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Abstract. The paper addresses the problem of attitude stabilization of an artificial Earth satellite with the aid of an
electrodynamic control system. Our objective is to stabilize the satellite in a special coordinate system, whose axes are directed
along the Lorentz force vector and the geomagnetic induction vector. Thus, natural magneto-velocity coordinate system (NMVCS)
is used. We consider the general case of the satellite mass distribution. Therefore, the disturbing action of the gravitation torque is
taken into account. The satellite moves along a circular near-Earth orbit. The nonlinear stability analysis based on the Lyapunov
direct method is applied in the paper. The proposed approach gives us admissible domains of control parameters for which
attitude stabilization in NMVCS is guaranteed without restrictions on the Earth’s magnetic field model. Stabilization conditions
are formulated in the form of explicit inequalities for the control parameters. As a result, a control strategy for the satellite
attitude stabilization in the NMVCS is elaborated.
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1. Introduction

At present, the problem of controlling the motion of a rigid body is relevant in various applications such as aerospace
engineering, robotics, marine engineering. This problem is known to be distinguished by a variety of approaches to the
construction of control algorithms [1-6]. Satellite attitude control, which is of the greatest interest to us, is one of the most
important applications of this problem. Apparently, all known force factors are used in one or another way in the problem of
controlling the motion of a rigid body. Also, magnetoelectro-mechanical coupling, which shown itself to be successful in various
topical mechanical problems [7-9], is suitable for satellite attitude control in the geomagnetic field. This method, called
electrodynamic attitude control method, is based on the use of Lorentz [10, 11] and magnetic [1] torques simultaneously. It was
developed and modified in [12-15] and papers cited therein. Using this method, a number of problems of the satellite attitude
control were solved. At this, the two most common coordinate systems were chosen as the basic frames: the orbital [16, 17] and
Konig frames [18, 19].

The orbital coordinate system, one of the axes of which is directed along the local vertical, is very convenient for stabilizing
satellites, not only because it allows the satellite to be constantly facing the Earth and ensure the orientation of onboard
instruments to ground objects. The local vertical is directed along the force vector of the central gravitational field and therefore
the orbital coordinate system is a natural coordinate system in the central gravitational field from the point of view of the
satellite attitude dynamics. This coordinate system is convenient for satellites with significantly different principal central
moments of inertia. The difference between the real gravitational field of the Earth and the central one in most cases turns out to
be non-critical and therefore does not prevent the use of the orbital coordinate system for gravitational stabilization of the
satellite. However, for a satellite with equal principal central moments of inertia, the dynamic advantages (i.e., naturalness) of the
orbital coordinate system cease to manifest themselves and only kinematic advantages remain.

The Konig coordinate system, whose origin is located at the center of mass of the satellite, and the axes are in translational
motion, is the basic coordinate system for solving navigation problems both for Earth satellites and planets, and for spacecraft
designed to operate outside of near space. However, this coordinate system is not naturally related to the force fields in which the
satellite or spacecraft moves, which does not contribute to the effective solution of the problem of attitude control.

The Earth's magnetic field, as already noted, is a significant force factor that provides the possibility of attitude stabilization of
satellites, regardless of their principal central moments of inertia. Therefore, it is quite expedient to consider the problems of
attitude stabilization of satellites in natural coordinate systems associated with the geomagnetic field [1, 20, 21]. Among such
coordinate systems, the most natural is NMVCS, introduced in [22] and differing from other known coordinate systems in that it
has not one, but two axes associated with the dynamics of the satellite in the geomagnetic field. One of these axes is directed
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along the vector of the magnetic induction of the field [21] and is therefore organically related to the vector of the magnetic
torque, and the second axis is directed along the vector of the Lorentz force acting on a charged satellite in the geomagnetic field
and therefore is organically related to the Lorentz torque. In this case, the presence of a charge can be a consequence not only of
the natural charging of the satellite in the near-Earth plasma, but also of specially provided charged surfaces that play the role of
elements of the attitude control system.

Previous successes in the use of electrodynamic control for solving various problems of the attitude dynamics of satellites
relative to the orbital [11, 12, 14, 15, 17, 23] and Konig [13, 18] coordinate systems make it possible to raise a logical question about
the use of electrodynamic control to solve similar problems using the coordinate system that best suits the control torques used,
namely NMVCS [22]. This article for the first time analyzes exactly this issue from the point of view of attitude dynamics.

Kinematics of NMVCS was investigated in [22]. It is shown in [22], that NMVCS is suitable for attitude stabilization of a satellite
operating in the mode of scanning the Earth’s surface. Note that in the case of approximation of the geomagnetic field by the field
of a magnetic dipole, for a satellite moving in the plane of the geomagnetic equator, NMVCS coincides with the orbital coordinate
system. The same coincidence also takes place for an equatorial satellite moving in the field of a “direct” magnetic dipole [1]. In
this sense, the approach used in this paper to the formulation of the problem and to the method of its solution generalizes the
previously obtained results related to the dynamics of the attitude motion of satellites in the orbital coordinate system. This is the
main contribution of this paper as compared to the existing ones in the literature.

2. Coordinate Systems

We consider an artificial Earth satellite. Let its mass center C moves along a circular orbit. The satellite is supplied with an
intrinsic magnetic moment I and an electric charge Q = vadV. The electric charge is distributed over the volume V with
density o . The radius-vector of the center of charge (point 0) is defined by the formula CO =3, = Q’lfvaédv . Here the radius-
vector g defines the position of elementary volume dV. We assume that the geomagnetic induction B is the same for all
points of the satellite. Let U be the velocity of the point C in Greenwich frame rigidly connected with the Earth, whose angular
velocity is w;.Let P=Q-CO and T =UxB . While moving in the Earth’s magnetic field, the satellite experiences the influence of
magnetic and Lorentz torques:

M, =1xB, M,=PxT. (1)

The advantage of choosing such a coordinate system as the basic one is described in [22] and manifests itself precisely when
using the electrodynamic stabilization system, as will be shown below. Alongside with the magneto-velocity coordinate system,
we use the satellite-fixed coordinate system Cxyz with unit vectors T,},E and the orbital coordinate system C¢n¢ whose axis
C¢ (unit vector &) is along the tangent to the orbit in direction of motion, axis Cr (unit vector 7, ) is orthogonal to the orbital
plane, axis C¢ (unit vector (,) is along the radius-vector R=0,C=R(, of the satellite mass centre with respect to the Earth
centre O; (Fig. 1). The angular velocity of the orbital coordinate system with respect to the Kénig coordinate system is &, = wq1j, -
Introducing the orbital inclination i and the argument of latitude u = w,t, we have ¥ = R(w, —w; cosi)§, + Rwgsinicosui, .

Let & be the absolute angular velocity of the satellite, &' be the angular velocity of the satellite with respect to the
magneto-velocity frame, @, be the angular velocity of the satellite with respect to the orbital frame, &, be the angular velocity
of the magneto-velocity frame with respect to the Konig frame, &,, be the angular velocity of the magneto-velocity frame with
respect to the orbital frame. Since &=, +&, and & =&, +& , we obtain the equality &=, +&,, +& . Let w/, v/, w, be

-

components of the vector & in the system Cxyz.

Fig. 1. Natural magneto-velocity and orbital coordinate systems.
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3. Kinematic Equations

Let us define the position of the coordinate system Cxyz with respect to Cgne by means of direction cosine matrix A with
elements a,3,7, (i=1,2,3)in accordance with the equations & = a,i +a,j + a3k ﬂ1 + ﬂzj + ﬁ3k &= i+ Y2 } + %k
Also, we introduce the orthogonal matrix B=(b;), which defines the posmon of the orbital frame with respect to the

magneto-velocity frame in accordance with the equations W = b,,&, + by, + b3y, b= Dby, & + byyily + by, I= Dy, &y + by + byl -
The entries of the matrix B can be derived in the explicit form as soon as the parameters of the satellite orbit are given. For
this derivation we make use of the known expansions of vectors B and U in the orbital frame. Next, we use equalities:

0 = [(B,T, — BT,)& + (B.T. ~B.T,)ii, + (BT, ~B,T)¢]/ (IBII T,

-

= (ngo +B,,ﬁo JFBgzo)/ | B [, l= (T 50 +T, 7]0 +T<0)/ | Tl

from which we obtain elements b; as known functions of time:

bu = (Bz,Tg 7B4Tn) / (| B ” T |): biz = (Bng 7B§Tg) / (| B ” T |): b13 = (Bng - BnTg) / (| B ” T |):

b21 :B¢/|B|: bzz :B”/|B|, bzz :B</|B|,

by, =T/|T|, by, =T/|T|, by=T/|T]|.

To define the attitude position of the satellite with respect to the magneto-velocity frame, considered as the basic one, we

introduce the orthogonal matrix N =(n;)=BA . The programmed attitude of the satellite in the basic coordinate frame is the
equilibrium position corresponding to the identity matrix N=E. In the programmed attitude the unit vectors i,j,k coincide

with the unit vectors w,b,1 of the basic coordinate frame. Let 7,,5,,6; be the unit vectors W,b,1 of the basic coordinate frame,
expressed in the basis i,j,k:

=N'w (nll:nlz:n ): 52:NTb (n21:n22:n ): =N* 1—(1’131,1'132,1'1 )

Then the programmed attitude motion of the satellite is defined by equations:
=5 =100 7=75=010", 3=75=(001", &=0. 2)

Kinematic differential equations governing the variations of the unit vectors &,,5,,6, can be written in the form of Poisson
equations

7 =-a'xd (i=1,223), (3)

where the dot denotes the local derivative in the satellite-fixed frame Cxyz.

In fact, the programmed attitude motion (2) is not only the equilibrium position of the satellite in the basic coordinate frame,
but also a special attitude motion of the satellite in the Konig frame and in the orbital frame. For mathematical modeling the
programmed attitude motion we will use the expression for the angular velocity &, = w,,7; + wy,0, + w305 , derived in [22]:

- o R - o -

= (b, b,— b, by+ 2wyb,,) &, + (b, by— b, b, + 2w,b,,) 3, + (b, b,— b, b,+ 2w,b,,) 5,

Here b = (bll,blz,bﬁ) , b =(b,,b,,b,)" (i=1,2,3). Based on the properties of the vectors Bi we can simplify the expression
for &, and rewrite it in the form

&y, = (by by+ wybyy) 3y 4 (by by+ wobyy ) 5, + (b, by + wiby, ) 3 )
Thus, for a given satellite orbit, the angular velocity &, is expressed as a known vector function of time.
In the programmed attitude motion the angular velocity & of the satellite becomes equal to &, , and vectors T and B take
on the values:

Ty :| T | (b31?1 + b32?2 + bzs?z): B, :l B | (szl + b22'72 + bzs?z) ’

where 7, =(b,,b,;,b,;)" (i=1,2,3) are the known functions of time.
In the next section we will use the projections of the &, on theaxes x,y,z

3 3 3
Wyx = E :wbinill Wyy = E :wbinu! Wy = E :wbini?;
et p i1

and the local derivative of &, over time calculated in the coordinate system Cxyz in accordance with derivative transformation
formula (kinematic theorem [24]):

N N wbl wby z wbzwy

da, aa, - .
dt = dt + ( ) X wb - sz + wbzwx WyxWy |-

xyz whl . '

W3 wbxwy wbywx

The components of this vector will be denoted by e,,, &, &, -

4. Control Torques and Compensation of Disturbing Torques

It was revealed in the papers [23, 12-15] that the magnetic and Lorentz torques (1) can be used simultaneously for satellite
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attitude stabilization in the orbital frame as well as in the Konig one. In this paper we justify the usage of these torques for
satellite attitude stabilization in the magneto-velocity frame. Following [23, 12-15], we choose each of the controlled parameters

P and I as the sum of two components:

P:PR+§D’ T: R T,

where B, =Qk,T, and I, =k,B, ensure the restoring components of control torques (1), and B, =Qh,&' xT, I, =h,&' xB ensure
the dissipative components of control torques (1). Here k,k,,h,,h,, are scalar coefficients, which can be functions of time.
However, the satellite in the process of stabilization is under the influence of the gravity gradient torque [1]:

MG = 3&1; (bl36:1 + bZSEZ + b335:3) X (I(b1331 + b236:2 + b335:3)) . (5)

Here J=diag(A,B,C) is the satellite inertia tensor in the central principal axes of inertia Cxyz. The components of this
torque in the satellite-fixed frame Cxyz are:

Mg, = 3Wg C- B)(b13n12 + by, + b33n32)(b13n13 + byshys + byghys),
MGy = 3W§(A - C)(b13n13 +byshy; + b33”33)(1’13"111 + by + b33”31):
M, = 3“}; (B - A)(b13n11 + b3y + b33n31)(b13n12 +byshy, + b33”32)-

Also, we will use the components of M, in the basic frame (NMVCS):

MGW = 30.4‘3 [A(b23n31 - b33n21 )(b‘anll + b23n21 + b33n31) + B(b23n32 - b33n22)(b13n12 + b23n22 + b33n32) + C(b23n33 - b33n23)(b13n13 + b23n23 + b33n33 )]7
MGb = 3w§ [A(b33n11 - b13n31)(b13n11 + b23n21 + b33n31) + B(b33n12 - b13n32)(b13n12 + b23n22 + b33n32) + C(b33n13 - b13n33 )(b13n13 + b23n23 + b33n33)]7
MGI = 3”‘)5 [A(b‘LBnZl - bZB”ll )(b‘LBnll + b23n21 + b33n31 ) + B(b13n22 - bZB”lZ)(b‘LSn‘LZ + bZB”ZZ + b33n32) + C(b13n23 - b23n13)(b13n13 + b23n23 + b33n33 )]7

In general case, the gravity gradient torque (5) takes on the following nonzero value in the programmed satellite motion (2):
MG = 3“15?3 x(Jf) = 3"-’;[(C —B)bysbyyp; + (A = C)bysbssf, + (B — A)bisbysfs] - (6)

Therefore, the construction of an electrodynamic control for the satellite attitude stabilization should also provide us the
solution of the problem of compensating a permanently acting disturbing torque M.
Consider the Euler differential equations governing the satellite attitude motion:

— —

J(‘jb JF‘j')xyz (3 + &) x (N, + &) = 1\711. + My +M; . ?)

It can be easily seen that the left-hand side of equations (7) is equal to J(J}b)xyz + &, x(J&,) in the programmed attitude motion
(2). This means that we can classify the torque:

Md = Mc - J(‘jb)xyz — @y x (J&3)

as disturbing one, and design attitude control in such a way that this disturbing torque should be compensated.

The problem of electrodynamic compensation of an arbitrary disturbing torque was solved in [25] for the case when the basic
coordinate system is Konig. In this case, the whole procedure and final formulas of the work [25] are valid up to designations
when constructing compensating electrodynamic control in the NMVCS. In this way, we come to the following result: additional
components P, and I, should be added in controlled vectors P and T, respectively. The projections of P, and I, on the axes
of the basic coordinate system are as follows:

1 | _a BB o 1 | = = BB, -~ B2 4+B2 - -
P, =——|(M;xT), —=2L(M,; xT)|, P, =—==|(MyxT), ——2L(M,;xT),], =—w b (M, xT), 8
o = | (B X Tl — PO XTY By =1 (8, xT), = SO XT) By = Stk (8 ), ®
. o TT . = 1~ = T, = T2+T? - =
L, =——|(M,;xB), ——2L(M, xB),|, I, =—=—[(M,xB), ——2L(M,xB),|, I,=-—2—-2(M,xB). 9
1 |B|2( 4 %B) |T|2( 4 %B), 1b |B|2( 4 %B), |T|2( d )11 1 |B|2|T|2( 4 %B), ©)

_ In the basic reference frame "T":|"T‘|T , §:|1§|17) and the disturbing torque 1\71,,I can be written in the form
M, =M, W+ M,b+M,l . Here

de = MGw - Agbxnll - ngynlz - Cgbzn13 + Awbx (wbynl3 - sznu) + Bwby (wbznll - wbxn13) + Cwbz (benlz - wbynll)’
My, = Mg, — A&y, — Bey Ny, — CeyNys + Awy, (Wi Mgy — Wy, My, ) 4 By (Wi, gy — wiys ) + Cy, (wiyy — Wi Ny ),

My = Mg — Ag, Ny, — By g, — Cepnys + Aw, (wbyn33 — Wy, Ny) + Buwy, (Whalgy = Wis3) + Cuoy, (W Ny — Wbyn31)~
Substituting T, B, M, in (8)and (9), we obtain:
P =T |71 (Mdbw - deb): L=- |B |71 Mdlw .

The same vectors in the satellite-fixed reference frame have the following form for the programmed attitude motion:

=

P1:| |71(Mdbﬁ1_deﬁ2)’ 11:_|B|71Mdlﬁl'
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-

Adding B and I, to P= P.+E and [ = L+1,, respectively, we obtain the following control torques:

M, = (le.fo + E)Xf +QhL(‘D/><T)XT =k iy X T3 + My, By X 05 — My, §, X 75 —hyo(&7,)7, +(5'5,)7,),

— = -

M, = (kyB, +T1)><B + hM(‘:’/XE)XE =Ryo f, X Ty — My By X 0, = yo(('0,)7, +(&'G5)7s) -

Coefficients k;, k,, h,, h,, are taken in the form:

— kLO — hLO k :kMO h :hMO
L 2! L =) M 52 M 500
QIT| QIT| |B |B

where &k, Ry, Ny, hyo are positive constants that are at our disposal. As a result, the Euler equations (7) take on the form:

J‘jur @y X (J&') + &% (J&b, ) + O'X (J&') = Ryg iy X & + Ry By X 5y + My, 0 + Mg, &, + My,

L L S e (e a RPN (10)
+My, Py X Gy — My, By X Gy — My py X G, = hy,(@'5,)5; +(©'5,)7,) — hyo(&5,)0, +(0'55)55),
where &, is determined by the formula (4).
5. Stabilization Conditions
To derive conditions on control parameters guaranteeing the asymptotic stability of the prescribed satellite programmed
motion, we will apply the approaches developed in [2, 3, 26, 27].
Rewrite the Euler equations (10) in the form:
J&'+ G ) (J&") + 8% (J) = Ryg B X s + Ryg B, X T + MO, — )% By + MGG, — 7,) + M3, — 5;)
() = = - (7) 2 — = w?( “ Sl o o (11)
+Mg) 6, X (G5 — p3) — Mg 'py X (5, — B,) —hye wy —hyo| O |+ i(&,5,,05)
0 :

z

Here the superscript (r) means that the corresponding terms are calculated in the programmed attitude motion N=E. It is
worth noting that these terms with superscript (r) are known and they are all bounded functions of time. Vector function
i(d',3,,6,) includes nonlinear terms with respect to deviations from the programmed motion (2) and satisfies the estimate:

” ﬂ(5/r62133)|| < Co(“ & ”2 + ” 62 - ﬁz ”2 + ” 33 - 53 “2): C, = const > 0.
Next, define a Lyapunov function candidate as follows:
S 2 o . kMO—' —~2kLo~ = 12 o2 o S \TT/
V(@ :‘72»03):5 Jo +7 15, =2, |l +7” Py =3 I =MRio B3 X T3 + Ryo 1, X 55) " I,
where )\ >0 is a tuning parameter. Then:

1 N k L k Lo oo PO, -
2 [ Jr ”2 +% II6, -7, ”2 +% Il ;=5 ”2 _/\\/a(kw” Py =35 || +Ryoll B, =3, ] Jr I
W)= o 1 . k LS k L Lo S o -
< V(w,,(rz,(r3) < E Il Jl/zwl ”2 +% l6, — 7, ”2 +% I 55— 5 ”2 +>‘\/a(k1_o” 53— 05 || TRyl 8, =7, ) Il/zwl II-

Here c, =max{A,B,C}. With the aid of the Silvester criterion, it is easy to verify that if
N (R +Ryo) <1, (12)

then the function V(&',7,,5,) is positive definite.
Differentiating the constructed Lyapunov function along the solutions of the system (3), (11), we obtain:

V<GP Mol +@,7) = hyolw,” +w,2) +e, |81 HIS T+ e |3, = 5, [ +¢, 135 — 55 1)
AP S (uo + Py +€5) + Ay (Ruo +Ruo) 16" IF oIl S ITHA 9 VA& P + 116, = 5, [P + 1165 = 55 )
Here
G=0G sg(l? I LD}(;) I, c= s}qu M(d? [+] Mm [+] Mfﬂ) N, c= sg(?(l MS{? [+] Mfﬂ) N, s=c+ Sg(? [ Jal(oﬁ) I, ¥ ="k ps x5 + Ry r X5,

Assume that hy, = hh,, h,, = hh,,, k,, = kk,, k,;, = kk, , where h>0 and k>0 are parameters, whereas h,h,,k,,k, are
fixed positive constants. Then:

V<MD IP ~(esh —c, = Ake, (R + Ry ) 13" [P+ I+A N M)es 18, = B, 11+, 18 = 5, 1)
AP S (hhy +hyg) + c) + ol @ T+ A S I + 16, =5, IF + 1165 =55 1),

where ¢, = minfh,, h,}.
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In [15], it was proved that, for any x €(0,1), there exists a positive number § such that:
4172 (k3 1|3, = 5, I +R2 113 = s )

for ||d,—p, || +1|75 — ps || <6 . Hence, the inequalities:

¥ T pud — T = — 1, T, =1 1 T, T T =1
V< */\sz(kzm I, — 7, ”2 +kf I35 —5s ”2)7((:6}1 -G 7/\kcl(k1. + kM)) [|& ”2 +§(C3 +C +)\k(kM +k1.)(h(hr. +hM)+ Cs) [l ”2

1 ~ ~ ~ ~ ~ ~ N 1 ~ ~ - =~ ~ ~ S o
+§(C3 + AR(2RyC; + RyCy + R, Cy + Ry (h(hy, +hy) + €))7, — 5 ”2 +§(C4 + AR(2k €, + Ry, +RiC + Ry ((hy +hy) + ) [ 05 — 5, ”2
+eo(1 & || +MR(Ry | 3, — 5, |+, 135 = 55 DU S 1P+ 113, = 5, IF +115 — s IF)

hold for ||&, =5, ||+ — 5, ||<é.Let B=Ak.Then (12) can be rewritten as follows:

¢, B2k, +Ry) <k (13)
It is easy to verify that under the conditions
20kR%, > ¢; + B(2k,C; + RyC, + RiC, + Ry (M, + hy) + ), (14)
203kk? > ¢, + B(2k,c, + RyC, +kic, + R (h(h, +hy) +c5)) (15)
¢sh > ¢, + o, (R, +Ryy) + %(cg + ¢, + Ry + Ry )(h(h, +y) +5)) (16)

one can choose positive numbers § and & such that:
V<—a(|3'IF 415, 5, I +113,— 55 1) for [1G'[I+113, 5, | +11 8, — 5, 1| <6 -

Thus, the fulfilment of the inequalities (13)-(16) implies the asymptotic stability of the programmed motion.
Eliminating the auxiliary parameter g from (13)-(16), we obtain:

JR(2kRZ, — 2k, C, — ky,C, — RiC; — Ry (M(R, +hy,) +C5)) > QJEM , (17)
JR(2KR? — 2k;c, — RyyC, — Rycy — Ry ((h, + Ry,) + C5)) > ConfCy Ry + Ry (18)
(2kR2, — 2k, C; — RyC, — RyC, — Ry (R(R, + hy,) + ¢))(2cch — 2¢, — ¢, — ¢,) > ¢,(R, + Ry )(2¢, + ¢ + h(h, +hy,)), (19)
(2kR? — 2k,c, —kyC, — R,y — R, (M(R, +1y,) + ¢5))(2ch — 2¢, — ¢, —¢,) > ¢, (R, + Ry )(2¢, + ¢ +h(h, +h,,)). (20)

As aresult, we arrive at the following theorem.
Theorem. If the control parameters k and h satisfy the conditions (17)-(20), then the programmed motion (2) of the system
(3), (11) is asymptotically stable.

6. Computer Modeling

The aim of the present paper is to provide a constructive approach to stability analysis in the problem of satellite attitude
stabilization in the NMVCS in the presence of the disturbing effect of the gravitational torque. The suggested approach is based
on the Lyapunov direct method for the system governing the satellite attitude dynamics. The theorem proved in the section 5
ensures specific estimates for the control parameters that provide a solution to the problem of satellite attitude stabilization in
NMVCS without any limitations on the geomagnetic field model. In this section, we illustrate the theorem by means of a
numerical simulation.

l—} = A () — A (1) —A () — A ()

Fig. 2. The quaternion components time history.
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|— @) — Q) — Q2(w)|

Fig. 3. The relative angular velocity time history.

Consider a typical satellite which moves in orbit with radius R=7-10° and inclination i=30°. Here and in what follows all
parameters are taken in International System of Units. Let the inertial parameters of a satellite are given as: A =1000, B=600,
C =1400. The electric charge Q =5-107.

The control torques M, and M, are characterized by coefficients k, =0.02, ky, =0.02, h, =0.5, hy,, =0.5 that satisfy
the theorem conditions. In accordance with the theorem, the asymptotic stability of the satellite attitude in the NMVCS is
guaranteed with some attraction region. Let us take the following initial conditions for the satellite attitude motion: ¢(0)=0.5,
$(0)=-0.5, 6(0)=0.5, w,(0)=10w,, w,(0)=20w,, w,(0)=-10w, (w,=0.001078 for the chosen R).

The asymptotic stability is confirmed by computer modeling. The convergence process is shown in Fig. 2 (quaternion
components) and Fig. 3 (relative angular velocity components).

Here the dimensionless time u=w,t is along the horizontal axes, Q'x(u)=w,(U)/wy, Q'y(U)=w (U)/wy, Q'Z(U)=w,(u)/w,.

7. Conclusion

In the present paper, we have studied satellite attitude stabilization in natural magneto-velocity coordinate system (NMVCS)
whose axes are associated with the geomagnetic induction and Lorentz force. Electrodynamic attitude stabilization system based
on simultaneously applied Lorentz and magnetic torques has been used. Since the Lorentz force is orthogonal both to the
geomagnetic induction and relative velocity of the satellite, NMVCS is the most convenient for electrodynamic attitude
stabilization of a satellite that moves in an orbit with low or medium inclination. The nonlinear stability analysis based on the
Lyapunov direct method [2, 28] is applied to solve the problem. Using an original construction of Lyapunov function, sufficient
conditions guaranteeing the asymptotic stability of the satellite programmed motion are obtained. Thus, the problem of satellite
attitude stabilization in NMVCS is solved without any limitations on the model of the geomagnetic field and the orbit inclination.
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