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JInHaMU4ecKast MOJIEIb CITyTHHKA C YIPABIAEMON COJTHEYHOM NAHEIBIO

PaccmarpuBaeTrcsi  CIIyTHHMK, HMEIOIIMA  OAHY  COJIHEYHYKO  IaHENb,
3aKPEIUICHHYI0O B TPEXCTEIIEHHOM YIpaBisieMOM InapHupe. CHyTHHK CUHMTAETCS
TBEPABIM TEJIOM, & MMAHENIb COCTOMT M3 TPEX 4YacTeil, COeAMHEHHBIX MIapHupamu. B
paboTe MoTy4YeHbl YpaBHEHUS IBIKEHUS TAKOW CHCTEMBI.

Kniouegvie cnoea: cinoxHasi CTPYKTypa, COJIHEYHAs MaHENb, TPEXCTEHEHHOU
[I0JIBEC, TMHAMUYECKHUE YPABHEHUS

Michael Ovchinnikov, Hao-Chi Chang, Sergey Mirer, Stepan Tkachev,
Dmitry Roldugin
Dynamical model of a satellite with controllable solar array

Satellite with 3DOF solar panel is considered. Satellite is a rigid body while
solar panel consists of three parts connected by 1 DOF hinges. The work is aimed at
the satellite-panel system attitude dynamical model construction.
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Introduction

Present paper deals with elaboration of dynamical model of a satellite bus
(SB) with controllable solar array (SA). The model is designed for the SA
deployment stage study. SA should be deployed into operating position after the
separation from a launch vehicle. SA is connected to SB using 3 DOF hinge which is
approximated by three independent 1 DOF pointlike hinges. Each hinge is
controllable. SA itself is modelled as comprising of three parts with 1 DOF each.
This is aimed at rough flexibility approximation. SA parts hinges are also
controllable, though the torque implemented is actually due to the flexibility
(damping-spring torques). SB is controlled using reaction wheels with friction. The
applied approach is based on d’Alambert principle [1] and demonstrates high
efficiency in studying of multibody systems. Method of motion equations derivation,

as well as variables and assumptions are the same as in [2].

1. Equations of motion

Dynamical system consists of a satellite bus with center of mass O, and solar

array (see Fig. 1). SA itself consists of three parts. Each part is considered to be a

rigid body with center of mass O,, O,, O, consequently. They are connected using 1
DOF hinges P,, P,. SA is connected to SB with 3 DOF hinge. It is modelled as three
1 DOF hingesP,, P,, P,. These are connected with weightless rods PP, and P,P,

(their lengths considered being zero).
Each mechanical system may be interpreted as a set of material points. Each

point has a mass m, and radius vector r, relative to any point C in inertial space.

This point may be the Earth center, for example. Each point satisfies equation
mf,=F,+R,
where F, and R, are resultant factors of active (external) forces and reactions

affecting the point. Let the constraints imposed on the system be ideal, i.e. elementary



work of reaction force on virtual displacement is equal to zero. Then at any virtual

displacement or, compatible with the constraints the following relation holds

>R,or, =0.
i
This leads to general dynamics equation

> (m.t,—F,)or, =0

H

Fig. 1. General SB and SA view

Sum separately over points of the first body (SB) (2“)) and three parts of SA
(7). (£9), (=*)- The last expression is rewritten as

24: Z(i)(mﬂrﬂ_Fy)5ry :iMuigwi' (1)

=N
Here og; is virtual change of the slewing angle in the hinge P; M, are control
torques in the hinges (i=1, 2,3,4,5). Introduce following notations:
Mo =Y 'm, for the bodies masses (i=1,2,3, 4);
Iy for radius-vectors of the bodies centers of mass (i=12,3,4);
a,=0R, ¢, =P,0,, a,=0,P,, ¢;=P,0;, 3, =0,F;, ¢, =F;0,;

e; for unit vector along the hinge axis P, (=123 4,5).

Geometry of notations is present in Fig. 2.



Y
Fig. 2. Kinematics of a SB with three parts of SA

Then radius-vector and virtual displacement of the ., particle belonging to

the first body (SB) are written as
r,=To+(r,—To),  Or, =0Ty +50,x(r,—1y)

where 50, is SB virtual rotation (Fig. 3).

Fig. 3. SB material point (particle)

For each g, point of the first part of SA (Fig. 4)
= Tor+8 +(C, +1,— o),

81, =6l +60, xa, +(50, +e,5¢, +e,60, Jre35(o3)><(c2 +r, — roz) :



Fig. 4. SA material point

The motion of material point belonging to the second part of SA is described as
= o +a,+(C, +a,)+(C; +1,— 1o,

5T, =01, + 60, xa, +(50, +e,5¢, +e,00, +e;0p,)x(c, +a,)+

+(591 +€,00; +€,00, + e300, + e4§(04)><(c3 +r, - roz)-
Finally, for the fourth part of SA point
I, ="ro +a,+(Cy +a,)+(C; +a3)+(c4 +, —ro4),

51, =6, +50, xa, +(50, +e,0p, +e,0p, +e;0p;)x(c, +a, )+
+(50,+e,50, + €,00, +e;50; +€,60,)x(c; +a;)+
+(50, +€,50, + €,00, +e;60; +€,60, + €500 ) X (c4 +r, - r04).

Substituting virtual displacements or, into (1) leads to



>, @ (mﬂi‘ﬂ - Fﬂ)[ﬁr01 +50, x(rﬂ —1‘01)}4'
Y7
+Z (2)(mﬂi‘ﬂ — Fﬂ)[5r01 +00, ><(a1 +¢,+r, —r02)+
Y7

+(,50; +€,00, +€,0p5) x(C, +T,, — roz)}+
+y ®) (mﬂ'fy — Fﬂ)[é'l‘Ol +00, ><(a1 +e,+a, ¢+, _1'03)“‘ o
#
+(€:50; +€,00, +€,005) X (Cy +a, +Cg +T, —Fos ) +€yx(Cy+T, — ro3)5¢4}+
+>. “ (my’fy — Fy)[érm +50, ><(a1 +C,+a, e +a e, +r, —ro4)+
r
+ (6,50, +8,00, +€300; )% (Cy +8, +Cy +85+Cy +1, — o )+
+€4%(Ca+a5+C,+T, —To, )0, +e5x(Cy+T, —ro4)5g05}: IZSI“ M50, .
Denote
F=> UF, as resultant vectors of external forces applied to the bodies
(i=1234);
M; :Z(i) (r,—ro)xF, as resultant torque of external forces about the center of
mass of corresponding body (i=1,2,3 4);
Ki=>Om,(r,—ry)x(F,— i) as the body angular moments about the center of

mass of corresponding body (i=12,3,4).

Taking into account

> Om, (r,—ry)=0

the following relations are justified

Z (I)myry = MogFor,

> OF, [591 x(rﬂ ~Ty; )]z > X [(rﬂ —l‘oi)XF,, J591 =M;58,,



> Om,f, [591 x(rﬂ —I, )}: [Z ®m, (rﬂ —rOi)xi‘Jé()1 =
_ {%[Z Om, (rﬂ - r0i)>< rﬂ}}ael =
- {%[z Om,, (r, =1 )x(F, — oy )}}591 =K;50,.

For example,
> @F, [el x(Cy+1, = 1o, )}5@ =@ [(c2 +1,— oy )% F#Jelé(p1 -
=(c,xF,+M,)ed0,,
> Om,i, [el x(Cy+1, Yo, )}5@ =@ [(c2 +1, — o, )X mﬂ'r'ﬂ}elégpl -
= (C2 X Mo,y + K2)915(01-

Sum over all material points for different bodies leads to

Z(l) =(m01'|‘01—F1)5r01 +<K1 - M1)591;

> O = (Mol =) ST, +| Ky =M, + (3, +C, ) x (Mo, = F, ) [ 56, +
+[K2 —M, +¢, x(Mg, i, — Fz)](el5¢)1+e25§02 +€300;);

DO = (Mogbos = F3) Sy +| Ky =M, + (2, +C, +a, +C;)x(My i, = F; ) |90, +
+[K3 —M; +(C, +a, +C5)x(Mpzins — F3)](915¢1+925¢2 +€300,)+
+[K3 =M +C5 % (Mpslios - Fa)]e45¢’4;

Z @ = (m04ro4 - I:4)5r01 +

+:K4 —M, +(8,+Cy +a, +Cy +a5 +C, ) X (Mpyto, —F4)}591+

+:K4 —M, +(C, +a, +Cy+a5+C, ) x(Moyio, —F4)](e15(p1+e25(p2 +€,00;)+

+:K4 =M, +(C5+a5+C4) X (Mpylos —F4)}e4§go4 +

+:K4 — M, +C, x(My,fo, — F4)]e55(p5.
Finally (2) is rewritten as

4

(mOii;Oi _Fi)5r01 +|:Z(K| _Mi)+(al +Cz)x(mozr02 _F2)+

4
=)

i=1

+(a1+c2 +a, +03)><(m03i;o3—F3)+(al+c2 +a, +c3)><(mo3F03—F3)+



4 ¢ .o ..
—{Z;J(Ki B I“Ii)+02 ><(mozroz - Fz)"‘(Cz +a, +C3)><(mo3l’03 - F3)+ .
i=

+(Cy+8, +Ca+85 +C, ) X (Moalos — Fy) |(€:50, +€,50, +€300;) +

4 .
{Z(Ki - Mi)+c3 x (Mogfog = F3)+(Cs +85 +C4 ) X (MoaFos — F4)}e45¢4 +

i=3
°, s 5
+[K4 -M, +c, ><(mo4ro4 - F4):|e55¢5 = Z Mi09; .
i=1
The values or,,, 90,, dp,, op,, op,, op,, dps are independent. Therefore the

expression (3) is valid only if

4
Z(mm rO| i) = O’ (4)
i=1
4
Z;(K M) (8, +C,) % (Moo, — Fy )+ (8, +C, +8, +C3 ) x (Mpgins — F3 )+ -
+(8,+C, +8,+C5+a5+C, ) x(Mpufos —F, ) =0,

4

[ZZ:(K M)+czx(m02‘r‘02—F2)+((:2+a2+03)><(mo3i‘03—|:3)+ ©
+(cz+a2+cs+a3+c4)x(mo4ro4_F4)]e1:|\/|u1,

4

[Z;(K |\/|)+Cz><(m02'r'02—F2)+(c2+a2+c3)x(m03r03_|=3)+ (7)
+(cz+a2+cs+a3+c4)x(mo4ro4_F4)]e2:Muz,

4

{;(K M)+ % Mooty = F,) +(C, + 8, +5)x (Mosfos — Fy ) + @)
+(c2+a2+c3+a3+c4)x(mo4'r'o4—F4)]e3:Mus,

4

[;(K M)+<:3 (Mogtos —F3)+(Cs+a5+C, ) x (mo4'r'o4_F4)}e4:Mu4, (9)

[K4—M4+c4x(mo4ro4—F4)]e5=Mu5. (10)

SB’s angular momentum is
K, =lo,

therefore

K, =lLo,+o xLo,
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where 1, is SB’s inertia tensor. Similarly SA’s part angular momentum derivative has

the form

K, =lLo,+o, <10, 1=2,34
where |; is inertia tensor of corresponding SA’s part. SA’s parts velocities are
0, =0 +e,P +e0, + €303, W3 =0, +€,0;, O, =03+, (11)

Further the total system center of mass r, is used instead of SB center of mass

r,,. Above equations may be rewritten taking into account

I, =Fy+a+Cy,, Fy=F,+a+C;, [y =Fy+a,+C,, (12)
4

mr, :ZmOirOi
=

4
where m=>"m, . Clearly,
i=1

Mgy + M3 + Mg, (
m

fo1 =To a1+c2)_

M. +M m
%(a2+c3)—ﬁ(a3+c4). (13)

Equations of motion (4)-(10) should be complemented with kinematic relations.

Derivatives of (12) and (13) are

r-Ol_ O

. My, +My; +Myy o . Moy + Mgy (oo Moy (o .
_ 02 53 O4(a1+c2)— 03 04(32_,_%)_%(33_,{4)’ (14)

lg, =l +a,+C,, lg3 =TIy, +a,+C5, [y, =Fy;+a;+C,

where
8 = xa, + o x(o;xa;), =123, (15)
€ = x¢ +o, x(o;x¢;), 1=2,34;
D, = O + e, + 0 X e +e,0, + (0, + e, ) xe,0, + e +
+(0)1 +e0 +ez¢2)xe3¢3, (16)

Equation (4) becomes
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4
mi, =Y F
i=1
where

F :Z(i)Fy:_fMZ(i)mﬂ%:_sz(i)mﬂ I’o+(l‘#—ro) _

3
P ‘ro+(r#—ro)‘
. o M=o
— iy _fo o  __ Mo
0 ro V.~ Yo 0
7+7
rO I’O

The latter expression is valid since the SB and SA dimensions are negligible in

comparison with the radius-vector of the system, \rﬂ —ro\ < r,. Gravitational forces F;

may be substituted with common expressions

where |rp|=1,, x=fM is the Earth gravitational parameter, f is the gravitational

constant, M is the Earth mass. Hence equation (4) takes the final form

- I
I’O+yr—(§:0. (17)
0

It means that the system’s center of mass moves along keplerian orbit. In case of

perturbed motion corresponding equation becomes

. I
fo +,ur—% = Fper - (18)
0

Equations (5)-(10) are not resolved with respect to highest derivatives. At the
same time, to implement convenient numerical integration methods such a resolving
is needed. Designate ¢, =y;, i=1,..5. Substituting (14)-(16) into (5)-(10) results in

the following form of motion equations:

Ity .
2
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Here
S1—3,1—3 Sl—3,4 S1—3,5 S1—3,6 Sl—3,7 Sl—3,8 W
S4,1—3 S4,4 S4,5 S4,6 S4,7 S4,8 W-l
S _ S5,1—3 S5,4 S5,5 S5,6 S5,7 S5,8 1 \|’ — Wi
S6,1—3 S6,4 S6,5 S6,6 S6,7 S6,8 (//
S7,1—3 S7,4 S7,5 S7,6 S?,? S?,S . )
S8,1—3 S8,4 S8,5 S8,6 S8,7 S8,8 l//S

Designate radius-vectors between corresponding bodies (SB and SA’s parts) of

the system,

dzl3 =a, +C;, dZ’4 =d2,3 +8;+C,, d3y4 =a,+C,,

and mass-related expressions,

m, MM MM mym,

m' ' * m’ Y om ]

m,m, m,m, m,m,

m,; = vy Myy=—"—, My =——
m m m

Finally, triple vector product ax(yxb) will be written as K(a,b)y where

a,b, +asb, —a,b, —ahy
K@, b)= -ab, b, +a3b; —ah,
—ayb; —a,b; ab, +ayh,

As a result the elements of matrix S can be rewritten in rather compact form
Siapa=li+l+1ls+1,+m,K(d,,dy,)+mK(d 5, d;5)+m ,K(dy,,dy )+
+m,;K(d,5,d,5) +my,K(d, 4, d,,) + M, ,K(d34,d3,),
Spss = [Iz +1g+ 1, +mK(dy,,C,) +myK(dy5,C, +d,5) + My, K(dyy,Co+dy,) +
+MysK(dy5,d;5) + M, \K(dy 4,0, 4) + My K(dgy, d3,4):|e1 = Ay 3481,

S1—3,5 :A1—3,492’
Sias =Ay 3483,
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Sya7 = [|3 +1, +mK(d3,¢5) +my, K(dy 4,C5 +d; )+ M, ;K(dy5,C5) +
+m,,K(d,,,C;+d;,)+my,K(d;,, d3,4)] =A 3784,

Sp3s = [ I, +m ,K(d,,,c,)+m,,K(d,,,Cp)+ms,K(ds,, C4)]es = A 3465,

_ QT
S4,1—3 _81—3,4’

S4,4 = eI |:(|2 + |3 + |4 + rnj_’zK(Cz,Cz)+ rnl,SK(CZ +d2’3,02 +d2]3)+
+m,,K(c,+d,,,c,+d,,)+m,,K(d,;,d,;)+m, ,K(d,,.d,,)+
+m, ,K(d, 4, d3,4))e1J = eI A, .81,

T

S4,5 =€ A4,4e2 '

S,.=¢elA, e
4.6 1778443

Si7=¢€ [(Is +1,+msK(C, +d,5,C5) + My, K(C, +d,4,C5+d3,) + M, ;K(d,5,C4) +
+m, ,K(d, 4,C5+d;,) + m3,4K(d3,4’d3,4))e4} = eIA4,7e4’

Sug = e [(|4 +m, ,K(c, +d,,4,¢4)+m, ,K(d,4,C4) + m3’4K(d3‘4,C4))65} = eIA4,8e5’

_ QT _ AT
Ss1.3 =S135 Ss4 =S5, Ss5=€,A,,48,,

—_al _ AT AT
Ss5=€,A,483, S57=6,A,.8,, S5 =€,A €5,

_ QT _ Al
S513=9S) 35 S5.4 =S435 S5 =€,A,48,,

.
Ss.6 =€5A, 43,

_ QT
S5,1—3 - Sl—3,5’

T
Ss6 =€5A 463,

_ QT
S6,1—3 - 81—3,6’

_al
S6,6 - e3 A4,4e3’

_ QT
S7,1—3 - Sl—3,7’

S7,4 = S4,7’

T
S5,7 = ezA4,7e41

S5,4 = S4,5’
T
S5,7 = ezA4,7e4’

86,4 = 84,6’
AT
SG,? =€3 A4,794’

S7,5 = S5,7’

T
S5 =€, 485,

T

Ss5=€,A,,€,,
T

Ss3 =€,A,66s,

T

S5 =€3A4,4€,,
T

Ses =€3A, €5,

S?,e = 86,7!

S;7=¢€, [(I?, +1, +m3K(C;,C5) +my ,K(Cy +d; 4,C5+d5,) + M, 5K(C5,C5) +

+m, ,K(C3+d;4,C5+d3,) +my ;K(dy, d3,4))e4}

Sig= ey [(|4 +m,K(e; +dy,,¢,)+m, K(c; +dy,,¢,) +my  K(d, 4, c4))e5J = eZAzaes'
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S8,1—3 = SI—s,s’ S8,4 = 84,8’ S8,5 = S5,8’ Ss,e = Se,s’ S8,7 = S7,8’

Sgg = e [(|4 +m,K(c,,Cy) + m2,4K(C4’C4)+ms,4K(C4’C4))e5J-

Right-hand side parts of equations (19) can be written as

4
N, = Z M; —o; x Lo, — Lf, =Ty — 1,6, —my ,d; , Xy, =My gdy 3 X g =My 4dy 4 X g —
=)

—My a0y 3% o3 =My 40y 4 X Jp g =My 434 X 34,

Nz :(nl’ Ny, Ng, Ny, ns)T

where

f, =0 xey, +(0 +ey;)xew, + (0 +ey, +e,)xeps,

fy = xey, +(0 tew ) xew, +(o +ey; +e,p,)xew; + @, xeuy,,

f, =0 xey; +(o +ey) x e, + (0 +ey; +e,,) X e, + @, ey, + 0 x ey,
01 =0 X, xa,,

g, =f xa +o;xe;xa; (i=2,3),

h, =f,xc; +o;xo;x¢; (i=2,3,4),

Jio=091+thy, Jis=Jio+9,+0s, Jis=hs+t0s+hy,
J23=9:+ths, Jou=Joa+0s+hy, J3,=05+hy;

4
n=M,+e {Z(Mi —o; x Lo _Iifi)_ My 5€, X jip —Myg(€, +dy3) X jy3—
im2
—My 4 (Cp+d54) X s =Mp30o 5 X o5 =My a0y 4 X Jo s =My 4G4 X Ja g :I'
4
n,=M,,+e} |:Z(Mi -, xLo, - Lf )_ My 2€, X jyp —Myg(Cy +dy3) X s —
i—2

—My 4 (Cp+ 0y )X Jia =My sy s X Jp3 =My 4y g X Jp g =My 4 s 4 X 34 ]’

4
Ny =M, +€; l:Z(Mi —; xLjo; - Lf; )_ My o€y X i =My 5(€y +dy3) X g —

1=2
=My 4(Co+dy )X g =My aly 3 X o3 =My 4y g Xy g =My 434 X 34 ]’

4

n,=M,+e; {Z(Mi —o; xLo; _Iifi)_ My 33Xy g =My, +d3,) Xy, —

1=3

—M, 3Ca X Jp3 =My, (Ca+dy )X Jp s =My 405 4 X J34 }’
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Ne=M+
T . . .
+€5 [M4 —o,xLo,-Lf,—m e, xj ,—M, ¢, %j, =My 4€, % J3,4]
It should be noted that matrix S and right-hand side parts in (19) include
vectors given in different reference frames, it is necessary to reduce all vectors to the
same reference frame which is more convenient. The following frames are used to

describe SB motion and represent different SB-SA system parameters and state

vector parts:

CXYZ is any inertial reference frame located in the Earth center;

Oxyz is orbital reference frame with origin at the system center of mass;

O Y,z is SB-fixed reference frame with axes directed along principal axes of

inertia (further this reference frame is chosen as a basic one);

O.x Y.z, (i=2,3,4) are SA parts-fixed frames;

Pénd (i=1234,5) are reference frames associated with i™ hinge and its axis
e, P&, is related to connection PP,; Pémnd, is related to
connection P,P;; P&n.ds is related to first SA part; P,&,n,¢, is related
to second SA part; Pi&n.(s is related to third SA part.

The following relations highlight transition rules and corresponding matrices of

rotation:

xyz) = (X,Y,Z)T;
X,y,2) =A (%, y,z) , i=12734

(

(

(&) =Bi(%. Vo) ;

(&m.C) =Bi(Emaia) » =23
(5,,77,,4“,)T B. (X2 iz, 2 ,Z)T, i=4,5
(X Yi: 2 I)T:D|(§|+1’77|+1’§.+1) , 1=2,3,4.
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All vectors involved in equations of motion are grouped by reference frames

where they are initially given (See Table 1 below).

Table 1
Vectors Reference frame Vectors Reference frame
o CXYZ 1,,¢,,8,,M, 0,%,Y,2,
o,l,a, M O X Y17, e, P&,
€ R&mé l3,C;,85, M, O3%3Y52;
€ P,6a11.8> €s PGS
€, Paéa1aCs 1,,C4, M, O4X4Y424

All vectors except r, should be transformed to O,x y,z,. Table 2 summarizes
resulting matrices necessary to rotate vector from specific frame to O x y,z,. Note

that rotation matrices are orthogonal and matrix inverse may be substituted with

matrix transpose.

Table 2
Péing: B,
PoSom,8> B] B
PilsiisCs B, B;B;
O,%;Y,2 B, B;B;D;
Pead, | 5/B}B]D]E;
O3X3Y323 B, B;B;D;B;D;
PCs71Cs B;B;B;D;B,D;B;
0,X, Y424 B{B;BID;B;D;BD;
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Gravitational torque can be calculated directly in reference frame O,X,Y,z, using

relation

I\/IiG=—3rﬁ3ExliE
0o

where E is a local vertical in O x, Y,z frame.
Finally summarizing dynamical equations and kinematic relations we get

complete equations of motion in the form

(v :
o =y, (i=1,...,5);

1
] ==9Q4q.
4=5%q
Here g is attitude quaternion representing rotation from CXYZ to O,X,Y,z,

matrix Q has the form

Q=
w, -0 0 o
-0, -0, -w, 0
2. Torques

Gravitational torque is the main disturbing one. Control torque is implemented
using reaction wheels. Apart from control torque imposed by reaction wheels
disturbing torques arising in hinges should be taken into account. Reaction wheels

impose control torque

M,, =-H-o,xH

where H is angular momentum of reaction wheels in frame O,x,y,z,.
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Each reaction wheel angular momentum magnitude may be written as H = 1Q
where 1 is wheels’ inertia moment, Q is angular velocity of a wheel. Reaction wheel

angular velocity Q is affected by friction in framing and becomes[3]
~ {9,
Q=7 oy +ae ™ |sgnQ—a,Q.

Here «, is Coulomb friction factor, «, is viscous friction factor, and ¢, is Stribeck
effect factor (maximum Coulomb friction slowly degrades), €, is Stribeck velocity.

Dissipative and tension torques are
My =-owi - 4@, (i=1..5).

Here o, is a dissipation factor, 4 is a tension factor. Listed above torques are used in

equations of motion (20) to obtain final SB-SA system motion representation.

Remark. Equations (20) do not depend directly on the center of mass position
but the torques entering into the equations may contain expressions depending on the
position of the center of mass of SB and SA. Therefore, for some torques affecting
the satellite the input parameters are supplemented by the orbital motion state vector.
Equations of the satellite center of mass motion can be specified both as undisturbed

motion equations (17) and equations (18).

3. Conclusion

The mathematical model for complex multibody system, a satellite with
controllable three part solar panel, is obtained. The elaborated approach demonstrates
high efficiency and can be applied in studying dynamics of the system during the

stage of solar arrays deployment.
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