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Fig. 1. Schematic of dynamic response of surface
potential by grid-controlled negative direct current
corona charging: (a) Corona charging; (b) surface
charge deposition, detrapping and space charge trans-

port.
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Table 1. The values of the parameters used in the

simulating calculation.
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Fig. 2. Comparisons of numerical and analytical SPDs
of corona charged EP with various initial surface po-

tential.

4.2 WHREEX SPD B2

Teda %5 P91 BB, W46 THI H A BRI, ek
bR, A4 SPD HiZ R X, W, R
ZERHETARMELRHEREZIR. fTLC&
it R S R B A Joi 2 T FLA (R S S 46
IS} 2] (1 A1 J3R 2 T BT ) U 5 MR H SR A AR ). S
B b, MR B X SPD ik A2 FA 5 M FE AR S 2 U X
SPD i F2 [ 54

AN 5] Mt A% R R EP 9 )3 — 4k SPD #h 28 i
B3 AN, MR FR 4 v B, 78 AR RN S (9 R THI
HLAE Ugo 50K, FEAE A 53 2% THIFH P 3503 g 7. 2 B 8 1)
HL 37, RTINS T FR AR T B AN AR P FL AT A IS 1)
REFE, DRI, R THT FL AR P 6 D3 gl B P

Klags i TEPMEI S B BE (K1) T,
WA HLE Uy = —1 KV I T — AR T HAT ) B el
H —dUs/(Usodt) B 824 B 2k, v LUE 2, £E
RO AHR T, 1% 28 0] FH 43 B 2 M e AR

1.0
N —U,=-1kV
0.8 [ -~ U,=—-2kV
o = - Uy=—3kV
& N
g 0.6 NN
® NN
k) DS
T 04 N —
o N \
0.2
0
0 1000 2000 3000 4000
18] /s

3 (WTIRA) ARME T EP fIH—k SPD 2
Fig. 3. (color online) Simulated normalized SPDs of

corona charged EP with various grid voltage.

10-3
- o HEitH
o —— iy
M (opuepcistesete
|
=
"
S 10
=t
®
=
|
o

10-°

10! 102 103 10

HE) /s

Pl A — (b3 e A A0 S el R S R A i 2
Fig. 4. Numerical results and fitting curve of normalized

surface potential decay.
LR RLE, —dU,/(Ugpdt) AR A

AuL() {Mlt“al), t<tr,

(10)

Usodt Mot=(Fe2) ¢ >

o, tr LA IR RFAE R 8], BT sy M (5 =
L 2) N REG o NIEB R XS HH
S5MBLAR 5406, HBE MK R A4k, W& 5
Kl 6 fros.

REAE BT (8] ¢ [ AR P P 38 K 5 0 o B R A
N, TR E o, oo 23 ) S5 MR L 2 e
FIRE K. SCHR [20] BFAL T 8% B 58 L0 TS 1) SPD
R, H IR R tr, o, E& TS HBEY]
IRRIH IR E By (Eso = Uso/L) B R R, H
BREOE S AR SO 4 R — 3L

047701-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 65, No. 4 (2016) 047701

1200

1000

800 -

] /s

600

400 1 1 1
0 3000 6000 9000 12000

b/ vV

K5 ZERSH tr BSR4
Fig. 5. Relationship between the parameter tT and
the grid voltage.

1.2
[ a7
®
. —
3
H 04
& e
[ ]
[) 'I/././'
0 /./‘ —
[ ]
—0.4
0 3000 6000 9000 12000
Ui s A

El6 RS H oy KRR AR
Fig. 6. Relationship between the parameter «; and

the grid voltage.

4.3 HEXTTEBEHI SPD BN

FETTT ML LE A I P B ST FZ I, AR 1A 2
Fe R, FEFEAN T T B e e s B AT I
RO AR, I AT AL S I E R
RS AL, FHE T 5176 6 T ke L o 2 (028 1. 6T
SR PR 5 1 e R A D B 2T 5
BEUR. AT H R MO R A PR 1 % B R
R, HE A HL KOt SPD A7 L — 2 B,

#HY (5)—(7) RAFF

0 <8Dg;’t) + ’yE(x,t)) =0, (11)

ox
/\¢l

D(z,t) = gper E(x, ). (12)

(11) 2, RS IR I OD /Ot [ W T ARX A
O SPD IEA.

EP [ A7 56t A FBL % %I % 76 3450 B py 9],
17 A9 AS R AR % A H BN EP () 99— 4k SPD il

25, IR R F AT 1) ZE IR B, 8 SR TH HLA 3
IR 1/ e W) 46 2 TH AL AT (I 18] 2 SPD I (8] 5
o, BSLH T EP i SPD i [8) % S B AR X A e
WAL, A A L E 335N E 4 B, SPD
I [B) 4 20 1720 s 36K 3 2540 s, P94 [A] 2 26 1

1.0
\. — =30
\' _
0.8 . — - =35
s N - e=4.0
o Nh
g 0.6 -
N
f N
A\—\:‘ > \~
T 04 e
o T~ el
0.2 B
0
0 1000 2000 3000 4000
f$1E] /s

7 (MR ANFEFXA B EE EP #)3—44 SPD
h£&
Fig. 7. (color online) Simulated normalized SPDs of

corona charged EP with various relative permittivity.

3000

2500 A
2 —
2 /“/-/'
= 2000
=
®

1500

1000

3.0 3.2 3.4 3.6 3.8 4.0

AEDRF S HL 5L

K8 EP I SPD i [] 7 HUbE XS/ it £ 284k
Fig. 8. Relationship between SPD time constant of

corona charged EP and the relative permittivity.

SCHR [37) 4 45 1, EF B BUAE B S 1)

SPD #Hig, N BiiA N IR B, BF—BOE AN
N _ Eofr

E, —H(x,Em)exp[ t/( 0 )] (13)

Y
X, He, By) 5T RIREE o F8 538 B,
HO A, i (13) KT LU 5, AR A R
PR ML E I, 1 SR FE 1 B T Bk 3 e
B T = oer /o KEAE. TEAE—THZI, Hity i
E, 54 R Em B U, # 2

US_/ E,dz. (14)
0

047701-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 65, No. 4 (2016) 047701

BRI, A B E B AT A1 S B e, B/, BIVES [A)
Bor BN, AR T FLAL U 70 5 ol B 3Bkt HL
INFA) £ SAX A U B e, BERMERRR. %
e 5 A SO BUE T 25 A — 2L

AR, SR FH S 250 H B 1 T 2 40 i A R 1)
SPD i #E, AT LIS BIAHAI 4508, B/ B 55 3L
9 FELRH RS AR AY R SER L 25 BB 2 Sl FH R R
C R
S

c=2, (15)
L

R=—, 16
7S ( )

b, S RN FRFE R ER, A& m?. t = 0(3
VAT UG Z1) B, I IRRASE TR 7 i 1 e P 8 S A IR
FE WA R AL Ugo. MBS, AR A BRI
SPD i FE T A SE UM — B RC' HAL I 1 2 i N T 12,
A R 1K) 26 T R A7 RN 2 T R AT 20 S P O BB A AR
4 i 4D FEL R P25 FL AT R SRR AIE . AR PRI PR A O
A, 1E— M RC HLER M NI R, B LA
TP R RVRE AR B0 T8, e AT R ek 1) 2 vk
T BRI (A B r = RC. AHRHE, AR RE
FRST A R N, B R C R 8] % 30T D,
FLARTHI PR ) B D R R, HL R S e,
BLEMENAEL KA.

4.4 {RESZFEITSPD RIS

I A Y B R AT IS 1 R 2 SPD R LR
H T, 2 B0t 7065 B T 00 ) BEASE AR 4 X — ik
FE, AR AT RS PR A AER . AN B BE
5 U IR PR H LA 1] 9 5T P S 0 D R e AR R
VEN, EFEESINE /S FEPE A R R
. AR SO SR R T F A 2 A I ) B A A L A
W L A S A, 2 W AN 1 o A S 2
B WAERAEN, R HE TRy WEN ER
LA L3 P T AT A A 5t A BB KRS - N B i
b S iz it AE.

(11) 3, A5 3 LS Ty B S B T LA 4
iEXt SPD [1EH.

e SPD Ay, /v BAA A 1 L7 5k S
R T AL A

E(xvt) = Us(t)/Lv (17)
w1 (11) X Ar4%
| €oer dUs
U | (18)

(18) FNFR AL 1 AL A ot 2% 7] H Ay 38 415 P (1) —
J7ik. SCHR (38, 39) 43 Wl & 7 A B A R SPD
2k, JF2e (18) At BB, H 2% A] Hufif iz i 72
JIk A\ Poole-Frenkel #ifdt. [H, 1 (5)—(9) 2w,
AWK T Poole-Frenkel 1A HL 5%,

EP & i 5 208 % /£ 1071°—1071% Sm~1 i
B & 9 R [ A L 5 5 A, BP AU —16 SPD
k. 10 8 EP ) SPD B 8] B bl 7 L 5 2 1)
A4k, BN E R B, SPD b R B AR L SR 1
BB Ik, W ELE B, M EP AR SR H
1x107® Sm~ ' KF|1 x 10713 S m~! i}, SPD
i [5] % 0 24760 s 987N 2 260 s, SPD i FZ IR 7
T 20 5.

1.0

L\
" N
0.8 N
: =101 S:m"!
= ‘ AN N Yo
g 0.6 | N - — %=10""Sm~!
ﬁg N - - =101 Sm-!
T 0.4 S
o : S~
0.2 -
0 —ea : :
0 1000 2000 3000 4000

HfTa] /s
O (IR &) A 44 i 5 % B EP )9 — £ SPD
i 2
Fig. 9. (color online) Simulated normalized SPDs of

corona charged EP with various bulk conductivity.

3

[ V)

FERI )RR/ 104 s

e

0
10715 10—14 10—13
RS /S.m—!

K10 EP ) SPD IN ) £t i -5 3 1 A2 1k
Fig. 10. Relationship between SPD time constant of
corona charged EP and the bulk conductivity.

FIREH, 3 B8R (13), (14) 20R1%5 %% i % 7
XA BRI SPD il FE kAT 0 A vl BLAS 3, A
JFRARAF: PR L 5 28 g R, RITIN 1) 207 N, A
JR R FAE U (132 D80 B it b, B IR 4 r 5
W G F N ERRECTH R, X— R EA

047701-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 65, No. 4 (2016) 047701

HUETHEERM 8. Lk, t (1) AT LE 2,
BRI A HL 3 58 o B AE AT AR A 51 TR A 3
FRLL AN B R 1 LA B i A, PRIk, SPD AR
AU R,

SCHR [40] 4 HHE L S R DR T A AN A
& A A EE, IR T — MR A A T
BB RBBTE, B BE TR TR R
A B 7 BT EUIRAS R, 5 AR RO IRy
JoR A T ) R AR A, g SPD I IR # 7, I
Ts = oer /70 RERFMEN TR TR, IR, A3CH
BB A R AR W], B8 SPD iAW 2 7 5 A
SHE e, BERMERR, 5ERET R 2FRE
KA, HREIFAWE L 75 = eoer /70, TRZIHE R
A

= O s (19)
%
X, a, bFIn A H. 455 K-S FE 10 /U

& i 2 = HnT U5 3, f£EEP MR 2 B s Y
JGHl (e, = 34, 70 = 107%—1071 Sm™1) W,
a=—-757%x10""2 b=0.93, n =0.998. ZEF S
Ha, bHMin AT GBI KL 78 H 77 SUEERAS [F] A B
A4k, PR, £ B SPD B I R A s 5 2 1
TR T BN — D IR NI AL

5 & W

B R T R SRTHD F fur DURRURT B B A T R
PN AR M L AT s 2 3 M B R, AR S ST T
2 THT FELAL Bh A S D BR AR HEA S T EP
(11 SPD AT Ay, X sib TRE v A0 i B AT AR 45 1
RN, FRW L.

1) AN b P e v, R THT PS4 3 Dk R PR
EEPMEI S B I BE (R 1) T, B—{hREH
AN 14D 3 Yok T o N [) 7 A 1 i 2% T DAL R o B
A o, oy BORE R E AR I ) A A P
()38 K 5 bR BRI, TR B R B S R L R 2
LALRY TS

2) AERE A HELHS HIORR R, SRTHT FELAVE PR 3 U301
2. EP XA B B Rl (3—4) N, SPD I
B 5 K 1720 s 1K F 2540 s, B ELMERR.

3) P HL G 2R K, R T H AT D 0 el T R
EP & i S % 8L A9 55 [l (1071°—10712 Sm~1) I,
SPD i 8] % 0 24760 s ¥/ 260 s, SPD i 20
PRI 20 %5, WiE ERREBEL KR,

SEH

(1]

047701-7

Lorenzi A D, Grando L, Pesce A, Bettini P, Specogna R
2009 IEEE Trans. Dielectr. Electr. Insulat. 16 77
LiuY Q, An Z L, Cang J, Zhang Y W, Zheng F H 2012
Acta Phys. Sin. 61 158201 (in Chinese) [XIE5#, ZHRIE,
Gk, FIASC, MR 2012 WHEFIR 61 158201]

Sato S, Zaengl W S, Knecht A 1987 IEEFE Trans. Electr.
Insulat. EI-22 333

Li W Q, Hao J, Zhang H B 2015 Acta Phys. Sin. 64
086801 (in Chinese) [44EH), HA, TKiFH 2015 PYBEEIR
64 086801]

Feng G B, Wang F, Hu T C, Cao M 2015 Chin. Phys.
B 24 117901

Hosono T, Kato K, Morita A, Okubo H 2007 IEEE
Trans. Dielectr. Electr. Insulat. 14 627

Hoang A T, Serdyuk Y V, Gubanski S M 2014 Inter-
national Conference on High Voltage Engineering and
Application Poznan, September 8-11, 2014 pl

Gao Y, Du B X 2012 High Voltage Eng. 38 824 (in Chi-
nese) [FF, A5 2012 SHEREA 38 824]

Mizutani T, Taniguchi Y, Ishioka M 2002 Conference
Proceedings of 11th International Symposium on FElec-
trets Melbourne, Australia, October 1-3, 2002 p15
Neves A, Martins H J A 1996 Conference Record of In-
ternational Symposium on Electrical Insulation Mon-
treal, Canada, June 16—19, 1996 p782

Li A, DuB X, Xu H, Li Z L, Xiao M, Han T 2015 High
Voltage Eng. 41 410 (in Chinese) [Z% &, FLAH5:, 1M1, 25
M, M, B 2015 EHERR 41 410]

Du B X, Xiao M 2014 [EEE Trans. Dielectr. Electr.
Insulat. 21 529

Sonnonstine T J, Perlman M M 1975 J. Appl. Phys. 46
3975

Chen G, Xu Z, Zhang L W 2007 Meas. Sci. Technol. 18
1453

Kindersberger J, Lederle C 2008 IEEE Trans. Dielectr.
Electr. Insulat. 15 941

Kindersberger J, Lederle C 2008 IEEE Trans. Dielectr.
Electr. Insulat. 15 949

Perrin C, Griseri V, Laurent C 2008 IEEE Trans. Di-
electr. Electr. Insulat. 15 958

Xu Z Q, Zhang L W, Chen G 2007 J. Phys. D: Appl.
Phys. 40 7085

Ziari Z, Sahli S, Bellel A 2010 M. J. Conden. Matter 12
223

von Berlepsch H 1985 J. Phys. D: Appl. Phys. 18 1155
Chen G 2010 J. Phys. D: Appl. Phys. 43 055405

Min D M, Li S T 2014 IEEE Trans. Dielectr. Electr.
Insulat. 21 1627

Min D M, Cho M G, Li S T, Khan A R 2012 IEEE
Trans. Dielectr. Electr. Insulat. 19 2206

Min D M 2013 Ph. D. Dissertation (Xi’an: Xi’an Jiao-
tong University) (in Chinese) [XiE#} 2013 #2471
(P2 VAR )]

Xia Z F 2001 FElectret (Beijing: Science Press) pp74-78
(in Chinese) [E #0148 2001 Stk (dbut: Bl HARAL) 28
74—78 T1]


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1109/TDEI.2009.4784554
http://wulixb.iphy.ac.cn//CN/abstract/abstract49101.shtml
http://wulixb.iphy.ac.cn//CN/abstract/abstract49101.shtml
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4081417
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4081417
http://dx.doi.org/10.7498/aps.64.086801
http://dx.doi.org/10.7498/aps.64.086801
http://dx.doi.org/10.1088/1674-1056/24/11/117901
http://dx.doi.org/10.1088/1674-1056/24/11/117901
http://dx.doi.org/10.1109/TDEI.2007.369523
http://dx.doi.org/10.1109/TDEI.2007.369523
http://www.cnki.com.cn/Article/CJFDTotal-GDYJ201204008.htm
http://hve.epri.sgcc.com.cn/CN/abstract/abstract57.shtml
http://hve.epri.sgcc.com.cn/CN/abstract/abstract57.shtml
http://dx.doi.org/10.1109/TDEI.2013.004137
http://dx.doi.org/10.1109/TDEI.2013.004137
http://dx.doi.org/10.1063/1.322148
http://dx.doi.org/10.1063/1.322148
http://dx.doi.org/10.1088/0957-0233/18/5/034
http://dx.doi.org/10.1088/0957-0233/18/5/034
http://dx.doi.org/10.1109/TDEI.2008.4591214
http://dx.doi.org/10.1109/TDEI.2008.4591214
http://dx.doi.org/10.1109/TDEI.2008.4591215
http://dx.doi.org/10.1109/TDEI.2008.4591215
http://dx.doi.org/10.1109/TDEI.2008.4591216
http://dx.doi.org/10.1109/TDEI.2008.4591216
http://dx.doi.org/10.1088/0022-3727/40/22/033
http://dx.doi.org/10.1088/0022-3727/40/22/033
http://www.fsr.ac.ma/MJCM/sup_pdf/pdf_vol12/vol12-art41.pdf
http://www.fsr.ac.ma/MJCM/sup_pdf/pdf_vol12/vol12-art41.pdf
http://dx.doi.org/10.1088/0022-3727/18/6/019
http://dx.doi.org/10.1088/0022-3727/43/5/055405
http://dx.doi.org/10.1109/TDEI.2014.004271
http://dx.doi.org/10.1109/TDEI.2014.004271
http://dx.doi.org/10.1109/TDEI.2012.6396982
http://dx.doi.org/10.1109/TDEI.2012.6396982

) I % R Acta Phys. Sin.

Vol. 65, No. 4 (2016) 047701

[26]

27]

(28]

[29]

(30]
(31]

Ji Y M, Zhang B, He J L 2014 High Voltage Eng. 40
1768 (in Chinese) [Z—Mg, 5Ky, M4 K 2014 mHEHA
40 1768]

Jin W F 1995 Dielect. Phys. (Beijing: China Machine
Press) pp97-117 (in Chinese) [4&:4E75 1995 HA A EE %
(lbse: BUBR Tk M) 55 97— 117 )

Zhang J W 2012 Ph. D. Dissertation (Tianjin: Tianjin
University) (in Chinese) [fKZ0fH 2012 2001830 (R
e REAE)]

LiGC,Min DM, Li ST, Zheng X Q, Ru J S 2014 Acta
Phys. Sin. 63 209401 (in Chinese) [Z5[E 18, B, Z56%
W, AR, AtENE 2014 PHFIR 63 209401]

Cockburn B, Shu C W 1989 Math. Comput. 52 411
Gao Y, LiY, Cui J D, Du B X 2012 Trans. China Elec-
trotech. Soc. 27 264 (in Chinese) [T, 4%, Bk,
A% 2012 HTHEARZHR 27 264

Yin G L 2012 Ph. D. Dissertation (Xi’an: Xi’an Jiao-
tong University) (in Chinese) [F 3k 2012 42247183

(33]

(34]

[35]

[36]

047701-8

(Fi%2: PERACHARY))

Zhou Y X, Wu P X, Cheng Z Y, Ingram J, Jeelani S
2008 Express Polym. Lett. 2 40

Gao Y, Du B X 2012 Conference Record of the 2012
IEEEFE International Symposium on Electrical Insulation
San Juan, PR, June 10-13, 2012 p531

Ieda M, Sawa G, Shinohara U 1967 Jpn. J. Appl. Phys.
6 793

Wu N P 1990 Electrical Materials Science (Beijing:
China Machine Press) p78 (in Chinese) [% 7 /f 1990
RLIAPRR: (B3t AUV RAL) 58 78 1]

Wintle H J 1970 J. Appl. Phys. 41 4004

Gao Y, Du B X 2012 High Voltage Eng. 38 2097 (in
Chinese) [#F, HA% 2012 & EH AR 38 2097]

Hoang A T, Serdyuk Y V, Gubanski S M 2014 IEEE
Trans. Dielectr. Electr. Insulat. 21 1291

Frederickson A R, Dennison J R 2003 IEEE Trans. Nucl.
Sci. 50 2284


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://www.cnki.com.cn/Article/CJFDTotal-GDYJ201406025.htm
http://www.cnki.com.cn/Article/CJFDTotal-GDYJ201406025.htm
http://dx.doi.org/10.7498/aps.63.209401
http://dx.doi.org/10.7498/aps.63.209401
http://www.jstor.org/stable/2008474
http://www.ces-transaction.com//CN/abstract/abstract1741.shtml
http://www.ces-transaction.com//CN/abstract/abstract1741.shtml
http://dx.doi.org/10.3144/expresspolymlett.2008.6
http://dx.doi.org/10.1143/JJAP.6.793
http://dx.doi.org/10.1143/JJAP.6.793
http://dx.doi.org/10.1063/1.1658402
http://www.cnki.com.cn/Article/CJFDTotal-GDYJ201208044.htm
http://dx.doi.org/10.1109/TDEI.2014.6832277
http://dx.doi.org/10.1109/TDEI.2014.6832277
http://dx.doi.org/10.1109/TNS.2003.821397
http://dx.doi.org/10.1109/TNS.2003.821397

32 % R Acta Phys. Sin. Vol. 65, No. 4 (2016) 047701

Research on surface potential decay characteristics of
epoxy resin charged by direct current corona*

Ru Jia-Sheng? Min Dao-Min") Zhang Chong? Li Sheng-Taob?
Xing Zhao-Liang? Li Guo-Chang"

1) (State Key Laboratory of Electrical Insulation and Power Equipment, Xi’an Jiaotong University, Xi’an 710049, China)
2) (State Grid Smart Grid Research Institute, Beijing 102209, China)

( Received 25 June 2015; revised manuscript received 9 December 2015 )

Abstract

Surface charge accumulation and decay behaviors of dielectric materials are the key factors restricting the devel-
opment of high voltage direct current power equipment. For flat samples, the density of surface charges deposited by
corona can be regarded as a linear change with the surface potential. For this reason, the behavior of surface charge
decay can be directly related to that of surface potential. According to the corona charging process, the surface charge
deposition and detrapping process, as well as the charge transport process in the bulk, we may establish a physical model
of dynamic response to the surface potential. Influences of grid voltage, relative permittivity, and bulk conductivity on
the surface potential decay process can be obtained through calculating the surface potential decay behaviors of epoxy
resin. The higher the grid voltage, the faster the surface potential decays. At the typical parameter value of epoxy resin
(relative permittivity 3.93, bulk conductivity 10714 S-rrfl)7 the normalized decay rate can be fitted by two straight lines
in a log-log plot; moreover, the calculated results show a linear variation of power factors with the grid voltage, while
the power function shows a relationship between the characteristic time and the grid voltage. The bigger the relative
permittivity, the slower the surface potential decays. In the typical parameter area of epoxy resin (relative permittivity
3-4), the surface potential decay time constant increases from 1720 s to 2540 s, showing a linear variation. Also the
bigger the bulk conductivity, the faster the surface potential decays. In the typical parameter area of epoxy resin (bulk
conductivity 10715-10713 S~m71), the surface potential decay time constant decreases from 24760 s to 260 s, showing a

power function relationship.

Keywords: epoxy resin, surface charge, direct current corona charging, surface potential decay
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