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Abstract: All-DC wind power systems can effectively address issues such as reactive power and voltage fluctuations
caused by AC cable capacitance, making them a growing focus of research. To tackle challenges such as the large number
of collection branches, small differences in fault characteristics between adjacent lines, and difficulties in threshold setting,
this paper proposes a fault line selection method based on the convolutional power energy ratio for all-DC wind power
systems. First, the characteristics of transient power amplitude in the frequency domain for faulted and non-faulted lines
are analyzed, revealing that within a characteristic frequency band, the transient power of faulted lines is greater than that
of the non-faulted lines. Second, convolution power, as a time-domain fault characteristic quantity, is constructed to
effectively extract the frequency domain power characteristics. Additionally, to improve the ability to withstand transition
resistance, a time-domain convolutional power energy ratio is proposed between each collection line and the outlet of the
collection bus. Analysis shows that the time-domain convolutional power energy ratio can effectively identify the faulty
line within the characteristic frequency band. Combined with fault initiation and fault pole selection criteria, a complete
fault line selection scheme is developed. Finally, PSCAD/EMTDC simulation results show that the proposed method can
correctly identify faulty lines in all-DC wind power systems under fault resistance of 80 Q and noise interference of 20 dB,
without the need for simulation-based threshold tuning.
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Fig. 1 Topology of the all-DC wind power systems
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BN 2 % HUEY/(H/km) 0.0013
LR B B /(Q/km) 0.054
AL B HLZY/(F/km) 0.0073
G RHLZEB/MW 25
DCT H B 25 /uF 15
DCT tH O BR¥ i ds/H 0.1
L1—L4 F 28K /km 20

4.1 REHIPESEEIME REIRIE
N T B EAS [ SR T B 3R O 7 R AP



8k, %

BTG ARE R PR A ELXA B R GEIL SR R i bt 2 05 72

- 161 -

AE, TEVLAEZRER L1—L4 Hul B R EWEENE
FEHL I (PGF) B0 4 8 P 122 b i s (NG F) Al []
B (PPF), AS[R] a2 AL N 50 42 26 1 1) 5 X I
K, WK 8 fizn. [HIYE PGF. NGF Al PPF #f#
i, BOUE AR AR .

100 120

il

—D —p,—py—p, —pn —p,—p,—p,
= 80 ) YA = 100F Py
< ol < 8ot 61
g, L J
4; 60 497 ﬁ; 6ok o
E} 40 0225 0227 —ER, a0t 0.201  0.205
o "

v % \E h 20 \H\
0 0
0 02 04 06 08 1.0 0 02 04 06 08 1.0
t/ms t/ms
(a) LRIEL1H % (b) Lk L2 W
100

— P — P, — P —p, 800k — P — P —Ps—p,
= 80 Pa Py
= . = 600F 1820
M 60 R . 18.1F
B 40 3L N s 400F 0281 0283
= 0.2875 0.2895 =
EU@ 20 glé 200t

O() 02 04 06 08 1.0 0 02 04 06 08 1.0
t/ms t/ms

() LREAL3 iz (d) ZeBRLAELI

B 8 &BILELIRERINEE

Fig. 8 Convolutional power of each collection line
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Table 3 Simulation results of different line faults
it Gi b2
GE MELL ALY AL dwLe | 4
L1 3.03 0.078 0.0771 0.079 8.61 L1 PGF
L2 0.026 2.081 0.025 0.026 0.102 L2 NGF

L3 0.021 0.021 2.017 0.022  21.89
L4 0.0086 0.0086 0.0087 1.601 1.44

L3 PGF
L4 PPF
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Fig. 9 Convolutional power energy ratio of faulty and

non-faulty lines under different conditions
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Table 4 Convolutional power energy ratio of each collection
line under different conditions

T [idi Gi
HFH/Q BEEAm ZgRR L1 ZRER L2 ZRHE L3 ZREK L4

n s

5 2.385 0.037 0.037 0.001 12.57 L1_PGF
10 10 3.101  0.079 0.078 0.079 7.308 L1_PGF
15 3817 0.134  0.133  0.135 5.018 L1_PGF
5 2.84 0.062 0.062 0.062 9.949 L1_PGF
20 10 390 0.135 0.135 0.135 6.142 L1_PGF
15 490 0.234 0.230 0.234 4387 L1_PGF
5 540 0272 0271 0272 559 L1_PGF
50 10 6.46 0490 0489 0.491 3.841 L1_PGF
15 445 0437 0438 0444 2.899 L1_PGF
5 536 0523 0.523  0.523 3.490 L1_PGF
80 10 259 0368 0368 0369 2.525 L1_PGF

15 1.79 0321 0322 0325 193 L1_PGF
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Fig. 10 Convolutional power of each collection line
under different fault distances
*5 TRIMEEBHEER
Table 5 Simulation results of different fault distances
[ G; biik57
n
PRE/km  ZGBR L1 R L2 ZREE L3 LMK L4 ghi
2 0.0058 0.0058 1.48 0.0058 0.0065 L3 _NFG
5 0.009 0.0094 1.626 0.0096  0.028 L3 _NFG
10 0.0154 0.0154 1.828 0.0155 0.091 L3 _NFG
18 0.048 0.048 2.58 0.051 0.128 L3 NFG
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Fig. 11 Performance simulation of different signal-to-noise
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Table 6 Simulation results of different noises

mpt L Gi L
TR BRUQ gy s o mEEL3 AEeLa | G
0.01 0.044 2.52 0.045 0.0019 13.6 L2 PGF
20 50 0.488 6.69 0.519  0.5069 591 L2 PGF
80 0.354 2.644 0.374 0.361 3.88 L3 PGF
0.01 0.043 2.49 0.045 0.043 139 L2 _PGF
30 50 0.496 6.79 0.505 0.503 5.88 L2 PGF
80 0.377 2.69 0.381 0.379 391 L2 PGF
0.01 0.044 2.50 0.045 0.044 13.8 L2_PGF
40 50 0.490 6.65 0.495 0.495 5.85 L2 PGF
80 0.373 2.723 0.379 0375 39 L2 PGF

4.5 RERZMHH

R FE G B IR SRR 2R A SC AT B 5 v M i 1 R
M, DAZREg L3 RS e, o> aisE
SEREFE A 204 500 100 kHz, 3 HLFH Y 0.01. 50,
80 Q AT EARIN . LR LE Bk 7 Fios.

W 12 iR, TEAFRERAER A BT, %
LR K (BRI R AR L G, B KT 1, FRMEL ik
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BRI RAERE L G <1, PiHEGRRPMCRIEE * 8 SUMAHALRER
T RS R R ) R 2 B AR R A K Table 8 Comparison results with existing schemes
£ 7 TEIRMERWFELER P REER i PRI REK REKE
Table 7 Simulation results under different sampling frequency KHe WfE//Q  fEAAB  BUAR  HiAESE
— — ‘ SCHR[14] 200 10 30 e b
7Kliflz-lﬁj Eéjgfg LR L1 LK LzG’é%E% L3 GHLd Jﬁi‘ﬁ L) 20 » ¥ = a
SCRR[16] 20 20 40 & P
0.01 0.0217 0.0211  1.90 0.0004 0.103 L3_NGF R[] 20 20 30 = =
20 50 0.123  0.125 3.34 0.125  0.29 L3_NGF LHR[I8] 100 20 - 7 B
80 0.282  0.286 4.52 0.286 0.38 L3_NGF A 20 20 20 % 7

0.01  0.025 0.025 2.051 0.025 0.102 L3_NGF
50 50 0.162 0.166  4.10 0.166 0.292 L3_NGF
80 0.435  0.444 6.58 0.444 0.382 L3_NGF
0.01  0.026 0.026 2.061 0.026 0.102 L3_NGF

100 50 0.167 0.171  4.199 0.171 0.293 L3_NGF
80 046 0469  6.93 0.469 0.383 L3_NGF

o

MEFER LG
ooo —_— N w £ W (=) ~

(20, 0.01, 1.90)
100
0 — 80
60 40 20 60
LY HRL/Q SRR
(a) MPEL B G R AR R L
12
L0
S osp
g
2 0.6 d (50, 80, 0.43)
04 ()
) /
0.2
20
0o B 40
20 4 60w

60
T L BH/Q

80 100%™
£
(b) bRk ik BRI R AR L
& 12 HPELki% SIEMPEL R ERRIREEMHELSR
Fig. 12 Simulation results of faulty and non-faulty lines

at different sampling frequencies

HI 7 Bl TR, 32 BB 2R AR 20 AR Sk
TREAH SRR LA BR M, R SR A 0] S 22 et
PESIUA . P 3RTTIRAEAS AR A 2 5 1 L B 2%
P ST REHE R A A AR 2 1
4.6 SHMFTERIFIEL

AR BRI iS5 DU T3k IR 8 s -

IR 8 Blim nl o, AT (R £ 07 2R T I 4845
BEAMR WL, Sz DB AT,
A SR J7 9 SIS ARG E B 12 25 DR 5
Z5t, G TSR R, KB T
FRE AR G T R T R A
Ao FHELHEABT %, ASONESERAER . HHL ST
SR, HIER U BU E A AE

5 5

EEXT e EIRA R RICEL R, AR —Fh
T HER YRR R MER LT R Z R TTR
HALUME s

1) AL 07 %38 1 73 B i R 2 it 5 AR
LR ISR AS D 2RI, R IR 58 AT A W 2
PRI AR W TR E L . FE T IHIRE M
ISR AR 0 2R 2R, KR IR IS AR D) R R IE B
SEHL T AU A D AL A AR

2) ASCHTHRITERI A S AR BURFAE ST T 1Y)
HBRADIR, Rt TICELR SILR B A&
DA e LE I 4 e, 3 it 32 0 I L FH g
To F R AE AT L EEE .

3) P B ARR W], RSO JT ARG T 32 80 Q
REJE L PEAT 20 dB MR, WA CREEER. B
WL FFEEN, BA BRI ERETE.

B3 3k

[1] HAN Haiyang, LI Zhanlong, WANG Haiyun, et al. Design
of a parallel All-DC wind power system with turbine-side
Boost based on a new DC conversion[J]. IEEE Access,
2024, 12: 3054-3069.

[2] FENG An, ZHAO Biao, CUI Bin, et al. Multi-functional
DC collector for future all-DC offshore wind power system:
concept, scheme, and implement[J]. IEEE Transactions
on Industrial Electronics, 2022, 69(8): 8134-8145.

[3]  #BZi, )5, RA. HTHIRAT R R R
ZIm R ME EL LR B B ORI (] H R GRS 1,
2023, 51(18): 31-42.

GUO lJiahao, FAN Yanfang, HOU Junjie. Pilot protection



- 164 -

W) R Gy B

(7]

(8]

[10]

[11]

method for multi terminal flexible DC lines based on
current traveling wave mutation characteristics[J]. Power
System Protection and Control, 2023, 51(18): 31-42.
FREH, BIRE, RO, AMRBILF TR TR
T R S i PR L R EE BT R )] B RGR S
241, 2023, 51(16): 48-58.

CHEN Tiantian, ZHAO Zhenting, LI Yinhong. Inverse time
overcurrent protection configuration scheme for a flexible
DC power grid independent of boundary components[J].
Power System Protection and Control, 2023, 51(16): 48-58.
%8, By, Herr, & i b B EREHSHM
HARLER[T]. ARG AL, 2021, 45(21): 2-22.

CAI Xu, YANG Renxin, ZHOU lJiangiao, et al. Review
on offshore wind power integration via DC transmission[J].
Automation of Electric Power Systems, 2021, 45(21): 2-22.
PRI i b RCHLIE Y 2 7 5 R FL OB R I ).
B R4 EHFL, 2022, 46(21): 1-10.

XU Zheng. Main schemes and key technical problems for
grid integration of offshore wind farm[J]. Automation of
Electric Power Systems, 2022, 46(21): 1-10.

A, 27, ZEA. B EXHEERICSE DC/DC R

G TR, I RSG5, 2023, 51(7):

170-177.

DU lie, LI Zirun, LI Guojie. Real-time simulation method
for a DC/DC collection system in an offshore wind farm[J].
Power System Protection and Control, 2023, 51(7): 170-177.
EE, SO0R, Avhe, 55 BT R RATBBORRE
St B P A B B T IR B TR )] R R G R
5z, 2024, 52(8): 31-44.

WANG Yanting, MO Wenbin, BAI Mingyuan, et al.
Lightning interference identification method based on
voltage traveling wave waveform characteristics for flexible
DC transmission lines[J]. Power System Protection and
Control, 2024, 52(8): 31-44.

WATE, R, BRI, 5 A RA TSR K

F) L IR I FEL R A R 28 VR [T]. T 4R L AT, 2018, 31(6):

139-146.

TAN Zhukui, XU Yutao, LU Qiansu, et al. Faulted line
selection method for DC power distribution network by
using active capacitance discharge pulse[J]. Guangdong
Electric Power, 2018, 31(6): 139-146.

IR, WS, RERE, S ARG S ERL
FHL X 22 B R D R D). R R, 2021, 45(11):
4269-42717.

XU Ruidong, CHANG Zhongxue, SONG Guobing, et al.
Grounding fault identification method for DC distribution
network based on detection signal injection[J]. Power
System Technology, 2021, 45(11): 4269-4277.

FRIE, BRSE, FUN, & BT EIUA M B iR
R Bl AR B R 2k (0], O TREBOR, 2023,
42(3): 2-10.

WANG Chenging, CHEN Shi, QI Beibei, et al. An active
grounding fault line selection method for DC distribution
network based on waveform correlation[J]. Electric

(12]

[13]

[14]

[15]

[16]

[17]

[18]

(19]

Power Engineering Technology, 2023, 42(3): 2-10.

ZW, FPON, AT, % BIERINETHOR & Tk
WAL, AP E AL TR, 2015, 35(24): 6387-6397.
JIANG Bo, DONG Xinzhou, SHI Shenxing, et al. A
method of adaptive time frequency window traveling
wave based fault feeder selection[J]. Proceedings of the
CSEE, 2015, 35(24): 6387-6397.

A, MR, R, & BTN UEAT R A SR
TiC L P R 2 TR D). H D BOR 244, 2021, 36(13):
2861-2870.

DENG Feng, MEI Longjun, TANG Xin, et al. Faulty line
selection method of distribution network based on time-
frequency traveling wave panoramic waveform[J].
Transactions of China Electrotechnical Society, 2021,
36(13): 2861-2870.

REH, Mok, MWRE, 55 T RumE stk Ei
WIS T R I]. R ERR, 2018, 44(2): 440-447.
YU Xiuyong, XIAO Liye, LIN Liangzhen, et al. Single-
ended fast fault detection scheme for MMC-based HVDCJJ].
High Voltage Engineering, 2018, 44(2): 440-447.

BORL, BREE, X728, 45 AT Hum g AR R
ELEC H M R S SLEEE )] IR G E B, 2022,
46(6): 144-152.

JIA Ke, CHEN Cong, LIU Ziyi, et al. Protection of flexible
DC distribution network based on single-end current
transient and its setting[J]. Automation of Electric Power
Systems, 2022, 46(6): 144-152.

RRE, BTE, RELR, 55 AN St AR R i
RALAE R A ELUAC L GR I TIE)]. 78 A8 K2
i, 2023, 57(5): 159-170.

GAO Shuping, LU Yuxing, SONG Guobing, et al. A DC
distribution network protection method based on improved
VMD and abrupt energy[J]. Journal of Xi’an Jiaotong
University, 2023, 57(5): 159-170.

B, FIETy, £, 5. 5T PCA F EEMD (¥
PEELRAC F X MR R 28 SV [T]. FRIREA, 2024, 22(2):
305-315.

HU Yahui, WEI Yanfang, WANG Peng, et al. Fault line
selection algorithm for flexible DC distribution network
based on PCA and EEMDI[J]. Journal of Power Supply,
2024, 22(2): 305-315.

FE, BEH, R, % T EAUERENROGR
LRI B S R e AL [T]. L R GRS i,
2021, 49(15): 150-158.

LI Chun, ZHAO Yuyong, WU Fangzhou, et al. Fault
location for photovoltaic DC collecting branch based on
high frequency resonance identification[J]. Power System
Protection and Control, 2021, 49(15): 150-158.

AR, 2300, WRuliE, 55, 5T I SO0 i it/ b
WETR 2 R LI 2 R R M B R G A e R 2 &
[7]. BHEJEEIR, 2022, 48(3): 1032-1041.

XIA Fuliang, QIN Wenping, CHEN Wuhui, et al. Single-
pole grounding line selection scheme for multi-terminal
flexible DC system based on the ratio of positive and



8k, %

BTG ARE R PR A ELXA B R GEIL SR R i bt 2 05 72

- 165 -

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

negative current wavelet noise reduction residual sum[J].
High Voltage Engineering, 2022, 48(3): 1032-1041.
MK, RO, EHER, 5 T TR RIER
FLREC W B R O 2 T A [T]. L R G RGP SR
i, 2022, 50(13): 86-96.

ZUOQ Pengfei, QIN Wenping, XIA Fuliang, et al. Single-
pole ground selection method for DC distribution networks
based on zero-mode current correlation[J]. Power System
Protection and Control, 2022, 50(13): 86-96.

TR, A, ERGE, & Mg TREEeE
PRI A I ORI T B RGBT S #E
2024, 52(2): 15-25.

DING Huaxing, ZOU Guibin, WANG Fenglian, et al. A
fault protection method of a DC collection network for an
all-DC offshore wind farm[J]. Power System Protection
and Control, 2024, 52(2): 15-25.

K, BIRL, RILE, S JCIRERIFM RS ER I FRL
R X BNV T]. MR, 2019, 43(8): 2825-2835.
ZHU Rui, JIA Ke, ZHAO Qijuan, et al. Fault section
identification of flexible DC collection system based on
collaborated control-protection method[J]. Power System
Technology. 2019, 43(8): 2825-2835.

PR, MM, KRR, S TSR ROGIRE
WA RV RSB Ab B T). o H L TR 4R,
2021, 41(6): 2144-2156.

JIA Ke, SHI Zhiming, ZHU Rui, et al. Fault processing
of photovoltaic DC boost integration system based on
boundary resonance identification[J]. Proceedings of the
CSEE, 2021, 41(6): 2144-2156.

PAEZ J D, FREY D, MANEIRO ], et al. Overview of
DC-DC converters dedicated to HVDC grids[J]. IEEE
Transactions on Power Delivery, 2019, 34(1): 119-128.
PR, A, KNG, . AT IRFEIREIPEIRE
WA RV A RSB AL B T]. o B H L TR 3R,
2021, 41(6): 2144-2156.

JIA Ke, SHI Zhiming, ZHU Rui, et al. Fault processing
of photovoltaic DC boost integration system based on
boundary resonance identification[J]. Proceedings of the
CSEE, 2021, 41(6): 2144-2156.

A, IR, ML, & BT ETRESENREA
Tt HL R B B S B AT ORI []. [ AL T RR AR AR,
2023, 43(15): 5797-5808.

DENG Feng, ZHANG Zhen, ZHONG Hang, et al.
Single-ended traveling wave protection for flexible DC
transmission lines based on the main frequency component
of the initial traveling wave[J]. Proceedings of the CSEE,
2023, 43(15): 5797-5808.

PHEEE, FEAREE, BT, A R TINRE R RN
Z iR A v T B AR B PV R ORI VA ). I
L4, 2023, 43(6): 175-182.

LI Haifeng, CHU Beiyu, LIANG Yuansheng, et al. Fast
pilot protection method of multi-terminal hybrid HVDC
line based on time-domain differential convolution

(28]

[29]

[30]

[31]

[32]

[33]

power[J]. Electric Power Automation Equipment, 2023,
43(6): 175-182.

CHEN X, LI H, WANG G, et al. A Convolution power-
based protection scheme for hybrid multiterminal HVDC
transmission systems[J]. IEEE Journal of Emerging and
Selected Topics in Power Electronics, 2021, 9(2):
1655-1667.

PRl ZE, oRfd, hKE, &5 R TS VRO B E L
e /N IET]. TR AR (E AR RR), 2014,
54(2): 259-263.

ZHONG Jianjun, SONG Jian, YOU Changxi, et al. Wavelet
de-noising method with threshold selection rules based
on SNR evaluations[J]. Journal of Tsinghua University
(Science and Technology), 2014, 54(2): 259-263.

G, WA ATIRER L B S AR HrE b e B A i v
FINZFT]. SRR 5 RIRE, 2011, 18(3): 44-46, 114,
HOU Shujie. Method comparison of time-frequency analysis
and application of S transform in seismic data processing[J].
Petroleum Geology and Recovery Efficiency, 2011, 18(3):
44-46, 114.

HIGEMH, PO, 28, & P RATBBOR codk g 4R ER
I SRk B A RS A R T R[], M EOR,
2023, 47(1): 294-303.

TONG Xiaoyang, QUAN Wenjie, LI Zhi, et al. Backup
protection scheme for flexible DC transmission line by
traveling wave waveform similarity based on improved
editing distance[J]. Power System Technology, 2023,
47(1): 294-303.

RA, RELE, Wit 5 ETESIENRLER
T i E R )]. ARG EZNL, 2019, 43(21):
203-212.

HOU Junjie, SONG Guobing, CHANG Zhongxue, et al.
Transient power based single-end protection for HVDC
transmission line[J]. Automation of Electric Power
Systems, 2019, 43(21): 203-212.

FEM, ZTR, BRE, & TR EETEANZ
i LT 22 ¢ B A 0 A 5 A I vk ). T E
L £, 2020, 40(12): 119-128.

LI Jiapeng, LI Yujun, YUAN Xiaotian, et al. DC fault
analysis and detection for offshore wind farms integration
via MTDCJJ]. Electric Power Automation Equipment,
2020, 40(12): 119-128.

FSHER: 2024-07-06;

{&EIHHR: 2024-11-03

EEEN:

FEAR 09T, F, AEMEE, MEFTAACHFZ

Gtk 37 535 4); E-mail: 1311827390@qq.com

HTARA (1993—), &, @44, HE, a3k, MR

@AY FGRP 5424, E-mail: 826686025@qq.com

SRy Hizsl.

BT (1971—), %, ME, K, HRFTEQAH LA Z
E-mail: fyf3985@xju.edu.cn
(% R eA)



