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A Differential Injection-based Method for Low-frequency Zero-sequence Circulating Current
Suppression in Two Paralleled Converters
JIN Xiaoliang, ZHAO Wenxiang"
(School of Electric Power Engineering, Nanjing Institute of Technology, Nanjing 211167, Jiangsu Province, China)

ABSTRACT: The coordinated pulse width modulation (PWM)
schemes feature the intricated vector sequences for the
optimization of the switching related performance indicators.
Existing common-mode injections disrupt the optimized
switching sequence, compromising the benefits of coordinated
PWM. To address this, this paper proposes a differential signal
injection method to suppress low-frequency ZSCC without
disrupting the original switching sequence. By injecting
differential-mode signals at specific vector angles into
individual phases, the proposed method maintains the original
switching-related performance while mitigating low-frequency
circulating currents. Experimental validation with two typical
coordinated modulation schemes confirms that the proposed
method achieves both effective ZSCC suppression and
preservation of high-frequency optimization.

KEY WORDS: two parallel converters; low frequency
circulating current; imbalanced inductance; common mode
signal injection; differential mode signal injection
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Table 1 Common-mode voltage differences of available voltage vectors in two-paralleled interleaved converter
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circulating current and common-mode voltage under
LCPWM before and after the proposed control strategy is
activated
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Fig. 13 Spectral analysis of zero-sequence circulating
current, output current and common-mode voltage under
LCPWM with and without the proposed control strategy
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Fig. 14 Dynamics of output current, zero-sequence

circulating current and common-mode voltage under
HPDPWM before and after the proposed control strategy is
activated
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Fig. 15 Spectral analysis of zero-sequence circulating
current, output current and common-mode voltage under
HPDPWM with and without the proposed control strategy

1] S W% 75 EH AL 2R i) BRI LA R IR A
TP FANHIRCE, RN 5e18 fr¥F HPDPWM i
77 2 R H PRI R IS AN AT L R P
SRR ISR R B, AR SRR ] SRR T Ak
TH 3% DAT FRURAS P47 17 5 | NI P 200, ()R
KA ZRENTT, BIE T SR s SRR K
WP, HETTORIE T & BRI e b i s i .

5 %

A S G T R AR VR A% AR 48 IR P RO — B
BURARSUR PPt A, S T — R i A3
RPN Py AN 53, 8 HE o e B A oAbt
B 22 R I 2 b, SEI T AT AR F R
IS SEIRE KRR, PRI R 5 20
HRA BRI BEF ISR T, BOREEA ik
REFE AR i th HLRE S e PR AU AR H e ) AN AL 1Y
UL, B AR A FIR, %05
TRAE T R ARA T A 3 A 1 R R DR R 40
RBOR, TG T B REV 7 0 55 Dy AR S U ¥ 5K s T
Y s, R&BERM TGN E, S X2
HLAR GEIFIBRAL I A P it 7]l B (R0 P o 52

PB4t — 42 i SRS S 1 P i 38 PWM SR
B PP AR E S, D9 P S PWM AR
R TOL RN IR At 7 IR B R S8, ARG
I SE I S HE AT 35 .

2E 3 Hk

[1] LIAO Mian, LI Haoran, WANG Ping, et al. Machine
learning methods for feedforward power flow control of
multi-active-bridge converters[J]. IEEE Transactions on
Power Electronics, 2023, 38(2): 1692-1707.

[2] LIAO Mian, SEN T, ELASSER Y, et al. UAV fleet

charging on telecom towers with differential capacitive
wireless power transfer[J]. IEEE Transactions on Power
Electronics, 2025, 40(4): 6370-6384.

[8]1 E/KKE, AL, EI, 5. RMIFERAEREAZIR & T M
WHRBLEL S B S A0S T7VE D] & i R, 2024, 50(6):
2490-2501.

WANG Chengxiang, DU Haijiang, WANG Shuang, et al.
Grid-connected resonance mechanism analysis and
suppression method of unilateral parallel energy storage
converter[J]. High Voltage Engineering, 2024, 50(6):

2490-2501(in Chinese).

[4] FReER, XM, skT8, &5 FT it gos i msg
B I — R AR 5 A o ) 2 TR 5 4 Y O S SR ]
R E LT SR, 2024, 44(22): 9003-9014.
CHEN Jianliang, LIU Yaoyuan, ZHANG Zixu, et al.
Current ripple prediction based full range soft switching
method for two parallel interleaved three-phase inverters
under any power factor[J]. Proceedings of the CSEE,
2024, 44(22): 9003-9014(in Chinese).

[5] A3, #thAk, W%, . —MEH =B FIHKRS

O RE Ao B R ) SRS [3]. b B AL TR A4k, 2024,
44(21): 8629-8641.
DU Yan, YANG Shiyou, HU Junlong, etal. A virtual
vector modulation strategy for paralleled three-level
inverters[J]. Proceedings of the CSEE, 2024, 44(21):
8629-8641(in Chinese).

[6] JIN Xiaoliang, LIU Shengfu, SHI Wen, etal. Optimal
vector sequences for simultaneous reduction of the
switching loss, zero-sequence circulating current, and
torque ripple in two parallel interleaved inverter-fed
PMSM drives[J]. IEEE Transactions on Transportation
Electrification, 2021, 7(3): 1493-1505.

[71 HE Shiming, LIU Bangyin. Distributed carrier phase
shifting control method for modular interleaved parallel
inverters[J] . IEEE Transactions on Transportation
Electrification, 2023, 9(2): 2497-2508.

[8] LIU Jiang, SUN Xiangdong, REN Biying; et al. Dynamic
circulating current suppression method for multiple hybrid
power parallel grid-connected inverters with model
reference adaptive system[J]. IEEE Transactions on
Industrial Electronics, 2022, 69(5): 4364-4375.

[O] ZAWeH, XFRAR. LK IR AR G5 T B0 SR R AH AL
M0 7N, E AL TR, 2023, 43(20):
8015-8024.

HE Shiming, LIU Bangyin. Phase synchronization method
of modular parallel inverters based on a single bus[J].
Proceedings of the CSEE, 2023, 43(20): 8015-8024(in
Chinese).

[10] ZENG Zhiyong, GOETZ S M. A general interchanged
interleaving carriers for eliminating DC/low-frequency



% 10 M

B NPT IR LA 5 M Gt — P SR 4247

circulating currents in multiparallel three-phase power
converters[J]. IEEE Transactions on Power Electronics,
2024, 39(10): 12323-12335.

[11] xVREAe, whess, FraC, 5. BREFIRMEIKH &

I IRAZ U 25 AN T2 58 ik 9 U 1) B9k 4t — R o AR AR AT A
[]. HEBHL TR, 2023, 43(1): 250-262.
LIU Shengfu, JIN Xiaoliang, SHI Wen, etal. Research
on unified modulation theory of improved DPWM
methods with suppressed zero-sequence circulating
current for two parallel converters[J]. Proceedings of the
CSEE, 2023, 43(1): 250-262(in Chinese).

[12] &, BRINTT, BASCHE, 5. (RERI L N R =AHK
Th LA FRIR S0 AR T 50 1 91 e o) SRES [9]. v [l AL T
TE2A4R, 2024, 44(23): 9422-9430.

JI Jinghua, QIAN Yuanfang, ZHAO Wenxiang, et al.
Variable switching sequence modulation strategy with low
current ripple for dual three-phase PMSM operating at low
switching-to-fundamental ratio[J] . Proceedings of the
CSEE, 2024, 44(23): 9422-9430(in Chinese).

[13] XU Hanwei, XU Lie, LI Chi, etal. Improved interleaved
discontinuous PWM for zero-sequence circulating current
reduction in three-phase paralleled converters[J]. IEEE
Transactions on Industrial Electronics, 2021, 68(9):
8676-8686.

[14] ZEHFHA, TMAR, XHUR. FEECY DA AR AR AT 4
TR PWM J73[]]. o E BN LR, 2022, 42(6):
2275-2285.

HE Shiming, WANG Yadong, LIU Bangyin. Variable
switching frequency interleaved zero-vector PWWM scheme
for paralleled inverters[J]. Proceedings of the CSEE,
2022, 42(6): 2275-2285(in Chinese).

[15] ZENG Zhiyong , ZHU Chong, GOETZ S M.
Comprehensive multiple indicators optimizations for
two-parallel interleaved three-phase two-level power
converters using optimal vector sequences[J] . IEEE
Journal of Emerging and Selected Topics in Power
Electronics, 2024, 12(3): 3026-3039.

[16] QUAN Zhongyi, LI Yunwei. A three-level space vector
modulation scheme for paralleled converters to reduce
circulating current and common-mode voltage[J]. IEEE
Transactions on Power Electronics, 2017, 32(1): 703-714.

[17] ZENG Zhiyong, GOETZ S M. A zero common mode
voltage PWM scheme with minimum zero-sequence
circulating current for two-parallel three-phase two-level
converters[J]. IEEE Journal of Emerging and Selected
Topics in Power Electronics, 2025, 13(2): 1503-1513.

[18] ZENG Zhiyong, LI Zhongxi, GOETZ S M. Line current
ripple  minimization PWM strategy with reduced
zero-sequence circulating current for two parallel
interleaved three-phase converters[J]. IEEE Transactions
on Power Electronics, 2020, 35(7): 6931-6943.

[19] HE Shiming, WANG Yadong, LIU Bangyin. A modified
DPWM method with minimal line current ripple and
zero-sequence circulating current for two parallel
interleaved 2L-VSIs[J]. IEEE Transactions on Industrial
Electronics, 2022, 69(12): 11879-11889.

[20] ZENG Zhiyong, LI Zhongxi, GOETZ S M. Optimal
discontinuous space vector PWM for zero-sequence-
circulating current reduction in two paralleled three-phase
two-level converter[J]. IEEE Transactions on Industrial
Electronics, 2021, 68(2): 1252-1262.

[21] ZENG Zhiyong, LI Zhongxi, GOETZ S M. A high
performance interleaved discontinuous PWM strategy for
two paralleled three-phase inverter[J]. IEEE Transactions
on Power Electronics, 2020, 35(12): 13042-13052.

[22] ZHANG Xueguang, FU Zhichao, XIAO Yi, et al. Control
of parallel three-phase PWM converters under generalized
unbalanced operating conditions[J]. IEEE Transactions on
Power Electronics, 2017, 32(4): 3206-3215.

E& M BE: 2025-11-10.

ks BHA: 2025-07-21.

EEEN:

&WR5(1991), 55, i, UMW, BHA

T3 1) 9 R 75 B AR U 2% A o) B A o R
4 Z, jinxI@njit.edu.cn;

SRR TEEIEHE . BOCHEQ976), 53, ML,
oz, WA, BT R LI
FEflZE, zwx@ujs.edu.cn.

(RfE4RiE

& #40)



