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Finite element simulation and topology optimization of thermal deformation of

reflector of composite spaceborne antenna

TAN Kunlin', CAO Jing' , HUANG Hongcai' , WEI Peijun” , ZHANG Congfa®
(1. School of Mathematics and Physics, University of Science and Technology Beijing, Beijing 100083, China; 2. Beijing
Space Vehicle General Design Department, Beijing 100086, China)

Abstract: In order to control the thermal deformation of satellite-borne antenna reflector, a square grille reflector
with a diameter of 1 200 mm was taken as the research object. Firstly, the finite element modeling strategy for pre-
dicting the thermal deformation of the reflector was determined, and the thermal deformation root-mean-square
(RMS) of the reflector under three different temperature loads was calculated. On this basis, a new finite element
modeling strategy, the equivalent method of laminates, was provided to obtain the equivalent elastic modulus and
equivalent thermal expansion coefficient of laminates. Secondly, the grid core was optimized topologically using
the square grid reflector as prototype, and compared with the other three geometries, it is found that the square grid
reflector is the best structure. Then, the parameters of the square grating reflector were optimized, and the optimal
square grating cell size, skin laying mode, square grating laying mode and adhesive layer thickness were found out.
Finally, the probability density function distribution of RMS and the contribution rate Pareto diagram of each
design parameter were obtained by the confidence analysis of the thermal stability index of the square grating
reflector, and the key factors affecting the thermal deformation of the reflector profile were found out.
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Fig.1 Reflector structure: (a) Overall structure;

(b) Melon petal unit structure
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F1 M55] BT HIERE 41} (CFRP) BRIRIERESH
Table 1 Performance parameters of M55 J carbon fiber reinforced composite (CFRP) single-layer plate
Elasticity modulus/GPa Poisson's ratio Shear elasticity/GPa CTE/(10°C™)
E, Ey v G2 Gi3 Gy ai @ a3
290 10 0.27 4.5 4.5 2.1 -1 35 35

Note: CTE—Coefficient of thermal expansion.

R2 KHIMERESH

Table 2 Performance parameters of adhesive

Elasticity modulus/GPa  Poisson'sratio ~ CTE/(10°°C™)
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Fig.2 Finite element model of reflecting surface melon petal element
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Line L is the normal line of the fitted paraboloid, the point M is the
intersection of the line L and the fitted paraboloid,
and the node N is known
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Fig.3 Schematic diagram of error calculation of thermal deformation

profile of reflector

BATAE B2 LWL & 30 i i) 3% L2k it A2 e
JER RN, FMONHZL L SHE Y8 S,
C 1Y 1N (a, b, o) S AU G b4 1o 5 A

2 2
z=f(x,y)=

xX“+y

4F
b FORLE Y0 Yy i i FEBE a0 il T T
TE 2 5 J7 16 B9 G A% o B MAR B O (x0,y0,20)
AR ELR LAY T 1) 1)

_(X Yo _
l_(2F’2F’ 1) (2)

P, HZ& LB E R
2F(x=x0) _ 2F(y=Y0) 2y

+d (1)

(3)
X0 Yo
13 (1)~(3) 7%
a* +b? d-c
Wx8+(1+7)xo—a=0 (4)

T7E (4) 1R ik A 5 — A S B R A S R
BOCH: i SO AT N xo B9EL, AT 43 yos 20, # M



£ 6276 -

EaMB=ER

5N 2 B
d = (= + (5~ b + (20— )2 (5)

Xt FA n A BROCIAR Y R S b, k75
R

drms = \f Zl L (6)

*vhﬁm%ﬂﬁﬁﬁ%RM&n%ﬁ%E%%ﬁ
B s doh I a0 R T a5 ) de R i T Y
I
2.4 REEATENITESER

5T Abaqus 3K fif S S T RS IE 753 3 A
TR N z AL, anlEl 4 fros .

U, U3 (CSYS-1) (@)

+8.446x10*
-1.267x10"!
—2.542x10"!
—3.817x10!
—5.092x10!
—0.367x10!
—7.643x107!
—8.918x10!
-1.019
—1.147
-1.274
—1.402

U, U3 (CSYS-1) (b)

—5.776%
—1.203%
—1.829x
—2.455%
—3.081x
—3.707%
—4.332x
—4.958x%
—5.584x
—6.210%
—6.835%

LLL L L

OOOOOOOOOOOOO

U3(CSYS-1)—Displacement in the z direction in the cylindrical
coordinate system
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Fig.4 zdisplacement of the reflector under three temperature loads:
(a) Uniform temperature rise of 80°C; (b) In-plane temperature gradient
0-100°C; (c) Out-of-plane temperature gradient 0-2°C
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Table 3 RMS under three temperature loads

Temperature Uniform 0-100°C inside the  0-2°C outside

load temperature surface the surface
rise of 80°C

RMS/pm 90.59 116.3 0.92
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0—Angle between the local coordinate system and the global coordinate
system, that is, the fiber laying angle of the single-layer plate

5 ERALRR R 5 R IR R OC R
Fig.5 Relation between global coordinate system and

local coordinate system

N IR, X T IE A A% 1) S Pk AR
5 I8 BT NN I K S R ARAE SR AR AR AR R B I
J1-BAE R FR N

s [O0 0f 0 o o
o o) 0¥ 0o o0 o0
T12 =1 0 0 Q(6k6) 0 0
723 o 0o o0 o o
ol o 0o o o o¥



WA AR OCE R T VIR RO R R MR

£ 6277 -

(k) (k)

£1 €1

& &2

yiz ¢ =101} 2 (7)
Y23 Y23

Y31 Y31

L: [QIONNIEEHE M ; oy Al oy 4350 R 1 05 )
F2H W FLAIIERN J; 10, Tog Al 149 2391 R 12 F
A 23 TN F 3L TN BT ST 5 e Fl &y
A5 h 1 J5 e A 2 O a) B 2R AR Yias Va3
ya1 700 12 TR L 23 V-1 PR 31 F- 1P Y 5
N

O AR AR o B 8 5 R

Ex &1
&y &
Yo =TT yi2 (8)
Yyz Y23
YVzx Y31

H A A5 2 A AR T 5 k2 2 L A R A A
BTN AE R AR
® ®

[ (o]
oy o)
Ty ¢ =117 2t =[117'1Q1Y
Tyz 23
Tzx 731
&1 ® &y
&) &y
yiz ¢ =IT17QIPATITHS vy (9)
Y23 Yyz
Y31 Yzx
A, (TP AR/, v KR
cos26 sin’6 —2sinfcosf 0 0
sin%@ cos20 2sinfcosf 0 0
[T]=|sinfcos® —sinfcosd cos0—sin’d 0 0
0 0 0 cosf sinf
0 0 0 —sinf cos6d

Q19 % % (T QI (IT1)' . 7T %4 k)2
B AL A R AR R RS
vi=5[ 1ol [0] terav (10)
e v W kR RBRBL o R

B i A 14 U2 Al B A A [ B L AR
JZ BE B AL RE Z AN

UzZlWF%Z;Lﬂ;@WﬂM (1
o, NFRE NERE,

N

LUESE S-S P TR R TR A 1]

1 T— 1
v :EZ:=1IW e} [Q]k{g}d" = Efs[szzl(Zk—Zk—l)
[, 0 0 + 08,0 + 20+

26999, 015 +26%9%, 0 + (1070l + (12)7 053+
27&7%@2?ﬂds
(12)

AP el e vl Y AR IR RN ; s AR
T 2z 2y RosEE k EARAE 2 I7 10 19 T AR AR

R BT A SR AR RO — A YA TR SE A% 1)
RGN, HiZMR S P 52 i AR g 2
AH A o AR A% 1) S M AR S5 R 2 A IS O (D],
HR AR e

1 T 1 0\2 0y2
U=5] (e} (DIehdv =3 [ h(eD*Dir+ (e Dot
()/gy)zD% + 28888D12 + ngygme + 288)/2),D26+
(%) Das + (%) Dss + 2902 Dys)ds
(13)
Feaeat (12) fist (13), w15

I oN —(k)
D;; = zzk=1(zk‘z’<—1)Qij (14)

K, hRRZEREIERE,

V4 (DK v 15 2 BEF I, 02 6 Al ) S8 R0 3
PEBLE
E,=1/811,Ey = 1/52,Gxy = 1/Se6,

Gy: = 1/8544,Gzx = 1/855, vy = =S 12/52

e B M E, 535009 x J7 18 A y J5 1) b i) sk A
;5 Gy Gy M Gy 705109 xy FIRIA . yz P 1A
Iz S THT N B BT DI AR 5 Syy BT Sy RN AE x 7 [1]
AL s Sy FoRAE y IT 18] L AL
Sagn Sss Fll See 73 | K 7n 58 x il . 5% y Bl RN 58 2 b
PR v TARA L
2.5.2 SRR K R 2L
CFRP H1 )2 Mg iy 2F 4 FEAR 20 A i A, #i BB
O IR A, LT AET I L, 2R 4R R R B
W I ELEFAETT W AR EETT 1) b, AR ERIEIRT AL
A MRRIR G e, WA B R AR CTER.
o, i

G =m =y A T

. _arEfVi+amEmVim
EfAT ~ EiVi+EnVm
(15)




-+ 6278 -

EEMRER

@ =a3 = A Vin (1 +vim) + ¢ Vi (1 +vg) —
arEsVi+amEq Vi
EtVi+ Eqn Vi
Kb o HRIZIKREL ThR1. 20 3 0 50IRier
)5 m) . HEE LYy AR R W v RIARA L,
EJsfibefiat ;. VIR RBU B, T AR ERIm g SR
RGeS ; AT HIREZE
MG RS TE P AN A AR BB IS4G &R, Al
LR B AR O QIR B R AR A R AR A bR R Y AR

(Vin Vi + £ Vi) (16)

SI slr aq y
g =813 & =ST @ (Ar={ ay A
yg 'y}“2 0 Qxy
(17)
JJ:CEF‘ Ay a}ﬂénaxyﬁ%lu%%%ﬁ%*}iﬁgﬁgﬂé&ﬁ%

HVE x 7]y 5 )R ey SF TET A A I R B At
Ntk A SO 3 [ AR AR B [, IR AR
LRSI YR, FHityT, =0,

MR 52 G B A — )2 B2 B 2T 4 AR FR 3 KL
A, X THZEREREm, KHbh—2EE
Rk, S — BB, W L Y AT Y
Jim b, BESRAR AL MO e T
BRI FIEAR R BRI, A
an VOELD 4 vOEDP  EDeV + E@o?
ST TR Y@ T gL gD
VOED D 1 vOED P EValD + EPol?

vOED s v@E®  ED gD

(12) _
ay " =

0/212) =V(1)a/§l) (1 + vgcly)) + V<2)a§2) (1 + vxy) - (v%,) vy
VECZy) V(z))a;IZ) _ aél) (1 " vxy) _ nyagz)
(18)
X T NJZBZEE N, T N-1 2 E R
SRR, B NZFEEREE, £

(N = 1)E(1:23-0=1) o (123-(N=1) | (V) (N)

Q1230 _
x (N = DETZ =) )
(123(N=1)) _(123(N=1)) . (N) (N)
Q12:3+N) _ (N-DEy @y +Ey T ay
{ -

(N = DES> D)y gV

123-N)_ N=1 q23.(n-1 1,2,3-(N—1 I
a' ):_N @123 ))(1+va ( ))>+Naé )
N-1 1

N 1,23(N=1 M\ (123N
(1 + chy)) — (Tvgo, ( ) + ﬁvgy)) O"Sc )
(19)

52 42 7 N [0, 90, 45, —45], HUR MR
9 0.125 mm; 1FE A M= =R [0, 90, 45, 45,
0,90, 45, -45,0,90], HLZHJE N 02mm, % |
GO, 3 A 5 R R Al %) A R A
MR CTE, 3k 4, ARt 5H45 5] 3 Fh
T T RMS, 15 FE i 2 0 UEXT H
W5 Fim.

mE s LLER, HEGRES0r TR A
/) RMS 5 H 502 Al )2 7 200 548 21 RMS
I ALRE A, R R R 25 R 7R 1H Ak 0~2°C TR T
BLEF, R 20.7%; /MR ZEZAETE P 0~100°C i
TOLEE, Sk 8.2%. AL, RSO A
F ) RMS BA TR = i Al {5 B, S50 it ] LAAE
R — R A RTINS . SRR T
SAH L, F AR A8 T A RS Bt 3 07 il
I HL AT DAk /> s $H , b T AR

3 mIMEW

R RFEA [F LA AR B8 5% RMS (9 52 1]
ZIg a A IME, RIETT R AR . = MAIE
HEY L s BRI A P, O PRAIE 4 Bt T 7E
PRBUR AR, 7E— N, BN A
ST AN Ay, W AT ARA = A+ Ay, FLBRE

=
o

R4 REMEMOEIMESE

Table 4 Equivalent material parameters of skin and grille

Elasticity modulus/GPa Poisson'sratio ~ Shear elasticity/ GPa CTE/(10°°C™)
Structure

Ey Ey Vxy GX,\' Gy, Gyz Ax @y Az
Stressed skin [0,90,45,-45] 48.77 48.77 0.762 13.8 3.3 3.3 -2.9 -2.9 222.6
Grid [0,90,45,-45,0,90,45,-45,0,90]  59.81 59.81 0.708 10.17 3.3 3.3 5.56 38.98 2400

*5 BERHEAXNMESWRERLHTXTH RMS

Table5 RMS of single layer and laminated board equivalent mode

Uniform temperature rise of 80°C

0-100°C inside the surface 0-2°C outside the surface

Structure RMS/um RMS/pum RMS/pm
Single ply 90.59 116.3 0.92
Laminate equivalent 82.34 125.81 0.73
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ay, a, az and R are the outer lengths of square grid cells, honeycomb

cells, triangular grid cells and circular tubular cells, respectively;
Ly, Ly, L3, L, are the wall thickness of square grid cells, honeycomb cells,
triangular grid cells and circular tubular cells, respectively

El6 4 FFhasH: (a) IETTIARMIERAE; (b) HEPs AN,
(c) =SIBARM A5 (d) PIEP SR
Fig.6 Four topological structures: (a) Square grid cell; (b) Honeycomb

monocytes; (¢) Triangular grid cell; (d) Cylindrids

®6 4 MIBHEMTH RMS
Table 6 RMS in four topologies

Temperature  0-100°C inside 0-2°C outside
Load - o
tructural stvle  1S€ 80C the surface the surface
structural style  pris/um RMS/pm RMS/pm
Square grating  90.59 116.3 0.92
Honeycomb 108 148.5 1.18
Triangular ) 5 1283 1.04
grating
Circular tube 116.8 176.7 1.32
KEFE, ME7PR,
MR 7T LUES], FEEa IR, 3 Rk Ay

N RMS B34, SER0R FE BN, Llay R Ak
bR, T+ 80°C ) RMS I %5 550% B A A2k A, 4
K7 B o RMS 5 45 850% BE 1Y) 28 AR AR A Il o 2
Bt ay, aii A 28 mm,

4.2 BEMHL

08 S S Y B BR A, 5 R RO =

®7 o5 RMS ERZTENKXR
Table 7 Relation of a; to RMS and equivalent density

Temperature rise 0-100°C inside the

aj/mm

0-2°C outside the 3
Equivalent density/ (kg ‘m )

80°C RMS/um surface RMS/pm surface RMS/pm
20 66.7 92.2 0.4 1700%0.19=323
25 74.6 100.4 0.63 1700x0.15=255
30 90.59 116.3 0.92 1700%x0.13=221
40 103.1 125.9 1.13 1700%0.10=170

Note: aj —Square grille cell outer length.
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RFIRA R R 2
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JBHHN R RMS /)y, i iyl )2 05 =20, AR Pk
ZEEL K RFE N RMS (52 10 2 B HE 0 46 A
207 K>5 B a2 O =

R AIE S JE E X6 B Af T RMIS Y 52, g 78
JEJZIERE, 1B mas R, Wk 10,

& 10 LIFE S, BEERZREERHE KX,

®8 EXXBWEFKTE

Table 8 Orthogonal experimental factor levels

Factor Skin laying method Grid laying method

Level 1 [(0, 90)s] [(0, 90)5]

Level 2 (0, 90, 0, 90, 0) (0, 90, 0, 90, 0)

Level 3 [(45)s] [(45)s]

Level 4 [(45, =45, 45, —45, 45),] [(45,-45,45,-45,45)s]

Level 5 [( 0,45,90,-45,0, )] [( 0,45,90,-45,0, )J
45,90,-45,0,45 45,90,-45,0,45

®9 EXLEER
Table9 Orthogonal experiment results

Serial number Skin laying method Grid laying method RMS/um
1 [(0.90)s] [(0,90)5] 36.4
2 [(0.90)s] (0.90,0,90,0), 30.8
3 [(0,90)5] [(£45)s] 68.6
4 [(0,90)s] [(45,-45,45,-45,45),] 68.8
0,45,90,-45,0,
° 1(0.90)s] [( 45,90,-45,0,45 )] 274
6 (0,90,0,90,0), [(0,90)s] 40
7 (0,90,0,90,0), (0,90,0,90,0), 34.1
8 (0.90,0,90,0), [(+45)5] 715
9 (0,90,0,90,0)s [(45,-45,45,-45,45)] 71.6
0,45,90,-45,0,
10 (0,90,0,90,0), [( 2500 5,005 )] 29.9
11 [(£45)s] [(0,90)s] 404
12 [(£45)5] (0,90,0,90,0) 36.8
13 [(£45)s] [(£45)s] 74.4
14 [(£45)5] [(45,-45,45,-45,45),] 93.9
0,45,90,-45,0,
15 [(+45)5] [( 45,90,45,0,45 )] 36.9
16 [(45,-45,45,-45,45),] [(0,90)s] 39.6
17 [(45,-45,45,45,45),] (0,90,0,90,0), 36.1
18 [(45,-45,45,-45,45)] [(£45)5] 73.6
19 [(45,-45,45,45,45), ] [(45,-45,45,45,45), ] 73.1
0,45,90,-45,0,
20 [(45,-45,45,-45,45),] [( 45.00,15.0.44 )] 36.2
0.45,90,-45,0,
2l [( 45,90,-45,0,45 )] [(0,90)s] 38.9
0.45,90,-45,0,
22 [( 45,00,45.0.43 )] (0,90,0,90,0) 33.4
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Serial number Skin laying method Grid laying method RMS/pm
0,45,90,-45,0,

2 [( 45,90,-45,0,45 )] [(£45)s] 69.7
0,45,90,-45,0,

2 [( 45.90,-45.0.43 )] [(45,-45,45,-45,45),] 69.8
0,45,90,-45,0, 0,45,90,-45,0,

2 [( 45,90,-45,0,45 )] [( 45,90,-45,0,45 )] 293

K 46.4 39.06 -

K> 49.42 34.24 -

K; 56.48 71.56 -

Ky 51.72 75.44 -

Ks 48.22 31.88 -

R 10.08 43.56 -

Notes: K;(i = 1,2,3,4,5) represents the mean of the RMS when the factors are at each level; R represents the range of the factors.

F10 KEEES RMS HIX&
Table 10 Relation between adhesive layer thickness
and RMS

Bondline thickness/mm Temperature rise 80°C RMS/pum

0.1 27.4
0.2 28.2
0.3 29.4
0.4 30.4
0.5 31.4

RMS 3 K, 32 T B2 09 30 M B i 3/
CTE 3R BUR Sl AL A K o R ARIIE IE T
TEAS RN 52 K2 2 (R R AF R $EvEBE, IR )2 ASRE
KM, a5 A MBI EYERE . 2 BR far 2 A4 A
P 0.1~0.3 mm A, X B AE)Z IS 0.1 mm,

J IR ISR A R RMS (5200, Bk B
M55 ] -S04 /5ER TR 52 A B RERI T300 fitk 21 4k /75
PR T 2 5 B RLE R M55 T R0 £F 4k 1 % BRI b
BAMRHERES AN 1129, 53R TF 80°C gk T,
RS E R B A RMS, W3k 12,

i 2 12 W] LLF B 2R H M55 T U5k 21 2 2 5 1
1) RMS 5 K, R M55 Va0 /5 R BE 52 G 4k
S TH ) RMS B/ o #0 CTE 5P 458 & X RMS
HBA R, {H CTE BRI HE K,

5 EEESW

Bt X IE J5 T WA S S T AR 3 I T 3T 4R
) /NI IE S HU M s S, Tsight 8052
RUE BT R AR A, AR AR 100, K
WS BRE AT A IR S0 A AR iR 5, Wit
SR SR & . A9 CTE. CFRP HLZAR 1)
PR R CTE, IRZEE, &3t a
B AR o 22 R A BOME . THA SRS, 193] RMS
B ME % B R B A L, anlEl 8(a) s, AR
25000 sk 3R Pareto &, WA 8(b) Fras.

fi ¥ 8 ] 1% RMS 9 ¥ {A 24 0.2pm, RMS 7£
0.15~0.25 pm 19 78 [ P9 35 BLIR AN IE &8 53 1 . B2
MRS )2 ) CTE X RMS ) H 43 H oT ik %4 K Hoh
WERENE, MR T S T s AR CTE #4 KL AT LA
A BB RMS.,

6 41t

BT T —Fh K AR BR 27 4k 2 & R IE 7 B 4%
WS ST, B T I S S T AR TR 8 R AR AL
Jride, WA 3 i BE e 2k N S SR I A A I B AR
FEH R (RMS), FELECUT .

(1) 22 Bz A Mtk 1 mT LACR B R AR 2

F 11 M55] T4 70/ FEREEF T300 BT 4/ EBREEE S MR EIRERESE

Table 11 Performance parameters of M55 J plain cloth/cyanate and T300 carbon fiber/cyanate composite monolayers

Material Elasticity modulus/GPa Poisson's ratio Shear elasticity/GPa CTE/(10°°C™)
ateria

E, E, v G Gi3 Gy [43] [1%) @3
M55] 113.6 113.6 0.11 4 4 0.14 0.14 30
T300 60 60 0.13 8.41 4 4 0.14 0.14 30

*F 12 FEAEE#MHTHE RMS

Table 12 RMS under different composite materials

M55 J type carbon fiber

M55 J plain cloth/Cyanate ester

T300 carbon fiber/Cyanate

RMS/um 27.4 0.2

0.8
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Fig.8 Monte Carlo simulation: (a) RMS probability density function distribution; (b) Pareto diagram of contribution rate of each design parameter
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