem with this execution order is that
the calculation time depends on the load of the CPU: any request that
is of a higher priority for the CPU will interrupt the calculation. This
leads to a jitter in the output update and the moment the outputs are
updated is quite unpredictable inside the task.

To solve this problem, the outputs are chosen to be updated at
the beginning of the next period (Fig. 6 (b)). The consequence of
this new execution order is that a pure delay of one period appears
between the inputs and the outputs. However, this delay can be easily
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compensated using the discretised system as a prediction (Eq. (2)).
Note that it is only possible because, in our application, theD matrix
is null. {

Xk+1 = FXk +GUk
Yk+1 = CXk+1

(2)

This model will be used in PHIL with the small scale mock-up
described in the next section.

4 Considered converter

4.1 Electronic transformer topology

The considered converter is one of the new topologies of PETT. This
PETT structure is that of an indirect AC-DC voltage source con-
verter, composed of modular H-bridge switching cells (Fig. 7 (a)
and (b) [8–10, 22, 23]). The first stage of this topology is an active
front end converter (AFEC), in reality a cascaded H-bridge structure,
interfaced with the overhead line by way of an inductance.

The second stage of the power conversion is enabled by a mul-
tilevel DC-DC converter structure, with inputs isolated from one
another and a parallel connection at the output i.e. the DC traction
bus. Isolation from the overhead line in this structure is provided by
the medium frequency transformers (MFT) seen in the AC-links of
the DC-DC converter cells. This power converter topology can be
operated in traction or braking mode, where the power is transmitted
either in the direction of the load (traction), or from the load to the
overhead line (braking).

4.2 Interleaved Pulse Width Modulation

Harmonics in the overhead line of the railway infrastructure are due
to AFEC voltage harmonics generated by on-board converters. The
harmonic content of the infrastructure voltage depends then on the
modulation techniques used to control the AFEC.

The modulation of the cascaded H-bridges cells in the AFEC
is in the form of hard-switched pulse-width modulation (PWM),
whereby the points at which the carrier waveform intersects with
the modulating waveform generates the duty cycle of the converter
cells.

Given that there are a number of H-bridges connected in series
in the AFEC, a carrier signal is required for each one of these. In
order to reduce the total harmonic distortion (THD) of the AFEC
voltage and thus of the input current, either phase-shifted, also
called horizontally shifted PWM or vertically shifted PWM can be
used to control the AFEC [24, 25]. In this type of power converter
association using these modulation techniques, a multilevel voltage
waveform is generated. The greater the number of levels in the volt-
age waveform, the closer it approximates to a sinusoid. Therefore,
the quality of the waveform increases proportionally to the number
of cascaded cells.

For phase-shifted PWM, the ith carrier is shifted by π
N regarding

the (i+ 1)th carrier, where N is the number of H-bridges in the
AFEC. The harmonics are thus centred on multiples of 2NfAFEC
and, as a consequence, the THD is significantly reduced.

For vertically shifted PWM, the THD is also highly reduced.
However, the harmonics are not shifted in higher frequency. More-
over, it can results in unbalances in the use of the H-bridges
[24, 25].

In order to limit unbalances between the cells and push back the
harmonics in higher frequency to be compliant with railway stan-
dards, phase-shifted PWM has been chosen for the converter and
then for the mock-up in PHIL experiments.

5 Test bench and results

5.1 Power hardware-in-the-loop test bench

PHIL experiments have been carried out on a small scale mock-up
of a 150 W converter, supplied by 50 Hz voltage up to 50 V. The
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Fig. 7: The PETT converter structure is shown in (a), where each
AC/DC block is constructed of H-bridge switching cells (b). The
implementation of this in the PHIL circuit is by way of a modu-
lar 125 mm x 253 mm H-bridge PCB (c). The PHIL test bench is
shown in (d).
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Fig. 8: DC-DC elementary cell, which can be electrically hardwired
to operate in NRDAB mode (a), RDAB mode (b), or in RSAB or
NRSAB mode (c). The AC-link of the DC-DC cells employ an MFT-
based PCB (d)

4 cells of the AFEC switch at 450 Hz. The DC-DC cells, switching
at 20 kHz, supply a 50 Ω resistive load from the intermediate 25 V
buses.

The PETT topology is implemented in a PHIL circuit, housed
within a 19" rack (Fig. 7 (d)). This rack contains the real-time con-
troller, a power amplifier (AE Techron 7224), a rheostat in parallel
with a current source as load and three interface boards to isolate the
controller from the test circuit.

The modular H-bridge PCB (Fig. 7 (b) and (c)) adds a number of
important functionalities to the PETT PHIL circuit: command and
protection of the MOSFETs used within the circuit, circuit protection
and reconfiguration on the DC- and AC-side of the PCB by way of
electromagnetic relays, respectivelyKDC,i andKAC,i on Fig. 7 (a),
by which a failing cell can be isolated, AC current and voltage sig-
nal measurement, DC current measurement, and the choice between
either operating with a three-phase MFT or with a single-phase MFT
and phase C acting as a chopper, to protect the DC capacitor against
over-voltages.

The DC-DC cells in the converter structure are electrically recon-
figurable, offering the choice to operate the AC-link in the cells
either in non-resonant dual active bridge (NRDAB) or resonant dual
active bridge (RDAB) mode, the schematics of which are shown in
Fig. 8 (a) and (b), respectively [26]. This choice is hardwired by a
connector on the AC-link PCB, shown in Fig. 8 (d).

The DC-DC cells in the PETT are modulated by way of phase
shifting the square wave voltage of the secondary side H-bridge with
respect to the square wave voltage generated by the primary bridge.
This leads to a trapezoidal current waveform in the AC-link, if the
NRDAB is used, or a quasi-sinusoidal AC current, if the RDAB or
the RSAB are used.

Furthermore, it is possible to operate with only one of the bridges
switching, with the bridge on the secondary of medium frequency
transformer operating as a diode bridge rectifier. This mode of
operation, which can be either non-resonant or resonant, is called
non-resonant/ resonant single active bridge mode (NRSAB/ RSAB)
and is configurable within the PHIL software environment.

The hardware used for the implementation is a SpeedGoat Perfor-
mance Machine [27]. The discretised system is implemented in the
CPU of the 3.5 GHz core i7 motherboard. The analogue input acqui-
sition and the outputs signal generation are realized by the ADC and
DAC of the IO323 board which is connected to the motherboard by
a PCI express bus. The sample time is set to 40 µs (fs = 25 kHz),
which is the smallest time to keep from overloading the CPU but is

enough to generate the maximum frequency of the considered signal
(5 kHz).

The interface algorithm used to implement the infrastructure is
the voltage-type ideal transformer model (ITM), well-known for its
accuracy, and described, for example, in [28]. With this algorithm,
a simulated voltage, here, the output of the state space representa-
tion modelling the railway infrastructure, is transformed by the linear
amplifier to supply the mock-up converter. The current drawn by the
hardware, here the PETT mock-up, is measured and fed back to the
simulation.

5.2 Tests results

To illustrate the usefulness of the infrastructure model, some tests
have been carried out on the small scale mock-up of the on-board
converter presented in the previous section. The length of the mod-
elled sector (see Table 1) has been specially chosen to obtain an
impedance seen by the train (Fig. 4) with a resonance where the
on-board converter generates harmonics, i.e. around 3.6 kHz.

The infrastructure model has then been reduced, discretised and
implemented within the controller, following the methodology pre-
sented previously, to supply the converter. Then, some tests have
been carried out with the full converter, i.e. with 4 cells, and with
3 cells to depict the operation in degraded mode, i.e. as if isolat-
ing a faulty cell. First, the tests have been compared to simulations,
validating the emulation methodology.

Some time-domain results of the tests are shown in traction mode
Fig. 9. The corresponding spectra are displayed Fig. 10. Analysing
the spectra, it can be seen that, as expected with phase shifted PWM,
the voltage and current harmonics are centred on 3.6 kHz, when gen-
erated by the 4-cell converter and on 2.7 kHz, when generated by the
converter in degraded mode (i.e. with 3 cells).

Moreover, it can be noticed that the harmonics in the infrastruc-
ture voltage are much higher when the converter operates with 4 cells
than when it operates with 3 cells, while the magnitude of AFEC
voltage harmonics is almost the same. Considering the ratio between
the AFEC voltage and the infrastructure voltage at the terminals of
the converter (Eq. (3)), presented on the bottom of Fig. 4, one can
note an amplification at 3.5 kHz, whereas at 2.7 kHz, the ratio is
much smaller than 1. Thus, the infrastructure highly amplifies the
current harmonics close to 3.5 kHz, but not the ones around 2.7 kHz.

Vinfra = VAFEC
Zinfra

Zinfra + jωL
(3)

The PHIL tests have also exposed a problem which is not observ-
able in simulation. On some occasions, high harmonics at lower
frequencies than the ones generated by the cascaded H-bridges,
appears in the infrastructure voltage and current. Examples are
given on Fig. 11 in full traction both in the time and frequency
domains. These harmonics are independent of the power drawn by
the converter. Interleaving the carriers by an angle π

N cancel some
harmonics. However, if the sampling are not synchronous, some
interleaving problems can appear. As for each cell, the modulat-
ing signal is sampled at the switching frequency, i.e. 450 Hz, and
in phase with each carrier signal. Some harmonic around 900 Hz,
1800 Hz or 2700 Hz, i.e. multiples of the switching frequency,
can appear. Moreover, the ratio between the AFEC voltage and the
infrastructure voltage at the terminals of the train is high at 1 kHz, as
shown on the bottom of Fig. 4. Thus, the harmonics rejected around
900 Hz are highly amplified by the infrastructure. To avoid the inter-
leaving quandary, the modulating signal should be sampled once for
the modulation of every cell. Besides, either the measurement or the
control could be filtered to eliminate potential harmonics disturbing
the modulating signal. These tests highlight the interest of emulat-
ing network resonances in PHIL. Indeed, simulation, alone, cannot
reveal such problem.

In addition, implementing a simulation within PHIL can lead to
instabilities, even if the initial simulation is stable [28]. Even though,
the time delay induced by the discretisation of the state space rep-
resentation has been compensated thanks to (2), the stability of
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Fig. 9: Input voltages (top) and current (bottom) in the time domain, in full traction mode, of the small scale mock-up operating with 4 cells
(left) and in degraded mode, i.e. with 3 cells (right)
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Fig. 10: Spectra of the AFEC voltage (top), infrastructure voltage (middle) and current (bottom) in full traction mode, of the small scale
mock-up operating with 4 cells (left) and in degraded mode, i.e. with 3 cells (right)
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amplifications due to the control, on the 4-cell mock-up in full traction
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the system could probably be improved by using another interface
algorithm, more suitable to non-linear converters.

6 Conclusion

A methodology to consider the amplification, in grids, of harmon-
ics rejected by power converters in PHIL experiments has been
presented. Its application for 25 kV-50 Hz railway infrastructure
has been detailed. An equivalent circuit, composed by resistances
and inductances disposed in ladder has been proposed to model the
skin effect in the overhead line. A new method based on the state
space representation of the infrastructure, the reduction of the num-
ber of states and the discretisation have also been introduced for
PHIL applications. Then, an example of a 150 W mock-up of a
multilevel electronic transformer supplied by the emulated infras-
tructure model has been presented. Some test results illustrate the
interactions between an on-board converter, controlled by multilevel
PWM and the railway infrastructure. It has been especially shown
that, the amplification, in the infrastructure, of harmonics generated
by on-board converters highly depends on the infrastructure sector
geometry and the converter characteristics, such as the switching
frequency and the number of cells. Moreover, some interleaving
problems, caused by the PHIL implementation process, have been
highlighted.

7 Outlooks

The infrastructure model presented in this paper is only valid up
to a few kiloHertz. Indeed, beyond that, the skin and proximity
effects in the sub-station transformer are not negligible and, a priori,
highly impact the infrastructure impedance. The model can be fur-
ther improved by using the ladder circuit modelling the skin effect
to take this phenomenon into account in the transformer.

Moreover, electronic transformer controlled by phase shifted
PWM are expected to reject harmonics at higher frequency. Thus, the
model should be extended to comply with the converter frequency
range.

The PHIL experiments can also be improved by adding virtual
trains on the infrastructure. Thus, harmonic interactions between
several trains running on a same infrastructure sector can be anal-
ysed.

This methodology, developed to emulate a railway grid for PHIL
experiments, can also be applied to study other types of networks,
such as three-phase network or offshore wind farm collector. Thus,
the control of a power converter in a grid or the interactions between
them can be experimented in PHIL. However, the stability of the
PHIL should be improved, for example by using another interface
algorithm such as the damping impedance method [28].
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