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Active vibration and maneuver control of a flexible spacecraft using
robust and non-singular fast terminal sliding mode algorithms

Milad Azimit

1- Assistant Professor, Aerospace Research Institute (Ministru of science, research and technology), Tehran, Iran, azimi.m@ari.ac.ir

Abstract

This paper deals with a robust active vibration and non-singular fast terminal sliding mode control
design for flexible spacecraft attitude maneuvers. First, the fully coupled nonlinear rigid-flexible
dynamic model of the spacecraft in the three-axis maneuver is derived using Lagrange's equations in
terms of quasi-coordinates. Then, the attitude control law is designed based on a fast non-singular
terminal sliding surface, which leads to the zero convergence of attitude tracking and angular velocity
errors in a finite time in the presence of external disturbances and parameter uncertainties. Next, the
flexible panels' residual vibrations during and after the maneuver have been reduced exponentially
using a robust active vibration control algorithm through piezoelectric sensor/actuator patches. It has
been proven that this algorithm ensures the stability of the closed loop system and eliminates the need
for conservative assumptions regarding uncertainties and external disturbances at the upper limit. The
finite-time convergence of the closed-loop system with a hybrid control approach is proved by the
Lyapunov stability theory. The numerical simulations using 4" order Runge-Kutta approach show the
simultaneous utilization of the proposed attitude and vibration controllers' performance compared to
the classical approaches for dynamical systems with structural flexibility.
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mailto:azimi.m@ari.ac.ir
mailto:azimi.m@ari.ac.ir

sty sl 2L L s oleel LB conss
Aoye o nlpl WS (oo eS|y ook
e sl lslasyl b ) S S
S Shy 4 pliws 5 atulysl Slleg
IV] el (65976 s woglhae (1,35

cdl s s Seelus lopiene
ol olslal o b el 5l 250 o Slas
J5S slap,ssdl 5l ol a5
L I e e G
Al Sood gloos JS awle bypina

\ (=

Jyas D] age Jpus [a] 68w Jyus
[y Y] T a5e) sge JmS s [NV aiaiien
53 S50 S les ol 5l lens slpriay
138 o fdes wile gl Sl o Shs
a0 b sl Do OF] ol clalazel o
@lFer ol AlBl 5 2gamme oy (ol Ken
O g S (Seelus slaptenw
. R - v . .
& @ Jlaey B33 090 S5 g L
) Wpes o b S5 pshe
ey o lslisl Jlow 3 sl )65l 4 s
S Sy eyata o)l GHmm 2K
arwg (Al 90 Toue 5 e slacdl>
5 eslinul o Sas 5 ey [YASYE] ol il
L e Jle i (258 050 S35 slapa ;55
asole slprin @l)i,m Sy Bl e
by Sare 2boy o Slee oSl ool DA
e vge iyl 4 Sl ) (g A 28
5 08 e e iales 855 5 SeadS JLise 5
Jlae s 254 090 Sy slpiin b (S0
I ws s Jo 1) SaSs altns o 1S5 08
g_i.\):u » og)LC me.ujjﬁ‘ LJ"‘ 4.%,5,..)1.. MLO
4 e ‘YL: uwlS)s oS J..Lo Lng_iA.oLuo

doddo )

bloolad  coxoy  Jyu8
slaco gale ,0 oad iy slagaiesls

S Sl s cds oMl b asd iy
o & gldd Coio ol i sladine;

T

aosle 6|ow @LA.B Lgl.&aw)ycio 09,0

5 Sloppgal «silon ol Jlaslo,E
5 G50 meld gzl Dygpo 905l eni
bl 1) lalaslad 6 lae Corsy Laa> o by
S390l e sloleglad o Bk S e
b ailead (>l (5sSw 5 atdpin, olse L
frr e b iy glaca jpele plonil  ogdle
ol ams gels o ) Coge Bras g
slagice b clo ol Gl el laloglas
slafib wibe oub @l b pddlhsl
Sk, slegil g ey ‘L“’&;j (G y 9>
Sy5e wix slaalay VO] Wl LSes
o by Sl gl olral> 5 Saloo
ol g e Jdo 4 pilhasl gla iz
g ool 48,8 ool wlidsy jin )0 S
o0l Silwdde cdo pur S larea Loylas
e S py s 4 eeplog ol Y] el
Sllg dogidn oul ol g piyblasl o o5
9 ablie &5 00l Jood plecw 4 (255 LB
[f] 6S o Jlgio 1y o] Grals
Jloge sl yrie (g pFojlil s Sk
Gl S 5l oolinl 5 cenl Jlgds o bl
5 GilwssS @lp wedse o Sles 5 o>
L onlpodle 0] cudl 65,0 o] S
Colie b diwgy alaiel mlie I gles L2
S |y Comdg J S sl o5 alb o0
LIl as o piscillanl Gloisn o0

IS 2hb e Bl ol 4 4z

Las 15 (558 5 Lisls

N

20

A
L
(.\
T

L ndgdlbsl slepliasd )gile 9 wlbles)l Jled J yus

& Jlixo )3 (b 33 390 5 polie slaeiz) o3I



ht
L\

o)

L ndgdlbsl slopliasd ) gile 9 wlibles)l Jled J uus

L
X

O e @ Jlae 33 b &) 90 5 polie Sl oSl

svba Sl (See 358 sloo o5, 4z S

slasise olsl)l 5| 36 sl sl (550
flsi Jloime s 5 osls Ll 1) iy cillas
5050 30 Hlizan Lol wims Ll |, i
2w sl 0y R azgionee Wil
by S S eddiom;n seo S0,
bl ooyl a8 [YY] oty gimo 35 pee JyuS
Serds S noass
Sly ohs b Coxdy S slapn,sSl
A 6 pdSlasl alaulga a5 60,Slee SMass

4r>90 S|

Oybos e JFS o culpl 0
5 ololss ) b J S plply wiloads >,k
3 9o =38 ke (JUS slas Ko (s5lwesly
Sfles g Glp Cundy S e
ool (55978 s IS S

S sly it oo Soy, (liie
ks Sad aile eilos S a8l lisles )| s
JESOIN | o f INCHICORNCIINY-TONPE @RV | o o B FYWN
Ivel s &5 Sas 5 (Yol leadse
IS Gply » Ol in Jeol
B B L I e R
A5S 39 s Il nlpogdle 50,5 55 o5
PR Ly Al sbay Jub S 5 cundy
ol Gl (Seslus SiehsS 85wl
Sad ol Laglad Lol 6y 5 dycillas
e RUAT S IRC I P e
S Jol> Gliebol ity

Jud S il Sl dllie el e
o olalazil o by el 4 pylie ks |
oolatal S pSlyy Shosl S slaalog
595! alox |
(gl 2lFer @S (SoS (soleiin
ool pus g Ay ARl pins pylie (sl

6“"6)9193

Ivy ] sgs " S i ol

@by JS Sie pliie 16 ke
LTy emel o yial)y b (o yed (sl
Jlae s 5530 050 (IS o2, 5 ool
RPN 4 SN £ o IRV ST < JOF
SRl s G534 vge S ol e
Sy ISl Glop s Jols a5 0S5 1
Ivol ws s b1, el

S5 090 palie S )es 5 'Sl
@Yk 8o S sl (S5t e Sl
) ool jpa> jo o gt
ooy 65, el JuS alies [Pl wiss
S oesliad b o sloleglad sgame
O ey 058 050 (IS wysNl
SNV L NN 077 RRC PR
L ocle sleglad oley  JS
et Jlae s o053 090 7S 65,84
e [YA] sis sy Chis uac aSh 4
o Jiey Gk o) gl eslanl
Oly Cumdy (5750, abs lp 2,8
ol oad Slgiin clo slomlad sgame
vy o]

A0 g g Glamwy Glos S5, 5l (S
JrS 0 (b alie cpl jo el wis)F
Jlee

di..?bc

OSpE @ S o
5 Suandy olejen S5 ol (NFTSMCH)
iyl glaglad G sgase oloy wlolss )|
piydlasbcde LS Mls Salys L
O B T e
5 0L S wgazme Gloy 2l Ked p ogdle
Bl Sz edy (RS L ((SSS l ol
e Yl R Sl Sy

D9 50



2 2
T=TM+ZT1§+ZZ T}
i=1

i=1j=1

= EmT]hw

2
+) f T o W ran () ()
+wi;ilx)i/vidx

2
[
+ wl?;;',](z;éx (10) + w)widx
3P 9 b sl uail doles pl o uoen
Sl o slaamiin S i M
oill a wole gwyinl plewe Jp Lol Cla g
Jsb axls o e pp 5 Ju Jsb Ly ole
ol Jsb axly o pp> pp g Job Lp o o

5l el O le piiagn IS Jeils 5551

<
I
NgE
o
+
INgl
gk
==

..<
1l
_
-
Il
_
-
1l
_

Il
N
NGl

o)

=

<

o

o

]

®

+
> N| =

2
Z (Ewh)}, (y + yh

«SoySlgsn sloalay e Wp o] 0 &5

oyl olon Ty «Sb g Ep euels hy
okl Oles Iy wwls by dads iz
gl Sles/ S KL Jsoo By iz
slaloy o aloll y g S Slgry

B e o 3 e 5l S0 aSUlgne

) Sz Sheel S 5 Wp (2l
ol ialed 5 abal, 5l eslizul by olss oo
1

Wre = 5 (ATNA = (T)TPA) + W *)

9

5 bgenel YL dga> )3 )l 58 )
o 00 4..3; ).Ia; I ‘5‘>)L‘> olalace!

by Gilwdoe Y
Sl S Jeld ol a8 S s sleylad
@ g pdSlasl Jyo0 s o
Nz Camdg el ;0 S Sy Slee/ S
35 Sl For ksl 55 6595 5 el oj5me
el ol eolaial by Ly Sl sl G
a5 o508 5158 5l etamdy byl Gl sl
ooliiwl 0gd o i, g =[do 9] € R¥?

Slagly Glace s Jlop b g adal, o aS ool

HESUNW. L:L.a)‘ Pw= [wx Wy (Dz]T
. 1((qolsxs + )

= - \
a® 2{ —-q'® ()

5 Oyl (e (7 ol jo a5
adhi ym e, cenlq=[0 dp 9T
oBiss ay S by 72 595 = 0 (2,8
25 Dpgmedn plaS o |y Eall iy Slatse
s ioles

r(0,t) = wi(0,t) + ®

x (ri(0) + wi(0,1)) M

5 g 350 5 s )ln TR(0) Woles ) 5o
WHOD, (1= 0w il S5 o5 03
L aS o0gr Jio omell SVl JSCo yuis 1,2)

S @lg b o8 Gleoge Gisy 65,80
35500 5 oS ()
wixt) = ) MO @ ™
n=1
e TH = [rt r2 re QT 4o 4
5 iz 51 il 8l g Sliis

285 a5 )0 p) O hgeds Gl e ) pie

Las 15 (558 5 Lisls

N

20

A
L
(.\
T

b dscslossl slowlias ) gile o wliblesl Jlad J s
& Jlixo )3 (b 33 390 5 polie slaeiz) o3I



ht
L\

2o)

L ndgdlbsl slopliasd ) gile 9 wlibles)l Jled J uus

L
X

O e @ Jlae 33 b &) 90 5 polie Sl oSl

og0 mly 9 S slas,en b oawslis o
Jhey ooy

obey e 2l5ee wibe i sl S

Sgo slag e byl

S, 630 sl cdls oboy cdo g vga0m
slas 3 o J s ol ‘5>|)Jo 3 O B o

1wl 00 w;).]a.:)é )

Il s olslazl ) s
b la)liad (publiae S (slagys
A )0 Sgamme e Slaggiasl 5 9l o>
Ntell = lITell < Tp ol oas a3 )5

shySlhanl gl s S s Y 4y
A 5o ogame [[IP] T leis 25 5 (IT7
sl o0l a8 5

slr Te J5 S b Bas
bigo Tane (205 53 (A) s (55ka iy

&b Sy il dslaal S1:2) o
ol Lol V(X) aile slaimwgn oo Code

IYAL cusls salgs sgame loj 5ol pitans

Ve + AVG) + LV A
fuf,>0 0<v<l1

Syt 5555 g Jlosn 53 o
1wl 00U g_a.:).:.: 2

S = K,q, + K;sighi(q,) +sigh2(q.) (1)

Bl(l = 1,2) das e u».ub‘ L)" ) aS

s B1>B2

Ky = diag(k%l k%z

bys L) e glaculs

sl sl K2=diag(k%1 k%z k§3) 9
SOyge L SigX(Y) Sole g Gare Cuo oy
sigh(Y) =

(Y1 1¥sgn(Yy) [Y21*sgn(Yy) [Ys/*sgn(Ys))

A =2[(Es x )b (Es X )3 . (Bs x )]

N = diag [2((VT/L/h)(€3T - d§1E)),J;]
Xxi+Lp . (V)

P=2 f J((d31EvT/)(y + h/Z)n”T); dx

Coll oy €3 g By dzg oV) dolee o

5Pl 2o bl g e S8 sl
Syl (Sl
S5V Yol o (V) b (V) claalsles

6)‘;6*.’.[-? l—.’

Yol gl [¥V] (Clatse as o)
S el i Solino

we o))+ e €]

+ [g l?p (rcfl) - (—PgATfa - de) W)
A5 = gN'PTT}
S9iS pex Jol> T=To+ T ) o &5
RS S 5 )l clalesdl Sl st
Te ER¥T Jus gkes to € R
Sl o)l

>
5y o wlolizél gox Jol> de € RFXY
Sesbus 5l A6 Glagen 9 Ju p
S Sasl S a5 oyt B epiyillas
S g Sas Cipa s g a g S Sl

el S 5Slg 50

55 slai 3 o
polie JysS o8l 9o (b cwond (ol o

sl 00l gy Slalas )| Jled 5 Cundg

&= Jlsao i (il 53 S gm0 (ooiy 5951 V=Y



2 We 20 lgly coy sl 5 e =0
g dolgs (oliwd JB sgazme Gl

Vo) slaansp (58,5l 0 LY (590
5 (V) sl (J 78 JUSw spitnns Salia
S=105 () dolee ;5 oadity i 453 mhans
Wb oo oliws BB sgae e 4o

O ygmodn Beil L) anuls ol Y ol
Slos Fiie 05 o Bl Vy = ~STMRS
5l el O jle &by

VZ = STMRS
= STMg((K; + K3)de + Ky i)

. 1
=sT ((Kl + K3)MRqe - ZK4quRw£we

1 _ o
+EK4qe(TC+Te_MRFr — Crw

. QD)
— Cgpl™)
1
= E(sTMR1<4(—Ks
—(c+ fb)sign(S)))
1 . _
_ES MRK4que
Q)l £ U'“BJ s J s ).) (
K, =
diag(B21q1elP2™  BaldzelP>™  BaldszelP>)
Qefe < %b

2980 (3l 2 Dypet (VF) doles
. 1
V, < —ESTMRKA‘KS
1
—SIM (D e+ 2Kl
R3
~%,K,151)

1 \6)
= _ESTMRK4KS

1
—5 KMl Y Kils]
R3
=vlV; - Uz\/V_z
91 = eignin(KyK) oJoa ¢

a0, = 0.5v2 min(||Mg|kK,)

oty oy A5 515 ol 22y
el e >k )
TC = MR(MRFi:In + CR(I) + CRFrn)

1 —_— - _—
+ E MRqe 1qe“)£“)e - (32 1MRqe 1(K1

am
+K)sig?P2(q.) )
+ Mzq;*(—KS — (k + T,)sign(S))
lyo pmyle K=diag(kis kzz kiz)

(slugly slacs s slas e = W — Wq 0,0

a = X . .
3 0e = qolzxz T 47 cogllae aygly Ceps g
Kz = diag(Blkillqlelﬁfl B1k§2|q29|‘3171 Blk§3|q39|31’1)

ygax &S Cubls dx gl ST pl 4 b ail oo
gl so Sy iz 4 e SIGN(S) diwgnl
tanh(3) awsn &b 5l ol 2l sl
g S>S i p>0 ol )0 a8 540 o ool
Aolae ;o oadiyyoi (B33 s 1Y (5,98
B S=0 a5 Sloj ey 55 Jhai o 1, (V)
Sgdze ylo) 10 We g (o Curdg slalas il
S (oo oo yho &
&b Olsear | Vi =qeqe @b ) ol
Of Gt o8 9SSl o Beibld glaails
Sl cwl o )le
Vi =2q¢q, ")
25 Sygets (\V) dolae S =0 aSbxl

1395 o0 (sl
V= 2q:9,
= —2K{ [q, 144" — 2KE |q, 14462
— _ZKf{lvlo.S(1+ﬁ2)ﬁ2_1 QAD!
_ 2K§;1V10-5(ﬂ1+52)551

slalolee N o 5l Glg o a5 b len

Las 15 (558 5 Lisls

L ndgdlbsl slepliasd )gile 9 wlbles)l Jled J yus

N

20

A
L
(.\
T

& Jlixo )3 (b 33 390 5 polie slaeiz) o3I



ht
L\

©

L ndgdlbsl slopliasd ) gile 9 wlibles)l Jled J uus

S
e

O e @ Jlae 33 b &) 90 5 polie Sl oSl

sl gy Oyea (V1) doles (V7)) S S

éa.,w‘so
V, = 2ITKsF,—ATKsA,
+ AT (M A, + 1 A
1 F72 2a2 1
lla;[I*A, .
—d, — M.’
las Al + aze—2at ¢ Fta )

+ Mpl'“e>
1
< —TTKGT + age ™" + s |1d |1°
il pulgs (Vo) dolro 4y axgi L

. 1 -
V3 S _EK”Fe“Z + a3 +§a2d2 (Y\)

oS Sl et JISuld gl o jo a8
o Ple ohg Hlade o 5SS Ex g (de VL
145 5 9ba wbl oo K

2a; + a,d?

YY
Fr V)

Ey > >0

cils auply = Vi s, 5b >0 gl5las
S92t 2t o izmen V3 < —DIIF|1? <0,
Cils wely s £2 0 el T gl 4y a8 5l
JoolS Te g Te polie s soples Il <
JrsS e slo el )b 4l 4zl )0 g 00
s s olslezel [val el s,
e POl ol oal ad 5 A s ol S
o oS5 [ 12 dE < 00 o)l
(V) adolas 5 (6 S SIS L (ol ple ol oo

:M)‘asOS/t‘<OOo)’L3)¢

t
f Id, 12 dt + Vs (B)
0

<V5(0) + % (1 - exp(—a,b)) YY)
4

1 rt
+3 [ aald e
0

S = 0 Uiy o 390 me o (ool St
Dgd oo SLITY (6,65 )0 caldled
wlily )l Jd Joos Y=Y
Sl Jled 08 oo Gide cnl o
oy cBo L sla jgile ploul Gun b soglin
Lol 0uls b

pla! (Slins sl cmols Y as 48
|AMEE™ + ol oos (8 dgamma pdyBllasi
ACE™ + AKT™| = [lay |l < @ + @, It +
as ||

S (e St colpo @y o joaS

Sl | Jsb 8 ol g9

il 0als 1)) 5 Oy qods

A% = (Pg)~! <K511 + Mz, —y(T,T)

1 lla [12, )

-5 A — -
2a, llaq [[[[A1]] + aze~a4t

%)

9
y(I,T) = M2z + Corw + COT + KT (V)
A gl Jloy T =T =Ty uizren
(o S s Sl Ky cogllae cdl> o u Ty
ay s algdy =T, — Ty oAy =T + T,
Cto slo bl ag 583 sne Soto ISl
G 0 sVl g (JSS el 3 0ntiS lpen
Zesle Sl e
3 ) Dyged Bebld wasls &b Y Ol

1
/A =5)J{MFAI+FQTKSFQ QY

:V3 é.sl.a)\ 6)-‘5@"-“""[-’

Vs = AT (M;T, + MiI,) + 2I7K T, )



e LFJJ"‘S 6L‘°r°-:-.’.)9—i” LT’")‘IG LgLQ).Me‘)Ls

sl 00l (5 y5lmez ¥ Jgor

Lagliad 5548 slbamsie | Jsa

Jade Ospilogd ol
by, = 1.85 () Js»
L, =2 (m) Jsb S
Epl, = 43 (Gpa) ies i
pp = 0.096 2 Jss
E, = 6.3 x 1010 (53) Sk Sy
L, = 0.0635 (m) Js-
W, = 0.0635 (M) o
h, = 1.905 x 10~* (M) calis | Str¥Nes
el =1.5x 1078 (%) oS e
e, = —11.3 x 107 (58) s s
sy = 1.8 x 10710 (3) s <
a =03 (m) ol ojlul
|
= 26.72 (kg.m")

SIS syei) o8l Sl el Y Jsas

230 9 b sl,b IS 3,599,
K = 0.34I3,3,K; = 0.33I3,3,K; = 0.115,3 h33 290
B = 16,8, = 1.5,k = 0.02
Ks = 131353, a, = 0.19, a; =3 x107* Jé s
a, = 0.045,a;, = 2.1, @, = 1.4, a3 = 1.6
{ =0.002 alsls )
a) 0385
- — = — NFTSMC
CcSMC
0.285
0.185
0.085 Y
-0.015 —
b) 025
R W i
z ’
§ 025
5; -0.5
Lg) 0.75
-1
c)

20 40 60 80 100 120
Time (s)

(adl bl )l Jled JpiS @oe S as volds .\ b

Te—z (g Te—y (2 Te—x

l—? (&o! Ie )9 [")j ”Felllz( = 1—‘g‘KSI—‘e QT L
SHlol g Te ol Ren (VL)L aad sl oolasl

S T - I oW

S5 gaolS slo g lwans ¥
Coxdy gl dm by ye slosilwa
5 Jg a3 V) S aly s S Sas
3 8bee 2Ll slp iy Sllasl sleglas (gl
& Jlie s (53 09 polia slapy ;65!
o ol e Sl ) Jd S g oSS e
Lo e 5 L5l eaal 00y 451,
@3 S5 5l eolitul b 5 Sud geopnd idlae
Lyl, b cal el Oja0 T ad e BS-Xl,
o Jlosl oyl Slalazi] wiumig 4yl
cp an piqlhsl sla by 5 odo

5l el Oyl

q(te) =[0.174 —0.263 0.789 —0.526]"

d Y¥
©=100 0" (=) Rk
7, = ((0.025in(0.03¢)

+ 0.03c0s(0.017t))) (N.m) (Y0)

d, = 0.00055 sin(8t)(N)
byt Sl gl JB jo @l
Jsl S9—s 4w ion 25 Loyl )l (oS
by oo dudg sLdg gn =3 ol
SLIALY Ko o S Sllgs slo e
ol 00l
S yiSls s lealog jl bagsluand o
o pd sladasin .Cowl oud oolawl AS
9 S iSslgs loalog « iy Sllasil o Ly

(o ] 0dls LIV Joax o Lo Ol

Las 15 (558 5 Lisls

ht
A

0

L ndgdlbsl slepliasd )gile 9 wlbles)l Jled J yus

3

& Jlae y3 b j&d S50 5 polie slaei) oSl



L35 158 (55l 5 sl

©

T

S

Yo'

N
L
£

b peducslossl slowlas ) gile 5 wliblss )l Jles J s
O3 e 2oy Jlize 33 (b j3) S50 9 p5ldo slaei) 5Tl

Sgo v,05) 4 S 6o et L ) 1S
Sl 00,5 el (SedS) iy s
EPSHERL S P ETRNURPETIR TR
3o iles S odg |y gyt cud b g 255
Oy ¥ by o 5 bogdslys ¥ S

a) 12

- — — — NFTSMC
csMc

L

b) o1

9
s

C) 08&=

9%
’

d)

%

086

20 a0 60 80 100 1
Time (s}

Lo 9w 318 ¥ JSib

0.075
a) - — — - NFTSMC
csMC

0.045

0015/

-0.015

o
&

118 1182 1184 11896 1188 120

0.00015

119 120

-0.035

0 20 40 80 100 120

60
Time {s)
bbbl Jes J S 09 lagsl) e s £ JSb

Wy (C Wy, (- Wy (sl

033
a) - - — = NFTSMC

CcsMC 0.0003 fi 7T

S

Control Action (N.m)

€) oss
064 f
0.4
0.16 | -0.0003 {11 WA HHS W RSK N IEEH 110 0]
e 110 120
-0.08 =
032
20 40 60 80 100 120
Time (s)

(—al wliles )l Jled J s b (S aus psluas ¥ i

Te—z (Z Ty (2 Te—x

Sgo ;58 ogde i o)lal aS ol lan
S s S5 0 oo (5553
Cdo 4 olws sl i seglie liles )| Jled
s9be sl Sloe (S (WS rals 5 YL
socile 8l SLalss | b cond oy >,b Cundy
o s o |y pigdlasd gla sy 5l (S50
A8 S Exp(—t) oles &j90h Cujgebe
S Sl s Slee il gkiie o
S 5 e (eSS oy Jlae s (S053 090
iyl onl (S B e slals )l Jlas
S0 @by eyl b 5SS
aslie ¥ 5V slaJss s '(CSMC) 5
Oele Jsb plas o o) USE e el sud
St 5 5 hgels B | Jab J S g
2 Logas ((JiuS jgias cul ol s, ¥
SeehsS Tz Ju 5l G2z jeme
lomlad Clo ay L |y, w2e BB slojle
aS il axgl SOl 4wl DB o O led
0 oge wh Sl e Sesdy la Sles
S el e (2SSt e Jlae



Cardy bl SIS 75 4 pdSlasll
| B L Y U] B B 5 R oW
O slasdlas canlboo waile Bl ololss
5 Conds b gl San &) Sl 55 ol
De bl (pdyllas] glbo by Selus s,
RS S pSlss sloySlae JaS 530

el ool SITA S jo aloles ) Jls

a)
8
3
= - - — = NFTSMC
i GSMC

-0.18
p) 0001
o 0
]
4
=
H
& -0.001

-0.002
©) 0.00084
@ ol — —
B U
i
=
B
S 0.00084

-0.00°
1] 20 40 80 80 100 120

Time (s)

wbbles)l Jed J s b (Sbleipl Jol pasio aw Y JSib

38

— = = = NFTSMC

28 CSMC

PZT Action (V)

40 80 100 120

60
Time (s)

S8 s sl hoe JUSuw A b

G S A O
553 d9—0 polide ;)5S g0 adlie ol o
Ololes )l Jlad 1,55 g (5256 ue o jw Jlo 3
= o J S iy el ol (b
Gl e pogdle (2SS e @ e Ui 5
Ol ¢ XSS pas g i Sgaonemole)
GhalS A e oS 03,5 adgi (5 )lgen IS

Slwdge S 28 Ol SlS (S

- - — - NFTSMC
csMe Tt |

b)

5

%

g

z

©

2

2

8

2

3

2 =0.00018, 45 120
02

€) o014

0.00015

00y 20 40 60 80 100 120
Time (s)

Sliles )l Jles Ju8 b slagshs slaae pus O Jb

Wy (C Wy (o oy (I

a) 04
L T T NFTSMC
0.05 csMe
§ 005 1
s o000z f | A { | e b
B 045 NENERD |
o o v, A48
JJ v ' A} : v
0.25 -0.0002 N
03 110 i
b) 0.0
0001
e
£ -0.001
=
2 0003
-0.005
-0.007
©) p.o022
3 oLl A
3 NN EREN IR
B MOAN ) 4 | O
©.0.0022 OFMIIVE R AN
3E-06 1
-0.0044 R E—— b |
0 20 40 50 100 120
Time (s)

Slbles)l J S @93 bl sl pusie a7 JSibs

o Jiey G35 s JpuS ool

Sl o o sl pels o 1S5y
S i & e olils)) b s
S Gl s gy el 0 Sbes e
scerw 5 geoy 4 ()L clilul
o e slopiie Cwl Sopie 55 sl
Vg F e o gleee 1) piycilasl
a5 casle olal S pl 4wl oS saslis
slody oS Seles L8, 0 e

L3 150 55l 5 pils

™

20

A
L
(.\
Te

b educslossl slowlias ) gile 5 wbivlss )l Jled J s
& Jlixo )3 (b 33 390 5 polie slaeiz) o3I



L33 158 (5 )5ls 5 sty

A
—_
1%
g T
3 4
32
PN
s A
23
3%
13
3 D
33
3 V)
X ks

9

®

Electronic Systems, Vol. 53, No. 1, pp. 101-
110, 2017.

[7] J. Tao, T. Zhang, and Q. Liu, Novel finite-
time adaptive neural control of flexible
spacecraft with actuator constraints and
prescribed attitude tracking performance, Acta
Astronautica, Vol. 179, No., pp. 646-658, 2021.
[8] C.-C. Chen and Y.-T. Chen, Control design
of nonlinear spacecraft system based on
feedback linearization approach, IEEE Access,
Vol. 8, No., pp. 116626-116641, 2020.

[9] Z. Chen, et al., Adaptive backstepping
control design for uncertain rigid spacecraft
with both input and output constraints, IEEE
Access, Vol. 6, No., pp. 60776-60789, 2018.
[10] G. Duan, High-order fully actuated system
approaches: Part VIII. Optimal control with
application in spacecraft attitude stabilisation,
International Journal of Systems Science, Vol.
53, No. 1, pp. 54-73, 2022.

[11] N. Vafamand, Adaptive robust neural-
network-based backstepping control of tethered
satellites with additive stochastic noise, IEEE
Transactions on Aerospace and Electronic
Systems, Vol. 56, No. 5, pp. 3922-3930, 2020.
[12] Y. Liu, et al., Event-triggered sliding mode
control for attitude stabilization of a rigid
spacecraft, IEEE Transactions on Systems,
Man, and Cybernetics: Systems, Vol. 50, No. 9,
pp. 3290-3299, 2018.

[13] J. Fu, et al., Robust neural-network-based

quasi-sliding-mode control for spacecraft-
attitude  maneuvering  with  prescribed
performance,  Aerospace  Science  and

Technology, Vol. 112, No., pp. 106667, 2021.
[14] P. Ouyang, J. Acob, and V. Pano, PD with
sliding mode control for trajectory tracking of
robotic system, Robotics and Computer-
Integrated Manufacturing, Vol. 30, No. 2, pp.
189-200, 2014.

[15] M. Boukattaya, M. Jallouli, and T. Damak,
On  trajectory  tracking  control  for
nonholonomic  mobile  manipulators  with
dynamic uncertainties and external torque
disturbances, Robotics and  autonomous
systems, Vol. 60, No. 12, pp. 1640-1647, 2012.
[16] H. Pan, et al., A novel global fast terminal
sliding mode control scheme for second-order
systems, IEEE Access, Vol. 8, No., pp. 22758-
22769, 2020.

[17] X. Lin, X. Shi, and S. Li, Adaptive
tracking control for spacecraft formation flying
system via modified fast integral terminal
sliding mode surface, IEEE Access, Vol. 8,
No., pp. 198357-198367, 2020.

[18] K. Eliker and W. Zhang, Finite-time
adaptive integral backstepping fast terminal
sliding mode control application on quadrotor
UAV, International Journal of Control,

—lio sS MalS Sl jo i Sl
5 oyl olslizél jg a0 iyl
Jbs S aglie wi oSl cansl 00 by sipnsls
5 Logonels YL 350> 4 L5 (a0 wlalss)|
Slals ) eile Jsb plad o o2 5 wlalez]
5olS ol 50 4 Vb s ply | ouile 3L
TS D sl Jlas a4 oie g 00l
Slopis ;s .l ouls Lo g slo Slos
S solanly B egdle (soleriny polie

b 355 Ol B s palS el
S8 elST wolils)l g Heile sl Slee
S Sdkos alpdl g piSlbasl gloaf=
5 pdgdlladbcdo Sowlos b slaptuw

RE P

[1] G. He, et al., Dynamic modeling and orbit
maneuvering response analysis for a three-axis
attitude stabilized large scale flexible spacecraft
installed with hinged solar arrays, Mechanical
systems and signal processing, Vol. 162, No.,
pp. 108083, 2022.

[2] F. Angeletti, et al., Design and performance
assessment of a distributed vibration
suppression system of a large flexible antenna
during attitude manoeuvres, Acta Astronautica,
Vol. 176, No., pp. 542-557, 2020.

[3] L. Hou and H. Sun, Anti-disturbance
attitude control of flexible spacecraft with
guantized states, Aerospace Science and
Technology, Vol. 99, No., pp. 105760, 2020.
[4] L. Qian, et al., Fault-tolerant control and
vibration suppression of flexible spacecraft: An
interconnected system approach, Chinese
Journal of Aeronautics, Vol. 33, No. 7, pp.
2014-2023, 2020.

[5] m. azimi, M.J. Chitgari, and S.H. Hashemi
Mehne, Online Active Vibration Control and
Health Monitoring of a Cracked Flexible
Spacecraft Panels Equipped with Piezoelectric
Patches During Attitude Maneuver, Aerospace
Knowledge and Technology Journal, Vol. 10,
No. 2, pp. 37-53, 2022. (in Persian _4).

[6] C. Zhong, Z. Chen, and Y. Guo, Attitude
control for flexible spacecraft with disturbance
rejection, IEEE Transactions on Aerospace and



and faults, in Finite Time and Cooperative
Control of Flight Vehicles. 2019, Springer. p.
141-169.

[31] K. Lu and Y. Xia, Adaptive attitude
tracking control for rigid spacecraft with finite-
time convergence, Automatica, VVol. 49, No. 12,
pp. 3591-3599, 2013.

[32] z. Wang, et al ,.Active vibration
suppression in flexible spacecraft with optical
measurement,  Aerospace  Science  and
Technology, Vol. 55, No., pp. 49-56, 2016.

[33] C. Zhou and D. Zhou, Robust dynamic
surface sliding mode control for attitude
tracking of flexible spacecraft with an extended
state observer, Proceedings of the Institution of
Mechanical Engineers, Part G: Journal of
Aerospace Engineering, Vol. 231, No. 3, pp.
533-547, 2017.

[34] Q. Yuan, Y. Liu, and N. Qi, Active
vibration  suppression  for  maneuvering
spacecraft with high flexible appendages, Acta
Astronautica, Vol. 139, No., pp. 512-520, 2017
[35] S. Xu, et al., Flexible satellite attitude
maneuver via adaptive sliding mode control and
active vibration suppression, AIAA journal,
Vol. 56, No. 10, pp. 4205-4212, 2018.

[36] m. azimi, M.J. Chitgari, and S.H. Hashemi
Mehne, Online Active Vibration Control and
Health Monitoring of a Cracked Flexible
Spacecraft Panels Equipped with Piezoelectric
Patches During Attitude Maneuver, Aerospace
Knowledge and Technology Journal, Vol. 10,
No. 2, pp. 37-53, 2022.

[37] L. Meirovitch, Hybrid state equations of
motion for flexible bodies in terms of quasi-
coordinates, Journal of guidance, control, and
dynamics, Vol. 14, No. 5, pp. 1008-1013, 1991.
[38] Z. Zhu, Y. Xia, and M. Fu, Attitude
stabilization of rigid spacecraft with finite-time
convergence, International Journal of Robust
and Nonlinear Control, Vol. 21, No. 6, pp. 686-
702, 2011.

[39] M. Krstic, P.V. Kokotovic, and 1.
Kanellakopoulos, Nonlinear and adaptive
control design. 1995: John Wiley & Sons, Inc.

! Backstepping

2 Sliding Mode Control

® Terminal Sliding Mode Control
*Yu

> Feng

® Chattering

" Li

8 Yang

® Zou

10 Non-Singular Fast Terminal Sliding Mode Control
1 Conventional Sliding Mode Control

Automation and Systems, Vol. 18, No. 2, pp.
415-430, 2020.

[19] X. Yu and M. Zhihong, Fast terminal
sliding-mode control design for nonlinear
dynamical systems, IEEE Transactions on
Circuits and Systems I: Fundamental Theory
and Applications, Vol. 49, No. 2, pp. 261-264,
2002.

[20] Y. Feng, X. Yu, and Z. Man, Non-singular
terminal sliding mode control of rigid
manipulators, Automatica, VVol. 38, No. 12, pp.
2159-2167, 2002.

[21] C. Liu, et al., Robust adaptive variable
structure tracking control for spacecraft chaotic
attitude motion, IEEE Access, Vol. 6, No., pp.
3851-3857, 2018.

[22] D. Lee, G. Vukovich, and H. Gui,
Adaptive variable-structure finite-time mode
control for spacecraft proximity operations with
actuator saturation, Advances in Space
Research, Vol. 59, No. 10, pp. 2473-2487,
2017.

[23] Y. Miao, et al., Adaptive fast nonsingular
terminal sliding mode control for attitude
tracking of flexible spacecraft with rotating
appendage, Aerospace Science and
Technology, Vol. 93, No., pp. 105312, 2019.
[24] C. lJing, et al., Adaptive nonsingular
terminal sliding mode control for attitude
tracking of spacecraft with actuator faults,
IEEE Access, Vol. 7, No., pp. 31485-31493,
2019.

[25] P. Li, et al. Fast nonsingular integral
terminal sliding mode control for nonlinear
dynamical systems. in 53rd IEEE conference on
decision and control. 2014. |IEEE.

[26] L. Yang and J. Yang, Nonsingular fast
terminal sliding-mode control for nonlinear
dynamical systems, International Journal of
Robust and Nonlinear Control, Vol. 21, No. 16,
pp. 1865-1879, 2011.

[27] C. Pukdeboon and P. Siricharuanun,
Nonsingular terminal sliding mode based finite-
time control for spacecraft attitude tracking,
International Journal of Control, Automation
and Systems, Vol. 12, No. 3, pp. 530-540,
2014,

[28] S. Li, Z. Wang, and S. Fei, Comments on
the paper: Robust controllers design with finite
time convergence for rigid spacecraft attitude
tracking control, Aerospace Science and
Technology, Vol. 15, No. 3, pp. 193-195, 2011.
[29] A.-M. Zou, et al., Finite-time attitude
tracking control for spacecraft using terminal
sliding mode and Chebyshev neural network,
IEEE Transactions on Systems, Man, and
Cybernetics, Part B (Cybernetics), Vol. 41, No.
4, pp. 950-963, 2011.

[30] Y. Xia, et al., Finite-time tracking control
of rigid spacecraft under actuator saturations

Las 15 56 5 il

ht
L\

20

L ndgdlbsl slepliasd )gile 9 wlbles)l Jled J yus

B

& Jlixo )3 (b 33 390 5 polie slaeiz) o3I



