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Low frequency dielectric spectrum analysis and modeling of oil paper
insulation based on Kramers-Kronig transform

Zou Yang, He Jin, Jin Tao

(College of Electrical Engineering and Automation, Fuzhou University, Fuzhou 350108, China)

Abstract: The low frequency response of oil paper insulation is very important for the diagnosis of damp and aging of insulation. In view
of the lack of analysis methods for low-frequency response data and the imperfection of the corresponding equivalent circuit model, the
Kramers-Kronig transform is used to separate the conductance, infinite frequency capacitance and relaxation process in the frequency-
domain dielectric spectrum of oil paper insulation. The Dissado-Hill model based on multi-body theory is introduced to fit the low-
frequency relaxation process. A new oil paper insulation model is formulated, which is the equivalent circuit model of paper insulation for
low frequency response. Finally, the low frequency response data of oil paper insulation samples with different moisture content are
modeled and analyzed. Experimental results show that the Kramers-Kronig transform can effectively decouple the relaxation process,
conductivity process and infinite frequency capacitance of oil paper insulation. The goodness of fit of reconstructed spectral lines of the
low-frequency response model for samples with different moisture content is more than 0. 98, which evaluateds the accuracy of the model.
There is an exponential function relationship between the amplitude of low-frequency diffuse polarizability X, (0) and micro water
content. The goodness of fit is as high as 0.99, which can be utilized as a new characteristic quantity for quantitative evaluation of
moisture content of oil paper insulation. It provides a new idea for diagnosis of moisture affected state of oil paper insulation.
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Fig. 1 The equivalent circuit model of low-frequency

response of oil-paper insulation
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Table 3 The goodness of fit R* of the extended Debye

model with different relaxation configurations NV

FIKE/% R*(N=1) R*(N=2) R*(N=3)
0.244 0. 909 0.979 0.978
1.580 0. 874 0.971 0. 993
2.770 0. 869 0. 982 0. 982
3.630 0. 900 0. 960 0. 968

HI e 3 AIHL, 4 JRAEFF R AT 2] 2~ 3 AN st IR L
A BB LG M 2, X 2 ol TR AL Z2 W 1 IA 3/
RO FL e ek R DR1 0t A e At R ML) Sk A 3
MR AUG 0 H Y SR X 5 S PR B2 Bl 2 o —
A TFRIEAFHTT . AH L T4 R AEFEAR Y | A SO P Hh A
TR B I WEh AR 246 2% 1 S o i 7 3o 2 7 LX) 5 1% 4 4
G R HA — o R ILER T
4.4 RUKESEITFHFHHESIRE

HRAE DL _E X AN ) 45 7K SRR A Rt B 0 S5 3R R 2 8 0
Bral o, 5 G AR R B Ak SR IR (B X, (0) SR 75
TRAHIIE IR K, 3 FIRUK & i M, Z BIfEE %)
MIERER . T FL5 AT REAE 7R M0 AR A% 0, DR Ik 44 AP A
KRB AR MR (B X, (0) 1 R il 404 2% ik 2 1 PP Al
SERRAE B, A H 3 SO AR 48 % R 5 h S SRR
A FRL ] 7 o R P 2 I TR

R A5 52 36 A5 B AN (] 25 7K 3R i (R AP /R RO £k %8
WEAE X, (0) , R /N ik EAT LG i A fOK &5 i
FURTFRAE S Z AR, RE S ATRAE X, (0) 5 M,
FEAERS R B i AR B &R, UG A DL S A P B
mE 4 fimn,

W

S « SEZHIME
ERa Ak
>3
pu
= 3t
M
=
=
=
8
Bt
==
0 . n n n ]
05 10 1.5 20 25 30 35 40
K& EM

BlS  OBORER AR IR EX,,, (0) 5 M, 5k
Fig.5 The fitting curve of low frequency diffuse
polarizability amplitude X,,,(0) and M,

x4 FHEEMSAXNUARMERE

Table 4 New feature fitting formula and goodness of fit

FHAE UEARK WA R
X (0) X1 (0)= 0.006 424xM, 4. 844 0.998 7

H 3 4 AT LUE RS R B AL R R (E X, (0) FIGL
KE M, AR R GKE] T 0.998 7, 4K4E & 4l
Ao T ST RRIE S UK S R e R IE R, 0Tl
AR 2% 52 02 W R AT R



a8 PH AR ET Kramers-Kronig 254 %) 1 48266 2 IG5 HL AT 5 AR A 277

% it

R SCHRE 22 1A [ 5 7K A AR L SR i 1) A el

A FL T A S AR 7 S5 25 L B AR TR e BT (RS i A 7

SRUEAHLE S BILIT 458

1) FIH Kramers-Kronig 5& 2 G675 R B4 & I 5 L

T iR UL SRR O R B AT L R IR AR G £
PO Rl EDIAE Y S AR I S S

2)) ANTR] 5 K AR AR G it ) AEH N 1555 4 4015

PEEELE 0. 98 DAL Bk 1 AR A iR 1t

3) RN )3 A 2 MR 8 S W AR A8 SRR i 1932

TR, FE AP AR5 IO AL AR R (EL X, (O) RIROK 55 4
M, AP BOR B 2, AT D oK & PP BT RS ik A
Sk

(1]

MREAEE, iR SR 2L IR AR AL IR A Ak A
BT e Z R[] AR 224, 2019, 40(4) -
172-178.

LIN CH M, YE R, WU G L. Frequency domain spectral
model and parameter identification of mixed polarization
of oil paper insulation[ J]. Chinese Journal of Scientific
Instrument, 2019,40(4) . 172-178.

XU Y, SHAWN N, GERARD L. Frequency domain
spectroscopy measurements of oil-paper insulation for
energized transformers [ J |. IEEE Transactions on
Dielectrics and Electrical Insulation, 2017, 24 (3):
1657-1664.

TRz, EAR. HL-P R 2 X £ 4 3R 4 G 4R
AR TR R R AR [T ], B TR 2 4R, 2019,
34(17) . 3705-3712.

LI CH Y, HAO AI D.

thermal

Influence of the mechanical-
aging on the frequency-domaindielectric

of cellulose insulation paper [ J ].
Transactions of China Electrotechnical Society, 2019,
34(17) . 3705-3712.

H, XGE, AR, . AR G A v T AR
ERESE [T, P E AL TR R, 2015, 35(4);
1002-1008.

DONG M, LIU Y, REN M, et al. Explanation study of
frequency-domain dielectric spectroscopy for oil-paper
insulation system [ J]. Proceedings of the CSEE, 2015,
35(4) . 1002-1008.

TIAN F, OHKI Y. Electric modulus powerful tool for

analyzing dielectric behavior[ J].

spectroscopy

IEEE Transactions on
Dielectrics and Electrical Insulation, 2014, 21 (3).
929-931.

ABDELMALIK A A, DODD S J, DISSADO L A, et al.

(8]

(9]

[10]

[11]

[13]

Charge transport in thermally aged paper impregnated with
natural ester oil [ J]. IEEE Transactions on Dielectrics
and Electrical Insulation, 2014, 21(5) :2318-2328.
BT, WM, B0, A% A BT AR X
R B 7k CHERE [T ], R R, 2020,
46(2) : 640-647.

WU KN, HUANG Y W, WANG Z Y, et al. Application
of extended derivative method in analyzing dielectric
responses of dielectrics[ J].
2020, 46(2) ; 640-647.
HAQUE N, DALAI S, CHATTERJEE B, et al. Studies

on the effects

High Voltage Engineering,

of moisture and ageing on charge

de-trapping properties of oil-impregnated pressboard
based on IRC measurement [ J]. High Voltage, 2019,
4(2):151-157.

XIE J, DONG M, HU Y, et al. Modeling oil-paper
insulation frequency domain spectroscopy based on its
microscopic dielectric processes [ J]. TEEE Transactions
on Dielectrics and Electrical Insulation, 2019, 26(6) .
1788-1796.

Wl R AU, 2, T S5 200 I B R 2 % R B
ZWRAS AT [T]. B T8 R 224, 2020,35(21) .
4586-4596.

YANG F, TANG CH, ZHOU Q, et al. Analyzing the
moisture state of oil-paper insulation system usingan
equivalent circuital model [ J ]. Transactions of China
Electrotechnical Society, 2020,35(21) ;4586-4596.
Kbk, 0, BERE, SF. TR A % T AR 4 2
FEMF RO R S BOBRE I [J]. B TR %4k,
2018, 33(5): 1158-1166.

DU L, YANG F, WEI CH, et al

Identification of the wide-band model of oil-impregnated

Parameter

paper insulation using frequency domain
spectroscopy [ J]. Transactions of China Electrotechnical
Society, 2018, 33(5): 1158-1166.

FAWE ) A, CHALASHKANOV N M, %5, &5
SRR AT A R WA L 9 5 1 R SO R[]
HUBL T #2242, 2018, 38(1) : 300-308.

GAO Y F, LIANG X D, CHALASHKANOV N M, et al.
Application and significance of the equivalent circuit
method in the analysis of dielectric response [ J].
Proceedings of the CSEE, 2018, 38(1) ; 300-308.
WA, XIOCT. ey Bg TR A B i A 5 S
PN FEAS ) i e e L g ko B 5 053 [T ]
o UL TR 2441, 2018, 38(23) : 6769-6789.

LEI Q Q, LIU G Y. How to understand the two basic
physical processes of polarization and conductance in

engineering dielectrics and scientific principles and



278

fiC s & =

F42 8k

[16]

methods of their measurement [ J]. Proceedings of the
CSEE, 2018, 38(23) . 6769-6789.

BRFLAL SIS TR L (M ] de st A E Tolk i
Jitkt:, 2008.

ZHAO K SH. The method and application of dielectric
spectroscopy [ M ]. Beijing; Chemical Industry Press,
2008.

AW, ERE, BIEAR, 45 Kramers-Kronig A8t 74
R IR 17 T v ) R D7 0k VB SO ].
el UL TR 24412, 2020, 40(1) : 318-329.

GAO Y F, LU Y, LIANG X D,

computational method, application and significance of the

et al. Numerical
kramers-kronig transform in the analysis of dielectric
response[ J ]. Proceedings of the CSEE, 2020, 40(1) .
318-329.

SRKT, XNFER, B, . 78 R f il R 2 S
SRS B AT (], W T HOR 4, 2019 (4)
847-854.

ZHANG D N, LIU X W, ZHAN J Y, et al. Analysis of
imaginary part of frequency domain spectroscopy for oil-
paper insulation transformer [ J]. Transactions of China
Electrotechnical Society, 2019(4) . 847-854.

BRGBE, ARRH. R R AR RESL RIS IR 5 2 S I
BORIM]. dest: o7 Tl ik, 2017.

CAI J D, ZOU Y.

insulation testing technology for power transformers| M ].

Intelligent fault diagnosis and

Beijing; Publishing House of Electronics Industry, 2017.
B, B, AL, . ThACHE Sk A H e
TN B AR R S (], b L TR AR AR
2019, 39(23) ; 7065-7073.

HU Y ZH, DONG M, XIE J CH, et al.

analyzing and modeling of wide-band frequency dielectric

Spectrum

response of oil-paper insulation [ J]. Proceedings of the
CSEE, 2019, 39(23) . 7065-7073.

%A, g, DISSADO L A. Dissado-Hill £ 8I7E
A FL A B O P o e L T R
#,2016, 36(21) ; 6002-6011.

LIANG X D, GAO Y F, DISSADO L A. Application of
the Dissado-Hill model in the analysis of dielectric
[T]. of the CSEE, 2016,
36(21) : 6002-6011.

DISSADO L A, HILL R M. Non-exponential decay in
dielectrics and dynamics ofcorrelated systems [ J .
Nature, 1979, 279(5715) :685-689.

DISSADO L A, HILL R M. Anomalous low-frequency

dispersion. Near direct current conductivity in disordered

response Proceedings

low-dimensional materials [ J ]. Journal of the Chemical

Society , Faraday Transactions 2: Molecular and Chemical
Physics,1984,80(3) :291-319.

DISSADO L A, HILL R M. A cluster approach to the
structure of imperfect materials and their relaxation
spectroscopy [ J]. Proceedings of the Royal Society A
Mathematical, Physical and Engineering Sciences, 1983,
390(1798) . 131-180.

FRM, FMZE, BRRY, & BIRamRE % RS
A A H S 80 B ()], L TR 2% 4, 2017,
32(17): 218-224.

WANG D Y, ZHOU L J, CHEN X J, et al. Complex
relative permittivity expressions of oil-paper insulation for
[T].
Transactions of China Electrotechnical Society, 2017,
32(17): 218-224.

JONSCHER A K. Dielectric relaxation in solids [ M ].
Shanghai; Xi'an Jiaotong University Press, 2008.

[23]

low frequency domain dielectric response

[25] LOVELL R. Application of Kramers-Kronig relations to
the interpretation of dielectric data [ J ]. Journal of
Physics C: Solid State Physics, 1974, 7 (23):
4378-4384.

[26] ZHANG D, YUN H, ZHAN J, et al. Insulation

condition diagnosis of oil-immersed paper insulation based
on non-linear frequency-domain dielectric response [ J].
and  Electrical

IEEE Transactions on Dielectrics

Insulation, 2018, 25(5) :1980-1988.
&'

-
PENRN

-

A\ 74
~NJ
|
i

associate professor at Fuzhou University.

4B BA, 2017 4 T MR 2 AR A A
B, BUR AR N 25 B B4, EE BT DT 19 R
ARG BB IZ I
E-mail ; 24001744@ qq. com

Zou Yang received his Ph. D. degree from
Fuzhou University in 2017. He is currently an
His main research
interests include intelligent fault diagnosis of intelligent grid
electrical system.

A3 GBS IE#) , 2018 4F T4 JH K%
PAFF AL, IR M R B BT A
FEBFSE T 1) A L ) o B2 B 5 4 2%
Y il 8
E-mail ; 1025016805@ qq. com

He Jin ( Corresponding author) received his

PR

i:h

B. Sc. degree from Fuzhou University in 2018. He is currently a
master student at Fuzhou University. His main research interests
include power equipment fault diagnosis and insulation state

detection.



