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Section 4 — System design for small satellites

Abstract: In this paper, the authors propose a new architecture for the control of the satellites’
attitude by using a control law mainly based on a proportional-integrator component with respect to
the quaternion vector and to the satellite’s angular velocity vector. The control law has two nonlinear
components with saturation zone,; the actuators’ saturation will be considered both from the
generated gyroscopic couples’ point of view and from the gyroscopic frame angular velocities’ point
of view. The new obtained nonlinear control system is software implemented and validated through
complex numerical simulations; the stabilization and the control dynamic characteristics of the system
are obtained and analyzed in detail.
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1. INTRODUCTION

To answer well to multiple tasks, the satellites must have good rotational handling and agility.
Such satellites need an automatic system for their attitude’s control by performing fast slewing
maneuvers.

To perform fast slewing maneuvers, such satellites must use an automatic system for their
attitude’s control because the physical limitations of the sensors/ actuators, the structural
rigidity of the satellites and the mission’s type influence the repositioning maneuvers of the
satellites [1-3].

Sometimes, the Euler equation describing the satellite’s evolution of the orientation on its
attitude proves to be too difficult to work with and, therefore, the attitude’s dynamics must be
put into a double integrator form with respect to the parameters describing the satellite’s
attitude [4].

The parameterization of the satellite’s attitude is mainly described by the cosine rotation
matrix which is associated to the orthogonal group SO(3) [5-8]. Because the usage of the
cosine rotation matrix leads to difficulties in the numerical implementation process, a solution
to the problem of satellite’s stabilization is to use the quaternion parameterization [9-11]. A
new and interesting method to control the satellite’s attitude is without angular velocities [12-
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16] and, as a consequence, the main purpose is to control the attitude of satellites without using
gyros, but the method proved to be very expensive [11].

Because the Euler representation is always characterized by an inherent geometric
singularity, a four-parameter description of the satellite’s orientation, known as “quaternions”
is more often used [17]; the advantage of using quaterninons is related to the fact that
successive rotations result in successive multiplications of the quaternion commutative
matrices [17].

The present study involves the design of a new architecture for the control of the satellites’
attitude by using a control law mainly based on a proportional-integrator component with
respect to the quaternion vector and to the satellite’s angular velocity vector; the control law to
be designed has two nonlinear components with saturation zone; the actuators’ saturation will
be considered both from the generated gyroscopic couples’ point of view and from the
gyroscopic frame angular velocities’ point of view.

The new architecture is implemented and validated through complex numerical
simulations for the case of a mini-satellite involved in a typical maneuver (complete cycle)
around its own axis.

2. DYNAMICS OF THE SATELLITE

The motion of the satellite (S) is achieved on an elliptical trajectory in the plane containing
the center of Earth.
The attitude of a satellite (Euler angles — 6,¢ and v ) can be defined by means of the

quaternion vector q = [g, g, 0] -

The significances of these angles are similar to the ones expressing the attitude of an
aircraft with respect to the Earth tied frame: ¢ is associated to the roll angle, 6 — associated to
the pitch angle and y — associated to the direction angle [18].

The absolute motion of the satellite is described by the equation [13]:

Jo + 0 Jo = u, 1)

where @ is the vector of the satellite’s angular velocities, J — the inertia moment, u — the
control law for the stabilization of the satellite, while @* is the following matrix:

0 —o; o

X

O =| 0 0 -0, 2)
-0, o 0
with ®, , ®, , ®; — the components of the satellite’s angular velocity ((I) = o +0,] + co3IZ).
The stabilizing control law can be chosen as [13]:
u=-K,q-Kyo+oJo, (3)
such that the satellite’s dynamics (1) gets the form:
Jo = -K g -Kyo, (4)

with K, and Ky — gain matrices having positive terms.
Putting together the equation (4) and the differential equations of the quaternions [19]:
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11
g=--0q+-0,0,

2 2
. (5)
= LeTg.
Qs > q
one obtains the equations of the closed loop control system:
Jo = -K,q - Ky,
4= 0+ g
2 2 (6)
. _ _l T
g, = > ®q.
If one chooses the matrices K, and K; as:
K, =k,J = diag [kp K, Kysd, -
Ky = kqJ = diag [ky; Kyp Kys]J,
the closed loop control system is asymptotically stable [20] and the equations (6) become:
o =-k,q -k,
4= 0+ g
2 2 (8)
. 1
Uy =— 5 ®'q.

These equations describe the automatic control system of the satellite’s attitude around
its own axis; thus, the motion’s control will be achieved by using the quaternion and the
angular velocities’ vectors.

3. DESIGN OF THE NEW ARCHITECTURE FOR THE
CONTROL OF THE SATELLITES’ ATTITUDE

Denoting with x = [q ,co]T — the state vector of the system (8), then a saturation function
depending on the vector x(6x1) has the form [21]:

sat (x) = [sat, (x,) sat,(x,) ... sats(xs)]", 9)
where
X7, X <X,
sat; () = 1% % < [ %] (10)
XX > Xt

A command law for the control of the satellite around its own axis, having two nonlinear
functions (saturation type) is described by the equation:
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u=-Ksat(Pg) - Ko + oJo, (11)

with
K, =k,J = diag [kpl Koo kp3]J, Ky = k4J,P =diag[p, p, ps]. (12)
where Kpis Py s =1,3 and kq are positive constants (control law’s parameters) to be

determined; this is equivalent with the control law (4). Using this, the closed loop control
system is described by the equations:

Jo = —K sat(Pq) - Ko,

4= 0q+ g0
2 o (13)

A
q, = qu'

We consider the motion of a mini-satellite which performs a typical maneuver (a complete
cycle) around its own axis (with constrained angular speed); the three phases of the motion are
[21]:

1) the accelerated angular motion;
2) the uniform angular motion;
3) the braked motion.
In the first phase, S makes a rotation around its awn axis with the angular velocity o ~ t,

®~u=M (M — the equivalent gyroscopic moment) with the components of the vector M
being constant (M; = const.).

In the second phase, S is rotated also around its awn axis with the angular velocity
®=o" =const,®@~u=0 (response to a null input), while, in the third phase, S is rotated
around its awn axis with the angular velocity @ ~t,®@ ~ u=—-M.

A gyro system consisting of four control moment gyros, is used to control the satellite;
both the speed gyros’ saturation and the saturation of the actuators will be taken into account.
We also consider that the moments generated by the actuators (gyros) — M, satisfy the

inequality:
Mi| < M i=1,m, (14)

where m is the number of the actuators and M; — the maximum value of the moment M; ;

generally, m > 3 or m—3>1 to be assured that there is at least one actuator that works
under the failure of three of them.

The control vector is u = [u, u, u,]", with u,,u,,u,— the control moments acting
around the fixed axes of the satellite linked frame.

Also, we denote with M = [M; M, --- M ]" — the vector of the moments generated by
the actuators with saturation and with M, = [Mgl Mg, - My, T — the vector of the

moments generated by the actuators without saturation (see fig. 1). In these circumstances, the
vector u can be expressed as follows:
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M,
b11 b12 blm M
2

u=8BM =[o b, ... b, J[M; M, . M T = by by by L7 | =
bay bgy -+ by M,

b M; +b,M, +-- + b My by by, By (15)
=|byM; +0,,M, + -+ b, M | = [0y My +| Dy, My + -+ |y, M, =
by;M; +b3,M, + - + by M by, b, b3y,
by ) b

=M, +b,M, +---+b.M;
B is the transformation matrix (the distribution matrix of the vector M around the command

axes of the satellite), while b ,i =1,3, j =1,m, are the weights of the induced moments by

the moment of the actuator j (M;) around the axes i of the satellite; bTh; =1. At least three

vectors b; from the m vectors must be linearly independent in order to achieve the control of
the satellite after its three axes.

If B* = (BT B)ﬁ1 BT is the pseudo-inverse of the transformation matrix B, then:
M, = B*u,. (16)

In the ideal case when M = M, the matrix B is invertible and, therefore, B* = B~1; in

that case, u = u, i.e. S is controlled by the command vector u.. If the saturation appears to at
least one of the actuators, then M = M, ,u # u. .

Let us denote with 6, — the constrained maximum rate of S during its rotation around
its own axis (rotation described by the equations (13)), with the saturation of the gyros and
9(0) = 0,@(0) = 0; also, let us suppose that t* is the time moment at which the conditions

Ipai(t") =1 and g;(0);(t) > 0,i =1,3, vt € [0,t"] are fulfilled. In [21] it is proved that if
one chooses:

S 1C) P 1)

" e

where k = diag |k, p, K,,P, KosPs), with ko, p; — positive constants, then, for t e [0,t"],
the following properties are true: 1) the motion of the satellite is achieved around an own
axis q(0); 2) the constrained maximum rate of S is finite, i.e. [o(t)] < 6, ; 3) the attitude

error ||q(t)|| is monotonically decreasing; 4) at the time moment t, one has:
|piqi(t*1 =1,i=1,3.

We choose the control law u,, with nonlinear element having saturation, which ensures
the achievement of a typical maneuver by the satellite;

u, = -Ksat (Pq) - Kyo, (18)
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with K, Kq and P of forms (12); the relationships between the control law’s parameters (k ;

and k, ) are (17).

Putting together the equations (15), (16), (18), the equation describing the dynamics of
the satellite, the equations of the quaternions — (5) and the correlation formulas between the
components of the quarternion vector g and the satellite attitude angles [19]:

2(,9; + 6,94

~7 - Q3 +05 +aF

¢ = asin [2 (q1q4 — (203 )]v (19)
2(0,9, + 90,)

~q7 +05 -0 +05

one obtains the automatic system for the control of S around its awn axis — fig. 1.

By using the criteria in [21], the nonlinearity of the actuators’ saturation under
normalized form is described by the next two equations:

0 = atan

y = atan

M .. -
o(q, ®) = max|=%{,i =1, m; (20)
|\/Ii
Mg, o(d,0) <1,
M=sat|\M_)=1<__ M
at(Mg) =1 " o) > 1 (21)

Pq

4

Fig. 1 — The automatic system for the control of the satellite around its awn axis

4. NUMERICAL SIMULATION AND CONCLUSIONS

In this section, the satellite’s attitude control system (fig. 1) is the software implemented and
validated in Matlab/Simulink environment, for the case of a mini-satellite.
The attitude of the satellite (the angles 6,¢ and ) will be controlled by using a

control law mainly based on a proportional-integrator component with respect to the
quaternion vector § = [q1 q, O3 q4]T and to the satellite’s angular velocity vector ().

According to (5), the modification of the vector o leads to other expressions of the
quaternion vector g, this resulting in the change of the satellite attitude (see eg. (19)).

As we already stated above, the motion of the satellite is described by three phases: the
accelerated angular motion, the uniform angular motion and the braked motion [21]. The control
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system is also described by four actuators (m = 4) which are placed such that the matrix B has
the form [21]:

COSo. — COSOL COSaL — COSal
B=|sina 0 -—sina 0 [, a=45deg. (22)
0 -sina O sin o

also, the following values are used:
M, = 0.25Nm, 6, = 0.3deg/s,J = diag [20 20 15]kg - m?,
G§(0) = [0.45 0.5 — 0.5 0.5454]", ®(0) = 0,,,,4(0) = [6,(0) 9,(0) 4;(0)]; ® and @* have the
forms o = [0, ®, ®,]' and (2), respectively.
The nonlinearity sat (M, ) is described by the equation (21), with (g, @) of form (20);

Mg, i= 1,4, are the components of the vector M, and their values are introduced every
iteration in the equation (20) for the calculation of o(q, ®) = o(q(t), @ (t)). M

means of equation (16).
We chose &=0.707 and ®,=0.1rad/s; using these values, one obtains:

Ky =kgd = 280, , K,P = k] = 202J; it resulted k, = 26w, = 0.1414,k = 20 = 0.02
and

o Is calculated by

Ky = diag [2.828 2.828 2.121], K P = diag[0.4 0.4 0.3]. (23)

The matrix K, is determined with K, =k,J, where k, =diag|k,, k,, k| The

o1 =1,3, are calculated using (17); it yields K, =10-2diag[46 51 38].
Matrix P is determined by means of equation (23) with K, presented above; it results:

coefficients k

P = kK;1J = diag[87.14 7843 7843]. (24)

The nonlinearity sat; (Pq) = sat (I5,) is described by the equation:

-4, P<L,
sat; (PQ):Sat(}Si): Isl |5; € [_ Li'Li]' (25)
L, P>L,

with L=[L, L, L,J. L,,i =1,3, are calculated from the condition associated to the steady
regime (u, = 0), i.e.

KoL = Kyl = KO (26)
or

KoL = KO (27)
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equivalent with the following one:

kay OO
le—de = ,|=1,3. 28
Kpi h |Qi (0] (28)
The Matlab/Simulink model used in the validation process of the control system in fig. 1
is the one presented in fig. 2.a; this model includes two sub-systems:
1) “Subsystem omega_x" — fig. 2.b (mainly based on equation (2));
2) “Subsystem q and q4” — fig. 2.c (used for the calculation of the quaternion ¢ by using

information from the vector of angular velocities (@) — equation (5)).

omega_x omega_x

omega J4—,

¥y ¥

™ atrix F

I | Multiply
1ésigma Fraduct

Subsystem emaga_x

¥y

e
J* Kp

=
a

Saturation L3

»
E} = matrisc _"{_1—4_)
» )
multiply po— Froduct Az qelid !
Horiz Cat Froduct M atrix _’El
HDH - <Tomegal| Multiphy
Froduct
T
omega_x
M atriz —= 7
] Multiply q
Froduct —.‘*El
b. c.

Fig. 2 — Matlab/Simulink models for the satellite’s attitude control system

In fig. 3.a we present the time histories of the satellite’s attitude angles (9 O, \y), angular
velocities (0)1 , @, ,oog) and of the three components of the control law u; in fig. 3.b we present
the time histories associated to the components of the quaternion 6(a,,d,,ds,9,), the
components of the vector M (M, M,, M, M,) and the norm [eo(t}] .
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Fig. 3 — Time histories of the main variables associated to the satellite’s attitude control system
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As one can see in fig. 1.a, the control of the satellite’s attitude is achieved by controlling
the quaternion vector g and the satellite’s angular velocity vector (@). Actually, the first

component of the designed control law is of proportional type and ensures the convergence
of the quaternion vector q to the desired quaternion g =1[0 0 0]", while the second

component of the control law cancels the deviation of the angular velocity vector from the
one associated to the reference frame.

The closed loop control system has good convergence, global asymptotically stability
and q(t) > 0,w(t) - 0; on the other hand, as one can notice from fig. 3, the cancellation of

the vectors g and o leads to the cancellation of other variables: the deviation of the

satellite’s attitude angles with respect to their desired values, the components of the vector
M (M,,M,, M, ,M,) and the three components of the control law u.

The closed loop control system has been proved to be characterized by convergence and
global asymptotic stability.
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