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Abstract

Large-scale offshore wind farms are generally far away from the shore, and mainly rely on high-
capacitance submarine cables to send electrical energy, which may generate serious overvoltages.
However, it is difficult to repair submarine cables when laid on the seabed. The faults that occur
are generally permanent faults, which will cause huge losses to the power system. As an important
factor that threatens the safe and reliable operation of submarine cables, the power frequency
overvoltage mechanism and characteristics of the transmission system of offshore wind farms ur-
gently need to be systematically summarized and studied. This paper analyzes the mechanism and
characteristics of power frequency overvoltage in offshore wind farms in principle; then, based on
ATP-EMPT, the 500 kV offshore wind farm and its delivery system are modeled, and the subma-
rine cable parameters are corrected to ensure the accuracy of the model; what’s more, the simula-
tion calculated the power frequency overvoltage of five various fault conditions (the capacity rise
effect of submarine cables, single-phase grounding faults, no-fault sudden load rejection, single-phase
ground fault sudden load rejection, and two-phase ground fault load rejection) when the trans-
mission system are operating in five different working conditions under different capacity condi-
tions. Combined with theoretical analysis, the factors that affect the power frequency overvoltage
of the offshore wind farm transmission system and their influence trends are finally summarized.
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Figure 1. Offshore wind farm AC delivery system
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Figure 2. Uniform distribution parameter model for each phase
of submarine cable
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Figure 3. No-load power frequency overvoltage
phasor diagram
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Figure 4. No-load power frequency overvoltage
distribution along the line

B4 =HIMERERETHE

ER PRy, BT RN RSN &P EERER S S RRAE R, SRR, W
=R IR RO

iy ==1

3 ” ®)
U,=E, 17,0, =-I,7,U, =—I,Z,

=1

B35 42 2B =AW EITE A AR B b 3 FE S R IE R R, W DATS 31 A FH R A2 SR FE b s ) &2
ERFME s,

Z

0(/01

Figure 5. Compound sequence network
when single-phase ground fault
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Figure 6. System diagram of fault-free disconnection of load line

El 6. ALk TIFEETT R 5 E

Ref, | G R R AR . o MHIR R Ze MUIRTL: U, . 1| N2k i3 e T

U U, 1, R LR | FL: X oA TR SR Pl B S MU P i, 4 P,
e AT, P22, HP e P, Q.
ZC Pﬂ. Qi

RS E MR, RN, VRGO { MBI ST (5, BAT £ ORI, A N IE L -

T4 CRERA G RE o RS T Xs 295 T RIE BEC R 7L 0I5 R K HL T UL s

E;

U,= (10)

XsS; .
cosS;al ———sinS;al
Zc

i P2 47 e SN AN B ) R S o W 7 R NG < P ORI R 27K AN G LR B NP 2
B TAUS R — B T [, thaRQo)rrkn, i X R A R X B I AN RS AT 75 SO0 3
A B T SR T T S B A R P AR R, 22 5 A U LA SRR D I R A SR RO
VRIS A 3 % T S R T P 7 A2 0 A0 L R0 o (B T R ST A SR FHTHE OK,  ZRBR i L
ROV R, SRR, e LA e i T e e B A S b XU 2 S KL AN [RS8 AT 75 3K
ST AR S

3. W LEREAELRGERTE
3.1 MEIREELEER

VR JES 5 T FEL R P ISR S ) 0 g BRSNS R, =S R R KT RS S R ST RE /N, T BRLS 5 H)
T =M FEHES, AT =SS AR T HEA . ASCRHA =SS, KWK 7 FrR[21]. @R Hagim
et 77 G REAG LR B A IR R ZE 0, B B4R 8 2 SR A¢ X BRI 3eth J7 X [22] . HIG R B N A PR 1,
WG BR AN B BB SRR B K, PRI AT AL 45K F 22 p 43 Br i 77 50

TR RSB NS E 2, HIORBH A . 5 452 B PR, PRI SR A S L
SRAAME bR LI 1% R G LA FUR o) AN 2R — Bl BT AT RO . H TR E ATP-EMTP,
MATLAB. PSCAD %§. HH1, ATP-EMTP &t ¥k Jg, BAFEA S O 4 sl HAEE br Fd@EH .
ATP-EMTP LAY i A0 & R o fF, % T IR i iR BRIk £ 2 MiAG 40 . 1Ak, ATP-EMTP it
P2 ft Model eGSO IS HvERE, RETEAER B TSI oL, W ISR TR R . Rl
KR ATP-EMTP 1E AR5 T ..

7E ATP-EMTP [ EE R 1, J Marti FI1 Semlyen #ERL& A A AR A, H fHT Marti 1 Semlyen £
BPRI AR, — B3R 46 R 2 [ o 6 1), T L R R — AR 7 i R o ot 5 0 2 5 ) A O 1) B O B
EAERS EIAE R T iR Bergeron Al o AR A JEUEE ] 9L, 3& S AR AT B SAR DRI,
PR LAEAIE ], A o AR F S, UEMH TRIER 28 S 2. A FEH K
PR BRI RGN TS L, DRI F AN 25 B AR R 14 (1) Bergeron 437 25 U5 R S0 i H

DOI: 10.12677/sg.2021.111008 81 BHE L


https://doi.org/10.12677/sg.2021.111008

m %

BEHEAT A

1-BHK A 2- AR BER: 3-SR OB A-4E 5 BERL
S-eESFRG 6-HIE: T-EA; 8-NIPE; 9-EENE: 10-4hK

Figure 7. Three-core submarine cable section
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Figure 8. Simulation system electrical main wiring diagram
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FERE, DL TR AT AR O R BE b GRAIE 0 BT H 3 45 TR A M o A SCRR IR TRE KRR, #1177 1000 MW, 1600
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Table 1. Parameters of submarine cable

=1 BREHEH

T H HufE
RS H B RIA 1203
MRS B EIA 1117
20°C T A IR R LA HIL PH/Q/Km 0.0113
g‘;g ;g 90°C Sk 22 Uit HL BELIQ/Km 0.0188
BEAL R EIMVA 967
28 IUF/km 0.162
A RS ME/mm 172.4
BB B /N il 2 /mm 3448

Table 2. The main parameters of the simulation

F2 MEEXESH

R HHLALZS B (MW) 1000/1600/2000
JRELALZE A R (mis) 10.1
T (km) 70 (WL Il
X i 3 G BHAT(Q) Zo = 1.46652 + j9.19116 Q, Z, = 0.63888 + j4.81096 Q
BEZ 7 SN (MVA) 820/1000
500 KV F|FE 3% e HUE UN (KV) 550
TRBH FHPLHLE UK (%) 14
FLEEHFE Pk (kW) 813.58
Wi 458 SN (MVA) 300
220 KV THE 3 BE HE UN (KV) 230
ERZH L5 e Uk (%) 14
JE PR ARFE PK (W) 385

4.1. B EREBIHEENH

TEIEH TOUR, BIFIHARE R 70 km #3455 N BT IR BRI 3 NI4T I, 1000 MW, 1600
MW, 2000 MW = Fh3E 125 & 5 G A= T A0 F e (i B3 00 o F 22 3.

B 3 W51, BEE X IR RERIIG R, ToP s g o~ 4 b T e 1) i KR (B A — e 2
FERIIR/N, SR DL A S IR E AL BN R, R B 5T R % T 0.18~0.42 p.u., FikHEbL
BEfLA G 4 T 0.25~0.28 p.u., P HIEE MR L5 R FE T 0.37~0.58 p.u.. HHRTZ(2) (4) (5) (6) (L0)fHHE
FArAE, DA HEESE EXEGNERA R, REHTRBESERBR/D, ST BENRITER, 4
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Table 3. Maximum power frequency overvoltage of each fault under normal operating conditions/p.u.
3. EETLATEMELIEERAE/p.u.

LA R 2000 MW ZEHL 75 % 1600 MW 3177 % 1000 MW 24177 %
BT 1.0466 1.1733 1.2019
AR b 1.338 1.3497 1.3581
T e P 47 1.6797 2.0995 2.2793
AR 12 e R A A 1.7158 1.9989 2.2497
PR b eI PR 7 1.9297 2.2904 2.8831

4.2. 8 EREIAETH IR

PIRFEE T B X R S LA ) RGN Y 2000 MW I TR R oL, 6045

1) IE®E47 Lo YRR 70 km #85 SOR - N BT R K BRSNS AT

2) HbETHL 1. — (8] 70 km SR HEAT, KRN ETE X AL IEAT

3) W TAL 2. PIlA] 70 km L IR IBAT, 220 KV THHuh N — A8 k451 s

4) WFE T 3: —[nl 70 km LR IEAT, H 220 KV JH R A — PR K878

5) WHIZBHEVIATENL: EX B EOEHIE LT, 500 kv FHEu N RA—& F BT, 220 kv
TR RAW G ¥ 0217, Hilg EXERSE —A 400 MW XI5IE1T

HATHER TR 4,
Table 4. The maximum power frequency overvoltage/p.u of each fault under five different working conditions when the

system installed capacity is 2000 MW
A RGRNAER 2000 MW B BFFAR[E] TR T &#E L5 BB E &K E/p.u.

T A B T TH 1 T.H 2 T3 k7L S Ik
BRI 1.0466 1.0130 1.2076 1.2081 1.2085
BARE 1.338 1.3236 1.3511 1.3421 1.3607
Jo e A B g 1.6797 1.7319 2.2810 1.4020 1.4020
PR P AR A 1.7158 1.7887 24971 1.4166 1.4056
MR s P A A 1.9297 1.8302 2.6931 1.4316 1.4120

H 4 AT, BEESAT IR NLAZCE D, s o ok TATUHE R IR AR — e R I T
i, HMREF S VS E R ZAE 012 pu L, HYIE4T HI S5 HOR DI, AU T B R K i 12
PR IR, e R R AR 2 KR I, o) T AR A T b AR R, LA
HRIEFERBE N, ik 0.55~0.86 p.u.. HIFTZ(2) (4) (5) (6) (10)HIHES AT %0, At fi J& 5 b X 37 (1)
BAT LA R, 5REIGE R FEIAEL, X2 BT X e AU, 80T BIERIR UK,
25 FE R PR PRV DU 2 0 P R Tk v, R v U v T R I R A, BRI 2 T L
AR K
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X TR R B A e, DA B A e g B A Dl i DL, ELIL SRR TAE R T st o ™ . R, ARSCRABENLAE
479029 1000 MW, 1600 MW, 2000 MW [¥] R 48 1E & T T & AR B AR A0 6 o], JFL s 2 0l &1
MATEWRE 9, ik ARE NN E 5~7,
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Figure 9. Schematic diagram of electrical main wiring
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Table 5. Single-phase ground fault overvoltage amplitude/p.u. when installed capacity is 2000 MW/p.u.
5. FEHLAE 2000 MW B B A3 &SRS FB R B & /p.u.

P Hh i e AR £
T A Wil a3 A4 A5 T
! 1.1484 1.1172 1.0975 1.0069 1.0011
a2 1.1579 1.1339 1.1132 1.0134 1.0164
a3 1.1561 1.1341 1.1152 1.0285 1.0160
Wi 4 1.1611 1.1360 1.1175 1.0338 1.0201
5 1.1548 1.1388 1.338 1.1708 1.0343
6 1.1505 1.1293 1.1239 1.1844 1.0312
W7 1.1498 1.1294 1.1239 1.1847 1.0358

Table 6. Single-phase ground fault overvoltage amplitude/p.u. when installed capacity is 1600 MW/p.u.
7 6. FEHLAE 1600 MW B B 431 YRS FB FE @ & /p.u.

P i e AR £
T A Wil a3 A4 A5 T
! 1.1514 1.1184 1.1075 1.0129 1.0001
R 2 1.1593 1.1347 1.1158 1.0254 1.0273
A3 1.1611 1.1352 1.1179 1.0485 1.0274
4 1.1678 1.1371 1.1197 1.0690 1.0351
5 1.1579 1.1422 1.3897 1.1912 1.0394
6 1.1520 1.1303 1.1285 1.1994 1.0372
AT 1.1513 1.1304 1.1282 1.1989 1.0363
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Table 7. Single-phase ground fault overvoltage amplitude/p.u. when installed capacity is 2000 MW/p.u.
7. FEHLAE 1000 MW BB A3 b RS RS FB R @ & /p.u.

R AR
T A a1l a3 A4 A5 T
! 1.1537 1.1203 1.1129 1.0229 1.0107
R 2 1.1653 1.1387 1.1218 1.0371 1.0361
a3 1.1771 1.1422 1.1240 1.0586 1.0478
Wi 5 4 1.1848 1.1471 1.1257 1.0718 1.0556
RS 1.1779 1.1530 1.3925 1.2118 1.0692
6 1.1620 1.1403 1.1238 1.1986 1.0411
R 1.1617 1.1404 1.1234 1.1983 1.0408

7 5~7 hEAE AT LAER], EF A 4 AR EZE ATiE 500 KV/220 KV A8 T 28 7 R N Uk AE Bk s Hh it
i, 5805 BY 220 kV/35 KV Abidt HE R K. 1X 2 BT B XU K A tH KRG 5 6E LR T — AW
uitg YR RS54, 2 s R A AN R b, 7 AR Y AR R R AR B K

5. &hig

ASCNREE L Hr 1 i bR S TG S P AR LB 5 454E;  JF2E T ATP-EMPT Xf 500 KV #g I
W7 [ A R U AT @A, X di S HGHAT TIEIE, DMORIERER AR ks[RI, DS T AEA
FIAEEOLT, LAy KR RGN AN R TOUSAT, SR TR AR R .
BRI IR PR AT o R M W SR R P A1 M AR 2 b g 3 PR 7 A I 0 T . DR S R B
LI [ A R G F AR PEREAT T M, RGN TR AR g LA I B PR R R L, AR
45k
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bR ARAEIA Y R G AR, R A B AR ) T R R R s AR PR R LB PR A P S R T
B s A, TR TH BN SRR AR R AR A, TROE MR K R B R B A4 KT 1 T S PR 3O P S I
A T S A 5

3) i b X R A S K AN RIS AT 75 s SR 2 i (0 T AL B S A BORRE M, AR TR T o
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