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Currently, a new generation of remote sensing satellites with high image
collection capacity and rapid targeting is being developed. For remote
sensing satellites, capabilities such as rapid maneuvering, high pointing
accuracy, and attitude stability are critical. Moreover, with the increasing
use of large and flexible structures, such as solar panels and antennas, in
satellites, dynamic phenomena arising from structural flexibility have
become one of the main issues in the design and implementation of the
attitude control subsystem. This study first examines the challenges and
conventional architectures of attitude control for flexible satellites.
Subsequently, a review of dynamic modeling methods for flexible
satellites is provided, analyzing their accuracy, computational
efficiency, and suitability for control design. In this context, the dynamic
characteristics of flexible satellites and the coupling between rigid-body
motion and structural vibration modes are investigated. The paper then
reviews various control approaches and modern methods based on
optimal control, neural networks, nonlinear control, robust control, and
adaptive control. The advantages and limitations of each method are
compared in terms of control accuracy, robustness to uncertainties and
external disturbances, absence of overshoot, possibility of performing
rapid imaging maneuvers, and implementability. Furthermore, practical
issues such as vibration suppression methods, including active control
and input shaping, are discussed. Finally, recommendations are
presented to develop effective strategies for attitude control and
vibration suppression in flexible remote sensing satellites.
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ACS  Attitude Control Subsystem

CMG  Control Moment Gyro

CSVS Component Synthesis Vibration Suppression
FEM  Finite Element Method

1P In-Plane

LEO  Low Earth Orbit

LMI Linear Matrix Inequality

LPV  Linear Parameter Varying

MPC  Model Predictive Control

opP Out-of-Plane

POD  Proper Orthogonal Decomposition
RL Reinforcement Learning

RW Reaction Wheel

SAR  Synthetic Aperture Radar

T Torsion
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Fig. 1. Stereo satellite imagery.
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Fig. 5. Imaging modes (similar to ASNARO-1): (a) snapshot,
(b) wide view shot, (c) stereo, (d) strip map, (e) skew shot, and
(f) high S/N shot [22].
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Fig. 8. A block diagram showing how the ACS operates [27].
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Fig. 9. Closed-loop structure of flexible satellite attitude control
subsystem.
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Fig. 6. A flexible satellite with solar arrays and reflector
antennas [26].
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Fig. 11. Block diagram of the flexible satellite attitude control
subsystem: (a) centralized architecture, (b) decentralized
architecture.
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Table 2. Features and effects of attitude control actuators on flexible satellite dynamics.

Actuator Main features Eeciey ﬂex1t?le I Impact on attitude control
dynamics
Provide direct force/torque by Can excite structural vibration | Useful for large-angle maneuvers;
Thrusters | expelling propellant; suitable for | if impulsive; effect depends on | less precise for fine pointing due
€Oarse maneuvers. placement and firing profile. to mechanical delays.
Flywhe.els spun to generate Low impact on structu.ral Mich precision for attitude
torque via angular momentum modes; may couple with SR
RWs ; . . . stabilization; good for fine
exchange; continuous and precise flexible modes at certain S
. pointing.
control. frequencies.
CMGs generating torque through Cag excite flexible modes Very effective for.fast attitude
. during rapid slews; torque maneuvers; requires careful
CMGs | angular momentum transfer; high . . o .
o magnitude much higher than vibration damping and control
torque capability. .
RWs. allocation.
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Fig. 14. Schematics of flexible satellite modeling methods: (a) hybrid coordinates [40], (b) multibody [41], and (c) finite element [42].
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3. Stiffness
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Fig. 15. Schematic of multibody representation [49].
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1. Locked Modes
2. Finite Element Method (FEM)
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Table 3. Comparison of dynamic modeling approaches for flexible satellites: (v') favorable, (+) less favorable, (X) not favorable.

Criteria Hybrid coordinates [46] Multibody dynamics [52] Finite element [51]
Applicability to flexible
satellites v * *
Modeling simplicity + v X
Modeling accuracy for
flexible satellite structures M < v
Providing a dynamic model v +
Computational complexity + v X
Accuracy of in-plane and
out-of-plane modes * X v
Sensitivity to geometry + v X
Trade-off between accuracy Moderate' computational ngh computational speed Highest accuracy at the expense of
. speed with acceptable with reduced accuracy in fine . .
and efficiency accuracy details high computational cost.
Systerqs in which both gl_obal . . High-fidelity and detailed analyses,
motion and local elastic Modeling of moving . .
o L . . thin-walled structure modeling,
L vibrations are significant, mechanisms, robotic systems, .
Scope of application . . . . . modal analysis of complex
such as lightweight robotic vehicle suspension systems, . .
. . - . components, and simulation of
manipulators and rotating and vehicle dynamics. . .
turbine blades. composite materials.

1. Geostationary Satellite
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Lalon (cwdige 3 (5)5kS

Vv / pigdlianl o5 5l ovis slaojloale cunsy J 35S 11 5590
o jlads T 555 VD Jlus

| Collection box

Supporting truss

Antenna panel

Lead rail

=

() (€]

The gap hetween panels

Antenna —___

Robotic Arm @
\ 5

Flexible Solar Wing

gl
Satellite Body —
U] (k)

(2) epiyiliasil o Jsale () « [SY]MATLAB ;5 o (sl e uiycilian gasioo (ll) p Y- YE B Y1 ) piscbllan] colgnle clagslo o glsl — VY JSWo

hyieS B eda g el iy b piyiliasd o)lsnls (5) ADAMS )3 g 350 (8) (551 65,0l p 31500 (3) o ol olyad s ADAMS 5 jydyillasi o lgnls
J8V] piyilland il L oloals () J55] ANSYS 53 sl o lsala (L) 5] Siemens NX 53 jiycslas olsals (¢) J5F] gl 561 L o lsale (5) Y]
123] sdgcdllan 5l 5 S5l (a3l b ojlsale (J) {PA] pdyllanl iy 5 (55T L olsle (5)

Fig. 17. Dynamic modeling of flexible satellites (From 2019 to 2024): (a) flexible mesh of solar array generated from MATLAB [62],
(b) flexible satellite, (c) flexible satellite in ADAMS with rotating components, (d) antenna pointing mechanism, (e) fuel tank in
ADAMS, (f) flexible satellite with deployable solar panels [63], (g) satellite with flexible antenna [64], (h) flexible satellite in NX
Siemens [65], (i) flexible satellite in ANSYS [66], (j) satellite with flexible components [67], (k) satellite with antenna and flexible
panel [68], and (1) satellite with robotic arm and flexible antenna [69].
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2. Skew Symmetric Form
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Fig. 22. (a) Intelsat-5 [75], (b) Intelsat-5 components [75],(c) structural dimensions of Intelsat-5 [60], and (d) 3-axis satellite.
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3. Sliding Mode Control
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Table 5. Natural frequencies and the coupling matrix of rigid
and flexible parts [75].

Canilever | Contlever | - Coupling sealar
m().de. frequency .
description (Hz) Roll | Pitch | Yaw
OP-1 0.1408 0 0 35.372
OP-2 1.0905 0 0 4.772
OP-3 2.6512 0 0 2.347
OP-4 5.3039 0 0 0.548
T-1 3.3053 0 2.532 0
T-2 9.9957 0 0.864 0
T-3 16.7962 0 0.381 0
IP-1 8.0850 35.865 0 0
IP-2 18.0666 2.768 0 0
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1. Chattering
2. Misalignment



Laslon (wrige > 5y
YY/ S bylad $ )50 V-0 Jlo

cstalad 52 ) oSl 51 ool b 2gb 0 005 (pess YU 0500 ySosnlive
sy fe ygle lil 4 asl VO 3gus) (Y b Heile sl oo
e bl J S be)  [A0] @2 pe )3 ol (g s Jo>
Shp gy b oysoms dw Cundy joilo jslainds dasuiv Jio y
[‘\7&] 2oy &S (Jae .l onds odlatwl pidydllasi] o ylgale gl
G55 yo duo 1y Jolis sl 0 o0litw] yJyCallanil o)lgale 4l
(edybllas! slagal 5 saudyss b)) plyobllas gas iz
A5l e

o olpale S ln el pglie JyuS JHYY] g2pe
L.i)m Oloj Gde ;0 dx ) Ve ygile) Cawl ol ol ygo | i
~pae 2529 o3 o sl Joli LS 5 sl (agti -
2 ol () Sl 5 (umdg Hoile (b sl glacasbal
olalazel g sgame (gl slacabipss 4l ¢l [38] 2 e
ol oolatwl L dukel palie Cumdy JyuS sy il wjlsale )6
S J 5 ol poli S 4l JS ol p3slSe o
ogMe .35 o 03wl olgale sl (sl yialyly pesd (gl udas
S Gl Slae olsied olas J55 9213 ) epe ) 2 o
A amd o i (gilwdend guls (Cawl oad o3l o)lgnle Cuxsg
9> S9y8liS ol 5 59,8l €8 ooloidyy IS ) b
) Cashabpie Lo Ve & Cawd QTﬁ ogMe o .\i'luﬁ Cawddy
3fdas cpl 4 g dalgs polis ojlgale (il Gl yile
Oloj e 3 sl e y5ile) cunl o)lgale yile 157 loj g
(a5 Loyws

4 phdlasl ojlgale S Cansy S8 slassy £ Jse 5
Joo yin o )b clilizel 5 acgladpac ply 13 dg polie Ll
Sldas glp &5 YU LuilS,s ah SO L gl jee
OB 8 Sllegs wdlion )55 0 (Sl Cunal JI (65l g
Wl 005 daawslio yeilo (gl loj g gl 3 i lyd 393 ¢S
S gy 4 barpe 3,8es o pike 3980 odaliie &5 yobolon
S gy wcunl 0ad oy Gbey Om g ekl polie
O 0 901 ogd Cuglis wlilinel 5 cusladpae ply jo ¢ dulas
bld a ardl ol 545 (oYU )8 by J S 9B o ¢ Jbs
obgd &5 sl b oSles cpl &S o)l awgie 5, Sles i
Se s a5 a3 e L L sby) cnl gl cnlpls 9o Cipnds
(53 K55 5 e o (g Aabl 3 il o cisliao JyS p3sSe
dL&ab)‘}mLo dl).: d))g)lf O )gody cul?wl Cb> W9 J)-u5
ol okel p il 5o 5l o

pigdlianl o5 5l ovis slaojloale cunsy J 35S 11 5590

Sy mled Al b b wae &Sl sl il odlainl eled
sleojle Sl )“L 5 B clilizel logle 5 oress
Sl gy ol odds oslatwl o)lanle (o 48y (59, p plycillasil
@)lgale g yial uile )3 CuslaBpis 4y Cond (SRRo%y ol 3 00l
e8> &y S8 o ol b glgie ol rogde 9 o)l gh Cuoglie
ol anje 4l 8l cund oh se)alis gylub g gyl
oy Cawl JyuS el j0 YU Luils ) Gllwg wmgd 5 ySles
WS o Sy ) plpbllasil gandyss bl Glog slass (uizmen
D135 o 3l s sl Sl Gl S

oylgnle Cumdg Suolid 3 (o3bj slacubipis a5 bl
ollan polie JS (slocsygs l odlisad 3 39y il
dBL“"’L’ M (o (Hoo) H-mﬁnlty Psl&o b..\.uSJ).uS ML’L;O
Cod pedige Jluo o Gl e ey kS gl
Jgi 008 J 58 Al piiie s (sl yielly g 09 43S laine
C;Lu Mbso fa9l5.n 038 JyiS s G (600 3 Slas shb 0540
oy Joi b olyen polie 0aiiS JyuS & amd o (L5 [VF] a2 0
gu.al » DBM.C— .b)].) ‘5,:33 Lffl’i‘)) 9 uLuLv)l uAJbK L;‘).g d)l.s) L;suy
cliliel wlsls)l algl jials oy Soalie p diw Jyus
sokateds [A+] 098 0 485 W4 Juo slacushlpis 5 (2,5
b Soanlio g oy ilazel Sosnlin ¢S s Slos dguo
)I olislize! Fl.o.l P o yo L;LmoJNSJ)A.S L u.S).: 2 wbm,;
Olesas 1y (il slial wlils)l 5 Jas clacusaipie dlos
2 35 55 e Bzt J e yp0ty Jio Sosalite baugs Jso
[R\N] "9‘“’L§° ool uL.uLv)‘ u»bals dl).: J,...S 8399

R A R

I eleyehly & ploo)ls 5 W (i) ol el SedS
555 (oo )l B 03latol 3590 A oS Sl 53 pglie jobods
ojlgale (9> yole sy (duda JymS pracs [AF] @250 5
o &) o lgnle yducillan] (slaojl il s 4 iy illasi
95 e SIS (JyiS 9l Wi sl g cnl )3 el
2 oad Ll Ghe) Caje sl oad odlinal Suad 5 (g i)
lode Salid jl oaS J g8 jlslo (392 Jiwe (singl
S by okt Jto slacSaslns cusl olgnle picéllas]

1. Linear Matrix Inequality (LMI)
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Table 6. Comparison of flexible satellite attitude control methods: (V') favorable, (+) less favorable, (X) not favorable.

Control methods
Criteria co(r)l?;(l)rln[eltﬁl 0 Nonlinear control Robust c?rﬁ:gf 1[\192 Adaptive robust
[81] — [82, 84, 85] control [74] [95] — control [96]
Robustnes; to uncertainties + v v + %
and disturbances
Reducing the amplitude of
flexible components' X X X + +
oscillations
No high-frequency chattering v X + + +
No overshoot X X + v v
Time required to perform the v v X X n
maneuver
Main challenge Moqc':l— F lex1b}e Ipode ComPlex ngh.setthng Computatlpnal
sensitive excitation design time complexity
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3. Model Reference Adaptive Control
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1. Model Predictive Control (MPC)
2. Backstepping
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Table 7. Attitude control strategy selection in flexible remote sensing satellites.
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Design criterion

Control methods

Robust or adaptive

Optimal control | Nonlinear control Adaptive control robust control
Requires Requires accurate Can work with Suitable under
Level of model knowledge relatively nonlinear parametric bounded
accurate model. structure. uncertainties. uncertainties.
o . Medium High ! Full Can compensate for .
Sensitivity to flexible nonlinear . Robust against
(depends on : slowly varying
modes . dynamics unmodeled modes.
mode modeling). . parameters.
considered.
Dlsturbanf:e rejection (e.g., Limited without Depends on . .
gravity gradient, . controller Medium High
. robust design.
aerodynamic torques) structure.
Flight 1mplemf:ntat10n Medium to high Medium High (_due to Medium to high
complexity adaptation law)
Onboard computational High in MPC, . . . .
load medium in LQR. Medium Medium to high Medium
Suitability for high- Suitable with Suitable for large Suitable under Suitable in hlghly
L . > gradual parameter uncertain
precision imaging missions | accurate model. maneuvers. .
changes. environments.
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2. Component Synthesis Vibration Suppression (CSVS)
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Fig. 23. (a) Schematic of the input shaping process [39], (b) schematic distribution of piezoelectric actuators on a flexible beam [107].
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Table 8. Comparison of vibration control methods.

pigdlianl o5 5l ovis slaojloale cunsy J 35S 11 5590

il )] S8 slagsg) amlie -A Josar

B Indices
Vilbeien Attitude control -
control Performance Robustness Implementation
Variable structure Effective i Effective for d .
Active [28] elirflcifll;ﬁitgrgl hig}? cf?evcfue(:cie?sncl)pflage Complicated, requiring additional
control Adaptive robust vibrations. structure. hardware.
[103]
PD controller [106] o . . .
Input Effective in Robust despite Simple structure, easy calculations, only
pu State-dependent eliminatin variations in modal requires the frequency and damping ratio
shapin Lo ) g q q y ping
ping Riccati equation vibrations. parameters. of the structure.
control [8]
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Table 9. Performance comparison of vibration control methods based on key criteria.

Methods
Criteria i Ve
Active control Input shaping Hybr¥d o .(actlve
input shaping)
Dominant frequency Excellent for high frequency, Good for low frequency, Excellent across full
damping moderate for low frequency. moderate for high frequency. frequency range.
Pointing accuracy and Excellent Good Excellent
angular jitter
Settling time and maneuver Good Excellent Good
speed
Power consumption Poor Excellent Moderate
Hardware complexity High Low High
Robustness to modeling Moderate Good Excellent
errors
Rlsk of coupling with Moderate Excellent Good
attitude control loop
Developmiggtand design High i Moderate
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