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ABSTRACT The inherent resonant frequency of a traction power supply system (TPSS) needs to be
accurately identified in order to provide crucial information for resonance suppression, safe operation, and
system optimization of electrified railways. In this paper, implementation of experiments was carried out
in actual railway systems to evaluate the inherent harmonic resonances of the TPSS. The field tests were
based on a harmonic generator (HG) constructed with cascaded H-bridge converters (CHBCs). Compared to
other experimental setups, the field tests of this paper, which were performed in the 25kV practical system,
can provide straightforward results in a wide frequency range up to 5000 Hz. Such a wide frequency range
is necessary for assessing and taking effective measures to address the harmonic resonance problem. The
results of this paper will supply valuable data for the modeling of TPSSs and the stability analysis of train
converters contributing to improvement of the power quality of electric railways.

INDEX TERMS Electric railway, field test, frequency scanning, harmonic resonance, high-order harmonic.

I. INTRODUCTION
It has been reported that the high-order harmonic resonant
accidents of electrical railways occurred in many countries,
such as New Zealand [1], Korea [2], Britain [3], Italy [4], [5],
Spain [6], Thailand [7], China [8]–[10] and so on. This
kind of accidents has become serious threat to the safe and
stable operation of railways [11], [12]. Therefore, it is of
great significance to take effective measures to suppress these
resonant accidents and improve the power quality of railways.

The existing research on the resonance between the power
supply lines and trains mainly involves two aspects. The first
is to analyze the inherent high-order harmonic resonance
characteristic of the traction power supply system (TPSS).
The second will be discussed in next paragraph. The first
part is about the modeling method [13]–[15] of the power
supply lines based on the short circuit impedance model
of power grid, the traction transformer model, the auto-
transformer (AT) model, and multi-conductor transmission
lines theory. Then via widely used software such asMATLAB
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[16], PSCAD [17], [18], EMTDC [5], [19] or programming
by researchers themselves [20], the harmonic resonance of
railways is evaluated. However, these modeling methods and
the precision of their calculation results are difficult to be
verified since few effective filed tests are available. Specif-
ically, on the one hand, the railway is a single phase high
voltage system at 25 kV. Thus, some experimental results
under low voltage (e.g. 200 V in [21] and 400 V in [19])
cannot represent its characteristics very well. On the other
hand, the frequency range of interest is wide and it should
at least cover 750Hz-3750Hz [11]; in the experiments based
on nonlinear loads switching, e.g. transformers [22], capac-
itors [23], [24], thyristors [25], the interference will sharply
decrease to 0.02 p.u. above 500 Hz which means the exper-
iments are only effective at relatively low frequencies. The
success of a harmonic simulation depends critically on the
data used to model each power system component. Therefore
measurement techniques have being considered to have a
great influence on the harmonic resonance evaluation [25].
In this paper, experiments about the inherent high-order har-
monic resonance characteristic of the TPSS were carried out
based on a harmonic generator (HG), which can generate
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TABLE 1. Comparison of experimental setups in actual systems.

the harmonic disturbances with full controlled magnitudes
and frequencies. As shown in Tab. 1, compared to other
literatures, experimental setups of this paper were performed
in the actual 25 kV railway system up to 5000 Hz. In such a
wide frequency range, the implementation of field tests will
provide effective validation for modeling of traction power
supply systems.

As mentioned above, in the research fields of high-order
harmonic resonance of railways, the second aspect lies in
increasing stability of train converters by improving control
strategies and optimizing the main circuits (e.g. increasing
the sampling frequency [26], decreasing the control time
delay [27], or installing LCL filters [28]). A widely used
criterion for stability of grid connected converters is that
the real component of the VSC input admittance Y(jω) is
positive in all frequencies, seen from the point of common
coupling. The inherent harmonic resonance of the TPSS plays
a significant role in Y(jω) [29]–[31]. In other words, the res-
onant frequency and its corresponding impedance magnitude
influence the stability of converters strongly. However, in
existing literatures, the inherent harmonic resonance of the
TPSS is usually represented by an inductance with a parallel
capacitance [32]. This simple circuit can introduce only one
parallel resonance whose resonant frequency is commonly
set below Nyquist frequency of the converter control sys-
tem. Unfortunately, the simple circuit has a great gap with
practical situations in railway systems. As we presented in
Fig.8, the actual TPSS can exhibit more than one parallel res-
onance and the resonant frequencies are generally higher than
Nyquist frequency of train converters. Consequently, many
existing studies are not suitable for resonant cases in railway
systems. Some researchers from ABB have recognized and
tried to explore this problem [29]. In order to promote stabil-
ity analysis of railway converters, it is necessary to consider a
more accurate TPSS resonant model based on field test data.
Hence, this paper provides basic and reliable data about the
harmonic resonance of TPSSs up to 5000 Hz which is much
higher than the Nyquist frequency of train converters.

The remainder of this paper is organized as follows.
In Section II, qualitative analysis based on the simplified

FIGURE 1. TPSS schematic diagram of the simplest single-track railway
and its distributed model.

distributed model is presented. In Section III, the test imple-
mentations are described including working principles of the
test method, the topology of the HG, structures and param-
eters of the railway under test. Section IV presents and ana-
lyzes the test results in detail to provide valuable information.
Finally, some conclusions are drawn in Section V.

II. RESONANCE DESCRIPTION BASED ON THE
SIMPLIFIED DISTRIBUTED MODEL
In order to explain the principle of high-order harmonic res-
onance briefly and intuitively, a diagram of the single-track
railway, which is the simplest TPSS, is given in Fig. 1 where
the SS supplies single phase 25 kV power to the train.

The traction network can be represented as the dis-
tributed model, where ZSS represents the equivalent inner
impedance of the SS (including the power system and the
TT impedance), z0 and c0 represent the series impedance and
parallel capacitance per unit length of the traction network,
respectively, x is the distance between the train and the SS, D
is the total length of the traction network, Z1 and Z2 are the
equivalent input impedances of the TPSS on the left and right
sides of the train, respectively, and IT is the current absorbed
by the train. Then, based on Fig. 1 and formulas of wave
impedance, the input impedance Z1 and Z2 can be calculated
as: 

Z1 = Zc
ZSScosh(γ x)+ Zcsinh(γ x)
ZSSsinh(γ x)+ Zccosh(γ x)

Z2 =
Zc

tanh(D− x)
.

(1)

In (1), Zc and γ are the characteristic impedance and the
transmission coefficient respectively which are derived as:Zc =

√
z0
jωc0

=

√
jωL0
jωc0

=

√
L0
c0

γ =
√
jωc0z0 = jω

√
c0L0

(2)

where ω is the angular frequency, L0 is the series inductance
per unit length of the traction network (resistor component is
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neglected in the simplified model, so Z0 = jωL0). The total
input impedance of the TPSS seen from the train is described
as:

Zin =
Z1Z2

Z1 + Z2

= Zccosh[γ (D− x)]
ZSScosh(γ x)+ Zcsinh(γ x)
ZSSsinh(γD)+ Zccosh(γD)

. (3)

If |Zin| → ∞, meaning that the input impedance of the TPSS
trends to infinity, high-order harmonic parallel resonance will
occur. The equipment of a train may be destroyed by the
overvoltage caused by this parallel resonance. On the contrary
if |Zin| → 0 it means that serious resonance occurs. This
serious resonance barely has a bad influence on the TPSS,
so the parallel resonance draws much more attention. In other
words, the resonant frequencies can be restated:

∃ω ∈ (0, ωc) makes ZSS sinh(γD)+ Zc cosh(γD) = 0. (4)

In (4), (0, ωc) is the frequency range where ZSS is inductive
and can be represented by

ZSS = jωLSS. (5)

Thus, (4) can be deduced as follows:

jωLSS =
−Zc

tanh(γD)
. (6)

By inserting (2) into (6), it is obtained that

−1 = jω

√
c0
L2SS
L0

tanh(jω
√
c0L0D2). (7)

By simplifying the hyperbolic tangent function, the follow-
ing equation is derived as

1√
LSSDc0

LSS
DL0

ω
= tan(

√
Dc0DL0ω). (8)

Assuming LSS
DL0

= k and D
√
c0L0 =

√
Dc0DL0 =

√
CDLD where CD and LD are total distributed capacitance

and inductance of the traction network respectively, k is the
proportionality coefficient that LSS is relative to LD, solutions
of equation (8) can be determined by the crossover points of
F(ω) and G(ω):F(ω) =

1
k
√
CDLD

ω
G(ω) = tan(

√
CDLDω)

0 < ω < ωc. (9)

From (9), it can be found that F(ω) is an inverse pro-
portional function and G(ω) is a tangent function. These
two functions are influenced by LD, CD and k . Different
LD, CD and k will result in the stretching transformation of
F(ω) and G(ω). This indicates that the resonant frequencies
are affected by length of the traction network D, distributed
parameters per unit length of the traction network L0 and c0,
the inner impedance of the SS LSS. Considering k increasing
from 0.001 to 10, plots of F(ω) will decrease as shown

FIGURE 2. Influence of k on the resonant frequency.

in Fig. 2 where D is 25km, c0 is 0.01796µF/km, and L0 is
1.5514mH/km. Then the frequency of the crossover point will
also decrease with a nonlinear trendmeaning that the resonant
frequency is brought down.

The influence analysis of LD and CD are similar with
that about k which is not presented due to the limited space
of this paper. At the specific frequencies, if the following
approximation is satisfied√

CDLDω ∼ 0 (10)

then G(ω) can be deduced as:

tan(
√
CDLDω) ∼

√
CDLDω. (11)

As a result, (8) can be simplified as follows:

1 ≈ ω2c0DLSS. (12)

The resonant frequency is expressed as:

ω ≈
1

√
c0DLSS

. (13)

It should be noted that only in the low frequency range,
generally speaking <1000Hz, (10) to (12) can be obtained.
Based on (9) and (12), the resonance mechanism can be ana-
lyzed qualitatively. However, this model is only applicative
for the simplest TPSS, as shown in Fig. 1. As for actual
TPSSs, such as AT-fed 2×25 kV system, an equation like (4)
cannot be deduced by hand due to the complexity of traction
networks. Therefore, the MTL-based model is developed to
study the resonant properties of TPSSs which is capable of
dealing with actual railways. However, these methods require
the knowledge of comprehensive and correct data concerning
network elements and loads in a wide frequency range, since
the accuracy of any calculation cannot be better than the data
on which it is based. Thus the measurement campaign is
necessary. It will be possible to deduce some improvement
of the network models, allowing for the missing data and
making the computer calculations more reliable.
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FIGURE 3. Implementation diagram of the test method.

III. IMPLEMENTATION OF FIELD TESTS
A. WORKING PRINCIPLES OF THE TEST METHOD
The test method is based on the frequency-scanning strategy
as illustrated in Fig. 3. Locating x km away from SS, the
HG, which is represented by the green block, is connected
between the contact wire and the rail to inject actively har-
monic currents of various frequencies and amplitudes into
the TPSS. The frequency of the injected currents is increased
step by step with 1f until it covers all the frequencies to be
studied. During the test, the generated harmonic current ig
and harmonic voltage ug are recorded. The FFT algorithm is
applied to calculate the amplitudes (Ug, Ig) and phases (θu, θi)
of ug and ig at the injected frequency. Then the two amplitudes
divide and θu subtracts θi to obtain the input impedance of
the h-order harmonic. After the frequency-scanning test is
completed, harmonic impedance Zin can be obtained which
represents the parallel impedance of Z1 and Z2, as shown
in Fig. 3.

A detailed flow chart of the test method is presented
in Fig.4. In order to decrease the influence of background
harmonics and improve the measurement accuracy, inter-
harmonic is also be selected to inject into TPSS, namely 1f
is not the integral multiple of the fundamental frequency.
In this paper1f is set 25 Hz, in other words, the frequencies
of actual injected harmonics are 75 Hz, 100 Hz, 125 Hz,
150 Hz, . . . In addition, as shown in Fig. 4, the harmonic
impedance is averaged over the multiple test data within the
30-second interval for reducing test error.

B. TOPOLOGY AND CONTROL OF THE HG
The HG is the key of the test method as shown in Fig 5.
The structure is based on a single-phase H-bridge cascade
converter (CHBC) consisting of N cells. Each capacitor volt-
age, the current and voltage at the ac side are sampled syn-
chronously. The total dc-capacitor voltage of all the cells is
maintained to N times of the reference value Vref with the
total voltage controller (TVC). The outputs of TVC and the

FIGURE 4. Flow chart of the test method.

PLL form the reference value of the current control loop to
regulate the output ac current ig. The current controller (CC)
can adopt the proportional resonant controller with a resonant
frequency at 50 Hz. A voltage balancing controller (VBC) is
used to keep each capacitor voltage to the desired value Vref
by shifting active power among these converter cells. The PI
controllers are suitable for both TVC and VBC. The ac volt-
age ug smoothed by a low pass filter is added to the outputs of
VBC and CC. The output sum of VBC, CC and ug form the
primary modulating wave at the fundamental frequency. The
harmonic injection controller (HIC) is designed to generate
the harmonic modulating wave according to instructions of
the desirable harmonic disturbance (fhref and Ihref). Then the
total modulating wave including the fundamental and har-
monic components is compared with N carrier waves based
on Carrier Phase-Shifted PWM (CPS-PWM) drive IGBTs
of the HG. The influence of CPS-PWM on the harmonic
generating performance has been studied in our previous
work [33].

The actual HG in the field that was constructed based on
the topology and control methods mentioned above is shown
in Fig. 5(b). All the devices including CHBCs, the control
system, the inductance, voltage and current sensors are inte-
grated into one container for outdoor operation. The HG
is designed as 200 kVA and can inject harmonics in the
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FIGURE 5. CHB-based HG (a) topology and its control strategy, (b) photo of the HG in the field, and (c) waveforms of the HG.

frequency range of <5000 Hz. Taking emitting 900 Hz har-
monic current for example; waveforms of the HG are shown
in Fig. 5(c) when field tests were being carried out. It clearly
can be found that the ig contains both fundamental and har-
monic components. The FFT result of ig also indicates that
the harmonic component at 900 Hz is about three times larger
than the fundamental component. Meanwhile, other harmon-
ics can be ignored. This means that a very pure harmonic
current was injected into TPSS successfully.

C. THE RAILWAY UNDER TEST
The configuration of the railway under test is shown
in Fig. 6 where the voltage of positive feeders (PFs) is -25kV
and the voltage of the overhead contact lines (OCLs) is 25kV
in normal operation. Autotransformers (ATs) are installed
in the middle and at the end of the railway to constitute
a 2 × 25 kV AT-feeding system. The total length of the
railway is 26.25 km (D=26.25km). The 16 switches S1-S16
are used to cut-off the fault and change the power supply
modes. If all the switches were set to be open, the traction
network will be disconnected from the substation (SS). In the
following tests presented in Section IV, the switches were set
to be off or on according the test requirements. The HG was
connected between the OCL and the ground of the down-
going direction railway at the SS meaning x = 0 in Fig. 3.
The photo of the railway under test is shown in Fig.6 (b). The

parameters of the TPSS are listed in Tab.2, whereH represents
the high voltage winding; L is the low voltage winding of the
AT; T and F are the first and the second low voltage windings
of the traction transformer respectively.

IV. TEST RESULTS AND ANALYSIS
A. THREE TESTS
Three tests are designed to investigate the mechanism of the
inherent resonance of TPSSs (Besides the three in this paper,
a series of tests were carried out at the same time for different
study purposes which are outside of the scope of this paper.
We will discuss the test results in other papers.) As shown in
Tab.3, the switching states of S1-S16 were changed to realize
the desirable operation modes. More specifically, in the first
test, all the switches were set as open. As a result, the HG
was connected to SS directly without traction networks as
shown in Fig. 7(a). The result Z1 of Test I reflects the inner
harmonic impedance of the SS. In the second test, S4 was set
as closed while others were set as open. Then, the simplified
configuration of the railway is shown in Fig. 7(b). In Test II,
the railway operation mode was set as the simplest direct
supply system with single traction network which is the same
as that in Fig. 1. In Test III, only four switches S1-S4 were
closed. Compared to Test II, double traction networks were
to be estimated.
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FIGURE 6. The railway under test (a) schematic diagram and (b) photo of the actual railway.

TABLE 2. Parameters of the TPSS.

TABLE 3. Switch state of the three tests.

Based on Fig.3 and Fig. 7, relations of Z1, Zin−II, and
Zin−III can be depicted as:

Zin-m =
Z1Z2-m

Z1+Z2-m
, m = II, III (14)

FIGURE 7. Schematic diagram of the three tests (a) Tset I, (b) Test II, and
(c) Test III.

where Z2−II and Z2−III represent the input harmonic
impedance of traction networks in Test II and Test III respec-
tively. According to (14), impedance-frequency character-
istics of traction networks separated from the SS can be
obtained.

B. TEST RESULTS
The test results are presented in Fig.8. It can be found in
Fig.8(a) about the first test that below 3000 Hz, the phases
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FIGURE 8. Amplitude and phase curves of test results: (a) Test I; (b) Test II; (c) Test III; (d) comparison of Z1, Z2−II, and Zin−II; (e) comparison of Z1,
Z2−III, and Zin−III.

of Z1 are very close to 90◦, indicating Z1 can be represented
by an inductance. This inductance increases gradually in this
frequency range as shown in the second subplot of Fig. 8(a).
From 3000Hz to 4450 Hz, Z1 is still inductive; however, its
phase drops to zero and its amplitude increases to the peak
sharply at 4450 Hz. Above 4450 Hz, Z1 becomes capacitive
and its amplitude begins to decrease. In other words, Z1
exhibits an inherent parallel resonance (PR) at 4450 Hz

Fig.8 (b) illustrates the test result Zin−II of Test II.
At 1775Hz, the amplitude of Zin−II reaches the maximum
value and its phase changes from inductive to capacitive. Thus
this property indicates 1775Hz is a PR frequency. At 2375Hz,
the phase curve passes through the zero line from negative to
positive and the amplitude reaches the minimum value which
shows that 2375 Hz is a series resonance (SR) frequency.

Fig.8 (c) describes the test result Zin−III of Test III. The
variation trend of Zin−III is very similar to Zin−II. However,
compared to Fig. 8(b), there are two PRs in Fig. 8(c). The
frequency of the first PR is 1500 Hz which is lower than the
first one of Test II.

Based on Figs. 8(a)-(c), we can obtain the straightforward
understanding that different structures would influence the
resonant frequencies. In order to explain how this works,
Figs. 8(d) and (e) can give more information where Z2−II and

Z3−II are deduced based on (14). In Fig.8(d), at the PR point,
the amplitudes of Z1 and Z2−II are equal while their phases
are opposite which is as follows:

Im(Z1)+ Im(Z2-II) = 0. (15)

This means that the harmonic power oscillation occurs at
1775Hz between the inductive component of Z1 and the
capacitive component of Z2−II. As a result, PR occurs and
the total input impedance is resistive whose phase is zero.
In Fig. 8(e), the total equivalent capacitance was increased
because of the parallel double track railways as shown
in Fig. 7, the imaginary part Im(Z2−III) is smaller compared
to that of Z2−II at the same frequency according to:

|Im(Z2-III)| ∝
1

(Dc0)k
, k > 0 (16)

when Z2−II is capacitive. Consequently, the intersection point
of Z1 and Z2−III will shift to bottom left in the amplitude plot
of Fig. 8(e). The corresponding frequency, i.e. the parallel
frequency, will decrease. In Fig. 8(e), the second PR occurs
at the frequency of 4700 Hz. In contrast to the first one, Z1 is
capacitive and Z2−III is inductive.

The SR of Test II can be explained as following based on
Fig. 8(d): at 2375 Hz, Z2−II is nearly zero. As a result, though
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Z1 is large inductive impedance, the total input impedance of
the TPSS Zin−II can be calculated as

Zin-II =
Z1Z2-II

Z1+Z2-II
≈ Z1 ≈ 0. (17)

This indicates that the SR is primarily affected by the traction
networks. Harmonic power is Ingested and expelled at the SR
frequency by the distributed inductance interacting with the
distributed capacitance. This situation is the same as Fig. 8(e).

V. CONCLUSION
In this paper, experimental setups were carried out in the
actual 25 kV railway system to study the inherent high-order
harmonic resonance of TPSSs up to the 100th harmonic. The
successful implementation and detailed test results proved the
effectiveness of the test system which is based on CHBCs
and has the frequency scanning function. Compared to other
experiments in existing literatures, the field tests of this paper
will provide effective validation for the modeling of TPSSs in
a wide frequency range up to 5000 Hz. Meanwhile, the test
results also indicate that the stability analysis above Nyquist
frequency of train converters should be carefully considered
since the TPSS may have several resonant frequencies in that
frequency range.
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