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Fault—tolerant attitude control for flexible spacecraft

with input saturation

Abstract

Fault-tolerant constrained attitude controllers are proposed for flexible spacecraft in the
presence of input saturation and actuator fault, as well as model uncertainty and external
disturbance. Two input saturations, that is amplitude saturation and, amplitude and rate
saturation are considered and simple and effective compensators are designed to deal with
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the effect of input saturation. Two parameter update laws are designed to endure stuck

fault, partial and complete loss of effectiveness fault. The stability of the resulting closed—
loop systems by the proposed controllers is guaranteed by Lyapunov—based approach. The
effectiveness of the proposed algorithms is assessed through numerical simulations.
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Introduction

In the past several decades, the attitude control problem of
spacecraft has attracted a great deal of attention due to its important
applications.'” As actuation devices generate toques with only limited
amplitude and/or rate,* ¢ input saturation may frequently occur during
the entire attitude maneuvers of a spacecraft. As discussed in’® input
saturation can severely degrade closed—loop system performance or
even in some cases cause system instability if they are not carefully
tackled in attitude control process. Because of this, many researchers
have focused on input saturation in attitude controller design of
spacecraft.”"® In Hu,'? neural network was used to estimate the
unknown input saturation and then the effect of input saturation
was compensated by inserting the saturation compensator into the
feed—forward loop of the system. In Hu,'" an auxiliary variable was
employed to compensate the effect of input saturation in attitude
controller design. However, the tracking error would be modified to
get a stable control system with this auxiliary variable. In addition,
during the spacecraft mission, actuators may undergo faults due to
aging or accidents, such as partial loss of effectiveness, stuck and
outage. These faults may cause system instability or even end up with
catastrophic events if they are not well handled. Therefore, designing a
controller that is robust to these actuator faults is one of the significant
issues that need to be considered by researchers. Fault—tolerant control
(FTC)™1 is considered as one of the most effective approaches for
maintaining stability and expected performance of system during the
actuator faults occurrence. More and more literatures have focused
on fault—tolerant attitude control for a spacecraft; see.'*?? In Jiang,”!
the authors proposed fault—tolerant attitude control of spacecraft to
accommodate the partial loss of effectiveness faults in actuators with
a prior knowledge of the lower bound of the effectiveness factor. In
Hu,? the knowledge of the bound of the partial effectiveness factor
was not need by employing an update law to estimate the lower bound
online. However, these mentioned literatures above less considered
another important fault scenario of actuators, i.e., stuck fault. As far
as we know, in attitude control design, there are few literatures that
take stuck fault into account explicitly expect for Hu.* But in Hu,?
input saturation were not considered, which might be sometimes
conservative in practical applications.

Model uncertainty and external disturbance are another two
large challenges that need to be considered in the attitude controller
design of a spacecraft. Inverse optimal method is an attractive control

approach for system with model uncertainty and external disturbance
as it has the properties of robust to uncertainty and disturbance, and
can achieve H optimality without the need to solve the Hamilton—
Jacobi-Isaacs ﬁ%rtial differential (HJIPD) equation directly. Several
researchers studied this approach to solve the attitude control problem
of spacecraft.*?* However, these literatures above more or less
ignored the constraints on control input and the scenario of actuator
faults. In addition, the vibration effect of the flexible appendages
induced by the orbiting attitude slewing operation was also not
handled explicitly. Therefore when input saturation and actuator faults
occur simultaneously, stability will no long be guaranteed by using
these existing inverse optimal methods. Furthermore, the stability of
system becomes worse when serious vibration effect of the flexible
appendages happens, because it tends to be aggressive while seeking
the expected control performance. To overcome the shortcomings of
the preceding research for spacecraft attitude control systems, novel
constrained fault—tolerant attitude control strategies are proposed in
this work for flexible spacecraft in the presence of actuator faults,
input saturation, uncertainty inertia matrix and external disturbance.
The main contributions of this paper are shown as follows:

a. Unlike existing compensator in Hu,” in our work, a simple
and effective compensator is introduced and embedded to the
feedback controllers to eliminate the effect of input saturation.

b. To handle the stuck faults and loss of effectiveness (including
partial and complete loss of effectiveness) in actuator for a
spacecraft, a new Lemma is first proposed and rigorous proof
is presented. Two robust constrained fault—tolerant controllers,
accounting for actuator amplitude constraint and, actuator
amplitude and rate constraints, respectively, are proposed by
introducing two parameter update laws to estimate the unknown
parameters caused by actuator faults.

c. In comparison with the existing literatures,*?* we extend the
inverse optimal method to flexible spacecraft with input saturation
and actuator faults.

The remainder of the paper is organized as follows: Section 2
presents the mathematical model of flexible spacecraft and control
problem. Robust constrained fault—tolerant attitude controllers
are derived in Section 3. Numerical simulation results of a flexible
spacecraft with the derived controllers are given in Section 4, and
Section 5 comprises conclusions and possibilities of future work.
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Fault—tolerant attitude control for flexible spacecraft with input saturation

Model description and problem formulation

This section briefly introduces the attitude kinematics and dynamic
models of a flexible spacecraft. The model of the actuator faults is
also established. The attitude kinematic equation of spacecraft can be
expressed by unit quaternion as

. T
s (do|_1| —q

Q{ ."}2 2 M
a 9" +qol

Where w € R is the angular velocity of the spacecraft with
respect to an inertial frame and expressed in body frame, Q is the

dl=q; +4"q=1
| 40| | cos(6/2)
Q_{ q }_Lsin(é’/Z):l @

q= [ql,qquT e R’ and q, € R' are the vector part and the

unit quaternion with the unit norm constraint Q,
given by

scalar part of the unit quaternion Q, respectively, e R’3 and 6
denote the Euler axis and Euler angle, respectively, I is the identity
matrix with appropriate dimension, and the superscript X is an
operator which is denoted by

0 -a a
a’ = a, 0 —q 3)
-a, q 0

a is a three dimensional vector with elements a

a, and a, .
. X . . .
Obviously, a” is a skew—symmetric matrix.

1

The dynamic equations of a flexible spacecraft can be written as'?
Jsa‘)+0'Tf7':—a)x (Jsa)+ar7?)+u +dS 4)
fi=-Dn—En—ow 5)

wherelJs JS eR” represents the inertia matrix of the whole

spacecraft, ne R" denotes the model coordinate vector with

. Nx3 . .
is the model number, o € R denotes the coupling matrix between

. .. 3.
the elastic and rigid structure, u € R™ N is the actual control torque,
1

ds e Ris disturbance torques, D=diag 2§i.5§2,i:1,2,....,N and

E=diag{191,i:1,2,....,N} are the damping and stiffness matrices,
1

respectively, £ is the corresponding damping ratio, and $%is the
1 1
natural frequency. When considering actuator faults, the actual control

torque u can be modeled as
u(6) =2 (nug,(6)+(I-A) F(t)u, (1)) (6)
Where Ye R™ ,L>3is the actuators distribution matrix,
A =diag (Ay,n;) with A e {01} being the fault switch factor,
u, (t):[ukhl(t),ukhz(t),....,uL(t)JT eR" is the struck fault of
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actuators, u = [ucl,uL,2 ,uc,] € R~ denotes the input torque of
actuators, F (t) =diag (Fl(t)Fz(t),...,FL(t)) represents effectiveness
matrix of actuators. F (t) can be modeled as'

By

> (cos(&Fi)—l),AFi e[O,l],BFi efoa],i=1,2,...L

F=4 +
F

/ i
Where AF denotes the magnitude of the actuator effectiveness and,

1
BF and @, are the amplitude and frequency of the high—frequency

i

component, respectively, with AF ZBF . Therefore, we have F >0,
i i !

i=1,2,....L.

Remark 1: Note that u,. andFt_ ,1=1,..., L, can be constant or
time—varying. From (6) we can conclude that, for the i th actuator, in
the case of A= land u, * 0, the actuator occurs stuck fault; In the
case of A= 0and 0 < Fl <1, the actuator experiences partial loss
of actuator effectiveness; In the case of A= 0, Fl =0 or A= 1,

u, = 0, the actuator undergoes outage; In the case of A =0 , F
1 1 1

=1, the actuator is fault—free . If all the actuators are fault—free in the
whole attitude control process, the dynamic system (4) become the

nominal system whereu = 2 u . In the following controller designs,
c
the fault system and nominal system are considered, respectively.
In practice, due to fuel consumption, out—gassing during operation,

onboard payload motion and rotation of flexible appendages and so on,
the inertial matrix J_of the whole spacecraft structure is time varying

and uncertain. We divide it into two parts, that JS =J+AJ, where ]
and AJ represent the nominal value component and the parameter
perturbation component of the inertial matrix JS , respectively. As
AJ is time—varying and unknown, the terms AJ® and @ x AJ@ are

also time—varying and unknown. Therefore we can treat them as the
disturbance to be tackled in the controller design. When considering

A, ox AJwand d asthe total disturbance d ,(4) can be rewritten
s
as

Jo+o ij = —wx (me%) +u+d (7)

Where d (1) = AJa')fa)xAJaH—ds (¢).
The following assumptions are taken throughout this paper.

. T .. .
Assumption 1: Both J and J — o o are known positive definite
symmetric and bounded constant matrices.

The
switch matrix A and actuator effectiveness matrix F satisfy

rank (X) = rank(Z(I—/\)F) =3.

Assumption 3: The stuck faults U, oi=1..Lare bounded, i.c.,
1

Assumption 2: actuators  distribution matrix 3., fault

| <7, -
Assumption 4: The tota; disturbance d is bounded with a bound
constant  , i.e., [g|d(s)| ds < Z for V¢ 20, where |o] denotes the

norm of vector or matrix.
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Fault—tolerant attitude control for flexible spacecraft with input saturation

Assumption 5: The control input torque of actuators
u (6) = [sea(P)aten ()t (1) ] satisfies
[Suf<T 8)
max

Where T’ > 0 max is a known constant.
max

Remark 2: Assumption 2 is used to guarantee that the remaining
actuators can still achieve the designed control aims even though
some actuators undergo outage or stuck. From Assumption 2 and

the fact min {rank(Z),rank((]—/\)F)} > rank (Z(]—/\)F) =3
, we have rank ((I—/\)F) > 3. From Assumption 5, we have c
ol =[S,

maneuver of the spacecraft is considered in this work. The control aim
is to design a controller c u for the system in (1), (4)—(6) such that for
all initial conditions the desired rotations are achieved in the presence
of model uncertainty, external disturbances, inputs saturation or ever
actuator faults under Assumptions 1-5, that is

lim ¢(¢) =0, lim @(¢) =0, lim 7(¢) =0, lim 7(¢) =0
t—0 t—>0 t—>0 t—>0

Robust attitude control for flexible spacecraft

<r . when all actuators are fault—free. The rest—to—rest
X

Mathematical preliminaries

This section includes some important mathematical preliminaries
required for the rest of the paper. Consider the nonlinear dynamic
system

i=f(x)+g (x)d+g (x)u ©)

Where x € R"is the state, u € R’ is the input, d € R'is the
disturbance, and g, :R" — R"” are smooth vector— or matrix—

valued function, respectively. System (9) is said to be input—to—state
stable (ISS)** from d to x if the following property is satisfied:

‘x(t)‘ <a (‘x(O)

,t)+p sup d(r)‘
0<r<t

Where « is aclass x L functions and p is a class « function.

Definition 1: A smooth function positive definite and radically
unbounded ¥ (x): R" x R — R is called an input-to-state
stabilizable control Lyapunov function (ISS—CLF) for (9) if there

exists some class K function p such that the following implication
holds for all x # 0 and all d*"**

2 p(jd|) = inf 7 <0 (10)
u

Definition 2 ?7: For system (9), let V is an ISS—CLF with the control
1 — T
law u = 34‘. (x)=-F(x) ! (ngV) , where F(x)is positive
definite symmetric matrix and ng V is Lie derivative defined as
L,V = (6V(x)/6x) 22(x) , then the stabilizing control law
° —1 T
w=E"(x)=2F (x)7 (L) (11)

Is Hw inverse optimal with respect to the cost functional
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J(u) = sup { lim [4V(x(t),t)+?(l(x,t)ﬁLuTF(x)u—}}a’2 )dlcl
deD (I 0

Where

4

T B T
I(x)=—4L V ——1L V(LgV) +4L VF'(ngV) >0,Vx #0,D
f 72 1 1 g2

&
is the set of locally bounded functions of x and y >0.

Remark 3: A necessary and sufficient condition for system being
ISS is the existence of an ISS—CLF [28]. The main characteristic of
the inverse optimal approach is that the meaningful cost function is a

posteriori determined from the stabilizing feedback control law. The
inverse optimal controller u = .f* (x) (x) in (11) can achieve y level
of H Y disturbance attenuation for all # > 0 . Compared with nonlinear

H control, the inverse optimal method solves the nonlinear optimal—
assignment problem with respect to a meaningful cost functional
without solving the HJIPD equation explicitly.

Robust controller design for flexible spacecraft

For simplicity, we denote the following variable v by v = cw + 77
differentiating the variable v yieldsv = cw + 1 = -Dv — En + Dow .
T
Leté = [nr ,vT} , and then (5) can be written as

. {o 1}
é= ¢+ Bo,

_F -D (12)

-0
Where B = {
Do

values in the left-hand plane, there exists a symmetric and positive—

0 I
. Since matrix has all its eigen
-E -D

definite solution P € R*"*" satisfying

{0 1} {o IT
P + P=-T (13)
_E -D| |-E -D

Where T e R*VY
of (7), one has

is positive definite symmetric matrix In view

(J—O'TCT) o=-0" (J—O'TO') - o' Dow + |:O'TE O'TD—[UXO'T:| E+u+d
(14)

(15)

Where K e R and K =K' >0.as a result, the subsystem
(14) becomes

¥
i= (J oo {—a)X
(16)

Amplitude constrained attitude controller design: In this section,
one controller is presented by constructing control Lyapunov
function and using inverse optimal method for normal system in
(1) and (4)—~(6) with actuator fault—free in the presence of inertia
matrix uncertainty, external disturbance and amplitude constraint of
actuator. A compensator is proposed and embedded into the feedback
controller to eliminate the effect of input saturation. And then a fault—
tolerant version is designed to deal with the stuck faults and loss of

Define x = @ + Kq

r T
J-o'a J-o'a

a){oTE UTD—a)XGT}&sz}

o-0” Daa)%

K(%Is“}x
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effectiveness of actuators by employing two parameter update laws
with e-modifications to estimate the unknown parameters caused by
actuator faults. For convenience, we firstly define the two saturation
functions as

T

(1 T J
~° X | =
M2 2

max X

2 |

[P
SAT

an

T
L e

max

T T 3
Where 7 >0,x = [xl Xy ,xJ and 7 = [rl,rz,z'3] € R, and
max

ST, (h) =[5 ] (18)
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With h=[hhyh, | eRand R=[R.R.R] eR’,R>0,
i=1,2,3,. ’

In the follows, in order to propose the fault—tolerant constrained
controllers, a significant Lemma is proposed.

Theorem 1: For flexible spacecraft system in (1),
(12) and (16), wunder Assumptions 1-5, giveny >0
S let }/q >0, K = diag (Kl ,K'Z,K3) e R R where

. 3x3 3x3 3x3 ..
Kk >0,i=1,23xkeR K| € R and K € R be positive
1

definite symmetric matrices. Ify , K and satisfy the following
inequality !

B R; ‘hi‘>Ri o
Where ¢ = =123,
i h; ‘hl"SRl'
V¢ 5min 1 1 T * T -1
A" | max go{J-o'o|K|qol3+q |K| o DoK+y,l 7\\1)31{“
q0+q" 4=1
. *
A= * l/l,':""— max {;(J—UTO')K(q01+q*)}—O'TDO'K —% H[GTE GTD}+BTP+ max {H(Kq) o’ } >0
q90+4" ¢=1 q90+4' ¢=1
1
% * 1 gmin
Y
(19)

Where A™" denotes the minimum singular value of matrix A ,
then the dynamic feedback control law

u=—F"'x=SAT (E,Tmﬂx ,x) (20)
1 M\2 2
Where 7 =y + 2/ (21)
1 X T r -1 X T 2
y =—| —|o'(J-c"o| (K+r K| 0| J-0" o] |+2|K [+ | x

}/q }/2

(22)

I=-kG-G (23)

- T
G=-kG+ (u—gj (24)

X(x)=-4 {7quC()+xT|:—a)x(J—O'TO')(U—O'TDO'QH-;(J—O'TO')K(qOI-‘qu )a)—t—[O'TE o' D-w'cT }f}réTP[L(; _ID}f-rBa)]}

. 4
+4x"F, 1x——szx

v

Renders the resulting closed loop system in (1), (12) and (16) ISS

T
from the total disturbance d to the state [qT X7 ,§T} furthermore, the

control law u = —Fl"x =284T [%’Z ,x) (25)
Where 7 =y +1 (26)
l=-xkG-G (27)

G =-«G +(u-1) (28)

,and y is defined in (22), is inverse optimal in the sense that it
minimizes the meaningful functional

t
J(u) = lim [4V(t)+J (X (x)+u” Fu=y*|d|? )dS} (29)
t—>0 0

(30)
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Proof: Consider the smooth positive—definite radically unbounded
function

1 T 1 2 1 T( T) 1 7
== = 1- — - — &P 1
V 2yqqq+2yq( q0)+2x J0'0'x+2§ & (31)

The time derivate V along (1), (12) and (16), substituting (21),

Copyright:
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(23)—(24) into (20) and based on the definition SATM (%,T’”T‘”‘,x) in

(17), using (13), (19)—(21), (22), (31) and the fact x [O—xxoq E=0
, we have

V= —yquKq + yquq +x |:—a)><(J—UTO')CU—O'TDO'CO-F%(J—UTO')K(q01+qx )a){UTE GTD—anT:I§+u+d}

+&7P) 0 1 E+Bw
-E -D

1 1
—}/quKq—EfTTf—xT {E J-0" o |K|gyl+q" K—JTDGK—}/q[}q
+wolJ-c'o Kq+xTB J-0"0 |K| gl +q" —O'TDG}C
o'|J-o"o x+x7[0—x“aT}§+xT |:O'T E GTD+(Kq)XaT}§+§T PBy-¢TPBKg+x" [%ﬂi]
7/q minf 2 1 min 2 1 min 1 T X T 2
- fof? -5 2 ] _[2% ookt )‘ o"0o ||+

2

_% A K;q—\/;/—qK;(a)x(J—JTO'))x —%xT[Kﬁ(a)X(J—O'TO')))T
Kl‘](Kl+(wx(J—6TU)Dx+[ ;

1(J—aTa)K(q013+q* )K

il

Il -2l e el

+ GTDcquI

Jsl

+

|:GTE o-TD}+BTP

(Kq)'o"

Apaleloh

32)

Choosing p(‘d‘) = 7/2 la| € K, then when ]| > y2 ||| we have

¥ <0, which implies that V in (31) is ISS—CLF for system in (1),
(12) and (16) based on Definition 1.Therefore the resulting closed
loop system in (1), (12) and (16) is ISS from the total disturbance
d to the state [qT,xT,é‘T } based on Remark 3. In addition, from the

definition of ;((x) in (30) and the proof above, it is not difficult to
yield

(0)2 447 ([P Hgf) >0 63)

Which implies that y(x) is positive definite. From Definition 2
we get that control law u in (25) is H inverse optimal control with

respect to (u). To this end, from the controller in (25) and the definition
Tmaxx
I

of Theorem 1 is completed. From (28) we have

in (17), the inequality ||u] < <7 canbe obtained. The proof

%(O.SHGHZ) = 6" (xG+{(u—)))

(34)
<=227"0.5G] +/2u~c]|\0.56]|
Solving  the  above  inequalityy, @—we can  obtain

lot] <™

u(s)—rz(s l—eflfr(nint /2™
st 1 | 2

, » which implies that system in (28) is ISS with input (u(t)—r(t)) )

‘G(O)H ++/2 max
0<s<t

Remark 4: The proposed control law in (25) involves parameters
;/q,K and K1 which should be determined by designing in advance

before it is implemented. Here, we can first determine the parameters
}/q and matrix K, for example ;/q =1200 and K = 0.413 , and then
1 r x
(-7 )elauna e+
o'E O'TD+PBH + ma

X {(Kq)xoj } and
do+q" q=1

{;(J—O'TO')K(QOB +q" )} - HO'TDO'H canbe determined

|PBK

’ ‘

- max
9+q" 4=1 L
accordingly based on the constraint condition HqH +q, = 1. Finally,

R max o' Dok +7,1

qo+q" =1

an appropriate gain matrix K' can be selected to make the matrix
inequality (19) satisfied. The given parameter y in (22) represents
the disturbance attenuation level of the resulting closed system in
(1), (12) and (16). As discussed in [26], any level of L_disturbance
attenuation can be achieved by choosing y sufficiently small at the
expense of a larger control effort.

From Theorem 1, we can obtain the amplitude constrained attitude
controller (ACAC) for normal system in (1) and (4)—(6):

-1
u =23" (ZZT) SAT (fixj (35)
c M\2 2
with (25)—(28). Based on Theorem 1 and equation (35), the overall
structure of the ACAC is shown in Figure 1, and the design procedure
for ACAC is given as follows.

Step 1: Given y > 0 and select the parameter, y , K and K, based
on Remark 4 such that the matrix !
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inequality in (19) is satisfied;

Step 2: Select compensator parameter diagonal matrix x, set

G(0) = [O,O,O]T and construct the saturation compensator 1 in (27)—
(28), where the input of the saturation compensator can be obtained by
the feedback loop as shown in Figure 1;

Step 3. Obtain the controller u in (25);
Step4: Further get the ACAC controller u_based on (35).

The proposed amplitude constrained attitude controller in (35) with
(26)—(28) achieves asymptotical stability of the resulting closed—loop
attitude system with fault—free actuators. However, when actuator
faults occur, it no longer ensures the stabilization and accuracy for
the attitude control system. Therefore, to guarantee the stability of
the system, a controller that can accommodate the actuator faults is
needed for flexible spacecraft during actuator fault occurrence. In the
follows, in order to propose the fault—tolerant constrained controllers,
a significant Lemma is proposed.

Lemma 1: For the actuator distribution matrix X , fault switch
matrix A and actuator effectiveness matrix F under assumption 2,
there exists a function matrix S(¢) and a constants > 0, such that the
following equation holds:

2(1-A())F ()" =5(r)zz” 253" (36)

Proof: Because rank (2) = 3, therefore s5" e R is a positive
-1

definite symmetric matrix. Let S ()= (Z(I—/\(t))F(t)ZT)(EZT)

S(6)z2" =2 (1-n(1)) F (1) 2"

/\(t))F(t))Z3, (I—/\(t)) (1) = diag (F,...,0) , without

loss of generality, suppose (I—/\(t))F(t) = diag (F,,.F, .,0,...,0)

s we have As rank

rank ((]—

with F; >O,i=1,...,L1,L1 >3 and then there exists a constant

§>0such that F >0,i=1,..,L Let T=[%,%,] with T and

22 being 3><L1 and 3><(L—L1) orders, respectively, and then

£ (1-n(1)) F (1) =[ 2,2, | diag (F,,.F,.0..0) = [Zldiag(Fl,...FL ),03X(H‘)} .
As

XE((1-n(0)F(1)-5T) X = (X3, ) (diag(FroFy )-5T) (X5,) > 0,90 20,

therefore we have rank (Zl) =3 based on the fact

3 > rank (E]) > min {rank(Z1 ),rank(Z,diag(E ,...F))=3} . Let
X € R’ be arow vector. As rank (21) = 3 system of linear equations

XZl = 0 onlyhaszerosolution. So,wehave XE1 # 0 for VX # 0 .As

X3 ((1-A(0))F ()51 ) 2x T = (x5, ) (diag(F, )5T) (X5,) > 0,90 20,

is a

5 (F(e)(1-n(r))-57) ="

Therefore

which implies that

positive  definite symmetric  matrix. we have

(¢) ' = (Z(I—/\(t))F(t)ZT) > 535" this proof is completed.
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As the fault switch matrix A and the actuator effectiveness matrix
F are unknown, the constant s is also unknown, which needs to be
estimated in the following control design. From Assumption 3 and the

fact || <1 we have H/\uth <u, (37

Based on Theorem 1 and Lemma 1, we propose the following
fault—tolerant amplitude constrained attitude controller (FTACAC) in
(38) with (39)—(44).

Theorem 2: Consider the flexible spacecraft system that consists of
(1), (12) and (16) under actuator faults in (6) for which Assumptions
1-5 hold. Giveny >0 , let Yq >0,x = diag (K‘l ,K'Z,K‘3) e R
where K > 0, -1,2,3,x e R and K € R be positive definite
symmetric matrices. If 7q , K and K, satisfy the inequality in (19),

then the dynamic feedback control law

u =-22" sTF'x =22 s'sar (1,@,;() (38)
C (ZZT)—I 2 (ZZT)_] M 2 2
Where
=5y + (39)
w =_{1 wX(J—cr o K+}/qK1 [ J-o" cr )+2HK1 }
7q
(40)
I=-kG-G (41)
G = —kG +| 284T, (5 e x) r] (42)
=yl (43)
s Vs
£y =y b2 @
gy 77141
A Denotes the maximum singular value of matrix

(=)

-1
T . R
(ZE J , S, ﬁkh are the estimates of 1/5 and ﬁkh respectively,

and ,b’ re positive constants, renders the closed loop

Vo Poore,

system in (1), (12) and (16) under actuator faults in (6) ISS from the

r T
input [dT‘E,Ekh] to the state [qr’xT’fT}

Proof: Define the estimation errors of 1/5 and ﬁkh as follows:

u =u -u
kh kh

i . Following the same steps as the

= = 1
s =5———=
N

proof in Theorem 1, we consider the smooth positive—definite
radically unbounded function as follows
2 )
J- 00)x+ §P§+ yss +7
(45)

The time derivate V| along (1), (6), (12) and (16) is given by

V—574q+27 (1-g,) +2x
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V=-yq Kg+yx q+& P(AE+Bo)+yisss —y2 [gi +
1 q q K e, kh

XT|:—a)x(J—GTO')C()—O'TDO'&)+%(J—O'TO')K(q013+qx)a)+|:O'TE O'TD—C()XO'T:|§+E(/\ukh+(I—/\)Fuc(t))+d:|

From update law in (43), we can obtain that § >0 if choosing
5(0) > 0. Therefore, we have the following

Inequality hold based on Lemma 1:

—XTZ(I—/\(t))F (Z)ZTimax Fly <o’ S4T (T,Tm“,xjﬁsxTSAT [T,Tma",xj
o A2 ul2 2
b
The last inequality in (47) is based on the fact that

Sox' SAT (r,rmax ,x) < 0. In order to proveVl1 <0, we first prove the
following inequality holds

xTZ(/\uA.h+(1—/\)FuC( ))+}/ 555 - Vo i Hﬁkhﬁkh

Sl (550 ) sl

gy

ol o5+ + sl ) el

(48)
So from Theorem 1 and (46)—(48) we can obtain
7y <=2 (o1l e S, ol A
(49)

Choosing
p[[dT’S,ukhTJ _, (Hd\\%ﬂggsm% qug,f,,) €K_, then

when [x] 2 (HdH+iﬂ§§3+ﬂgkh HEHE,?,J we have Vl=0 , which

implies that V| in (45) is ISS-CLF based on Definition 1. Therefore, the
resulting closed loop system in (1), (12) and (16) under actuator faults
in (6) is ISS from the input [de iy, T to the state |:qT X7 ,gTT
The proof of Theorem 2 is completed.

Remark 5: The second terms of parameter update laws in (43)—
(44) are the e-modifications, which guarantee bounded parameter
estimates. Based on Theorem 2, the overall structure of the FTACAC
is shown in Figure 2, and the design procedure for FTACAC is given
as follows

Stepl: Given y > 0 and select the parameter v, K and K, based

on Remark 4 such that the matrix inequality in (19) is satisfied;
Step 2: Select compensator parameter diagonal matrix x , set
G(0) = [O,O,O]T and construct the saturation compensator 1 in (41)—

(42), where the input (u — 7 ) of the saturation compensator can be
obtained by the feedback loop as shown in Figure 2;

, set 5(0)=1 and
ﬁkh (0) = 0.5, and construct the parameters update laws in (43)—(44);

Step 3: Select parameters,y ,5 andy_
s s ukh

(46)

Step4: Obtain the FTACAC controller u, in (38).

A fault-tolerant amplitude and rate constrained attitude
controller design: Control law in (38) only accounts for actuator
amplitude constraint. In fact, many cases we require not only the
amplitude constraint but also rate constraint of actuators to limit
the possible excitation of high—frequency UN modeled dynamic of
spacecraft as discussed in Wallsgrove RJ - However, there are still
few results that take both actuator amplitude and rate constraints
into account in the attitude control of spacecraft. To account for
the amplitude and rate constraints, we proposed the fault—tolerant
amplitude and rate constrained attitude controller (FTARCAC) in (50)
with (51)—(58) based on the following Theorem 3.

Theorem 3: Consider the flexible spacecraft system that consists of
(1), (12) and (16) under actuator faults in (6) for which Assumptions
1-5 hold, given >0 let 7, >0, x=diag (KI,KZ,K3) e R
where K > 0,-1,2,3,x € R and K € R be positive definite
symmetric matrices. If 7, K and K, satisfy the inequality in (19),

then the dynamic feedback control law

#
w =-202™ STFy =™ sfsur| DEmx Ry =™ 5Ty
B A (=)
b 3 b
(50)
#
With the time derivative of u = 2SAT %,T max ,R,x] defined as
i = SAT, | @[ 28AT, [ max Rx]—u (51)
Where @ = diag (aﬁ,c?) )
=5y (52)
_ 1 X T 4 -1 X T
y=—|—| o |J-o0o|| |K+7 K |@|J-0'0 X
74
(53)
l=-kG-G (54)
. T T#
G =kG+|284T| ——2* R,x |-7 (55)
202
#
& = LAl ol >0 (56
§= vl - (57)
5 Vs
fH H (58)
"kh
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Renders the closed loop system in (1), (12) and (16) under actuator

_ T T
faults in (6) ISS from the input [dT,S,ﬂkh] to the state [qT,ngTJ .
Proof: following Theorem 1 and Theorem 2, the proof can be
completed and therefore we omit it. Finally, we prove control law u

#
zrmax
b

in (50) satisfying [ul| <z Define s (x) =u-254T X

. From (51) and the and the SATR in (18), we can obtain

So the

max

Je)| < IRl /@] . Therefore fu] </¢*

el <,
inequality in (8) is satisfied.

Remark 6: The overall structure of the FTARCAC is shown in
Figure 3. Equation (51) can be considered as a linear, stable and low—
pass filter, where @ = diag (@1,@2,@) is the natural frequency of the

filter. By employing the filter in (51), the robust controller in (50)
with (51)—(58) accounts for not only amplitude constraint but also rate
constraint, as well as actuator faults in the presence of inertia matrix
uncertainty and external disturbance.

Parameter update lws
7and i, 1(43)(44)

Flexsble spacecraft
atmde modelin | Qo0
(1) (4)=(5) with

actuator faults i (6)

= 2847, | ;—‘- x|

iz

Inpist sansration

compensator [|
i (41)-{42)

Figure | The overall structure of FTACAC.

Numerical simulations

In this section, numerical simulations are presented to demonstrate
the effectiveness of the proposed ACAC in (25) with (26)—(28),
FTACAC in (38) with (39)—(44) and FTARCAC in (50) with (51)—
(58). The anti-windup Proportional-integral-derivative (AWPID)
method in Bang!! is also performed for the purpose of comparison.
The rest—to—rest maneuver of the flexible spacecraft is considered
in the following simulations. Parameters used in all simulations are
given as follows. The nominal value component of the inertia matrix.

350 3 4
J for a spacecraft is describedas *: J =| 3 280 10 |kg/ m’
4 10 190
,and the perturbation component is given by
4.2+0.5cost 3 4+sin 5t

A = 3 —7+cos3t 2.5 kg / m’ ; the couple

4+0.1sin 5¢ 2.5 5.89+1.5sint |

6.45637 127814 2.15629 |
-1.25619 091756 -1.67264 |;
1.23637 -2.6581 —1.12503 |

matrix is o =

The first four elastic modes are considered and, the damping
and stiffness matrices of the flexible appendages are given by

Copyright:
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0.0086 0 0 0
0 0.19. 0 0
0 0 0.0487 0
0 0 0 0.1275

D= and

0.3900 0 0 0
0 1.2184 0 0
0 0 3.5093 0
0 0 0 6.5005

consider possible spillover effects, only the first three elastic modes are

E= respectively;  To

taken into account in the controller design; The actuators distribution
V33 33 373 33
matrix is given by Hu QL2 = =| —/3/3 —/3/3 —3/3 —3/3

313 33 =373 =33

that is to say, four actuators are considered in the
following simulations; The disturbance toque is given by
d (1) = (Ha)H2+O.15) [cos(O.lt) sin(0.5¢) sin(0.3t)JT The

maximum allowable torque input is vt = 10N.m The initial attitude
orientation of the unit quaternion is ¢ (0) = [—0.2 0.7 —0.35]T and
the initial angular velocity is @ (0) = [0 0 0]T the initial vibration
state of flexible appendage is . (0) = ﬁi (0) =0,1=1,2,3,4 The
initial value of the adaptive parameters are SA(O) =1land ﬁkh (0) =05

The control gains of the proposed controllers are given by

r =I0K=041.K =T0Ly = 2= diag (22.2),7 =5,8_ =057 =05,3=diag (555)
§ N ukh

and R = [IO,IO,IO]T .The control gains ofthe AWPID are designed after
repeated attempts until good control performances are obtained. Two
cases of actuator scenario are considered in the following simulations,
i.e., all actuators are normal and some actuators occur faults at some
moments. In the actuator fault scenario, we consider that one actuator

undergoes the partial loss of effectiveness during S5s < ¢ < 70s that

, {0.5+0.05(cos(2m)—1) 55<1<70s
IsF =

1 , and another experiences
1 otherwise

stuck fault at # > 10s given by U= 0.45+0.1sint ¢>10s. The

others are normal in the whole process of the spacecraft operator.
Faulty case

In this section, we consider the case that some actuators generate
the partial loss of effectiveness and stuck fault at some moments in
the process of attitude control for flexible spacecraft. Figures 2—8
show the simulation results of the FTACAC, FTARCAC and AWPID.
Figure 2, Figure 3 show the trajectories of the unit quaternion and
angular velocity of the flexible spacecraft under the three controllers,
which can be seen that, when actuator faults occur, acceptable control
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performance and convergence rate of the resulting closed—loop system
can still be obtained by FTACAC and FTARCAC in the presence of
input saturation, inertia matrix uncertainty and external disturbance.
While for AWPID, unexpected control result happens under actuator
faults occurrence. The reason is that when actuators of spacecraft
undergo faults especially severe faults, the stability of the control
system can no longer be guaranteed by the conventional controller
such as AWPID. While for our proposed FTACAC and FTARCAC, as

we employ two adaptive parameters 5 and ﬁkh eliminate the effect

of the actuator faults in the controller design, therefore acceptable
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control performance can also be achieved even though severe actuator
faults occur. Figure 4 shows the trajectories of the flexible vibration,
from which we can see that, a serious vibration of flexible appendages
appears for AWPID. While for FTACAC and FTARCAC, a low
vibration level also achieved. Figure 5, Figure 6 show the trajectories
of the thruster outputs and compensator 1. Figure 7, Figure 8 show the

trajectories of adaptive parameters 5 and ﬁkh from which we can find
that, the estimation parameters § and ﬁkh are convergent but uncertain

convergent to the true parameters 1/s and [ respectively.

0z - 1 . .
5 004 =-=—-FTACAC 008 —==FTACAC === FTACAC
gt b ——FTARCAC ettt | e FTARCAC | |=—FTARCAC
or f i qozpe e ANPID ] sess AWPID s AWPID
H I R 0.5
3 H FA TR 190
5 [N e ¥
& o —_— e
H ¥
i
L
0.5 '!-l i
5 ;
. , , 4 , . 4 . :
'0311 50 150 200 0 50 150 200 o 0 50 150 20
tisec) Hsec) tisec)
(a) (b} ()

Figure 2 Quaternion with faulty actuators.

tmc)

()
Figure 3 Angular velocity with fault actuators.

1.5

)

EE ]

006

Figure 4 Flexible vibration with fault actuators.

t[ac)
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Figure 5 Thruster outputs with fault actuators.
5 = = — " 50 —— b = —_—
— 1T ——— FTACAC ——— FTACAC
4 —— FTARCAC N ——FTARCAC ——FTARCAC
Or [ )
3 1 |
l
adl | 50, 4 {
g g 3
b1 1 -100 2 4
L, |
-15
4 U 1 I'/
200 50 i 150 m -2000 ia i 150 200 200 E{] i) 150 0
) se) the)
(@ (&) (€ _
Figure 6 Compensator with fault actuators.
- - 0535 - -
=== FTACAC === FTALAL
——FTARCAC 1R = FTARCALC j
naa
- 05
Jw 1 P
= o1 E
05
G50
oo 50 100 150 200 05 50 100 &= oy
t(sec) R[pec]

Figure7 Estimation parameter.

Conclusion

This paper presents robust constrained fault-tolerant attitude
control algorithms for flexible spacecraft in the presence of actuator
fault, control input saturation, model uncertainty and external
disturbances. In order to compensate the effect of input saturation,
a compensator is employed in the controller design. To handle the
actuator amplitude and/or rate constraints under actuator fault

Figure 8 Estimation parameter.

occurrence, two constrained fault—tolerant controllers are designed
by two parameter update laws to estimate the unknown parameters
caused by actuator faults. The proposed controllers are assessed and
compared with AWPID through numerical simulations. The result
shows that the proposed constrained fault—tolerant attitude controllers
are able to accommodate the actuator fault and achieve high precision
pointing while conventional methods fail to attain expected control
objective.
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