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ON CONTROL OF SPACECARFT ORIENTATION
TO THE GROUND DATA ACQUISITION STATIO

The article dwells on the spacecraft attitude control to point the onboard antenna to the ground data ac-
quisition station during the communication session. Antenna is fixed relatively the spacecraft body. Purpose of
the antenna is to receive the flight task aboard the spacecraft and to downlink the telemetry information. When
orbiting, the spacecraft position relatively the ground data acquisition station changes continuously. It is due to
the diurnal rotation of the Earth, spacecraft orbital motion and angular motion of the spacecraft relatively the
center of mass under the impact of the disturbing and control moments. To tilt the spacecraft uses reaction
wheels, installed in axes of coordinate system coupled with spacecraft center of mass. Electromagnets are
used to unload the reaction wheels. The reaction wheels control law is suggested, which tilts the spacecraft
to point the antenna to the ground data acquisition station. Mathematical model of the spacecraft dynamics
relatively center of mass is given, using the suggested reaction wheels control law. The following external
disturbing moments, acting on the spacecraft in flight, are taken into consideration. gravitational, magnetic,
aerodynamic moments and solar radiation moment of forces. Dipole model of the magnetic field of the Earth
is used to calculate the magnetic moments. Software was developed and spacecraft dynamics was simulated
on the personal computer with the specified initial data. Simulation initial conditions correspond to the attitude
control mode of the spacecraft relatively the orbital coordinate system with the specified accuracy. Simulation
results verify the applicability of the suggested reaction wheel confrol law.

Key words: electrical axis of the antenna, mathematical model, coordinate system, transfer matrix, vector.

Po3sansiHymo numaHHs KepygaHHs opieHmauiero KOcMiYHo20 anapama 0515 HagedeHHs1 bopmoeoi aHmeHU Ha
HaseMHy cmaHuito npulmaHHs daHux Npomsi2oM ceaHcy 368'93Ky. AHmeHa Hepyxoma 8i0HOCHO KOpycy KOCMIY-
HOoe20 anapama. [pusHa4yeHHs aHmeHU — ompumMaHHs Ha 6opm KOCMIYHO20 anapama nofibomHo20 3as0aHHs
ma cKuOGaHHs Ha 3emno menemempuyHor iHghopmauil. [1i0 yac pyxy KocMmiyHo20 anapama no opbimi fozo no-
JIOXeHHS 8I0HOCHO HaseMHOI cmaHuii npuliMarHs daHux 6e3nepepsHo 3miHembCA. Lle nos'asaHo 3 0obosum
obepmaHHamM 3emni, pyXxoM KOCMIYHO20 anapama no opbimi ma Kymosum pyxoM KOCMIYHO20 anapama s8i0HOCHO
ueHmpy mac nid diero 36ypHUX | KepysansHUX MOMeHmig. [Ing nosopomy KOCMIYHOZ20 arnapama euxKopucmo-
8ylomb G8UaYHU-Maxo8UKU, yCmMaHOBeHI Mo OCAX 38'A3aHOl 3 UeHMPOM Mac KOCMIYHO20 anapama cucmemu
KoopduHam. [nsa possaHmarkeHHs1 0euzyHig-MaxoeuKie 8LUKOpLUCMOo8yombs enekmpomasHimu. 3anponoHosaHo
3aKOH KepyeaHHs dgleyHamMu-mMaxosukamu, wo 3abesneyye nosopom KOCMIYHO20 anapama 0ns HasedeHHs aH-
MeHU Ha HasemHy cmaHuito npulimaHHs daHux. HasedeHo Mamemamu4Hy mModenb GUHaMIKU KOCMIYHO20 ana-
pama 8iOHOCHO UeHmpPy Mac 3 ypaxysaHHSM 3arporoHO8aHo20 3aKOHy KepysaHHs OsuayHamu-maxosukamu.
I3 308HIWHIX 3BYPHUX MOMeEHMI8, WO Oiromb Ha KOCMIYHUL anapam y nonskomi, ypaxosyoms epasimauitiHud,
MaeHImHul, aepoduHaMiyHull MOMEHMU ma MoOMEeHM cusl coHaYHoI padiauii. 1@ Yac obYUCNEHHS MazHIMHUX
MOMeHMmIg suKopucmosyoms OurnosHy Modens MazHimHoao nons 3emii. PospobneHo npogpamy ma npose-
deHo modefioeaHHs QUHaMIKLU KOCMIYHO20 anapama Ha rnepcoHanbHoMy Komn'tomepi 0ns 3adaHux euxidHux da-
Hux. lNovamkosi ymosu nid yac modentosaHHs eidnosidarome pexumy opieHmauli KocMiYHo20 anapama eiGHoC-
HO opbimankbHoi cucmemu koopduHam i3 3adaHoK MOoYHICMI0. Pesynbmamu ModentosaHHs nidmeepoxyroms
3acmocosHiCMb 3anponoHO8aHO20 3aKOHY KepyeaHHs deuayHaMu-MaxosuKamu.

KniovoBi crnoBa: eenekTpuyHa BiCb aHTEHUW, MaTeEMatu4yHa MOAEnb, CUCTEMa KOOPAWHAT, MaTtpuus nepe-
Xony, BEKTOP.

Problem formulation

Under consideration is the spacecraft (SC),
which control system includes three reaction
wheels (RW) and three electromagnets (EM),
installed in the axes of the coordinate system
coupled with the SC center of mass.

The problem is formulated as follows: space-
craft is turned to provide the pointing of the
elec-tric axis of the onboard transceiver antenna

to the ground data acquisition station (GDAS)
in order to downlink the telemetry data.

While orbiting, spacecraft orbital position
rela-tively the GDAS changes continuously.
It is due to the diurnal rotation of the Earth,
spacecraft orbital and angular motion relatively
the center of mass under the impact of the
disturbing and con-trol moments.

Let's consider the problem of pointing the
an-tenna’s electric axis to the GDAS, turning
the SC body. Fig. 1 shows the position of the
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center of the Earth, O,; center of mass of the
SC, O, and location of GDAS, &

SC center of mass

0,

07\ Center of the Earth

Fig. 1. Location of center of the Earth,
SC center of mass and GDAS site

Vectors in the Fig. 1 signify the following:

7 — radius-vector, drawn from the center of
the Earth to the SC center of mass and specifies
the current position of the SC center of mass in
orbit;

p —radius-vector, drawn from the SC center
of mass to the point on the earth surface where
GDAS is;

s — radius-vector, drawn from the center of
the Earth to the point where the GDAS is.

Vectors, shown in Fig. 1 are connected by
relationship

F+p=5¥. (1)

The problem is reduced to obtaining the
RW control law, providing the coincidence of
the antenna’s electric axis with the unit vector,
directed along the radius-vector p. Control
law is checked by SC dynamics simulation
relatively the center of mass.

CucreMbl KOOPAHHAT H MATPHIIBI TIEPEX0-
A2 MeKIXY HUMH

Developing the SC mathematical model,
the following right-hand orthogonal coordinate

— matrix of transfer from ICS to OCS

cos(u) 0 —sin(u) | | cos(i)
| —sin(i) cos(i) O |- 0 1 0 , (2)

T,=TTT,=| 0 1 0

om ~tu
sin(u) 0 cos(u)

systems are used (position of the coordinate
systems origin is shown in Fig. 1):

O, XY\ Z — inertial coordinate system (ICS),
axis 0,7, is directed along the Earth’s rotation
axis towards the North Pole, axis O,Z —towards
the vernal equinoctial point;

0,X .Y _Z. — Greenwich coordinate system
(GCS), axis 0,7 is directed along the line of
intersection of the Greenwich meridian and
equatorial planes, axis O,Y_ is perpendicular
to the equatorial plane and directed towards the
North Pole;

O, X,Y,Z, — coordinate system fixed with
ground station (PCS), axis O,Z, is directed
along the radius-vector, connecting center of
the Earth with GDAS, axis O}, — tangentially
towards the geographic meridian, passes
through GDAS;

OX,Y Z, orbital coordinate system
(OCS), axis O_Z, is directed along the radius-
vector, connecting the Earth’s center with SC
center of mass, axis O.X, is in the plane of
the SC orbit and is directed towards its orbital
motion;

OX,Y,Z, — body-axis coordinate system
(BCS), with ideal SC attitude BCS axes are
parallel and codirectional with the respective
OCS axes, when SC deviates from the ideal
attitude position of BCS relatively the OCS is
defined by the successive rotation by the pitch,
roll and yaw angles;

O XY Z, design coordinate system
(DCS). its origin O is in the SC/LV mating
plane. DCS axes are parallel and codirectional
with the respective BCS axes.

Above descriptions of the coordinate systems
define the directions of two axes, the third axis
in all cases completes the system to the right-
handed one.

For the above coordinate systems, the
following transfer matrices are introduced:

sin(fi) 0] |cos(£2) 0 -—sin(£2)

0 1|]|sin(2) 0 cos(£2)

where u — argument of a latitude; i — inclination of the orbital plane to the equatorial plane; £ —

longitude of the orbit’s ascending node;
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— matrix of transfer from OCS to BCS

cos(y) sin(y) O

T =TTT =|-sin(y) cos(w) 0|0

BO v oo 8

0 0 1

where ., ¢, 0 — SC attitude angles in yaw, roll and pitch, respectively;

— matrix of transfer from ICS to GCS

0 0 cos(d) 0 —sin(H)
cos(p) sin(e) [-| O 1 0 ., (3)
—sin(@) cos(p) | | sin(@) 0 cos(f)
cos(4) 0 -—sin(4)
1 0 |, 4)

T =T, =

GI A

sin(4) 0

cos(A)

where 4 =/_+ ot —angular distance from vernal equinox direction to Greenwich meridian; /_ — initial

value of the angle 4; w, =7,29211-1 0 ¢! —angular velocity of the diurnal rotation of the Earth;

— matrix of transfer from GCS to PCS

1 0

geo Cgeo

cos(/lgeg ) 0 - sm(/lgm)

0 cos(f,r,aga0 ) —sin( Peeo ) 0 1 0 s (5)
0 a»;in(;ogm ) cos(gogw )

sm().gw) 0 cos(ﬂ.gm)

where 4, Do ™ geographic longitude and latitude of the GDAS, respectively.

geo

Inferior letter indices in the transfer matrices
(2)~5) correspond to the first letter in the
acronym of the coordinate system, for example:
[-1ICS, O —-0CS, B - BCK etc.

Formulas to calculate the current values of
the orbit parameters u u Q, included in (2), are
given in [1].

SC antenna pointing to the GDAS

It follows from Fig. 1 that before starting
the data downlink, SC has to orient the electric
axis of its antenna along the vector p, defined
according to (1) as follows

p=5-T. (6)

Vector ¥,
following form

represented in PCS, has the

s7=/0 0 RJ, (7)

where R, = 6371 km —mean radius of the Erath.
Vector 7, represented in OCS, has the
following form

=0 0 [, (8)

where r — distance from the center of the Earth
to the SC center of mass.

Equations (7)., (8) and further as the text
goes, the upper index at the vector corresponds
to the first letter in the acronym of the coordinate
system.

To determine the vector modulus p according
to formula (6), it is required to transfer vector
57 from PCS to OCS using the following
expression

§°=T,,5"
where Lo =Tilis T TIG = T(;; Tcp = Tgc‘
After substitution of 7° and 5° into (6) we
obtain vector p°, represented in OCS. Unit
vector, directed along the vector ,50_. orpees-
eTcsl B BUJIE

T

1
e pyopls

%)



44 Kocvuweexas mexnura. Paxemioe coopyacenue. Space Technology. Missile Armaments. 2023. Boin. 1 (1210)

where p=./p!+p’+p; — distance between
the SC center of mass and GDAS.

Unit vector €° in BCS will be represented
taking into account (3) and (9) in the form

—B —0
e =TBOe : (10)

It is assumed in this article that antenna
electric axis is directed along the axis minus
0,Z, BCD. Then unit vector & , locating the
antenna electric axis in BCS, will be represented
in the following way

E=lo o -1

To find angle between unit vectors " and EB

vector and scalar products are used
. —B_ FB —B ZB
sina=le" x&°|, cosa=e &,

hence, value of the angle between antenna
electric axis and direction towards the GDAS is
defined by the equation

o = arctg(sina / cos ).

Tracking the antenna electric axis directed to
the GDAS, angle a will tend to zero.

Vector of the RW control moments

To generate control moment ﬂu, created by
RW when turning SC, it is suggested to use the
following expression, represented in the BCS:

M =u-Exe +yexK-e —n-2e-3,,(11)

where u = 0,08; y = 0,2; = 2,0 — coefficients
of control law: K= { kjj } — matrix of the control
coefficients, where 7,7 =1, 2, 3; ku. = 0.05 with
i=j: k, =0 with i # j; ee — dyad of the unit
vector €; @, — vector of the absolute angular
velocity of the SC.

Control law (11) has been previously used
with Yuzhnoye-developed SC Sich-2 to provide
the uniaxial attitude of the SC longitudinal axis
in the Sun in standby mode.

Derivative of the unit vector e. included in
(11), is defined in the form

e=(-e_ )/ Ar

where Ar — integration step of the differential
equation system. describing the SC motion
relatively the center of mass; e , e — value
of the vector € in the current and previous
integration steps. _

Control moment M , obtained using the
(11), is checked with the following expression

M =M_
M=’
M

i

opH Mj >M
npu Mj SMW"

where j=x,y,z; M__— maximum value of

the RW control moment.

Equation of SC motion relatively center
of mass

SC motion relatively center of mass, as
perfectly rigid body, is described with the
following differential equations system:

— equation of motion, represented in vector-
matrix form,

5 e o . _ = o
b, = (J) (Mz +i,+H,,,-5,x(7a, +H£)),(1 2)
where @, 5:;: — vectors of the absolute angular

velocity and acceleration of the SC; J — SC
inertia tensor; ﬁz — vector of RW kinetic
momentum; M_ — sum vector of external
moments; 1\71“ — vector of RW control moments;
M  —vector of EM unloading moments;

unload

— kinematic equation in the quaternary form

10 -
Aow == b L, {13
> 2{5 —cp(a—)m)] on> (19

BO

where Ay = {/10,1} — normalized quaternion
with scalar A  and vector 4 =|/11 A /1_\|T
particles, which define the mutual orientation
of OCS and BCS [2]; @, — vector of angular
velocity of BCS relatively the OCS; 45(550) —
skew-symmetric matrix of the vector @,

To determine the sum vector of the kinetic
momentum ﬁz, included in (12), the following
expression is used

A=A -1, A,

where H_ — sum vector of the RW kinematic
momentum in the previous integration step.
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After calculation of H its value is verified
in accordance with expression

H =H npu H >H
H _ J max I max
/|4, npu H <H_ °
where H - maximum value of the RW kinetic
momentum.

To calculate the vector of the unloading
moments of Muer e included in (12), the
following expression is used
unload = L % B"
where L — vector of EM magnetic moments;
B — vector of the Earth’s magnetic field (EMF)
induction.

Vector L is calculated from the formula

= K es e
L=B2 BxHE,

where K, — diagonal matrix of coefficients.
According to the dipole model of the EMF,

the expression for the vector of induction B,

represented in OCS, has the following form [3]

_ m Ja
B=r—f fo |5
_2f32

where m, = 0,810 Weber -m — magnetic
moment of the EMF dipole: f,. f,,. f,, —matrix
elements 7, = {fu}; Lo = Lordne TIM =T:ﬂ;
T, — matrix of transfer from ICS to the EMF
dipole-coordinate system.

Sum vector M s in the equation (12) includes
the following moments:

M =M_+M_+M +M, (14)

where M ., M o M_,M —vectors of gravitation,
magnetic, aerodynamic moments and moment
of solar radiation force, respectively.

Vector of gravitation moment M o included
in (14), is defined by the expression

k

<

MG=r—3k><

where u = 0,3986-10"° m’/s* — gravitation
constant of the Earth; &k — unit vector, directed

along the radius-vector 7 of the current point
in the orbit.

Vector of magnetic moment ﬂm, due to
SC interaction with the EMF is defined by the
expression

#_=(n+ K-B) xB.

where m — vector of magnetic moments; K —
matrix of induction coefficients.

Vector of aerodynamic moment M _is defined
by the expression

Mﬂ. = (ﬁa +Ea X (ch /Ihu]] )) Ahu]lzhu]]qa 2

where m_ — vector of torque coefficients;
c, — vector of force factors: o= radius-vector,
connecting origin of O, DCS with SC center of
wn — SC characteristic
. — SC characteristic length.

Vector of the moment of solar radiation force

ﬂs is defined by the expression

mass; g, — velocity head: 4
area; [

Ms = (ﬁs +Es % (ch ”huu))Ahuulhuuqs d

where m_— vector of torque coefficients; ¢, -
vector of force factors; ¢ = 2,36:107 kgf/m* —
«light» head.

Simulation results

Justification of using the law (11) to create
the RW control moment when turning the SC to
point the GDAS is shown with an example of
SC dynamics numerical simulation, using the
following initial data.

SC orbit is circular with altitude of 660 km
and 98° inclination. Angles, which define the
orbital initial position and Greenwich meridian
relatively the vernal equinox direction: £ = 0;
4, = 0. Geographical coordinates of GDAS:
Am =28,9% ¢, =—48,9°.

SCinertialand center-of-masscharacteristics:
B 16,4 1,6 0,10
J=| 16 14,6 2,5

L0 25 17,1

kg 'm’;

7=(0,001 —0,639 —0,028" m.

SC magnetic characteristics:
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9960 -350 500

- s
K=| 200 9490 —100| A

200 -100 8130
i=|-0,338 —0,210 0,090"A m>.

EM magnetic characteristics:

_|oos o o0

K,=| 0 005 0 [
0 0 0,05
Lu=40A'M2.

RW characteristics:
H =12N-m-s; M__ =0,24N-m.

SC characteristic area and length:
A =13m*[ =155m.

hull ? “hull
Simulating the SC dynamics with the

personal computer, the initial conditions were
assumed corresponding to the standby mode:

@(0)=5" 6(0)=-5"; w(0)=5"
@ (0)=w,(0)=0,01"/c ;
,(0)=0,01 ‘le + o,

where o — average orbital angular velocity.
Results of the numerical integration of the
differential equation system (12), (13) are
presented as the variation of the following
parameters within the _interval t = 20 min:
angle o between vectors & and e”; SC attitude
angles in roll ¢, pitch ¢ and yaw y: SC angular
velocities @, @, @; RW kinetic momenta
h, h h; RW contro] moments M, M, M.
Slmulanon results are shown in Flg 2-6.
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It follows from Fig. 2-6 that during the
time period 7= 10 min the electric axis of the
antenna is oriented towards the GDAS, with
RW kinetic momenta not exceeding H__, and
RW control moments do not exceed M__.

Conclusion

Results of SC dynamics simulation show that
suggested control law of the reaction wheels
provides the attitude of the electric axis fixed
relatively the SC antenna body and pointed to
the ground data acquisition station.

Suggested control law of the reaction wheels
in addition to the considered case can be also
applied when using antenna movable relatively
the SC body in those orbit flight phases, which

require impermissibly high angular velocity of
antenna turn to track the direction toward the
GDAS.
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