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Abstract

The problems of autonomous digital control of the in-
formation satellites and space robots during their initial
transition to a tracking mode, namely in the initial orien-
tation modes, are considered. Autonomous angular gui-
dance and modularly limited vector digital control using
a vector of the modified Rodrigues parameters are apply-
ing to bring the spacecraft’s orientation from completely
arbitrary to the required one. The developed methods,
algorithms and simulation results for a mini-satellite in a
sun-synchronous orbit are presented.
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1 Introduction

After separating any spacecraft (an information satel-
lite [Testoyedov et al., 2017], a space robot [Somov
et al., 2019] etc.) from a launch vehicle, the spacecraft
(SC) begins to turn somersaults — to rotate with the angu-
lar velocity vector w of arbitrary direction in its body ref-
erence frame (BRF) Oxyz. The first purpose of of the SC
digital control is its initial transition to a given tracking
mode. Here, the simplest task is the initial orientation
modes (IOMs) of the SC attitude control system (ACS)
when the SC orientation is bringed to a given position
in the orbital reference frame (ORF) Oxz°y°z°. If the SC
is modeled as a rigid body, then indicated problems of
its spatial angular motion are studied in theoretical me-
chanics [Aleksandrov and Tikhonov, 2018] and physics
[Materassi and Morrison, 2018] as well as in mathemati-
cal control theory [Smirnov, 1981]. In this paper we con-
sider the Earth-observing mini-satellite weighing of 250
kg, which is separating from the launch vehicle in a sun-
synchronous orbit with altitude 600 km. We are assum-
ing that considered miniature SC is equipped with the
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ACS that contains a strapdown inertial navigation system
(SINS) with correction by signals of GPS/GLONASS
satellites and star trackers, cluster of the gyro angular
rate sensors (ARSs), magnetometer (MM) and also the
following drives: cluster of four flywheels — reaction
wheels (RWs) under the scheme General Electric (GE),
see Fig. 1, and magnetic drive (MD).

We study the SC nonlinear control problems in the fol-
lowing IOMs: (i) the SC calm down in the inertial refer-
ence frame (IRF) at the ARS cluster’s signals by the MD
digital control while the angular velocity vector module
w = |w| > w} at the specified value w7; (ii) initializa-
tion of RW cluster, switching on it into the SC control
loop and then the SC bringing to the required orientation
in the ORF when the SINS signals are used; (iii) the SC
angular stabilization in the ORF by autonomous digital
control of the RW cluster with its unloading from the ac-
cumulated angular momentum (AM) using MD [Somov
et al., 2018]. The problem of the SC autonomous angu-
lar guidance is solved while tracking the reference model
for vector of the modified Rodrigues parameters (MRP)
using a modularly limited digital control torque vector of
the RW cluster at bringing the satellite orientation from
arbitrary one to the required one in the ORF.
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Figure 1. The GE scheme (@) and its AM variation domain (b)
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2 Mathematical Models and the Problem Statement

In what follows, we use the notations { -} = col(-),
[-] = line(-) for vectors with scalar (-,-), vector
({-}x{-}) and dyad [{-}-{-}] products; for matrices
[-x], ()% [-] = diag() and o, * for quaternions A =
(Mos A), A = {1, A2, A3}, and also for the MRP vector
o = etg(®/4) with Euler unit vector e and angle ®
of own rotation, ¢ = 1,2...m = 1+ m. The vector o
is connected with quaternion A of the spacecraft BRF
orientation in the IRF by relations 0 = A/(1 + A\p) and
A=20/(1+c%);Xo=(1-0%)/(1+ d?).

The model of the SC angular motion takes into account
the flexibility of its structure and has the form

A =Aow/2; A°{@,§,Q} = {F*, FLF}, (1)

F“=—-wxG+M* Fi=—-A%V,q+W,q);

Fr=m-m" w={w}; q={¢}; Q={Q};
1=1+3; j=1+n%; ,p=1+4

J D,D, c, ¢, C, C,
A°=|DyA? 0 |;A=|S5,-S, 0 0 |;
D! 0 A’ 0 0 S, -5,

D,=J,A,, A"=J.1;; C,=cosv, Sy=sinvy;

matrix A, composed of unit vectors of the RW’s axes;
Me=M"4+M4; G = G° + D,q is the AM vector of
whole mechanical system, G° = K + H, K = Jw; the
columnsH = {H;}and h = {h,}, h, = J,.Q, represent
AMs of the RW cluster and individual RWs related by ra-
toH = A hy AT=[y;]; V, = [£07 | W, = [Q])2;
a vector of the MD torque is M™ = {m}"} = —L x B,
where vector of electromagnetic moment (EMM) L =
{l;} with components |/;| < 1™ and the induction vector
of the Earth magnetic field (EMF) B=BDb with unit vec-
tor b are defined in BRF; the columns m = {m,,} and
m' = {mg} represent the control torques and torques of
dry friction forces along the axes of the RW rotation, and
vector M4 — external disturbing torques.

The values of control torque and own AM for each
RW are limited, |m,(¢)] < m™; |h,(¢)] < h™. Fur-
ther on, for the RW cluster we use the torque vector
M = {M!} = —H" = —Ah with the symbol (-)* of
a local time derivative.

When the SC with RW cluster is considered as a free
solid (M° = 0) and the ACS has a balance by its total
AM vector (G = 0), the SC angular motion in inertial
reference frame (IRF) is described by the model

A=Aow/2; w=J"'"M'=¢e=u. ()

At applying the MPR vector ¢ this kinematic model of
the SC angular motion takes the form

o=(1-0*)w/4+(0 xw +0o(o,w))/2; w=u (3)

with initial conditions o(t,) = 6,, w(t,) = w, and the

vector 0, =€, tg(®P,/4) is arbitrary when |®,| < 27.
For the SC guidance law A”,w?, e? = w" in the IRF

the error quaternion E = (eg,e) = APoA corresponds
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to Euler parameters’ vector £ = {eg, e} with e = {¢;},
the angular error matrix C® = C(€) = I3 — 2[ex]Q}
with the matrix Qe = Q(€) = Izeg + [ex], the MRP
vector 0¢ = e®tg (®°/4) and the angular error vector
d¢ = {dé:} = 2{eoe;}. The error vector dw = w® in
angular rate is calculated by the ratio w® = w — C°w?.

Assume that a discrete measuring of the SC orientation
A; = A(t;) is performed by the SINS with period T},
1eNyg=10,1,2,...). Let’s also assume that at the time
moments tx, k € Ny with the period T, the RW digital
control is formed, and the MD digital control acts when
t € [ty,try1), 7 €Ng with a period T/ > T,.

In this paper we research the following problems:
(1) development of discrete algorithms for digital control
of both the MD and the RW cluster;
(ii) synthesis of a nonlinear digital control law ug =
u(oy,wy) for the reference model (2) & (3) with the
bounded modules of both control and angular veloc-
ity vectors, which provides asymptotic stability of the
closed nonlinear continuous-discrete reference model;
(iii) synthesis of nonlinear digital control law for the RW
cluster, which after completing the satellite’s calming
down mode provides the SC transition to its required an-
gular position in the ORF;
(iv) computer simulation of the ACS performance in the
IOMs for mini-satellite in a sun-synchronous orbit when
using the SC autonomous angular guidance.

3 Digital Control of Magnetic Drive

When the SC is modelled as a solid (MY =0; M" =0
and G = K) the model of the SC rotation dynamics in
(1) is presented in the form K+wxK =M where K =
K* = Jw and external control torque M = M™. For
synthesis of the locally optimal continuous control laws
M = M(w) we used Lyapunov function v = (K, K).
As a result, we have established that during the SC calm
down with minimum coercion M2 =|| M ||2 a control law
has the form M = —aKk with the AM unit vector k =
K /K and parameter ¢ > 0, and control law M = —mk,
with a module bounded by a parameter m > 0, represents
the time-optimal control torque.

Assume that in the time moments ¢, = rT"*, r €
Ny the EMF induction vector B, = B,b, and vec-
tor w, are measured by the MM and the ARS clus-
ter. At formation of the command M, = —aK,
for the MD torque vector on each time semi-interval
t € [tr,ty41) with period T/, first, we define vector
ME of required variation for a pulse of control torque

trya

M = [ K(7)dr = K, (1 — exp(—aT™))k,

tr
with its presentation M2 =b,. x (MP xb, Hb,.(ME, b,).
Then we assign value MP™ = b,. x (M2 x b,.) with
condition b, (M2 b,) = 0, that ensures the MD en-
ergy saving. Next, vector of required variation for a
pulse of control torque MP™ = —AI"k, with module
AI™ =K, (1 — exp(—aT™)) and unit vector k,. is ap-
plied to form the EMM digital control vector L. = {l;,.}
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Figure 2. Changing the SC angular velocity vector at digital control by the MD and RW cluster in the [OMs

for magnetic drive. Moreover, a mutual orientation is
defined for the unit vectors b, and k, in the BRF. If
|(b;, k;-)| > cos(7/3) than the MD is not switched on at
the current control period, otherwise vector L, = {l;,}
with restricted components |l;.] < 1™ is formed by ex-
plicit relation L, = (A /T™)(b,. x k,.) /B,.. That algo-
rithm is applied also for the RW cluster unloading from
accumulated angular momentum.

4 Digital Control of the RW Cluster

Normalized to h™ form the RW’s AM vector h =
{hp} with h, = h,/h™, |h,| < 1 is applied for com-
puting the RW cluster normed AM as follows

h=H/b™ = {z,y,2} = {1 + z2,S,h15, Syhay},
x1=C4hiy, 1a=Chdy; hiy=hy + ho, hi, =hs + hy.

For the RW cluster, the fundamental problem is si-
multaneous distribution of its AM H and control torque
M" =—H" vectors between four RWs. Main idea of the
employed explicit distribution law consists in achieving
the strict uniformity in terms of the saturation resources
for the first and second RW pairs. In the normalized
form, the law is described by the relations

fo(h)=21 — T + p(T12Z2 — 1) = 0;
fo(h)=(a'(h),h) =@ ,(f,(h)) = —sat(u, f,(h), $,),
where &1 = 11/qy; T2 = 22/qs; qs = (4C§—32)1/2,
s =19,2;0 < p < 1and ¢,, p,, p are positive para-
meters, and column a‘(h) = {a}} = 8f,(h)/dh has
the components

al 5 =2C, (202 + Sthhm)(l + pC, h /qz)/qy,
a34—2C’ (202 S2h4h34)(1 + pCy h /Qy)/(Iz

With notation qyz =q,tq.,b=1/2, c=q,q — b?
the normed AM vector h = {z,y, z} is distributed as
per condition f,(h) = 0 firstly among RW pairs by the
relation 1 = (x + A)/2, 3 = (x — A)/2, where

A=(q./p)(1 = (1= 4plag.b+ pcl/(g)*)?),
and next among two RWs in each pair by evident re-
lations. To define column m, the relation A h = h
is supplemented with equation (a’(h), h) = ®,(f,(h)).
As a result, we obtain four linear equations and the col-
umn m of the RW cluster control torques is calculated
asm = {my}={A,, [a}]} " {-M" h"®,(f,(h))}.

The RW cluster is unloading from the accumulated

AM using a direct compensating scheme: simultaneous
formed digital command vectors L, to magnetic drive

and M, to the RW cluster are equivalent in the torque
pulse and have opposite signs, taking into account the
multiplicity of periods T, and T’,. Therefore, the pre-
liminary digital control vector my, of the RW cluster is
calculated in the form

my = {A,, [a]}H{— (M}, + M), b7 @, (f, (b))}

Each RW has a built-in micro-processor for identifica-
tion of the RW dry friction torque, here we consider only
one RW rotation axis, without index p.

The simplest approximate model of the RW rotation
is presented in form Q(t) = a(t) — af(t), where the
control acceleration a(t) = m( )/Jr and acceleration
at(t)=af sign(Q(t)) € [~al, al] describes the dry fric-
tion torque, moreover for known RW moment of inertia
J,. the parameter af =m/ /.J, =const is unknown.

Assuming that a!(t) = al = const Vt € [ts,ts11), 5 €
Ny, the discrete Luenberger observer

QS+1:Q + (as — a5)T, + gt 0Q4;
1;+1 *a + 92 6953 5Qs+1 *qutl Qs+1
with period T, < T, is applied when the RW rotation
velocity €2(t) changes only in a small neighborhood of
its value Q =0 for obtaining an estimate ', where pa-
rameters gt and gf are defined by explicit relatlons.

In this case, a discrete estimation of the RW dry fric-
tion torque has the form 7! = .J, al. This allows to
obtain the estimations i (¢ ) vVt € [tk7tk+1) k € Ny
taking into account the multiplicity of periods T, and
T,. Approximate compensation of the RW’s dry fric-
tion torques is implemented by using the vectors my =
{mpr} and mi = {m;k}. As a result, the final vector
my, of the RW cluster digital control is formed by rela-
tion my = my, + 1’i1§C

5 The Reference Guidance Model

Direct and inverse kinematic equations for the MRP
vector o are represented in the form ¢ = B(o)w and
w = D(o)o with the matrices

B(o) = %(1 — oIz + %([ax] +[o-0o]);
D(o) =B~(0) = (8/(1+0%)*)B(0).
Compact notation of second derivative of function o

=(1/2)[~{o,0) w+(1/2)(1—-0?)e+6 x w
+0 xe+0{(o,w)+o(0,w)+0(0,€)]
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Figure 3.

Changing the EMM vector at the MD digital control in the mini-satellite’s calm down mode
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Figure 4. Changing the MD torque vector at its digital control in the mini-satellite’s calm down mode

brings the controlled part of the reference guidance
model to the form 6 = v = b(o,w) + B(o)u with
function b(o,w)=([(B(o)w)X] + [ - B(o)w])w/2.
Using the methods of feedback linearization, modal
synthesis and vector Lyapunov functions [Somov, 1996]
for model ¢ = v on a single desired spectrum S, =
—a + jB with j = v/—1, we have obtained the con-
trol law v(o,0) = —(k,0 + k,B(o)w). In discrete
form with period T, this control law is represented as
v =—(kloy + kIB(o))wy). Here, for a given norma-
lized regulation time 7., the coefficients k¢ and k2 are
calculated using explicit relations
we = 3/(ET); a = wn, B=w.(l - )2
a; = —2exp(—aT,)cos(BT,), az = exp(—2aT,);
kg = (1+ a1 +a2)/T3, kG = (3+ a1 — az)/(2T),
which are fair V £ > 0. Preliminary control law is de-
fined as u(o,w) = {4} = D(o)(v — b(o,w)), that
provides uniform asymptotic stability of trivial solution
for model (3), and its discrete form is represented as

W, =—[D(op)(kio, +bloy,wy)) + kiwi]. @)

When digital control is finally formed at the time ¢y, the
restrictions on control vector module (ju] = v < u™)
and angular velocity vector module (jw| = w < w™)
are taken into account in (4) according to the following
simple algorithm A:

1) by the value of digital control @, (4) at the time ¢y,
there is calculated predictive value of angular velocity
vector wz =wy, + uiT, achieved at the end of the time
interval duration 7),, and if |w{| > w™ then control vec-
tor Uy, is redefined as Uy, = (w™ (W} /wi) —wk) /Tu;

2) next, if || =t > u™ then vector ux =u™ Uy /Uy
Vit € [tg, tg+1) is formed, otherwise vector uy =y

Checking the operability of this digital control law was
presented in our article [Somov et al., 2021].

6 Autonomous Digital Control

The autonomous guidance and digital attitude control
of the mini-satellite is based on analytical relations link-
ing the required coordinates of the SC state with the mea-
sured coordinates of its angular movement.

Considered problem consists in the synthesis of the SC
autonomous control laws in the initial orientation modes,
including the SC bringing from an arbitrary orientation
in the IRF to the specified orientation in the ORF, for
simplicity coinciding with this reference frame. In this
case, at quaternion A° of the BRF orientation in the IRF
we obtain the SC guidance law A = A°, w?P = w°
and e = £°. In the ORF Ox°y°z° the SC orientation
is defined also by the Euler-Krylov angles ¢; (roll), ¢o
(yaw) and ¢3 (pitch) in the sequence 312 of elementary
turns, that make up the column ¢ = {¢;} and the matrix
Co(p) =C*=C(€).

All kinematic parameters (A°,w® and £°) of the ORF
angular motion in the IRF are formed directly onboard
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Figure 5. The angles ¢; and @€ of the SC rotation in ORF
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Figure 8.

mini-satellite, first with period 77" during the SC calm
down in the IRF and then with period 7, based on the
methods of a filtering, approximation and interpolation
[Testoyedov et al., 2017].

On the other hand, quaternion A of the SC actual orien-
tation in the IRF and vector w of its angular velocity are
measured by the SINS and ARS cluster, so we have an
opportunity for the SC autonomous control in the IOMs.

Assume that SC separates from a booster at the time
to =0 and the SC angular rate vector w(t) takes the value
wo =w(to) with an arbitrary quaternion Ag =A(¢o) of its
orientation in the IRF. Then the vector of digital EMM
L,.={li+}, liy = constVt € [t,, t,+T") with ;-] < 1™
begins to form automatically using measurements only
of the magnetometer and the ARS cluster. As a result,
the vector M™(¢) = {m(¢)} Vt € [ty ,tr + T2), 7 €
Nj is generated to slow downing the SC rotation in the
IRF and the SC’s angular calming mode ends when the
condition |w(t)| < w} is met for a given value wj =
lw(t7)| at any time moment ¢ = ¢7.

At the same time moment the values A,; = A(¢7) and
w? =w(t7) are measured by SINS, next they are used at
calculating the initial conditions for the mode of bringing
the SC orientation to the one specified in the ORF.
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At t > t} the measured variables A}, w$, €5 and
Ay, wy are applied for calculating the values o =
e, tg(Pr/4), Ex, E, C5 =C(Ex), 0f, = €, tg(D%/4),
wf, = dwy, =wy, — CLwy, ¢, That allows to calculate
the RW cluster digital control vector by main relation

= wi x GY + J(Cel + [Clwp xJwy + 1), (5)

where vector G = Jwy + Hj, and the vector my, is
formed in accordance with the following two stages:

1) Vt € [t},t5) while ®°(t) > D¢, = P°(t3) for a given
value @3, at any time ¢ = ¢3, vector my, = uj, is calcu-
lated for error in MPR vector o in the form

af, = —[D(a})(klof, + blog,wy)) + klwi],  (6)

but taking into account general restrictions on modules
of vectors wy, and uy, in algorithm A;

2) at the notation €, = —0¢,,, the digital vector my, is
implemented V¢ > ¢35 as follows

gr+1 = Bgi + Cei; my = K(gr +Per), (7)

where B, C, P and K are constant matrices.

7 The Results of Computer Simulation

Let’s assume that a mini-satellite with a mass of 250
kg is placed in a sun-synchronous orbit with the alti-
tude of 600 km, inclination of 97.787 deg and ascending
node longitude of 30 deg, and at the time ty = 0 the SC
is flying over the orbit’s ascending node when separat-
ing from a booster with the angular rate vector module
wp = 3 deg/s. Assume also that MD has the constraint
1™ = 10 Am? for components of the EMM vector, the
period T = 4 s of its digital control, and in control law
of the RW cluster with period T;, = 0.25 s, restrictions
w™ =1 deg/s, u™ = 0.3 deg/s? in the reference model,
the coefficients k¢ and k¢ were calculated for parame-
ters T,.=60 T, and £=0.95.

In Fig. 2 we present the simulation results for the an-
gular velocity vector w(t) of mini-satellite at its digital
control by both the MD and the RW cluster in all initial
orientation modes.

For given value wj = 0.5 deg/s, the time ] = 6336 s
of the SC’s calming mode end is defined automatically,
as well as the values A,q, w}, 0$; =e$; tg(Pe, /4) with
®¢, =175.56 deg and w$; =w] —C% w?; . Changing the
vectors L and M™ of the MD in this mode are presented
in Figs. 3 and 4. For given value ®¢, = 0.083 deg=300
arcsec, vector law m in (5) is switching from (6) to (7)
at the time moment ¢35 =6583.6 s.

Changing the angles ¢; (roll, blue), ¢2 (yaw, green),
o3 (pitch, red) and the angle ®° (black) of the SC ro-
tation in ORF V¢ > t7 = 6336 s are presented in Fig. 5,
and some details in changing the vectors w, M" and m at
bringing the SC orientation to the ORF —in Figs. 6, 7 and
8. At last, in Figs. 9 and 10 we present the errors in an-
gular velocities dw; and angles d¢; at the ACS transition
to the steady-state mode of the SC angular stabilization.
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5¢,arcsec

-5

i ; i i i
6800 6900 7000 7100 7200
ts

Figure 10. Changing the vector 5¢ in the stabilization mode

Here, all noises in measurements and disturbing
torques were taken into account, but careful filtering
of measurements and selection of parameters for au-
tonomous digital control laws allowed to achieve good
results on the mini-satellite’s ACS accuracy during the
mini-satellite initial orientation modes.

8 Conclusions

Autonomous angular guidance and modularly limited
vector digital control using a vector of the modified
Rodrigues parameters are applying to bring the space-
craft’s orientation from completely arbitrary to the re-
quired one.

Autonomous vector digital control laws of a three-axis
magnetic drive and a minimally redundant cluster of the
reaction wheels (flywheels) are applying to calm down
of a mini-satellite’s somersaulting after its separating
from a booster and to bring its orientation to a given po-
sition in the orbital reference frame without any propul-
sion unit.

The paper’s main new breakthroughs are the following:

(i) autonomous vector digital control of the flywheel
cluster with explicit distribution of control torque vector
between flywheels taking into account limited resources
of the cluster on vectors of control torque and angular
momentum;

(i1) unloading the flywheel cluster from accumulated
angular momentum using magnetic drive with its digital
control by original compensation scheme;

CYBERNETICS AND PHYSICS, VOL. 10, NO. 3, 2021

(iii) built-in identification and compensation of a dry
friction torque on a rotation axis of each reaction wheel.

The developed methods and algorithms for au-
tonomous guidance and digital control of mini-satellite
in the initial orientation modes are presented, as well as
the results of computer simulation taking into account all
noises in measurements and disturbing torques. These
results were demonstrated good accuracy of the mini-
satellite’s attitude control system, achieved by careful
discrete filtering of measurements and choice of para-
meters in simple digital control laws.

The developed algorithms for autonomous guidance
and digital control of geodetic mini-satellites are sim-
ple, reliable, and implementable in space technology
[Testoyedov et al., 2017].
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