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ON CONTROL OF SPACECRAFT ORIENTATION
TO THE GROUND DATA ACQUISITION STATION

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 relative to 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 relative to 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 relative to
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
relative to the 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 relative to the orbital coordinate system with the specified accuracy. Simulation
results verify the applicability of the suggested reaction wheel control law.

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

Po3sansstHymo numaHHs1 KepysaHHs1 opieHmaujeto KOCMIiHHO20 arnapama 0Or1si HagedeHHs1 6opmoeoi aHMeHuU Ha
HaseMHy cmaHUuito nputiMaHHsI 0aHUX NMpomsi2oM ceaHcy 38'a3Ky. AHmeHa Hepyxoma 8iOHOCHO KOPIyCy KOCMiY-
Ho20 anapama. [lpu3HadyeHHs aHmeHU — ompuMaHHs Ha 6bopm KOCMIHHO20 arnapama rnoibomHo20 3ae80aHHs
ma cKkuOaHHs1 Ha 3emrito mernemempuyHoi iHghopmauii. 1id yac pyxy KocmidHo20 anapama rno opbimi tio2o no-
JIOXKEeHHSI 8iOHOCHO Ha3eMHOI cmaHuii nputivaHHs: daHux 6e3rnepepsHo 3MiHoembcs. Lle noe'szaHo 3 0obosum
obepmaHHsIM 3eMri, pyxoM KOCMIYHO20 arapama ro opbimi ma KymoguM pyXoM KOCMIHYHO20 arapama 8i0HOCHO
ueHmpy mac rio dieto 36ypHUX | KepysarbHUX MOMeHmiIs. s nogopomy KOCMIYHO20 anapama eukopucmo-
8ytomb 08U2yHU-Max08UKU, YCMaHOBIIEHI M0 OCSX 38'S3aHOI 3 UeHMPOM Mac KOCMIYHO20 anapama cucmemu
KoopduHam. [rs po3eaHmaxeHHs1 08uayHi8-Max0o8UKI8 8UKOPUCIMO8YOMb eflIeKmpoMazHimu. 3arpornoHo8aHo
3aKOH KepysaHHs1 dguayHaMu-maxosukamu, Wo 3abesreyye rnogopom KOCMIHHO20 arnapama Ol HagedeHHs aH-
meHU Ha Ha3eMHy cmaHUuito rnpultiMaHHs daHux. HaseedeHo mamemamuy4Hy mMooesb QUHaMIKU KOCMIYHO20 ara-
pama i0HOCHO UeHmpy Mac 3 ypaxyeaHHsIM 3aripOrloHO8aHO20 3aKOHY KepyeaHHs1 dguayHaMu-MaxosuKamu.
13 308HIWHIX 36ypHUX MOMeHMI8, Wo Jilomb Ha KOCMIYHUL arnapam y fobomi, ypaxosyroms epasimauitiHud,
MaeHimHut, aepoOuHaMiYHUl MOMeHMU ma MOMEHM Cus1 COHSIYHOI padiayii. I1i0 yac ob4ucneHHsI MagHImHUX
MOMeHMI8 8UKOPUCMO8yomb OurnosibHy MOOeslb MazgHimHo20 rnons 3emni. Po3pobrieHo npoepamy ma rpose-
0eHo modernteaHHsI QUHaMIKU KOCMIYHO20 arapama Ha repcoHarbHoOMy KoMm'tomepi Onsi 3afaHux 8uxioHux da-
Hux. lMoyamkosi ymosu rid Yac MoOestogaHHs 8i0rnosidaroms PexuMy opieHmauii KOCMiYHO20 anapama 8i0HOC-
HO opbimaribHOI cucmemu KoopduHam i3 3a0aHOK MOYHICMI. Pe3yribmamu mMoOerntoeaHHs1 momeepoXyromb
3acmoCo8HICMb 3arporoHO8aHO20 3aKOHY KepysaHHs dgueyHaMu-Maxosukamu.

Knro4yoBi crnoBa: enekTpynyHa BiCb aHTEHM, MaTeMaTUyHa Mogenb, CUCTEMa KOOPAUHAT, MaTpuLs Nepexo-
4y, 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
electric 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
relative to the GDAS changes continuously.
It is due to the diurnal rotation of the Earth,
spacecraft orbital and angular motion relative
to the center of mass under the impact of the
disturbing and control moments.

Let's consider the problem of pointing the
antenna’s electric axis to the GDAS, turning
the SC body. Fig. 1 shows the position of the



42

Space Technology. Missile Armaments. 2023. Bun. 1 (120)

center of the Earth, O,, the center of mass of the
SC, O, and the location of GDAS, O,

SC center of mass

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

Vectors in Fig. 1 signify the following:

7 — radius-vector, drawn from the center of
the Earth to the SC center of mass, specifying
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
the relationship

r+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 relative
to the center of mass.

Coordinate systems and transfer matrices

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

— matrix of transfer from ICS to OCS

cos(u) 0 —sin(u)
T, =TTT,=| 0 1 0

) u
sin(u) 0 cos(u)

cos(i)

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

O,X Y Z — inertial coordinate system (ICS),
axis O, Y, 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), where 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,Y, — tangentially
towards the geographic meridian, passes
through GDAS;

O X, Y2, 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 relative to the OCS is
defined by the successive rotation by the pitch,
roll and yaw angles;

O X, Y 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 transformation matrices are introduced:

sin(i) 0| |cos(£2) 0 —sin(L2)
-| —sin(i) cos(i) O |- 0 1 0 , (2)
0 1||sin(€2) 0 cos(£)

where u — argument of a latitude; 7 — inclination of the orbital plane to the equatorial plane; Q —

longitude of the orbit’s ascending node;



Space Technology. Missile Armaments. 2023. Bun. 1 (120) 43
— matrix of transfer from OCS to BCS
cos(w) sin(y) O 0 0 cos(d) 0 —sin(f)
T, = TWT(/)TH =|-sin(y) cos(w) 0[]0 cos(p) sin(e)|| O 1 0 , (3
0 0 1 —sin(@) cos(p) | | sin(d) 0 cos(6)
where y, ¢, @ — SC attitude angles in yaw, roll and pitch, respectively;
— matrix of transfer from ICS to GCS
cos(4) 0 —sin(A)
T, =T, = 10 |, (4)

sin(1) 0

cos(A)

where 4 = A+ w,t—angular distance from vernal equinox direction to Greenwich meridian; A — initial

value of the angle 4; w, =7.29211-10 s! — angular velocity of the diurnal rotation of the Earth;

— matrix of transfer from GCS to PCS

1 0

T = T¢ T,
geo  “Tgeo

cos(/lgeo ) 0 - s1n(/1geo )

0 cos(p,, ) —sin(p, ) 0 1 0 , (5)
0 sin((pgeo) cos((pgeo)

sin(lgco) 0 cos(4 )

geo

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

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 - BCS 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 5, represented in PCS, has the
following form

T
9

=0 0 R

(7)

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

T

=0 0 o, (8)

where  — 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
5" from PCS to OCS using the following
expression

—0 _ —p
s —TOPs R

where T, = T, T,. T Ty, =T Ty = T

After substitution of 7° and 5° into (6),
we obtain vector p°, represented in OCS.
Unit vector, directed along the vector p°, is
determined in the form

o_1 r

e =—|p. P, Pl )
Yo
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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

e’ =T e°. (10)

BO

It is assumed in this article that antenna
electric axis is directed along the axis minus

O,Z, BCD. Then unit vector 5 locating the

antenna electric axis in BCS, will be represented
in the following way
=lo o -

To find angle between unit vectors e" and EB

vector and scalar products are used
. —B_ EB —B £B
sma=|e x& |, cosa=e -&

5

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

o = arctg(sina / cos a).

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 M » created by
RW when turning SC, it is suggested to use the
following expression, represented in the BCS:

M =p-Exe +y-exK-¢ —n-ee-a,, (1)

where u = 0.08; y = 0.2; n = 2.0 — coefficients

of control law; K= { ky } — matrix of the control
coefficients, where i, j =1, 2, 3; ky_ = (.05 with
i=J; kij = 0 with i # j; ee — dyad of the unit
vector e; @, — 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 )/ At

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

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

2

7M. with M <M

J J max

{Mj =M _ with M, >M
M =

where j=x, y,z; M — maximum value of
max

the RW control moment.

Equation of SC motion relative to center
of mass

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

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

. _1 — — —
o, = (J) (ME +Mu +Munluad

bi

-a,x(Ja, + HE)),(lz)

where @, , 5bi — vectors of the absolute angular
velocity and acceleration of the SC; J - SC
inertia tensor; H  — vector of RW Kkinetic
momentum; M  — sum vector of external
moments; M — vector of RW control moments;

M oag — Vector of EM unloading moments;

— kinematic equation in the quaternary form

. 11 0 -,
Aog =— Bo 4, (13
oB 2[0_) _QB( Bo)} s> (13)

BO

where 4, = {/1 /1} — normalized quaternion
with scalar A and vector A= |ﬂl A 23|T
particles, which define the mutual orientation
of OCS and BCS [2]; @, ,— vector of angular
velocity of BCS relative to the OCS; q5(a_)BO) -
skew-symmetric matrix of the vector @,

To determine the sum vector of the kinetic
momentum H. 5> included in (12), the following
expression is used

H =H -M A,

where EH — 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 with H. >H
H = J max J max
O H, with H <H

J J max

where H —maximum value of the RW kinetic
momentum.

To calculate the vector of the unloading
moments of M wnfoad? included in (12), the
following express10n is used

=LxB,

unload
where L — vector of EM magnetic moments;
B — vector of the Earth’s magnetic field (EMF)

induction.
Vector L is calculated from the formula

L=

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]

[
B=-£ ,
l"3 fv22
_2f32
where m, = 0.8-10' Weber - m — magnetic
moment of the EMF dipole; f,,, f,,, f,, — matrix
T
elements 7, = {];.}, =TTy Ty =Ty

T,,— matrix of transfer from ICS to the EMF
dipole-coordinate system.

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

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

where M . ,M M ,M —vectors of gravitation

G m’> " a s 4
magnetic, aerodynamic moments and moment
of solar radiation force, respectively.

Vector of gravitation moment M » Included
in (14), is defined by the expression

i =i«

Gyl

RII

k,

where x = 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 A/ , due to
SC interaction with the EMF is defined by the
expression

M_=(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

M, = (ﬁa +c, X (70 L ))Ahull a0
where m_— vector of torque coefficients;
¢, — vector of force factors; 7 — radius-vector,
connecting origin of O, DCS with SC center of
W — SC characteristic
— SC characteristic length.

mass; g, — velocity head; 4
area; [,
Vector of the moment of solar radiation force

M . 1s defined by the expression

hull )) Ahuulhuuq ’

where m_— vector of torque coefficients; ¢, —

MS (m +c x(r

vector of force factors; g, =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
relative to the vernal equinox direction: Q = 0;
4, = 0. Geographical coordinates of GDAS:

/lgeo =28.9° Do = — 48.9°,
SCinertialand center-of-mass characteristics:
_ 164 1.6 0.10
J=| 16 146 25 | kg-m%
1.0 25 17.1

7=|0.001 —0.639 —0.028 [ m

SC magnetic characteristics:
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19960 350 500 i

K=|-200 9490 -100 | 2™ .
200 —100 8130

m=|-0338 0210 0.090] A-wm’.

EM magnetic characteristics:

B 0.05 0 0
K,=| 0 005 0 [;
0 0 0.05
Lu =40 A-m’.

RW characteristics:
H =12N-m-s; M_ =024 N-m.

SC characteristic area and length:
4 =13m% /[ =155m.

hull > “hull
Simulating the SC dynamics with the
personal computer, the initial conditions were
assumed corresponding to the standby mode:

p(0)=5" 0(0)=-5" y(0)=5";

® (0)=w (0)=0.01"/s;

® (0)=0.01"/s +a,
where w_— 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 ¢= 20 min:
angle o between vectors Eb and e”; SC attitude
angles in roll ¢, pitch 6 and yaw y; SC angular
velocities @, @, @_; RW kinetic momenta
h, hy, h_; RW control moments M, My, M.

Simulation results are shown in Fig. 2—-6.
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It follows from Fig. 2-6 that during the
time period #= 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 o

Conclusion

Results of SC dynamics simulation show that
suggested control law of the reaction wheels
provides the attitude of the electric axis fixed
relative to 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 relative to
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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