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Longitudinal protection scheme of hybrid double-terminal DC transmission lines
based on VMD energy entropy

GAO Shuping', SONG Xiaochen', SONG Guobing?
(1. College of Electrical and Control Engineering, Xi'an University of Science and Technology, Xi'an 710054, China;
2. School of Electrical Engineering, Xi'an Jiaotong University, Xi'an 710049, China)

Abstract: To improve the quick fault clearing ability of hybrid dual-terminal HVDC transmission lines and ensure the
safe operation of the transmission system, a hybrid dual-terminal HVDC transmission line longitudinal protection method
based on variational mode decomposition energy entropy is proposed. Given the different voltage energy on both sides of
HVDC boundary elements, and considering the fault types and the influence of transition resistance, a protection scheme
of energy entropy of the voltage fault component is constructed. The voltage fault components are collected at
measurement points when faults are decomposed by VMD to obtain some inherent modal components and calculate the
energy entropy. The fault criteria are constructed according to the values of energy entropy of the voltage fault
components in and out of the zone, and a fault pole criterion is constructed according to the ratio of the energy entropy of
the components in and out of the zone. The method is verified using PSCAD/EMTDC modeling and simulation, Matlab
and protection criteria. The results show that the protection method is fast, and has high reliability and strong resistance to
transition resistance.
This work is supported by the General Program of National Natural Science Foundation of China (No. 51777166).

Key words: hybrid double-ended DC transmission system; relay protection; fault; variational mode decomposition;

energy entropy

0 385

e I B A A g el T AR A A K AR
ot s, Tz R TR R sl
AR A 4% = I BV P AR S (Line Commutated

%ﬁma RO RAFELT ERE KB (51777166) ; B
RORAFRAIRORL T E LHFTE K8 (U1766209); +
BERGFALTAA T8

Converter based High Voltage Direct Current, LCC
HVDOMFAEW ARG 5 R A R ToTh D24
REEGR AT o AL 2 H T3 25 i IS ELU HE R Gt
(Modular Multilevel Converter based High Voltage
Direct Current, MMC HVDC) AN 775 # AH 2 M ] 78,
HA IR M PR AL A% . 454 LCC M
MMC MBI R, BERuiR A LCC. Az u R

MMC )98 & B4 78 B BB R 24 AT 7 4 )

SR T F5ibk(Half Bridge Sub-module, HBSM)



- 124 - ® N EREFEEH

) MMC JoiEAR LCC AR B Al AR S5 #4475 ) S
oK 5E R B I B g R . T A M AR (Full
Bridge Sub-module, FBSM)[¥] MMC H #] DLt i
IS AT SCIL B A R ok, B R R R 2R
{H5 RIS AN A R S MMC FHEG, 2
MMC {FH B B8R 2, AMUEIN T #5%
HIRRA, T HGINE Z WIS /TiFE. ik, A pFh
FHHURAMEH, EERES MMC, 7L K1
FENE, BAH RGN o iee 7y, (8
LCC-MMC VR & 5 = Bt i PR 45 1A 75 I8 1 25 e FL 3
A I AR TR,

HH T B R G 2R IR R, R AR
JUBRI Ry WA AR G, el PR AR e T S H gl
R A 4 R B B AN, B9 LU R AR A
YR IR R, ST RAE SR, AN s L 2R R R
N A EE T RERIBET: SCER[81Feth T —Fik
FH M2 B AL 1T v P LR R B AR i, i 2
T A SHAERL HVDC % H 2R 5 X PN 4 g i s
AP AN, B R R E HIE . SCRHR[9-10]
R e S AU 5 W B, 2 BT B 7S
HARMGS, EddFutFHEyUEmRE, mEx
PN TR R4 o SCHR[1 3R —Fh 2t T/ 2
A fe /1) HVDC 2R B 5 8 25 LIRS 7 & Fl
FRAR e sy AV A g B LU R X 2 X N
AR R P b AN W, R A TEAR AN
ORI RE B LU e WAl . SCHR[12 AR 3 P38 FEL T
AP ThIh 2 B SRR, R/
WA DD 2 oy o i, e Ry H4E, R
AL DX X A A A B Al . SCRR[13]42 H 1 —Fob
FET LI i 5 0 B R B AR R ARG B
LRERNBR AR v, dEiT EMD R S Sk A
PR, THHE RS BB Spearman AHZR REL, 1R AIIX
AR . SCHR 14T 5t J=) 5 3848 7 it 7 64
HU oy B, MR 2% [X P A s ) o P s 70 B

M Lk

Mk I} B B 22 (1 IO AS [RIRRALE , 3 tH — P2 -2k LMD
I3 AR ) L AR B R A IR T

VMD H.y% & 2014 4 Dragomiretskiy 25 N3¢ H
P — R BUE S iR T7i%, 4 VMD BVEH TAL
PSSO, AR RAE R RS, TS
vk CVE AR A 2 W U7 SR TR L e e R
Bz g2 e B, E 7 R L o R R R
D o SCHR[22TFIH VMD R G4 &I 73 §E 77
FAE TR A FEIRFR RS 7y &, W] DR S H
FEBEAE 5 FRI 2 R, 2R R R
VRN R AR RS R, ] R S ARSI S
BT A .

ASCFEH—FEET VMD Re IR 77
%, FH VMD g iiis k455, RIS B
[X A &I o P e B 43 B 1Y) VMID g AN ]
X 73 X AR, AR B AR B X A e i I 67 bl
P, e i 0 ) e B 2 B AN R X Pt . AR
500 kV A XU B RGO, E i
KA FHARIS 50 UE A R4 7 B IR 1

1 CRENIRERMERGRINGN

RICHEEE T B HRSEGCNE500 kVOTRA X
FLRGT R G, BERMERH LCC BYkimias,
R A MMC BUHmas, SR i 50% 2
TP 50% M TR G R R, Wl 1(b)
BT 7R o G A B 0 0] ) 5 9 2% oK FH IR H O 4R
il AR ) I SR FH E B R R E TE T T
R

RGN G DL R BT e i Ar B B 1(a) B
Ao MANAEEGM: NMDGAs; P P, AIERK
PN G ORI 226 s N N, D SRR A ] 46
TSR 22 s fONIX N IEAR R S s £
DX P SRR AT B s A DX PR U R S i e
So— [, MRS B AR T AR IR X ARl

|
[}
Rl é @4_12 ,é
| J1
ARG |
|
|
I 1
|
|
|
b L, b
L YN A

(a) RGP



B, S

#-F VMD

B9 1AV £ X0 L i PR R B IR DR 5 5 - 125 -

‘ HBSM ‘ ‘ HBSM ‘ ‘ HBSM ‘
‘ HBSM ‘ ‘ HBSM I ‘ HBSM l
‘ FBSM ‘ ‘ FBSM ‘ ‘ FBSM ‘
[roswi] [rosw]  [roow ]

i

|

I

i

‘ FBSM ‘ ‘ FBSM | ‘ FBSM ‘
‘ FBSM ‘ ‘ FBSM | ‘ FBSM ‘
‘ HBSM ‘ ‘ HBSM | ‘ HBSM ‘
[msw]  [mssw|  [woov ]

(b) IRAMMCHi+h 4514
E 1 RASEERMERGRINGG
Fig. 1 Topology structure of hybrid HVDC transmission system

2 ERMERZIREEEEE 2

2.1 BRI

TEARRIE R B P i ss vl LAME
RRIRYNFRID T, K 18 A Wit 28 AR 47 43 1 X P AT
X AN, RS SEEE S AR
TIAER . TIPS EESEON IR, HEYE
HUEROK, S5 my g sr s R iy, HR K5
AR, ARG A ok A ), A
KA, 2R B, HEE R NUE
N 100 mH, 4 HE(E/NT 100 mH B, SBARG 50T
PAIX 43, {H LR RSO ME LA o A S b s
HY 300 mH. 24P 48 I 300 mH B, o] $fii] B
WMk, HiRRNE & .
2.2 XAEIPEFFMY 7

M E IR IR SRR, W RG] DL SO
R IE R 1817 R GRS I IIRAS & hn, S Txt
BRI IRAS AT M. il R AEEX AR, BL
W £y f~ s B BT R I 4 ], i 2
B

B2 H, w, BB IR, R, AR i
FEHEIH, P P, NIRRT EZRAL, NV N, N
AR I B 22 BE AL, ay b 4 B A TE R L7 0 Fi

a P, P, b
—e— Y Y Y\ | |

L f
Z, (L)
Ri
I ]~
g

(a) X PR I ARk e 94 2% B 1)

N

N,
_s_/'YYY\ o I I
Zv\
Z

] j@ bk

(b) X P A7 g o ) 245 B €]

B P,

U

| | — °

N Z, Z(Lf.\)

(c) X P 0B i i
B2 X PR REE o % B o 2

Fig. 2 Additional diagram of inner area fault network

ng%}%“WF{Elm Il
=

a P b
oYY Y\ ¢ | — YY"\ _o
Z

(B3 [XHINERE o 45 B m ]

Fig. 3 Additional diagram of out-of-area fault network

AMILFTTAEIMU, v d 73 SRR N AN A
ML FTEAEIMU, Z,« Z, R G WS A T A5
W, Z, N E AL, Z, B
BRI R x km SRR, W Z,
PO x ke ALEIZBRBLIT, Z, ) 4 x km AL E]
WA PIZRBR S X P Py N N AR
FREDHAU, « Uy« Uy~ Uy,



- 126 - ® N EREFEEH

B 20, M EIRZER AR XA IER PRI,
WA FAESRESEN T Mgl U, « U, &8
HORFE, B Py Py AR HR ERE > B SRR
WECR, BT REIIAR SRR, SRR U, « Uy,
W R, EARUN, RN, o N b H R
Tr B SR RAEUN.

B 2(b), B ER AR XA SRR R
M TARESSN T —MERE, Un Une 2
TR, O Ny Ny Ak H R Sy B R N R
AWK, T2 RS, ER&H U, U,
e BTb, EARRN, BRI P P, Ab R R Sy
BESREZLRN.

B 2(0), 4 B R AR DX A XU i
TR IR R 5 O Ze i 2 Rl & 1 — e
B, Uy~ U, 22 LT, Uy~ Uy 223 T,
BRI Py P AN N AR iR 7 B S e A
HRECK .

2.3 XOINSBEEFIE ST A

R R AR AN, PARE 7, o B b
BEmpI s, ankE 3 pros. BT A FE RS E A
FRY, RTINS HA A 2 40 1 e
SN AR D S o e S R {4
HIGTARHOFERT, Py A B s e 23 Bz KT a ALY
FLS bR o, R P A R b > B S e I
KT a el E#HIES BB SRR SRERIML
B £, TR TERRITE A, a Al R
PR KT P AL AR R, B a b e R Ry
I SRR KT P AL R R A BN R A e
o HAX ARG 2 KB AEEEE.

HE AT, 2R AR X AR, BT AL AT
PREAEAE, DR DB 22 K0 A5 30 1 R s s ) AR
BN, R B A RE RN

3 MAXEIRFEEL

3.1 BRI

AR RS (VMDY — Rl &R, e 4R i
VA (RS AR 53 A0S 5 AR Y, R ARG 12
ACSREZARAL 73 LR K B AR AR SE B DU RE
BRI RN AL Bl 5 AR R AR AL AR B & R IG
Pe Ak Pl RS ) d (e rh Lo IR AT BRATE 92, 3B T iR
WA 5 N — R R A RS &, S
PGS B R B 55 sy, Bt
M3 B2 A5 5 A R oy, AT H
R BRI A o

SRR ERIE G TR E S AR

I3 TR K JRAGAE 5 20 i K S AERLZS IMF 73

ORUE 3 A7 51 9 B e B A0 IR A 52 1K) IMF
. MIEMARMER D FRIEA

j (1

: < .] —joyt
{3)3{12}{; 0, Hﬁ(mEj-uk (t)}e
s.t.iuk =f
Kb KBS ENEG u, AR BES R R
55 kA IMF 70 &s o, N kA IMF 235 [0 40
By O(r) ALK R fRIEIRE S .

I 51N U T B HOM R BT H SRR TR
fift EIRAR IR, ORI T A o ORE TR SRR
RS PN ORI, RORS R H SR A®) PRIE
T LIFGFATH RN o X T VA LR AR 7 1]
A NARL R 7 [, A TSR RAUE . 3
IR B H B L W ROR N

L({u}.{eo,},4) =

3 J). o
a; 0, Kaayntj uk(t)}e 2

‘f@—Zw@ {M&f@—me}
KA # ) e T kA B Rk T Q)Y R
Pk BT H BRSBTS R, S R I
B IMF 40 i % A CoATER , SRELZ o As 4 B
B 0 (@)« o AN (o) RIS HT AR R

F@-Yi @+ M2

2

+ @

i (@)= 1+2[¢05(a)—a)k)2 ®)
y I:w|ﬁk(w)|2 do @

kz:ﬁ@wfw>
Al (@)= A" (@) + {f‘(w) -2 (w)} )

K, o NEFEERSH.

ARy RS oy il LRSI AR A

D WGt ~ o~ A Fln, #BEHN0;

2) n=n+1, PATENEI;

) PATEHE —ANWIETE, RIEXG)R u, FAT
BB

4) k=k+1EELR] 3), HE k=K, ZHH



B, S

FeF VMD fE B 17 & X0 B 2k s B IR 77 5 - 127 -

5) PUATHE ZANWETEIR, RIER@)N o, 34T
BT s

6) k=k+1EELE 5), BHEL=K, 5%
AW EER

7) MRIERGS)EHT A

8) EE LI 2)— LR 7), HERLR(6), H

HIEKERE ¢ >0, BAUFIE, SARBANEIR.
S ~An+l ~ |[?
Z e ~ U],
B 2 (©)
i,

3.2 HEBHIRE

ARSCRF ) VMD 43 500 75 100 1 B o0 s
BEKA —RENHEF a0 2 K BUEE KRS BBl
ORI, MRS R, 4 K BUER N, B
H B RAE M, SGRMREREKR. 4o BER
KEF, BEASHRAEAS /N, AT BE M B S TP B A
B 2 o BUEAR/NES,  BRAE A A BRI BOR A i
¥, SEFARZERK. MW KR E S, HASCEH
K =4 a=5000H, VMD 73 R &AL -

3.3 VMD KEEE

B RBRN R A e EEL, BE S
HME B, AN & MR, 73 295 R R K .
&2, E S IE R, WA e N, 15
FIFER N G B MZHAEERBB RS,
2 e S S AR ALEOK 5 B (B S R R
FLRE RO, s f R A AR N, 15
FI B ERERD, HAEEB .

VMD 4331 % IMF 4885 7 AR
PIMER, HEMLEM R AEWBER, IMF 78098~
AR, TS EE SRR R AL, R DUR
PE5% IMF - 21784, B i8S IMF 52168
B, PR R LR B R R . SRR
(S 520 VMD 730453 2 K > IMF 43 &, & IMF
DRI uyuy, o u, Ton, FHARE S BRREREIK
WH E,E,,-,E, ®&Ro %% IMF 2 EBEEE XN

E=["|u()fd i=1.2,.K 7)

KA IMF 2r AL T A RSR[5 S,
W E ={E,,E,, - E, | % BAE ERHEESFR I —
Rl . ARYERERE X, VMD AR 2 U

H= _z p;log, p, (®)

i=1
X, pRARE | MEESERRERHEME,
pi:Ef/Eo

WIS oot I R, = B2 kAR IX
PIIRREINT , DRy IR 22 2B A Fi e e e B P T A E
BEOK, HERE A XS R, Ry %
FAb R R BB ASRER VD, H VMD fERE
FEANA, BRI AI TS VMD REEA 10702k
WU X A AMBR S o

4 EF VMD gEERmRIPSE

4.1 RIPIEEN
ETRARH RS, JEHUORY 2R A 1 P it
ST ENRIE, 3G R A B .
|aU|>0.1U, ©9)
e |AU| PRI 2B A B v B 7 S P
fis U, NHRISEUEN . (LM AR B, T b
A RAR, A5 R G A AW ) R PR A2 2
), WERG S5, EWRT A S
4.2 fRIPFIHE
4.2.1 XA AN R
2 ELIL PR B 5 R RIS, N SR
Wb R AEAEIX WIE XA, JEIE 2.3 A5 HTRT AL
LA AL IX P bR, ORE I A5 2 )
WPy B S RE RN, VMD e (EBOR,
2R, ORF I B e A5 8 ) F s iR 2y
B SREREEVN, VMD GEEMHER. Hit,
FAE X P SR U I o
K,>H, (10)
A, K NGRS 2R VMD RERR, I H
K, MR RS SR AR R R B e KA H, RS
BOER A . AR X Py Sl Hoxt ™ B
SRR T LRI H, > 3 ZEORIEIC TR A, 7T oA
RITTA XS . AR KA LRI mIAN, il
RAAEX AR AN, VMD RERERZE EOR,  HiE
fE—EREIELLT, B A B8 0.01 I, ATLA
R X AR, 22 a(10), HAE Y X
YRR, 7 I E SR Oy X A, ORI AN
4.2.2 WA
E LR R XA I, /2D U
W& RAEAE IR SRR WU e, B A5 A 551
AR . 2 ELIRR R X Y IE R BR ,  IEAR AR
BP0 B SR ALL P PP R 23 B ) RE R KT DA
ORI B 2 A, 4 B B R AE XA DA A FE R
AR DR 0 B2 2 Ak ) P s B ) B ) BRI K
AR ORI B 2R AL, A B A R A X U
GRS s IEAR DR I B 6 S AL ) FL P A 7 B Y
RS SR ORI I B S AR ) R/ NI



- 128 -

Y EL R R

A DURR AR 3 A P, N, A H R 0 2

FRe R LLE A, A i SRR ) A .
K,=H,6/H, (11)

b, H M H, 5353 O 1A A TE # AN 5k A A
VMD HEAGRIMRe R . BRIk rT e, KA ENK
BB, KBRS, K, B
RAR RS, K, 294 1.

R, MR R T .

X Ahd#E: K, <0.01

X N IER R K, >0.01 & K,>1.2
X pkikiE: K, >0.01 & K,<<0.8
X YRR R K, >0.01 & 0.8<K,<1.2

4.3 RIPHRTE

Bl 4 R iR AR R, e PR 5 R A i,
ORGP E ST, SRS 2 I EE T VMD 2 i,
SREUBEEA, X LG IE oA Re s /N, AT A 5 X
P AR, DL A

()

<

A

DT RS 5

VMDD itk HRE D H s i
Vig BN v

A

A 4 A4

‘Imm%‘ ﬁmm%‘ ’umm%‘
i T i
4 \ 4
E%%m@ (PR3
:
Lk

E 4 RiPFHIERIZE
Fig. 4 Flow chart of protection method

5 {hEMESSH

AR SCHE TR A XU ELIRAS A A F R BR KRR
800 km, MK 2s, 7£1s B I EMPE, PRk
ZEFA] 9 0.1's, #AFERAEE LN 3 ms, RFESIZ
WN 10 kHz.

5.1 XRIMEREHE
5.1.1 < Jm P b

A XA BRI, ORI A R XN
L2 5 s Speiod e 7™ o 1) [X APtk e, &)@t
P bR T ™ B RS, A R P R S X
SRRk Ra, AT AORAIE BE ki oA [X At
Beo B R, G EFEE 0.01 Q, Xt
WU f,— o A [ e B o7 B R AN ) o 9 H BHL kAT
17 5

3 A 0.01 Q B, FEAS R R ALAAS
[ AL E S, W SR B REE B E IR 1 s,

* 1 XA B EEPEIRLE
Table 1 Identification result of metallic short circuit

fault inside and outside zone

b )
AL K
x R ‘ HE R

PEEL AN (R 22340 10% 0.1996
PEEL AN (R 2234 30% 0.1754
A PEEE RN (R 2234 50% 0.1146 X W
PEELRUN (R I 2340 70% 0.4501
PEEERU (R I 23 40 90% 0.6877

FEECUM ORI 223 40 10% 0.1990
PEEL AN (R 2234 30% 0.1763
S PEEE RN R 22340 50% 0.1151 XK
PEEL RN (R I 2340 70% 0.4495
PEEE R (R I 2348 90% 0.6854

FEECUM R I 2340 10% 0.1239
FERCRUM (R I 23 4 30% 0.2297
e PRSI AR 2224k 50% 0.3403 XA
PEEE RN (R I 22348 70% 0.5909
PEEERUM (R I 23 48 90% 0.6580

Ji HERN RS 0.0062 X 4k
15 M 0.0059 X4k
fs TEAR M 2 0.0019 X 4h
e AR e A T 0.0018 X4t

R R ERER, XA SRR B RE R
FE RN 5 Frs, BB 5 wTRnL X A



B, S

BT VMD REE IR A 0 LI B 2 B IR (R 7 56

- 129 -

fin fAETEEBEN 0.01 Q MUR[FEAE 321 RE
BNEKTEEM/ A, =001 .. XA f,— f
TEAFAL B B RE R EI N T H, =0.01, X
P AR R R A3 21 T A AR

I R R e A 10%

0 4 1 £
e
(a) DX P4 Pk b 1R K A
0.012
0.010 .
0.008 |
o L
S 0006
0.004 |
0.002
0 e l l
A Js fs 1
DS

(b) X A4 J P it P K B
5 WM BHERBERTHY K 1B

Fig. 5 K, value when the internal and external metallic fault

5.1.2 v PH B b it

S N N a2 T Wi e N NP A
Ry s, BB R RN . SHIEBITEIX Y
PR Ny, RIS T CAR B, EERF R £,
fo~ S AEASIR] M A B AN [R)  J FEBER, BEAT
5 LS5

LA 100 Q. 300 Q. 500 Q I, FEA[A
AR S TR RIAS [F) e P o B, U s A5 B (M RE )
HINZE 2 AR .

2 /AL, XN £\ f,« fLEEAFENE
FHAS ) FLBHL R A5 21 ) Re S (E Y K T8 € 8
H, =0.01. 5REX N EHZR R, PRy
PEIE .

5.2 HPEIRLR
FERAE XA S, 75 B — R A,
X £y fon Sy EAS R B R A [R5V v
BHR, IEfRAEES < L K, W 3 .
2 XASMREEHIEIR AR
Table 2 Identification results of internal high
resistance ground fault

ek o 3

bd B K
* L 1
‘ ) 100 0.0872
R SR NIES
S 10 300 0.0323
s ° 500 0.0170
B 100 0.0626
PERCUN LA
S 300 300 0.0198
ES ° 500 0.0128
B 100 0.0324
. PERCN LA
p S 5o 300 0.0683
S ° 500 0.0347
. 100 0.1492
FEEE IR N R 300 0.0340
ZHELE 709 .
LA T0% 500 0.0155
. 100 0.3640
RS N R 300 0.0740
ZHENE 909 .
LHAL 90% 500 0.0362
‘ ] 100 0.0870
PEEE VRN R g
S 100 300 0.0322
E78 0 500 0.0170
‘ i 100 0.0631
PEEE VRN PR g
S 300 300 0.0200
% o 500 0.0190
‘ \ 100 0.0329
PERCUN LRAP
P S s 300 0.0694
2SS ° 500 0.0352
‘ \ 100 0.1495
PERCUN LRAP
s 00 300 0.0340
e ° 500 0.0155
B 100 0.3643
PERC N RAP
St o0 300 0.0737
S o 500 0.0356
— 100 0.0623
RN 10% .
500 0.0140
- 100 0.1046
BT PR G 300 0.0386
BN 30% .
500 0.0203
\ 100 0.1384
P R SRNIES 300 0.0461
s RN 50% .
500 0.0232
- 100 0.2786
iR IS 300 0.0970
BN 70% .
500 0.0485
» 100 0.9325
BT PR S 300 0.1984
L 90% .
500 0.0845




- 130 - @0 %REP DN
* 3 MEERIRRIER XA £ f~ fy FEASEALEFIAS R i
Table 3 Identification results of fault poles FE R IEfARREER 2 b & 6 fian. B ERAEXHNIE
K 2 ok NN
28 ek X P S L DR B AR B K, 590 T
PR 100 5.59 i 0.8 KA X N BB RIS, PR3 22315 21 1) K,
A 10% 300 5.87 45
500 6.07 ' ' -' #E%ﬁﬂmw%iﬁ:i%atm%
0.01 3.98 40 + I i e 4 e ik 30% |
N [0 s i 2 B A 50%
ik SIS 100 3.35 i 35h M s o |
AL 30% 300 291 D S S 5 190%
500 2.80 30 1
0.01 5.33 .25t
. fn
FRAE M AR A 100 3.60 Eh =
/ B R 50% 300 18.97 % 201
500 18.26 151
0.01 13.05 ol
PR AR LR 100 11.57 E
2248 hh 70% 300 8.10 i 5t
500 7.38 12
0.01 15.52 07 001 100 300 500
FRAL AR A 100 4233 - S AL R/
AL 90% 300 3083 (a) [X P4 TF AR 7R [R5 I H L K
500 30.17
0.01 0.19 10
FEAE R LR 100 0.18 0.9}
it 'e -
AL 10% 300 0.17 0.8 -t
500 0.16 I S G SRR 10%
0.01 025 0.7t I s i 430
B T 100 0.30 - - 06f Ei‘éiﬁﬂﬁiﬁﬁiiﬁiﬁi I
R 30% 300 0.34 - £ o5l [ st s e 4 090% ||
500 0.36 ol
0.01 0.19 )
SR 100 031 031
1 ) G |
224 hh 50% 300 0.05 0.2
500 0.05 o1l
0.01 0.08
FEEE RO R4 100 0.09 Sk 0.01 100 300 500
LA 70% 300012 . ek e L/
e (b) [X PA i i A i BT 0K
BN LR 100 0.02 - =ieagmmuwwawm%
i B P 251 30%
THNRL 90% 300 0.03 . I:I&n%mw«%-;wmso%
500 0.04 -xw‘iﬁt@lﬁ}#;kmo%
\ 0.01 0.99 14 - RN G /A—'w@o%
PR LR 100 0.99
LA 10% 300 100 Wk 12
500 1.00
0.01 0.99
FEAE R LA 100 0.99
RN 30% 300 0.99 Ak
500 0.99
0.01 1.00
FE B A N LR A 100 1.00
5 LRk 50% 300 0.59 Ak
500 1.00
0.01 1.00 0.01 100 300 500
PR AR 100 0.99 - I3 LR/
sk 70 300 099 H (&) X P XU TR S L K
500 1.00
0.01 1.00 & 6 XHBFERAEEERE T K, &
SRR fR 5 100 0.99 Uk Fig. 6 K, values at different transition resistances
RN 90% 300 1.01 :
500 0.99 when internal faults occur




R, %

FeF VMD fE B 17 & X0 B 2k s B IR 77 5

- 131 -

BLE 0.8 B 1.2 Z[a], St AR 21 7 A RAEY .
5.3 #FETERIEER

MRAE 5.1 7455 5.2 19 7T LAAS B ke e DR am sh PR 1S
Ol MR A TTAL RN IEW RN, EK
HITRAPTCAFEN R 2R R XN TRk Rt A Bt
MR ITAEaE: 2R A X OB i, AR )
TRAP TR TR AEIX AR, PR AP AN
ik

* 4 WEHAENERR

Table 4 Fault simulation action

& o
%Zz LA AR T
A EE[SIEW K>001&K,>12 P B,
=3
%
& 'ZE[;T& K> 0.01& K,<0.8 N, . N, @
=%

S o K,>001&0.8<K,<12 P P
) o A VN 1
X 41 4
e TEAR W K, <<0.01 Rl
R X Hh )
fs ﬁl*&ﬁ&ﬁ% K1<0-01 R
EE 3 4
S TF W b K,<0.01 Kl

Yt AT
P AR [X 4h k<001 o

’ G

6 g

AR SR TR A XU B R S8 R SR,
FiE T —MIET VMD BEEM 1 ELIR 2R B AR
J7. i8It PSCAD/EMTDC 1jj P & 5 R &0
Ui LA AR, AN [ T T R, $2
W EES, #HT VMD 2R, SEIReEmM. FIH
Be BRI IX 43 [X PN A FD i bl . 2 o M AT 1B 45 18
W

V) fER MR, BT Ao, &
PIAHEEIRA,  HoAE 2R B PR e W o AR
R R T e MR %, R T B TG R
Fie

2) MARGURAEX N HMGERERS, BT R
e R R AN, AR E X N A, R
FA TR — gt 1E AR e A 2 LU AT MRl )

3) M AR AR R B R B A K

4) BEJ7 R TR L HBH A 500 Q B HERR TR A
b, AR E LA, AITE 3 ms PN BRI ik
B al SN AE

ZE RN, ARSCATHE AR 751 5 T 5L,
ATEEME R, ENETE, RA BRI, THERR IR )
R

R

(1] ZFER, Bif2, %755, . Statcom X2 N EiH

LR G e AH 2R Ok SRS AR I s i 7], W 5 AR,
2020, 57(13): 55-60.
LI Xumin, GU Danzhen, YANG Xiu, et al. Effect of
Statcom on recovery process of commutation failure in
multi-infeed HVDC system[J]. Electrical Measurement &
Instrumentation, 2020, 57(13): 55-60.

(2] i, &iliok, B, % SEERAERAEANTH

AU FGE AR R T e 00 55 B % R 1% FL 3L S0 [T,
R 5 (R, 2020, 57(23): 38-46.
HAN Wei, MENG Peiyu, LIU Chao, et al. Sequence
network equivalence and short-circuit current algorithms
for asymmetric faults of AC systems with HVDC
connection[J]. Electrical Measurement & Instrumentation,
2020, 57(23): 38-46.

(3] RMETe, mibs, 498, 5. mk BT 2k gk s Of
PEARZAD]. ARG AL, 2012, 36(22): 123-129.
SONG Guobing, GAO Shuping, CAI Xinlei, et al. Survey
of relay protection technology for HVDC transmission
lines[J]. Automation of Electric Power Systems, 2012,
36(22): 123-129.

(4] Wik, ERE, 20, & THROGRESH LCC-MMC |’

& HAH B RA NG AR [T]. WA RG RIS
#2541, 2018, 46(8): 58-64.
YANG Yang, WANG Yao, LI Haotao, et al. Start-up
control strategies for the cell-hybrid LCC-MMC hybrid
HVDC system[J]. Power System Protection and Control,
2018, 46(8): 58-64.

[5] MUNIAPPAN M. A comprehensive review of DC fault
protection methods in HVDC transmission systems[J].
Protection and Control of Modern Power Systems, 2021,
6(1): 1-20.

(6] JEEE, BRI, BEA. LCC-MMC REH EERHHE R
Si[J]. HLHEARZEMR, 2013, 28(10): 301-310.

TANG Geng, XU Zheng, XUE Yinglin. A LCC-MMC
hybrid HVDC transmission system[J]. Transactions of
China Electrotechnical Society, 2013, 28(10): 301-310.

(7] ZD4E, £FHW, &, % RGN MMC RHEERK
P 2 RIS LAL[D]. o AL T AR 23R, 2016, 36(7):
1849-1858.

LI Shaohua, WANG Xiuli, LI Tai, et al. Optimal design
for hybrid MMC and its DC fault ride-through strategy[J].
Proceedings of the CSEE, 2016, 36(7): 1849-1858.

[8] CHU Xu. Unbalanced current analysis and novel differential
protection for HVDC transmission lines based on the
distributed parameter model[J]. Electric Power Systems
Research, 2019, 171: 105-115.

[9] GAO Shuping, CHU Xu, SHEN Quanyu, et al. A novel
whole-line quick-action protection principle for HVDC
transmission lines using one-end voltage[J]. International



-132-

Y EL R R

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Journal of Electrical Power and Energy Systems, 2015,
65:262-270.

SONG Guobing, CHU Xu, GAO Shuping, et al. A new
whole-line quick-action protection principle for HVDC
transmission lines using one-end current[J]. IEEE
Transactions on Power Delivery, 2015, 30(2): 599-607.
VAN, X, LR, BT 2R NeEE
itk 2 B B A LR [T]. O R GRS 1%
], 2016, 44(22): 32-39.

XU Xiaoxue, LIU Jianfeng, JIANG Yurong. HVDC
transmission line protection based on single-ended
transient current using multiband energy[J]. Power
System Protection and Control, 2016, 44(22): 32-39.
U, R, RELE. —FE£500 KV OIRA R
JER= R R Ea 47 7S T R R MR S S DN
2020, 54(6): 36-43.

GAO Shuping, YE Huanfei, SONG Guobing. New
protection method of +500 kV hybrid bipolar high-voltage
DC transmission line[J]. Journal of Xi'an Jiaotong
University, 2020, 54(6): 36-43.

KT, MF Ik, XHEM, % 2T EMD 5 Spearman
R R EHIR & BRI/ 7k [T]. RS
40 580, 2021, 49(9): 1-11.

ZHANG Dahai, YANG Yuchen, LIU Yanmei, et al.
Hybrid HVDC line pilot protection method based on
EMD and Spearman correlation coefficient[J]. Power
System Protection and Control, 2021, 49(9): 1-11.
R, TRAE, RIE LR, S5 — PR A X B HL2k
PE A RIIT R[] BHEEEORE TR, 2020, 2024):
9911-9917.

GAO Shuping, ZHANG Chu, SONG Guobing, et al. A
transient protection for hybrid double-ended direct
current transmission line[J]. Science Technology and
Engineering, 2020, 20(24): 9911-9917.

HA5, BERRE. BT st AR B 70 AT SVM ) i
AR MU R AR 3 2 BT (). R30S b, 2019, 38(23):
90-95.

TIAN Shu, KANG Zhihui. Circuit breaker mechanical
fault vibration analysis based on improved variational
mode decomposition and SVM[J]. Journal of Vibration
and Shock, 2019, 38(23): 90-95.

KN, TR, R, T ARG RS O3 A 1 i
PIMEBRIZ B [T]. sl 5 AR, 2019, 56(20): 82-86.

LI Yonggang, DING Qi, ZHAO Shutao. Circuit breaker
mechanical fault diagnosis based on variational mode
decomposition[J]. Electrical Measurement &
Instrumentation, 2019, 56(20): 82-86.

B, AR, EXIE, & T VMD 2 RIEZH
A3 s 4 A 460 2 SRy TR LA 5 R AR SR O B 2336 (0], R
TH AR, 2016, 31(19): 208-217.

JIA Yafei, ZHU Yongli, WANG Liuwang, et al. Feature

[18]

[19]

[20]

[21]

[22]

[23]

[24]

extraction and classification on partial discharge signals
of power transformers based on VMD and multiscale
entropy[J]. Transactions of China Electrotechnical Society,
2016, 31(19): 208-217.

SRR, BIMETK, EXE, . BT AR o A
A Hilbert 22 # Fr A2 [T & Jo) 045 5 R AESR B S 7326
[J]. L THARZEHK, 2017, 32(9): 221-235.

ZHU Yongli, JIA Yafei, WANG Liuwang, et al. Feature
extraction and classification on partial discharge signals
of power transformers based on improved variational
mode decomposition and Hilbert transform[J]. Transactions
of China Electrotechnical Society, 2017, 32(9): 221-235.
Wy, WL, Mk 3T VMD-Hilbert 25t )i
BEAT BE AL BT TT[T]. O R GRS ], 2018,
46(16): 76-81.

XIE Liwei, ZENG Xiangjun, LIU Yixuan. Research on
fault traveling wave location based on VMD-Hilbert
transform[J]. Power System Protection and Control, 2018,
46(16): 76-81.

£, FEP. 5T SR-VMD [4854T i Ai Jy
HE[T]. A RGRI S, 2021, 49(1): 156-162.

FU Hua, WANG lJingyu. Weak fault traveling wave
detection method based on SR-VMDI[J]. Power System
Protection and Control, 2021, 49(1): 156-162.

e, R3E, R, 5. T VMD 573 S AR
HVDC iR f[)]. 1RG5 7], 2020,
48(4): 125-133.

FU Hua, WU Sai, XU Yaosong, et al. HVDC line fault
location based on VMD and generalized S-transform[J].
Power System Protection and Control, 2020, 48(4): 125-133.
TR, . BT AR RS O3 P ) FELRE TR DB
W TTIE]. BT E M4, 2018, 38(3): 116-123.
HUANG Chuanjin, ZHOU Tong. A new detection
method of power quality disturbance based on VMDI[J].
Electric Power Automation Equipment, 2018, 38(3):
116-123.

BEE. &R BRI TREARM]. dbat: ER
JIth AL, 2010.

DRAGOMIRETSKIY K, ZOSSO D. Variational mode
decomposition[J]. IEEE Transactions on Signal Processing,
2014, 62(3): 531-544.

i HER: 2021-08-17;

&E HEA: 2021-12-13

EEEN:

SFGE(1970—), %, Bf4EH, L, sl HR

776y B R B B R IR G R A BT AR R T R X4
FAR. AABE WK S, E-mail: gao.sp2003@163.com

P 1oy

KBk (1997—), 4, MLHAEE, ARFTOAHGEL
ISR S 5 HEZ A%, E-mail: 1622176893@qq.com
(%3 F R



