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The attitude determination and control subsystem is a vital satellite
subsystem that provides maneuvering and pointing. According to
statistics, more than half of the launched small satellites use the
reaction wheel as the principal executive mechanism to complete
the attitude maneuvering task. The underactuated technical term
describes systems with fewer actuators than the degrees of freedom.
Construction constraints and actuator failures can result in an
underactuated system. Underactuation of a satellite under operating
conditions can reduce its in-orbit performance and cause mission
failure. This paper first introduces an underactuated satellite and
reviews satellite attitude control methods in healthy conditions. The
following presents fault-tolerant control and various mechanisms
for identifying underactuated conditions. Model-based methods
effectively diagnose underactuated conditions as they align well
with fault compensation control techniques and perform efficiently
across all satellite operating conditions. Also, most of the works are
focused on the observer. In addition, methods used to stabilize and
control an underactuated satellite using a reaction wheel actuator are
investigated. Finally, attitude tracking control in underactuated
conditions is presented.
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Fig. 1. Underactuated attitude control illustration with a loss of
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Fig. 3. Fault analysis of RW actuator in a space mission [15].
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Fig. 13. A general framework for RW fault propagation from its source to the final effect on a satellite [29,32-33].
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Fig. 14. A review of the research studies on fault-tolerant attitude control and underactuated attitude control [15].
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Table 1. Comparison of various satellite attitude control methods: (V) favorable; (+) less favorable; (X) not favorable.

Inices e T

—= = [50] — linearization [48] —
Accuracy v v v v +
Maneuver execution time v v + + +
Overshoot v v + v +
Jitter v v v + X
Space heritage v v v X v
Reliability + v v X v
Simplicity in implementation X X + X v
Improving control effort v + + v +
Considering uncertainty v X v X X
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Fig. 15. Fault diagnosis using hardware redundancy and software redundancy [70].
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Table 2. Comparison of model-based fault diagnosis methods: (V) favorable; (+) less favorable; (X) not favorable [70].

) State estimation D ;
Indices timati Parity space
Observer Kalman filter EERIERO

Fault detection v v +

Isolation v + v
Identification + X v +
Suitability for fault compensation v X v X
Nonlinear systems X X v X
Robustness to noise and disturbance X X v v

Computing complexity Low Low Medium Low

1. Parity Space
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Fig. 16. Classification of fault detection and diagnosis methods [70,73-74].
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1. Unknown Input Observer (UIO)
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Table 3. Comparison of various observer design methods: (V') favorable; (+) less favorable; (X) not favorable; (--) not given; (Y)

yes; (N) no; (F) fixed; (A) adaptive.

Observer
Indices Adaptive Iterative IS Adaptive Ro‘pust Sliding . i
robust [15] | learning [77] RS [83] Gt mode [81] oo (UIL0)
— — [63] o (Hoo) [82] o [80]
Fault detection v + X v + v X
Isolation + + v + + + v
Identification -- N N N X + X
Suitability for
FTAC v + + v X v X
Nonlinear systems + + + + X + X
Robustness to noise
and disturbance * X * X v X v
Computing v % % v n v %
complexity
Considering
saturation Y N N N N Y N
Threshold selection F-A F A F F A A
strategy
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3. Passive Fault Tolerant Control System
4. Active Fault Tolerant Control System
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Table 4. Comparison of passive and active methods in fault correction [70].

Indices Active compensation Passive compensation
Computational complexity + +
Reconfiguration of control structure Yes No
Need for fault detection and isolation Yes No
Performance optimization v X
Response to faults beyond design v X
Control action immediately after the fault occurs X v
Sensitive to fault identification results N X
Guaranteed stability for designed faults X v
Soft operation when a fault occurs X v
E—
Fault Detection
and Diagnosis
(FDD)
Actuator W System ¥V Sensor
" \ ,Faults l , Faults l ,Faults
Command | |Reconfigurable e, D z
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Fig. 17. Active fault-tolerant control scheme for satellite attitude control subsystem [71,79,92].
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1. European Space Research and Technology Centre (ESTEC)
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Stabilization and
controllability of
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Kinematic and
dynamic stabilization
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(2002)

Study of stability time,
transient response
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effort reduction (2012)

(o YN B VAT ) 1] sla Lo b o 5, 5125 S5 pmy 5 52 ol iy o =¥ o JSa5

Zero total angular
momentum condition
and system
controllability (1995)

Stabilization problem for
asymmetric underactuated
satellites
(2000)

Evaluating system
response under

underactuation and
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Fig. 20. The research path of the references in underactuated attitude control.
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Table 6. A review on underactuated attitude control methods.

Explanation (research method)

Reference,
Year

Control
approach
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This reference employs a time-varying continuous-time feedback law for stabilization and
control.

[128] 1995

el 035 gyt oo b it Ko )5S 5518 8,8 a5 0 b (ol (o San g ]
This reference investigates exponential convergence by considering a time-varying
feedback control law.

[129].1997

ol 04 gy (65155 loyd 3,09, b lgly sy ilre )k gz ye )

This reference investigates the asymptotic stability of angular velocities using a repetitive
command approach.

[130] 1998

Obej S Al > )y Jo> sinds yeile S Glp o )l S diee a2 pe ol

ol 04 gy
This reference examines the attitude maneuver problem around the axis of symmetry
under axisymmetric conditions, aiming for minimum-time performance.

[131].1999

ol

This reference examines the stabilization problem of a system encompassing both
dynamics and kinematics, using the sliding mode control method.

[132] 2000

(s34
Sliding mode

ol (o (S Sy I S sl pl Slee 1 oolil b o0 bl > S8 @ e cnl

ol

This reference examines control under underactuated conditions using thruster actuators
for each of the body axes.

[133] 2001

Sl padine B9)

Direct Lyapunov
method

oS J S ol 00 )] Cllugs Bl g Cunsy S sl gloj 5l Jime (s e bg) S g pe il 5
Oloj sare 4 g odd Ku iz oy Jlod (JyS Sl Soad (il s g clls Soud ke (S 5
e il

This reference introduces a time-invariant nonlinear method for attitude control and
vibration suppression. The proposed hybrid controller combines state feedback and
feedback linearization. The control signal experiences chattering, and its magnitude
gradually increases over time.

[6] 2003

—uks g e Sad
Soad gl
state feedback and

feedback
linearization

005 iy (sl )8 3l (slatin olul pr 0 S5 bl )3 (Sial e o lgale Sy S @2 0 il 2
sl 0 gy 1 Slos (0,Sas byl s g
This reference investigates the control of a geostationary satellite under underactuated

conditions, based on a set of predefined controllers and the operational constraints of the
actuators.

[134] 2003

S5 (S s S i g (S5l (sl e B3 o g e pylie J)US 98 So @ye 0l

O W u_>\ b
This reference designs a robust sliding mode control law for the stabilization and tracking
of an underactuated mechanical system.

135] 2004

5
Sliding mode
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This reference utilizes the sliding mode control method for attitude control of an
underactuated microsatellite. The effect of disturbances is neglected, and the design is
performed assuming a non-zero total angular momentum.

[136] 2005

554
Sliding mode

032 plydllasl & S 2505 0)lgale S Cundy S lp (Sl Jluk S5 09l So e 0l 2
CatsS 5 S S |y ojleale B oyly 5o (g0b; lo; cse gy opl &5 a0 o i bt cuwl il (Sl
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This reference designs an asymptotically stable control law for attitude control of a
flexible underactuated satellite. The results indicate that the proposed method requires a
long duration to achieve control and exhibits suboptimal performance.

[137] 2005

A3
Sliding mode
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This reference investigates the controllability of underactuated conditions using thruster
actuators.

[138] 2006

on S8 syl 5 il eslil b g oLl (laygliiS jin 13 (oS can g (silo)lul dius xje opl

ol 045

This reference investigates the stabilization and orientation problem in the presence of
disturbance torques, utilizing control thrusters.

[139] 2007

Pl

Backstep

9 el wSe oz lp opp Lo bojlaale G (sl Hle p3 (03, 8dee bl pd ) p 4 @ ye opl 2
ol o 431>y wbolize (sla Slos

This reference examines the operational conditions in orbit for a satellite with a pyramidal
structure, focusing on the performance of reaction wheels and magnetic actuators.

[140] 2008

odd (b Lol jeme 93 slasal jd sddicual oall wSe F 90 b o b juiite J S 98 Sz pe ol o

o

In this reference, a time-varying control law is designed using two reaction wheels
mounted along two principal axes.

[141] 2008

Sloslazwl b g ol wSe F o Slos 90 bwy Cundg yoile ! oy Cundy ding J5S a5y cpl
2 il Oles ool )l (5 Cusblpis g cliliae! Sl .coul sad &Iyl Soge poss b g i o 56!
slugly copw lae (gade (gilodend )3 (giluding slated ABS 00 B by e g ol 4B)S oS

Gl 03,5 oo youo & Bud Cundg jd
This reference presents optimal attitude control for performing attitude maneuvers
using two reaction wheel actuators, employing a genetic algorithm combined with
wavelet-based estimation. The effects of disturbances and uncertainties in the inertia
moment parameters are not considered, and despite the optimization efforts, the

angular velocity in the target attitude does not converge to zero in the numerical
simulation.

[142] 2009

Ay JyuS

Optimal control

JiS )98 j ool b Collee Cunsy 4 i)y g ileylul jolaied S el S gy cpl
ol odd By oo S35 g pl5 o g 690 ol slanlad S lp Shogiglen e

This reference introduces a control law aimed at stabilization and achieving the desired
attitude, based on nonholonomic control theory, for an axially symmetric spacecraft using
a control moment gyroscope actuator.

143] 2009
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In this reference, satellite angular velocity stabilization is achieved using a quaternion
feedback regulator, followed by a supplemental control to reach the desired attitude.

[144] 2010

Sotd (g5l s

Feedback
linearization
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Explanation (research method) Reference, N
Year approach
S5 0)lgale 097w ()l Ca (B33 390 J Sl eliel b pglie (Jad pd J S G g pe w0 o) pglie (b
el 023 S 11457 2011 (o2
This reference presents a robust nonlinear control approach using sliding mode control to Robust nonlinearity
achieve three-axis stabilization of an underactuated satellite. (sliding mode)
ol 085 gy S yianl 5 (gl Slos dlaws JBlas 5l oalitwl b Cundg J S dlie g 5o (0l )
This reference investigates the attitude control problem using the minimum possible [146] 2011 N
number of thruster actuators.
b2y 2 4 Ly esSae dlge 9y o il Seill) oS J S Sl eslitl b [F] a2 pe g 20 ol 20
b glos Job 5> JyS S el g LIS Gl d9u0 jolateds die 0aiiS J S G sl ooy
o Jlosl ly Hlas 5y00 @ po sl o oozl 3|kl p 5 JBlas J 508 gy 5l Wsy cpl )0l 0dds
03,8 o3latul )15 3)90 0418 J S (an Jgax o) Jl S W halS 9 1)IS Gy 290 o 4dlae de b Sgbl
Cal
[125] 2012 oo
This reference, along with Reference [6], utilizes a basic Lyapunov-based controller Lyapunov basis,
to design an inverse optimal method that relies on angular velocity tracking. The aim inverse optimality
is to develop an optimal controller that enhances transient response and reduces
control effort over time. The process employs the standard minimum-norm control
technique. To implement a compromise between improving transient behavior and
minimizing control effort, the reference adopts a controller scheduling approach.
Gy Sloj Ay Gundg pmane oyl loo sl jiel )l > Cushadpis o clilizel B Jlosl o g o (ol 5o
ol 00 b\.e(.w d)l._\n 6)194-‘” dt.f.,o » \—i-i)-’d)i) d\.of\.aa:’
This reference proposes a time-optimal attitude trajectory for an underactuated spacecraft, [147] 2012 N
based on orbital smoothness, without accounting for the effects of disturbances or
uncertainties in inertia moment parameters.
DP9y Su il @ ol al 48 118 o 590 0lgmle LSl (315 S 9k 2 93 (B Sl @ pe ol
i o U5 4 8 0 il & 35 S5 Jerl a5 | PD ssis i
This reference discusses the failure mode of two wheels without modifying the satellite's [148] . Coniroller PD
structure. It employs a hybrid approach to apply control signals to the satellite, known as
articulated control.
sl 048 (g2 (5l (Silo)luly iBlienass 5ilocig)ly porde Sl o3kl b g e cnl
In this reference, asymptotic stabilization is examined using the concept of generalized [149] 2013 N
inversion.
o O3 v (paiz Sl edlatl b (oilye Al (B3 e () ookl b o255 S5 @0 cnl
.- & R Jo
el odd | 11501 2013 e
This reference examines underactuated control using a hierarchical sliding mode Sliding mode
approach, employing multiple sliding surfaces.
Sealind ogSan by, lel 2 (dedll S 252 93 3l oalitl b Sy o5 Cundy S8 alies g2 pe cnl
ol ool Al puoss [22] 2013 B
In this reference, the underactuated attitude control problem is addressed using two
reaction wheels based on the generalized dynamic inversion method.
&2 b, Sles jl ool b g clilicel x85 g cushdpac 18,5 a5 b Coisd llad Do 4 2y ol jo .
o 015 oy Hoo (6,955 30 ine s o gy S 5 ol 008 43y puabiliio y ol S - ”w“b”'&‘;;z
This reference addresses the improvement of tracking error by considering uncertainties (671 Nonlinear method
and disturbance rejection, utilizing reaction wheel and magnetic actuators. A nonlinear based on coH
method based on Heo control theory is proposed.
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Year approach
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This reference, along with Reference [125], introduces a singular nonlinear control | [151] 2015 | Nonlinear control
method based on the assumption of zero total angular momentum, aimed at controlling
the attitude of an underactuated nanosatellite. The goal is to improve settling time and
reduce attitude tracking error, with enhanced robustness against disturbances. In the
designed control scheme, the transient response is improved by incorporating a nonlinear
derivative term.
Srhd Sy i3y O (Pl blE Jdod el 2 S 250 0)lgale Cundy Sy dlie g0 cnl 5 G0y Silehs
ol ol o [152] 2015 9>
In this reference, the underactuated satellite attitude control problem is addressed through Input and output
the analysis of equilibrium points, rotational motions, and controllability. linearization
by Slas 5l ookl b 5,00 535 0 lgnle S (gly 00 (g jad i 5l Caumidg (b Alie oy 4y & yo ol 50
This reference investigates the problem of predefined attitude tracking for an
underactuated satellite using various actuators, including reaction wheels (RWs).
ol ons (b pai b e gyl Hlap ol gl (e pes Y oK 0uilS S S e cpl
09 |y Camdg (b3 9 0398 (el Cumdg g Slaygl) o p dm Camdg eyl adgl Ll b 4 oass' i
el 0305 ploil 138 llug 6sSgeun 1531 2016 okt e Y5
This reference presents a singular nonlinear controller designed for tracking the Earth- | ~— I\.Ionlme?lr
pointing or nadir-pointing vector. The controller is insensitive to the initial conditions of singularity
attitude parameters such as angular velocity and orientation, and it performs attitude
tracking without any transient oscillations.
S bl S 5 S ) 5 o Sl pitage 55 A 53 b K S e ol NETNRNCOVY
This reference examines underactuated control by assuming zero angular momentum and Direct Lyapunov
introducing a discrete nonlinear control law. method, backstep
el osis oy il slasShos oo b S, 255 ol Camy 5 Sy olojon S s g0 5l
This reference investigates the simultaneous control of position and attitude for an [135] 2016 N
underactuated spacecraft using thruster actuators.
eSS b 5l 0as pll o gale (Kool Jao olal yr 0niS 58 shb aape ol
25 7B s 014 oS (2§ (AL 4 o JS 102 48 sl 0 03l a6l s (slacSSS ol g oS s
Ll 0 (g5l Jas o 4 pB i 156] 2017 Seelod Jse
In this reference, the controller design is based on the satellite's dynamic model. The Controller. based
design utilizes piecewise linearization techniques, wherein the overall system is first on dynamic model
divided into multiple subsystems, and each subsystem is then linearized step-by-step.
)iLo& 355 Pow yg>o » a5 d‘o)b.hl.o d'ﬁ &—g.ula.u.u-' u.m)).:.u«o).g L;u.uc LS]G))':‘C DMSJ)-&.S L_gv &> o u-il »
se S S s Coled jo oS o )lsale jooe 93 S Cjgo 4 oylgale Cumdy JiS ul sl syl ol
Gl 0 oA g o e pl g9yl (gliwly o Silodsns (23 e
[157]1 2017 | . .
This reference presents a nonlinear controller based on kinematic path planning for a kinematlc path
planning

satellite lacking an actuator along its third axis. The attitude control is formulated by
controlling the satellite's two axes, which ultimately leads to single-axis control aligned
with nadir pointing.
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approach
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This reference presents a model predictive controller designed by incorporating
torque constraints and leveraging homogeneity in system dynamics. The proposed

controller achieves faster convergence speed compared to various existing
controllers.

[158] 2017

Orbe Jie J S

Predictive model
control

hb o0 lalyd )3 g catSib oloj )3 Pl JousS sl bt e plyJoos J S S g e ol

ol 045

This reference presents a passive fault-tolerant control system designed for the Apollo
capsule during re-entry under underactuated conditions.

[159] 2017

;‘ "'..'.'L <
Adaptive
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This reference examines the guidance and tracking of an underactuated satellite as an

optimization problem. For initial angular velocity errors along the underactuated axis and
under disturbances, the control system is unable to perform tracking.

[43] 2018
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In this reference, simulation is first conducted for a system under underactuated
conditions. Subsequently, the controller is evaluated as the system transitions into an
underactuated state.

[12] 2018

& Jio (s

Adaptive
reference model
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In this reference, tracking all three satellite axes to arbitrary directions is not feasible.
However, tracking and control of its roll and pitch axes are achievable. The controller is

designed using a state-independent Riccati equation method, which offers a systematic
solution for non-convergent combinations of two reaction wheels.

[160] 2019
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This reference presents an adaptive sliding mode control law for an underactuated

satellite, employing a combination of momentum and reaction wheels while accounting
for time delays that are estimated via the adaptive law.

[161] 2019
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This reference addresses the attitude stabilization problem using two parallel-mounted
control moment gyroscope (CMG) actuators. A control law is proposed that incorporates

a higher-order sliding mode to stabilize the angular velocity of the underactuated axis and
to track the desired angular velocity.

[56] 2019
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This reference presents a robust adaptive controller designed for a flexible underactuated
satellite, with the goal of eliminating vibrations.

[162] 2019
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This refer'ence considers the design of a hybriq controller uging magnetic torque actuators | ‘ Lyapunov basis
and reaction wheels. The proposed approach is not constrained by the assumption of zero
angular momentum.
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This reference investigates the execution of an attitude maneuver under [57,164— -
underactuated conditions, where the objective is to transition from a known initial to _1767_]
a desired final attitude, without requiring the satellite’s attitude to follow a _
predefined path. Instead, multiple alternative maneuvers are examined to identify a
substitute attitude trajectory.
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In this reference, the system's nonlinearity is initially reduced through partial control law | [168] 2020 o ol
design. The simplified nonlinear system is then decomposed into two subsystems, and the Sliding mode
overall sliding surface is constructed by combining the sliding surfaces of these
subsystems.
ol ord Slb a5 clsliz] S8 Ay (B3 o
. . L . [37] 2020 .
This reference presents a fractional-order sliding mode control design for a two-wheel Fr.agtlonal-order
configuration mounted off the principal axes, under uncertainty and external sliding mode
disturbance.
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. . . . . (1691 2020 | rerminal sliding
This reference presents the design of a fast terminal nonsingular sliding mode controller mode
based on a disturbance observer for underactuated systems.
. o S i by,
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s S . . < o . .. a . . . o . Y s . Y ¢ T )
0l odlatwl dgaze loj 13 Llgs (ol et 3l yliuab] jslaiods adun din (g5lwdigy j Cowl o oolazul d)l.wd.:.,..: i i ookt
| [170].2020 Direct Lyapunov
This reference uses the direct Lyapunov method and feedback linearization for method, feedback
underactuated conditions as one of the simulation scenarios. Multi-objective optimization linearization,
is employed to ensure angle convergence within a finite time. multi-objective
optimization
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This reference explores the attitude tracking challenge of an underactuated spacecraft, ] Robust )
taking into account actuator saturation, external disturbances, and system uncertainties backstepping
during large-angle maneuvers and arbitrary initial conditions.
S5 00D gy JBue (J55S (63555 9 b o olsale G gl sl cm g gyl Alis a2 pe ol
ool 013 1) (5551 (22 JSE obol (sl S (55
172] 2022 -

"This reference examines the angular velocity stabilization problem for a rigid satellite
with two independent control inputs, and proposes a stability control strategy based on
energy shaping.
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) ) o [173] 2022 Model predictive
This reference presents an attitude control law based on model predictive control for an control
underactuated spacecraft, utilizing solar radiation pressure.
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This reference proposes a robust underactuated control strategy for a connected satellite
system, addressing the presence of disturbances and model uncertainties.
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This reference proposes a three-axis attitude maneuver strategy for a rigid spacecraft [175] 2024 N

using two internal torques, based on potential functions.

Slas ol 3 3 9 205 32l > olsale Sy (5,85 g 48l angt o S0 S5 3 g ye 2l oeote e S
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This reference employs an extended model predictive control approach for directing a
satellite along the nadir axis, accounting for actuator failures.

Extended model
predictive control
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This reference presents a finite-time control strategy based on reinforcement learning for
an asymmetric spacecraft, under the assumption of external disturbances.
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. she
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Based on

reinforcement
learning

function-based control law using two reaction wheels.
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This reference investigates practical considerations for implementing a transverse-
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Table 7. Comparison of various underactuated attitude tracking control design approaches: (v') favorable; (+) less favorable; (X) not
favorable; (--) not given; (Y) yes; (N) no; (K) kinematic; (D) dynamic

Indices
Attitude
Ref. Iﬁfﬁgﬁg gl(:ll;v:;%ggz Attitude In;]());(;;/;ilg Computational | Considering | Considering cont.rol ;
accuracy error stability offort complexity uncertainty | saturation categorization

[194] + v X - N Y K
[132] + X X + v N N K
[195] + + - X + N Y K
[149] + X + X X N Y K-D
[22] + X + + + N Y K
[67] + X + + X N Y D
[196] + X X + + N N K-D
[197] + X + X + N Y D
[55] + X + + X N Y K-D
[198] + X - + X N Y K
[199] + X - X % Y K-D
[200] + X + + N Y K
[201] v + + + X Y Y K-D
[171] v + v X Y Y K-D
[190] v + N v + N N K-D
[15] v v + v + Y Y K-D
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