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a b s t r a c t

In this paper, a continuous globally stable tracking control algorithm is proposed for a spacecraft in the
presence of unknown actuator failure, control input saturation, uncertainty in inertial matrix and
external disturbances. The design method is based on variable structure control and has the following
properties: (1) fast and accurate response in the presence of bounded disturbances; (2) robust to the
partial loss of actuator effectiveness; (3) explicit consideration of control input saturation; and (4) robust
to uncertainty in inertial matrix. In contrast to traditional fault-tolerant control methods, the proposed
controller does not require knowledge of the actuator faults and is implemented without explicit fault
detection and isolation processes. In the proposed controller a single parameter is adjusted dynamically
in such a way that it is possible to prove that both attitude and angular velocity errors will tend to zero
asymptotically. The stability proof is based on a Lyapunov analysis and the properties of the singularity
free quaternion representation of spacecraft dynamics. Results of numerical simulations state that the
proposed controller is successful in achieving high attitude performance in the presence of external
disturbances, actuator failures, and control input saturation.

& 2014 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

One of the challenging problems in the field of aerospace
engineering is designing a spacecraft attitude tracking controller
to maintain stability and performance in the presence of actuator
failures, external disturbances, uncertainty in inertial matrix and
control input saturation.

A conventional feedback control design for a complex system
may result in an unsatisfactory performance, or even instability, in
the event of malfunctions in actuators, sensors or other system
components. To overcome such weaknesses, new approaches to
control system design have been developed in order to tolerate
component malfunctions while maintaining desirable stability and
performance properties. These types of control systems are often
known as fault-tolerant control systems (FTCS). Generally speak-
ing, FTCS can be classified into two types: passive (PFTCS) and
active (AFTCS). In PFTCS, controllers are fixed and are designed to
be robust against a class of presumed faults. This approach needs
neither fault detection and isolation (FDI) schemes nor controller
reconfiguration. Compared to the passive approach, the active FTC

approach requires a FDI mechanism to detect and identify the
faults in real time, and then a mechanism to reconfigure the
controllers according to the online fault information from the FDI.
Compared to the passive approach, the AFTCS need significantly
more computational power to implement. Furthermore, there is a
time delay between the detection of faults and the reconfiguration
of the controller in this approach [1]. These drawbacks motivate us
for the investigation of a passive fault-tolerant controller for a
spacecraft attitude control system with the occurrence of unex-
pected faults.

Numerous research results are available for the passive fault-
tolerant controller design with different approaches, such as linear
matrix inequalities (LMIs) schemes [2], H1 [3], adaptive control [4],
sliding mode control [5], fuzzy logic [6] and neural networks [7].
Authors in [8] proposed four different controllers for certain
and uncertain plants based on the absolute stability theory to
handle the loss of actuator effectiveness; however, the designed
controllers performed unsatisfactorily for systems with actuator
failures [9].

In [2] a reliable robust fault-tolerant controller based on an LMI
approach is designed. Model matching is the method used in [10]
for actuator fault tolerant control and in [11] a robust fault tolerant
control which is capable of attenuating both bounded and
unbounded disturbances is proposed. In [12], performance indices
are explicitly considered while stabilizing the attitude control of
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spacecraft. However, most of these controllers can only be applied
to linear systems and are not applicable for non-linear dynamics.

Although in [13–16] a range of controllers to effectively handle
the limited actuator output have been developed, actuator failures
have not been taken into account in them. Considering actuator
failures, there have been a number of results in the literature on
attitude control of the spacecraft [7,17–22]. However, the issue of
control input constraints has not been dealt within these
approaches. Also Refs. [23–25] considered these two issues con-
currently, but the disturbance effect is not taken into account.

To deal with the problem of actuator failures in presence of
actuator saturation and external disturbances, Ref. [9] developed a
robust fault-tolerant controller for spacecraft attitude control
subsystem. But the proposed method fails in the situation in
which any maneuver is required. Also robustness to uncertain
inertial matrix is not considered.

To achieve high attitude performance, several issues including
external disturbances, actuator failures, uncertainty in inertial
matrix and control input saturation are required to be explicitly
taken into account in the attitude controller design, which makes
the controller design much more difficult.

To address this problem, a robust fault tolerant attitude track-
ing controller based on the variable structure approach is pro-
posed for attitude control of the spacecraft with explicit
consideration of external disturbances, actuator failures, and
control input saturation. A key feature of the proposed strategy
is that the design of the FTC is independent of the information
about the faults.

Also the unit quaternion is employed to describe the attitude of
a rigid spacecraft because of its global representation without
singularities. The asymptotic stability of the closed-loop system is
guaranteed by the Lyapunov direct approach and numerical
simulations are carried out on the governing non-linear system
equations of motion to show the performance of the proposed
controller.

This paper is organized as follows. In Section 2, the spacecraft
attitude dynamics are introduced. Fault-tolerant controllers are
derived in Section 3. The results of numerical simulations are
presented in Section 4. Finally, the paper is completed with some
concluding remarks.

2. System model and equations of motion

2.1. Spacecraft attitude dynamics

The spacecraft is modeled as a rigid body with actuators that
provide torques about three mutually perpendicular axes that
defines a body-fixed frame (B). The equations of motions are given
by [26]

_q0 ¼ �1
2
qTω ð1Þ

_q¼ 1
2
ðq�þq0I3Þω ð2Þ

J _ωþω�Jω¼ uþd ð3Þ
where ω¼ ðω1;ω2;ω3ÞT is the spacecraft angular velocity with
respect to an inertial frame (I) and expressed in the body-fixed
frame (B), the unit quaternion Q ¼ ðq0;qT ÞAℝ� ℝ3 describes the
attitude orientation of the spacecraft in (B) with respect to (I), and
satisfies qTqþq20 ¼ 1, I3 denotes the 3�3 identity matrix, JAℝ3�3

represents the positive definite spacecraft inertial matrix which
has the property Jm‖x‖2rxT Jxr JM‖x‖2; 8xAℝ3 where Jm and
JM are the positive constants, u¼ ðu1;u2;u3ÞT Aℝ3 is the control
torque input generated by actuators, and d¼ ðd1; d2; d3ÞT Aℝ3

denotes the disturbance torque. For, ξ¼ ξ1; ξ2; ξ3ð ÞT the notation
ξ� denotes the following skew symmetric matrix:

ξ� ¼
0 �ξ3 ξ2
ξ3 0 �ξ1
�ξ2 ξ1 0

0
B@

1
CA ð4Þ

Remark 1. Eqs. (1)–(3) are the dynamics equations of a rigid
spacecraft equipped with thrusters as attitude control actuators
and star tracker as attitude determination sensor.

For the development of the control laws, the following assump-
tions are made:

Assumption 1. All three components of the control torque, u, are
constrained by a bounded value, expressed by

uij jrumax8 t40 i¼ 1;2;3 ð5Þ

Assumption 2. The disturbance, d, is bounded, and for all
elements of di there exists a positive but known constant, d such
that di

�� ��rd.

2.2. Desired dynamics

The desired motion of the spacecraft is specified by the attitude
of a frame (D) whose orientation with respect to (I) is described by
the unit quaternion Q d ¼ ðq0d;qT

dÞAℝ� ℝ3 that satisfy the con-
straint qT

dqdþq20d ¼ 1. Let ωd ¼ ðωd1;ωd2;ωd3ÞT denote the angular
velocity of (D) with respect to (I), which is equivalent to the
desired angular velocity of the spacecraft expressed in the frame
(D). The following assumption is made about ωd and _ωd:

Assumption 3. There exist constants ωdZ0 and _ωdZ0, such that
ωdi

�� ��rωd; i¼ 1;2;3 and _ωdi

�� ��r _ωd; i¼ 1;2;3 for all tZ0.

2.3. Spacecraft attitude error dynamics

To address the attitude tracking problem, the attitude tracking
error Q e ¼ ðq0e ;qT

e ÞT is defined as the relative orientation between
the body frame (B) and the desired frame (D) and it is computed
by the quaternion multiplication rule [26] as

qe ¼ q0d
q�q0qdþq�qd ð6Þ

q0e
¼ q0d

q0þqT
dq ð7Þ

The corresponding rotation matrix is given by

CðQ eÞ ¼ ðq20e
�qT

eqeÞI3þ2qeq
T
e �2q0e

q�
e ð8Þ

Note that ‖C‖¼ 1 and _C¼ �ω�
e C, where the relative angular

velocity ωe of (B) with respect to (D) is defined as ωe ¼ω�Cωd.
Now, the governing differential equations for the attitude

tracking error, qe, are stated as follows:

_q0e
¼ �1

2 q
T
eωe ð9Þ

_qe ¼ 1
2 ðq�

e þq0e
I3Þωe ð10Þ

J _ωe ¼ �ω�Jωþuþd� JðCðQ eÞ _ωd�ω�
e CðQ eÞωdÞ ð11Þ

When the spacecraft has three actuators and some of them
partially fail, the attitude dynamics of the spacecraft is expressed
as

J _ωe ¼ �ω�JωþΓuþd� JðCðQ eÞ _ωd�ω�
e CðQ eÞωdÞ ð12Þ

where Γ¼ diagfΓ1;Γ2;Γ3g, 0oΓir1 is the actuation effectiveness
matrix. The case in which Γi ¼ 1 implies that the ith actuator is
healthy, and 0oΓio1 corresponds to the case in which the ith
actuator partially fails.

D. Bustan et al. / ISA Transactions 53 (2014) 1073–10801074



For a spacecraft attitude control system, in the presence of
actuator saturation, external disturbances and the partial loss of
control effectiveness, the control objectives can be stated as
follows [9]:

1. All of the internal signals in the closed-loop system are
bounded and continuous.

2. The attitude error, qe, and relative angular velocity, ωe converge
asymptotically to zero.

3. The performance index Ip ¼ lim 1
t

R t
0 ‖S‖

2dt is bounded, where S
is an auxiliary variable defined as

S¼ωeþk2ðtÞqe ð13Þ
and k(t) is a time-varying function that will be defined later.

3. Fault tolerant controller design

Theorem 1. The control laws (14), globally asymptotically stabilize
the system described by Eqs. (9)–(11) and satisfies the above control
objectives.

ui ¼ � umaxsi
sij jþk2δ

i¼ 1;2;3 ð14Þ

where si is the ith element of S defined in (13), and δ is a positive
control constant.

Proof. To establish stability, a candidate Lyapunov function given
by (15) is considered.

V ¼ 1
2
ωT

e Jωeþk2½qT
eqeþð1�q0eÞ2�þ

k2

2γ
ð15Þ

where γ is a positive constant to be determined.
The derivative of (15) is computed, and simplified using (3), (9),

(10), (12), and (13), and the property of the unit quaternion,
qT
eqeþq20e ¼ 1. After some algebraic manipulation it can be shown

that

_V ¼ωT
e J _ωeþk2 2qT

e _qe�2ð1�q0eÞ _q0e
� �þ2k_k qT

eqeþð1�q0eÞ2
h i

þk_k
γ

¼ωT
e J _ωeþk2 2qT

e ðq�
e þq0eI3Þωeþð1�q0eÞqT

eωe
� �

þ2k_k 1�q20eþð1�q0eÞ2
h i

þk_k
γ

¼ωT
e J _ωeþk2qT

eωeþ4k_kð1�q0eÞþ
k_k
γ

¼ωT
e J _ωeþk2qT

eωeþk_k 4ð1�q0eÞþ
1
γ

� �

¼ωT
e ð�ðωeþCðQ eÞωdÞ�JðωeþCðQ eÞωdÞþΓuþd

þ Jðω�
e CðQ eÞωd�CðQ eÞ _ωdÞÞþk2qT

eωeþk_k 4ð1�q0eÞþ
1
γ

� �

¼ωT
e ð�ω�

e Jωe�ω�
e JCðQ eÞωd�ðCðQ eÞωdÞ�Jωe

�ðCðQ eÞωdÞ�JCðQ eÞωdþΓuþdþ Jðω�
e CðQ eÞωd�CðQ eÞ _ωdÞÞ

þk2qT
eωeþk_k 4ð1�q0eÞþ

1
γ

� �

¼ωT
e ð�ðCðQ eÞωdÞ�Jωe�ðCðQ eÞωdÞ�JCðQ eÞωdþΓu

þd� JðCðQ eÞωdÞ�ωe� JCðQ eÞ _ωdÞþk2qT
eωeþk_k 4ð1�q0eÞþ

1
γ

� �

¼ωT
e ð�ððCðQ eÞωdÞ�Jþ JðCðQ eÞωdÞ�Þωe�ðCðQ eÞωdÞ�JCðQ eÞωd

� JCðQ eÞ _ωdþΓuþdÞþk2qT
eωeþk_k 4ð1�q0eÞþ

1
γ

� �

¼ �ωT
e ððCðQ eÞωdÞ�Jþ JðCðQ eÞωdÞ�Þωe�ωT

e ððCðQ eÞωdÞ�JCðQ eÞωd

þJCðQ eÞ _ωdÞþωT
e ðΓuþdÞþk2qT

eωeþk_k 4ð1�q0eÞþ
1
γ

� �

¼ �ωT
eHωe�ωT

egþωT
e ðΓuþdÞþk2qT

eωeþk_k 4ð1�q0eÞþ
1
γ

� �

¼ωT
e ðΓuþd�gÞþk2qT

eωeþk_k 4ð1�q0eÞþ
1
γ

� �
ð16Þ

where H¼ ðCðQ eÞωdÞ�Jþ JðCðQ eÞωdÞ� and g¼ ðCðQ eÞωdÞ�JCðQ eÞωd

þ JCðQ eÞ _ωd as H¼ �HT , so ωT
eHωe ¼ 0.

Suppose that λmin and λmax are two positive constants satisfying
0oλminr min

i ¼ 1;2;3
Λif g and λmaxZ max

i ¼ 1;2;3
Λif g, then

�Λi
umaxω2

ie

sij jþk2δ
r�λminumax

ω2
ie

sij jþk2δ

r�λminumax
ω2
ie

ωiej jþk2ðδþ1Þ

¼ �λminumax ωiej j 1� k2ðδþ1Þ
ωiej jþk2ðδþ1Þ

 !
ð17Þ

After using (17) we have

_V ¼ � ∑
3

i ¼ 1
Λi
umaxωiesi
sij jþk2δ

þωT
e ðdðtÞ�gÞ

þk2qT
eS�k4qT

eqeþk_k 4ð1�q0eÞþ
1
γ

� �

_V ¼ � ∑
3

i ¼ 1
Λi
umaxωieðωieþk2qieÞ

sij jþk2δ
þωT

e ðdðtÞ�gÞ

þk2qT
eS�k4qT

eqeþk_k 4ð1�q0eÞþ
1
γ

� �

r� ∑
3

i ¼ 1
ωiej jðλminumax�d�gÞþ ∑

3

i ¼ 1
ωiej jλminumax ωiej jk2ðδþ1Þ

ωiej jþk2ðδþ1Þ

� ∑
3

i ¼ 1

Λiumaxk
2ωieqie

sij jþk2δ
þk2qT

eS�k4qT
eqeþk_k 4ð1�q0eÞþ

1
γ

� �

r� ∑
3

i ¼ 1
ωiej jðλminumax�d�gÞþ ∑

3

i ¼ 1
ωiej jλminumax ωiej jk2ðδþ1Þ

ωiej jþk2ðδþ1Þ

þ ∑
3

i ¼ 1

λmaxumaxk
2 ωiej j qie

�� ��
sij jþk2δ

þk2qT
eS�k4qT

eqeþk_k 4ð1�q0eÞþ
1
γ

� �
ð18Þ

where g¼ JMω2
dþ JM _ωd. Based on (18), the updating law for k is

designed to satisfy

_k¼ �γ

kð4γð1�q0eÞþ1Þ ∑
3

i ¼ 1
ωiej jλminumax ωiej jk2ðδþ1Þ

ωiej jþk2ðδþ1Þ
þk2qT

eS

(

þ ∑
3

i ¼ 1
λmax

umaxk
2 ωiej j qie

�� ��
sij jþk2δ

)
ð19Þ

By using the updating law for k(t) as (19), (18) is simplified to

_Vr�jωiejðλminumax�dðtÞÞ�k4qT
eqe ð20Þ

To ensure _Vr0 in (20), the following assumption is made:

Assumption 4. The bound value d of the disturbance d satisfies
the following inequality [9,14,27]:

λminumax42ðdþgÞ ð21Þ

Remark 2. Loosely speaking, Assumption 4 states that the avail-
able control is sufficient to reject disturbances and simultaneously
track the desired trajectory.

Under Assumption 4, _Vr0 can be obtained. This implies that ωe

and k(t) are bounded. With qT
eqeþq20e ¼ 1, and qe and q0e are

bounded. Also ωd is bounded under Assumption 3, so V is
bounded.
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Let λminumax�d¼ c.
Then, based on (20), by integrating _V from 0 to 1, it can be

shown as follows:

Vð0Þ�Vð1ÞZ ðλminumax�dÞ
Z 1

0
ωej jdtþ

Z 1

0
k2qT

eqe

Zc
Z 1

0
ωej jdtþ

Z 1

0
k2qT

eqe

Zcmin

Z 1

0
ωej jdtþ

Z 1

0
k2qT

eqe

� �
ð22Þ

In which cmin ¼ min c;1f g. It is clear that cmin40.
Since V is bounded, then ωeAL1 and k2qeAL2.
It is clear that S is bounded because all of its terms are bounded

as shown above. Thus, since ωe, ωd, qe, S and u (from (5)) are
bounded, _k is bounded. Moreover, _ωe is also bounded from the
attitude dynamics in (11), and _qe is bounded from (10), because ωe,
qeand q0e are bounded. By the Barbalat lemma [28]

lim
t-1

ωe ¼ lim
t-1

k2qe ¼ 0 ð23Þ

However, the fact that k2qe converges to zero does not ensure that
qe will converge to zero. But it is shown that k is bounded, because
_Vr0, so it can be concluded that lim

t-1
qe ¼ 0.

It is seen that the potential problem with the above algorithm is
that k(t) could converge to zero before ωe, and, therefore, cause
chattering of the signals in the system because, for k¼0, the control
laws become ui ¼ �signðsiÞumax. If there is a positive lower bound for
k(t) for all t, the above potential problem has been resolved.

Lemma 1. There is a lower bound for k(t) for all tZ0.

Proof. Based upon (19), it follows that

_kZ
�γ

kð4γð1�q0eÞþ1Þ ∑
3

i ¼ 1
ωiej jλminumax ωiej jk2ðδþ1Þ

ωiej jþk2ðδþ1Þ

(

þk2‖qe‖‖S‖þ ∑
3

i ¼ 1
λmax

umaxk
2 ωiej j qie

�� ��
sij jþk2δ

)

_kZ
�γ

k
∑
3

i ¼ 1
ωiej jλminumax ωiej jk2ðδþ1Þ

ωiej jþk2ðδþ1Þ
þk2‖S‖þ ∑

3

i ¼ 1
λmax

umaxk
2 ωiej j

sij jþk2δ

( )
ð24Þ

Considering the terms within the summation sign, it can be shown
that

λminumax ωiej jk2ðδþ1Þ
ωiej jþk2ðδþ1Þ

þλmax
umaxk

2 ωiej j
sij jþk2δ

rλminumax ωiej jk2ðδþ1Þ
sij jþk2δ

þλmax
umaxk

2 ωiej j
sij jþk2δ

¼ umax ωiej jk2λminðδþ1Þþλmax

sij jþk2δ

¼ umaxk
2ðλminðδþ1ÞþλmaxÞ

si�k2qie
��� ���
sij jþk2δ

rumaxk
2ðλminðδþ1ÞþλmaxÞ

sij jþk2

sij jþk2δ

rumaxk
2ðλminðδþ1ÞþλmaxÞ 1þ1

δ

� �
ð25Þ

From (23), it can be first noted that lim
t-1

SðtÞ ¼ 0 due to its
definition in (13). Therefore there exist constant S such that
SðtÞ
�� ��rS for all time. Hence

_kZ� γ

k
3umaxk

2ðλminðδþ1ÞþλmaxÞ 1þ1
δ

� �
þS
��
_kZ�γkε ð26Þ

where

ε¼ 3umaxðλminðδþ1ÞþλmaxÞ 1þ1
δ

� �
þS ð27Þ

Assume kð0Þ ¼ k040 then (26) can be integrated to obtain

kðtÞZ1
2
k0e� γεt ð28Þ

Thus (28) shows that kðtÞ40 for all time and kðtÞ ¼ 0 is possible
only at t ¼1. On the other hand, since k(t) is bounded, for a
given positive constant γ which satisfies above condition, there
exists a positive function τ γð Þ satisfying kðtÞoτ γð Þ. Then, from (19),
we have

_kZ
�γ

kð4γð1�q0eÞþ1Þ ∑
3

i ¼ 1
ωiej jλminumaxk

2ðδþ1Þ
ωiej jþk2ðδþ1Þ

(

þ ∑
3

i ¼ 1
λmax

umaxk
2 ωiej j qie

�� ��
sij jþk2δ

þk2qT
eS

)

Z
�γ

k
∑
3

i ¼ 1
ωiej jλminumaxk

2ðδþ1Þ
ωiej jþk2ðδþ1Þ

(
þ ∑

3

i ¼ 1
λmax

umaxk
2 ωiej j

sij jþk2δ
þk2‖ωeþk2qe‖

)

Z
�γ

k
∑
3

i ¼ 1
ωiej jλminumaxk

2ðδþ1Þ
k2ðδþ1Þ

(
þ ∑

3

i ¼ 1
λmax

umaxk
2 ωiej j

k2δ
þk2‖ωe‖þk4‖qT

eqe‖

)

Z
�γ

k
λminumaxþ

λmaxumax

δ
þτ2ðγÞ

� �
‖ωe‖þk4‖qT

eqe‖

Z
�γcmax

k
‖ωe‖þk4‖qT

eqe‖
	 


ð29Þ

where cmax ¼ max fλminumaxþðλmaxumax=δÞþτ2ðγÞ;1g. Thus
_kkZ�γcmaxðjjωejjþk2qT

eqeÞ ð30Þ
Integrating this inequality from 0 to 1, gives

k2ð1ÞZk2ð0Þ�2γcmax

Z 1

0
½jjωejjþk2qT

eqe� dx

Zk2ð0Þþ2γcmax

c
Vð1Þ�Vð0Þ½ �

Zk2ð0Þ�2γcmax

c
Vð0Þ ð31Þ

If the initial value is chosen as kð0Þ4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2γcmax=cÞVð0Þ

p
, then from

(31), we obtain

k2ð1ÞZγcmax

c
Vð0Þ40 ð32Þ

Based on (26) and (32), k40 will hold for all time. Thus, with
lim
t-1

k2qe ¼ 0 in (23), we must have lim
t-1

qe ¼ 0 since the conver-
gence of ωe and qe are independent of their initial values; the
global asymptotic stability of the closed-loop system is demon-
strated. This concludes the proof of Theorem 1. □

4. Simulation example

In this section the application of the proposed controller to the
attitude control of a spacecraft is presented. It is assumed that each
actuator generates a continuous control torque and its output is limited
to 5 Nm. The inertia matrix is obtained from Ref. [9], which is given as

J¼
20 0 0:9
0 17 0
0:9 0 15

2
64

3
75 kg m2

and the external disturbance is assumed to be d¼ ð ωj j2þ
0:05Þ sin ð0:8tÞ; cos ð0:5tÞ; cos ð0:3tÞ½ �T Nm. Also it is assumed that
the angular velocity measurements are corrupted with random
measurement noise of magnitude 0.1 rad/s. Also the effectiveness for
actuators are given by

ei ¼
1 if f i41
0:1 if f io0:1
f i otherwise;

8><
>:
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where f i ¼ 0:3þ0:1 sin ð0:5tþ iπ=3ÞþrandnðÞ� 
; i¼ 1;2;3, and

randn() is a function which generates a random number with normal
distribution.

The parameters for the controller in (14), are γ ¼ 0:002,
δ¼ 0:02, k(0)¼2.5 and λmax ¼ 1:5.

In order to verify the performance and robustness of the control
laws (14) in the presence of actuator faults and external disturbances,
tracking the desired attitude is simulated. In the simulation, actuator
effectiveness after 150 s changes from normal to faulty condition.

To verify the performance of the control laws (14), tracking the
desired attitude is simulated. The initial attitude is set to

q0 ¼ 0:9631, q1 ¼ �0:1, q2 ¼ 0:15 and q3 ¼ �0:2, and the angular
velocity is assumed to be zero at t¼0. The goal is to track the
following attitude trajectory:

qd ¼
1
2

0; cos ð0:3tÞ; �
ffiffiffi
3

p
; sin ð0:3tÞ

h iT
to100

sin ð0:3tÞ;0; cos ð0:3tÞ; �
ffiffiffi
3

ph iT
100rto200

�
ffiffiffi
3

p
; sin ð0:3tÞ;0; cos ð0:3tÞ

h iT
200rto300

cos ð0:3tÞ; �
ffiffiffi
3

p
; sin ð0:3tÞ;0

h iT
300rto400

8>>>>>>>>>><
>>>>>>>>>>:
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Fig. 1. Attitude errors, (a) proposed controller, (b) proposed method in [14], (c) proposed method in [9], and (d) PD controller. Dotted line: time of switch from normal
to faulty condition.
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For comparison purposes, the results of two comparative
papers [9] and [14] with the same parameters are simulated.
Although these papers have the same structure for its control laws
as (14), the adaptation law for k(t) used in them are different from
the proposed one in (19).

Also results of a conventional PD controller with Kp ¼ 4 and
Kd ¼ 5 is added to simulation results. Fig. 1 shows attitude errors,
Fig. 2 shows angular velocity error and Fig. 3 shows control effort.
Also Fig. 4 shows behavior of adaptive term during simulation.

The absolute value of the sum of the control efforts is calculated
for each case. As these papers used thrusters for its actuators too,
this parameter can be used to assess the performance of the
proposed controllers.

The absolute values of the sum of the control efforts used to
achieve desired attitude are summarized in Table 1. It can be
concluded that the proposed control scheme has better perfor-
mance in comparison to the other methods. In Table 1 control
effort of controller in [9] and PD controller are not applicable
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Fig. 2. Angular velocity errors, (a) proposed controller, (b) proposed method in [14], (c) proposed method in [9], and (d) PD controller. Dotted line: time of switch from
normal to faulty condition.
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because they cannot track the desired attitude as it can be seen in
Fig. 1(c) and (d).

It can be seen from the results that, although actuator effec-
tiveness is changed (Fig. 5), there is no dramatic changes in the
attitude or angular velocities errors. The price for this immunity is
paid by control effort. In both cases, at t¼150 the behavior of
control effort signals is changed. This is because of switching from
normal condition to faulty condition. At this time, controller tries

to compensate the effect of faults and this effort causes changes in
the behavior of control efforts.

5. Conclusion

A fault-tolerant tracking control scheme based on variable
structure control has been developed for spacecraft attitude

0 50 100 150 200 250 300 350 400
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5

Control Efforts (Nm)

0 50 100 150 200 250 300 350 400
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−5

0

5

Time (s)

Tc1 Tc2 Tc3

Fig. 3. Control efforts, (a) proposed controller, (b) proposed method in [14], (c) proposed method in [9], and (d) PD controller. Dotted line: time of switch from normal to
faulty condition.
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stabilization in the presence of input saturation, external distur-
bances and unknown actuator faults. The proposed control design
methods do not require any system identification process to
identify the faults or any method of fault detection and isolation.
Although the control law requires the update of the parameter k as
(19), this is likely to be more computationally efficient than alternative
fault identification schemes. The control formulation is based on
Lyapunov's direct stability theorem in the controller synthesis. Evalu-
ating this control scheme using numerical simulations, shows that the
robust fault-tolerant attitude controller is able to recover from actuator
failure and achieve high precision tracking. Furthermore, the control
objective can be achieved even under actuator input constraints. This
conclusion is valid with the assumption that the system is controllable
with the remaining active controls, such that the control effectiveness

of the remaining controls is large enough to counter the undesirable
effects produced by external disturbances.
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Fig. 4. Adaptive term (k(t)).

Table 1
Control effort comparison between three methods.

Control method Sum of absolute value

Proposed controller in this paper 31125
Proposed controller in [14] 32488
Proposed controller in [9] Not applicable
PD controller Not applicable
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Fig. 5. Actuator 1 effectiveness.
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