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Satellite Orbit correction using Model based Predictive Control
Taha Yasini, Jafar Roshanian, Amir Taghavipour

Abstract: In this paper autonomous modification of satellite attitude in its orbit is implemented for low earth
orbit satellites using Model Predictive Control. MPC minimizes force which applying on the thrusters subject to
hard constraints on the control input and output of the system. Here Clohessy-Wilshire equations are utilized by
consideration of main disturbance of low orbits such as Atmospheric Drag and Non-Spherical earth disturbance
for the design of MPC. The result of simulation proves that this MPC can amend the difference between the linear
and non-linear mathematical models of the satellite. In addition, not only orbital disturbances are compensated
but also the satellite maintained in orbit with high accuracy. For performance evaluation of this MPC method, A
Linear Quadratic Regulator is realized for Orbit's autonomous control; the result of these two methods
demonstrated that fuel consummation and control effort in MPC manner is considerably less than LQR method

Keywords: Orbit control, MPC, low earth satellite, orbit perturbation, LQR

o sb e | s o881 — 01l 533 51 5 J S Oledige ezl S s sl o 1O Sl sge oty 5



J.A.Aﬁégﬁﬁd,ﬂf)h:blha,lﬁb,lmCWI \Fe

28G5 Ol Sdyy e pels db

e a0l gale 0t B3 (sl O iy i O s Ola b
25 gl ) salS s g cdl nl 53 s 5d o0 pale el
A dal g oS ol sab Slles jes 0L

o lsale 4S5 ol 0T oylpala ylds T LS5 5 J w8 51 g kaie
S S b ) s G g il LSy o s
Aalt S ele Cds h1581 5 b sa alST Eel LS
Gt SV 48 iy 5 e (e o) 4 LS Il )y b
5 S ol IS Sl eslial U e [V o dal
3 S daal g iy SRalS ol pals 055 5 Al dalst S Lo s
L [Flosb o oplsalo Comlv 5 O, ansn galS Eelbas
Esl HLS s IS lie jo Loyl sabe iy ol jblasas g
S Gt A dal e ol Sllons e 2aLS
S s pp LS Eel (bl slales 555515105 2
0] 358 0 (Sllas

e S5 J ST (695 s amndllae i (sl ans 95 )5
PS5 S oS bl ot el L Ll (sLse ] ale
ox3aln (1 e SLS s g J =8 Tl (63%e 1444 JLw 5
UOSAT- sla;T b 48 g4 205 [#] 5,5 2l ;T UOSAT-12
dj_fg,_;{lsct;;y:_nuidl_wﬁ;,{j_.:ﬁ\uwlz
3 [V] 48 Olswel s TacSat-2 ol gals (55, ,— 1y LS 55>
plal b g L7 a3 )l gl (555 JS 35 8 Yo F I
S sole 52 ST J S YN dl o [A] A (g 5lenly
Sosliwl Ly dast 5 5 5[] 28 200 plonil Cibpn UVl
s Ol ) DS 3 5 I8 S i I 55T s
[V ] les S el b comly Slelis,l s 2l S 8 alal
Sl sz s (o 55 5YE U mS oS 5 Sals 5 45k
3 IS [N asles 87 (b ol pale LS5 5 J S
e 5S35 J ST (sl s (ST g 51 Szl
[IY] Wl S o3kl ol yal

L S el gy (587 5 el S s IS
A 3 4wl s (Sealts Jie (S Sl eslin
U E R g [ NE-g i PERCS FPC I PN EPE 5 4
358 08,8 A 53 L1y (A Ooe iz Olajen &) 5o 0
1 (St 5 Aty Gl s 5 S 5 (53503 St S
Moty Sso i Ol o 1y A5 o o Y] ST s
T oty S =87 sy pter Sl S s 315 5 (s5lmesly

;pdéjpa;gM#gJué,,ﬁv_:s,dwt

oo -

Glry s S5 Sl Lyl sl 3 Laolpale
S ool oyl gale s b o el oS U5, 8 o 5 sl
ol L bl gl [V ] 5,280 alsols ol o o1 b 0T (6l
RS S0l iy e s LBl slae sl pale (OLsLiz
. P KU (VN B PR RPN T+ S P J
srb bl sy sl Slal ol ale o SST ol -
Gol b Lol aiby s K B ed s >l b i s o8>
3 oylealae g)la Sy slil glay s Cods 5 O o IS
3 plonil ny3 oyl sale () galis Sl B ol ol loke
]

Ll il o oS S s =l Ly sile ¢ S 55 b
ot g o3 Sl S e oS ol a5 b s
03 gt Cotl s 48T el Gl )5 oL S
O e Jo¥s 51 s S0 S e LS |y s (5 e
[Tl p e sl am o)l alan C 5 YL 4 50 4 O 5
o ot S s o b Sl pd s A 5 L s
b e b5 padie lie & Sl ol pale

oKl Sy s eyl sale e J 8 (gl s car 338 s
| PSRV P T I LIS PRV SN W - Sy V-
o Sllons (6 65 o s o S o)l ale 0L
4_4,ijlu,?&c;,ﬂwifu),;uf@t@ﬂ
2o i Sl gl Ol i OUS Sy ) s oyl el
0335 LS55 a4 Ol g g0 gy ol e lon S [F] Gl ol oo
25 05l OT 0555 aiag 5 5lte J 257

Sl sebe plasil 6l 62 LS Loyl ale I (5l
,:...5@L_E;‘r,_>,n\)_a,9Tw>,'ldz>ﬁ;__,~.L_u\ﬁr__@ﬁ
s M ol i 5, o 515 ol Selis )
aS T a e ol alazbl gs 5 [F] 5yl 5,8 Slelis )l ol 5o 5
sle—d s CL.é}Jl slaoylsale gl o Jol Slilazel 55
L oS olamiT Sl 5ot pnoslnls e SialS Eslbioog e
Sl sl o Al ol e oyl sale gLl el S
A8 s gL 2alS Sl o)l el jae 2alS 5168 sl
Il sl s gLl slmelsale (51t g Jilowe 31 45755
el lesliul Uy Slie J =8 4 508 55 s ol o ST
S I FUEY PP Ras] PRI RGN I QP EES JUEY

e 3 35 0303 )l pals et e Hliie S LS 6L

5 Microcosm
5 DEMETER
"PRISMA

8 Real Time

! Low Earth Orbit

2 Perturbation

% Drag

4 Auonomous control

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e le o) oplad 00 do oJ S ales



J.A.Aﬁégﬁﬁd,ﬂfjh:blha,lﬁb,lmCWI

28G5 Ol pdyy e penls db

LG LIPS S M PEECH (N EPSS S S
Ol ol gLl sloreslsale 5 )ls ool OLbLazEl 5 (6 lis
) Slaaiies olus 53 o)l sale S8 > adslas S dal g
DoV ] 3580 O (V) Spsm &7 S 0 e
?z—u:—3+%ﬁ+dp W
Ty )ty 5 0 galn 3l (S sl 13 F
sl 5, T eylsala gl slizel cok s s,
B =S o Slelsale dlobb 7 = [Pl ¢ 55 5 5l ol sals
s @l b Culeyl sl p i Mg e andle S
25n Ol (V) D) 50 4 am o M 5 05l pale
87 = 8xi + 6yj + 6zk ™
s 4 S ol ol 0L ls 0 slaad 50 62 5 8y Ox
Jeor Slasan oo s 53 o slasls pk 5f 5 as s
uﬂ,bﬂ%,;y,,ﬂwcwa@:,:sw
s 3 o) S e Sl gl sl Ll S 53X s oyl sala
oo 3 at) o)l sals (glas 15 S oIl g 5527
s 5 (ijK) s Ol e s T PP -\ N S
od—d eals OLEIN J§_L 25 7S 0 a3 (NK) (ol Olaies

el

Vot Slazus oaws 5 5 0 o) oo ol Sluazims oKzws N K2

oS o OYole (il Lo VY
ot o) Slaaties oK y3 05l gale plrasle ls
S s, Tp aS sy b Ol T =Ty + 67 &0 am 55
g_ff_gtﬂ}(\)u;w);‘\_@bﬁtwt;&\?p.wl@f
IS o SVl (BF 7)oz o s d > ol pals

sk O (F) ) o @ 2k

PRCHN Py N PP JPEE R N i S W PR
NPT J P BT B S PR g N R P
olﬂhcﬁiﬂéuﬁ,{:}wQL;-)SL{.JJJC}L&H)“;.A
et 53 o Ay S B e 4y e 4 S o)l el
352y s (29 Ol iy 95 Ol n S5 45 $253
Sl b sl S s (e ety IS 01
el ol ke e H8Ts = J 1S

Lol d 58 (555 = gt Dlalllan st Jl i o
T S P U PRV P T
Ola o J 58 2580 5 oy g Tl 'l ) sLpo ) pale
3 b IS o) Sleslil Lyl o)l sale Cundy 5 b o
=S gy Alesls plasl ks S Yl jlesle
g 03 LT Soslis Lgs 5 il oo [0] ol [VF] 5[V s
el e IS S plandl 51 ek e3linl 012y

Vslas il o wlwl ol s >l b o i J =S
L oS el Jool e J g (L 3 0l pals = oS> (Sl
A T i ol et Lt il s ST SV lme o
e LS el aS el e s il b e S
IS b Sl oy A dal s gy alaB (3L 6l - Slalons
RS 53 s s eslpale OS5 o s e (sl o iy
Gl Slalazel 58 s L J xS onl gls Slslaze!
A o 0L 4 5 Oy g glagilmand cCmul ol g 3Luesly
58330583 s 358 55 i ss L e J RS S
p33 a3 Y8 S ) S e e s s
el GV C il g oulosls [ial S L L
s syl & Sy olalizel gl

Ol ya oyl oS = 5l ilwde Y i 5o
b gL ol s e DL 5 SYslan (g5l ot
[ S R AN I RUD U= G UL S GENCIN PR U I
JmS S8 ol odd gt s p it pa w5355 03,5
i b o ian & L5 55 Oldoal gl o e o e st
05V s e U S S s Sl d B s 55
@L_:Jbuf_.'sg)ajg__ﬂ\m_.}a:lgoudrbﬁ-p;g_q-):

Ll ol &1yl (g 5lwand

w30 oyl o > oby Sl e Y

3 Earth Centered Inertial Frame

! Geostationary Earth Orbit
2 Cost Function

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e le o) oplad 00 do oJ S ales



Jbe s s e J ST 5 eolanal Loyl sale Hlie ol \FY

28G5 Ol Sdyy e pels db

- 1 CDADrag
Aprag = _Epvrel —— | Vrel
(f)
5 3]2HR2 ST KE
a]2 Z? r -1 1"—2(1" KE)KE

€D sl s Ca ol e s Vg s IS p

]2 ~¢—““)|}“\—‘th‘;~‘cLﬂADrag ‘b)‘ﬁ\_ﬂél—m%%j_.é

C)\_aia'ue@_wJJJZ)}JuEE Lkﬁ)c‘_’[};(u%)—d’
AL r ) RS R 5 S e e o ]

(0) Sy i sl a3l ilizil Ot S s

ap = dprag + 4y, ®)

;l;:;é;.f‘sjﬁsdw\oj.q@-f)\.uje)lyaboﬁdll”’-YJi.‘::p
}Q\fe&@\kawdﬁy\@).ﬁ—w‘a&abbbm Olalice!

bl gr o o sl 30l pale & 5 Slalazel oyl Codo

i}
E 2
10
2 0
® 10
0 1000 2000 3000 4000 5000
Time (sec)
100
:E. 50
=
2
S 0
0 1000 2000 3000 4000 5000
Time (sec)
. 80
= 0
N
g
5 -50
0 1000 2000 3000 4000 5000
Time (sec)

Slalezsl 155 (08 s oS ) oyl pale 53T 08 =1 Y IS

Olatinn o s 55 (F) ot d a5 8 L s ol slasel Jis
a‘.il_w.:).! (r) QYJWJQJHJJ w‘r{f U’:“J g.s—“ﬁf".'.‘
oKaws 53 alizel glay s Jleel Cogr il oo b Sloatbus

[10] 48 dal s o3lizal (9) oS s 5l 31 Jon

TUK
ijk
cos)? —sinf) 011 0 0
= |sin cos .Q 0 0 cosi —sini
, )
0 sini  cosi
cosw — sm w 0 cos 6 —sinf 0
sinw cosw sin 9 cos 9 0
0 1

chg)\J._pJ_:»A_JJUl‘:Marfgjfi?;j;_.psm_w\}ﬂ
SasT a3 0 57 golis oo abaii S )T assl;w

8% — 3n%6x — 2ndy = %Fx +a,,
6y + 2ndéx =%Fy+apy (Y)
62+n25z=%Fz +a,,
Slaygmn gl 55 Ol iy yls s i W Fy 5 F, o
Sl gl e @, 5 A, et o> O ata
,,l,at_n;_fj,@f;\_fn:\/:,,)t,nl_ﬁrj_,mgv_zum
sl G-Jn)l.kn):
e goslsals oS > e VS () o DVsLae
Sl dT essmm s a0 Slalizbl 55y 51 s a8 Coul Lol
3 oyleala Ladm 5 Ml ol Dbl Jis an J S I b
A gr 0L (1) S¥slae .l jio gllast (g a0l
womi o 3z LS XY amio s3 00l C S o Sl
S TS ol e el i o2 1 s
059 sldie 93 5 s ol g Jldie 53 51yl 4S5 0l sals amiw )3
S G 3 el MLl a s p g s 5e G5y T s
S5 AN 53 05m 5 i 53 Lol gals somis Sl )l &S

! )l.b.li PP s0 ) e

Sl Olhlias! Y-y
u’_&w&\ 6\_hjj:$};uﬁ,_7u*‘)\-l_n)b LAAJ‘)ALA
Aol 5,8 e 1,5 s o ol lds oyl gale o, S Aol
i3 4 Al ol ale 48T 355 o Lol e 3l 5, €

A_g-}:u“_;)\.x_nc;l_:z\.i.;'olﬂ‘uQ\H.M*L,,;H):}_é-gg_)fu

EsbaS

ol gLl sLaelsale (gl Aily oo Splite s ¢ L)) 4y
O3 S s S s 5 s Sl S el ol Dlsliz
gLl 4z a s o lsala S (555 1 1 3L o i 457 ol
M 855 St A3 s Sl 5,5 4Bl S ol pals
n)l}al_.«;&J_.w;CLA?)\JJLfC_pl{}}_:JQﬁI.:)I:U\}A\_ﬁ
5 5 oml Sl )l s olmabla Hlis i O aons 48 As dal
slroylgale o a)ly AL (5 5 s Cslo)lsaln (28 s
DM 55 53 i Lel ST Sl (nf Sy S piks Ly ¢S
C,_{J;ru\_ﬁQuw‘du.u“‘?&ﬂuw;:ﬂﬁu
IV s el a8 s (F) Sy s Shy 5 e

o]

4 Right ascension of the ascending node
® Inclination
& Argument of perigee

! Decouple
2 Lyapunov stability
% Eigenvalue

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e le o) oplad 00 do oJ S ales



ARl e 2 (s e J S 5 ool L ol pale 1o -k

28G5 Ol pdyy e penls db

o e U i as Uast 0l U s dal s 1,6 aT 5 ool
i Ysle 03,8l s b L [VP] e Jpd
IS (g pp D)5 am i 32 w0 5 bl 5 Soln )50
A5 ol (5 g b e i S50 D 4 i
25la Tl 1 st (g 5lmenly 6l 1) (oaS Dllons o
odd o3l OLES s s J 287 (g5lwesly 055 B Jg_.'::)g o]
20T by aS Sls b ol jalsen S mS plol
Jue 5 Lol s s Ol 5 S O, ol i 4 § b
ot 3y oS U8 ol b gl ed s 4 S s b,

]

Control Oriented J  Prediction

Maodel

Problem

{ Optimization ‘

-

ol e 655 1 ot IS 5l el F S

ol slad Yol VY
X = Q)M%(“)Q\J:wdbduﬂy;ﬁi);\i
o (1) (bt pre Db sl DYslee [6x 8y 6z 6x 6y 6z]T

135 Al (V) Oy seo

X =AX +BU
S o v)
¥ =cX

ZMQ@(/\)QJ}«&QC}B«A le.au,.u_]'r'l.a

Ql_:.z.x_vu.4_.»)3b)i.\_a):o)‘}au@BQI;)@L;’-A“GM
RO PRV PNPIITAE S-S N Y B W T R I T g

k e Jlad il ypme

Vol ol S5 oot S
Nslas jaoylsala ¥ 57 51 slazbl glag s Jlesl &g
sl ul U = Dpppie + 6V 57 = Foppir + 07 Sy 5o 4y (F)
L;'Lajleﬂ)bb)\ﬁbﬁ)?‘@‘d&)}.«pd@.uJ».Ab:’-
A dal g acaloee (7)) adsles Slads 515 e Ad dal 5 dciloee
o&is 4 (8) JUis s 5o leslinal L (0) dlizel glay s U
25wl 1y Jasl s Slatbee

Jooy (e iy J A (b T

el 25 Ol g el pale e J 28T (b Sl Ot
ol e @ oslpale 0uls S50 @
e s olmle (5,13 5 (ol SELEZEI 05 51 @
8> o A b !
S g B pan 03,5 408 @

Ssabe Gl 5 55,5 Sy halS @

e e ST S weds Ol Ol i 6l

S s Ly g i J S gy el s b e
Jﬁf.&gwwﬁsﬂjéb.&ﬂé}%ﬁ&y;
S N o T 5w S A o U o i
s pl 3,8 s L anT b ol aS us wads )
LS p 3 el e C o 5 (53555 (S35 4S5 (gl
L;‘UL,?:sz\_ajrlfj.a):n\_{c;)}_.pdu\_:bﬂ;\_;@rl_?dl@uj
dslons ot ol 0T glaa Lo (gl 1y J S glaisns)s
Aty gl adex Lo ol alS G5l Sy, Sleslinwl Ly s S
‘_;J:?,,;,u_;l,'lﬁ,aﬁu@dwiwydm,o\}_x

G L3 o8 s Copllae Sl 5 ot s gL s

0 0 0 1 0 O
0 0 0 0 1 0
A= 0 0 0 0 0 1
3n?2 0 0 0 2n 0
0 0 0 —2n 0 O
0 0 —n? 0 0 O
rO 0 07
0 0 O
0O 0 O
1
L W
B=|m
1
0o — 0
m
1
0o 0 —
L m,
1 0 0 0 0 O
C=(0 1 0 0 0 O
0 01 0 0 O
g dal g (A) S yo s IS (65955 05,0
3 Online

! True anomaly
2 Receding horizon control

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e le o) oplad 00 do oJ S ales



Jle gt (e it DS 51 ealizal Lol pale 5loa ~hs! VEF

28G5 Ol Sdyy e pels db

JWlMCUmQ)MuWU:ﬁJJ_;szLAJ_}JJ@M
Ol Cmaglie dl Rl S O3 S a5 Ly S e
ol dal sl Slalizl s La smel Julie 55 edS J =87
odos 4 8 i s oS U= ol ol a8 sl sp U 1Y)
SIS G slap s Jld a8 Ail o (om0 g S
e 035 4aS L 48 D by el 0o s
s slbst 5l Rl e e e 03 8T Jls B L s
s ol ol s Ol (B Slas 5 b g 0T 5 s

(il o 45 S L5 53 (VF) &y g 4

Np-1

J= ) vEQye+ulRuy 0
k=0

(e T3 335 gn Sl e Gl (8,8 o
@\éjj‘g_}wu‘ﬂ‘)};&:afd‘ffj: 41&?}

S35 (Setliyd (s 2 0 g () 2 ) 3t
e 03l 3 o P 5 63505 S S sl
Sy g 51 (BU 0t (63959 S0 4t A 2 20—
O\—:‘.(\b)QJHHd“:’—“‘u}J—m(}}—“OJ.ﬁﬁ}:—”‘;
ety

E

Xmin

K

Ymin

<F<F,,
<KE <K, (o)

oS gLl Al 31 5s s gl 55 SRl 51 s 4
I G50 B S 35 e eyl e e b talS Sl
e Syl gals pLisyl EalS 51 a8 Coal st b aals 51,5 0t
S b 3 25 Lt A ) S 0 6,8 sl o e
Ol Cal ol i OT Hlde 53405 5525 ool jlde o
Aol il bl oyl gale )ty —alaabl Glay s s LSS
53 (OF) Sj o a9 5 S50 357 5e a3
Il ol ujf

X min < 60X < 6Xpmax

Y min < 6y < 8Ymax %)
8Zmin < 02 < 8Zmax

soslsale S - s glhs () SVslas a5 5LawT
el 01 3 8 55 55 (W) S0 0 o e Sl ol ale

U= [Fx F, FZ]T «)
MHLMQYJL’JgﬁﬂJJ_L{d)L»a:LxC_P
oS sl gl ol b Sleslinal Loy Ol S O e
)JMM&L%JQYJLA&@‘J)‘A_;JAL}:})&_&

b O (1) Spge 6 At Sl o8
Xke4+1 =Axk +Buk <\.)

)}d,ﬁf)lbﬁuk 3k>06h)6\f);wc,.\l>-)l>,xk
Ak >0 Glj o8

s Ol

Vi = Crxy o)

s (9 B 9 Sl (S e YT

oy Tk LS 55 (o (sl sl ol 5,8 s L

GHINp a8 s dal s i pLE N (6l ot Lol

S Il lib SVslae ol 55 o odaal ) ot
el dalose (V1) S50 & s Sl (2 (V1)

x(k + 1|k) = Ax(k) + BAu(k)
x(k + 2]k) = A%x(k) + ABAu(k) + BAu(k + 1)
: oY)
x(k + Np|k) = A x(k) + AN~ BAu(k) + -
+ ANe~NeBAu(k + N, — 1)

e A ot M O0) el e L

g el (W) &) 50

Y = [y(k + 1lk) y(k + Np|k)]
Y = Fx(k) + ¢pAu(k)
[ CA
F=| :
[CANp (o)
[ CB 0 0
CAB CB 0
¢= ; ; : ;
[cA™ 1B CAM™?B CAN>~NeB

63553 Ne JUobl b s o ol (1 S0y o8 535 g0 0l ' 287 I N,
s ol Ny > ey S

3945 § 4y 3 @B T-Y
355 LS Cl die i S S e S

=

L Nty i aSalys 5 Lasa5)s S 9 s 352 50 Sl d

2 Control horizon

! Prediction horizon

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e le o) oplad 00 do oJ S ales



VYo

J.A.Aﬁégﬁﬁd,ﬂf)h:blha,lﬁb,lmCWI

28G5 Ol pdyy e penls db

oyl (S5b ol malyl umman .l o 03l3 OLaS Vgt 53 ke
el 0dd 0313 OLES Y g 3 As Oly 8 ide 53 &S Slalsel sla L

& Golde SO g

a3 V0 250008 SR 500 54415
FashS B0 M gLl

a5 4V Sle b

a3 00 Sl a4k Ol ST
e shS PY S gl

Olalizel Jie 5 (S 58 sl zalyl Y g

S m 100 kg
b (9 o 2 cp 2.5
A)‘}ALA dzaﬁ cld-ﬂ ADrag 1.3 1'1'12

O as S e o b I 0.00108263

23 de psme G U RS L g o)l sale ol ge i 5 Sl iz o
ol 0 0305 OLES (VA) 53 0 0Ly 343 3 5 Ja5 j5 by Slalizel )yl
o 3 ol Coa b dal s e 93 w53 55V SRS e
sy 5358 o SV L e e e 535 p o)l sale Badom 5 adsl sllax 05
os 5,8 Ll 53 0l pale .l S g (5 e 055 diaS 5 SliLizi !
S5 S5 S Tl fod Sl Glay goes Sz 53 Ol iy 4w shyls
e o o 0 48 S L5 5 gl gl sl o 5 0T S e 0T
R 5Q 4l o Dlaminn gla) e g 2 53 kST ) o
Ne 3 Np Oopas bl oo odd (1 b J 287 0 a5 g (355 sla e Lo
ok 0305 QLS ¥ J g 55 QT ,y5lis & Wmen S 287 381 5 s oy 38!

!

oS J 1S (sla el yly St ¥ Ut

oAl

3333 553 R diag([0.08 0.08 0.08])
Js

sl

ESTY Q | diag([0.015 0.015 0.015])
r-‘o-:a

S B N, 10

J S G N, 4

=8 Fas s o S s oslpale s gl ¥ ST s

ey s 4 € 15y ad gl (glbst Wl odd 03ls OLES i
Y i Lol gale 5 ol by oy Slasb Yo s 55>
bt aS ou s a8 s ad.culas S 5 e g,
23 335 g n s o i ol el g L 2alS 5l (6,8 sl
el 0t Jlasl 03 5 0t 4 & L5 45 oS J xS o b
Oals S5k Cgr Jlasl (IS (5,50 S 3 e

0 < 8x < Sxpmax

0 < 6y < 8Vmax \Y)
0<6z < 6Zmgx

mk>03ujr\fﬁ):4§mﬁdg¢dg¢);
sirse s 38 L5 3 L aS e o 1) ssdous Gl ang J xS

oy gn 43 8 5 55 (W) )0 & s (235 3 0S5 S50
Np—1

min Z x7Qxy + ul Ruy
k=0

st: Xk+1 — Axk + Buk + Bdap_k
Fe,p < Fe <F,
Fymin < Fy < Fymax
Fzmin < Fz < Fzmax
0 < 8x < dxpmax
0 <6y < d8¥max
0<6z < 6Zmax

max

(\A)

ol Sloa i ey A oS Sl s oy I8 BN

R}Q ..L_AA@QL_.U‘)QL_;L&;H)V.‘;_“:“@.L_LLTJ‘ML_L
il e IS 5 s A Sl S e Sl e Sl
O man Oljmn 5 Gl 53 (ST B Lo s Sle o) o o L oS

Al g 2R 5

P92 45 yo 985 J s Y-F
ol S U, 18 oSt IS 3, Shes ) p g
A s A s ol b 4B 8 53 053 45 e 55V S

2@‘(\4)@)}@4{(}3@f)jyjfjdlﬁeﬁcé;
o0

J = Zxﬁan +upRu 0%
n=0

(H):3@U&J\Q}hcu§\ﬁ&l_<wual~‘}_>l_z

Aalt Gy (Y4) (g adslan o Ly Jlasl I 28 (63455
el

ATPA—P — (ATPB)(BTPB+R)"'(BTPA)+Q =0

K = (BTPB+R)™'BTPA
u=—-Kx,

‘Mdf_ﬁfjub‘_;uoj}RjQLgL.awjha_S
IJMQS:.«L_Q;JL;%a..S(’!‘)a..J;Lu)lB;ALgl_Am;u
4S5 el G sles g oo 5L P s 5Le cdas o OLES

AT dal g Sy Jlasl J 287 0T - b

Silwdns 9 i -¢

soolsale i 5 Sl 53 Jae e ot I ST 5 Shes (S o) 5o
Ol s 33 453 55V 85 U RS 4 S OT 650 5 oo SMe 505

J S olwesly S ol gl @-,Ul.u Slasein Sl dal g 03ls

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e le o) oplad 00 do oJ S ales



Jle gt (e it DS 51 ealizal Lol pale 5loa ~hs! g

28G5 Ol Sdyy e pels db

ax {km)
=)
&
KR
B oo oo
S o o

0 500 1000 1500
Time (sec)

dy (km)
o
o

.
0 500 1000 1500
Time (sec)

4z (km)
<)
o

0 500 1000 1500
Time (sec)

B3 ooty B3l s 3lae b e jo slite o)l sale o sl # JSCE

IS

N.=5
z o Wl N =8
\ -
= ol s N =12
= N =18
o1 ‘ ‘ . ‘ ‘ . m
0 200 400 600 800 1000 1200 1400
02
N.=5
= - N_=8
z 01 A | c
g MO I\ No=12
74— N, =18
01 . . \ . . \ .
0 200 400 600 800 1000 1200 1400
02 T T T T T
N =5
= 041 A N, =8
z f
< Vo -
| N_=12
uwt g '[\* Ik L 1 Y N i °
N_=18
o
04 . . , . . .
200 400 600 800 1000 1200 1400

SAS B 5 it B it ol b Jles 257V IS
oS RS sy 03 e e 5 o)lale o gl A JSSE )
553 Slam e 035 OLSS @ a5 bl 0k 0515 0L 93 45 0
G0 03 g oMe s e)lpale Oy O (IS sy 500 ) g
f 5 bl OLSG L i IS 205 g 50 5V,
GRS ey o)lsale (o5 45 0 oSNE S s s34 35 ki s
2 38 B e e s (ol e D Ol s Pl
ol ) 3 Ly 555 B & s b plis)) eSOl
o5 8 JSE 55 iman b alsE oslsale ses Jsb RalS Esl,
5 0 S 5l S pss ade LEYE, sy so Jlesl S8
oS J 1S el 0 0305 LIS ol e (55,5 0l pnle (5,134
elo3 S leslolpale 1 555 ) (53,5 S Il e ) 5Y S8,
il gy Ol €l 5 o gillesl (55,5 S AS a5 LS
Ol Cmibey JAST 2o b Gy ol JAST o amlie opimmen
0 2 elsale (Brae Lo g et 53 5 Jlesl 55,5 & dad e
JAS @y 53 sl 93 450 5SS 51 S Sl sty IS
Al b 53 e 55V U8 a8 80 i sa L ot

S el o onls 0Lt 0T L 5 Aol Jlis 4ol salee
S el P e d S g el 5,
3J =S (63555 S50 m S ge A 8,5 Ll s edasols
o lsale OLLazEl 5y g an a5 L Ll OT a5 JoB J2alS
J@u;uu,)wu:__,’_;,u_ﬁw,'lo.\_;@ug,,_“_i
S35 L oot JLab oS J 28 oy 0 Sl Aol ST 4

il 8 o 5l ol e a1y o) pale (oS sl

1
3
205
B
0 L "
0 200 400 600 800 1000 1200 1400
1
E
X05
>
2
)
0 200 400 600 800 1000 1200 1400
1
E
X05
N
o0
0 200 400 600 800 1000 1200 1400

Time (sec)

wﬂJ}Sé}))bo)‘ﬁh)@f)lhwéw:\‘p

F, (N)

0 200 400 600 800 1000 1200 1400

F, (N)

o 200 400 600 800 1000 1200 1400

F, (N)

0 200 400 600 800 1000 1200 1400
Time (sec)

M S sl sale IS g Jlasl J 2T 55,500 S
miote IAS s 3

@l bl 4 ok (b odiS J 25 Conleo oy S

53 b Glp il alie (IS B it B b (LB

Wl 0 0313 DL (53l b S 55 5 0kd @5 by )l

Ontoe B il Lo a8 e edalin VS 58 ISS 55 oS shiles

5 Bl Al wm e le ojlgale Oy Oy Ol WJ ST B

el @Bl Al 55 e lsale gl Ol iy by Jlasl (65,5 (roees

afﬁ@@h&fd}fbjamr\?d\s’.ﬁﬂ;l.\duihlfdl‘}.:b

) (“f;‘* 2 Gl s o 53,80 Sy g0 Sle (‘f;“ 2
LS oSS

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e le o) oplad 00 do oJ S ales



VYV

J.A.Aﬁéyﬁﬂd,ﬂfjh:&alha,lﬁb,lmCWI

28G5 Ol pdyy e penls db

satellite using Gauss’s variational equations,”
Proceedings of the Institution of Mechanical
Engineers, Part G: Journal of Aerospace
Engineering, vol. 228, no. 13, pp. 2385-2398,
2014.

[3] “Autonomous orbit control with position and
velocity feedback using modern control theory,”
Dec. 1997.

G ool sale &S5 Hle ol = e o i J 25 5 (0ulge daes ( IS5 [ V]
b Okl s Sk SVsles Sl esliad b ol gl

AYAY 5 i ot byl ol IS

[5] A. Weiss, U. V. Kalabi¢, and S. Di Cairano,
“Station keeping and momentum management of
low-thrust satellites using MPC,” Aerospace
Science and Technology, vol. 76, pp. 229-241,
2018.

[6] H.Bolandiand S. Abrehdari, “Precise Autonomous
Orbit Maintenance of a Low Earth Orbit Satellite,”
Journal of Aerospace Engineering, vol. 31, no. 4,
p. 04018034, 2018.

[7] Y. Plam, R. Van Allen, J. Wertz, and T. Bauer,
“Autonomous orbit control experience on TacSat-2
using microcosm’s Orbit Control Kit (OCK),”
Advances in the Astronautical Sciences, vol. 131,
pp. 97-106, 2008.

[8] A. Lamy, M.-C. Charmeau, and D. Laurichesse,
“Experiment of Autonomous Orbit Control on
DEMETER: In-Flight Results and Perspectives,”
2012.

[9] S. D’Amico, J.-S. Ardaens, and R. Larsson,
“Spaceborne  Autonomous  Formation-Flying
Experiment on the PRISMA Mission,” Journal of
Guidance, Control, and Dynamics, vol. 35, no. 3,
pp. 834-850, May 2012.

[10] D. Prieto and Z. Ahmad, “A drag free control based
on model predictive technics,” pp. 1527-1532,
2005.

[11]S. De Florio and S. D’Amico, “Optimal
autonomous orbit control of remote sensing
spacecraft,” Advances in the Astronautical
Sciences, vol. 134, no. December 2013, pp. 949—
967, 2009.

[12] A. Garulli, A. Giannitrapani, M. Leomanni, and F.
Scortecci, “Autonomous Low-Earth-Orbit Station-
Keeping with Electric Propulsion,” Journal of
Guidance, Control, and Dynamics, vol. 34, no. 6,
pp. 1683-1693, 2012.

[13] A. Weiss, U. Kalabi¢, and S. Di Cairano, “Model
Predictive Control for simultaneous station keeping
and momentum management of low-thrust
satellites,” Proceedings of the American Control
Conference, vol. 2015-July, pp. 2305-2310, 2015.

[14] A. Walsh, S. Di Cairano, and A. Weiss, “MPC for

0 200 400 600 800 1000 1200 1400

dy (km)

0 200 400 600 800 1000 1200 1400

4z (km)

0 200 400 600 800 1000 1200 1400
Time (sec)

(}bATJJAJ‘}SY;Jj}))bﬂj‘}hh)@f)\hﬁdwZ/\Jg..;

0.5
]
05
P . L L
0 200 400 600 800 1000 1200 1400
0.5
z 0
L o5
-1
0 200 400 600 800 1000 1200 1400
05
z 0
-
-0.5
-1
0 200 400 600 800 1000 1200 1400

Time (sec)

G-f)‘mﬁﬁjjﬁo)\}&bLg;‘-l.g,{;%ék;\gj:féjﬁjlﬂJg.i
SRS BT P S I-TEBE

S5 domii § Lo -0

L ol il sloelpale slun LS J a8 callin ol
J= U it IS el ol oLl o o IS Sl eslil
S 3530 358 55,8 71 53 Ly s gidms 531 (g 5lavang alis
loms @ a Jlasl S ) 4 (ST (62005 (i
23 £33 4 o iy J ST Lo s J 55T 65 S
B3 5 S e O e Al S (Jlasl (65 5 03— S
sl ol 0313 L& 3 g g0 (G 50 358 B 5

&l
[1] “[Space technology series] David A Vallado -

Fundamentals of astrodynamics and applications
(1997, McGraw-Hill).” .

[2] M. M. Tavakoli and N. Assadian, “Model
predictive orbit control of a Low Earth Orbit

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e le o) oplad 00 do oJ S ales



Jle gt (e it DS 51 ealizal Lol pale 5loa ~hs! VEA

28G5 Ol Sdyy e pels db

coupled station keeping, attitude control, and
momentum management of low-thrust
geostationary  satellites,” Proceedings of the
American Control Conference, vol. 2016-July, pp.
7408-7413, 2016.

[15]H. D. Curtis et al., Orbital Mechanics for
Engineering Students Third Edition Butterworth-
Heinemann is an imprint of Elsevier. 2014.

[16] E. F. Camacho and C. (Carlos) Bordons, Model
predictive control. Springer, 2007.

[17]1Y. Lim, Y. Jung, and H. Bang, “Robust model
predictive control for satellite formation keeping
with eccentricity/inclination vector separation,”
Advances in Space Research, vol. 61, no. 10, pp.
2661-2672, 2018.

Journal of Control, Vol. 15, No. 1, Spring 2021 VP le ) olad V0 do J S dlone



