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Nomenclature

d = external disturbances
E, Ê = actuator effectiveness and estimated effectiveness,

respectively
Hrw = reaction-wheel momentum
J, J0, ΔJ = inertia matrix, nominal inertia matrix, and

uncertainty in inertia matrix, respectively
Jrw = inertia of reaction wheel
L = positive definite gain matrix
M = distribution matrix
�qTv ; q0�T = unit quaternion
u, uc = actual output torque and command torque of

reaction wheels, respectively
�u = bias fault
τ, τc = three-axis torque and three-axis torque command,

respectively
Ω, Ω̂ = angular velocity and estimated angular velocity of

reaction wheel, respectively
ω, ω̂ = angular velocity and estimated angular velocity of

satellite, respectively

I. Introduction

I N RECENT years, more satellites were launched into space to
perform various missions such as air navigation, communication,

environmental monitoring, and military service. In most of these
missions, attitude maneuver using actuators was required for
satellites to achieve the desired attitude. However, an actuator fault or
failure may cause significant performance degradation or even
instability. The demand for satellite safety and reliability has spurred
research on attitude fault-tolerant control (FTC) in the presence of
actuator faults [1].
There are mainly two kinds of fault-tolerant control strategies:

passive FTC and active FTC [2]. Passive FTC takes advantage of

robust control techniques to ensure closed-loop system stability in the

presence of actuator faults without requiring fault detection. In [3], an

indirect robust adaptive FTC strategy was presented to deal with

actuator failures for spacecraft attitude tracking. Using a

backstepping technique, an adaptive FTC scheme was developed to

achieve spacecraft attitude stabilization in [4], where actuator faults

were estimated by three implicit estimation filters. Finite-time fault-

tolerant attitude control was proposed in [5,6], where finite-time

convergence for attitude stabilization was achieved in the presence of

system uncertainties, external disturbances, and actuator faults.

However, because passive FTC usually encompasses the upper

bound of the fault, the resulting controller may be more conservative

and less energy efficient.

In active FTC, an effective fault detection and identification (FDI)

scheme is required to provide information about the fault with

minimal uncertainties in a timely manner. Based on the estimated

information, the existing controller is reconfigured to achieve system

stability and desired performance. In [7], a second-order sliding-

mode observer was used to estimate the mapping of reaction-wheel

faults into three principal axes. Because conventional adaptive

observer-based fault identification is not able to effectively identify

the time-varying fault, an iterative learning observer was proposed to

estimate the fault in [8]. In [9],multiplemodelswere used to represent

different actuator faults, and then a bank of interacting Kalman filters

was used to achieve fault detection, isolation, and diagnosis.

However, most of the aforementionedworkwas dedicated to the fault

detection and identification for the mapped torque along the three

principal axes. These FDI approaches may result in limited

reconfiguration capabilities because satellite attitude control systems

are usually overactuated by redundant actuators. In [10,11], local FDI

algorithms were designed for each actuator to effectively reconfigure

the controller, but only loss of effectiveness fault in the actuators was

considered.

In [12], an active FTC scheme was proposed for spacecraft with

actuator failures, where fast and accurate actuator failure detection

and identification, as well as convergence of tracking errors to zero,

could be guaranteed. In [13], the problemof nonlinear fault detection,

isolation, and recovery for a spacecraft orbital and attitude control

system was investigated, where system anomalies caused by faults

were associatedwith changes in certain parameters in the system, and

a least-squares estimation technique was used to generate residuals.

Based on the fault diagnosis mechanism proposed in [8], an FTC

strategy was developed in [14] to achieve attitude stabilization for

spacecraft with loss of effectiveness faults and external disturbances.

However, only one type of actuator fault was taken into account in the

aforementioned work. In [15], loss of effectiveness faults, bias faults,

and disturbances were all together treated as a lumped fault that was

reconstructed by using a terminal sliding-mode observer. Based on

the reconstructed fault information, a fault compensation control law

was proposed for spacecraft to follow the desired attitude trajectories

after a finite settling time.

In this Note, the problem of active FTC for satellites with actuator

faults in the presence of both system uncertainties and external

disturbances is studied. The main contributions are listed as follows:
1) Unlike the existing work in [12–14], where only one type of

actuator fault (loss of effectiveness fault or bias fault) was taken into
account, and the work in [15], where faults and disturbances were
reconstructed as a lumped fault mapping to three axes, the proposed
fault identification approach in this Note can simultaneously identify
two types of faults (loss of effectiveness fault and bias fault) for each
individual actuator. With this fault information, it is possible to
effectively carry out control allocation, especially for redundant
actuator cases.
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2) An active fault-tolerant controller is developed to achieve finite-
time attitude stabilization. Different from previous work in [5,6,22],
which investigated passive FTC, the developed active FTC consists
of controller reconfiguration and control allocation based on the
estimated fault information. Compared to the passive FTC in
previous work using the upper bound of the fault, the active FTC
using the estimated fault value is less conservative and more energy
effective.
3) To accommodate both healthy-actuator and faulty-actuator

cases, a reconfigurable control scheme consisting of fault detection,
fault identification, and fault-tolerant control is proposed. For
completeness, a fault detectionmechanism is also developed to detect
the fault in the presence of system uncertainties and external
disturbances.

II. System Modeling and Problem Formulation

In this section, satellite dynamics and an actuator fault model are
first introduced; then, the problem investigated in this Note is
described.

A. System Dynamics

The satellite kinetics and kinematics in terms of the quaternion can
be expressed as

J _ω � −ω×Jω − ω×MHrw � τ � d (1)

_qv �
1

2
�q×v � q0I3�ω (2)

_q0 � −
1

2
qTvω (3)

where J � JT ∈ R3×3 denotes the positive definite inertia matrix of
the satellite; ω ∈ R3 is the satellite angular velocity with respect to
the inertial frame I and expressed in the body frame B;M ∈ R3×n is
the actuator distributionmatrix;Hrw � �Hrw;1; Hrw;2; : : : ; Hrw;n�T ∈
Rn �n ≥ 3� denotes the reaction-wheel momentum; I3 ∈ R3×3 is an
identity matrix;Q � �qTv ; q0�T ∈ R3 × R denotes the unit quaternion
describing the attitude orientation of the body frameBwith respect to
the inertial frame I ; and τ ∈ R3 andd ∈ R3 denote the control torque
and the external disturbances, respectively. The notation x× ∈ R3×3

for a vector x � �x1; x2; x3�T is used to represent the skew-symmetric
matrix

x× �
2
4 0 −x3 x2

x3 0 −x1
−x2 x1 0

3
5 (4)

Assumption 1: There exists a modeling uncertainty Δ in the
satellite inertia matrix J, and J � J0 � ΔJ, where J0 is the nominal
inertiamatrix of the satellite. The external disturbanced is assumed to
satisfy kdk ≤ γd, where γd is a positive constant.
Remark 1: Due to the fuel consumption and payload deployment,

theremay exist uncertain satellite inertia [3,16]. For a satellite attitude
control system, external disturbance sources mainly include
gravitation, solar radiation, magnetic forces, and aerodynamic drags.

B. Actuator Model

In this Note, reaction wheels are used as the actuators to generate
control torques for satellite attitude control. To completely control the
satellite attitude in space, at least three reaction wheels for which the
axes of rotation are non-coplanar are required. To provide system
robustness and redundancy, four or more reaction wheels may be
used in a practical satellite attitude control system, e.g., four reaction
wheels in a pyramid configuration. The torques provided by these
wheels are denoted as ui; �i � 1; : : : ; n�. Then, the following
relationship between the control torque τ and ui can be obtained:

τ � �τxτyτz�T � M�u1; : : : ; un�T (5)

For simplicity, denote u � �u1; : : : ; un�T . It should be noted that
the distribution matrix M is not square and has full row rank. To
distribute the control torque τ to each reaction wheel, the Moore–
Penrose pseudoinverse M� � MT�MMT�−1 is introduced. Then,
given the control torque �τx; τy; τz�T , it can be derived that

u � M��τx; τy; τz�T (6)

For a healthy-actuation system, the actual output torque is equal to
the command input, i.e., u � uc. However, actuator faults are usually
inevitable for many in-orbit satellites. In this Note, two types of
actuator faults are considered [17]: namely, loss of actuator
effectiveness and additive bias fault. These faults can be modeled as
follows:

u � Euc � �u (7)

where uc � �uc;1; : : : ; uc;n�T denotes the command input of
actuators, E � diag�e1; : : : ; en� with 0 ≤ ei ≤ 1 �i � 1; : : : ; n�
represents the effectiveness of actuators, and �u ∈ Rn represents the
actuator bias fault. As a result, a satellite attitude kinetics model with
actuator faults can be rewritten as follows:

J _ω � −ω×Jω − ω×MHrw �M�Euc � �u� � d (8)

To detect and identify the actuator faults, the following actuator
dynamics model is used:

_Hrw;i � Jrw _Ωi � −ui; i � 1; : : : ; n (9)

where Jrw is the inertia of each reaction wheel, andΩi is the angular
velocity of the ith reaction wheel. It is worth noting that the response
of the reaction-wheel output torque ui to a torque command uc;i is not
instantaneous due to reaction-wheel friction and internal control
loops, even in the healthy-actuator case. However, reaction-wheel
friction can be considered as an actuator fault [defined in Eq. (7)], and
the dynamics of the internal control loops is much faster than the
satellite attitude dynamics. Thus, the transient response of the
reaction-wheel output torque to the torque command is ignored in
this Note.

C. Problem Statement

In general, satellites are designed to operate in orbit for a long
lifetime during which actuator faults may occur. Once some faults
occur in actuators, an FTC strategy is required to guarantee the
stability and maintain attitude control performance. As compared to
passive FTC, active FTC can achieve better system performance and
be more energy efficient because it reconfigures the controller to
accommodate the actuator faults using the estimated fault
information. In this Note, the following three research issues need
to be addressed for the active FTC strategy: a fault detection
mechanism that is insensitive to system uncertainties and external
disturbances, fault identification in the presence of multiple faults
occurring in actuators, and a fault-tolerant controller.

III. Fault Detection and Identification

A. Fault Detection

This section discusses a fault detection approach that detects a fault
promptly once it occurs.
Assumption 2: During fault detection, satellite angular velocities

are bounded; i.e., kωk < γω < �∞, where γω is a positive constant.
Remark 2: When all actuators are healthy, the designed attitude

controller should guarantee that system states can follow the desired
trajectory. Therefore, the upper bound of the angular velocity can be
obtained in advance. If the angular velocity exceeds the upper bound,
the fault is detected. However, in many faulty-actuator cases, the
angular velocity will not exceed the upper bound for a long time,
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which may result in a large attitude error. This Note will study fault

detection for these faulty-actuator cases with Assumption 2.
To detect the fault, the following observer is introduced:

J0
_̂ω � −ω×J0ω − ω×MHrw � τc � L�ω − ω̂� (10)

where ω̂ is the estimated satellite angular velocity with

ω̂�t0� � ω�t0�, τc � �τc;x; τc;y; τc;z�T � Muc is the three-axis torque
command, and L ∈ R3×3 is a positive definite gain matrix. Let
~ω � ω − ω̂; comparing the satellite dynamics [Eq. (1)] with the

observer [Eq. (10)] leads to

_~ω � −�J−1 − J−10 ��ω×J0ω� ω×MHrw� − J−10 ω×ΔJω

� τ − τc − L ~ω� d

� �J−1ΔJJ−10 ��ω×J0ω� ω×MHrw� − J−10 ω×ΔJω

� τ − τc − L ~ω� d (11)

FromEq. (11), it can be known that the angular velocity estimation

error depends on the uncertainties, external disturbances, and

actuator faults. To use this estimation error for fault detection, it is

necessary to determine the detection threshold for k ~ωk. According to
Assumptions 1 and 2, there exists a positive constant δ such that

k�J−1ΔJJ−10 ��ω×J0ω�ω×MHrw� − J−10 ω×ΔJω� dk
≤ δ�1� γω � γ2ω�

Then, the following theorem can be obtained:
Theorem 1: If there is no actuator fault occurring in the attitude

control system, the angular velocity estimation error satisfies

k ~ωk ≤
δ�1� γω � γ2ω�

λmin�L�

where λmin�⋅� denotes the minimum eigenvalue of the matrix.
Proof: Consider the following function:

V � 1

2
~ωT ~ω (12)

Differentiating function (12) with respect to time yields

_V � ~ωT _~ω ≤ k ~ωkδ�1� γω � γ2ω� � k ~ωT�τ − τc�k − λmin�L�k ~ωk2
(13)

If there is no actuator fault occurring in the attitude control system,

τ − τc � 0. From Eq. (13), it can be obtained that

_V ≤ k ~ωkδ�1� γω � γ2ω� − λmin�L�k ~ωk2 (14)

It can be observed that, when

k ~ωk >
δ�1� γω � γ2ω�

λmin�L�
; _V < 0

With the initial condition ω̂�t0� � ω�t0�, it can be concluded that

k ~ωk ≤
δ�1� γω � γ2ω�

λmin�L�

for all time.
Due to the existence of uncertainties and disturbances, it is clear

that, even in the healthy-actuator case, there still exists an angular

velocity estimation error. Theorem 1 indicates that, for the healthy-

actuator case, the angular velocity estimation error can be upper

bounded by

δ�1� γω � γ2ω�
λmin�L�

which depends on the upper bounds of uncertainties and

disturbances. If a fault occurs, τ − τc ≠ 0 and

k ~ωk ∈
�
0;
δ�1� γω � γ2ω� � kτ − τck

λmin�L�
�

which implies that k ~ωk may exceed the healthy-actuator bound

δ�1� γω � γ2ω�
λmin�L�

Therefore, we can define k ~ωk as the detection residual and set

θ ≥
δ�1� γω � γ2ω�

λmin�L�

as the threshold for the detection residual. According to Theorem 1, it

is clear that k ~ωk > θ indicates the occurrence of faults. It is worth

noting that the threshold condition is a sufficient condition to indicate

the occurrence of actuator fault; i.e., once the residual exceeds the

threshold, there must be a fault or faults occurring in actuators.

However, if the fault is very small, k ~ωk may be lower than the

selected threshold, and such a fault may not be detected.

B. Fault Identification

After the fault is detected, fault identification is activated to

estimate the fault. For each reaction wheel, a local fault identification

mechanism is developed. For the sake of simplicity, the subscript in

Eq. (9) is dropped. The dynamics model of the reaction wheel is as

follows:

_Hrw � Jrw _Ω � −u � −euc − �u (15)

To estimate the fault, the past reaction-wheel angular velocity and

command input are used. Here, ΩT and ucT denote the angular

velocity difference and command input difference between the time

t1 � t − T �T > 0� and the time t2 � t, respectively, i.e., ΩT �
Ω�t� −Ω�t − T� and ucT � uc�t� − uc�t − T�. The dynamics of ΩT

is derived as follows:

Jrw _ΩT � −eucT (16)

Now, we proceed to design the adaptive observers for the fault

identification as follows:

Jrw
_̂Ω � −êuc − �̂u� l1 ~Ω (17)

Jrw
_̂ΩT � −êucT � l2 ~ΩT (18)

where l1 and l2 are positive constants; ~Ω � Ω − Ω̂; ~ΩT � ΩT − Ω̂T ,

and ê and �̂u are the estimates of effectiveness and bias, respectively.

With the reaction-wheel dynamic models and observers (15–18), the

estimation error dynamics can be calculated as follows:

Jrw
_~Ω � − ~euc − ~�u − l1 ~Ω (19)

Jrw
_~ΩT � − ~eucT − l2 ~ΩT (20)

where ~e � e − ê and ~�u � �u − �̂u. To ensure the estimates to be

bounded, the following transformation is applied:

e � C1�tanh�ϕ1� � 1�; �u � C2 tanh�ϕ2� (21)
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ê � C1�tanh�ϕ̂1� � 1�; �̂u � C2 tanh�ϕ̂2� (22)

where C1 and C2 are positive constants that determine the bounds of

the estimates, ϕ1 and ϕ2 are transformed effectiveness and bias, ϕ̂1

and ϕ̂2 are two adaptive variables, and

tanh�x� � ex − e−x

ex � e−x

Then, it can be derived from Eqs. (21) and (22) that

~e � C1�tanh�ϕ1� − tanh�ϕ̂1�� (23)

~�u � C2�tanh�ϕ2� − tanh�ϕ̂2�� (24)

The adaptive update laws are designed as follows:

_̂
ϕ1 � −η1uc ~Ω − η1ucT ~ΩT (25)

_̂
ϕ2 � −η2 ~Ω (26)

where η1 and η2 are positive constants that determine the convergence

rate. Based on the aforementioned analysis, the following theorem

can be obtained.
Theorem 2: Considering the actuator models (15) and (16) with

unknown effectiveness e and bias �u, two adaptive observers are

designed as Eqs. (17) and (18) with adaptive variables defined in

Eq. (22) and adaptive update laws (25) and (26). If uc and ucT are

bounded and uniformly continuous, and ucT is not identically zero,

the fault estimation errors will asymptotically converge to zero, i.e.,

limt→∞ ~e � 0 and limt→∞ ~�u � 0.
Proof: Consider the Lyapunov function candidate

V � 1

2
Jrw ~Ω2 � 1

2
Jrw ~Ω2

T � C1

η1

�
log cosh�ϕ̂1� − ϕ̂1 tanh�ϕ1�

�

� C2

η2

�
log cosh�ϕ̂2� − ϕ̂2 tanh�ϕ2�

�
� C (27)

where C is a positive constant that is used to ensure that V ≥ 0.
Differentiating function (27) with respect to time leads to

_V � − ~Ω� ~euc � ~�u� l1 ~Ω� − ~ΩT� ~eucT � l2 ~ΩT�

−
_̂
ϕ1

η1
C1

�
tanh�ϕ1� − tanh�ϕ̂1�

�
−

_̂
ϕ2

η2
C2

�
tanh�ϕ2� − tanh�ϕ̂2�

�

� − ~Ω� ~euc � ~�u� l1 ~Ω� − ~ΩT� ~eucT � l2 ~ΩT� −
_̂
ϕ1

η1
~e −

_̂
ϕ2

η2
~�u (28)

Substituting Eqs. (25) and (26) into Eq. (28) results in

_V � −l1 ~Ω2 − l2 ~Ω2
T ≤ 0 (29)

From Eqs. (27) and (29), it can be obtained that 0 ≤ V ≤ V�0� and
_V ≤ 0, so ~Ω and ~ΩT are bounded. Because ~e and ~�u are bounded, it can
also be noted from Eqs. (19) and (20) that

_~Ω and
_~ΩT are bounded.

Therefore, �V � −l1 ~Ω
_~Ω−l2 ~ΩT

_~ΩT is bounded as well. According to

Barbalat’s lemma, limt→∞ _V � 0 which in turn implies that

limt→∞ ~Ω � 0 and limt→∞ ~ΩT � 0.
Differentiating Jrw

_~Ω and Jrw
_~ΩT with respect to time yields

Jrw
�~Ω � _̂euc − ~e _uc � _̂

�u − l1
_~Ω (30)

Jrw
�~ΩT � _̂eucT − ~e _ucT − l2

_~ΩT (31)

According to the definitions of ê and �̂u,

_̂e � C1
_̂
ϕ1

∂ tanh�ϕ̂1�
∂ϕ̂1

� C1
_̂
ϕ1

�eϕ̂1 � e−ϕ̂1�2

and

_̂
�u � C2

_̂
ϕ2

∂ tanh�ϕ̂2�
∂ϕ̂2

� C2
_̂
ϕ2

�eϕ̂2 � e−ϕ̂2�2

As uc, ucT , _uc, and _ucT are bounded, with adaptive laws (25) and
(26), it can be obtained that _̂e and

_̂
�u are also bounded. Therefore, it can

be observed from Eqs. (30) and (31) that
�~Ω and

�~ΩT are bounded.
According to Barbalat’s lemma, it is concluded that limt→∞

_~Ω � 0
and limt→∞

_~ΩT � 0. Because ucT is not identically zero, from
Eq. (20), it is clear that limt→∞ ~e � 0. Then, from Eq. (19), it is
derived that limt→∞ ~�u � 0. Hence, the fault estimates asymptotically
converge to the true values.
Remark 3: Due to the asymptotical convergence property, it may

take a very long time for the estimates to converge to the true values.
Thus, there is a tradeoff between identification time and estimation
accuracy. The angular velocity estimation error of the reaction wheel
and the variation of the fault estimates are combined to generate a
residual δid as follows:

δid � 1

T0

Z
tc

tc−T0

�k ~Ω�t�k � k ~ΩT�t�k � kê�t� − ê�t − T1�k

� k �̂u�t� − �̂u�t − T1�k� dt (32)

where tc denotes the current time, and T0 and T1 are positive
constants. If this residual is smaller than the given threshold, it is
concluded the fault identification is completed. It is noted that the
smaller the threshold is set, the more accurate the fault estimates.

IV. Fault-Tolerant Control Design

In this section, the overall active fault-tolerant control scheme is
studied. To enhance the reliability, maneuverability, and survivability,
the satellite attitude control system generally uses redundant actuators.
Thus, satellite attitude control design consists of two parts: the
reconfigurable controller and control allocation. As a high-level
controller, the reconfigurable controller is designed to generate torque
command along three axes,whereas control allocation is used as a low-
level controller to distribute this torque command to each actuator.
When a fault occurs in an actuator, the faulty actuator may not be able
to provide the distributed command torque, which may lead to system
performance degradation. Therefore, FDI and/or controller reconfig-
uration are required to ensure the system performance.
Basedon the proposed fault detection and identificationmechanism,

the overall proposed fault-tolerant control scheme is shown in Fig. 1.
As depicted in Fig. 1, Qd and ωd are the desired satellite attitude and
angular velocity, respectively; τc denotes the three-axis control torque
command generated by the reconfigurable controller; uc is the
command input to reaction wheels generated by the control allocation;
and Ê and �̂u are the estimated effectiveness and bias, respectively. The
reconfigurable controller consists of three controllers: basic controller,
passive FTC, and active FTC. When no fault is detected, the basic
controller is used. As shown in Fig. 1, switching signal 1 denotes that
the fault is detected. Once a fault is detected, fault identification is
activated to estimate the fault; meanwhile, the reconfigurable
controller is switched to passive FTC in order to guarantee the system
performance. During this period, because the reaction-wheel fault has
not been identified, control allocation uses the pseudoinverse ofM to
generate control input for each reaction wheel. Switching signal 2
denotes that the fault identification is completed. After the fault is
identified, the reconfigurable controller is switched to active FTC and
the estimated effectiveness and bias fault are used for control
allocation. Next, the controller reconfiguration and control allocation
approaches are discussed.
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A. Transformed Attitude Dynamics and Sliding-Mode Manifold

To address the attitude stabilization problem, the satellite attitude

dynamics is rewritten by using a Lagrange-like equation [6,18,19].

Let

P �
�
1

2
�q×v � q0I3�

�−1
∈ R3×3

and then attitude dynamics (1) can be rewritten as follows:

J� �qv � −Ξ _qv � PTMH×
rwP _qv � PTτ � Td (33)

where J� � PTJ0P, Ξ � PTJ0 _P − PT�J0P _qv�×P, and

Td � PT�d�t� − ΔJ _ω − ω×ΔJω�. Td is considered as the lumped

disturbances and uncertainties. According to Assumption 1, there

exists a positive constant γ0 such that kTdk ≤ γ0W, where

W � 1� kωk � kωk2.
To design the control scheme, a finite-time sliding-mode manifold

(proposed in [6]) is used. The sliding-mode manifold s ∈ R3 is

defined as

s � _qv � αqv � βsig�qv�r (34)

where α � diag�α1; α2; α3� and β � diag�β1; β2; β3� are positive

definite and diagonal matrices, r is a positive constant satisfying

0 < r < 1, and sig�⋅� is defined as

sig�qv�r � �jqv;1jrsign�qv;1�jqv;2jrsign�qv;2�jqv;3jrsign�qv;3��T
(35)

where qv;j is the jth component of qv, j � 1, 2, and 3. To avoid

singularity, _s is modified as [20]

_s � �qv � α _qv � βqvr (36)

with qvr ∈ R3 defined as

qvr;j �

8><
>:
rjqv;jjr−1 _qv;j if jqv;jj ≥ ϵ; and _qv;j ≠ 0

rjϵjr−1 _qv;j if jqv;jj < ϵ; and _qv;j ≠ 0

0 if _qv;j � 0

where ϵ is a small positive constant. Applying the sliding-mode

manifold [Eq. (34)] into Eq. (33) results in

J� _s � −Ξs� PTτ � F� Td (37)

where

F � PTMH×
rwP _qv � Ξαqv � Ξβsig�qv�r � J�α _qv � J�βqvr

According to the property of the finite-time sliding-mode

manifold, the following lemma can be obtained:
Lemma 1 [5]: Consider the terminal sliding-mode manifold s

defined by Eq. (34). If the sliding-mode manifold satisfies s � 0,
then the equilibrium point qv � 0 is globally finite-time stable, i.e.,

the system state qv that starts from qv�0� converges to qv � 0 in

finite time.

B. Basic Controller and Passive FTC Design

In this section, the basic controller for the healthy-actuator case

and the passive FTC controller for the faulty-actuator case are

designed. The following assumptions are required:
Assumption 3: The additive fault introduced in fault model (7)

satisfies

k �uk ≤ f0 (38)

where f0 is a positive constant.
Assumption 4 [3]: Matrix MEMT is positive definite, and

0 < e0 ≤ minfλmin�MEMT�; 1g (39)

where e0 is a positive constant.
Remark 4:Assumption 4means that, although some actuatorsmay

suffer from partial loss of actuator effectiveness or even complete

failure, the combination of all actuators should still guarantee that

MEMT remains positive definite.
To reject system uncertainties and external disturbances with

healthy actuators, the basic controller is designed as follows:

τc � τbasic � −P−T �k1s� k2sig�s�ρ � kFksign�s� � γ0Wsign�s��
(40)

where k1 � diag�k1;1; k1;2; k1;3� and k2 � diag�k2;1; k2;2; k2;3� are

two positive definite matrices, and ρ is a positive constant

satisfying 0 < ρ < 1.
Based on this controller, the command torque for each reaction

wheel can be obtained by using Eq. (6). Because there is no fault

occurring in actuators, it is clear that E � In and �u � 0 so that

τ � τc. Define the Lyapunov function candidate as

V1 �
1

2
sTJ�s (41)

Fig. 1 Overall fault-tolerant control scheme.
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Differentiating V1 with respect to time yields that

_V1 �
1

2
sT _J�s� sT�−Ξs� PTτ� F� Td�

≤ −sTk1s − sTk2sig�s�ρ

It can be obtained that s converges to zero in finite time. Thus,
according to Lemma 1, qv → 0 and ω → 0 in finite time.
After a fault occurs, the system performance may be degraded.

Once the estimation error of the fault detection exceeds the detection
threshold, the fault can be detected. Then, passive FTC is adopted to
generate command torque for the satellite. There is plenty of work
done in the literature on passive FTC, such as in [3,4,6,21,22]. In this
Note, the passive FTC proposed in [6] is used:

τc � τpa

� −MMTP−T �unom � γ1kPTMksign�s� � γ2kunomksign�s��
(42)

where

unom � k1s� k2sig�s�ρ � kFksign�s� � γ0Wsign�s�; γ1 ≥
f0
e0

and

γ2 ≥
1

e0
− 1

For the system analysis and stability proof for the passive FTC
(42), please refer to the paper in [6].
Remark 5:The proposed basic controller and passive FTC are used

as the reconfigurable controller, which is a high-level controller.

Because fault identification is not completed during these periods,
Eq. (6) is used for control allocation.

C. Active FTC Design

Actuator faults can be estimated by the proposed fault
identification approach. Once the faults are identified, this
information can be used to reconfigure the controller and reallocate
appropriate control torque to each reaction wheel. There may exist
estimation errors in the fault information, and the estimation errors
are defined as kΔEk and kΔ �uk such that E � Ê� ΔE and
�u � �̂u� Δ �u. To design active FTC law for satellite attitude control,
the following assumption is required:
Assumption 5: It is assumed that the fault estimation errors kΔEk

and kΔ �uk are bounded and satisfy kME��MÊ�� − �ME���k ≤ γ3
and kPTME��MÊ�� − �ME���M �̂u − PTMΔ �uk ≤ γ4.
Remark 6: If kΔEk∕kEk is small, kME��MÊ�� − �ME���k ≈

kME�MΔE�T��ME��ME�T�−1k ≤ γEkΔEk, where γE is a positive
constant.
The active FTC is designed as

τc � τactive � τbasic − P−Tγ4sign�s�
−

γ3
1 − γ3

kPTτbasic − γ4sign�s�kP−Tsign�s� (43)

In contrast to the basic controller and passive FTC design, active
FTC takes advantage of the estimated fault information to generate
the control input uc via

uc � �MÊ���τc −M �̂u� (44)

Based on the active FTC [Eq. (43)] and control allocation
[Eq. (44)], the following theorem can be obtained:
Theorem 3: Consider the attitude control systems described by

Eqs. (1–3) in the presence of partial loss of actuator effectiveness fault

and additive fault. If Assumptions 1–5 are satisfied and the controller
[Eq. (43)] and control allocation [Eq. (44)] are applied, then the states
of systems (1) and (2)will be stabilized to the origin in finite time; i.e.,
qv → 0 and ω → 0 in finite time.
Proof: Consider the following Lyapunov function candidate:

V2 �
1

2
sTJ�s (45)

Using Eq. (37), the time derivative of V2 is

_V2 �
1

2
sT _J�s� sT�−Ξs� PTMEuc � PTM �u� F� Td�

In view of the control law [Eq. (43)] and control allocation
[Eq. (44)], it follows that

_V2 � sT
�
PTME�MÊ���τc −M �̂u� � PTM �u� F� Td

�

� sT
�
PT�τc −M �̂u� � PTM �u� F� Td

� PTME��MÊ�� − �ME����τc −M �̂u�
�

� sT
�
PT�τc −M �u� � PTMΔ �u� PTM �u� F� Td

� PTME��MÊ�� − �ME����τc −M �̂u�
�

≤ −sTk1s − sTk2sig�s�ρ − γ4ksk
−

γ3
1 − γ3

kPTτbasic − γ4sign�s�k ⋅ ksk

� kPT�ME��MÊ�� − �ME���M �̂u −MΔ �u�k ⋅ ksk
� kPTME��MÊ�� − �ME���τck ⋅ ksk

According to the Assumption 5, it can be derived that

_V2 ≤ −sTk1s − sTk2sig�s�ρ −
γ3

1 − γ3
kPTτbasic − γ4sign�s�k ⋅ ksk

� γ3ksk ⋅ kPTτbasic − γ4sign�s�k
�
1� γ3

1 − γ3

�

≤ −sTk1s − sTk2sig�s�ρ

With Lemma 1, it can be concluded that the states of systems (1)
and (2) will be stabilized to the origin in finite time; i.e., qv → 0 and
ω → 0 in finite time. This completes the proof.
Remark 7:As compared with the basic controller, the active FTC

[Eq. (43)] has two more terms that are used to eliminate the
influence caused by fault estimation errors. If the estimation is very
accurate, parameters γ3 and γ4 can be very small so that the active
FTC is very close to the basic controller. As compared with the
passive FTC, γ3 and γ4 should be much smaller than γ1 and γ2
because γ1 and γ2 are derived by considering the upper bounds of
the faults. Therefore, the command torque generated by the
proposed active FTC can bemade smaller than that generated by the
passive FTC.

V. Simulation

In this section, satellite attitude stabilization control with actuator
faults is studied through simulation. Four reaction wheels in a

Table 1 Actuator fault scenarios

Scenario Parameter

One (S1) At t � 5s: e1 � 0.8, �u1 � −0.03 N ⋅m, e2 � 0.6,
�u3 � 0.02 N ⋅m

Two (S2) At t � 5s: e1 � 0.8, �u3 � 0.02 N ⋅m, e2 � 0.6
At t � 100s: �u1 � −0.03 N ⋅m
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pyramid configuration are used as actuators to provide control

torques. The distribution matrix M, the satellite nominal inertia

matrix, and the uncertain inertia are as follows:

Table 2 FDI and FTC
design parameters

Parameter Value

L 0.1 I3
T 2 s
θ 0.001
l1 0.8
l2 0.45
η1 1200
η2 80
C1 0.51
C2 0.04
α 0.05 I3
ϵ 0.001
β 0.01 I3
r 0.55
e0 0.5
f0 0.03
h 1000
ρ 0.55
γ3 0.01
γ4 0.001
k1 0.0356 J0
k2 0.2667 J0
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Fig. 2 Fault detection (S1).
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Fig. 3 Effectiveness estimation (S1).
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Fig. 4 Bias fault estimation (S1).
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Fig. 5 Satellite attitude (S1).
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Fig. 6 Satellite angular velocity (S1).
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M � 1���
3

p
2
4−1 −1 1 1

1 −1 −1 1

1 1 1 1

3
5:

J0 �
2
4 130 6.5 6

6.5 140 5.5

6 5.5 135

3
5kg ⋅m2;

ΔJ �
2
4 3 0 0

0 2 0

0 0 −2.5

3
5kg ⋅m2

The simulation consists of two fault scenarios, described in

Table 1. The FDI and FTC design parameters are presented in

Table 2. The initial states of the satellite are as follows: Q0 �
�0.8;−0.2; 0.1; 0.557� and ω0 � �0; 0.0011; 0�rad∕s. Based on the

aforementioned setting, the satellite attitude control simulation is

carried out to verify the proposed integrated FDI and FTC solution.
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Fig. 7 Command and actual torques (S1).
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Fig. 8 Fault detection (S2).
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Fig. 9 Effectiveness estimation (S2).
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Fig. 10 Bias fault estimation (S2).
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A. Scenario One

In scenario one, it can be seen from Table 1 that all faults occur at

the same time.As shown in Fig. 2, before the actuator faults occur, the

fault detection residual k ~ωk is not equal to zero due to system

uncertainties and external disturbances, but it will never exceed the

threshold θ, as discussed in Theorem 1. Upon occurrence of the

faults, the residual increases quickly and exceeds the threshold, i.e.,

the fault is detected. Then, the fault identification is activated to

estimate the exact faults. It can be seen from Figs. 3 and 4 that the

proposed fault identification approach can estimate the faults

accurately. Because the function tanh�x� is introduced to represent

the fault estimates, it can be observed that all the fault estimates

during fault identification are bounded. Once the faults are identified,

the fault information is used to update the controller and fault

detection mechanism so that the residual goes down below the

threshold, as depicted in Fig. 2. However, it is worth noting that,

during attitudemaneuver, the fault identification timemay be limited,

and thus tradeoff between estimation time and accuracymay result in

an error between the estimate and the true value.
With the proposed reconfigurable controller, it can be noted from

Figs. 5 and 6 that the attitude and angular velocity asymptotically

converge to zero. Figure 7 shows the command and actual control

torques. The dashed–dotted line represents the command torque, and

the solid line represents the actual control torque provided by reaction

wheels. As bias fault occurs in reaction wheels one and three, the

difference between the command torque and the actual torque always

exists. In contrast, a loss of effectiveness fault occurs in reaction

wheel two, but the actual torque is almost equal to the commandwhen

the command torque is small. Therefore, when command torque is

very small, it may be impossible to detect and identify the loss of

effectiveness fault.

B. Scenario Two

In this section, the case with fault scenario two is studied by

simulation. As shown in Fig. 8, the residual exceeds the threshold

twice because the faults occur in actuators twice. It can be observed

from Figs. 9 and 10 that the faults can be accurately identified by the

proposed estimation approach. As shown in Figs. 11 and 12, the

attitude and velocity can converge to the vicinity of zero after the first

fault is identified. After the second fault occurs, the attitude error and

velocity error increase. The FDI mechanism is able to detect and
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Fig. 11 Satellite attitude (S2).
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Fig. 12 Satellite angular velocity (S2).
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Fig. 13 Command and actual torques (S2).
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identify the fault and, in turn, the controller is reconfigured so that
satellite attitude and velocity again converge to zero. It can be noted
from Fig. 13 that controller switching is carried out during attitude
maneuver.

VI. Conclusions

In this Note, active fault-tolerant control for satellite attitude
stabilization is investigated. An observer-based fault detection
approach is developed that can guarantee that there is no false alarm
for the fault in the presence of system uncertainties and external
disturbances if there is no noise in the measured signal. A local fault
identification approach using past reaction-wheel angular velocity
and command input is designed to guarantee asymptotical
convergence of the estimated fault to the true value. Based on the
proposed fault detection and identification mechanism, an active
fault-tolerant control scheme consisting of a reconfigurable
controller and control allocation is developed to achieve attitude
stabilization. Simulation results have been presented to illustrate the
effectiveness of the proposed approaches.
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