7 b o
62 45911:0129-0138 %%Eﬁjg Vol.62,No0.9:0129-0138
202649 H 16 H High Voltage Apparatus Sep. 16, 2026

DOI:10.13296/j.1001-1609.hva.2026.09.014

BT BRI R ASEE 528 FDS 515

Hmpe, F oA, mRL, R, RXT
(1. FERIHITA B A B A R T b N B, Wi 70k 3150165 2. PH2EA50 Ko TRl e S 20 44 40 [ o S0 aR
PG4 710049)

TR AP GRS 3% (FDS) 5 AT T 39 4 LB, VA A R e i S L B % IR G AN R34
ZWAE LR BT — A A T ARG B S A0 R 4 2wk B oA 5 k. F) B Comsol 1 23X
BEEFDSH AR FEITEETWNHH LR LML RAEDM KRS ST R T 5 H 5 d vk B
B 5R ., R R, R A ZEAAE tand-f W & B I R ARFEE R OE S A, LR A AR E A K, ARSI
BB & EINFEA G AR en LA R R AR, AL R R R, A MRS LR
ZREWIRAN S T E IR ERE T HORERTF B, SR A XEGL LIRS EL B A T2EL,
KR : G RO LI TR Ek; ARALT; B8 Ko e F 4G RERE

Study on FDS Characteristics of Qil-paper Insulated Bushing Under Non-duniform Moisture
Contents Based on Finite Element Analysis
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(1. State Grid Zhejiang Power Co., Ltd., Ningbo Power Supply Company, Zhejiang Ningbo 315016, China; 2. State Key Laboratory of
Electrical Insulation and Power Equipment, Xi’an Jiaotong University, Xi”an 710049, China)

Abstract: In view of the issue that the traditional frequency domain spectroscopy (FDS) analysis is based on the as-
sumption of uniform moisture ingress, which make it difficult to accurately reflect the non-uniform moisture distribu-
tion actually existed in oil paper insulated bushings, a dielectric response analysis method for non-uniform moisture
ingress is proposed based on the combination of inite element simulation with experimental validation. A dual-unit
stacked FDS simulation model is established using Comsol , along with uniform and non-uniform moisture distribu-
tion models for the bushing. The effects of moisture content and its spatial distribution on the dielectric response are
systematically analyzed. The results indicate that non-uniform moisture induces distinct loss peaks and fluctuation
characteristics in the tand-f curves. The greater the degree of non-uniformity, the higher the frequencies of the loss
peak and th curve intersection point, indicating that the dielectric response is relatively sensitive to localized mois-
ture end screen. Both simulations and experiments are in good agreement, which provides a new technical means for
identifying and quantitatively assessing non-uniform moisture distribution in oil-paper insulation , and is of great sig-
nificance for advancing accurate insulation diagnosis of power equipment.

Key words: oil -paper insulation; non-uniform moisture; frequency domain spectroscopy (FDS) ; finite element

analysis; bushing; moisture; permittivity; condition assessment
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Fig. 1 Photograph of laminated unit stacks of cable paper
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Fig. 2 Complex permittivity of uniformly moisturized

laminated unit stacks at different moisture contents at 50 °C
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Fig.3 Schematic diagram of the simulation model
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Fig. 4 Local mesh generation of the simulation model
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Table 1 Equivalent moisture content combinations for the
dual-unit laminated oil-paper insulation simulation model

(upper layer:dielectric 1,lower layer :dielectric 2)
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Fig. 5 Dielectric response characteristics of the dual-unit

stratified moisture model
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Table 2 Longitudinal combination patterns with an

equivalent moisture content of 1%
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models with an equivalent moisture content of 1%
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Table 3 Moisture combinations for localized moisture
ingress at the end screen (Y=10,X=1/3)
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Fig. 8 Simulated tané-f curves under different moisture

severity levels
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Fig. 10 Local cross-sectional view of the bushing

simulation model
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