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Abstract: In a DRU(diode rectifier unit)-based flexible low-frequency AC transmission system of offshore wind power,
DRU cannot transmit active power to the offshore wind farm, and the system requires an additional black start power
source to provide initial start-up energy for wind turbines. For this reason, a black start strategy using auxiliary converter
as black start power source for the above system is proposed. Firstly, the topology structure of DRU-based flexible
low-frequency AC transmission system and the grid forming control strategy adopted by wind turbines are introduced.
Then, based on the above control strategy, the black start strategy of auxiliary converter and wind turbines are designed.
On the basis of the above strategies, the selection method for auxiliary converter capacity is analyzed. Finally, a corre-
sponding simulation model is built on the PSCAD/EMTDC software to simulate the black start process of the system, and
all electrical quantities can smoothly reach the normal operation state. The simulation results show that the black start
strategy proposed in this paper can realize the smooth start of the DRU-based flexible low-frequency AC transmission
system of offshore wind power.

Key words: offshore wind farm; low-frequency AC transmission; diode rectifier unit; auxiliary converter; gird forming

wind turbine; black start
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Fig.9 System performance during startup




WOOE, NI, HRIK, S T TN BRI R SERAUE B R G R B SR 353

RIS B I H B AT R RS BN R Sl RO 1T
5 FEEDNREEIIEL

LB pias i b, SR/ S Sk r AL A
S E RIS AR, XL SRS BT
R ThEe, i b X I 5 N R RS 30K
07191, 7EJET DRU (138 b XU 2 AR H &
gudr, KB LA FI0R S E R D DR
HARR], TSR LR AR s B AR
o P 2 7 2 S S R R AL AT 55 1 Y
RRNMLAAREAE, AR EFD . Hik, Sk
HLHLANE B VR o) I B R AL 2 (1) 2 3 L I o

WG, 1E =45 s i, P XWLZRMESE Ik Hi 1)
BITh®E, FFHEE N 22.5 MW/s, B, DRU I
W T D Dy 2 BB AR A ThDh 21 B Bk
TAMEX A TCIh IR, 1 =45.8 s RN
JEUE R, =46.6s, =47.4s, =482 s, SHLRH
1 HIFBE I 8e . 76 =49.0s, A RWLE L 4 Th
RN EHEM 100 MW, REEEN5ER, HEA
FEIBITIRA .

P R AL A SR RE 7 o 8 I 7E R LA
s EMREREE, [ X ByLA R & B E3 R
71, Fassh Hpt AL G5, 7T DAEE ik B i B
MARFTTHRMIRRAS . (MG MHBYHAERVD, T2
DUEFRAIE I R TC I D ZS, 50t 2 6 X H
MU THOE, XRIFESIER RGBT A . 1A
TR TCIERRR, A KU ATLZEL ) R e 0 2
[F) B J3 B A ARSI R AR IAC A R . 7EIX—Id
T, % & R FENLALE S A B IR (E % 5D
AR IR, AT AZER], KA
2 82 A ThEh &N . ASSCE I x4 R B XA LA
R T A U X — I A

TE R 15 AT (LRl b, o 4 B 7t 2 AR R
F4 . RAE =3.0' s §if, DRU-MMC #3725 1 B
Hi Tk St BUEE, KL 1 5 XL 2 BHLI
i 4% O )3 20 50 3 i 28 B R 35 ) v B
1B =3.0 s B, ABURNL 1 5 XL 2 KR gs,
P XM LESE R RAE M 0 L3 mE] 0.9, LFHE
0.3 FFP, X — i FE A D) RS AR .
i 85 Rl 10 Fios.

R B 10, 7EA2 7 R IR E STl fE X
ML 1 5 XA 2 A DhDh e/ Na Bl N0, HHAH
P T RIS SHE R B G . X5 B XL ) A7

HIEhFRGLE), HIZARA L.

BRBHABS HRFF AL, AL 2 BRI o
PSSR IR S =3.02 s il 1A RanE
11 iR

1.0p
0.8
0.6/
0.4}
0.2}
i
0.2
0.4
0.6 ——

P, /MW

LTS
BL10 KWL 1 5 RUHL 2 [ Bk 3 3732 3t FU S (9 17 B 465 SR
Fig.10 Simulation results of establishing AC voltage simulta-

neously by wind turbine 1 and wind turbine 2

@
N
g
£
1 1 1 1
2 3 4 5 6 7
Bt JE]/s
=z
2
N -2r .
-4F
—6F "
—gF v
— 1 1 1 1
! 02 3 4 5 6 7
it [E]/s

KL XL 2 78 £=3.02 s fif B R (i e 2 (10 07 L
Fig.11 Simulation results of activating the grid side converter

of wind turbie 2 at +=3.02 s



354 i LR AR

2025, 51(1)

K11, 7E =3.02s 5, KWL 2 AR h
R, BRI IR 4% T XL 1 KA I
. MRHEEEEEFE 09 25, KAl 2
WA ThIh 2k 3] 7 MW. IR 1 5RAL2 2
[ A71E B A Dh D Zeimi 5 o

R FR TR, EACH B RIR(ER T
Fad, RN IR AZ ] ALK,
% G KAL) 45 2 1) Je Bhi 8] 5 R 52 A M 1R 5
BERF, R ATLAE A R R S5 AR AR ZE 80, KL
A D) D2l o AR A AL [H] RIE A 228
SRR SFEUS S ] SRR 22 R, LA
Z A IARALZE, T AL 2 (A1 2R 2% BT S Ase /s, 3
22 IR A hIh 2 a0

A SCHE I 2 S B A DA B 4 4% v 2R
B . I TC - ER, A B ds iy DAsk
P55 ) WY B R A LZEL ()[R 2B 8 AT o T B i 2%
SIS I RGN AT, BT 2 AN
B ML RIS B A Th D A Bisl, BA
B S R AR AR 35

6 #Eip

1) S B 2% 10 1E H 2 @Sy EARIAS I &
G, XYL AR Sh AR . TR
& s KL, AT LS4 Bl i 28 16 25 F A 31 i
fiX, PR R B A

2) KRHASCIR KRB, R
A LUK SZ i R A N BT BUEAE, I BT A KU
W@t DRU &%, [FI 5 R 3 XCE AL R 2D
BAT o T AL ALZE AT DI Ik 52 I Ho s M 42 1l 6 I
A EREBE, U S R DR )

B 3% D84S 1) 9 2% il (http://hve.epri.sgee.com.cn).

S22 #k References

(11 FEER, Bk 1R, . i ERERRIVR S BT GRIR
THE, 2023, 434): 19
TAO Jiangen, CHEN Yi, HUANG Boyuan. Current situation and de-
velopment trend of offshore wind power[J]. Energy Engineering, 2023,
43(4): 1-9.

(21 EFW, B, HUNE, % BRI R L% H 7 B
SERBT KRB AR T[], IR EIERM, 2019, 2(2): 138-145.
WANG Xiuli, ZHAO Boyang, HUANG Minghuang, et al. Research of
integration methods comparison and key design technologies for large
scale long distance offshore wind power[J]. Journal of Global Energy
Interconnection, 2019, 2(2): 138-145.

B1 & &, BERA, SHK, % KA R RN E R R
AR GRED]. S ERA, 2022, 48(9): 3384-3393.

LI Yan, FENG Junjie, LU Yuxin, et al. Key technologies and prospects

(4]

(3]

(6]

(7]

(8]

(9]

(10]

(1]

(12]

(13]

[14]

[15]

[16]

of VSC-HVDC for large-capacity and long-distance offshore wind
power transmission[J]. High Voltage Engineering, 2022, 48(9):
3384-3393.

IBITHE, EBL, EFHW. KEZ PR BN RG]
HARGE BN, 2008, 32(4): 59-63.

CHI Fangde, WANG Xifan, WANG Xiuli. A new wind power grid
connection method based on fractional frequency transmission sys-
tem[J]. Automation of Electric Power Systems, 2008, 32(4): 59-63.
MAU C N, RUDION K, ORTHS A, et al. Grid connection of offshore
wind farm based DFIG with low frequency AC transmission sys-
tem[C]//Proceedings of 2012 IEEE Power and Energy Society General
Meeting. San Diego, USA: IEEE, 2012: 1-7.

XFE, B BRIE. M KR IR LI R R
T RMII]. ARKIL, 2011, 42(3): 39-42.

LIU Haibo, ZHAO Xin, YANG Jiasheng. Electrical connection
scheme of low frequency and HVDC transmission for offshore wind
farm[J]. Yangtze River, 2011, 42(3): 39-42.

CHO Y, COKKINIDES G J, MELIOPOULOS A P
LFAC-transmission systems for remote wind farms using a three-phase,
six-pulse cycloconverter[C]/Proceedings of 2012 IEEE Power Elec-
tronics and Machines in Wind Applications. Denver, USA: IEEE, 2012:
1-7.

CHEN H, JOHNSON M H, ALIPRANTIS D C. Low-frequency AC
transmission for offshore wind power[J]. IEEE Transactions on Power
Delivery, 2013, 28(4): 2236-2244.

SRR, AR, REIE, & BT HRRX LA R R
BT L X B R B SRR [J]. R AESOR, 2023, 49(9):
3730-3740.

JIN Yanqiu, ZHANG Zheren, WU Hongyuan. Black start strategy of
offshore wind farm based on grid-forming wind turbines and diode
rectifier unit[J]. High Voltage Engineering, 2023, 49(9): 3730-3740.
W, BET, % 0, & AT TRE RS I R E
Uitk TTE]. mEEROR, 2021, 47(8): 2708-2719.

YANG Mingyang, YANG Zhigian, CAI Xu, et al. Method for realizing
DC output of wind turbine based on diode rectifier[J]. High Voltage
Engineering, 2021, 47(8): 2708-2719.

BLASCO-GIMENEZ R, ANO-VILLALBA S, RODRIGUEZ-D'DER-
LEE J, et al. Distributed voltage and frequency control of offshore
wind farms connected with a diode-based HVDC link[J]. IEEE Trans-
actions on Power Electronics, 2010, 25(12): 3095-3105.

PRIGNITZ C, ECKEL H G, RAFOTH A. FixReF sinusoidal control in
line side converters for offshore wind power genera-
tion[C]//Proceedings of 2015 IEEE 6th International Symposium on
Power Electronics for Distributed Generation Systems (PEDG). Aa-
chen, Germany: IEEE, 2015: 1-5.

YU LJ, LI R, XU L. Distributed PLL-based control of offshore wind
turbines connected with diode-rectifier-based HVDC systems[J]. IEEE
Transactions on Power Delivery, 2018, 33(3): 1328-1336.

BIDADFAR A, SABORIO-ROMANO O, CUTULULIS N A, et al.
Control of offshore wind turbines connected to diode-rectifier-based
HVdc systems[J]. IEEE Transactions on Sustainable Energy, 2021,
12(1): 514-523.

MR, FUNE, & OE, &EHT TARE A RERRE T i L
KN T D DR FRSE RIS [J]. SRR, 2022, 48(10):
3820-3828.

XIAO Huangqing, HUANG Xiaowei, LI Yan, et al. Reactive pow-
er-synchronization control for offshore wind turbines connected to
diode rectifier[J]. High Voltage Engineering, 2022, 48(10): 3820-3828.
KR, SR 1R Bl PR TR R R XU R R T



%’ E‘:‘/J\)ﬁjz’ %%E, /:%_E;

FT AR R T A X R PEARIOA AR G R B S 355

(17]

(18]

(19]

(20]

(21]

(22]

(23]

Mg R 5 SR [T]. T HUERR, 2022, 48(6): 2098-2107.
ZHANG Zheren, JIN Yanqiu, XU Zheng. Two offshore wind farm in-
tegration schemes based on grid forming wind turbines and diode
rectifier unit[J]. High Voltage Engineering, 2022, 48(6): 2098-2107.
YoOE, EWEE, ESOR, & R XS RE S RS RS
EHIHE]. ARG E B, 2020, 44(13): 98-105.

CHEN Xia, XIN Yanli, TANG Wenhu, et al. Coordinated control
strategy of wind turbine and diesel generator for black-start system of
offshore wind farm[J]. Automation of Electric Power Systems, 2020,
44(13): 98-105.

IR, WM, LSt 55 ARG R K71 i
gty DRU+MMC V-5 Hft ds 4 i S [J]. FE4AR, 2024, 48(11):
4482-4492.

YUAN Qingwei, XIE Yeyuan, JIANG Tiangui, et al. Control strategies
of DRU+MMC hybrid converter at the sending end with compatibility

of grid-following and grid-forming offshore wind farm transmission[J].

Power System Technology, 2024, 48(11): 4482-4492.

DAI J F, TANG Y, WANG Q, et al. Black start technology for local
power grid via PMSG-based wind power generation[C]//Proceedings
of 2017 IEEE 3rd International Future Energy Electronics Conference
and Ecce Asia. Kaohsiung, China: IEEE, 2017: 2025-2030.

XTI, AL F, TER, S EREEUR RIS IR A R R R S )
VR WAT RIS ], ARG EBIME, 2016, 40(21): 210-216.

LIU Liging, DU Ping, WAN Yuliang, et al. Feasibility discussion on
using storage-based wind farm as black-start power source in local
power grid[J]. Automation of Electric Power Systems, 2016, 40(21):
210-216.

LUO F J, MENG K, DONG Z Y, et al. Coordinated operational plan-
ning for wind farm with battery energy storage system[J]. IEEE
Transactions on Sustainable Energy, 2015, 6(1): 253-262.

YUAN H, MI Z P, DU P, et al. Research of the transformer energiza-
tion control strategy applied for storage-based wind farm
self-start[C]//Proceedings of 2016 IEEE Information Technology,
Networking, Electronic and Automation Control Conference. Chong-
qing, China: IEEE, 2016: 534-547.

755, Bk 4B, & BF, 4 BN LCC-HVDC AU X IZAN
a3 5 M SR [T]. I RG A Bk, 2019, 43(9): 99-107,
124.

HE Xiuqiang, GENG Hua, YANG Geng, et al. Startup and integration

control strategy of DFIG based isolated wind farm connected with

LCC-HVDCIJ]. Automation of Electric Power Systems, 2019, 43(9):
99-107, 124.

[24] HARR, 0 ARG T X ER R A ]. T E L

TAEZEK, 2018, 38(19): 5821-5828.

CHANG Yiran, CAI Xu. Cost-effective hybrid HVDC converter for
offshore wind farms[J]. Proceedings of the CSEE, 2018, 38(19):
5821-5828.

(251 JrkelR, MHEROR, %08, &5 ETRG ERBGS I LA

B RGBS HE]. B REROR, 2021, 47(8): 2698-2707.
FANG Zixi, AISIKAER, CAI Xu, et al. Startup strategy of transmis-
sion system of offshore wind farms based on hybrid DC converter[J].
High Voltage Engineering, 2021, 47(8): 2698-2707.

6] *xI ., #& B O PE S MMC-HVDC BER R 9K IS8T IRES

AR SRIE[T]. P E LTSI, 2015, 35(9): 2152-2161.

LIU Sheng, XU Zheng, TANG Geng, et al. Study on MMC-HVDC
switching scheme between grid-connected and passive islanding
mode[J]. Proceedings of the CSEE, 2015, 35(9): 2152-2161.

" E

1977—, %, W+, #iR, e
FENGEH L ERR B BRI A IR
BORTT IR FE AR
E-mail:huangyingzju@zju.edu.cn

HUANG Ying

Ph.D., Professor

HRIRGAEIER)

1990—, %, 4, &l#R
EENFERMHESRZEER BN BRI
FH 7 R GeAR e M A 5 4 1 Dy TR AT 78 AR

E-mail: xiaohq@scut.edu.cn

XIAO Huangqing

Ph.D.

Associate professor

Corresponding author

Wekd 3 2023-07-08  AZ[EIFH 2024-12-05 4t K



