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Improving the spacecraft attitude control performance with on-off thruster
actuator and fractional order pulse-width pulse-frequency modulator

Vahid Bohlouri®

Department of Electrical Engineering, Technical and Vocational University (T'VU), Tehran, Iran

Abstract

This article, the problem of controlling the attitude of a spacecraft with integral pulse width and frequency integrator is in-
vestigated and the said integrator is developed as a fractional order. The spacecraft is controlled by a two-state on-off thruster
actuator with a combination of proportional-derivative law and integrator. In order to focus more on studying the behavior of
the proposed integrator, the operator model is ideally considered, although it is due to the use of a nonlinear control system in-
tegrator. Average fuel consumption and operator activity are included as two main evaluation indicators, and on the other hand,
the absolute average value of the sign error on spacecraft attitude is also included as another important indicator in the study of
the behavior of the proposed integrator. In order to compare the results fairly, the situation control problem has been done for
the same assumed conditions and for the integrator of integer order and fractional order. The comparative results for changing
the fractional power of the fractional order integrator filter and checking the three performance criteria have been done. Also,
the influence of the uncertainty of the moment of inertia of the spacecraft, the uncertainty of the reference entry angle and the
range of external disturbances have also been studied. The obtained results indicate the change of the performance criterion for
changing the order of the fractional combiner filter and show the more appropriate performance of the proposed modulator for
a range of fractional powers.
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Spacecraft attitude control, Pulse-width pulse-frequency modulator, Fractional order, Pointing, Proportional-derivative control.

V_bohlouri@tvu.ac.ir «.s,sles au>g *



ok dsg

03lgls sla S oS 5 ) emlie ST 30 a5 05800 S 5
Saails [V Y] aol e 0 diges sk sl ous oaliiw) PID
Lol 00l oS5 PID la S8 5 by 58 5 Ly
JrsS g b oge plai glo SIS L Saals ol e
o 50 dged joku [VE Y] ol oot oS5 s Aok
oS 5 PWPF Sl L adlsggs PID J S g5 i [¥2]

] 00 Ml&u 9 axllas Lbui GIL».I 9 03l

Sl 5l o 50 (S e 0 Shee 4 (i)

Sl Ol sl ey ol sy e (Il (S8 5 Ly
DoVAL ol sas alol ol oldlhas aiw) cpl 4o a5
Oygo by (5 g L SSEAE L Sy J S Vol
[Y- 081 a2 e 50 o lostally silosinge 5 pubsss 5 am
o el sl o3l ) 5 o ytel b edas ool oads 83
ol oad bl [YY V] o pg Jleel s o Saals
2 Sl Jold 0 (e Bogazma gl gl Grizen
ol5 58 g Ly [Kaal 5 ol .ol oy alou!l [YY] 22 1o
ooy plodl [VF] oz jo yo late Ly S5 L Y0 JISI (ully
St bty 5 (59,aLas 990 93,0 KEAL (pl o Sles

S oSdes S5 Gl U8 Glaptnn Il 5o

i pgas pl o Cenl oad ooliiul (6,08 b bles
aipe J5S slaptann 5l aie gonarss [Y0] 6595
S8 S Y] g e 40 059 sk el 03,8 @) (6 S
bamlad G Cansg 508 Glp S 4 o (io ool
Sl esd el ool solitul Ll ulS 8 Ly ,Saals L
&lg5 oo 6 S bl loolaswl b (b puilS )3 g Ligy Sanals
L Kl o Shee 3,k 5 ans Candy oy A @l

w30 Soe b lagldd Cndy JpuS o Shos 05ee [ VY

doddio—)
slapme,sS elsil 51 (S Ghgalm 0, slronis JpuS
5 HAggw b o Shoe 51 (S JLole Jo & o5 ol J s
S50 5 53l plzres e lacusguzs blul g Solo
o Shoe (g3lailel, (gl U (b 5o i ool
JES &8 Sl (oo S8l 4 5L (B9alom g (Smdg 90
hled G g i ol dlgae JUSw 4y haws 1) (S ategy
O Yode g5 5 o3k sl Siil b g bl Glee cnl o
blaglad 5 bleglad o wiladl arwg W65, L als
el Se iz s Tl T ebliie sl Shes 5l Logos
byl V] 04 oo oolitnl cumdge 5 Cumdg S sl
S Jdo 4y &5 039 Shgalimpdyy (ang 90 slo las
5 &I iz sladge ;o ads (Vb HgliaS 5 o gly
(a9 oAby S o S5 s lae By d9e pelii (hygele
IS wamdy il Jlagly ce e gilocSlpt
Iv-0] 6,5 o )13 ool 5,90 Vs low BB § Consg
S Sy S Sy ool la 7S 51 byl 3 gl sl
NS 50 509 oo ool ' 5 el Saks g Tes o 4l
Fdls Tl il 8 Sandls Ml sl Sals 5l S0
ool PWPE) 7l (il 58 5 Ligy a0l 5 T3 ¢
4 ol el 5 Ly slo Sadls (o ol o [7-AT 25 e
oo pblie Gl 58 5 b 2ye plojen i o
oS Lol o s acs )b, ol ond o] ol5 0,8 Esly a5
Ol o (n e dlox 5l ol C80 5 LS g oS Bras
coslbe 8 Shes & 00 (s1p o 4z S AT ol Sails g
Slogd melas clie joka Sa8L col la el sl p3Y
JrS e slhe 0 Sles 4 Goem) Hokie 4 K0 )b
ousite sla XS b Gl W52 5 gy SEAL oty

y On-Off Control
Y Magnetorquer

v Thruster

f Reaction Wheel
o6 Orbital Injection
# Detumbling

v Orbital Docking
A Bang-Bang

4 Dead Zone

\+ Schmitt Trigger Block

\\ Pulse-Width Modulator

\Y Pulse-Frequency Modulator

\Y Pseudo Rate Modulator

\f Pulse-Width Pulse-Frequency (PWPF) Modulator

\oIntegral Pulse-WidthPulse-Frequency (IPWPF)Modulator



YY [ Vo les [ kince) 5 5mb 0y NF-Y L

lolonlad Condy 380 Hple 5 lolhl o ingn
Slebos 4 515 g 00l gLl Joall oS lag 2 4l wigd oo
Oliwe 4y diisly cwnblise slrodins,glis wsjls olozelisl
k> pgliaS e g 0og Laglad lis)l g (yee) (mnbline
Sls @S eyl 68 (slale 5o Loges 5 SIS oo dlgi (oS
5 03905 A5 e 5 @0 oo e0ls3 (51 5iS Vgano il 5
05 o il 5 59 co oolial Logpliss g (5lajgilo 4 lay] 5|
(o) el lae 4 alinls 45 g a5 ls ol eldl Sl
lalanlis b glis) oS oo slalomlas o Lyl 15 13
oz ) SAAL 4 areils g (o et 13, el 55 (Lol

IV T el il 551 ool YIS

00 e V JSD 50 by S8 g L S8l LSl
s Kooy s Ty Gloy ool b il G ) Sails ol oo
alwl U, ooy, aliwl jlaie b S5 condl ol S5
U Spcaesl Ssba o9, JuSew Uy i Sogals
Ly Sidls (L3 (293 JuiSm Jhaie U, (29,5 ghaw
odls hSid shie axly Soad Sy Vg ol o2
o JESew b anlie 5l Gy I (50555 JiSew
ol s oad (Jl asye Sealns) ik o)y ¥ il
o @ 0gh e 0)lg 50 piaed] Joaladl> g et e Seb
Al 0 g anals o e b8, Saal ol 5 Seedl Sl
(/) 2505 o ks sle o amiliz o)l milas
5 g e (JLSl Gl 558 5 Ly K8l 05 13
Sagils 5" a8l S Djpm SIS Gy o Gse
g aales F-IPWPF
o Loglad S 0950 ST g 7S Hlae ¥V USS jo
FIP- Sails g it ooslis 158 5 Jlosl Sloe Joo s
3 IS i JSh cl 55 ansl 0 o0ls ioles WPF
(10 )18 Sead e o SIS it 050) P-D S8
5 od (58 A ye JISUl Gy W3 g Ligy SRl 5

Slle (swdige ;3 (5 5L g ple 408

oo S USG & ool (Siaoly IS5 Ll LlS 5
8, 9 0 Sdee slalae oS s (68 RGN 45 o asslis

SIPWPF JSa.il5 b Lol consy 555 5 SLos asllias

Foolio JL8) 4 o) jsbate 4 (6 S blus 5l oolazul b
UsS alis ol 5o 100 sl azils o b mls wls
IS oy o555 gy Rl ool Lyl Son
dnlie grazno a0 SEAL L gul g 00l (o) 2 (65 4 e
Fedli (65,0 )0 dlie cpl Lol 5555 Sl Sy sp
Cordy S5 50 S A JIR Gl 58 g Ly
63, 5es b lre (o) 5 SRAL (] 8, adlllas g Loyl
JrsS aliie pgo (idu 0 allie dslol jo ol go 00l iy s
S5 Ay ol (el 8 g Ly Sl L Laglad oy
J> P (i 50 09h o0 gy Abg pe SY0lae g 0dd (o) 2
O Ses lajlins rnd (IS Al ladnd g s30e
byl gupdd g S adpe Sl L Jus ST ol
polie sl as il g con sy [y .l salls ploxil (g 5lwads
15 el 0 anlllas LogyLisd Comdy 5 (6 g5 cilises
SrS adpo SIS g gremno 4 e K 7S 90 s (A
b jlas 5 ecoaldsae (olilacé] (alize Ologae sl 4

il oo dwlie o Slas

ol ilS )3 g gy SRl b Loy L camdg J piis-Y
S5 A o ISl

sy (g5l luly abelog Cundg S g et el 2

Gloysile 5 cwslio poigzr doglad 'gg,alas (slal;
5 Bl el S slag sz Lagas 5 o s 1y (35
Condg 55l )ll 5 JyS sl p T ubline slooains jsliss
dslie ;0 .00 5 o 3 colaiul 0 50 Slee lsie 4 lalegLad

Slasly Hsas oo b el Se oz 2 o Slae plo b

v Pointing
v Reaction wheel
v Magnetorquer



e=K,(6,-0)-K,o @)

Cambge O glgly Cubae azye (5995 Oy o 0 S
Frab wdo sliple oyl pload daplad sl
Syge & ol o S el Sopcaedl Ssb Sl
Kl slo e 5l b 5 Y :F(u7yold9u0ff’uon’um)
5 Le SNEAL LS, 5580 (o 5 addllae ol Sl )
LIVAl g IveT anlpe o o) o2k, Lals; ol s ol il 3
Sob 5l oolanwl Jdo 4 a5 0gd cds Ll 0nds o LSy
2 oS g eed g 00g (ol S s 5 S Cee
i g (ol Loy 0903 &I (> slapivpn sl
s ool s Ky Kpb sy a0 P-D sas Jus

Sas i lly lS 3 5 Ly Sal (o9 s e s &

S Sy, 30 g 005 RISl ot sla b, b )l (g0
o Slr el jo oo plo Sz b 5 s e
(a>lg) JTossl icelio cu,i b Ho5 e Siali assliy (5 Ik
oSST sl rems 40 J 55 ot oS (53 5 995 Ll
Cemd) ol Jobee a3 @ g 009 o & jgan 555w
ool 25 p )8 & pgd Ao Ojga (8995 w5l 4 (29,5 4l

IWRTYPES

6 K

6,

ref

_ p
Js +K s +1 \
Sl Bl cute i (IS alpd amiliz g e,
Dol oo DSl (Bgyae Ll i g5l 4
6oL sroaisS a8 (s SO ob dedds (0 aS jshiles
rosle Lol Ll ouls colaiwl Lanlad sy S (o
aSTy asly it - oewlis J S 65 5l ol Log ) ounS’ J S
slocdas o5 T g soliiwl oles & cols sarsS J puS 31

IR oage H9me S9;y Lamliad 0,95e ST S ol SLo Ssb

‘_}J.\.\.s 9 W) )..uw‘).: JTO.\J‘ )ﬂ,o.c 0)‘5 QS"JL’ W) 4.]5\.\.4 uLA)S

Dgd oo M, H3liiS &

PWPF Modulator

In
K
—
= 1+7S

U Un

Uotr  Uon

ol S 3 g Ly Sl 1) S
o a5 097005 &g Lo Lid Salips F JSC3 5
Lot Salus o Jlasl jlicS oS ool ab 3 L yo

FI-PWPF Modulator

—

sk iS55 Loyl 505 Copnidg J 5 A S
(5 S 48 0 51l ilS 3 5 iy SRl 5

o Adp (28 L S e b SYolee

(1] &z e e JSo oKiws (0 g ) Dyge 4 LS5 1S
105-34‘5:16‘):5;';..»‘

f=a V)

m:mc—l-md (\*)

yzF(u’yold’uoff’uon’um) (\N)

g J AP

d*u o)

y Routh-Hurwitz



YO IYo)Lo.&/Qt:.,.m)'sﬁLg 0,00 NV Jlo

S8 ol 2 Loglad 0,970 S5 Sunidg J 515 (g5l

SIS g @S A oy R Ly SaaB L 5 Y
ey ¥ gV Gl Ss ol s bl aie- ol
N0 (63955 & o gly aw lil 4 Laglad slaygly e ps g 4yl
LSS S 90 cpl Bollas sl 00y o i a0 FO 4 Y-

09 T T . . [
_Href=150 |
_gref =30°

07+ Bref=45G

0 5 1ID 1I5 25 25
Time (s)

3 FI-PWPF [R5l ) Copnidg J 58 wiapes 4l sl ¥ JS

(o= nld ] S

0.35
Bror = 1°
03 | =30 °
Bror =30
025 bror =%
02 |
@
g0.15
°
3
0.1
|
005 |
0 —
-0.05 .
0 5 10 15 20 25

Time (s)

FI-PW- Sl b Camdg J 508 mimm slzgl &y :F S5
Sdao— ol J 55 9 PF

o e slaple) )3 (P et Zuly 5 )13, asdllas
G dgly o p slagly e Joges 1A Cnl 00gr SlaS 550

s Uy ol 00 s 3 O S 0 4l 00+ ol e ol

Slle (swdige ;3 (5 5L g ple 408

0055 28 Jlol ) o2 9l Jlanly J5uS omns §.9 5 o0
-l Sl Blas cel o3Y g lub 6l 1 L(Kall
O 8y A lie Lol o aSul 4y ax g5 b Lo gad ool i
S sl 009 Hlai 0550 (6 yuS 45 10 g gruomo 4 o Sasal5 g0

o3litl (iliiam ornliS J S8 fimy 00iiS S g8 0 ool

w‘ AW
Silwdals 9 goae Jo-F

5 shgl goue g, 3l eolaiul b cdle oV¥olee go0e >

ol oo plol Clie J8le 5 y0 Al /e (M) Sy a8
Jade g oad bl jao Glugly Cepm g agly adgl Ll
)‘..\.E.A el 00 o._al.‘?o.:‘ ooy p fﬁ}U \ LS”")"‘" uLa.c
cwul;wl\“ng);:u ;w 5WL’J)-MS°)QJ
ouls ploul asls Y‘~(tf) sl by ae b giluas .l
5514 ‘5>5J> C.la.w 9 W) uL?w‘ o[+Y 9 RN w).: L
Sblllas slacl Olsl slow .l oads Gl VS el

adye JISE Gl cemend oS e JISE 350
() &l oS ape JIS iy Gob ot ans
2@ U ekl Ol LT B a ol o asye
25 Soze 4 Sl el 5l ceess plare 4 L & ]
vVl o)l cass

(1) @ [ (1-2) S (e)de "

aeR’

' ggd-Olosy 6 S Shae (ixe 4y sled )] j0 a5

4 (LS5 YL o) b (1S5 omb o) 5 &bl

potie s 4y azgi b bxia] jo el (6,1 4 50 5 S

ke Sl jLlo o) (oS A e IS (g oo (1SS!
Iyl sz b o Jps

\ Riemann-Liouville



-05 |

9 FI-PWPF ,Saali b comdg J 65 gudgi bl -7 b

-0

1F
05
ol
5 L
AL
0 5 10 15 20 25
Time (s)
4253 BY (599,39 45—l
1
e
05
ol
5 |
AL
0 5 10 15 20 25
Time (s)
4z 50 ¥ (59959 49l -
Ore1™4° ’
0 5 10 15 20 25

Time (s)

4z, F8 gog 9 49l -

it gl J 7S

QY]

w90 Sloe b Lol cundg S o ,Sloe d9ug | \t4

G (4d) a3z laged 50 SEAL (og el @
3 asd e sanlie g glaS )y O JSS 45 a8 el oud ol
> (295 4 (50 (4d) a3z p0 (JyuS cds Ko b
C83 S JIREN GlF S b &S el S8 LB 05 o
S G (692 43 uilS B g akelo W wyled oo i (S

ledge ymsS 5 48,5 )15 556

015}
— <10t
@ o1l -
()]
ﬁ 0s
3 g0

005} 2.,

-

A5 \
0 20006 20007 20908 20099 30 30001

& (deg)

0 5 10 15 20 25 30
# (deq)
9 FI-PWPF ,Saali b comdg J S guo (aud) a5y 10 S0

e ol J yiS

O fete S So (JAS e dapldd G lacy jgela o
7S 5 oemS oo 25 4t 4elsl pl3ll Vgans a5 05, o sl
S e Gae K plgie @ sl (o I Wl (oo Jlesl Consg
g Bran gyl 5 ol Gliee (B)b 5l el oad aid S
20 Vsans 5 033 Comnl Fl sl Az 5 oy azop L |
e 53 ol 1 el Cgama b ol yan lisd Lo >

il oads Ol Gas lgie 4 5l
Sl b begladd consy Jyu5 )18 asllhe jslase
Bllae (5oSlee e o5 S 4 o JISGH Gl (S 305 Ly
a4 () aal; plhe (E17) Lglad cuxsg g alis glhas
Srae (Sl i Gizmes g JyuS ol e Glge
055 (N) jly el 5 (1) dal,y illaa(AV) o5 ge
Ol el 485 1B oy 3550 ;500 0 Shee e 95 Glge
sty Sl 0ol oole oSS VYO U /YO o S 1]



Yv IYo)Lo.&/Qt:.,.m)'sﬁLg 0,00 NV Jlo

065 |
06 |
——p= 15
=30
055 | =0
645
05 |
045 | ]
-
&
04 [ ]
0.35
03 | ]
025 | \/
02 [ ]
0.8 0.9 1 1.1 1.2

A
Olg Ol s 1 Cridg (59,85L5 glas (Sl 1Y S0
&0 6999 43l dw gl3la (6 puns IS0

0.05
0.045
004 | —-—p=15
- () = 30 °
o= 45
0.035
> 003 | 4
” r/‘_\\-‘
0.025 |
0.02 |
0015 o= \;
0.01

L L L L L
0.8 0.9 1 1.1 1.2
\

JIASE lgF Ol con 3 S gun B o (Sl 1A S0
&= 0 59939 42915 dw (513l (6 S

60
——p=15 "
—a— =30 °
50 L =45
40 |
7, 30
20
10
0 L L L L L
0.8 0.9 1 1.1 1.2
A

81314 6 S 1551 (195 Ol s o  ySoe Cdlad A S
&30 (69939 495 4w

Slle (swdige ;3 (5 5L g ple 408

Loojlsale condy JyuS godg joliaS Jloged £ Sl yo
00iiS J S ll o (6 S A o s WIS 18 g Ly Saals
FO 5 Y N0 6955 ez e asly aw sl @ 5 (b ool

sl 00 s I Az 0

Sy g b -F

(Loglad Condy g ailas slas llae (Sl e
Sl g cdlad 5 (AV) o g oSile B pan Jlaie E77)
FO Y 00 g0 5395 4l 4w il 4 4 e 5 (N)
50,8, el 0ol s 5 A g A Y G IS (o oS 5 4 a0
A>T Gl a ool sy Loy oz yo 99,5 gl 4o 52
s Loys A< ol ol & ol talidl EFr i
Troa b Ve S8 5338 (o n pobiie 0 )lo 1) (Sl jlade
Lol 00D o 5 4z 3 Vo a2 50 (6899 gl il 4 g SVL
Cog Bpan e pide AZD Jl> A S5 Gillas
alS g B amly e 5l A Gl b g il e 3lis]
e SS9 Span Glie VL £pdg L) S 50 ool
sl 00

S S Gl Sl o  Slos Colled e
el 00D w5 g2 pe (63959 Agly A hil 4 A JSS o
Ol Slieess ol L)yl s colld AaliSl zeog 04 S0
Pl I NY JSS izren a3 e LS (S 1S
T523 9 FobsS Jolsd L) 6 S JISI Ol Sl o

Sl ool las i



ok dsg

45

40 L

35 L

30 |

7, 25 L

20 |

08 09 1 1.1 1.2
A

Gy J1KG! oyl Oyt om0 JSKlos Cadled Y TS
FI-PWPF Sial

S e g clilazel gl 4 1Y Sl Gillae
las plezdl ands gllas al33l b g widl oo 3Ll Uas ol
Glas eSS Sles g a5 Ll wil oo il ss,alis
Sopky el S5 sl 4 e SzsS skl » ©g,ala
ol X0 sg0> A=125 3 4=0.75 s Err oyl o
3 hlazdl glaS il )l Slslaaél & el S5 LB
@Al ml &g 5 oot Bl jiergs +0 O b=+ B/ o5l
el o0 Jlosl Logylitd Cansg ] oS
5 Sgw Spas ke 10 5 VF SS90 o izres
ot anlllae )15 olilezd] aals ces p Slae colled
aiels lae (iol8l L 5 IS 90 cpl o st Gillae ool
Sl @Bl ol8l sl cldled g CS g B pae clilicel
Sglis A Gyl a g pliase] oo p CS g B pae Sl i
Saie 4 mals b ral s cudlad Jloges 10 Lol 0,0 cwrgmerme
Al S5l andls il 33l ilacé) cons pr Slos Codlad
Wled oo Al w2 ) ol 18 axs o4 4 a5 K0 a>gs

] o..\.a] Cawdy (_;‘l.h)l.)gm Ga.u.u u)lsu

w90 Sloe b Lol cundg S o ,Sloe d9ug | YA

3 IS 8 Gear Ll dex 1 ) olilisgl
@l sladge jo 1, (JyuS cds aS sk wns blaglad
@ e ol e awes e 3 8t cou leglad g0 Slee
2 IAS e )8, ()5 olalazel S w)p jshte
Folygms He Qo) Llade 3l lacél dals Ol s con
@y 2R L g oS SIS oy At polie Sl 4y
u«iﬁL».A \Y J&)Q Ll 00 e or d.?)éYI‘ P al $99,9

038 |

I I I I I
0.8 0.9 1 11 12

OlF Ol ypadd com> 3 Caxdg (§9345LiS Glas (Sl N Y
FI-PWPF ,Siili (g puS 1,551

0.032 |

0.0315 |

0.031

0.0305 |

AV

0.03 L

0.0295 |

0.029 |

0.0285

I I I I I
0.8 0.9 1 1.1 1.2

JIS Ol Sl ydd o 5 g B o (uilo 1) S
FI-PWPF ,Saili g s



YA IYo)Lo.&/Qt:.WA)’BﬁLg 0,00 NV Jlo

Sl gl S > g B pas o 4 bleglad (o
Sl el delsige et (sl Gloo Ygono e Julye
slajbre SIS L8, (owyn 5 Shss cnl (o5 Ll
EIYO i T3] @ oyl oo CoabaBpae a2 0 Slae
Ay 50 Cewl 00l paw VA BVE sl IS 5o i) Lo
5 SSsm Bpae (oSle LT oyl Glee (1L S
@ 5 eyl Oloe Gl Ll ansls il il e s
el ails g i Bl BT Jlade 55,50 sbd Sl
131 4 L85 gl s o 2 s B 3505
byl Slsd Galidl o505 e byles 5 Sl ol A aon
ol oud i SosS sl (gl 4 (o ynl plos 2l
9 U ;XL L Lo lad Comdy 58 it )13 asllla
ool |y 4 s o Ui 6y 4 yo IS ey el )3
i 8y8oe 350 4 (lmodguzs 15 i os (58 Ol ]
o9 soku OIS S |) Comdy (g9 alas 85 g a; (IS
b lemlad JouS 580 slaoge jo jLsle ol 5l colatal

g oo Sloiing Lamlad ' 585 (59,4iliinge

0.48

. . . . .
-20 -10 0 10 20

Moment of Inertia Uncertainty (%)

Olow Camladons cons p (59,4l las (Sl 18 IS
G JISG lgs iliseo polio il (oo p]

oeals as @Lm}.o g lomlad 5.8 2 ‘_;{Lmeg.q 30 e
S Ol meaS b Gl oo siten a5 0550 (65, B ypae

Bl JialS ) Co g Bras by SKlee cudled

Slle (swdige ;3 (5 5L g ple 408

06 |

055 |

05 |

Err

045 |

04 |

-0.(;5 (; 00‘5
M, (Nm)

SLALAE ald o 2 (59,45l (gl (aSiln Y SO
S8 J1,S lg hlizko polio l3lay o,

005 0 005
M, (Nm)
=B wlblice! Kl cans g S g O pao (5250w N F S
G S J1G! ylgs o polio gl jla

180

160 |

140 L

120 |«

100 |

80 |

60

40 L

20 |,

005 0 0.05
M, (Nm)

il (2l olilice! dold cane p SKlos codled 10 o
G JI,50! led i polio

\ Fine Pointing



ok dsg

AL ol KAl Guizmen 058 (2blie <S5 (5
Oygar 75 IS g oad oS S (A ool Jslate
Sl b e (2] (sl el Bl i (5 S 45 50
g B pan :Nle doglad Condy (95,4l las 3llae
oad wdF I 3 ol (el aw plgie 4 Slee codlad
Aadli (gl Gy (o yhe byl yd (glila Condg S8l
Ao aunlie zuls g oo ploxil (6 S 45 10 5 o A5 0
2l Edlad g EE g Bpae (S0l s Bllas (Sle
ey gl el ot dalllas ;E LS5 (S Ol o
Ol L gg,alad glhs ik o Gl ,S0LES ool
AL FCENRE OIS L PRNC [ CE PP g
Ol I3 b il 3 cllab IS (pizmen oo (5 S
Sl & dgas ol el 0olidl 3T 3T S JLSE! (s S
Ol el L (gyhe Ll ph g Loldd Cundg az 3 Ve j5ile
S pan @il pals s .Sl 00,013 sgu> SEAE (68
Gl e F sgao Slae cullid 5 esgy ol Ly S
5 Lonslisd ool lae CabiBone 36 ol s ogdle ol azily
OBl el ond adlllas 525 @2 50 (639,9 4l oS pac
Srae Jlade «s9,alis sl (Sl donlad (il Glos
RO W pT PYPU VRSN JCW [ JON I PR
S 50ee slajlne (b)) el Dglite ol (e (g oS
5 o5 oud adlhs jo o)l ololizdl ads e
b el 68 S SIS Ol palS L s &5 rals Sl
Sal o Slee o5 ols Hlis ol e ool Caway gl axllas
oolitil 5 ol Joelio 655 slagplss 5l slosle )o oleriny
Sonlas cds lBl Gl o @ oleiin Sl cnl

Syl Gz | laslad Cunsy gile

pdle Cow 4 -F
eSSl oide
Goiles glas sllas Sl Er7
syl glas JuSow €
Sails 4 539,9 JiKew A1

el oles

oo Shas b Ll conzy S5 5 Shes syme | Yo

TS I URC SN e A S RERPT R
Jeds ar dooaisls 5 alls 59, 2 S aie sloj s
S W sl oats 3aze JalS job @ joim (A3l n (VL o>
YL pz o J S sl eolainl s (o g ogase
5 Slwbre ;o (6l anng b Sl 4 &5 b B3l
Dgd S Codgama (ol oan] o bilo

0.04

0.038 |

0.036 |

0.034 |

0.032 |

AV

0.03 |

0.028 |

0.026 |

0.024

0.022

-20 -10 0 10 20

Moment of Inertia Uncertainty (%)

el low CombaBois Cans p Co g B oo (Sileo VY Sl
S S JSG! lgd calizee pwolio ol jla

60

)
——) =075
—-) =09

50 | A=1 i
——) =11
o) =125
“ / 7
7 30 |
2 //
10 //‘;/_'

-20 -10 0 10 20

Moment of Inertia Uncertainty (%)

G114 o ! los Conrbdpas cuns y Slas culled A JSb
G JIR! g5 aliseo ol

G S azi -0
adye RGN Gl el Ly K8l el o
—Ore) ey 99 Sles b laldd Cundy 5 ln oS
ondly GulS B g Ly Sy o sl Al drwg hsels

5 095 ousSlr SR S U Wl Jyl adye il



VY Vo leds /ylieo) g 3l 0,90 N F-Y JLo

Systems Engineering, John Wiley and Sons Inc., 2011.

[7] R. Wertz, Spacecraft Attitude Determination and
Control, Kluwer Academic Publisher, 1978.

[8] Navabi, M., and Rangraz, H., “Comparing Optimum
Width-Pulse
PseudoRate Modulators in Spacecraft Attitude Control

Operation of Pulse Frequency and
Subsystem Employing Thruster,” Proceeding of 6th
International Conference on Recent Advances in Space
Technologies, IEEE, 2013, pp. 625-630.

[9] Anthony, T. C. and Wie, B., “Pulse-Modulated Control
Synthesis for a Flexible Spacecraft,” Journal of Guidance,
Control, and Dynamics, Vol. 13, No. 6, 1990, pp. 1014-
1022.

[10] M.A. Johnson, M.H. Moradi, PID Control, New
Identification and Design Methods, Springer, 2005.

[11] F. G. Shinskey, Process Control System: Application,
Design and Tuning, Fourth Edition, McGraw-Hill, USA,
1996.

[12] C. C. Yu, Autotuning of PID Controllers, A Relay
Feedback Approach,2nd Edition, Springer, 2006.

[13] Hu, Q. L., & Ma, G. F. (2007). Flexible spacecraft
vibration suppression using PWPF modulated input
component command and sliding mode control. Asian
Journal of Control, 9(1), 20-29.

[14] Fazlyab, A., Ajorkar, A., & Kabganian, M. (2014).
Design of an adaptive controller of a satellite using
thruster actuator. International Journal of Computer
Applications, 102(10), 6-12.

[15] Buck, N.V.,, “Minimum Vibration Maneuvers
Using Input Shaping and Pulse-Width Pulse-Frequency
Modulated Thruster Control,” Naval Postgraduate School,
Monterey, CA, 1996.

[16] Song, G., Buck, N.V. and Agrawal, B.N., “Spacecraft
Vibration Reduction Using Pulse-Width Pulse-Frequency
Modulated Input Shaper,” Journal of Guidance, Control
and Dynamics, Vol. 22, 1999, pp.433-440.

[17] Song, G. and Agrawal, B., “Vibration Suppression
of Flexible Spacecraft During Attitude Control,” Acta
Astronautica, Vol. 49, No. 2, 2001, pp. 73-83.

[18] Krovel, T. D., Optimal Tuning of PWPF Modulator
for Attitude Control, MS Thesis, Norwegian Un

[19] Jalali-Naini, S. H., “Normalizing the Single-Axis
Spacecraft Attitude Control Equations with Pulse-Width

Slle (swdige ;3 (5 5L g ple 408

sl o
b oslazel

]».ul).u BRI Slads

o pgals Bl
OB o) Bl

Canl 5 o

K,
K,
M,
N
Sepandl & 959 i U
UOIf
Uon
Um
EERENE §
Sses
Sy e
lglad ag @
Loglad (glaygly o s
g Spas Sk NV
SIS o8 oy €
O R

oz T

adol Juie 0

&=y g @be-V
[1] M. J. Sidi, Spacecraft Dynamics and Control, A

Practical Engineering Approach, First Edition, Cambridge
University Press, 1997.

[2] Webster, E. S, “Active Nutation Control for Spinning
Solid Motor Upper Stage,” McDonnel Doglas Astronautics
Company, Presented in ATAA, 1985.

[3] Johnson, G. B., “Nutation Correction System For
SpinStabilized Satellite,” United States Patent, 1968.

[4] Lian, Y. and Tang, G., “Libration Point Orbit
Rendezvous Using PWPF Modulated Terminal Sliding
Mode Control,” Advances in Space Research, Vol. 52, No.
12,2013, pp. 2156-2167.

[5] Lebedev, D. V, and Tkachenco, A. 1, “High-Precision
Attitude Control of Remote Sensing Satelite,” IFAC
Automatic Control in Aerospace, Russia, 2004

[6] P. Fortescue, J. Stark, G. Swinerd, eds., Spacecraft



ol s w59 ot b Loglad Sy J555 Skt 3yr | VY

[30] Moghadaszadeh S, Bohlouri V, Jalali-Naini SH (2016) Pulse-Frequency Modulator,” the 13th Conference of
Attitude control of a rigid satellite with pulse-width pulse- Iranian Aerospace Society, 2014 (in Persian).

frequency modulation using observer-based modified PID o ) )
[20] Jalali-Naini, S. H. and Ahmadi Darani, Sh.,

“Preliminary Design of Spacecraft Attitude Control with
Pulse-Width Pulse-Frequency Modulator for Restto-Rest
Maneuver,” Journal of Aerospace Science and Technology,
Iranian Aerospace Society, Vol. 11, No. 1, 2017, pp. 1-8.

controller. Modares Mechanical Engineering, 16(8):139-
148. (in Persian).

[21] Jalali-Naini, S. H. and Bohlouri, V., “Quasi-
Normalized Static and Dynamic Analysis of Pulse-Width
PulseFrequency Modulator in Presence of Input Noise,”
Modares Mechanical Engineering, Vol. 16, No. 12, 2016,
pp- 455-466 (in Persian).

[22] Jalali-Naini S. H. and Bohlouri, V., “Quasi-
Normalized Analysis of Satellite Stabilization with Pulse-
Width Pulse-Frequency Modulator in Presence of Input
Noise,” Modares Engineering, Vol. 18, No. 01, 2018, pp.
165-176 (in Persian).

[23] Jalali-Naini, S. H., “Static Analysis of Pulse-Width
Pulse-Frequency Modulator Based on Analytical and
Numerical Solutions,” Journal of Aerospace Science and
Technology, Vol. 11, No. 1, 2018, pp. 13-29 (in Persian).

[24] Jalali-Naini, S. H., omid Omidi Hemmat, A
Modification to Integral Pulse-Width Pulse-Frequency
Modulator, Journal of Aerospace Science and Technology,
Vol. 14, No. 1, 2021, pp. 46-55 (in Persian).

[25] Abdulwahhab, O. W., & Abbas, N. H. (2020).
Survey Study of Factional Order Controllers. Journal of
Engineering, 26(4), 188-201.

[26] Xinsheng, W., & Huagiang, Z. (2015, July).
Fractional order controller for satellite attitude control
system with PWPF modulator. In2015 34th Chinese
Control Conference (CCC) (pp. 5758-5763). IEEE.

[27] Mainardi, F. (2012). An historical perspective on
fractional calculus in linear viscoelasticity. Fractional
Calculus and Applied Analysis, 15(4), 712-717.

[28] Bohlouri, V., Jalali-Naini, S.H., Application of
reliability-based robust optimization in spacecraft attitude
control with PWPF modulator under uncertainties. Journal
of the Brazilian Society of Mechanical Sciences and
Engineering, Vol. 41, No. 10, pp.1-15, Y+ 4.

[29] Bohlouri, V., Ebrahimi, M., & Naini, S. H. J. (2017,
May). Robust optimization of satellite attitude control
system with on-off thruster under uncertainty. In 2017 In-
ternational Conference on Mechanical, System and Con-
trol Engineering (ICMSC) (pp. 328-332). IEEE.



