F40%5 F4 8
2020 £ 4 B

® 2 & #H wE &

Electric Power Automation Equipment

Vol.40 No.4
Apr. 2020

o BRI SRSy ML B h R 55
B IR T ik

FXEZ

R RE

(1. #eduRA)KRdE KF BAHFR,FMH KM 450045;2. BRTdEEE Ah NS wARFHRR, Td # M 450002)

P AT B AT/ B 3 A R 3 ) T 8 K o 3 M 3 5 ) h LIE 0 04 R, R T o B 2 b Aw
BESWFEET SMBEEF I FE, 5 ERBRHUEL R o dEHE LT )7 b e AR 4R, A AR
i R AR A - T S T AR SR AT B AT I, M T B AR AR 4B T4 R R K-means B £ Lok st 4 33k
A AESE IR AT AT, B o TR T MAEa R AL, 2 AR 1 Rk HIET IR, PTIR 7 B4R 37 09 W M Ak

522000 Q, BA— % 69w A MAL,

KR BRI RS & PR T Bk s AR L s R AT 5 4K 4R

FESES:TM 771

0 5§

AR, /)N FL BH B2 Hb R S AE 3R ) 2 iR 4 T 75 2]
TV B R B 42 b SR L PN 10 KV /NHLBE
2 M T5C H 9 30387 2 M DR 7 0 R (AR TR R A
WLt 6 B Fof oy 113 B Bl 17 0 e R ) [ A7 A
AIRET | AR K, P B A I B T A
J R L R B AT A MR P Ah X
PR, BEL 4, 2R 298 B AH 1 1 5 s 01 5, 2o 3 W BELAEL 7
100 Q B _F iAo S g BHAZ SR o R [ P9 ]
H, 0 037 % e ao W W AR A i) S VR HL IR — AR 40 A
i FH 0 3 O P BEL A 3 130 Q e 4

PTAER , 2735 0 B A M R B B R AT T K
IR SE R (A LA e —SE )R, SBR[ 7 [ TF
J T3 07 o) 4 7 2 5 A e i e (H 2 A i BE
FE M SRR, , P I L H R PR AG I A PRI A . S
BRI 8 Bt 1 A T2 e vl Fe il 3l i 28 15 L e AR B
Fe b ORI 52 HL BEL AE 42 55 31 1000 QB 2% 7 ik
TREAERE R o SCHR L9 1 FH i B 42 % AT — 3 il
PRZ A S FF R S R ST L, TR
il ok P BEL TR e BEL B bl P . SCRik[ 10 1)
FH/INIBE 53 A T3 325 X il i 4 g5 1l o £ 3% 1) P
Yrim B #8:2019-03-10; 2 2 H#3:2019-12-20
BEE&WB 20195 Md 8T EMA LM £ RCHEX)
A (192102210229) ;7 1 4 & 5 F R E LA B (19A-
470006) ;2019 4 7T i 4 & % F A F R T #P 32 500t %
(2019GGJS104)

Project supported by the Key Scientific and Technological
Research Projects of Henan Province (192102210229) , the
Key Scientific Research Projects Plan of Henan Higher Edu-
cation Institutions (19A470006) and the Cultivation Plan of

Young Backbone Teachers in Colleges and Universities of

Henan Province(2019GGJS104)

XEAFRERD: A

DOI:10.16081/j.epae.202002020

L R A T B R/ IN IR o e A, BREIBURRAIE 3R B M iR
) v BEL I ) 40 SRR [ 9-10 1T i 7 i {7 22
K& wm, HYTTHeae 14055, 245 5 K R A . SCik
(11 T4 ) P PR e L o7 e /)N 3 A o 1 B0 s
FEL VG HP 1) 25 VRS I, AR B R I L YT RS /N i) v BEL 422
R SCHRT 12 J42 0 2R =y 22 U 2 2o e gt A
PR Ty AR AR e s R R (H 2%
7V IO RORE B AR T R R o SR (13 P
Wil B 28 298 Kz I 732k I A e L 2 b e s R0, D 52
B RGN, S A0 A 5 1 2 HER M
PR I — BN B e R N T R
Rl N T v BE A bR A

e XoF e L 422 e e, AR SR A A % A 5 B
2R M 0 Ty E AL, BE R T R, R e P L
TRAELEE /N KT v B 42 1 55 B ) 1) B s ), 2 v 1 1R 531
v BEL 2 b 5 5 P 8 7, 1) P L 78 S 0 S8 5 50
UE T r 7 v R 1
1 oRER

I T 22 B 28 1k 20 140 5 1 = R IEZR P
FRIS R 2 — , 75 52 1 s f i ) B oR A5 381 1
R B E LT 2R TR 4 BCH I 43 T L
oy A AR , b S & R B L AN 25 4 R B
(53T A 500 FH R TS H 25 5 S8, DRt A
SCHERR I T S A RO 2548 sRECR R I o TR 4R
1.1 B4

WARRZTHMERES AR TE S TIEE
—Ar>0, N, (A) Fon7E 55 A Fras B R r 8 n 4k 57
IR E e/ NECH o WERAEAE — AN D 15 2 r —0
IS

N, (A) o< 1/r" (1)

WIFR D Jy A& 4e%0 .



54 8

SO A T MR B SR A Y/ N L B ZR 48 e B PR O 12 o3

TESEPRITF R, AT DR AL B 0T 5 S 4
B, Lh=Inr AREARAR In N, (A) RN FR , 76K 1 BT
AL bR R A S (<Inr, In N, (A)) , >R H /b — 9k
LMk RN 7 TR A A s RN UTTA 11350 H 4
BAN S
1.2 FIAZHEEEITES YL

SR R BB T LT R — S [P 91 2(«)
WA 43T ARRAE A8 5308 TUAnT 45 480 R 500 2 -

S(r) = (z(x + 7) = 2(x)) " =

[7S(@) Lexp(jor)-11do=Ce > (2)

o S(7) a5 F eREC B, R 22 07 R
{8 5 7 BN ] B AT B U s 0 i T S () TR
T PR C R R
X (2) PR 0 HROGT, D)JEC A R 5 A s o Sy —
HZ ., TESEPRIFE A, B T R « 5 A
1S (), FERO B AL bR 2 A5 2L B4k, R i
NI MU Ty R A A A AR o, R T
BARRN LD Ry -
D=2-al2 (3)

2 BREMEREEHES T

2.1 HEHEIREER ST

B SR N B R % . B, ¢, — Gy
1) Ry £ 1—3 (14 AT G L 5 10 KV BEZR i i Z
TUAR R A% op M s R, e B B R, 20 Z AR
FRBHAL S AR TR B R SRR A R LR
Uy, HLIREIE D7 [10) Ay 4 B 3 1) R o

10kV S |
1
110kV T30
A = 2R 2
L3¢,
T

- = K3
L3,
us
Ryl]

E1 /NEMEERRS
Fig.1 Low resistance grounding system
BRI 6 3 1 C AR A A= PR 422 by kg e, oo vl
BH A Ry, W2 Py S8 25 B N 2 B s o B, U, =
—U, AR S AR IR 5 1, (=1, 2, 3) R B i i %
JE FL AL 5 4 oA 50 BB R 5 L UAE 5 L, O PP R

lIIO Ior

Cll Czl 3Ry | 3R; J~C3
1041 1041 L)RN¢_ Ui T Lluz
B2 FTFEBK

Fig.2 Zero-sequence equivalent circuit
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Fig.3 Schematic diagram of three-phase

voltage of bus after fault
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Fig.4 Zero-sequence current waveforms when

transition resistance is 1000 ()
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Table 1 Zero-sequence current fractal dimension

based on box dimension algorithm

PRI i3

vy vy
[ 1B AR T G2 s
A 1.378 1.181 1.484
R,=250Q B 1.410 1.135 1.494
C 1.536 1.068 1.624
A 1.436 1.138 1.544
R,=500 Q B 1.482 1.199 1.625
C 1.452 1.169 1.544
A 1.386 1.099 1.559
R=750 Q B 1.573 1.121 1.581
B C 1.434 1.156 1.564
B A 1.457 1.160 1.552
R=1000 Q B 1.612 1.141 1.575
C 1.481 1.112 1.563
A 1.391 1.078 1.341
R=1500 Q B 1.538 1.118 1.475
C 1.461 1.097 1.366
A 1.441 1.159 1.589
R,=2000 O B 1.560 1.228 1.536
C 1.467 1.258 1.578
A 1.441 1.153 1.436
e BEL AL 2 B 1.459 1.175 1.445
C 1.434 1.133 1.445

x2 ETHEMAENTFRRSBEY
Table 2 Zero-sequence current fractal dimension

based on structure function method

e ot igﬁ? i

A 1.974 1.665 1.923

R,=250 Q B 1.888 1.384 2.002

C 2.003 1.057 2.017

A 1.985 1.331 2.033

R,=500 Q B 2.011 1.680 1.982

C 1.912 1.520 1.994

A 1.897 1.225 2.030

R=750 Q B 2.008 1.291 2.017

P C 1.979 1.418 2.015
e A 2.006 1.494 2.011
R,=1000 Q B 1.970 1.451 1.985

C 1.937 1.309 1.983

A 1.896 1.150 1.857

R,=1500 Q B 1.982 1.380 1.899

C 1.942 1.271 1.808

A 1.932 1.486 2.041

R,=2000 Q B 1.935 1.611 1.998

C 1.964 1.727 2.007

A 2.048 1.759 2.030

17 BEL R I b B 2.107 1.751 2.097
C 2.117 1.771 2.107
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Table 3 Zero-sequence current ratio

T (E

vy X
R WM e am. Ao
A 2455  47.861 1.000
R,=250 O B 2813 75.047 1.000
C 1207  68.636 1.000
A 2900  37.277 1.000
R,=500 O B 3.070  44.154 1.000
C 3225  35.107 1.000
A 2426  27.622 1.000
R=750 Q B 2.154  39.668 1.000
B R C 2310  26.163 1.000
e A 2.696 22.366 1.000
R,=1000 Q B 1.963  26.739 1.000
C 2.029  20.296 1.000
A 1.000 8.165 1.484
R,=1500 Q B 1.000 4.609 1.274
C 1.000 7.103 1.365
A 2.329 12.826 1.000
R;=2000 Q B 1.921 13.585 1.000
C 2.340 9.970 1.000
A 1.000 6.482 1.684
o EL R B2 1 B 1.000 5.450 1.616
C 1.000 5.550 1516
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Fig.7 Cluster analysis result of simulation experiment
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Table 4 Verification results of cluster analysis

43 2% D, D, S

1 0.090 2811 =

R=500 Q 2 2426  0.441 7w

3 2959 0578 &

. 1 0.096 2.820 =

'E,JBE R=1000Q 2 2626 0.499 7
Ee3

3 3.024  0.556 &

1 0.100 2.823 =

R=2000Q 2 2616  0.490 1w

3 3.032  0.551 &

1 0.122 2.795 P

e BEL RS2 2 2.340 0.554 w

3 3250 0.628 &

2 4 T, R B 1 AR % 2 85 L 45 e
P, KR 12 A 16 28 e A
B 3 2K L O 5 T L 5 B 2 L
ALk
42 EFHASRBENS BEMEPHEALH
421 HAUBERE T SARERBER LT

$9e HEXT 0 ELBCHR 1O A0 B 7 o X LR S

3 V74 2 A S 08 B PR EA T TAL BR SR SR A EE T
LR ) 2 B I M BB AR B T, XS R TR T3
AT SR WE 9 s .

B9 EHESBBERSNER
Fig.9 Cluster analysis result of true-mode experiment
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Application of nonlinear finite element method in electric field calculation of
composite insulation structure of transformer outlet
ZHANG Shiling
(Chongqing Electric Power Research Institute of State Grid Chongqing Electric Power Company,Chongging 401123, China)

Abstract: The polarity reversal is a special state of composite insulation in converter transformer’s outlet
system,which can lead to electric field distortion within insulating dielectric and at the interface of insulating
dielectric due to space charge effect. On the other hand, the electrical property parameters of insulating
dielectric are function of temperature, thus,the changes of electrical parameters caused by temperature gra-
dient will affect transient electric field distribution of insulation structure in process of polarity reversal.
On this basis, to accurately simulate the polarity reversal transient electric field of composite insulation
structure with temperature gradient,it is proposed to apply the nonlinear finite element method in the coup-
led analysis of the above two affecting factors of transient electric field. Firstly, the relationship between
electrical parameters of composite insulation dielectric of oil-immersed paper and temperature is investigated.
Then, the flowchart of transient electric field calculation based on the nonlinear finite element method is
introduced in detail and verified by the double coaxial composite insulation structure model. Finally,a 2D
simulation model of oil impregnated paper insulating dielectric of actual converter transformer’s outlet sys-
tem is established to simulate and analyze the transient electric field during polarity reversal considering
the nonlinear characteristics of materials,which shows that the results of traditional simulation are quite diffe-
rent from those considering material non-linearity,and a local high electric field strength area easily appears
during polarity reversal process.

Key words: converter transformer; polarity reversal; converter transformer’s outlet system; composite insula-

tion;nonlinear finite element method ;transient electric field
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Protection method based on fractal theory and cluster analysis for grounding fault
with high resistance of low resistance grounding system
CAO Wensi',WU Qing',XU Mingming’,NIU Rongze’
(1. School of Electric Power,North China University of Water Resources and Electric Power,Zhengzhou 450045, China;
2. State Grid Henan Electric Power Research Institute ,Zhengzhou 450002, China)

Abstract: Because the setting value of the protection in low resistance grounding system is too large, the
protection in low resistance grounding system easily refuses to operate when a high-impedance grounding
fault occurs. Aiming at this problem,a novel protection method based on fractal theory and cluster analysis
for grounding fault with high resistance of low resistance grounding system is proposed. The similarity cha-
racteristics of zero-sequence current between fault line and normal lines are extracted. The characteristic
matrix of grounding fault is constructed by the similarity of zero-sequence currents that quantified by ratio
of zero-sequence currents and fractal dimension, and analyzed by K-means clustering algorithm. The pro-
posed method avoids the difficulty of protection setting. The true-mode experimental recording data verify
that the high resistance capacity of protection is improved to 2000 ) by the proposed method, which has
certain application value.

Key words:low resistance grounding system;high resistance grounding;fractal theory;similarity;cluster analy-

sis;relay protection



