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A new pilot protection criterion for renewable energy outgoing lines based on
multimodal decomposition information
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Abstract: To address the issue of performance degradation in traditional protection during faults on outgoing
transmission lines from renewable energy plants caused by limited short-circuit current and frequency deviation, a new
pilot protection criterion is proposed. The criterion is based on empirical mode decomposition (EMD) to extract
multimodal components, i.e., intrinsic mode functions (IMFs), and employs the Kendall’s correlation coefficient for fault
identification. First, the limitations of traditional protection and existing similarity algorithms are analyzed. On this basis,
fault currents from line terminals are decomposed via EMD, and the similarity of the components is analyzed by using the
Kendall coefficients to reveal fault characteristics. The differences in Kendall coefficients among IMFs of different orders
during internal and external faults are examined to assess their fault representation capability. Finally, a comprehensive
similarity-based protection criterion integrating current amplitude, phase, and polarity features is developed by adaptively
weighting IMFs. Simulation results show that the proposed method is immune to the specific fault current characteristics
of renewable energy sources and can accurately discriminate between internal and external short-circuit faults under
various fault scenarios in renewable energy plants, featuring fast operation, high accuracy, and strong adaptability.
This work is supported by the National Natural Science Foundation of China (No. 52077120).
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Fig. 1 Topology of new energy station transmission system
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faults at different locations
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Table 1 Protection performance under different

fault locations and types

e iz AT RHCT,, o
AG -0.8737 -1 -1 -1 -1 -1.4747
AB 0.5685 -0.9261 -1 -1 -1 -1.2232
F ABG 0.6072 -0.9857 -1 -1 -1 -1.1857
ABC -0.9140 -1 -1 -1 -1 -1.4828
AG -0.0142 0.4243 1 1 1 1.5850
- AB -0.0041 -0.8224 1 1 1 2.2103
ABG 0.0039 -0.7883 1 1 1 2.1949
ABC 0.2593 0.1726 1 1 1 1.7655
AG 0.1256 0.6141 1 1 1 1.5181
3 AB 0.0649 -0.4005 1 1 1 2.0132
ABG 0.0440 1 1 1 1 1.3088
ABC 0.0192 1 1 1 1 1.3038
AG -0.0047 —0.3382 1 1 1 1.9681
AB -0.0230 0.3790 1 1 1 1.6059
F4 ABG -0.0029 0.9738 -1 1 1 3.6741
ABC 0.0008 0.9754 1 1 1 1.3124
AG -0.3377 -0.1393 0253 -1 -1 -3.3016
AB -0.0841 0.5791 1 -1 -1 -4.5063
FS ABG 0.0121 -0.9422  0.628 1 -0.59 0.3241
ABC 0.0469 -0.1663 -0.43 -1 -1 -2.3905

F3. F5 JKE ABC #EHb I % 70 S AL
B 11 P, T UABT RS RPN 7 AL FF & 2 #r P
AR SRR, HLPTRD oL p 46705008 1.3038 A1
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Fig. 11 Protection components for ABCG fault at F3 and F5

3.2 AN[E)id i R PR AR

TE B AR s A AR A AT AR AE L R R, W
PRI e 75 25 AN A 8 A B 1 00« STHR 2514
TEAFE 220 kV Fi HLZR % T A S 1) B R T FELRH R,
100 Qe A, w2y ) BB A A R AL B R KR
A AR, TR 0N 60 Q. 100 Q. 200 Q,
FEUEEER b, 25 RS ARG OL N M 32 6E 71, A
s R IEE HLRE 300 QB HEAT 04T

AN[R] e R A B ANAN [ 1o 9 i BE 37 5% T ARG &R
LA AR IR 2 FTs

2 HRIGEA RN ERRA R T RIP A2
Table 2 Protection performance under different transition

resistance in PV stations

frE RO PIARR REL T, p
60 -0.6020 -0.6806 -1 -1-1 -1.4199
- 100 -0.4397 -0.9585 -1 -1-1 -1.4086
200 0.0369 -1 1 1 -1 -0.6926
300 0.0269 -1 1 1 -1 -0.6946
60 0.0415 -1 1 1 1 23083
100 0.1867 -1 1 11 23373
2 200 -0.0734 0.8116 0.8267 1 1 1.5875
300 -0.0651 0.5320 1 1 1 15210
60 -0.0851 09840 07762 1 1 1.5595
100 -0.0014 1 1 1 1 12997
B 200 -0.0001 -0.6351 -1 1 1 45175
300 0.0032 -0.3701 -1 1 1 43857
60 0.0415 -1 1 1 1 23083
- 100 -0.0227 0.8707 1 1 1 13601
200 -0.0166 0.5124 -1 1 1 3.9405
300 -0.0157 0.6429 -1 1 1 38754
60 -0.7914 -0.7194 -1 -1-1 -1.5985
100 -0.0134 -0.8731 -1 -1-1 -13661
s 200 0.0101 0.8038 -1 -1-1 -2.1999
300 -0.0148 0.9560 —0.9998 -1 -1 -2.2812

M2 2 B AT, AR R p (EE AR
P HBEL ARSI 2 2 R (6), 1E X MR /N
F 1.2 TMAE DX P s e D) KT AR 240t v L pE
IEF) 300 Q W, HRIEFHM A A EBFATHHE p BT
RE o MR/NRR, R TEESME, 30IE T Frigfh
P SR LA R () s 9 F BE R

S 12 B, EX A AN A i P
P T B, B0 7 (B AL RS A AT SO IR HE S
HAERE 12(b)F ml W22 B [X 4 A B it 5 p {8
3R 1.5595 F1-1.4086, ¥i 2 HIFE, AT LS
P E RN
3.3 FEMEE TR

EL AL R, WTRESRUONIE S HE
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Fig. 12 Components at F1 and F3 under different fault scenarios

with different transition resistances

* 3 TRGAEREAR TRIPIERE

Table 3 Protection performance under different noise intensity

3.4 FREIHIEINE T

BREIRIA G 2 KSR, EANF RS AE
N UEER IR, MmO RIS T LT A e
AMRAEThR . BB T8 1 MW, 50 MW,
100 MW, iBshr B W BN F3. F5, IRUETEANFEIH
SRR T R R PR RE . 3R 4 RROR TR
SELEAS R 713 5 N AR ¢ R B AR LRI -

F 4 FRIENIGETRIPMERE

Table 4 Protection performance under different outputs

Eg iz B RA T, p
AG -0.0206 09046 -0.9882 -0.5431 1 1.4148
F3 AB 0.0352 -0.4322 -1 -1 1 1.4232
(1MW) ABG 0.0156 -0.7850 -0.8423 0.7204 1 3.9864
ABC -0.0258 -0.3376 -0.9818 1 1 4.3415
AG -0.0302 -0.9733 -0.8835 0.0241 1 3.0767
F3 AB 0.0352 -0.6654 1 1 1 2.1392
(50 MW) ABG 0.0735 -0.7614 -0.9191 -0.4712 1 2.2915
ABC 0.0784 -0.5755 1 1 1 2.1031
AG 0.0011 0.9988 1 1 1 1.3000
F3 AB -0.0057 -0.8490 1 1 1 2.2232
(100 MW) ABG -0.1010  0.9052 1 1 1 1.3278
ABC -0.0056 0.8187 1 1 1 1.3892
AG 0.2269 -0.8574 -0.8479 -1 -1 -1.5085
F5 AB -0.1139 -0.7414 -0.4864 -1 -1 -2.0681
(1MW) ABG 0.1201 -0.9537 0.2909 -0.3064 -1 —0.1596
ABC 0.2792  0.0511 0.6102 -1 -1 -3.7016

WkE  SNR/
A dB
10 0.0205 -0.8252
20 0.0218 0.6033

POUAR 2 R T, p

-0.8868  —0.7687 1 1.8278

-0.4423 0.3329 0972 2.1907

AG 30 -0.0233 -0.2171  -0.5033  0.6082 1 3.1202
40 -0.0167 -0.4974 -0.3684 1 1 3.6874
10 0.0169 -0.0840 -0.4113 0.7666 1 3.1888
20 -0.0270 -0.0482  0.3995 0.7347  0.986 2.1199
AD 30 0.0035 0.5583 -0.5778  0.8179 1 3.1418
40 0.0549 03660 —0.6332 1 1 3.5878
10 0.0088 0.5148 0.4506 0.9571 1 2.1393
ABG 20 -0.0156 -0.1071 -1 1 -1 12504
30 0.0017 0.2488  -0.6989  0.6384 1 3.1722
40 0.0127 -0.1092  0.4181 0.9700 1 2.5104
10 0.0508 -0.0204  0.3080 0.4554  0.935 1.7356
ABC 20 0.0316 0.3370  -0.9677  0.4652 1 3.1969

30 -0.0207 -0.3448  0.1193 1 1 3.0251
40 -0.0524 -0.5875 -0.9180 1 1 4.3849

M3 3 I, EANFIMEA SRR, AU AE T
SR BT AL, ERARE IS 2 FIHEEK,
PRI BENE R SEBIAT

R 4 AT%0, EAFHEHE IR AEBR T, R
JiR B X5) A AT A S R R, RIEEAE DGR I D 55 (G
HIZhR N 1MW), XA SO AR B (B 28 K TR
SEMH, XAMKBEER A, A5 3 ol

S AN 13 s, FREALE F3 A4k 50 MW L&
F5 &b 1 MW WA AL, AT A4 2 LHER
WX Py AR . iR AR R e, R AR B
EATREARAE R 8, fFAERBh . FEBI K, AR
T KRG A, BAE S .

25 B B KR AL AR i ZHE K . SR
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Fig. 13 Components at F3 and F5 under faults with

different outputs of the station

ANFE AL E . o IO T AT I, K
SRR A R A2—R A4 PR, PiRAREY:
BN HIZEAN R R 5 SRR TS 31—
3.6 WPTRL IR ul B A R R R
3.5 TEIHEE KA

RS THRERKD BN S, 10, 15, 20 ms
B, SCRIGBAEIX N F3 AR AEAN RIS A s b 1
SEAG BRI % 2 B AR B REAE

x5 FEIHEEKIHR TIRIPIEEE
Table 5 Protection performance under different

data window lengths

WM EKY

e
s o WA RS T, p
5 -0.0161 1 1 1 1 1.2968
10 0.1256 0.6141 1 1 1 1.5181
AG
15 0.0732 1 1 1 1 1.3146
20 0.1143 1 1 1 1 1.3229
5 -0.0083 1 1 1 1 1.2983
AB 10 0.0649 -0.4005 1 1 1 2.0132
15 0.0262 -0.7322 1 1 1 2.1713
20 -0.0105 0.9052 1 1 1 1.3453
5 -0.0182 1 1 1 1 1.2964
10 0.0440 1 1 1 1 1.3088
ABG
15 -0.0108 1 1 1 1 1.2978
20 -0.0332 1 1 1 1 1.2934
5 -0.0056 0.8187 1 1 1 1.3895
10 0.0192 1 1 1 1 1.3038
ABC
15 —-0.0057 —0.8490 1 1 1 2.2234
20 0.0011 0.9988 1 1 1 1.3008

HI 5 ATk, EAFEER KT, ARy
IEYIRIEH TAE, RME0R G KRG % 5 ms, EAE
HORE SRR N PR Ry 5 mT CAHERf . WIEESDIE. fE%
DRAP B A — 5 i L R P A IR LR A T3 3 1 EER
el b, ASCIEFE 10 ms U K RES A AR
RGBT RE,  H R Ry BAT R (s s 1k
AR ABHE -

3. 6 NREIREFERIIFM

AUAE TSR EAFRFER(f ) TR LRI
PERE, ZIBIIAG, R IRY 5 B EHOREE
$iZ A 1 kHz #1 1.2 kHz, 7E% A48 i ul v T Lk 3
4~5kHz. 3% 6 e 7GRS EIX A F3 ALK 2E
BRI T ST AR ¢ R B AR (E

*® 6 TPRIRFERAR TIRIPIMEARE

Table 6 Protection performance under different sampling rates

[

CLESS S P
M kHz
1 0.1256 0.6141 1 1 1 1.5181
1.2 -0.7089  0.3155 0.4877 09993 1 2.1142
AG
4 -0.2506 1 1 1 1 1.2499
5 0.1093 1 1 1 1 1.3219
1 0.0649  -0.4005 1 1 1 1.2887
1.2 -0.1476 1 1 1 1 1.2705
AB
4 -0.2802 -1 1 1 1 2.2440
5 0.0162 1 1 1 1 13032
1 0.0440 1 1 1 1 1.3088
1.2 -0.3267 1 1 1 1 1.2347
ABG
4 -0.0438 0.9963  0.1759 1 1 2.2820
5 0.0194 0.8582 1 1 1 13748
1 0.0192 1 1 1 1 13038
1.2 -0.0867 1 1 1 1 1.2827
ABC
4 -0.4154 1 1 1 1 1.2169
5 -0.0127 1 1 1 1 1.2975

RHER 6 Rl Hl, EAFXERT, ity
EJRERTEE . RE R X AR R, SRAEER
(IS TR AR BB ) s AN B3, BEEHTE A SOy
FEREMEARE N, PR 4 BRI R
U HOID R B S EARRE, I R R ER . R, 25
GHIERE RS SN, R CmAW RAEZ R E N
1 kHz,

3.7 SMBE N EUREINERIPIRIEXTEL

A WAL Ry ) 2 = Z R H Pearson #H
KFREL. Spearman AH ¢ REL AR 5L AL RE KT 22 2%
A FEL AR T AR AL RS AT 21 . ASCERXS F3 bk
AEARIZRBL IR, B J7 1 5 AE G AR L LR 3
JREEEATX L, 53K 14 Fios.

& 14 ATRURIL, HASCIEMEL, HR 3
g e A AL BE PR3P 5 V2 I AE Ok RE AR e, 1
“1~1 Z [a¥R % EMEfAEf e B, HWAR T
B e T | =S i 1 P P s AT E TS Lo [P
Spearman AKX RE 5 RIZAHLUE, —HEHENMES
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Fig. 14 Comparison of protection principles for

different similarity measures
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Fig. 15 Protection sensitivity under different

decomposition methods

W 15 W5, RS F3. FS A 5% E A H
FEHh R, EMD Z3 gy sUBTA & R A 1.2,
VMD 73 il 77 20 FIFEBIE N 0.4, 7EAH R M7 5
T, ACHTH EMD 7 fifs 5 11 I Rdr A A 5
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4 #Eig

BEXEBT R i ) R GAE R NGB R TR BLiR
2. EBNEEFE, JuiE gk R RIS, AL

il I EMD S5 0F 2 % 3 01 e o FELR JEA TREAE 20 4T
P T 2R G AR DL EEAE R ORI B 040, AT
AR MR S R I LA, EEA BN,

1) £ EMD 73 fi# F1l Kendall #H5% 2 % 27 _E A
HERIRE IR BT T MR RE R HRR B . 107
AR EMD S5 il OB RE I H i sh 51 R AR
G5, MRKEE. RAWRERE, H46
Kendall A2 £ %5 S I iR AFAIE (1 72 SR B, 72 7
TS B ARIEAT L0 N R AR R AR e 1

2) BT 4 AR F 38 0 T A DG RN R
IEBCRAE S8  RFIE B 2 1) 7, (B 2= 5 B 25 R
FIHBE ZECH S EIATIRR, RIEE BEAE
2R 1) TR B SE B ORI 0 (R 3, [ IR B8 i 35 B4
L TR, 5 AR A L B A R
PERIRE i, ELREOE IR SO B, SRAIE LR
(1 IER B E

3) PRI FIE B RUFI S A &R . d@id 5
NIRRT, FIHETE T MO LS B0 AR B A
NG 775 2 SRS AE APS | Eibed - (£ 'd
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R EEET: RIARE HERE RS R AR
(3G S f s S A IR FE 5 2] 7 iEARAL IMF 43 5207
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B3R A

RA HEERSY

Table A1 Parameters of simulation models

M4 R SHAR BfE
e A 2 MW
etk Hoe BT 50
HIRIF PL S5 0.15 p.u./0.4 p.u.
e 5 MW
B B/ 0.69 kV/50 Hz
BRI TE T HL B/ He K 0.008 p.u./0.168 p.u.
- FEL P/ E R 0.006 p.u./0.152 p.u.
AL 20
PUE = 100 MW
o Az 220kV/35kV
E U YN
F R B 10%
IEJ7HL R 0.000 15 Q/m
o B 0.000 395 21 Q/m
A L7 0.003 15 /m
ER 50 0.001 185 6 Q/m
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W) R GRP bk

® A2 NEEIAT RN E K& APE X BIA R T RIPIEEE
Table A2 Protection performance under different

fault locations and types

® M REIZARM DA T RIFIERE

Table A4 Protection performance under different outputs

(DAL ig PIIAHSR R T, o
AG  -0.9526 -1 -1 -1 -1 -1.4905
AB -0.4278 -0.6260 -0.6039 -1 -1 -2.0478
H ABG -0.8584 -0.9114 -1 -1 -1 -1.5159
ABC  -0.9655 -1 -1 -1 -1 -1.4931
AG 0.825 1 1 1 1 1.4650
- AB 0.1574  -0.94 -0.3234 1 1 3.8895
ABG  0.2995 -0.7178 -1 1 -1 1.6188
ABC 0.0198 1 1 1 1 1.3039
AG -0.0125 0.9414 1 1 1 1.3268
AB 0.0007 -0.9967 -1 -1 1 1.6985
B ABG -0.0048 0.9014 -0.9435 -0.6022 1 1.2772
ABC  0.0015 -1 1 1 1 2.3003
AG -0.4019 1 1 1 1 1.2196
AB 0.0926  0.7469 1 1 1 1.4450
F ABG  -0.0207 1 1 1 1 1.2958
ABC 0.1987 1 1 1 1 1.3397
AG  -0.7246 -0.9715 -1 -1 -1 -1.45917
Fs AB -0.5598 0.0925 -1 -1 -1 -1.95821
ABG 0.1567 -1 -1 -1 -1 -1.268 66
ABC 0.1434 1 1 1 -1 -1.67132
R A3 KEBIAF R ERA R T RIPIERE
Table A3 Protection performance under different
transition resistance in wind farms
FiE  RJQ PIUARR REL T, , p
60 -0.9589 09874 -0.3842 -1 -1 -3.2244
Fl 100 -0.5588  —0.982 -1 -1 -1 -1.4207
200 0.0879  -0.9874 1 -1 1 -0.6887
300 0.0692  -0.7622 1 1 -1 -0.8051
60 0.364 -0.6968 -1 1 -1 1.6212
M 100 -0.19165 0.6098 0.9516 1 1 1.5148
200 -0.0734  0.8116  0.8267 1 1 1.5875
300 -0.0651  0.5320 1 1 1 1.5210
60 0.1719 0.6595 -1 1 1 3.9046
M 100 0.0738 0.9991  0.8258 1 1 1.5242
200 0.0073 1 -1 1 1 3.7015
300 0.0292  -0.6975 -1 1 1 4.5546
60 0.1437  -0.9358 0.6012 1 1 2.7752
F4 100 0.0564 0.6523 -1 1 1 3.8851
200 0.0103  -0.4026 -1 1 -1 1.4034
300 —-0.0083  0.9958 1 1 1 1.3004
60 0.1752  -0.9814 0.4483 -1 -0.1075 -1.6734
Fs 100 0.1239  -0.9247 -0.9208 -1 -1 -1.4079
200 0.0247 -1 -1 -1 -1 -1.2951
300 0.0897 -1 -1 -1 -1 -1.2821

f?; zz AR R T, p
AG 09824 1 1 1 1 1.4964
F3 AB  0.1553 0.7461 0.2115 1 1 2.4042
(IMW) ABG 0.3886 1 1 1 1 1.3777
ABC -0.4811 1 1 1 1 1.2037
AG 09264 1 1 1 1 1.4852
F3 AB  -0.0357 0.7527 1 1 1 1.4165
(5S0MW) ABG 03264 0.9875 1 1 1 1.3715
ABC  0.1602 1 1 1 1 1.3320
AG  -0.0125 0.9414 1 1 1 1.3268
F3 AB  0.0007 -0.9967 -1 -1 1 1.6985
(100 MW) ABG -0.0048 0.9014 -0.9435 -0.6022 1 1.2772
ABC  0.0015 -1 1 1 1 2.3003
AG  -0271 -0.7988 -1 -1 -1 -1.4548
F5 AB 0.049 -0.8644 -0.4946 -0.9092 -1 -1.8282
(IMW) ABG 0.5803 -1 -1 -1 -1 -1.1839
ABC -0.162 -0.9435 -1 -1 -1 -1.3606
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