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Abstract: During the normal operation of converter transformer, moisture will cause the decline of the electrical
performance of oil-paper insulation and accelerate its ageing, resulting in a decrease of life and insulation
breakdown. In order to study the influence of moisture on the space charge characteristics and breakdown
characteristics of oil-paper insulation under AC and DC composite voltage, we prepared oil-paper insulation
samples with different water content, then we used space charge measurement under AC and DC composite
voltage to get the influence of moisture content on the space charge characteristics of oil-paper insulation under the
voltage forms of AC, DC, and AC and DC composite voltage, and studied the breakdown characteristics of
samples with different moisture contents under different voltage types. The results show that the electric field
distortion rate of oil-paper insulation under AC and DC composite voltage is greater than that under DC and under
AC electric field; as the DC component increases, the increase amplitude of breakdown voltage of the samples
with higher water content is significantly lower than that of samples with lower water content, and the electric
strength of samples with low water content is more affected by the DC voltage component than that of samples

with high water content.
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Fig.2 AC/DC composite voltage waveform
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Fig.4 Space charge distribution of oil-paper

insulation under AC voltage

B RS R 2 Ta) ) ST, 65 Sk B e 0 2 AN R A
A7 b 23 TE) AT AR A 3 . TR A ] 5 K B R
1E 0 s B 2] (098 T B 4 3, it AR LT 1% 25K
AR 48 25 1 LA Al B N R A 2 2 1A B
Kl 4(a).

XT LG B 4(a)s (b) BT BLE H, 7E 0 s B %1, 90°/
270°.36°/144°.0°/180° ~36°/216° I P AH o7, L Fiif 5
JE£ ol 26 A EL XA, B 4(b) 1 -36° .216° . 270° A A7 H
i 25 i WS AT S AR08 K, 11T 36°.90° < 144° [ JLANHH AL
P Ay 25 FEE U L S il /) 5 X 2 B I 35 A0 A EF ) ) 34
I, AL BT SR R RN s X T -36°)
144°.0°/180°.36°/216° 1M & , {EARAL BT J5 » o HLfar
HREA 2 LT H A, HASEE 3 IR 238 401 A2 4k
KRR AL AR i B A . B 4(c)n]
PLE H, TER AL 2 700 s Ji5 , HL 7 25 B i 2 B S5 AN 6t
PR, 1M 3% & K RS 1% & KB iR BRI AL i 7
eV

Hi, 37 W3 A8 AR 3R T 1R 468 % 200 P 350+ 0 g A 1)
J B FL I () e AR AR, Hoah ST (2D .



HIEFRL 2022,55(2) FEIA 25+ NI A KB 446 22 105 B 2 1 FRL B A 9T 61
En ~ E,
AE = £ 100% (2 EABAD FSHESO)
R (2D - AR B R 7300l S 5 B, 1 3 o _
LI A5 1) 5 40 L0 2 2 ) B A WL SR B L B £
OB KAE : E, N T3 FLIZ 3 B
MEE] 4(d) (e) T LATE H , 5% 7% 7 7K B il 46 46 b
S M I 1 2 6] FL B 40 A B o L B B30 — 00 |
A7 T8 5 LRI 5% 5 7K R R 10 Fh 7 2 1 0 e o e
1B B OR, 90° AR L 37 e AR e K, 1K B 1 42.7% PR /um
7% 5 7KL 0 00 AR A 502 5 L I LA 2 U 1 (@)1% & AR
BRI FE K, 270° AH AL HLAR % B N -11.6 C/m’ T (A FFHEGSO)
B 07,9 Cme 5 th 2 AT 90 520 P LR o |
ELRHT 60 SRR Y TR . AT TP 4(0) (o) &, Bl ] ;
K Ah BRI, 7] — A7 k4 6] FL g7 5 B WA 5 |
W e R A A O 1R Y k |
RSB AN 230 | T ooos |
9 T BB RS LS U o B A I R o 2 1 sl
LA 5 Ak, HEEL T 90° FA 0 4% 1) o 44 8 7 10 25 4k, R
R, W S BT WLGEIE S(a) AT LU th , 7B A (b)3% 4k
it R 1% B K AR A 2 e F A A () HR AT o R U ABAD # SRRSO
15 !

EBSRLT B, HEL D B AN, LS HRZMIET
B AR AL s 52 5(b) AT A 3, 3% & /K B AFE )
FL A 5 P8 AR AL A /D 5 P 5 () Hh A H AT Ak R i 2 U6
BB B T M, TR E 9 4.79 C/m?, 55 HE AR B 3 HE 3
T R R M N HVEAE B D 1A A N B,
) B 2 5 R A R A R U 0 D R B X L
7% 5 7K B R 78 Ak B, mT DL 4% 21 5 R B Adb
H i 2 5 U {08 52 T A0 ek /N 1 a5, L FR R B i
HA TR F A N IR R AR 3B )R P
Ry, URE A0t IR R A AR
22 XEREAHBHETTEBETFNE

B 6 AN B K Bl AR S E L B R & Lk
T 0 s B ZIFITAR Ak J5 1 23 18] fL Ak e AR . EAS H
HEWET, B Tim T — &= Bt E RS
B, 2 [A) LA A I R R AT IE 2 B R AR
L2 TA0 T N, Brig A i B R A 270° 460 T
TS T 270° KU AR AR BE IR, 2 S 2
SN BRI, 5 oAt A A s SR U, D)4 H A SR BH A 5 T
P FHZE NN, B AD A S B ZE (SC) 5
BFoR BT EAM R . B 6(a)aT LAE H £ LK
A 270° AH A P R A 25 R U A Kb T F AT 2 BE 1 O
e, FR AH AL B AL T SRR, B0 4% R -36°/
216°.0°/180° 36°/144° . 90° A A7 4 K 1 K, -36°/

?

HEL 7 25 BE/(C/m®)

301 ] - --80s |
—-—-160s 1
. 240s :

-4 0 100 200 300

P& R /um
(©)5% Tk &
KA G HE(SC)
150 K

HL e 5 BE/(C/m®)

——.30s !
rrrrr 40s |

0 100 200 300
5 BB /um

(d)7% & K&
El5 3 E 90 AL mA a5 a = B B 57
Fig.5 Space charge distribution of oil-paper insulation at
90° phase of AC voltage

216°.0°/180° .36°/144° FA AL [ HA, 17 % &£ fh 28 37 AL
A N 6(b) AT LLE Y, FEM AL 2 700 s J5 , #5 FE A



62 JEZ T8« S [ 7K il AR 2 (1 5 LR 2 1) LA R PR

Ak 36°/144° .90 FH A7 1 R Ay %5 FBE U4 P 5 A, HL
TE 5 FLA B 0 A B S TR A R A AR A I
F&,-36°/216°.270° A AL B UEAE 2 25 42 51, 270° AH AL
{10 B0 P AW P I A S AW P P AT AR, 5 AH A7 PR WAL Ao

%E@,Iif&(Al) FFHESC)
1
15 !
E o]l ~
) A o
é:'[ -154 1 :
E il 36 1440 1
K [ Qe 180° |
] Y- 360 —--216°
-30 ": 90° —=-270° 1
0 100 200 300
FE 5 B B /um
(@)1% B K&, R0 s
LR (AL) FBHE(SO)
154
T oL
g 0
i
%1-15-
iE
= |
2301 ;
1
0 100 200 300
BB /um
(b)1% & 7K &, fefk 2 700 s
R AR (AL 2 HE(SC)
] |
15-
Y R
o’ .
i |
%1-151 ;
E ; 3601440
Rond =00 180° |
4 I 36° - - -216° 1
-30 v 90° —=270° 1
| 1
0 100 200 300
FE 5 B /um
(©)3% & 7K, H 4k 2 700 s
8 EE}&(AI) FFHEESO)
15 !
: b
F ! b
g N ok
a 0_ 1;\ 'T:‘,}" 7 . ’I_ -7
5 b —!
g5y !
& L 36 144° 1
5 =0 180° |
i i 36° - - -216°
-30 ! 90° —=270° 1
| 1
0 100 200 300

P& R /um
(d)5% 7K &, #2462 030 s

BEGEME 2022,55(2)
BBAD BRSO
15 ! :
— | b
& ol—a— AT

i i !
% -151 ! |
o P 3601440
® [l U 180° |
1 1360 - - 2160
=30 : e 909 —-—-270° :
: 1

0 100 200 300

FE B /um
(e)7% /K&, H AL 80 s
Eeo6 XEREABEHRAZTEEGTIH
Fig.6 Space charge distribution of oil-paper insulation

under AC/DC composite voltage

BT A URE A SRS B0 5 2 5 2 AL S AR A LA
25 U T 3204 1 K 5 7 R A A0 A B S D [ A A R e
A FE N R . A 6(c)ml LLE H 5 3% & /K &k
FEL A B A AR . A 6(d) (e) P LA H 5 5%-
7% K BRI B E G R T R 2
ik

M6 7] LU AL T S5 5 75 55 AR Ad & AE A7
(10 FELAT 25 B M 2 R A T IR AR Ak, % AR AL b H A
W EWEAE I R A T ORIE R R 5% & /K & 90° A Ar
TRERK, FRIEEIEE] T 74.75%  VEAE AL B 7k
FER RIS 3l ,-36° . 180° 1216 ° H A7 L fitf 55 J3F W15 B,
PR AR A, WA A7 B 2 A R 5 5 2 G R
Qb B AR (1) H s 5 Rl 2R R I TR AE R PR
B, FEL AT 25 R VA 1) KN A B R AR T B, HLAE
T P I T B R S BT R A AR SR [
I 5% A AL 26 AN PR AR A, 2 5 i B 5 A AL
Py BT B 0 S A 2 T R e SR I G

Bl 7 AR SKERFEELZERIITHETR
90° A1 A7 1) 2 18] L fuf 73 A MNP 7(a) 1T LA 215 1%
B 7K R BRE HH R R PR 0 B L 1 (R B R e
I S i A Ol LR il L G R b NS (G N
(d)A] BLE H 5 5% S 7K A 7% & 7K sl R 10 2% 6] He
Ao U1 76 79 FL B A R A B 5 TR B ()R L e R SR I
GAEN A 5 B 7(b) 3% 1 7K 1R 11 25 (] R AT i
B, STLE 7 LA, B K& &
(1 38 n, 7 ] F A AR SRt B S el JE 3 K I e 3
Wi BN — 5 TR 43, AR T 3 [A) LA IS 2P i
RE G4k LR oK 43 &, T 22 I Jg 2 18] ¥ A 1
K.

K 8 VA2 ELIL R & R R 90° A AL AL ¥ FE 3% 7y



gigtrRt  2022,55(2) Je A SR+ AN [ 5 7K il AR 4 2 0 5 LU 2 ] LA R PR 63

EHR(AD FFHE(SC)
15 R
' .,
E 0b—t AR
S | |
€13 | a
iE | |
301 v -~ -900s |
1 —-—-1800s 1|
L 2700s |
45 0 100 200 300
P 5 E B /um
(@)1% & K&
fRELR(AD) ¥5%|E(SC)
15 '
E o LE\ ARSI
2 | |
B ! :
g |
b | .
-301 ; T - --900s ,
1 —-—-1800s 1
4s o e 27005 !
) 0 100 200 300
T BB /um
(b)3% 5K &=
LGN FFHE(SC)
154

17{”

e
— =
EA- - -
AN
1
1
1
1
1
}//

HL 1 % E/(C/m?)
Of--- ===,

—0s
t - - -680s |

—-—-1360s 1
rrrrr 2030s |

100 200 300
5 B B /um
(€)5% 75 KB
LA 5 HE(SO)

i
)

B, 25 ¥ /(C/m?®)

)
'r —0s
-30, | —--10s1
! -—-30s !
80s
-45 ! ‘ —
0 100 200 300
5 B B /um
(d)7% &K E

7 XEREESHBEIHEMLMRAELINT BB E S
Fig.7 Space charge distribution of oil-paper insulation at

90° phase of AC/DC composite voltage

Al M8 0] LLE B, fEMALHT I 5 1% 5 3% 7K
A RE R R A AL BN, B AR RN 2.93% 5

R (AL FFHE(SC)
0 /
&
g -10+
i \
%20 At
o A
Bed |
-30- i
0 100 200 300
P 5 E B /um
(a)1% & /K5
4R (AL FBHE(SO)
1 1 /
0,
)
g -10-
i |
®o0{
'
= |
304
1
0 100 200 300
FE 5 B /um
(b)3% &K
FRHR(AD + 5 H2(SC)
1 |
0_
&
g -10-
Y i
®20{
#E L a
3 |
-30- i
0 100 200 300
FE 5 E B /um
(©)5% &K &
%Sfﬁﬁ(Al) A5 HE(SC)
0_ U :_ - -
0
g -10- ,
# O L
‘[&i =204 : "/' :
@ ! A
= : o
-30 Ve 2700s '
0 100 200 300
FE 5 B B /um
(d)7% K&

B8 ERESBEBALHREEZNEIATH

Fig.8 Electric field distribution of oil-paper insulation at

90° phase of AC/DC combined voltage

1.83%: 5% 15 7% A /K Al BE £ P47 26 AR FE e K
P37 5 A5 6 3k 49.85% 5 59.67%» B i K 4 7 kit



64 JAZE R AE - TR R K M AR S S LR A

(A1) FL A7 AR5 P AT 7

@GR 2022,55(2)

FE I HL 3 65 A8 22 AR K 4 & 2l L5
BE & 7K 3 B RSN , v 37 R AR FE AR W N R, 2
HLJZ I AT R N IR £, I L K, &
TR TR I AR R
23 BERBETZEBEHMYE

P 9 AN [ 25 7K B b AR 48 25 F ELI LR R AR
S B2 TE) s AT B . I 9(a) T LA H S, BE A
A HEAT , T F A Ak 1 PR A 9 R O R R BE L B
% 1) B i 555 U4 A H-20.9 C/m* 284k N-16.7 C/m?,
(R i S NG AN B A iR i o - N K
(b) AT LA HY , 5 FRL I L A 5 82 06 A B 2 4 /), B AR
Bt A R A 1 AT AR B, 2 5 H ) LA 2 R U E T
AR AL s AP 9(c) T LA 3], Bl G B AL 3R AT, SR
AR B A 5 o A R M a0 5 T 5 FL 2 L A 2

%EEET&(AD ﬂéE'FEEIE%(SC)
154 | 1 |
) | |
S 0yt P
ﬂ‘?— -151 » .I.- —0s :
B al w1205 !
1 - =-900s
-301 i e
| ]
0 100 200 300
6 5 BB /um
(a)1% & /K&
E@.Iﬁ(Al) R El-;IE(SC)
151 l |
E : |
C O NN
~ | |
2 : :
gz-151 I P
Rii W.T 120s |
' " a
1 —A—r] 1
-301 [ 2700s!
0 100 200 300
FE 5 B B /um
(b)3% T K &
iE.@.{f&(Al) F7 EEI.E(SC)
15- | i
% : A
S Ot 70
% |
= -154 : ,
g | =
1 1
I o
B
-301 e 1655 !
0 100 200 300
FE 5 B B /um
(©)5% &K &

%%Iﬂ’((Al) #é%EEIE(SC)
1 1
15 | !

S opyt - Ry

M "Vl 1
¥ W :
*E'IS' ¥ 0s !
= : 3s :
/1 Tss
-301 : 125 !

0 100 200 300

W BB /um

(d)7% 5 K&
E9 EBERBEEHKAENZEETIH
Fig.9 Space charge distribution of oil-paper

insulation under DC voltage
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Tab.1 Electric field distortion rate in

oil-paper insulation at various voltages

LI
TokE
LR THME G HE HiHE
1 22.63 51.08 3.73
3 20.58 20.75 1.26
5 21.66 88.12 41.88
7 22.78 64.83 42.44
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Fig.10 Weibull electric strength of oil-paper insulation

with different water content under different voltage
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