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STABILIZATION OF THE MOVEMENT
OF A SMALL SPACECRAFT
IN A GEOSTATIONARY ORBIT

Abstract. A system for controlling the movement of a small spacecraft, which will later be part of a formation
located in the geostationary orbit for the remote sensing of the Earth is being considered.

The article assesses the effect of acting moments on the small spacecraft in the geostationary orbit and justifies
the choice of these moments in the motion simulation.

A motion control system for small spacecraft in the geostationary orbit using a P-controller (a controller with a
proportional control law) is proposed. The results of the simulation to verify the correctness of the proposed control
law are given.
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Introduction. The current state and level of development of microelectronics makes it possible to
miniaturize the electronic equipment used in the space industry. In connection with this trend, the use of
spacecraft for solving various scientific and technological problems is currently relevant [1-3]. The small
spacecraft plays a very important technological role in space science. Compared with the traditional single
large spacecraft, the small spacecraft demonstrates increased reliability [4], lower costs and a shorter
development time period [5]. The tasks of remote sensing of the Earth, usually realized with the help of
expensive bulky vehicles, are currently possible to solve with several miniature spacecrafts [6-10]. As
practice shows, Earth remote sensing is and remains one of the most important areas of space activity in
which the most innovative technologies are being introduced. The main objective of this activity is to
obtain information about the object or phenomenon on the surface of the Earth. Earth remote sensing in
most cases is carried out with the help of spacecraft located in low Earth orbit [11].

The monitoring of the Earth’s surface in real time necessitates the use of the geostationary orbit for
the implementation of remote sensing [12, 13]. The geostationary orbit plays an irreplaceable role in va-
rious missions, including communications, navigation, research, as well as the recent Earth remote
sensing.

In order to remote sensing the Earth's surface from the geostationary orbit with a single large space-
craft a large aperture is used, the dimensions of which affect both the creation cost and the cost of space-
craft injection to a given orbit. The same results, which gives one large spacecraft, can be achieved with
the help of several small spacecrafts in the formation with a specific configuration [14].

When studying the motion of the small spacecraft in the geostationary orbit, it becomes necessary to
study the influence of external disturbances [15, 16], which in turn requires the development of a system
for controlling the motion and stabilization of the small spacecraft [17]. This paper proposes a mathe-
matical model of the stabilization system and orientation of the small spacecraft in the geostationary orbit
and simulation results.
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Estimation of moments acting on small spacecrafts in the geostationary orbit. To describe the
motion of the small spacecraft relative to the center of mass, the Euler’s dynamic equations were used
[18]:

Ap+(C-B)gr=3 M.,
Bq+(A—C)rp:ZMy, (D
Cr+(B-A)qp :ZMZ.

where A, B,C - general inertia moments of the spacecraft; p,q,r - projections of the angular velocity
vector on the axes of the body coordinate system; M = (M, M ,M ) - moment of external forces
relative to a fixed point.
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Figure 1 — Environmental torques acting on the small spacecraft, depending on the height of the orbit

Figure 1 shows thedependence graphs of the magnitude of the moments of forces acting on the small
spacecraft on the height of the orbit. The gravitational moment, magnetic moment, moment of solar
radiation pressure (SPR) force and moments arising from the other other spacecrafts in the formation were
considered. The calculation was performed for satellites with mass 50 kg in accordance with the following
formulas:

M =320 A(e-7)7 B¢, 7) T+ C (e, )R o
Moy =X dM, 3)

M =HxI (4)

H =LElk, =3k, )e, ). 5)




N E W S of the Academy of Sciences of the Republic of Kazakhstan

— —

where €, — unit vector, i, 7 ,k' — unit vectors of the symmetry axes directions of the small spacecraft.

H - Earth magnetic vector, £, — magnitude of the magnetic moment of the earth dipole, kT; — the
direction of the Earth’s magnetic dipole axis, R — orbit height. I=k'T o » where Io — constant magnetic

moment arising due to the presence of current systems on the small spacecraft. The moment dM , created
by the SRP for a particular area is calculated as the vector product of the radius vector of the center of
mass of the area and the force vector acting on this area, i.¢.:

> dM,=rxdF, . (6)

Here 7 - the radius vector from the center of mass of the small spacecraft to the center of mass of the

s

elementary area. And 4 F; determined by the equation:

dF :ﬁde(;Z-Z) (7)

2
. . . a - -
where F) = A"'F) ,and F, =2P, (Zoj dSk , where k - the unit vector of the “small spacecraft - Sun”

direction. dS - the arca of the elementary platform (in our case, for a qualitative assessment, the total

illuminated plane was taken as 0.25S, where Sis the surface area of the small spacecraft); g, - the average

distance from Earth to the Sun; P, = E,/c=4,561-10"° N/m’ - the pressure on a single arca of the

reflecting surface; A - the distance from the Sun to the small spacecraft; 4 - the matrix describing the
angular position of the small spacecraft:

cos@cosy —sin@siny cosd  cos@siny +sin@cosy cosf  singsind
A=|—sinpcosy —cos@siniycosd —sin@siniy +cos@cosyy cosd cos@sinf )

sin iy sind —cosysinf cosd

As can be seen from figure 1, gravitational moments prevail in low earth orbits. Moments of
SRP forces in low earth orbits are less than gravitational moments for an order. However, at altitudes of
10 000 km and higher, they are comparable with gravitational moments. Magnetic moments are more
important in low earth orbits. The effect of the moments gravity field arising from the 2™, 3 and
4®satellites in the formation is much less than all other moments. According to that, the gravitational
moment and the moment of SRP forces were chosen as main acting moments on the small spacecrafts.
Since in the geostationary orbits the moments of the SRP forces and the gravitational moments prevail
over the other moments, in equations (1), the right-hand side will be the following sum:

_s  —

M =M, +Mg, . C))

where M and M i, - gravitational moment and moment of SRP forces.

An orientation control system for small spacecraft based on the P-controller. The task of buil-
ding an orientation control system to maintain the orbital orientation of the small spacecraft is considered.

—

a)szl[—ﬁx(Ja?Jrhf)JrATCJrﬁ} (10)

where @° - small spacecraft’s angular velocity in the body coordinate system; h f - kinetic moment of

[

reaction wheels; J - inertia tensor of the small spacecraft; M. - control moment.
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The equation (10) in scalar form is:

|- ;
o - J,—J)ow! —hi’za);’ +hjya)f +M, +M, |,
|- ;
o :J__(JZ —J o] —h, o] +h, o] + M., +M, |, (11)
y
v ;
-b b_.b b b b b
@, —J—_(Jx —Jose;—h, 0. +h, o+ M, +MZ_.

Since the controlling influence of the executive bodies far exceeds the external moments, for solving
the problem of building a control system, they can be neglected. It is assumed that, M , + M ., = 0, then

the differential equation characterizing the angular velocity changing of the small spacecraft in the
projections on the axes of the body coordinate system will take the form:

—

a)b:Jl[—a?x(JﬁJrhf)JrAZ} (12)

where the control moment K;[Z is a function of coordinates characterizing the angular position and the
angular velocity of the small spacecraft:

AZ':AZ:(;bbokanbokaKmaKQ) (13)

where a),fo - angular velocity of small spacecraft in body frame with respect to the orbital coordinate

system, QT); - quaternion defining the current angular position of the small spacecraft in the orbital
coordinate system: K, K, —unknown control parameters.

The specific task of building a control system with a known form of the control law will be directed
to determining unknown X | K , parameters of the control law (P-controller), based on the conditions of

stability and quality of control processes.

As a result of the study, the values of the coefficients of the P-controller £/, £2, £3 were determined
to stabilize the motion of the small spacecraft relative to the center of mass. In the calculations, the
following data was taken: small spacecraft orbit — geostationary (36,000 km), moments of inertia of the
spacecraft J = [0.04, 0.04, 0.01], initial angular position and angular velocity are assumed to be equal

0" = [1,2,3]rad/s, v =n/3 rad, ¢ = n/3 rad, 6 = n/3 rad.

The coefficient of the P-controller was set in the range of 0.03 < k; < 3. For the component of the
angular velocity along the axis Ox with an increase in the coefficient of the regulator, the damping of the
oscillations of the angular velocity arising due to the disturbing moments is observed (figure 2).In the case
when k1 = 0.03, the total damping of the angular velocity component is observed at r = 250 s. By
increasing the coefficient almost 3 times, i.€. when &1 = 0.1, it can be noted that the total damping of the
angular velocity component is observed at # = 100 s, which is 2.5 times faster than the first case. Further,
with an increase the coefficient to 0.3, damping is observed at r = 40 s. When the coefficient values 41 =1
and ki = 3, the angular velocity is damped at 5 and 2 seconds, respectively. From the above results, we can
conclude that with an increase the coefficient value £, stabilization of the component of angular velocity
along the Ox axis occurs faster.

For the angular velocity component along the axis Oy, with an increase of the regulator coefficient,
the damping of the angular velocity oscillations, which arises due to disturbing moments, is observed
(figure 3).The range of values of the regulator coefficients, as before, is 0.03 < k» < 3. In this case, there
are some limitations, since there is no direct relationship between stabilization and the value of the
regulator coefficient. When k> = 0.03, total damping of the angular velocity component is observed at
t =250 s. In the case when &k, = 0.1, total damping of the angular velocity component is observed at
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t =100 s. With an increase in the coefficient to 0.3, the damping is observed at £ = 30 s. Further, as the
coefficient increases to 1 and 3, the damping of the angular velocity is not observed, for example, at
k»=1,9=02rad/s, and at k> = 3, g = 0.6 rad/s, 1.¢. free stationary rotation of the small spacecraft relative
to the center of mass is observed.
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Figure 2 — Stabilization of the angular velocity component along the Ox axis
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Figure 3 — Stabilization of the angular velocity component along the Oy axis
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For the angular velocity component along the axis Oy, with an increase of the regulator coefficient,
the damping of the angular velocity oscillations, which arises due to disturbing moments, is observed
(figure 4). The range of values of the regulator coefficients, as before, is 0.03 < k < 3. In this case, when
ks = 0.03, the total damping of the angular velocity component is observed at 1 = 200 s. In the case when
ks = 0.1, the total damping of the angular velocity component is observed at £ = 150 s. With an increase of
the coefficient to 0.3, the damping is observed at = 50 s. Further, with an increase of the ratio to 1 and 3,
the damping of the angular velocity occurs fast enough. For example, when #» 1, oscillation
damping occurs at 15 s, and for k&» = 3 at 5 s. Euler angles in the range of regulator coefficients values
0.03 <ky,k2.k5 < 3 behave ambiguously (figures 53, 6).

For example, the precession angle stabilizes at 0.03 < k1, k2, k3<1, respectively, when ki, k>, ks > 1 the
precession angle increases indefinitely in a linear form, i.e. free rotation takes place (figure 5). The nature
of the change of angle of rotation is different from the change of the angle of precession. For example, in
this case, the stabilization of the angle is occurs when the regulator coefficients lie in the range of 0.1 <k,

r, rad/s
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Figure 4 — Stabilization of the angular velocity component along the Oz axis
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Figure 5 — Euler angles: precession, rotation
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Figure 6 — Eulerangles: nutation

k2, k3 < 3, i.e. for small values of ki, k», ksstabilization, as in the case of the precession angle, does not
occurs. And a nutation angle has the largest fluctuations. Among the whole range of values of the
regulator, a good result is 0.1 (Figure 6). In other cases, the small spacecraft does not stabilize in the
nutation angle or the nutation angle increases indefinitely in a linear form, which indicates free rotations.
For example, when k1, k2, k3= 0.03, oscillations are damped very slowly. When ki, k2, k5= 1 and &1, ks, k5= 3

the oscillations are not amplitude damped, but there occurs an increase of the period and a reduction of the
frequency of rotations. In the case when k1, k2, k5= 0.3, the oscillation amplitude and frequency decrease,
and the period increases, then the oscillations become a periodic and acquire an infinitely increasing linear
character.

On the basis of the calculations, it can be concluded that to use the regulator the most optimal
coefficient range is 0.03 <ki, k2, £3<0.3, since in this case stabilization takes place at all angles and angular
velocities.

Conclusions. This paper discusses the small spacecraft motion control system, which will later be
part of a group located in a geostationary orbit for the purpose of remote sensing of the Earth.

Based on the analysis of the effect of perturbations on an small spacecraft with a mass of 50 kg, it
was determined that in geostationary orbit the moments of the SRP forces and the moments of gravita-
tional forces prevail over the magnetic moment. Thus, it turned out that for the small spacecraft motion
control system in the geostationary orbit, it is necessary to take into account the moments of the SRP
forces and gravitational moments as the main acting factors.

This article also presents the results of the simulation of the small spacecraft motion control system in
the geostationary orbit using the P-controller. As a result of the simulation, the values of the coefficients
for P-controller k,.k>, ks were determined for stabilizing the motion of the small spacecraft relative to the
center of mass.
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3. B. Pakumesnal, Sh. Nakasuka?, H. C. locxkan!, I'. E. H6paes!

lan-®apabu atbigarst Kasak yaTTeik yHuBepCcHTeTi, AnMars, Kasakcras,
*Toxuo yuusepcureri, Tokuo, Kamoxus

TEOCTAIIUOHAP OPBUTAJIATBI KIIII FAPBIII ATIMAPATBIHBIH
KO3FAJBICBIH TYPAKTAHABIPY

Annotamust. Keftinipek JKepai KambIKTBIKTaH 30HATAYFA APHAIFAH TEOCTAMOHAP OPOMTANarbl TONTAMAHBIH
6ip Oeuriri OOMATHIH KilIi FAPBIII ANMAPATHIHEIH KO3FAIBICHIH OacKapy »KykHecl KapacTHIPhLIAIBL.

Makanama TeocTarHoHap OpOUTAAAFHI Killll FAPBIII aMMapaTTapblHA CHIPTKBI MOMCHTTCPIIH ocep CTyiHe Oara
OepisreH >koHE KO3FAIBICTEI MOACTBIACY Ke31HACOYT MOMEHTTEPIIH TAaHJAIY bl TYCIHAIPLTCH].

P-perymaropbiH (IpOMOPIHOHANALI 0aCKAapy 3aHbBI KOJNJAHBLIATHIH PETYJLITOP) KOIAAHY ApPKbLIBI T€OCTALHO-
HApJBI OpOUTAIAFHI Killli FAPBIII aNMAPaTTAPBIHBIH KO3FAJIBICHIH 0aCKapy >KYHEC] YCHIHBLIFAH.

TyiiiH ce3aep: Kl FapbINI aNmapaTthl, TeocTauoHAp opouTa, XKepai KamsIKTeIKTaH 0akeLiay, [1-perymirop.

3. B. Paknmeral, Sh. Nakasuka?, H. C. locxkaun!, I'. E. H6paes!

TKa3axckuil HAMOHAIBHBIH YHABEPCHTET HMeHH anb-Dapadu, Anmartsl, Kazaxcran,
*Vuusepcurer Tokuo, SnoHUs

CTABWIHN3ATIUSA ABUKEHUA MAJIOI'O KOCMHYECKOI'O AIIMAPATA
HATEOCTAIIMOHAPHOU OPBUTE

AnHoTamus. PaccMarpueaeTcsi CHCTEMA YIPABICHHS ABIKCHHEM MAaJIOT0 KOCMHUYECKOTO aIapara, KOTOPBIH B
JampHEHIIEM OYyJeT SBIATHCSA YaCThIO TPYIIHPOBKH, PACHOJIOKCHHOM HA TI'EOCTALMOHAPHOW OpPOHTE C IIETHIO
JUCTAHIHOHHOTO 30HIUPOBAHMS 3CMITH.

B crarbe mpoBeAcHA OLICHKA BJIWSHUS ACHCTBYIOIUX MOMEHTOB HA MAJbId KOCMHYECKHU ammapaTr HAa reocra-
IHOHAPHOI OpOHUTE M 00OCHOBAH BHIOOP 3THX MOMCHTOB IPH MOACTHPOBAHHH TBIKCHHUS.

[Mpennoxkena CHCTEMa YIPABICHAS ABIKCHHCM MAJIOTO KOCMHYUCCKOTO aNMapaTa Ha TCOCTAHOHAPHOH OpouTe
¢ mpuMcHCHHEM [1-perymaropa (peryaarop ¢ MpoNOPIHOHATHHEIM 3aKOHOM YIpaBicHu). [IpHBCICHBI Pe3yIbTaThl
TMPOBEACHASA MOACTHPOBAHKS IS MPOBEPKH MPABIIBHOCTH MPSIOKCHHOTO 3aKOHA YIIPABICHHA.

KmoueBnbie ¢JI0BA: MaTblii KOCMHICCKHH aNMapaT, TCOCTAHOHAPHAA OPOUTA, THCTAHIHOHHOC 30HIUPOBAHHC
3emumm, [T-perymarop.
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