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Abstract

This paper is dedicated to modeling of fuel sloshing dynamics and its effect
on the stability and control of the space vehicle. Sloshing due to the liquid
movement in the fuel tank of a space vehicle's propulsion system can be effective
on the vehicle’s control and stability. Force and moment interaction between
fuel sloshing and space vehicle’s control system will be appeared as a feedback
in the control system. With respect to simplicity of analyzing of a rigid body's
equations of motion in comparison with a fluid dynamics equations and as a
result reducing computational efforts, it is possible to apply a mechanical model
instead. So in this paper fuel sloshing is modelled as a linear mechanical system
to investigate its effect on the stability and control of the vehicle. For this
purpose, two mechanical models, mass-spring and pendulum systems, are
applied to model dynamics of a space vehicle with fuel sloshing and each
system’s parameters are evaluated for simulat.

Keywords: Fuel sloshing, Spacecraft, Mass-spring model, Virtual actuator, LQR

COPYRIGHTS
cram © 2022 by the authors. Published by Aerospace Research Institute. This article is an open access article distributed
under the terms and conditions of the Creative Commons Attribution 4.0 International (CC BY 4.0).

How to cite this article:
A. Khoshnood, A. Aminzadeh and P. Nikpey, "Vibration Contorol Design of Fuel Sloshing in a Spacecraft Using Virtual Actuator,”
Journal of Space Science and Technology, Vol. 15, No 1, pp. 63-71, 2022 (in Persian), https://doi.org/10.30699/jsst.2021.1326.



https://doi.org/10.30699/jsst.2021.1326
https://jsst.ias.ir/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.30699/jsst.2021.1326
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-1838-1329

S S (0% b) 1 YF Y /Y o jlowi / V0 2,93 < @)
I YEYF-FOYS 1 S iU sl | Yo vA—FOS+ 1 ls SULS opmamass .

il 5 59d 5 pole . i
https://doi.org/10.30699/jsst.2021.1326

VEe o /o B oAt opds [ VFee[oYIVE 26,5550 [ YWAR/Y +/¥D 2l | caivgy — ol Allio [ SY-YY .o .00

Sw Shos 3 oolaiw!

¥ S lows 9703 0mel e UMV agigd amollans

Ol el e e ool cnlpmad dnlgd  Jaiwo olGI (Ladlgd cwiipeo 5051 =Y )
Olxl el sd ol gl (2 lad aliag s 0 ,laale (gdilolw saSliagjs -V

khoshnood@kntu.ac.ir :cbbee swims g Jaosl*

FXNCS

Kool slopitisn o Olils)) Ly plio j1 (S CBguw b a0 Jlow pb
Klas 5 divur Syyoiiyss o clojiol &5 canl sl Olilsy) ol Gl o) JSio ol
u;imb/ Sy silo Slac o] jI Ulio df/ PRy 959 d[ alsls,) Js” ol (orlluno
3 enSostn b w31 coilo o i syl (sl ol 0 odlizl Wb M I folbs il
ol g (b3 digy (slogsds) J opSortr b B g0 oiS S e 5 0 plil 135 5 o o
P2 pNes (8,8 225 bl o (jlre JSlae o] sl 0L giludend 5 (LD sjibre Slas
U 5 o plus 2y sloySlas I S S oo Moz 5 03,5 as ol (slayiolsl
3 ez y3bo 4 1y oM Sl 3] il ok ] gy a3 e LS el
(g9 oy b oode (oly ) lgai yo £adg0 sl s LinlS s ably Klac 0,5 48ls/
el o 00> yislad | 2bly Slac b digs Jog) 40 Condd M) ds 0

LQR 8 csjlne Slos 38 g py2 4o dogglias 8 gus obM 1 gllS" gla031g

il GpSeds b 4 Vgae ¢ glad b abls e Ole (e dagi Cute (Sig S le
it o lgale o balagliad oS o ob

IS 9y » @le g @b Sl Sl Sl .
Jie S Sygons Gy |y Cgm ob3b dalanlias (g lul 5 dode
Sl Jao 8 ol (gl il cd S ey e (S
sl Julos Lam adl V] agde S5l Jpil b 55 5 o2
oS Cuslord plosl gadge oyl sy Syt g Bl Yl
2 S wlsMe plo g Slulxe o (B)YL e
[Y] 39000 B4 cax LS, dilobr (Selod )3, (g5bo Je

$9iS g gy 5 b cpl o 3K las ol W) WSS P 1
S gaze Gl 53 D9 o0 (U Loplidd Sy plw b oL
2835 o)lal G slaalls & Glgie o iz u S e
b ad)S cogw Joo adis blog jl 2gbe ol b Ll X o e
o 3 s sl il Lo g cded  ladlen claaslols K S oy i sle
Q
R

O Cude (59 (Sl yilo

b ope o J3h o Jlw 0285506 bl 5 obole
T3 YUV - R PPN S EE RN S

Hlassls N

S8 goriily Y
e ¥

COPYRIGHTS
Ev © 2022 by the authors. Published by Aerospace Research Institute. This article is an open access article distributed
under the terms and conditions of the Creative Commons Attribution 4.0 International (CC BY 4.0).



https://doi.org/10.30699/jsst.2021.1326
https://jsst.ias.ir/
https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-1838-1329

Fa / wtlad (5y5ld g pole dmg} — ale dolilad
(0 b)Y Jlan /) B)la /N0 09

Gl 0PUsS Sy L o 598 slagby) 4l (e
Gas 5008 b 09 K00 yj Canols 4y dn g ol wlilonds
@ bW Sl il e p 9SE &S Cunl (o 9550
Seeld ploge Cwlodds drgi Syeie job 4 gpise ()
39008 b i Sy Juol 33 ((SSe Jaa b b g Lagliad
Coold & dog b i cpl 0 10 00,5 o bW (sl yuiis
Dgd o0 o (ibre Slos lais b ghiin ol (6 Slos 25008
Sl clslsyl Ju8 0 (Bauny bwy 35 M oxl oyl
Sedld (B ) dgioe Sjgody addl [VV] cuslass, e
b ilre Slas gy 4 peliteepd by 55 B
O VY] ool o o)Ll Seolind (glapionn (gly 0058 S
el ) a8 s ol 0092 5 4 25 b (bey el Jlos!
Sy g oM g lils)) S 390 55 Loguas 5 Caulons]
il ssilre Sos o) cuwl S5 LS b o 1) HL piwss
2 ng.] L)"I Q»L.ul Lol 04 u»L.».@] Py d)l.‘xp dl}b)w DA:{‘
Sl @ oNlas 351085 b g )3 85 Cel lgial e ()
A e g Uy des e O & Sl Sle I Spa
c s el e loia P
2255 )R Gilre sl Slas ilodd s (18S9 2505
S i 3 1) (Bly s o (i85 «sjlone slaySlos &l
Sop555 5l ) e Wl oo bbb Collas s b g S 0
o A el ) Gl g S5 0 b Syl gy 0092
b oaiS JiS (2l g plas > (@il o Slos (5lons ]
@ e s ySles join (55 b pguye sl ) I Sopm
Sibre laSles 32y 4 e JodllpSe (Sl sl
b it (HBly 0uS ST (0399 Olgisd g 258 sl
s3> bbb LS dly S bbd ali S
aS WS o o) ey |y el e (gile sl Klos
s Shol 38 (gl ool cpyie plgsa Nl o
Siloodly sly Logas gy (nl (eSS Clowdgi 29, By
alosel dlis ol S lagisy » (Jlw bW xS 5
2 Seelod Jdo g (silme slo Slos (glad &5 sl S5 L
Pedie (rgl )lley Jae o B

a9 olo g oM Saliyd gl Jue b callio )
Sl Goyp @b Sl 8 9 2 s ©jgot (i
Sealps (Jad e OVolao polate (pdy 9o (owy Lol
gl 5 g e Jo lp gw BN jis L lagliad
Sy o 5 035 gjluibs ol abai Joo Vol 5 o0

4. Under-actuated

oo Slos 3 oolitl b loglass (S 55 g b3 il S8 sl

03,5y 1y dlaie s oS jobdy cmle 48T Jloj Lol

S il Jeols pbW S S > ablil wlgn wle pdaw ¢ A3L
500 g sl waled aob uilS 8 gy sl b S wle
b sy95 2,5 (giludde cdio pun S (s ) O] Ol o0
Jols b Haisyee (SO e wdls oyl o a8 wimd o ol
cpodls @jle 4 V] st log 4 B & ASlb slap s
S b gle g b3 Salizs b Jie 595 Jolas Atas
o sloyled & Jheeyn cwl K Jas Sl e
Lis ¢ Joleo (S Jao opl (sl yial )b el Cdio molo <3 gus
L]0y (S mlo g la Shg g Cogw (e JSO &
P CEgw oW gildis a5 o3kl slacdlé
[3-0] caslors pbool Ll (gly oaiiS S ob g laloglad
g oW Salins giludde gl 300 Sl (yrivren
85 B b V] a2 pe canlord Sleidey (e 090 &le
SRS dlan o5 5 oy Jio Sty g (b Sl
92 sshaie (pdr CwlodS oy |y (lazio ke > Loylad
ool WM LI slase (3,8 blod (slp 38 9 pin pilwaw
gl Cogw S 8l 3,5 Lais b VY] aope Calodd
Chgw (bW e Sl wjlgale Seelid g9y 2 e JEI
P9 polie Oliwe 9 JyS 3Sles g9y p e Bb gle
Calod,S s i |y Cogw oW & Cond 0dd Sy J s
Jsl i S O ygody (g wpb W Spolisd dllie (ol o
ol S 8 ha) b 31 o slasiell 45 0 Jao
Seolnd gildre ol Josib Jae 51 o 55 a5 03,5 wyp
Sl BPbY olil e ad e JyuS o g 03 000 @b
b e (9 o ] s bl 1 b o6 5
Seolid Culonds (sl VO] g o 53 (ol (wlS )3 wsiow
3 oslizal b (b3 (sl il 00 Jao Jp5ly 90 &2 ob30
V] aoye Casloss ololis adbawy clls Sosalin g,
Sl cwlaidlyyy S5 cblug dly b Wb 31wy 4 o
Jio o S Jlo 3 g Sypo & |y ¥ cglite
Joesl Chgo a4 bW (gildio b IV] a2y Canl 03,8
A S Sl y S IS8 S B — a5 038 )8
P cwled S (Sb laglad Cunsy )luk 5y 2 ok
29k 4 Wb sl 69y (225 Clalllas o 3T syl
w3 s 55 cply 0sMe [VA] sl o plodil (glod s
Seolind o i ) bW S dige) o ol Cildllas

.[Y'—\i] Cawlodss ‘nbul



@S Glor 9 il e dgidgs Aorallie

(m+mf):;1X+mbéz+zil\lz1 m;(s;0 + 25,0) = (V)
Fcosé
(m+m)a,+ mbb + YN | m, (sl - siéz) = Fsin§ (V)
=12,
6+ YN, m(s;a, — hs; + 25,56) + mba, = (¥)

M + Fp sind
:O] )J 4§
f=1+1, + mb® + mph§ + XL [m (b + s7)+ 1]

me=mg + Nt m
p=b+d

V Jose 3 (V) B (V) @¥slee 3 aid)) e (slojial)y als

N] &y y0 b Olujs g JolS @Yol .Sloads Cuwypd
(¥) &V¥oleo 53 5 duwlxe @, g ay (V) 9 (V) ©Yoleo I Canlone]
ol Lo b 5 (0.0,0.0) S (s3lshad o 5 2552l (F) 5
Yoo oyl obil g Canlonds plogl oS5 s yilo 5l oslizul 4
5 x=[0,0,51,51,52,52]T 8,5 a3 3 b i s liad

ol odolcwddy u=[8,M]T

s3> 53 loglad Sl Lallg) )5 b Sy (So5d glajialyl =) Jouo
55t gt o J1a O

m LogLd >
m S 5l b b Jole oy 5 mle S g py> ggeme
! O3 09y le il gl Sl
m; w5 glaae 5l plaS 2 b Joleo oy
G el slass 5l plaS o ol
k; el slass jl plaS e 4 Jole o 5
s Z 90 Lty j0 oD slavs 51 S5y b Joles i3 ol
! Lol 50y ol
ay W X jgome sluwl) ) Laylad Sl
a, W Z j92e sl 50 Lolad SlLs
3 JleS al;
0 olKws X 9P & S LQ.QLAS Loy olfws X )97 4.15|)'
&

M O R Ol jolias
b &5&41J)QLQ¢,LLA§P):'>;;Q5AJA30KLAQZ)WQ&¢L4\$
LMY oKws (X) ‘:J}Ja JrED

d 2 balad o S50 5 Ot sgise JbeS o Aol
a3 olfws (X) bJ}.]a Jre LgL:...;l)

F O 2 )ly S
L8 ol oloe

Ig O o gl ES g (ol e
m » ke e S Sjpen & (33 JBI mle CE s oy
0 OWPREPEER SRR

L35 (558 5 pole (pdmg — ele dalilad &
0+ ) YO Sl /Y ol /1 0,9

O 695 2 5 P ot sy LQR (o aigy o8 J S
W3 il sl Sloe ol 5154 b g ot Jlc]
ponl sla g ilwands al 0ad Byl yy igllasl lisles) lgieas
ooy ials |y Wb &l il oedds (hgy ol o o lis
Sy ylas jl a5 ala iy b alie )3l (ials ol .l

ol duo)d 5 395 )3 Wl S o3lasiu]

S mle e gu fb MW Spolid (ilotnnd (gl 5 5 p Jao - JSS
[V Jloglad SO (550

Chgw bW jgds ;0 lwlad Seelsd gl
e Sl cLaS OO g 35w J& 1D

pb 3l (58)S i 3 b Leglad Sl dllie ol )
Sdge g o e S Ojgod doplad Dede ()
WS Gl (B Gbpes Cjgen G5 Cégw (bW
ool w5 sladge Siolind V¥nleo isu cpl 50 W o
JS3) (B clase 5 lagly ey (Il sy sl
0l wyy 5 g py Jdo deldl j3 S ond &) Layliad ( wiin
Gl 0 odlatwl 58 g py Jio 5l dlis cpl > .l

P9 e Je
5 Joil (SUle (sla Jae cdodio ;0 ol &) Glwsy illae
Ol cnl 5 VeV ] Wlosds ol SbM sjldin slp 4 g py>
4o 3 ey Joub g 5 g p sladie o (SWI Ol
5 P2 S e 59y Silre SNlas by adgl S S
So o b Chgw fbW Sy ilodse sl o8
Canlords 48,5 Jl5 )3 38 g9 p i Jio o) S Billao doyliad
Cgw wb W Seolns sl 8 5 oy Jlo 585 Sl b
g oo elate jpin 5 lanlas Sealis &Ysleo cxlo

PPl ewl zj 2l ©rpon

5. Linear Quadratic Regulator (LQR)



FV/ &Wd)susf#wﬁf ~(ole dolilat
) Ve Hleo /Y Byl /N0 090

5l s

Seelind Jde 3 b cdodio i 43 osd &) sy llae
el i fbMie 3500 g9y Sl Slas S 50 28
oA S ool 9o pasule Uy b dbgpe (JyuS JiSw
398 2k 8 g e S lp ool Jle S5 S b Sl e
Qe obul e S Bde — pwld (Jad euiS J S i
"o ol e abele oS J5S 5 00l 3)55 5l pluges
“Se Seilre LA 3 gl S8 5Shee ol il
Oialed Ug b &5 A8 oo dbml dinge ol 018 J 58 59y ol
2o Jols lup sl eaiS S coleg o gd e 0db
el Salgd oy Lol oaiiS’ S g Ol s JUiSuw

ur = utuy ()

b Jbs ol onel ¥ S5 5 (glxe Slee 39, pl,SLs S'oby
b ol sl uwyle ¥ Joda 3 osds &l slayzel )l Jles!
25 dles zlyseiwl 5 g

Silwanw g o

e Hgi> ) laglad Seelud (giludie gl Badod ol 5o
90 yokaio piy &S Cuwlodd eolaiwl J8 —pis Jdo S gw
Siloded 5 —pyr (Sl plusw Sjgod (B sl 250
Jvo sl (F) B (V) &¥oleo 4 dogr b (SOud (sl yial )l b
Vs 0 ey 4 ambe ) o sl 8 e
Cowlodd Cuw yod

oS i 1y 395 S¥olee 3 Wb (gl el ales 5]
OS5 s ) (9 lanliad Soolind i el (gliad 5 Yolao
s0lgs 5 ygon u=[SM]T o x=[0,0]" (253 L 5 Wb
:.)9.3

gl Cogw GbM b —p e Juo o 4B S (S8 sl el - ) Jgd

Ayl Hladie Aol Hladio
m ava kg F y¥o- N
I t.. kg.m? Io ¥¥/\ kg.m?
I v. kg.m? I, y kg.m?
mg v-o kg kq WY N/m
m, vao kg k, yv- N/m
m, #lo kg Cq fA N.s/m
h, /Ao m Cy y/vo N.s/m
h,; --\¥o m b --/#m
h, -/-ydm d \/y m

oo Slae ) oslizl b laglis (S o cd g (b il JyS Sk

Folyly o g
h, X jeme sliwly 55 iy olftws Tae b My o g alols
£y
h; ol5ws Tawe b ol (sloas 5l plaS,a b Jolas o> alols
By X Hemme bl o 4y
I bl sloe lplaS o b Joleo oy il Gloe
I ¢" ) b “sJ ..os

Glp dlis cpl jo s o ooy Jb Lisu o & jsbles
Cawlodds odliiwl i3 9 p > oo 5l oW (g5l e

silre Slos b atigy J S s Slod =Y S0

Wb3b 5l 350 5 L5 wb3 Sy (sl o 58 B>

Sl aS adge iy jl 9 odd di8)S a3 1> s e gladge oS
IV Leons Jaics o o)l laplad Seolus go) p cjab
ARS8 @b jpas > laplad Seeluy S8 cue cplple
Sholslsl Jyus ly cwl )83 Gbls sl pj ©jg0h 550
0,3l O] 4 dlie 4l ) a5 ouds odlatwl (gjlxe )§lo.c oy

W) .\ml9‘>

u=-Kx ®)
il aeS ) 5 ase @b &S Syg0 @

I= fm(XTQX + u'Ru)dt *)
;JBW L;)J)M)SJLUW)JAJKs )345

R 5 Q j9 slagm ple (piomen g 0392 J)’*if oy yle g
ol i e e g7 lEe (e dod Cate a4

k= Ax b glad dblee b pias sl (K) e Ju8 oy
il oo Cowd 4 5 (SIG, dblee Jo jHBuU
P+PA+A™P-PBR'B'P+Q =0 v)
PR e g 0ad dwsbre Pl (V) dble
45 dnlgs Jlosl (s 1) (oBly wias y odelCunsay
u=-(R"'B"P)x = -Kx )

6. Symmetric Positive-Semidefinite
7. Positive-Definite



@S Glor 9 il e dgidgs Aorallie

ol ) laglad Solus 4 Wb Seolud (i Ll 31-Y Jaaa

i (39,5 5I0LL g piuw b dils glacdad

(2l 0 S bl o
=) . O loggliad Kol
-) : wb3b 5l 35 i
-
-) . 2 b legliad Sl
-/ 05y —«/NOV+Y/YAI Jol de g5 43,5 Jlas
<05y —+/NOY-Y/YAi Jde & ygods (b
ofeeyed AR AR RVAR] JRETSES
NERARR! — o] S EYE-F/YYI

Oy edlal b g eadpbsl lacsilore ol 2 J
Joo b 31 S8 (sl o (i )3 0ad (Syme LQR S
T 4 0uiiS S dagldd Solid (g9) p 8 —p > g0y 00
g Sl (b (S e (Pl gy Cuwbad Sl
02 53 ENolas 53 g sl 035 J S (g @l sl p3Y o
O S oobel il R Q sbuyle Wnisd )ik
2 IS 2909 e g Bgdea Bod JluSs Cundy (sla e
Higlion (e g & o (gt Al e i polul

10000 0
01000 0
Q-0 0 1000
00010 0
[000010J
00000 1
_ 110 0
R=[ o4l

_[0.3162 0.5543 —0.3048 -—0.2459 -1.2365 —0.1374]
—0.0152 0.0258 -—0.0186 —0.0037 —0.0366 0.0006

LQR g, jl sdelcwna (laosus JS Jlasl 51 o

Kb =py> Jdo 5L il 5 diww dils pleew o laaslie

dod oo odblie &S jsbilen (F Jads) Cul oad plxl
it Gl s ddls g glacdad

Ay dils g 5L Al s dunlie Y Jooo

slcds scks :
—[SANHE/YYI
— [SAV-¥/YYi b laglish Soali>
=V A+ /EAY —+/NOY+Y/YAI do 9> (i8S Jlasy
=VAY—-[¥AYi —NOY=Y/YAI O ypods wbW sl
— AVYHV/OAT | e/ FYEHE/YYI Fpr Je
—+[AVY=Y/0Ai o] CEPE—E/TYi

L35 (558 5 pole (pdmg — ele dalilad | A
(B (obe) YoV Jleg /Y oyleud / VD 09

x=Ax+ Bu
_10 1
A= 0 0

7 0 0
B= [4.5501 0.0018]
Y Jgan ) el Cunyrd (o sla el (o J B L yiomen g
L ob M jos  lanlad Seolisd piwaw b (slias &Yoleo

ol 25 Syt b= Jaa

x=Ax+ Bu
A=
0 1.0000 0 0 0 0
0 0 1.1412 0.0493 0.1166 0
0 0 0 1.0000 0 0
0 0 —7.7738 —0.3219 —-0.1792 0
[O 0 0 0 0 1.0000J
0 0 —1.5478 —-0.4899 —18.6183 0

[0 0

5.2639 0.0020
I

—5.5743 —0.0013

0 0 |
—4.6255 —0.0009

glacdad (65518 oo aulie jl g ¥ Jod> 4 29 b
lowlad Soold o cunl odaline JB 4SS pl 5L ddls piuw
5re 3 9 039 Sl slul bl Wb ST (185 ks p> g
(oliig] op 3 Sa 68 Q.LJ Oly b &S slassSa oyl Jl,8 oolul
P bW S 85 5 cplply 8 el Ll st
Sy (b3 Sl ol 51995 ot Lot S5 ol
85 5 5 b b )b |y e BT S ey
ot Loleg 9 Sy e pie 31 ol et Soolyd 3 (b
b g oo odnlive 507 Jodo j0 &S jsbsled b dales ol
e Jhe o leglad Sealiny 4 (bW Seolys (0l 8L
6 ol SarsS e olyso calpd G 5 005 LU s
g s | o s g bles

tingg U555 3,Skac mslio clio gl 55 005 ploxl e 415 >
cped s clid E¥ohe s (oboDbl clls E¥sleo 5 Wb
Do oo wyy (ol Con g3 doldl 3 0l waled S gliue o iz

@ o glad Jae gy p ae S5 Ghy) ileodly -
b ol yonr
b glad Jue 59) p ilbme Sos b9y (ilwodly -

b 59y sibre Slae (55 L bW L (b die (9,
Wy Gilre byo M (JyiS (63959 ibre ;Shos g 5
o (Bly gl Slas 5l (S 10051050 (Bly Slas g 3950



;ﬂ / wtlad (5y5ld g pole dmg} — ale dolilad
(0 b)Y Jlan /) B)la /N0 09

control input (1) : gimbal deflection angle ( deg )

05 . . . . . . . .
0 10 20 30 40 50 60 70 80 90 100

Time(sec)

Fmp e Jio 3 (S $9933) 8 JleeS augly = (W) B USS

oo Slos 3 oolitl b loglass (S 55 g b3 il S8 sl

Jse ool 005 5L LQR J 8 (6,5 54 b el 5
@l (b ) (w8ly Jbo o Jlos] g 5 008 (gilo s

attitude angle of the spacecraft ( deg )

Ll b..\.o]wbcb ).s)

T T T

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

control input (2) : pitching moment ( N.m)

-0.01

-0.02

b

s )3

L L L L

0 10 20 30 40 50 60 70 80 90 100

Time(sec)

—p J%e 33 (I35 9,9) M o — () £ IS

g oaalia ¥ oY slaJS )3 & o len

o ) Pl bl G @ bW b slajiite i3 —p >
Mos onl 38las Vg 7 5 0 b S )3 Wgdee Ko
pbMio pra obol & S5 o sl el i gilxe
w2 b ilne Slas b S () 9 dinte S5 (hg) 92 L g
oia pys el gy cpl B UKD > cpmomen ok duglie

Cawlodds odly LS pgd

s1[m]

— Virtual Actuator ||

8
Time [sec]

10

12

14

U9y 9 4t 0338 JyuS b Jgl obMie p ool duslie = O JSw

Sibre Sles

o

sition for the first

s2: relative spring position for the second slosh mode (m )

0 y
-0.1 1 b

s1: relative snring no:
s1: relative spring no

05 I I . I

-0.05 1

-0.15

L L L L L L L L L

0 5 10 15 20 25 30 35 40 45 50
Time(sec)

Lol Cums aygly o sl —(R) ¥ IS

0.2

0.1

0 10 20 30 40 50 60 70 80 90 100
Time(sec)

Wb gl 390 py> bl Sloj gl — (&) ¥ JSWS

0.3 T T T T T T T T T

0.25 1

0.2 1

0.15 1

0.1 1

0.05 1

0

-0.1 4

02t L I L L L L L L L J
10 20 30 40 50 60 70 80 90 100

Time(sec)

Wb pg3 390 p 2 (o ool — (&) ¥ JSS



@S Glor 9 il e dgidgs Aorallie

IR g g 035 (il dad g o3l s 93 2 Selizd SYolee
OB L g bt Sl a0 (58 (slajiall polie (3D
gl o (6lad o3 &) i S¥olee (JiS 9 o (o ite
cslo gy By 5 ool ] g5y 2 LQR J)8 Coleyd g ond
P Nee g3 Cusl @Y & (J3S (la gy plo g siludinge Jgese
I elie cpl > b Bie JyuS 3Slos b 3L g 3y90 i
Mlos 29105 b (9 S 005 Cunle s d2gi b (gilre Slos (12,
Py Nas S & 25 (55 gy ol 3 b odlitl e (292
bl cpl g Cunl 3Shee Jlb g3 Sloy Abl) w3 )8
ind (oo i (gjlodd oS A3 Mg (HBly (J3ES (639)9 WK
Sy, 4 gl S 2055 e 4 bgpo Slos Bl 4y gl
9039 S35 sl (Bly Kool o3litl pas 3929 L (Jgens dite
Slos gy by o i gl pl .l dod S 2 > AW
D Ay (g 2 e Jgere sl sby b dnalie > (sjlre
L sSles d9ia8 laptu )3 gy ol diedjyl 30 -
slad jl eolatl 5 (See S Sl b Ses Bl -
Sl
Jloel Caa (JS ond cuti g ool sy by 6 x5 -
sibre Shos 109,
S wllo Cow (iou sbr py GiSe 5> gy L -
Gl iou cpl dgie (6305 slads i Yoane

&lo o,
ool 035 o B sy g bawgi xdlio (0,5 digSonn

&l

[1] N.E. Zhukovsky, "On the motion of a solid body having
the cavities filled with a homogeneous droplet liquid,"
Sdected Works, Vol. 1. Gostekhizdat, Moscow,
Leningrad, 1948, P. 31-152.

[2] S. Majidi, and M. Esmaili, "Numerical Simulation of
Sloshing in a Container under Translational and
Angular Accelerations," J. Space, i and Tech. 2017,
(in persian)

[3] D.E. Okhotsimskii, "Theory of the Motion of a Body
with Cavities Partly Filled with a Liquid," NASA,
(19980231029) (1960).

[4] F.T. Dodge, "The new dynamic behavior of liquids in
moving containers," Southwest Research Inst. San
Antonio, TX, 2000.

[5] A. Jafari, A. Khoshnood, and J. Roshanian, "Nonlinear
dynamic modeling and active vibration control of a
system with fuel sloshing,” World Acad. ci., Eng.
Technol, vol. 61, pp. 269-274, 2010.

L35 (558 5 pole (pdmg — ele dalilad Ve
0+ ) YO Sl /Y ol /1 0,9

0.3F i
----- Virtual actuator
—LQR
0.2
0.1
E
a0
(2]
01}
0.2
L . . .
0 5 10 15 20

Time [sec]

U9y 9 4t 0338 JyuS b pgd wbMie o> (obule dwlie = £ JSus
Sibre Klas

04

o o o
o = ) w
. .

Delta control input [deg]
)

o
)
.

10 20 30 40 50
Time [sec]

-0.3
0

sime Slos g, 3 oS ekl 03538 S i — ¥ JS3

sl g jolsS 8ly Slos Gl b baylrges opl 3illao
& ol bl s )5 lpad sl Shae o |8
Joyd K de j0 3od sl ybgy BB 5 Cuwlodds pbl oss
P9d e (b))

S'oly 0 a5 03938 suiSeMol J,iS JUSow ¥ S5 o
Caolods 00ly isles gy odds (Byme ¥ S5 pl S

S 5 Aol

lasslsd Sy Saoliyd (gl Jbo sl SlSo Jto cllio ol 4
2SS (2l g (e Bl ple Cogw @b j9aa
SYolo oo Solwas dog b .calons pll ol clils))
Salipd Vol &) G o o> 5 35000 p 2 Sy S >
e Ol w8l pals o Jls & g Jlw
225 Nk (S Jre S L) chgw fbW Sl
93 sshaie (ps &S Cuslosds oslil 128 —p > Juo Sl imgR ]
b Gilwdnd yE —p (Sl s Oygod @b Jol 390



vy wtlad (5y5ld g pole dmg} — ale dolilad
(0 ole) VEo) Sl /) 8yl /N0 09

Engineering and Innovation (KBEI), IEEE, pp. 0913-
0918, 2017, DOI: 10.1109/KBE1.2017.8324928

[15] Onghua Zhang, and Zeguo Wang, "Attitude control and
sloshing suppression for liquid-filled spacecraft in the
presence of sinusoidal disturbance," J. of Sound and Vib
(2016), Vol 383, Pages 64-75, 2016,
https://doi.org/10.1016/j.jsv.2016.08.001

[16] M. Deng, and B. Yue, "Nonlinear model and attitude
dynamics of flexible spacecraft with large amplitude
slosh", Acta Astro. Vol. 133, pp. 111-120, 2017.

[17] P. Gasbarri, M. Sabatini, and A. Pisculli, "Dynamic
modelling and stability parametric analysis of a flexible
spacecraft with fuel slosh," Acta Astro., Vol. 127, pp.
141-159, 2016, https://doi.org/10.1016/].actaastro.
2016.05.018

[18] J. Martinez-Carrascal, and L.M. Gonzalez-Gutiérrez,
"Experimental study of the liquid damping effects on a
SDOF vertical sloshing tank," J. of Fluids and Str., Vol.
100, January 2021, 103172

[19] M. Navabi, A. Davoodi, and M. Reyhanoglu, "Optimum
fuzzy sliding mode control of fuel sloshing in a
spacecraft using PSO algorithm", Acta Astro., Vol. 167,
pp- 331-342, 2020, https://doi.org/10.1016/ j.actaastro.
2019.11.017

[20] M. Y. Abdollahzadeh Jamalabadi, "Frequency analysis
and control of sloshing coupled by elastic walls and
foundation with smoothed particle hydrodynamics
method," J. of Sound and Vib.,Vol. 476, 2020, 115310,

[21] A.M. Khoshnood, I. Azad, and S. M. Hasani, "Vibration
suppression of an underactuated dynamic system using
virtual actuators," J. Vib. Acoust., vol. 138, no. 6, Paper
No: VIB-16-1123, 2016.

[22] K. Nekooeil, M. Maghfoori Farsangi, and Barkhordari
Yazdi Mojtaba, "Fault-Tolerant control for multi-rate
networked control system with considering long time
delay," Tabriz J. of Elect. Eng., vol. 50, no. 3, autumn
2020 (in persian).

oo Slos 3 oolitl b loglass (S 55 g b3 il S8 sl

[6] C. Y. Rodriguez, "Modeling and Parameter Estimation of
Spacecraft Lateral Fuel Slosh," Theses M.Sc., Embry-
Riddle Aeronautical University Daytona Beach, Florida
September 2008.

[7] S. Kurode, B. Bandyopadhyay, and P. Gandhi, "Sliding
mode observer for estimation of slosh states in a moving
container," 2009 |EEE International Conference on
Industrial Technology, Australia 2009, pp. 1-6.

[8] P.S. Thakar, B. Bandyopadhyay, P. Gandhi, adn S.
Kurode, "Robust control of rotary slosh using integral
sliding modes, Variable Structure Systems (VSS),"
2012 12" International Workshop on, |EEE, 2012, pp.
440-445.

[9] S. Cho, M. McClamroch, and M. Reyhanoglu, "Feedback
control of a space vehicle with unactuated fuel slosh
dynamics,” AIAA Guidance, Navigation, and Control
Conference and Exhibit, 2000, pp. 4046.

[10] M. Reyhanoglu, and J.R. Hervas, "Nonlinear control of
a spacecraft with multiple fuel slosh modes," (CDC-
ECC), 2011 50" |IEEE Conference on, |EEE, pp. 6192-
6197, 2011

[11] M. Reyhanoglu, and J.R. Hervas, "Nonlinear dynamics
and control of space vehicles with multiple fuel slosh
modes," Cont. Eng. Prac., vol. 20, no. 9. pp. 912-918,
2012.

[12] L.C.G. de Souza, and A.G. de Souza, "Satellite attitude
control system design considering the fuel slosh
dynamics," International Conference on Structural
Engineering Dynamics 2013, Hindawi, vol. 2014.

[13] J.R. Hervas, and M. Reyhanoglu, "Thrust-vector control
of a three-axis stabilized upper-stage rocket with fuel
slosh dynamics," Acta Astro., vol. 98, pp. 120-127,
2014.

[14] M. Navabi, A. Davoodi, "3D modeling and control of
fuel sloshing in a spacecraft,” 2017 |EEE 4th
International  Conference on  Knowledge-Based





