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Fully Adaptive-Gain-Based Intelligent
Failure-Tolerant Control for Spacecraft Attitude

Stabilization Under Actuator Saturation
Ning Zhou , Member, IEEE, Xiaodong Cheng , Member, IEEE,

Yuanqing Xia , Senior Member, IEEE, and Yanjun Liu , Senior Member, IEEE

Abstract—This article investigates the attitude stabilization
problem of a rigid spacecraft with actuator saturation and fail-
ures. Two neural network-based control schemes are proposed
using anti-saturation adaptive strategies. To satisfy the input
constraint, we design two controllers in a saturation function
structure. Taking into account the modeling uncertainties, exter-
nal disturbances, and adverse effects from actuator faults and
failures, the first anti-saturation adaptive controller is imple-
mented based on radial basis function neural networks (RBFNNs)
with a fixed-time terminal sliding mode (FTTSM) containing a
tunable parameter. Then, we upgrade the proposed controller to a
fully adaptive-gain anti-saturation version, in order to strengthen
the robustness and adaptivity with respect to actuator faults and
failures, unknown mass properties, and external disturbances.
In the two schemes, all of the designed adaptive parameters
are scalars, thus they only require light computational load and
can avoid the redesign process of the controller during space-
craft operation. Finally, the feasibility of the proposed methods
is illustrated via two numerical examples.

Index Terms—Adaptive control, attitude stabilization,
failure-tolerant control, finite-time control, input saturation.

I. INTRODUCTION

IN THE past decades, due to the promise of various
applications in telecommunication and broadcasting,

remote sensing, etc., the problem of spacecraft attitude stabi-
lization has received considerable attention from system and
control (see [1]–[6]). The main technical difficulty of this
problem is attributed to the fact that finite rotations do not
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obey the laws of vector addition, and thus the attitude of
a spacecraft cannot be obtained by integrating its angular
velocity. To deal with the attitude stabilization problem, sig-
nificant efforts have been made in recent years, and a series
of nonlinear control algorithms is developed for three-axis
attitude control of fully actuated spacecraft (see sliding-
mode control [1], [7], [8]; backstepping control [4]; adaptive
control [9]; hybrid control [10]; and inverse optimal con-
trol [11]). Furthermore, some control techniques are also
adopted for the underactuated case, such as model predictive
control [12], hybrid time-optimal control [13], and switching
control [14]. Under ideal conditions, namely, without modeling
uncertainties and actuator malfunctions, etc., these methods
are able to achieve and maintain decent control performances.
However, in a real environment, failures and faults do occur
in the attitude control system, especially after operating for
a long time. The failures and faults may result in significant
performance degradation and even cause unstable behaviors of
a spacecraft. Thus, in this article, it is of particular interest to
design a robust controller that can guarantee the reliability of
a spacecraft and achieve high-accuracy attitude stabilization.

One of the challenging aspects of this design problem is to
devise a fault-tolerant attitude controller for maintaining the
stability and performance subject to model uncertainties, exter-
nal disturbances, and control input saturation. The existing
control techniques that deal with actuator faults and failures
roughly fall into two categories, namely, active control and
passive control [15]. The principle of active methods essen-
tially relies on the real-time information of the fault diagnosis
of a spacecraft, which is used for the reconfiguration of the
attitude controller. On the other hand, the passive approaches
employ a robust adaptive control architecture to cope with
the uncertainty caused by the faults and failures of actua-
tors. As the passive control methods generally are simpler in
the synthesis and implementation than the active ones, the
passive strategies for spacecraft attitude control are much bet-
ter developed in the literature. Some of the relevant works
that adopt the passive control schemes for fault-tolerant atti-
tude control can be found in, for example, [3] and [16]–[23],
which, however, can be hardly applied to when the actua-
tor failures also exist. In contrast, [24] and [25] take into
account both the actuator faults and failures, while a pri-
ori knowledge of spacecraft models is still required, which,
to some extent, is restrictive as the model information, for
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example, mass properties of the spacecraft, may be unavailable
in some cases. The model-independent control approaches
are proposed in [26] and [27], but the fault-tolerant control
schemes are only feasible without actuator saturation. The
latest developments along this direction are found in, for exam-
ple, [16], [19], [23], and [28]–[31], in which the attitude
control algorithms are designed with the consideration of the
input saturation and actuator failures. However, to achieve high
control accuracy, these methods still need to be improved by
adopting finite-time control strategies to the attitude control
system. The motivation of this article therefore is to develop
an algorithmic design method for the attitude stabilization of a
spacecraft, which is able to address all raised issues mentioned
above.

This leads to another challenging aspect of the attitude sta-
bilization problem, that is, how to guarantee high accuracy
of the designed passive failure-tolerant controller with certain
actuator constraints. Two main techniques available in the lit-
erature to achieve high precision are: 1) finite-time control [32]
and 2) fixed-time control [33]. The difference between them
is that the fixed-time approach is independent of initial condi-
tions. There are only a few finite-time or fixed-time methods
to tackle the control problem with actuator failures and input
saturation. For example, the adaptive fixed-time method in [3]
considers input restrictions but overlooks actuator failures, and
the observer-based finite-time approach in [25] achieves fault
tolerance but does not take into account input limitations and
require prior knowledge of the inertia matrix of spacecraft.
Differently, the control algorithm proposed in [34] adopts both
fixed-time and fault-tolerant strategies, and it does not require
the model information of spacecraft. Instead, an auxiliary vari-
able related to the system model is analyzed, whose boundary
is taken into account in the design process of the controller.
Indeed, using the boundary information guarantees the stability
of the closed-loop system; however, the controller, after all, is
performed in a conservative way. Unlike [34], the mechanism
of the proposed method in this article adopts machine-learning
techniques to estimate the unavailable information of the
unknown plant.

Specifically, in this article, we use the radial basis function
neural networks (RBFNNs) to design an adaptive failure-
tolerant control scheme for the attitude stabilization for
a spacecraft. The universal approximation property of the
RBFNNs, which is utilized to approximate an unknown non-
linear system model, allows the designed controller to be
model independent. The trained neural network, in principle,
can capture more information of the spacecraft model than
the general boundary used in [34]; thus, the controller based
on the trained neural network may provide stronger robust-
ness and adaptivity with respect to catastrophic actuator faults
and failures, input constraints, unknown mass properties, and
external disturbances simultaneously. Furthermore, an adap-
tive control structure is applied, to achieve failure tolerance
with input saturation. For the sake of high accuracy and strong
robustness performance, we apply a fixed-time terminal slid-
ing mode (FTTSM) which allows for finite-time convergence.
Furthermore, we only use scalar adaptive parameters in the
design, which can providentially reduce the computational

load compared with existing intelligent control algorithms
implemented on RBFNNs. The preliminary version of this
article was presented in [35], while this article provides a
fully adaptive-gain controller, in which the control parame-
ters can be automatically adjusted to compensate for some
serious failures in the dynamics of the spacecraft plant and
strong disturbances acting on the plant.

The remainder of this article is organized as follows.
Section II describes the attitude model of a spacecraft using the
unit quaternions and then formulates the control problem. In
Section III, we introduce the adaptive neural-network failure-
tolerant attitude control scheme and extend it to the fully
adaptive-gain version in Section IV. Both proposed algorithms
are then illustrated by the simulations in Section V. Finally,
we make concluding remarks of this article in Section VI.

Notation: The set of real numbers is denoted by R. For
a vector or matrix, ‖ · ‖ denotes its Euclidean norm. The ith
element of a vector v is denoted by vi. The involution operation
without loss of the number’s sign is represented by x[p] :=
|x|psgn(x), x, p ∈ R. sgn(·) is the sign function that returns
−1, 0, or 1. The cross product between two vectors a, b ∈ R

3

can be rewritten as the matrix multiplication a × b = a×b,
where

a× =
⎡
⎣

0 −a3 a2
a3 0 −a1

−a2 a1 0

⎤
⎦.

II. PROBLEM SETTING

In this section, we present the spacecraft attitude model and
then address the control objective in this article.

The attitude of a rigid spacecraft is represented by a 3 × 3
rotation matrix with a positive determinant, which is an ele-
ment in the special orthogonal group of order three SO(3) as
defined in the following:

SO(3) =
{

R ∈ R
3×3 : R�R = RR� = I, det R = 1

}
.

We use the unit quaternions to describe the spacecraft
attitude as

q =
[

q0
qv

]
∈ S

3

where S
3 = {(q0, qv) ∈ R × R

3 : q2
0 + q�

v qv = 1}. A unit
quaternion q ∈ S

3 is mapped to an element of SO(3) through
the Rodrigues formula

R(q) := I + 2q0q×
v + 2

(
q×

v

)2
.

Consider a rigid spacecraft whose actuators provide torques
in n mutually perpendicular axes with n > 3. By using the
unit quaternions, the kinematic and dynamic equations of the
spacecraft are given as follows (see [36, ch. 4]):

Jω̇(t) = −[ω(t)]×Jω(t) + Dτ(t) + d(t)

q̇0(t) = −1

2
q�

v (t)ω(t)

q̇v(t) = 1

2

([
qv(t)

]× + q0(t)I3

)
ω(t). (1)
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Let B and I denote the body frame of the spacecraft and
the inertial frame, respectively. All the symbols in the above
model are described as follows.

1) ω ∈ R
3: The angular velocities with respect to I and

are expressed in B.
2) (q0, qv) ∈ R×R

3: The unit quaternions representing the
attitude orientations of the spacecraft in B with respect
to I.

3) τ ∈ R
n: Control torques produced by n thrusters.

4) d ∈ R
3: External disturbances.

5) J ∈ R
3×3: A positive-definite matrix representing the

unknown inertia matrix in B.
6) D ∈ R

3×n: The thruster distribution matrix.
The following assumption is made about the disturbances

and uncertain inertias.
Assumption 1 [37]: The external disturbance d is bounded

by ‖d(·)‖ ≤ dmax, where dmax ∈ R≥0 is an unknown constant.
Moreover, the inertia J is not obtainable for the controller
design, and it is bounded by

Jmin‖x‖2 ≤ x�Jx ≤ Jmax‖x‖2, for all x ∈ R
3

where two constants Jmin and Jmax ∈ R>0 are also unknown.
We consider that the spacecraft is equipped with n thrusters,

and each thruster either experiences partial power loss or has
completely failed. Two main sources of actuator faults are con-
sidered [38]: 1) decreased reaction torque and 2) increased bias
torque.

Correspondingly, the actuator τ(t) in (1) is represented as
follows:

τ(t) = E(t)uc(t) + ua(t) (2)

where uc(t) = [uc,1(t), uc,2(t), . . . , uc,n(t)]� ∈ R
n collects the

desired torque signals generated by the controllers, E(t) =
diag{e1(t), e2(t), . . . , en(t)} ∈ R

n×n with 0 ≤ ei ≤ 1, gener-
ated by fault 1), represents the actuator control effectiveness
matrix, which also refers to a health indicator. ua(t) =
[ua,1(t), ua,2(t), . . . , ua,n(t)]� ∈ R

n is the additive actuator
fault vector generated by fault 2).

For the model (2), we have the following assumptions which
are standard for this problem.

Assumption 2: There exists an unknown non-negative con-
stant ua,max such that the additive fault ua in (2) is bounded
by ‖ua(·)‖ ≤ ua,max.

Assumption 3: The number of totally failed actuators does
not exceed n − 3 such that the matrix DE(t)D� is positive
definite for all t ≥ 0.

Remark 1: The additional actuator fault ua is caused by the
changes in the friction, due to the actuator aging, temperature
fluctuation, etc., and it generates a low reaction torque [38].
Thus, we assume that ua is bounded in Assumption 2.
According to [39], Assumption 3 implies that the matrix
DED� is positive definite, that is, there exists a scalar emin > 0
such that

emin ≤ λmin

(
DE(t)D�) ∀ t ≥ 0 (3)

where λmin(·) denotes the minimum eigenvalue of a matrix.
For the case that the failed actuators are more than n − 3, we

obtain DED� as a singular matrix, implying that the system (1)
is underactuated. In this case, other types of actuators are usu-
ally required, see [12], and thus it is beyond the scope of this
article.

In practical contexts, the magnitude of the control input
is commonly saturated. Thus, in this article, we consider the
following design constraint.

Assumption 4: The overall total control torque is con-
strained by ‖uc‖ ≤ uM with uM ∈ R>0.

Throughout this article, we would like to address the
following control design problem.

Problem 1: Given any initial states ω(0), qv(0) and arbi-
trary small positive constants δω, δq, find a constrained attitude
control uc such that the states ω and qv can converge to the
compact set

� :=
{
ω(t), qv(t) ∈ R

3 : ‖ω(·)‖ ≤ δω, ‖qv(·)‖ ≤ δq

}
(4)

within a finite time Te for all t > Te.
The control objective will be achieved if the system (1) is

stabilized at a small neighborhood around the origin, despite
the presence of actuator faults and failures, input satura-
tion, modeling uncertainties, and external disturbances. Note
that the ordinary robust control scheme cannot be applied
to solve the current problem, since partial information, for
example, the inertia of the spacecraft is not accessible to the
controller. Thus, in this article, we propose to adopt a neural
network in the design of our controllers, which takes advantage
of the universal approximation property of neural networks to
estimate the unknown information of the plant.

III. ADAPTIVE NEURAL-NETWORK FAILURE-TOLERANT

CONTROLLER DESIGN

In this section, we develop a sliding-mode-based adaptive
neural-network failure-tolerant controller to solve the attitude
stabilization problem with actuator malfunctions and control
input saturations.

To built a failure-tolerant algorithm, we first resort to an
FTTSM [34] which is treated as a terminal sliding mode.
Before introducing an FTTSM, we define two functions
σ1 : R

3 × R
3 → R

3 and σ2 : R
3 × R

3 → R
3 by using

ω and qv

σ1,i
(
ωi, qv,i

)
:= ωi + c0σ3,i, i = 1, 2, 3

σ2,i
(
ωi, qv,i

)
:= ωi + c0

(
l1qv,i + l2q[2]

v,i

)

σ3,i
(
qv,i
)

:=
(
β1q[r1]

v,i + β2q[r2]
v,i

)[r0]

l1 := (2 − r0)

(
β1φ

[
r1r0−1

r0

]

s + β2φ

[
r2r0−1

r0

]

s

)[r0]

l2 := (r0 − 1)

(
β1φ

[
r1r0−2

r0

]

s + β2φ

[
r2r0−2

r0

]

s

)[r0]

where σj,i is the ith components of σj for j = 1, 2, 3,
respectively. c0, β1, β1, φs, r0, r1, r2 ∈ R>0 with r1r0 > 1,
r2r0 < 1.
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Next, by using σ1,i and σ2,i, we define the FTTSM S : R3×
R

3 → R
3 as

Si
(
σ1,i, σ2,i

)

:=
{


σ2,i
(
ωi, qv,i

)
if σ1,i

(
ωi, qv,i

) 
= 0, |qv,i| ≤ φs


σ1,i
(
ωi, qv,i

)
otherwise

(5)

for i = 1, 2, 3, where 
 ∈ R>0 is a design parameter.
Remark 2: Compared to [34], the sliding mode used in (5)

is scaled by a parameter 
. This change will only cause minor
changes in the stability analysis, but in practice, by choosing

 as scaling factor for the overall control amplification, that is,

 > 1, it can significantly improve the convergence speed and
control accuracy in the reaching phase. Specifically, according
to the convergence region of ‖S(t)‖ in (34), a greater 
 is, a
smaller convergence region of ‖S(t)‖ is, which means a faster
the convergence speed and a better convergence precision.

About this sliding mode S(t), the following lemma holds.
Lemma 1 [34]: Consider the spacecraft system (1) with

FTTSM (5) satisfying Si = 
σ1,i = 0 for i = 1, 2, 3. There
exists a fixed time T > 0 such that ωi = 0 and qv,i = 0
∀ t ≥ T with

T <
2

β1
_2F(0.5, (1 + r2r0)/2; 1.5; 1)

+ 2(3+r2r0)/2

β
r0
1 (1 − r2r0)

+ 2(3+r2r0)/2

β
r0
2 (r2r0 − 1)

where 2F(·) denotes the Gauss’ hypergeometric function.
With the FTTSM defined in (1), we establish a con-

trol system by calculating the time derivative of JS(t)
along (1) and (5)

JṠ



= G(z) + DE(t)uc + Dua + d (6)

G(z) := −[ω]×Jω + Jc0α̇ (7)

z := [
ω�, α�, α̇� ]� (8)

where α : R3 × R
3 → R

3 is a continuous switching function
given by

αi

(
qv,i, σ

3
i

)
:=
{

l1qv,i + l2q[2]
v,i if σ1,i

(
ωi, qv,i

) 
=0, |qv,i| ≤ φs

σ3,i otherwise

for i = 1, 2, 3, and α̇ is its time derivative, and both α and α̇

are continuous switching functions. Since the inertia matrix J
is unknown, G(z) is defined as a function reflecting partial
information of the plant that is not directly accessible to the
controller. Lacking this information, the controller design for
the spacecraft plant is generally challenging.

To overcome this difficulty, some neural networks can be
adopted by taking the advantage of their universal approx-
imation property, for example, the backpropagation neu-
ral network (BPNN), RBFNN [40], and Chebyshev neural
network (CNN) [23]. Compared with the BPNN, the RBFNN
provides stronger tolerance to input noise and needs shorter
training time. Furthermore, the RBFNN with nonlinear basis
functions has better approximation property for the nonlin-
ear function than CNN with linear basis functions. Thus, we
resort to RBFNNs for the further design. Specifically, consider
an RBFNN with z ∈ �z being the input vector, and its output

layer then produces the estimation of G(z). Suppose the hidden
layer of network contains h neurons with radian basis func-
tions ϕk : R9 → R, where 0 < ϕk(z) ≤ 1 ∀ k ∈ {1, 2, . . . , h}.
Then, for any z ∈ �z ⊂ R

9, there exist ideal constant weights
W∗ ∈ R

h×3 such that

G(z) = W∗�ϕ(z) + ε0(z) ∀ t ∈ R≥0, z ∈ �z (9)

where ϕ(z) := [ϕ1(z), . . . , ϕh(z)]�, and ‖ε0(z)‖ ≤ ε∗ with a
constant ε∗. The idea weights W∗ are defined as the weight-
ing matrix W between hidden layers and output layers that
minimizes ε∗ for all z ∈ �z, namely

W∗ := arg min
W∈Rh×3

‖G(z) − W∗�ϕ(z)‖. (10)

Furthermore, if neuron number h is sufficiently large, ε∗ then
can be made arbitrarily small on a compact region �z. We
refer to, for example, [41] and [42] for more details. Now, (6)
is reformulated as

JṠ



= W∗�ϕ(z) + ε0(z) + DE(t)uc + Dua + d (11)

and we then construct the controller. Note that the matrix W∗
in (11) is presented only for analysis purpose. In our controller
design, the norm of W∗ is estimated.

Consider the actuator saturation in system (1). The
quaternion-based failure-tolerant dynamic controller is
proposed as follows:

uc = − uM

‖D‖D�sat
(
S, θ̂ , η̂, g1, g2

)
(12)

˙̂
θ = γS

φθ

‖ϕ(z)‖2‖S‖2 − γθ θ̂ (13)

˙̂η = 1

α
‖S‖ − γηη̂ (14)

where θ̂ (t) and η̂(t) ∈ R are the controller states, and φθ ,
γS, γθ , α, and γη ∈ R>0 are design parameters. The function
sat : R → [−1, 1] is defined as

sat
(
S, θ̂ , η̂, g1, g2

)
:=
{ S

‖S‖ , if ‖S‖ ≥ uM−g2
g1

uc0
uM

, if ‖S‖ <
uM−g2

g1

(15)

with

uc0 := g1S + g2
S

‖S‖
g1 := Ka‖S‖2 + Kb + θ̂

φθ

‖ϕ(z)‖2

g2 := Kc + η̂

where positive scalars Ka, Kb, Kc, and φθ are the design
parameters.

To derive the main result in the section, the following
assumption is first made.

Assumption 5: The inequalities
eminuM

‖D‖ > ‖G(z) + Dua + d‖
hold for all t ≥ 0.

This assumption states that the actuators are capable to pro-
duce a sufficient actuating torque even if some of the actuators
lose the control power partially or completely. Assumption 5 is
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needed to guarantee the effectiveness of the proposed control
algorithm, which allows the spacecraft to perform designated
mission tasks. It is not a restricted assumption, as similar
assumptions can be found in, for example, [30].

Utilizing the control law in (12), we present the main result
of this section.

Theorem 1: Consider the spacecraft model in (1), and let
Assumptions 1–4 hold. Then, one can design the parameters
of the FTTSM and controller dynamics (12)–(14) such that
for arbitrary small positive constants δω and δq and any initial
compact set

�0 :=
{
ω(0) ∈ R

3, (q0(0)qv(0)) ∈ S
3, θ̂ (0), η̂(0) ∈ R

:ω(0), θ̂ (0), η̂(0) are finite
}

(16)

the states ω(t) and qv(t) convergence to the compact set �

in (4) for all t > Te, with Te > 0 a finite constant.
Before proving Theorem 1, we first provide the following

lemma regarding the finite-time stability.
Lemma 2 [32], [43]: Consider the system ẋ = f (x), where

f : �x → R
3 is locally Lipschitz with �x ⊂ R

3 as the domain
containing x = 0 in its interior. Let x = 0 be an equilibrium
point of the system, that is, f (0) = 0, and let V : R≥0 ×�x →
R be a continuously differentiable function. If for all t ≥ 0 and
x ∈ �x, W1(x) ≤ V(t, x) ≤ W2(x), where W1(x) and W2(x)
are two continuous positive-definite functions on �x, and

∂V

∂t
+ ∂V

∂x

∂x

∂t
≤ −μ0Vν (17)

or
∂V

∂t
+ ∂V

∂x

∂x

∂t
≤ −μ1V − μ2Vν (18)

where the scalars μ0, μ1, μ2 > 0, ν ∈ (0, 1), then x = 0 is
globally finite-time stable for the system ẋ = f (x), and the
settling time is calculated by

Treach

{≤ 1
μ0(1−ν)

V1−ν
0 if (17) holds

≤ 1
μ1(1−ν)

ln
(
μ1V1−ν

0 /μ2 + 1
)

if (18) holds

with V0 := V(x(0)).
We are now ready to prove Theorem 1.
Proof: The proof proceeds in two steps: the first shows

that ‖S(t)‖ converges to 0 in a finite time T̄1, namely, all the
states of the spacecraft can reach the sliding manifold within
a finite-time horizon. The second step then shows that the
states variables ω(t) and qv(t) converge to a region in a finite
time T̄2, in which ‖ω(t)‖ ≤ δω, ‖qv(t)‖ ≤ δq, with δω and δq

appropriately small.
Step 1: The convergence of S in the reaching phase is

proven for the two cases according to (15). The first case
is when ‖S‖ ≥ [(uM − g2)/g1], that is, the control input uc

in (15) is

uc = − uM

‖D‖‖S‖D�S. (19)

In this case, we consider the following Lyapunov function:

VS(S) := 1

2

S�JS. (20)

Taking the time derivative of VS then yields

V̇S = ST
(

G(z) + μM

‖D‖‖S‖DED� + Dua + d

)

≤ −
(

eminuM

‖D‖ − ‖G(z) + Dua + d‖
)

‖S‖

≤ −λ01V
1
2

S (21)

where

λ01 :=
√

2


Jmax

(
eminuM

‖D‖ − ‖G(z) + Dua + d‖
)

.

The scalar λ01 is strictly positive due to Assumption 5.
Consequently, applying Lemma 2, we obtain the finite-time
reachability of the sliding manifold, that is, for any initial val-
ues S(0), θ̂ (0), and η̂(0), there exist a finite time T̄01 > 0
such that ‖S(t)‖ ≡ 0 ∀ t ≥ T̄01, where T̄01 is dependent on
the initial states ω(0) and qv(0).

In the second case that ‖S‖ < [(uM − g2)/g1], the control
input in (15) is formulated as

uc = − 1

‖D‖D�
(

g1S + g2
S

‖S‖
)

(22)

where g1 and g2 are scalar parameters in (15). We consider
the identical Lyapunov function VS as in (20), whose time
derivative, in this case, satisfies

V̇S ≤ ‖S‖
∥∥∥W∗�ϕ(z) + ε0(z) + Dua + d

∥∥∥

− eminuM‖S‖2

‖D‖
(

g1 + g2

‖S‖
)

(23)

where emin > 0 is defined in (3). Consider the following two
constants:

θ := ‖W∗‖2 ≥ 0 (24)

η := sup
t≥0,z∈�z

‖ε0(z) + D(t)ua(t) + d(t)‖ ≥ 0 (25)

and for simplicity, we define two corresponding variables

θ̃ := θ − emin

‖D‖ θ̂ , η̃ := η − emin

‖D‖ η̂. (26)

We further obtain from (23) that

V̇S ≤ −eminKa

‖D‖ ‖S‖4 − eminKb

‖D‖ ‖S‖2 − eminKc

‖D‖ ‖S‖

+ θ̃

φθ

‖ϕ(z)‖2‖S‖2 + η̃‖S‖ + φθ (27)

where the following Young’s inequality is applied:

√
θ‖S‖‖ϕ(z)‖ ≤ θ̃

φθ

‖S‖2‖ϕ(z)‖2 + φθ

4

<
θ̃

φθ

‖S‖2‖ϕ(z)‖2 + φθ , for any φθ > 0.

To further show the negativeness of V̇S, we need to first
prove the boundedness of adaptation parameter errors θ̃ (t) and
η̃(t) in (27). To this end, we consider a new Lyapunov function

V
(
S, θ̂ , η̂

)
:= 1

2

S�JS + ‖D‖

2γSemin
θ̃2 + α‖D‖

2emin
η̃2 (28)
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whose time derivative then fulfills

V̇ ≤ −eminKb

‖D‖ ‖S‖2 − eminKc

‖D‖ ‖S‖ + γθ

γS
θ̃ θ̂

+ αγηη̃η̂ + φθ . (29)

By Young’s inequality

γθ

γS
θ̃ θ̂ = γθ‖D‖

γSemin
θ̃ θ − γθ‖D‖

γSemin
θ̃2 ≤ γθ‖D‖

2γSemin
θ2 − γθ‖D‖

2γSemin
θ̃2

αγηη̃η̂ = αγη‖D‖
emin

η̃η − αγη‖D‖
emin

η̃2

≤ αγη‖D‖
2emin

η2 − αγη‖D‖
2emin

η̃2

which leads to

V̇ ≤ −eminKb

‖D‖ ‖S‖2 − γθ‖D‖
2γSemin

θ̃2 − αγη‖D‖
2emin

η̃2

+ γθ‖D‖
2γSemin

θ2 + αγη‖D‖
2emin

η2 + φθ (30)

where the negative term −[(eminKc)/‖D‖]‖S‖ in (29) is
eliminated. Thus, we obtain

V̇ ≤ −λ02V3 + λ03 (31)

with

λ02 := min

{
2
emin

Kb

Jmax‖D‖ , γθ , γη

}

λ03 := φθ + γθ‖D‖
2γSemin

θ2 + αγη‖D‖
2emin

η2.

Following [44], we conclude that the sliding manifold S(t), θ̃

and η̃ are uniformly ultimately bounded, that is, |θ̃ | ≤ ε1,|η̃| ≤ ε2, where ε1 and ε2 depend on the initial values
S(0), θ̂ (0), and η̂(0).

Now we continue (27) to analyze V̇S, which further yields

V̇S ≤ −eminKa

‖D‖ ‖S‖4 − eminKb

‖D‖ ‖S‖2 − eminKc

‖D‖ ‖S‖

+ 1

2φθφ1
|θ̃ |2‖ϕ(z)‖4 + φ1

2φθ

‖S‖4 + φ2

2
‖S‖2

+ 1

2φ2
η̃2 + φθ . (32)

Choose the control parameters Ka ≥ [(φ1‖D‖)/(2φθ emin)],
Kb > [(φ2‖D‖)/(2emin)], and Kd > Kb − [(φ2‖D‖)/(2emin)],
which then gives

V̇S ≤ −Kdemin

‖D‖ ‖S‖2 − eminKc

‖D‖ ‖S‖ + φ̄1 (33)

with φ̄1 = φθ +[1/(2φθφ1)]ε2
1h4 +[1/(2φ2)]ε2

2. Note that (33)
can be rewritten in the following two forms:

V̇S ≤ −λ04VS − λ05V
1
2

S , if ‖S‖ ≥
√

φ̄1Jmax‖D‖
eminJmin(Kd−ε01)

V̇S ≤ −λ06VS − λ07V
1
2

S , if ‖S‖ ≥ φ̄1‖D‖
emin(Kc−ε01)

√
Jmax

Jmin

where λ04 = [(2eminε01
)/(Jmax‖D‖)], λ05 =
eminKc

√
[2
/(Jmax‖D‖)], λ06 = [(2
Kdemin)/(Jmax‖D‖)],

λ07 = eminε01
√

[2
/(Jmax‖D‖)], and ε01 is selected to satisfy
ε01 < Kd and ε01 < Kc. Define a positive constant

δ̄0 := min

{√
φ̄1Jmax‖D‖

eminJmin(Kd−ε01)
,

φ̄1‖D‖
emin(Kc−ε01)

√
Jmax
Jmin

}
.

It is obvious that δ̄0, ε1, and ε2 can be made arbitrary small
by choosing the control gains Kb and Kc sufficiently large and
φs sufficiently small. According to Lemma 2, for any given
S(0), θ̂ (0), η̂(0), there exists a finite time T̄02 > 0 such that
‖S(t)‖ ≤ δ̄0 ∀ t ≥ T̄02, where T̄02 := T̄02(S(0), θ̂ (0), η̂(0)).

From the analysis of the two cases, we finally obtain that
for any initial condition (S(0), θ̂ (0), η̂(0)) ∈ R

3 × R × R,
there exist a finite time T̄1 := max{T̄01, T̄02} > 0 such that
‖S(t)‖ ≤ δ̄0 ∀ t ≥ T̄1.

Step 2: We proceed to show that the states variables ω(t)
and qv(t) in the sliding manifold can converge to a region
in a finite time. In step 1, we have proven that ‖S(t)‖ ≤ δ̄0
∀ t > T̄1 for any δ̄0 > 0, qv(0) ∈ R

3 with ‖qv(0)‖ ≤ 1.
Based on the structure of S in (5), the following three cases
are discussed.

First, if σ1,i(·) = 0 for i = 1, 2, 3, then we apply Lemma 1
and obtain that there exists a fixed time T̄03 > 0 such that
limt→T̄03

ω(t) = 0, limt→T̄03
qv(t) = 0.

The second case is when σ1,i(·) 
= 0 and |qv,i| ≤ φs for
i = 1, 2, 3, which then follows from ‖S(t)‖ ≤ δ̄0 ∀t ≥ T̄1 and
the definition of S in (5) that

|ωi + c0

(
l1qv,i + l2q[2]

v,i

)
| ≤ δ̄0/
 := δ̄1 (34)

and consequently, we obtain from the definitions of l1 and l2
and |qv,i| ≤ φs that

|ωi| ≤ δ̄1 + c0
∣∣l1qv,i

∣∣+ c0

∣∣∣l2q[2]
v,i

∣∣∣
≤ δ̄1 + max{|3 − 2r0|, 1} · c0

(
β1φ

[r1]
s + β2φ

[r2]
s

)[r0]
.

In the third case, σ1,i(·) 
= 0 and |qv,i| > φs, which
then leads to |ωi + c0σ3,i| ≤ δ̄1. First, we suppose that
ωi + c0σ3,i ≥ 0, based on which we can show that there exists
a positive constant δ̄2 such that |qv,i| ≤ δ̄2 if ωi + c0σ3,i = δ̄1,
or equivalently

ωi + (c0 − δ̄1/σ3,i
)
σ3,i = 0.

For any given positive constant c̄2 < c0, ωi + c̄2σ3,i = 0 holds
if |qv,i(t)| ≥ δ̄2 with

δ̄2 := max

⎧⎨
⎩
[

1
β1

(
δ̄1

c0−c̄2

) 1
r1

] 1
r0

,

[
1
β2

(
δ̄1

c0−c̄2

) 1
r2

] 1
r0

⎫⎬
⎭

and from Lemma 1, for any |qv,i(0)| > 0, then there exists a
fixed time T̄04 > 0 such that |qv,i(t)| ≤ δ̄2 for all t ≥ T̄04. Even
if |ωi+c0σ3,i| < δ̄1, there still exists a fixed time T̄04 > 0 such
that |qv,i(t)| ≤ δ̄2 ∀ t ≥ T̄04. Therefore, from the definition of
σ1,i, we obtain

|ωi| ≤ δ̄1 + max{|3 − 2r0|, 1} × c0

(
β1δ̄

[r1]
2 + β2δ̄

[r2]
2

)[r0]
.

Next, we suppose that ωi + c0σ3,i < 0. Similar to the above
reasoning, we show that there exists a positive constant δ̄2
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such that |qv,i| ≤ δ̄2, if −ωi − c0σ3,i = δ̄1, that is

ωi + (c0 − δ̄1/σ3,i
)
σ3,i = 0

which leads to the same result when ωi + c0σ3,i ≥ 0.
Finally, we combining the results for the three cases and

obtain that
∣∣qv,i(·)

∣∣ ≤ δ̄3, |ωi(·)| ≤ δ̄4

with

δ̄3 := max
{
δ̄2, φs

}

δ̄4 := δ̄1 + c0 max{|3 − 2r0|, 1}
[
β1
(
max

{
δ̄2, φs

})[r1]

+ β2
(
max

{
δ̄2, φs

})[r2]
][r0]

for all i = {1, 2, 3} and t ≥ T̄2 := max{T̄03, T̄04}. Define
δω := √

3δ̄4 and δq := √
3δ̄3. It is obvious that δω and δq can

be made arbitrary small by choosing Kb and Kc sufficiently
large and φs sufficiently small. Then we can conclude that
for any positive constants δω and δq and any initial compact
set �0 in (16), there exists a finite time Te := T̄1 + T̄2 > 0
such that the states ω(t) and qv(t) reach the compact set �

in (4), within a finite time Te. Thus, the control objective in
Problem 1 is achieved.

IV. FULLY ADAPTIVE-GAIN-BASED NEURAL-NETWORK

FAILURE-TOLERANT CONTROLLER DESIGN

In the previous section, we propose a failure-tolerant con-
troller with constant control parameters, which, however,
cannot be adjusted to compensate for some serious failures
in dynamics of the spacecraft plant and strong disturbances
acting on the plant. Thus, to further improve the robustness
and fault-tolerance performance of the controller, we propose
a new neural-network failure-tolerant control algorithm with
adaptive gains. The new control scheme is on the basis of the
controller in the last section, but it can provide a systematic
approach for automatic tuning of controller parameters in real
time.

Denote

GS := S + β0S
[

1
2

]
and GSA := ‖S‖ + β0‖S‖ 1

2 (35)

where S is the FTTSM defined in (5). The fully adaptive-gain
failure-tolerant dynamic controller is given by

uc = − uM

‖D‖D�sat
(

GS, θ̂ , η̂, ζ̂ , g1, g2

)
(36)

˙̂
θ = γS

φθ

‖ϕ(z)‖2‖S‖GSA − γθeθ θ̂ − γθ

4
sgn
(
θ̂
)

(37)

˙̂η = 1

α
GSA − γηeθ η̂ − γη

4
sgn
(
η̂
)

(38)

˙̂
ζ =

⎧⎪⎨
⎪⎩

0, if ζ̂ ≥ ζ̄

βGSAsgn(GSA − ε00), if ζ < ζ̂ < ζ̄

βGSA, if ζ̂ ≤ ζ

(39)

where θ̂ (t), η̂(t), and ζ̂ (t) ∈ R are the states of the controller,
and γS, φθ , γθ , α, γη, β, ζ , ζ̄ , and ε00 are positive design

parameters, and eθ ≥ (emin/‖D‖). The function sat : R →
[−1, 1] is defined as

sat
(

GS, θ̂ , η̂, ζ̂ , g1, g2

)
:=
{

GS
GSA

, if GSA ≥ uM−g2
g1

uc0
uM

, if GSA <
uM−g2

g1

uc0 := g1GS + g2
GS

GSA

g1 := ζ̂ + 1

φθ

θ̂‖ϕ(z)‖2, g2 := ζ̂ + η̂

(40)

where β0 is a positive design parameter.
Remark 3: Compared with the previous controller (12), in

the control law (36), we remove gain Ka‖S‖2, and replace the
gains Kb and Kc by an adaptive gain ζ̂ . With this design,
all the gains in the controller become adaptive, and thus
the robustness of the controller is improved. Moreover, the
term (S/‖S‖) in saturation function (15) is now replaced by
(GS/GSA), for the purpose of accelerating the convergence
speed of the error on the reaching phase.

Remark 4: Note that the adaptation law (39) ensures that
ζ̂ monotone increases when ζ̂ ≤ ζ or GSA ≤ ε00, is bounded
when GSA > ζ̄ , and monotone decreases when GSA > ε00. This
design allows to tune the control gain ζ̂ adaptively to reduce
fuel consumption, save cost and improve the adaptive capacity
of spacecraft when subjecting to serious faults/failures.

Utilizing the control law in (36), we then present the main
result of this section as follows.

Theorem 2: Consider the spacecraft model in (1), and let
Assumptions 1–4 hold. Then, one can design the parameters
of the FTTSM and controller dynamics (36)–(38) such that for
arbitrary positive constants δω and δq and any initial compact set

�0 :=
{
ω(0) ∈ R

3, (q0(0), qv(0)) ∈ S
3, θ̂ (0), η̂(0)

ζ̂ (0) ∈ R : ω(0), θ̂ (0), η̂(0), ζ̂ (0) are finite
}

(41)

the states ω(t) and qv(t) can convergence to the compact set
� defined in (4) for all t > Te with Te > 0 a finite constant.

Proof: Similar to the proof of Theorem 1, we also present
this proof with two steps, of which the first shows that ‖S(t)‖
converges to 0 in a finite time T̄1, and the second shows that
the states variables ω(t) and qv(t) then converge to a region
in a finite time.

Step 1: The convergence of S in the reaching phase is
proven for the two cases according to (40).

In the first case, we have GSA ≥ [(uM − g2)/g1], that is, the
control input uc in (40) is given as

uc = − uM

‖D‖GSA
D�GS. (42)

We consider the same Lyapunov function as in (20), which is

VS(S) := 1

2

S�JS. (43)

Then, the time derivative of VS leads to the same inequality
in (21), which means that for any (S(0), θ̂ (0), η̂(0)) ∈ R

3 ×
R × R, there exist a finite time T̄01 > 0 such that ‖S(t)‖ ≤
δ̄01 for all t ≥ T̄01, where δ̄01 = φθ

√
2
/Jmin/λ01, T̄01 :=

T̄01(ω(0), qv(0)).
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In the second case that GSA < [(uM − g2)/g1], the control
input uc is then given as

uc = − D�

‖D‖
(

g1GS + g2
GS

GSA

)
(44)

and we consider the following Lyapunov function:

V
(

S, θ̂ , η̂, ζ̂
)

:= VS(S) + Vρ

(
θ̂ , η̂, ζ̂

)

VS(S) := 1

2

S�JS

Vρ

(
θ̂ , η̂, ζ̂

)
:= ‖D‖

2γSemin
θ̃2 + α‖D‖

2emin
η̃2 + 1

2β

(
ζ̂ − ζ̄

)2
(45)

where emin > 0 is defined in (3), and θ̃ and η̃ are defined
in (26). ζ̄ is the positive design parameter in (39), which is
the supremum of the adaptive gain ζ̂ . Parallel to (27), we
obtain

V̇S ≤ −eminζ̂

‖D‖ S�
(

GS + GS

GSA

)

+ 1

φθ

θ̃‖ϕ(z)‖2‖S‖GSA + η̃GSA + φθ

and the time derivative of Vρ gives that

V̇ρ = − 1

φθ

θ̃

∥∥∥ϕ(z)‖2
∥∥∥S‖GSA + γθ eθ

γS
θ̃ θ̂ + γθ

4γS
θ̃sgn

(
θ̂
)

− η̃GSA + αγηeθ η̃η̂ + αγη

4
η̃sgn

(
η̂
)+ 1

β

(
ζ̂ − ζ̄

) ˙̂
ζ.

Thus, we obtain

V̇ ≤ −eminζ̂

‖D‖ S�
(

GS + GS

GSA

)
+ 1

β

(
ζ̂ − ζ̄

) ˙̂
ζ + φθ

+ γθ eθ

γS
θ̃ θ̂ + γθ

4γS
θ − γθ emin

4γS‖D‖ |θ̂ |

+ αγηeθ η̃η̂ + αγη

4
η − αγηemin

4‖D‖ |η̂| (46)

where θ and η are defined in (24) and (25), respectively.
Note that

γθeθ

γS
θ̃ θ̂ ≤ γθ eθ‖D‖

2γSemin
θ2 − γθ eθ‖D‖

2γSemin
θ̃2

≤ γθ eθ‖D‖
2γSemin

θ2 − γθ

2γS
θ̃2

and
γθ

4γS
θ − γθ emin

4γS‖D‖ |θ̂ | = γθ

2γS
θ − γθ

4γS
θ − γθemin

4γS‖D‖ |θ̂ |

≤ γθ

2γS
θ − γθ

4γS

∣∣∣θ̃
∣∣∣

which leads to
γθeθ

γS
θ̃ θ̂ + γθ

4γS
θ − γθemin

4γS‖D‖
∣∣∣θ̂
∣∣∣

≤ γθ

2γS

(
eθ‖D‖
emin

θ2 + θ − θ̃2 − 1

2

∣∣∣θ̃
∣∣∣
)

≤ γθ

2γS

(
eθ‖D‖
emin

θ2 + θ − 1

2
θ̃2 − 1

2

(∣∣∣θ̃
∣∣∣−
∣∣∣θ̃
∣∣∣

1
2
)2

−
∣∣∣θ̃
∣∣∣

3
2

)

≤ γθ

2γS

(
eθ‖D‖
emin

θ2 + θ − 1

2
θ̃2 −

∣∣∣θ̃
∣∣∣

3
2
)

.

Similarly, we can verify that

αγηeθ η̃η̂ + αγη

4
η − αγηemin

4‖D‖ |η̂|

≤ αγη

2

(
eθ‖D‖
emin

η2 + η − 1

2
η̃2 − |η̃| 3

2

)
.

Consequently, the inequality in (46) becomes

V̇ ≤ −eminζ̂

‖D‖ S�
(

GS + GS

GSA

)
+ 1

β

(
ζ̂ − ζ̄

) ˙̂
ζ + λ08

− γθ

4γS
θ̃2 − αγη

4
η̃2 − γθ

2γS

∣∣∣θ̃
∣∣∣

3
2 − αγη

2
|η̃| 3

2 (47)

where λ08 := [(γθeθ‖D‖)/(2γSemin)]θ2 + [γθ/(2γS)]θ +
[(αγηeθ‖D‖)/(2emin)]η2 + [(αγη)/2]η + φθ .

Then, according to the adaptation law of ζ̂ in (39), we
analyze the negativeness of V̇ from the following three
subcases.

Case 1: If ζ̂ ≥ ζ̄ , then ˙̂
ζ = 0 and ζ̂ ≡ ζ̄ . Select

λ09 := min

{
ζ̄eminβ0‖D‖

(
2


Jmax

) 3
4
,

γθ
4√2γS

(
emin‖D‖
) 3

4
,

γη
4√2/α

(
emin‖D‖
) 3

4
}

λ10 := min
{

2
ζ̄emin
‖D‖Jmax

,
γθ emin
2‖D‖ ,

γηemin
2‖D‖

}
.

Let 0 < λ̄10 < λ10. If V ≥ λ08/λ10, then we obtain ‖S‖ ≥
δ̄02 :=

√
[(2
λ08)/(λ̄10Jmin)] and V̇ + λ̄10V + λ09V(3/4) ≤ 0.

Also, let 0 < λ̄09 < λ09. If V ≥ (λ08/λ09)
(4/3), then we

have ‖S‖ ≥ δ̄03 := [2
/Jmin](1/2)[λ08/λ̄09](2/3) and V̇ +
λ10V + λ̄09V(3/4) ≤ 0. Define δ1 := min{δ̄02, δ̄03}, which
can be made arbitrary small by choosing ζ̄ sufficiently large.
From Lemma 2, it concludes that for any S(0), there exist
a T̄01 > 0 such that ‖S(t)‖ ≤ δ1 for all t ≥ T̄01, where
T̄01 := T01(S(0), θ̂ (0), η̂(0), ζ̂ (0)).

Case 2: If ζ < ζ̂ < ζ̄ , then ˙̂
ζ = βGSAsgn(GSA − ε00),

and (47) becomes

V̇ ≤ −eminζ̂

‖D‖ S�
(

GS + GS

GSA

)
− γθ

4γS
θ̃2 − αγη

4
η̃2 + λ08

− γθ

2γS
|θ̃ | 3

2 − αγη

2
|η̃| 3

2 +
(
ζ̂ − ζ̄

)
GSAsgn(GSA − ε00).

(48)

By adding and subtracting γζ1|ζ̂ − ζ̄ |2 + γζ2|ζ̂ − ζ̄ |(3/2) to the
right-hand side of (48), where γζ1 and γζ2 are positive design
parameters, and using the fact |ζ̂ − ζ̄ | < ζ̄ , we obtain

V̇ ≤ −eminζ̂

‖D‖ S�
(

GS + GS

GSA

)
− γθ

4γS
θ̃2 − αγη

4
η̃2

− γθ

2γS

∣∣∣θ̃
∣∣∣

3
2 − αγη

2
|η̃| 3

2 − γζ1

∣∣∣ζ̂ − ζ̄

∣∣∣2 − γζ2|ζ̂ − ζ̄ | 3
2

−
∣∣∣ζ̂ − ζ̄

∣∣∣[GSAsgn(GSA − ε00) − λ11
]+ λ08 (49)

where λ11 := γζ1ζ̄ + γζ2ζ̄
(1/2). Select

λ12 := min

{
ζemin

‖D‖
(

2

Jmax

) 3
4
,

γθ
4√2γS

(
emin‖D‖
) 3

4

γη
4√2/α

(
emin‖D‖
) 3

4
,

(2β)
3
4

γζ2

}
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λ13 := min
{

2ζemin


‖D‖Jmax
,

γθ emin
2‖D‖ ,

γηemin
2‖D‖ ,

2β
γζ1

}
.

Let 0 < λ̄13 < λ13. If V ≥ (λ08/λ13) and ‖S‖ ≥
δ̄04 := (

√
β0/4 + max{λ11, ε00} − β0/2)2, then we have

‖S‖ ≥ δ̄05 := max{
√

[(2
λ08)/(λ̄13Jmin)], δ̄04} and V̇ +
λ̄13V + λ12V(3/4) ≤ 0. Also, let 0 < λ̄12 < λ12. If
V ≥ (λ08/λ12)

(4/3) and ‖S‖ ≥ δ̄04, then we have ‖S‖ ≥
δ̄06 := max{(2
/Jmin)

(1/2)([λ08]/[λ̄12])(2/3), δ̄04} and V̇ +
λ13V + λ̄12V(3/4) ≤ 0. Define δ2 := min{δ̄05, δ̄06} which can
be made arbitrary small by choosing ζ sufficiently large and
ε00 sufficiently small. From Lemma 2, it concludes that for
any S(0), there exist a T̄02 > 0 such that ‖S(t)‖ ≤ δ2 for all
t ≥ T̄02, where T̄02 := T02(S(0), θ̂ (0), η̂(0), ζ̂ (0)).

Case 3: If ζ̂ ≤ ζ , then ˙̂
ζ = βGSA ≥ 0 and ζ̂ ≥ ζ , which

reforms (47) as

V̇ ≤ −eminζ̂

‖D‖ S�
(

GS + GS

GSA

)
− γθ‖D‖

4γSemin
θ̃2 + λ08

−αγη‖D‖
4emin

η̃2 − γθ

2γS
|θ̃ | 3

2 − αγη

2
|η̃| 3

2 − |ζ̂ − ζ̄ |GSA. (50)

By adding and subtracting γζ1|ζ̂ − ζ̄ |2 + γζ2|ζ̂ − ζ̄ |(3/2) to the
right-hand side of (48), and using the fact |ζ̂ − ζ̄ | < ζ̄ , we
obtain

V̇ ≤ −λ13V − λ12V3/4 + λ08 −
∣∣∣ζ̂ − ζ̄

∣∣∣(GSA − λ11). (51)

Then we obtain the same results as case 2), except we need
to redefine δ̄04 as δ̄04 := (

√
β0/4 + λ11 − β0/2)2.

Define δ̄0 := min{δ1, δ2}. From the results in case 1)–3),
we conclude that for any (S(0), θ̂ (0), η̂(0), ζ̂ (0)) ∈ R

3 ×R×
R×R, there exist a finite time T̄1 := max{T̄01, T̄02} > 0 such
that ‖S(·)‖ ≤ δ̄0 for all t ≥ T̄1. It is obvious that δ̄1 can be
made arbitrary small by choosing the control gains ζ̄ and ζ

sufficiently large and φs and ε00 sufficiently small.
Step 2: Prove the convergence of ω and qv in the sliding

phase.
Following step 2 in Theorem 1, we can obtain the same

solution, thus we omit the same proof procedure. Except that
δω and δq can be made arbitrary small by choosing ζ̄ and ζ

sufficiently large and φs and ε00 sufficiently small.
That completes the proof.
In Theorem 2, a fully adaptive-gain-based neural-network

controller has been proposed, which guarantees the finite-
time convergence and tolerance of failures for attitude sta-
bilization under input saturations. Compared with the related
existing controllers, the developed algorithm has three main
advantages.

1) Compared with the existing finite-time failure-tolerant
and intelligent failure-tolerant results in, for exam-
ple, [23] and [39], the presented algorithm adopts a
control structure with fully adaptive gains, which does
not require a manual tuning of control gains..

2) By extracting and estimating the matrix norm square
of ideal weight matrix W∗ ∈ R

h×m rather than the
whole matrix W∗, the proposed algorithm provides a
simpler structure and requites less parameter adjustment
effort than the other neural network-based anti-saturation
controller [23].

3) Using the modified FTTSM (5), which is developed by
multiplying the FTTSM proposed in [34] by an amplify-
ing overall scaling factor with 
 > 1, we can improve the
convergence speed and control accuracy of the system
errors in the reaching phase.

Remark 5: The proposed controllers (12) and (36) are dis-
continuous due to the functions g2(S/‖S‖) and (GS/GSA),
which may lead to undesirable control chattering. As discussed
in [45], this problem can be alleviated by replacing the dis-
continuous terms with the continuous terms g2[S/(‖S‖ + εc)]
and [GS/(GSA + εc)], where εc is a small positive constant.

V. SIMULATION RESULTS

In this section, we aim to verify the effectiveness of con-
trollers (12) and (36). Simulations of a spacecraft with six
thrusters under faults, failures, and input saturation are illus-
trated. Assume that six thrusters are distributed symmetrically
on three axes of the body frame of spacecraft, and propulsion
force is perpendicular to the corresponding axis such that the
distribution matrix can be simply determined by the distance
between the barycenter of spacecraft and the position of a
thruster.

The simulation data of the system model, initial values, and
design parameters are listed as follows.

The unknown inertia matrix is given by

J =
⎡
⎣

20 0 0.9
0 17 0

0.9 0 15

⎤
⎦kg · m2.

The thruster distribution matrix is given by

D =
⎡
⎣

0.8 −0.8 0 0 0 0
0 0 0.7 −0.7 0 0
0 0 0 0 0.7 −0.7

⎤
⎦.

The maximum available torque is considered to be uM =
5 N · m. The additive bias torque ua is given by

ua(t) =
{

0 t < 15 s
0.1 + 0.05 cos 0.5π t t ≥ 15 s.

The initial attitude qv(0), initial angle velocity ω(0), and
disturbance torque d are

qv(0) = [−0.1, 0.15,−0.2]�deg, q0 =
√

1 − q�
v (0)qv(0)

ω(0) = 0.1[sin 0.2π t, sin 0.2π t, sin 0.2π t]�rad/s

d(t) =
(
‖ω‖2 + 0.5

)
[sin 0.8t, cos 0.5t, cos 0.3t]� N · m.

Design parameters in FTTSM are c0 = 0.2, β1 = 1,
β2 = 0.1, φs = 0.001, 
 = 36, r0 = 1, r1 = 1.1, and
r2 = 0.25.

Design parameters and initial values of adaptation parame-
ters in control law (12) are Ka = 0.01, Kb = 1, Kc = 0.08,
φθ = 0.1, γS = 0.1, γθ = 0.1, α = 10, γη = 0.1, εc = 0.007,
θ̂ (0) = 0.1, and η̂(0) = 0.01.

Design parameters and initial values of adaptation param-
eters in control law (36) are φθ = 0.1, γS = 0.1, γθ = 0.1,
eθ = 2/‖D‖, α = 10, γη = 0.1, β = 0.1, ε00 = 10−4,
ζ = 10−4, ζ̂ = 20, β0 = 10−3, εc = 0.007, θ̂ (0) = 0.1,
η̂(0) = 0.01, and ζ̂ (0) = 0.1.
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Fig. 1. Effectiveness matrix E(t) in (52).

(a) (b)

Fig. 2. Responses of states ω and qv using controller (12).

(a) (b)

Fig. 3. Responses of ‖uc‖ and adaptation parameters θ̂ and η̂ using
controller (12).

A. Verify the Effectiveness of Controllers (12) and (36)

We consider the diagonal elements of actuator control
effectiveness matrix E(t), which has a similar structure as δi

in [46], given by

ei = 0.7 + 0.15rand(ti) + 0.1 sin(0.5t + iπ/3) (52)

for i = 1, 2, . . . , 6, where ti = mod (t + �ti,�T),
�ti = 0.4(i − 1) s and �T = 2.4 s are the time delay and
generation interval, respectively, function rand(·) ∈ [−1, 1] is
a random number generator, which generates a random number
if ti = 0 and holds its previous value if ti 
= 0. But different
from [46], three thrusters 3–5 have failed or are shut down
when t ≥ 8 s, t ≥ 10 s, and t ≥ 12 s, respectively. As shown
in Fig. 1, each ei swings between 0.95 and 0.45.

First, we verify the effectiveness of controller (12). For the
given initial conditions, the proposed control scheme guaran-
tees the convergence of angular velocity of spacecraft ω and
attitude qv, see the convergence curves in Fig. 2. The time
responses of the Euclidean norm of control input ‖uc‖ and
adaptation parameters θ̂ (t) and η̂(t) are given in Fig. 3, which
shows that ‖uc‖ ≤ uM satisfies the input saturation constraint,
and the parameters θ̂ (t) and η̂(t) are bounded.

(a) (b)

Fig. 4. Responses of states ω and qv using controller (36).

(a) (b)

Fig. 5. Responses of ‖uc‖ and adaptation parameters θ̂ and η̂ using
controller (36).

Then, we move on to demonstrate the validity of con-
troller (36). For the given initial conditions, the time responses
of angular velocity of spacecraft ω and attitude qv are given in
Fig. 4, which all tend to be convergent after 6.5 s. Furthermore,
the time responses of the Euclidean norm of control input ‖uc‖
and adaptation parameters θ̂ (t), η̂(t), and ζ̂ are given in Fig. 5,
which also shows that ‖uc‖ ≤ uM satisfies the input saturation
constraint, and the parameters θ̂ (t), η̂(t), and ζ̂ are bounded.

From Figs. 2–5, we observe that using both of the control
schemes (12) and (36), the spacecraft can be well stabilized
with an acceptable precision after 6.5 s, and the saturation
is reached at the beginning of the control [see Figs. 3(a)
and 5(a)], which shows that the ful control authority has been
exploited. Even though three thrusters 3–5 failed when t ≥ 8 s,
t ≥ 10 s, and t ≥ 12 s, no obvious overshoot occurred. That is
because the designed controllers are able to automatically and
instantly assign a suitable amount of propulsion supply to the
thrusters by adjusting design parameters adaptively. In con-
clusion, the feasibility of proposed algorithms (12) and (36)
is validated.

To illustrate the effectiveness of 
 as discussed in Remark 2,
we define four overall indices as follows:

Iu := lim
t→∞

1

t

∫ t

0
‖uc‖2dτ, Is := lim

t→∞
1

t

∫ t

0
‖S(ω, qv)‖2dτ

Iω := lim
t→∞

1

t

∫ t

0
‖ω‖2dτ, Iq := lim

t→∞
1

t

∫ t

0
‖qv‖2dτ

which are used to evaluate the average energy consump-
tion of uc, and the average absolute errors of S , ω, and qv,
respectively. Five sets of simulation data using controller (36),
referring to different values of 
, are given in Table I, which
show that the greater 
 is, the faster the convergence speed,
and the better convergence precision of Iω and Iq are. In partic-
ular, if the parameter 
 obtains too large (for instance, 
 = 105
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TABLE I
INDICES COMPARISON USING DIFFERENT VALUES OF 


(a)

(c) (d)

(b)

Fig. 6. Control performance comparison of the four overall indices
between (12) and (36) under actuator faults (52), where the dash lines and
the solid lines are the results of using (12) and (36), respectively.

TABLE II
INDICES COMPARISON USING (12) AND (36) AT t = 200s

in Table I), then more control effort is needed only resulting
in a slight accuracy improvement.

B. Compare the Control Performance of Controllers (12)
and (36)

In order to validate and evaluate the performance of con-
trollers (12) and (36) efficiently, we elaborate the simulation
results based on the simulation data of Iu, Is, Iω, and Iq in the
following discussion.

First, we consider the faults/failures in (52). Applying the
control schemes (12) and (36), Fig. 6 illustrates the responses
of four indices Iu, Is, Iω, and Iq, respectively. It shows that
all the indices are monotone decreasing without breaking the
input saturation constraint, and both of the control schemes
have the capability to automatically and instantly assign suit-
able amount of propulsion supply to the thrusters. In Table II,
the overall indices Iu, Is, Iω, and Iq at 200 s are listed using (12)
and (36), respectively, which illustrate that controller (12) pro-
vides slightly better convergence accuracy of indices Iu, Is,
and Iω and a little worse convergence accuracy of index Iq

compared with (36).
Then, we consider a worse scenario, that is, the diagonal

elements of actuator control effectiveness matrix E(t) given by

ei = 0.1 + 0.15rand(ti) + 0.1 sin(0.5t + iπ/3) (53)

Fig. 7. Effectiveness matrix E(t) in (53).

(a)

(c) (d)

(b)

Fig. 8. Control performance comparison of the four overall indices
between (12) and (36) under actuator faults (53), where the dash lines and
the solid lines are the results of using (12) and (36), respectively.

TABLE III
INDICES COMPARISON USING (12) AND (36) AT t = 600s

with �T = 1.5 s, the remaining data related to ei are chosen
the same value as (53). As shown in Fig. 7, each ei swings
between 1.666×10−4 and 0.3453. For the given initial condi-
tions, even if the thrusters suffer such terrible faults/failures in
Fig. 7, the control schemes (12) and (36) can also guarantee
the convergence of overall indices Iu, Is, Iω, and Iq without
breaking the input saturation constraint, see the convergence
curves in Fig. 8. In Table III, the overall indices Iu, Is, Iω, and
Iq at 600 s are listed using (12) and (36), respectively, which
illustrate that controller (36) provides better convergence accu-
racy of all the indices Iu, Is, Iω, and Iq compared with (12).
The reason is that we design all the gains g1 and g2 in (36)
as adaptive gains, which made the controller provide stronger
robustness and adaptive capacity compared with (12).

From Figs. 6 and 8, we can conclude that both of the
control schemes (12) and (36) can solve the problem of atti-
tude stabilization under actuator faults and failures as long
as the resultant of thrusting forces remain within its maxi-
mum allowable limit. Especially, Fig. 8(a) shows that using
both controllers (12) and (36), the saturation can be reached
at the beginning of the control, indicating that the full control
authority has been exploited by each controller. Furthermore,
the saturation in control input (12) is kept longer than (36)
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(a)

(c) (d)

(b)

Fig. 9. Response of the overall indices Iu, Is, Iω , and Iq using (36) under
actuator faults (52).

and its value is higher than that of (36), meaning that (12)
requires more control energy in this simulation. Thus, the fully
adaptive-gain-based algorithm (36) plays a better performance
than (12) when the spacecraft faces serious faults as (53) [see
Fig. 8(b)–(d)].

The simulation results showing above indicate that both con-
trollers are robust, adaptive, failure-tolerant, anti-saturation,
high precision, and model independent, and no redesign or
reprogram is required when operating conditions change.

C. Simulation on Practical Spacecraft

To verify the feasibility of the proposed algorithm (36) in
practice, we consider a typical practical spacecraft in [47],
which has a mass of 2042.11 kg, and its principal inertias
about x-, y-, and z-axis are

J =
⎡
⎣

800.027 0 0
0 839.93 0

0.9 0 289.93

⎤
⎦kg · m2.

The simulation data of the system model, initial values, and
design parameters are selected as before except the parameter

 = 360 and the maximum available torque uM = 50 N · m.
Fig. 9 shows the simulation result of the overall indices Iu,
Is, Iω, and Iq, which illustrates that Iω and Iq converge to
1.609 × 10−4 and 1.358 × 10−4 at 700 s, respectively. Thus,
the effectiveness of the proposed algorithm (36) on practical
spacecraft is confirmed.

VI. CONCLUSION

In this article, two control methods using antisaturation
failure-tolerant techniques have been proposed for spacecraft
attitude stabilization. We use the universal approximation
property of RBFNNs and robustness of FTTSM to design the
control law, which can be applied to the case that the system
model is unknown. In the first algorithm, two scalar adap-
tive parameters are designed, which can not only endow the
system robustness to the unknown inertia and external dis-
turbances but also accommodate actuator faults/failures and
input constraint. In the second algorithm, we redesigned the
controller to a fully adaptive control gain structure, which can

provide stronger robustness and better adaptive capability com-
pared with the first algorithm. Finally, simulation examples
are carried out to demonstrate the effectiveness of proposed
approaches.
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