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Cucmemu ma npoyecu KepyeaHH:

OpraHamMH CyInyTHHUKA € TPH JBUTYHH-MAaXOBHUKH Ta MarHiTHi KOTymku. Po3pobie-
Hi aJITOPUTMHU KE€PYBaHHS CYIYTHHUKOM IIPH 3aCIIOKOEHHI, pO3BOPOTI Ta cTadiiiza-
il KyTOBOTO IOJIOKEHHS. AJITOPUTMH HAJAIITOBYIOTHCS B 3aJISKHOCTI BiJl mapa-
METpiB CyITyTHHKA Ta 3a0€3MeYy0Th HOT0 CTIMKHMIA PyX Ha BCiX pekumax. Po3ris-
HYTI MPUKJIAIU IMITAI[ifHOrO MOJEIIOBAaHHS PyXy CYIYTHHKA 3a TIOBHUMH HEi-
HIMHHUMH MOJICTISIMH, 5IK1 TIOKa3aJid €()EKTUBHICTh Ta YHIBEPCAIbHICTh aJITOPUTMIB.
[TopiBHIOETBCS €PEKTHBHICTH aTOPUTMIB KEpyBaHHSI BUKOPUCTAHHSIM JBUTYHIB —
MaxOBHKiB Ta MarHiTHUX KOTYIIOK.

En The task of developing a microsatellite orientation control system using rota-
tion wheels with limited control moments is under consideration. For the synthesis
of control laws by the method of analytical construction of optimal regulators by
minimization of the integral-quadratic functional, the dynamic equations of the ro-
tational motion of the satellite are linearized. The governing bodies of the satellite
are three rotation wheels and magnetic coils. Algorithms for controlling the satel-
lite during stabilization, turning and stabilization of the angular position have been
developed. Algorithms are tuned depending on the parameters of the satellite and
ensure its stable movement in all modes. Considered examples of simulation the
satellite movement using full nonlinear models, which showed the effectiveness
and universality of the algorithms. The effectiveness of control algorithms for the
use of the rotation wheels and magnetic coils is compared.

Introduction

A large number of publications [1 - 4] are devoted to the research of satel-
lite orientation and orientation control systems. They provide an overview of the
main recent achievements in the field of algorithms for active magnetic orienta-
tion of satellites. The damping of the angular velocity of the satellite is consid-
ered. The promising topic of using a purely magnetic orientation system, which
provides an arbitrarily specified three-axis orientation of the spacecraft, is ana-
lyzed. The possibility of implementing any mode of movement of the apparatus
is shown, but the accuracy and speed of the orientation system are small. The
all-magnetic orientation system has not yet been tested in flight tests, and re-
search is far from complete.

When controlling with feedback in a magnetic orientation system, a care-
ful selection of gain coefficients, a general limitation of the magnitude of the
control moment, and the accuracy of knowledge of the inertia tensor are neces-
sary [5]. The stabilization of a satellite with a pitch flywheel, stabilization with
flywheel engines is considered [3]. In these cases, practically important modes
of motion are achieved — orbital orientation and inertial stabilization.

In the vast majority, the problems of theoretical research of microsatellite
orientation control systems have been solved. But there are no practical recom-
mendations for the use of certain algorithms. It is shown that active systems al-
low implementing any orientation and high speed at the cost of increasing the
complexity, volume, mass and cost of equipment, power consumption, which
significantly limits the possibility of using such systems for small satellites. It is
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shown that feedback control is convenient for implementation on an on-board
computer, but its implementation is complicated by control limitations [6]. This
control, because of its simplicity and the large amount of completed research, is
a good option for flight practice.

Research into the possibilities of controlling the orientation of microsatel-
lites by flywheel motors and comparing it with a magnetic control system is rel-
evant.

Formulation of the problem

We will consider the task of developing a system for controlling the orien-
tation of a microsatellite with motors - flywheels and evaluate its effectiveness
with limited control moments.

Mathematical model of the satellite's rotational motion development

Consider the equation of the dynamics of the rotational movement of the
satellite relative to the axes of the connected coordinate system, which coincide
with the main central axes of inertia:

J, —J M — M
y Z(Dy(DZ‘I‘ X; d)y ‘JJJ Nox JY.

X X y y 1
O)Z:
J

where J,,J,,J, are the main central moments of inertia of the satellite,

o =

X

Z

00, + 7

z z

o,, ®,, ®, are the projections of the angular velocity of the satellite on the axis
of the linked coordinate system; M, M, M, — projections of the main moment

of external forces on the same axes.

To obtain the laws governing the satellite's rotational motion, equation (1)
must be linearized. We also linearize the Euler equation for orientation an-
gles [7]. After the transformations, we will obtain the differential equations of
the rotational motion of the satellite in deviations:

. ) X oy wz .
Ay=ajAy+ajAy+a/A3+a Ao, +a Ao, +a"Ao,;
Ay =alAy+alAy+a AS+a) Ao, +a) A,;
AS=alAy+alAy + a5’ Ao, + a5 Ao,; 2
Ad, =all Ao, +asA®, +bYAM ;

. X Y4 M .
Aw, =a Ao, +a, Ao, +b,)AM ;

hd _ X oy Mz
Aw, =a,Ao, +a,,Aw, +b'AM
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Here, the symbol A indicates the deviations of the satellite motion pa-
rameters from their program values at the linearization point, a’, b/ are coeffi-
cients depending on the program values of the angles 3, v, v and angular veloc-
ities ®,, ®,, ®, .

From the linearized equations (2), we will create a mathematical model of
the rotational motion of the satellite in the state space:

X = AX +BU, (3)

where the state vector X =(Ay,Ay,A8,A0,,An,Ao, )T . control vector
U =(AM,,AM ,AM, ).

Equations (3) are integrated in the Simulink package. A comparison of the
simulation results of model (3) and the nonlinear one confirmed the correctness
of the performed linearization.

Algorithms for controlling the orientation of satellites during the settling
stage. The synthesis of the laws of controlling the angular motion of the satellite
will be carried out by the method of analytical design of optimal regulators [8]
by minimizing the integral-quadratic functional

| = [(X"QX +UTRU)dt (4)
0
by control
U=-K-X (5)
with the optimal matrix of gain coefficients of the regulator
K=R"'B'P. (6)

The iterative synthesis process results in positively defined matrices of
weighting coefficients Q and R, and the required control quality is achieved.

We will use information about its angular velocity to form a controlling influ-
ence at the satellite's stabilization stage. Then in (4), (5) is a vector will look like

X = (A0, A0,,A0,) ;U =(AM,,AM,AM, )"

As a result of solving the Riccati equation for a microsatellite with the in-
ertia tensor

0,5741 0,028 -0,0144
| =| -0,028 0,6115 -0,0246 (7)
—-0,0144 -0,0246 0,572
we will get the optimal matrix of gain coefficients
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0,0018 0,0023  —0,000096
K=| 0,00217 0,0085 —0,0015 |. 8)
~0,000097 —0,0016  0,0029

Let's assume that the executive control bodies of the satellite are three
flywheel motors and three magnetic coils. When the satellite rotates, the kinetic
moments of the rotors of the flywheel engines create variable gyroscopic mo-
ments, which must be taken into account in the control laws (5). Then the con-
trol laws will have the form

W X oy fav4 _ .
M, =K o, +KPo, +K o, -1 0, 0,+] 0, ,0;

W X oy ®z .

M, =K/ o, + Kl o, + K 0, -1 0,0, +1 0,0, (9)
W oX oy wz .

M, =K o, +K,”0o, +K 0, -l o, o +1 o 0,

and with numerical values (8) for parameters (7)
M, =0.0018w, +0.0023w, —0.000096w®, - I, o, + 1 o o

m>my 'z m>mzy

M, =0.00217, +0.0085, —0.0015wm, — I, 0,0, + |, 0,®,; (10)
M, =-0.000097w, —0.0016a, +0.00290, — | .o, o, + | 0, o,,

where 1 is the moment of inertia of rotation wheel, M,, M, M, are control-

ling torques; o,,,®,,,®,, are angular velocities of engines.

mx?! “my?
At the calming stage (Fig. 1) the gyroscope unit (RG) of the orientation
system determines the angular velocities of the satellite o,, ® , ®,. Using their

scores a,, ®,,®,, as well as angular velocities o, o, ,®,, the rotation

mx? “my?

wheels, the control algorithm forms control signals U,,U ,U, for feeding to the
inputs of rotation wheels. According to these signals, the rotation wheels create
the necessary control torques M, My, M, ; Uki = M;; k; is the coefficient of the
conversion function of the i-th rotation wheel.

Taking into account (10) and Fig. 1 the appeasement control algorithm
will take the final form:

U, = ki(o.omsmx +0.0023w, —0.0000960), — 1,0, ©, + 10,0, );

u,= ki(o.oozmox +0.00850), —0.00150, — | @0, + 10,0, ); (1)
y

u,= ki(—o.oooogmx ~0.00160, +0.00290, - I, 0,0, + 1,0, 0, ),

y

To determine the requirements for the level of control torques, we will as-
sume that the initial angular velocity of the satellite in absolute value does not
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exceed 0,3 rad/s. Preliminary calculations show that for this, the maximum mo-
ment of force created by the control bodies should be at least 4,4-10° N-m. Ro-

tation wheels

in this case must provide a maximum kinetic moment of at least

062 kg m?/s.
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Fig. 1. Functional scheme of the system for controlling the rotational
movement of the satellite by the rotation wheels at the stage of
calming down

The magnetic control system creates a control torque [9] (Fig. 2)
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Fig. 2. Functional scheme of the magnetic system for controlling the
rotational movement of the satellite during the settling stage

M =mxB,
where m=(m,, m,, m,)" is a dipole moment of the coils; B=(B,, B,, B,)"is

the induction vector of the Earth's magnetic field in projections on the axis of
the bound coordinate system. We will stabilize the satellite with magnetic coils
according to the control law [4]

m=Kkox B,

(12)
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where K is a positive coefficient determined by the ability of the coils to create
a dipole moment; o is an angular velocity of the satellite.

For the simplest satellites, the settling algorithm "B — dot" is wide-
spread [1, 4]:

m = —kB. (13)
We will apply this control law in the absence or failure of the angular ve-
locity sensors, as well as for excessively large initial angular velocities of the
satellite.

Results of simulation modelling of the operation of the control system
at the calming stage

The simulations were carried out according to the satellite motion simula-
tion model, which uses the full equations of rotational motion for an orbit with
an altitude of 600 km and an inclination angle of i=97,8". The simulation re-
sults (Fig. 3, 4) confirm the correctness of the synthesis of control laws for all
possible combinations of component ratios and signs of the initial angular veloc-
ity vector. The modulus of the initial angular velocity did not exceed = 0,4 rad/c.
The time to stabilize the satellite using frotation wheels does not exceed
13 minutes (Fig. 3), and with the use of magnetic coils with the maximum dipole
moment, it reaches 20 minutes (Fig. 4).
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Fig. 3. Calming the satellite with rotation wheels under initial conditions
x0=-0,2 rad/s, wy,c=0,1 rad/s, ®, =-0,3 rad/s
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Development of satellite orientation control algorithms at the stages of re-
versal and stabilization of the angular position. The orientation of satellites can
be controlled by both magnetic coils and rotation wheels, or their joint use [4].
Consider orientation control using rotation wheels (Fig. 5). The control influ-
ences are calculated on the basis of information about pitch, roll and yaw angles
and about the projections of the angular velocity of the satellite on the axis of
the linked coordinate system. Then in expressions (4), (5) there will be state and

control vectors

o
=
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b=
o
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Fig. 4. Calming the satellite with magnetic coils under initial conditions
0x0=-0,3 rad/s, wy,=-0,2 rad/s, w,0 =0,1 rad/s
X =(Ay,Ay,A8,A0,,A0,,A0,) ; U =(AM,,AM ,AM, )

The solution of the Riccati equation from (6) determines the optimal ma-
trix of the controller coefficients
0,018 -0,0001 -0,027 0,11 -0,07 -0,068
K=|-0016 5,8-10° 0,018 -0,067 0,068 0,019 (14)
0,0002 0,00016 0,017 -0,068 0,02 0,12

T
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Fig. 5. Functional diagram of the satellite angular position control
system

We will obtain the algorithm for controlling the rotational movement of
the satellite at the stage of stabilization of the angular position, taking into ac-
count (14) and Fig. 5.

U, = (0.018(~7,) ~0,0001(y ) ~0.027(9-9,) +

+0,11w, -0,07®w, -0,0680, — | o, o, + | 0,0, );
U, = L (-0,016(y —vy,) +5,8-10°(y —y,) +0,018(9-9,) -
ky (15)
—0,0670, +0,0680, + 0,019, - | o o, +1 o, o,);
U, = ki (0,0002(y —y,) +16-10°(y —y,)+0,017(3 - 9,) -
y
—0,0680, +0,020)y +0,120, — 1 ® o, + |, ©,0,),

mmx m*my

In order to turn the satellite from an arbitrary position to a given one, in
some cases the orientation angles must be limited. The results of simulation
modelling of the operation of the orientation control system for various variants
of the initial conditions are shown in Fig. 6, Fig. 7.

The results of simulation of microsatellite reversal with parameters (7)
show the possibility of quickly reaching a given angular position from an arbi-
trary initial without the need to limit the control signals of the rotation wheels.
The turnaround time in all cases did not exceed 110 s (Fig. 6).

Control system settings. In order to make the controller widely available,
an algorithm for its adjustment is proposed, according to which the user: choos-
es the type of control body that will be used; indicates the presence of a block of
angular velocity sensors; introduces the maximum torques of the control bodies
and moments of inertia of the rotation wheels; introduces the satellite inertia ten-
sor. All calculations and settings are performed automatically by the controller
software.
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Fig. 6. Turning the microsatellite from an arbitrary angular position to a

given one
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Fig. 7. Turning the microsatellite to large angles

The low sensitivity of the adjusted control laws to changes in the satellite
characteristics ensures stable control without significant quality degradation
when the satellite moments of inertia are set inaccurately within 50 % of the
nominal values.

Conclusions

The developed mathematical model, algorithms of the control system and
settings depending on the parameters of the satellite ensure its stable movement
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during stabilization, turns and stabilization of the angular position. Algorithms
can be used in a universal flight controller for a wide class of micro- and
nanosatellites. They provide stabilization of the satellite with an initial angular
velocity of no more than 0,3 deg/s in any direction, and the stabilization time us-
ing flywheel engines for the satellites in question does not exceed 14 minutes.
When using magnetic coils in such cases, the calming time was up to
31 minutes. The time for satellites to move from an arbitrary initial angular posi-
tion to a given one does not exceed 5,5 minutes.

The efficiency and universality of the algorithms are confirmed by simu-
lation modelling of nonlinear models of three satellites, whose diagonal mo-
ments of inertia differ from each other by 11-60 times. The structure of the algo-
rithms ensures their simple configuration for a specific satellite.
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