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Abstract: Aiming at the unipolar ground fault problem of offshore wind power grid-connected system via flexible HVDC transmis-
sion with the background of special geographic environment of remote islands, a fault-tolerant operation strategy to achieve half rated
power transmission during faults is proposed to reduce the loss of outage, and to improve the security and stability of the power grid at
the receiving end. Firstly, the transmission topologies of half-bridge modular multilevel converter (MMC) on the island wind power
side and hybrid MMC on the onshore grid-connected side are adopted, and their DC line fault characteristics are analyzed; the series-
connectable standby transformer networking scheme of the converter station on the wind power side is utilized to avoid wind farms
going off-grid due to low-voltage, and to realize the continuous DC voltage reduction operation during the fault period. Further, a
wind power side DC energy dissipation device is configured on the island to solve the energy surplus problem of the wind power side
converter station under long time load shedding of the wind farm, enable the system to enter a fault-tolerant operation mode with half
of its rated power transmission. Finally, based on the PSCAD/EMTDC simulation platform, the effectiveness of the proposed fault-
tolerant operation strategy for offshore wind power grid-connected systems with flexible HVDC link under unipolar grounding faults
in remote islands is verified.
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Tab. 1 Main parameters of grid-connected wind power via
flexible HVDC transmission

AR 8 75 1t /MV A 900
WEMMC [ 32 3 4% L 7k V 680
GSMMC P 22 Ji B2k i s /k V 400

FLIHLE/RY +320
WEFMMC #3745 # [ 680/352
GSMMC #3722 H s L 400/352

WEMMC R R e 380 HBSM
GSMMC M TR A 190 HBSM , 190FBSM

TR A ¥ E /W F 15 000

2, WofE A A P A i T R R R R R 2 T 1) I LY
PR o D HS A0 ok 37 3 G000 2] PRI B b i B, ) B
SE ELIHL R, (A (R R AE 350 ms S5 | P2
Sk —2 . SULEAS, m R & AR A .
ME8(b)-(d) AT AT, FERZY 1. 85 sHf, FLImZk
PR R DR A R OSSN, LR I S
WE G, SESERIREAHEY G, oMEse
e K E BIEH (. K 8(e)-()FEM, HML
B0 R s A T 23 XU 3 - PCC i HL e LS XUIL
AR T, TR LR 1.85 s A4 . 1E
PCC 5 HL R4 T f AR (E R, WEMMC [a] W7 2% &
B4, IR BRI, IR, PCCREER
292, 1 s YK BHUE BT, AR AR R 2 i
294 0.6s, T2 E 4 K0 5 4 AR 2R,
ARSI & 8(f) % B WEMMC 4 il Bk #2748
JEASTE 1. 85 s A AT AT R R T R B4, FE it £
WS N VE BAELLFZE, SR E B . KL
dli R A AR, ST SCEIS AR AT
HRERGEREMN 1.9 s TG, RAFFLEE 2.1 s T8
Bi, BRI, A ks m e ] 832 i . &
8 (g) F W] T ik &5 3 ] GSMMIC 52 W7 Il ¥, J s A 5 £
FE BRI I A X Bl B I R R AR R, DA
bk AR E R, RAELT T KA0.65,
B UE T AR SC T LU SR B b B R R S AT 4
T3 SERNE I A ok
3.2 ﬂ%%kﬁ@ﬁﬁﬁ%ﬁ?@%ﬂm

kB IF B FE RERE B IAE AR, EELS
s B & Az BB bl , XUFRL 3 98 2% FE B 700 ms,
HATH JCFERERE B A X e B, (i B a5 R E 9

L6l —IEH

Ol — gk
é 1:5 B — [ o
<14 155
13 1525 1530 1.535
1.40 1.45 1.50 1.55 1.60
tls
(a) EURHT
_ 1o GAFI i VEARIRRA
go OF1 000 p———
Q:“ 500 { : R —
~1000 15 16 17 18 FRIIR —

1.0 12 1.4 1.6 1.8 20 22

/s
(b) HFHIEHLR YR
GSMMCE Bt

1000} sy AEBHE —
2 FEFE A ) b —
1} (1]3 -200 L
S ah———
-1 000 15 16 17
1.2 1.4 1.6 1.8 2.0 2.2 24
t/s
(0) ELWLHLE
1 000F W*&l‘ﬂﬁ‘b?ﬁ@\,{iﬁ%i
> k 23 !
%" Or 600 *
< R S
_1 000l FESEPRE— 300
1.5 1.6 1.7 1.8 19

1.2 1.4 1.6 1.8 2.0 22 24
tls

(d) PIRRIA] B HL
__Affl— B#l— CI—

AR
"M’,‘,"""‘,’“,'.'.*.'.‘,’.’.'muuu<rmmumuin\nuummmnmwm

14 16 18 2.0 22
t/s

(e) RHLIZISVSCH! N =L E

BEREBAE,

e =~
0.5}

& difdE — O\ 0%

Of dhiES %M — 00

1.2 1.4 1.6 1.8
tls

() R RBLIK e

1.6 18
20 22 24

Afl— Bl — CHl—

15 16 17 18 19 20 21
t/s
(2) GSMMCAZ A FH- o Ha i

El8 HimAMREMEETEESITHER
Fig. 8 Fault-tolerant operation under DC single-pole grounding
faults

iR .
WX (), HRISHFITEEE AL N
495.742 4 ms. 7F GSMMC % H1 1 45 ] #E 1 350 ms



54 FEITRMEEA

%20 &

D00 R AT —  ERA R
Lol FRRAERAAINR — THRGMIS o

% 5001 §§§I‘\/~»f\~\_\m

200
0
L 200
o 50 122
b ’ y 7|00 ms

R v 6350ms1.8 2.0 2.2 2.4
100 ms” t/s

E9 FRARSEFREEEARERAYEXLE
Fig. 9 Comparison of the effect of the proposed scheme and
the scheme without energy-consuming devices

(ITEELT , 8RR 3708 28 5 18] 24 700 ms B )8 2%
Bf ] KT 495. 742 4 ms, {5 [l #F WFMMC 1 7] LA
Wi R RE VU R 2 A1, 75 EEAERE % B A A
ZB RN,

95 BLAE R0 . e & AR 5 BT i s 1
A7 R RE R 5 LI RS A BRI R0, T JRUrEL 37 )
[A Ay 38 THAE B 100 ms A HF 4R 9828 . H T 700 ms K
Tt BIARRHFERRES & B X 2K 9
PR B RGN, WEMMC T2 BE 2 Ik
) FFR, JH 3 WEMMC 158 He fL 25 30 /g e R 47,
WFEMMC Y1, 1 5 B0 A F2 M B i il R g
M. [ 9IRJIR T 3 H RS 5t U5 4 WEMMC £
B L 2540 o AR P AN i 2 D0 XU 7 i 1 g o 2 1
AR KA B h, 4534 F ki i R g ok s
e i R 58, XU 35 AT DL IE & 08
7, BN HRGHAFHBITRE.

ke 5 WEMMC -85 5 HL 25 IR IS0 XU 37 28 2 D)
FPIVEFROR, RETE 1.5 s B & A= S 42 b kg s
KUHL 37 Uk 2R FE ) 750 ms, XFH LFRERER E T
WFMMC F R H 25 L - A 7 05 FL 5007, {7 BL 4
WE 10 R .

FE 1005 E25 R R, FIH WEMMC T4 8 fy
BRI K ) B AR DR, R 2 L R AR
T, YA E R AERER E R, & WFMMC +

220 ALt E R EOWEMMC
. L9 TR ~—
= B s s s s e =
E 1.6 e
5 13r K FERE 2 BT WFMMC
10 TR R 7 L R
o —GSMMC TR A T

1.50 1.67 1.84 2481 2.18 235 2.50
t/s

E 10 it FRREEFRE

Fig. 10 Submodule capacitor voltage in converter station

B A AN B BRI, oA R SR )5 0.5
SIEAZME .5 p.ou., @G B ERE . SRR
SCHTHRRIS S, WEMMC b i 25 B R e ETHE
WEAE 1.5 p.ou. JFEFIERIARYIR, k% T
RS E, AR M B AR YR R e ne e & 1T
Tl

Sk FE 43 Y0 F LI FE AE 2 1 RE0S SL I XU L K
(i) 9 2 0 (R R S R T e, R A 1.5 s R AR
Wz MR, U S0 ) 8] 43551 24 400 ms . 590
ms. 690 ms 3 FfHsF ] RUEE, X6 5 A Al 2817 Ol 4% A

FEREZEE, M R W AE A [k i) () T g, 45
B By b DR A R A 11 R .
HEAERERE B
1000F  ZRAFBIWRE — o
B L WA —‘—‘/ s o
S O KEI#400 ms d
o [&1)#590 ms
317690 ms 4. 0w A
—1000}  fiEERThE i 590 ms »
) , . 690 ms; . ,
1.0 12 1.4 1.6 1.8 2.0 22

t/s

B 11 RUEB 37 S B B e H T &
Fig. 11 DC output power during wind farm load shedding

I AR AR, T e i i B e LR 4
Hof ) LR TR 2 i SR BE H K it B
MFERERE EIVER, e XU S AR i )y 2 L T
fat A A AR BE B Ll 1 A A% i UL 37— 2P 500 D) R 45
HORES, 2RI R AR B, REGEMTISLH
RHEIETT o
3.3 ARZFMES

R, XU 28 2 BN R Gk S AR
I, 8 AR 55 Do A0 53 >R FH - W TS Ak 2 F
S A (MMC) 3 0l o 224 L 370 P 2 b i s &
AE, RGAEE E I, JE R K B4 R
&Ko ARICLA£320 KV I 5 05 T XU 28 3 M B
B I RGBS BTHE R 5 2 B 2 MMC e
Tk RIRIF 2B

FHEL T2 B 8 MMC e i vl 7 58, AR SCT O
WS 348 a0 T TR A TR T AR B i O AR e Ak 22 H S I
7 (GSMMC ) 7 114 246 Z5 it SUR 4 i (A48 (IGBTT) s 2
U I NN U = N7 1 P A N L/
(WFMMC ) BX 3275 FR 25 b — 5 W % 2 A D B B
FERERE B A o X T R Il 380 1



%51 3]

R, AR T UG T B R SN ELUO T M R LA A T B AR E AT R 55

R MMC #9703 22 ELA L R G0, LA @ H R S5 90h
4.5 kV [ IGBT W48 A 6], HEHE M 20 2
T3 IC, A SCTr G A6 I 00 48 32 551G 0 1 140 B
IGBT R4, & A 5 il o b pliAS St 1
Jn2y2 300 7576 AR R 5 HL 28 BIAH SCHR M GOk,
500 kV 43 AHE WG 45 21 5 SRS B 2 230 7
TG, DAL DR R 98 378 3l TG 422 A0 S 2 b i 1 1) — 5 W
BEAS ALY 230 J1 U6, ELURAERESE B A AR
TR, LR 160 490 i AR E
ELIMAFERERE B BT, A B iR E N
4.5 kV Y IGBT AR 640 B, 75 7% I d i
Kb plA, BEIRFERERE B RN AR LA 1300 1 G .
ARSI SR S IE AL AS 24 3 830 71 T

24 B e b S 2 A s SR AR ST 1 56 i mT il
ARG AFBITRES . B THSHEEK, B2
A& 15 5 B e v 10 VA 25 PR PR, B sk 2w B A
K, REFHATREK RS ZETT, MR E
113 FATIR . RGAEASAE S AT I 1] 1) Do) A%
— R FE TR, 4450 MW, 164 BT EXUE
T BB ST, EMEMLHR0.370/kWh, H
I, 52EHF R MMC et £ M EE, SR A SO
PERME AR 14T 3 JE A 01 2 6 804 J7 Ju i BLE 4
TERR, E TR 3 830 J1 LA

TG B 5 E R A R, — B RAE
Tt AL B2 L 5 B A 2R 4553 I (R4 7™ 52 1) 52 ity L
W DA, 51 & RS8R S, A e KR
PRl IR A G S Y SR N EI EP 20 i S
ARSI HE ) AR I8 A TR W] A R etk A — P )
RAGHPIRAS, RBAT RUGE A 2 ity L T L RT3 56 1)
SlyIn) i, I AR AR XU kit e v A 2R B IR

TE T K W b XUHSE B 25 a s K AYiE
Ffr, AEMBAEHEEREEK, WEARE N, 5
W7 R AN T, R A A b 1) A R A
o ARSCHTR A ISTT RN BAE— e B R T
REWA, (AfERK S R AR 6E SE I 2 0 Al 4k
Hiar etk E L, i 5 0hi - X
(AR E LT IB A THAE T R e

4 g

A SCRFE T I B W5 b XU 28 Mk L e
FI0 22 G0 00 LI B R b A R ) A, SR B AR
K WEMMC-idi b R4 % GSMMC I BcE 7%, IF

Pie 5 T S R R AL SR fe 5 AR RERE B, LT B
VAR R O T R AR 24T . Tl BS
SO5E N, Al LU 45E .

1) SEBLER B T R B RTI2 1T RE
P SCST DN NI PN a1 S T 2 11
e f fily b 52 sty H, RS E PRSI, SR T H AR Y
LN Gl B L] T

2) fi Bl B b s ) SE A B 0 4 i I 6 1) LI FE
REE A AR BRI DR L, D i 5 U5 78 | K
LR TEAERTE - Wt T R B NS S TRV
et A IR

3) DAUHRL A $5 370 v T R B AR T 45 2 I 7 52 RE S
AR G TR A TR R 5 | R 8 KR S B P T AL, ol
FRGEAE LI o T 8 5 1 [R]  ZERp Dl A- AL H

JRCREL ) g PR A2 22 s 45 H B A T S 7 A ) L
iz nl BE X B R AL — 2 N, SR Sk sT nl
BEX IR Tt

SE 30k

(1] ARWRR, TR, RN, 45 . Mk B0 i i e LR B iz
HUSELI]. AT LAY, 2022, 16(3): 1-7.

ZOU Changyue, WEI Ronghui, FENG Junjie, et al. Develop-
ment status and application prospect of VSC-HVDC [J].
Southern Power System Technology, 2022, 16(3): 1 -17.

(2] b, ST, MMT, 5. IR R ARG S S T i
AT A E AL TR, 2021, 41(14) ; 4845 - 4857,
FENG Zhongnan, WEN Ting, LIN Xiangning, et al. Dis-
cussions on the mode of isolated power generation system
participating in electricity market [J]. Proceedings of the
CSEE, 2021, 41(14): 4845 - 4857.

[3] VELAZQUEZ-MEDINA S, SANTANA-SARMIENTO F.
Evaluation method of marine spaces for the planning and
exploitation of offshore wind farms in isolated territories. A
two-island case study[] ]. Ocean & Coastal Management, 2023
(239) : 106603.

[4] TOSATTO A, BESELER X M, @STERGAARD J, et al.
North Sea Energy Islands: Impact on national markets and grids
[J]. Energy Policy, 2022(167): 112907.

[5]  JANSEN M, DUFFY C, GREEN T C, et al. Island in the sea:
the prospects and impacts of an offshore wind power hub in the
North Sea[ J]. Advances in Applied Energy, 2022(6): 100090.

[6]  YE B, ZHANG K, JIANG J, et al. Towards a 90% renewable
energy future: A case study of an island in the South China Sea
[J]. Energy Conversion and Management, 2017 (142) : 28
—-41.

(7] 2L, &I, i, 55 i b KU IF AT A K AR T
KEEEARLERT]. FLHA, 2022, 46(10): 3691 - 3703.
LUO Kui, GUO lJianbo, MA Shicong, et al. Review of key
technologies of reliability analysis and improvement for
offshore wind power grid integration [J]. Power System
Technology , 2022, 46(10): 3691 — 3703.



56

FEITRMEEA 520 %

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Mg, £&, L, & (LtE S v A ERRIRIEN RS
FERERC EOLASRME [T ]. BT LRI, 2025, 19(9): 38 - 46.
LIU Huijia, WANG Lei, YIN Chengkai, et al. Hybrid energy
storage configuration optimization strategy for promoting
renewable energy consumption on islands [J]. Southern Power
System Technology,2025,19(9) :38 — 46.

LI R, YU L, XU L. Operation of offshore wind farms con-
nected with DRU-HVDC transmission systems with special
consideration of faults [J]. Global Energy Interconnection,
2018, 1(5): 608 - 617.

IMEZR, VP, R0, A5 DEE 8- 97 A5 L LA AT KX e
R 1 it 7 [T, v E L TR 244, 2019, 39(21): 6183
-6192.

SUN Huadong, XU Tao, GUO Qiang, et al. Analysis on
blackout in great britain power grid on August 9th, 2019 and its
enlightenment to power grid in China [J]. Proceedings of the
CSEE, 2019, 39(21): 6183 - 6192.

XIANG W, LIN W, XU L, et al. Enhanced independent pole
control of hybrid MMC-HVDC system [J]. IEEE Transactions
on Power Dlivery, 2018, 33(2): 861 — 872.

AR, R ESE, W, A XU R B Rk e
FEBFFELT]. M AR, 2021, 15(11): 56 - 61.

LI Haoyuan, ZHOU Guoliang, WANG Gang, et al. Study on
overvoltage of submarine cable applied in offshore wind power
VSC-HVDC transmission[J ]. Southern Power System Technol-
ogy, 2021, 15(11): 56 - 61.

R, SRbk, TSR, A R 20U R A 8 MMC-HVDC
190 B4 LU 3 2 A R ) B (0. L R G R S 1
i, 2021, 49(10): 27 - 36.

LI Guoging, ZHANG Lin, JIANG Shouqi, et al. Coordinated
DC fault ride-through control strategy for wind power con-
nected to the grid via bipolar hybrid MMC-HVDC [J]. Power
System Protection and Control, 2021, 49(10): 27 - 36.
IRELRL, XA, #REENE , 45 TR AT MMC PR RIS TR R
ISR (1], AR, 2023, 17(7): 17,54,

ZHENG Xingxing, LIU Hang, XU Panteng, et al. Voltage
reduction operation characteristics and control strategy for
hybrid modular multilevel converter [J]. Southern Power
System Technology, 2023, 17(7): 1 -7,54.

JABLTE, Weth, 22307, A5 I b UH T I SRR e B A
FHEAT RTS8 S ] b E AL TR A, 2022, 42
(13): 4835 — 4848.

ZHOU Hongyu, YAO Wei, ZUO Wenping, et al. Grouping
scheme and control of fault-tolerant operation under DC
unipolar grounding fault for offshore wind energy [J]. Proceed-
ings of the CSEE, 2022, 42(13): 4835 — 4848.

ZHOU H, YAO W, SUN K, et al. A multi-level coordinated
DC overcurrent suppression scheme for symmet-rical bipolar
MMC-HVDC integrated offshore wind farms[J]. International
Journal of Electrical Power & Energy Systems, 2023 (147) :
108880.

TLSFH, sk, ZEIEIPE, 45 . 6T Bt A MMC (Y KUHE B3 i
PO 2% 470 L W A0 2 R ) SR [0 ). W S B A
2021, 41(12): 27 - 35.

JIANG Shouqi, ZHANG Ling, LI Guoqing, et al. DC fault

ride-through control strategy of wind power integrated DC
transmission system based on modified MMC [J]. Electric
Power Automation Equipment, 2021, 41(12): 27 - 35.

[18] WANG X, YANG R, SHI Z, et al. Co-ordinated low voltage
ride-through of MMC-HVDC transmission system and wind
farm with distributed braking resistors[J]. IEEE Access, 2022
(10): 87860 — 87869.

[19]  #RILAL, SCEhT, XUHNY . 202 bk B i L R Gt xR bk

et 5 e P B (0] B LR, 2018, 12(2): 3
- 11.
LIN Weixing, WEN lJinyu, LIU Weizeng. Full bridge sub-
module proportion design and non-blocking control of overhead
MMC-HVDC transimssion system [J].Southern Power System
Technology, 2018, 12(2): 3 - 11.

[20] @b, mE, A3CF, 45 KB EIRBMAMNE RFEMZE

TS W S AR A (1], o E L TR AR AR, 2021,
41(4): 1295 - 1306, 1537.
CAO Shuai, XIANG Wang, ZUO Wenping, et al. AC fault
diagnosis and ride-trough control strategy for the wind power
delivery system via HVDC grid [J ]. Proceedings of the CSEE,
2021, 41(4): 1295 - 1306,1537.

[21] ZHOUH, YAO W, ZHOU M, et al. Active energy control for
enhancing ac fault ride-through capability of MMC-HVDC con-
nected with offshore wind farms [J]. IEEE Transactions on
Power Systems, 2023, 38(3): 2705 - 2718.

[22] Wb, AR, BOKI) . 3EH T2 BRI R 5

PEFERERE W M SR ms [T ], o0 RGO 545, 2022, 50
(23): 51-62.
CAO Shuai, LIU Dong, ZHAO Chenggong. Flexible energy-
consuming devices and control strategies for wind power via
flexible DC grid-connected systems [J]. Power System Protec-
tion and Control, 2022, 50(23): 51 - 62.

[23] e AR B 55T B G B0 A2 8 Jmy L v [ e
B2 bt & WAL AL ) RGH AR ILE - GB/T 19963
—2011[S]. dbat: hEpRET R, 2011

[24]  REEMS, R, WSCH, 45 2RI A A AL
AEBTELI] TR, 2021, 16(3): 54 - 61, 69.
XU Panteng, ZHU Bo, YU Wenxiang, et al. Electrome-
chanical transient modeling and simulation of multi-type
component hybrid DC grid [J]. Journal of Electrical Engi-
neering, 2021, 16(3): 54 - 61, 69.

[25] fREL, 5P, KPAT, 5 FHEERAE RS IM] 2. It
AU BV AL, 2017 45 - 51, 68.

Wi HER: 2024-04-30; W48 E % HEA:2025-07-16
1EEEA:

Z$5(2003), B, MEarRE, FRF @A FRLRM LR
WA 5454, t_lee@hust. edu. cn;

RFEF(2000), B, HMEHRE, RS OAHERE A E%
RE M de . A B Rl HRE F A4, zhaohaiyu2021@163.
com;

BeAR(1983), %, @i4EH, #ax, WA, WL, R
T A BB AR R ) RGAE R o SRR AR HATE
REHARZ A



