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Fig.1 Oil-paper layers with different water
content and its equivalent circuit model
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Fig.3 Simulation model of double-layer stack
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Fig.4 Simulation model of 110 kV bushing
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Fig.5 Local partition of bushing simulation model

960

&1 110kV EERRRT

Table 1 Plate dimensions of the 110 kV bushing
mm
BTSSR AER BRKE Bk fg)RE
0 28,13 1 672 23.23
1 28,13 1 632 24.42 1.19
2 28,13 1 593 25.64 1.22
3 28,13 1553 26.90 1.25
4 28,13 1514 28.18 1.28
5 28,13 1 475 29.48 1.30
21 28,13 844 51.61 1.32
22 28,13 805 52.90 1.29
23 28,13 766 54.16 1.26
24 28,13 726 55.38 1.22
25 28,13 687 56.56 1.18

23 BYIFE
0250300 2 1 B A o 0 A e

FOrh e A H RN
fu(@)=s, -2 (16)
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FERIE A

I S, 34T 50 °C BHIIR AN 0.000 1~
1000 Hz FIIENHER e (0) . HRAEKE W
A3 H 0.59% (W), 1.09% (W,),2.02% (W,),
3.08%(W,) ,4.12%(W,) ,5.13% (W) , ZB4r Bt
F 2PN,

%2 50 CHAZEARMETHENEREHR ¢,

Table 2 Complex dielectric constant ¢, of insu-
lating paper at different frequencies(50 C)

W, W, Ws

%ﬁi Re Im Re Im Re Im
(&,) (e,) (g,) (&) (&) (g)
0.000 1 43405 0.3850 6.81 5.5600 451 4 690
1 000 42394 0.0670 4.85 1.0700 128 520
0.002 15 42266 0.0406 4.62 0.6320 81.80 270
0.01 42103 0.0190 4.40 0.2270 33.50 82.5
0.021 54 42041 0.0152 435 0.1390 22.10 48.3
0.1 41925 0.0130 4.29 0.0570 11.20 18.1
0.21544 4.1865 0.0132 4.28 0.0393 8.76 11.4
1 41735 0.0146 4.25 0.023 8 6.34 4.65
2.1546 41662 0.0156 4.25 0.0213 5.75 2.95
10 4.1500 0.0179 4.23 0.0211 5.14 1.11
21.563 41410 0.0192 4.22 0.0223 4.98 0.657
46.512 41313 0.0206 4.21 0.024 1 4.88 0.386
100 41209 0.0220 4.19 0.026 3 4.8 0.235

216.22 4.109 8
1 000 4.085 5

0.0235 4.18 0.0288 4.74 0.153

0.0264 4.15 0.0344 4.66 0.09 3
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Table 3 Different equivalent moisture contents and
uneven degree D of oil-paper layers
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Fig.6 The simulation results of tan § -f under different
moisture contents in uniform damp condition

HIPE 6 IR, 2K 73 5 G IR, tan & 7EBE A
PBIN B R . BB 1,6 26 it il 2
UL GiERIE " oA o IRAL R I B K o
BETR A 0 T AR T AL /)N 5 SRR AR, A 4
BN e iy S D PNITE PN ER Sy
RTREZEEECE K. SRS RAKT 3.08%
IF, S35 i 247 B A A0 5 B P S B X ) TR
/<1 Hz i, tan&-f H A8 KAV IR L HOK; 2 />1 He
ISF, 453 B 2P 1 < 38 050 v A U/ 2K
Sr R T 3.08% N, tan &+ i & R B A A9 A
MEI—ERE " ; 2 /<0.01 Haz i, 4 £&
SR SRR K 0 5 A BT/ s 25 f £E 0.01 ~
100 Hz [} , tan &-f #i ZRBEFH /K 7035 1o 34 0, 394 et 3
AZR, f>100 Hz I, 4745 i 28 i (14 3 < 3 2 SCA
P AR o
32 AHNZHWATEEHE FDS 4514

NIRTEATY 2] Z IS 9 FDS HE, 5 AN R] 5K
MR TA S, BON R B = R 40K 5
SFIIEAE R AR 2 2R L0 A RS K AT LA
W7 B B ATR S AFACE KA, Ky

S wipapliness S AT NS
1~
10 —A—W,+W,
——W+W;
100 —v— WU+ W4

EiabsA

\

10° 10" 10° 100 100 10

10" 10°
f/Hz
(a) ERE/KEAMFEQ%)
10'F — Wt W, —e— Wt W,
——W W, W+W,
——WAW, WAW,
10°
= 1
§10
10°
10°

10* 10° 10° 10" 10° 100 100 10’
f/Hz
(b) FREIKEAA

B7 AHIZTINARIKETHtans-HEER
Fig.7 The simulation results of tan s -f under different
moisture contents in non-uniform damp condition



147 XUF S5 ANE 5 2 W AR B S H O ELRF T

HITEL 7 RIRD, IR G XUZ KRN X 5] 32
FE PRSI B ) B 2 (9 A0 JSA FE 06 . 7 A [R] 45 5
TR BRI A S IR tan 6 HIZK 1Y
PSRRI BA S 3G, S o A5 RR 06 1R AR 3 K U {E
W ELRRAIR o 25 AN 5 BEAH [ I, U2 R ) S 20055
TREBUA  tan 8- i 26 AOSURB IR AT 4 e

P 8 Sy 24 2 AN 249 50 321 15 A TR Fr) A 1
TET S5, o 0 s 20 0 3 P AR AL ) 4 5 R 1] 1T 37
S BEAT 0 AT, 24 i AR 4 S O EAE RN B ) 2
AU 1o AR T 373 5 B A0 3 A At B {1, L2 2805 K
7 1 I 37 5 P D (LA 3R A5 25 A 7Y
(152 0 AN 157 2 JRE A R, JHCAE r] A8 TRT 37 9 0 K
GIHTRIA AN 52 A J5E P Y SR i 3 ik B
BRI AR , I 4 R 991 3 BUAR R, g iy 5 25
Ty A R T R S

T4r —— Wyt W,

~
)
T

701

HUABE X104/ (V « m!)

10* 107 10* 10" 10° 100 100 10
f/Hz
E 8 A5 ZiMrEmE TR
Fig.8 Transverse section field strength in
non-uniform damp condition

3.3 AHHZHEEHE FDS ik

R EE A A B W E A2 518 AR 4
ke et VRV R LR ibuRZuke SR B2 N AN
ZRAR R, T A G AR B K o T R RE T v T4
G, Y 5 KR R 5 B O RR K I, 7K 2348 R
ZRATAE T Y G AN o 26 2 4R 0] 1 5 0% 8 40§ 1
A BE , TR 9 0 BELK A, K S 7R VL 2 R 8] A
a9 O, FEEEARB R Z . SO A
COMSOL A FRIC/MHr 4K 1, T S 5 X I 1y — 4k il
XFRE IR

SCHEENL AN S Z R v A 52 0 L
PIRASE  Nyyyo FWEICEJERL, S i 1 32 BB S5 AR
JEHRARME AL, 110 kV 28 EREE R Y L Z
T HSEINGR 4 s . BERREZEEA T KR
AN T Ngyer s Sraio PRIFANAE , HLERABE 52 38158 73
HARHAL ST KRN 0.59% (Wy) o ARG 32178 2
R, B B A2 T AN B 5 BEBOR o

B9 D3 5] Z i BRI tan 6 2K,

x4 10KV EEREERHAZTHHIESH
Table 4 Simulation parameters of 110 kV transformer
bushing under non-uniform moisture content
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Simulation of frequency domain spectroscopy characteristics of oil-paper

insulated bushing under non-uniform moisture content
LIU Wei', LI Yang®, ZHANG Lu’, NIU Chaobin*, MU Haibao®, ZHANG Guanjun’
(1. State Grid Shaanxi Electric Power Company,Xi’an 710048, China;2. State Key Library of Electrical
Insulation and Power Equipment( Xi’an Jiaotong University) ,Xi’an 710049, China;3. State Grid
Shaanxi Electric Power Company Research Institute,Xi’an 710199, China;4. State Grid Xiongan
New Area Power Supply Company of Hebei Electric Power Co.,Ltd.,Baoding 071800, China )

Abstract : Capacitive high-voltage bushing is one of the most important power equipment in substations, and their insulation
status is very important for safe and stable operation of the power system. During the production and operation, insufficient
drying or impregnation and ingress of external moisture may result in the humidified and unreliable insulation of bushings. Due
to the particularity of the structure of the bushing, moisture is usually unevenly distributed in the capacitor core,especially in the
case of external moisture intrusion. Therefore,a numerical simulation model of oil-paper-insulated double-unit laminated and
110 kV capacitor bushing is established. Frequency domain spectroscopy ( FDS) characteristics under non-uniform moisture
conditions are simulated. The results show that when the moisture is uneven, the tan §-f curve shows obvious dielectric loss
peaks. The frequency corresponding to the loss peaks goes up with the increase of the unevenness of moisture distribution. The
FDS is sensitive to the insulation thickness and the moisture content in the final screen, and is basically not affected by the
uneven axial moisture of the bushing.
Keywords : oil-paper insulation ; capacitive high voltage bushing; COMSOL simulation; frequency domain spectroscopy ( FDS) ;

non-uniform damp condition
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