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Abstract

Precise pointing of a Low Earth Orbit (LEO) satellite is vital to maintain the antenna, gimbaled
cameras, and solar panels in the correct direction. To address the complexities and
uncertainties in the dynamics of a typical low Earth orbit (LEO) satellite equipped with a Ka-
band transmitter and to overcome external disturbances, this study introduces an Adaptive
Fuzzy Sliding Mode Control (AFSMC) approach, which is shown to be robust against
uncertainties with unknown upper bounds. The control input is generated directly by a sliding-
mode controller, with an adaptive method used to estimate the upper bound of the uncertainty.
In contrast to traditional Sliding Mode Control (SMC), AFSMC integrates an online-estimated
fuzzy controller, obviating the need for model-based linearization. The stability of the closed-
loop system is rigorously ensured through Lyapunov stability analysis. Comparative
simulations against Proportional-Derivative (PD) and SMC controllers highlight the
AFSMC'’s superior pointing accuracy and reduced energy consumption, demonstrating its
effectiveness.


mailto:Zeinabtahmasi1196@gmail.com
mailto:markazi@iust.ac.ir

Adaptive Fuzzy Sliding Mode Control of Pointing Maneuvers of an Uncertain LEO Communication Satellite

1- Introduction

Satellites are integral to modern society,
performing essential functions in communication,
remote sensing, nhavigation, and meteorology.
However, their operations face significant
uncertainties and external disturbances, necessitating
robust control systems to ensure optimal
performance throughout their operational lifespans.

Research in satellite attitude control dates back to
Stuhlinger’s pioneering work in 1956. As satellite
applications expanded, so did the development of
advanced control methods. Early efforts, as discussed
by Nobuaki et al. [1], Zwartbol et al. [2], and Mobley
et al. [3], primarily focused on implementing
classical control algorithms using onboard computers
and associated hardware. These methods, however,
often required frequent adjustments to mitigate
performance degradation caused by external
disturbances.  Subsequently, advancements in
adaptive control techniques emerged. For instance,
Geng et al. [4] introduced system identification
methods to dynamically tune control parameters
based on environmental conditions. In a relatively
similar study, Alipour et al. [5] developed an adaptive
sliding mode controller to handle small initial
deviations.  Additionally, incorporating fuzzy
inference methods enhanced tolerance to model
uncertainties, And in recent years, in a similar study,
Liu et al. [6] developed an adaptive fuzzy sliding-
mode controller for spacecraft attitude tracking
during space-debris removal. However, their study
does not specifically address large-angle attitude
maneuvers of a rigid LEO spacecraft in a circular
orbit.

A review of existing satellite attitude control
systems using reaction wheel actuators reveals two
primary challenges: (1) non-adaptive control
algorithms often lead to performance degradation
over time, and (2) frequent parameter adjustments are
required to account for environmental variations,
which can introduce transient instability or
miscalibration.

To address these limitations, this paper presents a
novel Adaptive Fuzzy Sliding Mode Control
(AFSMC) approach, to control large initial
deviations of a rigid spacecraft in a circular LEO
orbit, which combines sliding mode, adaptive, and
fuzzy logic techniques. The proposed AFSMC

controller improves robustness against uncertainties,
reduces dependency on precise system modeling, and
enhances overall control performance.

While previous studies have applied the AFSMC
method to flexible satellites and satellite formations
in circular orbits for maneuver control [7, 8], its
application to rigid LEO satellites with large initial
deviations has not been explored. This paper fills this
gap by developing and validating an AFSMC
controller specifically for an LEO communication
satellite.

The remainder of this paper is structured as
follows: Section 2 provides a concise review of the
satellite dynamic model and stabilization devices.
Section 3 details the proposed AFSMC controller and
includes the stability analysis. Section 4 outlines the
satellite communication equipment. Section 5
presents simulation results, and Section 6 concludes
the paper with final remarks.

2- Dynamic Modelling

2-1- Kinematics

The rotation of the BCS relative to the OCS is the
kinematic basis of angular motion. The total satellite

angular velocity expressed in the BCS, wk;, is
presented in Equation 1

wIBB = wFR + wgB 1)

where, w8 is the angular velocity of the BCS
relative to the OCS expressed in the BCS, and wk, is
the angular velocity of the OCS relative to the ICS
expressed in the BCS. It is fairly standard to show as
Equation 2 [9]

¢ —Psind
whg = |6 cos ¢ + Y cos O sin ¢ 2
Y cos 6 cos ¢ — O sin ¢

and in Equation 3 we have
WiR x 0
Wiy | = [A] [—wo] ©)
w?R z 0
Where the matrix [A] is defined as Equation 4
[A] =

cych spch —s6
—sycp + cpsOsp  cpcp + syPpsOsp  cOsdp| (4)
sYsp + cpsOcp  —cpsep + syPpsOcp cOco
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where 6, ¢, and ¢ are the standard Euler angles,
and according to the lateral velocity amount of a

circular orbit satellite v, =\/R£' the Satellite orbit

angular velocity is presented in Equation 5 as

Wy = :_z = Rig (5)
2-1- Dynamics:

The satellite attitude motion can be described by
the Equation 6 as [9]

T = hf; = hi; + wfp x hi; (6)

where h,r is the total angular momentum, and T is
the total torque exerted on the satellite. In the
continuation, for the sake of notational simplicity,
o5 will be replaced by w. The satellite angular
momentum relative to the BCS is presented in
Equation 7 and consists of two major components:
the momentum of the rigid body, hE , and the
momentum of any exchange devices installed on the
spacecraft, hE | i.e.,

hBr =hB + hE (7

Now define: [Tex Tey Tez] =
[~Awx —hwy —hy,], thenitis fairly standard to
show in Equation 8 that

T. =T, +Tys =

7 + (@yhy — w;hy) + (@yhy, — whyy)]E

+[hy + (a)zhx - (‘)xhz) + (wzhwx - wxhwz)]j

+[flz + (wxhy — a)yhx) + (wxhwy — a)thx)]E (8)

Here, the parameters h,,,, h,,, and h,,,represent
the nominal momentum of reaction wheels, and h, =
Lix®y , hy = I, @y and h, = I,,@, which are in the
direction of the BCS axes. By inserting Equation 1
into Equation 8 it can be deduced in Equation 9 that

1 .o
[Tcx + Tdisx - R1(¢, 0, lp' ¢' 0, 1#)]

b=

2] —1 . . .

6 = Icovd [Tey + Taisy — Ro(, 0,9, 6, 6,9)]

W= — [T, + Ty, — Rs(, 6,9, ,6,9)] (9)

1,,cos ¢ cosf

By considering small deviations, e.g., less than 3
degrees, after simplifying Equation 4 and then
Equation 1, the simplified form of Equation 9 is

obtained as Equation 10, which can be used only for
small-angle deviations in attitude analysis

. . L,—1 . 4(1,, — 1
é =Y, +(ZZI—W)¢(UO +M¢w3
xx xx
Tex + Ty
+ cx disx
Ly
é __ 3(Ixx - Izz) wﬁ@ + Tcy + Tdisy
Iyy Iyy

§ = —do, — L) (o3 — dw,) + T (10)

To utilize Equation 9 in the controller design, it
must first be converted into the standard form of a
MIMO system equation. For the intended satellite
with three second-order derivative outputs, the
standard equation is as Equation 11 [9, 10]

y@ =F(x)+Gu+d (11)

The elements of Equation 11 are expressed in
Equation 12 as

y=[1 Y2 ¥s]"=[¢p 6 Y]"eR?

y© = y@ = [yl ke y;s]T =[p@ 0@ @I

x=[p ¢ 6 6 ¢ ¢]"ern (12)
where n = Y733 k; = 6 and the functions F(x) and

G(x) and the vector d can be derived using Equation
9 as Equations 13 to 15

F) =) f() fO) eR® =
fi(¢.6,6,6,9,9)

f2 ((p' d)» 97 9' l,b' l,b) (13)
f3(#,¢,6,6,9,9)
1 sinfsin¢g cos¢sind
Lex Iy cos 0 I, cos 6
cos ¢ sing
G=|0 Ty — (14)
0 sing cos ¢
Iyy cos 6 I,,cos 6
_ [Taisx Taisy Taisz]"
d o | Ixx Iyy Izz ] (15)
In the above equations, F(x) =

[f;(x) f,(x) f3(x)]Te R® denotes the subsystem
equations of the satellite, which are all smooth and
frequently unknown functions of the measurable
state variables. Subsequently, G is an unknown
positive definite matrix for which g-1 must always
exist and finally, d = [d; d, d3]TeR® s the
uncertainty vector of the system, where the condition

|
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|d;| <& must hold for all positive and finite &
numbers. A brief description of the vector d
components is provided in Appendix A.

2-2- Reaction Wheels Stabilization

Among various actuators, reaction wheels are
preferred when high precision, relatively fast, and
smooth responses are required. For simulation
purposes, the output torque is assumed to be limited
to 2 N.m [11].

In some cases, passive stabilization devices are
combined with active ones to create a semi-active
stabilization system. However, the use of a gravity
gradient boom alongside reaction wheels is
uncommon for two key reasons:

1. Mounting the reaction wheels on three sides
of the satellite occupies positions that would typically
be suitable for installing a gravity gradient boom.

2. The performance of a gravity gradient boom
is significantly inferior to that of reaction wheels.

Nevertheless, in specific scenarios, one or two
(low-power) reaction wheels are added to a gravity
gradient boom to enhance its stabilization
performance [12].

For this study, it is assumed that three reaction
wheels, aligned with the satellite’s principal axes, are
used. Each reaction wheel consists of a coaxial
electric motor and a flywheel and operates according
to the principle of angular momentum conservation.

A DC motor drives each reaction wheel. When the
control unit provides the required torque component
as a command signal, the motor’s linear controller
adjusts the angular velocity of the rotor w,, to
achieve the desired angular velocity of the reaction
wheel w,.. For each reaction wheel, the relationship
Jmwm = Jww, holds. Assuming negligible lateral
disturbances around the reaction wheel, this
relationship is consistent with the principle of angular
momentum conservation as Equation 16 [11]

h, +hs, =0 (16)

According to Equation 16, applying mechanical
torque to the satellite body in one direction results in
producing an equal torque in the opposite direction
by the electric motor, as shown by Equation 17

(17)

The dynamics of the servo motors of each reaction
wheel can be expressed as Equation 18 [13]

o 0 1 0 o 0 0
Nk, EY
4 w,| = 0 0 Je ||wy |+ 0 Je [T](18)
at - Nk || ; 1 L
i 0 —Nem _Rf]g R
L 3 L

where O represents the rotation angle of each
reaction wheel, T, is the desired amount of torque
input as a control signal, k,, is a relationship
coefficient between motor torque and the electric
current, and J, is the effective moment of inertia.
Also, for each reaction wheel, the elements of
Equation 18 could be expressed as Equations 19 and

20°
T, = Kpi

Je :]w+N2]m

(19)

(20)

where J,, and J, are the moments of inertia of
the motor and the reaction wheel, respectively.

3- Controller Design
3-1- Fuzzy Sliding Mode Controller

Starting with the standardized Equation 11, a
sliding mode controller is initially designed. In
subsequent steps, fuzzy and adaptive rules are
incorporated to enhance its performance. The three
sliding surfaces of the system can be shown as
Equation 21 [13]

S;=AT%, , i=123(m=23)

T = - ~(ki— T

Ai = [/11'1, l)li(ki—l)' 1] , YL' = [yi, ’yi( 1)]
Yy=Ya—Y¥ ,» Ya=[Ya1 Yaz Yaz]" (21)
The sliding mode law is defined as Equation 22,

where ug, is derived using Equation 11 and § = 0.

Finally, u,, is designed to dispel the uncertainties
[14].

~ . oqT
A=, 107, Y= [5,9]
U=Ugg + Uy

Upg: 5 =0
SzEA—F(x)—Gu—d+y¢(12)

= up, =61 (EA — F(x) —d+y((12))

ry = G [Ksgn(s)] )
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And the element of E; in Equation 22 could be
defined as Equation 23
k-1 ~(J

E, =355 457 k=2 (23)
The sliding mode control law comprises two
components: an equivalent input that guides
the system towards the sliding surface and a
robust input that maintains the system on the
sliding surface. The sliding mode control law

comprises two components: an  equivalent
input that guides the system towards the
sliding surface and a robust input that

maintains the system on the sliding surface. To
reduce the chattering effect caused by the sign
function, the substitution of K;sgn(s;) -

Si . .
Krbim has been performed in Equation

22, in which the Krb coefficient and the
constant are chosen by manual trial and error.

In the SMC controller design, the calculated u
from Equation 22 is used as the control input, T, in
Equation 9.

u,, represents the ideal equivalent sliding-mode
control input, which is unattainable due to system
uncertainties and the incomplete information about
the system. To approximate u,, a fuzzy system with
n; inputs and one output is employed, based on n,
fuzzy (IF-THEN) rules. The output of each fuzzy
subsystem is calculated as Equation 24 [14]

ul = bTw;
b, = [b},....b"]"

w; = [wh o w]"

(24)

where b; is the rth component of the fuzzy
coefficient vector, and w; gives the coefficient
intensity vector of each rule as Equation 25

W' = HJ':’uAjr(Xj)
er:ll_[ilzl'uAll(x,)
and A"= [A], ..., A};] is the fuzzy set of r’s law

denoted by Gaussian membership functions
calculated as Equation 26

(25)

_ H;'l=i1“A;(xj) (26)

w 0
i .
ZT=1 L'=1#A{(xi)

r
i

A fuzzy set based on five rules has been employed
for the intended satellite control. So, for a system
with five fuzzy rules, r =5 and the elements of
fuzzy rules are presented as Equation 27

b = [bL, b5, Wi = [wh, Wi @)

The parameters and conditions used in the fuzzy
rules for the simulation are presented in Table (1).

Table (1) : The parameters of the fuzzy rules

Parameters Values
BT, r=12345 [11111]
of ,r=12345 0.05

¢ -0.3
¢/ -0.15
cj3 0

cf 0.15
cf 0.3

The estimated fuzzy input for ug, is calculated by
creating the m input - m output normalization matrix
P, with members denoted by p;; and could be
calculated using Equations 28 and 29 as [15]

m
x  _ xfuz - _ * =
ueqi—ui +‘:i_ Pl]u]"f‘:‘l
=
E=[6 68610, &Gl <Y (28)
m
I argp,; min Z Pijuj — Ugq
j=1
(29)

where ¥; is a finite constant parameter, also u*/%#
and [P*] are the ideal forms of w/** and [P],
respectively.

Suppose @/%# as a fuzzy input for approximating
u, and [P] as an approximation for [P*]; therefore,

Equation 30 is a true statement that [15]
' = [pla (30)

Consequently, the control law is represented in
Equation 31, as

u=u"+u® u?=diag(?)sgn(s) (31)

|
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where @/ is an approximation for Ugq, and the
uncertainties of this approximation are mitigated by
u™ . The variable ¥ and the matrix [P] should be
estimated using adaptive laws derived from the
Lyapunov stability criterion.

3-2- Adaptive Rules and Stability Analysis [10,
14]
The Lyapunov function V (s, p, lT’) is assumed as

Equation 32, where [P] and @ are calculated as
Equation 33

V(s,P,P) = %STG_lS + %Z?Q L PPy +
1 -
e g A (32)
P=9 -9
i = Pij — Py (33)

and $§ can be written out as shown in Equation 34,
using Equation 22 and Equation 31
§=E—F(x) - 6@ +u™®) —d +y?
565 =6"(E - Fx) —d +yP) — @ +u™)
->§=G6u — " —u?) (34)
The Lyapunov criterion according to Equation 32
and Equation 34 is expressed as Equation 35
V(s,B,®) =3, s (@™ + & —ul®) +
1 ~ & 1 ~ L
" =g Xj=1 PijPyj +-21% VY
=27, T si(Pyu + & —

-4 7 —~
Pij==ysiu; P=—as;

W)+ T PPy + X, i
=Y [s:(& — Pisgn(s;)) — Tilsil]
= Zﬁ1[5ifz’ - |Si|(¢i + ¢1)]
™ (si& = 1sd®) < 2 (sl & = 1si1%;)
=Y Isil(Pi—1&1) <0 = V(s,P,P) <0 (35)
According to Equation 35 and using the
approximation errors provided in Equation 33, the

stability of the system can be guaranteed by setting
the parameter ¥ and the matrix [P] as Equation 36

= _ﬁij = VSi(t)lll(f)

P =
¥ = ¥ = als; (O , i,j=123 (36)

To achieve the desired frequency range and
convergence rate, the two positive coefficients, a and
vy in Equation 36, are tuned through trial and error.

When the adaptive conditions are met, Equation 35
yields a negative semi-definite function V(s, 2, ¥),
thereby confirming the stability of the system.

Assuming that Equation 37 is correct and
integrating its two sides, the Equation 38 is obtained
as follows

r=y"3s(% - 1&) < -v (37)
J; T (@dr =V (s;(0),P,7) - V(s;(t), P, 7) (38)

Given that V(s;(0),P,%) has a finite value and

V(s;(t),P,¥) does not increase over time,
the Equation 39 can be deduced that
lim J; T (@)dr < oo (39)

Considering Equation 39 and according to the
Barbalat lemma, I'(7) has a finite value, and if
lim s; = 0 holds in Equation 37, then tlim ;=0

t—oo
also holds; therefore, the proposed system is
asymptotically stable.

4- Communication Device

The selection of an appropriate antenna for a
communication satellite is influenced by its altitude,
orbit, and the required task precision. The antenna
must emit a wave with suitable characteristics.

A mission implementation coefficient quantifies
the acceptable pointing error for a satellite. In
communication satellites, this error is expressed as a
coefficient of the Half Power Beam Width angle,
denoted by 6,51, Where the relative antenna power
is marginally greater than 50% of the peak power in
the effective radiated field. This angle can be
approximately given by Equation 40 as [16]

oA
Opppw = 65 —

. (40)

As indicated by Equation 40, larger satellite
antenna apertures result in narrower beam widths and
HPBW angles, thereby improving pointing precision
[16].

In this study, Ka-band transmission is assumed to
enable faster information dissemination via direct
signals. Furthermore, a sun sensor with 0.02 degrees
accuracy and a 4cm aperture antenna with a 1cm
transmitter wavelength are employed. Based on
Equation 40, the desired wave will reach the ground
receiver with a 3dB power loss at a 16.25-degree

|
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propagation angle, and the allowable pointing error
will be a small fraction of this angle.

According to Chahat et al. [17], a communication
satellite transmitting signals to Earth with the same
HPBW angle (3dB power loss) can tolerate a pointing
error of 0.5 degrees. This critical design parameter
for controllers is used to evaluate controller
efficiency in simulations. The selected sensor can
also measure the achieved pointing precision.

5- Results and Discussion

Before implementing the controller, the satellite’s
uncontrolled dynamic behavior is analyzed under
ideal initial conditions. The allowable attitude
deviation is set to 0.5 degrees, triggering controller
and actuator activation once this threshold is reached.
Figure (1-A) shows that, in the absence of
disturbances, the yaw angle gradually diverges from
its ideal state. Conversely, Figure (1-B) illustrates
that, under the influence of disturbances, the roll and
pitch angles exhibit quasi-oscillatory deviations. In
contrast, the yaw angle exceeds the 0.5-degree
threshold after approximately 502  seconds,
prompting the engagement of the controller and
actuator.

The Keplerian orbital elements of the satellite
considered in this paper are presented in Table (2).

=

2o e
- e
EN ’
=
P T
= ¥ 0504
£ L ¥ 0.502577
Z g . —et - e
ke o A
. L . . .
0 2000 EILEH G000 000 10000 12000
Time(s)
80 =
£ "
iyl G
=2 ’
B .
=0 -
a 40 "
L] P
Z. "
g2 X S02.75
< YOS0738 | _ L=
0 ik L L L L B
0 2000 4000 G000 &O00 10000 12000
Time(s)

| — Rl ssresseesnsanns Pl = o Y

Figure (1) : Satellite attitude changing over time with no
controlling conditions; A: Regardless of the disturbing
torques, B: With disturbing torques

5-1- Comparison of Small Angle Simulation
Results

Satellite dynamics are inherently nonlinear, often
requiring advanced control algorithms for effective
management. While linearization techniques are
commonly used to approximate nonlinear systems
for linear controllers, these approximations can
introduce significant errors, particularly in complex
systems. As a result, linear control methods such as
PD and PID are generally effective only for small
initial deviations.

To demonstrate the performance differences
between linear and nonlinear approaches, this study
compares the AFSMC method with PD and SMC
controllers under both small and large deviation
conditions. The key parameters for controlling the
satellite in small deviation scenarios are provided in
Table (3).

Table (2) : The Keplerian elements of the satellite

Parameters Values
E 0
H (km) 1000
T (sec) 6307.3
0 (deg) 40
i (deg) 83
w (deg) 30

Figure (2), Figure (3), and Figure (4) illustrate the
attitude control of initial deviations in roll, pitch, and
yaw angles under small angle conditions. The PD
method exhibits overshoot in both roll and pitch
angles, whereas the SMC and AFSMC methods show
no overshoot
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Table (3) : Small deviation control parameters for regenerating PD, SMC and AFSMC algorithms

Parameters Values Parameters Values
8t (sec) = 0.025 0.025 (o, 60, 1) (rad/sec) ,1,1)x 1073
Isqr (kgm?) Diag (2.451 2.451 2.194) (@,7) (6,0.00001)
Msqe (KQ) 67 B 0.02

(¢o des’ 90 des’ 1[)0 des) (rad/sec) (O: 0, O) (Krblr Kb Krb3) (0-032: 0.015, 0-015)
(¢0 des 90 des» lrl)O des) (rad) (O, Ov O) (/11!/12'/13) for SMC (071 09, 07)
Irw (kgmz) Diag (2.2018 2.2018 2.2018)x 104 (A1,45¢ 13) for AFSMC (0.7,0.9,0.7)
Ry (maxy (N.m.5) (0.025, 0.025, 0.025) (Proww» Drott) (0.03000,0.41461)
Wi, ,i =123 0 (Ppitch» Dpiten) (0.01326,0.06565)
Pijo,iJj = 123 0 (Pyaw> Dyaw) (0.48724,0)
(¢, 80, ) (rad) (-0.0087, 0.01, 0.0087)
5% 10’
4t
B DL ’é‘ s R
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Figure (2) : The comparison of Roll angle deviations control for the small initial deviations condition between three control
methods; Al: controlled Roll angle — No disturbance, A2: Roll angle control torques — No disturbance, B1: controlled Roll
angle — Disturbance added, B2: Roll angle control torques — Disturbance added.
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Given a measurement accuracy of 0.02 degrees, as
discussed in section 4, the SMC and AFSMC
methods achieve settling times of under 60 seconds

for all three attitude angles. In contrast, the PD
method fails to reach the settling range within 600
seconds at any angle.

s 4zl
1 ) b
. : i E
E 0.5 : T ~ z
= : z e
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& =] . NN _
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i : | : H 'l 1 . Y 0000384414
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&b ] I v &
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£ PN =N
£ . ; T E-
< ! 5
o
-2
nl ¥ -0.00274199 B2
| | 3 |
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Figure (3) : The comparison of Pitch angle deviations control for the small initial deviations condition between three control
methods; Al: controlled Pitch angle — No disturbance, A2: Pitch angle control torques — No disturbance, B1: controlled Pitch
angle — Disturbance added, B2: Pitch angle control torques — Disturbance added.
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Figure (4) : The comparison of Yaw angle deviations control for the small initial deviations condition between three control
methods; Al: controlled Yaw angle — No disturbance, A2: Yaw angle control torques — No disturbance, B1: controlled Yaw
angle — Disturbance added, B2: Yaw angle control torques — Disturbance added.

Notably, the AFSMC method outperforms the SMC
method, achieving stabilization within 20 seconds at
all three attitude angles. Furthermore, Figures (2-4)
indicate that the AFSMC method achieves the
desired attitude angles with lower control torque
compared to the other two methods.

What was observed in Figures (2-4) regarding the
performance of the three control algorithms is
summarized in Table (4).

The effects of disturbances are minimal across all
controllers. Figure (5) shows that disturbance
torques, for both small and large deviations, fluctuate

with negligible amplitudes on the order of le-6,
making them insignificant compared to control
torques, particularly at larger angles. Consequently,
disturbances were omitted from the large angle
deviation simulations.
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Table (4) : A brief comparison of the performance of three control scenarios in two conditions of applying disturbances and
ignoring them, in the case of small deviations

Roll Pitch Yaw
t (S) €ss Tmax Mp ts €ss Tmax Mp ts €ss Tmax Mp
S
(deg) | (N.m) | (deg) | (s) | (deg) | (N.m) | (deg) | (s) | (deg) | (N.m) | (deg)
-350 39 -56
5 g PD --- o(-4) 43¢e(-7) | 0.716 | --- | 0.1259 o(-8) -1.53 - 0.0759 o(-7) 0.4017
S5 C
35 73 ] N B8 14 | 3
g E SMC 48 o(-4) 45¢(-7) | 0.271 | 57 | 37 ¢e(-4) e(-7) 0.254 5 7 e(-4) e(-7) e(-4)
alasm| 1 [ 27 ], e-7) | 0177 | 15 | 1064y | R | 0153 | 17 | -1e(a) | 22 | -0179
c e(-4) ' e(-7) ' e(-7) :
-351 38 -56
§ PD --- o(-4) 43¢(-7) | 0.718 | --- | 0.1395 o(-8) -1.52 - 0.0763 o(-7) 0.4034
£ & 40 (-4,5) -27 -(56,66) 14 -77
2 o _ ’ ~ f
S § SMC 48 e(-4) 45¢(-7) | 0.265 | 49 o(-4) e(-7) 0.261 | 15 o(-4) e(-7) o(-4)
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Figure (5) : Disturbing torques changing with time for the conditions of small and large initial deviations

5-2- Comparison of Large Angle Simulation
Results:

For large-angle initial deviations, the desired final
attitude, as outlined in Section 4, is set at 0.5 degrees.

After demonstrating satisfactory performance S Shownin Figure (6), the AFSMC method achieves
under small deviation conditions. the AESMC a shorter settling time compared to the SMC method
controller is evaluated for large initial angle for all attitude angles except pitch. Conversely, the

deviations. The control parameters for this scenario
are provided in Table (5).

PD controller fails to reach the settling state or the
desired value for any attitude angle except roll.

|
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Furthermore, the PD method exceeds the allowable  been shown in Figure (6) and is summarized in Table
control torque limits of the selected reaction wheels.  (6).
The performance of the three control algorithms has

Table (5) : Large deviation control parameters for regenerating PD, SMC and AFSMC algorithms

Parameters Values Parameters Values
- 3 J
(4’0 des» Y0 des 1/’0 des) (01 0, 0) B 0.02
(rad/sec)
(4’0 des 90 des’ 1!’0 des) (rad) (0, 0, O) (Krbl! Krbz' Krb3) (0-01‘ 0.01, 0-01)
Yio 1 =123 0 (A1,4,, A3) for SMC (0.01, 0.01, 0.016)
A1,4,¢ A3) for
Pijo,i,j = 123 0 Widz 2s) (0.01,0.01,0.016)
AFSMC
(o, 00, o) (rad) (-0.0087, 0.01, 0.0087) (Prott» Drowt) (0.03000,0.41461)
(¢o, B0, W) (rad/sec) 1,1,1)x 1075 (Ppitch Dpiten) (0.01326,0.06565)
(a,y) (0.7,0.00001) (Pyaw» Dyaw) (0.48724,0)
:’ 8 =08
%'455 %[I n -
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Figure (6) : The comparison of three control methods in the large angle deviations condition; Al: controlled Roll angle, A2:
Roll angle control torques, B1: controlled Pitch angle, B2: Pitch angle control torques, C1: controlled Yaw angle, C2: Yaw
angle control torques.
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Table (6) : A brief comparison of the performance of three control scenarios in the case of large deviations

Roll Pitch Yaw
€ss Tmax Mp €ss Tmax Mp ts €ss Tmax Mp
ts (S) ts (S)

(deg) | (N.m) | (deg) (deg) | (N.m) (deg) | (s) | (deg) | (N.m) | (deg)

PD 375 | 0.110 | 09808 | 4.475 | - | 5499 | -0.4245 | -12.153 | --- | -2.473 | -0.4133 | -10.610
SMC | 464 | -0.080 | 0.0031 | -40.539 | 196 | 8e(-5) | -0.0027 238 | -0.515 | -0.0044 | -7.932

AFSMC | 280 | 0.350 | 0.0040 | -40.948 | 586 | -0.162 | -0.0018 600 | 0.005 | -0.0032
As illustrated in Error! Reference source not is based on reinforcement learning and will be

found.), the AFSMC method achieves the desired
attitude angles while consuming less control energy
compared to both PD and SMC controllers.

As expected, the linear PD control method proved
inadequate for managing large deviations, failing to
achieve the required precision. While the SMC
method  demonstrated  relatively  acceptable
performance for large-angle attitude control, the
AFSMC method outperformed it in terms of
accuracy, speed, and energy efficiency.

employed in future studies.

In conclusion, the proposed AFSMC controller
effectively meets the research objectives, enabling
the satellite to achieve the desired state under optimal
conditions, thereby validating its suitability for
robust attitude control.

Funding and Competing Interests

No funds, grants, or other support were received,
and the authors have no financial or proprietary
interests in any material discussed in this article.

6- Conclusion
. . . . Nomenclature
This paper explores the application of Adaptive — —
lidi Mode Control (AESMC) for the Parameter Description Parameter Description
FU_ZZ)/ Sli Ing ( ) [¢ 6 ]T(rad) | Eulerangles R, (m) Radius of orbit
attitude control of a low Earth orbit (LEO) rad Satellite orbit m .
icati i i i i @o(—) angular velocit <) Speed of light
communication satellite equipped with three reaction s g Y s A
wheels. Due to the system’s complexity and inherent M (kg) ;‘;“‘E'a’gﬁss of h(N.ms) | momentum
uncertainties, AFSMC is chosen for its robustness ‘,f(fr:‘l’i;ear
against unknown disturbances, simplicity, speed, satellite functions for
accuracy, and ability to ensure convergence to a e i B e
steady state. der/]namics
e
spacecraft’s
To demonstrate the advantages of the AFSMC A (rad) satellite latitude | Ds (4.m?) | effective
approach, its performance is compared with that of magnetitc
. - . - - momen
the Proportional-Derivative (PD) and Sliding Mode " The geocentric Antenna’s
Control (SMC) methods under identical conditions. B, (ﬁ) g;g;f;.c flux D@m) aperture.
Simulation results indicate that the PD controller fails Wavelength of Servo motor
to meet the design requirements, whereas the SMC A (m) gizrr‘]zf{"“"d A current
method delivers reasonable performance. However, v Gear conversion % @) Servo motor
the AFSMC method outperforms both, offering ratio (f;'lfgzgce
H H Servo motor -
superior accuracy, faster response tlmes, and greaj[er L (H) iy v(v) gé)ﬁ/lc')edm :gor
energy efficiency, all without relying on precise - Momentof AFSMIC
system dynamics. To achieve the desired frequency S kg ) ineria__ oy learning rates
. t
range and convergence rate, the two positive o width of fuzzy . Fuy
. . . . Cc,0 - r memboersni
coefficients, o and vy, in Equation 36 can be trained ?Lm?g;z“'p " functions
more systematically; a method for their optimal sy The geocentric o o
tuning is provided in Mousavi et al. [18]. The method (m3s2) ggj]‘g't;arﬂ""a' (") velocity vector
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2 Moment of
I (kg.m?*) inertia matrix T (Nm) Torque vector
The surface The solar
dA (m?) element of the p radiation
satellite pressure
The satellite
orbital velocity The
\% (?) vector relative p (k—ga) atmosphere
to the " density
atmosphere
Subscripts
Parameter Describe Parameter Describe
I Related to 0 Related to
the ICS? the OCS?
Related to
B Related to w the
the BCS?® reaction
wheel
. BCS
IR octso rfg"’e 1B relative to
ICS
RB BCS relative c Relﬁe;d o
to OCS
controller
dis Related to m Related to
disturbances the motor
sp Solar eq Equivalent
pressure
rb Robust T Total
d Desired mag Magnetic
aero Aerodynamic e The_
effective
Superscripts
Parameter Describe Parameter Describe
B Expressed in - The Ideal
BCS form
Related to Related to
fuz the fuzzy b the robust
part of the part of the
controller controller
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Appendix

A. At an orbital altitude of 1000 km, the primary
disturbances affecting a satellite’s attitude are solar
radiation pressure, aerodynamic drag, and the
interaction between the satellite’s magnetic dipole
and the Earth’s magnetic field. In this section,
mathematical models for each of these disturbing
factors are summarized.

a. Solar Radiation Pressure:

The solar radiation pressure torque on the satellite
can be obtained as Equation A.1 [19]

Tsp = [ Rspi X df totari

where Rgp ; is the vector between the spacecraft’s
center of mass and the center of pressure of the ith
surface element, and the force element could be

(A1)

calculated as Equation A2
Af totas = —P [(1 —Cs)8+2 (CS cosf +
%Cd) ﬁ] cos B dA (A.2)

where C, + C; + C4 = 1, and § is the unit vector
of the surface element towards the sun, 71 is the unit
vector of the surface normal, and g is the angle
between the unit vectors.

The torque calculated from Equation A.1  with
respect to the OCS can be expressed in terms of the
BCS by multiplying by [A], as given in Equation 4.

b. Drag Aerodynamic Disturbing Torque

For a surface element dA, with outward normal 7, the
drag aerodynamic disturbing torque is given by
Wertz [19] as Equation A.3

Af gero =

Then the aerodynamic torque is determined as
Equation A.4

— = CppV3 (0, ) VpdA (A.3)

Toero = fraero X df gero (A-4)

where 7, is the velocity unit vector relative to the
atmosphere in the same direction as A and 7., IS @
vector from the satellite center of mass to the surface
element of dA. It is sufficient to derive V, relative to
the BCS to obtain Equation 13 relative to the BCS.

Since the satellite considered in this research works
at an altitude of 1000 km, the aerodynamic torque has
aslight effect, and for selecting an appropriate
atmospheric density value, Figure (7) is adequate.

Altitude (km)

Density (kg/m'3)
: Density distribution (kg/im”"3) of
the total atmosphere in terms of altitude
(km) [19]

Figure (7)

¢. Magnetic Residual Disturbing Torque

The disturbing torque due to the magnetic residual
dipoles in the satellite structure coils with the Earth’s
magnetic field is calculated as Equation A.5 [19]

Trmeg = Ds;, % B, (A5)

where B, is the geocentric magnetic flux density
(in Wb/mz) and can be estimated in the OCS as
Equation A.6

__ 7.96x10°
=3

B, = By(cosA,0,2sinA),By (A.6)

where R is the satellite geocentric distance (in km).
The torque derived from Equation A.6 can be
expressed in terms of the BCS by multiplying B,
by [A], as given in Equation 4.
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