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NIRS acquisition of insulating paper sample
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Fig. 2 Spectra of typical insulating paper samples

1.3 HARGE®RN
o 44 45 15 21 (4 A [ 38 Ak 72 B3 440 G AR AR E AT R A E ARG I
M 5 325 Ay R B s T . R RS RE AR AT R A E R
I R R (PhR 528 il E R i o oall KIER (SR TN i
8, T BRI LR 5 PERE DR .
1.4 FHik
1.4.1 EHHfrEfw)a
AT b, GPR B 1 2 1 45 5 A 25 06 1% B0 43 A 1 i 42
A B R AR G BB A AT . BT A3 A eR R Hi 0 R D
J9 GPR ERIP R G B 45 5 . GPR P e AN ER G
v Fk BT A A BR R S (o) DA R e AR R R (D
BT
y= fx)+e €}
D, BT B £t R m (o) VL BT 2 R (as
2D, B
f(x) ~ GP(m(x), k(xs 2')) (2
KO, k(a2 EMAIE R R B
e 0 AR R AR R IR T e 45 6 i A A, B
e~ N, o) (3
KO, o) Jy WA A B T 2
BT AT PR B4 5 00 0% 30 BT DL — A 7 89 i 30 o
RO Gy WA AR R AR AT A R AT R B A A ]
i G VA B e SR A1 F
y~GP(n(x), k(xs 2) +628(xs 2)) (4)
KDOF, o, 2 NFED W5 kB, M HAY a=2"1 o
(zs D=1, FW 5z, 2H=0,
EE PN SR S P URAR ] ey € IR I S e W €' 9)
T LATT 5545 B0 I 25 46 Gk ARAE AR TR 6 BE 5 10 D0 o 2% 200 A AR 3
ARG A3 A, =X (5) BT R



5 10 2 JUAE . I R [ VR A 21 A i 3 E O3 BT 4 0 AR ZS v T 3075

ISR P}

G, KOT5 2/, i X 6) R

k(xys 20) k(s x5) k(xys x,)
k(xys 21) k(xys 23) k(xys x,)

= . . . (6)
k(x,s 1) k(x,s 25) o k(x,, x,)

FIIE (515 3 1 6 A 43 A1 P A 30 2% %% B2 O3 i bR A -

BV 00 2t 2% ACAY: A 5 G B 1) 40 A1 B KX
yv. |y ~NK.K'y, K.. —K.K'K") )

SRR A5 B 1) AR U0 200 25 AR AR R BE 43 A BB B0 B I
RIREAC SR G BE g S0 45 2R
142 #AZIEAE

FIH K-S(Kennard Stone) J7 311 B A 1 6 3% 550308 ¢
8+ 20 MINGRAESIIELE , H Pl 2L A 386 4>, WIEE
92 A~ . 7ERLBIYIZR G F T SG(Savitzky-Golay) - Jy ik 3
G B FEAT UL B, R AR O 35 B B0 M AR OK . 4R R Ui
B

AR, O k(s o) B2 T RS A
WIRE A W F5E ), S 75 TORRAZ R4y GPR BT,
JH 0 A% 2R B0 H5 S 7 18 08 (squared exponential, SE) | 5%k
#% (exponential, Exp) . A ¥ — ¥k #% (rational quadratic, RQ) .
Matern32 5 Matern52 4% . 18 & 452 4 $U K5 B2 73 A7 1 2 451
TR 0 e U SRS GPR & B TN AR Y . #4532
9 GPR #2250 55 JF] PLS, SVR LK BPNN K5 47 584

B3 GPREBSAERBMELLLERE
Fig. 3 Flowchat of GPR modelling and performance

comparison among different models

B RERE 1 L4 . GPR B AR FL AR AR N FE 3 %
2 4R

2.1 AEZEH GPR HBMEEELL R

M 1 3 37 1 B T AN [ A% bR B GPR A0 B #E 47 50
PEREXT LE . Z5 RN 4 JToR . ] G R R R AR 1 O AR R 22
(root mean square error, RMSE) , . Exp #%# B % i)l 25 4
B4l ) RMSE i Fo ik g, Mo/~ Ed sl G Mg, Hik
Fe A A ek B B T HG A A% pR E GPR AR Y (% 500 o i
25 M AN R, R S BUURR M A 0 i — A O 0 AL %
L

M 22 YGRS R B, 4R 3 () R I P A A BR RO 22 1
TR 6100 2 T 35 AR LR AGE 260 0 I0) o 0 . S AR A B
I MR 6,100 A AT RMSE AR X AR LR A, T8 750
K@ R A /N FRIRBIIRX %S BN BURE AL, RI7EA
[ SHO TR R W LIRS AR e . 1B 4 iR 45 2R 278
Guiow =60 MTEBL NGBV, A ESHA S 0. W A KA
HE AR R B GPR LA IR0 M, KRR 85 R AN S BT .

4 AE%EH GPR EE M Ee L i
Fig. 4 Comparison of GPR model performances

with different kennels

Bs HESHHBRERBLER

Fig. 5 Results of model parameter sensitivity tests
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Fig. 6 DP prediction results of different quantitative analysis models
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Table 1 Comparison of different DP prediction

models for insulating paper
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Fig. 7 DP prediction results of four quantitative models
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Application of Gaussian Process Regression on the Quantitative Analysis
of the Aging Condition of Insulating Paper by Near-Infrared Spectroscopy
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Abstract As the aging condition of the insulating papers determines the remaining lifetime of the oil-immersed transformers, a
fast and effective aging assessment method for insulating paper is of great significance. As it is known, the degree of
polymerization (DP) is the most direct parameter to characterize the aging condition of insulating papers. However, the
traditional detection method or so-called viscometry is time-consuming and destructive. Near-infrared spectroscopy (NIRS)
technology, as a non-destructive detection method can rapidly determine the samples’ components and contents. Until now, it
has been successfully applied in many fields and will hopefully be employed as an alternative method to viscometry. However,
the current spectral quantitative analysis method is still not accurate enough to predict the DP of insulating paper samples. In this
paper, we introduce Gaussian process regression (GPR) to predict DP of insulating papers accurately. Firstly, the NIRS
database of insulating papers under different aging conditions is established, and in this procedure, the raw spectra are
preprocessed by the Savitzky-Golay method to improve the signal ratio to noise. Then GPR models with various kernels are
established, and the prediction accuracy and stability of the different models are comparatively studied. The results show that the
GPR model with Exp kernel is of poor generalization performance, and the models with Matern32, Matern52 and RQ kernels are

highly sensitive to the model parameters. Finally, the SE kernel is selected as the optimal kernel function of the GPR model. The
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DP prediction results of the SE kernel GPR model are compared with traditional PLLS, SVR and BPNN models, and the results
show that our established GPR model has the lowest RMSE (65.5 and 70.6) and highest correlation coefficient » (0. 94 and
0.93), both for the training set and testing set. The RMSE of the GPR model is lower than PLS, SVR and BPNN models by
54.1%, 58.8% and 12. 9% respectively. It is indicated that the established GPR model can be a powerful tool for the aging
assessment of insulating papers by the NIRS technique.

Keywords Oil-paper insulation; Near-infrared spectroscopy; Aging condition; Quantitative analysis; Gaussian process

(Received Jun. 3, 2021; accepted Mar. 15, 2022)



