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Research on high-frequency flexible sensor technology
for partial discharge in cable joints
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Abstract ; Cable joints represent the most vulnerable component in power cable systems. Detecting partial discharge (PD) in cable joints
is the most effective method for preventing cable system failures. However, the unique structure of cable joints makes it extremely
challenging to apply conventional sensors for PD detection within the insulation of cable joints. Building upon the flexible sensor unit,
this paper proposes a PD signal sensing method designed for deployment in the confined spaces between the outer shielding layer and the
protective sheath of the joint. Firstly, finite element simulation software was employed to design and analyze the effective operating
frequency band of the flexible sensor unit within the cross-linked polyethylene ( XLPE) medium. Through adjustments and testing of its
radiation pattern, the operational bandwidth was optimized to cover typical partial discharge signals generated during cable joint failures,
thereby ensuring that its detection capability is maintained when the sensor is in a bent state. Secondly, the propagation characteristics of
high-frequency electromagnetic radiation from PD signals through the elongated multi-layer dielectric space of a cable joint were
calculated to determine the optimal installation position for the flexible sensor unit. This analysis confirmed that this position for the
flexible sensor unit to be near the stress cone of the cable joint. Finally, an experimental platform for cable joint PD was established to
analyze the performance of the flexible sensor unit. Simulation and experimental results demonstrate that the flexible sensor unit operates
effectively within a frequency band of 50 to 640 MHz in the XLPE medium, with a bending radius of 6 ~ 10 ¢m without compromising

detection performance. The amplitude of high-frequency electromagnetic radiation from PD signals is significantly enhanced near the
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stress cone of the cable joint. The flexible sensor unit can effectively detect composite defects located 12 ~24 c¢m from the PD source

within the cable joint. The flexible sensor unit exhibits satisfactory detection performance in practical applications on 35 kV cables. It

enables successful detection of PD signals within the confined spaces of cable joints.

Keywords : cable joint; partial discharge; finite element analysis, flexible sensing unit; propagation path

0 3l

T

FI 2020 4F R 548 gk i g A B AR LR 3
FEl R RS I b B R & v, BB R R i
{511 7 R T P O XA A5 07 AL B ) R e % HEL T 26 45 1Y i Bt
SEPERR T TR R LR R B R A B AR
KM REIR I AL ) R B HOR T B e W AL ) R e
HEEHA TR AR Sy M e B R 1 G
£ AT IR R A AR . ik
PR R A I S R B Sk T B Bk E 2R, N
PREL Y 3 A B2 % OO M B R e R 55 PR 1T, — B
FL 4 R SR s AR SR S g, B ARk A S
Bz 7 ik 70% DAY R ( partial discharge, PD)
SR VAR F 2 ) 4 2 A R D0 1) DG R A 3 2o A
PD {55, AT LA S S 3095 7 95 7 1) B | DA T s 7 v,
T3 BRI B AR DGR B R

it e A AR e A B R R 1 R PD A5 5 A I 4
ARAGE) T WFERTS  BIREA TR T
Btz sk PD A5 MTELAG TN, AR A% AR L 2 (v 1]
5 PD 55K Jy k43 Ry A e R0 N P Ah A
P RS T AL L A A A .goubau R WK
£ R [ W) TR 11U B N N N A 2
SO A B CON TR AL B i A M N XELL 24 BT T AR
J1585 KA 78 5 o R SR T 4 4 Sk A X R 4
JE 7 5E A A B H B PR IR N R 4 2% kA PD )R
L R AN A TE i SR U EFR S E 5

DA ARG T 4 D0 A 2 3 T W 0 N R RS A
RORE S AN PR S B T, R R 55 (BB X L gk 1Y
W AL AT I8 TR i T i SR Sk 6w A
BNFRZS BN G5k Big , 45 2R m , PG
RN E TR, R SR S AP R TR S
FRHSATI XL 5% TR PD 114 LR I 1% 45 5% i o S W
PR EL R 0 A S g ) L A T B R T A EL A iy A T
PD WA e, RE G REE ™ bk bl 7R B3k
R E R 45 AL A LA R R i i Sk W E =X
Rl F-Be v J1 . SCER[ 13 ] 42 1 T HIE U R AE &
AT I L AR AT 2% 32 BB R R 52 ) 1 o 1 B ) 1
HAERGEHS g R ], SCHR[ 14 ] $2 3 T —Fh e 1k 5
PR R, SCHR[ 15 ] 32 1 7 — i ] B oK A R i K 2k, PR
it K2 Xyl F T AG I AE AR 5 A6 D00 4 B X LA

T e LS HEL PD S SAGIN Ry S B H 4 4 Sk N e UG
D 25— ] LA 0 B8 2 22 ] g AG I 7 1% o

EAR Z KW g5 2 by, DL3E T 3 5 ( coplanar
waveguide, CPW) RENE R N B AL AR S — i 24 4 4G
LA, PRUFHEE R TR] B ) 58 IR 8 R S5 00 R, 3%
P T REN RSB TR X E CPW KR i
AT PRAGTRE I LA Ehe i 34 A6 DN T B 0 7 5 1) 98 ARG 00 3 i
PE2E RSF Rt K 5 9 BE /N L R i B Y L8 4 ()
B, AR IR T Ak DL K45y T R A A - 1%
Th—hid R A5 ) /N RS B SE AT | RE A% SR AR N
HIZRPEAGIRRIAIT,, 35 A L 4043k PD {5 54 I 5
BV 15 X AR IR A OT A T M RE I

1 FEERATHERT

1.1 HEESREELHW

1) ST S K& S kT

WL CPW RZR AR HH L (e, ) FIRFAERH
i (Z,) , TLARBOE P G250

CPW RZHA R HLH B80S FRAEBE T th A5 5
TR (w) f5 5 HHHAR Z B A& B (g) A AR S
JE(Ch) ARAHLH B (e, ) TRoE , 22 )2 40 W AR 3 1o
SRLEWME 1 PR,

iy
X
:, I
X
h 20U >
3 < 2b > h
3 k-
«—2a—»>

I 1 | I Y

& h
” 2
X

érl hl
b 4

it

Bl 1 RE&LEH
Fig. 1 Antenna structure
HCRHAT S AR Al 20 (1) ~ (7) 454 B
a [1-0b7c
b= [ (1)
bAll-d’/c,
sinh(ma/2h,) [1-sinh>(wb/2h,)/sinh’*(we/2h,)
> sinh(mwh/2h,) | 1-sinh’(wa/2h, )/sinh*(me/2h, )

(2)




284 & L £ ¥ W

a6t

_sinh(wa/2h,) f—ginhz( b/ 2h, )/ sinh*(wwe/2h,)
* sinh(mh/2h, ) A 1-sinh?(wa/2h, ) /sinh>(me/2h,)
(3)

( 1 1 K(ky) K’(kl)) 1 K(k,) K'(k,)

€E = |— —— € +

N2 2 K(k) Kk)) "

1 K(ky) K'(k) 11 K(k) K'(ky)

- €, +(———7, )E, (4)

2 K'(ky) K(ky) ™ \2 2 K'(ky) K(k,)/) ™

ALK k) FK(ED) 55 1 2858 2 158 253 R B0 8 HoAb

K(k,) a [1-b/c
C" = 4e R 5
CK'(k)T N bAll - ai/ed ()
1 30m K'(k,)
Z, = -t (6)
cC \Je, /€, K(ky)
c
f (7)

4L. /e,

KL AREKIE,

Y DA B AT 1, CPW R 4R A R PR B T = 2 il A7
SHRMNTEEAME SR SEMEM MR ES, F54
PR 8 2 T, AR e BEL e B AT 4 Bt O B R O, R
REBLR R o [RD S, DRk A 422 Ml THIBR 58, A 28000 H 8 400
e RRPE BT . Y e T A S R — R K S
KRB RHPEBE BT T2 BT 50 B2 A2tk 22 4k, 2% B Fr
W, CPW KL A RO W B SE B T8 2 AR S 498
e i AL R e EAESEBRBFE RE T, CPW
LR I P BE 7 4 S TR IR 1 5 ) 5 A ) 3 i
TE RV R b, 5 248 B A BR A5 T 0 E 3R A DAl
RENERE,

2) RAMERESHL

KR PERE S $508 F i 191 % 34 #E (return loss, RL) |
Rk J7 1) W LA S B 3 e (voltage standing wave ratio,
VSWR) ", [ AR FIBE R L IR

RL =S, =-10lg|I"|* == 20lg| I"| (8)
vswr = L+ 1L (9)
11— |

Aobr RS RE

[T AR (EAE O dB A EIIETT RIEIH , (] 5 45 #E
RETRICECHGS , 0 Fon &, J095 RFR e e ILiE,
A (8) ~ (9) FT LG 3] (11354 45 46 2 Sz 5 22 By 480 Kt
BT MRS B 201g(1/1) o FRBEE b SR AR 2k
e R R R I e/ L R IR 2 L, R LA
l~o0 , PEFCIRZEN 1, 22 Heo

SR BRI A oAy 5 65 22 1 A SR BT ) SR B A, TA
AL R TTAE S YL N LR T 2, WA i% M5 =
JERATATEY GRS MR A AL R OTAL R ML i
N EESH,

2 K'(k,) K(ky) ™

FL 25 4 S S ) ) i o 288 T80 38 % A 25 AN TR) 1% I FiL A
R, B EBE, 4% 5B A TR B 015 S 4 b
1 300~ 450 MHz F1 500 ~ 600 MHz #5135 Fil , 11 JJ 9K i fé
BISIEAS S 7E 300~450 MHz HBLS 5 32 & ; 20 Bk
L 7 8 2 AT B A 5 4 TP E 400 ~ 500 MHz 31 B S e 2
FE B BRI FE IO (55 22 AE 150 MHz LAF
SR BB 5 S EEAE A 50~ 100 MHZ

¥ B a0, i g 13k B 5 5 R B E R 7R
50~600 MHz B850 [l 2 T A58, TR R k%
JERERTTHT WA R DK 2 11 T AR A9 B B 0% 7 55 12090 % 3 [
HBE BAE ] ORE JH 8 28 7 {5 5 0 R 2 M B i 48
AN R FEMAR IR TT A T LTI DR R R AE TR T B
W RERE A A L i3k PD 55,
1.2 FTHERBTERLITRMEN

1) FEPEFE R

TR ( ployimide , PT) TPz N R T
MR, B RAF N ERE NS e, 3.4 224 0
HLPFE tand S 107 A HLBRE Jy 100~300 kV/mm'™ X
S L 5 K 194 L R 3R 3 R PN S R ) RE AR
FRTER R 7K, o HLH R4 9 68 66 R i 44 3k
R PR3, B AASBIF ST e 88 P1AE N e AL BT
/i

2) AL I IA LSBT

FI AT BR T A P05 B A T 4 1 ) S M AL IR B e
PATERAST L, QIR 2 BRSSP A R e 2 # , o
Ay MM, A, R ST, A, SR BT, W, R R TE
Ly MEEEKEE L, NI A, KBE, W, e A, T
BE by Sl A KBS, W, Al A, SERE L, W, 4300 R
W R 46 3 10 A, 0% Rl R Ry B R 8 28 X 4%
g Al GHA R Z W 0 SERE L, RS A, 5 A, Z
(BB S b S FE R R

K2 R R ITE BT

Fig.2 Structural design of flexible sensing unit



5510 39

SRR A5« FL ARk Jay B FL 1o R AR S B B AR BT 7 285

HEEIRE T , i &0 R RSO IS i
T T R AR, 2 B R I AR SRR T Y
T2 R K T BE A TR A P 3 F 9 2 S T /)N
[l B A 4 S T A A B ek s PR 3T B 0 o %
TEAR ST A, TP PR TR AS A BE 2B P R A — 2R
K R AR SR DX DA et e AL B T B BT

MG ASCIR IR A A T W AR TN & T
TERR O IEIEPERE AL, 7 B B s R A IR
Ko tan & Z3BIPCE A 2.25 F10.001, FePEAL AT BAR L
faIZHcnge 1 iR, LRI 3 W  ARBFSE Brse i 2%
PEAR I TT A [R) TR 3T 0438 % Sy I K4k
1 (320 mmx377 mmx0. 45 mm) A LGN T 84. 79% .

R1 RUERBATHILASEH

Table 1 Geometric parameters of flexible sensing unit
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Fig.3 Physical picture of flexible sensing unit
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Table 2 Design parameters of simulation conditions
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