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Table 1 Preparation conditions of different water
content casing models
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Fig.2 Frequency-domain dielectric spectra of bushing models
with different moisture contents under 15 °C condition
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Table 2 Fitting parameters of modified Cole-Cole double

relaxation model with different moisture contents
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Fig.3 Curve of moisture content vs. parameters
of modified Cole-Cole double relaxation model
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Table 3 Mapping relationships between parameters of modified
Cole-Cole double relaxation model and moisture content
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Fig.4 Temperature correction curve
25 LR, AR AN AL 5 BT 7 B R TR i
IR B WK ST 55 B2 Wi

TH BRI )

[#&1F Cole-Cole AU BRI ZHAIS]

DELEES R S VA ek

[ AT 45 5 AT S5k dE ]

B 5 mRAEEIPRTITETERER

Fig.5 Flowchart of assessment of oil-immersed

bushing damp state
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Table 4 Frequency-domain feature parameters and water
content evaluation results of physical bushing

FRIES L WAL KR/ %
As, 15.337 2.47
7 514.037 s 2.37
Ag, 3.287 3.00
Ty 4.78x107° s 2.75
T4 2.57x1077 s+m™" 2.34
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Fig.7 Correction results of field bushing FDS curve
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Table 5 Frequency-domain feature parameters and water
content evaluation results of physical bushing

FIES R WALER EKE/ %
As, 2.363 6 0.49
T, 4260.1 s 0.42
As, 1.103 4 0.53
T, 1.25x1077 s 0.44
Ty 6.95x10™ s-m™! 0.43

75 KR 0.46% 45 R SR B TIRES MY &
] DU e T LS B i R N 2 IR S
IR REA RO T LA B, JF H Ik 1 1% 07 ik
AL A ) o R SR iR UE A

5 it

ARSCIET R A o W 0 v X iR B
K P E EPEAN BEAT TARSE FESE I E A TR
[F] &K w1 72.5 kV IR NEEHEAIF 4T T FDS
M, LA 18 1E Cole-Cole BUith # A\ Ha, 5l 75 45 AU Jf- 42
BT Ko B 0TAR RS 8, 3 AR 2] T &%
K I A S, i a B T 25 R S e i
BAEESKEEEHE %, R0 05
B2 SR, 7R ST 4t 1 356 T 088 A FL i 7 2 1
TR X EE SRR TS A 3

SE

[ 1] ZDUE, SR8 R 5. JE T 000 m N 43 vk (4 o R B
AT BT T]. W EEAR 201,37 (12) :3045-3052.
MAI Hanyuan,NIE Dexin,ZANG Chunyan,et al. Simulation analysis
of high voltage bushing insulation status detection using frequency
response analysis method [ J]. High Voltage Engineering,2011,37
(12) :3045-3052.

[ 2] HAR. B A X EE B A LA ERNET]. &
1 B4 ,2010,30(4) :147-149.
TIAN Chengfeng. Properly measure capacitance and condenser-type
transformer dielectric loss of bushings[ J]. Electric Power Automa-
tion Equipment,2010,30(4) :147-149.

[ 3] MBS, ki, B0, A R a M AR G AL TS 1 5 AT [T ]

H ) A B s ,2011,31(2) :31-35.

JIANG Xiubo, ZHANG Tao, HUANG Yanjie. Simulation of trans-
former insulation polarization spectrum[ J]. Electric Power Automa-
tion Equipment,2011,31(2) :31-35.

[ 4] SAHA T H. Review of modern diagnostic techniques for assessing
insulation condition in aged transformers[ J]. IEEE Transactions on
Dielectrics and Electrical Insulation,2003,10(5) :903-917.

[ 5] JARIZE, 25000, 577, 45 T ARA 2% A T3 ) 1oy AR 430 57k #3174
PACHLBE[ )], m R A, 2013,39(8) : 1873-1880.

ZHOU Lijun, LI Xianlang, WU Guangning, et al. Low frequency dis-
persion mechanism of dielectric response for oil-paper insulation
diagnosis[ J]. High Voltage Engineering,2013,39(8) :1873-1880.

[ 6 ] LUNDGAARD L E,HANSEN W,LINHJELL D, et al. Aging of oil-
impregnated paper in power transformers| J |. [EEE Transactions on
Power Delivery,2004,19(1) :230-239.

[ 7] YEW J H,PRADHAN M K,SAHA T K. Effects of moisture and

temperature on the frequency domain spectroscopy analysis of power

transformer insulation[ C ] // Proceedings of the IEEE Power Engi-
neering Society General Meeting. Pittsburgh, USA . IEEE,2008 :1-8.
HIY, XU LD 55, AR S A i 1 AR R T BT[],
T E AL LR A4, 2015,35(4) :1002-1008.

DONG Ming, LIU Yuan,REN Ming, et al. Explanation study of fre-
quency-domain dielectric spectroscopy for oil-paper insulation
system[ J]. Proceedings of the CSEE,2015,35(4) :1002-1008.
PRADHAN M H,YEW J H,SAHA T K. Influence of the geometrical

parameters of power transformer insulation on the frequency domain

—
o]
[

—
=)
[

spectroscopy measurement| C ] //Power and Energy Society General
Meeting-Conversion and Delivery of Electrical Energy in the 21st
Century. Bali, Indonesia: IEEE,2008:206-210.

[10] W], XU AL, 45, JK 233 5 20 A X il AR S Al A Hi 1

SEMRA RIT T B SR 1]. SRS, 2014,40 (11)
3403-3410.
DONG Ming, LIU Yuan,REN Ming, et al. Impacts of moisture con-
tent and distribution on frequency domain spectroscopy of oil-paper
insulation system by FEM approach[ J]. High Voltage Engineering,
2014,40(11) :3403-3410.

[11] AR e, TAM, 5. T Havriliak-Negami 4 H b R AR
TR I 4% 26 GRS A [T, W R R, 2016, 32 (1)
153-162.

ZHOU Lijun, LI Xianlang, WANG Dongyang, et al. Status assessment
of oil-paper insulation based on Havriliak-Negami dielectric relaxa-
tion model[ J]. High Voltage Engineering,2016,32(1) ;153-162.

[12] B, m B, moR, 4. AR 4 00 A #8135 (19 18 1F. Cole-

Cole HEAVRHIE S it SR UK 43 & B WP A i [J]. BT HOR %
##%,2016,31(10) ;26-33.
YANG Lijun,GAO Sihang,GAO Jun,et al. Characteristic parameters
extracted from modified Cole-Cole model and moisture content as-
sessment  methods study on frequency-domain  dielectric
spectroscopy of oil-paper insulation [ J]. Transactions of China
Electrotechnical Society,2016,31(10) :26-33.

[13] Zobk W VT, FMEES, 45, T FDS 19728 A8l iR 40 & (L e

JESARG ST L)]. BT A S B4, 2017,37(1)
217-223.
LI Chenglin, CAO Baojiang, SUN Jianxiang, et al. FDS-based as-
sessment of aging degree and moisture content for oil-paper in trans-
former[ J ]. Electric Power Automation Equipment,2017,37(1) .
217-223.

[14] BuH , BnE, e, 45, m RS BB i A 4 e b

FRE B A BE AL ZE [ 0], W TR 22 4]z, 2016, 31 (5)
144-151.
YANG Lijun, HUANG Jiajia, XU Zuoming, et al. Investigation on
thermal aging characteristics and lifetime model of oil paper insula-
tion for HV AC bushing[ J]. Transactions of China Electrotechnical
Society,2016,31(5) :144-151.

[15] ki, e flids ok i A, 55, JE TR Wil o0 BT 1) o R B 4
GORIEAG[ 1], FEHAR,2013,49(11) :6-11.

DU Zhenbo ,NIE Dexin,ZHANG Lianxing, et al. Insulation evaluation
of high voltage bushing based on frequency domain spectroscopy
analysis[ J]. High Voltage Apparatus,2013,49(11) :6-11.

[16] BEARHM, AR, WIS, 45, JE TR v 3 v 19 78 F Tl 4R 48
G ZWROITLT]. FJTH AR, 2014,8(4) :52-56.
YAO Senjing, TIAN Jie, TANG Mingjie, et al. Study on moisture as-
sessment of oil paper insulated bushings based on frequency domain
spectrum [ J ]. Southern Power System Technology, 2014,8 (4) ;
52-56.

[17] B2 BB M. duat . Bleg ik, 2006 57-63.



F140) & 0 8 % w it % 38k

(18] BXFLAL A i ik BB M] . bt A2 Toll At 2008 ; [23] GAO J, YANG L,WANG Y et al. Effect of moisture and thermal
95-125. degradation on the activation energy of oil-paper insulation in fre-

[19] XHGM. S5 R RE L M. b gt HLAR T SRR AT, quency domain spectroscopy measurement [ J ]. IET Generation
1988.131-137. Transmission & Distribution,2016,10(9) :2042-2049.

[20] BADICU L V,GORGAN B,DUMITRAN L M, et al. Assessment of [24] ZUKOWSKI P,KOETUNOWICZ T N,KIERCZYNSKI K,et al. An
transformer mineral oil condition based on DC and AV conductivity analysis of AC conductivity in moist oil-impregnated insulation
[J]. IEEE Transactions on Dielectrics and Electrical Insulation, presshoard[ J ]. TEEE Transactions on Dielectrics and Electrical In-
2012,19(5) :1544-1551. sulation,2015,22(4) :2156-2164.

[21] FRM,JARZ RAPE, S A )R i B AR A v 35 1 5 5
Jrgk[I]. P EABLT R ,2016,36(23) :6586-6592. fEZE &I

WANG Dongyang,ZHOU Lijun,ZHU Shaobo, et al. Method of nor-
malizing the frequency domain dielectric spectrum of oil gap tested
in different temperatures [ J|. Proceedings of the CSEE, 2016, 36
(23) :6586-6592.

[22] ZUKOWSKI P, KONSTUNOWICZ T N, KIERCZYSKI K , et al. Per-
mittivity of a composite of cellulose ,mineral oil,and water nanopar-

ticles ; theoretical assumptions [ J]. Cellulose, 2015,23 (1) ; 175-

A E(1978—), B, drm A, %
B EARAST W BEEL, £ %
ME B AR AR A AR L BRI B 7 @ e
52 ( E-mail ; zhoulijun@switu.cn) ;

x4 b (1992—) , B, 7 db i A, AR
THRAE EFEAFELEERESHENS

183, N Y T

Evaluation of oil-immersed bushing damp state based on
frequency-domain dielectric spectroscopy
ZHOU Lijun' | LIU Weidi', WANG Dongyang' ,PAN Gang' LI Huize' ,XU Xiaowei’

(1. School of Electrical Engineering,Southwest Jiaotong University , Chengdu 610031, China;

2. Electric Power Research Institute, Yunnan Power Grid Co.,Ltd. , Kunming 650217, China)
Abstract; In order to quantitatively evaluate the damp state of oil-immersed bushing main insulation, the Cole-Cole
double relaxation model considering DC conductivity is built. By testing 72.5 kV oil-immersed bushing model with 0.
53% ,1.78% ,2.97% ,1.78% and 5.03% moisture contents prepared in the laboratory,the corresponding frequency-
domain dielectric spectroscopy is obtained. The frequency-domain dielectric spectroscopy is fitted and parsed by the
Cole-Cole double relaxation model, then the characteristic parameters representing the moisture content of oil-
immersed bushing insulation are extracted and the assessment formula is fitted. Considering the influence of tempera-
ture on the field testing results, the oil-immersed bushing damp state assessment method suitable for the field is pro-
posed. Results of case analysis verify the effectiveness of the proposed method.
Key words; power transformers; bushing; insulation ; frequency-domain dielectric spectroscopy ; Cole-Cole model ;
moisture content ; quantitative assessment
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Characteristic calculation of magnetic-valve controllable reactor

based on inverse Jiles-Atherton model
ZHANG Huiying"*, TIAN Mingxing"*,CHAI Zuoshi'>, WANG Tiange'*
(1. School of Automation & Electrical Engineering, Lanzhou Jiaotong University , Lanzhou 730070, China

2. Gansu Province Engineering Laboratory for Rail Transit Electrical Automation,Lanzhou Jiaotong University , Lanzhou 730070, China)
Abstract ;In the calculation and analysis of the characteristics of the MCR ( Magnetic-valve Controllable Reactor) , it
is necessary to consider the characteristics of both AC and DC excitation and different magnetization states of the
core magnetic circuit. Firstly, an equivalent magnetization characteristic model of MCR based on inverse Jiles-
Atherton model is proposed. This model considers the effects of hysteresis, DC magnetic bias and small section mag-
netic-valve on the magnetization characteristics,,and it is suitable for MCR with different structural parameters. Sub-
sequently ,the calculating formulas and methods for current characteristics, control characteristics and loss characte-
ristics of MCR are proposed based on the equivalent magnetization model. Finally,the theoretical calculation and ex-
perimental measurement for a MCR prototype are carried out,and the results are compared with those based on the
ideal small slope model. Test results indicate that the proposed MCR equivalent magnetization characteristic model
and its current characteristic,control characteristic and loss characteristic calculation method are correct and effec-
tive ,which provides a certain reference and guidance for engineering design and calculation of MCR.

Key words : magnetic-valve controllable reactor;inverse Jiles-Atherton model ;magnetization characteristic ;calculation



