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Abstract. Electric railway vehicles are supplied by substations and
catenaries at increasingly high power levels being the interface between
the traction motors and the overhead contact line based on power elec-
tronics converters. A large part of these are AC-DC four quadrant con-
verters operating in parallel at relatively small switching frequencies but
using the interleaving principle to reach a low harmonic distortion of the
catenary current and imposing specific harmonic ranges in this current.
However, the current is not a pure sinusoidal wave and its harmonics
can excite unwanted resonances due to the combined effect of the cate-
nary distributed parameters, the substation equivalent impedance and
the current spectrum that can vary according to normal and abnormal
operating conditions. This paper analyses this phenomenon and proposes
a control strategy capable of minimizing the resonance effects.

Keywords: AC-DC converters · Electric railways ·
Interleaved converters · Resonance · Railway systems

1 Introduction

Across Europe, four major railway power supply systems exist: DC, with 1.5 kV
and 3 kV voltage levels, and AC, with 50 Hz, 25 kV and 16.7 Hz, 15 kV. However,
for mainlines, the most common supply is 1× 25 kV and 2× 25 kV, 50 Hz, and
15 kV, 16.7 Hz, [1]. Inside the traction vehicles one or more transformers, in case
of AC supply, adapt the incoming high voltage to a lower one, more appropriate
to feed the traction motors and the auxiliary equipment.

The interface between the intermediate DC-buses and the internal input AC
voltage is made with different types of power electronics converters. These GTO
or IGBT-based converters (single H-bridges, interleaved bridges or multilevel
converters) operate under some kind of pulse-width modulation (PWM) method,
are current-controlled ones and inject into the high-voltage catenary harmonics
of different frequencies, magnitudes and time varying, [2–6]. These harmonics cir-
culate in the catenary line and may originate network resonances. The resonance
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voltages cause different problems such as overheating, interference with commu-
nication lines, operating errors in protection equipment and zero crossing-based
systems, etc. High-frequency resonances occur frequently and can severely dis-
rupt the normal railway operation, [7–9]. These resonances in the supply line
have been analysed in different works, and most studies gave attention to the
influencing factors of resonance occurrence, such as the length of conductors,
[4], the position of trains [10], and the terminal impedances of power-quality
conditioners, [11]. This paper is organised as follows: Sect. 2 presents the fre-
quency response analysis of the catenary/substation impedance while Sect. 3
studies the behaviour of the four-quadrant converter while operating in inter-
leaving mode. Section 4 presents the main simulation results in different operat-
ing conditions and the method to avoid resonances. Finally, Sect. 5 discusses the
obtained results and concludes the paper.

2 Catenary Interface

The catenary interface using pulse-width modulated converters with nearly unity
power factor is the most widely used solution in modern locomotives (e.g., electric
multiple unit locomotives) because these converters easily provide bidirectional
power flow, are modular and have a reduced harmonic content at the AC output.
However, the analysis of the harmonic/resonance problem continues to be very
important due to the wide range of frequencies of the injected voltages/currents.

2.1 Impedance Estimation

Several studies analyse the parallel and series resonances of the equivalent impe-
dance at the traction system pantograph terminals, [4,5,11–15]. Knowledge of
the harmonic impedance of catenary line is important for designing effective har-
monic resonance mitigation measures. This knowledge is used in the design of
harmonics filters inside the vehicles, the verification of harmonic limit require-
ments and the prediction of system resonance, [6,13]. The frequency response of
the catenary impedance can be, in some way, calculated using similar methods
to those used in the estimation of the electric grid impedance.

A number of impedance measurement methods have been developed for this
purpose: on-line and off-line methods, invasive or non-invasive, [16]. Although
invasive methods give more accurate results (they achieve higher signal to noise
ratio), in the context of catenary impedance estimation only on-line non-invasive
methods should be considered. Nevertheless, the switching operation of PWM
converters can also be considered an invasive method and thus a larger set of
methods can be selected to estimate the catenary equivalent impedance. The
complex impedance, in a specified range of frequencies, could be obtained by
direct measurement of voltages and currents; frequency domain measurements
constitute a direct means of measuring the frequency characteristics of sys-
tem components. The measured voltages and currents can be used to calculate
the equivalent impedance of the catenary and the connected converters at any
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frequency but the measurement of this impedance function has proved inac-
curate at those specific frequencies where parallel resonances occur. Here, the
pantograph current reduces to very small values, owing to the high impedance
of the line, [12]. Also the method is affected by non-linearities, saturation and
noise. Alternatively, spectral analysis of time domain data of system operation
can be used to determine the frequency domain characteristics, [17]. A second
frequency method employs correlation power spectral density (PSD) analysis
on the time domain voltage and current waveforms to obtain a transfer func-
tion, which approximates the catenary impedance as a function of frequency; a
coherence coefficient is used to give a confidence level of the frequency response.
The power spectral density describes the contribution of each frequency to the
energy of the signal and the correlational analysis reduces the effect of noise and
accounts for coupling between different frequencies due to non-linearities, [17].
In the identification of a catenary impedance model, the presence of an inter-
mediate filter between the catenary and the on-board converters can be used in
order to employ the same PSD approach, [12].

The application of other impedance identification methods, essentially
employed in grid networks, like the extended Kalman filter, [18], the chirp z-
transform, [19], and the so-called Resonance Mode Analysis, [20], can also be
used in on-line conditions. In any case, knowledge of the system resonant fre-
quencies is obtained and can be used to modify the switching frequency or the
level of interleaving of the on-board converters, [21].

In terms of power electronics based solutions, different approaches have been
employed in the past to reduce the harmonic distortion of the current injected
into the catenary and thus avoiding major resonances, [2,3,22,23]:

– Tuned harmonic filters, inserted between the pantograph and the high-voltage
winding of the input transformer;

– Three-level converters instead of two-level converters on the catenary inter-
face;

– Adaptive pulse width modulation for the feeding power converters;
– Installation of active filters or power quality conditioners.

None solution is completely effective but the use of the architecture and
control flexibility of the interleaved two-level converters and three-level convert-
ers provides one the best starting approaches to deal with the issue, [3,23,24].
Additionally, the modularity of these two types of converters, namely the two-
level ones, allows for a smooth degradation of operation in case of some types
of failures, [21]. This paper focus its attention in the first ones. Thus, in order
to optimize the performance of the converter sets in relation to their control,
the interaction with other converters, and their performance in the supply sys-
tem, it is important to determine the catenary impedance during the converter
operation.

2.2 Catenary Model

The harmonic currents and voltages occurring along the catenary give rise to
travelling waves of various frequencies, which are partly reflected at the electrical
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line discontinuities caused by the presence of substations, [1]. The most common
calculation method of the impedance seen by the pantograph consists in the
replacement of a many wire catenary with a two wire transmission line, which is
described by the well-known transmission line equations. Considering the sim-
plified model in Fig. 1, the impedance of the left-side line section of length x,
ZL, is given by (1), [2,4,25]:

ZL = Z0
ZtL cosh(γx) + Z0 sinh(γx)
Z0 cosh(γx) + ZtL sinh(γx)

(1)

Fig. 1. Simplified model of the impedance seen by the train pantograph.

In Fig. 1, R, L, G and C correspond to series resistance and inductance,
and parallel conductance and capacitance per unit length, respectively; ZtL and
ZtR are the equivalent impedances of the left and right line section terminations,
respectively. In (1), Z0, γ and λ define the characteristic impedance, propagation
constant, and wave speed respectively. They are given by:

Z0 =

√
R + jωL

G + jωC
(2)

γ =
√

(R + jωL) (G + jωC) (3)

λ =
1√
LC

(4)

The impedance of the right-side line section is obtained by substituting l −x
for x in (1). In this set of parameters, the resistance R and the inductance L are
frequency-dependent due to the skin effect in the soil underneath the railway
track, while the capacitance C can be considered constant and eventually the
conductance G can be neglected. The pantograph impedance is determined by
the parallel of the two impedances: left and right sections, or

ZP = ZL//ZL (5)

In Fig. 2 is represented a simplified model of the contribution of one inter-
leaved converter to the pantograph voltage.

Using the equivalent circuit in Fig. 2, the kth harmonic voltage at the panto-
graph can be expressed in phasor notation as
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Fig. 2. Contribution of each converter voltage, vci, to the pantograph harmonics volt-
age.

Vsk =
NT∑
i=1

Vcik
Zpk

Zpk + Zsk
= Vck

Zpk

Zpk + Zsk
(6)

where
Xpk =

ZinkZeqk

Zink + Zeqk
(7)

and Vsk is the kth harmonic root-mean-square (RMS) value of the pantograph
voltage vs, Vcik is the kth harmonic RMS value of the AC pulse voltage vci, and
Vck is the kth harmonic RMS value of the composite AC pulse voltage vc of the
total converters. Zsk is the kth harmonic impedance of the leakage inductance
and the internal resistance of the transformer, Zink is the input impedance seen
from the pantograph, which can be quite difficult to estimate, as (1) and (5)
clearly indicate. If the connection to the catenary includes some kind of filters
the expression for the harmonics voltages Vsk becomes even more complex.

The resonant frequencies depend on the position of the vehicle, and are usu-
ally encountered between a few hundred Hz and several kHz, and above, depend-
ing on the circuit parameters. These frequencies are characterized by different
damping coefficients which depend on: (i) the respective line distance, and (ii)
the values of the electrical line parameters at the corresponding frequency. Typ-
ical parameters values of railway networks are presented in Table 1, [1,8,9,15].

As an example, Fig. 3 shows the magnitude-frequency responses of the cate-
nary impedance, estimated at different points, using R = 0.21 Ω/km, L = 1.2
mH/km, G = 0, C = 11 nF/km Lsub = 2 mH, and an open end at the other side;

Table 1. Typical parameters values of railway networks.

Structure R, [Ω/km] L, [mH/km] G, [μS/km] C, [nF/km]

One track, one catenary 0.1 ... 0.3 1.2 ... 1.5 0.8 ... 1.0 11 ... 14

Two tracks, two catenaries 0.07 ... 0.1 0.75 ... 0.91 1.4 ... 1.8 18 ... 20
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Fig. 3. Magnitude (in ohm, pu) of the impedance seen by the pantograph terminals as
a function of the frequency and the distance of the train from the substation, with a
section length of 30 km.

Fig. 4. Magnitude of the impedance seen by the pantograph terminals as a function of
the substation impedance (in ohm, pu) with the train in the middle of a section with
a length of 30 km.

parallel and series resonances are clearly exposed. The same parameters were
used to evaluate the dependency of the catenary resonances according to the
substation impedance and the results are shown in Fig. 4.

The low-frequency resonances are mainly affected by this uncertainty on the
catenary and substation electrical parameters and, in order to assure a reliable
operation, the relevant frequency ranges should be known. The harmonic excita-
tion of the resonances is then suppressed if the specific frequencies, at which line
resonances occur, are eliminated from the PWM spectrum. Of great importance
is also the fact that in some frequency ranges the input admittance of the vehi-
cle can exceed some critical negative real value so that the control may become
unstable, [8,9,26,27]. Thus, an appropriate control strategy for the PWM con-
verter(s) must be based on a prior identification of the harmonic conditions in
the overhead supply system or on a real-time knowledge of the same conditions.
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3 Interleaved PWM Converters

The two-level four-quadrant converter is one of the best choices to supply the
internal DC-link from the AC catenary, [2,3,23]. The presence of more than one
converter is required to guarantee a high redundancy in case of failure and gives
the opportunity to interleave them in order to reduce the harmonic content of
the absorbed current, as represented in Fig. 5, [1–3,21,24,28].

Fig. 5. Four interleaved four-quadrant converters and main control requirements.

Interleaving is achieved by phase shifting the carrier waveforms; for N con-
verters the carrier shift will be π/N . The four-quadrant converter constitutes
a voltage source that generates higher-order line voltage harmonics. The levels
and frequencies of these harmonics depend on several factors, [23,27]:

– The switching frequency, fs, per converter phase leg;
– The number of interleaved bridges; the operation point of the vehicle (actual

voltage and power);
– The power unbalance between independent systems, e.g., for each bogie;
– The modulation strategy in the converter control.

In general ideal conditions, the first main burst of harmonics are located as
side-bands to the resultant frequency:

Fres = 2fsN (8)

It can be easily demonstrated that perfect harmonic cancellation will only
occur if all the interleaved PWM converters are operating under ideal symmetri-
cal conditions. This means that the following conditions must be simultaneously
fulfilled:

– The converter bridges parameters are perfectly balanced;
– The interleaved PWM converter bridges have equal load sharing;
– The phase shift angle of the PWM converters is symmetrical.
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The converters use closed loop controllers to regulate the DC-link voltage as
well as the AC current. The goal of the control system strategy is to ensure unity
power factor operation and DC-link voltage regulation; however, some amount
of reactive power can eventually be used to stabilize the catenary voltage, [29].
An external DC voltage control loop using a PI controller maintains the DC-link
voltage equal to its reference, when the load current or grid voltage vary, and an
inner loop controls the AC input current using some kind of controller in order
to control the power factor and current magnitude.

The control system requires several current and voltage sensors and, as a
consequence, wrong or degraded measurements due to sensor or communication
failures, seriously perturb the performance of the converter and may cause sys-
tem malfunction. In the specific configuration and operation mode of two or
more converters some additional common blocks are required: a current sharing
module in order to equalize the power in each converter, and a phase synchro-
nization block for optimizing the current spectrum in the primary side of the
transformer, as shown in Fig. 6.

Fig. 6. Hierarchical control of the four-quadrant converters. vdc
∗ is the reference voltage

for the common DC-bus; ici
∗ is the total reference current for converter i; δi is the PWM

phase for converter i; QT
∗ is the reactive power reference.

Thus, a global control strategy for all PWM converters that eliminates the
specific frequency bands from the harmonic spectrum of the pantograph should
be devised in order to avoid the excitation of harmonic resonances under the
actual conditions of the line. It involves the real-time identification of the reso-
nance conditions (impedance), the estimation of the state of excitation of each
actual resonant frequency and the generation of an appropriate switching strat-
egy for the converters control. As more converters operate in interleaving mode
and in balanced conditions, the equivalent harmonic voltages generated in the
primary side of the transformer have lower magnitudes, higher frequencies and
a wider spectrum. Thus, it is more difficult to excite resonances.
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4 Simulation Results

A catenary with a length of 30 Km divided into 6 sections was used with the
parameters R = 0.21 Ω/km, L = 1.2 mH/km, G = 0, C = 11 nF/km Lsub = 2 mH,
and an open end at the other side. With these parameters the first resonant
frequency is located between 1380 and 1400 Hz along the all catenary, as can be
concluded from Fig. 3. The other relevant parameters used in the simulations are
listed in Table 2. In order to achieve decoupled power control, a vector control
approach was used for the AC current controller using the 90◦ phase delay for
creating the beta component of the current.

Table 2. Parameters values used in the simulations.

Parameter Value/Type

Substation nominal power 20 MVA

Substation impedance 0.003 + i0.02 p.u.

Transformer voltage: pr./sec 25 kV/0.9 kV

Transformer impedance 0.01 + i0.02 p.u.

DC-bus voltage 1.4 p.u.

Switching frequency 600 Hz

AC current controller dq-axes, PI-type

The two relevant conditions related to the four-quadrant converters are exem-
plified in the next figures, where the train position is located 10 Km away from
the open end. Figure 7 shows two secondary currents and the primary current
(converter 1, which serves as phase reference, and converter 3, with a 90◦ shifted
PWM carrier; converters 2 and 4 have carriers phase shifted by 45◦ and 135◦,
respectively) while Fig. 8 contains the spectrum of one secondary current and
of the primary current. It is clearly demonstrated the harmonic cancellation
occurring in the primary current.

4.1 Unbalanced Current

As referred before, two conditions negatively affect the harmonic cancellation
in the primary current and thus the avoidance of resonances can be no longer
possible: current unbalance and phase shift asymmetry. Figure 9 shows the result
of a malfunction in the current balancing module: at t = 0.25 s, converter 1 and
2 become not balanced (with Is1 = 1.3 p.u. and Is2 = 0.7 p.u.) while converters
3 and 4 are still balanced; also shown is the primary current.

The steady-state catenary voltage is shown in Fig. 10 and its harmonic spec-
trum in Fig. 11; in the two figures, and due to the appearance of harmonics
in the primary current centred at 1.2 kHz (twice the switching frequency) and
multiples, a small excitation of the resonance mode can be noticed.
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Fig. 7. Two secondary currents and the primary current in normal operation mode.

Fig. 8. Secondary and primary currents spectrum showing harmonic cancellation.

The steady-state catenary voltage is shown in Fig. 10 and its harmonic spec-
trum in Fig. 11; in the two figures, and due to the non-cancellation of harmonics
in the primary current, components centred at multiples of 1.2 kHz (twice the
switching frequency) have relevant magnitudes and a substantial excitation of
the resonance mode is present (at around 1400 Hz, as referred above).

4.2 Loss of Synchronization

The potential occurrence of phase asymmetry is of more concern; harmonic can-
cellation is highly dependent on the fulfilment of this condition. Figure 12 shows
the result of a loss of synchronization (starting at t = 0.3 s) between converters
1 and 2: converter 1 and 2 have in-phase PWM signals while converters 3 and
4 still have the correct phase shift. As can be seen, currents Is1 and Is2 are in
phase and the primary current is more distorted.
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Fig. 9. Transient and steady-state current unbalance in converters 1 and 2.

Fig. 10. Catenary voltage under current unbalance in the different converters.

The steady-state catenary voltage is shown in Fig. 13 and its harmonic spec-
trum in Fig. 14; in the two figures, and due to the non-cancellation of harmonics
in the primary current, components centred at multiples of 1.2 kHz (twice the
switching frequency) have relevant magnitudes and a substantial excitation of
the first resonance mode is present (at around 1400 Hz, as referred above).

4.3 Proposed Method

The method proposed to avoid resonant conditions is based on the detection of
the catenary resonant voltage made using fast Fourier transform analysis. When
a resonant condition is detected the interleaved operation of the converters is
lost and the current controller changes the PWM switching pattern in two ways:
the switching frequency is changed to twice the normal value and there is no
synchronization between any converter.
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Fig. 11. Spectrum of the catenary voltage showing components around twice the
switching frequency.

Fig. 12. Synchronization loss between converters 1 and 2, starting at t = 0.3 s.

Fig. 13. Catenary voltage near resonance conditions.
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Fig. 14. Spectrum of the catenary voltage showing resonance conditions.

Fig. 15. One secondary current (Is1) and the primary current (Ip) in normal operation
and when a resonance condition is detected (between t = 0.31 s and t = 0.37 s).

This operation mode is a degraded one since the switching losses are
increased and the catenary current is more distorted but the resonance con-
dition is avoided. In Fig. 15 the resonance conditions occur between t = 0.31 s
and t = 0.37 s. After being detected the switching frequency is changed to twice
the nominal one in all converters with any type of synchronization. As can be
seen, during loss of synchronism the converter current becomes more sinusoidal
but the primary current increases its distortion. On the other hand, as shown
in Fig. 16, the catenary voltage slightly increases its distortion during that time
interval but only in a small magnitude as quantified in Fig. 17.

Comparing the catenary voltage either in time domain (Figs. 13 and 16) and
in frequency domain (Figs. 14 and 17) it is clear the avoidance of the resonance
conditions. The approach requires the detection of the resonance occurrence, e.g.
using a total harmonic distortion measurement, and knowledge of the equivalent
characteristic impedance seen by the pantograph terminal in order to change the
switching frequency. That impedance is mainly dependent on the catenary/rail
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Fig. 16. Catenary voltage during loss of synchronism with different switching condi-
tions (between t = 0.31 s and t = 0.37 s).

Fig. 17. Spectrum of the catenary voltage with different switching conditions.

distributed parameters and substation impedance and not on the train position
or the number of trains in the track, as shown in Fig. 4 and also demonstrated
in [2,4,7].

5 Conclusions

Modern electric traction systems employ four-quadrant converters operating in
parallel with an interleaved switching strategy in order to achieve a very low cur-
rent harmonic distortion. However, the existence of power unbalance between the
converters or the loss of synchronism between the converters controllers origi-
nates resonance effects in the overhead contact line that can create high levels
of harmonics voltages along the catenary. This paper presented a control recon-
figuration approach capable of maintaining the converters operating in parallel
without exciting relevant resonances.
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