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Fig.3 Control block diagram of transient direct current

control strategy
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Fig.4 Transfer function block diagram of transient direct

current control strategy
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connecting six EMUs (Traditional PI control)
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Fig.16 Voltage and current waveform diagram when

connecting six EMUs (Virtual impedance control, R,=10 Q)
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— BEAMMEE — S ZEAL IR — 3 ZE 4 B R
5
4 0.5 stk Fa e b

AT

L /KV
W N = O = DN W

|.
|
|
4 4
75 1 1 1 1 1 1 1 1 1 *5
0 02 04 06 08 10 12 14 16 18 2.0
i 8]/s
(a) BhZELH HL R Hf I

10

4.65Q

R BTE/Q

0 0:2 Oj4 0j6 0f8 1.I0 1.I2 1.I4 1.I6 1.I8 2.0
i [8]/s
(b) FERLHPTR L FE

K20 A6 Qs FHMN SR (AR A IE N E
FAPH BT 2 1D
Fig.20 Simulation results when connecting 6 EMUs

(All adopt adaptive virtual impedance control)
4.65Q, M BN A S K AT DY 0.46 s, I
BN 3771 %, RGERNRIEESINE8V, RS
AR AR BRI RIIR G LR, I ROR R4

£ 6 5 2K I8 L RE 0L BHL T 47 1 ) 20 2 4[] e
BANEGI MG, B 2 s e 425 M)
FHHCE, ¥ 11 G344, A4 R wE 21
Fias. BB 21 ATAL SR EHBEEZ N, RGHK
RFEBAT, REEMIIRG ISR, WUIHEEZH
BB FHBANES NIRRT, 5T 3SR
BEL 47T B 42 1 75 45 D SR W] BAORAE 22 AR 5 R G AR 2
BA7. FN, MHEISEABENE L, EUHETTE
M 4.65Q/NE] 4.51 Q, IXIEB T 5 I 5 %A L E
Rl YR AR NP A £ N K W R N

— FHFEAMM A — S EAMN IR — ) RO R

LR/

R[] /s
(a) BNZEL R B

i
4610
6 458Q 4550 4530
% 4510
o
:{S ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, LZ
|| ——— i ———————
L
Y
1 1 1 1 1
0 2 4 6 3 10 12

I fi/s
(b) HEMBHATIA LA
B 21 sl g 0 B R (AR ) B N ke U B
£kl D)
Fig.21 Simulation results when adding emus (All adopt

adaptive virtual impedance control)

RORMLE, 7 AR S AR B R ) B 2
4 SEEERSH

N T BAIEAS SC I S 45 ] SRS X A e, FR T
TR G RGN R LT G0 22 Fos, B &
GSUNE 1,

SRR R

K22 pNIREET 6

Fig.22 Low-power experimental platform



3390 MO # R %W 2025 F 6 H
®1 SBFESY 2 i e i W i i o
Tab.1 Experimental platform parameters bgjzw ww “wfﬁ W’ w w\ w‘
Z B E 40
e TN 20 = AL AR AARY
e 6 Ao B A A 8 < ol YT
B A el V 40 -40
20
K i oE  GELIV) 2.8 < OVMWWMWWWNWMMMW
s T e O A AL AR AN AR LA UAMAL
FRERBSH DB/ ! 20001 02 03 04 05 06 07 08 09 10
B 34 2 /mF 3 B [1)/s
BN 45 % 5 Q 20 Kl 24 ZZEE4T TOUN B EH B K BRIz
22 30 455 2 7T 8 R /mH 2 (fEg D

AR S8 FH A2 000 A8 R80T R SRR AR UL S Bk )
G4t AR GO A R AT ST I A5 RCRT I RO 1
VS RN (P 5 o e DU o N T 5 R B
EE] 2 mH IR 2 2N A2 5] I E R & R4t
BEL T L3 K i T

FERBIZAT TOUR . SRR G 4% i SR 1R 3h 4=
A IR B AN & 23 Fros . B S i i R AR
FE 20V, AZHANHIRA 7.07 A, BRI HHE R
40V, Rghiifase, k. BRI EE.

60

L

20
40

= "ol AR
o LAUHHHURHERCCCCCAY i

40
20

30

*200

Oil 0f2 013 014 JO.? 0t6 017 018 0t9 1.0
I )/s
K23 BAIEAT Lo s 4 B S IR Y
LGt

Fig.23 Voltage and current waveform diagram of

EMU under single vehicle operation condition (Traditional
PI control)
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condition (Fixed virtual impedance control, Rp,=10 Q)
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When multiple EMUs are simultaneously in a light-load starting condition within the traction
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network, it can lead to low-frequency oscillations in the traction network voltage. In severe cases, this may trigger
traction locking, which poses a risk to the operational safety of high-speed trains. To address the issue of low-
frequency oscillation, this study proposes a method based on virtual impedance for its suppression.

First, the impedance model of the EMUs-traction network coupling system is derived, and its stability is
analyzed using the impedance ratio stability criterion and the Bode diagram. Second, based on the stability
criterion, virtual impedance is incorporated into the EMU control strategy to correct the impedance characteristics
of the load subsystem, thereby proposing a low-frequency oscillation suppression method. Third, an adaptive
control method for virtual impedance is designed to handle the complex and dynamic working conditions, enabling
the system to adjust the virtual impedance parameters and enhance the effectiveness of the suppression method.
Finally, the proposed control strategy is compared with the traditional approach through a low-power experimental
platform, validating the effectiveness of the suppression method.

The results of the system stability analysis indicate that the logarithmic amplitude-frequency characteristic
curve of the system impedance ratio is significantly lower than 0 dB when only one unit (m=1) is connected to the
traction network, and the absolute value of the system impedance ratio |Ts:(s)| is much less than 1, suggesting
system stability. As the value of m increases, the amplitude-frequency characteristic curve approaches 0 dB,
resulting in a decline in system stability. When m=6, the amplitude-frequency characteristic curve crosses 0 dB at
7.032 Hz, and the phase angle at the crossover frequency (fc) is 182° . The absolute value of the phase angle
exceeds 180° , and the system impedance ratio | T (s)| does not meet the condition of being significantly less than
1, indicating an unstable state. Simulation results with the virtual impedance control strategy indicate that when
six EMUs are connected to the traction network at the same time, when the virtual impedance R, values are 10 Q,
5Q,2 Q and 1 Q respectively, the system voltage and current reach a steady state at 1.6 s, 1 s, 0.3 s, and 0.2 s,
respectively. The suppression effect improves as the virtual impedance decreases. The simulation results with the
adaptive virtual impedance control strategy show that when six EMUs are connected to the traction network, the
system reaches a steady state in approximately 0.5 s. The voltage regulation time for the DC side of the EMUs is
0.46 s, with an overshoot of 37.71% and a post-stabilization voltage fluctuation of 58 V. Subsequently, one EMU
with adaptive virtual impedance control is added every 2 seconds, resulting in a total of 11 EMUs. The system
remains stable, and the virtual impedance value is reduced to 4.61. The comparative experimental results indicate
that, after transitioning from the traditional control strategy to the adaptive virtual impedance control strategy, the
system can rapidly recover from a low-frequency oscillation at approximately 7 Hz. Furthermore, the AC-side
voltage stabilizes at 20 V, while the DC-side voltage remains stable at 40 V.

Based on the analysis, the following conclusions can be drawn: (1) A higher impedance ratio between the two
sides of the EMUs-traction network coupling system results in decreased system stability. When the impedance
ratio does not meet the stability criterion, system instability is induced, leading to low-frequency oscillations. (2)
The incorporation of parallel virtual impedance in the control strategy for the EMU's four-quadrant converter can
correct the impedance characteristics of the load subsystem, enhance system stability, and suppress low-frequency
oscillation. (3) The adaptive virtual impedance control method can autonomously adjust the virtual impedance
value based on the intensity of voltage oscillations on the network side of the EMU, thereby suppressing low-
frequency oscillations under varying load conditions, improving the adaptability of the control strategy, and
ensuring the stable operation of the EMUs-traction network coupling system across different operating conditions.

Keywords: High-speed railway, EMUs-traction network coupling system, low-frequency oscillation, virtual

impedance, adaptive control
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