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Abstract

Honeycomb structures are widely used in the design of satellite structures and
advanced industries due to their high strength-to-weight ratio, excellent energy
absorption capacity, and optimal mechanical behavior. A precise analysis of the
mechanical properties of these structures is essential to ensure their optimal
performance. One of the most critical aspects in estimating the mechanical properties
of honeycomb structures is determining the mechanical properties of the honeycomb
core. Various parameters, such as cell wall thickness, cell angle, cell height, and cell
length, significantly influence the mechanical properties of the honeycomb core. In
this paper, various methods for determining the mechanical properties of the
honeycomb core, including analytical, numerical, and experimental approaches,
reviewed, and their advantages and disadvantages are extracted. Subsequently, using
a homogenization method and considering a suitable representative volume element
(RVE), an innovative numerical approach is proposed to calculate the mechanical
properties of the honeycomb core, taking into account various geometric parameters.
In this method, an advanced parametric code is developed in MATLAB, which allows
for the definition of a suitable unit cell representative by considering different
geometric parameters such as cell wall thickness, cell angle, cell height, and cell length.
This code is capable of interfacing with finite element software such as ANSYS to
apply periodic boundary conditions and in-plane/out-of-plane loadings for calculating
mechanical properties, including elastic moduli, shear moduli, and Poisson’s ratios in
different directions. Using the proposed method, the influence of each geometric
parameter in the design of the honeycomb core is investigated, and the mechanical
properties of the honeycomb core under various geometric conditions are numerically
calculated. Furthermore, to validate the accuracy of the proposed method, the results
of this study are compared with the analytical Gibson-Ashby model. It is observed that
the proposed method can estimate the mechanical properties of the honeycomb core
with very high accuracy and significantly low computational cost. Therefore, the
proposed method, due to its ability to accurately model various geometric variables
and its high precision in calculating mechanical properties, can serve as an effective
tool for estimating the mechanical properties of honeycomb core structures.
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Abstract

Free-Space Optical Communication (FSOC) has emerged as a disruptive
technology, redefining the paradigms of space communications through
unparalleled data transmission bandwidth, superior security, and reduced
latency. This study provides a meticulous and comprehensive review of the key
FSOC standards developed by leading international organizations, including the
Consultative Committee for Space Data Systems (CCSDS), the International
Telecommunication Union (ITU), the ESA, and the Space Development Agency
(SDA). A comparative analysis of these frameworks highlights their strengths,
limitations, and applicability across diverse missions. Critical challenges are
discussed, including the absence of global standardization, environmental
susceptibility, and scalability constraints in large satellite constellations. These
barriers not only limit the interoperability of FSOC systems but also hinder their
broader adoption in multi-organizational space missions. Furthermore, the lack
of coordinated development efforts and the absence of universal guidelines for
integrating emerging technologies exacerbate these challenges. To address these
issues, the study explores transformative technological advancements,
emphasizing the integration of Al for autonomous network management,
Quantum Key Distribution for unprecedented communication security, and
hybrid optical-RF networks for robust performance under adverse conditions.
Additionally, advancements in adaptive optics and energy-efficient systems are
improving FSOC reliability and scalability. This paper provides a critical
resource for researchers, engineers, and policymakers, offering an in-depth
understanding of FSOC standards, identifying pivotal technological and
operational gaps, and presenting forward-looking strategies to position FSOC as
the cornerstone of next-generation space communication architectures. By
addressing these challenges and leveraging emerging technologies, FSOC can
revolutionize global space communications, supporting both scientific exploration
and commercial enterprises.
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Abstract

The purpose of this study is to investigate the parameters affecting
Friction Stir Welding (FSW) of aluminum alloy, based on previous
research, numerical method and finite element analysis. In this study,
FSW welding was simulated by the sequential couple method in
ABAQUS software, and then the residual stresses caused by welding
were extracted. Also, friction stir welding parameters were investigated
by finite element methods and other researches. The analytical parts
were made of 6061 aluminum alloy. The heat resulting from FSW
welding in this study is the result of the heat produced due to the friction
of the tool shoulder with the surface of the part, the rotation of the pin
inside the material and the flow of the material in the welding area. The
parameters investigated in this research are tool rotation speed, welding
speed, tool axial force, pin diameter, and tool material, and their effect
on the quality of friction stir welding and residual stress has been
investigated. The results showed that the values of axial force, rotation
speed and welding speed have the greatest effect on the values of
residual stresses and their increase causes a significant increase in
residual stresses.
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Residual stress under various welding speeds
Rotational speed = 1200 rpm

Longitudinal residual stress (MPa)
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Residual stress under various rotational speeds
Welding speed = 150mm/s

Distance from weld center(mm)

== 1000 rpm-Sample 4
=tk 1100 rpm-Sample 7
—@— 1200 rpm-Sample 2
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Longitudinal residual stress under various axial force

—li— Axial Force=4000N-Sample 2

—&— Axial Force=3000N-sample 1

Longitudinal residual stress (MPa)
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Longitudinal residual stress under various pin diameters

= Pin Diameter=4mm-Sample 5

—i— Pin Diameter=6mm-Sample 6

Longitudinal residual stress (MPa)
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Longitudinal residual stress under various friction coefficient
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Abstract

The space radiation environment can affect the material and electronic
components in different ways. It is responsible for some failures and even the
complete loss of missions. Therefore, understanding this environment's
specifications and its interactions with material and electronic components leads
to more reliable products. Benefiting from this information helps designers to
apply some methods to compensate or mitigate the destructive effects of this
radiation environment. Hence, since the early years of sending satellites into
space, radiation payloads have been employed to identify and model this
environment. This paper analyzes data obtained from an operational
microsatellite launched for the purpose of demonstrating and validating several
space technologies. The primary payload of the satellite consists of two dosimeters
designed to measure the total ionizing dose (TID) in low Earth orbit (LEO). Based
on the measured data, the total ionizing dose inside and outside the satellite has
reached 65 rad and 1 krad, respectively, since the satellite launched (one year).
The simulation results show that the platform protects each component, such as
an aluminum shield with a 10 mm equivalent thickness. In addition, the received
data from the satellite detected two G5 solar storms that occurred during the
above period and show that a solar storm can increase the absorbed dose in the
mounted components at the outside the satellite by more than 300 rad within a
few days.
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Abstract

Over the past decade, 3D printing technology, particularly Fused Deposition Modeling
(FDM), has been widely adopted in distributed manufacturing environments, with a
notable increase in its application in cloud-based manufacturing systems. Given the
importance of service quality in such networks, it is essential to consider
simultaneously the mechanical and economic properties of printed parts. This study
investigates the effects of key process parameters, layer thickness, print speed, and
infill density, on Mode | fracture behavior in PLA parts fabricated via FDM. A full
factorial experimental design with 12 tests and three replications was conducted,
measuring fracture toughness (Kic), fracture energy (Gic), print time, and material
consumption. Statistical analysis revealed that layer thickness had the greatest effect on
fracture energy, while infill density most significantly influenced fracture toughness.
The novelty of this work lies in employing the TOPSIS multi-criteria decision-making
method to select the optimal parameter combination, considering both mechanical and
economic criteria, and comparing its outcomes with traditional statistical analysis.
According to the results, when mechanical performance is prioritized, the optimal
combination consists of a 3000 mm/min print speed, 70% infill density, and 0.3 mm
layer thickness. Finally, TOPSIS is proposed as a flexible and effective tool for
balancing conflicting objectives and is recommended for high-performance part
production in aerospace applications.
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Abstract

Spectral unmixing is an important topic in hyperspectral imaging as a
source of identification and separation of different materials in different
wavelengths, which is known as endmember signatures (EMs). Abundance
is the proportion of these EMs. The process of extracting two above
information is not fixed, because of variation of EMs and nonlinear mixing
phenomena. Extended linear mixing model (ELMM) addresses this by
allowing per-pixel endmember variations. While ELMM effectively
captures certain type of endmember variability, it introduces a
multiplicative ambiguity between abundances and scaling factors. Besides,
ELMM can be ambiguous when variations arise from microscale material
structure rather than changes in the endmembers themselves, or in the
mixing of composite materials. To address these limitations, this paper
proposes an improved ELMM (IELMM). IELMM considers that each
pixel is allowed to vary freely in each frequency layer, as well as changes in
relation to other pixels and EMs. Allowing more flexibility in EM
structure modeling, leads to introduce a new approach in the area of
unmixing based on novel mathematical framework. The new framework
considers the source of variation in observation matrix with a 3-
dimensional scaling factor array as a source of variation in endmember
matrix. Besides, we have developed the required mathematical equations
for optimizing blind hyperspectral unmixing results in improvement of
precise unmixing and better convergence. Simulation results based on real
and synthetic data sets confirm the efficiency of the proposed approach.
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Abstract

Orbital transfer operations, especially in low Earth orbits, are crucial for the
success of space missions. These maneuvers are key in precisely positioning
satellites, conducting scientific missions, and supporting communication and
remote sensing applications. Electric thrusters, particularly Hall-effect thrusters,
are ideal candidates for these missions due to their high efficiency and optimized
fuel consumption. However, potential issues, such as plasma instabilities or reduced
thrust performance, pose significant challenges that can affect accuracy and
mission functionality. This study designs a fault-tolerant neuro-fuzzy controller to
manage orbital transfer operations in the presence of thruster malfunctions. The
fuzzy logic rules of this system are optimized and evaluated using neural networks,
and its performance is evaluated under various environmental disturbances, such
as gravitational forces and solar radiation. The results indicate that the proposed
controller effectively compensates for thruster faults and ensures high precision
and stability in orbital transfer operations. This innovative approach significantly
improves the reliability and efficiency of space missions in unpredictable

conditions.
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Abstract

Designing Low Earth Orbit (LEO) navigation constellations
necessitates a critical trade-off analysis between service quality (e.g.,
GDOP), availability, and physical constraints. This paper challenges the
paradigm of traditional symmetric configurations by introducing an
optimization-based framework for an asymmetric 28-satellite
constellation tailored for regional navigation over Tehran. We aim to
quantify the inherent conflict between navigation performance, service
uptime, and the operational limitations of communication
hardware.The design is cast as a large-scale, 84-variable optimization
problem, solved via a hybrid Genetic Algorithm-Sequential Quadratic
Programming (GA-SQP) optimizer to determine the optimal orbital
elements. Performance was benchmarked across three scenarios: a
highly constrained case (GDOP <5 and 1200 km antenna range) yielded
only 560 seconds (0.65%) of daily service. Relaxing these constraints to
only four-satellite visibility boosted availability to 6850 seconds (7.9%).
An intermediate scenario, enforcing GDOP and visibility without the
range limitation, achieved 3930 seconds (4.5%) of high-quality
service.The results unequivocally identify antenna range as the
dominant bottleneck for regional LEO navigation services. This
quantitative analysis underscores a fundamental performance trade-
off, offering crucial insights for architects of next-generation satellite
systems to inform decisions on constellation geometry and hardware
selection.



Loylgalo jlezr (o yiwd Slojed 9 GDOP Lz glis
aaty > 1yb b g8 5l 53 (1 ple (35T 8 1 Cydgue

(GA-SQP) i ;6!

o . Y 1 . o s~ 1
F e Loyl g (o001 cmmns ol 7 (6 y2 (g0 ¥ (5 565 ()

a.koSari@Irost.ir - o 1 caio 5 cole slagiagh lojlo coledbl 5,5l § §p wiige 09,5 ¢ boliw! -

M.jafari.h@mut.ac.ir -l ! (s il Sl sao olKisls diadlgn gosizo ojLotisls -Y
adami_amir@mut.ac.ir - |1 o) 5 sl Slo o olKitils dLiablgn goizme ¢ bobiwl -V
amirfr357@gmail.com - )|l « )5 «cpos (9 pole BaSiasls (558 (sgamiile-f

¥ gt odinnyys

ouuS>

ey g loa o 2alS Js 4 (LEO) (e ol sl 53 6 206 slolsale sladnglaine ()b
2 dS Jolaie sloo Sog, WS ol a8 T 18 sloanlid axgin a0 YU o L Sleas &)
8 Shos willgs oo 0 (53lwdinge 5 UL laga b 5)l0aSS (STy asile) o)l slagan S
53 AGDOP 0ile) gy cieS” ploo 03lg5 (Jlonll woims &Ll (sladlaie (2lgy (sl (55
S (ol 0y wiile) (S5 slacusgaza g (olsale Jloz (g yiwd Slojen) pylie (35 oy
slaashio (b 6lp iloane 0ozl S dlie sl oaile Sb (ol (b
a2 e a5l )45 aklaie gl Slons 4]l LEO o 45 (6 sl o lgale YA 31 Uit oy el
5 e 099 oo ) Oley (sl kS les (trade-off) Ll oS b)) (Lol Sun
AT L oo 50 (s ilotings At Soofgien (b alies ool Slnbre slapmil (58 253
Sttty S lalius ol o (6l el oad (g g8 (o,l90le YA (6l (55l (sl il ) yoiio
Sl a5 w35 eolanul (GA-SQP) Jlgte pgd a5 (55,40l Sty o598 (o
5® Aty deghiie 0 Slas S (o0 oS 1) (oo B8 (2l Ken 5 Dl (sLad 00 S et
Sy udgaze 5 0 5l 1eS GDOP il 5 w8 (1) ol Jolo 5 (g3l [iome (g2 )l ans
5 GDOP .85 03 (V) 5 wojlsnle oz (gmiins Slajod Bro 0B () iaglS VYoo o]
S a8 ol oylad atele Y oL G jo Judos gl il o Cadgame (g o lsale jlaz oy
3525 GDOP w5 i L ceul (14170) 456 07+ o5 JsB b5 (23 ms oo 0l eJ3l 532,lims
s S Lol ol Ligl3l (AV/R) 4l PAD - 4y 6 pSatir jobas o ol (oo s2ylim) T
b CedSL (p3mgrm Oloy el los (ily o KLl o5 ips ga)lin S (e
ol 3 Cusgase 45 was e Glis assd bazibasle, (FF/0) 4l ¥AY. & |, (GDOP<®)
el glailaie LEO (6,156 sloanglite 23 gy oloy LidlS jo Lol olS5lS o STl
Ol g Bl Lol s oTlS sladoly (8l 4 o8 wizye o liel A la >k
Slr leinl) plyiea Wiy oo o8 @bi cal o)ls 052g G (9gr (s 0 5 JiKems oS

S Jee ool (518 5 daghiie (g lome D5l jo ST (slolgnle slapinn b

1 33 e i
Journal.isrc.ac.ir

9 6)3“ aPQJ.C M&L»Aég.b

L;’L»as LsUb.b).g)lS

VoY -11F axdo ) o )lods (il Jlw
VPO lbawsl g 5l

DOI:

10.22034/jssta.2026.537292.1256

S29l0 Az ;b

Vo[ B/F il y
YR +QNY E

oS’ (sbojly

LEO Sl slacs)so GA-SQP
39320 &Wbli )l @ ,lsale GDOP

Ao ol @ sbciwl og2

(S g3 (S
(78 Loyl 5 (o0 (e ol
Slejpe s GDOP Lo slss™
Cadgazme b ojloale )z (o ytws

L st Jlae 5o Glplse (il 0

GA- o, g (Aib

5 55k sl aoliladss "(SQP)
o lods uinds A ¢ lad (sloo) 15
A8 YN E ol ol




(GA-SQP) iy 135 inty o>y b 33 Jka 13 ilyplota T 59 Cy39amo b o lgalo Jlgir (s i silojod 5 GDOP, oo o9l

L log] s 455 (6l sMilaie O)ypon 51 jlae ;0 (5l
clo s e Sy (b 5 STK 3l gk | ok
I¥] axn dowe (65l dnglate

429590 Ghejlote allad g pgl altes YoYY JLo o
slass 5l LBUGNSS g yuo ahad JSie dy az g5 L ol a8 571 3
)|..\A Lg'.aso)b,ébl.c 0 L;Lmlaﬁyu O 9990 ‘5Lmo)|5.ml.c L;élflj
SIS JeaS5 5o ssbos |, GNSS wilyicso (LEO) (o5 il
3G slas g aslisl glolsale Celes sllas 50 e 5l 1,
ey o LEO clalice o plad (Sws b s>
b Jeslas ey jlae ((GNSS-D- L0eGNSS) s 4l
&3l ol (slolgale anglane >1b L] conl snsialoriny
m)ols gs.....u% GL.L?U J:>o|)5 w‘ JA.D ...\.._'> 9 é)m‘)b A.._'>
Sk ey So g Gl o e lodzn £9dse iz
GA) by w,exdl b Gua wix LEO (glo,lgale deglais
slojlgale aoglain 95 (b ln 1) (292l 5 WS (o0 Sleriny
e sllgale dsglaiy a5 WS o «l) GNSS-R LEO
5 sl 3blie o laplsh wo, oy <ol bl
GoSoslail gl igd oo oael « Sl Slojlsale anglaie»
Dype 90 2wy bl e Sler bl sle il
Diirgy Oley el bl slaws sl oass >k (slo laale dnglais
b 2 CA o5 (s lp dome woil (loj 5 ol
90 a5 a2 o lid il gl s 2U;, LEO (slo)lgnle dnglais
bl ks 2l polae b ouls >l LEO (sl jlgale doglais
Shgae, ofles ;o 5wt age ol bl oSy
[0l S o Joe e 95390 CYGNSS (slolgale asslaie
b ol g o olaiBl b (5 6L o lsals dnglaie sl o Slae
5Sles o5 3G o lgale g0 b S o ol el s e o
Slass Bl L g o)l Sl snsb slao)lsale acgorms S
Gloylgale doghiie 09 wyiwd ;0 03,55 CunSs slaolgale
O ConSl aS was o las (gl mls Wb o olS (6,0l
‘) (_;‘fjl) 6‘0)19.Q>Ln 4.409.‘4...9 OOP ¥y 4O @Lg‘} (5)491.: o)‘j.mLo
‘5...5)4 ‘5).'51.' 6‘0)}@[.@ 4.43]4.\.@ 9 Mbs‘o U.M.le o 40 \Al O
eyl auS bl a0 Y 5l i 4l 0gr (o yiws 5o Wilel o
6;15[.1 M}Ja..a k_':JS Q)SJ.Q.C ).vu.ul.' )LM L_SLQO)‘}DLA u.o...u 9 LS)LA.A
1] 5,85 o st oS

douio -

5 98 slajlas yo0jlsale )5 g Ctlw ania als
sz b af cwl oo pl cely g Cloas adl)l sadailys
L2l s >hb sl golaidl 55 sloleS gy I3
slojbore ;o dg—io adl)l o8 Jlae 13 (55l (slo,lgale asglaie
Sl colanidls sgzg (5356 a5 (g b glrasslane o (b
loaglite 45 Ee ol 035 ol yol el Sl Cel 035 GDOP
W85 (o0 ) B gre sl s wad oo 22l 5 (b a5 o lsale
) ey 05 Seorbns I (goud il o0 0)l9als 2 a5 G92uan
R s Slojpd dlie JJS (e 4 a0y D9
b a g o v as Sy Ll Ll el ailas coonl o)lgals
FaiS oo B b s (pl 09l aslo 5 slolanle dnglats

i wslolyale anshin oo sl (sLatb ool
5 Lol sl (slolpnle dnskiie cpl il 055 INES lo lgals
Sl 4 oliaws INES IS Gas sl e >, 51 e
sloarz 5l (S cul sy iy 2 b (ollai e 63,5190
T) oS 5 6 oy sS4l INES gl
e S S ) o8l al Uy el ) el (g D e FohS
sleglz 5l lasi o 5l S s090 090 adlg> i LSl
OV SV SR IR P DI S W B TN [ =P JON
al) aslrass oy 5 gonple; JUS DAY ()
oley 30 0 59, dgass i a2 oo o5l (] Laies oo oo lgals
@Yb e S8 L (e g 0)l9ale (WIS Al je (59, 5 (2Bls
J s 0a4- Jlw 5l Alenia Aerospazio V] ss— 4wl
o5 el 3392 (65 (glolsnlo dosbiie Ll Sl dalllas
OIS ad sl RNP) jLisy0 (50l o Shae a4y ol
5 el ooty Bslans plso (sLad ()15 4 o5 az gy o
5 el S s Loglyn 59,3 e o < Ll
doghiie.Cand (250,90 RNP pouiai 4y (0l 59250 GPS i
30 (LEO) (ysy by Jlae jo 0jlgale YO L agus slo,lgnls

' g silow,

4,0 FF dgu> S yidie G g (5 egksS YV 0 S e g5
O pmd 53 280 S) RNP L Wlgs oo ol sl oo oLl
IVT wab acsls callas CAT 1 59,3 b (S LSS 5 polas (0

Eyose 2l Gy p BB 3l S Al gl ddhie gla)giS
angbiie slo >k 5g; » 5 Jlb jo g wlass Ble Sl

10 Vel bl 5 5l cJol 0 ylonh « auiicds Jlo — o3 Uad (b )5 g (53U cpale aoliliadgs/



7 5 0] s pirz cugeo (58T

o,lgnle YA L Jlas YA jo.caul onlsplonl o,lgale YYF L (slolsnls
DOP ;o 1, $IY s ,Slas >Lb il el sud S5 s o 4
18] sas o olas

Sl (LEO) (e ool ke (sl lgale slowws ay oo a3l
ool 9 5290 e 2btesdse sl p polaid slo JuSew JLo)
a 51 S o slmyl |, LEO (glolgals (slacy pels Lawss (PNT)
LEO (slasjloale sblje S )0 a4 g0l azg p3l slaJlo yo
55 LEO 51,50 (sloylgnle (slaanglass ol oy PNT (ol
im0 Wl 1) ey SBgh 52 3l (5984 pamin slas xS o3l
e B ol o oS Sl LEO-PNT slaacshane sLlje
Sloze sl 5ol sl oslaial ogally (slosd jsliws Jeloviga 325
1y LEO-PNT (cladoshiin 5l sanlassay (TEC) S 5,25l
slaanghine [V o] 098 (cw)p Sandn hwgin ()15
ads jsbay a5 «(PNT) olej 5 5250 cpbicendse sl LEO
3l sazme colaiwl b ailes oo g so 00ueli LEO-PNT lgicay
L (500) Cuo ol fyieas S5 50 (sl lyalo asslins
Ba gl ouls (g5lwags LEO wsoz glo,lanle degliie el
D] wss asle Sboasdse

@ O35 9 lagie slojlae ;3 (slojlgale (5 gl anglaie
2l |y s b Lol Vb el as z oo (e 90
Gl Son el L5 glilate idg 4 Lais 5] aS S e
sl slojlsale anshite ly Hlb b sl Lol
ot b ol el sndslgiting Cree ol sl o gldilais
3o (owin ilud) b a5 aS e W)l ], (GVsb by
P O odbiin s iy 3l slaodi S 4 axgs L (GDOP)
Golginn lojlgale dnghiin gl oo (aein il L8l
ol Wloniiciy w5 5 cbymall 5l il glacaS 5 el
w0 5 2Ll (2ye ST (See) e Sy Al
D] J5ls slojlsale Liol)T 5 bao,leale

Sl 90 Slojlgale slaanshiie sl (LSS sla Sl
A LB 90 i 9,459, (MEO) (GNSS) Lawgie (s sl
2 Ol by o 1) 4z lSe plicesdge wllsn U 0 yS o
olPl boablie 5 (2l lagylw o Grizmes 5 5L (slas
ol 5l b e bl axsl ansls GNSS o U3l clyags
o3 et e (SI8 slas 90 4 algicge JaSe slaassline
QS 4SS (10T) (Jgo 9 5590 sbedl i il slaanglas 4 (LEO)

Seyoty (GNSS)  dlojlsale  spsb Sk e
2 ol Dladmi g Ldye Il oo )5 5 Cusl angs Jl> o
15 S, o lsale doghiie ulul  lalllae el iliEl >
by Wload has (Slidxs P 4 (LEO) (e (mly e
slooylsale  Siusls Wlgio LEO (glojlsale acshite lg>
Cetd GBS g apd el ) ey o O las sleolSis! 4 (6 el
lie ol 5 s o902 |y (65 (5laoJsale (POD) 5o ko
L olyen oylsale $+ g o Y L) LEO lolynle doglite Lo
66 25dige ilwtnnd | (srn; sloolSim] wo) (slaosls
Sl sl glolsale piuew d , LEO cloo,lsale
ooliztul L ,1POD 6o iyl aiiS )1, ((BeiDou-3) (BDS
9 LEO slaojlsals 5l cadgiluars Slalie sbesls
S Al o e b eginey Sapgialle ool
ol loazily oS o Julowigay 325 |, BDS-3 5 LEO (slaoJsalo
can l eolawl b lgs BDS-3 (samdw (5 lae S8 a5 wad
dashiie 55,5 LI 5l Ly 5 ansl AM AUBY e Linly olSay
331 b sl a8l s (6 il S el b LEO o Joalo
C8 39t g ol 55U LEO (slolgale anglaie (sloo,lgale ol
Sz b lojlsale slaaghine [V] wl so palS 050,
oy e sloo Jsale (sly Ll sla Lol , (GNSS iz ailS iz
S Coxdee oy Jool, ST kigd e Jelo (LEO) (s
et Seebe i g 0jlgale 380 olnlr (e Bl S92
lsice | Cornbgn 5,5 daslne o lgnle Jloz 5l oolizul L1, ceelus
tslone o ) Sygo 40 yid b ojlsale e 3l eslil L
2456 50 fades mhaw 50 bwgio S b @80 lml 08
TAD el Jols 56 assll slags 5o 5l ol
S ol dtns Coeal 4 azgi b oo olpl 0 pol> J 0
LEO S & 50 Sy olyb ol 4285 & 90 cilicia (sl IS
@ gl Boa ojlsale olass Plas b 690 (g sl
Cosgase jlooliitul b ks (ol 7 5l a8 (DOP) 385 (55Lwi3s3,
245 905d e Blme jle )3 ol o i U aldi Lles
a0 00 ghlae ol Gl gy S B0 Glopls (gl gl )|
a i gl Lo gy 525 ulaol el ool b
03,915 slp Gl oyl 5o o)lsale slaws Pla> slp (s5lwais
lausgime b glls 5 6l 0 Shas (sl lalill ads o8
doghiie 4 gounie sladelisniod e 9 SUp 4 by



(GA-SQP) iy 135 inty o>y b 33 Jka 13 ilyplota T 59 Cy39amo b o lgalo Jlgir (s i silojod 5 GDOP, oo o9l

sloslyali doglaie VAP 5 VWY 31 S 5 500 Sy 59 o>, sl
BeiDou-) slo,lgale (6,0l piucws Cugd (5l LEO jlaw o
Glolonle asglane azdly b3l 53U cou ai oslinu! (BDS
4, (GDOP BDS) cds cwsn &8, Sl ke o5 5lwaig
VY 5l S 4 V/Y IGDOP iSlas g el uals «/A £ 2N
bl sogilen cogis [VF] il pals (Lrals OF/IY)
S 4 el sl o (LEO) (o) b law slaolsals
Sloslgale dnglaie (g loe bl sl bad €l gaoge
Slr Gasre Ploe ol o8les Jilodsayizs o LEO cosis
&l LEO slolgale angliie .l LEO Co gy (slodogliie dauwgs
LS)"?L' 6‘0)5.@[& W as JJ‘OM‘-?‘)JQ Coogdone U”‘ Lu 6;)5[4
dosyl asS Cuets S 5 g JRe ol o |, (BeiDou)
ol I8 ki slacdl> o (DOP) 5.8s &8, polie dwl=e
doghiie goue lagiluas S pgd el oul Bl
5 Joere bl jo il o Slae il >k dsshiio yulul
doghiio 0y oo I3 Jlodga oS 900 (Sl DOP olis
EDUUIC 3 PRRIPEDNE 3708
DIV] 85 oo g5l yiaghS Yo v e g 2ol V0.
0)5).0‘ aS ol 65.7.‘ L k_s_aL.aﬁ L.S)"ﬂb aliis u.a.o.bl

d)L.\.A &Lo.:)‘ l.: WL;.A L;‘o)‘}mLe

S Sl oy nl 4 s 3y Sl 4 58 pogas slaSleS
S5 sl a4y 4z b 55 ol Lo 98 ks Lo gdlie
loalels sl 5 b g5, 5 6T lo s Jl 4 £5550 o
i o 155 lae 5 6 sl sl ale aasliie o, L
wding

Al dles a0 leals le>

o)lgnlo gy =¥

3 slo)lgale (sladoglaie ul 4 L5 A5 ;0 a5 jobjlen
F ) ey Gl jlas,0 00 S U asly e ghe slolos
oo oS ol Jlade opl o lajlae jo Ll aues midg
©,5 aales

hiasdas ool wiind @ Sdpiy Sl 50 93 0 a5
wited GNSS LoSe a5 Sloolliws (oo p st Jitons
b cos sasay GNSS JuSew o5 b o asly
IRVINRVEPR TS YOO [P FOVEL o UL DIRYNL JPDNN [t S PR EE R
UK 51 GNSS & s GNSS oS 5 sl ol a5 >0
QS e oolaiwl Cus 3 sl JUSw lgicas i 10T 4 LEO
Slglod S b o 1) ol JB pbiceadse cBs Wlg oo
D] aeso o5 gy b

o)lgale 6l e slilaie (50l (slo lpnle piamns SO
Wbp glaanie axg BB als b (LEO) Guej ol o 5o
e cnl cnlply ogb 485 Sl 50 Wl o0 o555 5 cla
slojlsale anglain (>Lb 5 (giluaigy g, S anwgs Saal
adsl s .l sasplos] S5 slag sl 5l ooliiul b LEO
Gl Gasl LEO Jlus ;o olsale YEA Joli aslllas (pl
JEOS I S R ICOW I g PR
o Shecaisb o Yo o] SLdlas clatse 35,0 b golas
38 oo 418 sy 10590 (6 3lwdnd jloolaiul b slolanle dnglats
GBS (owiid £33 5 (il gl oSS e ey Jelt (<L)l g
Jool, s a8 Ceul ieS GDOP L35 o gl 5wl (GDOP)
lolonle  liad dwain & Bro § 08 o s | Sbusdse
S )le cure kS il Shey S Jpe o)l (S
Olee Jold g jlutnds 05 oo S5 )3 1) e pgo slanml
(s> b Lad g glaml e Sige e b e (c231S
DVF] el 6,08 ail S slazel 5 5o

drgi | 428l orans GDOP Juloigey i S [Vo] o o 50
Jolo g Q35 Shls cacls leools b lejee Wilgh oo 45 20 oo

e Célas o sladhie

wais] sla Jlo )0 LEO olsnle (sob; slans by b .ogs soliiul
5 Wgd oolitul 6l sl WSl e &S ok sl LS
lizeo slo,lsale (sladnglaie j0g cuwlio O dinlgs o wd
aS sl 0a pgas oy, oW WIS PV S &ly
GDOP Juligey x5 5l jige ooliwl (Ss%z 5 ploj e &
O Omb lae sloelgale 5l eolaiul oS o S alblianngs
bSesdse 5 Gl Glagmy e 3 Slee 3o sl (LEO)
Cpre Sl edge So 4 S gt lojlsale e
NSGA-T (g 5lwaigs pou, 68l 5l iasdlas ol o .ol oas Jas

VoY \Fe OL’LWQU 9 )Léd ‘Jg‘ c)Lo.:u . W Jl.w— @Laﬁ 6[.60).3)15 9 6)5L}5 ‘(ns.Lc MLL.Laégé/



7 5 0] s pirz cugeo (58T

sle )l ol 5l (S asS o eolai ol i sla )Ls )
el GDOP oolazwls yge

GDOP Lo -V

s | 43,5008 o5 el (pwdin pophe SO Ol
oS Sl ¥ aball Sy Cuxdge s Sl &5 Sel (e (s b
Ol Gyl gogs o aims i |y bl o1 o lgale aw J8los
sl 1) ollas S 58,138 oo b CunBao B3 (59, laolsale
a5 Gl pogie ool 4wl S GDOP lude juiz 0 .08 o
olie S8 b CoaBye (ol g Canl Al 0,50 (il
NOW PUER NP

A(Output —Loction)

GDOP = M
A(Measured —data)

Dl yaS S jgm0 45 39800 Gl (V) 05led 908 50
O yg—ods 45 S 03 (6 S o3l slaesls Q—‘ T G,Lia

lade (4055l Cwd 4y (gl AT g o 00l Lsled (s yilo
o)‘}QLc )LQ.> by o..\jj.:f )‘ ‘) ..\:>‘3 )L)).g ALy Sl la)y GDOP

2l LS 1) (1) o)leds Jgo 8 30 yile Gugms 9 428,57 515 5o

_(X1_X) (y1_Y) (21_2) _1—
R, R, R,
(Xz_x) (yz_y) (Zz_z) -1
A = R, R, R, )
- (X3—X) (Y3_y) (23_2) 1
R; R; R,
(XA_X) (y4_y) (24_2) 1
L R, R, R, J

OJJ); )| J}‘j )‘bﬁA u...u).'Lo )‘ ;Ea.lo),a: L Jﬁ‘ )‘JJLA A

Jop Xy Z] Jges8 cpl yo a5 aims o i |, o lgabs o) L
U"‘ o)‘JJ‘pr R 9 S odﬁﬂf u&n )“5)-.' LS)K"‘) 9 o)|9.QL4 ulia
9o e (1) o)lods Jso 3 LQ o fle g il Jold

Q=(ATA)" ™)

polaals sLongs (llesS i yile 5l sy Q G Sle

Sodz ;0 pgd ol b e, ol il 00sd (6 S0 il olie
&lp oy, a5 (First Order Second Moment FOSM)

RCU PRV TR VRGO JCOUPY 2t IR VRSP S KV

MEO
L ]

9% 9 9 )l )0 Sludg el gl :(Y) JSb

slayiall a5l adsl Sy jolinens s 1) g2e 5 58 (slajloe 5o
S 89y p Sewlas o SG v gy 9 Shes )l
i 5U s cpl jo 28,8 plowl asglaie 3l 350 o lgabe
oo ey ol 4 (o s (o 1 oo gl 9 5l L)
caw Sl yeghS AV BV e ) c8 )5 13 ) 0590 (01 45)
Foody ogkS 00 sl el )l moli8lbas ol las gls (e
bse Gl (s Oliee @ ojlgale i (loy eghS
Sl o s o 5ol 53y ok 555 o o Gl
DAl

s0,lsole sloasslaie >l & [YF VY] e 0 uizen
3925 a5 (1SS Lol sl onlsaizlo Ll o STy G, 90 &y
Syl b g cnl ooy o, Jol bl 5 b cpl o)ls
5 Sl G5 wyp @ siloaige Joe g 5 il
el oaddiSls g o dlg) 9 (5 M0 aao

Lol cenl oulsplonl 8,000 o)lgale S sl Judos () ax S
o asghaie S lae jo speline L) a5 il Uaul e e
ol 4 e (IS s s )l gl Al
(J ol o aales asglase S (o yiwd o 2920 5 SLogaen
YA Jolt) anglaie IS (59, » il cnl (o5 5 @l Jebow
5500 s sl )b b (Trade-offs) 1 b Slslge o)y g (o,l9nle
Sl 295 BB Slasloee mlis g 00, sl g jlwands wiojls
aS 1, gyl sl el Ol oYL coonl ¢ Slodie Judos oyl
Sile oo paws p wloadsaigs GA-SQP (b )65 Lawgs

b stlizeo slolse ulowl 10 (550 (slolsale sloasslaio
Gl o 4y pw s g aie e (Ol lacusgase 4 axg8
6‘o)|9bLa slrdagliio ‘5‘>‘).la 3 g o0 M)f S o calise

T TR oo live



(GA-SQP) s 55 dicety (2 Isb b 5 o 40 (T ploio ] 03 Codg9uzmo b ofaplo yloz (o piwd (Lo jotd 9 GDOPylizo <iglis

’
sl lae ;5 oo lgnle 45 lag,o w425 s 45 jsboylan oy Oy O, Oy
og5 Ay ibies | Cyee 0,8 s aisleny ¢ ol ansls |3 YL |o, o, o, o, ¢
Ll sl 6 s Caonl a5l ol Q= Op Oy ol oy, v
Owx Oy Oy O-tz
oylgalo sl g yiwd (oot - ¢ GDOP = \/o-f +0, +of +0o =traceQ) ®

ez Bl b g gl e o (sl 08 aiS a5 j5boles

Al gyt CEL abd 4 e Ojgod Wilgh o)leale
3,lad s yiws yloj 5l (S50 GDOP Lse a5 ol oass 5 0l
Dygody dillgi oo jadizr oS Sl o lgale gan ()l USCS Lo
s ey 4 STl aime Lidgy |, 86 abis oS,
3 Sl oo Slojlgale dagliin 4598 358 oSS Jlre S lgreas
b aalys w3l Ly, gl 4 1l gybge ol sly S
Gl (slolgmle yi5T 8 40,8 log 0 10 095 a5 (slaliuws sl
lgise 9l 518 a5 (ol 5 ol g9 4y iy )0 5 @ oS
3581 byl a1y gy oy Wl 0 a5 (so,lgmle (il 0
355 oy e 5o il g9i aS 09l o3 ST gl cs
) 4 0 pale (g s S5 5 s L s 4 3575
a5 Ceol 5T g5 alins S EJ6 £5o50 (nl 090 00 glab SLas 50
ol g gl g coll a azgi b Jl o)l Sias o)lg0le glas )|
Cawd 4y dady by Wlgioe o)lgale a5 (Slej on i ange

- ‘Ls"
T,
/ N fux densty ot g
/ SUrTace of sphere a -
/ p »
sohere radius,/T Pt { 2 .
R o T 4.~ "
P.{:?- . Sﬁ,f" -
1 . P
Iransmitter ~ L
o
DOwRI =~ .
-~ —
- -
phere areq f "‘-..,__h —
anr? 20,
e,
[ Thelerse SquareLaw | g

&Lﬁ.‘fﬂ 4 S 0,lgalo Y] ol :(F) S

o lsale £l 5 gy corlive e gabayl, 53 (F) US55

0 ol el

) laejlgale Cloiez Ol Salegyd (0) o)led Jga 2 50 5
aasd o 50 b lgale Cuxdae i b lg3 so I 0] Cows @
g 03,90 Caws @ 1) oy e hasd Bo ahds 4 Cond

35S o0 O ygo 2lg3s ISS a5l (pl 09 aine

Gard EBS (cwdid J30x5 el &5 cawbol (owiid (il To(Y) S

gl 0

Ui il el asie (V) IS8y a5 jeboles
u.w‘ Cod - ‘;b Al.o.w.o‘ AS) 6)._»9l5 dl;w...o‘ ﬁl?v‘ &9y ﬁo)b.b‘.n
CRE

i 3 a5 Wilgs oo 45 o gale ol o il H(F) JSi

1.4 VPO w9 5L (Jol o losds ¢ gt Jlw — o La8 gad 11,15 g (559L8 (pole anliladgs/



7 5 0] s pirz cugeo (58T

nyz :QI()mivayz (\Y)

Slacasdse 5l pumyle Ko ooob dSas bl
JL> ‘_).J‘ )é M>L>); LQo)b_&bLa ‘5....1);...».) L)LQ) wr Le) O)|9.®Lo
|, s abaii olgals oz JHla> a5 el conlio Lo sl ke

Aol ansle o yiws o

GA-SQP jludiug po yodI =€

LopsY sloding aine S oy b alias S hows sl
Sh9y So S g9y (b laaie anje pliegd e
09y (rl 09500, 4 caliBee Pl J> sl conlio (g 5loaige
Syee )8 4 gledinr sl a5 Sss sl Sl eslinal py ogdle
o blE o 08 5 Gl i b slagg,
oolizsl L Wlgs o i3 108 i 35501 sl 0,5 s )8 ooliziasls yg
S slwding bt (6 i Sy b Wije a5 aliSre sla g ]
A o L

Global Maximum

Local
Maxima

Local Minimum -
¢ Global Minimum

S el 4 2l Sy Sl 9 (Aoro o ST LS :(F) Sl
S o0 Ty 1y BT jlwaiags

IS8 55 sl silosinge Slodl, S slaghs,

aladi laieds 1) Jowe aigy adadi o g0l cdél aiiis  _wlul
Sl ks s cnlil Su e s WS e B s IS ange
Sl gs’L(’f Cloz CuaS o 6?[...7- s doglaio @I)Jo PRV
‘SLDM#J.A ‘57-‘).]0 le).g alises Ls)lS.‘;_.J |)3 LSLQW-.‘:-.‘.)Bﬂ‘
saalin datagy o o LY+ Al wlasls ) Sl pbre lo,lsale
2 Ked S 3925 VA PSO s slag 5l a5 ws 8

i Local horizontal

8L‘U)| A S O)',JBLo w% ol :(B) J.i&

Mz owiwdetS > Vol Geend b Olgier e g
Sl plil 1) (g5lwands Cds pwaie o Jge,8 g 0,l9ale

1 e cosé
:M sin@ *)
1+e cos(0) 0

Cugan € g ojlsale las (Lol j9me i@ YU dlolas )3 a5
el 0lgole i Jlogil 55 0 5 ol o

—sin@
vV = e +cosé )
1—e? 0
ZJ\:’.TLSA Cawd 4 izl N (V) adly jo a5
27
n== W)

alsly 5l og5 a5 .l o)lgale Lol 0,50 T (A) alasl,y yo a5

D9l g0 Cl);';’;...al *)
2r

’GM Q)
PE

Lol el ozl (g,lon olKws jo lul, Yo cwl o) 0,5

sl il G,k Q‘BJGA Sed Jae ‘5..,).:,{\ oK 4 Wb
Sl plol 118 ol g0

-sQcisw -sQcico-cQsw sosi
Mol cQeise+sQco  cQCico-sQs  —CQsi )
Sisw sico ci

Ohes il o S g @lrale Glajlop 0o b >
\.\.JGA Cowd LSMJ)""‘ Ko ) Msﬁ 9 €y
nyz :Qlomil Feyz am



(GA-SQP) iy 135 inty o>y b 33 Jka 13 ilyplota T 59 Cy39amo b o lgalo Jlgir (s i silojod 5 GDOP, oo o9l

Js Slows ) 00 S (G979l lp By e
bl g5 -
Sz £ -y

auze b Gl 7N

Sy, slosliiul yogdle cdie J138le 5 )3 (55luand sl 2
Sl (pl )3 05 (Byre i ]y byl g 058 WL (V1Y)
Cowl JIB syeghS Ber glay)l jo a5 o)l 0emg gl o3
Shawi g Sl gopls 3 50 slae rizmen 358 (iluand
Dy go 48,5 Jla5 13 0lsale YA (gagy ;U 5 iy azgi b 5 o lgale
ol 8y Cudgue dgd so iy i L] 0 a5 6,50 bd
ogd wid ¥ i o Slpbre 0p Coogase ST cwl Sl
Ol ol 4 (5 2agkS VY- 50 il o Sl pbe slagyl
S o Sl 0 Cusgase o ST Ll ail il ow s
3525 0 lgale b &8 )b ol Gy, jo a5 Suogumme 095 48 S
ol O gl jo as og waler ey S aias Cuils valgs
Sade sledige 1) g)lae gl ol b ads ogs dles YV -+ lads
OWQPMU‘)'QJ om‘d‘fwﬁouu)wwbdﬁbsa
GA- jludige o551 a5 5,10 0529 psie AY slows aiws o) 0
0o 6‘)? S el (o> 6)'L*'-"L"-.'.~?:‘. also & J> Jl> 3o SQP
Lol oalans 3 La o s

GA-SQP 55551 b (5 5lwdanis 9 Sud aylgi -7

b slacl lsicds b slo el b ol 4y el (gl

O e g b dalys Sl (V) Jgux )3 (b sle e

AL dalg s (gileding 4l Sloerie a5 4 (V) Jou
3ale e b sla sty (1) Ja

e i o Q H 0
max 0 180 0 0 500 0
min 0 0 0 360 500 360
unit deg deg | Deg | Km | deg

Gl b o (V) Jou

e ol oy Slade
X 2> sla e oy YA 6y o jlodinge e AF
o lgnle
Ttotal Sl Sloj 090 el Y
CL(X.T) 28 Jo el S | i Sl 03 s GDOP <5
Xaoshio oT b S5 lade wilb

Sslns o9z 9 0Tyl G slalad o il
Iyl GA) Sy wm,eS NS
sls lis 095 5l Slg slad (ggzinr ;0 (6 (5 pdySllasl
So b eSS sl 2l sl &3 pelas ln L
50 0z ol sleaige 0o b izren g (e S g2innr
oo e Gl al asiine g el A8 T O g0 (glanlie
St w980 Cnl Lol ogaz plial slaaige o )55l 2 4ol
)8 S35 ldinge o yoSl asilen | (e bl 5l j5ee Ulys
Iy
Jdo @ ojlo g o 59l anghaie b 4y aS Lol Al
S Sazm GDOP b pé 5 whes L jlse S92
e 3l (Glplie Bro (o3 by Jilos &) S (51t
A pe mli g el dily oo lgale oo avasn 4 o, GDOP
PS5 L gyl S o S 5 55 lome (slaea ST (5l
5 30,8 Ol (Hybrid) oS 5 0,505, SO copiion Slo >

oo)l.mf (8 9T 6‘):’ (GA) k_i&a.)) ro-s—.’,)ji” )'| “5);‘-’.9)01‘
Sl glad o suanl >l olulis 5 (Global Exploration)

REGSEWY- 1 L}"’)ij

Oloieds GA laisgi 00l dly Clgz (s i o s 098 o o0laiul
45 «(SQP) Jlgie pd 4z o (siludinny piuysNl 4 £o,0 abais
el @ 50 9 w08 (Local Exploitation) s [§ gocins S
ol il melats Wb s L1y o le sl el b 553 e ool
| lap] slacins g a3 )5 )5 4 1) 02,550 90 52 (sLlse S 5
S gl daghiie (b alies ol Gl (6l g aR0 0 iy
Siloding piys8l 2350 o0 guine dige ol LEO
a3 o ol 1, 553 90 (53t o ol 45 315 sl Shae
G ez b gsoge (nl lp Col o555 Coal 55 o] (i
505050 (hyy o ol 2 adsl Comozr i 5 gl Slae
9y Ol 3B IR msn g el 3550 (Al lagy L
asl ez ojlail s (b Gl e (i slabal) (69,90 anlllas
eslie adgl Comaz gliBiinl aad dm (pizres g 0l gl Sl
v o aslo ez €5 (omin @ G 9 @b £ et 4

A dlgs anls oyl Byme 4 (V) Jooo j0

Slwddon G Gladl i :()) Jgu

sl Slade Dlodgs

nez Sl Yoy

S o glacl slows

" \Fe OU.WQU 9 )Leg ‘Jg‘ c)Lo.:u . N‘”‘"‘" Jl.w— @Laﬁ 6[.&’&).3)15 9 6)5L}5 ‘(ns.Lc MLL.Laésé/



7 5 0] s pirz cugeo (58T

GA i sl 355 oo oalive (V) olas S5 jo a5 jsblan
90 el YT Job o 4l 0F« s ansley 09 (i o e 5o
aazgi bowis Lol glnbre (il 0y 5 28 pwain frowi by
2 Wojlanle 5 Casl 009 o Sl (bl Gloje oS
Al 07 5l i slean eyl (Shb S o e
I enSslr sy w5 b 1, (b Ll 5 a9 sl
Sydies 5E iy ol oyl oyl Liles 5l RS QL
Ly g5 slpbe (51 5 38 5 GDOP s sloty 51 Jl>
0555 358 AL )5 ol 4 0 lgale Loz (i Slojen
Sog dls aigKa ol i

Best: -6850 Mean: -5918

+  Bestfiness

+  Mean fitness
-1000 |
-2000

-3000 -

-4000

Fitness value

-5000

-6000

7000 L . . . .
0 1 2 3 4 5 6 7 8 9 10
Generation

o152l Jlar (o yiusd st ooliod 3 GA iz 3531 o>y (A) JSb

Lyi 6yl b aS seb e canlie (A) o)l JS& o
Wl ks spob slojlgale asshaie ojlale )z (owtws
b g aaay plol 1) (60l o gele cacles YE 51 agls PAL
GDOP wizy2 0iS oo lay (malS Saday o)lgale caslie o 5,18
S8 (pwaid Joasi g S rhae (loaned 5l Send 0l o
S ypole 09 co el a5 il asls cowliol polie Wl oo 5
Oles (1) o)lead Joso ;009800 gytg) CanSS b (ol
Lol sl slojlsale anglaie >k (slopicte 5 slayally
2,5 cdaline |, o lsale jlo> cwyiws

b 5290 lo,lgale angliin glao,lgalo g5l sl yiolyb :(F) Jgux
SLt Cadguxe)oylgplo Loz (o yiwd (Slojud by (38,5 i o
(Ll 1y (o

C2(X,T) 2 aS ol ¥ Jlas 5145 Jg als
X doghiie g Tyloj Sl lake ansl as 48 o)lgnle
el S0 Dygo pl e 0 g el
C3(X,M) 2dS Jp b Sy | sGDOP <5 S1aS Jo ali o

X aoghio g T o Slade il W yo o)lsale ¥ JBlas

o Dygo (nl pf )0 g Cal S

Sl

)eﬁamgbu@')ﬁqqliduwwjlngb

W M‘P a\..:>‘.>).: 90 o leds Jga

Silwadants &leii(F) Jou

Sas x5 Gilwdigy Bon 52 )b
( ) TTA ( )d MaX(Jl) o) BGDOP <5
J, (X )= ] C, (X, t)dt T RE
: S SRR S
Tooa Max(J2) 15 o lsale ¥ J8loas
3,(X)= [ C,(x tyt il aps
0
Thotal Max(J3) J.§L>.> BGDOP <5
Ja(X): J. C3(X ’t)dt W, 0)lsale ¥
0 sl

39 =Bl Baa g g 0aBplgie 098 4 az g b >
Srplse 0 Codgaze g GDOP JLas bl Jgl o5
b b glwand (nl )0 0500 ploxl (g5lwand 0ol lgie
0 3l oS o lgem csls YF Jsb ;0 GDOP aS ol oyl [lais e
IRVANSCONVIL IR | SR W SR H VARV

Best: -560 Mean: -560

+  Bestfiness
. Mean fitness

-100
-200 [

-300

Fitness value

-400

-500

-600

0 1 2 3 4 S 6 7 8 9 10
Stop Pause Generation

3y 30 3 35S GDOP jlixe (wlwl p GA oy 5ol > 5b (V) S
G roslS Wer (T 15l



(GA-SQP) iy 135 inty o>y b 33 Jka 13 ilyplota T 59 Cy39amo b o lgalo Jlgir (s i silojod 5 GDOP, oo o9l

[
[ ]
} - : — S
¥ . . _ : 3
, A e 3} ] v
Al —% :3 - 3 (] (9]
- ~ W a2 3w E =
‘ b5 4 oY R =
e ~ 2
‘ q. VA e YEIOY
Y YA o - VA
q. YAD - VA
T ; — 3 | | 90 120 Jis 180; A ‘A O YA
2 6290 Gloylarle dogliin >y jo eslgale Sun) oy (V) JSC& AATA . FONY AR YA
STK 13810 55 58 0 lgnlo jlo oaw yiawd yolisl v : bave o A
Y . Y - YA
. ) SOINF . VA o - VA
dogliie Cujgele ‘al.?d‘ Glp ol o lal WS a5 yeboyles q. . e B 138
QSL. u.w...v @ls GDOP 9 G..u).....uo Jo).....a Ler.: LS)"BL’ 6‘0)‘5'@& YAIVE . YA O YA
o lsale ngliin >l da dls 1o 1 Wigdy Lol il by ] 55 0 Al ' il b WY
g q. . YAIVE o~ VA«
csﬂ)fb“ Ol o 538,50 (g by 90 ye (85 L s Ly 1£4 . Y & e
S pdycsn pll me) U5 Cudgazme (185 S0 0 vaiR : Y b | ¥
AA . VA B VA
VIV . VA X YA
Best: -3930 Mean: -2754
| + Bestfiness A . VA o VAA
1000 NN - Memfiness VeAY . Y/ I VA
' q. . VAA I YA-
-1500
AY/¥A . VA o~ =
§ 2000 . a. . Yoy b YA-
£ 2so q. . Y.y e YA-
B q. . YA o - va/-q
-3000
q. . ZYY/P o~ VA
-3500 - . YY/Y- . YA Do YA
o , , I oY/ . YYY b VA
0 1 2 3 4 Genef:anon 6 7 8 9 10 5. IAF R YYEID 8- A
391 623U glo,lanlo dogline gl GA piy 951 o> yb (1) S5 YO/aY . VA- 0. V-0

GDOP g o)lgalo oz (o yiows b ol 95 2 (38,5 L

Glojlsale asshain a5 Jloj byl g0 j0 (85 & 5 L

L 3gdge oS Dada daw pladl 1) 393 Sy jgale Wlice (6 sk
1) 05 Cuppole sl VF 5l wilgs o 4l YT L5 aSs jsboay
sl S plaeay Sl op Sl o sl el

40 0diuS dgdme dud laieds ey 9,5 Ll g St 00iiS Sgazmae

storally 53 () o)led Jpaz 53 Olyiien 09misn 497 S s s el 1 60 sl lanlo anstina o>, :(%) JSCi
3,5 oaalie 5l pom Sl (gl oadigl Foal (65l STK 3310 5 53 o ,lgale

Ny Vel bl 5 5l cJol 0 ylonh « auiicds Jlo — o3 Uad (b )5 g (53U cpale aoliliadgs/



7 5 0] s pirz cugeo (58T

oS 0 arsie s (1) oled U8 51 o5 sboles

daghiie Pk 08 Suolgiea S8y cwsn s el U

&y e ol 0 oo sty 550 st 45 (5o lsale
D) 65 Gy sllae wojlsale oz oo s Sl

120

50 80

ez (o yd bl 32 s 29l loylgale angliie ()b :(VY) S
STK 133l 55 33 €33 wsdid Jsoi g 0,lgnlo

C8S gwoid osd a5 098 o e 35 (V) olels IS0 50
Sl 03,5 (b sleange o)l &5 iz d9doe Sl

G lwdnd gl (gl oabiaodS gl :(Y) Jgaa
olojoawe LEIY olojswe s 90 b il
o g Silwands
oy
NiYs YE 5l agl o el A 0 5 SGDOP
Lol by i el 2 Cadgasneg
Sgheo Slnbe
v Y5l £AD celat - [
Loyl by el 5 Jsale
Sgd o
£ YE 5l adbray. cela) Y & 5l y=SGDOP
Lo g o cels K (s
QB‘JG.A Lé)| o)|9.lblA

S dlSe Golw 4w Gl 5 s (7) o)led Jgaz 5o

Slolgale doglize > b a8 ol ] Silas S5 w65 b
) alts Gl 598 L 5 00S osle slas 3 b o (s b

JOMBR ST
S Sz -V

e b slojlpale sladssline b lpie a5 jebilen
aiiled iz lo,giS .ol ;5iS o 0 48 woe (slags yolis

L 52290 lo)lgale dngliin slao,lgale (5 lue ool (V) Jgur
765 GDOP g 0,158l ;e (ons yinsd il by 93 (38,5 i 5o

Y
E : % - |
R ES RS RN
2 3 5 29 |k 33 =
g R g T | =
YY/fY . Vov/a¥ (AR fIYA
ARVARN . VY&V (AR ARVNAY
VY- . fano O AING
TAITE . YEYIA (AR AV/YY
7eIff . AR (AR \Aid
OAIAY . Yyvia (AR YY- /0
VEV/E . FYIVE O Yeaw
VA . VIV O Yof/f
VOFIA . Yyyay (AR FEIVY
74 . YYVA (AR \YEIY
\td . fa/A4 (AR YO/A
Veo/QY . Yys (AR ARIZAY
INZAR . Yoy (AR Yy
Of/-¥ . 0/Y0 (AR FYIvA
AARZAR . VFay (AR ARRVAS
AO/FQ . \varf (AR YESID
aviv- . VFV/F (AR ARRAY
YYD . Y&an (AR ARINAY
VOY/A0 . Yo-/0 (AR VVIY
INYA%4 . YeIf (AR YOVY
ARRIAR . RYZAPN (AR VYV
FAIQN . VVY/A (AR AY/- %
VEPIVA . ARIAAN (AR YASIY
af/vY . \Y&IA (AR YeAY
FAIYA . Yo O YOIvY
Y&IFA . AR O yav/s
YY/V- . YOAD (AR AN
YAI#E . ARIVAS e \YAE

Iz (o yd bl 2 s 29l sloylgale anghiie ()b :(1Y) S
STK 3310 55 53 ©B3 msdid Jsoai g o,lg0lo



(GA-SQP) iy 135 inty o>y b 33 Jka 13 ilyplota T 59 Cy39amo b o lgalo Jlgir (s i silojod 5 GDOP, oo o9l

navigation,” J. Phys.: Conf. Ser., vol. 2551, no. 1, Art.
no. 012012, 2023, doi: 10.1088/1742-
6596/2551/1/012012.

[71B. Xu, X. Su, Z. Liu, M. Su, J. Cui, Q. Li, Y. Xu, Z. Ma,
and T. Geng, “Analysis on BDS-3 autonomous
navigation performance based on the LEO constellation
and regional stations,” Remote Sens., vol. 15, no. 12, Art.
no. 3081, 2023, doi: 10.3390/rs15123081.

[8] E. Pike, “Multiple global navigation satellite systems
Doppler positioning for low-Earth-orbit satellites,”
2023, doi: 10.2514/1.A35392.

[9] S. Ghazanfarinia, E. Mousivand, M. Khoshsima, and Y.
Saffar, “Design of a low Earth orbit constellation for
regional navigation mission,” J. Space Sci. Technol.
Appl., vol. 2, no. 2, pp. 48-59, 2023. [Online].
Available: https://sid.ir/paper/1040108/en

[10] F. S. Prol, A. Smirnov, S. Kaasalainen, M. M. Hoque,
M. Z. H. Bhuiyan, and F. Menzione, “The potential of
LEO-PNT mega-constellations for ionospheric 3-D
imaging: A simulation study,” IEEE J. Sel. Topics Appl.
Earth Observ. Remote Sens., vol. 16, pp. 7559-7571,
2023, doi: 10.1109/JSTARS.2023.3299415.

[11] R. Morales-Ferre, E. S. Lohan, G. Falco, and E. Falletti,
“GDOP-based analysis of suitability of LEO
constellations for future satellite-based positioning,” in
Proc. 2020 IEEE Int. Conf. Wireless Space Extreme
Environments (WIiSEE), Vicenza, Italy, 2020, pp. 147—
152, doi: 10.1109/WiSEE44079.2020.9262624.

[12] T. Shtark and P. Gurfil, “Low Earth orbit satellite
constellation for regional positioning with prolonged
coverage durations,” Adv. Space Res., vol. 63, no. 8, pp.
2469-2494, 2019, doi: 10.1016/j.asr.2019.01.010.

[13] R. M. Ferre and E. S. Lohan, “Comparison of MEO,
LEO, and terrestrial 10T configurations in terms of
GDOP and achievable positioning accuracies,” |IEEE J.
Radio Freq. Identif., vol. 5, no. 3, pp. 287-299, Sep.
2021, doi: 10.1109/JRFID.2021.3079475.

[14] T. Shtark, “Regional positioning using a low Earth orbit
satellite constellation,” Celest. Mech. Dyn. Astron., vol.
130, Art. no. 14, 2018, doi: 10.1007/s10569-017-9811-
7.

[15] B. McLemore and M. L. Psiaki, “GDOP of navigation
using pseudorange and Doppler shift from a LEO
constellation,” in Proc. 34th Int. Tech. Meeting Satellite
Division Inst. Navigation (ION GNSS+ 2021), St. Louis,
MO, USA, Sep. 2021, pp. 2783-2803, doi:
10.33012/2021.18008.

[16] J. Liu et al., “Design optimisation of low Earth orbit
constellation based on BeiDou Satellite Navigation
System precise point positioning,” IET Radar Sonar
Navig., vol. 16, no. 8, pp. 1241-1252, 2022, doi:
10.1049/rsn2.12257.

[17] Y. Zhang, Z. Li, R. Li, Z. Wang, H. Yuan, and J. Song,
“Orbital design of LEO navigation constellations and
assessment of their augmentation to BDS,” Adv. Space

g3o50 nl 3y sl 505 L8 Jl o Dbl g as Saae o5
sobaidl 0o )5] jsbaad § £5o50 Oyl SOl Coenloiiue

r:l:{d‘ 039> u-" o @L.m Gls J 38wl yur ol 00l sl Q‘
Lo G a5 GDOP jLxe (30,5 olgie b i (pl (0,04
59 b ol Sl a4 a5 ,090 slrasglhie b o Lol
(Sl pbre 5T 0 aud lgie b e ol 4310 ghe g 98 e
O 5 9 28,5 Sl o alidee g5l ds (e J,S 9 GDOP
Loojlgale YA L (g5l dige (oS aline G 50 g5l as (5]
adbas Sl o 0ed oo atiie Culgie .28 5 )18 e AT
Olgis caelw VY 5las o o NP 09l ok doghaie Slpbs oy
Sloyer byl Lo a5 (Shge y0 ol el 1) (gl ujygele
YE 5l ao,o Vo glgioe all alils 0925 o)leale jlez (cwyiwo
i fhaas bl 90 10 45 g0 50 g0l ploxl]) (5 b Cel
Oy Cudgizme (g o)lgale oz (pwytws (Slajen byl g 2o
Celo YF 5l ooy ¥ oolgce GeghSVY o) Sl 5]

Sls pll ) (6,96 cuyole

&Lw )l
"l i Lo B gi Lawgi g8lio 5l digS s

&y

[17 J. P. Chenebault, “INES: An innovative European
navigation system relying on a low Earth orbit
constellation,” in Proc. 1998 Nat. Tech. Meeting Inst.
Navigation (ION NTM), Long Beach, CA, USA, Jan.
1998, pp. 225-238.

[2] S. G. Perrotta, “Transition phase for a new navigation
system based on a constellation of LEO satellites,” 1990.

[3] T. Kacena, Mission Design & Implementation of Satellite
Constellations. Dordrecht, The Netherlands: Springer,
1998. doi: 10.1007/978-94-011-5088-0.

[4] M. Jiang, H. Qin, Y. Su, F. Li, and J. Mao, “A design of
differential-low Earth orbit opportunistically enhanced
GNSS (D-LoeGNSS) navigation framework,” Remote
Sens., vol. 15, no. 8, Art. no. 2136, 2023, doi:
10.3390/rs15082136.

[5] C. Tan, Y. Xu, R. Luo, Y. Li, and C. Yuan, “Low Earth
orbit constellation design using a multi-objective genetic
algorithm for GNSS reflectometry missions,” Adv.
Space Res., vol. 71, no. 5, pp. 2357-2369, 2023, doi:
10.1016/j.asr.2022.10.035.

[6] W. Xue, “Analysis performance of navigation
constellation satellite failure and enhancement of LEO

I \Fe ol.'i.wgu 9 )Led ‘Jg‘ e)Lo.»f'u . W Jl.w- @Laﬁ ‘51.&&).3)5 9 ‘S)BUAZ ‘PB'LC Ml.l.l.»aégé/


https://sid.ir/paper/1040108/en

7 5 0] s pirz cugeo (58T

presented at 23rd Int. Conf. Iranian Aerospace Society,
May 2025. [Online]. Available:
https://civilica.com/doc/2403811/

[20] A. Kosari, A. R. Fathi, and P. Mohammadzadeh,
“Genetic  algorithm parameter optimization for
indigenous telecommunication satellite constellation
design,” presented at 23rd Int. Conf. Iranian Aerospace
Society, May  2025. [Online]. Available:
https://civilica.com/doc/2403811/

Res., vol. 66, no. 8, pp. 1911-1923, 2020, doi:
10.1016/j.asr.2020.07.021.

[18] M. Jafari, A. H. Adami, A. R. Fathi, and A. Ahmadi,
“Sensitivity analysis of the orbital parameters of a LEO
telecommunication satellite on the access time to the
Tehran station,” in Proc. 7th Int. Conf. Mech., Ind.
Aerosp. Eng., 2023. [Online].  Available:
https://civilica.com/doc/2197910/

[19] A. Kosari, A. R. Fathi, and P. Mohammadzadeh,
“Design of a LEO satellite constellation for the Tehran
region using a hybrid GA-PSO optimization algorithm,”



https://civilica.com/doc/2197910/
https://civilica.com/doc/2403811/
https://civilica.com/doc/2403811/

Available in:
Journal.isrc.ac.ir

Journal of Space Science,
Technology& Applications
(Persian)

Vol. 6, No. 1, pp.: 117-131
2026

DOl:

10.22034/jssta.2026.537199.1257
Article Info

Received: 2025-08-09
Accepted: 2026-02-15

Keywords

LEO Satellite, System
Uncertainty, Attitude
Control, AFSMC,
Reaction Wheels

How to Cite this article

Z. Tahmasi Jahed, A. H.
Davaie Markazi, T.
Abdollahi, “Adaptive Fuzzy
Sliding Mode Control of
Pointing Maneuvers of an
Uncertain LEO
Communication Satellite”,
Journal of Space Science,
Technology& Applications,
Vol. 6, No. 1, pp. 117-131,
2026.

Original Article

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

Zeinab Tahmasi Jahed 1, Amir Hossein Davaie Markazi 2*, Taleb
Abdollahi 3

1 Master Student, School of Mechanical Engineering,
Iran University of Science and Technology, Tehran, Tehran, 1684613114, Iran
Zeinabtahmasil196@gmail.com

2* Professor, School of Mechanical Engineering
Iran University of Science and Technology, Tehran, Tehran, 1684613114, Iran
markazi@iust.ac.ir

3 Assistant Professor, Institute of Mechanics,
Institute of Mechanics, Shiraz, Fars, 71555414, Iran
talebabdollahy@yahoo.com

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.
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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)
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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.
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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)
(%2}
& | Arsm % | . N 15 22 |
S 17| gy | 2LeCT) | 0074 | 15 | 7e(8) | o 0487 | 17 | o0 | T | 0,183
E
£
: N AN N A A I
= >, {0 i HH AR o
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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 -
f'f-.J.‘. :_g r R
::EE-zs ;::Eu.* R '/.\H: -
43 T2 L idtds i ° 0fF =
i '.!l‘:dl .u-ul (L ':JI 2{I.IIJ 4|-|u 60
Time(s) Time(s)
ol (1N}
50 Y ’ 1 _
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E of ) \\___._ 70.'5_35 B ;:
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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.
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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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Abstract

Flexible solar arrays are widely employed in satellites to generate electrical power.
However, designing an attitude control law for satellites with large flexible
components involves difficulties such as complex modeling and dynamics. This
article investigates various flexible satellite modeling methods and proposes the
finite element method for modal analysis. The study presents frequency mode
analysis of the flexible satellite as a cantilever beam attached to a rigid body,
including an analytical model implemented in MATLAB and finite element
simulation. For this purpose, ADAMS, Patran/Nastran, and Abaqus are utilized
for modeling, and the physical characteristics of the flexible satellite are determined
based on Intelsat-5 parameters. A comparison between the modal analysis results
and the satellite’s operational model shows a maximum relative error of 3.34%.
This difference arises from the different meshing used for modal analysis in the
simulation software. Finally, model verification is performed through a
multidisciplinary simulation of the flexible satellite, demonstrating an acceptable
relative error between the MATLAB and ADAMS simulations. The findings
confirm the effectiveness of finite element models in modeling and solving the
dynamic equations of flexible satellites, which can be used to design an attitude
control law.
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Abstract

In this work, a reliability-oriented design framework is proposed for the
attitude control subsystem of a flexible satellite subjected to stochastic
actuator degradation and failure. The study begins by formulating a
high-fidelity dynamic model of the satellite that explicitly accounts for
structural flexibility and external environmental disturbances. Random
uncertainties influencing actuator effectiveness are modeled
probabilistically and injected into the system dynamics. A fault-tolerant
control architecture based on sliding mode control is implemented,
where a redundant actuation scheme consisting of multiple reaction
wheels and auxiliary thrusters is employed to maintain attitude stability
under adverse conditions. The behavior of the subsystem is evaluated
across a comprehensive set of failure patterns generated through
combinatorial probability analysis. To ensure statistical robustness,
each fault configuration is simulated repeatedly using randomized
sampling techniques. Due to the extensive volume of simulation
outcomes, a data-driven predictive framework is developed to estimate
subsystem survivability as a function of failure severity and
distribution. This framework enables rapid assessment of control
success without requiring exhaustive re-simulation. Finally, system-
level reliability is quantified using an advanced modeling strategy
suitable for highly interconnected subsystems, allowing informed
decisions regarding the integration of actuators with no prior
operational heritage into future satellite missions.
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Abstract

This study addresses constrained and optimized offline trajectory
generation for the powered descent phase of planetary landing by
formulating as an optimal control problem. The descent trajectory is
subject to multiple mission constraints, including terrain and obstacle
avoidance as well as bounded thrust capabilities. To generate a smooth
collision-free trajectory, the position states and time are first
parameterized using fifth-degree Bézier curves, then the governing
dynamic equations and constraints are discretized. Within the proposed
framework, the Bézier control points serve as dynamic waypoints that
simultaneously shape the trajectory while satisfying both terminal and
path constraints. A Genetic Algorithm (GA) is then employed to
optimize the Bézier control points and obtain the optimal descent
trajectory. To validate the proposed approach, the generated
trajectories are compared with those obtained using the improved Zero-
Effort-Miss/Zero-Effort-Velocity (ZEM/ZEV) guidance law and the
two-phase ZEM/ZEV feedback guidance method. The simulation
results demonstrate that the Bézier-based approach produces smoother
collision-free trajectories without the trial-and-error tuning typically
required by ZEM/ZEV-based methods, while simultaneously achieving
accurate pinpoint landing at the desired target location.
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