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Figure 1 (Color online) Sketch of physics-informed neural networks for local thermal-mechanical response regulation of spacecraft structures.
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Figure 2 (Color online) Framework of using PINN for optimal design.
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Figure 3 (Color online) Satellite instrument board and main equip-
ment distribution.
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Table 1 Location and power of main equipment of satellite instrument board

F BT s JEAR hE (W) W (W/m)
1 (=0.9,0.9) FH, L=0.4 m 30 9375
2 (0.9,0.9) Ji, L=0.4 m 30 9375
3 (~1.05,0.05) B, D=0.3 m 10 7073.5
4 (0.45,-0.25) %, D=0.3 m 10 7073.5
5 (1.375,-0.325) Jit, L=035m 35 14285.7
6 (=0.9,-0.9) FH, [=0.4 m 30 9375
7 (=0.2,—0.6) J5%, L=0.3 m 15 8333
8 (0.25,—1.2) i, L=0.35m 35 14285.7
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Figure 4 (Color online) Result of satellite instrument board temperature under the complex heat source. (a) Predicted solution by PINN; (b) FEM
solution; (c) absolute error of PINN; (d) comparison between PINN and FEM; (e) heat source value at Latin hypercube sampling point; (f) loss function
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Figure 5 (Color online) The result of the satellite instrument board temperature field under three types of complex heat sources. (a) Heat source 1;
(b) predicted solution by PINN under heat source 1; (c) absolute error of PINN under heat source 1; (d) heat source 2; (e) predicted solution by PINN
under heat source 2; (f) absolute error of PINN under heat source 2; (g) heat source 3; (h) predicted solution by PINN under heat source 3; (i) absolute

error of PINN under heat source 3.
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Figure 6 (Color online) Temperature field regulation of satellite instrument board under a complex heat source. (a) Temperature field before
optimization; (b) temperature field after optimization; (c) predicted error of PINN; (d) optimization results of ceramic volume fraction; (¢) comparison
between FEM and PINN; (f) loss function value.
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Figure 7 (Color online) Mechanical response regulation of satellite instrument board. (a) Optimization results of ceramic volume fraction (minimum
w); (b) first mode shape of instrument board (minimum w); (c) loss function value (minimum w); (d) optimization results of ceramic volume fraction
(maximum @); (e) first mode shape of instrument board (maximum w); (f) loss function value (maximum w).

2245119



XGPS, RER YR J0E ROCE 2025 4F S5 2

L SO A, TEACERAA S B LI, = 1604
AR, AR SN, = 100004 KAE &, 72 H
P DX I BN, = 200 RFF A5, AXZR N 7 Cheby-
shev ¥ il i ANHCH My =16x16, $i K ik BB E
N[10°,1,5 % 10°,10°%,10°,10%], K Adam it AL 532
2:200001C)5, KHL-BFGSHILIIZR300001%, fLib sk
FUEIFTR.

Ak S5 1 P B AR TR 4 A0 Wi BEIO(d) BT, G 3 8 A
B R BRI N22.71°C, RZEUN0.29°C, Lk FEH

8 (1124 R ) TE 7 0 T B2 (BB B AR 40 1 HI AL AT 63.20 PzT%ﬁ§67.00 Hz, ﬁtﬂcfa‘fﬂiﬁ@jﬁj
Figure 8 (Color online) Square satellite instrument board and main ilﬁﬂ ﬁu @9(6))5)? 7N kg %%Eﬁ %:J:‘PINNJ&

equipment distribution. FGMEZ5 R R AL AL T LA 280 2 45 K P4 45 € oL
BRI B R S5 K BRI, 12T AR T AN A

F 2 SLNAFSUSI04FBHETE20C) PR E, OB S5 N APRE RER OO AL SEBLIA g 1
Table 2 Materials properties of Si;N, and SUS304 (20°C) H&ﬁ ;Jc'** S ﬂ:ﬁ %U?{?@Eﬁ*ﬁ %E’J ﬂﬂjﬁ ﬁ’fjlﬂ ¥,

ME 2 (WAmK) E(GPa)  p (kg/m’) v W HngR

SizN, 16.3 348.43 2370 0.3262

SUS304 95 201.04 8166 0.24 4 g;éﬁ:e

=R ARSCHRM T — M T PR B2 M 2% B D) e B

KA EINBI R A%, A REE AR Tk, BT S P D BB EE A

30 28 ()
0.3
| % 26 0.2
26 -
u £ 0.1
24
22 0
22
-0.1
0 20 20
0 02 04 06 08 0.2 04 06 0.8 02 04 06 08
X (m) X (m)
(h10° — Adam
: : : 0.8 ----L-BFGS
g . 8 0.6 %, i
0.4 = 10 1
\\
\~
, , : 0.2 R
0, o 10t
02 04 06 08 0.2 04 06 0.8 0 2 4 6
x (m) Epochs  10%

B 9 (MR ) TR AR AW RO TE. (a) PUALRTRTIREZSS; (b) TRAG)E RO () PINNTI R, (d) #4J7m K
WIEHIPE AR E AL R (o) —BHREY; (f) 105k s HUE

Figure 9 (Color online) Thermal-mechanical response regulation of satellite instrument board. (a) Temperature field before optimization; (b)
temperature field after optimization; (c) predicted error of PINN; (d) volume fraction of ceramics; (e) first mode shape; (f) loss function value.
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Intelligent design of spacecraft functionally gradient structures
for thermal-mechanical performance regulation
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Against the background of precision payload mounting plates with complex heat sources in high-precision and high-
stability spacecraft, an intelligent design method for functionally graded structures based on physics-informed neural
networks is presented. Independent of thermal control devices, the local temperature in the load installation area and the
fundamental frequency of the structure are regulated by optimizing the material gradient distribution. A loss function is
established that includes the heat-conduction governing equation, local temperature and fundamental frequency
optimization objectives, and material volume fraction constraints, considering multiple heat source distributions. The
inverse problem with material gradient distribution as a design variable is solved using physics-informed neural
networks. The results show that a reasonable design of the material gradient distribution can accurately regulate the local
temperature at specific locations and the fundamental frequency without relying on external thermal control devices. The
proposed method is expected to reduce the need for thermal vibration control devices for spacecraft structures and
improve structural thermal-mechanical stability.

physics-informed neural networks, spacecraft structure, functionally graded materials, heat conduction, material
optimization design
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