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Abstract

In this paper the attitude tracking problem is solved
for a flexible spacecraft in the case of measurements of
the variables describing the attitude error. Such a con-
trol could be applied in failure situations for recovering a
spacecraft, so increasing the fault tolerance of the space-
craft control system and the success of the mission. The
result is a dynamic controller capable of reconstructing
the information regarding the spacecraft angular velocity
and those regarding the modal variables, describing the
dynamics of the flexible appendages present in the space-
craft.

Keywords: Flexible spacecraft, nonlinear control, perturba-
tion analysis, fault tolerance.

1 Introduction

First examples of application of nonlinear controllers
to spacecraft attitude control are the works [11], [12], [15],
[16], [18] (for the continuous time case) [17], [3], [7] (for the
discrete time case). Further contributions to this topic can
be found, among the works constituting a rich literature
on the subject, in the papers [27], [28], [20]. The principal
advantage of these controllers is the improvement of the
control performance, due to the cancellation of the nonlin-
earities in the model. Moreover, the decoupling between
the dynamics brings further improvements in the dynam-
ical behavior. Drawbacks of these control strategies are
(among the others) the necessity of the whole state for
feedback and the perfect knowledge of the system param-
eters.

The first of these aforementioned drawbacks is here
considered, in order to address a possible solution in the
case of attitude tracking. The importance of this problem
is easily understood once one considers that the robust-
ness (in the sense of fault tolerance) of the control system
in case of sensor failure is an obvious requirement, since
the continuation of the spacecraft mission is a crucial pre-
requisite. From this point of view, the development of
control laws which are capable of recovering such failures
assumes a significant importance, and can be considered
economically competitive with a sensor redundance pol-
icy. Previous works, which are in this direction, are [26],
[22] for rigid spacecraft, and [2], [3], [6], [8], [9] for flexi-
ble spacecraft. Clearly these control strategies have to be

considered as “back ups”, “remedies”, and not controllers
to be used in a normal operational mode.

In particular [8] regards the case of feedback from
quaternion measurements for rest-to-rest maneuvers. This
work represents its extension to the case of attitude track-
ing. Some of the present results have appeared also in [10].
The paper is organized as follows. After reviewing the
mathematical model of a flexible spacecraft in Section 2,
some results on output feedback stabilization, based on
the perturbation theory, are presented in Section 3. Then,
in Section 4 a first dynamic controller is determined, sup-
posing that the attitude parameters and the spacecraft
angular velocity are known. Finally, from this controller,
in Section 5 a second controller is determined, which does
not need the measurements of the spacecraft angular ve-
locity. Final comments conclude the paper.

2 Mathematical Model of Flexible
Spacecraft

In this Section the mathematical model of a flexible
spacecraft is briefly recalled. The model is the one used
in [15], [16], [17], and the reader is referred to these works
for the details of the derivation. Considering the equa-
tions describing the dynamics of the error quaternion ey,
e, of the error angular velocity rate we, and of the modal
variables 7, 1, one obtains the model of a flexible space-
craft
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with

Q(ep, €) = (—e
é the dyadic expression of e and I the identity matrix.
Moreover, J,,; is the inertia matrix of the main body,
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N(we, ¥, wy) = (@e + @) (Jpwe + 6T + Jw,) (2)



is the gyroscopic term, J = J, + 679 is the total in-
ertia matrix, 0 is the coupling matrix between the rigid
and the elastic structure, w, is the reference angular ve-
locity (depending on the reference quaternions), K, C are
the stiffness and damping matrices, u is the input due
to gas jets. Note that the first equation, relative to eg,
is not independent of the others, due to the constraint
relation among the four unitary quaternions. Therefore,
this equation could be eliminated from the model since
redundant. The output of the system will be considered,
in the particular problem under study, the error quater-
nions, namely y = (eo e )T. We suppose in what follows

0 1
that o | K _C
of eigenvalue. This means that K > 0, C' > 0 and, in par-
ticular, that the spacecraft structure has a non-negligible
internal damping; this is an acceptable hypothesis in com-
mon space applications.

€ €, where o(-) denotes the set

3 Some Results on Output
Feedback Stabilization

Let us consider the following nonlinear system with
relative degree r > 1

T = f(t,l’) +g(tax)u

y = hiz) ®)

withz € R™, ue R™,ye RP, f(t,0) =0, h(0) =0,
(), 9(-,+), h(-) € C? in their arguments, and a feedback
control of the form

‘% = @O(t,yvi’) + Sol(tvya‘i)y

A N (4
u = k0<taya I) + kl(tvyax)y
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with & € TR"™ the estimate of z, ¢o(¢,0,0) = 0,
ko(t7070) = 07 and QDO('a R ')a 801('7 5 ')7 k'()(', R ')? kl('a K ) €
C? in their arguments.

The following hypothesis will be used later on.

(H) The control (4) renders the origin of the feedback
system (3), (4) asymptotically stable in the first ap-
proximation. o

Theorem 1. Under hypothesis (H), the controller

:I.Aj = 900(t7y7‘/i.) + ng(t,y,.’lA’})W
(=¥ +9) (5)
u= kO(t7ya jj) + kl(t7y7‘%)w

renders the origin of the feedback system (3), (5) asymp-
totically stable in the first approximation, for € > 0 suffi-
ciently small.

Proof. Let us consider the error estimate 2 = z — 2. In
terms of x and Z, the resulting feedback system (3), (5) is

given by
AN Ji(t,a:,fc)) (g(t,x,i‘))
('i> (f(t’mv'i‘) - g(tvl‘ai‘) v (6)
V= %(—w +0(t,z))
with 0(¢t,z) = Ljh(z) = %f(t,x) the Lie derivative

of h(x) in the direction of f (since r is greater than 1,
Lyh(z) =0), and

ft.2.3) = [f(t.2) + glt. kot h(x) )|
git,x.@) = [g(t. ki (L h(2),3)]
f(t.2,3) = [f(t.2.3) = eolt. h(2).3)|
gtz @) = |3(t.2.3) 1 (L h(2),3)]

Let us define
x f_(tv'ra‘i) (t7$72~3’)
= Ft,x,¥)=|{ " 4
* (x) - Fe?) <f(t,x,:z>> ! (@(t,x@)
k(t,x) =0(t,x), G(t,x,¥)=-¥+k(tX)
so that system (6) can be rewritten as
X =F(t,x,¥)

W = G(t,x, W)

QI

The proof now follows from the application of singular
perturbation theory [19]. First, note that for all ¢ > 0 and
for all x € B, one can verify that

1) F(t,0,0) =0, G(¢,0,0) = 0.

2) The equation

v = k(t,x)

is an isolated solution of 0 = G(t, x, ¥), with k(¢,0) =
0.
The functions F, G, k € C? for all ¥ — k(t,x) € B,.
The origin of the reduced system

x = F(t,x, k(t,x))

is exponentially stable, thanks to (H).
5) Finally, setting

R
-

1
Y=v—-k(tx), TZg(t—to)
the origin of
ar
5, = Gt T+ k(X))

is exponentially stable, uniformly in (¢, x).
Then, for 0 < € < &g, €9 a small positive quantity, the
origin of (6) is exponentially stable [19]. =



4 Stabilization using Quaternion and
Angular Velocity Measurements

In this Section we suppose to measure the error atti-
tude quaternions eg, e and the error angular velocity we.
The following result, obtained in the line of [9], ensures
the spacecraft asymptotic stabilization.

Theorem 2. If the modal variables 7, 1 are not measured,
for all k, > 0 and for ky > 0 large enough the dynamic
controller

(D)% ) ()
+F(g>6(e+we)+ (5((;9@)) (we +wp)  (7)

1 ) K\

u = —kpe — kqwe — ime(eol + &)we — 67 (C) (

+ 6T Cwe + Jmpirr — (€ — @) Tmptwe (8)
- ;5(1[)7017»)(&?@ + wy)

p(1), wr) = Jw, + 0T (the “™ denotes the dyadic expres-
sion), solves the attitude tracking problem for system (1)
with a reference angular velocity w, € Lo, and derivative
Wy € LoN Lo, where I' = I'T > 0 is a gain matrix.

Proof. This result is proved by applying Barbalat theo-
rem [23]. To this aim, it is necessary to prove the bound-
edness and the square integrability of the state of the sys-
tem. To this aim, let us consider the following Lyapunov
function [19]

Vit,z) = E[(peo +e
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of| \x||) a € Koo,

n €y
is the state vector and P = P >0, "' =I'"" > 0, and
ey =1 — 1), ey = — 1) are the estimate errors.
Using equations (1), the time derivative along the sys-
tem trajectories is
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Substituting (8) and (7), V/(t,z) can be written as follows

V(t,z) = —kplle]|® — kallwel> — (Z)TQP (Z)
) A e )
() o (2)

(9)
since (e + we)T (6 + @e) Jmpwe = 0 and
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Setting
ke T 0 0 0
0 kal %P<_é>6T 0
a-| (10)
0 0 0 Or

with I the identity matrix, one has

T
V(t,z) = —xTQx—(n) PBw, < Az 2+Allw |1z,

(U

(11)
Am = mino(Q) and A = HPBéH. Once the matrices
Qp >0, Qr >0 are fixed and P >0, I'"' > 0 are deter-
mined as solution of the Sylvester equations, the matrix
Q is positive-definite for k4 > 0 large enough. Therefore,
Am > 0. Since w, € Lo, Wy is bounded, say ||w,(¢)|| < ¢,
Yt > to (this reflects the fact that §.o, ¢, are bounded,
since ¢, ¢, are unitary vectors). Hence, one has that

V(t,z) < 0 when |lz(t)|| > C)\A, namely z(t) is bounded
(see [19]).

To prove the square integrability of x(t), let us inte-
grate both sides of (11) and use the Schwarz inequality [1].

Considering the limit as ¢ tends to infinity and denoting
with || - ||2 the £o-norm, one has

V (00, 2) = V(to, w0) < —Amllzll3 + Alllzllz]l2.  (12)

Moreover, since V (oo, z) > 0,

Aml|z]|3 = Allar[l2]|zll2 < V (to, 20) — V (00, 2) < V(to, 20)



and this implies that z € Lo, since

2 1/2

1
zll2 < —= leon 113 [[or 2,

VAm
(13)

Wy € Lo by hypothesis, and V (¢, z) < a(||z]), @ € Ko, as
previously observed.

The application of Barbalat theorem allows one to
conclude that lim;_,., z = 0. =

A A
V(thxO) 4A 2)\

5 Stabilization from Quaternion
Measurements

In this Section the hypothesis of measurability of the
angular velocity is removed. The following result solves
the attitude tracking problem from quaternion measure-
ments.

Theorem 3. The following controller
A\ (0 I\(# K 0 0)..
(£)-(x &))@ (2 )-(7)e
2 I K 0
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(14)
p(@[),wr) = Jw, + 671, renders the origin asymptotically
stable in the first approximation, for k, > 0, kg > 0,
and € > 0 small enough, with a reference angular velocity
wyr € Loo and derivative W, € LoN Lo, where I' = I'T > 0
is a gain matrix.
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Proof. First, let us write the feedback equation for the
spacecraft, using the control law (7), (8). To this aim, let
us introduce first the state variable

m=toao (2)=(0)-(2)

Here (g" ) is given as the solution of the linear system
P

D-(2 D)0
()= (k) () - ()=
where w, is a known and bounded input to this system.

Obviously, these dynamics are ISS [24], [25], and phys-
ically this means that the value assumed by the modal

(15)

Alt) =

displacement and velocity depend on the angular accel-
eration to be tracked. Then, using the state vector

_ T
" T (65 65)) , the feed-
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back system equations are
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This system is in the form
Z= A(t)i’ + T

where T),; denotes the nonlinear terms and

0 0
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It is easy to show that the origin of the linear system
= A(t)z is asymptotically stable. To this aim, let us
consider the Lyapunov function

V= (kp+ kq) (gg + eTe) + %(e + we) T T (e + we)
&T)p(;z) bi(er ) (ZZ)

and its derivative is V = —z7Qz = —W(z), W a definite
positive function, so that lim; ., Z = 0 [19].
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Finally, we show that it is possible to eliminate the
use of w, in the control law (8) and in the dynamics (7),
by invoking Theorem 1. In fact, from equations (1), due
to the left invertibility of the matrix Q7 (eg, e), and using
the state variables

(H)=(1)-(2)

with ¢,), ¢y defined as in (15), one obtains
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Thanks to Theorem 1, also the controller
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ensures the control objective. Note that this controller

still depends on ¢, so that can not be implemented. How-
ever, setting

U =yx

one can substitute the dynamics of ¥ with

x=-(-x+y)

M= 0| =

¥ =—(-x+y).

Therefore, the dynamic controller is finally

()= (x &) (2 (&)= (2)-
- ng Q(eo, €)X

1
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(K g 1 (K ’ ¥Pn
e () (8) -7 () (2)
+ (D'r(Jwr + 6T7&) + mewr - §D2 Q(607 €)X
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where it was noted that Q(eq, )y = 0 and — (¢, wy )w, =
O (Jw, +5T@Z). Using the old state variables, one gets the
controller (17). n

Conclusions

In this paper we have proposed a dynamic controller
which solves the tracking problem for a flexible spacecraft.
This controller does not need the measurements of the
modal variables and the spacecraft angular velocity. On
the other hand, they rely on the perfect knowledge of the
system parameters, in particular those describing the elas-
tic motion (natural frequencies and damping ratios). This
is an obvious limitation, since they are not usually known
accurately. Future work will regard the design of struc-
turally stable controllers which avoid this drawback.
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