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A novel pilot protection for AC transmission lines of VSC-HVDC connected offshore
wind farms based on natural frequency
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Electric Power University, Baoding 071003, China; 2. Chengxi Power Supply Branch,
State Grid Tianjin Electric Power Company, Tianjin 300110, China)

Abstract: When asymmetric faults occur in the AC transmission lines of offshore wind networks, the reliability of
traditional differential protection is reduced because of the effect of capacitive current in the negative sequence network,
as the converters on both sides of the line adopt negative sequence suppression control strategies. To address this issue,
this paper first outlines the structure of the offshore wind power transmission system and analyzes the fault characteristics
through the control strategies of power electronic equipment on both sides of the transmission line. Considering capacitive
current, the adaptability of longitudinal differential protection and the blind area of natural frequency differential
protection are then evaluated. On this basis, using the negative sequence voltage of the offshore MMC busbar and the sum
of the positive sequence currents on both sides of the line, a location-indicating variable A is constructed and is further
used to construct an auxiliary protection criterion. Finally, an offshore wind power system model is built in
PSCAD/EMTDC to analyze and verify the effectiveness of the proposed protection scheme. The results show that the
proposed method exhibits high reliability, fast response, and can tolerate 20 dB noise and 100 Q fault resistance.
This work is supported by the Natural Science Foundation of Hebei Province (No. E2024502043).
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Fig. 1 Offshore wind power flexible DC transmission system
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Fig. 2 Control strategy diagram of wind farm
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Fig. 4 Single-phase grounded fault composite sequence network
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Fig. 6 Interphase fault composite sequence network

WA 6 95 KB AT R, ()T
Iy =i+ ¢
iy =10 9)
[0 4 0=~ (9 + AI2 1 AL

B 2R LU B S A

Qﬂ&+%k%}ﬂ$+@k+%

o 720 | 729 T 70

Z((‘zl) ]( )

_(10)
I

1, =iy~ dy| =1 1 = 1) <[ + L

HF(10) AT %N, SZXTHh AR5, 22 B OR A il
S AN B A R AR R . [FR, H
1.2 F5A] %A, KR I 0 5 L 9 1 P 43 A2 PR DAL
PO A LA & 53 1, KT e, XA
b, bR ZR A —wERRE .
2.3 FATREHEIRE

3% HI LR IR A BC A s
NEFRA A SRR A A 7 Fis .

HRIEE A7 WS 5 8 F i R =R DR

I, =10 +13 + 10

Iy =19 + 19 (11)

IO+ I10=— D + AIQ + AT + T + 1)

IERy, ZEAHR S B RS N (12).

Q45+QF+%

PL A

= —2iM-—£9

2

(12)

PR 2 1 A 5 o 22 B DR B3 2 73 i A [
., FEAMEECR

gi L, AR R FE , 1K A B

IR SR, AR A= A A2 . 2R Pl i as

. R
1=y = Iy|= |21 - 219 - 20 ¢

—L__ 1 F—{ .
i z¥ Z0 T z0 0 b
7y . "

® o
ol 5 2 l_?l"“
v Z0 z0 T z% z0 M
A
z& U 7@
| - i ,
L S Faiey
s B e B e = N s B ey
zy 7z T@ Zy
g

& 7 mAESEEESFN

Fig. 7 Two-phase grounding fault composite sequence network
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Fig. 13 Operation status of conventional differential protection

under different fault resistances
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Table 2 Phase selection results under different fault types

HBEALE R Puy Pre Pa RS R

A-G -0.995 0981  -0.993 A-G

A BC 0132 0996  -0.131 BC
BC-G -0203  -0.909  -0.188  BC-G
A-G -0.988 0982  -0.986 A-G

fi BC 0.105  -0.958  -0.130 BC
BC-G -0.178  -0.915  -0.193 BC-G
A-G -0.991  0.995 0.991 A-G

/s BC 0202 -0.996  0.199 BC
BC-G -0.180  -0.990  -0.178  BC-G
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Fig. 15 Spectra of two sides of the line under 20 dB noise
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Table 3 Performance comparison of the proposed protection

with traveling wave differential protection
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Table A1 Simulation results of A-phase metallic ground short-circuit protection action at different fault locations
i fu/Hz fulHz AfHz SRS AU kv I,/kA 2 i
A 574.7 549.7 25 0 0.5174 0.26 0.179 0
5 649.7 1724 1074.3 1 9.2974 6.09 0.137 0
f 680.4 774.6 94.2 0 14.0542 5.12 0.247 1
fa 1549 649.7 899.3 1 8.7089 5.84 0.134 0
/s 499.8 524.7 24.9 0 5.7821 0.23 2.258 0
R A2 NEHPEXE e BMERRIPIEMEER
Table A2 Simulation results of different fault types of metallic short-circuit protection action
M R E Sfw/Hz Su/Hz Af/Hz F AU kv I,/kA ) L
f 680.4 774.6 94.2 0 14.0542 5.12 0.247 1
A-G fi 1549 649.7 899.3 1 8.7089 5.84 0.134 0
fs 499.8 524.7 24.9 0 5.7821 0.23 2.258 0
f 963.9 988.6 24.7 0 17.0637 6.21 0.247 1
BC fi 1063 766.2 299.8 1 10.0464 6.86 0.132 0
/s 444.9 494.3 494 0 7.1842 0.24 2.689 0
f 963.9 988.6 24.7 0 13.446 493 0.245 1
BC-G fi 1063 766.2 299.8 1 8.3181 5.61 0.133 0
/s 4449 494.3 49.4 0 5.5808 0.23 2.1793 0
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Table A3 Simulation results of different transition resistances A-phase short-circuit protection action
AWEEQ AR fy/Hz fulHz AfHz T AU v I/kA 2 I
5 549.7 499.8 499 0 13.1525 4.79 0.247 1
1 fi 1335 766.2 568.8 1 7.7208 5.62 0.123 0
/s 478.8 478.8 0 0 2.6383 0.24 0.987 0
fi 481.2 448.1 33.1 0 8.1413 2.96 0.247 1
10 fi 1483 469.6 1013.4 1 5.5191 3.72 0.133 0
/s 495.4 524.7 29.3 0 1.5346 0.25 0.5513 0
5 395.5 370.7 24.8 0 1.5446 0.56 0.248 1
100 i 1335 4449 890.1 1 1.0064 0.74 0.122
/s 420.2 499.8 79.6 0 0.7282 0.23 0.284 0

&R M TSN 20 dB IR R EEFEALE A HERMEHERIFANMEMELER

Table A4 Simulation results of A-phase metallic grounding protection action at different fault locations after applying 20 dB noise

W fr B Jw/Hz Su/Hz AfiHz PRI H AU®| kv Iy/kA y) A

/i 567.4 543.2 242 0 0.5124 0.26 0.177 0

£ 636.2 17.8 1101.8 1 9.1857 6.08 0.136 0

fi 694.3 760.5 66.2 0 14.0342 5.13 0.246 1

fi 1696 666.5 1029.5 1 8.7637 5.79 0.136 0

/i 499.8 487.4 124 0 5.8529 0.23 2.247 0
£ ik Systems, 2023, 47(22): 16-24.

. ‘ (5] ALEET, STH, SR, 55 R T AR BEitMEr

(1] KA, sRFeFe. KA B XA ML ORI 55

(2]

RGUADAIT. ISR, 2023, 60(12): 71-76, 89.
HUANG Yongsheng, HUANG Lingling. Joint optimization
of wind turbine micro-location and power collection system
in offshore wind farm[J]. Electrical Measurement &
Instrumentation, 2023, 60(12): 71-76, 89.

PR, R, BRE, % —MWERTIE ERBEZ
MMC-MTDC ¥ i #5287 ¥ D). 870 2%
GiiRPr 5, 2023, 51(21): 76-85.

JIA Ke, DONG Xuezheng, LI Juntao, et al. A grid-side
fault ride-through method suitable for offshore wind farms
connected with MMC-MTDC]JJ]. Power System Protection
and Control, 2023, 51(21): 76-85.

KZP, AR, FEEN, 5 i EXEREIRVCAE DC-DC
AR e 4 4 5 SRS o T (0], RS AR, 2023,
60(12): 77-81.

LIU Yunbo, HU Shuju, LI Fenglin, et al. Topology and
control strategy analysis of DC/DC converters for offshore
wind power DC collection[J]. Electrical Measurement &
Instrumentation, 2023, 60(12): 77-81.

2k, TR, (MM, 55 BRIk R LRI E
7 HUEARAGEE B R APE I A (0], D RF A B,
2023, 47(22): 16-24.

LI Bin, ZHOU Bohao, HE Jiawei, et al. Applicability
analysis of distance protection with positive-sequence
voltage polarization for transmission lines of wind farm
with direct-driven turbines[J]. Automation of Electric Power

(6]

(7]

(8]

[9]

RE AL 2 P AR AR 0], I DR EOR, 2023,
42(5): 214-223.

KONG Xiangping, BIN Zijun, ZHANG Yagqian, et al. A
hybrid modular multi-level converter based on capacitor
voltage ripple compensation[J]. Electric Power Engineering
Technology, 2023, 42(5): 214-223.

oK, B, BRI, & G T BORER TR
FLAE LR R I S HOR B AR ORI BT R B (D). L R GE R
P51, 2021, 49(6): 124-130.

GUO Bing, ZHU Lei, CHEN Yizong, et al. Novel pilot
protection principle based on parameter identification for
a transmission line with a shunt reactor in the middle[J].
Power System Protection and Control, 2021, 49(6): 124-130.
B, FE, KRB, FETRSEARTAMERI L
ZEANGRII). ARG E 3N, 2005, 29(12): 61-67.

WU Tonghua, ZHENG Yuping, ZHU Xiaotong. Current
differential protection based on transient capacitance current
compensation[J]. Automation of Electric Power Systems,
2005, 29(12): 61-67.

W, RS, KA, AR BT R IRRRAE A O R AL
i) UHVDC ZkEg Uk OR BT[], - RGRY S
), 2018, 46(22): 31-38.

DAI Zhihui, YAN Siqi, ZHANG Cheng, et al. A new pilot
protection for UHVDC lines based on correlation
coefficient of designed current variables[J]. Power System
Protection and Control, 2018, 46(22): 31-38.

BN, W, B2, S ATBCRE BT AT R



- 46 -

W) R GRP bk

[10]

[11]

[12]

[13]

[14]

[15]

R AP S RET]. B &5 H 31k, 2018,
42(19): 184-191.

DONG Xinzhou, LEI Aoyu, TANG Lanxi, et al. Analysis
of traveling wave characteristics and challenges and
prospects of traveling wave differential protection
technology[J]. Automation of Electric Power Systems,
2018, 42(19): 184-191.

PV, BT, SRS e AT I B F R
PERIWETTT]. PR ML TREAR, 2017, 37(8): 2261-2270

TANG Lanxi, DONG Xinzhou. Study on the characteristic
of travelling wave differential current on half-wave-length
AC transmission lines[J]. Proceedings of the CSEE, 2017,
37(8): 2261-2270.

HALE, FEHEA, EW. BT DU AR A KR
UL R 2k B PR ZE B IR A IR B[], I BOR, 2011,
35(9): 46-50.

XIAO Shiwu, CHENG Yanjie, WANG Ya. A Bergeron
model based current differential protection principle for
UHV half-wavelength AC transmission line[J]. Power
System Technology, 2011, 35(9): 46-50.

2ok, FTHE, Bhowt, S G TR RIS R Y DL R
EHUGERIA]. ARG A B, 2017, 41(6): 80-85.
LI Bin, GUO Zixuan, YAO Bin, et al. Bergeron model
based current differential protection modified algorithm
for half-wavelength transmission line[J]. Automation of
Electric Power Systems, 2017, 41(6): 80-85.

BN, fTIEA, BRXN, 5. BT e IRAT U A SR I
i 2R B NI ORA D Y [0]. P E L TR AR, 2013,
33(28): 121-129, 19.

LI Xiaopeng, HE Zhengyou, CHEN Shuang, et al. A
novel pilot protection for transmission lines based on
natural frequencies of current[J]. Proceedings of the CSEE,
2013, 33(28): 121-129, 19.

LW, ORE S, M, S MR H A I A R Y
VSC-HVDC E it i FiL 2k % i Az [J]. Hh E L LR
23], 2011, 31(28): 112-119.

CAI Xinlei, SONG Guobing, GAO Shuping, et al. A novel
fault-location method for VSC-HVDC transmission lines
based on natural frequency of current[J]. Proceedings of
the CSEE, 2011, 31(28): 112-119.

YIN Xiuxing, LEI Meizhen. Jointly improving energy
efficiency and smoothing power oscillations of integrated
offshore wind and photovoltaic power: a deep reinforcement
learning approach[J]. Protection and Control of Modern
Power Systems, 2023, 8(2): 1-11.

[16] TAO Renfeng, LI Fengting, CHEN Weiwei, et al. Research

[17]

on the protection coordination of permanent magnet
synchronous generator based wind farms with low voltage
ride through capability[J]. Protection and Control of
Modern Power Systems, 2017, 2(3): 311-319.

XIJhs, w R, IR, &5 FET R EAH B
i BRI 2SR RN AR I [T]. F8 ) RGE RS
s, 2023, 51(9): 65-75.

LIU Naihao, GAO Houlei, XU Bin, et al. Pilot protection
for an AC transmission line of an offshore wind farm

[18]

[19]

[20]

[21]

[22]

[23]

based on similarity of current variation[J]. Power System
Protection and Control, 2023, 51(9): 65-75.

BRI, BRtate, AR, S5 e b XU AZ RIS 2R v
Ak B ORI BT [T]. B R GRS SR, 2023,
51(20): 150-159.

XUE Mingjun, CHEN Fufeng, YANG Lingang, et al.
Optimized design of relay protection for an offshore wind
power outgoing transmission line[J]. Power System
Protection and Control, 2023, 51(20): 150-159.

IRE, xR, PR, S5 KRN R 52
WA 2 R (7], L D AR S R, 2024,
44(12): 4775-4788.

WEN Zhiwen, LIU Haolin, JIA Ke, et al. High-speed
protection of AC collection lines connecting wind power
to offshore converter stations[J]. Proceedings of the CSEE,
2024, 44(12): 4775-4788.

A2, W2, FTIEAR. HETATREAA IR~ iz
1 HVDC i LR RN ORA T VL], HMECR, 2015,
39(7): 2002-2009.

GAO Shan, LIN Sheng, HE Zhengyou. A HVDC
transmission line pilot protection method based on frequency
difference between dominant natural frequency and
secondary natural frequency of traveling wave[J]. Power
System Technology, 2015, 39(7): 2002-2009.

FRTE, RELE, REEE, 5 G T REEARSKR
A E T BT 2 A e AR IR R[], MR, 2015,
39(8): 2320-2326.

WANG Chenqing, SONG Guobing, XU Haiyang, et al.
Novel principle of phase selection for wind power
integration based on fault transient voltage in time-domain[J].
Power System Technology, 2015, 39(8): 2320-2326.
BRAR B, fTIEAR, BRifa. — R RRIAT I B RS
A i i O R TR D). b R HL DR 2R AR, 2008,
28(10): 69-75.

WU Linyong, HE Zhengyou, QIAN Qingquan. A single
ended fault location method using traveling wave natural
frequency[J]. Proceedings of the CSEE, 2008, 28(10): 69-75.
Mg, DR, BOCH, &5 RTESUFRRER
FOAE B b KB A IR AR 2R BR DRI (], IR E B)
1k, 2023, 47(12): 137-144.

ZHENG Tao, MA Jiaxuan, LU Wenxuan, et al. Protection
for AC collection line of offshore wind power based on
ratio of transient negative-sequence current accumulation[J].
Automation of Electric Power Systems, 2023, 47(12):
137-144.

IiS HER: 2024-05-29;

{&EIHEA: 2024-08-25

UEEEEMIE

HAESE (1980—), F, @BfE4hH, &5, HEEF)F,

R F @ AN E R 544, E-mail: daihuadian@

163.com

HEF Q001—), F, MEHARE, BRI ARSE

L%k 5454, E-mail: hanzheyv@163.com

(Gt T R



