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ABSTRACT A rigid satellite fault diagnosis strategy, subject to faults of external disturbances and thruster
faults, is developed. In this design, an equivalent idea is introduced to design a sliding mode observer that
can detect and identify the failures indicated previously. Considering the measurability of parameters of the
satellite, such as angular velocity and attitude, a sliding mode observer is implemented. Next, the amplitudes
of the faults and disturbances can be detected, identified, and estimated via the sliding mode observer;
these tasks are accomplished with zero estimation error within a finite period. A sliding mode-based
attitude controller is developed using an exponential reaching law that relies on the system states and the
corresponding formation of the estimated parameters. The controller not only guarantees the attitude system
to be stable but also governs the attitude and angular velocity to converge to zero within a finite period. The
good reliability of the proposed controller can be proved via multiple simulation tests.

INDEX TERMS Fault diagnosis, fault tolerant control, fault estimation, finite-time control.

I. INTRODUCTION

Fault diagnosis (FD) and fault tolerance control (FTC) meth-
ods are consistently popular topics in engineering applica-
tion fields. Zhiwei Gao et al. provided a summary of the
fruitful FD and FTC methods and presented their use in
different engineering applications fields in recent research
papers [1], [2]. In similar research works, Sliding Mode Con-
trol (SMC) is indispensable. More in-depth discussion on
how to use SMC technology in control field had been stud-
ied deeply in the past [3] . The controller developed by
using SMC has great robustness to uncertainty, whether mod-
eling uncertainties or external disturbances. For example,
in Shen Yin as well as [4] and [5] of others, whatever for
Markovian Jump Systems or switched systems, the stabi-
lization problem for the system with output disturbances,
actuator and sensor faults simultaneously are all considered.
The uncertainty information can be obtained via an observer,
and then the FTC will be done based the observer. For an
SMC system design, two design sections, such as sliding sur-
face and controller based SMC (SMCC), are necessary. The
system states should reach the sliding surface using SMCC,

that is, the expected convergence property can be ensured in
the sliding surface [6], [7]. As a result, the good character-
istics of rapid response ability and robustness to uncertain
parameters, among others, can be obtained using SMC.
Recently, much work regarding the use of SMC in the
application of attitude control of a satellite has been reported.
Kurode et al. [7] performed a large-angle attitude maneuver,
for the first time, and performed subsequent related work
in [8] and [9]. In [10], a favorable SMC algorithm was
used to develop a rigid spacecraft. In the theoretical anal-
ysis, the proposed attitude tracking controller considered
the issue of external disturbances. In [11], a sliding mode
feedback controller was presented to investigate a rotational
maneuver for a flexible satellite. Moreover, an adaptive
tracking control issue is also concerned in this field. In the
recent references [12], [13], the authors not only focus on
the nonlinear Hamiltonian multi-input multi-output systems
but also focus on a class of uncertain nonlinear systems,
the uncertainty of the system are all dealt with adaptive
tracking control. The controller was developed based on
SMC, and it was verified by applying it to attitude control of
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a spacecraft. Reference [13] devoted their works to study a
tracking controller based an adaptive SMC technology for a
flexible satellite, and the issues of inertia matrix uncertainty
and external disturbance variability were all considered dur-
ing the design. In [14], a disturbance observer was proposed,
and an SMC was then designed to improve attitude control
performance. A tracking problem was discussed based on
higher order SMC in [15]. Considering actuator saturation,
attitude stabilization for a spacecraft was investigated in [16].
Zhiwei Gao et al. presented an unknown input observer-
based robust fault estimation concept in [17]. This observer
could allow an augmented system to eliminate the partial
disturbances that could not be decoupled in its own system.
Zhiwei Gao et al. presented another fault estimation concept
in [4]; a fault tolerance controller was designed by using the
correct estimation error dynamics. In [4], two SMC observers
were presented to realize the uncertainty fault estimation, and
the traditional sliding surface switching issue was avoided at
the same time.

Most of the former works either focus on the uncertainties
in the satellite inertia or focus on the assumption that a precise
actuator model exists. This assumption is not perfect because
of the uncertainties of the actuator parameters that derive
from installation error, aging components, etc. The actuator
faults represent the first type uncertainty for an actuator
that should be addressed [18]. In addition, the possibility
of malfunctions in actuators will be increased because of
the challenging operating conditions [19]. This issue will
lead to some problems, such as economic, environmental and
safety problems. In recent literature reports, an SMC with
actuator faults is not yet the research focus. However, not only
the reliable attitude stabilization was achieved by an SMC
based controller but also an adaptive SMC control approach
was proposed. In addition, good attitude tracking maneuvers
could be performed [14]. Considering the disturbances and
thruster failures of spacecraft, [20] presented another adap-
tive SMC attitude controller. Considering the unknown faults
caused by rotating solar flap faults and weight loss of satellite
mass distribution, [21] presented a terminal SMCC(TSMCC)
for satellite formations flying. Reference [22] developed an
SMCC to accomplish attitude tracking for a flexible satellite,
although partial failure of the actuators occurred. In [20], an
adaptive SMC attitude controller was proposed under multi-
uncertainty of the actuator.

Actuator misalignment is another type of actuator uncer-
tainty issue that was solved in [21]. Some actuators alignment
error still exists for some special problems during launch, and
this alignment error may cause the control algorithm to fail.
To handle actuator misalignments, a good control method-
ology is required. Unfortunately, the research regarding the
control of actuator misalignments is scarce. Reference [25]
devoted their work to accomplish attitude maneuver based on
an adaptive control law; this idea originated from the rela-
tive small gimbals’ installation deviation of variable speed
control moment gyros. Reference [22] proposed an adap-
tive control scheme based nonlinear model reference with
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fifteen degrees alignment errors. Reference [27] presented an
extended Kalman filter without uncertain inertia properties
for an on-orbit actuator alignment calibration. Focusing on
the issue, magnitude error and misalignment of thrust, for
satellite formation flying, a special adaptive controller was
presented. In addition, some researchers addressed a series
of intelligent FD approaches, dislocated time series convo-
lutional neural architecture [23], and a just-in-time learning-
based data driven approach [24].

Although the preceding SMC attitude control approaches
can accomplish attitude maneuvers, the system states can
only asymptotically reach the equilibrium point at infinite
time. That infinite settling time, however, is not an ideal
option during critical phases of missions that have some high
real-time requirements [25]. It is well known that a military
satellite has the stringent requirements to provide coverage
of a specific high priority area. Ground objectives may be
lost if the attitude of the satellite cannot be stabilized in a
finite period. Therefore, a finite-time control strategy has
been devised and applied to the satellite attitude system [26].
Recently, SMC has been developed as an effective method for
finite-time stabilization. In [27], the attitude tracking prob-
lem was investigated by using terminal SMC (TSMC). The
proposed controller guaranteed that a given desired attitude
motion can be achieved in a finite time period, despite model
uncertainties and disturbances. In [28], a discontinuous finite-
time control law was devised for a rigid satellite to govern the
attitude to be within a small region of the origin. The approach
was based on TSMC, and external disturbances were consid-
ered. In [29], a robust TSMC design was presented to achieve
attitude tracking deviation convergence in finite-time. In [14],
a TSMC scheme was proposed to guarantee the stabilization
of attitude in a finite period. More recently, a global saturated
finite-time control strategy was developed in [30]. The con-
troller was synthesized based on a homogeneous method that
addresses actuator saturation.

The acceleration direction can be effectively controlled
if the satellite is equipped with thrusters [31], implying
that the maneuverability of the satellite can be significantly
improved for a satellite operating in space. Motivated by
TSMC, a TSMC control strategy was presented. In the control
design, external disturbances and thruster faults were exactly
reconstructed by an equivalent output injection sliding mode
observer [14]. Next, a terminal SMCC (TSMCC) was syn-
thesized via the estimated information and the system states.
The main contribution of this study is that, compared with the
aforementioned studies associated with SMC or proportional
integral derivative (PID) controls, the proposed approach
could stabilize the attitude in a finite period, while actua-
tor uncertainties including actuator faults and actuator mis-
alignment are addressed simultaneously. Because the attitude
cannot be stabilized by conventional PID and SMC control
schemes within a limited time, the finite-time attitude sta-
bilization obtained from the proposed approach means that
the designed controller is able to provide a faster response
than conventional PID and SMC control. Consequently, the
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developed control can provide more coverage of a specific
high priority area and take many more images than conven-
tional PID and SMC.

This paper is composed of five parts. The rigid satellite
mathematical model equipped with thrusters and the prob-
lem formulations are presented in section 2. In section 3,
an SMCC approach is proposed to perform attitude stabi-
lization with finite-time convergence. Some examples for
the satellite to confirm the proposed control are described
in section 4. The conclusions of this paper are presented
in section 5.

Il. SYSTEM DESCRIPTION AND PROBLEM FORMULATION
Let || - || denote the standard Euclidean norm of a vector
induced norm of a matrix. I,, € R"*" is the n-by-n identity
matrix. Forx = [x1 x ... x, ]T € N, a vector sgn(x) =
[ sign(x1) sign(x2) ... sign(x,) " is defined, where sign(-)
denotes the standard sign function.

A. MATHEMATICAL MODEL OF A RIGID SATELLITE
Assuming the satellite is a rigid body, the satellite atti-
tude, which is represented by Modified Rodrigues Parame-
ters (MPRs), mathematical model can be defined via [32]

0= %[(1 —a'o)3+20% +200" o =G(o)w (1)
Jo=-w"Jo+u+d )

where J € %2*3, u € %, andd € N> expresses the positive-
definite inertia matrix, total control torque, and unknown
bounded external disturbance, respectively. For any vector
v =[v1 V2 Y3 ]T, £ is a skew-symmetric matrix:

0 —¥3 Y2
vi=| Y3 0 - 3
V2 Y 0

Remark 1: This case can be found in [33]. Here,
we employed the MPRs vector o and its shadow counter-
part o, which is defined by 6* = —o/(aTa), to express
the attitude rotation.

Assumption 1: The disturbance d is limited and satisfied
with ||d|| < dmax(dmax > 0).

All the primary external disturbance d are bounded for
any on-orbit satellite in practice [34], i.e., Assumption 1 is
reasonable. In practice, as given in [34], the upper bound dpyax
can be conservatively calculated.

B. THRUSTER FAULTS
Assume that the satellite has N thrusters, and the force com-
ponent can be deduced as follows:

cos a; cos f;
cos «; sin fB; @)
sin o;

F;=F;

where i = 1,2,...,N and F; > 0, «;, and B; denote the
constant thrust level, the elevation angle, and the azimuth
angle, respectively. Let r; = rXp + ryYp + r;Zp be the
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vector corresponding to the location of the satellite mass
center of the thruster. The calculated formula of the torque
component derived from the i™ thruster is

TiZI‘iXF,‘ (5)

Moreover, the application of control torque u provided by N
thrusters can be calculated as

N N
u:Zrizz:r,-xFi (6)
i=1 i=1

In this paper, thruster faults not only include misalignment
error but also include thrust magnitude error. The following
are descriptions of the nature of the two scenarios:

1) MISALIGNMENT ERROR

For a thruster, misalignment error may exist in r; and the
alignment angles o; and B;. Let r/ and Ar; represent the
nominal value and the misalignment error between satellite
center and the thruster, respectively. Thus, r; can be expressed
asr; = r? + Ar;. We assume that the thruster is used over a
nominal direction with small constant angles, Aq; and AS;.
Consequently, the alignment angle can be represented using
the formulas o; = o} + Aa; and B; = B;' + AB;, where
;' and B! denote the nominal alignment angle.

2) THRUST MAGNITUDE ERROR

As reported in [35], the amount of thrust generated will
be reduced according to the propellant’s mass lost. Let
F, and AF; denote the nominal value and thrust magni-
tude error, respectively. Thus, the actual thrust F; can be
represented by

F; = F, + AF; @)

For the physical limitation of the thruster, the actual thrust F;
generated is positive, and its maximum thrust should meet
the conditions 0 < F; < F,. Hence, the error of the thrust
magnitude AFj; is such that —F, < AF; < 0. The case when
AF; = 0 indicates that the i thruster operates normally. The
case of AF; = —F,, denotes that the i thruster is completely
lost and is valid. The case of —F;, < AF; < 0 corresponds to
the status in which the thrust of the i thruster partially loses
its effectiveness.

Considering the thruster faults, 7; in (5) can be rewritten as

T; = (Fy + AF)@ + Ary)
cos(a + Aa;) cos(B! + AB;)
x | cos(erf + Aa;)sin(B! + AB;)
sin(er' + Aa;)
= Fu(r))xD}+AF(r}) x D} +(Fy+AF)[(r}) x ADY
+ Ar; x (D! + ADY)] ®)
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N N

w=F, Y (1) x D]+ {AF() x D} + (Fy + AFDIG]) x AD} + Ari x (D} + ADP)])

i=1 i=1

(In

Un

uf

where

[ cos af cos B
cos ) sin B 9
| sino
[ cos(a + Aaj) cos(B! + AB;)
cos(ar] + Aa;) sin(B!' + AB;)
sin(a? + Aa;)

AD} =

n n

cos ozl-n cos ,Bll-1

— | cosa;sin Bi
sin o

(10)

From (6) and (8), considering both the magnitude error and
misalignment, the total thrust force can be defined by (11),
as shown at the top of this page, which expresses the sum of
the nominal values and the thrust error terms.

Where u, € 9> represents the nominal control torque
caused by the controller, and uy € M3 represents the faulty
torque caused by the two main errors indicated above.

Assumption 2: The faulty torque u; introduced by thruster
faults is bounded by a positive scalar umax, i.e., ||tf|] < Umax.

Remark 2: Because of the physical limitation of the
thruster, it should have |AF;| < F,. Although the manufac-
turing technique is finite, the inequality ||Ar;|| < ||r:’|| can
always be guaranteed. Hence, it follows that

N
lurll < Y NIAF () x D} + (Fy + AF)

i=1

x [(r]") x AD? + Ar; x (D! + AD))]||

N
< Fu Y _[lIG7) x D}l +211(r) x AD}
=1

+ Ar; x (D} + AD))||] (12)

Moreover, it can be obtained from (10) that ||AD;"|| < 2+/3.
Hence, (12) becomes

N
llurll < Fu Y {167 x DY+ 212731
i=1

+ 1P 11ID} + 24311} 13)

From (13), Assumption 2 is therefore reasonable because uy
is bounded by (13) at most.

C. PROBLEM FORMULATION

The following states are the control objective to be achieved:
Consider the rigid satellite attitude system represented
by (1)-(2) with external disturbances and thruster faults,
design a control input u,, to stabilize the attitude in finite-time.
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In other words, the attitude o and the angular velocity ¢ are
governed to zero in finite-time.

IIl. MAIN RESULT

A sliding mode attitude controller will be presented for atti-
tude stabilization. For the first step of the control design, a
sliding mode observer is employed to estimate the external
disturbances and thruster faults. The design of the observer is
derived from an equivalent control approach. The estimation
is accomplished in finite-time with zero estimation error.
Next, a sliding mode attitude controller will be synthesized
by utilizing the reconstructed information and system states.

A. ESTIMATION OF FAULTS WITH SLIDING MODE
OBSERVER

Define a matrix T'(o) = G~ '(0); the following dynamics can
be obtained from (1)-(2) with thruster faults (11):

J(@)6 +C(0,6)6 =T u, + T ws +d) (14

where J(¢) = TTJT, and C(o,6) = TYJT + T (T6)*JT.
The dynamic model (14) is represented by the three properties
mentioned below:

P1. The matrix G(0) is defined to be the same as [32]:

T@) = om® @)
T
G"(0)G(o) = (H#)le (15)

P2: The matrix J (o) is positive-definite and symmetric.
P3: The matrix C(o,6) and the time-derivative of
J (o) satisfy the skew-symmetric relationship [10]:
xT(J(0) —2C(o,6))x = 0 forallx € R.
To reconstruct external disturbances and thruster faults,
a new variable is defined as u = TT(uf +d). Thus, if u can
be precisely reconstructed, then uy +d can be exactly recon-
structed. The problem is thus changed into the estimation
of u. To reconstruct & using only system states (i.e., ¢ and 6)
and the available nominal control u,, a residual vector is
defined as

t
rit)=-nJ:+ n/o [TTu, + Ha(0,6) —r(c)lds (16)

where 7 is a positive scalar, J, = ](a)d, and Hy(o,0) =
J(0)6 — C(o,6)6. Because J;, u,, and Hy(o, 6) are com-
putable, r(¢) can be exactly obtained. Using (14) and P2-P3,

the signal r(¢) is such that
F=—nr—nu (17)
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For the linear system (17), a sliding mode observer is
proposed using the measurable state r:

Jél = —nX| — Are — Aysgn(e) (18)

where X is the estimate of , e = x| —r is the estimated error,
and A;, i = 1, 2 are positive scalars.

Theorem 1: Consider the linear system (17) with the sliding
mode observer (18). If A, is chosen such that

A2 — 4n(Umax + dmax) > 0 (19)

then u(f) can be reconstructed exactly in finite-time
T, = |le(0)||/7. Moreover, the amplitude of external distur-
bances and thruster faults (i.e., uy + d) can be reconstructed
after finite-time 7, with zero estimation error.

Proof: The dynamic equation for the error e can be
obtained from (17) and (18), that is,

e =—(+ A1)e — hasgn(e) + nu (20)
Consider a Lyapunov candidate function as
Vi(t) = 0.5¢"e 1)
Hence,

Vi = e'[—(n + r1)e — rasgn(e) + nit]
< —(+rDllell® — (o —nllalDllell  (22)

Using Remark 1 and (15) in P1, it follows that

IT ()] = Gl(o)|| < 4 (23)

(1+070)? .
Applying (23) and Assumptions 1-2 yields the following:
al] < TGy + DIl < 4umax + dmax) — (24)

Let A2 — 4n(Umax + dmax) be equal to 7, i.e., Ay — 4n(Umax +
dmax) = 1; with the choice of A3 in (19), (22) becomes

Vi < —mllell (25)

Defining a continuous function Wi(¢r) = /2Vi(t) = |lell,
one has

WI(I)ZM < — ﬂZ—?‘[ (26)
V2ZVi) — V2Vi@)

Based the comparison theorem mentioned in [36], it is certain
from (26) that

W) < Wi(e1(0)) — mt 27

The definition of W;(¢) and (27) lead to ||e(t)|| = O for all
t > T,. Therefore, the sliding motion occurs one = ¢ = 0
by the time r = T,. If the state reaches the sliding surface
e = ¢ = 0, the equivalent output injection yields will be
handled

u(t) = %()VZSgn(e))eqs t>T, (28)
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Hence, u(t) is exactly reconstructed by (Azsgn(e)).q/n after
finite-time T,. Consequently, u +d can be reconstructed by
using (29) in finite-time 7} with zero estimation error:

ur+d =G o= %GT(G)()»zsgn(e))eq, t>T, (29)

According to a low pass filtering operation of Arsgn(e), the
equivalent control can be obtained [37]. |

B. DESIGN FOR A SLIDING MODE ATTITUDE CONTROLLER
WITH FINITE-TIME CONVERGENCE

Here, an SMCC is proposed for attitude stabilization. A slid-
ing surface with a reaching law should be selected as the first
step in the control design. A fast terminal sliding surface will
be defined as follows according to the information regarding
attitude and angular velocity:

S=1[815 531" =6 +ai0 +pilo|"'sgn(c) (30)

where «y, B1, and 0 < y; < 1 are positive scalars,
lo "' = diag([|o1"" |o2]"" |o3|"" ]).

For the SMC design, the control input usually has a struc-
ture of

Up = Ueq + Wdisc 31

where u,, is an equivalent control to confirm sliding surface S
constant, and it can be handled by setting S, S to zero. ugise is
a discontinuous control effort that governs the states to reach
the sliding surface.

To achieve finite-time reaching the sliding surface, here,
we employ a control law defined by [38]:

S = —%sgn(S) (32)
where
. K
m = dzag([go . 80)6_“2||51”y2
K K
co+(1—gg)e—2121"2 g+ (1 —gg)e—2!IS311"2 D,
K >0

is a scalar, g represents a strictly positive offset that is less
than one, oy and y, are strictly positive integers.

Theorem 2: For the satellite attitude system (1)-(2) with
thruster faults and disturbances, design u., and ugis as
follows:

1
e = G (0)[—C(0,6)6 — —(hasgn(e))eq
n

—J(@) a3+ Byl HG(o)w] (33)

- K
ugise = —G'(0)J (0)—-sgn(s) (34)
x(S)
With the application of the control structure (31), the states
of the system can reach the sliding surface S = 0 in a

finite period. Moreover, the controller will govern the angular
velocity and the attitude reaching the equilibrium pointe = 0
and @ = 0 in a finite period, separately.

VOLUME 5, 2017



A. A. Zhang et al.: Finite-Time Fault-Tolerant Attitude Control-Based Observer

IEEE Access

Proof: For representing the stability with finite-time
convergence, we first prove finite-time convergence of S and
then show a corresponding proof for o and w.

1) FINITE-TIME CONVERGENCE OF S
Here, a candidate Lyapunov function Vo = 0.587S is
employed. Applying (1) and (14), the time-derivative of V»
is defined by
V) =S8"@6 + 016 + piyle|" o)
= ST @)[~C(o.,6)6 + T"u,
= +T" (s + d)] + (113 + iyilo] " )Go)w} (35)

Inserting (33)-(34) yields

. K 1-—
Vy, = ST[——sgn(S) - ;J 1(0)()\2s,g"(e))eq

x(S)

+7 T @y +d)] (36

As proved in Theorem 1, u = TT(uf +d) = %(Azsgn(e))eq
holds for all t > T,. Hence, it follows from the definition of
K /x(S) in (32) that

3

' K ISil
Vy = —ST——sgn(S) = —K
? OM ; g0 + (1 — gg)e—2lISill"
3
K V2K
< ==Y Isil=———VV (37)
€035 €0

Hence, it can be established from (37) that tl_l)rgo Vo(t) = 0.
With the definition of V;(¢), tl—l>nolo S(t) = 0 is guaranteed.

Furthermore, it can be obtained from the exponential
reaching law (32) that

. K
Si=— ign(S; 38
: g0 + (1 — go)e—allSill” sign(Si) (38)
As proved in [38], solving (37) yields that |S;(z)| = O for all
t > Ty, where Ty; is given by

1 15:0)] A

T = leolSi0) +(1 = 0) / e~ 51 s, (39)
0

In a finite-time Ty = max;=1 2,3 Ty; thus, all the states of

the attitude system can reach the sliding surface S, that is,

S()=0forallr > Ty.

2) FINITE-TIME CONVERGENCE OF ¢ AND w
When all the states are driven onto S = O after finite
period T, (30) becomes

S=0+a0+Bilo|"sgn(c) =0 (40)

According to the stability criterion regarding the finite period
presented in [39], it can be obtained from (40) that o; will
converge to zero in a finite period Ty;:

1 arllo(Ta)| 7= + By

Tr — T + In (41)
=T =) Bi
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Thus, the satellite attitude o converges to & = 0 in a finite
period Ty = max;=1,2,3 If. In addition, applying ¢ = 0
and (40) lead to 6 = O for all # > Ty, and then @ = 0 is
obtained.

Summarizing the above analysis, the following is
established:

oc)=0, w@®)=0,1>Ty (42)

Therefore, the angular velocity and attitude are governed
to zero in finite-time T, the attitude stabilization is accom-
plished in a finite period. The proof is completed. [ ]

IV. SIMULATION RESULTS

To demonstrate the effectiveness of the presented controller,
an example of a rigid satellite is considered, and multi-
ple simulations are performed. The principal moments of
inertia of the considered satellite are J;; = 45 kgmz,
Jy = 50 kgm?, and J33 = 47.5 kgm?. The inertia products
are smaller than 0.5 kgm?. To illustrate the robustness towards
external disturbance torque, d is assumed as follows:

5¢0s(0.2mt)
d = | —3cos(0.2xt)
2cos(0.27mt)

The satellite has twelve thrusters. Those twelve thrusters are
assumed to be symmetrically distributed on three axes of F/,.
The distribution matrix can be determined simply by the
distance ;' when the propulsion force is perpendicular to the
corresponding axis. Fig. 1 is the mechanical configuration
of the thrusters. Pulse delay and duration are used for the
thrusters, which can provide a nominal force F, of 1 N.
Table 1 lists the relative data of the nominal positions and
orientation of the thrusters.

x 1073 Nm (43)

FIGURE 1. Distribution schematic of the six thrusters.

In our simulation, the initial conditions of the quater-
nion and the angular velocity are o(0) = [0.288
—0.143 —0.020]T and w(0) = [—1 0.8 0.4]T rad/sec,
respectively. The parameters for the controller are chosen as
a1 = 1.2, a3 = 0.6, B; = 2.5, y; = 0.8, y5 = 0.38,
eg = 0.75, and K = 0.15. The parameters for the sliding
mode observer are selected as n = 7.5, A1 = 0.015, and
A2 =0.2.

A. ACTUATOR UNCERTAINTIES

To investigate the controller performance, actuator uncer-
tainties are considered. The following fault scenarios and
misalignments are introduced:
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TABLE 1. Thruster's layout.

Thruster Position in %, of the attitude control ~ Orientation in .7,
No ri om) rp (mm) rp (mm)  af B
T, 700 0 0 0 -90
T, 700 0 0 0 90
T; -700 0 0 0 -90
T, -700 0 0 0 90
Ts 0 800 0 -90 90
Te 0 800 0 90 90
T, 0 -800 0 -90 90
Ts 0 -800 0 90 90
To 0 0 -700 0 0
Tho 0 0 -700 0 180
T 0 0 700 0 0
Ti 0 0 700 0 180

o When the thruster is switched-on, a random misalign-
ment corresponding to the thrust misalignment is con-
sidered. In such case, this misalignment model is just
Gaussian noise on both the azimuth Ae; and the eleva-
tion angles Af;, with a standard deviation of 2.5% for

each.
o The supplementary position of thruster Arj, i =
1,2,...,12 follows a Gaussian noise model, with a

standard deviation of 4% for each.

o For the first six thrusters (i.e., T1 ~ T6), the force deliv-
ered is modeled with a nominal value signal of F,, = 1
N deteriorated by a zero-mean Gaussian noise model
with a standard deviation is 0.2 N. For the i thruster,
i =178, ...,12 the decrease in the amount of thrust
caused by mass reduction is simulated. This faulty thrust
AF; is modeled according to the following expression:

0 ift<2
—0.08x(—2) if2<t<12 (44)
-0.8 ift>12

AF; =

B. CONTROL PERFORMANCE

When the attitude system is accompanied by the control
method, the incorporated observer results exhibit good esti-
mation performance. The error between uy + d and its
estimation value are represented in Fig. 2. The equivalent
output injection sliding mode observer achieves a finite-
time estimation of thruster faults and external disturbances.
That finite period of time is approximately 6.5 seconds,
i.e., T, = 6.5 seconds.

Because of the precisely reconstructed information of the
thruster faults and external disturbances derived from the
sliding mode observer (18), the proposed control input u,
can reject external disturbances and further compensate for
actuator faults completely. Consequently, the TSMCC can
successfully accomplish attitude stabilization maneuver in
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FIGURE 2. The estimated error between u¢ +d and its reconstructed
value.
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FIGURE 5. Time response of the angular velocity o.

a finite period. The resulted attitude control performance
is illustrated in Fig. 3. Fig. 4 illustrates the steady-state
behavior; the attitude is stabilized in a finite time period of
Ty = maxi—1 23T = 6.85 seconds, while the attitude
control accuracy is |o;| < 2.0 X 1078, i = 1,2, 3. The
response of angular velocity is shown in Fig. 5. As we can
see in Fig. 6, the angular velocity is finally stabilized with
an accuracy of |w;] < 1.0 x 107 ’rad/sec in finite-time
Ty = 6.85 seconds. The corresponding commanded control
torque is illustrated in Fig. 7.

To further validate the function of the presented control
and to provide a comparison, simulation by using the robust
adaptive fault tolerant controller (RAFTC) developed in [14]
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is conducted while the satellite attitude is maneuvering.
Fig. 8 represents the time response of satellite attitude with
RAFTC. Its steady-state behavior is shown in Fig. 9. It is
seen that the attitude of satellite can be stabilized in almost
100 seconds within 2.0 x 1074, i.e., |o;] < 2.0 x 1074,
1,2,3. The obtained angular velocity is shown
in Figs. 10-11. The associated nominal control input is illus-
trated in Fig. 12. Moreover, the following are found:

l =

The satellite attitude o

FIGURE 9. The steady-state behavior of the attitude o with RAFTC.

o Comparing Fig. 4 with Fig. 11, it is seen that time
required to stabilize the attitude by the proposed control
is much shorter than that of the RAFTC. Only 6.85 sec-
onds are required for the proposed controller, whereas
the RAFTC requires almost 100 seconds. This improved
performance is because the proposed strategy is
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developed within the framework of TSMC, thus allow-
ing it to have the capability to achieve control goal with
finite-time convergence.

o From the comparison between Fig. 6 and Fig. 11, it is
found that the control accuracy of angular velocity
obtained from RAFTC is quite inferior to the control
approach in this work because RAFTC can only guaran-
tee that the attitude and the angular velocity converge to
a small set including the origin. In contrast, the scheme
presented in this article can stabilize both parameters
mentioned above to zero.

Summarizing the above comparison results, it is obtained
that the presented control scheme shows good performance
compared with the controller presented in [14]. In addition,
a faster response and higher pointing accuracy for the satellite
can be obtained by the proposed solution.

V. CONCLUSIONS

This paper presented a proposed sliding-mode based atti-
tude stabilization control law for a rigid satellite. The pro-
posed control scheme has two parts: one part involves a
sliding mode observer with an equivalent output injection to
reconstruct external disturbances and actuator faults, and the
other part is a TSMCC. The approach has two remarkable
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improvements compared with the previous works on sliding
mode based attitude control. First, the presented method can
handle actuator uncertainties, including misalignments and
faults, simultaneously. Second, the proposed strategy can
asymptotically stabilize the satellite attitude with finite-time
convergence. Although the developed method was found to
guarantee good attitude control performance, it can also be
enhanced further. For example, the implementation of the
controller required exact knowledge of the satellite inertia.
Extension of these results to situations handling an uncertain
mass moment of inertia would be extremely beneficial.
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