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Fig. 1. Schematic of multi-scale thermal analysis and research contents of Taiji satellite.
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Fig. 2. Distribution of heating sources on spaceborne cir-

cuit board.
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Table 1. Power parameters of main heating sources.
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Table 2.  Accuracy comparison of results from different
modeling methods.
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Fig. 3. Temperature field of fine chip structure: (a) Temperature cloud map of PQFP fine chip structure; (b) temperature cloud

map of QFP fine chip structure.
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Table 3. Grid information of different modeling

methods.
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Fig. 4. System-level thermal analysis model of Taiji satel-

lite.
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Table 4. Thermophysical properties of composite phase
change thermal insulation materials.
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Fig. 5. Temperature results of different satellite cabins: (a) Time domain response of composite phase change material scheme;

(b) time domain response of vacuum insulation board scheme; (c) frequency domain response of composite phase change material

scheme; (d) frequency domain response of vacuum insulation board scheme.
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Fig. 6. Fourier exploded plot of temperature signal: (a) Com-
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posite phase change insulation material scheme; (b) vacu-

um insulation board scheme.
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Table 5. Multiple regression analysis results of in-
sulated cabins.
FERE SRS A LML
1 4.8x10° 4.797
2 0.757 1.066
3 0.118 1.039
4 447x1012 1.035
5 4.18x10* 5.245
6 0.014 4.685
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Fig. 7. Schematic of platform cabin.

0.01 Hz, RV i it 28 G0 AL E0H B4 [ml U434,
FE T T BT HE SRR G RE. FR, f
LRGN, 1, 4 F1 5 S A S iR SHE K
AR OGP 20 AR IR A G R, PN 28X 1,
4 T 5 SR Z Al ARG RE A B BR A R

FEESITAUh, RN TR 2 &
TREBGEE S5 R OCIRES, AR E R A
P E AT & A ARk, SRR R AR =
(R I 22 2 A ek (81, PR ok o A B AV 2 )
FE 7 T BT X AR T A R AR IR G 57 B A
JRy HEA TR A3 BT 19, AR SCBETE T ANl 7 s i
4 FORTR A B R IE AR SR 52, SR R A
JR AT 22 78 BA 43 Wk 36 A8 R AR 2= S G R 1
BE .

WAL EHAHTEE SR T AL, BT R R AR =
S 4, 3, 1A 5 S, RS maH e iin
EMEEAR, M FRAHE IS Bl 2= A R R I 3 o
FHSE. H 5 PR AAAE S M 22 7 XA A & AR R A
Je B4 R4 S I AR AR TR 6 08 2= o0 T L S R TR
PP A, IR 2 B0 B A SR I AN
M6 52 7 R A5 . FET RGEHBPIEARE 1) /3 M e
MR 7 S HUR AT RN 0 T PRI = | ik e Uy
ZRT LA T 00T RS RN A B2t b
i B R A R E B .

4.2 BEHHEIPEEERUL

R TR P RGN S, R T 58
R 22 J2 BB RE | A S 7 (200 038 1 M U R
B Al AR T SR AT i B A .l R T A S
RS AARA  S kB R ML 22 R A R
ARSI ISR 5 2= ) A 1 Sl Rl S A
] Stk RO E . BT TR AARTRE)N, #on
fRZS T A7 R, 75 2 BRI B B A 2 (07 B DA
IR B e AR R P OR8], RIS SO a3 e 1Y

X, Z bR A et PCB A BRI T
R ERI S R o AT, o 2 LN

1|1 2
7=z NZ;(E_T)' (6)

1 (6) AT, Z LT bl o i ik, A3
SR PCB M b H -2 A ) B AR

Zord TR SIE, RGEY A R ()T
SERC BRI AR AT R TP R AR AR T
RS HTE I, A SCHE Teepak HRI S 4L
FEBETT 2 AR AU RL Y X, Z AR, A5 EIAS [ 4
IR E A SR T PCB AR AR (4 38 B 37 5580
mE 8 .

HRAE R G AR T RS SR, T LR B
SR — PP A AR e 61 B i 15 PCB Aok
e e ek B NI B 345 REGE B B IME, i g E
Matlab { At 7 4 48 0 45 1AL 34 10 FOL Th e A
feAsEde &1 32 9 iR i Bk S5 25 2 R
FEAR AL ] 48 T A e B A R s T

T 3 25 D 2% it AR R TG, AR SCET X RN
[l T BSR4 I 4t P A A R B I BT 3.
T B RN PCB Mt Sl B s, s B 2
PDEEAFR A (0.1676, 0.0792), Al H 377.66 K,
3 22 RO RS G FE A (R GRS TRLE 8 20 MR (EL AR
2.74 K; A7 1 PCB M iR ¥ A1 RE B, #ud
B e B AR A (0.1485, 0.0785), PCB Hass 2
AT P B IR B N T B TR Y 14.39%.
RS Z T, RG22 RS & SeAR a0
Ko ROBEASERY g A £ B AR AR 75 F S B A IR 1
FEME, ERFRELS &M a4 A
P E RS IR B T, IEH R G EZ R
JE T Wk e T R A Sl A O A A 22 e o EH
YHERITRI R A 1, 1200,

184401-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 73, No. 18 (2024)

184401

107.0 107.4
107.1
106.5 106.8
2 106.0 106.6
g 106.3
£ 1055 106.0
oY .
g 1045 105.2
B 104.0 104.9
103.5 104.7
103.0
0.16
0.18
0.20
/)
my, 0.207 0.02
B8 AR A R 7 A8 bR A5 1

Temperature/°C

0.150 7
0.1493
0.1470
0.145 0.1446
0.1423
0.1400
0.140 0.1377
S 0.1353
0.135 0.1330
0.1307
0.1283
0.130 0.1260

0.14

() AN T BACEE A1 Jo LB 5 vt Bl S0 305 () AN [i) 34 A J HL AL 82 249 50 R

Fig. 8. Indicators for different thermal control layouts: (a) Maximum temperature fluctuation of the circuit board in different

thermal control layouts; (b) temperature uniformity coefficient of circuit boards in different thermal control layouts.
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Abstract

To improve the simulation resolution and accuracy in thermal analysis of spaceborne electronic devices and

the temperature control performance of passive thermal control devices, a system multi-scale model is

established, thereby obtaining the temperature field and heat flux of electronic devices inside the satellite on

different scales as illustrated in the below figure. The temperature fluctuation mechanism inside the satellite is

analyzed on different physical scales. The thermal analysis resolution of spaceborne electronic equipment is
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improved, and a method to reduce the power fluctuation of spaceborne equipment is proposed based on the
results of system multi-scale thermal analysis.

The results indicate that the accuracy deviation between the multi-scale model of the system and the
actual model is less than 9%. However, the system multi-scale model saves 99.67% of the mesh generation time,
which greatly improves the computation efficiency. The system multi-scale model can capture the thermal
information about device-level chip microstructures at a lower computational cost. The system-level model can
evaluate the temperature control and insulation performance of passive thermal control materials on a
macroscale. The temperature fluctuation amplitude of the platform compartment is 7.95 K, while the
temperature fluctuation amplitude of the load compartment decreases to 2.43 K after the temperature of the
composite phase change insulation material has been controlled, which is 69.43% lower than that of the
platform compartment. Compared with traditional vacuum insulation panels, the composite phase change
materials are very superior in controlling the temperature of the chamber and suppressing temperature
fluctuations. The temperature fluctuation signal after being insulated by the composite phase change insulation
materials shows a characteristic of shifting to the high-frequency domain. After selecting the cabins that require
key insulation and temperature control through multiple regression analysis, a simplified model at device level is
employed to obtain temperature fields under different thermal control device layouts as a training dataset. A
neural network genetic algorithm is used to predict the optimal installation position of passive thermal control
device on the device scale and a thermal control layout scheme is obtained, which reduces the maximum
temperature fluctuation of the device by 2.74 K. If the temperature uniformity coefficient is taken as the
optimization goal, the temperature of each device on PCB board can be reduced to 14.39% of the average

temperature of all devices through optimizations.

(a) System multi-scale technical route

Single-cabin
subsystem

o <
i f=0.33 Hz Simplified device models
Controlled target Taiji II temperature control
subsystem system-level model

(b) Research contents

Model verification Taiji IT modeling Optimization
Computa}:{on . Meﬁhqd Model and parameters |. Data . Key chambers selection
accuracy verification verification interpolation
Computation Temperature control Thermal control
cost verification performance analysis devices optimization

Keywords: spaceborne electronic device, system multi-scale, temperature control, neural network genetic

algorithm
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