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Abstract—To investigate the harmonic resonance in electric
railways, determination of the traction network impedance using
a utility instrument is an important and challenging task. This
paper presents a novel industrial test device which can directly
measure the impedance of the actual traction network which is
the power source of the railway. The structure arrangement and
the parameter design are accomplished to meet the requirements
for high-voltage level and strong anti-electromagnetic
interference capability. Following this, frequency-dependent
impedance measurement is implemented through the injection of
controlled harmonic currents using the cascaded H-bridge
converters. Furthermore, the power flow analysis is carried out
to demonstrate that this device does not need any additional
power source and can generate harmonic power. In a new-built
railway, this device has been adopted to conduct the on-site test
of the traction network impedance. Then, the multi-conductor
simulation model is established for the purpose of mutual
verification between the field test result and simulation result.
Furthermore, the on-site test results can be applied to determine
the resonance frequency before a nenw-built line is put into use
so that any harmonic resonance can be avoided by taking
effective measures in advance.

Index Terms-- Frequency-dependent, impedance, industrial
device, traction network, on-site test.

1. INTRODUCTION

HE traction network provides the single-phase electric

power for the trains (also called as locomotives) whose
traction drive systems are the power electronics dominated
systems. Due to the influence of the harmonic current of the
power electronic converters on the impedance network of the
locomotive-network system, the harmonic resonance accidents
of different frequencies have occurred in some railway lines
[1, 2]. The accuracy of the impedance of the traction network
is important for investigating the harmonic resonance
accidents in the electric railway [3]. In addition, the
performance of the mitigation measures would be evaluated
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by the impedance-frequency characteristics of the traction
network [4-6]. Therefore, there is a need for acquiring the
impedance of different harmonic frequencies.

It is desirable to be able to directly measure the frequency-
dependent impedance of the actual traction network using a
practical device. Many calculations and simulations have been
performed on impedance-frequency characteristics of the
traction network. In [7, 8], the traction network impedance at
the location of the locomotive is calculated by applying the
theory of wave propagation into the equivalent lumped
parameter circuit of the contact line. In [9], a nodal admittance
matrix is derived by reviewing the entire network as a
composite chain circuit which is made up of serial elements
and shunt elements. In [10], the eight-port transmission line
model of the Korean double-track railway is established in
PSCAD/EMTDC by regarding some conductors as one
conductor electrically. However, the impedance representation
of the traction network characterizes the frequency response of
the entire traction power supply system. Both the calculation
and the simulation of the impedance of traction network need
detailed information of the utility grid, the substation
transformer, and the distributed parameters of the contact
feeder section [11-13]. Furthermore, the impedance of the
utility grid which is the three-phase power source for the
electric railway also affects the impedance of traction network
while it is ignored in the equivalent impedance of the
substation [14]. And it is impossible to accurately calculate the
grid impedance at harmonic frequency by the fundamental
impedance. To overcome these disadvantages, a practical
device should be developed to measure the impedance of the
actual traction network in electric railway systems.

Several methods have been developed to measure the
frequency-dependent impedance. In the previous literature,
impedance is measured through the temporary transient
signals created by switching the capacitor banks, thyristor-
controlled short circuit, and so on [15, 16]. The main problem
associated with the transient-based method is that the
impedance accuracy relies on the high performance of
analog/digital (AD) conversion and the noise-elimination
technique, because the transient signal usually dies out within
one cycle [17, 18]. Then, in [19], a power electronic converter
is employed to inject a voltage transient with 160ms duration,
which can be triggered at any time. In addition, grid
impedance of a broad frequency range is measured through



injecting the maximum-length binary sequence (MLBS), or
discrete-interval binary sequence (DIBS) into the current
controller of the grid-connected inverter [20]. For these
approaches, however, it is not easy to guarantee the spectra
excitation in a frequency range of interest. Instead of a
voltage/current disturbance, the controllable harmonics can be
directly injected by photovoltaic (PV) inverter [21]. The
impedance at different frequencies is obtained by frequency
sweeping. To conclude, the controlled harmonic injection
provides a good solution for the measurement of the traction
network impedance as it is convenient to obtain the impedance
of a certain frequency.

Some measurement units based on controllable harmonics
injection have been developed. However, when the devices are
applied in actual measurement, the practical constraints should
be taken into consideration. A variety of inverter-based
equipment injects harmonics to conduct grid impedance test in
laboratories [22]. The need for the extra DC source is a non-
trivia problem for actual measurement in an electric railway.
In addition, the signal generator connected with an amplifier is
a solution to inject harmonics into the network while the
traction power should be switched off [23]. A modular silicon
carbide (SiC) converter is used to measure the small-signal dg-
domain impedance (frequency range, SHz~1kHz) of the three-
phase AC and DC interfaces based on the single-phase
injection of the series and shunt perturbation [24]. In addition,
the transformerless series injector is implemented through the
paralleled H-bridge converters in order to measure the small-
signal impedance of the power electronics load [25]. The 11-
level cascaded H-bridge inverter topology which is supplied
by the mutli-winding transformer is developed to fulfill the
small-signal impedance measurement of both the three-phase
source and the load through different topology of the same
cells [26]. But every cell of this topology comprises an input
LC filter, an active front-end rectifier, and an H-bridge
inverter, so that the controller overburdens due to the huge
system and complex control strategy. Then, in the electric
railway, the active power filter (APF) is designed to improve
the power quality by compensating the harmonics and reactive
power [27]. However, the APF cannot be used as a regular
harmonic source because the injection frequency is only up to
1000Hz.

Accordingly, this paper focuses on designing a
measurement device for on-line impedance measurement of
the traction network which is the electric power source of the
electric railway. The AC/DC converter, consisting of cascaded
single-phase H-bridges, injects harmonic currents with
controllable amplitudes and frequencies into the traction
network. Firstly, without inverters, the device draws power
only from the traction network directly so there is no need for
an extra power source. Secondly, the device can generate
harmonics of a wide range frequency which can cover the
frequency range of the harmonic resonance. Thirdly, the
cascaded structure of the H-bridge with phase-shifted carrier
PWM gives a less distorted voltage waveform which can
decrease the influence of the noise pollution of high
frequencies. Moreover, it is not necessary to switch off the

traction power during the on-site test so that the influence of
utility grid on the impedance characteristic is taken into
account.

The rest of this paper is organized in the following manner:
In Section II, the structure design and main circuit parameters
of the device are described. Section III introduces the
implementation method of this device. Following this, in
Section IV, the field test is conducted in a new line and the
impedance analysis result is displayed. Finally, in Section IV,
some conclusions are drawn.

II. IMPLEMENTATION OF THE DEVICE

A. Structure design and parameters determination

For a device which can be used in an actual railway, the
structure and parameters should be researched in order to meet
the requirements of on-site measurement. All of the
components are designed in a cabinet so that it can be easily
moved during the on-site test.
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The architecture of this device is displayed in Fig. 1. The
overall arrangement diagram of the hardware and the
components of all the sections are presented in Fig. 1(a) and (b)
respectively. As shown in Fig. 1(a), the device is composed of
four parts which are integrated into one cabinet for ease of



transport: high-voltage section, transformer section, converter
section, and control section. The transformer section is placed
in the middle of the cabinet. The converter section and the
control section are located on the left side. The high-voltage
section is on the right side.
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(b) The main components of the module
Fig. 2. The single-phase H-bridge (SHB) module

The function and the components of these four sections are
illustrated in Fig. 1(b). Firstly, the high-voltage section
includes the high-voltage circuit breaker which connects the
traction network of the electric railway and the main circuit of
the test device. When the test device is installed in the traction
network, safety and stability are the most important factors for
the normal operation of the electric railway. Therefore, a relay
protection system is designed to open the circuit breaker when
the abnormal situation of the device occurs in order to avoid
serious influence on the traction network. The data acquisition
card samples the voltage signal by a high-voltage divider
(HVD) and the current signal by a current transformer (CT).
Secondly, in the transformer section, a step-down transformer
is an effective solution to reduce the voltage level of the
cascaded single-phase H-bridge (CSH). Thirdly, the converter
section consists of six single-phase H-bridge modules in
series. One module is auxiliary in case that some module fails.
Finally, the control section which is the core part of this
device comprises two key parts. One is the main control unit
where the layer control algorithm is implemented through the
digitally discretization process. The CSH can inject the
harmonic current into the traction network through the control

algorithm. The other one is the host computer which can
calculate the impedance of the traction network and monitor
the running state of the entire system.

CSH modules play an important role in injecting the
harmonic current into the traction network which is a 25kV
single-phase system. To fulfill the requirements of realistic
practice and cost effectiveness, the voltage level and the
number of CSH module are decreased by utilizing a step-down
transformer. In order to decrease the leakage inductance of the
transformer, the shell type transformer with the structure of
the wound core is adopted.

TABLEI
The Numbers of Devices’ Elements for /-level Voltage
DNPC FCNPC SHB FBMMC

Switching element 2(I-1) 2(1-1) 2(I-1) 2(I-1)
Antiparallel diode 2(I-1) 2(l-1) 2(l-1) 2(I-1)
Clamping diode (I-1)(1-2) 0 0 0
Clamping capacitor 0 (I-1)(1-2)/2 0 0
DC bus capacitor (I-1) (I-1) (-1)/2 (I-1)
Total number P+21-3 (P+71-8)2  9(I-1)/2 5(I-1)

With the development of power electronics, converters with
different topologies are widely used in the high-voltage high-
power fields. Considering that the traction network is a single-
phase system, only the single-phase converters can be
cascaded to inject the harmonic current into the traction
network, such as the single-phase diode neutral-point-clamped
three-level converter (DNPC), the single-phase fly-capacitor
neutral-point-clamped three level converter (FCNPC), the
single-phase full bridge modular multilevel converter
(FBMMC), and the single-phase H-bridge (SHB). Table 1
displays the numbers of devices for the same level /. Taking
both the numbers of devices and the complexity of control
strategies into consideration, we adopt SHB as the basic unit
of the device’s power electronic circuit.

Each SHB module of the CSH includes two 1200V/300A
IGBT (Insulated Gate Bipolar Transistor) half-bridges. The
module is illustrated in Fig. 2(a). The five modules are in
series through the connection terminals. The fibers are used
for the communication with the main control unit and the host
computer. In addition, as shown in Fig. 2(b), the DC side
capacitors, the gate drivers, and the switching power supply
are assembled in the module. The module control board
provides protection for the SHB module, such as the
overvoltage protection, the overcurrent protection, and the
overheating protection so on.

It is of great importance to set proper parameters for the

.| CSH

to the traction network



test device due to its application in field tests. For better
accuracy of the impedance test, it is necessary to inject a high
harmonic current into the traction network. The simple
equivalent circuit is shown in Fig. 3. The circuit equations can
be expressed as:
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where the subscript m denotes the amplitude and % the A-
harmonic order. Vg is the total DC voltage of the CSH. wu,is
the fundamental of u..
Then we derive the amplitude of the harmonic current
injected into the traction network as:
Lo (M —M,)NV,,, )
shm - Z ., In+nZ,
sh C
A large N can increase ign, and decrease Vi, while the
control strategy will be more complicated and it will be more
difficult to balance the voltage of DC side. Although a small n
leads to a large harmonic current, it needs more H-bridge
modules to be cascaded due to high secondary-winding
voltage of the transformer. Overly large L. increases the
damping of the control system, but the harmonic current may
decrease. Therefore, the determination of the circuit
parameters is a problematical issue due to the mutual influence
among them. Based on the comprehensive consideration of
constraint conditions between different factors in (2) and the
experiment by trial and error, the parameters of this device are
determined as listed in Table II.

B. Principle of operation

The device is designed as a harmonic generator to test the
impedance of the traction network when there are no
locomotives in the electric railway. The illustration of the
impedance of the traction network is displayed in Fig. 4.

To facilitate the process of impedance measurement, the
following steps are considered:

i. injection of A-order harmonic current into the traction

Fig. 4 Illustration showing the test of the impedance of traction network

TABLE II
Parameters of the Test Device

Symbols Main circuit parameters Values
S Power capacity 150k VA
n Transformation ratio of the transformer 20:1
N Number of cascaded H-bridge 5
Le Inductance of the reactor 3mH
Is Rate current of the transformer 5.45A

network;

ii. samples of current signal, i;, and voltage signal, u,;

iii. application of DFT (Discrete Fourier Transformation) to
the two signals respectively;

iv. calculation of /-order harmonic impedance by result of
step iii, i(%) and u,(h);

...... (repeat step i~iv until #7=5000)

The implementation process of the test device is shown in
Fig. 5. The impedance-frequency characteristic is acquired by
a frequency scanning experiment.
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Fig. 5. Implementation process of the test device and impedance frequency responses

calculation

The double closed-loop control algorithm, which is
composed of the outer voltage control loop and the inner
current control loop, outputs the sinusoidal modulation wave
and maintains the DC side voltage stable to regulate the active
power of the device. The schematic diagram of the double
closed-loop control is shown in Fig. 6(a). The DC voltage
outer loop controller (DVC) provides the amplitude reference
value for the current inner loop controller (ACC). Then the
sinusoidal current reference of the ACC is generated through
the synchronization with the line voltage by the phase lock
loop (PLL). The ACC outputs the modulation wave and
maintains the current tracking its reference value.

Then, the harmonic injection is conducted by adding the
harmonic voltage reference to the modulation wave of the
CSH modules. As depicted in Fig. 5, ucy, h-order harmonic
voltage of CSH modules, is regulated to follow uy . the
harmonic voltage reference. By pulse width modulation
(PWM) of the CSH modules, harmonic voltage is produced
in the CSH modules and then harmonic current appears in the
traction network. The device works as a harmonic voltage
source. So the harmonic current is determined by both the
reference value of the harmonic voltage and the impedance of
the traction network. Moreover, there is little content of the
background harmonic because there is no locomotive in the
railway line. When the device does not start, the harmonic
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Fig. 6. Block diagram and bode diagram of current control loop displaying
current attenuation at higher frequencies than 100Hz

content is lower than 0.1%. As a result, the harmonic voltage
generated by this device is the dominated harmonic source.

This algorithm avoids adding a harmonic current reference
to iy directly because i; cannot accurately follow the harmonic
current reference at high frequencies for low bandwidth of the
current control loop. The block diagram of the current control
loop is illustrated in Fig 6(b). As shown in Fig. 6(b), Gi(s) is
the transfer function of the controlled object, Gpwu(s) is the
transfer function of the signal sample delay and the PWM
process, Ci(s) is the current controller (using the proportional
controller), and N(s) is the transfer function of the voltage
feed-forward.

When the voltage feed-forward is not considered, the
transfer function of the current control loop can be derived as:

Ci()G ppyps ()G, () 3)
1+ G ()G ppyyy ()G (s)

The proportional controller is adopted in the inner current
control loop due to the limited hardware resource. The bode
diagram of the transfer function in (3) is displayed in Fig. 6(c).
It indicates that the current attenuates heavily at high
frequencies. Therefore, it is not effective to regulate the
harmonic injection in the current control loop directly. It is
necessary to adding the harmonic voltage reference to the
modulation wave of the CSH modules through an independent
harmonic control loop as shown in Fig 5. This strategy ensures
that the current is neither too large nor too small. As a result,
the harmonic injection method conducts the impedance
measurement without impact on the normal operation of the
traction network.

The phase-shifted carrier PWM is applied to the CSH.
Compared with the single module which can output two levels

Hci(s)z

or three levels, the multilevel cascaded H-bridge can achieve
high equivalent switching frequency and high bandwidth. As a
result, the device can inject harmonic current of higher
frequency into the traction network. Therefore, the impedance
measurement can be up to higher frequency.

The HVD transfers the voltage of traction network into a
low voltage which can be sampled by the data acquisition
system. Its 50Hz withstand voltage level is as high as 100kV
and the voltage division ratio is 10000:1. At the frequency
range from 10Hz ~1MHz, the measurement error is no more
than 1%. The CT transfers the current of traction network into
a low current. Its measurement error is 1% and the range of
work frequency is 5S0Hz~100kHz. For the sample system, the
sample rate is SOMHz/s and the storage depth is 128kb for
every channel.

C. Power flow analysis

The test device injects a harmonic current into the traction
network based on the layer control strategy. Its outstanding
characteristic is that there is no external power supply apart
from the traction power supply of the electrical railway. As a
result, the device outputs harmonic power into the traction
network when it keeps the DC voltage stable. The power flow
is different from that of the average converter without
harmonic generation control strategy. As shown in Fig. 3, the
power source of the traction network is u,, 27.5kV/50Hz.
Then, the equivalent impedance of the traction network is
converted to the secondary winding of the transformer as R,
and L, . The leakage impedance of the transformer is included
in R. and L.. The voltage and current of the power source are
also converted to the secondary winding as u, and is
respectively. The source voltage can be expressed as:

u =U, sin(@,)
The source current can be expressed as:
i =1 sin(ot+a,)+ 1, sin(hayt +a,) +

g ‘ “
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where the first item is the fundamental component, the second
item is the specific harmonic current which is injected into the
traction network from the test device, and the last item is the
other harmonic current which exists in the main circuit due to
the switching of the converters. The last item can be omitted
due its small value. Then the instantaneous power which flows
to the CSH can be derived as:
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In (5), there are five components: P, is the constant
component, and P, Pni, Pnri, P are all the fluctuating
components which flow between the traction network and the
CSH. The fluctuating components relate to the fundamental
current and harmonic current. For Py, the first two items are
the fundamental power and the positive sum means that CSH
absorbs fundamental power from the traction network. In
contrast, the negative last item means that CSH can transfer
harmonic power to the traction network.

The power balance relationship between the DC side and
the AC side of the CSH is:

~ O . du u?
P0+P:;C dck de_;’_Z dck

(6)

The DC voltage of the module w4 is d1V1ded into a steady-
state DC voltage and a fluctuating voltage:

Uy = Uy + 1l (7
Inserting (7) into (6) it can be derived:
2ii
P ZC udck UdL z udck (8)

According to the power relatlonshlp in (5) and (8), the
device only absorbs power from the traction network and then
it can generate harmonic power into the traction network. In
addition, the DC voltage of the module is maintained stable by
means of the appropriate control strategy. Therefore, there is
no need for an extra power source, which makes it convenient
for on-site measurement and reduces the cost of the device.

III. ON-SITE TEST IN AN ELECTRIC RAILWAY

A. Location arrangement of on-site test

The impedance of the traction network is influenced by not
only the railway itself but also the utility grid. Moreover, the
traction network is a complex system compromising various
conductors whose parameters vary with different installation
circumstance, various conductor types, and complex network
structures. Consequently, it is difficult to establish the
platform of the actual traction network with a complete line of
distributed parameters. As a result, the validation of this test
device in an actual electric railway is necessary to obtain the
impedance of the traction network. The on-site test is
conducted in the front and the end of the power supply arm.
There are no locomotives running on the line, otherwise the
impedance will include the impedance of the locomotive. In
addition, there is no need to shut off the electricity supply of
the traction substation during the test procedure.

The device is installed in the traction network of a new-
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Fig. 7 Schematic diagram of on-site test arrangement in a new-built
railway of Beijing-Shenyang
built line between Beijing and Shenyang, which is the auto-
transformer (AT) feeding system. There are two parallel lines:
one is from Beijing to Shenyang (called the downgoing line),
the other is from Shenyang to Beijing (called the upgoing
line).

The installation location of the test device is displayed in
Fig. 7(a). The test device is installed between the overhead
contact line and the rails. The length of the experimental
section is up to 24.65km between a traction substation and the
adjacent section post. Substation (SS) transfers three-phase
electricity of utility power grid into single-phase electricity
which is needed for the upgoing and downgoing locomotives.
There are two auto-transformers in the Auto-Transformer Post
(ATP). The Section Post (SP) is set between two feeding
sections. As a result, the traction network is divided into
several sections powered by different SSs. When one of the
SSs fails, SP can connect the two sections which can receive
electricity from the same feeding section (this mode is called
over-zone feeding). In Fig. 7(a), SSI and SPIl are,
respectively, the head and terminal of one feeding section.

This test aims at obtaining the impedance for different
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Fig. 8 Waveforms and harmomc spectrum for the converter side when the
device does not inject harmonic current (CH1: voltage of converter
side; CH2: voltage of CSH; CH3: current of converter side)



locations of the device in the traction network because the
impedance characteristics vary at different sites. In order to
illustrate the impedance which is going to be measured, this
traction network is represented by a simplified equivalent
circuit of overhead contact line and rails. As shown in Fig.
7(b), there are distributed parameters in this equivalent circuit:
c is the parallel capacitance and z is the series impedance per
unit length of the overhead contact line. Firstly, we place this
device in SS1 and perform the experiment to acquire the
impedance seen from the head. Secondly, by installing the
device in SP1, we can measure the impedance seen from the
terminal. In order to obtain the impedance of the middle
position, we conduct a switching operation so that the SP1
becomes the middle position of the traction network between
SS1 and SS2.

B. Harmonic injection performance of the device

The test device measures the impedance of the traction
network by injecting harmonic currents into the railway. The
performance of harmonic injection influences the accuracy of
the impedance measurement. A harmonic current is generated
by the CSH and then injected into the traction network.
Therefore, the harmonic injection performance of the device is
evaluated from two sides respectively: network side and
converter side. As shown in Fig. 3, the network side is
connected with the converter side by the step-down
transformer.

In this device, the CSH with a harmonic control block plays
an important role in generating the harmonic current. Figure 8
shows the performance of the CSH when the device does not
inject the harmonic current into the traction network. As
shown in the CHI signal in Fig. 8, the voltage of converter
side, u;, is a pure sinusoid without any harmonics. For the CH3
signal, the current amplitude of converter side, i, is very small
because there is no load (no locomotive) on the railway line.
Moreover, there is low harmonic content in current waveform,
which is generated by the pulse width modulation of the CSH.
For the CH2 signal, the voltage of CSH is a typical PWM
switching waveform without any distortion. During the on-site
test, the oscilloscope is used to observe the real-time voltage
and current waveforms of the CSH because the host compute
plays an important role in monitoring the normal operation
and combining the various parts of the whole system.

When the device injects the harmonic current into the
traction network, the harmonic voltage response is produced.
Figure 9 presents the waveforms and harmonic spectra for the
converter side when harmonics at 800Hz, 1525Hz and 3250Hz
are set in the control strategy to inject into the traction
network. As shown in Fig. 9(a), (b), (c), a high value of
harmonic current is generated by the CSH so that the current
waveform distortion occurs. When the harmonic reference at a
certain frequency is given to the control strategy, only the
harmonic current at this frequency is dominant and the
harmonic currents at the other frequencies are very small.

Accordingly, the harmonic response is produced in u;, the
voltage of converter side. The PWM voltage of CSH in Fig. 9
presents obvious distortion. In Fig. 9(a), harmonic current

amplitude at 800Hz is as high as 10A. That is to say, this
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Fig. 9 Waveforms and harmonic spectra for the converter side when the
device injects different harmonic currents into the traction network

device has a good ability to generate a sufficient harmonic
current which is beneficial for improving the accuracy of the
impedance measurement to some extent. The high harmonic
current will not affect the traction network performance
because there is no locomotive on the railway during the on-
site test. As shown in Fig. 9(b), this device can generate a sub-
harmonic current. If there are locomotives running,
background harmonics should be taken into consideration. The
sub-harmonic current is a solution to eliminate the influence of
background harmonics. In Fig. 9(c), this device can generate a
harmonic current at high frequency. This shows that the
device can measure the impedance at a wider frequency range.

The harmonic current generated by the CSH flows into the
traction network via the step-down transformer. The
waveforms and harmonic spectra for the network side are
presented in Fig. 10 when the harmonic current at S50Hz is
produced. As shown in Fig. 10(a) and (b), the current of
traction network contains a noticeable harmonic component at
550Hz, which features the highest value among all harmonics.
The current is not a pure sinusoidal waveform due to the
harmonic injection. The amplitude of harmonic current at
550Hz is 2.6 times higher than the fundamental current. In
Fig. 10(c) and (d), the amplitude of the harmonic voltage
response at 550Hz is the highest among all the harmonic
voltages. Then, the impedance can be calculated by the
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the traction network.

C. Measurement results of frequency-dependent impedance

The impedance of the traction network can be calculated in
the integrated software of the host computer by a frequency
sweeping experiment. The on-site test is conducted in two
positions within the network, SS1 and SP1 respectively, as
shown in Fig. 7 (b). Normally, this experimental line adopts
the AT feeding mode. As a result, SS1 is the head of the line
and SP1 is the terminal. However, when the traction network
adopts the over-zone feeding, SS1 is the head as usual, but
SP1 is the middle of a longer line between two substations.
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The over-zone feeding makes the feeding section longer.

Figure 11 shows the impedance-frequency plots obtained in
SS1 and SP1 respectively. For all plots, the peak value is the
typical feature, which is different from the RL (resistance and
inductance) parameter of the simple equivalent circuit for the
traction network.

The impedance relates to the length of the traction network
and the location of the test device. That is to say, when the
train runs in different locations of different railway lines, the
impedance of traction network displays different
characteristics seen from the train side. Different from the
impedance of the utility grid, the impedance of the traction
network cannot be regarded as a constant parameter.

The maximum of the magnitude of the impedance indicate
that there is a risk of harmonic resonance. As a result, this
device can be applied to identify the frequency of the
harmonic resonance through the magnitude-frequency plots.

Comparing curves (al) with (bl) in Fig. 11(a), although the
maximum of impedance magnitude seen from the head
position is higher than that of the terminal position, both the
impedance results present maximum magnitude at the same
frequency, nearly 1350Hz. As shown in curves (a2) and (b2),
the phase changes from approximately 90 to -90 at the
maximum magnitude. Namely, the impedance is almost purely
inductive at low frequency, and it turns to almost purely
capacitive at this frequency. This frequency is called as the
phase-crossing frequency. It indicates that there is a risk of
occurrence of the harmonic resonance. Obviously, there is also
another phase-crossing frequency but the extreme magnitude
is too low. This kind of phase-crossing frequency will not give

2500 4
—0— (cl) Result in SS1 with over-zone feeding
—0—(d1) Result in SP1 with over-zone feeding

2000
1500

10004 (!

Magnitude/Q

500+

0 1000 2000 3000
Frequency/Hz

4000 5000

180
——(c2) Result in SS1 with over-zone feeding

——(d2) Result in SP1 with over-zone feeding

Phase/deg

(d2)

-180

T T T 1
2000 3000 4000 5000

Frequency/Hz
(b) Result when the over-zone feeding supply is adopted

T
0 1000

Fig. 11 Impedance-frequency plots obtained in a new-built railway
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Fig. 12 Simulation model of the traction network
rise to harmonic resonance. Furthermore, it should be note that
there is trajectory derivation for the phase at higher frequency
due to the influence of the decreasing phase-angle precision of
the current sensor and the higher electromagnetic noise
introduced from the environment.

When the feeding section adopts over-zone feeding, as
shown in curve (cl), the magnitude-frequency plot obtained in
SS1 (head of the traction network) shows that there are two
extreme points at different frequencies, 850Hz and 3000Hz.
On the contrary, for curve (d1), there is only one maximum
magnitude. But comparing curves (c1) with (d1), both extreme
values appear at the same frequency, 850Hz. Moreover, there
are phase crossing points at 850Hz in Fig. 11(b). As shown in
the curve (bl) of Fig. 11(a) and curve (d1) of Fig. 11(b), the
first extreme point of the magnitude appears at a lower
frequency when the traction network is longer.

Therefore, the impedance of traction network cannot
simply be regarded as an RL parameter due to the distribution
parameter characteristic. The impedance plots exhibit the
unique characteristics of the network system. On one hand, it
corresponds with the characteristic of the high-order harmonic
resonance in electric railway. For one electric railway, the
frequencies of the harmonic resonance accidents occurring at
different time are the same according to the theoretical
analysis and the field test data [28, 29]. On the other hand, the
simulation result also validates the on-site test of this device
[30].

The identification of the maximum of the magnitude-
frequency plot is important for the harmonic resonance of the
electric railway because it means that a small harmonic
injection at the frequency of the maximum magnitude can
provoke high harmonic responses in the traction network.
Based on these measurement results, it can be seen that the
length of the traction network has an impact on the frequency
of maximum
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D. Comparison with the simulation result

Time-domain simulation is a popular and convenient
method to simulate the various characteristics of the real
systems. It is an important issue to verify the effectiveness of
the simulation model through conducting experiment in the
real systems. With respect to the simulation model of the
impedance of the traction network, it is still challenging to
validate its effectiveness because it is not so practicable to
establish the down-scale prototype in the laboratory.

The traction network is a complex system with several
conductors. It is difficult to establish a detailed model which
includes all the conductors. Based on the simplified
calculation of the network elements and the truncation
treatment of feeding system in [9], the entire traction network
is modeled as an equivalent 6-conductor line consisting of
uplink and downlink contact lines (T1, T2), rails (R1, R2) and
feeders (F1, F2). The entire feeding section can be cut into
several units by the shunt or series elements. As shown in Fig.
12, the simulation model is established in Matlab/Simulink
software. The self and mutual impedance parameters of the
conductors are calculated by Carson-Pollaczek equations. The
capacitance between the conductors and ground are added in
the simulation model. In addition, the SS is modeled as a
voltage source with a series RL (resistance-inductance) circuit.

The simulation result is shown in Fig. 13 when the length
of the traction network is 30km. The curves (al), (a2) and (b1),
(b2) are the impedance-frequency characteristic seen from the
head and the terminal of the traction network respectively.
Both the maximums are located at 1450Hz but the values
differ. The maximum magnitude of the impedance seen from
the terminal is higher than the one seen from the head. And the
impedance changes from almost purely inductive to capacitive
as shown in curves (a2) and (b2). This trend matches the on-
site test result of Fig. 11.

When the length of the traction network increases to 40km,
the simulation result is displayed in Fig. 14. There are two
extreme points in the magnitude-frequency plots. The first one
is located at 1150Hz, which is lower than the frequency of
maximum magnitude in Fig. 13. These simulation results



indicate that the frequency of maximum decreases when the
feeding section of the railway becomes longer. Moreover, the
location of the harmonic injection only affects the value of the
maximum magnitude but not the frequency, similar to the
experimental results.

From these results it can be seen that there is a good
consistency between the simulated and tested results for the
influence of the length and harmonic injection on the
frequency-dependent impedance. Compared to the simulation
of the multi-conductor model, the designed test device is
shown to be an effective instrument to obtain the impedance-
frequency plots without the need for knowing the structure and
the parameter of the traction network. Furthermore, the
consistence between the simulation and test indicates that the
multi-conductor model can be used to obtain the impedance of
the traction network in case that the parameters of the
simulation model are proper.

IV. CONCLUSIONS

This paper presents an industrial device to measure
frequency-domain impedance of the traction network based on
the injection of harmonic currents. On the one hand, the
traction network is still powered during the measurement so
that the influence of the utility grid is taken into consideration.
On the other hand, there is no need for an extra power source
because this device can draw power from the traction network
to maintain the DC-link voltage stable and, at the same time,
generate harmonics. Moreover, this device can measure the
impedance of the traction network of various supply modes
and complicated parameters, regarding the traction network as
a black box. Moreover, this device does not disturb the normal
operation of the locomotives because the interval between
harmonic injections can be controlled by the host computer.

By adding harmonic voltage reference into the
modulation wave of CSH modules, harmonic currents of
different frequencies are produced in the traction network.
Following this, due to difficulties in setting up the prototype of
the traction network in the laboratory, the on-site test is
conducted in a new line of Beijing-Shenyang. The obtained
impedance-frequency plots indicate that there is a maximum
magnitude for every traction network at a different frequency.
The value of the maximum magnitude relates to the length of
the traction network and the location of the harmonic
injection. The on-site test results in the actual railway can be
applied to determine the resonance frequency before a new-
built line is put into use so that the harmonic resonance can be
avoided by taking effective measures in advance. In addition,
the impedance of the traction network can be applied to carry
out the small-signal stability analysis of the electric railway
and the assessment of the mitigation methods of the harmonic
resonance.
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