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In this paper, an adaptive finite-time fault-tolerant control scheme is proposed for the attitude stabilization of rigid spacecrafts.
A first-order command filter is presented at the second step of the backstepping design to approximate the derivative of the
virtual control, such that the singularity problem caused by the differentiation of the virtual control is avoided. Then, an adaptive
fuzzy finite-time backstepping controller is developed to achieve the finite-time attitude stabilization subject to inertia uncertainty,
external disturbance, actuator saturation, and faults. Through using an error transformation, the prescribed performance boundary
is incorporated into the controller design to guarantee the prescribed performance of the system output. Numerical simulations

demonstrate the effectiveness of the proposed scheme.

1. Introduction

Due to the significant role in guaranteeing the success of
any spacecraft related mission, the attitude control of the
spacecraft has obtained much attention, and numerous con-
trol schemes are proposed, such as adaptive control, sliding
mode control, backstepping control, H,, control, finite-time
control, and so on [1-8]. Considering the specificity of the
spacecraft’s working environment, the hardware of the space-
craft is unlikely repairable, and the faults or failures cannot be
fixed with replacement parts after the spacecraft is launched.
The existence of faults or failures can potentially cause all
kinds of safety, economic, and environment problems, and
they should be considered in the attitude control design.
Different from the conventional control system without
considering the possibility of fault occurrence, the fault-
tolerant control (FTC) can guarantee desirable performance
properties even the actuators are not healthy. In general,
the existing FTC technique can be roughly classified into
two categories: active FTC and passive FTC. The active FTC
relies on the fault detection and diagnosis (FDD) algorithm
to provide the real-time information of the system status
and then reconfigure the controller to achieve the control
objective. For instance, an active fault-tolerant control was

proposed for the flexible spacecraft in [9], such that the
attitude stabilization was achieved. Unlike active FTC, by
using a single fixed controller, passive FTC dose not require
any online fault information and reconfiguration mechanism.
Therefore, the passive FTC is more succinct, easy to compute
and suitable to the actual application. Most of FTC controllers
designed for the spacecraft attitude control are passive [10-
12]. In [10], an adaptive fuzzy fault-tolerant controller was
proposed to achieve the spacecraft attitude tracking. A sliding
mode control based attitude fault-tolerant controller was
presented in [11], and the attitude was stabilized for the
satellite with solar flaps. For those spacecrafts with redun-
dancy actuators, the common method is using the actuator
distribution matrix. In [12], a fault-tolerant control method
based on distribution matrix was presented for the spacecraft
attitude tracking, such that the finite-time convergence of the
tracking error was achieved.

Actuator saturation is another issue worthy of study, the
actual actuators in the spacecraft have the nominal limit of
the output, and saturated output definitely effaces the system
performance. Although there exist works concerning the
attitude control design with actuator saturation [13-15], the
possibility of the emerging of actuator failure at the same
time is ignored. When the actuator fault happens, in order
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to maintain the performance of the system, the need for large
control torque leads to severe actuator saturation. Until now,
numerous works have considered both issues and designed
controllers for the spacecraft attitude control [16-18].

Convergence speed is always significant in practically
spacecraft system, and the finite-time control is able to
provide faster convergence performance and higher tracking
precision. Most of the finite-time control methods applied to
the spacecraft have two kinds: homogeneous method [19, 20]
and Lyapunov method [21-24]. In [19], a local continuous
finite-time control scheme was proposed for the spacecraft
system with an unknown inertia matrix and the homoge-
neous method based controller achieved attitude stabilization
within a finite time. Homogeneous system theory was used
to design a finite-time controller in [20], and the spacecraft
attitude was stabilized within a finite time even with actuator
saturation. In [5, 21], two adaptive terminal sliding mode
controllers were proposed based on the Lyapunov method,
such that the spacecraft attitude and angular velocity could
converge to a small region of the origin within a finite time,
respectively. Furthermore, the recent works [12, 16, 22] have
achieved the finite-time spacecraft attitude stabilization or
tracking in the presence of the actuator saturation and faults.

The adaptive backstepping approach [25, 26], as a recur-
sive Lyapunov-based scheme, has emerged as a powerful
method to construct controllers for nonlinear systems since
early 1990s. There are several works using the backstepping
method to design controllers of the spacecraft [3, 27]; how-
ever, the closed-loop stability is achieved when time goes
to infinity. When designing a finite-time backstepping con-
troller, the differentiation of the virtual controller in recursive
steps may lead to the singularity problem. Recently, the finite-
time command filtered backstepping approach was proposed
in [28, 29], where the first-order Levant differentiator was
used to approximate the derivative of the virtual controller,
such that the finite-time convergence can be achieved when
the system model was known or partially known.

All of the aforementioned works mainly focus on the
steady-state behavior but ignore the transient performance
such as convergence rate and overshot. To achieve the specific
goals of spacecraft missions which need a specific rotating
speed or a limitation of angular velocity, prescribed transient
performance of the system output is very important. The
widely used techniques to improve transient performance
mainly include barrier Lyapunov function (BLF) [30-33],
funnel control [34-36], prescribed performance control
(PPC) [37-42], and so on. In order to guarantee the pre-
scribed performance imposed on the transient and steady-
state output error, the prescribed performance control (PPC)
method was proposed by Bechlioulis and Rovithakis for
uncertain nonlinear systems [37]. For the spacecraft attitude
system with input saturation, a PPC based adaptive fault-
tolerant control was presented in [43], such that the output of
the system was constrained by the prescribed performance.
Nevertheless, the designed controller in [43] could only
guarantee the asymptotic uniform ultimate boundedness of
the spacecraft system as the time goes to infinity.

Motivated by the aforementioned discussions, the fuzzy
finite-time attitude stabilization problem for spacecraft
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systems under the actuator saturation and faults is studied
in this paper, and a fuzzy finite-time fault-tolerant controller
is proposed to achieve prescribed transient and steady-
state performance of the system output. However, it is a
challenging work to design a controller to guarantee the
prescribed transient performance when considering the input
constraints including actuator saturation and faults. On
the one hand, when the initial state is far away from the
equilibrium state, the required control input is usually set
relatively large to guarantee the fast transient response. But
on the other hand, due to the effect of the input saturation
and actuator fault, it is a hard work to keep the satisfactory
transient response as usual. The main contributions of this
paper are listed as follows.

(1) A first-order command filter is presented at the second
step of the backstepping design to approximate the derivative
of the virtual control, such that the singularity problem
caused by the differentiation of the virtual control is avoided.

(2) An adaptive fuzzy finite-time backstepping controller
is developed to achieve the finite-time attitude stabilization
subject to inertia uncertainty, external disturbance, actuator
saturation, and faults.

(3) Through using an error transformation, the prescribed
performance boundary is incorporated into the controller
design to guarantee the prescribed performance of the system
output.

The rest of this paper is organized as follows. Section 2
states the formulation of the spacecraft attitude stabilization
problem. In Section 3, some preliminary knowledge and
lemmas are given. In Section 4, the fuzzy finite-time fault-
tolerant control scheme is proposed and followed by stability
analysis. Simulation results are provided in Section 5, and the
conclusion is summarized in Section 6.

2. Problem Formulation

Considering the attitude stabilization problem for a rigid
spacecraft, the modified Rodrigues parameter (MRP) based
spacecraft system is described as [44]

G = i [(1—0T0)13+20X+200T]w:G(0)w 1)
Jo=-0"Jo+u+d 2)
where ¢ = [0,,0,,05]" is the spacecraft attitude in body

frame with respect to the inertial frame presented by MPRs, I
is the identity matrix, and the operational symbol a* denotes
the following skew-symmetric matrix for any vector a =

[ala aQaaf}]T

0 -a; a,
a“=|a 0 -gq (3)
-a, a O

w = [w,w,,w,]" is the body frame angular velocity with
respect to inertial frame. ] = J,+A] isthe inertia matrix of the
spacecraft, where ], denotes the nonsingular known nominal
value of the inertia matrix and AJ is the bounded uncertainty.
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u and d in (2) denote the control torque and the bounded
external disturbance torque, respectively. Considering the
input saturation and actuator faults in the rigid spacecraft, the
actual control torque u is further formulated as

u = Esat(v) (4)

where E = diag{E,, E,, E;} with0 < E; <1 (i =1,2,3)isthe
fault matrix and sat(v) is the saturated control input satisfying
sat(v) = [sat(v,),sat(v,),sat(v;)], where v = [vl,vz,v3]T is
the commanded control which needs to be designed later,
sat(v;) = sgn(v;) xmin{|v;|, v,;} with sgn(-) denoting the sign
function and v,,; being the ith axis maximum torque.

The nonlinear saturation function sat(v;) can be approxi-
mated by the following smooth function g(v;):

e"i/VMi _ e—Vi/"Mi

g (v;) = vp;; X tanh (L> =v (5)

Vi Mi eVi/VMi + e_Vi/VMi ’

Then, sat(v) is rewritten as
sat(v) = g(v) +d, (v) (6)

where g(v) = [g(v)), g(v,), g(v3)]" and d,(v) = [d,(v)),
d(v,),d (v;)]" stands for the approximation error. It is noted
that d,(v;) is a bounded function and its bound satisfying
|dy(v;)] = [sat(v;) — g(v;)] < v;(1 — tanh(1)).

According to the mean value theorem, there exist con-
stants (0 < ¢ < 1),i = 1,2,3, such that the following
inequality holds:

g(v,-)=g(vl{)+g#(vi—v£), i=1,23 (7)

where g, = (ag(vi)/av,.)|V,_:Cl_m(l_q)v,,m;e[O,vl_]. By setting vl( =0,
(6) is rewritten as

sat (v) = Hv +d, (v) (8)

where H = diag{gﬂ(vl), gﬂ(vz), gﬂ(v3)}.
The control torque (4) is rewritten as

u=Tv+Ed;,(v) )

where I’ = EH, and there exists an unknown positive constant
b satisfying 0 < b < [T < 1.

From (1), (2), and (9), the spacecraft system is further
formulated as

d=G(0)w
(10)
@=J;'Tv+F(t)+D(t)

where F(t) = ]gl(—A](b—wX]w) is the uncertainty and D(t) =

](;l(Eds(v) +d). Because d (v) and d are bounded, there exists

an unknown positive constant D, satistying |D(¢)|| < D,,,.
The matrix G(o) has the following properties [45]:

LZG @" an

G(o) ' =
@ 1+o0l0)

T l1+olo :
G(0) G(o) = 1 I, (12)

From (11) and (12), it is obtained that 1/4 < ||G|| < 1/2.

The control objective in this paper is to develop a fuzzy
fault-tolerant finite-time control scheme for the spacecraft
with inertia uncertainty, extra disturbance, input saturation,
and actuator faults, such that the system output o converges
into a small region of the origin within the prescribed bounds
in a finite time.

3. Preliminaries

In this section, some preliminary knowledge critical for
control design and satiability analysis is presented.

3.1. Finite-Time Differentiator. The first-order Levant differ-
entiator [46] is formulated as

¢ =1
/
1==p |‘P1 - ‘xr|1 ? sgn (¢, — ) + 9, (13)
¢, = ~PBysgn (9, — 1)

where «, is the input signal, 3;, 3, > 0 are the parameters,
and ¢, and / are the estimations of «, and «&,, respectively.
Following lemma holds if the parameters f; and 3, are
chosen properly.

Lemma 1 (see [46]). Ifthe input «, is not affected by the noise,
the following equalities are true within a finite time

q)l = “r’
(14)
= q,.
. . . . . !
If the input is affected by noise and satisfying |«, — e,| <
k1, where o is the original signal without interference, the
following inequalities hold in a finite time:

"Pl - “:| S 6K =@y (15)
|1 - o'c:| < czxi/z =, (16)

where ¢, and ¢, are positive constants depended on the design
parameters of the differentiator.

3.2. Fuzzy Logic System. A typical fuzzy logic system (FLS)
consists of four parts: the fuzzy rules, the fuzzifier, the fuzzy
inference engine, and the defuzzifier. The foundation of the
FLS is a group of fuzzy If-Then rules as follows:

Rule [: If x, is F{ and x, is Fé and ... and x,, is Fi,

Then y is Ml, 1=1,2,...,N.

where x = [x,%,,...,x,]" is the input of the FLS, y is the
FLS output, F' and M’ denote the fuzzy sets relating to the
membership functions p(,) and pp(x;), respectively, and N
is the rules number.



Combining the singleton fuzzifier, center average defuzzi-
fication, and product inference, the output of the FLS is
obtained as

Zzl\zrl 711—1?:1/"1:} (x;)
Y [T e (3]

where y; = max,cppic(,) and pp(x;) is the membership

function value of the fuzzy variable. The fuzzy basis function
is defined as

17)

y(x) =

H?:MF} ()
1= N n . (18)
Y-t [Hizl.“F} (xi)]
Define W = [71,72,...,?N]T = [wy,w,,...,w;]" as the
ideal constant weight vector, and the (17) is expressed as
y(x) =W (x) (19)

where O(x) = [®1(x),®2(x),...,d>N(x)]T is the basis
function vector. The relationship between the FLS and the
unknown nonlinear function in the system is given in the
following lemma.

Lemma 2. For any continuous function f(x) defined on a
compact Q, then for any constant y > 0, there exists an FLS

WTLd(x) such that

sup |f (1) - WO ()] < . (20)

3.3. Prescribed Performance Function. As a priori guarantee-
ing prescribed behavioral bounds on the output of the system,
the prescribed performance function (PPF) is designed as
follows:

P = (P~ Poo) €™+ Poo (21)

where p), po,» and « are positive parameters, where « is the
prescribed minimum exponential convergence rate and p,,
stands for the maximum steady-state error, respectively, and
it guarantees the following inequality:

S.Mpt)<o,<8;)pt), i=123 (22

In order to relax the assumption that the initial condition
should be precisely known to guarantee the prescribed

transient in the classic PPF, e.g., [37], the functions §, and 5,-
are satisfying the following properties [47].

(1) §; and 5,- are positive and strictly decreasing; (2)
lim,_,,8, = +00, lim,_, .8, = C;, C; € R",lim,_,(8; = +00,
and lim, 8, = C,, C, € R,

An example of such §; and &, is given by

_Pigi +4» P4 € R
~a,0; +b, a,b €R"

5 -
(23)
éi =

where a;, b, p;,q;, i = 1,2, 3 are positive constants.
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For the purpose of designing the control law to guarantee
the prescribed performance bounds (22), the error transfor-
mations are presented as

L (éi (t) +0;(t) /p(t)

g==-1In| = ), i=1,2,3. (24)
0;(t) —0; () /p (1)

2
Through employing the error transformation (24), the
output of the original system ¢ can be guaranteed within
the prescribed bound provided that the transformed error
€= [e), &, is stable.

Lemma 3 (see [37, 48]). System (10) is invariant under
the error transformation (24), and the stabilization of the
transformed error € can guarantee the output o converge with
the prescribed performance described by (22).

The derivative of the ¢; is given as
& =16,+9, i=123 (25)

wherer;, i=1,2,3,1is

1 1
00 <0,~ ®)/p(®) +6; (1)

(26)
. ! )
o; (1) [p (1) = 8 (1)
and the 9;, i =1,2,3,is
_S®-p®e0/p*®)
2000 /p(®) +8;(1)
- (27)
LSO+ p®a ) /P’ (1)
20; (1) [p () = 6; (1)
Substituting (1) into (25) yields
é=rGw+9 (28)
where r = diag{r,, 7,,7;} and 9 = [9,,9,,9,]".
4. Main Results
4.1. Control Design. Define virtual states z; and z, as
z,=¢
(29)
Z, =w— X,
where x, = [x,5,%,,%.]" is the output of the following
finite-time command filter
$1i = =Py loi - “ill/z sgn (¢1; — ) + @y
Pri = —PBosgn (92 — P1i)» (30)

i=1,23
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where the input « = [«,, &,, a;]” is the virtual control to be
designed later and the output x; = ¢y;, i =1,2,3.

Based on the command filtered backstepping control
approach, the compensated stabilization errors are given by
s, =z - &, s, = z, — &, where & and &, are the error
compensating signals to reduce the influence of x, — a.

Choose the Lyapunov function as V; = (1 /2)s1Ts1. Using
(28), the time derivative of V] is

V, = sfsil = slT (Zl —él) = sf (rGw+9—f1)
= s{ [TG (25 + x,.) + 9—51] (31)
=5 [erz +rGa+rG(xC—a)+9—fl].

The virtual control « and error compensation & are
designed as

=G [~kz, - 15ig" (s,) - 9] (32)

and

& =—ki& +rG(x.—a) +rGE, — I;sig(§,)  (33)

where k|, 7,1, > 0,0 < y < 1 are design parameters, sig”(s,)
= [|511|ysgn(511)> |512|ysgn(312), |513|ysgn(513)]T) and sig(§,) =
[sgn(&;), sgn(€,,), sgn(§;5)]" with &,(0) = 0, = 1,2,3.
Substituting (32) and (33) into (31) yields
V) =51 [kis; +1Gs, — 7ysig! (s;) + Isig (§)].  (34)
Construct the second Lyapunov function as
1 r
V,=V, + 3525 (35)
Taking the derivative of V, along with (10) and (29) yields
Vy=Vi+s8, =V +s; (0% - &)
: , (36)
=Vi+s, (Jo'Tv+F+D-x.-&).
The error compensation is designed as &, = &, = [0,0,
O]T. LetF = F - X.+rGs, +s,. Substituting (34) into (36) and

using the fact that G is symmetric lead to

V,=Vy+s, (F=rGs, —s,+J;'Tv+ D)
T : +1 T T
= —kys;s; — TIZ lsul"™ + s, Lsig (&) —sps,  (37)
1

+s, (F+J;'Tv+ D).

The fuzzy logic systems (19) are utilized to approximate
the unknown nonlinear F. From Lemma 2, for any given
constant y > 0, there always exists an FLS such that

F=W'0,(2,)+6, i=123 (38)

where @, = [®,,D,,,...,®,y]" is the basis function vector,
the approximation error §; satisfied |§;] < u, and Z, =
[w", xCT, )'cCT]T.

By Young’s inequality and (38), the following inequalities
hold:

3 3
SZF < ZSZ,-VViTq),- + 2521'/4
i=1 i=1 (39)
DY U U o T
2h2 2 2 2
2 2
apelel, % (40)
- hs® 4 (41)
s1hsig (&) < > + 2

where 6 = (1/b) max{|W; I1%, IW, 1%, IW;]1*}.
The commanded controller is designed as

o
v=17, [—kzs2 - % — T,sig" (sz)] (42)

where k,,7,,h are positive design parameters, y =
diag{®f®1,®§®2,®§®3}, adn 6@ is the estimation of 6.

It is obtained for the commanded controller (42) that

F§175

sty Tv = st [—k2F32 - 722 — 1,[sig” (vz)]

6 Z?:l bs%iq)iTCDi
2h?

< —kybshs, — (43)

3
-,b) Js,:]*.

i=1

Using (39)-(43), the derivative of the V, is simplified as

3
Vy <= (ky —0.50) s{s, =1, ). sl — ksbsy s,
i1

3 0-0)Y  bs2d, D,
- szz |52ilwrl + ( )212_],12 2 (44)

i=1

3 3 Dl
R e N
2 2 2 2

The update law of @ is designed as

A3 5507 )
20 ~mf )

where A and m, are positive design parameters.

5:

4.2. Stability Analysis. Before providing the stability analysis,
the following two lemmas are given.

Lemma 4 (see [49]). ForO<a<landx; € R,i=1,2,3..,,
the following inequality holds:

3 3 (a+1)/2

1 2
Zl’%lM 2 <Z|x1| ) . (46)
i=1 i=1



Lemma 5 (see [50]). For any real number 0 <y < 1,A;,A, >
0, an continuous positive-definite Lyapunov function V(x)
satisfied the from as V(x) + A,V (x) + 1,V¥(x) < 0, then V = 0
can be achieved in a finite time and the setting time can be
estimated by

1 A VIY(0) + A,

Treac S ln
" Ay (1 - V) A,

where V(0) is the initial value of V (x).

(47)

Theorem 6. Consider the spacecraft stabilization system
described in (1) and (2) subject to input saturation and actuator
fault (4) with finite-time command filter (30), the virtual
control (32), the error compensation (33), the controller (42),
and the update law (45), and then

(i) the transformed error € converges into a small region of
the origin in a finite time, and w is bounded in a finite time;

(ii) the prescribed control performance of o (22) is pre-
served.

Proof. Construct the Lyapunov function as

b
V=V,+—0 48
2t oy (48)

where 6 = 6 - 6.
According to (44), the time derivative of V is

3
V< —(k, —0.50) s s, — TIZ lsi|"" = kybsis,
i=1
3 2aTD, 3

3
-T,by s, + 2o 521'2 L hh+ — (49)
& 2h 2

L3 Dn L bB0

2 2 2 A
Substituting update law (45) into (49) yields

3
V< —(k - 0.5L)sls, - TIZ lsi|"*" = kybsls,
=1

3 2 2 2
3 3y~ D, I

B A e B N e L (50)

T, ;|s2,| + > + > + > +2

+m1b§§

—

According to Young’s inequality, the following inequality is
hold:

m,boo 3 ~3m, b6 . m, b6 (51)
AT 4) A
Considering 0 < y < 1, it is concluded that
¥ (y+1)/2 )
m, b0 _ mybo - l (52)
27 21 4

Using (51), (52), and Lemma 4, the time derivative of V is
expressed as

3 (y+1)/2
. 2
V<—(k - 0.511)5?51 -1 (Z |sil )

1
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5 (y+1)/2 .
2 m b@
— kybsys, — 1,b (Z |52 > - i—/\

1

(m1b§2 )(“”/ a3 Do
21 2 2 2 2
L mbo® 1
A
(53)
which leads to
V<AV - AV, (54)

where A, = min{2k, — I, 2k,b,0.5m,}, A, = min{2¥*V/%7
202 b YRy and = 322 + 3u2/2 + DJ2 +
L/2 + mleZ/A + 1/4. According to Lemma 5, it is con-

cluded that s, and s, converge to the small region ||s;| <

max{/2y;/A;, \/2([41/%)2/(?’“)},1' = 1,2,inafinite time T, <
(L/A,(1 - y))ln((/llVl_”(O) + A,)/A,). From the definition
s; = e—&,, s, = z, — &, if the finite-time convergence of the
&, is guaranteed, then it is confirmed that the states z; and z,
can converge into a small neighbourhood of the origin within
a finite time.

Since &, =&, = (0,0, 017 is given in the control design, in
order to show that &, is bounded in a finite time, the following
Lyapunov function is chosen:

Vs = %Effl. (55)
Differentiating V; along with (33) yields
v, =g
=& [ k& +Gx - 0)+ G, - hsig(€)] 5

3
= —k1£1T51 - llz |Ezl + ElTng + ElTG (%, —«).

According to the Lemmall, |x. — &/ < @ can be achieved
in a finite time T,, and combining |G|l < 1/2, the following
inequality is obtained:

3
€6 (x, —a) < %a)z £ (57)

Substituting (57) and &, = [0, 0, 0]7 into (56) leads to

5 1/2
Vi < k&8 - (1 - 50) <z |£,-|2> -

1

1
< -2k, V; - \/5(11 - 5@) V2

According to Lemma 5, it is illustrated that & can
converge to the origin in the finite time T; by choosing
suitable parameter satisfying /; > (1/2)@. Since z; = s; + &,
and z, = s, + &,, the transformed error € = z; converges to a
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TABLE 1: Parameters of the control scheme.
Parameter Value Parameter Value Parameter Value
ky 0.1 B 3 Puqa 51
k, 0.8 B, 4 a,,b, 5,4
I, 0.01 h 0.5 R 5,1
7, 0.01 m 0.001 a,,b, 5,5
T, 0.5 Po 0.5 P35 qs 5,4
y 0.3 Peo 0.001 as, b, 5,1
A 2 K 0.1

small region of the origin within the finite time T = T, + T, +
T, and from the definition w = z, + x_, w is also bounded.
According to Lemma 3, the stabilization of transformed
error ¢ is sufficient to guarantee o converge with prescribed
performance described by (22). This completes the proof. [

Remark 7. From (54) and (58), it is seen that the increase of
ki, k,, Ty, 75, 1) and decrease of y lead to better convergence
speed, but large 7;,/; and small y will result in chattering
problem. Consequently, the choice of the parameters 7,1/,
and y should be considered with a trade between the
convergence speed and chattering reduction.

5. Simulation

In order to illustrate the effectiveness of the proposed control
scheme, the simulation results and discussions are presented
in this section. The spacecraft model is expressed as (1) and
(2) where the initial values of the state parameters are set as

o (0) = [-0.3,-0.4,0.2]"

. (59)
w(0) =[0,0,0]" rad/s.
The nominal inertia matrix is
350 3 4
Jo=| 3 270 10 (60)
4 10 192
and the uncertainty AJ is
AJ] = diag {5sin (0.1t), 7 sin (0.2t), 9 sin (0.3t)} kg (6D
2

-m”.
The external disturbance is
d
= (lwll* +0.05) [sin (0.8¢) , cos (0.5¢) , sin (0.3t)] " N (62)
-m.

The maximum torque of the actuators is v;; = 8 N-m,
i = 1,2,3. In order to reflect the fault condition of real
actuators such as flywheels, a time-varying loss of actuator
effectiveness fault E = diag{E,, E,, E;} is given as [9]

E, =0.2+0.1sin(0.27t), t=>15s
E,=02+0.1sin(0.37tt), t=>12s (63)
E; =0.2+0.1sin(0.47t), ¢ > 10s.

In practice, to perform a high-precision stabilization and
safety during the maneuvers, the state o; should be stabilize to
asmall region, i.e.,|o;] < 1x 1072,i = 1,2, 3, and no overshoot
is allowed.

The comparative simulations are given to verify the effec-
tiveness of the proposed control scheme. For the notation
convenience, the three compared control schemes are given
as follows.

MI: the proposed control scheme including the finite-
time command filter (30), virtual control (32), error compen-
sation (33), commanded controller (42), and the update law
(45). The control parameter settings are shown in Table 1.

M2: the conventional backstepping control scheme [26].
The virtual control a, commanded controller v, and fuzzy
adaptive update law are given by

a=-kG 'z (64)
Os
V= ]0 <—k222 - WZZ) (65)
A AYL 507 )
0= T - m19 (66)
where z;, = 0,2z, = w — «, and the control parameters

ki, k,, A, h are set the same as M1 scheme.
M3: the adaptive fast terminal sliding mode control
scheme proposed in [22]. The sliding function S is given by

S=w+K,0+K,S,, (67)

where K, K, are design parameters and S,, = [S,,1>Sa>
T,
Sauzl” 1s

S

aui

3 “sgn (07) |6i|r >
N 2

2-r)e o+ (2-r) e sgn(a;) 0;>»

if |o;| >¢ (68)
if |oj| <e

where & > 0 is a small constant scalar; 0 < r < 1 is a design
parameter.
The control law is

v =—18 — psig”’ (S) — v, (t) (69)

where 7, p are design parameters, sigO'S(S) = [IS; |03 sgn(S;),
1S,1%° sgn(S,), S51°° sgn(S;)]7, and v, (t) is

VSS (t)
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FIGURE 1: Attitude o along with corresponding performance bounds.

S - S & o _
—Ft)+—=) —C(t), if [S|IF(t)>e
— LIS wwgwi

SP ), if [SIF(t)<e
(70)

where € > 0is a small constant scalar, F(t) = q@®)+o®)llwl +
Q(t)llwllz, and the update laws are given by

¢ =—0:G + py ISl

Complexity
10 X107
8k
Time (s)
¢ = 0,5 + p, ISI el
& = -03G + p3 IS lwll®
(71)

where o, p;, i = 1,2, 3, are design parameters. The parame-
ters are chosen as r = 9/11, K| = 0.41;, K2 = 0.215, T = 1015,
p=1,0=01,p, =2,i=1,2,3,¢ =0.01,and £ = 0.0001.
The simulation results are shown in Figures 1-5. The
attitude described by MRPs o,(t), i = 1,2, 3, along with the
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FIGURE 2: Angular velocity w.

corresponding performance bounds is depicted in Figure 1.
As shown in Figure 1, although all the three schemes could
achieve the attitude stabilization, the M2 and M3 fail to
meet the prescribed transient and steady-state error bound,
while the proposed Ml scheme remains in the prescribed
bound all the time. The angular velocities w of the three
schemes are depicted in Figure 2, which shows that M1
can provide better angular velocity performance than M2
and M3. From Figures 1 and 2, it is concluded that the
attitude stabilization with prescribed performance and high

precision is achieved in a finite time with the proposed
control scheme. Figure 3 shows the actual control signals
u, which are quite similar for different three schemes. The
three-dimensional trajectory of the transformed error &(¢) is
shown in Figure 4; it can be seen that the transformed error
can converge to the neighbourhood of the origin in a finite
time (around 40 s) subject to the actuator fault and input
saturation. The convergence performance of the estimated

parameter @ is shown in Figure 5, and it is clear that the
parameter 0 converges to a positive constant. From Figures
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Complexity

1-5, it is concluded that the proposed control scheme can
achieve the prescribed performance within a finite time in
the presence of the inertia uncertainty, external disturbance,
actuator saturation, and faults.

6. Conclusion

The problem of attitude stabilization with guaranteed tran-
sient and steady-state performance has been investigated in
this paper for the spacecraft systems with inertia uncertainty,
external disturbance, actuator saturation, and faults. The sin-
gularity problem caused by the differentiation of the virtual
control is avoided by the proposed first-order command filter.
Then, incorporate the prescribed performance boundary into
the controller design by using the error transformation to
guarantee the prescribed performance of the system output.
The control scheme stabilizes the system within a finite time
with the proposed adaptive finite-time fault-tolerant control
scheme. Finally, simulation results have been provided to
verify the effectiveness of the proposed control algorithm.
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