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Fig. 8 Temperature fitting image of BGO crystal physical properties parameters
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Table 1 Fitting formula and evaluation index of physical properties parameters

Parameters Fitting equations and evaluation metrics
A=—4.073 X 10 "T° 4 9.9 X 10 °T* — 9.428 X 10 "T° +
Formula ,
- o . 0.00044667T* — 0.1105T + 13.95
Thermal conductivity /(Wem K ) ‘ SSE R-square RMSE
Indicator
0.018 2 0.998 7 0.067 46
F | C,=1.541 X 10 ®T*—5.616 X 10 "T" 4 8.654 X 10 "T°— 7.319 X 10°
ormula X . )
o . L T+ 3.671 X 107°T* — 0.00109T° + 0.175T* — 9.434T + 662.7
Specific heat capacity C,/(J-kg *K™") ' SSE R-square RMSE
Indicator
0.023 59 1 0.108 6
a'=—1.152 X 107" T*+2.176 X 107°T* — 1.67 X 10 °T* +
Formula
o k) 0.009191T + 4.725
Thermal diffusivity o' /(10 *K ' SSE R-square RMSE
Indicator
0.003 848 0.999 3 0.025 32

F2 WESH
Table 2 Model parameters

Parameters Value
Poisson’s ratio u 0.175
Convective heat transfer coefficient A 2.5 Wem %K™
Elasto-optical coefficient p,,=p1, —2.995X10 ¥ m*N"!
Elasto-optical coefficient p,, —1.365X10 " m**N '
Crystal length / 10 mm
Crystal thickness d 5 mm

32 BGORUETREFHELER

FIFH COMSOL A #4715 5L, 1% B BGO &t 5 J8 Bl R85 19 ) b T BE Ol 293.15 K, 47 FL 3 50 8 0 i
PR AN FER AR EE DL 0.5 K/ min 1Y 3R R 2L LIt FHE B R FFSE 2 400 s, B 2 KR ETHRE ) 313.15 K, 7
2400 s HM AR B IR #) 313,15 KJE AN F AR SR JE F5 223817 % 6 000 s,

12 400 s I BGO iy # 2 T Uit B2 77 B R an 151 9 Ca) , N BB UL B2 7 LR G 151 9(b) o

MNIEL /T LB 5t 75 A 5 Uk B 4 82 28 A I ot A 5 3 T LA B oA 0 B o B 0 B O R R L )
i A S T IR 5 PN R O R B A AR B W 2 S B IE T VTR N R IR R Y B

507 AR XS 2.2 1 1Y BGO f I8 318 B 5 i Bt 238 AT B0k . I BGO f 1A 1 b0
AR dib A v 5043 300 R AT 0 T SR A AT T B AR RS LA A5 SR AT 10,

M TO AT LA 38 3 2 i@ BT vk A 2 0 BGO @8 SR EE AL (13) L (14) 545 Bt 45 RAEH W)
G FEIH L AR AR XS R 22 7E 0.015%6 AP, 4 Facs g5 4 I B AH X R 25 BE AR TE 0.02% L A TP B
T 5 I 1) K T VR AN TR T RS e o AR AE — 8 R A X IR 22 B BR

R T UE B A A A S ) o8 M BN IR E — S A SR B T B LB R AR - 1) A AU B L 0.75 K/min
B R B M 303.15 K FEAICE] 273.15 K 2) b SR BE AR 7 273.15 KEFLE 1 he i TR IE M 5 FH IR 1% D0 A4 A1 2
P, LA BGO R rfvts s 00 g b 28 5 05 B0 25 2 S 49 647 BB, an 1l 11 A RSB 4 3 3 Ak by A B =X 1 ek
AR A AE R G R 22 B BR A1 DL T, B A 2ok R Y A R 22 R 7E 0.03% LAY, i B U T 5 i 48 5 0 LT AR 2k
IR WG o UEBH Z B0 #5719 BGO &b A 7E P9 R0 A [6) T B B B T /9 8 A TR A =0 (13) L (14) il
FAM PR BT I OO 50 UE T % B e A A Y OE B M RN e M L R S0 ELF ST LA THIR G B0 R AT IR R
i

FHBGO @b P FR IR AL & 90 0E T 2.2 19 4 2 098 A8 IR S AU ) TE i Pk o 8 & B AR TE ARl
FEM R NS G ZAE R T 23 7 A R S AEORUAT S A 00 B AR /N T DA Bz D A G T 1) B e il 2k
E R 38 6 B AT I AL, O AR An ] 12(a) , IF F o0 il 2k i A A0 B 45 SR 5 4 L4 SR EL S UE R A IR
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Fig. 9 Simulation of BGO crystal temperature field
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Fig. 10 Model calculation and simulation comparison of BGO crystal face center point and body center point
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Fig. 11 Cooling environment BGO body center point model calculation and simulation comparison
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Fig. 12 Temperature—time distribution at each position of the central axis of the BGO crystal
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Fig. 13 The analytical formula of the through optical path and the relative error of the simulation
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Fig. 14 Comparison of the measured data of the temperature of the center point of the crystal surface and the calculated value of
the temperature field model
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F L0 A Bl A R M A R AR T s 0 R AR S L B RS 1 TR R
SEBR O R S A W R 2 o I SR R R 2 U i SRR N N S A A A B AT (L6 PR MRS T
F L 2 CI8) MRy 5 5 2, Xof b (AR s i U B AT RS A 3

P16 1) AR B A A rh 5 R R TABE S S B T IR . H TP RS C=mc,m  BGO iR BT, ¢ Jy i
R IAES BB S BGO iR 19 5 30 2 805 6 i 8 0 R B0 O, R W] B A0 B R A R 45 RO ] . DL 3.2795 ik
B TR AR AT HER L A R Ak 3,

3 HAEERSHY

Table 3 Thermal path model parameters

Parameters Thermal resistance R Thermal capacity C

Value 1604.708 8 2.297 2
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Fig. 15 BGO crystal internal temperature estimation result
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Fig. 17 The AC and DC components of the sensor output signal in a heating environment
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Table 4 Calculation results of voltage compensation at different external temperatures

Temperature/°C Compensation voltage /kV
20 2.984 4
25 2.989 8
30 3.014 4
35 2.990 1
40 3.0111

£5 RFAETAREBREMEFERIIRELE

Table 5 Comparison of relative errors of different temperature compensation methods under the same platform

Temperature/°C D-Kalman BPNN
20 0.52% 0.96%
25 0.34% 0.79%
30 0.48% 0.66%
35 0.33% 0.82%
40 0.37% 0.91%

5 SCHR L7 IRISCRRE 27 TR AN S5 R BEAT X HE, 25 2R I3k 6.

£6 AREFERRREMEFERIIRELLE

Table 6 Comparison of relative errors of different temperature compensation methods for different platforms

Temperature range Compensation methods Compensation results
[20°C,40 °C] D-Kalman 0.52%
[—10°C,50°C] Fresnel rhombic crystal 0.9%
[20°C,30°C] Reciprocal optical path 1.53%

FH 72 5 A A1, BPNN AME J7 376 [ 20 °CL 40 °C Vo B N e RAHXT R 224 0.96 %0 MHELZ R £S5 F B
i M A T R M O T LA R R L DI TR VRS A R I A RS R . FR S 6 T A LG T SCRRL 7 ]
FNL27 ] AR SCHE 00 T B A2 vk AN 25 R Al o H 2% B8 B OR [R] SL 56 7 65 SE 00 2% 1 Rk EORS BE 9 R T) , oR
Lz Hrp B A Oy vk R AT A A R 2 B0 Sk [ 7] L[ 27 4 H A S Qi e RE R R O 3 T AR SCE g
] T3 M T 3 AR A S R A BT R I i 58 25 1)
44 OVSEEIIEXRTEERETR

Ry 7RSO L AR A T BGO b 1A 9 8 2 IR B 7 LA B AT I H T R B DA S AL R
T BE SCE -5 R 19, SEEF S PG L B SR G E - B T BRSSP0k
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Fig. 19 Optical voltage sensor temperature compensation experimental platform equipment
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Fig. 20  Optical voltage sensor temperature compensation experiment platform connection schematic
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Table 7 Experimental equipment model

Equipment Manufacturer Model
Light source FIBKEY 6 900 Series Handheld Light Source
Photodetector THORLABS PDA36A2
High frequency transformer  Yangzhou Pengxiang Electric Power Equipment Factory PX1007
Fluorescent fiber thermometer INDIGO FOTS-DINA-7060-N
5 #hit
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Temperature Compensation Method for Optical Voltage Sensing
Based on Temperature Field and D-Kalman Parameter Estimation

CHEN Shengshuo, LI Yansong, CHEN Dongxu, KANG Shijia, XU Zhiguang, LIU Jun
(School of Electrical and Electronic Engineering, North China Electric Power University, Beijing 102206, China)

Abstract: Optical voltage sensors based on electro—optical materials have many advantages such as wide
measurement band, fast response and small size, which can realize the non—-contact measurement of grid
voltage, and how to improve the measurement accuracy of optical voltage sensors has become an urgent
problem. Temperature stability has become one of the important factors affecting the measurement
accuracy of optical voltage sensors. When considering the effect of temperature on the sensing unit electro—
optical crystal, two problems are faced: first, there is a temperature gradient in the electro—optical crystal
when the temperature changes, resulting in unequal temperature between the crystal surface and the
internal optical path; second, the physical parameters of the crystal are also affected by the temperature.
Therefore, the bismuth germanate crystal is used as the research object in this paper, and the output
response equation of the optical voltage sensor under multi—physics field is analyzed in combination with the
previously derived one. In the output response equation, it is concluded that the temperature drift is a low—
frequency component and the applied voltage is a high—frequency component, so that the output signal of
the sensor is separated from the AC signals and DC signals. However, after adding the temperature
variation parameter to the output response equation, the correction result shows that the temperature
variation parameter and the refractive index parameter of the crystal affected by temperature also exist in the
high—frequency component, so it is necessary to estimate the states of these two parameters. Considering
that electro—optical crystals are optical materials, the internal temperature can not be measured directly by
destroying the crystal, so it is necessary to establish a relationship between the surface temperature and the
internal temperature to calculate the internal temperature indirectly. A semi—analytic method is first used to
establish the crystal transient temperature field model, and the direct substitution of the measured surface
temperature data to obtain the internal temperature will introduce a large amount of noise error, so the state
estimation of the internal temperature of the crystal is realized by Kalman filtering. The refractive index
parameters of the crystal queried through the literature are limited by light wavelength or temperature and
can not be adapted to the time-varying environment. Therefore, the crystal refractive index at initial
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temperature is estimated by the central differential Kalman filter combined with the low frequency
component of the sensor output signal. Finally, the compensation voltage is calculated by substituting the
correction parameters into the high—frequency component of the sensor output signal. In summary, a
temperature compensation method based on temperature field and dual Kalman filter parameter estimation
is proposed. The experimental results show that the simulation accuracy of the transient temperature field
resolution formula is within 0.02% and the experimental measurement accuracy is about 0.2% under the
environment where the sensor is exposed to an external temperature of [20 °C, 40 °C] at a heating rate of
0.5 C/min, which verifies the correctness of the transient temperature field model construction. The
relative error of the refractive index parameters of the crystal obtained by the central differential Kalman
filter is 0.017 6% compared with the calculated results in the literature. The accuracy of the output voltage
measurement is better than 0.52% using two correction parameters to compensate. The method improves
the sensor measurement accuracy compared with the temperature compensation effect of the Back
Propagation Neural Network under the same platform and the temperature compensation effect in the
relevant literature.

Key words: Optical voltage sensor; Temperature stability; Transient temperature field; Kalman filter;
Center differential Kalman filter

OCIS Codes: 120.3930; 230.2090; 120.4640; 120.6810

Foundation item: National Natural Science Foundation of China(No. 51277066) , National Key Research and Development Program (No.
2021YFB2400805)

0212002-20



	2.1　BGO晶体热模型及边界条件
	2.2　BGO晶体内部温度场函数模型构建

