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Fig. 1 Preparation flowchart of accelerated

thermal aging samples
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Fig. 2 Original spectra of 140 insulating oil samples
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Table 1 Furfural content and aging time

of insulating oil samples

B dt 2 5 Z AL /b BEmE & 8/ (mg « LD
1 48 0.227 8
2 72 0.271 4
3 96 0.533 9
4 144 0.818 2
5 216 1. 066 7
6 288 1.178 4
7 360 1.444 8
8 432 1.771 2
9 528 1.850 6
10 648 2.0211
11 768 2.880 6
12 888 2.957 4
13 1032 3.575 1
14 1176 4.192°8
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Fig. 3 Correlation between furfural content

in oil and aging time
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Predicting results of correction model with different

Kb PRUT SRR R RS AR, X X T RS i 3
SRR T 4B MU O 22 46 M XX A E 61 . X7 X9

BP learning algorithms

f min(n, m)

ff%ﬁ@ZﬁZ?uﬁﬁ%ﬁﬁaﬂ ngzw,%lﬁ oy e MR ES
! : 258 H RMSEC R? RMSEP R?

Hi S A T R TR L-M 55 ik 2 16.47 0.9979 20.35 0.996 8
2.3 B BAEIIMERE ST Quasi-Newton 25 3 2 16.47 0.997 9 20.35 0.996 8

Xt F 140 By AS [6) & AL s 6] (R R & o #2230 3 ¢+ 1 40 lc . B LS OE U AL LM 8 3 2 19.37 0.9971 23.39 0.9957
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[8] )9 ( partial least squares regression, PLSR) # &I, jf 5 T4 AERIEFEHIER TN R
PCA-BP-ANN FE 8 | Jf 445 1% PLSR # 8 % v, ing 4 Fr Table 4 Predicting results of models with
TN BEBURRE TS X5 . LA TR A ) B B s O Tk different correction methods
B HE BV 19 PCA-BP-ANN 2 fl W i) 550300 450900 26 B U £ . . B Tre
N I . A5 3 - - 5
T2 Al B ] £ DG e TR0 AR B SR X E AN AL 6 TR . RMSEC R? RMSEP R?
2.4 hhERSERNIEAIMERET PLSR(None) 41. 89 0.986 9 43. 49 0.986 3
%ﬂzj 1PLSS[%HX3‘Q:F(EE **ﬁ%ﬁ%% #?Eljélz’ ﬁﬂ 7 PCR 24.16 0.995 5 27.23 0.994 6
. = < e LLSR 22. 84 0.9 1 22.21 0. 2
B . 9 107~4 424 cm % X RMSECV ] i {8 F 4 i 4 20 oS St 0990 90
\ o b PCA-BP-ANN 15.59  0.9981  18.67  0.997 3
(FHR L), RiEizns X3k 1 210 AP .
1200 - PLSREERI(ETALHE . 43 X LA 1200 - PCRA
1 000 A
S 800+ E
= s
> >
g 600 9
2 2
=l =l
2 400 [
=% Ay
200 A
0 T T T T T , 0 T T T T T !
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
True value/h True value/h
1200 - PLSRAA - 1200 - PCA-BP-ANNF{A!
1 000 A 1 000
= =
T:J 800 A ?:) 800 A
< s
> >
g 600 1 g 600
R S
2 400 A 2 400 A
& &
200 A 200 A
0 : : : - - - 0 - . : : ' -
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
True value/h True value/h
B 6 4Lt iE IR R AR
Fig. 6 Prediction results of four aging time models
1.4 100 0. 100
90+ 97.14 i . Lgg
Q
= N < 807 -80 &
0 2 704 3 L70 B
B < =
S 60 W 5 TR - 60 .§
% 50 —o— il ik L 50 ?,
T 401 F40 o
g z
S 304 30 &
20 L20 &
=]
10 10 ©
0 28 022 0
PC1 PC2 PC3 PC4
: 1 Principal components
1164910376 9103 7830 6557 5284 4000 B8 HGmEMILAMRIEN4DNERTTEE

Wave number/cm’’
7 RIAEiER iPLS E&
Fig. 7 The iPLS plot of original spectra

Fig. 8 Contribution rates of four principal components

of NIR spectra of insulating oil samples



%11 4

Wik 2% 5 61 4 Hr 3519

WnE 8 Fion . A PCA HZEL 1 210 AN 4 A2 19 4 2%l ik
LOAMEIEAS R 0 4 A T U4 i R STk Rk 99. 96060,
B EM B 4. L PCA 13345 [ i A+ # Matlab2018a
Fiillgh PCA-BP-ANN KRS, 41k 5 iR, KB REEME
JCRCH A 3. SR TR 2 3 5 B9 PCA-BP- ANN A58 2 Fi30)

x5 AEBPEIHZHKEFEBBNR
Table 5 Predicting results of correction models

with different BP learning algorithms
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Table 6 Predicting results of models with

different correction methods
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Fig. 9 Prediction results of four furfural content models
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Fast Prediction Method of Thermal Aging Time and Furfural Content of
Insulating Oil Based on Near-Infrared Spectroscopy

JIANG You-lie, ZHU Shi-ping” , TANG Chao, SUN Bi-yun, WANG Liang
College of Engineering and Technology. Southwest University, Chongqing 400716, China

Abstract Accurate assessment of transformer oil-paper insulating thermal aging serves as an important part to ensure the safe
operation of power equipment. The successful application of Near Infrared Spectroscopy in petrochemicals and other fields
provides new ideas for electrical insulation testing. The accelerated thermal aging test has experimented in a vacuum environment
of 130 ‘C. Fourteen groups of samples with different aging time are prepared. The spectrum of the aged insulating oil was
collected by the Near Infrared Spectroscopy, and the furfural content in transformer oil was detected by high performance liquid
chromatography(HPLC). There are obvious absorption peaks at 8 373, 8 264, 7 181, 7 076, 6 981, 5 855, 5 799, and 5 678
em ! in the original spectrum. This study specifically analyzes the attribution of each absorption peak. The original spectrum
was preprocessed using a five-point cubic polynomial Savitzky-Golay convolution smoothing algorithm. The characteristic spec-
tral regions for aging time are selected as 11 209~10 364, 9 087~7 818, 7 390~4 424 cm ', with a total of 1 320 wavelength
points. At the same time, the spectral information of the characteristic region is extracted by PCA, which indicates that the
cumulative contribution rate of the first seven principal components is 99. 78%. On the basis of the above, a PCR, PLSR, PCA-
BP-ANN prediction model for aging time was established. It is shown that the PCA-BP-ANN aging time prediction model with
conjugate gradient algorithm is the best, with RMSEP of 18.67 and R* of 0.997 3. The characteristic spectral region of the
furfural content in the oil is selected from 9 107 to 4 424 cm ™' for a total of 1210 wavelength points. At the same time, the spec-
tral information of the characteristic region is extracted by PCA, which indicates that the cumulative contribution rate of the first
four principal components is 99. 96 %. On the basis of the above, a PCR, PLSR, PCA-BP-ANN prediction model for the content

of furfural in oil was established. It is shown that the PCA-BP-ANN furfural content prediction model with conjugate gradient
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algorithm performs best, with RMSEP of 0. 134 4 and R* of 0. 987 7. It is feasible to evaluate the thermal aging time and the

furfural content based on near-infrared spectroscopy of insulating oil.

Keywords Near-infrared spectroscopy; Thermal aging; Insulating oil; Furfural; Aging time; BP neural network
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