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The issue of reducing the oscillations of the solar panels of satellites, which have the highest level of
contact with solar radiation and aerodynamic forces, is important. Using of composite structures
reinforced with carbon nanotubes increases the strength of these plates. The solar panels are vibrated by
aerodynamic forces and solar radiations, and vibrations can be reduced with the help of piezoelectric
patches and a controller design independent of the satellite control system. piezoelectric patches are active
controllable elements that are used in both sensors and operators, and the use of an accurate and efficient
model of their physical, electrical, and elastoelectric properties is required. In this study, first the dynamic
model of the plate with a new structure in the state space is obtained and the equations are linearized.
Then an active linear quadratic regulator controller is designed. The simulation results show vibration
suppression of the plate and robust performance of the proposed controller in presence of the model
uncertainties and environmental disturbances.
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Figl: the view of a composite plate reinforced by carbon nanotube a)
with an elastic foundation b) the uniform distribution method of carbon
nanotube
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Fig 3 The position of piezoelectric patches and lumped mass in the
Cartesian coordinate

P oBs ;0 35 ete 9 S0 S g slaalog Slaise 3 S

2SSl alog ch gy 5l el Ghled 3 S8 5l a8 b len
amio 55 g1 U ygeins 45 el o sli] SVl iy b amio (g5,
ol 51 eoliil s il sdd s amio 5 50 Ll blie b Slee o
i il 00t S axly 5l )l sla,giSils Jlas! Ll
b caslize 5 0l o Loyt Jawgd StV i b azmio (o abnle
UrsS ool 4 s oad s oSSl sty ool (ol 5 bladl e
JAS g g sl See 4 35 o L cenlize b 205 oo o0lins b
[18] 59 Jloel o lgale J 7S witapns 5| s (s o0isS
Wls ol Lyl y by 2-3
el o] Gy gy Sles 3 b Ldatas 559 p oSl owlel Lalg,
b etV Ceols b CS eSS g (Ken ool sl 3y -1
o
ool s SLlS 3,5 -2
Dgdge 43S L 53 ol e (o) 50 Gy Slee aw -3
5 S2sS sl Gyg 2e 9 sk b alie ;0 5y culis -4
il 00 4y Sl 2So6S s o
wtlse Gyg dm cyiSzsS b R < b/10
3y s b awslie o WX YY) gl e b Ll -5
Ll sl oad 438 5 o e o yii el SaS
ilioe (39 Celud s SG 5l SeS 5
5555 5 By M6 5l pulip 0y Jlo 5 B
]

1191 58 0 ol p) S g & amio SedS sbuls o 13

ow(x,y, t
U(x,y,2t) =u(xyt) — ZW(%Y)
ow(x,y,t
V(x,y,z,t) = v(xy,t) — zw(axiy}])

W(x,y,zt) = w(x,y,t) @
oz 5 SVl s b Gl asie s glulew gV ocuas
oo g (Soir L5165 e 4 aiil o culbrs g poe (Job
oal Hlai Br0 Sle Blmio Glaalmlx oy, 4 Sle oY (55
bays, 4 glo s a5 2ugaile gloojle i j0 5 WS 0 S5
4 55 [8] 5 [6] a2l e gon b3 i 5 09800 Jats iy Lavss

1245

5 caxSe slo 4T 3l SO 0 jae ki P8 Slae oKiws o
L g6 el o 4185 L o il — 1 S8 gillas ] adaio Lausg
é‘}n QLuoya? M Sy WLA 9 ool u.ug) &.i: [17] =U.5Lv M

wload ALhg 5 &jgo ar ilsd (nl wdbioe 531 58 (SeeelS

E;=n, VnrErinttVMEn d-a

M Unr .V

Exn Exnt Eawm (1-b)

M;  Vnr  Vm

. Tt @d-c)

Gz Giont Gu

V12=VNTVNTTVMUM a-d

PZVNTPNT+VMPM (1'e)

Vnr=V'xr a-h
Ol il so e lo g Alelgil onums ol s i 4 M g NT glaaigun,
9 VM d‘L&s),.n‘)l; el )‘)é)f me)}»golf LS“)? VNT+VM=1 Lgd]aal)

aby wilige oS Gbdgdsl 5 Gl slap> oo 4 Ve
RIS 5 SaSs 4 SLI 085 wis ojenslS ghale S s e
O glrsel 5 ES o ojlal &5 (5y5b 4 sl ol jeb 4 o] CoaBse
Vs plely bl M=1,2,3) 558 Laly, 55 cail 2515 sg2s LI
ShetS Glocuys cuis 0By sEnm wdbe paely o
Szl glaJgae ooi i 4 Gy 9 Ep (Epp fpizees aiilige G ile
goue Sjge & Gleily layall il e (LAn oo 9 (o200 o Job
il e SaS & polis ol g edd yme wi)S sladlglsl gl

J17T Silosel oy JsSho (Sealino

Wlso (5 SS9 (ool Bl (yLe-3
gl gl amio (g9, y pluwarl 5l 1-3
o g Ol (o0 (39l PL ambo (59) 2 00 ceai plul alex ]
9 35 role e Sjgeo dy Sligad 0 pb 1) (Slnbe Dl 5 oy Sles
@3S e ez D58 (oo ooalie 2SS o (slaladi oalinél 5o S
aS 0gd oo aidS xS 50 o)lsnle (g9, p odd cead Dl AS aesd
Gl oS 5 b eaitud dajsein Olg oo Sl cnl alex )
o latze glad oy ol |y dedl (Se o 22 5 (Slpbe
Al oo oanlice B3 b 50 (500l 9il amio (g5, U'ﬂf’v

Sensor

Equipment
(lumped mass) /y‘

Actuator

) —y 7
. —
Disturbance (
(point force) =

Control Unit

Fig 2 The position of sensors, actuators, lumped mass, and disturbance
force on a nanocomposite plate
5 2 el (5958 5 55 et e (la Shos g 62518 Joe 2 SIS0



Obe 5 Sinel jual

w590 )2 (52 )8 Aglgili b oaub w98l i) 9aelS Amiuo wlilw g5 yals

S bulps sl (WH8) 5 (1) Lulsyy Gob nsb (g, Sl eolizl

dolee 25,5 4 Ly 5 (B Sl le osle o5 4S5 Sk e
Bl e s @y 551,5Y
51,5 ©¥olue 1-2-3

el 1) amio Sealiys S¥olae olgs oo 51,5Y alul, oS 4

:o%j
L=T—U-W,,
d /0L oL
a(a_m)‘a_(h:Qi )

5 Jeily otz Glogi il Wex s U T glaal)ly 9) alal, o
Qi 51 sl 5 a5l o i SV 1l G55 o258
Sadlbee OT b by oy 5 e S Ll oeelT iy
loalog sty 5 ¥ el Glgi e j55 0 Joe 50wl S15 sl el by
Sy el oS STl g5

2 SVl g b amio 55, gy Sl Akl b gillae 1, Q el
T13] 6isS o w05 o3 0 Slaies olSiws

N¢
a=)F w,y
L4 oy 10)
sl B3 25 & (25 S5 Al (10) 5 (D) b, (61
Q= uf )

5 7 Gl wiy alle of il glayell AD) ak, o
N #oslol shls el 5 axdl oo abgrpo 51 alali ) (o805 )] 59 JSC
@) alal, SaS a fp yelly eizmes wBlioo 555 Jlosl L sl 4 1
Sebes dlne Blabgye Sl alaki o Lo

i 351 1-1-2-3
amio Gezen LAY S5 ST (63l Wl amie i 6550 G sl
T Gy 35 et 5 S Sy sl (S (RajaelS sl
T = Te + Tpzs, + Tpzap + Tim a2)

it iz slagipl iy 4 Tim 9 Tpza, « Tpzs, < Te slayzelil
aaly ardb o et paz g SoESUlynn Shee (G aSlgi guains
[13]adlige 25 @0 4 amio duiz (655 el Sz SIS
5
T=f%p ot v = =My

A2 /OWN?2 2
(a) +(E) a3)

P Eyeme 3l Olgen |y amie JS ey el ol (JB osims (i p
Sy 3 peke e g So SNy la Y ()5 (SujeelSsl amio
.Q)B]
201 ap , 0uop”
(2
x 0x dy dy
+ 1 uT) dxdydz a4y
Zfﬂ’ auau , 0uon”
Mp. Pz 2 5 ox T dy dy
+ 1 uT) dxdydz (15)
m = Z Mim; Mim; Hlm-T
& i i i (16)

aaly ol s Jloy sloid,S Ly, ailes,S sliul ani,d oyl

ol 2
g 5o
ou
(5 )
Exx v
HRE
Yoy laU+avJ
dy 0x
() %
ax ox?
i v L *w
| oy i+Z Coy?
du Odv 3w |
la_y " &J l—Z 0x By) )

Col o BBV gu polie SesS slaglul> bl 4
1161 el o5 )18 & o jemelS 6l amio (5l SYolas Cuimon o

o)

Oyy
Oxy p =
Oy
Oxz
[Qn Q12 0 0 0 ] (sxx\
Q2 Qa2 0 0 0 Eyy
0 0 Qg 0 0wy
[ 0 0 0 Qg O J Yyz y
0 0 0 0 Qssdlyx @
€,=0 ®)
_ Eqy _ vipEqy
G = 1- EIZVIZ‘le 1 Vi2Vi2'
_ 22
Qzz = 1—vyavy2
] = G = $}
Q66 12 2(1 T V12)
Qa4 = G23,Qs5 = Gy3 ®

4 Q 9Gyp «Gpz «Gyz vip (Egp <Epp slagal,l (6) alal) po

Oslsy Cumd (g2y0 5 sk sle caz KL sledsee i
il e (St Sulgd g g a0 (LB slasae

)l dge IS8 (g, Sl e SY0lae S 53 sileosle S

90,5 o0 Ry p) Dyso & (Axie 3 S) W el )l g ool eolaiul
Nm Np

w(x,y,t) = Z Z Mmn (% ¥)¥ma(®) = 1Ty

m=1n=1

5] g0 UK olasd i 4 Nip s Npp sl el b (7) ala, o
winly 9 bl Jis bl g adlbioe o250 5 Jsb labivl, o
sl obul> o L e el wsb e N x 1 slal 0y ol @
N # Ny sl shls codl anls oo 5l e dmio oo 5 Jsb
ol Og0 (g Al go

. ¢mm \ _ (OT

i = sin (T x) sin (F y) @-a)

axio slp ()5 gl lond Cougli (eelS ambo (g5ye Ll d

:A,stnﬁjb)wdgoobolfdﬁﬁg_é)b)%
w=0aty=0,bw=0 atx=0,a
PW_0atx=0
oz = 0atx=0.a

)

2

w
oy =0 aty =

8-b)

1246

0359408 (5 )9US 9 pgle &y juis



0359408 (5 )9US 9 pgle &y jubs

w590 22 5 )5 AUglgil b oaulh w983 ) 9aelS Aiuo bl o5 Hials

szelast
EpziZ2 0? Hpzi azlJ-pziT
(1- Upziz) ox%  0x?

Npz + az P-pzi 62 upziT
2.1l i
i=1 +2Up21a upZI a Upm
ox%?  0y?

0? p—pzia l’lpziT
0xdy 0x0y

+2(1 = vpz) |dxdydz 22)
sae 5 g jomiw alog sue B) Ny =5 allis ol ;o dbgy e alles o
O oSy Se 4y adl oo (amio i 9 YU o Bl Sles alog
ol g g9 o Ol (e g amio Hub g Vb 0 A5 e
Onl 9 YU )0 (Sl g5 (S b)) Kpgp b SO Slg5y
3 S loiaals S 0 Sl (520 Jomliy 3l o8 s amho

Dydss (pre (985 9 Job slaas Laly, elul g Y

o _ (GXeIeCt) _ EDZ <€XZ + UEYZ) e
lect — -
elec OYelect 1—v2 €yz + V€,

9 & Wy Jlesl 51 (56 (S Sl
= . _ Vpz )
S ySlgi Y Cwls hp, Wl s e = h—zz alaly 5l as aib e

@3)
Ol € el (23) akal, o

SOl bl b a5 sisb o S xSy 5 slacal €y g Exy il oo
5 €z e ol 5 pln 1) 93 nl (o200 5 ok bl 5o 55 ol
1 il e WS 20l g5y (sl il Jpote ool By igl oo 423,5 Lis
ol D90 ot Sy g il S 51 A Sy (55

{21]
Npz
1 T
Upzelastelect = Ez fff € Gelecthdde
i=1

_ T
- sz szelastelecty (24)
R f’;ro-elect = 0-electTE abaly jo o) cools 85 Ll o b
S s |, @4) ol

ZeZpl
N pl

Y [P
pZelastelect ( 92 p_le Za Hpzi

a 2 ) dXdde (25)

&b oe zey & azg badb oo 3, pp = akl; (25) akl, o

9 Vb o S Sllgrn slealoy slp 55 ue.‘ )‘w 1 ity (5551

Vpz )
ey G = gy % el Gl (S Gl 51 b sty 555
> b €py r«bk 5 wibioe S gbuls Gaed a5 W] e
Al oo S SNy p 0ole 51 S STl
Npz
1 - 1 -
Upzelect = Ez J‘J‘J‘ e'd dXdde = EV KpZelec:V (26)
i=1

Npz

— T
szelect - zl fff epZiPi PldXdde (27)
1=

8 azho omb g Vb 5o (SoSU Glee o)lie @iy bl 4 Geizeen
ol )l)'.é)! UpZtelect = Uprelect ‘dm‘) 93 ‘5L®4L49

1247

S 55 5 S SseelS ambe Gl JBr S 4 Ppy 5 Pe
Him; (e bl go dmio (g5) p 35 oo pluxl olaxi Ny 5 atil oo
olasi Npy el aibse 395 i1 abaii o (ol )) oge JS5 el )l
s oo lad 1) G Slgs slaalog

Jailiy 6551 2-1-2-3
9 Ssels ambo Jewily 551 ggeme jl axio [ Jeuily 3551
Bsdon Jol> b S Sly
U =Uc+ Upgs, + Upga, an
S (Fgals azio slp etV Cools (A6 il 55
[13]:cesl 5 08 a0 ()5 Aglgili b ons

N |&

b
1( 1
U. = Ej f eTo.dxdydz = EYTKc Y
00 _% a8)

L 07pay’
(Qllc X2 aXZ
e 62u62
2 QZZC ayz ay
) L2 uo% !
-5 +2Qqa 6 ax2 ay?

N 0%u 9%

Qoee | 42° 9xdy dx dy a9
eesliy (5551 i s Jobs S ilysy slaasy 31 (o3 Jesliy (555
60 el Sl ead 0,38 S S o 5l 36 (655 eVl
Wy 55 o 2 5l (A6 65 g e Sl eniile slge S Sl
S35 Ol om il o Gl g oSl g Y a4 Jlesl
1201 g 5 o8 a1, SO Sy &Y S Jensly
UPZ = Upzelast + Upzelastelect + Upzelect 20
93 SVl el 5l (AU oSy xSy s Jeaily (6551 drnlons S
1wl 00 w;)k;)a 2 uL...AJS

oo Ll G po g slealog 4 Jate glasg xSl o I -1

oW

19 g Loy S Jlasl o a2, IS & o i 5 -2

dxdydz

ool a5 By g3 sralog oIl b anylis

Ailbige g5 3l (o2 elys U5 Jaml 4 ol ey -3

O9ed Sy Sl 530 sloalog gload o S5 g5, Ll -4
IS 55 5 b g e ais 0 6l 5 9l 3525 (0 = 0)
RYRUPINPE

&5 ailen g5 Sgsignl 5 dmmin¥l Cools 5l S50 Sty (55

o 5 Job iVl Jose atdl ail o o 5eelS il amio Jeusly

o o dboy ael 1 SOL Joe Epgi 5 il o (555 LS lagy 50

Pl g 50 Hgmley s Byre Upzi 9 sl

pZelast Z jjj € ole dXdde

Zv Kpzerase Y @b



Obe 5 Sinel jual

w590 )2 (52 )8 Aglgili b oaub w98l i) 9aelS Amiuo wlilw g5 yals

X = Ax + Byv, + Bef @2)

aS L5;1> N
x=(s)

)‘(1 =X
- @) %, = —M~1Kx; — M~1Cx,
_M_lngaelastelecthza + M_lufTF (43)

0 I
A= [—M—lk —M‘l(,‘s]’
B = [, L B o]
v _M_lngaelastelect o M_lug (44)
CV = [_szselect_lKpZSelastelect 0]' CW = [M'gllt 0] (45)

@l Wour a5 (5 mfle S K &5 glx o
31 S Wiy oo LQR (5,55 (bl p > Soad (b o o9 (ot
2 oditS LS ol IS el il oaisS 1S (6l cemlie slaslis]
123] wsbso ) s @l (50, aeS
[oe]
J= f (WoutQWout + VaRvy) dt 46)
0
SIS 5 e Cute 5 (e e St i 4 R 5 Q G5s sl e yile
a St o ] D] 5wl o e > (glo paicio by canliio olay
B0 s (S5
Dolao > S &y 5 > Soagd il ulul p o0iiS S alolas
Db Jol pj Bilae SIS,
sza = GfSX @n
sl o ey 25 by oll 1 5 0l e Ul S 050 sme o Gigs
Ggs = R™1BVTP, 48)
el ge A ) Sy (S alolee 51 48) alal, o Pe el
ATP, + P.A — P.B,R"!BTP, + C,,QCT = 0 “9)

Gilw a9 G -5

Mlos 3y 5 (LBLael (g9 Sup2S ele 93 3529 b ile et il
il 48,5515 (g 3590 Sl 90 50 S0 Sy

Wiboo (gs Sy abelo b Siigayla 69,8 Sy plasel g 1 gl 2l
Y= X =250mm  jasie ahi 0 dxmio p dge Gjgo 4 45
05 0 Jlos! 5 & ye0 4 50mm

f = Fel®t = Fel2mfit 50)
Y= 5X =50mm alais ;3 0,5 50 2 4 55 et per o riren 5
Sgd sa 00ls 1,5 150mm

Syl Klos @y (gt aols b 2y Sy Joles g3y spg0 >
b ) e84 5y @l oed e Jloe!

sza — Voeju)t — Voe]'Z'r[fzt
Vo=1 GYY)

9 oo L8, b ool Judot pins ols5 ) Jsl 990 36 (g3l 4l yo
055 )18 2l 290 (Jed BB plmly Gl b amio 23S

w =Ty = (g o f36) (Y1 - V36)T ®2)

>, 3-1-2-3
Wlse 2 ©oge & Sl iy S50 olol poad plosl ()15 IS
1
Wexternal = EJ-(_KWW + vazw) wdA

azuT 2 T

— 1 T T H dxd
=57 || (CRwh i +Kp(57 +6_yz Jwdxdy y
1 T
Wexternal = Ey Kex ¥ 28)
D90 Jrmiliy 6551 sl IS Akl cnl il

1 T 1 T
UZEY KCY+EY szelasty

+V,, 'K 1y,
pz pzelastelectY 2 pz

9 SVl i 51 (A6 9 il (chix sla 55 B L
§iiw 5 (9) abaly 10 (10) 5 28) «(29) (12) Ly, 5l o= )l5 ilolezel

Jols p) @l iy 4V

Vpz @9)

PZelect

Y sl & e xS

g o0

(Mc + My, + My )i + (E“KJ:K"X) y
+ngelastelectvpz =s'F e 30)
szelastelecty + szelectvpz =0 @31
) dslgy 3leolaxwl b
M= M, + M, + M, 32)
Ketast = Kc + Kex + Kpzgpe 33)

szs
Kp ] @34)

— T T
17'Zelastelectvl7'Z - [szselastelect szaelastelect] [V
pza
g p) Soge & asdl pd 4 s oo |, B0) alal,
My + Kejasty + Ky

pZSelastelecthZS

T — T
+szaelastelectvpza =urF @35)
2 00 BL) aluly b i 5 25 o5l 5l Jols S xSl 3 5Ly
— -1
V]JZS - _szselect szselastelecty (36)

wyse s (35) alall, 45 (36) alal, (5,lAK >
Kelast -

My + <KT K g ) Y
PZSelastelect  PZSelect PZSelastelect
= —KT
PZaelastelect

Vpza + W'F @
@7y akyl, Kp,s = =K b

Dgdse Gl 2 Djge 4 g odd ool

T K 'K
PZSelastelect ~PZSelect PZSelastelect

My + (Kelast + Kpzs)Y =
T T
_szaelastelectvpza +u F 38)
@38) alal, « K= Kgjast + szs alayl) 5 Siiod o yilo (0,5 adlal b
Do R g &
My + Gy + Ky =
T T
_szaelastelectvpza + H F (39)
el [22] 51 Cg = aM + BK ols &30 4 SVl o o

RO FEPC UMY T U - g ST -SRoL{L S RV JV- Ly

LQR ouiis J 58 oolyb -4
slad pb )0 plgee 1, 39) 5 B6) (7) Luly, oel ey 2l Joe
g ) Dyge g 0dged 5ile e >

40)

@1

Wour = CwX

vg = Cyx

1248

0359408 (5 )9US 9 pgle &y juis



0359408 (5 )9US 9 pgle &y jubs

Obed 5 Sinel yual

w590 22 5 )5 AUglgil b oaulh w983 ) 9aelS Aiuo bl o5 Hials

oS g5 glo Shos 5 b jgaiin 5 ()5 Aedgils boads Syl 500l amie (6l (quiin § (Sle ols> 1 Jgu
Table 1 Structural and geometric properties of a composite plate reinforced by carbon nanotube and piezoelectric patches
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Fig 5 The comparison of Aluminum plate displacement with ref [12] in
frequency domain in case2
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Table 2 The comparison of Aluminum plate displacement with ref [12]
in casel
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(M)pgo (HZ)p 5 (M)pgs (Hz)pgs mJs! Hz) sl
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£1077 +10710 1077 [12]

0.7 9.21 ;
10-7 10-10 3.69 e

* 31300 5000 1077 4700 ol
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Table 3 The comparison of Aluminum plate displacement with ref [12]
in case2
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M)pgs (HZ)p5 (M)pss (HZ)pg0 m)J! Hz)Jol

3.24 38400 9.28 36200 3.87 30000 >,
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0.71 5.55 ;
107° 10710 0.76 .
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Fig 4 the comparison of Aluminum plate displacement with ref [12] in
frequency domain in casel
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Plate with NanoComposite Core and Elastic Foundation(case2)
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Fig 7 Displacement of the composite plate reinforced by carbon
nanotube caused by piezoelectric voltage (case2)
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Plate with NanoComposite Core and Elastic Foundation
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Fig 8 Plate frequency response using LQR controller
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Plate with NanoComposite Core and Elastic Foundation(case1)
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Fig 6 Displacement of a composite plate reinforced by carbon nanotube
caused by disturbance force (casel)
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Table 4 the comparison of displacement in the aluminum plate and
composite plate in casel

sl S9e b=l 90 bl g0
(M)pgs (HZ)pgs (M)pss H2)ess Myl Hz) s
2.1 31300 7.67 5000 6.14 4700 allis
*107* %1077 *107° ol

&

1.87 1.35

105 106 1.77 [12]
10 19100 * 2500 %107 2200
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Fig 12 Robust performance of the system against lumped mass weight
uncertainty
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Fig 9 Actuator voltage frequency response
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Figl7 Effects of SWCNT distribution types on the vibration of
composite plate

S350 Gs Sllagi lie 1o ()5 slealglsil g 95 B 1T S

(@,b,0)

iz

(0,0,0)

Fig 14 the layout of piezoelectric patches in the three symmetric,
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Fig 15 Displacement of the plate against the position variation of
piezoelectric patches
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Fig 18 The displacement of composite plate reinforced by carbon
nanotube in various diameters to length ratio
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