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Abstract

The problems of approaching a space robot to a geo-
stationary satellite and visual checking its technical state
are considered. The robot’s control system uses both
plasma and catalytic electric propulsion units as well as
a cluster of four control moment gyros. The simulation
results of the developed guidance and control algorithms
are presented that demonstrate their effectiveness.
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Abbreviations
AM = Angular Momentum
AOCS = Attitude and Orbit Control System

BRF = Body Reference Frame

CPU = Chemical Propulsion Unit

EPU = Electric Propulsion Unit

ERE = Electric Reaction Engine

GSO = Geostationary Orbit

GTO = Geo-transition Orbit

GD = Gyrodine, single-gimbal control gyro
IRF = Inertial Reference Frame

GMC = Gyroscopic Moment Cluster
MRP = Modified Rodrigues Parameters
ORF = Orbital Reference Frame
PWM = Pulse-width Modulation

RM = Rotational Maneuver

SC = Spacecraft

1 Introduction

The first attempts to create low-orbit satellite commu-
nication systems failed in the early 2000s mainly due to
economic factors. Currently, this idea is being persis-
tently imposed in connection with the increased chal-
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lenges on the globality, speed and volume of informa-
tion exchange. Various countries have started imple-
menting such systems, consisting of thousands of mini-
satellites in low orbits. A decent response of the space
communications technology [Testoyedov et al., 2017]
based on geostationary platforms, stands up to these
challenges. Such platforms are assembled in geostation-
ary orbit (GSO) by space robot-manipulators from re-
placeable and replenished components, and then regu-
larly serviced by the SRMs for several decades.

Modern achievements in research and development of
space robots are presented in review articles [Moosavian
and Papadopoulos, 2007; Flores-Abad et al., 2014; Li
etal., 2019; Papadopoulos et al., 2021]. We study a SRM
with an initial mass of 6300 kg which was launched to an
initial elliptical geo-transition orbit (GTO) with perigee
r,=6571 km (altitude of 200 km), apogee r,=42164 km
(altitude of 35793 km) and the inclination :=51.6 deg.
The spacecraft (SC) attitude and orbit control system
(AOCS) has the following drives: a chemical propulsion
unit (CPU) with the thrust P°=200 N, a plasma electric
propulsion unit (EPU) with thrust P*=0.58 N, an EPU
based on 8 catalytic electric reaction engines (EREs)
with pulse-width modulation (PWM) of their thrust, and
a gyroscopic moment cluster (GMC) based on 4 single-
gimbal control moment gyroscopes — gyrodines (GDs).

Measurement of the kinematic parameters of the SRM
spatial motion is carried out by a strapdown inertial
navigation system with correction by signals of the
GPS/GLONASS satellites and star trackers. If the dis-
tance becomes less than 500 m, these parameters relative
to a geostationary satellite (farget) are also determined
using the video cameras and lidars.

The strategy used for the SRM launching on the GSO
according to a combined scheme contains two stages:

(i) moving the SRM to the GTO with perigee r, =
17571 km (altitude of 11,000 km) using the CPU;
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Figure 1.
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The SRM flyby scheme during visual inspection of a geostationary satellite state
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Figure 3. Main sets of natural singular states for the GMC’s scheme 2-SPE in canonical reference frame

(i1) additional launching (add-launching) of the SRM
from achieved elliptical GTO to GSO with radius r, =
42164 km (altitude of 35786 km) using the plasma EPU
and GMC by multi-step transition to an orbit close to the
GSO with an accuracy of 58 km [Somov et al., 2020a;
Somov et al., 2020b; Somov et al., 2021c].

For motions of the SRM and target on GSO it is very
difficult to solve the above key problems. Here, it is nec-
essary to take into consideration the forward and rota-
tional motion of both the target and controlled SRM ac-
cording to the laws of the space flight mechanics in the
gravitational fields of the Earth, Moon and Sun, and also
taking into account the influence of solar pressure forces,
namely within the theory of photogravitational celestial
mechanics [Polyakhova, 2011] with careful considera-
tion of the fundamental physics for spacecraft motion.

This paper deals with two problems: (i) synthesis of
the guidance and control laws for the SRM when it is
approaching a target to the distance of 50 m and next a
visual inspecting of its technical state, Fig. 1; (ii) a dy-

namical analysis of the spacecraft both forward and atti-
tude [Somov et al., 2021b] motions during these modes.

2 Models and the Problem Statement

To perform the considered modes, the AOCS uses the
plasma and catalytic EPUs as well as the GMC based on
GDs with own angular momentum (AM) hy =30 Nms.

We apply the inertial reference frame (IRF), notation
{-}=col("), []=line(+), (-)%, [-x] and o, ~ for vectors,
matrices and quaternions, as well as [«]; for the ma-
trix of elementary rotation about i-th axis by an angle
a,t = 1,2,3 = 1 + 3. The orbital reference frames
(ORFs) of the SRM O,z°y°2° with a pole O, and the
target OcxPyy 2y with a pole O, are used, as well as the
SRM body reference frame (BRF) O,zyz.

We assume that the SRM is equipped with a tele-
scope with an axis of sight parallel to the BRF O,y axis
(Fig. 1a). The location of the target in the robot’s BRF
is determined by the vector Ar(¢), see Fig. 1b.
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The thrust vector P¢ of the CPU is directed along the
axis O,y, as is the thrust vector P°¢ of a plasma EPU. In
EPU scheme with 8 catalytic EREs (Fig. 2a) we present
the unit vectors e, p=1 =+ 8 of the ERE nozzle axes.

Assume that the vector p,, defines the point O, at
which the thrust vector of the p-th ERE is applied. Each
catalytic ERE has the PWM of its thrust p,(¢), which is
described by the nonlinear continuous-discrete relation

pp(t)=P" PWM(t — TS, tr, T, Vpr) VEE [tr, try1),
try1 =t +To, 7€ Ng=10,1,2,...) with period T%
and a time delay T’;,,. Here P™ is the nominal value of a
thrust, similar for all catalytic EREs, and the function

sign vy, t € [tr, tr + Tpr),

PWM(t tr7Tm7VpT) { 0 t e [t +Tpr, r+1);

o= { 0 ‘Vpr| < T,
P Usat (T, [vprl) [vprl > 7o
In the BRE, the thrust vector of p-th ERE is calculated
as pp(t) = {pp} = —pp(t) e, and vectors of the EPU
thrust P =P = {P,} and torque M?® are computed by
formulas P°(t) =¥ p,(t) and M®(t) =3 [p, X|p,(1)-

Column #(3) = hy¥h,(8,) = h,h(3) presents the
AM vector for the GMC by scheme 2-Scissored Pair En-
semble (2-SPE) [Crenshaw, 1973] based on 4 GDs, see
Fig. 2b where |h,| = 1, p= 1-+4, and hyis a constant
own AM of each GD. The vector M& = {M#} of the
GMC control torque is represented by the relations

Me =—H'=—h,An(B) uj(t); B=ui(t)={up,(t)}
Vk € Ng =10,1,2,...) with a period T, of digital con-
trol u}, (t) = Zh[sat(qntr(uly, ug), uy'), Ty, a vector
column 8 = {f,}, a matrix A,(8) = dh(8)/03 and
symbol (-)" of local time derivative.

The 2-SPE scheme singular state is appeared when
Gram matrix G(8) = Ap(B)ALl () loses its full rang,
i.e. when G(8) = det G(3) = 0. Figure 3 show main
sets of natural singular states for this GMC’s scheme in
canonical reference frame Oz8y22& [Somov, 2016].

In IRF, the robot’s orientation is determined by quater-
nion A= (Ao, A),A={\;},i = 1 + 3. We use a vector of
modified Rodrigues parameters (MRP) o = e tan(®/4)
with Euler unit vector e and angle ® of own turn which
is uniquely connected with quaternion A by explicit re-
lations. Kinematic equations for vector r, of the robot’s
location and quaternion A have the form r| +w xr, =v,
and A = A ow/2, and dynamics of its spatial motion is
represented as follows

m (v, +w x v,)=P¢ + Fd;

. 1
K+ wx G=MS8 + M + M4, M)

Here v, (index r, robot) is the velocity vector of SRM
forward motion; vector G = K + H(3), where K =Jw
is vector of the SRM angular momentum, and the F¢
and MY are the vectors of external disturbing forces and
torques. The vectors r; and v; (index t, target) repre-
sent the geostationary satellite’s location and velocity of
its forward motion. The vectors of range to the target
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Ar = {Ar;} and difference Av = {Av,} between the
velocities of the SRM and the target are calculated by
ratios Ar = r; — r, and Av = v; — v,.

Estimates of the CPU fuel consumption (of 3,100 kg)
and duration (of 7 days) of the SRM interorbital flight to
GTO with perigee altitude of 11,000 km were obtained
[Somov et al., 2020a] by known methods. As a result,
the 3200 kg SRM is then add-launching to the GSO us-
ing a plasma electric propulsion.

The SRM should be placed not just to ideal” GSO,
but to the vicinity of the nominal standing of the com-
munications satellite in its specific predicted orbit, close
to the GSO. If we assume that the SRM add-launch to
the target standing point is completed with an accuracy
of 57.7 km, the duration of add-launch is 92.62 days with
123 orbit revolutions and fuel consumption of 197.32 kg
[Somov et al., 2021c]. As a result, the 3000 kg SRM is
beginning approach to the target using a plasma EPU.

We study the problems of approaching to target and
visual checking its technical state by the SRM as a solid
(1), controlled by both the plasma EPU and GMC with
reversals of the SRM body as well as its spatial stabiliza-
tion using the EPU based on eight catalytic EREs with
PWM of their thrust.

3 The Guidance and Control Laws

Let us assume that at initial time moment ¢;, the vectors
of the location and velocity of the forward motion are
known in the IRF for the SRM r,.(¢;), v,-(¢;) and target
r:(t;), v¢(¢;). Here it is convenient to apply a cylindrical
reference frame [Elyasberg, 1965] when coordinates are
the values of radial r and angle u of its deviation from an
arbitrary direction in the reference plane, as well as the
lateral offset z in the direction orthogonal to this plane.
The SRM forward motion is determined by relations
v, ={rCy,rSy, z}; v, ={rCy—1rSyt, 7S, +rCy, 2},
where S, = sinu and C,, = cos u.

Assume that w”, w' and w? are the radial, transversal,
and lateral components of the SRM control acceleration
vector, and p is the gravitational parameter of the Earth.
The SRM approach to a target in central gravitational
field over a time ¢ € [t;, ¢] is described by equations

PF—ru+p/r?=w" ri+ 2r=wt; E + pz/rd=w?
under boundary conditions

VI(ti) = (vi(ti), ef), V' () = (vi(tp), ef);
Vi) = (ve(ti), ef), v (ts) = (Ve(ts), €f);
VE(t) = (vr(ti), €f), v¥(te) = (Ve(ts), €f);

u(t;) = @i, u(ts) = i + arccos((ef, ef)),
where the unit vectors e with different indices are calcu-
lated using the following relations:

el =r.(t)/r - (t); ef =1y (te)/re(t )
e;’:vr(ti)/vr(ti); =V tf)/vt(
cie] X oY, ci—e] x ef; el—e? x ef, cl—ef x cf.

Here, a forecast of target’s location r? (#) and velocity
v¥(t) vectors is made on a time interval ¢ € [t;, ] and
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Figure 4. The differences in the position and velocity vectors of the target and space robot
T and then the durations 7,, of the PWM thrust activa-
05 i— 0, —o, — ms‘ """ ’ tion for all eight EREs are computed by explicit formulas
%, o n [Somov et al., 2017].
° i} For the SC attitude guidance law A”(t), wP(t), P (1)
¢ 05 the error quaternion E = (e, €) = APo A with e ={e¢; },
corresponds to the error matrix C® = I3 — 2[ex]Q}
32000 34000 36000 38000 with Q. = Izep + [ex], and to the MRP vector ¢ =
ts e® tan(®°/4) as well as the angular error vector ¢ =
Figure 5. The angular velocity vector of the SRM at its RMs {6¢)L} =40°. The error vector éw on angular velocity is

vectors 14 (tf), v¢(t¢) are calculated by the known ana-
lytical relations [Elyasberg, 1965; Battin, 1999].

The law of the SRM positional guidance is determined
by the vectors r2(t), vP(¢) and acceleration w2(¢). Dy-
namical processes of the SRM approaching to target
and its visual inspecting are described by the differ-
ence Ar(t) =r.(t)—r,(t) between vectors of the target
and SRM positions as well as the difference Av(t) =
v¢(t) — v,-(t) between the vectors of their velocities.

When synthesizing the SRM guidance law for its long-
term flight with small electric propulsion, it is necessary
to carefully take into account the influence of the grav-
itational fields of the Earth, Moon and Sun as well as
solar pressure forces.

Here, we for the first time apply a forecasting the in-
fluence of these perturbations. Such a forecast should
be performed in the SRM onboard computer, its results
are used in the synthesis of the guidance law, which pro-
vides small errors when the specified boundary condi-
tions are met at the end of the SRM flight, first for a
range of 500 m and then at a range of 50 m.

The simplest discrete algorithms for switching on/off
the plasma EPU are applied at the time moments, which
are formed onboard the SRM according to the laws of its
positional guidance.

Discrete control algorithm of the catalytic EPU uses a
vector 0Ar, = Ar? — Ar, of mismatch between the
program difference Ar? = ArP(t,.) and the measured
difference Ar, = Ar(t,); the values JAr,. are formed
in the robot’s BRF with a period 7; at the time moments
t,. In this algorithm, using the recurrent relations

81 =ky8r —kCOAr,; pr=Fkj (g, —k,0Ar,)
at first the vector P3P of the catalytic EPU thrust pulse

over semi-interval ¢t € [t,,t,1) is calculated in the form
P? =mT;(Ciw] + py),

calculated by the ratio dw = w — C°w?.

In algorithm of the SRM attitude control, the vectors of
angular mismatch €, = —dJ¢@,,, angular velocity wj, and
G =Jw +H are determined to calculate the required
control torque vector M5 of the GMC as follows

81 =k; 8F + ke ™y = k(g + kfer);
M%:wk X Gk-l-J(CiEZ—f—[Ci(A)ZX]wk + ﬁlk),

and then vector M is distributed between the GDs by
explicit relations [Matrosov and Somov, 2004; Somov,
2016]. As a result, the GMC digital control vector
uf (t)=uf is formed V¢ € [ty, tyy1)-

4 The SRM Approach to Geostationary Satellite

The flight of the SRM with a mass m = 3000 kg and
the inertia tensor J = diag(3248, 2348, 3640) kg m?
was studied when approaching the target at the standing
point of 76 deg East GSO from a range of 57.7 km to a
distance of 50 m. With these data, the synthesis of the
SRM guidance law was carried out with minimizing the
fuel consumption of a plasma EPU when its four inclu-
sions of thrust P® = 0.58 N. A dynamic analysis of the
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Figure 6. The differences at the 2-nd part of the approaching
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Figure 9. The PWM thrusts of catalytic EREs, the EPU thrusts and the SRM angular errors at the end of its stabilization

SRM approach was performed for the model (1) with the
attitude digital control law when its period 77, =0.5 s and
the gyrodyne’s AM value hy =30 Nms.

Figure 4 presents changes in the vectors of target loca-
tion and velocity difference when the SRM is approach-
ing a range of 50 m at the time interval ¢ € [0, 39900] s.
Here, a time ¢ is counted from the conditional value
to = 0 when the robot’s BRF matches its ORF, the co-
ordinates are highlighted in color, namely blue on yaw
axis x, green on roll axis y and red on pitch axis z, and
the modules of vectors are marked in black. The follow-
ing approach stages are performed, see Figs. 4 - 9:

e at 1-st part of SRM approach on a range of 500 m:
(1i) the 1-st rotational maneuver (RM-1) of the SRM
Vit € [154,394) s by an angle of 53.72 deg;

(1ii) the acceleration pulse of a plasma EPU thrust V¢ €
[394, 2585) s at the SRM fixed orientation;

(1iii) free flight of SRM Vt € [2585,31257) s and regu-
lar pointing of solar array panels at the Sun;

(1iv) the RM-2 of the SRM V¢ € [31257,31497) s by an
angle of 133.60 deg, see Fig. 5;

(1v) the brake pulse of a plasma EPU thrust V¢ &
[31497,35482) s at the SRM constant orientation;
(1vi) the RM-3 of the robot V¢ € [35482,35722) s by an
angle of 65.02 deg.

This part of SRM approach is ended in the time mo-

2{,m

-20

o) 20 = -
0 40 60 50
Y,m

Figure 10. The SRM flybys scheme with a plasma EPU
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ment ¢ = 7 = 35722 s with the accuracy Ar = 50.97 m
and Av = 0.03 m/s in the implementation of the speci-
fied boundary conditions;

e at 2-nd part of SRM approach on a range of 50 m:

(2i1) free flight and angular stabilization of the SRM V¢ &
[35722,35743) s and its preparing to approach the target
at a distance of 50 m, see Fig. 6 ;

(2ii) the acceleration pulse of the EPU thrust V¢ €
[35743,37160) s at the SRM fixed orientation;

(2iii) free flight V¢ € [37160,37504) s and RM-4 Vt €
[37264, 37504) s by an angle of 173.43 deg;

(2iv) the brake pulse of the plasma EPU thrust Vi €
[31497, 35482) s at the SRM constant orientation;

(2v) RM-5 Vit € [35482,35722) s by angle 101.67 deg.

This part of SRM approach is ended at the time mo-
ment ¢t = t5 = 39192 s. Total fuel consumption of the
plasma EPU is 302 grams, with its four inclusions at this
approach during 10.89 hours.

Subsequent spatial stabilization of the SRM relative to
the target for a time ¢ > t5 and a given range vector
ArP(t) = d with the module d = |d| = 50 m is per-
formed using EPU with the PWM of thrust 8 catalytic
EREs when P™ = 0.2 N, Ty =4 s, and also the GMC
with the period T}, = 0.5 s of digital control. The changes
of a position mismatch vector JAr(t)=d — Ar(¢) and a
velocity difference vector Av(t) = v¢(t) — v,.(t) of the
target and SRM at the stage of its spatial stabilization are
presented in Fig. 7, and mismatches in the SRM position
at the end of its stabilization — in Fig. 8.

Figures 9a and 9b show the pulse-width modulated

thrusts of 8 catalytic EREs and the thrust vector of the
catalytic EPU, respectively, at the end of the SRM sta-
bilization mode, and Fig. 9c — the SRM angular errors
at the same time interval. In this mode for the time in-
terval ¢ € [39192,39900] s, the fuel consumption of the
catalytic EPU is 83 grams.

5 The SRM Guidance and Control at a Checking

In the OREF of the target, it is convenient to set the SRM
movements between the points of the target’s inspection
observation with a plane P, the position of which is as-
signed by fixed angles « and /3 in Fig. 1b, and with the
position of the SRM pole O, in this plane, which is de-
termined by the angle ~y(¢) and modulus d(t) = Ar(t)
(distance) of vector d(t) = —Ar(t), see Fig. 1b, and also
vector s(t) =—Av(t) (speed).

Previously, we studied spatial guidance SRM as a pro-
gram location vector d(¢) of the SRM pole O, in the
plane P and a program orientation of the axis O,y along
the vector Ar when the axis O,z of the robot’s BRF is
directed along the normal to the plane of its movement
[Somov et al., 2021a], see Fig. la.

In this mode, the SRM’s spatial movement is imple-
mented by the catalytic EPU and GMC. The disadvan-
tage of this approach is the high fuel consumption of the
catalytic EPU.

Let’s assume that during the visual inspecting the tar-
get’s state six points with numbers n = 1-+-6 correspond
to vectors d;; of the SRM’s mass center positions which
are determined in the target’s ORF Oyx{y? 2 using the
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orthogonal matrices Q,, = [ay,]5 [Bn]} [n]5 and their
modules d} = |d} |, namely

di =d5 =d; =d;=50m, df =40 m and di =60 m.
Here we have proposed and investigated a different ap-
proach: all SRM’s inspection flybys between the observ-
ing points are performed using a plasma EPU (Fig. 10),
and catalytic EPU is applied only to stabilize the SRM
position. For this mode the simulation results are pre-
sented in Figs. 11 and 12.

6 Conclusion

Some problems on guidance and control of a space
robot-manipulator when its approaching a geostationary
satellite by electric thrust for visual inspecting the satel-
lite technical state were studied.

Using the developed algorithms of the robot’s attitude
and orbit control system the simulation results were pre-
sented that demonstrate the algorithms effectiveness.

The main achievement of this paper is a minimizing of
fuel consumption of the electric propulsion units when
visual inspecting of a geostationary satellite state.
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