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Fig.1 Diagrammatic sketch and physical diagrams of
prefabricated cable accessories and
the measurement circuit
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Fig.2 Schematic diagram of DC
conductivity test system
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Fig.3 Schematic diagram of space charge test system
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Table 1 Results of withstand voltage
test of cable terminal
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Fig.4 The breakdown channel of cable accessory
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Fig.5 Oil bath slice of breakdown channel
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Fig.6 Schematic diagram of cable terminal structure
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Table 2 Structural material parameters of cable terminal
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Fig.7 Variation of XLPE's and EPDM's
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Fig.8 Electric field and temperature distribution of
cable system with uneven conductivity under
no-load and full-load conditions
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Fig.9 The electric field intensity at the cable terminal
is distributed along the radial direction

HI 1€l O RIAL, M b A R fE i SR e 2% 2 JFAE
N TSN S i b oA . BEBITIRET,
SEI R — M L 37 5 5 W BB A TR ST, 2 i K
— M.

D5 BT L 8 it 1 FL 3 o A T BORAS R
() d R HL 8 o 29.5 kV/mm , 28 BOR AT 1 ek
FL SRR 32 kV/mm, YR T 44 2% XLPE FI
V)4 2% EPDM A1 BH AR T 28 50, X 0 L 45
BT T HSEAY S RE B GE DA E R
PAr A PR g B 2 ) E A
22 EEREZTEEFHRESHMNEBEFES

o LI PR 8 R 0 R 6 o A 5 I A o
BN 5 ¢ 2% S G S 4 % DG e R R 3 2
RESTE R SR 25 (] fL fop, AE R 3 IR S5 2 07 T 1Y
ILFEVERT, 555 & R i, B 26 5 3500 THI B
RGN, WA Maxwell-Wagner 5[ 14 3
W AEREERBA RGBT, B8 R o4
2% A1 XLPE F1 EPDM g AH R o % 805 B



77 XU 45 : £320 kV B L ESCIK R O/ =0 SN IR 2 R

SR LB AN AR I 302 3 BO5 1 5 8] By 119
Ao DT DU 3R I R 4 24 R B O 4 % B R
AIVERCRRRE , BIA T4 VE L 2R R &, s (1) Fos

Oxipi/ Exipp
k: XLPE XLPE (1)

Owpon’ Expou

s oyipe + opeon 23524 XLPE EPDM (1) F 3t HY
T e xupr ~ Expon 770 A XLPE (EPDM {1 A1 X 41 Hy
WL

ke AHACET 1, BET 2 Mokl i T IS 5 1R B 4

BT b 7S a) R ey R R AR BEAR . SR TE Y A HE
TR AR T B 5, S5 R AT 10 FoR o

ol

e

_Ejz H—.—H—.—Q—._.

& —=— EPDM

j;'?u —o— XLPE

ST 0 10 10

i /Hz

10 XLPE #0 EPDM HZEH M Bk
Fig.10 Broadband dielectric spectra of XLPE and EPDM
H1 [l 10 W1, XLPE fAHX i 20 2.3,
EPDM RAHXT 4 FL #2498 2.8, XLPE Fil EPDM fE
AN B SR o R L, JLF A A B 1L
PR AL LA R e i Ak, Hotl AL i) 07 2 32 B 02 v 710
Rt AL , LA shAR 2 2 g S0, M AE FLIR R B T
LTG5 2 DR e AL, T LA g i R A
H RO H 002 17 1R B R 37 1 T P A DR
AR TIEEARAGHY 2 T s Gepd BHEAS [l B2 AN [R]
Y5 g T W4 S UC e R BN 1 s

1.0

10 kV/mm
20 kV/mm
0.8
30 kV/mm
&
¥ 0.6
=
=
%041
®
0.2+
o L . . . .
30 40 50 60 70
T BE/C
& 11 XLPE %1 EPDM R4 %5 It Bt 2 £
Fig.11 Insulation matching coefficient of

XLPE and EPDM
L 11 AT, 2 i s B Ry 10 kV/mm By
30 CHT, 482 VS BE R EL kAR 0.07; 243 Bk 60
C, 3798 30 kV/mm I, 452 DE i R 506 ek
{E0.85, VC e ¢ AR 4f 5 B2k 70 °C, ML 358 )
20,30 kV/mm FYHE 5T, 7 XLPE EPDM 2 [i]
T 25 S ORI K, TR bk L T 46 2 DT I R R

F%éﬁo

— 25 SRR P ikt T XLPE-EPDM 4
#E’J lﬂ%ﬁ%ﬂ%%%ﬁf“éﬂﬁ%@ FH 25 7] H A B
BB RIS 5, ' sk (2) FR

E, -E

Sio = 1% 100% (2)

P E, N L8 B RR 5 B iR 1Y
SN 3, Ty S P 5 i L g B
kit
P 7 Ik o o 0 5 7 9 4R b A
AT A e L 25 523 44 F o
HREEWA SR A (2) AT T IE, B 03 A iR
BEPIIO RIS 0 5L 45 kP K L 8 T
i (3) )0
1 /L
Ey = [ 1E,(x) |ds (3)
oL IR E, () B B F LB x A0 o
R
AR IR R A ] 5L 4 B 2

(1] HEL iy M L 37500 B AR JREBE b 1 70 A An1A] 12 () —
() P, Horb 8 s iR 938 73 27 XLPE/EPDM

FriE, s S R AN 13 iR
=\V\/'ﬂ/

_20 -

—_
(=
(=

S

|
—_
=

— 15 min
— 30 min
60 mm

200 0 200 400 600
JEJE/ um
(a) 15 kV/mm 2 [A] B3 4

— 15 min
—30 min
60 mm

200 0 200 400 600
JEJE/ um
(b) 15 kV/mm F B354 4i

0 -

— %(5) min
— 30 min
-30f 60 mm

200 0 200 400 600
JEE/pm
(d) 20 kV/mm #3753 A

|
1]
(=

P /(C + )
=

|
W
(=3

HIZ TR /(KV  mm ')

10|

-0l .
\ — _%(5) min
— 30 min
—20} 60 min
-200 0 200 400 600
JEE/um
(c) 20 kV/mm | 75 i) B fuf

B3 E/(C » m”)

H 9 /(kV + mm )
|
o
S

R
=)
> -10r
=
~N - L
# 20 — 15 min
sl — 30 min
R -30r 60 mm
N

-200 0 200 400 600 & *200 0 200 400 600

JEFE/pum JELFE/ um

(e) 25 kV/mm 75 [i] L7

12 §£& XLPE-EPDM i # == 8] R f FI FE 358 £ 3

Fig.12 Space charge and electric field intensity distri-
bution of composite XLPE-EPDM samples

(f) 25 kV/mm 35504



& AH) ALK 78

250 ,
15 min
200 Zg mn
° min
@_
150
i
-)g
=5 100 |
N
50+
0 1 1 1
15 20 25

HUZ9E R /(kV + m )
B 13 ipEmgEE R

Fig.13 Electric field distortion varies with electric field

114 13 AT, 245 XLPE-EPDM G0k iy %5 ]
7 R SR 5 2010 P, 37 5 R W A 5 A A 37 5 A A Ak
IFIA) A5G, Bt S0 0 7 5 00 A4 IR [ Y 38 fin i 48
R ABAE 1S min S0 15 kV/mm i 37558 iy 2
FA /MBS 115.18% FER AL [E] 2 60 min  Sh i
Yyt g 25 kV/mm B, i 43 (8] oA AR 5 R /Y HL
SR WS A B KN 209.49% o FEFEARAK IS )R SR
FEL I3 I, 525 1R P 7 (] R A A R 2R AR
I, VA S A B B A SRS W
Hi Lt Al WL, XLPE/EPDM &2 45 i 5t 5 Ifi A F) 3 1] i,
BB SET 2 100% ~ 200% (1 v, 377 W5 748 <, ] fig
O EL U T B o 2 B R MR Rk
i 3 DEIC R B3, Jo 22 7T BE T LU i EPDM 4K
B PS5 T-BERR AL EPDM iy Hp, 5238, D T R A1 2
i) FRL L SR Ak g 2%

3 HFHig

SCHRA£320 &V 5 R LRI H B R R 05
XGRS0 % 450 T 0 BT LB T A REARAE
2 % VG e A1 25 (8] F fng AR 58 R ) Fl B IR 22 1
S, =320 kV B AL 2R R 48 0 16 R
HEATHY 7 UGB 1R & A vh o A0 S 2
Bk R A TN A B R AE T A P e v
2ty 0 ) HE S5 L B A 2k b R o 3% B 4 A
LGS L RS s ri S B N F I 4 e V| W R S A
T PS5 BTGRP A S R R R R R
BB RN 37 00 A, & PR R St g o5 BT L 4 AR
R 2% 5 R T AL, B R L A58 B 32 kV/mm,
T TR g8 4i % XLPE FIR 14482 EPDM #1kHY
AR 2E S5 5 SR 5 R L F R ik FRAE T XLPE/
EPDM 2 241 5 A1 45 (8] HL faf 1 HL 7 A8 38 %
PRI 7P 5 246 2 DG JC P 32 5 IR S 380 T Ak R 5 [ v
T, FL AR 5k 100% ~ 200% , B I R #1488 41
BEAE A8 2R VC L, 5 180 4% (7] F g AR 22 368 ok 1) v 37 Iy

P R R 0 BT A R W R R R, T S S A
T F R B B A A ) s ] F A R 2 A
S E k-
(1] MAf 220 i gk, 2. T B SCIE SR 2 0 e B 17
S dbE[T]. e ER A ,2017,43(2) :344-354.
DU Boxue, Ll Zhonglei, YANG Zhuoran, et al. Application and
research progress of HVDC XLPE cables[ J|. High Voltage En-
gineering,2017,43(2) ;344-354.
(2] kL4, 78, B0 0T , 45 IR IAEREE T SR PO MR L B U L 4026 2%
ORI R T S[J]. ¥ IR AL 2% ,2022,58(6) :9-16.
DU Gang, YANG Jie, CAl Hanxian, et al. Application prospect
of polypropylene-based DC cable insulation materials in humid
and hot environment [ J ]. High Voltage Apparatus, 2022, 58
(6) :9-16.
IR, FE R, 230, 4. o TR AT IO He 4 % o )22 e ol ko A
WTr e [T]. = R4 ,2022,58(8) :259-266,274.
LIU Fenglian, XIA Rong, LI Wenjie, et al. Research on detec-

—
(98]
—

tion method of buffer layer ablation defect in high voltage XLPE
cable[ J]. High Voltage Apparatus,2022,58(8) :259-266,274.
XL , SEROIL, AR, 4 BT HAAL DR SR AR AR i i 4
Jrv s e v S [0 ], T AL 4%, 2022, 58 (6) @ 165-
170,177.

LIU Wenhao, WU Yijiang, LI Wenze, et al. Partial discharge

—
A~

pattern recognition of high-voltage cables based on random forest
method[ J]. High Voltage Apparatus,2022,58(6):165-170,
177.

e JaL R U L B =00 C IR 4 R Btk R
PERERTFEL D] ME/JRIE MR /RIEHE T, 2021

LI Zhongyuan. Insulation modifications and electrical properties

of EPDM used for high voltage DC cable accessories[ D |. Har-

—
(9
[

bin: Harbin University of Science and Technology,2021.

[6] WANG W W,LI S T,TANAKA Y,et al. Interfacial charge dy-
namics of cross-linked polyethylene/ethylene-propylene-diene
dual dielectric polymer as revealed by energy band structure
[J]. IEEE Transactions on Dielectrics and Electrical Insula-
tion,2019,26(6) :1755-1762.

[7] FABIANI D,MONTANARI G C,LAURENT C,et al. Polymeric
HVDC cable design and space charge accumulation. Part 1 :in-
sulation/semicon interface[ J]. IEEE Electrical Insulation Mag-
azine,2007,23(6) :11-19.

[8] ZHENG Z,BOGGS S. Defect tolerance of solid dielectric trans-
mission class cable[J]. IEEE Electrical Insulation Magazine,
2005,21(1) ;34-41.

[9] Z=ifg, Voot JRIWIOR , 5. X veg Fs Hit S B St 2 o 2 L B P o

G EA AL ). W5 HETR ,2019,40(6) :649-653,659.
LI Hai,SHEN Bin,ZHOU Yongchen, et al. Electric field simu-
lation analysis of typical breakdown mechanism of HV cable ac-
cessories| J]. Power & Energy,2019,40(6) :649-653,659.

[10] R, Bk, 2 et 5. R H e 4 kRS 5 E S

HI A AEFEL)] . S ERIAR,2017,43(11) :3607-3616.
SONG Shuwei, ZHAO Hong, LI Zhongyuan, et al. Stationary

and transient electric field distribution characteristics inside



79 XU 45 : £320 kV B L ESCIK R O/ =0 SN IR 2 R

HVDC cable joint[ J]. High Voltage Engineering, 2017, 43
(11) :3607-3616.
[11] 8 R K, BRI, 4. 25 18] s A7 280000 B I Fe 48 A T
PR T 55 5 0 G 1], 5 IR 4R, 2015, 41
(8):2681-2688.
WANG Xia, ZHU Youyu, WANG Chencheng, et al. Effect of
space charge on electric field distribution at the insulating in-
terface between DC cable and accessory[ J]. High Voltage En-
gineering,2015,41(8) :2681-2688.
I % B b W A B A s R, ] T A A A PR
BUE R 500 KV K RUTF B % S L B 48 Gl v B R
45 % 1 B4 I s MK . GB/T 31489.1—2015[ S].
JUat . E AR UE S At , 2015,

General Administration of Quality Supervision, Inspection and

[12

[

Quarantine of the People’s Republic of China, Standardization
Administration of the People’s Republic of China. D.C. extrud-
ed cable systems for power transmission at a rated voltage up to
and including 500 kV-part 1;test methods and requirements:
GB/T 31489.1-2015[ S]. Beijing: Standards Press of China,
2015.

[13] Wil XL, wh vl i, 55, LR 402 2 Al o ek S
FEITRRE ST ()], ) TR ,2020,39(5) : 16-22.
BAO Shuzhen, DENG Honglei, HAN Zhuozhan, et al. The in-
fluence of aging cable insulation on the interface pressure of
cable joint[ J]. Electric Power Engineering Technology, 2020,
39(5) :16-22.

[14] WRER , WHIE, 8GN, 4. 320 kV XLPE /5 & B i L 85
SR E o BT RS AL BT T]. o E AL TR,
2016,36(7) :2018-2024.

SHANG Kangliang, CAO Junzheng,ZHAO Zhibin,et al. Simu-
lation analysis and design optimization of 320 kV HVDC cable
joint[ J]. Proceedings of the CSEE,2016,36(7) :2018-2024.

[15] WANG P Y,KANG L Y,XU Z F,et al. Dynamic thermal anal-

ysis for underground cables under continuously fluctuant load

considering time-varying van wormer coefficient[ J ]. Electric

Power Systems Research,2021,199,107395.

HEENHEEE RS, BZRERE R R 2. B

JE 500 kV K RLR B BT L4 S L T LB R B 5 2

B> HIA R HLSE : GB/T 31489.2—2020( S]. b xt: 1 [H

i i hiAt: , 2020.

General Administration of Quality Supervision, Inspection and

[16

—

Quarantine of the People’s Republic of China, Standardization
Administration of the People’s Republic of China.D.C. extrud-
ed cable systems for power transmission at a rated voltage up to
and including 500 kV-part 2:D.C. land cables:GB/T 31489.2-
2020[ S]. Beijing:Standards Press of China,2020.

[17] WU K,CHENG C H. Interface charges between insulating ma-

[E

terials[ J |. IEEE Transactions on Dielectrics and Electrical In-
sulation,2017,24(4) :2633-2642.
[18] BAFERANI M A,LI C Y,SHAHSAVARIAN T,et al. High tem-

perature insulation materials for DC cable insulation-part I:
space charge and conduction[ J]. TEEE Transactions on Die-
lectrics and Electrical Insulation,2021,28( 1) :223-230.

[19] REN H W,TAKADA T,UEHARA H, et al. Research on cha-
rge accumulation characteristics by PEA method and Q ()
method [ J|. TEEE Transactions on Instrumentation and Mea-
surement ,2021,70.1-9.

[20] KIM H G,JUNG H C,PARK J D, et al. Measurement of sheet-
like space charge distribution and signal calibration of insulator
XLPE using PEA method[ J]. Journal of Electrical Engineer-
ing & Technology,2020,15(5) :2027-2032.

[21] LI J,KONG X X,DU B X, et al. Effects of high temperature
and high electric field on the space charge behavior in epoxy
resin for power modules[ J]. IEEE Transactions on Dielectrics
and Electrical Insulation,2020,27(3) :882-890.

[22] UPADHYAY A K,JOHRI P,REDDY C C,et al. Direct mea-
surement of accumulated space charge using external currents
[J]. IEEE Transactions on Instrumentation and Measurement,
2021,70.1-8.

[23] DOEDENS E,JARVID E M,GUFFOND R, et al. Space charge
accumulation at material interfaces in HVDC cable insulation
part I-experimental study and charge injection hypothesis[ J].
Energies,2020,13(8) :2005.

[24] AKRAM S,YANG Y,ZHONG X, et al. Influence of nano layer
structure of polyimide film on space charge behavior and trap
levels[ J]. IEEE Transactions on Dielectrics and Electrical In-
sulation ,2018,25(4) :1461-1469.

[25] RIZZO G,ROMANO P,IMBURGIA A, et al. Review of the
PEA method for space charge measurements on HVDC cables
and mini-cables[ J]. Energies,2019,12(18) :3512.

[26] YANG P,HE M,REN X C,et al. Effect of carbon nanotube on
space charge suppression in PP/EPDM/CNT nanocomposites
[J]. Journal of Polymer Research,2020,27(5) :132.

[27] ARAB BAFERANI M, LI C Y, TEFFERI M, et al. Large im-
provement in DC electrical properties of EPDM with 2D pla-
telet nanoclay [ J ]. Journal of Physics D: Applied Physics,
2021,54(47) .475304.

[28] ARAB BAFERANI M, WU C, CAO Y. Charge transport and
space charge dynamics in EPDM/2D-nanoclay composite die-
lectrics[ J ]. Composites Science and Technology, 2022, 219,
109241.

(AT

XUPK(1992) , 55, Wi+, By SHR, DF
5 Ty v, 3 A 24 % LT R A B i R (-
mail ; liuyongbin@ xjtu.edu.cn) ;

I (1984) 55, Wi, Bd%, WHHE 7 1)
h e L TR 2 G BOR RN DI RE HE A 55

PhopA=(1961) 55 Wi, Bd, WH 5 07 1)
A TSR LZ%

PNy



& AH) ALK 80

Breakdown property of +320 kV HVDC cable system XLPE/EPDM accessories
LIU Yongbin', GAO Jinghui' , ZHONG Lisheng', MEI Wenjie*, WANG Jiru', PAN Wenlin®
(1. State Key Laboratory of Electrical Insulation and Power Equipment ( Xi’an Jiaotong University) ,
Xi’an 710049, China;2. Hengtong Group Co.,Ltd.,Suzhou 215200, China)

Abstract: In high voltage direct current cable system,the cable joint and termination are the weakness to stand high voltage,
thus making their breakdown strength the critical property to the reliability of power transmission system. In this work, the
breakdown mechanism of cross linked polyethylene ( XLPE)/ethylene propylene diene monomer ( EPDM) interface in the
cable accessory during the load cycle test of 320 kV HVDC cable is analyzed. Firstly,the voltage withstand test of the cable
accessory suggests that the weakness locates at the XLPE/EPDM interfaces under applied electric field. Secondly, the
temperature and electric field distribution under no load and full load are calculated through finite element simulation. This
result indicates that the highest electric field is about 29.5 kV/mm located at the cable insulation material near the stress cone,
which is far below the breakdown strength of each insulation material. Finally, the electric field distortion in the interface of
XLPE and EPDM induced by space charge is measured by a pulsed electro-acoustic system. It is found that the electric field
distortion rate reaches 100% ~ 200% in the interface, suggesting that the space charge in the interface is responsible for the
breakdown behavior of accessories. This work might provide a breakdown mechanism for further development of high voltage
materials and structures for HVDC cables accessories.

Keywords : high voltage direct current cable accessory ;cross linked polyethylene ( XLPE) ;ethylene propylene diene monomer

(EPDM) ;insulation coordination property ;electric field distortion ;space charge
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Overvoltage and insulation coordination of flexible DC

distribution network with DC circuit breaker
LIU Shuhan', ZHUANG Yuan®, LIANG Zhan', LI Jiangtao’, LI Chenjie’, WANG Yifeng’
(1. Xuzhou Power Supply Branch of State Grid Jiangsu Electric Power Co.,Ltd.,Xuzhou 221005, China;
2. Jiangsu Xudian Construction Group Co., Ltd.,Xuzhou 221005, China;
3. School of Electrical Engineering,Xi'an Jiaotong University ,Xi’an 710049, China)

Abstract ; With the continuous application and popularization of distributed energy, DC power distribution will become the
mainstream form of future power distribution system. As a new type of power distribution system,the overvoltage and insulation
coordination of flexible DC power distribution urgently needs further research and improvement. The addition of medium-voltage
DC circuit breakers has also led to fundamental changes in the operating overvoltage transient characteristics of the system. It is
necessary to analyze the operating overvoltage distribution characteristics and insulation coordination of the flexible DC
distribution network with DC circuit breakers. Firstly, the electromagnetic transient simulation model of +10 kV ring-network
flexible DC power distribution network is constructed ,and the protection action scheme based on DC circuit breaker is designed.
Then,the 10 kV ring network flexible DC power distribution system is simulated and analyzed for operating overvoltage,
horizontal spatial distribution characteristics of its amplitude and the decisive working condition of the maximum overvoltage at
key positions are obtained,insulation coordination scheme of the £10 kV ring network flexible DC power distribution system is
proposed. Finally,the simulation analysis of the transient induced overvoltage of the DC cable sheath under the influence of the
action of the DC circuit breaker is carried out. The results show that the addition of DC circuit breakers improves the reliability
and flexibility of DC distribution network ,and the layout of arrester and cable metal shield protector is further optimized , which
is of great significance to the design of insulation matching scheme of flexible direct distribution network of ring network.

Keywords : flexible DC power distribution network ; DC circuit breaker; protection scheme ; arrester ; overvoltage and insulation

coordination ; PSCAD/EMTDC
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