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Abstract — Low-medium speed maglev trains might
suffer from electromagnetic interference (EMI) during
operation, which is specifically manifested as a blurred
image on the liquid crystal display (LCD) screens of the
passenger information system (PIS). In order to study the
characteristics of the EMI, firstly, the working principle
of PIS is analyzed in response to the fault phenomenon
of the LCD screens. Possible interference sources are
studied. Research results indicate that the leakage mag-
netic field generated by the transverse end effect of lin-
ear motors is the main interference source causing LCD
screen faults. Secondly, the coupling mechanism of the
EMI is analyzed. Results show that the transverse end
effect can cause an increase in the ground potential of
the LCD screen casing, resulting in a blurred image on
the LCD screen. Finally, the EMI suppression method by
suspending and grounding the LCD screen is proposed
and its feasibility is verified. In this paper, we compre-
hensively study the EMI of LCD screens, which pro-
vides a theoretical basis for solving the tangible faults
of maglev trains.

Index Terms — Coupling mechanism, electromagnetic
interference, interference suppression, transverse end
effect.

L. INTRODUCTION

The layout of electrical and electronic equipment
in low-medium speed maglev trains (speeds of 80 km/h
to 100 km/h) are complex. Moreover, the electromag-
netic coupling relationship between cables, equipment,
and vehicle body is also complicated [1]. Therefore,
maglev trains are highly likely to generate electromag-
netic interference (EMI) problems, which impact the
electronic equipment of trains, such as the liquid crys-
tal display (LCD) screen of the passenger information
system (PIS) [2]. Thus, it is important to study the EMI
of low-medium speed maglev trains.

Existing research is not comprehensive. Some
researchers have conducted research on the electromag-
netic environment of urban rail transit [3-5]. Electro-
magnetic noise around the maglev train was tested and
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the frequency range of the noise and its impact on the
communication system of nearby high-speed trains was
determined in [6-8]. EMI source and related models of
low-medium speed maglev trains was studied in [9-13].
In response to the interference problem of LCD screens
of the PIS, Wen Zheng and others briefly described the
excitation sources of electromagnetic radiation (EMR)
generated by the LCD screen and analyzed the interfer-
ence coupling mechanism and fault reasons of it [14, 15].
Chen and Zhou proposed a method for estimating elec-
tromagnetic compatibility (EMC) products by analyzing
the current spectrum of LCD screen driver power sup-
plies [16]. The EMI problem of LCD screens on subways
was studied, and interference suppression schemes were
proposed in [17, 18]. The above studies mostly focus on
LCD screens on subways. There is limited research on
EMI of equipment for low-medium speed maglev trains.

This paper focuses on a fault case of LCD screens in
the PIS of low-medium speed maglev trains and studies
the EMI of the LCD screen. Firstly, the driving principle
of the LCD screen in PIS is analyzed based on the work-
ing principle of PIS. Secondly, the interference source
and its coupling mechanism are researched, and it is
found that the transverse end effect of the linear motor is
the main interference source causing LCD screen faults.
In addition, the induced voltage generated in the closed
circuit between the LCD screen and the control sys-
tem is simulated and calculated. Thirdly, a classifica-
tion study is conducted on the suppression methods of
the EMI. Finally, an EMI suppression scheme by using
diodes in forward and reverse series connection for LCD
screen suspension grounding is proposed and verified.
The research results of this paper can provide a theo-
retical basis for solving EMI faults in LCD screens on
low-medium speed maglev trains.

I1. FAULT ANALYSIS OF LCD SCREENS
A. Working principle of LCD screens
The PIS on the low-medium speed maglev train
is computer-based and utilizes a network platform
to display real-time dynamic information to passen-
gers through LCD screens. It includes information on
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Fig. 1. Driving circuit of an LCD screen.

emergency situations and guiding passengers to evacu-
ate. Therefore, the LCD screens must clearly display rel-
evant information to ensure normal operation and safety.

The driving circuit of the LCD screen and the values
of its resistance, inductance, and capacitance are shown
in Fig. 1. The power supply ranges of each voltage in the
drive circuit are shown in Table 1.

Firstly, the automatic voltage control device
(AVCO) provides the corresponding working voltage to
the PWM control chip to output a PWM square wave
matrix. When point PWM-A is at a high level, the DP17
in the GL circuit is conductive and CL75 is charged by
point A, causing the voltage on the left side of GL to rise
to the value of the analog voltage data device (AVDD).
When point A is at a low level, the voltage on the right
side of GL becomes the negative value of AVDD. Sec-
ondly, DP16 is conductive, and the voltage is divided by
RV34 and RV35, making the value of the voltage gate
low (VGL) equal to -6 V. When the PWM pulse wave
at point A is in its initial cycle, CL24 in the GH cir-
cuit is charged through DP6. Due to the fast-charging
speed, the voltage difference between the left and right
sides of GH during low pulse cycles is equal to the value
of AVDD. When point A is at high voltage, due to the
voltage difference on both sides of CL24 not being able
to suddenly change, the voltage on the right side of GH
becomes twice the voltage value of AVDD. At this point,
DP7 is conducting and the voltage is distributed between
RV41 and RV42, making the voltage gate low (VGH)

Table 1: Power supply range of each voltage in the LCD
screen drive circuit

Name Circuit | VGH | VGL |AVDD
Voltage
Power Range 5 15~22| -6~10 | 8~12
V)

equal to 18 V. The above principle is to achieve LCD
screen imaging by controlling the voltage values on both
sides of GH and GL.

B. Overview of fault

During the operation of the low-medium speed
maglev train, the LCD screen of the PIS may have
unclear screen images, which are manifested as thin
lines, flickers, or snowflakes in the displayed images.
Figure 2 is a simplified model of a maglev train, where
MCI1 and MC2 are carriages with drivers.

MCI M MC2

ol U0

LSS

Fig. 2. Simplified model of a maglev train.

It can be seen that the train has a total of three car-
riages, each equipped with two LCD screens. The outer
shells of the LCD screens are grounded through the vehi-
cle body.

Based on the working principle of LCD screens
and combined with the complex electromagnetic envi-
ronment of the low-medium speed maglev train, we now
study interference sources and their coupling methods.

III. ANALYSIS OF EMI COUPLING
MECHANISM ON LCD SCREENS
A. Analysis of interference sources
EMI sources of low-medium speed maglev trains
include collector shoes, linear motors, suspension elec-



tromagnets, train metal casings, and power and light-
ing systems [19]. The interference sources and their
causes are shown in Table 2. The EMI generated by
(D mainly affects the electromagnetic environment out-
side the train, and the EMR generated by @ and ) is
very weak. Therefore, those three sources have almost
no impact on the LCD screen.

Table 2: Interference sources and their causes of EMI

Source Cause

@ | Collector Spark discharge generated by

shoes friction and instantaneous poor
contact

@ | Train metal EMR caused by reflection
casings

® | Driving | Strong magnetic field generated by
system linear motors

@ | Suspension | Strong magnetic field generated by
system suspended electromagnets

®) | Power and |EMR at the inlet and outlet of wires
lighting
systems

The suspension system consists of three modules:
coil, magnetic yoke, and track [20]. Its simulation model
is shown in Fig. 3.

Fig. 3. Simulation model of the suspension system.

By simulating the suspension system, the magnetic
induction intensity of the coil, track, and yoke can be
obtained separately, as shown in Figs. 4, 5, and 6, respec-
tively.

Figures 4, 5, and 6 show that the DC magnetic
field of the suspension system is relatively large in the
magnetic yoke and the middle of the track. In order to
study the EMI of the suspension system, the relationship
between the magnetic induction intensity of the above
two positions and distance can be studied. The research
results are shown in Fig. 7.

According to the simulation results, when the dis-
tance from the suspension electromagnet exceeds 400
mm, the magnetic induction intensity will be very weak.
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Fig. 4. Distribution of magnetic induction intensity of the
coil.

Fig. 5. Distribution of magnetic induction intensity of the
track.

Fig. 6. Distribution of magnetic induction intensity of the
magnetic yoke.
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Fig. 7. Simulation diagram of magnetic induction inten-
sity changing with distance.

Most electronic devices on maglev trains are more than
0.65 m away from the suspension electromagnet. Thus,
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the impact of EMI generated by @) on the LCD screen
can be ignored. Because the cables for the electronic
equipment of the train are laid under the carriage, and
the distance between the carriage bottom and the linear
motor is very close (about 650 mm), this paper will focus
on studying the impact of EMI generated by the driving
system (3) on the LCD screens.

B. Magnetic field analysis of linear motors

In the ideal model of a linear motor, the primary of
the motor is region 1 (Reg. 1), the air gap between the
primary and secondary of the motor is region 2 (Reg.
2), the secondary of the motor is region 3 (Reg. 3), and
the part below the secondary is region 4 (Reg. 4). In
the following equations, the subscripts X, y, and z rep-
resent the x-direction, y-direction, and z-direction. The
subscripts 1, 2, 3, and 4 represent Reg. 1, Reg. 2, Reg. 3,
and Reg. 4, respectively.

Assuming there is no free charge, the vector mag-
netic potential A of the linear motor is [20]:

VZA = uy aa—?—vx(VxA) , (1)
where U and 7 are the magnetic permeability and electri-
cal conductivity, respectively. v is the speed of magnetic
field movement.

Assuming A is in the z-direction:

AA(y) P, 0
where @ is the angular frequency and f is the phase con-
stant.

Because 9?4, /dx*= —B?A,, equation (1) can be
rewritten as:

2 .

DB I, ®
where v, is velocity of the air gap magnetic field gener-
ated in the Reg. 1, and s is the slip ratio.

The boundary conditions are:
y= 0, By3 = By2
y=h, H3 =Hy
y=h, B3 =By ’
y—re0, Ay =0
where £ is the thickness of Reg. 3, and B and H are the
magnetic induction intensity and magnetic field intensity,
respectively.
Let us assume: _
a2:B2(1+LgSVS). )
According to equations (3-5) and V x A = B, the
magnetic induction intensity B3 of Reg. 3 can be solved:

“

B; = %—’Z [Sinh aly—h)— ﬁ)—% cosha(y— h)} IO =Px),

+8n [cosh a(y—h)— 1 sinha(y - h)} el
(6)
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where B, is the amplitude of the air gap magnetic field,
and k, and k, is the unit vector of x-direction and y-
direction. Then:
A= coshah+ 2P sinan. %)
Moot

Based on the above analysis, the magnetic field of
each region of the linear motor can be obtained, and the
distribution of its magnetic field will be simulated next.

There are five linear motors on both sides of each
carriage of the maglev train The parameters of the linear
motors are shown in Table 3.

Table 3: Parameters of the linear motor

Name Data Name Data
Current 300 A Excitation 120
frequency Hz
Core height 120 | Gap between the |13 mm
mm bottom of the
train and the track
Polar distance 225 Winding form |Stacked
mm
Number of 6 | Thickness of steel| 4 mm
conductors per reaction plate
slot
Thickness of |20 mm| Core thickness 220

aluminum mm
reaction plate

Based on the dimensional data shown in Table 3,
a model of the linear motor is established in ANSYS
Maxwell 3D simulation software. Firstly, when selecting
materials, the iron cores on the primary and secondary
sides are made of silicon steel sheets (Model: DW465-
50), and the material of the reaction plate is aluminum.
Secondly, add three-phase current excitation (phase cur-
rent: 300 A; excitation frequency: 120 Hz) to the pri-
mary winding of the linear motor. We then assign mesh
operation (on selection: maximum element length 1.5
mm; inside selection: maximum element length 2 mm).
Finally, the magnetic field strength and magnetic induc-
tion strength of the linear motors can be simulated and
calculated as shown in Fig. 8.

As shown in Fig. 8, there is magnetic field leakage in
the end winding of the linear motor. The magnetic field
strength between the motor winding of the linear motor
and the air gap is 5x 10* A/m. The closer it is to the end,
the stronger the magnetic field.

In order to further investigate the interference
caused by the leakage magnetic field generated by the
end winding of the linear motors, a metal conductor, hav-
ing a length of 800 mm and a diameter of 4.5 mm, is
set horizontally along the X-axis in the simulation model
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Fig. 8. Simulation results of a linear motor: (a) simula-
tion results of magnetic field strength and (b) simulation
results of magnetic induction intensity.

of a linear motor. The influence of the magnetic field
of the linear motor on the equipment will be manifested
through the inductive terminal voltage of the conductor.
Changing the distance between the conductor and the lin-
ear motor can reflect the strength of the magnetic field
of the linear motor at different positions. The simulation
results are presented in Fig. 9.

As shown in Fig. 9, the closer the conductor is to the
linear motor, the greater the induced voltage. When the
distance changes along the Z-axis, the maximum induced
voltage is 161.52 mV. When the distance changes along
the Y-axis, the maximum induced voltage is 353.02
mV. Based on simulation outcomes, when the five lin-
ear motors operate simultaneously, taking the worst-case
scenario into account, induced voltage at a distance of
650 mm from the linear motor is approximately 3.4 V,
which will give rise to certain interference to the wire. In
conclusion, the leakage magnetic field produced by the
linear motor is the main interference source of the LCD
screen malfunction.

U_Z_time
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U_Y_time
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Yiem) 0

(b)

Fig. 9. Diagram of the variation of induced voltage with
distance from the linear motor: (a) diagram of the varia-
tion of induced voltage with Z-axis distance and (b) dia-
gram of the variation of induced voltage with Y-axis dis-
tance.

C. Analysis of the interference coupling mechanism

A simple model of an LCD screen and the linear
motor of a low-medium speed maglev train is presented
in Fig. 10. There are two LCD screens in one carriage,
located at points A and B. There are five linear motors
on each side, which convert DC 1500 V into three-phase
AC power via the traction converter.

DC +1500V | Positive clectrode rail
A B
i Traction inverter

—E]

LCD

DC -1500V Negative electrode rail
R
oo Pl B e 1t

Fig. 10. Simplified diagram of an LCD screen and a lin-
ear motor.

e

Suspension Ml
frame

The secondary of the linear motor of the maglev
train is wider than the primary, leading to the phe-
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nomenon of magnetic flux diffusion on the upper and
lower sides and resulting in alteration of the air gap mag-
netic field. Since the train LCD screen control system
cable is mainly longitudinally wired along the bottom of
the car, when the linear motor passes through a large cur-
rent, the magnetic field will influence the closed circuit
composed of the adjacent equipment. Hence, the hori-
zontal end effect of the linear motor of the maglev train
is the main interference factor causing a malfunction of
the LCD screen.

When a large current passes through the linear
motor, the magnetic field generated by the lateral end
effect will induce a magnetic flux in the circuit consist-
ing of the LCD screen and the control system located
650 mm away from the linear motor. This will subse-
quently generate an induced voltage at the LCD screen
port. The induced voltage will cause the ground potential
of the LCD screen housing to rise, resulting in a fault.
The inductive coupling model of the LCD display sub-
jected to linear motor EMI is presented in Fig. 11. The
device on the left is the casing of the LCD display, and
Zs represents its equivalent impedance. The device on
the right is the casing of the LCD screen control system,
and Z, represents its equivalent impedance.

These two devices are connected by cables laid
under the train, forming a common grounding circuit that
is 8 m long and 0.4 m wide. The induced voltage Uy
generated by the magnetic field of the linear motor in the
closed circuit of the LCD screen control system is:

N / BdS, )
di Js

where B is the magnetic induction intensity of a linear
motor and S is the area of a closed circuit.

A simulation model of the magnetic field generated
by the combined action of five linear motors passing

The casing of LCD

Linear motor magnetic field
control system

The casing of LCD passes through a closed circuit

Sm:

Z 4

JCase ground Case grounJ‘

l¢——— WSO 0—»]

—
—_—_—
b
e
_.‘
e
—_—_—
e
e
‘,‘

Five linear motors

10m

Fig. 11. Schematic diagram of an LCD screen affected
by the EMI of a linear motor.
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Fig. 12. Simulation model of linear motor and closed cir-
cuit.

through the circuit consisting of the LCD screen and the
control system is depicted in Fig. 12. The length of the
linear motors is approximately 10 m, the length of the
closed circuit is about 8 m, and the width is nearly 0.4
m. The simulation result of the magnetic field strength
of one of the linear motors is shown in Fig. 13.

As depicted in Fig. 13, the magnetic field strength
between the primary winding of the linear motor and the
secondary aluminum plate is extremely high, attaining
1.026x10° A/m, which generates the driving force to
propel the train. When five linear motors operate con-
currently, the leakage magnetic field resulting from the
lateral end effect induces voltage within the closed cir-
cuit formed by the LCD screen casing and the control
system, illustrated in Fig. 14.
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Fig. 13. Simulation diagram of magnetic field strength.
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Fig. 14. Graph of induced voltage on a closed circuit.



Based on simulation outcomes, the peak value of the
induced voltage produced by the magnetic field resulting
from the joint operation of five linear motors within a
closed circuit is approximately 2.7 V.

The connection cable between the LCD screen and
the control system is arranged along the card slot at
the bottom of the train. The card slot is fabricated from
steel material with a shielding coefficient k of 0.45 [21].
Therefore, based on the actual situation, the induced
voltage U of the closed circuit should be corrected to:

U=keUx 9

After correction, the peak value of the induced volt-
age U generated by the magnetic field of the five lin-
ear motors acting together on the closed circuit is about
1.215 V. Therefore, the grounding potential of the LCD
screen is raised by 1.215 V by simulation calculation.

A digital oscilloscope model GDS-2302A is used to
measure the ground voltage of the LCD screen housing
on site. The average speed of the train was 100 km/h and
the effective value of phase current flowing in the motor
was 300 A during the measurements. The test results are
shown in Fig. 15. The test results show that peak voltage

| crav

Fig. 15. Interference waveform of an LCD screen.
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[rmiui iyt

REEFFBIXI=TT

Fig. 16. Implementation diagram of suppression measures.
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is below 1.4 V. The induced voltage value calculated by
simulation is very close to the actual measured value. It
further indicates that the malfunction on the LCD screen
is mainly caused by the leakage magnetic field generated
by the transverse end effect of the linear motors.

IV. RESEARCH ON SOLUTIONS TO
MALFUNCTIONS

In order to solve the fault of the LCD screen caused
by the unbalanced grounding potential of the LCD screen
casing, this paper uses TVS diodes to suspend the
grounding of the LCD screen. Its working principle is
that when the circuit is running normally, the TVS is in
a high impedance state and does not affect normal oper-
ation of the LCD screen. When an abnormal overvolt-
age emerges in the circuit and attains breakdown voltage,
the TVS quickly switches from the off state to the on
state. This provides a conductive path for instantaneous
current, while also controlling overvoltage within a safe
range (within normal operating voltage and maximum
clamp voltage), thus protecting the circuit of the equip-
ment. When the abnormal overvoltage vanishes, the TVS
returns to the cutoff state.

The maximum voltage for the operation of the LCD
screen is 22 V. Consequently, the TVS diode model
P6KE24A is chosen, which has a reverse breakdown
voltage of 25 V and a maximum clamping voltage of 33
V. Because the EMI encountered by LCD displays is AC
interference, it is necessary to connect two TVS diodes
in opposite directions in series to suspend the grounding
of LCD screen.

As depicted in Fig. 16, two POKE24A TVS diodes
are connected in series at the signal grounding screw hole
of the LCD display screen. The TVS diode is connected
to the LCD screen casing through a signal grounding
screw and suspended for grounding. Subsequently, an
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oscilloscope is used to measure the ground voltage of
the LCD screen housing on site, and the test results are
shown in Fig. 17.

Fig. 17. Interference waveform of the LCD screen after
adding suppression measures.

Comparing Figs. 15 and 17, it can be seen that the
induced voltage is significantly suppressed after the TVS
diode is connected in series. After using this method, the
malfunction of the LCD screen disappeared.

V. CONCLUSION

The malfunction of an LCD screen on a low-
medium speed maglev train is studied in this paper. The
conclusions are as follows:

(1) The leakage magnetic field generated by the end
winding of the linear motor is the cause of LCD screen
failure.

(2) The leaked magnetic field will generate induced
voltage in the closed circuit connected between the LCD
screen and the control system by inductive coupling,
thereby generating EMI on it.

(3) The technique of utilizing two TVS diodes in
series to suspend and ground the LCD display screen is
an effective method for suppressing EMI.
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