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Abstract — There will be the pantograph-catenary arc
(PCA) when the pantograph of a high-speed train is
separated from the power supply line, and the
electromagnetic interference (EMI) caused by the PCA
can affect speed sensors of the train. To study the
influence of the PCA, firstly, the traction control unit
(TCU) speed sensor of the high-speed train is researched.
The result shows both overvoltage and electromagnetic
radiation (EMR) generated by the PCA can influence the
signal of speed sensor. Secondly, the composite model
of the train is established. Then, the interference of the
PCA on the TCU speed sensor is verified. The results of
practical measurements show the PCA causes a maximum
overvoltage of 680 V on train body (TB) and increases the
magnetic field around TB to a maximum of 58 dBpA/m.
This is the reason of sensor malfunction, which is
consistent with the theoretical and simulation results.
Finally, the methods to reduce the EMI of the PCA are
proposed.

Index Terms — Electromagnetic Interference (EMI),
high-speed train, overvoltage, Pantograph-Catenary Arc
(PCA), speed sensor.

I. INTRODUCTION

The high-speed train gets electric energy from the
power supply line by the pantograph. But the pantograph
needs to be separated from the line after the train stops
stably. The pantograph-catenary arc (PCA) will be
produced at the moment when the pantograph is
separated from the line [1]-[3], and the electromagnetic
interference (EMI) of the PCA affects the electronic
equipment on the train, such as speed sensor. A typical
example is the train doors cannot be opened normally
after the train stops at a station in China. According to
the analysis results of the door control unit (DCU), there
are two ways to close the train doors. Firstly, the driver
can send the door closing command to DCU directly to
close all the doors. Secondly, the traction control unit
(TCU) speed sensors transmit the detected speed to

Submitted On: October 4, 2020
Accepted On: December 3, 2020

TCU. As long as the speed detected by one of the TCU
speed sensors exceeds 5 km/h, all the train doors will be
closed automatically [4, 5]. After the train arrives at the
station and stops stably, the driver will not issue the
directive to close the doors, and the train speed shall be
zero. But the fact is the train doors still cannot be opened
normally. Therefore, the PCA is likely to interfere with
the speed sensor and cause it to malfunction. So, it is
necessary to research the EMI caused by the PCA.

Some scholars have used the train model to study
the overvoltage on the train bodies (TBs) when the
pantograph is separated from the power supply line [6]-
[8]. But they did not study the effect of overvoltage on
the speed sensors. The electromagnetic radiation (EMR)
caused by the PCA of the subway has been measured and
analyzed in [9, 10]. But its characteristics are different
from those of high-speed trains. In some studies [11, 12],
researchers analyzed the working principle of speed
sensors and researched the effect of the PCA on it. But
they only considered a single influence factor and did not
combine the complete train model to study the influence
of multiple disturbances.

As an extension of previous works, firstly, the
structure and interference modes of the TCU speed sensor
on a high-speed train are analyzed. The results show that
the sensor signal is impacted by overvoltage and EMR
generated by the PCA. Secondly, the structure of the
Chinese high-speed train is studied in detail and the
composite model is established. The model includes the
power supply line, TBs, speed sensors, grounding
systems, and PCA. Thirdly, the practical measurements
are carried out when the pantograph on the roof of the
second TB (02TB) is separated from the power supply
line. The results show the maximum value of overvoltage
on the 02TB is approximately 680 V, and the magnetic
field around the 02TB is nearly 58 dBuA/m. Therefore,
the signal of the TCU speed sensor can be affected by the
PCA. Finally, the methods of adding protective earthing
and nesting magnetic rings are proposed to reduce the
EMI caused by the PCA on the TCU speed sensor.
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1. ANALYSIS OF THE STRUCTURE AND
INTERFERENCE MODES OF TCU SPEED
SENSOR
A. Structure of the high-speed train with TCU speed

Sensors

The Chinese high-speed train consists of 16 TBs.
Besides, there are a pantograph, working earthing, and
TCU speed sensor on the 02TB, 07TB, 10TB, and 15TB,
respectively [13]. There is one protective earthing between
the 08TB and 09TB. The partial structure of the high-
speed train is shown in Fig. 1.
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Fig. 1. The partial structure of the high-speed train.

B. Interference of the PCA on TCU speed sensors

The PCA is generated at the moment when the
pantograph is separated from the power supply line,
which produces EMR and overvoltage on the TBs.

Only one end of the TCU speed sensor cable is
connected to the TB as shown in Fig. 2 (a). The
overvoltage caused by the PCA creates a parasitic
capacitance between the cable shield and the core wire
of the sensor as shown in Fig. 2 (b).
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Fig. 2. Connection diagram of TCU speed sensor before
and after the pantograph separation.

According to Fig. 2 (b), the inductive voltage
generated by the overvoltage on the sensor core wire can
be calculated by:

JWCZ,
*T1rjwC(Z,+2) ¢ 1)
1 S
where Us is the interference voltage, which can impact
the signal of the TCU speed sensor. Z; and Zs are the
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impedance of sensor cable shield and core wire,
respectively, U; is the overvoltage between the sensor
cable shield and the steel rail, and C is the parasitic
capacitance generated by the overvoltage [12].

In addition, the EMR from the PCA can also affect
the TCU speed sensors. The outer conductor of the
sensor cable is made of metal wires. Because there are
many small holes, the outer conductor is not completely
shielded. The inductive electric field (E) is generated
on the surface of the cable because of the EMR. As
described in Fig. 3, a part of the inductive electric field
(E”) will be coupled on the core wire by the tiny holes.
Because the E > E’, the potential difference (U) between
the cable shield and core wire can be caused.

Outer Conductor

Core Wire
Fig. 3. The diagram of speed sensor cable.

The value of U can be obtained by [14]:
U=IxZxL,, 2
where | is the inductive current, Z; is the transfer
impedance per meter cable, and Ly, is the effective length
of the cable.

Based on the above analysis, the overvoltage and the
EMR are two different interference modes of the PCA to
TCU speed sensor. They cause the inductive voltage on
the core wire and the potential difference between the
cable shield and core wire respectively. Besides, they can
affect the signal port of the sensor and make it detect the
wrong speed signal, which lead to the malfunction of the
DCU.

I11. COMPOSITE MODEL OF THE HIGH-
SPEED TRAIN

A. Structure of the high-speed train model

When the high-speed train is running, the pantograph
is connected to the power supply line (25 kV / 50 Hz).
The current is transmitted to four traction transformers
at 02TB, 07TB, 10TB, and 15TB. In addition, four TCU
speed sensors are respectively installed on the wheel
shaft end of that TBs.

As shown in Fig. 4, the current flows into the
earth by working earthings on the primary side of the
transformer. Besides, the high voltage cable, sixteen TBs,
and steel rail are also included in the composite model.
There is a switch to simulate the separation of the
pantograph and the power supply line by opening it. The
relevant parameters in the model refer to the equivalent
parameters of the Beijing-Tianjin high-speed railway in
China as listed in Table 1 [15].
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Fig. 4. The diagram of the composite model of the high-speed train.

Table 1: Relevant parameters of the train model

Name Parameter Parameter
Name Value
Resistance 0.225 mQ
Inductance 0.001103375 mH/m
B Capacitance {0.00001007011316 puF/m
Resistance
Between TBs 6.4mQ
Length 25m/TB
Resistance 0.1367 mQ/m
Inductance 0.000429718 mH/m
Steel Rail | capacitance |  0.0000603384 uF/m
L eakage 0.01 mS/m
conductance
Transformer Equ_lvalent 2941 Q
Resistance
Protec_tlve Resistance 0.05Q
Earthing
Work_mg Resistance 0.05Q
Earthing

Model combines the other two models and makes up for
their shortcomings. The mathematical model of Habedank
Model is [17]:

dg, 1 (i*

dt _eM[PO gMJ ’ )
11 1
g 9c Ou

where gc, fc, gm, and O are the conductance and the
time constants of Mayr and Cassie Model, respectively.
Uc, i, and Po are the voltage, current, and dissipative
power of arc. Py is assumed to be constants in Eq. (3). In
fact, it is not constant and needs to be modified to create
a more realistic PCA model.

Table 2: Relevant parameters of the model of the PCA
generation

Besides, an arc model will be added to the model to
simulate the PCA when the pantograph is separated from
the power supply line as described in Fig. 5. The relevant
parameters are shown in Table 2.
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Fig. 5. Model of the PCA generation.

B. Establishment of the PCA model
The current common arc models are Mayr Model,
Cassie Model, and Habedank Model [16]. The Habedank

No. Name Parameter Parameter
Name Value
Railway Voltage 25KV /50 Hz
@ | Traction Resistance 0.165 Q
Substations | |nductance 10.8 mH
) Resistance 0.014 mQ/m
Figh voltage [ inductance_|0.000131093 mH/m
Capacitance | 0.00041162 pF/m
Pantograph -- --
@ | PCA Model -- --

The diameter (d) and the convective power (Py) of

the PCA will be changed because of the train speed [18].
P« of the PCA can be calculated by [19]:

P’ =0.1464d (v +36)*°, (4)

where Py’ is Py per unit length of the PCA. v is the train
speed, which unit is km/h .
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The d value is changed by the transverse airflow
[20]. The relationship between d and v is:

d=1.5369/ . ()
v+36

P«’ can be derived by Eq. (4) and Eq. (5):
P’ =0.225+/i (v +36). (6)
After the train stops, the PCA will be generated at
the moment the pantograph is separated from the power
supply line. At this moment, the maximum length of the
PCA (Larc) is 10mm and v is 0 km/h. Py can be obtained by:
P, =81/i. @)
Px and the radiation power (Ps) of the PCA account
for approximately 80% and 20% of Po, respectively. So

Po of the PCA is:

P, =101.254/i. 8)

According to [21], uc of the PCA is only related to

the length of the arc, and the proportion is a positive
constant. uc of the PCA is calculated by:

uC :15Larc' (9)

where factor 15 is an empirical value when the voltage
of the power supply line is 25 KV/50 Hz.

The new PCA model can be derived by Eq. (3) ~ Eq.

(9):

dg. 1 #°

= ~Gc

dt 6. \150g,

dgM _i i1.5 B

dt 6, [101.25 I | (10)
i1 1
9 9c 9m

C. Simulation results of the high-speed train model

The simulation results show that the distribution
of TB voltage is uniform when the high-speed train is
running (the switch is closed). As we can see in Fig. 6,
the maximum difference of TB voltage (from the head to
the tail of the train, total length is 400 m) is only 0.0036 V,
which can be neglected. However, the pantograph will
be separated from the power supply line after the train
stops (the switch is opened). At this moment, the PCA
produces large overvoltage on TB where the pantograph
is located. But overvoltage can be discharged by
protective grounding. Therefore, the overvoltage on the
TBs far away from the pantograph and close to the
protective grounding is small (such as 08TB and 09TB).
So the distribution of TB voltage is extremely uneven
when the pantograph is separated from the line. The
maximum TB voltage is nearly 700 V (on the 02TB). But
the TB voltage on the 08TB and 09TB is much lower
than that on the other TBs, which is only around 50 V as
shown in Fig. 7.
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Fig. 6. The TB voltage at the head and tail of the train.
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Fig. 7. The overvoltage on 02TB and 09TB.

The train and PCA models are based on the Chinese
typical high-speed train and the Beijing-Tianjin high-
speed railway in this paper. The potential limitations and
several differences need to be noted to extend these
models to other cases.

1) There are some differences in structure and
related parameters among different types of trains. For
example, the trains of Japan and Germany have eight
train bodies, while there are only four in Brazil.
Moreover, the impedance and position of the grounding
system are also different. When the model is applied to
other types of trains, the impedance, position, and length
of the train bodies and the grounding system should be
reset.

2) The characteristics of PCA will be affected by the
running environment of trains. The unstable route will
aggravate the PCA generation, and the moist or dry air
will change the radiation characteristics of the PCA.
Therefore, it is necessary to consider the environmental
factors in PCA modeling.

3) The model can be used to analyze the EMI on
other electrical equipment, like digital encoders, LED
display, and temperature sensors. The connection position
and electrical structure of the equipment should be



changed accordingly in the model.

IV. MEASUREMENT AND SUPPRESSION
OF INTERFERENCE

A. Scenario and results of the measurement

The practical measurements are carried out at a
high-speed train station in China. The test items include
the TB voltage, magnetic field around the TB, and signal
port voltage of the sensor. The pantograph on the 02TB
is separated from the power supply line to produce the
PCA during the measurement. The relative specifications
are listed in Table 3.

Table 3: The specifications of measurement instruments

Instruments Specifications
Name Model Name Data
Frequency 9KHz~3
range GHz
EMI receiver| ESCI-3 | Resolution g4 1,
ratio
R +30 ~ -147
Specification dBm
Loop antenna| HEH2-z2| Freduency 9 KHz ~30
range MHz
. 200 mV ~1000
. Direct voltage
Digital V
multimeter Vea0ce Alternating
2~750 V
voltage
Oscilloscope GDS- Frquency 500 MHz
2302A | Maximum | o Gsample/s
sampling rate

The 02TB voltage is measured by a digital multimeter
as shown in Fig. 8. The results show that the maximum
overvoltage on the 02TB is 680 V when the pantograph
is separated from the power supply line. It is consistent
with the previous simulation results (in Fig. 7).

Power Supply Line

Pantograph
1
01 [] 02 | . SteelRail
B B
(YA} /

[/

Digital
multimeter

(b)

Fig. 8. Measurement scenario of TB voltage test.
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The measurement scenario and results of the
magnetic field around the 02TB are shown in Fig. 9 and
Fig. 10, respectively. The results show that the magnetic
field will increase (up to roughly 58 dBUA/m) because
of the PCA.
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Fig. 9. Measurement scenario of magnetic field test.
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Fig. 10. Measurement results of the magnetic field
around the 02TB.

The measurement results show that when the
pantograph is separated from the power supply line,
the EMI caused by PCA is shown in the following
two aspects: Firstly, the interference value of 680 V
overvoltage is formed on the TB. Secondly, the magnetic
field around the TB is increased, and the strong magnetic
field interference is mainly concentrated in 5 MHz and
up to 58 dBHA/m. According to the Section 11, those two
interference modes cause the wrong voltage signal on the
TCU speed sensor. The signal port voltage of the sensor
is tested by an oscilloscope. In fact, there should not be
voltage on the sensor signal port after the train stops.
But due to the EMI of PCA, the signal port voltage is
approximately 2.6 VV when the pantograph is separated
as described in Fig. 11. The sensor will be activated if
the signal port voltage of speed sensor exceeds 1.5 V. So
the EMI of PCA will affect the control of train doors by
interfering with TCU speed sensor.
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Fig. 11. Signal port voltage of the TCU speed sensor on
02TB.

B. Methods of interference suppression

According to the above research, both the
overvoltage and the EMR generated by the PCA can
influence the TCU speed sensor.

Firstly, as for the effect from the overvoltage, the
interference voltage (Us) can be restrained by reducing
the overvoltage (U) as shown in Eq. (1). According to
the simulation results in section I11, U, is greatly reduced
by protective earthing. Because the protective earthing is
connected to the TBs and the earth, the TB voltage can
be discharged by it. But the train has only one protective
grounding, which is installed between the 08TB and
09TB (the middle position of the train). A high-speed
train is about 400 m, so the overvoltage on the TBs far
away from the protective grounding will be very large.
Therefore, the new protective earthing can be added
on the TBs with higher overvoltage to decrease Us.
Compared with Fig. 11, the signal port voltage of the
TCU speed sensor is significantly reduced after the
protective earthing is added on the 02TB as shown in
Fig. 12.
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Fig. 12. Signal port voltage of the TCU speed sensor on
02TB after adding a protective earthing.

Secondly, the potential difference (U) between the
cable shield and core wire can be reduced to suppress the
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EMR from the PCA based on Eq. (2). The magnetic rings
can absorb the EMR energy and reduce Z: of cable.
Nesting the suitable Ni-Zn ferrite magnetic rings on the
cable of the speed sensor can reduce the EMI on the
cable. As shown in Fig. 13, the peak of EMI is decreased
by about 7 dB after using the magnetic rings. Moreover,
the discrete interference is reduced obviously in 10 MHz
~ 30 MHz. The measurement method of the EMI on the
speed sensor and the specific selection process of
magnetic rings are introduced in detail in another paper
of the authors [13].
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Fig. 13. The waveform of EMI on the TCU speed sensor
cable.

V. CONCLUSION

The interference of the PCA on the TCU speed
sensor of the high-speed train has been measured and
analyzed. The conclusions are as follows:

1) The PCA creates the overvoltage (maximum
is 680 V) on the TB. Besides, the EMR from the PCA
increases the magnetic field to 58 dBUA/m around the
TB.

2) The overvoltage can impact the TCU speed
sensor signal by the parasitic capacitance between the
cable shield and core wire. Also, the EMR can affect the
speed sensor by the holes on the sensor cable shield.

3) The overvoltage and EMR caused by the PCA can
be effectively suppressed by adding the protective
earthing on the train and nesting the Ni-Zn ferrite
magnetic rings on the sensor cable respectively.
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