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A life prediction method of transformer oil-paper insulation based on
interfacial charge polarization characteristics

Z0U Yang, CHEN Xiaoxuan, ZHANG Yunxiao, LIN Jinjia, LIN Xinliang
(School of Electrical Engineering and Automation, Fuzhou University, Fuzhou 350108, China)

Abstract: Accurate lifetime prediction of transformer oil-paper insulation is of great significance in ensuring the safe and
stable operation of a power system. In this paper, the internal mechanism relationship between interfacial polarization and
aging oil-paper insulation is analyzed based on a microscopic dielectric response mechanism. Based on a mixed
polarization model, an equivalent circuit topology with an interfacial polarization branch is introduced on the basis of an
extended Debye model, and the application of interfacial charge polarization characteristics in oil-paper insulation life
prediction is explored. First, the universal relaxation polarization law behind the spectrum changes in the process of
temperature rise is analyzed, and the recovery voltage polarization spectrum is reconstructed based on the mixed
polarization model. Combined with the influence law of temperature on the principal time constant and model parameters,
a calculation method for the activation energy of oil-paper insulation in a single temperature test is proposed. The
frequency-temperature translation factor is constructed from the interface polarization capacitance. Secondly, the change
rule of dielectric loss factor with the deepening of aging is analyzed, the internal relationship between loss peak shift and
relaxation time of interfacial polarization is explored, and a new characteristic parameter in frequency domain, the
interfacial polarization branch pole B, is refined to characterize the polymerization degree content of oil-paper insulation.
Finally, an oil-paper insulation life prediction model is constructed by combining interface polarization branch pole B, ,
frequency-temperature translation factor and a loss accumulation dynamic equation, and the measured data of a
transformer of different operating years are substituted into the model to verify its effectiveness. This provides a new idea
for oil-paper insulation life prediction.
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Fig. 2 Oil-paper insulation mixed polarization model
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curve under different equivalent models
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Fig. 5 Dielectric loss curves at different temperatures

M 5 ATRIL, T ARAIER tan & BEIR EE T i
WK, T SRBAC AR S, gy B N TR
I AR LB IR T v 2 1 R P R i . &
ARG BT T R BGR T IE R e e, A
S AR RNAR R, T AEARSIB S U B A
BB TTRRER, R P RIIAL tan 6 AR 1o TR
FARSIREGEIE, or = VMRROMIRBITREX Y, 7
IR SR 18] o il 5 T v (4 [ e s 2 e B R 2R
LR A T R SRR BN, ARAIGR X P Ak
B X BORE I K, BEAK tan 6 WL 1) = A0 A%, BRI
A tan & AR AR BLAR B o

RNEITIE 5 2 R/NME f =107 Hz fEIE (9
LRI, BEEFRIEL, tans B/NRBEE B
TXFEDRUMAZ AR T W 37 50 A8 T 4 20T P8 % 10 Ao 5 T
WACAF LA SE, 7 A 1) S T R AL AR e £ tan & TR
THi o
3.2 BRI THELRETE

A s H WIS ATIREL N 70 °C, Huh#ARgE g2

tand
)

WREEZ PIEC R E] . Ny SEIR SR % 130 Ca
TR 2 AL T M AR L SR I AR A M R AR e
#& 70 C LHUBAT I B AR AR, o 55 R 2 1) 5%
o Yk, ASCHIASGR R, H R R E R
— PR AR A A A RIS v TR ) R I TG iR . 7
e R RS EY,
BtV R a, BE a9 x.
Jrnove
fe ®
K e BN FRE HIZE P R EE s £ R
TN 22 i T 0T L AR
BRILZ A, a, 09 /& Arrhenius 8, @1(10)

JoR e
E 1 1
a,=ex 2 - 10
! p{ R [T;efer Tmove j:l ( )

E, ARG MR A H B R=
AR SR AN

ar

A o
8314 J/(mol-K); T, HIT

R 7R o 28 %6 N7 AR
RIER(10)AT AL, KIFE a, MK TIHILEE E,
0 R 2 S N a5 AT B S B
B ) 3t P0G A B T SRy R 35 T RS FL I ) B ST
BT EEP, (B EIRPIR T R A R E TN
AN IR E A, AR A B TR R sh N, HELL
SRR LR PN ()33 S e - [RIR,  S2 484k
PRSI SR, AN A AR 2
G REAN AT B et A7 7E 22 57, BRI S0 %= 2%
PE R SRAF IS RE R B T &8 88 X 5 1 iR 72
BNt DA B R, ASCHE TR AR AR B T
B R £ [ N N T PR R e = T R
E#SHEBITEENT , LT,>T A, §RT, 5
T Z AR, B\, BT TRETH
FDS HE#H TR A AL BT 250, JEAR T 24,
gh &A1) R(12) FE A Bl & R ARG
Vill) = (X, " + X, @ 4+ X, e =)V (0)

Vj(t ) — ()fl,jehlttest + Yz,jehzt‘e“ Feeet YW+1,jehWHt[w )Ky (0)

H(pr ~Z,:)

_ iy
Xr,f W+l

B
" p 11, - p)

1#r

C. H(hr_ou,j)

W.j u=1
W+1

D
v p 1], -0)

l#r

test

Y =

rJ

(1D



a8 BH, S

ST T LA AR AR ) 28 T A T AR A8 505 i T 7 VAR 9

- 143 -

M 2K
Vi i) = D Vilte) + 2V (fie) (12)
i=1 j=1

Ke V() 5V, (1) 4031 H A S B A0 7
AR A S i of N7 (] 5 R s 7 ) I e 12 2 58 3
X, BIY, , A R B ek R I B EOR; W =
M+K; i=12,---M; j=L2,--2K; (p;,Ps> ">
D) B (2120 eees 2 ) 450 H AR, B 00
AR (hl’hzs"'>hW+1)*H(Ol.j’OZ,j""’OW,j)ﬁ%[Jy‘j
PR SR R M s [ =12, W + 15
V,,(0) 1V, (0) 45 541475 e IR A3 i 0 T 4R 10
SCH AR A VIR R B s 1 NIRRT B
1 Ay, By~ Cp i~ Dy 70 BRBRIRALST
A0 G TH A AL SR o 1 M g BE IR R B
Vi (Frese ) J9/N RN EERF B 1) T 4 [ 2 Pl s e KA
MR SCRR 2319738, 1] 52 R s B A B ) 32 I )
W o FIREAAER VIR, BRI (13)Fs.
Ledomr2 = Ledomrt X exp[—qx (7, _Tl)] (13)

Kty T gy TR NS T FRE T, T
o 97 (6] 42 HE PR AR A T FR I TR B W B g S
5 0.085.

[RIE, AN EE A 4D 1B A2 FE S AR A it o i i 3= e 1]
WL o A A AR AT IR T, TR
EIS T HL s

[AIF, 5 50~90 C ) FDS MR ¥ TR &
WA S HOHER, S5RWNEK 2 Fos. ik 2 7]
PLAREI, A5 58 S5 R0 e L Bt 36 P v T B AR, LAl
HLAR C, EANANAR T JH 4 S5 200 H 25 U o 3 P52 v 1
WK, TR T B T LA FE A A AR Y S 55 5 T
Brivh AR PR . BRI R TR E T S
P HISEE TN, (R 7 H R AT R
W, MRS R EENR S, B L AR
G AL HE AR S B . [RIRS, R iz sl in e i
A o st AR AT R IR TG 58, AHXT A L E R 2
B TR SRR AL AR S AR A B A R I
FDE, RIARRN T & 1 LA A C, B 5 S
Bom, R AR LR

2 FEIRE THRSRUBRSHHIR

Table 2 Parameter identification of mixed polarization model at different temperatures

/T JUR SR HP AL S SR S
R, =127.19,R, =31.41 R, =3704.40, R, =385.16
R, =416.75 R, =303.61, R, =279.54 R,, =200.04, R,, =22.75
% C,=0.18 C, =146.83,C,, =54.92 C,, =0.0001, C,, = 0.50
C, =9295,C,, =93.87 C,, =0.0001, C,, = 29.02
R, =50.72,R, =12.57 R, =1470.30, R,, = 147.22
R, =168.24 R,=121.73,R , =109.04 R, =80.48, R,, =8.97
60 C,=0.17 C, =366.74,C,, =134.47 C,, =0.00025,C,, =1.26
C,, =232.03,C,, =230.57 C,, =0.000 26, C,, =73.50
R, =21.05R, =499 R, =609.53, R,, = 62.19
R, =67.71 R, =48.75 R, =4535 Ry, =30.52, R, =3.56
70 C,=0.16 C, =888.17,C,, =335.98 C,, = 0.0006, C,, =3.08
C, =576.29,C,, =564.53 C,, =0.0006, C,, =176.28
R,=9.19,R, =223 R, =264.73, R,, = 27.86
R, =30.45 R, =21.90,R, =21.28 R, =1430,R,, =1.66
80 c,=0.16 C, =1987.11,C,, =759.23 C, =0.0014, C,, =7.01
C, =1314.73,C,, =1335.28 C,, =0.0014, C,, = 408.25
R, =433,R, =099 R, =127.25,R, =12.04
R, =1322 R,=10.02,R, =892 R, =684, R, =080
% C,=0.18 C, =4578.45,C,, =1704.12 C,, =0.0030, C,, =15.26

C,, =2871.08, C,, =2941.45

C,; =0.0031, C,, =890.13

Vs RPN GQ, A AL nF .
WRAE BRI, HeidinE T P S
W, I D SO B B AT G TR

AR, SRR, SRR, RREH TSR
PRI S, Ao P A [ SRR P A A 1 14 T I T 3 5



- 144 -

W) &Gk B

EB tcdomTl %ﬁﬁﬁﬁ%%? tchmTZ ’ #ia%iﬁ—lﬁ}ﬁ E‘]
BSHL BR, EILAE E, THRIER (14 S,
» _RIT,

a

(InC, —InC,,..) (14)

K, C M C,,,,. 70 GRS B A
WA A
3.3 I&IE

FIRTTE R AEE W 6 Fn . SNIUEZ
NERIEYE, BEEET 50 ‘CHI FDS MRME, K
T 6 Frikyi s, tHHAHEILEEN 83.45 kI/mol. [H]
FHAE 50 °C. 60 °C. 70 C. 80 C. 90 ‘CJ FDS
2R, R S 00 A F i () sth v A BE TSR
HHEASEILRE N 83.12 kI/mol, —FHHZEE.

BT TR EE I FDSEdk 7
PR GBI 4L

|

JEIRA AR S 5
T [ 5 AR AT
SIS 7] 8 Bl tcgomn

|

RO IHREDR T
tof W F) 22 65 170 35 B edomr

TR AR S5,
< {6t 7 F) 2 5 1) 3 3 F

Lodomr B I tegomo

FRAm A (14)4E S 1510 RE
E. #iaR00)H5HED S
T2 1) 4k R Far

& 6 EEETERIZEE

Fig. 6 Flow chart of activation energy calculation

P50 ‘CHZHIRE, ¥ E, =83.45kI/mol fRA
#(10), 5560 C. 70 C. 80 C. 90 CL 50 CJa]
XoF LR AR T A DR, AT ORI R 1) tan s
L% 50 °C, Wil 7 R, PR R RIS ZIE R T
— IR, WER T EEXT tan S LA
AR

gi b, ARSI RE T O VAR R R G T
R F B, AFR SRR 1) FDS Wl
RPRT R e RE, B E M T I s — IR T
R RS

10!
—&—50 TPt
—— 60 Cilik
—a—70 Tk
8 ———80 Tk
100 b 'x»:\‘ —o—90 Cllik | 4
e 1
g 10
102
10’3 1L Tl Tl
104 102 100 10? 10*

fHz
E 7 5RF BRI RIRFEE L%

Fig. 7 Dielectric loss curves after frequency-temperature shift
4 TEBRHRGELEEFHTUNREEE

4.1 XML FDS 595200
ANFEZACKREI AN AR R Bt Ze an il 8 B o

2N

107 ¢ —f— E{30K §

|

|

Vi |
1004 ‘
|

tand

—o— Z{H120K

102_

1073

1073 10"2 1(;’l ]6" 161 Ibz 103
f/Hz
& 8 FEZHREAN R E Hhsk

Fig. 8 Dielectric loss curves of different aging days

Syt 8 IR

1) tan 5 FEZAINR LRI ETHES, I HizE
£ 107~10 Hz SBT3 o 32 X Ay IR AT S tan &
2B el ST AR AL AR AT B AR TR, TR RS
SRR A IPANITRE SN

2) ZACBRIE 2 EIUONEH I “U” . T
BEE EAINIR, 1S LIARZ SR I AR TR H
Bl tan & I8 2 R ERIEAE M BUARIEBLR , gy B/ NE BT
e ZIGGEHTREZHINR, RENEHZHIT
JRK AN SIS B o T o0 A 2B S ik AL, A2
R R Ak B AR I RGeS0, RS
AT TR A 5 L 25 1 o, DR HH AR R T B2
M BEE Z AR, X R B s %, Sl



a8 BH, S

ST T LA AR AR ) 28 T A T AR A8 505 i T 7 VAR 9 - 145 -

B TR [R] /L, DRI A5 AR A X I AT R 2 J) e AT
BahrEss.
4.2 AERUIBRRESREENEEXRR

H IR A el A, AR AL S i AR 2 2 A AT
TEEVIRCR, AT FI R VR A A A B 25 R 1 S T
WACFFEAS S, AR AR 8 iR Rk ) AR R H TR
BRI . A5 R B — i R B 2R G A R
IR EL, SR NE R, EH T
1 R B 451 2 B AR B i 24,

FHRA BRIy A N\ B R 48, R4
HLER SRS N Y () WS RGBSR B H (s) , 1N
(15w

1

M
H(s)=sC, +Ri +y—t

0 =l Rpm + 1
SCpm (15)

LS 1

R R

h(2n-1) h(2n)

1+ SCh(Zn—])Rh(Zn—l) 1+ SCh(Zn)Rh(Zn)

¥ H(s) ¥57708 H,(s) F1 H, (s) I 45
1 B K, (s)

ﬁ(stmem +1)
(16)
Hz(s):Z: R R =

h(2n-1) h(2n)

n=1

M
Hl(s)=Ri+sco+Z
0 "R+

pm

sC

pm

1+ SCh(Zn—I)Rh(Zn—] 1+ SCh(Zn)Rh(Zn)

)
K, (s)

K

H(SRh(Zn)Rh(blfl) (Ch(Zn) + Ch(2nfl)) + Rh(Zn) +Rh(2n—l))

(17)
KA, K (s) FIK,(s) NEH s B2 T
Ha(16)s R(17)RT %, BRKIAL SRR 355 A%
LRI R, T A 328 bR B A S AT B R A PRI
KRR xE16). :(17) 7 BEEUE AT 155 A
Fik N
po_ |
™ R C

pm ~pm
18
R +Rh(2n—1) ( )

h(2n)
Rh(2n)Rh(2n—1)(Ch(2n) + Ch(2n—1))
PAFIZA R PIBRFHASHAANL(18), 7
AT RIS TR AR A S R P A SRR A 38 5 5
TR AL EERCR, AR SOUTER R . N
BT X0, WG ERhT4 A (8] 5 A kN, K Bk
PN 373 N/ INE [R]85 B2 AR A B, AR [R]85 4
S B, o« BARIUA A= (19 A 0Q20)

B,

D, =1.25x10°¢"*"" —92.87 (19)
D, =1.128x10° ™10 % _70.64 (20)

X, D, NETINEEG FEAE.
X R A 2R B a9 FIlE 10 B,
2 I ZR LA PR FE 43 10 0.9360 1 0.9633. FHIE 9
FE 10 AT %0, B B, ~ B, SBESRE G N D
IS, e8I AMER I, s B, 5% M
SCHE TR [A] B R A EEOC R . R S AR Ak 5t
B R BB A RN, 5 4.0 NS, 1
AR H 2 30 A A A W T S A N R T e i AR [ A
&, BB TS B, « B, SIARZ AN
RN

1000+

900

800 -

700 -+

Dy

600 - .
500 /
400} ' / .

ol /

-18 -16 *i4 -12 -10 -8 *‘6 *I4 -2 0
Pui %1074
9 |m= Py SRAEMHIEHZ

Fig. 9 Fitting curve of pole Py, and degree of polymerization

1000 (-

900

800

700

Dp

600 |-

500

400

300 |

// 1 1 1 1 1 1 1 1

10 9 8 7 6 -5 -4 -3 2 -
Py x107*

10 R P SRAERIM AL

Fig. 10 Fitting curve of pole Py, and degree of polymerization

AL 38 350 AN [R] 7K 25 8 0 i R 4 25 R Ot AT
ME &I, e Ry 50K S B R HOR
R, AR 5 2K o3P0 Tk HERf R A4




- 146 -

W) &Gk B

GEMAIRDIL, MEEFZFALS & T B, WAL

fE BRI, WAy S5 i T ) e A T
B 2.2 5P SE A B BSR4 2%

ZRB AT A, AR InRQ DR,

D,
PO :0.8151X(1_670'02339&]}%) (21)
fQEP PR A j“j{ﬁﬂ éﬁéﬁé’%’{@,ﬁ—%ﬁ .

Pl a2 11 pon, et
0.9956.

: : : -
0.7+ i // |

0.6}
(=1
2 05f
S
1o04f

03

02f

20 40 60 80 100 120
EAGI R/ R

11 IRK RSN FREN S hLk

Fig. 11 Fitting curve of loss accumulation dynamics model

B, Boraa0). :a4). Koy, RKenH
AR T A W AR RIS AT A0 1 MOTRINARE Y, 15K
(22)FT7R .

_ 1.307x10° B, _
- — _42.753In(1— 1920 (1128¢ 70,64))/6ZT

855.855
a. =€X Ea 1 - 1
T P 8.314\403.15 T ..
E = %(lnch - lnC'hmove)

LT
(22)
4.3 SLIEIE

REEE IR Ay T AT R 1, IR T AR
P FE H 22 HUAS [RS8 A7 4F R (1A% s 2 S 50d 1347
A, FTS4E R 3 R,

OINTER 3 AT, AR SCRITHE T i TSR () T
5 LR Ay R ZEIE S%LLN, WD IR AR FT
BRI R, RN CLRIL, BEE 2R,
T RE S 2 et R iR e g, XA E AL
W8 2 AR LT 4 3 b S5 I RA BRI T 58 TR IX 1 e it
W, s X E A KRB ERN A
S, N AR, HEE AR BT . F)
TR, SEAERR. BEEL RN

R, SR XEHONTER X, O AA TR B A
AR B
R 3 PEIBITERTERNFSTUNLER
Table 3 Life prediction results of transformers with

different operating years

KbrAE HNAE

BIEA S wLRE s P P
S13-M-250/10 86.76 -1.12x10°° 0 0.12
SSZ11-50000/110 90.69 -9.53x107° 2 2.09
$711-50000/110 91.38 -1.25x107* 3 2.90
SSZ11-180000/220 88.93 -3.71x107* 8 8.35
SSZ11-63000/110 87.72 -4.46x107* 10 9.70
SZ10-40000/110 84.02 -7.10x107* 15 14.56
$710-31500/110 81.17 -8.92x107* 18 18.50
SFP9-24000/220 79.02 -9.56x107" 20 19.38

RFE 5 B AIE AT 2 75 i T AR A (R e 1, R
MARPEE AR R 2% S13-M-250/10 HTRIE4T 5
A AT S . R B AR A& R A 4 N 1050
A1 250, I LRI 30(20) 1 543 2% Ak 25 B, (1)
HUAB 7 BN —5.01x107° ~—9.62x 107 o ¥ /& i [l ¢
BN 343.15~403.15 K, ¥ R HARARN K (22) 8 5T
AR R A A -l S = et ], il 12
Fios, 18 70 ‘CHEEATIRE T, %2 At 7 ay
N 29.53 4, fFEIEE BRI TIEITHER .

H3 /R

370 3
EE/K 390 4000

80 02 Hulin,

B 12 FEES S13-M-250/10 iR & G ihEE
Fig. 12 Lifetime curve diagram of S13-M-250/10

transformer oil-paper insulation
5 £5iR

1) FFRAIBL tan & Bl T 5 T v M0 4 K 1710 iR BB
AR I, I H tan s i ZRBE IR T 2 A T 72
[rifead; 52 FURIBALECIAZE 107 Hz B2 i tan
JRIHRBESG L 52

2) B TR AR (S AL RE TH ST IE LR
B —JR T 1) FDS B, 78 DRAE THEORS B L 1)
[, SIS T B iR R



A8 P, AF BT S AR 1 AR T A AR S A i TN DT VT AL - 147 -

3)tan & FEZAINIRITIE K. ZHBEM tan s
TR RIUONGIEH “U” B, A E Y tan 5
ZRAE PR B = IR I R, H BRI 1L
IRT [ AT R o G HTiZBLR S A i A st
I T A AR AR AE IR 2R

4) FHI AL SR R By 5 R A FAFAE R 1
ARWERR, EFNHARAE ST o BA RIFH
R INIE

B33k

[1] XK, #EW. 5T FCBF FHEEFEA XGBoost J&

D) PR AR 4 25 A F o S ARFALE B AR A (D). R R G
TR 5421, 2022, 50(15): 50-59.
LIU Qingzhen, HUANG Changshuo. Optimization of
dielectric response characteristics of oil paper insulation
based on FCBF feature selection and the XGBoost
principle[J]. Power System Protection and Control, 2022,
50(15): 50-59.

(2] ARBH, ARERAL, 25220, & FET RO AR

TR AR T AR T AR A ZOIR SV (] B R SR
Eil, 2023, 51(21): 35-43.
ZOU Yang, LIN lJinjia, LI Anna, et al. Evaluation of
transformer oil-paper insulation status based on grey
relational analysis and a cluster cloud model[J]. Power
System Protection and Control, 2023, 51(21): 35-43.

(3] Tk, k¥, THE. FT LSTMAME ML iR A& %
BRE BSOS WD), BB A, 2023, 51(2):
45-52.

YU Da, ZHANG Wei, WANG Hui. Abnormal voiceprint
diagnosis method of oil-immersed transformer based on
LSTM neural network[J]. Smart Power, 2023, 51(2): 45-52.

(4] A8PH, ATZEZE, &9, RLEBOH K 48 2R Bt

AR A AR ZOIR S PG TR [T]. B R GRS S5 4%
i, 2023, 51(14): 55-63.
ZOU Yang, YU Haoyi, JIN Tao. Evaluation method of
the oil-paper insulation condition of a transformer based
on fuzzy K nearest neighbor and evidence theory[J]. Power
System Protection and Control, 2023, 51(14): 55-63.

(5] RLH&, W7, 2§, &5 Tt GSA-SVM B
L 2RISR 2 T[], B U7, 2022, 50(6): 50-56.
XIAN Richang, FAN Huifang, LI Fei, et al. Power
transformer fault diagnosis based on improved GSA-SVM
model[J]. Smart Power, 2022, 50(6): 50-56.

(6] BHidz, PN, Jdw, 55 R SMARAZENE) 1
FET R A TN]. s RERIA, 2011, 37(7): 1576-1583.
LIAO Ruijin, SUN Huigang, GONG lJing, et al. Aging
kinetic model and lifetime model of oil-paper insulation

of transformers[J]. High Voltage Engineering, 2011,

[7]

(8]

[9]

[10]

[11]

[12]

[13]

37(7): 1576-1583.

B, M, B, 5 NN -R-K & nT7
BBOE M AR G T A AR ], b AL AR
%, 2011, 31(31): 196-203.

YANG Lijun, DENG Bangfei, LIAO Ruijin, et al.
Improvement of lifetime model on thermal aging of oil-
paper insulation by time-temperature-moisture superposition
method[J]. Proceedings of the CSEE, 2011, 31(31):
196-203.

KB, EEERE, SKREAEE, S SRR AR AR AR
G FF AR [I]. R ROR, 2020, 46(5):
1750-1758.

LIU Ji, LU Jialu, ZHANG Mingze, et al. Aging lifetime
evaluation of transformer oil-paper insulation considering
oil replacement[J]. High Voltage Engineering, 2020,
46(5): 1750-1758.

SR, T B 5 A s B A /D U 0 A 4 PR AR T A
G WINED. B ARG R 5, 2016,
44(24): 170-175.

GUO Hongying. Diagnostic method of transformer
insulation aging based on the recovery voltage polarization
spectrum’ wavelet packet transform[J]. Power System
Protection and Control, 2016, 44(24): 170-175.

W, XGEE, TR, S RE AU R AR
) ALK AR R SR AR ARSI [J]. A L
AZEH, 2021, 36(10): 2161-2168.

FAN Xianhao, LIU Jiefeng, ZHANG Yiyi, et al. Aging
evaluation of transformer oil-immersed insulation
combining frequency domain spectroscopy and support
vector machine[J]. Transactions of China Electrotechnical
Society, 2021, 36(10): 2161-2168.

PRz, W, Tk, &5 5T FDS f#iit AL 46 4%
AHE AL TR T (D). R RAR, 2020, 46(10):
3576-3582.

LI Changyun, WANG Yifan, YU Yongjin, et al. Study on
estimation method for lifetime of converter transformer
insulation paper based on FDS[J]. High Voltage Engineering,
2020, 46(10): 3576-3582.

SR, B, WEERR, . (R e O] AR R AR 2
IS R I S FT]. AL LR 40, 2020, 40(6):
2026-2038.

HU Yizhuo, DONG Ming, XIE Jiacheng, et al. Study of
low frequency domain relaxation of oil-paper insulation
caused by space charge[J]. Proceedings of the CSEE, 2020,
40(6): 2026-2038.

WA, FE, R R, & IMIRASZ AR E S AT
EHHIES BRI E R R R[] BIEIR, 2021, 45(5)

2033-2041.



- 148 -

W) &Gk B

[14]

[15]

[16]

[17]

[18]

[19]

XIE lJiacheng, DONG Ming, XU Guanghao, et al.
Quantitative relationship between aging degree of
oil-paper and its charge motion parameters in frequency
domain[J]. 45(5):
2033-2041.

HBEE, TRM, AR, 55 BT AR AT T A
s e ?%Z%é&ﬁ’](ﬂﬂ/ ARINEAPAE T IAT]. T
HAR AR, 2022, 37(17): 4487-4496, 4516.

LI Zhixin, WANG Dongyang, WEN Rongting, et al.
Thermal aging assessment method of oil impregnated

Power System Technology, 2021,

paper based on time-varying pre-exponential factor and
translation coefficient of frequency domain spectroscopy[J].
Transactions of China Electrotechnical Society, 2022,
37(17): 4487-4496, 4516.

FARIE, 2R, ERM, 55 AR5

AR 73 AT A AT ]. FHLIEHOAR, 2015, 41(6):

1951-1958.

ZHOU Lijun, LI Xianlang, WANG Dongyang, et al.
Frequency domain dielectric spectroscopy of non-uniform
aging oil-paper with equilibrium moisture distribution[J].
High Voltage Engineering, 2015, 41(6): 1951-1958.
R, B, £AHIC, % 5T YR Debye AR
TR 48 A48 2 2 A RRAE BT ST (7). B D RER AR,
2016, 31(4): 211-217.

GAO Jun, LIAO Ruijin, WANG Youyuan, et al. Ageing
characteristic quantities of oil-paper insulation for
transformers based on extended Debye model[J].
Transactions of China Electrotechnical Society, 2016,
31(4): 211-217.

XIFEE, sREEW, the, <5 %r% Debye AL KIS 7]
%éﬁl%ﬁﬁ%&/&%é@%%%ﬁ’] KABF[I]. BT
H 3k B4, 2017, 37(3): 197-202.

LIU Jiefeng, ZHANG Yiyi, XU Jianjian, et al. Quantitative
relationship between aging condition of transformer
oil-paper insulation and large time constant of extend
Debye model[J]. Electric Power Automation Equipment,
2017, 37(3): 197-202.

BHE R, FHiEJE22 B. A
[M]. Jbx5t: Bz AL, 2000.
ﬁz:%az, B, PG ARG REEN ARG
WAt B AR e SR B[], TR 244, 2016,
31(17): 170-177.

HUANG Yuncheng, CAI Jinding, LU Jinyi. New mixed

JEAA L S A R

[20]

[21]

[22]

[23]

[24]

[25]

polarization circuit model and parameters identification
of oil-paper insulation transformers[J]. Transactions of
China Electrotechnical Society, 2016, 31(17): 170-177.
ARBH, A, 4. % T Kramers-Kronig 25 3 it vl 4K 48
GRS ALl o BT 5 B FE )], SRR AR,
2021, 42(9): 271-278.
Z0U Yang, HE Jin, JIN Tao. Low frequency dielectric
spectrum analysis and modeling of oil paper insulation
based on Kramers-Kronig transform[J]. Chinese Journal
of Scientific Instrument, 2021, 42(9): 271-278.
B, xHEE, BEL, F RERMRLAL S KE
SE BTl AU ARHIEZ BT 7T ] A T EOR R,
2015, 30(1): 204-211.
LIAO Ruijin, LIU Jiefeng, LU Yandong, et al. Frequency
domain dielectric characteristic parameters for quantitative
assessment of moisture content of oil-paper insulation in
power transformers[J].  Transactions of China
Electrotechnical Society, 2015, 30(1): 204-211.
RNLLEE. AR A ARA LA N Bl )1 2R 1 5 73 i o
fhJ7¥E[D]. dbmt: b AR, 2022,
LIU Honglei. Dynamic characteristics and life evaluation
method of transformer oil-paper insulation aging[D].
Beijing: North China Electric Power University, 2022.
KOZLOVSKIS A, ROZENKRONS J. Temperature
dependence of return voltage characteristics[J]. IEEE
Transactions on Power Delivery, 1999, 14(3): 705-708.
M1, BHR, ZEHE. WiEhE T CVT fZsfeik
Ko He B g e B A W00 E R (0], R BB, 2022, 50(8):
89-94, 108.
CHEN Yicong, ZHAO Zhuangmin, LI Junhao. CVT voltage
transfer characteristics under impulse voltage & its fault
detection[J]. Smart Power, 2022, 50(8): 89-94, 108.
DING H Z, WANG Z D. On the degradation evolution
equations of cellulose[J]. Cellulose, 2008, 15(2): 205-224.

FSHEA: 2023-07-22;

&EIHHR: 2023-12-19

EEEN:

4% PE(1980—), B, i, sk, HAIRF @A EA

ARG A CE LB, E-mail: 24001744@qq.com

o

Mok AT (1998—), B, @244, ML, HAF
W, % & 4R AW, E-mail: 646194991@gq.com
(44 Rl 27g)



