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Study on electrical performance of cellulose insulation paper modified by
nano-TiO, under electric-thermal coupling condition

LIU Daosheng', CUI Chele', CHEN Xin', LAI Yongyao®

(1. School of Electrical Engineering and Automation, Jiangxi University of Science and Technology,
Ganzhou 341000, China; 2. State Grid Ganzhou Power Supply Company, Ganzhou 341001, China)

Abstract: Cellulose insulation paper affects the reliability of transformer operation due to the long-term action of
temperature and electric fields. The existing research mainly focuses on the modification effect of nano-particles on
insulation paper under a single physical field, while the modification research under the combined effect of electric-thermal
ageing is not yet perfect. This research prepared cellulose insulation papers modified by nano-TiO, particle with mass
fractions of 0, 1%, 3%, 5%, and 7%, and established corresponding molecular models based on molecular dynamics
simulation. Combined with macroscopic electric-thermal combined ageing tests, the influence of electric field and
temperature field on the electrical properties of modified cellulose insulation papers was studied, and the optimal
modification content of nano-TiO, was explored. The results show that the electrical properties of cellulose insulation paper
are mainly affected by temperature, and the introduction of electric field accelerates the ageing of cellulose. After adding
nano-TiO, particles, the number of hydrogen bonds in the cellulose molecular model increases, the relative dielectric
constant of the modified cellulose insulation paper decreases, and the electric strength increases. There is a threshold for the
improvement of cellulose modification effect by the content of nano-TiO,, and the best modification effect on cellulose
samples is achieved when the mass fraction of nano-TiO, is 5%.
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Fig.1 Preparation flow chart of cellulose insulation

pressboard modified by nano-TiO,
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Fig.2 Electric-thermal combined ageing test platform
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Fig.3 Dielectric performance testing system
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Fig.4 Schematic diagram of testing electrodes for

breakdown voltage
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Fig.7 The relative dielectric constant of modified insulation

paper samples with different nano-TiO, content
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193K BEY 1333 1583 17.10 1885 18.02
B-EES 1263 1485 1651 1841 17.53
3K B 1275 1519 1683 18.67 17.82
B 12,05 1465 1621 1820  17.41
363K WS 1229 1486 16.68 1836  17.47
H-EE 1159 1449 1579 1788 16.94
1RIK i) 11.79 1460 16.05 18.19 17.09
M- 1071 1381 1535 1774 16.53
103K REY 11.16 1396 1546 17.49 16.54
M- 1034 1312 1474 1697 1595
DIk HEY 1032 13.16 1470 16.76  15.83
M-l 947 1226 13.86 1620  15.07
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Fig.12 Changes in electric strength of various models under
different ageing conditions

TiO, FURL & , 1A 2 N 1) 3 THIAH E R P 3G 5, SUBe 4 it
B0, o T HE R RS S A, BT 3 AR RS , A
Gy KA A, A 5 R AW AR B iR T
GAERAEZANBESMEE . BEE TiO, & =, B
LTRSS T NS AN A SRR
5%TiO,/ 41 4 2 BB B M A5 5 i K. TER B 2%
PF7F 5303 K B 5%TiO,/£F 4 2 455 2 (1) Ha A< 3 5 N
565.5 kV/m, fH LU 46 2 4 2= B AL 52 1 30.5%, 1E
423 K i L8R E R BE 3 503.9 kV/m, #H bb 4l 2 4
FEMIETF T 39.9%. 4 TiO, & & 1A 2 R {E I, 44
KR T HBLHE 5, S X 3 A S, R R R
Rea B 38 0, J 0 B 3 WG AR 8 K, 5 OB B (1 HLS
o I B A, DAL I 7% TiO,/4F 4 25 45 B 1) F <0 S L
5%TiO,/ 41 4 A AU

4 ZEip

COI MK TiO, WUk fe 18 In 27 4k 2% 43 7 18] &
B BCR, & TR A EAEH 77, 51599 TR

WAAER A R 1 e RAG RN Bt S
HAR L

(241K TiO, UKL AT 2 4k 3R 26 G AL RE R 32 T
RORAFAE BIAE » 5%Ti0, X 21 4 2 IR ek OR etk
PRl R4 K TiO, ) AR o 50 H0N 5%

)L R G AR UMk RE 1 22 R Y
Wi, B3 B 51N 22 3 58 o T B AR AR AR T S 9 2 1
[A] 1 S B A, AR 20 7 180 B A ELAE A 0, AT
HEFER 51

S22 Hk References

[1] EMSLEY A M, HEYWOOD R J, ALI M, et al. Degradation of
cellulosic insulation in power transformers. Part 4: effects of age-
ing on the tensile strength of paper[J]. IEE Proceedings-Science,
Measurement and Technology,2000,147(6):285-290.

[2] EMSLEY A M, HEYWOOD R J, ALI M, et al. Degradation of
cellulosic insulation in power transformers. Part 1: factors affect-
ing the measurement of the average viscometric degree of poly-
merisation of new and aged electrical papers[J]. IEE Proceedings-
Science, Measurement and Technology,2000,147(2):86-90.

[3] KES M, CHRISTENSEN B. Degradation of cellulosic insulation
in power transformers: a SEC-MALLS study of artificially aged
transformer papers[J]. Cellulose,2013,20(4):2003-2011.

[4] LIUJ, ZHOU LJ, WU G N, et al. Dielectric frequency response
of oil-paper composite insulation modified by nanoparticles[J].
IEEE Transactions on Dielectrics and Electrical Insulation,2011,
19(2):510-520.

[5] PREVOST T A, OOMMEN T V. Cellulose insulation in oil-filled
power transformerd: part I-history and development[J]. IEEE
Electrical Insulation Magazine,2006,22(1):28-35.

[6] PRADHAN M K, RAMU T S. On the estimation of elapsed life
of oil-immersed power transformers[J]. IEEE Transactions on
Power Delivery,2005,20(3):1962-1969.

[7] LIAO R J, TANG C, YANG L J, et al. Influence of the copper ion
on aging rate of oil-paper insulation in a power transformer[J].
IET Electric Power Applications,2009,3(5):407-412.

[8] R, R iR AL s s i 26 G b RHI BF ST IR [T, 26
ZF1RE,2016,49(4):1-6.

ZHAO Lihua, WANG Shiying. Research status of high-tempera-
ture insulating materials used in oil-immersed transformers[J]. In-
sulating Materials,2016,49(4):1-6.
[91 B Im) A0 T4 A v i Lo R D Al TR R 2 i
FETTRE DT INERTIT[I]. 4R ,2018,42(12):3833-3841.
SUO Zhiwen, LI Hui, YU Zhao, et al. Research on characteristics
and calculation method of HVDC transmission after DC power
fast ramp[J]. Power System Technology,2018,42(12):3833-3841.
(101 VL%, 58, e . T LR i F A B o) 80 R PR AT 96 ).
Z IR 2018,46(6):39-43.
SHEN Yi, ZHOU Zhixin, YANG Yang. Research on frequency
limit control action characteristics in HVDC[J]. Yunnan Electric
Power,2018,46(6):39-43.

[11] 2R % H S R iR o8 e 8 (1 2 AR AR i DA [0, 75 vl
FEHAR,2007,33(3):186-188.



72

A2 R

2025,58(5)

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

LI Jun, DONG Liwen, ZHAO Hong. Aging and life assessment
of oil immersed transformers[J]. High Voltage Engineering,
2007,33(3):186-188.

W R L, v 5 R O, R BT 45 R Y 0 K e AR 3 R s
R E tﬁ%éﬂﬁn UL #1122 41:,2016,20(1):29-34.
CHEN Qingguo, ZHUGE Xiangli, LIU Hegqian, et al. Electric
field distribution of converter transformer barrier system using
nano modified pressboard[J]. Electric Machines and Control,
2016,20(1):29-34.

LIAO R J, LU C, YANG L J, et al. The insulation properties of
oil-impregnated insulation paper reinforced with nano-TiO,[J].
Journal of Nanomaterial,2013,2013(6):1-7.

JB g <, B PR, SR A 0L A K AL O, e AR T 25 26 5 AR 2 B 11
BFFE[T]. IR 5 R 241,2014,29(1):3-7.

LIAO Ruijin, LU Cheng, WU Weiqiang, et al. Insulating proper-
ties of insulation paper modified by nano-Al,O, for power trans-
former[J]. Journal of Electric Power Science and Technology,
2014,29(1):3-7.

B g < A B EZ A5 0K ALO, B A i AR S A
FEME MM ], B T HR 2:3R,2017,32(15):207-215.

LIAO Ruijin, HE Lihua, LU Yandong, et al. Influence of nano-
ALO, on properties of oil-paper insulation during thermal aging
process[J]. Transactions of China Electrotechnical Society,2017,
32(15):207-215.

KIFIES R G0 MR, 55 40 7 B0 SRR W R 4 R R 5
WA F) 53720 J3 S RN, w5 L 25%,2018,54(5):80-86.

LIU Lizhen, XIE Qing, LIANG Shaodong, et al. Molecular dy-
namics simulation of the influence of molecular number on the
properties of cross-linked epoxy resin system[J]. High Voltage
Apparatus,2018,54(5):80-86.

RFT A R A, 22 W [ 55 . 5 20 9 oK 21 4 4 2 AR AE 7 L aih 4%
o v (K R AR PE IR T 0], 482561 K1,2023,56(3):19-25.
ZHAO Lihua, CHEN Zhijie, AN Jianguo, et al. Thermal ageing
characteristics of aramid nano fiber insulating paper in new oil-
paper insulation[J]. Insulating Materials,2023,56(3):19-25.

PRI T 2R e S, A6 . SRk T J /46 4 R 40 40 oK DKL 52 5
AARHSE K 5 U 5E 20 1 3 0 B D). W BE 41, 2015,64
(12):343-350.

LIN Jiaqi, LI Xiaokang, YANG Wenlong, et al. Molecular dy-
namics simulation study on the structure and mechanical proper-
ties of polyimide/KTa  Nb, .0, nanoparticle composites[J]. Acta
Physica Sinica,2015,64(12):343-350.
B, 0 P AR A L B L S R AR AR Kapton B S T2
i 2 LB () ReaxFF 43 1) 7 240 B[], & HLE 44,2020,
46(1):215-223.

HUANG Xuwei, LIU Tao, SHU Xiang, et al. ReaxFF based
molecular dynamics simulation on decomposition of Kapton
polyimide under stress of DC corona discharge[J]. High Voltage
Engineering,2020,46(1):215-223.

FA TC W B S 4 AR A8 AR TG ST TR X S AL 43 T3
FIEAUT]. = R RAR,2012,38(5):1119-1206.

WANG Youyuan, YANG Tao, LIAO Ruijin, et al. Glass transi-
tion in amorphous region of transformer insulation paper by mo-
lecular dynamics[J]. High Voltage Engineering,2012,38(5):1119-
1206.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

TA G, 2 RS L K o0 X 4 G AR P B L ) 4T
R FLT]. = R R ,2013,39(11):2615-2622.

WANG Youyuan, TIAN Miao, LUO Mingwu, et al. Molecular
modeling study for impact of moisture on the microscope pro-
perties of insulating paper[J]. High Voltage Engineering,2013,39
(11):2615-2622.

JkA, 3 ,CHEN G, %5 . 442K ALO, X 48 [ 2% 26 25 AR 4T 4 3 4
A TR (1 5 P R LB 3 7 0], o B R 2 HOR B 42,2015,45
(11):1167-1179.

ZHANG Song, TANG Chao, CHEN G, et al. The influence and
mechanism of nano ALO; to the thermal stability of cellulose
insulation paper[J]. Scientia Sinica (Technologica),2015,45(11):
1167-1179.

K AR50 IE BRI, A 9K THO, B 21 4 3R 46 25 AR AR A
ZAREELD. R 2021,47(9):3134-3143,

LIU Daosheng, GUO Zhengyang, ZHAO Ziming, et al. Thermal
aging characteristics of cellulose insulating pressboard modified
by nano-TiO,[J]. High Voltage Engineering, 2021, 47(9): 3134-
3143.

PR G, 5 T, S L A 9K THO, BRI 48 SR 4RI 4 2% 1 RE (D).
o HLUE % A,2014,40(7):1932-1939.

LIAO Ruijin, LU Cheng, WU Weiqiang, et al. Insulating proper-
ty of insulation paper modified by nano-TiO,[J]. High Voltage
Engineering,2014,40(7):1932-1939.

PRt < A IR O 40 5 19 460 R 0 0 s o AR A8 25 P AL T
ZEIR[]. H LA AR 42,2012,27(5):1-12.

LIAO Ruijin, YANG Lijun, ZHENG Hanbo, et al. Reviews on
oil-paper insulation thermal aging in power transformers[J].
Transactions of China Electrotechnical Society,2012,27(5):1-12.
THEODOROU D N, SUTER U W. Detailed molecular structure
of a vinyl polymer glass[J]. Macromolecules, 1985, 18(7): 1467-
1478.

NEUMANN M. Dipole moment fluctuation formulas in compu-
ter simulations of polar system[J]. Molecular Physics, 1983,50
(4):841-858.

BRI K R AR AR R R N R s LA R S 2 G
2F 17 5 11 J5 55 008 (], H ] L R 2% 4R ,2018,38(24): 7121 -
7130,7438.

QIAN Kaiyu, SU Pengfei, WU Jiandong, et al. The effect of
thickness on breakdown strength in high voltage direct current
cable insulation at different temperatures[J]. Proceedings of the
CSEE,2018,38(24):7121-7130,7438.

HUA X, WANG L, YANG S S. Molecular dynamics simulation
of improving the physical properties of polytetrafluoroethylene
cable insulation materials by boron nitride nanoparticle under
moisture-temperature-electric  fields conditions[J].
2019,11(6):971.

Polymers,

I #s HER:2024-07-01; &2 HH#A:2024-09-13.
TEHE N

TR

BAEEH

B ER(2000-), 5 (%), AR LEA LA, EEAF

L AR B A A ’7’”‘%‘%&’]@?70,
A (1976—), B (RGk), T dmEr A, 23T,

ERNFRALGL B A u%f}i‘/ﬁ“ 5% ES R BB G A
BOPE S oy e A 5



