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Abstract This paper focuses on the attitude control prob-

lems of spacecraft with external interference and platform

actuator failure. The Lagrange method is used to establish

dynamic models of complex spacecraft composed of

rotating appendages and platform, and the quaternion is

used to describe spacecraft attitude kinematics. Second, a

fault-tolerant control algorithm that combined adaptive

fuzzy control with finite time sliding mode is proposed for

the spacecraft platform, and fixed-time control schemes are

proposed for rotating parts to achieve stable rotation of the

spacecraft components relative to the platform. Finally, a

numerical simulation is performed to verify the superiority

and effectiveness of the proposed control laws, and com-

parisons with other control methods are presented.

Keywords rotating appendages � Adaptive fuzzy sliding

mode controller � Rigid-flexible spacecraft � Fault-tolerant
control

1 Introduction

With the increase in complexity of spacecraft missions,

complex spacecraft with multiple components have

become an important development direction in space

engineering, which has promoted the attitude control of

complex spacecraft to become a research field of interest.

The structure and mission complexity of spacecraft have

increased, and the probability of actuator failure has also

increased when operating in a complex and changeable

space environment. The performance of spacecraft attitude

control depends on the system hardware facilities and the

on-board attitude control algorithm. According to statistics,

the failure of the spacecraft attitude control system causes

approximately 40% of satellite failures, and actuator failure

accounts for approximately one-third of spacecraft attitude

control system failures [1]. In addition, the control algo-

rithms commonly used in actual engineering have poor

adaptability to the problems of spacecraft model uncer-

tainty, imbalance, external disturbance, and actuator fail-

ure. In recent years, spacecraft attitude control algorithms

such as adaptive control [2], neural networks [3], robust

control [4, 5], optimal control, sliding mode control [6],

fuzzy logic [7] and intelligent control [8–10] have gradu-

ally attracted attention.

In recent years, finite-time controllers have been widely

used in spacecraft attitude control, and they have strong

robustness [11–13]. The adaptive algorithm has strong

anti-interference ability and good reliability. Combining

this with other control algorithms has a faster response

speed and higher steady-state accuracy [14, 15]. Associa-

tive control algorithms are increasingly being used in

spacecraft attitude control for actuator failures. Hu et al.

[16] designed an adaptive backstepping control strategy to

achieve stable attitude in the case of external disturbance

and actuator failure, and it was proved that the law can

effectively realize robustness and high-precision stability

of fault-tolerant control. Gui et al. [17] designed a new

integral terminal sliding mode controller to consider the

attitude tracking of rigid spacecraft in the presence of

uncertain inertia, unknown interference and sudden actua-

tor failure, and proved its superiority performance. Li
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et al. [18] designed a robust fault-tolerant state of multi-

boundary dependence for unknown disturbances and

actuator faults when the flexible spacecraft is in orbit. The

controller can ensure that the closed-loop system is

asymptotically stable and satisfies its flexibility and con-

servativeness. Chen et al. [19] proposed a robust fault-

tolerant control design method based on the linear matrix

inequality (LMI) method; however, the redundant instal-

lation or failure of the actuator has not been considered. To

solve the problem of actuator failure, Jiang et al. [20]

proposed an adaptive attitude controller using a redun-

dancy actuator control strategy to achieve high precision of

the attitude, but the failure processing method can still be

improved. Liu et al. [21] proposed an adaptive fuzzy

backstepping control scheme to solve the fault-tolerant

attitude control of flexible spacecraft under the digital

communication channel through sensor signals and con-

troller indicators. This strategy can guarantee the superi-

ority and effectiveness of the spacecraft system in the

presence of inertial uncertainty, external interference,

actuator saturation, and other faults. Gao et al. [22] pro-

posed a method that combines fuzzy logic and sliding

mode control to study the attitude-tracking control of a

rigid spacecraft. However, the control scheme for complex

spacecraft should still be studied. Wang et al. [23] pro-

posed an ISM-based nonsmooth controller with finite-time

auxiliary compensation dynamics to realize exact fault-

tolerance and unknown rejection, the remarkable perfor-

mance was also demonstrated by the simulation results and

comparisons. Furthermore, Fixed-time control can be used

to obtain the required finite-time convergence without

considering any initial conditions. This is one of the most

commonly used spacecraft attitude-control methods. In

reference [24], a fixed-time control scheme was proposed

to ensure that the system converged in a fixed time, despite

the system uncertainty and unknown interference. The

fixed-time attitude-tracking problem of a rigid spacecraft

was studied. The fixed-time controller can predefine the

convergence rate of the system state offline [25–27]. In this

case, the closed-loop stabilization time is independent of

the initial state and can be estimated in advance.

Based on the aforementioned studies, this study con-

ducts research on flexible spacecraft with rotating appen-

dages and platforms, while considering the influence of the

rotation and vibration of flexible solar panels and the

influence of rigid rotating payload. The main purpose of

this paper is to solve the attitude control problem of this

kind of complex spacecraft, and realize the earth obser-

vation under the stable rotation of the spacecraft appen-

dages, the attitude dynamics and kinematics equations of

the flexible spacecraft with rotating appendages are estab-

lished, and an adaptive fuzzy logic scheme that combines

finite-time sliding mode control is designed for the

spacecraft platform, as well as a fixed-time controller for

the rotating appendages. These strategies can effectively

achieve fast and stable effects in the second and third

parts.Then the numerical simulation analysis can prove the

stability and robustness of the spacecraft even with the

actuator fault. Finally, the corresponding conclusions

illustrate the effectiveness of the designed control

strategies.

2 Problem Formulation

In this paper, the spacecraft platform carries rotating rigid

parts and flexible solar panels. The complex spacecraft

system has strong nonlinearity and is susceptible to exter-

nal interference and rotating appendages. As shown in

Fig. 1, the spacecraft consists of a platform, rotating flex-

ible solar panels and a rotating payload.

To avoid singularity, unit quaternions are often used to

describe the kinematics of a spacecraft. A unit quaternion

can be expressed as q ¼ q0; q
T
v

� �T ¼ q0; q1; q2; q3½ �T,where
q0 is the scalar part of the quaternion, and qv is the vector

part of the quaternion, satisfying the condition

q2
0 þ qT

v qv ¼ 1. The kinematic equation for the quaternion

of the spacecraft can be given as:

dq ¼ 1

2
Q qð Þ � x ð1Þ

where QðqÞ ¼ �qTv ; q0I þ q�v
� �

,x denotes the angular

attitude velocity of the spacecraft relative to the centre of

the platform, and q�v represents the skew symmetric matrix

of qv such that q�v ¼ 0;�q3; q2;½ q3; 0;�q1;�q2; q1; 0�.
Considering the rigid-flexible coupling spacecraft carry-

ing the rotation rigid components and flexible solar pan-

els, we considered. Considering the translation and

rotation of the spacecraft system and the modal vibration

of the solar panels, the Lagrange method was applied to

derive the complex dynamic model equations of the

spacecraft system. The equation for the spacecraft plat-

form is as follows:

Ib _xb þ ~xbðIbxb þ Rsaxa þ Fsa _ga þ RspxpÞ
þFsa€ga þ Rsa _xa þ Rsp _xp ¼Ub � T þ d

ð2Þ

Iai _xai þ Fai€gai þ RT
sai _xb ¼ Uaiði ¼ �y; yÞ ð3Þ

€gai þ 2faiXai _gai

þ Kaigai þ FT
sa _xb þ FT

ai _xai ¼ 0ði ¼ �y;þyÞ
ð4Þ

Ip _xp þ RT
sp _xb ¼ Up þ Tc ð5Þ

where Fsa denotes the coupling coefficient matrix of the

rotation of the spacecraft platform with the vibration of the

solar panels, and Fsa ¼ Fþsay þ F�say. Rsa is the coupling
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coefficient matrix of the rotation between the solar panels

and the platform, where Rsa ¼ Rþsay þ R�say. T denotes

the external electromagnetic force acting on the spacecraft

platform; the inertia matrix of the spacecraft platform is

defined as Ib, satisfying the equation Ib ¼ Ib0 þ CbaIa0C
T
ba;

and Ia0 denotes the inertia matrix of the flexible solar panel

when it is not rotating. Ub denotes the torque of the

spacecraft platform, and d is the unknown external dis-

turbance torque. Tc denotes the projection of the resultant

torque of the connect bearing of the platform. where i

denotes the i-th solar panel installed on the platform, Ia

denotes the inertia matrix relative to the fixed coordinate

system of the flexible solar panel, Ua denotes the torque

that comes from the control motor of the flexible solar

panel, ga denotes the modal coordinates of the solar panel,

Xa denotes the diagonal matrix of the modal frequency of

the solar panel, Ka is the stiffness matrix of the solar panel

such that Ka ¼ X2
a, and fa is the damping ratio of the solar

panel. Notably, these parameters are diagonal matrices.

Where Ip denotes the inertia matrix of the rigid rotation

payload and Up denotes the torque that comes from the

momentum wheel. xp is the actual attitude angular veloc-

ity, and Rsp is the coupling coefficient matrix of the rota-

tion between the payload and the platform.

Assuming that the flexible solar panels are installed in

the Y-axis of the spacecraft platform and rotates relative to

the Y-axis of the spacecraft system coordinate system, the

rotation angle is defined as hay. The calculation of Fsais as

follows [28]:

Fsa ¼ fsa1

sinðhayÞ
1

cosðhayÞ

2

64

3

75; fsa2

sinðhayÞ
1

cosðhayÞ

2

64

3

75; . . .; fsan

sinðhayÞ
1

cosðhayÞ

2

64

3

75

2

64

3

75

ð6Þ

In order to determine the attitude transformation matrix of

the spacecraft, if the relative attitude quaternion of the

spacecraft is known, we can obtain the transformation

matrix from Eq. (2). A direction cosine matrix can be

obtained from the coordinate system ’a’to the coordinate

system ’b’ based on the following formula.

Cba ¼
q2
0 þ q21 � q2

2 � q2
3 2ðq1q2 þ q0q3Þ 2ðq1q3 � q0q2Þ

2ðq1q2 � q0q3Þ q20 � q2
1 þ q2

2 � q2
3 2ðq2q3 þ q0q1Þ

2ðq1q3 þ q0q2Þ 2ðq2q3 � q0q1Þ q2
0 � q2

1 � q2
2 þ q2

3

2

64

3

75

ð7Þ

Thus, the calculation formulas for the angular velocity and

quaternion errors of the spacecraft platform are defined as

follows:

xbe ¼ xb � Cxbd ð8Þ

qe ¼
qe0

qev

� �
¼

q0qd0 þ qTdqd

qd0qv þ ~qvqdv � q0qdv

#"

ð9Þ

where xbe is the angular velocity error when the spacecraft

platform is relative to the reference coordinate system , xb

is the actual attitude angular velocity and xbd is the desired

attitude angular velocity of the spacecraft platform relative

to the spacecraft system reference frame , C represents the

transformation matrix from the actual coordinate system to

the reference coordinate system. Similarly, the angular

velocity and error angular velocity of the rotating appen-

dage can be obtained. The angle of the flexible panel rel-

ative to the Y-axis of the spacecraft platform is

ha 2 0;þ1ð Þ. The calculation formula is expressed as

follows:

xae ¼ xa � xad ð10Þ

ha ¼
Z

xadt ð11Þ

where xa is the actual attitude angular velocity. Similarly,

the angular and error angular velocity of rotating appen-

dage can be obtained. Considering the actuator faults and

uncertainty of the spacecraft, the actuator output torque is:

Ub ¼ Eub ¼ Eru ð12Þ

where E3�n is the installation matrix of the spacecraft

actuator, ui is the output torque of the spacecraft actuator

calculated according to the control law,

r ¼ diag r1; r2; � � � ; rnf g, ri is the failure coefficient of

the i-th reaction wheel and it satisfies 0� ri � 1;ri ¼ 0

means the reaction wheel is completely stuck and the

output torque is 0, ri ¼ 1 means the reaction wheel nor-

mally working and the output torque is max, 0\ri\1

means the output torque value of reaction wheel is between

the maximum and minimum. It is further assumed that

Jb ¼ Ib � RsaðIa � FaF
T
a Þ

�1ðRT
sa � FaF

T
saÞ � RspR

T
sp, Ja ¼

ðIa � FaF
T
a Þ and Ha ¼ ðRsa � FsaF

T
a Þ, Then according the

formula (8),(10)and (12) can be rewritten as:

Fig. 1 The structure of spacecraft system
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Jb0 _xbe ¼ Eub � Jb0 C _xbd � ~xbeCxbdð Þ � Tr � Fsa€ga � ~xbFsa _ga

� ~xbðIb0xb þ Rsaxa þ RspxpÞ � f

ð13Þ

_xae

_xpe

� �
¼ J�1

a 0

0 I

" #
Ua

Up

� �
�

HT
a

RT
sp

" #

_xb þ
J�1

a Fa#g

Tc

" #

ð14Þ

where it is defined that Tr ¼ Rsp þ I
� �

Tc þ RsaJ
�1
a Ua þ

RspUp and f ¼ �d þ RsaJ
�1
a Fa#g þ DJb _xbe þDJb C _xbd�ð

~xbeCxbdÞ þ ~xbDIbxb þ �h DRsa;DRsp;DFsa

� �
.

Remark 1 [29]: The moment of inertia of the spacecraft

system has the specific form of J ¼ J0 þ DJ, where J0 is

the nominal constant matrix, and DJ is the uncertainty in

the moment of inertia and is a bounded constant.

Remark 2 [30]: The spacecraft platform and flexible

solar panels have a coupling effect, where d1€ga þ ~xbd3 _ga

should satisfy d1 _ga þ ~xbd3 _gak k� b1 þ b2 xk k2, b1 [ 0 and

b2 [ 0. Thus, the following d1€ga þ ~xd3 _gak k� lð1þ
xk k2Þ inequality can be obtained, and l ¼ max b1; b2ð Þ.

Remark 3 [30] The angular velocity of the system and its

accessories and its first derivative are bounded, where

_xb �xr.

3 Attitude Control Law Design for the Spacecraft
Platform and Rotating Appendages

In this paper, an adaptive fuzzy sliding mode (AFS) con-

troller is designed for the spacecraft platform, and a fixed-

time sliding mode controller is designed for the rotating

appendages. The control principle diagram of the space-

craft system structure is shown in Fig. 2.

Before designing the controller, we introduce the follow-

ing concepts and lemmas, which are utilised in the design of

the attitude controller. Consider the nonlinear system

_xðtÞ ¼ f ðxðtÞÞ; xð0Þ ¼ 0; f ð0Þ ¼ 0 ð15Þ

where x 2 Rn and f xð Þ is a nonlinear continuous function,

and it becomes continuous in an open neighbourhood of the

origin x ¼ 0.

Lemma 1 [31]—[32]. For the system of formula (refeq15),

we suppose that there is a continuous differential Lyapunov

function V(x) defined on its neighbourhood of origin, and if

_V xð Þ þ k1V xð Þ þ k2V xð Þ� 0 ð16Þ

where k1; k2 2 Rþ and 0\a\1, The system can then reach

VðxÞ � 0 in a finite time, and its convergence time T is:

T � 1

k1 1� pð Þ ln
k1
k2

��V 0ð Þ
��1�p þ 1

	 

ð17Þ

Else if the function V(x) satisfies,

_VðxÞ þ ðk1VpðxÞ þ k2V
gðxÞÞk � 0 ð18Þ

where a; b; g; p; k 2 Rþ pk\1 and gk [ 1. The system can

then reach in a fixed time, and its convergence time is:

T � 1

k1
k 1� pkð Þ

þ 1

k2
k gk � 1ð Þ ð19Þ

Lemma 2 [33]. For any x 2 Rn and a 2 R, the following

operation holds:

d
��x
��cþ1

dt
¼ ðcþ 1ÞdiagðsigðxÞcÞ _x ð20Þ

dsigðxÞcþ1

dt
¼ ðcþ 1Þdiagð

��x
��ÞcÞ _x ð21Þ

Fig. 2 The structure of Fuzzy controller
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Remark 4 [7] There exist some inequalities as:

xTy� 1

2
m�2 xk k2 þ 1

2
m2 yk k2 ð22Þ

ATWn� 1

2
e�2 Ak k2 Wk k2 nk k2 þ 1

2
e2 ð23Þ

ATd � 1

2
e�2 Ak k2 dk k2 þ 1

2
e2 ð24Þ

3.1 Adaptive Fuzzy Sliding Mode Controller

Description

The basic structure of the fuzzy-logic system controller is

shown in Fig. 3. It usually consists of four parts: a fuzzifier,

knowledge base, fuzzy inference, and defuzzifier [34]–[35].

The four parts of a fuzzy systemdetermine amulti-input single-

output structure, where U is a compact set. The fuzzifier maps

the clarity variables that are generally obtained by calculation

or sampling input spaceU to the fuzzy sets defined inU, and the

defuzzifier performs an assignment to map fuzzy sets in R to a

crisp point inR. The knowledge base consists of a set of rules in

the form of ‘‘if-then’’ that have the following form [36]:

In the fuzzy control algorithm, the input variable is gen-

erally composed of multiple continuous clear components

obtained by calculation or sampling.The essence of the

transformation function of the scaling factor in the fuzzy

control algorithm is to enlarge or reduce the range of the input

signal andmap the clear value to the fuzzy domain tomeet the

mapping requirements. In contrast, the fuzzy quantitymust be

transformed into a clear control quantity before it can be used

by the actuator.We can separately set the input and output

scaling factor as kin and kout.The knowledge base contains a

set of fuzzy ‘‘if-then’’ rules in as following:

Ri : if x1 is Pi
1 and if x2 is Pi

2 and if xn is Pi
n;

then uk is Ui
k; i ¼ 1; 2; � � �m

ð25Þ

where x ¼ x1; x2; � � � ; xn½ �T and uk denote the input and

output of Fuzzy logic system(FLS), respectively, Pi
nand Ui

are linguistic terms characterized by their membership

functions, and m is the number of rules. The output of the

Fuzzy logic system can be obtained using center-average

defuzzification [37].

u ¼

Pm
i¼1 �yi

Qn

j¼1

lPi
j

xj

� �

Pm
i¼1

Qn

j¼1

lPi
j

xj

� �
" # ð26Þ

In formula (26), where �yi ¼ max uUi yð Þ, the

adjustable system vector is denoted as w ¼ �y1; �y2; � � � �ym½ �T
and defines the fuzzy basic function as

ni xð Þ ¼

Qn

j¼1

lPi
j

xj

� �

Pm
i¼1

Qn

j¼1

lPi
j

xj

� �
" # ð27Þ

If this can define a nonlinear function that can be approx-

imated by the following form, according to the aforemen-

tioned fuzzy logic system [22].

gi xð Þ ¼ ki
outwin xð Þ þ ei ð28Þ

Then the continuous nonlinear function can be approxi-

mated by G xð Þ ¼ KWn xð Þ þ d,

W ¼ w1;w2; � � �wm½ �

and

e ¼ e1; e2; � � � em½ �:

Lemma 3 [38] The f xð Þ is a continuous function, which

is defined on a compact set U .Then there exists a FLS

sup
��f xð Þ � koutsn xð Þ

��� e for any constant e[ 0.thus ,it

can obtain:

H�U ¼ Wn x; qð Þ þ d ð29Þ

Define the vector

q ¼ Wk k2

dk k2

" #

and h ¼ nk k2
1

� �
The adaptive updating law is given as:

_̂q ¼ 1

2
s J�T

b0 S
�� ��2h� rq̂ ð30Þ

And the fuzzy adaptive control law can be obtained:

Ufuadp ¼ � 1

2e2
q̂ThJ�T

b0 S ð31Þ

There are numerous related literatures on spacecraft atti-

tude control. Scholars have proposed a variety of spacecraft

attitude control methods [39]. Based on some researches,

this paper designs the following sliding mode surface.

Fig. 3 The structure of Fuzzy controller

123

330 International Journal of Fuzzy Systems, Vol. 25, No. 1, February 2023



Sb ¼ xbe þ k1 � qbe þ k2 � siga qbeð Þ ð32Þ

where k1¼ diagðk11; k12; k13Þ and k2¼ diagðk21; k22; k23Þ
kii [ 0,the function can be defined as siga qeð Þ ¼
��qe1

��asign qe1ð Þ;
� ��qe2

��asign qe2ð Þ; � � � ;
��qei

��asign qeið Þ�,
respectively 0\a\1. the control scheme of of platform

consist of three parts:can obtain:

Ub ¼ Eub ¼ U1 þ U2 þ Ufuadp ð33Þ

where

U1 ¼ Tr þ b0 xk k2 þ Jb0 C _xbd � ~xbeCxbdð Þ
þ ~xb Ib0xb þ Rsaxa þ Rspxp

� �

U2 ¼ � 1

2
Jb0 k1 þ ak2 � diag

��qbe

��a�1
� h i

� Q qbeð Þ � xbe

�Jb0c1signðSbÞ � Jb0c2Sb

Theorem 1 [28]: For the flexible coupling spacecraft

platform,Sb and q̂ are uniformly ultimately bounded with

the control scheme in adaptive fuzzy sliding laws.

Proof The Lyapunov’s second method is often used to

prove the stability of the system [40], We consider the

candidate Lyapunov function:

Vb ¼ 1

2
STbJSb þ

1

2sc
q� cq̂ð ÞT q� cq̂ð Þ ð34Þ

Because _S ¼ _xbe þ k1 _qbe þ ak2diagð
��qbe

��a�1Þ _qbe,the

derivative of Vb along the trajectory of the spacecraft

platform. we can obtain

_Vb ¼ ST
b
_Sb �

1

s
q� cq̂ð ÞT _̂q

¼ STb _xe þ k1 þ ak2diagð
��qe

��a�1Þ
h i

_qe

n o

� 1

s
q� cq̂ð ÞT _̂q

¼ STb J�1
b0 Eub � Jb0 C _xbd � ~xbeCxbdð Þ � Tr½

�

�Fsa€ga � ~xbFsa _ga�g
þ STb J�1

b0 � ~xbðIb0xb½
�

þRsaxa þ Rspxp �H
��

� 1

s
q� cq̂ð ÞT _̂q

þ STb
1

2
k1 þ ak2diagð

��qe

��a�1Þ
h i

Qbexbe

� �

ð35Þ

h

Substituting (33) into the equation, we can obtain:

_Vb ¼ STb J�1
b0 U1 þ U2 þ Ufuadp

��

�Jb0 C _xbd � ~xbeCxbdð Þ � Tr � Fsa€ga�g
þ STb J�1

b0 � ~xbFsa _ga½
�

� ~xbðIb0xb þ Rsaxa þ RspxpÞ �H
��

þ STb
1

2
k1 þ ak2diagð

��qe

��a�1Þ
h i

Qbexbe

� �

� 1

s
q� cq̂ð ÞT _̂q

¼ STb J�1
b0 b0

��x
��2 þ U2 þ Ufuadp

hn

�Fsa€ga � ~xbFsa _ga �H�g

þ STb
1

2
k1 þ ak2diagð

��qe

��a�1Þ
h i

Qbexbe

� �

� 1

s
q� cq̂ð ÞT _̂q

Thus, according to relevant theorems and inequalities, we

also can obtain:

_Vb � STbJ
�1
b0 b0 xk k2 � 1

2
e�2q̂ThJ�T

b0 Sb þWnþ d

�

�Fsa€ga � ~xbFsa _ga�

�STb c1signðSbÞ þ c2Sb½ � � 1

s
q� cq̂ð ÞT _̂q

�� 1

2e2
q̂ThcSTbJ

�1
b0 J

�T
b0 Sb þ STbJ

�1
b0 Wnþ dð Þ

�STb c1signðSbÞ þ c2Sb½ � � 1

s
q� cq̂ð ÞT _̂q

�� 1

2e2
q̂ThcSTbJ

�1
b0 J

�T
b0 Sb þ

1

2e2
qThJ�T

b0 S
T
bSbJ

�1
b0 þ e2

� 1

s
q� cq̂ð ÞT 1

2e2
sJ�T

b0 Sbk k2J�1
b0 h� rq̂

	 


�STb c1signðSbÞ þ c2Sb½ �

¼e2 � STb c1signðSbÞ þ c2Sb½ � þ r
s

q� cq̂ð ÞTq̂

� e2 � STb c1signðSbÞ þ c2Sb½ � þ r
2sc

qTq� cq̂Tq̂
� �

� r
2sc

q� cq̂ð ÞT q� cq̂ð Þ

� e2 � STb c1signðSbÞ þ c2Sb½ � þ r
2sc

qTq

� r
2sc

q� cq̂ð ÞT q� cq̂ð Þ

� e2 � STb c1signðSbÞ þ c2Sb½ � þ r
2sc

ðW4 þ d4Þ

� r
2sc

q� cq̂ð ÞT q� cq̂ð Þ

��kmin c2ð ÞSTbSb �
r
2sc

q� cq̂ð ÞT q� cq̂ð Þ þ 1

�jVb þ 1
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where 1 ¼ r
2sc ðW

4 þ d4Þ þ e2 and j ¼ min kmin c2ð Þ;f
r2=cg,and the state of platform are uniformly ultimately

bounded. This shows that the platform system is finally

stable.

3.2 The Control Law Design of Appendages

For the appendages, bilateral symmetrical flexible solar

panels are installed in the Y-axis direction of the spacecraft

platform ,and a rigid rotating payload is installed in the X-

axis direction connecting with the spacecraft platform by

bearing. we propose an appropriate fixed-time control

scheme to make them rotate stably.

Sr ¼ xre þ sig c1 � qm
re þ c2 � sign qreð Þ

� �0:5 ð36Þ

where the parameter matrices are c1 ¼ diag ca11; ca12; ca13;½
cp11; cp12; cp13� and c2 ¼ diag ca21; ca22; ca23; cp21; cp22;

�

cp23�, respectively, cii [ 0;m\2; n[ 2. Let xr ¼
diag

��c1 � qm
re þ c2 � sign qreð Þ

���0:5
� 

. the torque of appen-

dages can obtain:

Ua

Up

� �
¼ � J�1

a Fa#g

Tc

" #

þ
JaH

T
a

RT
sp

" #

xc � s1Sr þ s2satT Srð Þ½ �0:5

� 1

4
xr c1mqm�1

re þ c2nsign�1 qreð Þ
� � Qa _xae

Qp _xpe

" #

ð37Þ

Theorem 2 [24]. For the rotating appendages system

(14),the system states coverge to zero in fixed time.

Proof we consider the candidate Lyapunov function

Vr ¼
1

2
STr JSr ð38Þ

Then we can obtain:

_Vr ¼ STr
_Sr

¼ STr _xre þ
1

2
xr c1mqm�1

re þ c2n � sign�1 qreð Þ
� �

_qre

� �

¼ STr
1

2
xr c1mqm�1

re þ c2n � sign�1 qreð Þ
� �

_qre

� �

þSTr
J�1

a 0

0 I

" #
Ua

Up

" #

�
HT

a

RT
sp

" #

_xb þ
J�1

a Fa#g

Tc

" #( )

ð39Þ

Substituting (37) into the formula(38) and it is organized as

follows:

_Vr ¼ STr
J�1

a 0

0 I

" #

� 1

4
xr c1mqm�1

re þ c2n � sign�1 qreð Þ
� � Qa _xae

Qp _xpe

" #( )

þSTr
J�1

a 0

0 I

" #

�
J�1

a Fa#g

Tc

" #

þ
JaH

T
a

RT
sp

" #

xc � s1Sr þ s2sat
T Srð Þ

� �0:5
( )

þSTr
J�1

a 0

0 I

" #
1

2
xr c1mqm�1

re þ c2n � sign�1 qreð Þ
� �

_qre

� �

þSTr
J�1

a 0

0 I

" #

�
HT

a

RT
sp

" #

_xb þ
J�1

a Fa#g

Tc

" #( )

¼ STr �
J�1

a 0

0 I

" #

s1Sr þ s2sat
T Srð Þ

� �0:5 þ
HT

a

RT
sp

" #

xc � _xb

� �
( )

��STr
J�1

a 0

0 I

" #

s1Sr þ s2sat
T Srð Þ

� �0:5

�� t1Vr þ t2V
t0

r

h i0:5

where t1 ¼ min Ja

��
min

s1
��
min

; s1
��
min

n o
and

t2 ¼ min Ja

��
min

s2
��
min

; s2
��
min

n o
.it is easy known:

_Vr þ t1Vr þ t2V
t0

r

h i0:5
� 0 ð40Þ

According to Lemma 1, the convergence time can be

determined as:

T � 2

t0:5
1

þ 1

t0:5
2

t0
�
2� 1

� � ð41Þ

h

4 Numerical Simulation Results

This paper mainly focuses on the attitude control of a new

type of rotating satellites. This section presents the

numerical simulations demonstrating the performance of

the proposed controller. The results of the proposed method

are compared with FSM and PD controller. In the numer-

ical simulation. the parameters of the spacecraft platform,

flexible solar panels, magnetic bearing, and rotating pay-

load are same as references [41].

In this analysis, the inertia matrix of the spacecraft

platform Ib0 ¼ diagð3538:75; 2612:73; 4402:37Þ kg �m2

and the initial angular velocity of the platform is xb0 ¼
0:035 �0:012 0:025½ �T rad=s. The inertia matrix of the

flexible solar panel is Ia ¼ diagð290:15; 187:32; 203:89Þ
kg �m2 and the desire angular velocity of it relative to the

platform is xad ¼ 0; 0:2; 0½ � rad=s. Ip ¼ diagð251:78;
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0:79; 0; 0:79; 15:76; 0:32; 0; 0:32; 11:46Þ kg �m2indicates

the inertia matrix of the rotating rigid payload and the

desired angular velocity of the payload is xpd ¼ 0:28; 0; 0½ �
rad=s. The external disturbance torque, which includes

constant disturbance and period disturbance, is described as

d ¼ ½sinð0:5ptÞ þ 1:5; sinð0:5ptÞ þ 1:5; sinð0:5ptÞ þ 1:5�.
The parameters of the controller are selected as follows:

k1 ¼ diagð300; 320; 310; Þ; k2 ¼ diagð180; 180; 180Þ;
c1 ¼ diagð120; 120; 120; 100; 100; 100Þ; c2 ¼ diagð80; 80; 80; 50; 50; 50Þ;
a ¼ 9=11;m ¼ 1:5; n ¼ 3; kin ¼ 100; kout ¼ 0:5

E ¼ 1; 0; 0; 0; ; 0; 1; 0; 0;�1;�1; 0;
ffiffiffi
3

p
=3

� �
; r ¼ diag 0:8; 1; 0; 1½ �

ð42Þ

The results of the attitude angular velocity and the

vector of the error quaternion of the platform are presented

in Fig. 4. Similarly, the trend of the attitude angular

velocity error and the error quaternion of the flexible solar

panels relative to the Y-axis of the spacecraft platform are

shown Fig. 5.

Figure 6 show the results of the attitude angular velocity

error and the error quaternion of the rotating payload rel-

ative to the X-axis of the spacecraft platform. Figure 7

shows the variation trend of the output torque of actuator.

The X-axis actuator is reduced to 80% of the maximum

output torque and the Z-axis actuator completely fails.

From Figs. 4, 6 and 7,we can know that every part of the

spacecraft system can reach their desired states quickly.

The angular velocity and quaternion errors of the space-

craft system which converge to the stable state is less than

theoretical time. The convergence time of the spacecraft

platform, flexible solar panels and payload under the AFS

control law are respectively about 45s, 40s and 25s. It

shows that the control law proposed in this paper make the

components of spacecraft system converge to the equilib-

rium position and can illustrate the law is useful and

effective even the actuator failures occur during operation.

Figure 8 show the trend of angular velocity and

quaternion errors of the spacecraft platform which were

obtained by different control schemes, the control law

Fig. 4 error angular velocity and error quaternion variation of spacecraft platform

Fig. 5 error angular velocity and error quaternion variation of flexible solar panels
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proposed in this paper obviously takes less time than other

schemes even if they can converge to the equilibrium

position from those figures. Figure 9 shows trend of the

angular velocity error and quaternion error of the flexible

solar panels relative to the y-axis rotation of the spacecraft

platform under different control laws. The convergence

time of different control methods is similar and they can

guarantee the flexible solar panels reaching stable state

even if it rotating and vibrating. Figure 10 show the angular

velocity error and quaternion error of the rotating payload

from the static state to the stable state under different

control laws. These figures mainly show the comparisons

between the proposed AFS, the finite-time sliding mode

(denoted as FSM) and the PD control law. The proposed

law can firstly make the payload reach the stable state. The

rotating payload is affected by the dynamic and static

imbalance will produce a stable gyro effect from Fig. 6 and

Fig. 10.

Table 1 shows the adjustment time required for each

component to reach the desired state under different control

laws, and Table 2 shows the stability accuracy level of each

component of the spacecraft under different control laws. It

can be clearly seen from the table that the control law

proposed in this paper is obviously better than other control

laws, and its stability accuracy is higher than other control

laws. From the pictures and tables, the adaptive law pro-

posed in this paper can effectively suppress the vibration of

the spacecraft flexible solar panel, while other control laws

are not robust enough to the vibration of the spacecraft

flexible solar panel. The desired steady state of the rotating

payload is the fastest to be brought under the fixed-time

sliding mode control law proposed in this paper, while it is

slower the other two control laws.Therefore, it can be

concluded that the proposed AFS law has advantage in fast

convergence and robustness than other control schemes for

models are considered in this study.

5 Conclusion

A spacecraft with a rotating payload and rotating flexible

solar panels have been established in this study. We have

proposed corresponding control schemes to realize the

rotation of the payload and flexible solar panels relative to

the spacecraft platform at a predefined angular velocity. To

achieve fast convergence and accurate tracking perfor-

mance in the presence of various disturbances and actuator

faults, we have put forward an adaptive fuzzy sliding mode

for spacecraft platform and fixed-time sliding mode control

strategy for the rotating appendages. Then, the numerical

simulations have been used to demonstrate the attitude of

the spacecraft system converged to stable state via the

proposed algorithms. Hence, we hope the proposed control

schemes can contribute to the future space explorations and

can be used in actual engineering application for the future

work. In practical situations, there are some points which

are not addressed in this paper. As a future perspective for

this work, we suggest the investigation into the case where

Fig. 6 error angular velocity and error quaternion variation of rotating payload

Fig. 7 Output torque of platform actuators
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Fig. 8 Comparisons of spacecraft platform error angular velocity and error quaternion

Fig. 9 Comparisons of flexible solar panels error angular velocity and error quaternion

Fig. 10 Comparisons of rotating payload error angular velocity and error quaternion
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inherent nonholonomic constraints on actuator can be

considered.
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