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a b s t r a c t

The paper presents a distributed finite-time controller for multiple under-actuated spacecraft with
flexible appendages to track a virtual leader with stationary states under an undirected communication
graph. Each spacecraft of concern is simplified as a free-floating hub-beam system, which is an under-
actuated Euler-Lagrange system by nature since only the hub is driven. In the undirected communication
graph, it is assumed that only one spacecraft can receive the information from the virtual leader. A
distributed finite-time control law is presented for such a multi-agent system. The closed-loop system is
proven to converge to the desired states within a finite time via Lyapunov theory and homogeneous
method. Finally, a comparison is made between the proposed controller and the PD controller to show
the better performance of the proposed controller.

& 2017 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Significant attention has been paid to the distributed co-
operative control for a team of spacecraft because of the advantage
of the higher robustness, lower cost, shorter development cycle
and more flexibility than a single spacecraft [1,2]. The relevant
studies have become quite active over the past decades. For ex-
ample, Bandyopadhyay et al. reviewed 39 missions of multiple
small spacecraft and pointed out that the technology for con-
stellation missions by using small satellites had been matured [1].
Nazari et al. studied the formation of several rigid spacecraft in the
framework of geometric mechanics and proposed a decentralized
consensus controller with a constant communication time delay
[2]. Wang et al. proposed the impulsive controller for the forma-
tion tracking of a team of identical oscillators with or without the
consideration of input delay [3]. However, the existing studies
have mainly focused on the formation or consensus of rigid
spacecraft.

It is noteworthy that each spacecraft in a space mission
trends towards larger and lighter and is usually equipped with
some appendages, such as solar panels and antennas. In other
words, the individual spacecraft in the space mission should be
regarded to be flexible. The control design will be more chal-
lenging due to the influence of the rigid-flexible dynamics [4–7].
The researches on the dynamics and control for a single flexible
spacecraft are quite active over the past decades [8,9].

Nevertheless, it is nontrivial to extend the control algorithms
from the case of a single flexible spacecraft to the case of a team
of flexible spacecraft. Only a few efforts have been made for the
design of distributed consensus control of multiple flexible
spacecraft. For instance, Du and Li proposed a distributed atti-
tude cooperative controller for the attitude synchronization of a
team of flexible spacecraft by using the graph theory and the
theory of cascaded systems [10]. Zou and his colleagues de-
signed a controller via the back-stepping technique to solve the
attitude consensus for a team of flexible spacecraft without the
measurement of both the attitude speeds and the modal co-
ordinates under an undirected communication graph [11]. Du
et al. presented a distributed controller for the attitude syn-
chronization of a team of two different kinds of spacecraft, i.e.,
rigid and flexible ones, in the leader-following formation under
the assumption that only several members could receive the
information from the leader [12]. In addition, the flexible
spacecraft is subject to coupled translational motion and atti-
tude regulation due to the existence of flexible appendages [13].
Chen et al. studied an output consensus controller for the as-
sembly of multiple free-floating flexible spacecraft and a colli-
sion avoidance controller to eliminate inter-member collision
[13]. Chen et al. also developed an assembly controller, using
potential field based method, for four flexible spacecraft under a
ring topology [14]. However, all the aforementioned coordina-
tion control laws are asymptotically stable within an infinite
convergence time.

Recent years have witnessed increasing studies on the so-
called finite-time control for particles, spacecraft or Euler-La-
grange systems [15–20] because the finite-time controller can
ensure that the closed-loop system reaches the equilibrium
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within a finite time and implies higher robustness of dynamic
systems [21]. For instance, Cortés showed that the non-smooth
gradient flows could drive a multi-agent system to the same
states within a finite time [15]. Zheng and his colleagues pro-
posed a finite-time controller for the consensus of a team of
second-order dynamic systems in the absence of the measure-
ment of velocities under the assumption that each member can
only obtain the information of the position relative to its
neighbors [17]. Hu and Zhang presented a finite-time controller
for the tracking problem of a team of spacecraft and showed
that the desired trajectory can be tracked within a finite time by
using homogeneous theory [22]. Gui and Vukovich designed
global finite-time controllers with three types of measurements
for attitude tracking of a rigid body described using quaternion
[23]. The mechanical and electromechanical systems, described
via Lagrange equations, are very common in engineering. Hence,
the distributed finite-time control for a team of Euler-Lagrange
systems has been studied in [16,24]. Chen and his colleagues
studied the finite-time cooperative tracking for a team of Euler-
Lagrange systems under a leader-follower structure by using the
graph theory and the theory of variable structure control [24].
Zhao et al. presented a distributed finite-time controller to solve
the tracking problem of multiple Euler-Lagrange systems in the
absence of velocity measurements [16].

All the above studies have focused on the finite-time co-
ordinated control for fully actuated systems. To the best
knowledge of authors, however, no study has been made on the
design of a distributed finite-time controller for multiple flex-
ible spacecraft, each of which is free-floating and under-ac-
tuated. The objective of this study is to present a finite-time
controller for a team of flexible spacecraft to track a static tra-
jectory under undirected communication graph. It is assumed
that only the states of the rigid hub are measurable and driven
directly for each flexible spacecraft. The maneuvering of the
hub-beam system is, hence, under-actuated. Compared with the
previous studies, the main contribution of this study is the
presentation of a distributed finite-time controller for a team of
under-actuated Euler-Lagrange systems, each of which is a free-
floating flexible spacecraft.

The rest part of the paper is organized as follows. Some fun-
damentals for notations, graph theory and dynamic equations are
introduced in Section 2. In Section 3, a finite-time control law is
proposed to drive the team to track the constant trajectory of a
virtual leader. Afterwards, a case study is given in Section 4 to il-
lustrate the efficacy of proposed controller. Finally, the conclusions
are drawn in Section 5.

2. Problem formulation

2.1. Notations

 ×m n and ×0m n represent the set of ×m n real matrices and the
×m n matrix with all entries being zero, respectively. ×Im m and
×1m n are the identity matrix of ×m m and the matrix of ×m n

dimensions with all entries being one. A 40 (A o 0) implies that
the matrix A is positive (negative) definite. Given a vector

= [ ]x x x x.. . n1 2
T, ( )αxsig is defined as [ ( ) ( ) ]α α

sgn x x sgn x x, ... , n n1 1
T,

where sgn( � ) is the standard sign function and α ∈ . The Kro-
necker product of matrices ∈ ×A m n and ∈ ×B r s is defined as
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For matrices A, B, C and D with appropriate dimensions, the
Kronecker product ⊗ has the following properties [3]

α α( ) ⊗ = ⊗ ( ) ( )A B A B 2

( + ) ⊗ = ⊗ + ⊗ ( )A B C A C B C 3

( ⊗ )( ⊗ ) = ( ) ⊗ ( ) ( )A B C D AC BD 4

( ⊗ ) = ⊗ ( )A B A B 5T T T

( ⊗ ) = ⊗ ( )− − −A B A B 61 1 1

Furthermore, ∫ [ ( ) ]αs stanh dsig
x

0
1 T is defined as ∫∑ [ ( ) ]α

= tanh s dssigi
n xi

i i1 0
1

for = [ ]x x x x.. . n1 2
T, = [ ]s s s s... n1 2

T and α ∈1 . Hence, the

time derivative of ∫ [ ( ) ]αs stanh dsig
x

0
T1 can be expressed as

̇ [ ( ) ]αx xtanh sigT 1 .

2.2. Graph theory

The communication topology among the flexible spacecraft in a
team can be modelled via graph theory. A graph is denoted as

= ( )G ,  , where = ( )v v v, , ... , N1 2 is a finite set of nodes and
= ×   is a set of ordered pairs of nodes. An edge ( )v v,i j means

that the node j can obtain the information from the node i. The
neighbors of node i are denoted as = { ( ) ∈ }N v v v,i j j i  . The edge
( )v v,i j is undirected if ( ) ∈v v,i j  and ( ) ∈v v,j i  . A graph is un-
directed if it only consists of undirected edges. The undirected
communication graph is said to be connected if there exists a path
between each pair of distinct spacecraft. The adjacency matrix of a
graph G is represented by = [ ] ∈ ×A aij

N N , where aij¼1 if
( ) ∈v v,j i  and otherwise aij¼0 holds true. In this study, the graph
is assumed to be simple, i.e., there are no self-loops, and no
multiple edges between the same pairs of nodes in the graph.
Hence, aii¼0. The Laplacian matrix of a communication graph is
defined as = [ ]L lij , where = ∑ =l aii j

N
ij1 and = −l aij ij for ≠i j and i, j

¼ 1, 2,…, N.
Under the leader-follower architecture, the connection be-

tween the i-th node and the virtual leader is represented by bi.
Denote = ([ ])B b bdiag , ... , N1 . If the i-th spacecraft is able to receive
information from the leader, then =b 1i , otherwise =b 0i .

2.3. Dynamic equations

As shown in Fig. 1, each flexible spacecraft in the team consists
of a rigid hub and two flexible beams, and can be modeled as a
free-floating hub-beam system. The flexible spacecraft is described
in the floating frame of reference with only the first mode of the
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Fig. 1. The schematic of a free-floating spacecraft with two appendages.

T. Chen et al. / ISA Transactions ∎ (∎∎∎∎) ∎∎∎–∎∎∎2

Please cite this article as: Chen T, et al. Distributed finite-time tracking for a team of planar flexible spacecraft. ISA Transactions (2017),
http://dx.doi.org/10.1016/j.isatra.2017.04.019i

http://dx.doi.org/10.1016/j.isatra.2017.04.019
http://dx.doi.org/10.1016/j.isatra.2017.04.019
http://dx.doi.org/10.1016/j.isatra.2017.04.019


Download English Version:

https://daneshyari.com/en/article/5003937

Download Persian Version:

https://daneshyari.com/article/5003937

Daneshyari.com

https://daneshyari.com/en/article/5003937
https://daneshyari.com/article/5003937
https://daneshyari.com

