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Simulation Study on the Mitigation of Abnormal Discharge and Heating Phenomenon of
500 kV High Voltage Cables in Flexible Direct Current Converter Stations
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Abstract: Compact construction has become a development trend for flexible direct current converter stations.
High-voltage cables in cable interlayers are arranged more tightly, resulting in an increasingly complex electromagnetic
environment and a higher risk of abnormal discharge and heating faults. Therefore, the abnormal discharge and heating
phenomena of 500 kV high-voltage cables in a flexible direct-current converter station in China are taken as the research
object. A cable electromagnetic-thermal coupling simulation and analysis method considering abnormal harmonics is
proposed. A cable electromagnetic-thermal coupling simulation model under graphite conductive coating (GCC) condi-
tions is constructed. Based on the field-circuit coupling theory, abnormal discharge and heating under multiple grounding
points on the GCC are simulated, the main causes of the engineering phenomena are clarified, and a multi-point ground-
ing mitigation design with optimized GCC coating thickness is then developed. The results show that abnormal harmonic
contents in the line and additional grounding points on the GCC are the main causes of abnormal discharge and heating in
the cable. The maximum GCC interference voltage of the faulty-phase cable reaches 461.30 V, and the maximum cable
temperature reaches 149.94 °C. After the mitigation design, the GCC interference voltage of the faulty-phase cable de-
creases by 62.25%, and the maximum cable temperature decreases by 73.52%. The research results can provide a useful
reference for simulation and mitigation of cable abnormal discharge and heating phenomena in engineering applications.

Key words: cable; electromagnetic interference; temperature field; harmonics; multi-point grounding; finite element

BEE&EMIE: EXREARRHE(52377015),
Project supported by National Natural Science Foundation of China(52377015).



2930 i LR

2026, 52(6)

][l

0 35

ARk, BEEWE X PSRRI,
SIH KA R S o, b s &R a2,
FAEE U B A HARF B RIS, OV H
I IZE 325 L 37 S R B ARLIGE 136 00 . 6T 32 B 46t sl T
T BRI B AT DL B s e 1 mT SR
Rt LS54 TAR R, JEA BRI TSRS,
HL ) HL AR A Dy it sl P RAL S R B %, AR
BT RO N R, I IR S A
Wridmr, FECHRYE AL 7S 8] I G SRR B 2,
B T IKPEAW T & . S5hE RS, i
SRS AT R, FERT RS, Rk, fREHR
Wk NG RA NI FEIZ T RO EE,

FLZE I LG TR 0 S 80U i 5 Rk A
MG FER A . MBS R, NS
Sl 73 (6] 2 = A A2 AR il 3y, 8 F R S I R AE
#54 J& 7% (aluminum metal sheath, AMS)%s: R 54k
RN T R AP R 0 BT
R PRC B A2 ge, WA gisMrER T
KBS, BagE N N B2 4 I B RN HL R
SEEMEIBGEA, FRCRARERE, S
GMEHA R Bk, Fik g F A At

DRIk, A G S X GG P TSR
UAHSHEMREBRBERKMINGITRE 7 REW
FC, FE 7T EERBEORRAENS T o, SCHR[18]
g die @y Z RTINS S E NS
W, A Tl IR -T2 M LY
WA EAR, b 7 HRAER R g Em
AR OL . SCHIRT1 9128 T 252 Fi it HEE AU
TH ZE R ST RS P A IR Y, S T RRIE
BEBH RS TP ENHRR AL, HE TAR
Feth TO0F B R 34 . SCHR[20]%E X BLES AN
7] X B b R A AN VE G () 1) B, 2T A 240 L
e TGS B BN A R E R
WSV 7. SRR TAIRITE S 17 2
HAPATHOR I R FAEAEAN R HEA 7 20 I R T
PRHIE LSO R, VPAs T ARS8 T
ATITERE. SCHR[22]8 . T I TiF R 4 &R
FEAE A BN AR SR R SRR T, PR T R R R
ST IR T A2 R R B A T %

i b, BUABEOR 245 IR 5 s AT B0 B 1T
o) e LR 7 7 O =2 R O L WA

PR E I, AT AR R 2 A T 2 R B, 3R
PEE U HL R BTN R D3R @ AT R8s — 8
TR T R GeH Vs ) /125270, H AT v A B A 1
SRR i % AR BT SR A WA = A ) S VBN 4
T N AL TR S g . kb, A TR IR
R GNP BTG . @A RE B
B, WG TE UG RSN ERINIRE — 2 A8
5 B3 )2 (graphite conductive coating, GCC), DL
AP B 42 7e 12830, GCC R iz 1T 2 3
P HERET- POV AR B, TR R R 5 i g
AhERTH GCC B HLlET-HKFB132,

PRI, AR SCER XS [ N — R B N 500 kV
mEHSE GCC IR 5 K AIMER, =it
TR R S DR HE A - T A B by
J7i%, T GCC IR 51 1) a4 At - &
BT, 56N EaHERITRE GCC FIiEEH
Hhy RS LT B R OB R AT, B T T
L ERE MRS KAMGE LA, &t T
it GCC W7 JE M S 2 S th i dh i, 6
MR T BARHBG RS RIS, A THE
L R BT R AR R A 2 S

1 SEBSGFENESLAIE

R LS TR SE bR ig AT I AR I SR Z B
RGP B ARG AR A A RS 2 25, 700
TR T HL 2 1 5 e SR R SRR B R R 3334, Y
SHiEE, BAMAKTFREZHGKE., BE%
o PRFLER K AR, 3T A K R . %
R UFHI T, AR AR BT I STk A
AR, AERE T T HEEN IR, M
LR NAT T LT, HLZ P R L A () 2 = AR
EASH Y, BETAE AMS 1 GCC RS H T4 Bk
FIF-Perm, HAEREA L Maxwell J7F%:

VxH=J+0D/ot

VxE=-0B/ot

V-B=0

V-D=p
K HAWSHEE, A/m; J RHBREE, A/m?;
D Nl K&, C/m?; E N5 A R HLI58 ), Vim;
B AR GRS, T p AMAIE R, C/mi.
o (1) ) 4 R S8 TR 00 ) SRS

V- (VxH)=V-J+V-0D/dt=0 )
J=cE+ovxB+J, 3)

(D)



ERRHT, &M, W, S5 TEMRIALE 500 kV SR

R 5 R IS4 BT 2931

K v ASHIEINHEE, m/s; o AEGM R H
%%7 S/m; JC y‘j&l‘%ﬁ%?]ﬁ%}g; A/m2o iﬁgiy
N TR AR HLSE A () TR A 0 AT, SIANVxA=B,
AW A ER VAR AR S IR C E
0A
VXE=Vx(-) )

B GAR A S IURTEA BT, B INARAEA R
el BEAAN S AR AR TR, F UK
(2), FTRAREIn 3RS XU RE (i i 7 T3 R e
e A g S AN R HUR B 2R

0-66_1:_ @*eA+V x(u'VxA) -

6]
ovx(VxA)=J,

FEIR 0T FOTTH N 1 HERR SR TR F i AE
AAE HEL B U AN, ) P A3 LI 5 A AT 3R A«

put, =V (RVT) =0, ©)

Kb pw ANBUEE, kgm’s o AATUTHIAE,
J(kg'K); kNS EE, W(mK); Qs dlEin
FE, Wo Qe B85 HIUI ™ AR AR HACT- 240 FE O AT HE,
W N LE T AP 2 I P BFE Omy THEDT
#N:

0.=0.+0. =Re((J+0D/dt)-E*)+ o

Re(0B/ot-H*))/2
X BbR* o R H. KRN (o),
A3 2 = (®) B B i 7 7 A«
E

OF o
To(ral T,y Sa VB0 ®

b po AMEHIZE BLR, Qm; o NHIELE
BERY; TuaNSHERE.

KE(5) @RI THEBAR AR 4 FE
FE T, 541 B b gii 58 i 5 K A% .

2 HHEREHESKAIARMEMR

R O TR, $e s 17— Fho8 8 R i 1
() LA HL - AR B T B T 7, M T GCC iR
2N B HL 4 F - A A B o LAY, A
T LRI r g R A T S R IR LA
21 HERFINAE

DAl Py — 2 2 B A Y IR 500 KV R s
BN R, HJUTSMRIZHNE 1. Bis
H45 75y ZA-YTLW02-Z-290/500 kV-1x2 500 mm?,
BOEKEN 65 m. HBIHMIERINIRER LN
0.2 mm ] GCC, {EAHEAT i B BRI 1)

SRR, TEANZE R 1 foR. SebR LR, AMS

K H i, GCC P s MR AL P, Aff

Ferth 7 N 2 s

F 1 Heiiinh 500 kV = R USRI LA S ECS MR 24
Table 1 Geometric and material parameters of 500 kV high

voltage single-core cables in converter stations
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SMES L/ )FH T*EXMT SRR N EERS

sk
M (S L W) 1) (kem ) (0 ke ) )

2ty 623 5.71x107 1 1x10* 400 8933 385
WEHiR)Z 68.1  2x1073 1 12 0.4 960 1900
%2 1301 1x1074 1 2.3 0.3 930 1900
ARG 135.1 2x10°73 1 12 0.4 960 1900
ZZhE 1451 2x10°73 1 12 0.2 1600 1100
AMS  159.7 3.53x107 1 1x10* 238 2689 951
AMPE 1749 1x104 1 8 0.17 1 400 1200
GCC 1753 1.25x10° 1 1x10* 155 1950 710
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Fig.1 Detailed structural diagram of the high voltage

cable in the converter station
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Fig.2 Schematic diagram of high-voltage cable grounding

method in the converter station
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Fig.3 Abnormal harmonics detected in cable lines
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Fig.4 Derivation process of harmonic currents

in the cable under high loads
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Fig.5 Two-dimensional cross-sectional simulation model for

abnormal discharge of the high voltage cable
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Fig.6 Simulation process for abnormal cable heating
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Table 3 Simulation results of electromagnetic interference

amplitude and loss density in the high voltage cable

AMS S IE GCC Z¥HUH
RS Al BH# CAHI  AM BAI  CAf
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TH /A 0 0 0 0 0 0
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Fig.7 Comparison of simulation models for abnormal cable

heating with results from the thermal path method
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Fig.8 A 2.5-dimensional simulation method for electromag-

netic-thermal coupling of multipoint grounding
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Fig.9 Comparison results between 2.5-dimensional simulation

method and equivalent circuit method
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Table 4 Simulation results of electromagnetic interference

levels of cables under different multi-point grounding

conditions
T AMS ZHHUH GCC Ul
7= ]

B AN B CHl A B CH
— FARHE/V 49524 49351 472.54 261.21 260.74 250.41
THHAA 0 0 0 0 0 0
— FARHE/V 453.67 448.03 42926 17446 17412 16721
THHF/A 0 0 0 87.15 8567 8221

LHLE/V 44072 434.61 41634 130.99 130.74 125.55
3 s i
FHHR/A 0 0 0 8742 8593 8246
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Fig.10 Comparison of GCC interference voltage and interfer-

ence current results for the B-phase cable
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79 149.94 °C, il id FZi s SR vF TARIRE, %
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AOTEARATHL, 2 S TR A IR TR

N FBCSEH ILS H RIRDLR I LR A

RS ZFME B AR L. U S K BOKT
Table 5 B-phase cable loss density, interference current and

heating level after multi-point grounding
i HFEH E/(W-m ™) FHHR/A Civii)
T & AMS  GCC £ AMS GCC IRfE/C
1 s 3420 1403 1.52 353.6 0 0 21.993
2 pifEH 4359 186.7 1.3x10° 353.6 0 85.67 149.94

AILAERS], 2 A5 SR B AR ik
AR, TSR EHGRRSES, FEET 2 ffk
b= A PR R TR RS I AR N GCC AR
TEKMIRFER B . T B R 28 PN SRR B 0 A
ik, DA 2 pifEth T fl, fREF GCC Al AMS #4E
BEAR, B mECTFEHE, MR BSEE
AL EE R 11 Fros . o] DUR RIS IR IR 4 m T
AMS 5 GCC [Pl . FRHEfE E i fd, maiiis
B IR R B 5 1 . F T B
BUNRIOIRASER, IAE GCC ke % B K
MR, RGRELEEL GCC B, SRARE
FERRSET R, AFE GCC 5 A [F) 7K F i v A
A LLIE R [ AME# . I, 242000 2 /N
55 AMS Al GCC MR ZEW /N, BiE LU IRFE S
FEIBEIN, ZREs. AMS Fl GCC (1)l ZE R B i

25 —O— GCCii ¥

| eeeed v ..... AMSIE‘I }T{ /p
20b — O LB /
~ / V
S 15
m
I 10p
R I 44 438 52 56
iz SRS B R/ (K W-m ™)
s ]
o ¥ oY

0
LR HAE I/ (kW-m ™)

BTL AR PR i e 0 M FEE A A i 25
Fig.11 Curve of cable temperature varying with wire core

loss density

33 ETZREMNRERRS K RERLT
fi4E GB50217—2018 Ffk, fo [ LS LS AE(E

ARG, SR RN S AN 300 VI,
FEZ L /Y, B3R 3 AT AL, B AHHSE GCC R
RN 461.30 V, B FRAERUE % 2 MRE. 2 &
B2 J5, B ML GCC M LA 17412V, R
B LB 62.25%, A %0k 1 LS R IR
KA. Z R DUE RS GCC 1R
HILR, ARG HIRT KR KL, FE
ST BELRAIE 2 s F s -0 o IS A ORI
FEAIRHZE GCC AT UK BUR #oK-F
TR AZRTEL T, BN AR R
SR NMFE R R, T F G H) S K
o R, 2 SR, K GCC iRE R
M 0.2 mm $275 % 1 mm, THERESEHRAKT . bR
TAEH, X GCC KN AR MAEAEAE GCC R JESE
A, IX[FERES (A X GCC M I iR Ak T
o BEAh, BGE B A RTHER SR FIRE B 3%
(I FRLZR IR, 75077 B S B R e 3 R B4
e e B LR ARSI 6 Fls. T LLE
F|, N GCC JEREERT LA PR i 45 A oK.
PO I RO 2 BT, GCC R iR m &
| mm J5, FLAGIERE T FF 48.16%:; 45 % U
e it — B SRR G A HUKF, X GCC
JERE 1T mm AL, S0 R BN 2 T2 6 I,
HLAR IS T P 48.93%. IthAt, B X im #e P R 2
$erm, WK GCC BRI T H 8 A I R RBOR 1B
Hrgas . AxHRBIAREOY 2 I, $Ra& GCC R
15 RIS % 48.16%; T X it RECH 6
I, g GCC & FEAAEAT LRI B 37.80%.
Kk, BRI EER BARSEE B e E GCC 1
WEJEE . SRR GCC RISt K 7
{AEZ SRR I GCC @R, AR
Mt T LSRR TR SRR G, IO T TR SR
fEJTEIIARE. F GCC Wik B & 7E 25l
BB E TR0, Wk GCC IR JFEA
R 6 ek GCC )R 2 ittty T B MHASTR AKX L
Table 6 Comparison of heat generation levels in 2-point

ground-bound cables after increasing the thickness of GCC

re—— AL/ C R B
GCC £ 02mm  GCC JZZ 1 mm ELB/%
2 149.94 71.735 48.16
3 106.88 58.717 45.06
4 85.355 49.207 4235
5 72.437 43.502 39.95
6 63.826 39.698 37.80
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S % B AR S AR L OO R AR R

X} F 18 FEAZ R 2 fis(crosslinked polyethylene,
XLPE)4a2 <8 it i, HACH TARIREE =R 7E 90 C LA
N, DMRIE RS2 R0, Rk, N T M T
RO B R H R S KA, WTKEAE
it 65 m (1) 500 kV 75 AN HLS, GCC Rk T & /b
2 FZ S AL T, 18 T GCC 4278 )5 B AE GCC
R ES AT, R A 6) F 28 = P AR O 4 13
ITARAL, R G R O S R I R A . AR
A& T BB IR R G, R AR,
DATRAIE LB 1 22 AR 8 1B AT

4 ZEig

D BRI R EEE S 2SRRI
WIS B, B AHESE AMS kT
H1 %A 463.38 V, GCC g K THEHLE Jy 461.30 V.,
Y GCC KMAFAAEB Iz fUN, A i
2218 C, AKAEFTERKBIMER .

2) 4 GCC fRLERIMEH SN, S5 IS AE
GCC WA MR T E FE RS I K
PR F LR 2 M4t T B A4 GCC
I 85.93A MM, HAHIERE ik F|
149.94 °C, T H%EREBITEE.

3) GCC #ATH/D 2 S 2 b, 34
GCC 78 JE L8t GCC K JiSe sy, [l
X HLA N AR R EAT MG . RS, B
FHHZE GCC F-HLHEM 461.30 V &% 17412V,
% 62.25%; Bl 149.94 ‘C %% 39.698 C,
NFE 73.52%, R R ORI I AR
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