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This paper focuses on the potential actuator failures of spacecraft in practical engineering applications. Aiming at the shortcomings
and deficiencies in the existing attitude fault-tolerant control system design, combined with the current research status of attitude
fault-tolerant control technology, we carry out high-precision, fast-convergent attitude tracking algorithms. Based on the adaptive
nonsingular terminal sliding mode control theory, we design a kind of fixed-time convergence control method. This method solves
the problems of actuator faults, actuator saturation, external disturbances, and inertia uncertainties. The control method includes
control law design and controller design. The designed fixed-time adaptive nonsingular terminal sliding mode control law is
applicable to the development of fixed-time fault-tolerant attitude tracking controller with multiple constraints. The designed
controller considers the saturation of the actuator output torque so that the spacecraft can operate within the saturation
magnitude without on-line fault estimation. Lyapunov stability analysis shows that under multiple constraints such as actuator
saturation, external disturbances, and inertia uncertainties, the controller has fast convergence and has good fault tolerance to
actuator fault. The numerical simulation shows that the controller has good performance and low-energy consumption in
attitude tracking control.

1. Introduction

As my country continues to carry out deep-space missions
such as the lunar exploration program and Mars exploration,
the requirements for the stability, reliability, and autono-
mous operation capabilities of the entire spacecraft system,
especially the spacecraft control system, have been signifi-
cantly improved. As one of the subsystems of the spacecraft,
the attitude control system plays an important role in the
design of the spacecraft. Its reliability determines the success
of the detection mission to a large extent. However, the long-
term operation of orbiting spacecraft in harsh space environ-
ments such as strong radiation, high and low temperature,
microgravity, and multiple disturbances, coupled with
complex detection tasks, increases the possibility of failure
of actuators, sensors, and controllers. According to foreign

spacecraft’s on-orbit attitude control system failure statistics,
actuator and sensor failures accounted for 68% of the entire
attitude control system failures, of which actuator failures
accounted for 44% and sensor failures accounted for 24%.
It is the existence of these practical engineering problems that
greatly promote the reliability research of the attitude control
system. Fault-tolerant control technology is an effective
means to solve this problem without increasing the cost of
system design. By designing reliable fault-tolerant control
technology, the smooth implementation of space missions
can be guaranteed [1–4]. In addition, energy is very impor-
tant to spacecraft. How to save energy consumption in the
process of spacecraft attitude control is the main concern of
this article.

The sliding mode control (SMC) has good performance
for nonlinear problems. By designing an appropriate SMC
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method, we can effectively handle nonlinear systems that
have uncertainties, parameter disturbances, and bounded
external disturbances. Therefore, SMC is widely applied to
the attitude control of a spacecraft [5, 6]. Ref. [7] studied
the problem of spacecraft attitude stabilization control sys-
tem with limited communication and external disturbances
based on an event-triggered control scheme. Ref. [8]
designed an adaptive actuator fault and disturbance compen-
sation method for attitude tracking control of spacecraft.
This method is composed by a composite parameter adapta-
tion design that includes an adaptive backstepping feedback
control law and an adaptive feedforward actuator failure
compensator. How to satisfy the control performance
requirements under actuator failure and input saturation,
Ref. [9] solve the problem of attitude tracking control with
prescribed performance guarantees for a rigid spacecraft
under unknown but constant inertia parameters, unexpected
disturbances, actuator faults, and input saturation. Ref. [10]
designed two fault-tolerant control (FTC) methods for space-
craft attitude stabilization with external disturbances. Ref.
[11] solves the problem of finite-time fault-tolerant attitude
stability control for rigid spacecraft under the conditions of
actuator faults or failure, external disturbances, and model-
ling uncertainty. Ref. [12] studied the attitude tracking prob-
lem of rigid body with actuator faults and angular velocity
constraints during the attitude maneuver. Ref. [13] proposed
an adaptive fuzzy fault-tolerant attitude tracking controller.
The controller can stabilize the attitude of the rigid spacecraft
in the case of unavailable velocity, external disturbance, actu-
ator faults, and actuator saturation. Using the nonlinear
model, the predictive control method can predict the future
behaviour of the system. Ref. [14] studied the translation-
rotation-coupled motion problem for the control of an all-
thruster spacecraft in the presence of actuators fault and/or
failure. Ref. [15] presents a sliding mode control scheme with
finite reaching time for a satellite fault-tolerant attitude con-
trol system with actuator fault and external disturbances. In
Ref. [16], an active fault-tolerant control system is designed
for spacecraft attitude control with actuator faults, fault esti-
mation errors, and control input constraints. Ref. [17] built
two observers to accurately estimate the uncertain kinematic
and dynamic parameters. It is theoretically proved that the
whole observer-controller system is globally exponentially
stable. In reference [18], a class of flexible spacecraft attitude
systems with the Lipschitz nonlinearity and sensor fault is
studied for the problem of active fault-tolerant control
(FTC). Ref. [19] presents a decoupling method to solve the
integrated design problem of fault estimation (FE) and
fault-tolerant control (FTC) for linear systems with unknown
bounded actuator faults and disturbances. Ref. [20] studied a
control system with additive faults and a controller with three
blocks and calculated the fault-tolerant (FT) perfect tracking
problem. In the control of nonlinear uncertain systems, com-
pensating infinite number of actuator failures/faults with the
well-known tuning function method is an important and
challenging problem in the field of adaptive control. In Ref.
[21], the problem of fault-tolerant control and closed-loop
control allocation for spacecraft attitude control systems
with actuator failure, actuator saturation, and external

disturbances is solved. For fourth-order systems, Ref. [22]
proposes an adaptive super-twisting decoupled terminal slid-
ing mode control technique. Using the adaptive-tuning law
can eliminate the requirements of upper bounds of external
perturbations. By using super-twisting algorithm, the chat-
tering phenomenon is avoided without affecting the control
performance.

For actuator failure, under the assumption that the upper
bound of the uncertainties is known, the existing literature
has designed a high-precision, finite-time convergence
attitude fault-tolerant control law. Although they can
achieve high precision and stability of the attitude control
system, they do not consider other control index require-
ments, and engineering application value. These attitude
control methods still have the following two major prob-
lems to be further studied:

(1) It can only ensure that the two indexes of attitude
control accuracy and stability are satisfied, and the
index requirement of attitude maneuvering speed is
not considered, and the latter is extremely critical to
the space mission

(2) Only external disturbances and system uncertainties
are considered, and actuator faults are not consid-
ered. These failures will have a significant impact on
attitude control

(1) At present, most attitude control algorithms only
consider the constraints of the control torque.
Although the simulation results have verified the
effectiveness of the attitude control algorithm, the
energy consumption of the designed control algo-
rithm is not analyzed and improved.

For the above defects, we need to design a new control
law to solve the above problems. Inspired by Ref. [23], on
the basis of Refs. [24, 25], this paper designed the fixed-
time nonsingular terminal sliding mode (FNTSM) control
law based on the parameter adaptive method. According to
the Lyapunov stability theory, the system control law and
adaptive parameter model are derived. The 4main contribu-
tions of this article are as follows:

(1) Low-energy consumption, this is the main contribu-
tion of the control method of this article: The control
law designed in this paper has better characteristics
compared with Ref. [24]. Specifically, the conver-
gence time of the system is further reduced, the
control saturation can be completely avoided, and
less energy consumption is required

(2) The attitude convergence time is further reduced, and
the performance of the control algorithm is further
improved: Combining the design method of sliding
mode surface and control law in the existing litera-
ture, this paper presents a new control law. Under
the same initial conditions, the control law can have
a faster convergence time for the system while main-
taining high control accuracy.
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The structure of this paper is as follows: “Materials and
the Models for Tracking Spacecraft’s Attitude” gives the
attitude tracking control model under actuator failure and
saturation. Using this control model, an adaptive control
law is designed in “Designing the Fault-Tolerant Controller
Law.” In “Simulation Results Analysis,” the designed con-
trol law is simulated and verified. “Conclusions” summa-
rizes the analysis and follow-up prospects.

2. Materials and the Models for Tracking
Spacecraft’s Attitude

According to Refs. [3, 10–16, 24–27], the spacecraft attitude
control system model with actuator faults and actuator satu-
ration can be described by the following formula:

qe0 = q0qd0 + qTdq

qe = qd0q − q0qd + q×qd ,

(
ð1Þ

J0 _we = − we + Cwdð Þ×J0 we + Cwdð Þ + J0 w×
eCwd − C _wdð Þ

+Dsat ucð Þ + �d tð Þ,
ð2Þ

where

�d tð Þ = − we + Cwdð Þ×ΔJ we + Cwdð Þ + ΔJ w×
eCwd − C _wdð Þ

− ΔJ _we +D E tð Þ − INð Þuc +D�uc + d tð Þ,
ð3Þ

sat uci
� �

=
uci uci

�� �� < umax

umax ⋅ sign uci
� �

otherwise,

(
ð4Þ

Θi uci tð Þð Þ =
1 uci

�� �� < umax

umax/uci ⋅ sign uci
� �

otherwise,

(
0 < δ ≤min Θi uci tð Þð Þð Þ ≤ 1,

ð5Þ

where δ is an unknown constant greater than zero.

Remark 1. The modelling process of this article refers to Refs.
[24, 25, 27], and the detailed modelling process can be read in
related literature. The specific meaning of the parameters in

Formula (1) is detailed in Refs. [24, 25, 27]. Also, Formula
(3) satisfies the following equation: k�dðtÞk ≤ bð1 + kwk +
kwk2 + kwkp + kwkq + kwkpqÞ. In Addition, the assumptions
used in this article are the same as those in Refs. [24, 25, 27],
which will not be explained here.

3. Designing the Fault-Tolerant Controller Law

3.1. Controller Design

3.1.1. Step 1: Designing the Sliding Mode Surface. According
to the error quaternion and the angular velocity error, the
sliding mode surface chosen is as follows [23, 25, 28]:

Se =we + Sau, ð6Þ

where Se ∈ R3 is the sliding mode surface and Sau = ½Sau1,
Sau2, Sau3�T is given by [23, 25, 28]

Sau =
l1qev + l2sig qevð Þ2 if�S ≠ 03×1, qevk k ≤ ε

αsig qevð Þg1 + βsig qevð Þg2 otherwise,

(
ð7Þ

where �S =we + αsigðqevÞg1 + βsigðqevÞg2 . α, β, g1, g2 are posi-
tive constants, satisfying0:5 < g1 = f1/f2 < 1, g2 = f3/f4 > 1,
l1 = 0:5αεg1−1 + 0:5βεg2−1, l2 = 0:5αεg1−2 + 0:5βεg2−2, and
f1 < f2, f3 > f4 are positive odd numbers. ε is a small positive
constant, for instance ε = 0:001.

Remark 2. According to Ref. [25], g1 ∈ ð0:5, 1Þ, g2 > 1, if
ε = 0:001, l2 is much bigger than l1. Therefore, when
jqevj ≤ ε, l2sigðqevÞ2 has the same magnitude as l1qev, so it
is guaranteed that l2sigðqevÞ2 takes effect to drive quaternion
errors converging fast to sliding mode. When jqevj > ε,
Sau = αsigðqevÞg1 + βsigðqevÞg2 , it is guaranteed that sliding
surfaces Se and �S have the same form.

According to Eq. (13)

J0 _Se = J0 _we +
J0
2
Fe qe4I3 + q×evð Þwe, ð8Þ

where [25]

Fe =
l1I3 + 2l2 diag sign qevið Þqevið Þ if �S ≠ 0, qevk k < ε

αg1 diag sign qevið Þqg1−1evi

� �
+ βg2 diag sign qevið Þqg2−1evi

� �
otherwise:

8<: ð9Þ
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Introducing Eq. (16) into Eq. (15), there is [24]:

J0 _Se = − we + Cwdð Þ×J0 we + Cwdð Þ + J0 w×
eCwd − C _wdð Þ

+DΘuc + �d tð Þ + J0
2
Fe qe4I3 + q×evð Þwe:

ð10Þ

The approach law adopted in this paper is similar to that
in Refs. [24, 25, 27], as shown in the following formula:

J0 _S = −K1sigλ Seð Þ − K2sigγ Seð Þ: ð11Þ

Specific parameters can refer to Ref. [24]

3.1.2. Step 2: Designing the Control Law

Assumption 3. There are unknown constants c1 ≥ 0 and c2 ≥ 0,
which make the following formulas hold [24]:

− we + Cwdð Þ×J0 we + Cwdð Þ�� + J0 w×
eCwd − C _wdð Þk ≤ c1,

J
2

���� Fe ⋅ qe4I3 + q×evð Þwek ≤ c2 wek k:

ð12Þ

Lemma 4. Consider the nonlinear system [25, 29]:

_x tð Þ = f x tð Þð Þ, x 0ð Þ = 0, f 0ð Þ = 0, x ∈ℝn: ð13Þ

Suppose that there is a Lyapunov function VðxÞ, and
scalars α, β, p, q ∈ℝ+, p < 1, q > 1, such that

_V xð Þ + αVp xð Þ + βVq xð Þ ≤ 0: ð14Þ

Then, the trajectory of this system is practical fixed-time
stable, which means the convergence time is independent of
the initial state, and the convergence time is given as [25]
follows:

T ≤
1

α 1 − pð Þ +
1

β q − 1ð Þ : ð15Þ

Theorem 5. Consider the spacecraft systems (1), (2), (3), (4),
and (5) and the designed sliding mode surface (6), the system

trajectories will converge to the sliding mode surface in finite
time with the following control law (17) [24]:

uc tð Þ =D÷ −K1sig
λ Seð Þ −K2sig

γ Seð Þ
�

−
Se
Sek k η

bδ ĉ1 + ĉ2 wek k + b̂φ
� ��

:
ð16Þ

whereD÷ =DTðDDTÞ−1 is the right-pseudo inversion of matrix

D, ĉ1, ĉ2, b̂ and bδ are adaptive parameters, and φ = 1 + kwk +
kwk2 + kwkp + kwkq + kwkpq. The adaptive updating law is
designed as follows [24]:

_bδ = μ0ηδ∧
3 Sek k ĉ1 + ĉ2 wek k + b̂φ

� �
,

_̂c1 = μ1 Sek k,
_̂c2 = μ2 Sek k wek k,
_̂b = μ3 Sek kφ,

ð17Þ

where μi, i = 0, 1, 2, 3, and η > 1 are design parameters.

3.1.3. Step 3: Proving the Stability

Proof. The following Lyapunov function is selected [24]:

V1 =
1
2
STe J0Se +

1
2μ0

~δ
2 +

1
2μ1

~c21 +
1
2μ2

~c22 +
1
2μ3

~b
2, ð18Þ

where ~δ = δ − δ∧−1, ~c1 = c1 − ĉ1, ~c2 = c2 − ĉ2, and ~b = b − b̂.
According to reference [24], the derivative of V1 is as

follows (for proof details, please refer to [24]):

_V1 ≤ −δ
2

λmax J0ð Þ
	 � λ+1ð Þ/2

min K1ið Þ − L1
V1

	 � λ+1ð Þ/2 !
V λ+1ð Þ/2

1

− δ
2

λmax J0ð Þ
	 � γ+1ð Þ/2

min K2ið Þ − L1
V1

	 � γ+1ð Þ/2 !
V γ+1ð Þ/2

1 ,

ð19Þ

Table 1: The main parameters of spacecraft [24].

Parameter Value

Nominal moment of inertial J0 = 20, 1:2, 0:9 ; 1:2, 17, 1:4 ; 0:9, 1:4, 15½ �kg ⋅m2

Uncertainties ΔJ ΔJ = 2 diag sin 0:3tð Þ, 2 cos 0:2tð Þ, sin 0:1tð Þ½ �kg ⋅m2

Q 0ð Þ Q 0ð Þ = 0:3,−0:2,−0:3, 0:8832½ �T

w 0ð Þ/ rad ⋅ s−1
� �

w 0ð Þ = 0:06,−0:04, 0:05½ �Trad/s
wd/ rad ⋅ s−1
� �

wd tð Þ = 0:05 sin 0:01πtð Þ, sin 0:02πtð Þ, sin 0:03πtð Þ½ �Trad/s
Qd 0ð Þ Qd 0ð Þ = 0:3, 0:2, 0:5, 0:7874½ �T

d tð Þ d tð Þ = 0:1 sin 0:1tð Þ, 0:2 sin 0:2tð Þ, 0:3 sin 0:3tð Þ½ �TN ⋅m
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where L1 = ð1/2μ0Þ~δ
2 + ð1/2μ1Þ~c21 + ð1/2μ2Þ~c22 + ð1/2μ3Þ~b

2
.

And L1/V1 < 1, ðL1/V1Þðλ+1Þ/2 < 1, ðL1/V1Þðγ+1Þ/2 < 1 accord-
ing to L1 <V1. If min ðK1iÞ ≥ 1, min ðK2iÞ ≥ 1, Expression
(32) is simplified into _VðxÞ + αVpðxÞ + βVqðxÞ; the space-
craft may undergo the faster finite time stability Condition
(19) of Lemma 4 and can reach the sliding mode surface in
fixed-time. Therefore, according to Lemma 4, the conver-
gence time satisfies [24]

t1 ≤
1

χ2 1 − pð Þ +
1

χ1 q − 1ð Þ , ð20Þ

where χ1 = δð2/λmaxðJ0ÞÞðλ+1Þ/2ðmin ðK1iÞ − ðL1/V1Þðλ+1Þ/2Þ
and χ2 = δð2/λmaxðJ0ÞÞðγ+1Þ/2ðmin ðK2iÞ − ðL1/V1Þðγ+1Þ/2Þ,
p = γ + 1/2 < 1, q = λ + 1/2 > 1.

Remark 6.When the system state reaches the sliding surface,
the stability of the sliding surface itself is proved to be the
same as that in the Ref. [25], and it is not described again.

Remark 7. The control algorithm designed in this paper
includes many parameters, such as α, β, g1, g2,ε, K1, K2.
When selecting these parameters, firstly, the constraint con-
ditions of the parameters need to be satisfied, and secondly,
we adjust and optimize the parameters according to the
relevant conclusions of the existing literature and the
simulation results.
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Figure 1: Time response of tracking errors.
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Remark 8. Although the control algorithm designed in this
paper includes many parameters, when designing parame-
ters, selecting values according to the constraints of the
parameters can basically achieve the expected control perfor-
mance. In addition, through the analysis of the simulation
results, the relevant parameters can be further optimized.

Remark 9. In the design of control law, the design idea of Ref.
[24] and the sliding mode surface design method of Ref. [25]
are used in this paper. In terms of design idea, Ref. [24] and
Ref. [25] are combined. However, from the perspective of
energy consumption, this paper proves the superiority of
the combined controller, which is also the greatest contribu-
tion of this paper. The results of simulation analysis further
support the greatest contribution of this paper.

4. Simulation Results Analysis

To illustrate the performance of the FNTSM law (17) pro-
posed in this paper and compare it with the controller (25)
in Ref. [24], we carry out the simulations. The spacecraft
model is taken from a rigid-body microsatellite, and param-
eters are selected as follows (in this session, this paper uses
the same simulation parameters as Ref. [24], in order to illus-
trate the great performance improvements of the control law
proposed, compared with the one in Ref. [24], as mentioned
in Table 1).

The actuator effective decline faults are [24]

Ei =
1 t ≤ 10

0:35 + 0:1 sin 0:5t + πi/3ð Þ t > 10:

(
ð21Þ

The actuator drift faults are [24]

�uci =
0 t ≤ 15

0:1 + 0:05 sin 0:5iπtð Þ t > 15:

(
ð22Þ

We illustrate the control property of the FNTSM control
law (17) for the spacecraft under the inertia uncertainties and
external disturbances and even consider its actuator faults
and saturations. The parameters of the FNTSM control
law (17) and the sliding mode (13) are the same as those
in Refs. [24, 25].

Figure 1 depicts the response curves of quaternion errors
and angular velocity errors. From Figure 1, we can see that
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the control law designed in this paper has same performance
as Ref. [24].

Figure 2 gives the response curves of sliding mode
surface.

Figure 3 gives the estimated curves of uncertainty param-
eters and controller saturation. As Figure 3 (lower half)
shows, the controller saturation curve hardly changes. There-
fore, compared with the Ref. [24], the controller designed in
this paper has better antisaturation performance.

Figure 4 shows the control torque curve. It can be seen
from the figure that the system does not saturate during the
entire control process.

Figure 5 shows the energy consumption curve of the
system during the control process. It can be seen from the
figure that the energy consumption at the initial moment is

relatively large (about 4:1N2m2) but tends to zero quickly.
In addition, the curve fluctuation is very small.

Figures 6 and 7 show the control torque curve and energy
consumption curve obtained by the control law proposed in
Ref. [24]. It can be seen from the Figure 6 that the control sat-
uration of the system occurs in the first 10s, and the control
torque curve fluctuates a lot. The energy consumption curve
shows that the maximum energy consumption is about 3
times as much as that of the control law designed in this
paper(about 12N2m2), and the fluctuation is relatively large
during the control process. So compared with the control
law designed in this paper, the control law in Ref. [24] has
lower performance.
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By using the controller design idea in Ref [27] and
combining the control object and model parameters in this
paper, the energy consumption curve of the controller is
shown in Figure 8.

Table 2 presents the results on the comparison of the
FNTSM control law (17) with the controller (25) in Ref.
[24]. As mentioned in Table 2 and illustrated in Figures 1–
7, the FNTSM control law guarantees the steady precision
in jqevj ≤ 9:58 × 10−4, jwej ≤ 1:5 × 10−4, and jSej ≤ 9:88 ×
10−4, with the convergence time being 9.97 s. It can be seen
that the control precision of the system is slightly reduced
compared with Ref. [24] but still high enough. And the
convergence time has increased by 10.43% compared with
Ref. [24].

5. Conclusions

This paper designs an adaptive fault-tolerant control law,
which can adapt to good control in the event of actuator
faults. According to the simulation results, the control law
designed in this paper has high control accuracy and fast
tracking speed. At the same time, according to the control
torque curve, the control law actuator designed in this paper
does not saturate (all control forces are less than 2Nm). In
addition, comparing the simulation results shown in
Figures 6–8, the control force designed in this paper con-
sumes the least spacecraft energy during attitude tracking,
which is very important for the orbiting spacecraft, which is
also the biggest advantage of the control law in this paper.

6. Future Recommendation

According to the control law design process in this paper and
the control law designed in the existing literature, the direc-
tion to further and improve the work main includes

(1) How to further improve the convergence time and
control accuracy of the control algorithm

(2) How to further reduce the complexity of algorithm
design

(3) Like the existing literature design method, how to
reduce the related assumptions in algorithm design
is a key issue that must be solved for the future
development of spacecraft attitude control with high
precision.
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