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Abstract

With the extensive deployment of AC-DC-AC electric multiple units (EMUs)
in electrified railways, the issues of traction network harmonic amplification
and resonance induced by high-order harmonics generated from EMUs have
become increasingly severe. To address this problem, this paper establishes
an equivalent circuit model of the traction network, performs theoretical anal-
ysis and simulation verification on the resonance and harmonic amplification
characteristics, and introduces a method for suppressing harmonic current gain
by installing a high-pass filter on the auxiliary winding of the traction trans-
former within the locomotive. Finally, the effectiveness of the proposed method
in suppressing harmonic gain is verified through theoretical calculations and
simulations, offering valuable reference for mitigating harmonic hazards to the
traction network.

Full Text

Preamble

Research on Railway Harmonic Suppression Based on High-Pass Fil-
ter

Ma Qizhi!, Xie Xuqin?, Deng Zhuohui3, Ruan Baishui', Zhang Gang?

1Beijing Jiaotong University, School of Electrical Engineering, Beijing 100044,
China

2Beijing Jiaotong University, Beijing Engineering Technology Research Center
of Rail Transit Electrification, Beijing 100044, China

Author Biographies:
Ma Qizhi (female, born 1968) holds a master’ s degree. Her research focuses on
power electronics and electric drives.

chinarxiv.org/items/chinaxiv-201903.00089 Machine Translation


https://chinarxiv.org/items/chinaxiv-201903.00089
https://chinarxiv.org/items/chinaxiv-201903.00089

ChinaRxiv [$X]

Xie Xugin (male, born 1990) holds a master’ s degree. His research focuses on
EMU key technologies and traction networks.

Abstract: With the extensive deployment of AC-DC-AC electric multiple units
(EMUs) in electrified railways, the harmonic amplification and resonance prob-
lems in traction networks caused by high-order harmonics generated by EMUs
have become increasingly severe. To address this issue, this paper establishes an
equivalent circuit model of the traction network, conducts theoretical analysis
and simulation verification of traction network resonance and harmonic am-
plification characteristics, and introduces a method for suppressing harmonic
current gain by adding a high-pass filter to the auxiliary winding of the traction
transformer onboard the locomotive. Finally, the effectiveness of this method
in suppressing harmonic gain is verified through theoretical calculations and
simulations, providing valuable reference for preventing harmonic hazards to
traction networks.
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1 Introduction

The widespread adoption of AC-DC-AC EMUs in electrified railways has altered
the harmonic characteristics of railway traction power supply systems. In addi-
tion to low-frequency harmonics (3rd, 5th, 7th, 9th, etc.), numerous high-order
harmonics have emerged in the high-frequency band. Although the content
of these high-frequency harmonics is not high, they significantly increase the
likelihood of harmonic resonance in the system. When traction network param-
eters match the high-order characteristic harmonics of the locomotive, resonance
and severe harmonic amplification occur, generating substantial overvoltage and
overcurrent that endanger traction substations and insulation equipment such
as Scott locomotives, causing equipment burnout and affecting safe system op-
eration. Cases of accidents caused by severe harmonic current amplification at
traction substations due to system resonance have been reported.

Currently, there are two main methods for harmonic suppression in traction
networks [1]. The first method involves installing compensation devices at trac-
tion substations. Shunt passive filters are connected at traction substations
to change the impedance characteristics of the traction network and suppress
harmonic gain. However, since the traction network rated voltage is 25 kV,
this approach requires additional step-down transformers, substantially increas-
ing costs. The second method involves installing compensation devices on the
auxiliary winding of the traction transformer onboard the locomotive, achieving
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the same harmonic suppression effect. Compensation devices are mainly divided
into two categories: active filter devices that compensate for harmonics gener-
ated by the locomotive to fundamentally eliminate harmonic effects, and passive
filter windings composed of capacitors, inductors, and resistors that change trac-
tion network impedance characteristics to reduce harmonic gain. The former is
difficult to implement and costly, with limited current applications, while the
latter is relatively simple to implement, offering advantages of low cost, simple
structure, and stable operation.

This paper establishes a joint simulation model of the traction network equiva-
lent circuit, conducts theoretical analysis and simulation verification of traction
network resonance and harmonic amplification characteristics. Since high-pass
filters can eliminate high-order harmonic bands, this paper introduces a method
for suppressing harmonic current gain by adding a high-pass filter to the auxil-
iary winding of the traction transformer onboard the locomotive. The effective-
ness of this method is verified through theoretical calculations and simulations,
providing valuable reference for preventing harmonic hazards to traction net-
works.

2 Railway Traction Power Supply System Equivalent Cir-
cuit Model

2.1 Railway Traction Power Supply System

The Auto-Transformer (AT) power supply method is widely adopted in China’
s high-speed railways. The system structure is shown in Fig. 1 [Figure 1: see
original paper|. The main components include [2-3]: (1) Scott transformers
installed in traction substations, which convert three-phase 110 kV or 220 kV
voltage into two-phase 55 kV voltage with a 90° phase difference. In AT power
supply mode, a traction substation is typically installed every 30-50 km to
connect the entire traction network through sections; (2) Auto-transformers. In
AT power supply mode, an AT is installed approximately every 10 km, with its
two ends connected to the feeder line and contact wire, and its neutral point
connected to the rail. The auto-transformer steps down the 55 kV voltage to
approximately 27.5 kV to supply the locomotive; (3) Traction network system.
The traction network system has a complex geometric structure composed of
contact wires, messenger wires, negative feeder lines, protective lines, rails, and
buried ground wires, as shown in Fig. 2 [Figure 2: see original paper].

As seen in Fig. 2, the traction network system is complex with numerous con-
ductors. Literature [4] introduces a multi-conductor transmission line model to
simplify the number of conductors. During modeling, messenger wires and rein-
forcement lines can be equivalently merged into contact wires using the multi-
conductor transmission line inductance matrix method, while buried ground
wires can be equivalently merged into rails, ultimately simplifying into a three-
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conductor equivalent circuit without affecting model accuracy. Literature [5]
presents the equivalent degradation process for multi-conductor transmission
line systems, through which the overall external impedance Z and admittance
Y of the multi-conductor transmission line system can be obtained through it-
erative calculations. The traction network system can be simplified into the
equivalent circuit shown in Fig. 3 [Figure 3: see original paper], where ZSS
is the substation equivalent impedance (including source reactance and trac-
tion transformer reactance); Ix is the traction network current at distance x
from the substation; I1 is the locomotive current flowing toward the substation
(SS) direction; 12 is the locomotive current flowing toward the section post (SP)
direction; IT is the locomotive current; L1 is the distance from locomotive to
substation; L2 is the distance from locomotive to section post; Z1 and Z2 are the
equivalent impedances seen from the locomotive position toward the substation
and section post directions, respectively [6].

2.2 Traction Network System Equivalent Circuit Model

According to the steady-state equations and equivalent circuit of distributed-
parameter power transmission lines, the distributed-parameter circuits on both
sides of the locomotive are equivalently represented as T-type circuits, as shown
in Fig. 4 [Figure 4: see original paper]. In Fig. 4, the expressions for ZT1, ZT2,
YT1, and YT2 are:

2T1 = Zo(colsh'yL1 — 1), YT1 = sinhyL,
sinh yL, Z,

779 — Zo(co.sh vLy — 1)7 YT — sinhyL,
sinh~yL, Z,

where Z0 is the line characteristic impedance, Z, = \/Z/Y; is the line prop-

agation coefficient, v = vZY; Z and Y are the per-unit-length equivalent
impedance and admittance of the traction network line, respectively.

Treating the locomotive as a current source, the voltage and current at the
beginning end are determined. According to the uniform transmission line char-
acteristic equations, the voltage and current at a distance x from the beginning
end are:

U, = U, coshyz — I, Z,sinh vz

. . U
I, = I, coshyz — =% sinhyx
Zo

The locomotive current source impedance relative to the entire traction network
is the parallel combination of the above impedances. Treating the section post
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as an open circuit, the impedances Z1 and Z2 from the locomotive toward the
traction substation and section post can be obtained using circuit principles, as
shown in Fig. 5 [Figure 5: see original paper]:

ZggcoshyL, + ZysinhyL,

Z, =2
! 0 ZggsinhyL, + Z,coshyL,
coshyL,
Zy=Zy——=
2 Osinh~L,

3 Harmonic Transmission Characteristics Analysis

Substituting the locomotive as a current source, the voltage and current at the
beginning end are:

 DZy ja Zy i
Yz z, 0 Y 2+ 2, T

Substituting Eq. (5) into Eq. (6), the harmonic current at distance x from the
locomotive is:

coshyLy[Zggsinhy(L, —x) + Z, coshy(L; — x)]
ZggsinhvyL + Z,coshyL

I - IT
The traction network harmonic current gain expression is:

I,  coshyL,[Zggsinhvy(L; — ) + Zycoshy(Ly — )]
I ZggsinhyL + Z;coshyL

When the denominator of Eq. (8) approaches zero, the harmonic gain reaches
its maximum and the line experiences resonance. Eq. (8) shows that the main
factors affecting the harmonic resonance frequency of the traction power supply
system include the per-unit-length impedance and admittance of the traction
network, traction network length, locomotive position, and substation equivalent
impedance.

Fig. 6 [Figure 6: see original paper| shows the harmonic current gain measured
at the substation for different traction network lengths with the locomotive po-
sition fixed (20 km from the substation). Figs. 6a-6¢ illustrate the harmonic
gain for traction network lengths of 20 km, 30 km, and 40 km, respectively,
demonstrating that longer traction networks result in lower resonance frequen-
cies.

Fig. 7 [Figure 7: see original paper| shows the harmonic current gain measured
at the substation when the locomotive is at different positions for a 30 km
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traction network. Figs. 7a-7c correspond to locomotive distances of 10 km,
20 km, and 30 km from the substation, respectively, showing that locomotive
position does not affect the resonance frequency, but harmonic gain increases
with distance from the substation.

Fig. 7 reveals that for a 30 km traction network, the resonance point occurs near
the 40th harmonic. When the harmonic current frequency band generated by
the network-side converter coincides with this point, the locomotive’ s harmonic
current is severely amplified in the traction network, causing extremely adverse
effects on the traction power supply system. To verify the effectiveness of the
harmonic suppression measures, subsequent simulations in this paper primarily
focus on a 30 km traction network, with the filter frequency band set to the
37th-43rd harmonics.

4 Harmonic Suppression Method Based on High-Pass Filter
Branch

This paper employs a high-pass filter installed on the auxiliary winding of the
traction transformer onboard the locomotive to suppress harmonic current am-
plification, as shown in Fig. 8 [Figure 8: see original paper|. Here, US and USI,
US2 represent the primary and secondary transformer voltages, respectively,
while C, L, and R denote the filter capacitor, inductor, and resistor.

The distributed-parameter traction network equivalent model after filter instal-
lation is shown in Fig. 9 [Figure 9: see original paper|, where ZF is the equiva-
lent impedance of the filter branch (referred to the primary side of the traction
transformer).

Applying circuit theorems, the network input current and voltage from the
locomotive toward the traction substation direction are:

_ Y;
Y+ Y, YR

1

I Iy, U =—o——1
1 T LT Y Y+ v T
where Y1, Y2, and YF are the admittances of Z1, Z2, and ZF, respectively.

The harmonic current gain after filter installation can be derived from the uni-
form transmission line characteristic equations as:

I coshyLy[Zggsinh (L, — x) + Z, coshy(L; — x)]

G/ = .—'L. =
I ZggsinhyL + ZycoshyL + (ZggcoshyLy + ZysinhyLy)Z, coshyLyYp

To filter high-order harmonics, the high-pass filter is analyzed. The impedance
expression for the high-pass filter is:
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_ R-jwL 1
F7 R+ jwL ' jwC

The characteristic angular frequency 0 of the high-pass filter is set as:

1
wo=2mfo= "7
The quality factor Q is defined as:

R
VI/C

Letting = /0, Eq. (11) can be simplified to:

P _ (wol)* N 4jQN RN +QA
FT R 1+jQXx Q2 1+jQ\

Squaring both sides of Eq. (14) yields the squared magnitude of the high-pass
filter impedance:

) R2 /\4+Q2/\2
e = 5 - T
Q4 1+Q2)\2

Differentiating the above expression reveals the minimum impedance frequency:

2 __
Wmin = wO“ 262227_22 (Q > 064>

When Q > 2, min 0, meaning the minimum impedance frequency approxi-
mately equals the characteristic frequency.

From Eq. (12), the relationship between inductance L and capacitance C for
the high-pass filter is:

o_ 1
(27Tf 0)2L

Fig. 10 [Figure 10: see original paper| shows the impedance variation trend
of the high-pass filter with quality factor Q. For small Q values, the filter ex-
hibits poor frequency selectivity with minimum impedance frequency at infinity,
enabling filtering of broad harmonic bands. For large Q values, frequency selec-
tivity improves with a defined minimum impedance frequency, but high-order
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harmonic impedance increases, making high-order harmonic filtering less effec-
tive [7-8]. To achieve effective filtering, Q is selected in the range of 2-8.

From the above analysis, smaller L values result in smaller high-pass filter
impedance ZF and better filtering performance. Based on this analysis, with Q
= 2-8, characteristic frequency f0 = 50 x 40 Hz, and small L values, typical
parameters for C, L, and R (on the transformer secondary side) are selected as
shown in the table below.

Table: Typical Parameters of High-Pass Filter

Inductance ( H) Capacitance ( F) Resistance (£2)

50 316 2.0
100 158 4.0

5 Simulation and Verification

During locomotive operation, in addition to low-order harmonics (3rd, 5th, 7th,
9th), the high-order harmonic current frequency band is primarily determined
by the switching frequency of the four-quadrant converter. This paper references
the CRH1 four-quadrant converter to build a Matlab simulation model with a
switching frequency of 1 kHz, using double-edge natural sampling modulation.
The main characteristic harmonics are the 37th, 39th, 41st, and 43rd. Fig. 11
[Figure 11: see original paper] shows the converter grid-side current waveform,
and Fig. 12 [Figure 12: see original paper| presents its spectrum analysis.

When establishing the traction network simulation model, multiple 1 km
distributed-parameter lines are selected to build the complete traction network
circuit model, making it closer to reality [9]. Fig. 13 [Figure 13: see original
paper] shows the unit-length three-conductor line model. Based on previous
calculations, when the line length is 30 km, the resonance point occurs near the
40th harmonic, close to the locomotive’ s high-order harmonic band. To verify
harmonic suppression effectiveness, a total line length of 30 km is selected.

Connecting the traction substation, traction network, auto-transformer, and
other models according to the AT traction network operation mode yields the
traction power supply system model. When the traction network length is 30 km
and the locomotive generates high-order harmonics near the 40th, the traction
network experiences resonance. Fig. 14 [Figure 14: see original paper| shows the
AC voltage and current measured at the traction substation during resonance,
and Fig. 15 [Figure 15: see original paper| presents the current spectrum anal-
ysis. The results show severe distortion of the AC current at the substation,
with lost sinusoidal characteristics, extremely high harmonic content, and THD
reaching 42.76%. Voltage exhibits large fluctuations, seriously endangering the
traction network and other locomotives.
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Fig. 16 [Figure 16: see original paper| shows the contact wire current mea-
sured at the traction substation after installing the high-pass filter. The results
demonstrate that AC current harmonic content is significantly filtered, restoring
sinusoidal characteristics.

Fig. 17 [Figure 17: see original paper| presents the current spectrum analysis
after installing two groups of high-pass filters. The results show that harmonic
gain is greatly reduced after adding the filter branch, verifying the effectiveness
of the filter branch. Moreover, the second parameter set shows more obvious
filtering effects, confirming the rationality of the high-pass filter design.

6 Conclusion

This paper establishes an equivalent circuit model of the traction network and
conducts theoretical analysis and simulation verification of traction network res-
onance and harmonic amplification characteristics. Simulation results demon-
strate that when the traction network resonance point coincides with the loco-
motive’ s high-order characteristic harmonics, severe resonance occurs, causing
current distortion. To address this problem, this paper introduces a method for
suppressing harmonic current gain by adding a high-pass filter to the auxiliary
winding of the traction transformer onboard the locomotive. Calculation and
simulation results show that after adding the filter winding, locomotive high-
order harmonic current gain is significantly reduced, verifying the effectiveness
of the method. This provides valuable reference for preventing harmonic haz-
ards to traction networks.
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