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Fig. 1 Smart Solar Array Structures

1) PIrAS e 42 MR, A0 S AR AT B | A ) e A 45
28, YR A A Ao AL B, A4S B BT AR HA
6 /> F H1 . 2 (8] 52 H T M JEE AR M — SO AR
B R 2 WA SCRR 1 BLANFEA)

2) SERAURY b A BRI 45 2% 8 R 1 Tk, 1%
ARZE G o 5 | A 25 8] 52 H O o R

3) KPHIEHEAHR Y 2 2 AR e, A R 2 A
JCHEAT WA 23, B AR AT A S A A
4) R EK 3 EERET M2 RS, RIAR AR
B AL 6 A H i BER [ E .

R PR RE (A AR A 28 1) J A 62 T K B BRAR R £
kv AR TP x il ) R PR R IT I 18], y ik
5 x BT IS AL s - 155 K BH 327 1 B, 2 il
Xy G ST AR AR

2 EREAIRET

7 FEAE K FH AE R M 32 B AR A TR 0 s v -, ]
2 — R e R R A AR G, B 1) SR
H/NIETE T REERPE RS K R 52) TR RS
LIRSS A8 2 18] Sy P AEURG U , 220 WG s J2= ) 52 053 )
Fe HUBARHIT 2 Fli Ak , 200 s L= P i 9 R

Actuator  Sensor

Panel

K2 ERJZEHRAIT

Fig.2 Piezoelectric laminated plate element
K FH 3 B JBE A 5 JBE T 1] 114 RT3 K T &
JETT I R 2 T 2 L E OIS 2R k R
LEZV))

ullb(xayaz) =u(xJ) _za_w
ox
Wi (x,y,2) =0(x,y) -z 22
dy
ug(x’y’z) :w(x’y> (1>

Horprw = Ly, ug,us | ORSE k 2 b — AR
5w, 0, w 5B 0 JEARCR T AL RS o3 A AR R
HERN

Ek

x u,x _Zw,xx
ok | _
e —{sy }—{vﬂ,zww }—30 -z (2)
k
’yﬂ?'y uq” +/l},ﬂ/ _ZZW,AZ}

AR A SRR RO A 5 R T

k - k k

g, [¢n € Ci| (&
k k k k
o, = n Cx|{e =0 =Ce¢ (3)
k - - - k
(o LCis  Ci6  Cood Ly,

17 L2 R Z A 5 2

k _ _kk ok
g, € € Cyg &y €3
k - - - k . k
Oy )= €2 Cn Cx| (&, }— e, | E3  (4)
k - - - ' _
Ty LCis  Ci6 Coo- Ly, €34
k
85‘5
A _ _ — k]| ok ~k gk
Dy = [631 €3 636] &y +x3E; (5)
k
’y,r)’

s FL T2 H LA R 2 1) ) 2 4 A A R
TRFU Iz 9 T L S S 78 220 W T )2
Hfy 5 S #A ! Bisegna il Maceri™'* i 33 K5 B 119
SYEARBT LIS W R SR ] £ H
Pl RT3 A 6 L L BEE T R%AT  X R Es B
. PRI, A8 SR FITE 15 0 48 1 vt 823 A A6 70 () i
Bl 30 R A A I, B R 2 o R B A



166 Boh % 5 B oM ¥ i 2009 455 7 %
') =5 (Lez)el e (1-Dgl  (6) M+ Bu Bpt - 1120
Kw” —K;¢goe -Q° =0 (16)
o) J k2 R REBFRREE 0 N e g
95k R 5 kR bR, B e
2 Z +z, , " .
zk:h_k(z_ 2 ) (7) M = ;jﬂlpi[\f N°dQ
Horpr 2y g, SRS k2R SR R L I 13 -
RIS R B E 2 T i Kf:ifgwﬂm
el o
Bi= =y e (8)  BLALHE A I A
S FRL A B 1Y 5 R K :ifgwyaz
w=[s & & o (9) @mrﬁwmm
Hr sl =(u, v, w, w,,; -w,;1(i=1,2,3, - :n
4). K, = Y | BluBLd0
FURP RS AT TER R BB g
Fi L2 BT 3 B P9 25 1 e A Fo o [ NEA2 4| NFAT+ SNF
SRR 5 T 254 (o B 2B S B 7 Co R
BRI AT 2824 1 308 R 28 % e 3 .

u=Nu" &=Bu’ (10)
TR DB TR R BIOT i 34 1 e B R A T4 1, 75 3]
¢" (%) =N,@; E;=B,g; (11)
FEHLZ AR IT I LR AR5 3l ) 24 5 B v]
it Hamilton JFFEFRAES:. Hamilton 7572 K"
5f (T - U+ W)de

i 0, SRR TR R ES ]E 20 T U F1 W
AR B BRE R ERE RSN T Y BT,
RB R Q25 MR IT ) B RE N
T = %Lpuludﬂ
o FRoRHE R G, p o i B 5 T B R BE R
i AR S ae AT HL Rg , B

(12)

U:%J})(STU—ETD)dQ (14)

ST FAE S ) BV ER BN
W = LqubdnJr L w'fds + Y ulf, - L bqdS
(15)

K w AN R, f S, o0 R B Fiii 7
LR T) 59 R L 58, , S, 5390 T3 2847
P 7 A T A

B EAR R (3) ~ (5) M (10) (11)
FRUAZ] Hamilton J5F& (12) , 283 ¥ 545 2 Ho J=
AHRRITH B TR

Q"= U NoaydS -, Nig, dS)”

o n Sy R, IR R0,
e PV T L L2 B T 1 2

A2 DR LT P L J2A T2 ) 40 O 6 A
A HETT AL  FEAS HL 35 11 1 FE e B A
ARG SRV R I A HUTH 1 T AL

ua

K{zuu - K{l(l¢(l. = Q

K,u-K,p, =0 (17)
X ERHEAT B B4R IF I NGB e AR 1S

Mii +Ci +Ku=F +K,, 0, (18)
DL R A vt 7

0. =K 'K, u (19)

A IR K=K +K,K,'K,, + K K 'K {35
T H A R B AL R A 1 TR

3 ZRYR

BT FIRRAR B I JZ AR ICTY R AR )
Fef A i B2 AR OT T S R S AN A
JE s iz (B R TR R B AT 6 S H i L XA
TEREFATTRIA AT A SN fidd YR e M A 2 JE 1Y
MAEANZE S AR SCHE S T — T 22 i 9 A B 7
KA R () 19 A i M AT T A I A
(i k) B HEERIBCE B R



2 A B fiE K BHRAT BR IO AR 5 4k shs I 52 167
Lf,6 =W, xS, xX]".
TRMAFE S ¢ BHESHER S AHEN
u, =iGi xu, =G, xu, (27)
RIS ZI AN 1 22 55 2R
I - . = 2
s o (1, -6,]x ] 0=R xu, =0 (28)

Fig.3  Multi — point constrained element
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Table 1  The lowest 6 frequencies of the solar array ( Hz)

Mode Nastran Present Error
Bending 1 0.243 0.2488 2.4%
Bending 1 0.243 0.2488 2.4%
Swaying 1 0.728 0.7279 -0.01%
Twisting 1 1.3725 1.3845 0.87%
Bending 2 1.398 1.4355 2.68%
Bending 3 3.8217 3.8429 0.55%
Twisting 2 4.2275 4.2598 0.76%
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Table 2 The lowest 6 frequencies of the smart solar array (Hz)

Mode Present Case 1 Error Case 2 Error
Bending 1 0.2488  0.2736  9.97% 0.2627 5.59%
Swaying I~ 0.7279  0.7192 -1.2% 0.709 -2.59%
Twisting 1 1.3845 1.4076  1.67% 1.3358 -3.52%
Bending2  1.4355 1.4268 -0.6% 1.4707 2.45%
Bending3  3.8429  3.7165 -3.29% 3.78 -1.64%
Twisting 2 4.2598  3.8999 -8.45% 4.1527 -2.51%
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Fig.4 Tip deflection (a) and actuators”voltages (b) of the smart

solar array with negative velocity feedback controller
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the smart solar array with LQR controller

Z % X #

U 27 KRB SE My o B iR Sh 2 ) - P 5 07 1%,
Kb - [ B Rk K2 i B A1, 2002 ( Li Dongxu. Decentral-
ized vibration control of large flexiblestructures — theory and
methods. Changsha ; National University of Defense Technol-
ogy Press,2002 (in Chinese))

2 BOUR, O, KR SE LR MRS R S P ] A
FHotE. J2E0EE 1997,27 (1) : 5 ~ 18( Huang Wen-
hu, Wang Xingqing, Zhang Jinghui et al. Some advances in
vibration control of aerospace flexible structures. Advances
in Mechanics ,1997,27(1) :5 ~ 18 (in Chinese) )

3 BJRUE, BREEAR , B WL K FH A B RS A TR
24,1991, 3 58 ~ 62 (Jin Xianding, Lu Xinsen, Chen
Xueming. The modal analysis of a solar array. Journal of As-
tronautics ,1991,3 ; 58 ~62(in Chinese) )

4 RIEYE PRI XA, XU SRR BH AR R IR 25 3l
SRV, 58 E 5 M4 ,2000,3:21 ~ 26 ( GuanYingzi,
Lin Xiaohui,Zhao Jun,et al. The research on dynamic char-
acteristics of large deployed solar pane. Structure and Envi-
ronment Engineering ,2000,3:21 ~26(in Chinese) )

5 WHE B, EE S KA G HERES S
IIHT R R AT [ B BB R4k ,2003,25 (1) < 12
~16(Lei Yongjun,Li Dongxu, Tang Guojin. Semi — analyti-
cal model for modal characteristics of combined panels of
solararray. Journal of National University of Defense Tech-
nology,2003,25(1) :12 ~16(in Chinese) )

6 HHEE, A R RS RS A RTS8 ik
FERIPTFE. 2 J)2E 54024, 2007 ,5(2) « 141 ~ 146
(Jiang Jianping, Li Dongxu. Research on high order finite
element model and active vibration control for piezoelectric

composite beams. Journal of Dynamics and Control ,2007 ,5

(2): 141 ~146(in Chinese) )

7

10

11

12

13

14

15

16

17

18

WKz, U, R O%. B IR /AT 2 B LBl i P sh
il PR3 TR 22 4R ,2000,13 (4) 655 ~ 659 ( Geng Yun-
hai, Yang Di, Jing Wuxing. Vibration reduction of attitude
control for flexible spacecraft. Journal of Vibration Engineer-
ing,2000,13(4) :655 ~659 (in Chinese) )
Matsuno F,Hatayama M, Senda H et al. Modeling andCon-
trol of a Flexible Solar Array Paddle as a Clamped — Free —
Free — Free Rectangular Plate. Automatica ,1996,32(1) :49
~58
Ijar M. da Fonsecaa, Peter M. Bainumb , Adenilson R. daSil-
vac. Structural control interaction for an LSS attitude control
system using thrusters and reaction wheels. Acta Astronauti-
ca,2007,60; 865 ~872

Saravanos D A , Heyliger P R. Mechanics and computa-
tional models for laminated piezoelectric beams, plates and
shells. Applied Mechanics Review,1999,52(10) ;305 ~319

Benjeddou A. Advances in piezoelectric finite element
modeling of adaptive structural elements: a survey. Comput-
ers and Structures ,2000,76 :347 ~363

Di Gennaro S. Active vibration suppression in flexible
spacecraft attitude tracking. Journal of Guidance, Control
and Dynamics ,1998,21(3) 400 ~408

WK, S BRPE R AR S LSl P Y 32 3h Pk 3h
k. YR 3h T AR ~% 4%, 2005, 18 (3) ; 375 ~ 380 (Hu Qin-
glei, Ma Cuangfu. Active vibration suppression of flexible
spacecraft integrating piezoceramics with pseudo rate modu-
lated thrusters during attitude maneuvers. Journal of vibra-
tion Engineering ,2005,18(3) : 375 ~380(in Chinese) )

Zhi - cheng Qiu, Xian — min Zhang,Hong — xin Wu, et al.
Optimal placement and active vibration control for piezoe-
lectric smart flexible cantilever plate. Journal of Sound and
Vibration ,2007 ,301 ;521 ~ 543

Wang S Y. A finite element model for the static and dy-
namic analysis of a piezoelectric bimorph. International
Journal of Solids and Structures ,2004 ,41 :4075 ~ 4096

Bisegna P,Maceri F. An Exact Three — dimensional Solu-
tion for Simply Supported Rectangular Piezoelectric Plate.
Journal of Applied Mechanics ,1996,63 :628 ~ 638

Hh B4R, AL A5 BRI T B ST BT TR [ 1A ) 227
#%,1982,4: 555 ~559( Qu Shengnian. A penalty — element
method in finite element analysis for composite structures.
Acta Mechanica Solida Sinica,1982,4: 555 ~ 559 (in Chi-
nese) )

L M Hocking. Optimal Control; an introduction to the the-

ory and applications, Oxford: Clarendon,1991



170 B oo 5o #H o W 2009 455 7 &

RESEARCH ON FINITE ELEMENT MODELING AND VIBRATION
CONTROL FOR SMART SOLAR ARRAY

Jiang Jianping Li Dongxu
(College of Aerospace and Material Engineering , National University of Defense Technology ,Changsha 410073, China)

Abstract The finite element model coupled with the mechanical and electrical response of the solar array with
piezoelectric sensors and actuators was presented. The tripod and the joints of the solar array were modeled using
the 3D beam element,and the panels of the solar array with piezoelectric sensors and actuators were modeled u-
sing the piezoelectric laminated plate element. The multi — point constrained relations have been derived, which
can deal with the inconsistent problem of the degree of freedom for the common nodes of the plate element and the
3D beam element. The analysis program of the finite element model has been coded. The negative velocity feed-
back controller and the linear quadratic regulator (LQR) were employed to investigate their effectiveness in sup-
pressing the vibrations of the smart solar array. Numerical examples on vibration frequencies analysis and the vi-
bration control have been developed. The piezoelectric sensors/actuators will influence the dynamic characteristics
of the solar array significantly. The vibration of the smart solar array can be suppressed effectively with LQR con-

troller.

Key words solar array, piezoelectric structures, finite element, multi — point constrained, vibration

control

Received 21 October 2008, revised 9 December 2008.



