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Abstract

This paper investigates an adaptive fault-tolerant control problem for spacecraft formation flying (SFF) with actuator faults, external
disturbances, and unknown inertial uncertainties. First, fault factors are introduced to describe the SFF orbit model with consideration
of actuator bias faults and loss of actuator effectiveness. Then, an adaptive fault-tolerant controller is proposed by incorporating pre-
scribed performance function, improved terminal sliding mode control and the proposed adaptive law. Finally, rigorous theoretical anal-
ysis ensures the uniformly ultimately bounded stability of the system through Lyapunov theory and simulation verifies the proposed
algorithm.
� 2023 Published by Elsevier B.V. on behalf of COSPAR.
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1. Introduction

With the development of space technology, space mis-
sions are increasingly diversified and autonomous (Wen
et al., 2020; Lian et al., 2021). The emerging space missions
represented by on-orbit service and maintenance, forma-
tion flying and deep space exploration are increasing
(Fraser and Ulrich, 2021). The spacecraft formation flying
(SFF) system composed of multiple spacecraft has received
continuous attention and investment from various space
powers due to its robustness, flexibility, low cost and relia-
bility (Mauro et al., 2018; Liu and Zhang, 2018). The SFF
system is also used in on-orbit distributed sensing, earth
observation, stereo imaging, terrain mapping, etc
(Zhuang et al., 2021b). Laser Interferometer Space
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Antenna (LISA) led by ESA, and TianQin and Taiji pro-
jects proposed by China all use SFF system to detect grav-
itational wave in space (Xie et al., 2023; Amaro-Seoane
et al., 2017; Luo et al., 2016; Hu and Wu, 2017).

In real spacecraft missions, the SFF system faces enor-
mous challenges due to the harsh space environment and
other factors. Although spacecraft are thoroughly tested
before launching, many spacecraft come across faults and
failures (Harland and Lorenz, 2005; Clark, 2016; Hasan
et al., 2022). Through the analysis of 872 faults from
1960 to 2012, two reports concluded that the fault rate of
Attitude and Orbit Control System (AOCS) was the high-
est (Tan et al., 2011; Ji et al., 2019). Therefore, it is signif-
icant for the spacecraft to have the ability to handle faults
autonomously. Since the 1980s, scholars began to study
Fault-Tolerant Control (FTC) (Yin et al., 2016). Passive
Fault-tolerant control has attracted extensive attention in
the space engineering and academic communities due to
its advantages of not requiring fault online information
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and being able to handle multiple types of faults simultane-
ously (Han et al., 2015; Zhu and Guo, 2018; Hu et al.,
2019; Yi et al., 2019; Wang et al., 2020; Wang et al.,
2021; Yue et al., 2020). In Ref. (Zhang et al., 2021), a
new fault-tolerant control scheme based on neural net-
works and event-triggered control was proposed. In Ref.
(Cao et al., 2022), an adaptive learning observer design
method without perturbation upper limit was proposed,
which can accurately and quickly estimate attitude angular
velocity and reconstruct actuator faults. On the other hand,
in real SFF system missions, external disturbances and
model uncertainties are inevitable. To solve these prob-
lems, many effective controllers have been proposed, such
as robust control (Luo et al., 2005; Liu et al., 2017), sliding
mode control (Hu, 2008; Di et al., 2021), active disturbance
rejection control (Bai et al., 2018), disturbance observer
based control (Zhu et al., 2020) and so on. Terminal Slid-
ing Mode Control (TSMC) has attracted the attention of
many scholars due to its strong robustness and finite-time
convergence (Lu and Xia, 2013; Zhang et al., 2018; Guo
et al., 2019; Zhang et al., 2020; Zhang and Li, 2022;
Artitthang et al., 2023). However, the aforementioned pro-
posed controllers only analyze the system stability and
steady-state behavior, without considering the transient
performance metrics. To constrain system transient
response, prescribed performance control (PPC) was cre-
atively proposed by Bechlioulis and Rovithakis
(Bechlioulis and Rovithakis, 2008). In recent years, PPC
is widely used in SFF system (Wei et al., 2021; Wang
et al., 2022; Li et al., 2018; Mehdifar et al., 2020; Liu
et al., 2023). In Ref. (Zhuang et al., 2021a), according to
the PPC structure, the fixed-time control problem of SFF
system reconstruction under input saturation was pro-
posed. In Ref. (Yin et al., 2022), based on the PPC struc-
ture, the fixed-time cooperative FTC in heterogeneous
satellite formation systems was studied. In Ref. (Wei
et al., 2022), an adaptive leader-following formation track-
ing control method was proposed for the SFF system con-
sidering external disturbances, directed communication
topology, limited sensing ranges, and formation safety.

Nevertheless, to the author’s best knowledge, although
many factors have been considered in the above literature,
few studies have considered adaptive fault-tolerant, tran-
sient performance metrics, robustness and fast convergence
for the SFF system at the same time. In gravitational wave
detection missions, the gravitational wave signal is tiny,
and the space environment is complicated, which puts for-
ward more complicated requirements for the SFF con-
troller (Gong et al., 2021). Therefore, it is critical to
consider the above factors simultaneously. Specifically, in
this paper, an adaptive fault-tolerant controller is pro-
posed. Firstly, the SFF system model simultaneously
includes actuator faults, external disturbances and
unknown inertial uncertainties, which can better reflect real
space missions. Besides a novel integrated control scheme
combining the improved TSMC, the proposed adaptive
law and PPC are put forward for the SFF system. Such a
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control scheme can achieve the formation reconfiguration
with prescribed behavioral metrics, despite the presence
of actuator faults, external disturbances, and unknown
inertial uncertainties. Finally, the stability of the proposed
control method is proved theoretically via the Lyapunov
function, and simulation proves the proposed control
algorithm.

The organization of the rest paper is as follows: Section 2
states the relative dynamics of the SFF system, actuator
fault model and graph theory. Section 3 states the design
and stability analysis of the adaptive fault-tolerant con-
troller based on PPC. Section 4 states numerical simulation
to validate the correctness of the proposed control algo-
rithm. Finally, Section 5 concludes this paper.
2. Problem formulations and preliminaries

In this section, some basic concepts of controlled objects
are provided, including relative dynamics, acuator fault
model, graph theory and so on.
2.1. Relative dynamics description

To describe SFF system formed by N spacecraft, a vir-
tual reference spacecraft is proposed as a standard to pro-
vide relative position and velocity for the SFF system. As
Fig. 1. shows, F I represents the Earth Centered Inertial
(ECI) frame. The origin of F I is located at the center mass
of the Earth. The X I axis points to the Vernal Equinox, the
ZI axis points to the Earth’s north pole, and the Y I axis
meets the third axis of the right-hand frame. F C represents
the Local Vertical Local Horizontal (LVLH) frame. The
origin of F C is located at the center mass of the reference
spacecraft, and the three coordinate axes correspond to
the three inertia principal axes of the reference spacecraft

respectively. rc 2 R3 and ri 2 R3 represent the position vec-
tors from the Earth center to reference spacecraft and i-th

spacecraft respectively. pi ¼ xi; yi; zi½ �T denotes the relative
position vector for the i-th spacecraft in the F C frame,
where i ¼ 1; 2 . . .N is the total number of spacecraft. vi is
the relative velocity vector. Then, the relative dynamics
of the i-th spacecraft with respect to F C can be written as:

_pi ¼ vi ð1Þ
mi _vi ¼ C i vi þDi pi þ ni þ d i þ ui ð2Þ
where mi is the mass of the i-th spacecraft,

d i ¼ dix; diy ; diz

� �T
is the external disturbances vector (in-

cluding J 2 perturbation and other disturbances) and

ui ¼ uix; uiy ; uiz
� �T

is the actual control input vector. The

other matrices are



Fig. 1. Schematic representation of coordinate frames.
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where _h is the true anomaly of the reference spacecraft, l is
the gravitational constant of the

earth, ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi þ rcð Þ2 þ y2i þ z2i

q
, and rc ¼ rck k.

2.2. Acuator fault model

Eq. (1) and Eq. (2) provide the relative dynamics model
for the i-th spacecraft. However, the space environment is
very complicated. The spacecraft may suffer from huge
temperature changes and various space radiation during
operation, which will lead to actuator faults. Summarize
the modeling of the fault, then the actual output with actu-
ator fault can be modeled as

~ui ¼ H i ui þ �i ð4Þ
where H i , diag hix; hiy ; hiz

� �
stands for the healthy indica-

tor matrix, hi 0 6 hi 6 1ð Þ is the loss of actuator effective-

ness, and �i , �ix; �iy ; �iz
� �T

reflects the actuator bias

faults. Without loss of generality, the effectiveness loss
and bias fault should be considered for the SFF system.
Eq. (2) can be slightly modified according to Eq. (4). Then,
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the SFF relative dynamics model including actuator faults
can be modeled as

mi _vi ¼ C i vi þDi pi þ ni þ d i þ �i þH i ui ð5Þ

where H i 2 O3; I3ð Þ, O3 2 R3�3 is the zero matrix,

I3 2 R3�3 is the identity matrix, and �i – 03.

Let pid , pidx; pidy ; pidz
� �T

denote the desired position of

the i-th spacecraft with respect to F c. The corresponding
positional error can be expressed as ei ¼ pi � pid . Then,
based on Eq. (5), the positional error dynamics including
actuator faults can be expressed as

mi€ei ¼ C i _ei þDi ei þ gi þ d i þ �i þH iui ð6Þ
where gi ¼ C i _pid þDi pid þ ni � mi €pid .

2.3. Graph theory

In the topology model of the SFF system, each space-
craft is represented by a vertex, and the information flow
between vertices is denoted by a weighted edge Wang
et al. (2017). The weighted undirected graph is denoted

as G ¼ V; E;Að Þ, where V , t1; . . . ; tNf g is a finite non-

empty vertex set. E , t1; t2ð Þ; . . . ; tN�1; tNð Þf g#V � V is

the set of edges. A ¼ aij
� � 2 RN�N is the weighted adja-

cency matrix whose generic entry is aij > 0; 8 tj; ti
� � 2 E

with i– j, and aii ¼ 0. ti represents the i-th spacecraft.

The Laplacian matrix L ¼ lij
� � 2 RN�N is defined as

L , D�A, where D ¼ diag d1; . . . ; dN½ � 2 RN�N is the in-

degree matrix and di ¼
PN

j¼1aij; 8 i – j. N is the total num-

ber of the spacecraft in the SFF system.
In this work, undirected graph theory is used to describe

the communication topology. An undirected graph has the
following characteristics:
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(1) An edge ti; tj
� � 2 E means that a bidirectional path

and the mutual transmission of information between vertex
ti and tj.

(2) The weighted adjacency matrix A is sysmmetric.
(3) L is symmetric positive semi-definite and satisfies

lij < 0 and
PN

j¼1 lij ¼ 0; 8 i – j.
3. Controller design

In this section, the error is converted firstly based on the
PPC structure, then the controller is proposed for the con-
verted state by using improved TSMC and a novel adaptive
law, and finally the stability is proved.

Before implementing the controller design procedure,
according to the definitions of undirected graph G and
Laplace matrix L, global formation tracking error of the
i-th spacecraft is expressed as

Di ¼ ei þ
X
j2Ni

lij ej ð7Þ

where Di ¼ Dix;Diy ;Diz

� �T
, lij is the element of L. Taking

the second derivative of Eq. (7), one can obtain

Di ¼ 1

mi
C i e

_
i þDi ei þ gi þ d i þ �i þH iui

� �
þ

X
j2Ni

lij ej ð8Þ

In order to simplify Eq. (8), define

zi ,
1

mi
C i e

_
i þDi ei þ gi

� �
þ

X
j2Ni

lij ej ð9Þ

Then the second derivative of the global formation track-
ing error Di can be written as

€Di ¼ zi þ 1

mi
d i þ �i þH i uið Þ ð10Þ

In order to facilitate controller design, the sum of bias fault
and external disturbance dik þ �ikð Þ is assumed to be
bounded and such that dik þ �ikk k 6 Y ik, where Y ik 2 Rþ

is an unknown positive constant, k ¼ x; y; z denotes the
three axes with respect to the F C frame.
3.1. Prescribed performance control method

The PPC structure has three key steps. The first step is
to design prescribed performance constraints. The second
step is to deal with the performance constraint. The third
step is to achieve the prescribed performance. In this sub-
section, the first two steps are described.

In the first step, the constraints of the controlled system
should be modeled as performance boundary constraints.
In the traditional performance boundary constraints, a
set of inequalities is used to limit the upper and lower
bounds of the state varible, which can be described as:
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�dq tð Þ < e tð Þ < q tð Þ e 0ð Þ P 0

�q tð Þ < e tð Þ < �dq tð Þ e 0ð Þ < 0

	
ð11Þ

where e tð Þ is the state varible, d 2 01ð � is the positive con-
stant to be designed. The performance function is q tð Þ. In
general, two conditions for the q tð Þ need to be satisfied by

(1) q tð Þ is a time-dependent and decreasing function.
(2) q tð Þ should be continuous and differentiable.
In this work, a positive decreasing smooth function is

chosen as the performance function, which can be
expressed as

q tð Þ ¼ q0 � q1ð Þe�a t þ q1 ð12Þ

where q0; q1; a are the positive constants to be designed.
The initial value of q tð Þ is q0, which should be greater than
the initial value of the state varible norm. The final value of
q tð Þ is q1, which can ensure that the state varible eventu-
ally converges to q1. The rate of exponential convergence
is a. The execution capability of the actual system should
be considered in the design.

However, inequality constraints increase challenges for
the controller design. To facilitate controller design, the
inequality constraints need to be transformed into equality
constraints, which is the second step in the PPC structure.
In this step, a standard state g is first introduced, which is
denoted as

g ¼ e tð Þ
q tð Þ ð13Þ

Then, a logarithmic function is introduced to transform the
constrained error, the transformed error variable e is as
follows

e ¼ F gð Þ ¼ 1

2
ln

1þ g
1� g


 �
ð14Þ

where F �ð Þ is the homeomorphic mapping function. Based
on Eq. (14), it can be found that when the state varible is
within the constraints, the transformed error variable sat-
isfy e 2 �1;þ1ð Þ. This means that the transformed non-
linear system is unconstrained. Therefore, the difficulty can
be reduced by using the transformed system to design the
controller. Designing a controller that can guarantee e is
bounded and approaches zero in finite time becomes a
new control problem.

To facilitate the design of the controller, taking the sec-
ond derivative of Eq. (13) and Eq. (14) respectively, we can
obtain

€g ¼ €e
q
� €qeþ 2 _q _e

q2
þ 2 _q2 e

q3
ð15Þ

€e ¼ €g
1þ gð Þ 1� gð Þ þ

2g _g

1þ gð Þ2 1� gð Þ2 ð16Þ

Substituting Eq. (15) into Eq. (16), one can obtain
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€e ¼ 1

1þ gð Þ 1� gð Þ
€e
q
� €qeþ 2 _q _e

q2
þ 2 _q2 e

q3


 �

þ 2g _g

1þ gð Þ2 1� gð Þ2 ð17Þ

In order to simplify Eq. (17), define

G , 1
1þgð Þ 1�gð Þq

Q , €q eþ2 _q _e
1þgð Þ 1�gð Þq2 þ 2 _q2 e

1þgð Þ 1�gð Þq3 þ 2 g _g
1þgð Þ2 1�gð Þ2

ð18Þ

Based on Eq. (18), Eq. (17) can be written as

€e ¼ G€eþ Q ð19Þ
Substituting Eq. (10) into Eq. (19), we can get the trans-
formed global formation tracking error, which can be
expressed as

€ei ¼ G i zi þ 1

mi
d i þ �i þH i uið Þ

� 
þQi ð20Þ

where ei ¼ eix; eiy ; eiz
� �T

, G i ¼ diag Gix;Giy ;Giz

� �
,

Qi ¼ Qix;Qiy ;Qiz

� �T
.

3.2. Controller design

In the previous subsections, prescribed performance
constraints were first introduced. Then the controlled sys-
tem was transformed into an unconstrained one by home-
omorphic mapping.

In this subsection, the controller of the transformed
nonlinear system will be designed to achieve the control
goal. Since the PPC structure has no requirements for the
controller, the sliding mode control with better robustness
is chosen in this work. In order to avoid the singular prob-
lem of the traditional sliding mode and improve the con-
vergence speed of the sliding mode system. The controller
is designed by combining the Nonsingular Fast Terminal
Sliding Mode Control with the Variable Exponential
Reaching Law. Variable Exponential Reaching Law was
proposed in the authors’ previous work (Wu et al., 2019).
The structure of Variable Exponential Reaching Law is
given as

_si ¼ �kisi � qi tanh ssið Þ ð21Þ
where ki ¼ diag kix; kiy ; kiz

� �
, tanh ssið Þ ¼ tanh ssixð Þ;½

tanh ssiy
� �

tanh ssizð Þ�T; s is the positive constant to be

designed, qi ¼ diag qix; qiy ; qiz
� �

.

Yang and Yang (2011) proposed the nonsingular fast
terminal sliding mode control, and proved its characteris-
tics of fast convergence in a limited time and avoiding sin-
gularity problems. The structure of nonsingular fast
terminal sliding mode with transformed error can be
expressed as

si ¼ ei þ K1sign
C1ei þ K2sign

C2 _ei ð22Þ
where si denotes 3-dimensional sliding surface, and the
involved matrices are represented by
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K1 ¼ diag k11; k12; k13ð Þ C1 ¼ diag c11; c12; c13ð Þ
K2 ¼ diag k21; k22; k23ð Þ C2 ¼ diag c21; c22; c23ð Þ ð23Þ

with k1i > 0; k2i > 0; c1i > c2i, 1 < c2i < 2, for i ¼ 1; 2; 3.

The signC1 ei is a vector defined as

signC1 ei , signc11 ei1; sign
c12 ei2; sign

c13 ei3½ �T
¼ j ei1jc11 sign ei1; j ei2jc12 sign ei2; j ei3jc13 sign ei3½ �T

ð24Þ
The signC2 _ei is a vector defined as

signC2 _ei , signc21 _ei1; sign
c22 _ei2; sign

c23 _ei3½ �T
¼ j _ei1jc21 sign _ei1; j _ei2jc22 sign _ei2; j _ei3jc23 sign _ei3½ �T

ð25Þ
The time-derivatives of signC1 ei and signC2 _ei are given by

d
dt

signC1 ei
� � ¼ C1 diag j ei jC1�I3

� �
_ei

d
dt

signC2 _ei
� � ¼ C2 diag j _ei jC2�I3

� �
€ei

ð26Þ

Based on Eq. (26), the time derivative of Eq. (22) can be
given by

_si ¼ _ei þ K1C1 diag j ei jC1�I3
� �

_ei

þ K2C2 diag j _ei jC2�I3
� �

€ei ð27Þ

In order to simplify Eq. (27), define

M i , K1C1 diag j ei jC1�I3
� �

N i , K2C2 diag j _ei jC2�I3
� �

ð28Þ
Based on Eq. (28), Eq. (27) can be written as

_si ¼ I3 þM ið Þ _ei þN i€ei ð29Þ
Substituting Eq. (21) into Eq. (29), we can obtain

� kisi � qi tanh ssið Þ ¼ I3 þM ið Þ _ei þN i€ei

Substituting Eq. (20) into Eq. (30), we can obtain

� kisi � qi tanh ssið Þ;¼ I3 þM ið Þ _ei
þN iG i zi þ 1

mi
d i þ �i þH i uið Þ

� 
þN iQi ð31Þ

According to the previous assumption, we know that
dik þ �ikk k 6 Y ik k ¼ x; y; zð Þ, which means that the infor-

mation upper bound of disturbance and fault is known.
However, in practice, it is impossible to obtain such infor-
mation in advance. To solve this problem, an adaptive law
is proposed as

_bY i ¼ ai eY i � aiY i ð32Þ
where Y i ¼ Y ix; Y iy ; Y iz

� �T
; Y ik k ¼ x; y; zð Þ is the upper

bound of dik þ �ikð Þ, and it is also the parameter to be esti-
mated by the adaptive law. The estimation of Y i is
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bY i ¼ bY ix; bY iy ; bY iz

h iT
. The estimation error is

eY i ¼ Y i � bY i. ai ¼ diag aix; aiy ; aiz
� �

, where aik k ¼ x; y; zð Þ
is a positive constant to be designed.

Therefore, based on Eq. (31) and Eq. (32), the controller
for each i-th sapcecraft is designed as

ui ¼�miH
�1
i

N iG ið Þ�1
kisiþ qi tanh ssið Þþ I3þM ið Þ _ei þN iQi½ � þ zi

n o
�H�1

i
bY i

ð33Þ
3.3. Stability analysis

To prove the stability of the controller, Lemma1 is
introduced.

Lemma 1 (Ge and Wang, 2004): Let the Lyapunov func-
tion candidate V xð Þ be positive and continuously differen-
tiable with a bounded initial value V x0ð Þ, and

r xk k2 6 V xð Þ, where x is the system state, r is the positive
scalar. If the following inequality holds:
_V xð Þ 6 �N0V xð Þ þ N1, where N0 > 0;N1 > 0, the V xð Þ is
bounded, and the solution of x will converge exponentially

to a compact set X2 ¼ xj xk k 6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N1= rN0ð Þp� �

.

Proof: Consider the candidate Lyapunov function:

V i ¼ V i1 þ V i2 ¼ 1

2
sTi si þ

1

2
eY T

i
eY i ð34Þ
Taking the derivative of V i along Eq. (34) yields

_V i ¼ sTi _si � eY T
i
_bY i ð35Þ
Substituting Eq. (10)Eq. (20) into Eq. (29), one can obtain

_si ¼ �qi tanh ssið Þ � kisi þN iG i d i þ �i � bY i

� �
ð36Þ
Substituting Eq. (36)Eq. (32) into Eq. (35) results in

_V i ¼ sTi �qi tanh ssið Þ � kisi þN iG i d i þ �i � bY i

� �h i
� eY T

i ai eY i � aiY i

h i
¼ �sTi qi tanh ssið Þ � sTi kisi þ sTi N iG i d i þ �i � bY i

� �
� eY T

i ai
eY i þ eY T

i aiY i

ð37Þ
Fig. 2. Undirected communication topology among spacecraft.
Based on previous assumption, we know that
dik þ �ikð Þ 6 Y ik k ¼ x; y; zð Þ, so the derivative of V i satisfies
the following inequality
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_V i 6 �sTi qi tanh ssið Þ � sTi kisi þ sTi N iG i Y i � bY i

� �
� eYT

i ai
eY i þ eY T

i aiY i

6 �sTi qis si � sTi kisi � eY T
i ai

eY i þ sTi N iG i
eY i þ eY T

i aiY i

¼ �sTi ri si � eY T
i ai

eY i þ sTi N iG i
eY i þ eYT

i aiY i

ð38Þ
where ri ¼ qi sþ ki 2 R3�3. By using the Young’s inequal-
ity, after some algebraic manipulations, Eq. (38) becomes

_V i 6 �sTi r rið ÞI 3si � eY T
i r aið ÞI3Y i þ 1

2
sTi r NiGið ÞI3si

þ 1
2
eY T

i r NiGið ÞI 3 eY i þ 1
2
eY T

i r aið ÞI3 eY i þ 1
2
YT

i r aið ÞI3Y i

¼ �r rið ÞsTi si � r aið Þ eY T
i Y i þ 1

2
r NiGið ÞsTi si

þ 1
2
r NiGið Þ eY T

i
eY i þ 1

2
r aið Þ eY T

i
eY i þ 1

2
r aið ÞYT

i Y i

¼ � 2r rið Þ � r NiGið Þ½ � 1
2
sTi si � 2r aið Þ � r NiGið Þ � r aið Þ½ � 1

2eY T
i
eY i þ 1

2
r aið ÞYT

i Y i

¼ � 2r rið Þ � r NiGið Þ½ �V i1 � 2r aið Þ � r NiGið Þ � r aið Þ½ �V i2

þ 1
2
r aið ÞYT

i Y i

¼ � 2r rið Þ � r NiGið Þ2r aið Þ � r NiGið Þ � r aið Þ½ � V i1

V i2

� 
þ 1

2
r aið ÞYT

i Y i

ð39Þ
where r rið Þ is the minimum eigenvalue of matrix ri. The
minimum eigenvalue of matrix ai is r aið Þ. The maximum
eigenvalue of matrix is ai is r aið Þ. The maximum eigenvalue
of matrix N iG i is r NiGið Þ.

Then Eq. (39) can be reduced to

_V i 6 � 2r rið Þ � r NiGið Þ2r aið Þ � r NiGið Þ � r aið Þ½ �V i

þ 1
2
r aið ÞYT

i Y i

ð40Þ
Therefore, if the design constants satisfy 2r rið Þ > r NiGið Þ ,
2r aið Þ � r aið Þ > r NiGið Þ, one can obtain

_V i 6 �N0V i þ N1 ð41Þ
implying that the system is UUB stable, see Lemma 1.



Table 1
Initial simulation parameters setting.

Values

Initial positions p1 ¼ 33;�62;�15½ �T m p2 ¼ �1;�25;�14½ �T m p3 ¼ 27; 0; 44½ �T m p4 ¼ �50; 32; 51½ �T m
Initial velocities vi ¼ 0; 0; 0½ �T m/s 8i ¼ 1; 2; 3; 4
Desired positions p1d ¼ 0;�20

ffiffiffi
2

p
; 20

� �T
m p2d ¼ 20

ffiffiffi
2

p
; 0; 20

� �T
m p3d ¼ 0; 20

ffiffiffi
2

p
; 20

� �T
m p4d ¼ �20

ffiffiffi
2

p
; 0; 20

� �T
m

Desired velocities vid ¼ 0; 0; 0½ �Tm/s 8i ¼ 1; 2; 3; 4
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4. Numerical simulation

In this section, numerical simulation performed on the
SFF system with actuator faults and external disturbances
will test the effectiveness of the proposed method.
Fig. 3. 3D trajectory.
4.1. Initial conditions and control parameters

A SFF scenario consists of a virtual reference spacecraft
and four follower spacecraft (i.e. N ¼ 4). In this scenario,
the spacecraft is supposed to perform a formation reconfig-
uration mission, changing from arbitrary four positions to
a rectangular configuration in space. The undirected com-
munication topology among spacecraft in this SFF sce-
nario is given in Fig. 2.

The corresponding Laplacian matrix of the SFF system
can be expressed as

L ¼

2 �1 0 �1

�1 2 �1 0

0 �1 1 0

�1 0 0 1

2
6664

3
7775 ð42Þ

Suppose the virtual reference spacecraft moves in an ideal
elliptical orbit. The orbit parameters are set as follows:
ac ¼ 7178 km, ec ¼ 0:01;Xc ¼ 0 rad, ic ¼ p=6; xc ¼ 0 rad,
hc ¼ 0 rad. The gravitational constant is

l ¼ 3:986� 1014m3=s2. The mass of each i-th spacecraft is
mi ¼ 150 kg. The optional parameters and the initial condi-
tions are listed in Table 1.

Suppose the actuators of each spacecraft can only pro-
vide 70% of the required control input, so the health indi-
cator matrix can be expressed as H i ¼ 0:7 I3. Meanwhile,
suppose the actuator bias fault �i fluctuates randomly in

a small cubic space, i.e. �i j �i 2 10�3; 10�3
� �2

deg�
n

10�2; 10�2
� �g. The external disturbances of each spacecraft

are as follows
Table 2
Controller parameters setting for simulation.

Values

q0 ¼ 80 q1 ¼ 10�5 a ¼ 8:5� 10�4 a

K1 ¼ 10I3 K2 ¼ 5I3 C1 ¼ 8I3 C2 ¼ 1:2I3 k

1589
d i ¼
�5þ 4 sin 0:5t þ 7ð Þ þ sin p

2
þ 0:1t

� �
3þ 6 sin t þ 5ð Þ þ sin p

4
þ 0:5t

� �
8þ 2 sin 0:5t þ 0:6ð Þ þ sin p

4
þ t

� �
2
64

3
75� 10�4N

ð43Þ
The parameters of the controllers are listed in Table 2.
4.2. Simulation results

This subsection presents the numerical simulation
results of the proposed controller for SFF reconfiguration
with actuator faults and external disturbances.

Fig. 3. shows the trajectory of each spacecraft in 3D
space. We can infer from it that each trajectory is smooth,
¼ 10�2I3 bY 0ð Þ ¼ 10�4I3

i ¼ 10�2I3 qi ¼ 10�3I3 s ¼ 1000



Fig. 4. Time history of formation tracking error.

Fig. 5. Time history of control input.

Fig. 6. Time history of relative velocity.
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and four spacecraft finally form the desired square
configuration.

Fig. 4. presents the formation tracking error among
each spacecraft. It can be seen that the tracking error of
each spacecraft evolve smoothly within the convergence
range specified by PPC, and converge to the tiny neighbor-
1590
hood around the origin. Fig.5. and Fig.6. depict the control
input and relative velocity of each spacecraft, respectively.
From these two figures, despite faults, external distur-
bances and uncertainties, we can see that the controller
not only avoids chattering and singularity, but also reaches
the target velocity in 380 s, which indicates that the pro-
posed controller has strong robustness and fast
convergence.
5. Conclusions

In this paper, the problem of adaptive fault-tolerant
control for the SFF reconfiguration with prescribed perfor-
mance constraints, unknown inertial uncertainties and
external disturbances has been studied.First, the SFF orbit
model including actuator faults is established by introduc-
ing fault factors, which can better reflect real space mis-
sions. Then, based on the PPC structure and nonsingular
fast terminal sliding mode control, through incorporating
the adaptive strategy, an adaptive fault-tolerant controller
is proposed. Finally, the simulation indicates that the pro-
posed algorithm is not only effective against actuator faults
and external disturbances, but also speeds up convergence.
Obstacle avoidance and communication maintenance are
not considered due to the limitation of paper length. We
will consider the elements in future work.
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