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Abstract

In designing of the Attitude Control System (ACS) is important take
into account the influence of the structure’s flexibility, since they can
interact with the satellite rigid motion, mainly, during translational
and/or rotational maneuver, damaging the ACS pointing accuracy. In
the linearization and reduction of the rigid-flexible satellite
mathematic model, usually one loses some important information
associated with the satellite true dynamical behavior. One way to
recovery this information is include to the ACS design parametric
and not parametric uncertainties of the system. The H infinity control
method is able to take into account the parametric uncertainty in the
control law design, so the controller becomes more robust. This paper
presents the design of a robust controller using the H infinity control
technique to control the attitude of a rigid-flexible satellite. The
satellite model is represented by a flexible beam connected to a
central rigid hub considering a set of parametric uncertainties. The
results of the simulations have shown that the control law designed
with the H-infinity control method was robust enough as to support
the action of uncertainty and control the rigid flexible satellite
attitude and suppressing vibrations.

Introduction

Satellites are design with specific functions and for accomplish them;
the system need be able to execute some maneuvers around his center
of mass (attitude maneuvers). These functions are: turning the solar
panels facing the sun, stabilize the satellite after the orbital
acquisition, point the cameras and/or sensors to the Earth or other
planet, moon and star [1]. For conducting this kind of maneuver is
necessary have a lot of sensors and actuators with a good accuracy
and precision. With that, for managerial all that, one need design a
control system called attitude control system (ACS).

Appendages flexibles plays an important role in satellites system, this
system can be: powers supplies, communication, weather services,
radiators and a variety of space researches [2]. Thus the dynamic of
these flexible structures have to be included in the controller design.
Then for the attitude control design it is important to studies the
effects of the vibrational motion of the flexibles structures [3],
because this effects can interact with the satellite rigid motion,
mainly, during translational and/or rotational maneuver, damaging
the ACS pointing accuracy [1, 2].

Modeling the vibrational dynamics isn’t a simple task [4]. Exist many
methods to write the mathematic model of this candy of system, but
all this methods are not precisely because this dynamics have a
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nonlinear comportment, then for trade with this problem one makes
some assumptions and linearize the equations of the dynamics [5].
The cost of the linearization process is: lose some important
information associated with the satellite true dynamical behavior.
One way to recovery this information is to include in the ACS design
parametric and non-parametric uncertainties of the system [6].

The H infinity control method has the property to incorporate the
uncertainties in its formulation, resulting in a control law more robust
[5] able to suppress the uncertainties and this control law it has the
potential to control the real system with all his nonlinearities [6].

In nowadays due to tight integration and the increasing complexity of
the systems that there is a synergy in various fields such as the use of
aerospace control techniques in non-space systems. Than this
technique will be present can be useful for other non-space systems
here exist an interaction between the rigid and flexibles dynamics [7].
Examples of these non-space structures are: robotic arms, unmanned
aerial vehicles (UAV’s) [8] and others. This technic explores the
proprieties of robustness of the H infinity control method, given a
solution to the problem of the tradeoff between the rigid and flexible
dynamics in attitude maneuvers.

This paper designs one ACS using the H infinity method considering
a parametric uncertainty in a satellite. The model used is similar to
the China Brazil Earth Resources Satellite — CBERS, as shown in
Figure 1.

Figure 1. China Brazil Earth Resources Satellite — CBERS.
Source: (http://www.cbers.inpe.br/sobre_satelite/descricao_cbers3e4.php)
Accessed on: 02 — 01 - 2016

Dynamic Model With Parametric Uncertain

The rigid-flexible satellite was modeled like a flexible rotatory beam
[3, 5]. The actuator is located in the central part, and it is responsible
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for the control of the horizontal planar movement of the rigid
structure and by the elastic displacement, where (Xj,Yy) and (X,Y)
are the coordinates system before and after deformation, respectively.
The rigid central hub has radius R, the actuator rotor has viscous
friction b,,, and inertia Jroror and develops a torque 1(t); the flexible
beam has uniform linear mass density p, uniform bending stiffness EI
and length L; the flexible beam deformation is w(x,t); and the tip
mass is M, and inertia Jy;p; o(t) represent the tip angle and 0(t) is
the rigid angle displacement; and s(x) represent the distance between
the referential axis to an element of mass in the link.

$(x) J..m,

Figure 2. Satellite Analogous Representation

The flexible link is considered an Euler-Bernoulli beam. The
equations of motion are derived using the Lagrangian approach
combined with the assumed modes method [3], admitting two
vibrations mode.

In [3] was demonstrate that the Lagragian for this model is given by:

1. L 1
L= 50 []rotur + quJ; ¢¢decl + ,D§ (R + L)3
+ mep(@drdla + R+ L) + Jup
1. L
+56 [quT f ®(R + 5)dx + 2myip Q" (R + L) +Ja-,,qT¢']
0
1 L
+5 [pc’f [ o7 dxa + mapd” (@004 +/n,,q(¢'¢”)q]
0
1 TEI f L¢¢de
2 q ) q
1

Where € is the rigid angular displacement, q the deflection vector and
¢ is the function of the modal form.

Applying the Lagragian methodology [3, 5], one was the have the
following nonlinear dynamic, represented by a matrix form:

If+chTTq W H 6’1 Bff][g] [0 Ky [Q] [0 @

M/

with,
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L
B = k.EI fo ¢ dx

L
K;; = EI fo ¢ " dx
L . ©)
Kff =EI J q)”q)” dx

T

Mff _pf ¢¢de+mt1p¢L¢L + ]tlpd’

To obtain a linear model the nonlinear terms q'C.q, € q"C,q and

- é’zc,‘,,q are neglected due to the fact that they are relatively very

small [6]. So writing eq. (2) in standard form
Mi + Dx + Kx = Qu (M is the mass matrix, D is the damping
matrix and K is the rigid matrix), one has the dynamics linearized
model, in space state form, given by

X _1 o0 I xl] [ 0 ]

|:X2:| - [_M—lK _M—lD] X2 + M—lQ u (4)
with X; =60 and X, = q = [91 qz] is the state’s vectors and the
control u = —Kpy_X, where Ky _ is the gain calculate by the H

infinity method [3].

For imprecisely known parameter values of M, D ¢ K the dynamic
behavior [6] can be described in a general form like:

M = M + p;,8,,),D = DI + pg8,) and K = K(I + p8,) (5)

where the terms M, D and K are the nominal values, p,,, py and pj
are uncertain values and §,,, 8; and 8§, are the amplitude of the
uncertain (—1 < 8, gk < 1). For this study case, Py qx = 30%.

H Infinity Control Method with Uncertainty

One great advantage of theH infinity control method is the
possibility of designing robust controllers with respect to structured
uncertainty at the same time that is possible to obtain good
performance with respect to unstructured uncertainty [6, 9, 10].

The H infinity control method consist basically calculate a gain K
that minimizing the H infinity norm of the closed loop transfer
function,

[IF,(P, K| = max,, & (F(P,K)(w)) ©
IR, K| <y

where F;(P,K) is the linear fractional transformation (LFT) of P and
K

F(P,K)w = Py + P, K(I— P, K)'Pyy @]

The y factor is obtain numerically from a state-space realization as
the smallest value of y such that the Hamiltonian matrix H has no
eigenvalues on the imaginary axis [3, 6, 10],

A+ BR™!DTC BR'B”

H=1_cra +DR-ID")C —(A + BR-IDTC)T

®)
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where A, B, C and D are the space state matrices and R = y21—-DTD.
We can also include weight functions in the system like the Figure 3

Figure 3. Weight functions

This weight function assume the form [8]:

S Whe
Z+wp s+-be
W, =24 Wy = —2— Wys = cte 9
S = Srapa’ T T dsvayy’ KS ©)

The parameters of the weight functions: A is correlated with the
steady state, w), is the desired bandwidth of the sensitivity function,
M is correlated with the overshoot, wy, is the desired bandwidth of
the complementary sensitivity function [9].

And the generalized plant P is given by:

0 Wgs
_| 0 wr

P=lya we (10)
-1 -G

The parameter G is the plant model. The schema of the generic plant
with uncertain is given by the Figure 4.

A

uy Ya
-]
w P z
—
u v

Figure 4. Standard configuration

In Figure 4 it is possible to observe the interaction between the
generic plant (P), controller (K) and uncertain (A).

The conditions of robust stabilization are obtain K then obeys the
follow relations:

[lAK(I+GK)|| <1 (11)
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and the optimization problem is given by the functional [10]:

; -1
koo [IARA+GRO™] (12)

Controller Design

For the controller one considers the system of equations linearized
like show in eq. (4) In real system the matrices M, D e K cannot be
exactly determinate, with that we consider a uncertain in this values.
Then, we can re-write the Equation (4) in the follow form [3, 11]:

M + pp8,)% + DA+ pg8)x + K(I+ pp8)x = (13)

The matrix M~! can be represented by a linear fraction
transformation (LFT) in §,,, like:

Mt = M_l(l + pmlsm)_1 = Fy(Myni, 6m) (14)
in other form:
—1 M-!
T (15)
—Ipm M

In an analog way the parameters D = D(I+ p;8,) and K = K(I +
Pr 8y ) can be express in a LTF (Linear Transfers Function) form:

Ma = [ll?d g]’ My = [lgk g] (16)

For show the interconnections between the uncertainties, we write a
blog diagram where the inputs are (6,,, 54 and ;) and the output are
(Vi Vg and vy,). See Figure 4.

m

Um vm

u *- M ¥ | J. | * I x

Ue uc

-

Uk vk

Mk

Figure 5. Block diagram of the system with uncertainties.

In mathematical words one has:
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X,
X,
Yo | =
Yq
e
0 1 | o 0 0 |0 1
-M7R -M7D | -lp, -M'p, -M'p, | M|y
- - 1= - -0 -]
-M'K -M"'D | -Ip, -M'p, -Mlp, | -M7'||U,
0 D | o 0 0 I o ||u,
K 0 | 0 0 0 | 0 Uy
- - - - - 1 -l
[ 1 o | o 0 o | o [tu
(17)
Ul [6m O  07[Vm
U, :[0 5, 0] Y, (18)
U, 0 0 &lly

Let the G4 denotes the input/output of the system, which take into
account the uncertainty parameters as show in the Figure 6.

Um Ym
e v

Uk R Gmds Yk R

u Y
—_— —

Figure 6. Input/Output diagram.

In the Figure 6 G4 one has the input vector (U,,, Uy, Uy, U), the
output vector (Yo, Yx, Y4, Y) and two space vector (X4, X5).

The uncertain in this problem actuate in the matrices M,D and K.
Than the uncertain amplitude is given by 8, ; 4. These matrices are
diagonal, with order 3 and their value range is:

5, 0 0 -1<6, <1
Smed = [ 0 83, O ],51-,]- = [—1 <&,<1 (19
0 0 6, —1<83<1

With that ones have 27 possibilities of 8, 4 x, or else, ones have 27
cases of uncertainties for each matrix M, D and K. For this work is
considered the same & for the three matrices 8§ = §,, = 8, = 8.

Simulations

The objective of the control simulation is stabilize the tip angle () of
the flexible link in a neutral position (0°). The angle « is given by:

- WO, 20
a(t)—arctan<L+R>+ (20)

When the tip comes to the neutral positions is important to see if the
the vibration was suppress, because with that we can assure that the
control law design was robust enough to absorb the uncertainties.

Appling the H infinity control method in the plant model eq 17, one
obtains the fallow results for the initial response (the link is in the
position @ = 1°) for the 27 possible cases of uncertainty. An
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important observation is the controller gain chances for every case of
uncertain, is to say the Hy, control method researches the most robust
gain as possible. All simulations are made for a time interval of
180s.

For the simulation the constant parameter are: R=0.05m, b,=0.15
m%s,  Jow= 03kgm?, L=lm, p=2700 kg/m, ke=0.03,
EI:18.4Nm2,mﬁp:O.25kg and J“p:O.04kgm2‘ One obtains:

0 50 100 150
t{(s)

Figure 7. Variation of the attitude angle 0, the red line is the nominal case and
the blue lines are the uncertainty cases

In the Figure 7 ones have all 27 cases for the attitude angle 6. The red
line is the nominal case. The systems return to the equilibrium
position approximately in 180s for 24 cases. Is clear to see that some
cases the answer is better than the nominal case, showing the
influence of some parameters are more expressive than others in the
sense of minor overshoot and time rise.

t(s)

Figure 8. Variation of the first flexible mode q, the red line is the nominal
case and the blue lines are the uncertainty cases

In the Figure 8 ones have all 27 cases for the first flexible mode,
generalized coordinate g,. The red line is the nominal case. For 14
cases the first mode archive the equilibrium position in the 180s.
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0.01

-0.01
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Figure 9. Variation of the second flexible mode g, the red line is the nominal
case and the blue lines are the uncertainty cases

In the Figure 9 ones have all 27 cases for the second flexible mode,
generalized coordinate q,. The red line is the nominal case. In this
case the second mode, go to the equilibrium, for all cases, in
approximately 100s.

0 50 100 150
t(s)

Figure 10. Variation of the attitude velocity @, the red line is the nominal case
and the blue lines are the uncertainty cases

In the Figure 10 ones have all 27 cases for the attitude velocity 8. The

red line is the nominal case. For 24 cases the attitude velocity return
to 0°/s in approximately 180s.
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e——
—
=
g
3=
S
L=
t(s)
Figure 11. Variation rate of the firts flexible mode ¢4, the red line is the

nominal case and the blue lines are the uncertainty cases

In the Figure 11 ones have all 27 cases for the variation of the first
flexible mode, generalized coordinate g;. The red line is the nominal
case. For 14 cases the first mode archive the equilibrium position in
the 180s.

100
t(s)

Figure 12. Variation rate of the second flexible mode ¢, the red line is the
nominal case and the blue lines are the uncertainty cases

In the Figure 12 ones have all 27 cases for the variation of the second
flexible mode, generalized coordinate ¢,. The red line is the nominal
case. In this case the second mode, go to the equilibrium, for all
cases, in approximately 100s.
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0 50 100 150
t(s)

Figure 13. Angular response of the flexible angle a, the red line is the nominal
case and the blue lines are the uncertainty cases

In the Figure 13 ones have all 27 cases for the tip mass angle a. The
red line is the nominal case. Like we can see in the Figure 1 the angle
a represent de angular position of the tip mass locate in the extremity
of the beam. The response of this angle shows that the tip mass return
to the equilibrium position in 24 cases in 180s approximately.

0 50 100 150
t(s)

Figure 14. Response of the control effort t, the red line is the nominal case
and the blue lines are the uncertainty cases

In the Figure 14 ones have all 27 cases for the control signal, torque
7. The red line is the nominal case. The response of the action of the
torque shows that for some 15 cases the system archive the
equilibrium in 180s.

Conclusion

This paper presents an attitude controller design for a rigid-flexible
satellite using the H infinity method considering a parametrical
uncertainty, using model and simulation it was possible to analyses
the interaction between the rigid and flexible dynamics in an attitude
maneuver and studies the robust proprieties of the H infinity when a
set of parametric uncertainties is insert in the system.
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The results of the simulations shows that the control law design, for
the rigid flexible satellite, was able to support the parametric
uncertainty making the system return to an equilibrium position in
approximately 180s for 56% cases and for the other cases the rise
time was biggest, but the control method was robust enough to
suppress the uncertainty and suppress the vibrations. In other words,
the control law design was able to calculate new gains that provided a
good response a sense of don’t destabilize the system.

For the futures works, we think to explore every single case, with
objective to find which set of uncertainty that has greater influence
on the plant and using other plants from the UAV and/or robotic
domain.
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