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Abstract: To address the growing demand for megawatt-scale and low-voltage power supplies in large-scale electrolytic
hydrogen production, this paper proposes a scheme based on multilevel current source converter (MCSC). A current bal-
ancing strategy is developed to mitigate module current mismatch under parallel operation, combining modulation ratio
regulation (MRR) via current feedback and global zero-vector substitution (GZVS). The topology and current characteris-
tics under carrier phase-shifted modulation are analyzed, and the imbalance mechanism is identified. A steady-state
control loop adjusts submodule modulation ratios to equalize power, while transient deviation is corrected by substituting
zero vectors when necessary. This forms a unified current balancing scheme for all operating conditions. Simulation re-
sults show that the proposed method maintains balanced current sharing with minimal switching frequency. Experimental
validation on a 6.65 MW/19 kA full-power prototype demonstrates effective current balancing and grid current THD be-
low 3%. This study provides a promising MCSC-based solution for high-power hydrogen production with improved
modular scalability and operational reliability.
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Fig.1 Topology of MCSC-based power supply for electrolytic

hydrogen production
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Fig.2 CSC switching vectors and sectors
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Fig.8 Submodule current variation after global zero-vector
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substitution (sector VI as an example)

FEARFRO B T 99 HFRE 0T — A
X, BT AL 4R 52 218 1 5 M s 22 B e e
WL ) FRLE R AR AL A ] 9 TR . REFH GZVS H
TS SR S P FLAUAH R LR T I ME acave 772
(IR 22 Al 7] AR A 2(9).

AL, <AL, +1, )

sm0



2706

i LR

2026, 52(6)

TP Ty F SR A S0 VRN L G W FLR N
Tnax I, O 7 3G ORAIE T A T BE S HR e R A 52
¥, BEGRAHMTI RO, TS AT R R R OR F T
HLR T IME L B Alsn ZHVNT Tnax, G562
TR T FLHT AL BN Alsmo, 15 IR FFO FRLAR
ZEBIME In (1) E T 2206 2 2R N (10) s
J2u,

4de](c

Ith SImax_lsm_ (10)
5 X Y4
|
EERE
GZVSZR
|

K9 &REREBHSE R XTI TR R
Fig.9 Submodule current variation during sector transition

after global zero-vector substitution

GZVS i, BT RE R AR T M
BRNES, TRAERTARBRN R, it Rl
I HAU N FRT ke R A R AT LAY 5
AR 80 4 Pk X AT R ) L S 00 LA H4 18 e
A i, BOREEEAHT T ks BRI BT S UK

3 {FEFSLISIEIE

3.1 {FESH
N T BGAIE BT B MCSC i sims A 2k, 78
MATLAB/Simulink H#J%8 TS8nE 1 Frosiiv
Ho HEPEST 4 TR, B MEHLEE i
HEE AN 1 000 A, SRR N 1 200 Hz
ISR DT 3R I F A1 SS-DPWM 1 il o
1 TEBH

Table 1 Parameters of the simulation

24 BUH
FHREHE 4

BT BIRHIVA 4000
BT B HE/V 400
BB ST LR/ V 400
A8 It HL AT 56 He 50

BRI Mz 1200
IR ZE RME/A 100
TR AR AE/uH 600
TR AR E/ WP 150

K 10 R TR AS A 07 JAT B m 45
Bo EHEA, BE 0~1 s I EREDIRIHIHN,

1~2 s AMEREALATHLIRIDAT NS, 2~3 s R/ F
REB AR, 3~4 s [ A P A e A 1 S
MBEER IR T R AT DL, A0 FEL I 24 4 SR ek o A
HLIA JC T 50T 20T RS, TP o P T 50 4 SRS 2 A
BT DA K [ s) s E Ff R B W 4 A B L 8 1 R B
PEAMULER 4 s PYIRSER R 38T AR fo—
fowa AT LLR IR BB T MIRR 245375 428 11 ) - 6 4 26
HIGIE, FEASHINEMFH A . SR
Mt il GZVS ¥y, Aah kg #e 2 5IN
WHISMAITF AT N, BT L AT 25 A2
Sowavg M 600 Hz BEHNZ 725 Hz, 0S¥ P A%
Hil—iEefEaE, M MRR ] LLAE GZVS it Hil sk
AR R R A i R R S, MEL T
FMERE GZVS WD T —HB T R ANF 42 660 Hz,
WD T 2R ITT AR, X I S A

o | FEREER | pgpoms | INER
(morenn | ERER ] oo | o

0 1

2 3 4
A5 B [¥)/s

P10 SIS [ 25 3L SRS B )7 L T
Fig.10 Simulation waveforms under different current

balancing strategies

K 11 s TAUERE MRR FEJA I 42 il RN
IINT GZVS HLIA T2 5 J5 75 Th 2 M R Ak H
TR o BT A mT AR5 21721 {5 2 MRR
I, DB KR i s AR b S5 A9 AR DG R 1 L
RS2 2] PT #& I PR BR ) ok S R R
TR A A T FR A R S B IR 3, FR R 2
T8, PRSI, 25518 s g i,
LI AR A T RS B IR 31 700 AL TEATRE GZVS J&
FH T FRAL 1% 22 B SR B A i ] DA T 4, adaed
v 5 4G S I 4 ) RO L R R 22 /N T T, FTRATT
DAPRUELE B U AR B 25 L0 N AR 5 PR
BRI H R, IR AR 400 A,



FRE, ARk, A, S5 T IR L AR I U0 2 T AR AR R F A 1 2707

FRSE—F . RS R TR TRV SR TAE
HHAERE GZVS YR il fry b

< 1 500f
£ 1000t
=
X
B soof
®
g
150%-

<
é 1 .000F
=
X
& 500f
K o
% -

0 , ,

0.46 0.48 050 0.52 0.54

A5 B T8)/s
(a) {LfHihE MRR 37 1)

< 1 500F
3 __
5 !
%2 1000F
By
X
= P
& {HREGZVS 5
= RIRZE N Tl
<
8
=
X
Q:\’
iy
8

0 , X ,

0.46 0.48 0.50 0.52 0.54

{17 FLIN T8)/s

(b) [FIFHEi#E MRR AT GZVS HL i1 i
11 Th&EM RS0 B BIY

Fig.11 Transient simulation waveforms under a power step

3.2 6.65 MW/19 kKA MCSC TiZHH N 43

N T B8 UE AR SRR B b 5 2 A g 2 Al
), A E— 65T MCSC 1) 19 kKA 6.65 MW
HLAR I IR LRERENL, TR &5 i AR AL 45
MEWE 12 frs.

FENLEL & TR S8 2 Pos, B 12(a)
JE IR TR D 2B, i i B IGBT
PR E W BRI R, T8I R & BFHER 2
BHAHE, JFHISEE T B COE SR E /R B
FEER T R IR A s . @l &2
S YEHEAT TS D R S R RE R

3
B

K2 P THRSH

Table 2 Parameters of the prototype and the submodule

24 igiE]
TR H 18
HE B AUKA 19
ST B HLE/V 350
B AS RV 350
IR Mz 900
FAFFF KAz 500
FAE TR E/uH 400
TR B A/ 0 F 75
A 5 0 P A/ uH 8

P

g AR AR
X2

() TR FRAELL LK

(b) LRERENLEBHLLE 1
B 12 3T MCSC [ 19 KA /6.65 MW il & FIEREHL

Fig.12 A 19 kA/6.65 MW MCSC-based prototype for

hydrogen-production power supply

WE 12(0) iR, B ELS T SEI 2 BP I
HIAISZIL MRR A1 GZV'S HaL 7 24742 1] 425 1) 2%
— AN R AT U 1 B R AR R A DA R R
MCSC 1) 18 i, FHIEHHix E Y 400 pH
FA TR &I FRE R B IR IR B 8, SO R %
SIEAT, GRS ICHT
3.3 TAMFIBITHIGFNESR

TR HIIE 13 Frsi R0 thZ sz
3, WML E R DAEEE, d b PRI i 2 il
WHI LA R BRI E I, , q MEHIES E W
SEVHIEL meatea B PR 23S B 0 HEFOAUE A Th S SEAH )
(TN, ARUEAS LA [R] ) FL AL B AT



2708 i LR

2026, 52(6)

10 kV 350 VHH

c* mg
—+> PI —>»
I Mrated my
° —>

K13 RELID B T SR IR
Fig.13 Topology and control of the full-power prototype

experiment

XFFRENLR U, HidE MCSC FEMLIY B H i
F fath RIS IETh DR, B b R, 1
AR B0 FL s AL A R] . SUFEAH ], sk
Z IR AR A IR H A e o SRR D AR SR R
IBAT AT PABG RS B HRL AU ) RE T B R ROCR
AL I S R BB TR

FEE 13 FrosfIscB 261 T MCSC FEHLLE T
R A2 AT, H 2 A ) A SR R R Bl i 1
147, MBIE A Al BUE BRI PR ] A
JETE 19 kA, JfHAE MRR F1 GZVS [ fT%
HR, BB BN G BT F R A R SR 1B AT
ISR T AT, ORFFAETEI R 1.05 KA BT,

BEAN, VE MR TR, TR
WAZ S 2% Dy #5635, it ASZH R A MCSC
IR FRAFAE /6 BOARAL 22 AR 2 RO LR 2
iR 1 B DX 0 2R, AT DA TR ER FEL BT FLIAL I H
KIL, AR B XTI DR KR A 8 AR 22 A 2
FEREIN E] YRR/, SXUER T GZVS [ kb 35 45 (5%
R RAIE T AERRICR X 25 A A= 000 P P A0 22 40
SNTETER) In, BEMORIE T ASA BT HCIIA
KIS B

M 14(a) A2 it IR L3 PA A B 14(b) i
BT A 2 BT I A (A5 58 IA  0 F A i
PMRAR s FEASFRITT IR 500 Hz i1, AL
EROMDEB AR, 20 U BB E B AR T R
1%, AZF MM THD /NF- 3%. UE] T FEHL S 80T
(R B, S T MCSC 1) 2 L~ 8 ) 7 3 2 H
T J P SR BRI T A R R R RE R

4 ZEig

1) % MCSC FRLER AN i el 7, $ie

Ji3 X 93 2%

wmm L
HLIT/A
(=)

i

=550 —
450.80 459.76 468.72 477.68 486.64 495.60
I [6]/ms

() MLRFBITE

T?

e
=
b

BPEE
0.02

S FL
AT Rt /pu

e
=)

0T 2374756 78 910 111213141516 17 15 19 20
(b) WA FL RABRBIE (5] (AR 1)
K14 FENL DRI AT L ga i R

Fig.14 Experimental results of full-power prototype operation

T T LA PR ) S A R R R B T
(XA NG o b 1 A AR A ) T B AR b
S A SRR, A5 1 4 00 FR P s il 4
R, AR R H SR IR B i b sk
RASThRY M, 45 ERFREZHRTERES
HL iR ZE R B IE

2) i EEE KRR, PR i 5 i 3R g ml A
MCSC i R TE RS AR 28 N SO Rr A 2418
Forbr, AN FH R ) R 4 o B SR e R i ke
5E s R F AR B R E B s 5 NBAMT AT,
B 2 B[R0 P B AT PRAIE 20 U 38R 1 (R e /M
FERAEZE,  FEAA e

3)6.65 MW/19 kA TREFENLINSE R0 D3R 1817
MARLGAE T BRI AT RS . FAHE SOl T s
YRR R 1.05 KA, A7 MM HLA THD
/NT 3%, PRBLT MCSC % HFR Il 7E K g5
THEmENE S R HERE .

4) AT IR B GROK 2 i o) S R R B
TG R AR ATAT T %8, L FL IR IS A o R e
A BRI R 0 s, SO SR L
AP BT IR DD 2R HL AR A R Gfe B 18T -



JRT, AERK, & A, 55 A TIRTUL ARG U 2 -1 R AR e PR 240 28 SR

2709

(1

[2]

[3]

[4]

[3]

[6]

(7

(8]

9]

[10]

[11]

[12]

[13]

[14]

SZ Tk References

WA, FEFE, BE—3E, & ArEARRRURFARK I AN 512
BRI ALIRL]. WARERAR, 2025, 51(5): 2078-2095.
LIN Jin, CHENG Xiang, QIU Yiwei, et al. A review of structure con-
figuration, integration, operation and key technologies of renewable
energy power to hydrogen system[J]. High Voltage Engineering, 2025,
51(5): 2078-2095.

JAUR, FEARPE, B, 5. EMRKEI SRR R IUIR B A H R
ARG RN ] MR, 2025, 51(5): 2096-2113.
ZHOU Jun, JI Chengze, LI Ruhuan, et al. Recent development in the
technology of water electrolysis and its applications to new power
systems[J]. High Voltage Engineering, 2025, 51(5): 2096-2113.
International Energy Agency. Global hydrogen review 2024[R]. Paris,
France: IEA Publications, 2024.

ISHAQ H, DINCER I, CRAWFORD C. A review on hydrogen pro-
duction and utilization: challenges and opportunities[J]. International
Journal of Hydrogen Energy, 2022, 47(62): 26238-26264.

WANG J B, WEN J F, WANG J R, et al. Water electrolyzer operation
scheduling for green hydrogen production: a review[J]. Renewable and
Sustainable Energy Reviews, 2024, 203: 114779.

RENAUDINEAU H, LLOR A M, CORTES D R, et al. Photovoltaic
green hydrogen challenges and opportunities: a power electronics per-
spective[J]. IEEE Industrial Electronics Magazine, 2022, 16(1): 31-41.
SOLANKI J, FROHLEKE N, BOCKER J, et al. High-current varia-
ble-voltage rectifiers: state of the art topologies[J]. IET Power
Electronics, 2015, 8(6): 1068-1080.

BFRR, ARTK, BB, AE. T A LI A R ) R AR T Bh
AR ER T A LA []. Th E FL ARk, 2021, 41(3): 1053-1068.
LI Zixin, XU Fei, ZHAO Chengyong, et al. Research review of cur-

rent-source type actively commutated converter for high voltage direct

current transmission systems[J]. Proceedings of the CSEE, 2021, 41(3):

1053-1068.

GNANASAMBANDAM K, RATHORE A K, EDPUGANTI A, et al.
Current-fed multilevel converters: an overview of circuit topologies,
modulation techniques, and applications[J]. IEEE Transactions on
Power Electronics, 2017, 32(5): 3382-3401.

A BT 2 HCP R B A R T T ORI AL D).
RN MlKY, 2023,

LI Yuanhang. Research on bridge arm current equalization scheme of
multi-level current source converter[D]. Qinhuangdao, China: Yanshan
University, 2023.

BAI R H, ZHAO B, ZHOU T J, et al. Step-current-approximation
modulation of multilevel-CSC with near-power-frequency switching
for high-current variable-voltage application[J]. IEEE Transactions on
Power Electronics, 2023, 38(9): 11069-11079.

DING L, LT Y W. Simultancous DC current balance and com-
mon-mode voltage control with multilevel current source inverters[J].
IEEE Transactions on Power Electronics, 2018, 33(11): 9188-9197.
DING L, LI Y W. Multilevel CSC system based on series—parallel
connected three-phase modules with optimized carrier-shift SPWM[J].
IEEE Transactions on Power Electronics, 2021, 36(4): 3957-3966.

HE J W, LI Q, WANG H, et al. SVM strategies for simultaneous

common-mode voltage reduction and DC current balancing in parallel

[15]

[16]

[17]

(18]

[19]

[20]

[21]

‘

et

current source converters[J]. IEEE Transactions on Power Electronics,
2018, 33(10): 8859-8871.

SANTOS N I L, VITORINO M A, DE ROSSITER CORREA M B.
Novel multilevel current source converter with asymmetric configura-
tion: analysis, comparison, modulation, and FPGA implementation[J].
IEEE Journal of Emerging and Selected Topics in Power Electronics,
2024, 12(3): 2481-2499.

SR, SRETE, BR K S RTIEIFIB AL IR A T PR
SEWERHAD]. ARG E BN, 2021, 45(13): 167-175.

SHI Weishuo, ZHANG Changhao, HAN Junfei, et al. Five-level selec-
tive harmonic elimination method for high-power parallel current
source converter[J]. Automation of Electric Power Systems, 2021,
45(13): 167-175.

HE J W, Li Q, ZHANG C H, et al. Quasi-selective harmonic elimina-
tion (Q-SHE) modulation-based DC current balancing method for
parallel current source converters[J]. IEEE Transactions on Power
Electronics, 2019, 34(8): 7422-7436.

BAI Z H, RUAN X B, ZHANG Z C. A generic six-step direct PWM
(SS-DPWM) scheme for current source converter[J]. IEEE Transac-
tions on Power Electronics, 2010, 25(3): 659-666.

LOU Y T, ZHOU TJ, ZHAO B, et al. A current balancing method with
carrier-phase-shifted six-step direct-PWM stategy in multimodule cur-
rent source converter[C]//20th International Conference on AC and DC
Power Transmission 2024 (ACDC 2024). Shanghai, China: IET, 2024:
217-222.

ALSKRAN F, SIMOES M G. Multilevel current source convert-
er-based STATCOM suitable for medium-voltage applications[J].
IEEE Transactions on Power Delivery, 2021, 36(2): 1222-1232.

BAI Z H, MA H, XU D W, et al. Control strategy with a generalized
DC current balancing method for multimodule current-source convert-
er[J]. IEEE Transactions on Power Electronics, 2014, 29(1): 366-373.

BXE

2001—, 55, fdk

TG i e R B A R R L S
HIREOR . AR IR B AR e s A R T 3 r )y P T2
£ 77 HI R 5L AR

E-mail: zhoutj22@mails.tsinghua.edu.cn

_—
R AN
-

~—

ZHOU Tianji
Ph.D. candidate

B WlEEHR)

1987—, 5, tlid, REIBTICG
LENHFRH TR RE IR RIS &
BRI A% RIS S KA B T T
TR 7L

E-mail: cuibin@tsinghua.edu.cn

CUI Bin
Ph.D.

Associate professor

Corresponding author

ks H 1

2025-07-03 ELLHIRHE 2025-10-13  ZiE BE

it



	用于兆瓦级电解制氢的多电平电流源变换器电流均衡策略
	0　引言0F
	1  MCSC工作原理
	1.1  拓扑构造
	1.2  载波移相调制
	1.3  子模块电流波动特性

	2  MCSC子模块电流均衡策略
	2.1  子模块电流不均衡原理
	2.2  电流均衡策略概述
	2.3  基于调制比微调的电流稳态均衡控制
	2.4  基于全局零矢量替换的电流暂态均衡控制

	3  仿真和实验验证
	3.1  仿真分析
	3.2  6.65 MW/19 kA MCSC工程样机介绍
	3.3  满功率运行实验和结果

	4  结论
	参考文献　References


