Journal of Control, Automation and Electrical Systems (2019) 30:864-878
https://doi.org/10.1007/s40313-019-00498-3

o

®

Check for
updates

Integrated Fault-Tolerant Stabilization Control for Satellite Attitude
Systems with Actuator and Sensor Faults

Lang Bai'(® - Zhifeng Gao'

Received: 17 January 2019 / Revised: 25 June 2019 / Accepted: 16 July 2019 / Published online: 30 July 2019
© Brazilian Society for Automatics—SBA 2019

Abstract

In this paper, the problem of integrated fault-tolerant stabilization control is studied for the attitude systems of a rigid satellite
with both actuator and sensor faults. Firstly, a virtual observer is designed for the faulty attitude systems of rigid satellite in
order to estimate the unknown actuator and sensor faults. Because the virtual observer includes unmeasurable information
of the attitude systems, the real observer is then presented. On this basis, an integral sliding-mode fault-tolerant stabilization
control approach is proposed by using the estimated fault information, and it not only suppresses the disturbance with a
disturbance attenuation level y, but also eliminates the effects of actuator and sensor faults. Finally, the effectiveness of
the proposed fault-tolerant stabilization scheme is demonstrated in the attitude systems of a rigid satellite subject to the

time-varying actuator and sensor faults.
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1 Introduction

The attitude control of satellites is an essential subsystem
and has important applications for some space missions
such as pointing and formation flying (Zhang et al. 2013;
Doroshin 2017; Chunodkar and Akella 2014). Therefore,
the corresponding attitude control design has received sig-
nificant attentions in the past decade, and many effective
methods has been investigated for satellites. For example,
Ma et al. (2014) propose an adaptive control strategy for
the attitude systems of a rigid satellite with external distur-
bance by using quaternion feedback to compensate actuator
failure. In Xiao et al. (2017a), a nonlinear estimator-based
control approach is presented for the attitude stabilization
of flexible satellites with unknown flexible vibrations. A
novel control approach with simple structure is presented
in Xiao et al. (2017b) to perform attitude tracking maneu-
ver for rigid satellites with external disturbance torque and
uncertain inertia parameters. A fractional-order attitude con-
troller with memory ability is proposed in Guo et al. (2018)
to guarantee the attitude stability of a rigid satellite. It is
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noted that the Euler angle-based attitude model and the
quaternion-based attitude model are used to describe the
satellite attitude motion in the above-described studies. The
Euler angle-based attitude model could intuitively describe
the satellite attitude motion, but it has two disadvantages:
(1) to calculate a number of complex trigonometric functions
and (ii) the attitude angle singularity problem. Taking into
account these defects, the Euler angle-based attitude sys-
tem model is only suitable for small-angle deviation stability
control and general maneuver control of in-orbit satellite
(Zhang et al. 2013). The quaternion-based attitude model
could avoid the attitude angle singular problem and no com-
plicated trigonometry. However, it is difficult to guarantee
the normalization conditions of quaternion due to calcula-
tion errors, and the quaternion-based attitude system model is
suitable for large-angle maneuver control or attitude capture
of in-orbit satellite (Xiao et al. 2017a). In past few decades,
people have focused on the attitude control of in-orbit satel-
lites that are operating at the small angles. In recent years,
with the continuous development of space technology, peo-
ple are paying more and more attention to the attitude control
problem in the process of satellite large-angle maneuvering
(Xiao et al. 2017b).

It is well known that the complex satellite attitude con-
trol systems inevitably manifest various types of faults in a
harsh space environment, which may result in the degraded
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system behavior or even system failure. Therefore, the fault
diagnosis (FD) technique for satellite attitude control sys-
tems has been an important research topic in recent years
(Gao et al. 2013; Cheng et al. 2016; Wang et al. 2015). Gen-
erally speaking, the FD strategy divided into three essential
tasks: fault detection, fault isolation and fault estimation. It
is worth pointing out that all these tasks can be accomplished
by fault estimation. Meanwhile, in order to eliminate the
impact of faults, fault-tolerant control (FTC) has also become
important. Thus, fault estimation and FTC has attracted
considerable attentions in recent years. For instance, two
observer design method are proposed in Xiao et al. (2015)
for the attitude stabilization of a satellite with external dis-
turbances, reaction wheel faults, actuator saturation and
unavailable angular velocity. An equivalentideais introduced
to design a sliding-mode observer in Zhang et al. (2017),
such that the amplitudes of the faults and disturbances can
be detected, identified and estimated. Zhao et al. (2016a,b)
focus on the robust control problem of a class of uncertain
nonlinear systems, and the considered uncertainty parame-
ters are all dealt with by sliding-mode control technique. An
active FTC approach is proposed in Gao et al. (2017) for a
class of flexible spacecraft attitude systems with Lipschitz
nonlinearity and sensor fault. A dynamic output feedback-
based fault-tolerant controller is designed to guarantees the
attitude stabilization of flexible spacecraft in sensor faulty
case. In Yin et al. (2017b), the fault-tolerant stabilization
problem is investigated for a class of nonlinear Marko-
vian jump systems, and a sliding-mode observer design
scheme is proposed with the aim of eliminating the effects of
unknown actuator fault to the overall closed-loop systems.
A descriptor sliding-mode observer approach is proposed in
Yin et al. (2017a) for linear continuous-time switched sys-
tems, such that the state of the system, disturbances, sensor
and actuator faults could be estimated simultaneously. Chen
et al. (2016) investigate the fault-tolerant control problem
for a class of stochastic Markovian jump systems, and a
novel sliding-mode control strategy is proposed by utiliz-
ing the state estimation information generated by an adaptive
sliding-mode observer, which stabilize the faulty closed-loop
systems. In Hamayun et al. (2013), a novel FTC approach
scheme is proposed for a linear systems by incorporating
integral sliding modes, unknown input observers and a fixed
control allocation scheme. In Hamayun et al. (2017), an inte-
grated integral sliding-mode fault-tolerant control scheme is
proposed for the linear parameter-varying systems in the out-
put feedback framework. The feedback and observer gains
are designed using linear matrix inequalities approach to
ensure closed-loop stability nominally and in the situation of
actuator faults/failures. In Zhao et al. (2017), a novel fault-
tolerant control scheme is developed for a linear systems
with time-varying actuator fault, an adaptive unknown input
observer is exploited to estimate state and fault simultane-

ously, and the adaptive output integral-type sliding mode is
designed to attenuate unknown bounded uncertainty and tol-
erate time-varying fault. In Liu et al. (2018), the finite-time
sliding-mode controller is designed for a class of singular
time-delay system with sensor failures and uncertain non-
linearities, and it guarantees that the closed-loop system is
nonsingular sliding-mode finite-time boundedness in both
reaching phase and sliding-motion phase. However, it is
noted that most of the FTC schemes described above are
only solved to the stabilization/tracking problem of all kinds
of linear/nonlinear control systems in actuator faulty case or
in sensor faulty case, and the fault-tolerant stabilization or
tracking control problem of linear/nonlinear in both actua-
tor and sensor faulty cases is always an open problem in the
field of automatic control and has not been fully investigated
yet, which remains challenging and motivates us to do this
study.

Motivated by the preceding discussions, we consider a
rigid-body satellite in orbit that runs at a small angle, and an
integrate fault-tolerant stabilization control scheme is pro-
posed for the satellite attitude systems described by an Euler
angle-based model in both actuator and sensor faulty case.
The main contributions of this study could be described by
the following: (i) A novel fault estimate observer (FEO) is
designed for the considered faulty attitude systems to esti-
mate the sates of system, actuator faults and sensor faults,
simultaneously. (ii) An integral sliding-mode fault-tolerant
attitude stabilization control scheme is developed by utilizing
the information from observer, and it not only attenuates the
disturbance with a disturbance attenuation level y , but also
eliminates the influence of both actuator and sensor faults.
(iii) Lyapunov stability theory is applied to the closed-loop
stability analysis, and the gain matrices for controller and
observer could be obtained through the linear matrix inequal-
ities technique. In the future works, we hope that the main
results obtained in this paper could be further improved and
applied to fault-tolerant attitude control of satellite in large-
angle maneuvering stage.

This paper is organized as follows. In Sect. 2, the atti-
tude dynamics of rigid satellite with actuator and sensor
faults is describes firstly; then, the control objectives of this
paper and some necessary assumptions are formulated. In
Sect. 3, anovel observer is designed to estimate states of sys-
tem, actuator and sensor faults. The main results of integrate
sliding-mode FTC strategy are presented, and the closed-
loop stability analysis is carried out using Lyapunov stability
theory. A numerical example is provided to verity the effec-
tiveness of the proposed fault-tolerant stabilization method
in Sect. 4. Finally, the conclusion and some remarks are given
in Sect. 5.

Notations The symbol x stands for the terms induced by
symmetry. The symbol || - || represents the norm of the matrix.
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2 Problem Statement

This paper consider an attitude system model of satellite with
reaction wheel as actuator and running in a circular earth
orbit, and the attitude dynamic model of rigid satellite is gov-
erned by the following differential equation (Gao et al. 2013)
Jo+ o Jo=3wit*J +u+d 1)
where J = diag{Jy, J2, J3} is the symmetric inertia matrix
of rigid satellite, w = [wy, wy, wZ]T is the angular velocity
in a body-fixed reference frame and wy is the constant orbital
rate.u = [uy, us, ..., uy]" is the control torque vector gen-

0 0 wo

0 0 0

—w( 0 0

A =30} J; (= J3) 0 0
0 30205 (1= J3) 0

0 0 0

SO o oo~

and this nonlinear system (5) is linearized as

(6)

¢ =0y + ooy, 0=y +wy, ¥ =0, —we

Choosing the state variable x = [¢, 0, ¥, wx, wy, a)z]T, the
satellite attitude systems model with parameter uncertainty
could be described as

:x = (A+ AA()x + g(x, 1) + Bu(t) + Dd(1) -

y=Cx

where AA(t) represents the parameter uncertainty of state
matrix with appropriate dimension and

0 0 0 0 0
10 0 0 0
0 1 0 0 0
o o'BTlut 0 o
0 0 0o J' oo
0 0 o o J!

gx,0) = [0, wo, 0, J7 ' (r — Bwyw,, Iy (J3 — IDwwy, I3 (J1 = h)oywy],

000 04 0 07"

00 0 0 06 O
00 0 0 0 05

C=1s, D=

erated from the reaction flywheels and m > 3 is the number
of reaction flywheel. d = [dT, dzT R d3T 1T is the external dis-
turbance torque, and ¢ = [—sin @, sin @ cos @, cos ¢ cosO]T
is the known nonlinear term. ¢, 6 and ¥ are the roll, pitch
and yaw attitude angles, respectively. The skew-symmetric
matrix w* is given by

0 —w;, wy
o =| w, 0 —wy
—Wy Wy 0

For small attitude angles, the attitude dynamics (1) could be
rewritten as

Jioy = (J2 — J3)wyw, + 360(); (=) =u+d 2)
by — (3 — w0y + 305 (J1 =)0 =u+d>  (3)
Ko, — (J1 — Doywy=u+dy 4)

The kinematic differential equation of an orbiting rigid satel-
lite can be described as Gao et al. (2013)

g{) 1 cosf singsinf cos ¢ sin @ Wy
0| =—— 0 cospcosf —singcosh wy
v cost 0 sin @ cos ¢ w;
sin Y
cos 6 cos (@)
cos sin 0 sin ¥
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There the matrices A and B always satisfy Assumption 2.

To the objective of fault-tolerant attitude stabilization control,
the actuator and sensor fault model should be considered in
the attitude systems (7). Thus, the faulty satellite attitude
systems could be transformed into the following form

x(t) = (A+ AA@)x(t) + g(x, 1) + Bu(t) + Fo fa(t) + Dd (1) )
yr@) =Cx@) + f5(0)

where f,(¢) denotes the unknown actuator fault, which may
be loss of effectiveness fault or increased bias torque. f;(¢)
denotes the unknown sensor fault, which may be random
drift or bias fault. F; is known constant matrix of compatible
dimension.

To get the purpose of integrated FTC, the following main
objectives should be achieved in this study.

1. For the faulty attitude systems (8), design a novel aug-
mented observer to estimate states of the system, actuator
and sensor faults simultaneously.

2. For the faulty attitude systems (8), design an integral
sliding-mode controller, based only on output measurements
and the obtained fault estimation information, and it could
maintain the closed-loop stability in the face of some actuator
and sensor faults.

Based on some recent results obtained in Lan and Patton
(2018), Lietal. (2018), Gao (2015) and Youssefet al. (2017),
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Fig.1 Integrate fault-tolerant
stabilization control scheme for
satellite attitude systems

actuator fault

U

disturbance sensor fault
Satellite attitude Y
Actuator Sensor
systems

Fault estimation observer

Ja %
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an integrated fault-tolerant stabilization control scheme is
developed for the attitude systems of rigid satellite with both
actuator and sensor faults in this paper, and the block diagram
of FTC is shown in Fig. 1.

Throughout the remainder of this paper, some necessary
assumptions and lemmas are given in this position.

Assumption 1 Liu et al. (2018) The satellite is assumed to
be running in a small-angle maneuver; therefore, the non-
linearity g(x, ) is assumed to locally Lipschitz in x, i.e.,
g(0, 1) # 0, and the following inequality holds:

llg(x, 1) — g, DIl < Bllx — x|

where f is the known Lipschitz constant, x is the state of the
satellite attitude systems and x is the error between the state
and its estimate.

Assumption 2 The nonlinearity g(x, t) is bounded.

Assumption 3 The pair (A, C) is observable, and the pair
(A, B) is controllable.

Assumption 4 Rahmani (2017)The uncertainty matrix AA(t)
is norm-bounded and could be written as

AA(t) = MT(OH

where M and H are known matrices with appropriate dimen-
sions and I'(¢) is an unknown matrix satisfying I'(£)I"T (¢)
<.

Assumption 5 The external disturbance, unknown faults and
their time derivative are all bounded.

Lemma 1 Liuetal (2018) Let Z, W and diagonal matrix R
be the real matrices of appropriate dimensions with |R| < S,

stabilization controller

where S is an known real constant matrix, and there exists a
scalar € > 0, such that

ZRW + (ZRW)T <ezSZT + e 'WwTsw

3 Integrate Fault-Tolerant Stabilization
Control

3.1 Fault Estimation Observer Design

In this section, a novel observer will be designed to provide
the estimation of system state, actuator fault and sensor fault
simultaneously, which has the following form

{é(r) = AE(t) + Bu(t) + Ly (1) + Fig(®. 1) )

2(r) = E(t) + Cy(1)

where é (¢) is an auxiliary variable, matrices A, 53, C and L
are observer parameters to be determined later and Z(¢) is the
estimation for x (), f3(¢) and fs(¢). To design observer (9),
the faulty attitude systems (8) could be reformulated as

{ E12(t) = Az(1) + A(0)z(1) + g(x, 1) + Bu(t) + Dd (1) (10)

y(t) = Exz(t)

where z(t)=[xT(1) f (@) de(t)]T,Az[A Osx6 Fals
A@) =[AA() Osxe Opxe ], E1 = [Isxs Osx6 Osx |,

Ey = |[C Isxe Osxc]. E3 = [BIC Ogxe Ioxe |

and B; € R6%6 is a full-rank matrix; then, it is clear that
E;

rank| E> | = 12, which means it is a full-rank matrix and
E3

its inverse exists.
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Ioxe | Oox6| Oexe It is noted that the virtual observer (14) may have poor esti-
Let F = [F1| F2| F3] = —-C Isxe| Osx6 |3 mation aPility because of the term (F> + F3B1)E»>z(t). By
—B1C| Ogx6| Isx6 defining £ (t) = z(t) — (F2+ F3B1) E27(¢), such that observer
then, it can be easily known that (14) could be further rewritten as
Eq E(t) = FIAZ(t) + F\Bu(t) + F1g(®. 1) + L(y(t) — E22(1))
Ey |[FI F F3]=Igxs = (F1A — LE))3(t) + FiBu(t) + Fi1g(%, 1) + Ly (1)
E3 (11 = (F1A — LE2)E(r) + Fi Bu(t) + Fig(3, 1)
E, +(L + (F1A — LE2)(F2 + F3B1))y(1) (16)
[Fi P, F3]| E2 | = Lsxis
| E3 Then, the fault estimation observer (9) is designed with the
following parameters
£
which means | E, =[Fn F F] A=FA—LE,, B=FB, C=F,+ F3By,
E3 | L =L+ (FIA— LE))(F,+ F3By) (17)
Multiplying F; to both sides of (10) yields that
Observer (16) is the similar to the designed observer (9) with
FIEZ(0) = FiA2(t) + FIAMDZ() + FiBu(b) t(hFez pf;;“;f?,;%i :Fl; (a,l;y;v(V;;T F"f’;ﬁﬁ‘;@({,’ S
+Fig(x,t) 4+ F1Dd(t) (12)

and by using fact (11), namely F1E| + F2E2 + F3E3 =
11818, we have

2(t) = FlAz(t) + FIA(0)z(t) + FiBu(t) + Fig(x, 1)
+F1Dd(t) + (FREr + F3E3)z(t) (13)

Consider the following virtual observer

2(t) = FIA2(t) + FiBu(t) + Fig&, 1)
+(Fy + F3B1)E2z(t) + L(y — E2z(1)) (14)

where L = [LT, LT, LT]T is an unknown gain matrix to be
determined later.

Define the following estimation error variable as e(t)
= z(t) — z(¢), and the error dynamics of observer could
be obtained as follows

é(t) = (F1A — LEy)e(t) + FiA()z(t) + F1§
+Fz(t) + QDd(t)
= (F1A — LEy)e(t) + F{MT (t)Hx (1)

+F1g + F2(t) + QDd(1) (15)
o o o0

whereF=|0 —B; 0 |[,Q=[lexe, —CT, —CTBT,
0 0 Isxe

@ Springer

Remark 1 The satellite attitude systems considered in this
study are suffered from actuator fault, sensor fault, param-
eter uncertainty and external disturbance simultaneously, so
it is difficult to design an observer which estimates the sys-
tem state and fault with the relatively high accuracy. In this
section, a virtual observer is firstly designed for the faulty atti-
tude systems, and the main purpose of the virtual observer is
to improve the observation precision of the system state vari-
ables and unknown faults. However, it is hard to realize the
virtual observer because it includes inaccessible information,
namely (F, + F3B1)E>z(t). As a result, an actual observer
based on the virtual observer is derived by eliminating the
time derivative term, such that the target of state and fault
estimation can be achieved.

Remark 2 1t is noted that most existing fault estimation
approach, such as Zhang et al. (2013) and Gao et al. (2013,
2017), could only estimate the individual actuator fault or
the individual sensor fault. To address this defect, a novel
fault estimation observer design approach is proposed in
this study, which could estimate the state of the plant, actu-
ator fault and sensor fault simultaneously and could be
regarded as the supplement of the existed fault estimation
results.

3.2 Integral Sliding-Mode Controller Design

In this section, an integrated sliding-mode fault-tolerant con-
trol scheme is proposed using only the measurable output
signal, which guarantees the attitude stability of the faulty
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satellite. Here, an integral sliding-mode surface by using the
output feedback information is designed as

t
s(t) = G(ye(t) — ye(0)) — /0 ui(t)de (18)

where G = (CB)* — Y(I — CB(CB)™) with an arbitrary
matrix ¥ € R>*® and (CB)" = (CB)TCB)"1(CB)T. y.
=y— fs = Cx +ey, is the attitude output signal after sensor
fault compensation, and ey, = fs — fs is the sensor fault
estimation error. u; is a control input to guarantee disturbance
attenuation.

The designed sliding-mode controller has the following
form

Uu=u,+u (19)

where the linear component is u; = —KX — W fa with a

design matrix K € R3*® and W = BTF,. % and an are the

estimates of the system state and actuator fault, respectively.
The nonlinear component u,, is designed as

N

_(/3(1)+</)+K) ’ S#O
", = Is]

0, s=0

where p(¢) is the estimation of unknown scalar p(f) =
IGCDId®O +IGCFallll fall + G [|€ £, ]I, which has the
following adaptive updated algorithm p = %||s|| and ¢, K
are the design constants.

Differentiating (18) with respect to time and substituting
x(t) from (8) obtains

s =GC(A+ AA)x +GCg(x,t) + GCBu+ GCF, f
+GCDd + Géfx — U (20)

In this position, the first main results of this study are given
by Theorem 1.

Theorem 1 Under Assumptions 1-4, suppose the integral
sliding-mode surface function is designed described by (18),
and the sliding-mode controller u described by (19) guaran-
tees that the sliding-motion is driven on the sliding surface,

namely s = s = 0.

Proof Select the following Lyapunov function
I r ~2
Vs=§(8 s+ Kkp7) 21)

where p = p— p is the error variable of parameter estimation.

Then, it is derived directly that

Vi=s'5 — Kﬁ;)

=5 (GC(A + AA)x
+GCg(x,t) + GCBu + GCF, f + GCDd
+Geépg —up) — Kﬁ;)

=5 (GC(A+ AA)x + GCg(x, 1)
+GCBu+ GCF, f, + GCDd
+Géps+ Ki+ W) —kpp

=5 (GC(A+ AA)x + GCg(x, 1)
+GCBu+ GCF, f, + GCDd
+Géps + KZ+ W) — plisll

< IsIAIGCA|lx + IGCMIHx Il + BIGC||l|x]]

+IGCDd®) |
+IGCFN fall + IIGIIIE 51D — NIsli(o + ¢ + k)
< (allxll —¢ —©)sl (22)
where a = |GCA| + |GCMI|||H| + BIGC]. If the

parameter is chosen to be ¢ > av with a given scalar
v > 0 and ¢ should be chosen large enough, then reach-
ing the sliding-mode condition sT§ < —« ||s| is satisfied for
{x : |lx|| < v}. Then the sliding-mode controller (19) guar-
antees that s(¢) = s(¢) = 0 for all # > 0. This completes the
proof. O

3.3 The Closed-Loop Stability Analysis

In this section, the stability analysis of the closed-loop atti-
tude systems in both actuator and sensor faulty cases is given.
Suppose that the system has been successfully controlled to
stay in the sliding-mode surface, and the equivalent control
law is designed as

Ueq = —GCAx — GCg(x,t) — GCDd + u; (23)

Substituting (23) into (8) obtains the closed-loop attitude sys-
tems as

%= (A+ AA)x + B(—~GCAx — GCg(x,1) — GCDd + u;)
+Fafa+g(x. 1)+ Dd
= ((I — BGC)A — BK)x + Te + AAx + (I — BGC)Dd
= (PA—-BK)x +Te+ AAx + ®Dd (24)

where ® =1 — BGCand T = [BK 0 F, |.

@ Springer
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Meanwhile, consider the error dynamics of observer (15),
and the following augmented closed-loop attitude systems
are given by

X =(PA—-BK)x+Te+ AAx + ®Dd

_ . (25)
é=(F1A— LEy)e+ FIMT()Hx + F1g + Fz + QDd
In this position, the second main results of this study are
given by Theorem 2.

Theorem 2 Under Assumptions 1-5, for a given positive con-
stant y, if there exist symmetric positive definite matrices Q,
Q, P11, Py, P33, and matrices J, 1:1, Zz, i3, and satisfying
the following linear matrix inequality

En E2 0 Enu O Eie OM 0
x EBxp By By Hys By 0 JaPuM
* x 33 B34 B35 E36 0 0
* * * B44 Bgs E46 0 0
- * * * * =1 0 0 0
== * * * * * —yzl 0 0
* * * * * * —1 0
* * * * * * * -1
* * * * * * * *
| * * * * * * * *

Calculating the time derivative of V,, , it is obtained as

Ver = 2xTQxt +2¢" Pé = 2x" Qi + 2e] Pi1éy + 2e, Péyy
+2e}aP33éfa
= 2xTQ[(®A — BK)x + BKey + Faeyq
+ MT(1)Hx + ®Dd]
+2elPii[(A — L1C)ey — Liess + Faea
+MT(1)Hx + § + Dd]
+2¢} Pl(=CA — LyC)ey — Lyeps — CFaega
—CMT(t)Hx — Cg — CDd — By f;]
+2¢}, P3[(—BICA — L3C)ex — Laess — BICFae

—BICMT(t)Hx — B|C3 + fo — BiCDd] (29)
0 0 7
0 0
P CM 0
0 ﬁPy,y,B]CM
8 8 <0 (26)
0 0
0 0
—1 0
* —1 N

where 211 = QPA + AT®TQ — BJ — J"BT + HTH +
o '"H'H —p "HYH — ¢ 'HYH +1, 21, =BJ, B4
= QF,, Eie=Q®Dy, Exn =P A+ATP —LC -
C'LT +B82+1, B3=-L) —ATCTPy - CTLY, En
= P F, — ATC'BI P33 — CTL], E5 = P11, Ex
= PuDy, E33 = —Ly— LY+ 1, s = —PnCF, —
L3, B35 = —P»C, E36 = —PnD; — P»CDy, Eu
= —P33B|CF, — FJC"B] Py3 + 1, E45s = —P33B|C —
CTBI P33, E46 = P33D3 — P3B1CD;.

Then the augmented closed-loop attitude systems is
asymptotically stable with a disturbance attenuation level
y. Furthermore, the observer gain L = [LIT, Lg, Lg]T

ol o]

and the controller gain K are given by L1 = Pfl] Ly, L,
= P2_21Z2, Ly = P3_311_,3, K = Q’IJ_where Q is a matrix
satisfying

OB =BQ (27)
Proof Consider Lyapunov function candidate

Vor =x 0x +e' Pre (28)

where Q = QT > 0, Py =diag{Pi1, P, P33} = PIT > 0.

@ Springer

Here, we have a transformation to 2xTQM F (t)H x; there-
fore, the following inequality could be derived

2xTOMF (1)Hx
=—M"0x — F()Hx)T(MTQx — F(1)Hx)
+xTOMMTOx + xTHYFY (1) F(t)Hx
<xTOMM"Ox +x"H Hx (30)

Under Assumptions 1,3 and Lemma 1, the following inequal-
ities are easily obtained

i < pele, oy
2e; PUMT (1) Hx < aex PLuMM" Pijey
o THT H (32)
—2¢} PnCMT () Hx < pey PuCMM'C" Pyey,
S THT Hy (33)
—2¢},P33BICMT (1) Hx
< g€y, P BICMM CTB{ Pyzesq
L THTHy (34)
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Substituting (30)—(34) into (29), we have

Ver <2xTQ(®A — BK)x +2x"OBKey +2xT QF,ey,
+xTOMM™0x + x"HTHx + 2xTQ®Dd
+2eIPi1(A — LiC)ex —2e, PyiLiey,
+2el P11 Faey, +ael PUMM T Pyje,
+o ' xTHTHx +2¢T Py + 2l Py D1d
+2¢} Pya(—CA — LyC)e, —2e} Pnlaey,
—2e} PnCFaey,

—l—,ue;rcsPnCMMTCTPzzefs — p,_leHTHx

— 2 PnCg —2e; PnCDid

—2e} PnDyd

+2e}, P33(—BICA — L3C)ex — 2¢, P33 Lae gy
—2e},P13B1CFaea
+gey,P3BICMM C B Pysesq — ¢~ 'x"H Hx
—2e},P33BICg + 2e}, PysDad
—2¢},P3BICDid + BPele, — 33

< nTén —xTx — e;fex — e}zsefs - e}aefa + Vzled_
<n"En-&E+y*d'd (35)

X

ega]T, Dy =[D, Ogx6, O6x6l, D2 =[06x3, B1, Osxel, d
=[d", f& fl1, D3 =106x3, O6x6, loxsland

T T T T 5T 19T ¢ _,T T .T
wheren = [x7, ey, epi, e, &, d 1 E =[x, e, ey

En B 0 Eu 0 s
* B» B3 Ex B En
=_ | * *  E33 H34 B35 36
I " * *  Eas Ess  Eae
* * * * —1 0
* * * * *x =y

with ;1 = Q®A + AToTQ — OBK — KTBTQ +
OMM™"O+H"H+o 'H"H - "HTH— ¢ 'HTH +
I, E2 = QBK, Ei4=QF, Eig=0®D|, Exn=
PiA+ATPy — Py LiC — C LT Piy +aPyuMMT Py +
,32 +1, é23 = —P; L — ATCTPy, — CTLEPZQ, B =
P Fy — ATCTBI P33 — CTLY P33, Eas = P11, Ba6 =
Pi1Di, B3 =—Pnly—LyPn+puPuCMM CT Py +
I, E3g = —PpCF, — P33l3, E3s = —PnC, B3 =
—P»D>y— PyCDy, Ess=—P33BCF,—FICTBl P+
cP3BICMMTCTBTPy3 + 1, E4s = —P;3BIC —
CTBirP33 é% = P33D3 — P33B1CD;.

By the Schur complement to the inequality (26), & < 0
is easily obtained. Therefore, integrating both sides of (35)
from 0 to oo satisfies

Oo . OO - —_
/ Vor + ETEdt < 2 / d'd dr (36)
0 0

Then under zero initial conditions, the inequality (36) could
be rewritten as

foo eTedr < y? /Oo d'd dt (37)
0 0

Therefore, the augmented closed-loop systems (25) are
asymptotically stable with a given disturbance attenuation
level y. This completes the proof. O

Remark 3 In Li et al. (2018), Gao (2015) and Lee et al.
(2018),some observer-based FTC strategies are proposed
for linear system with sensor and actuator faults, but the
unmatched parameter uncertainty and Lipschitz nonlinear-
ity function are not included in the considered linear system,
Therefore, the FTC approach designed in Li et al. (2018),
Gao (2015) and Lee et al. (2018) has the poor robustness. On
the basis of these results, the unmatched parameter uncer-
tainty and Lipschitz nonlinearity function are introduced in
this study and an integrated FTC approach is designed for
the attitude systems of rigid satellite with parameter uncer-
tainty, Lipschitz nonlinearity, external disturbance, actuator
and sensor faults in this paper. Compared with the FTC
result developed in Li et al. (2018), Gao (2015) and Lee
et al. (2018), the integrated FTC approach could guarantee
the attitude systems asymptotically stable with a disturbance
attenuation level y and has better robustness.

Remark 4 Compared with the sliding-mode controller by
using the state feedback information designed in Yin et al.
(2017b) and Liu et al. (2018), an integrate sliding-mode con-
troller is designed for the attitude systems of rigid satellite
by only utilizing the output feedback information. It is well
known that the output information is easier to obtain than the
state information in practical engineering application; thus,
the integral sliding-mode controller developed in this paper
has a wider application value than the sliding-mode control
scheme proposed in Yin et al. (2017b) and Liu et al. (2018).

Remark 5 Note that the equality constraint (27) is difficult
to solve using MATLAB LMI toolbox. However, by using
the method presented in Youssef et al. (2017), for a positive
scalar y, it can be converted into the following optimization
problem to solve using the LMI toolbox

Minimize y subject to (26) and

2 B — BQ
[BTQTV_ arst Q}>0 (38)
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4 Simulation Example

To demonstrate the effectiveness of the proposed integrated
fault-tolerant stabilization control scheme, simulation results
of a satellite attitude control systems are presented in this
section.

The inertia matrix is assumed as J = diag{18.55, 20.49,
23.56} and the orbital angular velocity as wg = 0.0014 rad/s.
The initial attitude angles are selected as ¢(0) = — 0.0245,
0(0) = 0.0335 and ¥ (0) = 0.0516, and the initial angular
velocities are selected as w, = 0.0316, wy, = 0.0424 and
w; = 0.056.

The satellite has three reaction flywheels as actuators
at each principle axis, gyroscopes and star sensors as sen-
sors are used to measure angular velocity and attitude angle
respectively. In the severe space environment, actuators and
sensors are unavoidably susceptible to possible faults. In the
simulation, we consider additive time-varying bias actua-
tor fault and sensor fault occurred in the satellite attitude
systems. For actuator fault, it is assumed that the second
actuator is prone to fault, and other actuators are fault-free;
the actuator vector is defined as f, = [0, fa, 0, O, O, 01T
with

0 rad/s, 0<tr<12s
Sfa2(t) = {0.04 rad/s, 12s <t <20s
0.05sin(¢) rad/s, t>30s

For sensor fault, it is assumed that only the first star sensor is
prone to time-varying fault, while other sensors are fault-free.

@ Springer
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Define the sensor fault vector as fs = [ fs1, 0, 0, 0, 0, 01"
with

0 rad,
0.03sin(¢) rad,

0<t<12s
t>12s

fsl(t) = {

In the design of integral sliding-mode controller (19), the
adaptive gain parameter « is selected as 1.2. By means
of MATLAB linear matrix inequality toolbox, and choos-
inga = 05 u =02, =205y =07y =
0.9, the unknown observer gain matrix and the integral
sliding-mode controller gain matrix could be solved from
the inequality (26) and (37), which are given by the next
page.

To illustrate the superiority of the integrated FTC approach
proposed this study, some necessary simulation comparisons
are given in the following. A normal attitude stabiliza-
tion control approach of satellite is proposed in Xiao et al.
(2017a), which can be used to stabilize the rigid satellite atti-
tude systems considered in this study, and the attitude angle
output curve and the control input torque curve are depicted in
Figs. 2 and 3, respectively. Itis easily seen that the attitude sta-
bilization control approach developed in Xiao et al. (2017a)
guarantees that the closed-loop attitude systems in actuator
and sensor healthy case have good dynamic performance.
When the unknown actuator fault and sensor fault considered
in this study occur in satellite attitude systems, the attitude
stabilization control approach designed in Xiao et al. (2017a)
is still used; the corresponding attitude angle output curve and
the control input torque curve are depicted in Figs. 4 and 5; it



Journal of Control, Automation and Electrical Systems (2019) 30:864-878 873

Fig.3 Control input torque
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is not difficult to find that the attitude stabilization approach
could not guarantee the closed-loop attitude systems in actu-
ator and sensor faulty case which has the acceptable dynamic

performance; the attitude angle curve and the control input
torque curve shows unstable phenomenon, which fully illus-
trate the necessity of designing fault-tolerant attitude control

scheme for satellite attitude systems.
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Fig.5 Control input torque
curve in faulty case using
attitude stabilization approach in
Xiao et al. (2017a)
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In this position, the integrated fault-tolerant attitude con-
trol scheme designed in this paper is used to stabilize the rigid
satellite in both actuator and sensor faulty cases, the unknown
actuator and sensor faults could be estimated accurately
by utilizing the designed observer, and the corresponding
simulation results are given in Figs. 6 and 7. It is easily
known that the designed observer has good fault estimation
capability, and it laid a good foundation for the implemen-
tation of the subsequent fault-tolerant control scheme. By
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utilizing the designed sliding-mode fault-tolerant stabiliza-
tion control scheme (19), the corresponding attitude angle
output curve and control input torque curve are depicted
in Figs. 8 and 9, respectively. It is not difficult to find
that the effects of actuator and sensor faults considered
in this paper to the closed-loop attitude systems could be
compensated, such that the closed-loop attitude systems
in faulty case have also the satisfactory dynamic perfor-
mance.
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In order to make a comparison, the fault-tolerant stabi-
lization control strategy proposed in Xiao et al. (2015) is
also simulated, and the attitude angles curve and the control
input torque curve are depicted in Figs. 10 and 11. It is not
difficult to find from Figs. 10 and 11 that the attitude angle
output curves and control input—control torque curves have
the greater oscillation under the fault-tolerant schemes devel-

oped in Xiao et al. (2015). Meanwhile, it is clearly seen from
Figs. 8 to 9 that simulation results using integrated fault-
tolerant stabilization scheme developed in this paper have
better dynamic performance than those obtained in Figs. 10
and 11. To further emphasize the superiority of the proposed
method, the control performance comparisons using two dif-
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ferent FTC schemes are also given in Table 1, which includes
the convergence time and steady precision.

By the comparison of above cases, it can be found that
the proposed integrated fault-tolerant stabilization control
approach could accomplish the quick attitude stabilization
for satellite attitude systems in the presence of actuator and
sensor faults, parameter uncertainty, Lipschitz nonlinearity
and external disturbance. Simulation results demonstrate the
superior fault estimation and accommodation performance
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compared with the existing approaches reported in recent
years.

5 Conclusions

In this paper, an integrated fault-tolerant attitude stabiliza-
tion control strategy is proposed for a rigid satellite with
unmatched uncertainty, Lipschitz nonlinearity, external dis-



Journal of Control, Automation and Electrical Systems (2019) 30:864-878

877

Fig. 10 Attitude angle output 0.06 T
curve in faulty case using FTC :
designed in Xiao et al. (2015)
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Fig. 11 Control input torque 1 T
curve in faulty case using FTC :
designed in Xiao et al. (2015)

Control torques(Nm)

turbance, along with unknown actuator and sensor faults.
A novel fault estimation approach is firstly given, which
provides the estimation information of unknown actuator
and sensor faults. Then an integral slide mode-based fault-
tolerant stabilization controller is designed using only the
measurable attitude angle output, which guarantees the faulty
closed-loop attitude systems are asymptotically stable with

Times(s)

a given disturbance attenuation level y. Finally, simulation
results show that the integrated design strategy leads to a
good fault-tolerant performance. The limitation of the FTC
approach developed in this paper is that it is only suitable
for the rigid satellite and works in small-angle maneuver-
ing stage; how to design a fault-tolerant attitude controller,
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Table 1 Comparison of control performance using two different FTC
scheme

Control scheme Steady precision

5.5x 10~*
7.1 x 1073

FTC designed in this paper
FTC designed in Xiao et al. (2015)

which is suitable for the satellite in orbit and works in the
large-angle maneuvering stage, will be our future work.
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