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Abstract

During the flight of a navigation satellite, the solar-
terrestrial reference frame is used, based on the unit
vectors of directions to the Sun and Earth measured on
board, emanating from the mass center of the satellite
(object). The problems on attitude control of a naviga-
tion satellite when its passing through singular orbital
poses are studied in order to ensure predictability of the
influence of solar pressure forces on its movement.
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1 Introduction

The problems on guidance, navigation and control are
relevant for modern information satellites [Aleksandrov
and Tikhonov, 2018; Somov et al., 2021]. Famous Rus-
sian GLObal NAvigation Satellite System (GLONASS)
[Perov and Kharisov, 2005; Testoyedov, 2009] contains
24 satellites located in circular orbit at 19100 km alti-
tude with 64.8 deg inclination and 11.25 hour period.
This constellation operates in three orbital planes, with
eight evenly spaced satellites on each, see the right part
in Fig. 1.The angle between the unit vectors from a satel-
lite to the Sun and to the Earth is denoted by SOE (Sun
— Object — Earth). The orbital singular poses appear at
the following values of the SOE angles: close to 0 deg
and to m=180 deg. We studied the control problems for
the Glonass-M navigation satellite (NS) [Somov et al.,
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2017] at its passage through singular orbital poses when
the satellite performs a preemptive rotational maneuver
(PRM). This is due to the surface of the NS has differ-
ent specular and diffuse reflections of solar radiation, so
this effect can lead to unpredictable motion of its mass
center. We briefly represent new technological advances
that will ensure energy efficiency, reliability, and surviv-
ability of the NS motion control systems.

2 Mathematical models and the problem statement

We use the following reference frames:
e geocentric inertial reference frame (IRF) Og X Y1ZL
with unit vectors i;,i=1,2,3 =1+ 3, axis X{ is directed
to point Y of the vernal equinox and axis Z. is directed
to the world North Pole Py on the axis of the Earth’s
rotation with angular velocity vector w. = w, Fig. 2;
e inertial solar-ecliptic reference frame OyX!Y!Z!
(SERF) with origin in the Sun center O, axis X! is
also directed to point T, the axes Y! and Z! are ob-
tained by turning the axes Y and Z! on angle ¢, around
axis X! (Fig. 2), the Sun astronomical longitude ps(t) =
P + ws(t — to) where wy is the average angular rate of
the Earth’s annual revolution around the Sun, and unit
vector e is directed to the Earth center Og;
o orbital reference frame (ORF) Oz°y°2° with origin in
point O and unit vectors r°, 7° and n°, Fig. 3;
o the body reference frame (BRF) Oxyz, the NS has the
solar array panels (SAPs) rotated on angle v, Fig. 4;
e the SAPs’ reference frame (PRF) OPxPyP 2P with unit
vector p — a normal to the plane y?OP 2P, Fig. 4.
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Figure 1.

Figure 3. The inertial geocentric and orbital reference frames

The orbit position is determined by longitude €2, of the
ascending node, inclination ¢, and the NS position in the
orbit — by vector r,(¢) with unit vector r°(¢) and the true
anomaly v, (t) connected with the argument of latitude
Uo(t) = wr + vo(t), Fig. 3.

In what follows, we use conventional notations
{-} = col(®), [-] = line(-) (-,-) and x for vectors,
[ %], [-]% [ ]; for matrices. We introduce angles by
yaw ¢1 = 1, roll ¢o = ¢, pitch ¢35 = 6 in sequence
132, the attitude matrix C° = [{cf;}] = [c,¢5,c§] =
[¢]2 [0]3 [¢]1 and quaternion A° = (A3, X°), A° = {\?}
to define the BRF orientation in the ORF.

The matrix C° = I3 — 2[A°x]|Q" with the matrix
Q = I3\ + [A°x], and analytic reverse transforma-
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The Russian GLONASS among other global space-based navigation systems

tion is carried out by well-known Shepperd’s algorithm
[Shepperd, 1978; Junkins and Turner, 1986].

Figure 4. The reference frames of Glonass-M satellite and its SAPs

In IRF the NS quaternion A = (A\g,A), A = {\;} is
presented in the form A = A, o A° where quaternion
A, corresponds to matrix Co(t) = [uo(t)]s [to]1 [0o]3
of the ORF orientation in the IRF. We introduce also the
unit vectors S = —eg and E = —r°, see Figs. 2 and 3.

In OREF the unit vectors e; and S have the form

eg = {e§w7e§y7e§z = CO[_Ee]l [_ph(t)]3 il;
S° = {Sga Sgas(z) = 7{62.@7623/7622}'

In BRF the unit vectors S and E are presented as
S = {s;,8y,5.} = C°S°and E = —C°r° = —c3.

At last, here the unit vector p(¢) = [y(¢)]s {1, 0, 0}
with v € [-7/2, 4+/2], and angle  between unit vec-
tors p and S is defined by the relation cos 5 = (S, p).

For a circular orbit its velocity vector is w, = w, n°
with a constant value w, = v, = 1,, moreover in the
OREF this vector is presented by columnw? = {0,0, w, }.
In BRF the NS absolute angular velocity vector is de-
fined by column w and the kinematic equation for quater-
nion A° has the form A° = (A° ow — w? o A°)/2.

The NS attitude and orbit control system (AOCS) has
the following instrument composition: cluster of four re-
action wheels (RWs) by scheme NASA; one-axis drive
for the SAP’s rotation; device for orientation to the
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Figure 5.
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The schemes of onboard devices for the NS attitude determination in ORF: the DOS (a ) and the DOE (b ).

Figure 6. The orbital and solar-terrestrial reference frames

Sun (DOS), Fig. 2a: device for orientation to the Earth
(DOE), Fig. 2b; cluster of the gyro angular rate sensors
(ARSs) to measure the angular velocity vector w(t) and
onboard computer implementing algorithms for discrete
filtering and digital control. Models of the DOS and
DOE, and also the NS motion with rotated SAPs, were
presented in [Somov, 2007] taking into account methods
for designing the NS guidance, navigation and control
systems [Somov, 2016; Somov et al., 2013].

In the paper we consider problems on an attitude guid-
ance of Glonass-M satellite at its passing through the
singular orbit poses while performing a preemptive ro-
tational maneuver (PRM). We have previously explored
this aspect [Somov et al., 2017] and here we present
some refinements and briefly propose the motion control
systems for advanced navigation satellites.

3 Algorithms of the NS guidance
We use the STRF Ox°y®2® with unit vectors v§, v3, v§
defined on well-known TRIAD algorithm [Shuster,
2006; Shuster and Oh, 1981]:
vi=r°=—E; vi=(v] x S)/|v§ x S|; vi=v} X vi.
Let us « denotes the angle between the NS orbital

plane 2°Oy° and the unit vector S, and the angle ® — be-
tween the unit vectors v§ and S — the angle SOE, more-
over sin® = |v§ x S| and it is impossible to calculate
an orthogonal basis by the unit vectors vi, v5, v5 when
® = 0 or & = 7. For angle o = 0 the angle ® takes a
minimum value (& = 0) at the NS passage of areas with
the Earth’s shadow and the angle ® is maximum (® =)
at the NS passing an orbit areas when its arranging be-
tween the Earth and the Sun.

In Fig. 6 we applied notation for angle E of the NS
current orbital position to the orbit point with minimal
(maximum) value of the SOE angle ®. Assume that the
BRF plane xQOy is coinciding with the SOE plane z°Oy®
(with the unit vector S) by the BRF rotation on angle 1.
For triangle OSQ in Fig. 6 we have the relations

tany = tan a/Sg; Sy = Sa/Ss; Co = CoCr
and the rate 1/1 is computed as [Somov et al., 2017; Fateev
et al., 2013; Fateev et al., 2014; Tentilov et al., 2015]

’(Z}:woSaCaCE/(l_Cic%)? (])

where notations .S, = sin « and C,, = cos « are applied.
First problem of the SC body attitude guidance is con-
nected with the possible arising of condition C2C% = 1.



CYBERNETICS AND PHYSICS, VOL. 15, NO. 2, 2026

219

90 =t s i 7
o Vv
iasf rrrrrr —
) 0

92 Fay N\ Fay I\ /N /\
SEVANFANANANANA
© 88 \\// \v/ \v/ \V/ ] \ / \ / """" |

; j A Y
0 50 000 100000 150000 200 000

Figure 7. Variations of angles 1), ~ and P nearby 5 July when for ¢ = 0 the angle &« = 87.35 deg
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Figure 9. Variations of angles 0, ¥, ® and component Sy nearby 3 October when for t = O the angle &« = 1.2 deg

For the NS body and its SAPs attitude guidance we
have developed the laws [Somov et al., 2017; Fateev
et al., 2013; Fateev et al., 2014; Tentilov et al., 2015]

Y(t) = arctang(s2(t), sy (t);
7(t) = —arctans(sg(t), sy(t)).
These laws were studied by computer verification, ob-
tained results are presented in Figs. 7, 8 and 9 for differ-
ent long-term time intervals in July, August and October.
Moreover, the NS body surface is always unlit for its side
on minus Oy axis, see Fig. 9 with values for component

sy of the unit vector S. In next page Fig. 10 presents
the unit vector S position in the ORF Ox°y°z° during

@

all year. According to (1) the angular rate z/J ~ 0 when
angle « is close to zero, however for value E = 0 the an-
gular rate approaches infinity. Thus, for such situations
the guidance laws is impossible without errors on angles
1) and 3 because of bounded torque of the RWs cluster.
Error § is presented in Fig. 11 by the blue line at im-
plementation of the NS and SAPs’ guidance laws (2) for
value o = 0 taking into account the limitation on the
control torque vector for the navigation satellite turning.
Principal idea of the preemptive rotational maneuver
(PRM) was first published in [Klimarev et al., 1992] to
decrease the SAPs tracking error at the communications
satellite passing the singular poses in high-elliptic orbit.
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Figure 10. Variations of the unit vector S position in the ORF during all year
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Figure 11. The SAPs angular errors at different implementation of the NS guidance law

Figure 12. The eclipse season for the Glonass satellite

Then this idea was extended and applied [Fateev et al.,
2014] for the navigation satellites of GLONASS system.
At the passage of large (or small) SOE angles with
value |a| < 2 deg when module of the angle between
unit vectors E and S is less than 5 deg, the PRM on-
board calculation is carried out by the following actions:
o the angle E is defined between the NS current position
at the time moment ¢; and its position at the time moment
t¢ of passing the maximum (or minimum) SOE angle;
o the required angle 1 is computed for the NS rotation
around axis Oz to the point of passing the maximum (or
minimum) SOE angle in which axis Oy must be perpen-
dicular to the orbit plane z°Oy°;
e the turn time 7} = t¢ — t; is computed for predeter-
mined angular rate of the NS body around axis Ox;
o the passage time 75 is computed taking into account
the orbit angle from the NS current position to the point
of passing the maximum (or minimum) SOE angle;
e the command sign is generated to begin the NS sym-
metrical PRM if condition T > T5 is completed;
o the PRM yawing guidance law ¢8(¢t) Vt € [t;, 2T1] is
onboard generated with conditions

YE(t) = 0; Y8 (1) =0 and &(Ty ) = 20%; ¢#(2T1) =0
for the fulfilling of the NS symmetrical PRM.

In Fig. 11 the green line presents the SAPs angular er-
ror §/3¢ for guidance laws (2) with value & = 0 when
the NS is carried out symmetrical PRM. When the PRM
is fulfilled, the NS body angular motion is stabilized on
both attitude and angular velocity vector by the RW clus-
ter using digital information obtained by the ARS clus-
ter. In Fig. 11 the red line presents the SAPs angular
error §3" taking into account the real (actual) errors and
torque restrictions of the AOCS.

Every six months, during the four to eight weeks of
the “eclipse season” at the orbital plane, once per revolu-
tion each satellite passes through the shadow of the Earth
for a short time period. The Earth’s shadow is divided
into two cone-shaped regions — the umbra and penum-
bra, Fig. 12; the completely dark part of the shadow cast
is umbra. The Glonass-M satellite need up to 54 min
for its passage through the umbra [Dilssner et al., 2011].
During this time interval, the DOS signals are physically
unavailable for the NS control, so here the strapdown in-
ertial navigation system (SINS) is needed.
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4 Compensation for antenna phase center errors

The NS attitude control is carried out with respect to
its mass center and a mismatch exists of the antenna
phase center (APC) in the BRF. The mismatch changes
the APC coordinates in the STRF during the PRM. In
the GLONASS system, to compensate the APC real po-
sition, the calculation is partially performed in consumer
equipment. Onboard calculation is carried for the PRM
azimuth by the reference model using value of the SOE
angle. This reference model is the same onboard and in
the consumer equipment. The PRM kinematic parame-
ters depend on the angle « only, except the time data for
the PRM beginning and end. So, the information tables
are used in the onboard software [Fateev et al., 2013].

5 Advanced technologies for navigation satellites

The original ideas by regular large-size turns of both
the NS body and the SAPs to ensure stable exposure
to solar pressure forces using inexpensive optoelec-
tronic devices as well as the PRM, were implemented
in GLONASS system more than 50 years ago [Dilssner
etal., 2011]. Moreover, foreign specialists expressed ad-
miration for the innovative solutions devised by Soviet
engineers, who created the AOCS for the Glonass satel-
lites using low-cost components. The use of coatings
with tunable reflective properties eliminates the need for
such satellites to reorient. The authors have successfully
performed a motion simulation of a geostationary satel-
lite featuring these new coatings; however, experimental
verification is required before the similar simulation re-
sults can be published for the Glonass satellites motion.
These new technological advances will ensure energy ef-
ficiency, reliability and survivability of the satellite atti-
tude and orbit control systems.

6 Conclusions

We briefly have studied fundamental problems on at-
titude guidance of the Glonass satellites with focussing
on their passing the singular orbit poses with the “eclipse
seasons”’. During these passages the NS is carried out the
symmetrical preemptive rotational maneuver for mini-
mizing both the SAPs angular error and influence of
the solar pressure forces on orbital motion of the NS
mass center. Applied the AOCS logic takes into ac-
count the following conditions: the NS body surface is
always unlit for its side on minus Oy axis with angle
¥ € ([-m, 0] U[0,7]) and the SAPs angle v € [F7/2]
only. Obtained numerical results were presented for the
Glonass-M satellite, including its passing the singular or-
bit poses at the “eclipse season”.
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