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Distributed finite-time containment control for

double-integrator multi-agent systems

Xiangyu Wang, Shihua Li, Senior Member, IEEE, and Peng Shi, Senior Member,
IEEE

Abstract

In this paper, the distributed finite-time containment control problem for double-integrator multi-
agent systems with multiple leaders and external disturbances is discussed. In the presence of multiple
dynamic leaders, by utilizing the homogeneous control technique, a distributed finite-time observer is
developed for the followers to estimate the weighted average of the leaders’ velocities at first. Then
based on the estimates and the generalized adding a power integrator approach, distributed finite-time
containment control algorithms are designed to guarantee that the states of the followers converge to
the dynamic convex hull spanned by those of the leaders in finite time. Moreover, as a special case of
multiple dynamic leaders with zero velocities, the proposed containment control algorithms also work for
the case of multiple stationary leaders without using the distributed observer. Simulations demonstrate

the effectiveness of the proposed control algorithms.
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I. INTRODUCTION

In recent years, as a specific problem of complex networks, distributed cooperative control for
multi-agent systems has attracted more and more research attention. This is due to its broad
applications (e.g., formation control [1]-[4], flocking [5], [6], rendezvous [7], [8], etc.) and
its advantages (e.g., better efficiency, higher robustness, less communication requirement, etc.)
compared with the traditional centralized coordination control approaches.

In the distributed cooperative control field, most of the existing results reported in the literature
concentrate on two fundamental problems. One is the consensus problem for leaderless multi-
agent systems, which is also called as the synchronization problem in complex networks (for
more details about synchronization in complex networks, see [9], [10]). The consensus of multi-
agent systems means that all the agents reach the agreement on a common state by implementing
appropriate consensus control laws. Recently, consensus algorithms have been extensively studied
for first-order [11]—-[13], second-order [13]-[18] and high-order [19], [20] multi-agent systems.
The other fundamental problem is the consensus tracking problem for leader-follower multi-
agent systems. In this case, the control objective is to drive the states of the followers to track
the state of the single leader. Control algorithms for this problem have been reported in [13],
[14], [18]-[26].

Different from the leaderless and the leader-follower consensus problems, a more challenging
problem in distributed cooperative control is the containment control problem for multi-agent
systems with multiple leaders, which is also an extension of the leader-follower consensus
problem to the multi-leader case. In this case, the control objective is to drive the states of
the followers into the convex hull spanned by those of the leaders. The containment control
problem is also very important since the multiple leaders are useful to achieve effectively the
containment or guidance of an agent group in a target region [27]. Moreover, the study of
containment control stems from numerous natural phenomena and potential applications. For
examples, the male silkworm months will end up in the convex hull spanned by all the female
silkworm moths by detecting pheromone released by females; for a vehicle group moving to
a target place, the followers will stay in the safe area formed by the leaders when close to
the hazardous obstacles, where the vehicles which are equipped necessary sensors to detect the

obstacles paly the role of the leaders and the others are the followers. As a result, the containment
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control is meaningful for many practical problems, such as UAV [28], autonomous underwater
vehicle (AUV) [29] formation control, and robot swarms [30].

For the first-order multi-agent systems, several containment control algorithms have been
proposed recently in [31]-[33]. Since many practical individual systems, especially mechanical
systems, are of second-order dynamics, it is significant and necessary to study containment
control algorithms for the second-order multi-agent systems [33]—[37]. In [33], both continuous-
time and sampled-data based containment control algorithms were proposed for double-integrator
multi-agent systems with multiple dynamic leaders. [34] investigated the containment control
problem for double-integrator multi-agent systems under random switching topologies. In [35],
attitude containment control algorithms were proposed for multiple rigid bodies. [36] focused on
the problem of distributed second-order multi-agent tracking of a convex set specified by multiple
dynamic leaders under jointly connected switching topologies. [37] studied the containment
control problem for networked Lagrangian systems with multiple dynamic leaders in the presence
of parametric uncertainties under a directed graph. Note that all the control algorithms proposed
in the aforementioned literature provide asymptotic convergence, which means that convergence
rates of the closed-loop systems are at best exponential with infinite settling time. In other words,
the states of the followers can not converge to the convex hull spanned by those of the leaders
in finite time. To this end, considering the convergence rates, finite-time containment control
algorithms are more desirable.

Besides faster convergence rates, the closed-loop systems with finite-time convergence usually
demonstrate some other superiorities, such as better disturbance rejection properties and better
robustness against uncertainties [18], [38]. Because of the above superiorities, some kinds of
finite-time containment control algorithms have been developed for second-order multi-agent
systems [39], [40]. In [39], for the multiple rigid bodies with multiple stationary and dynamic
leaders, homogeneous and nonsingular terminal sliding mode control techniques were used to
design finite-time attitude containment algorithms, respectively. However, two main problems
exist there. One is that in the stationary leader case, the proposed distributed control law for
each follower needs the information from its neighbors’ neighbors, which is difficult to obtain in
practice. The other is that the switching control scheme proposed for the dynamic leader case is
also somehow impractical, since to obtain the switching time instant (or the finite settling time

of the distributed sliding mode observer), some global information of the agent communication
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topology and the bound on the accelerations of the leaders are required to be known. In [40],
for the double-integrator multi-vehicle systems with multiple dynamic leaders under a fixed
directed network topology, based on the homogeneous control method presented in [41], finite-
time containment control laws were proposed. Nevertheless, the dynamic leaders are required to
have an identical velocity there, which is somehow harsh for practical implementations.

Considering various potential applications of the containment control, the superiorities of the
finite-time control, and also to improve the aforementioned problems in the existing literature
on the distributed finite-time containment control for second-order multi-agent systems, in this
paper, distributed finite-time containment control algorithms are proposed for double-integrator
multi-agent systems with multiple dynamic or stationary leaders in the presence of external
disturbances. At first, in the dynamic leader case, the finite-time containment control is achieved
by integrating the adding a power integrator technique [42], [43] (to design the distributed control
laws), the homogeneous control method [41] (to design the distributed observer), and the graph
theory. Then the proposed control algorithms are shown to be also able to cope with the stationary
leader case without using the distributed observer.

The main contributions of this paper are fourfold. Firstly, this paper extends the result in our
previous work [18] from the single-leader case to the multi-leader case. Specifically, compared
with the single-leader case, the communication subgraph of the followers in the multi-leader case
is not required to be connected while the whole agent communication topology becomes more
complex due to the presence of multiple leaders. In other words, in contrast with their single-
leader counterparts, the main difficulty in design and analysis of algorithms with multiple leaders
is that the followers need to use more limited information to achieve more complicated collective
behaviors. A case in point is that, in the dynamic leader case, the finite-time convergence proof on
the distributed observer is more difficult than its single-leader counterpart (see more in Remark 2).
Secondly, in the case of multiple stationary leaders, for each follower, the proposed distributed
control law in this paper requires less information than that designed in [39], namely, only
information from its neighbors (see more in Remark 6). Thirdly, in this paper, in the case of
multiple dynamic leaders, based on a distributed finite-time observer without using any global
information of the agent communication topology and the bound information on the accelerations
of the leaders, non-switching containment control laws are proposed, which are more convenient

in practical implementations than those designed by using the switching control scheme presented
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in [39] (see more in Remark 5). The last but not least, also in the dynamic leader case, the
proposed distributed control laws in this paper achieve finite-time convergence without requiring
that the velocities of the dynamic leaders be identical, while which is required in [40].

The remainder of this paper is organized as follows. In Section II, some useful preliminaries
and problem formulation are exhibited. In Section III, the main result, i.e., the distributed finite-
time containment control scheme, is presented. Some simulations are performed in Section IV.

Finally, conclusions are drawn in Section V.

II. PRELIMINARIES AND PROBLEM FORMULATION
A. Notations

Denote sig®(z) = sgn(x)|z|* where z,ac € R and sgn(-) is the standard sign function.
Given a vector x = [x, -+ ,2,]7 € R" and a € R, let 2 = [27, -, 2]7 sig*(x) =
[sig® (1), - - -, sig¥(x,)]7, especially, sgn(z) = [sgn(z1),--- ,sgn(z,)]7. Let ||z = vVaTz de-
note the Euclidean norm of vector z. Let P > 0 denote a symmetric positive definite matrix
P. Let Apax(P) and Ay (P) denote the maximum and minimum eigenvalues of matrix P,
respectively. For brevity, let 1,, = [1,---, 1] € R". Let I, denote p x p identity matrix, where

p 1s a positive integer.

B. Useful lemmas and definitions

Lemma 1: [38] Consider the system & = f(x), f(0) = 0, € R", there exist a positive
definite continuous function V'(z) : U — R, real numbers ¢ > 0 and « € (0,1), and an open
neighbor U, C U of the origin such that V(z) 4 ¢(V(z))* < 0,z € Uy \ {0}. Then V(z)
approaches 0 in finite time. In addition, the finite settling time 7' satisfies that 7" < %.

Lemma 2: [43] For any real numbers x;,7 = 1,--- ,n and 0 < ¢ < 1, the following inequality
holds (37, |x])? < X, |24 When 0 < ¢ = ¢1/¢2 < 1, where ¢, ¢» are odd integers, then
|29 — 1| < 21z — g7,

Lemma 3: [43]If ¢ > 0,d > 0 and ~y(x,y) > 0 is a real-valued function for x € R,y € R,

el ld « ev@ylz[td | dy=¢/d(ay)|ylcH?
then |z|°|y|® < e + v .

Lemma 4: [44] Given matrices A and B with compatible sizes, then (A ® B)T = AT ®
BT (A® I,)(B®I,) = AB ® I,, where ® denotes the Kronecker product.
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Definition 1: [39] Let X be a set in a real vector space V' C RP, where p is a positive integer.
The convex hull Co(X) of the set X is defined as Co(X) = {>F, aszi|z; € X, a; € R, a; >
szleai = Lk: 1727}

C. Graph theory notions

Let G = (V, €, A) be a directed graph, where V = {vy,--- , v, } is the set of nodes, € CV x V
is the set of edges and A = [a;;] € R™*" is the weighted adjacency matrix of the graph G. The
node indexes belong to a nonempty finite index set I' = {1,--- ,n}. An edge (v;,v;) denotes
that node v; can access information from node v; and v; is said to be a neighbor of v;, but not
necessarily vice versa. The set of neighbors of node v; is denoted as N; = {v; € V|(v;,v;) € £}.
In addition, an undirected graph G is defined such that (v;,v;) € £ implies (v;,v;) € €. In a
directed graph, a directed path is a sequence of edges of the form (vy,, v, ), (Vk,, Vks), -+ , ki €
I'. An undirected path in an undirected graph is defined analogously. An undirected graph is
connected if there is an undirected path between every pair of distinct nodes.

The adjacency matrix A = [a;;] € R"*" associated with the directed graph G is defined such
that a;; > 0 if (vj,v;) € £ while a;; = 0 otherwise. For an undirected graph, we assume that
a;; = aj;. Moreover, we assume that a; = 0,Vi € I'. The Laplacian matrix £ = [l;;] € R™*"
associated with A is defined as [;; = > jen, @iy and l;; = —a;j, where i = j. Obviously, zero is
an eigenvalue of £ with an associated eigenvector 1,,. Note that matrix £ is symmetric for an

undirected graph while not necessarily symmetric for a directed graph.

D. Problem formulation

First, in this paper, the multi-agent systems to be studied are of the form
i(t) = vilt), 0i(t) = wilt) +di(t), i € F|JL, (D

where ;(t) = [va (1), -+, 2ip(8)]7, vit) = [oan(t), - vip(®]T wit) = [wan(t), - uip(t)]" €
RP are the position, velocity and control input, respectively, p is a positive integer, d;(t) =
[dir(t),- -+ ,dip(t)]" € RP represents a bounded external disturbance satisfying ||d;(t)|| < h with
h being a positive constant, associated with the i-th agent, i € F|JL, and F = {1,--- ,n} and
L ={n+1,--- ,n+ m} represent the follower set and the leader set, respectively. For the

leaders, the following natural assumption is made.
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Assumption 1: For the leaders of multi-agent system (1), x;(t),v;(t),v;(t),j € L are all
bounded V ¢ € [0, c0).

Second, the communication topology of multi-agent system (1) can be described by a directed
graph G, = Votm, Envm, Aniem) with m leader nodes and n follower nodes. A node is
called a follower if the node has at least one neighbor. Otherwise, the node is called a leader.
Apim = [ai;] € ROFmx(dm) and £, = [l;;] € RMT™>*(+m) denote the adjacency and the
Laplacian matrices of the graph G,,,,, respectively. For brevity, we use .4 and L to replace
Apim and L, ., later in this paper, respectively. Let GE = (F, ¥, Ap) and GE = (L,E*, Ar)
denote the follower and the leader communication topologies, respectively. Assume that the
leaders do not communicate with each other, which implies that £L = (). The communication
between different followers are bidirectional, namely, Gﬁ is an undirected graph. In addition,
the communication between a leader and a follower is unidirectional with the leader issuing

the communication. Thus, each entry of the last m rows of the Laplacian matrix L, ,, is zero

T 7
and L, = , where 7 = [T};] € R™",7; € R™™. On the communication

Oan Ome
topology G, 1., of system (1), the following natural assumption is made.

Assumption 2: For each follower of multi-agent system (1), there exists at least one leader
that has a path to the follower.
Lemma 5: [39] Under Assumption 2, matrix 7 is positive definite. In addition, each entry

of —7'7; is nonnegative and each row sum of —7 ~!7; is equal to one.
T T

- _ [T mro,  _ T .. _ [T T T L, _
For brevity, we denote xp = |27 ,--- , 2, ,vp = [v], - v, ], 2p = [ 1, Tpyp) V0L =
T T T — [T TIT _ -1 T TT _

[Un+1a"' 7/Un+m] » LTd = [ajdl"" 7$dn] - _(T Ty ® [p)xL and vg = [Ud1>"' avdn] = Zd,

where x4 = [Tain, Taip) s Vai = [Vait, -+ ,vaip]] € RP,i € F. From Definition 1 and

Lemma 5, xp — x4 (i.e., ©; — x4,1 € F) means that z;,7 € F converge to the convex
hull Co{z;,j € L}.

Based on the above descriptions, the objective of this paper is to achieve distributed finite-time
containment control for multi-agent system (1), i.e., to design the distributed control laws for
system (1) such that x; — Co{x;,j € L},i € F (specifically, z; — x4, v; — v4,7 € F) in

finite time under Assumptions 1-2.
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III. MAIN RESULT

Without loss of generality, the leaders of multi-agent system (1) are presumed to be dynamic.
Actually, stationary leaders can also be regarded as dynamic ones but with zero velocities. The
distributed finite-time control design mainly consists of two parts. First, a distributed finite-time
observer is proposed for the followers to obtain the accurate estimates of the weighted average
of the leaders’ velocities in finite time. Second, based on the estimated weighted average of the

leaders’ velocities, distributed finite-time containment control laws are proposed for system (1).

A. Distributed finite-time observer design

Let 04 = [Dai1, -+, Vaip)’ , i € F denote the estimate of vy; with respect to the i-th follower
and 9g = [0g1, - ,Ug,]". For multi-agent system (1), the distributed observer is designed as
~ ]. X k -« A~ N .
Vg = T Z ;04 — fsag Z a;; (Vg — Vgj) |, @ € F, 2)
"jerJL " jer|JL

where 04 =vj,j € L,k > 0,0 <a <1, T} is the (i,4) entry of matrix 7 defined in Lemma 5.

For brevity, denote ¢; = [ei1, -+, ep|” = Y jep |y aij(0ai — 0g7),7 € F and e = [ef, -+ ,eg]".

rn

Proposition 1: Under Assumption 2, the distributed observer (2) is globally finite-time con-

~ . . . . . . (0 11—«
vergent, namely, U4 — vg;,7 € [ in a finite time 7§ satisfying 7 = maxXy;cpi1<i<p {%}

Proof: Based on the definition of e;, the equality (2) can be rewritten as
é; = —ksig®(e;), 1 € F. 3)

. . . . . . 17& .
By direct integration on (3), the convergence time 7; of e; is T; = max;<;<, {%} .1 € F.

. . . i 0 11—«
Hence, ¢ — 0 in a finite time 7 = maxy;cr 1; = MaXyicr1<i<p {%}
Denote Q_de = [/dej17 cee ,’Udjp]T = @dj — Udj,j € F. Then e; = ZjEFUL lijf}dj = ZjGF Ejﬁdj +
Yjer Tijva + Yjer lijv;,i € F, where Iy, Tj; are the (7,j) elements of matrices £ and 7,

respectively. Denote B = [b;;] = —7 '7; € R™*™. Then vy = (B®1,)v;, and thus Sier Tijvg =

?:1 Tij ey bjgVken = 200 ( ?:1 Tz‘jbjk) Ug4n- Also note that Z?:l Tiibjk = —likgn,t €
F. k=1,---,m, where l;;, is equal to the (i, k) entry of matrix 7; because of 7 (=7 ~'7;) =
—,]Zl Then ZjEF Ejvdj = — ZjEL liﬂ)j,i S F, which 1mphes that €; — Z]EF Ej@djai e F.

From the above proof, we have e = (7 ® [,,) (04— vq). Since 7 is invertible under Assumption

2, then vy — vy (i.e., Vg — Vg, € F)) in the finite time 7. This completes the proof. [ |
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Remark 1: It is notable that the proof on e = (7 ®I,,)(04—v,) is more difficult than its single-
leader counterpart in [18], due to the more complex agent communication topology in the case
of multiple leaders. Next, the structure of observer (2) will be analyzed. On one hand, observer
(2) is designed based on the homogeneous control method [41]. Specifically, for the i-th (z € F)
follower, the terms —T%sig“(zje P L % (04; — g;)) in observer (2) aim to guarantee that the
follower can obtain the accurate estimate of v, in finite time, and the computation of ﬁdi depends
on both its neighbors’ states and their derivatives as in [16], [18]. Actually, the derivatives can
be calculated by numerical differentiation. On the other hand, the distributed observer (2) is not
suitable for the case of followers with cycles in their communication subgraph, because in this
case, the interconnections among the followers are highly coupled and the computation of D
depends on the computation of g (for some k), which in turn depends on the computation of
0gi, which is technically impractical.

Remark 2: From the proof of Proposition 1, the finite-time settling time 7 of observer (2)
depends on the communication topology structure, the initial states 04;(0),7 € F,v;(0),j € L,

and the control parameters k, «. By defining f(«a) = y for o€ (0,1) with 25 > 0 being a

. 9 jEet 1-1 jyet
constant, it follows that J;Ef) = k((lfz)l;“ )

k:(l

. Therefore, under any admissible communication
topology satisfying Assumption 2 and initial states, if fixing «, 7T, decreases as k increases.
However, if fixing k, the monotonicity of 7, on « is complex, which is also related to the

communication topology structure and the aforementioned initial states.

B. Distributed finite-time containment control design

Based on the developed distributed finite-time observer (2), for multi-agent system (1) with

multiple dynamic leaders, the control law wu; for the i-th follower is designed as

- 7 2q—1
w; = Vgi — ko (v; — @di)l/q + k/‘i/q Z (i — x;)
]GFUL
— k:48gn (Ui — {)di)l/q + ki/q Z aij(xi — l‘j) , 1€ F, (4)
]EFUL

where 04 is the estimate of vy;,7 € F' generated from observer (2), and the control parameters

satisfy k; > 1+q (ﬁffg)q + k3, ko > (2 — )21~ qul/q [% + &+ kg} ks > 0,ky >
nr 1 q 1-
h7ﬁ = maXy;cp {EjGFULaij}‘/n — HlaXVi,jeF{aij},O' _ B+ l)(k1+12+qq)+512 q’1/2 <q=

¢1/q2 < 1 with positive odd integers ¢, go.
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Proposition 2: For multi-agent system (1), if Assumptions 1-2 hold and the control law u;, ¢ €
F is designed as (4), then x;(t),v;(t),i € F are bounded V ¢ € [0, 00).

Proof: See Appendix. [ ]

With the help of Proposition 2, the main result of the paper can be stated as the following
theorem.

Theorem 1: For multi-agent system (1) with multiple dynamic leaders, if Assumptions 1-2
hold and the control law u;,7 € F' is designed as (4), then x; — Co{z;,j € L} in finite time,
more specifically, x; — x4, v; — vg;,7 € F' in finite time.

Proof: For the case of 0 < t < Ty, it follows from Proposition 2 that z;(t), v;(t),i € F are

bounded. Next, we focus on the global finite-time convergence proof for the case of ¢ > Tj,.

When ¢t > Ty, it follows from Proposition 1 that 94; = vy;,i € F. Denote T; = [T;1, -+, Tip)" =
T — Tai, U = (O, )t = Tyt = [Up, -, UplT = w; — 04,1 € Foz; = 0,5 € L,
- —T “TT T —TT - _T ~T T .

Tp = ['xl y " ’In} yUFP = [Ul )" 77}71/} ’ and Ty, = [xn,—O—l? e ?x’n,—l—'m,] . By applylng the new

notations to system (1), the tracking error dynamics of the followers and the leaders can be

respectively written as
Zi(t) = vi(t), vi(t) = wi(t) + dit), i € F, S
7i(t) =0, 25(t) =0, Z;(t) =0, j € L. (6)
The following proof is based on the generalized adding a power integrator technique ( [42],
[43]), which is composed of two steps. First, a virtual velocity v is designed for each follower.
Second, the distributed law is designed for each follower such that v; — v in finite time and

then global finite-time convergence of the closed-loop system (4)-(5) is guaranteed.

Step 1. (Virtual velocity design) Choose the following Lyapunov function

1 ~ n o n n n+m
Vo = 52p(T ® )r ZZ%II%Z zlI* + 5 Z > agllzl® ©)
i=1j=1 =1 j=n+1

By Assumption 2, V; is positive definite and differentiable. In addition, V[ < %)\maX(T ):ZIT;:Z i
where A\.x(7) > 0 since 7 > 0 (by Lemma 5). The derivative of Vj along system (5) is

n+m

Vo=1h(T® 1) =S (@ —2)" | v (8)
7j=1

=1
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By denoting w; = [wiy, - ,wyp]" = 75" a;;(Z; — Z5),4 € F, it follows that [wY,--- ,w]" =

(T ® I,)Tp and then 37, wlw;, = z5(T @ 1) (T ® 1,)r = T5(T* ® I,)Tr. Thus,

2Din(T2)Vi
7 > )\mln TQ > L7 9
Zz:lw W ( ) Tplp = )\max(T) ©)
where Apin(7?) > 0 since 72 > 0. Take the virtual velocity as
@: = [7_}:17 T >@:p]T = _klw;}? S F’ (10)

where k; > 0 to be determined, and 1/2 < ¢ = ¢;/¢q2 < 1 with positive odd integers ¢, go. With
the help of (10), (8) becomes

Vo =~k > wlw!+> wl (v; — 7). (11)
=1 =1

Step 2. (Control law design) Denote &; = [£;1,- - ,&,)7 = o/ e Fandr =1+q.

(2

Choose the following Lyapunov function

n p
V=1t 3V (12)
i=11=1
where V;; = W'/@z( sl/a — @i*ll/Q)Q*qu,@;} = —kuw},i € F.l = 1,---,p. From

Propositions B1 and B2 in [42], V}; (also V) is differentiable, positive definite and proper Vi €

F/l=1,---,p. Moreover, based on the fact 0 < ¢ < 1 and Lemma 2, it can be obtained that
1
Vi < Oy — U||€al* ! < ——5& e F =1, p. (13)
(2- Q)21*qki“/q’ sl (2 — gkt T
Then by integrating (9) and (13), there is ¢ = max { 2?‘”?"((2), ? );1 = /q} such that
min —q 1
n p n p
V=Vo+ 3 > Vu<ed D (wi+&), (14)
i=11=1 i=11=1

Next, we estimate the terms in V= VO + >0 37 Vi from left to right. First, by Lemmas
2-3, it follows from (11) that

. n p n p
Vo < —ki DD wh+270) N |wyl[€al

i=1[=1 1=11=1

Zg wy + 2" qZZ( qu> (15)

= i=1[=1
Second, taking the derivative of V;; along system (5) yields

1 AT poa . 7@y + d;
111/ i / (s7— @ill/q)l_qu + S (- 13/ )
ol—af, T dt Jay, (2 — q)21-ak, 4

i€F l=1,--,p.

il —

(16)
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From (10), it can be obtained that dv*l/q/dt = —k/e S ai; (0 — vj1) < ki/q(ﬁ|@il| +
D |Uj1]),7 € F, where § = maxvyer {ZJEFULCLU} and 7 = maxy, jep{a;;}. In addition,
by Lemma 2, it holds that f%l(sl/q — oM ds < |oy — v5|[€a]' 1 < 2179|¢,|. Based on the

above analysis, it follows from (16) that

: 1 _ - &g+ dy)
Vi < o (ﬁ|vu| +77; |Ujl|) |Eal + @ — q2i—ak ieF I=1--,p. (7

From (10) and Lemma 2, it holds that |0, < |05| + |0;0 — 05| < ka|wj|? + 2'79(&;9, 5 €
F,l=1,---,p. By Lemma 3, it follows that |v;||&:| < (K1|wji|? + 217 &;]9) €| < Baggyr, +

r gl

2170 pp | kg 2170 7“
T jl+ r

. Then, by applying the above inequalities to (17) yields (z € F,l=1,--- ,p)

Bq nq 2!~ qq L & Y(ay + dy)
W<—mﬁ @+—Zjﬁ Z mpE— (18)

(B4nn) (k1421 1)+ Bg2 19
- .

where o =

Note that |d;| < h,i € F. Then, putting (12), (15), and (18) together yields

. 21-a (k 21=4q
Y [ s ]zz o+ [t

n p
klr Z ; é@l

i=11=1 =1
+ ! ZZf 4 " ZZW ‘. (19)
(2 — ¢)2!- qk1+1/ql < i il (2 q)2!- qk;lJrl/qZ < v
Similar to the proof in Proposition 1, we have > ;cp Tijrg; = — 3 cp lijxy,% € F. Then it

follows that ZjEFUL aij(:Z’i — .f‘j) = ZjEF ﬂji’j = ZjEFUL aij(:ci — .’L‘j). If U; is taken as (4),

by noting that u; = u; — U4, 1 € F', control input u; of system (5) can be described as
g = —ko&y" — kusgn(&y), i € F,l=1,--- ,p, (20)

where k; > 27 GHma 4 g g > (2 )2l T [W + &+ ks| ks > 0,k > B

Substitutmg (20) into (19) yields

. n p
V< =k > (wh+ &) @1)
i=11=1
Based on the fact 0 < /2 < 1 and Lemma 2, it follows from (14) and (21) that
. ks
Vit B yrl2 <, (22)
cr

which means that V' reaches zero in finite time (by Lemma 1). Then zp — 0,vp — 0, i.e.,

r; — xg; and v; — vg;, 1 € F in finite time with control law (4). This completes the proof. H
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Remark 3: On one hand, the terms g — ko[(v; — 0g;)"/9 + ki/q(zjeFUL aij(x; — x;)))P !
in the distributed control law (4) are used to force the i-th (« € F') follower to converge to
the leaders’ convex hull Co{z;,j € L} in finite time, and these terms are obtained through
a recursive design process based on the generalized adding a power integrator technique [42],
[43]. On the other hand, the discontinuous term kysgn(-) in control law (4) is used to dominate
the external disturbance d; contained in the i-th follower dynamics of system (1) such that the
global finite-time convergence of the whole closed-loop system can be achieved. In the absence

of external disturbances, this discontinuous term is not needed.

Remark 4: Let T' denote the settling time of the closed-loop system (1)-(2)-(4). From (22)
2c(1+a) /2y (T55)(1-49) /2
ks(1—q)
time of observer (2) and ¢ = max{Qim‘f‘x((Q)./ 5 )]tm/q}. For t > Tp, we define K(t) =
min 7q ’l

n )\max T 1 n-r-—m
iy | 2 (1) = e (OIP + e | (0(8) = 0w ()M b SE g t) = 5 (1))

Note that 371" ai;(Z; — T;) = 721" aij(x; — ;). Then, from (7), (12), and (13), it can be

and Lemma 1, it follows that T" < Ty +

with 7 being the finite settling

obtained that V' (¢t) < K(t),Vt > Ty. Therefore, an upper bound of 7' can be given by 7" <

2c(1+‘1)/2K(T0)(1_’1)/2
TO + k3(1—q)

mainly depends on the communication topology structure, the agent initial states, 7, and the

. From the above analysis and noting that ki, k> depend on k3, then T'

control parameters k3, q.
Remark 5: In the case of multiple dynamic leaders, if Assumptions 1-2 hold, according to the
control design in [39], for the i-th (2 € F') follower in system (1) without external disturbances,

the switching finite-time containment control law can be written as

—kpixi — kdi’Ui, t S T*,
U = (23)

—a~ b tsig? Y (v; — Og;) — psgn (Z?:;[ Tz-jsj) — psig” (Z?zl Tijsj) , t> T,
where kp,, kq;,0,0 > 0,1 < o < 2,10 > Sup;ep =103 |0a],0 < v < 1,5 = ZjepuLaij(xi —
x;) + 030 Tiysig® (v; — Ug5), Ty is the (4, j) entry of the matrix 7 defined in Lemma 5, and
U4i, ¢ € F denotes estimate of vy; with respect to the i-th follower, which is generated from the

following distributed sliding mode observer with a finite settling time 7™

édi = —k‘SgIl Z aij(f)di — f)dj) , 1€ F, 24)
jeF|JL
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Uy| < k < p and the initial states satisfy 04;(0) = 0,7 € F.

— \/?E”Ud”oo)\ma:c(’r)
(P=Il¥dlloo) Amin(T)

As the authors said in [39], the switching time 7™ depends on |04l and global information

where Ug; = v;,7 € L, SUDPjer, =123

According to analysis in [39], T™ where || - || represents the infinity norm.

Amax (7)), Amin (7). However, it is usually difficult to obtain this global information and hence the
switching time 7™ in a distributed way. In addition, the control law u; = —k, x; — kg,v;,72 € F
is used to guarantee the state boundedness of the closed-loop system (1)-(23)-(24) when ¢t < T,
but it may negatively affect the followers’ tracking performances. Therefore, compared with the
switching control law (23), the non-switching control law (4) is more convenient to be taken
into practice.

Actually, the result of Theorem 1 also covers the case of multiple stationary leaders. The only
difference is that for multi-agent system (1) with multiple stationary leaders (i.e., the leaders’
velocities are all zeros), the distributed observer is not needed anymore. More specifically, without
further proof, the following corollary can be given.

Corollary 1: For multi-agent system (1) with multiple stationary leaders, if Assumption 2

holds and the control law u;,7 € F' is designed as

2q—1
wi=—ky |0+ Ky > aij(wi — )
jer|JL
. 1/q 1/q s — s ]
kasgn |v;'" + ky Z aij(z; —x;) ||, i € F, (25)
jer\JL

where the control parameters are the same as those defined in (4), then x; — Co{z;,j € L} in
finite time, more specifically, z; — z4,v; — 0,7 € F' in finite time.

Remark 6: Control law (25) is obtained by letting vy = 0, @dL = 0,7 € F' in control law (4)
and thus (25) has almost the same structure as (4): the terms —k, [vll /4 + k%/ q(Zje FUL %) (x; —
z;))]?*"! are used to guarantee the finite-time convergence and the discontinuous term k,sgn(-)
is used to dominate the external disturbances. Since Assumption 1 naturally holds for stationary
leaders, it is omitted in Corollary 1. By Remark 4, an upper bound for the finite settling time 7’
C(Hqﬁgioq))(lw/z, where K (t)
(note that t > Ty = 0 and vy = 0,7 € F' here) is the same as that defined in Remark 4. In

of the closed-loop system (1)-(25) can be directly obtained: 7' < 2

the case of multiple stationary leaders, if Assumption 2 holds, according to the control design

in [39], for the i-th ( € F) follower in system (1) without external disturbances, the finite-time

May 3, 2013 DRAFT



15

containment control law can be written as

u; =—by Z a;j |sig™ Z ag(x; — xp) | — sig™ Z ajr(z; — xp)
jeLUF keL|JF keL|JF

— bg Z Qg5 SigaQ Z aik(vi — Uk;> — Siga2 Z ajk(vj - Uk;) s 1€ F,
jeLUF i keL|JF keLJF

(26)

where b1,09 > 0,0 < ap < 1 and oy = 2?32. Note that for each follower, control law (26) needs
the information from its neighbors’ neighbors, which is usually difficult to obtain in practice. In
contrast, for each follower, control law (25) only requires information from its neighbors, which

makes (25) easier for practical implementations.

IV. NUMERICAL SIMULATIONS

In this section, some simulations are conducted to illustrate the effectiveness of the control
scheme proposed in Theorem 1. We consider a group of 3-D agents with 4 leaders and 6
followers, i.e., m = 4,n = 6. The communication topology among the agents is shown in Fig.
1 with FF = {1,2,3,4,5,6} and L = {7,8,9,10}. The external disturbances are assumed to
be d;(t) = [0.1sin(t),0.1cos(0.5t),0.1sin(t) + 0.1cos(0.5¢)]7,7 € F. It is easy to obtain that
|d;(t)|| <0.2,i € F.

A. Simulations in the case of multiple dynamic leaders

The leaders are assumed to have constant velocities v;(t) = [0.51,0.61, —0.09]7, vg(t) =
[0.49,0.6, —0.08]", ve(t) = [0.5,0.59, —0.1]", vy(t) = [0.5,0.6,—0.09]",Vt > 0 (note that
their velocities are different from each other’s) and their initial coordinates are the four ver-
tices of a tetrahedron: x7(0) = [0,0,0]7,25(0) = [0,3,0]%,29(0) = [3v/3/2,3/2,0]7, and
110(0) = [v/3/2,3/2,V/6]7. The followers are assumed to be static at ¢ = 0 and their initial
coordinates are x,(0) = [—1.2,3.6,1.8]7,25(0) = [0.1,1.3,3]7, 23(0) = [1.6,2.1,2.6]7, 24(0) =
[1.5,0.3,—1.5]7, z5(0) = [2.2,3.1,2.2]7,26(0) = [—1,—0.5,0.8]". The initial states of the
distributed observer (2) are set to zeros, i.e., 04(0) = 035,71 € F.

For the distributed control law (4), take ¢ = 9/11, k3 = 1.5. By calculation, it can be obtained

that § = maxycr {ZjeFULaij} = 0.24 and 7 = maxy; jep{a;;} = 0.1. According to the
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Fig. 1. The communication topology among the agents with F' = {1,2,3,4,5,6}, L = {7,8,9,10}.

Fig. 2. 3-D phase-plot for the agents with control law (4). The small blocks represent the followers, the small circles represent
the leaders, and the small asterisks represent the weighted average of the leaders’ coordinates (note that x41 = z45 and thus

being denoted by xq1,5).

sufficient conditions given in Theorem 1, the other parameters of control law (4) can be chosen

as k1 = 2.5019,0 = 1.8024, ks = 29.3536, k4 = 0.2. For observer (2), take £ = 5,a = 0.9.

leq (0)]1
k(1-a)

eil(O) = ZjGFUL Qjj (@dil(o) —@djl(O)),i eF, @djl(o) = ’Ujl(()),j € L,l = 1, 2, 3. With the chosen

By Proposition 1, the settling time 7j of observer (2) is Ty = maxvy;cr1<i<3 { } , Where
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Fig. 3. Response curves of the followers with control law (4).
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Fig. 4. 3-D phase-plot for the agents with control law (25). The small blocks represent the followers, the small circles represent

the leaders, and the small asterisks represent the weighted average of the leaders’ coordinates.

parameters and initial states, it can be obtained that 7, = 1.6466.
The simulation results are shown in Figs. 2-3. It can be seen that with control law (4),
i — Trai, Vi — Vgi,t € F, i.e., the states of the followers converge to the dynamic convex hull

spanned by those of the dynamic leaders, in finite time.

B. Simulations in the case of multiple stationary leaders

In this subsection, the leaders are assumed to be static. All the initial states are the same as
those set in the above subsection and the parameters for control law (25) are also the same as
those taken for control law (4) in the above subsection. The simulation results are shown in
Figs. 4-5. It can be seen that with control law (25), r; — rg,v; — 0,1 € F), i.e., the states
of the followers converge to the static convex hull spanned by those of the stationary leaders,
in finite time. The chattering in the curves of the control inputs is caused by the discontinuous

term sgn(-) contained in control law (25).
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Fig. 5. Response curves of followers 1, 6 with control law (25).

V. CONCLUSIONS

In this paper, distributed finite-time containment control algorithms have been proposed for
double-integrator multi-agent systems with multiple dynamic or stationary leaders. It has been
shown that with the proposed control algorithms, the states of the followers can converge to the
convex hull spanned by the those of the leaders in finite time for both cases in the presence of

external disturbances .

APPENDIX
Proof of Proposition 2. For brevity, we denote z = [x7,--- 2l |7 vp = [v], - 0l]T xp =
T T T T T 1T T T T T
[xn—&—l?"' 7mn+m] y UL, = [Un+17"' ’Un+m] yUp = [ulv"' 7un] 7dF = [dla"' 7dn] for the

following proof. First, we define p(zp,vp) = safap + svpvp. Note that ||d;|| < h,i € F.
Taking derivative of p along system (1) yields
p=zpop +vp(up +dr) < p+ > vl (JJusl| + h). (A.1)
i=1
Next, we begin to estimate ||u;||,7 € F. From (4), it can be obtained that
2q—1

[l < [|Dasll + ka + ko ||| (v — Dai) ' + ky/ > aglz —xj) ,i1eF. (A2
jeFJL
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We now estimate the last term of (A.2). By Lemma 2, Vy = [y1,--- ,y,]* € RP,a > 0, we have
p 2 p P a/2
ly*ll = [Z(W <> lwl"<p (Z yf) =pllyll*.. (A3)
=1 =1 =1

Clearly, (A.3) holds by letting y = (v; —6di)l/q+ki/q(2j€FUL a;j(z;—x;)) € RP,a=2¢—1or

Yy =v;—04 € RP,a =1/q.Based on the fact 0 < 2¢—1 < 1 and Lemma 2, it follows that p||(v; —

X 1 _ R _ 2-1

Dai) Y+ by (e g (i — 1)) 2070 < pll (v — 0a) V)2 + iV S e o i —

z;)|]*4. Note that 0 < 2 — 1/¢q < 1. With the help of (A.3) and Lemma 2, it can be verified

that [|(v: — 0a0) /915~ < g2 (x| + 1 2aall> 8 < 2[4 + [5]~/2). Tn addition,

we have || X pjp ai(zi — 2) || < BEGE (sl + [l ll) = Bn + m)l|la]| + BEGy ;] +

B35 ||, where 3 = maxvicrp {ZjeFUL al-j}. Based on the above analysis, we have
2q—1

P = 0a) T+ BT (e — ) <P (JJuil P79 + [[oail*~1/7)

jeFJL

+ pkffl/QﬂZQ—l

2q—1 112¢—1 - 112q—1 & 112¢—1 . F
(n+m) a7+ 3 gl + D gl , 1€ F
j=1 j=n+1

(A4)
Then, putting (A.2)-(A.4) together yields

leill < [1Baill + a + Fap® (sl + [[00s]7/9) + kaphy /757 l(n +m) g

n n+m
29—1 29—1
T S S ST ]
j=1

Jj=n+1

< 81+ ko |us |2 + eopk 9 g2

(4 m)* a1+ 3 H%IIQq_l] , i€ F,

j=1

(A.5)

where 8, > 0 satisfying &; > ||0g|| + ks + kap®?||0g; |2/ + feoplk /3201 S sl
From the proof of Proposition 1, we have iy, = (7 ® I,)"'e — (773 ® I,)v;, and 14 =

—k(T®I,) 'sig®(e)— (T '73®1,)0;. Due to global convergence of observer (2) and Assumption
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1, the existence of d; is guaranteed. Then it follows from (A.1), (A.5) and Lemma 3 that

k k,2_1/q 2qg—1 n
P S

p< pt (B1+h) Y [foill + kap® D [lul*H +

i=1 i=1 i=1
k k2*1/q 2g—1 2 n
+ 2Pk ﬁ ( q— Z n+m 2q 1||xz |2q+2||x]||2q
2q i=1 j=1
n n - k kal/q 20-17(p + m)20-1 4
< B )3 ol + a3 o P2 el
i=1 i=1
3 (il + floil ). (A.6)

i=1
In addition, it holds that max{||z;||?, ||vi||*} < (||lz:]|* + [|vi||*)*?,¥ @ > 0. Then based on the
fact 0 < ¢,(3—1/¢)/2 < 1 and (A.6), it follows that

p< ot ot Bl ) + ot Sl + )2

=1 =1
L pk:Q_l/qﬁQ‘I*l n+m)2lypnl 2
+ b O A0S e + (A7)
i=1
Note that ||z||, = (2%, |z |P)P Yz = [21, -+, 2]” with p > 1,m € N* denotes p-norm

in R™. Based on the equivalence between any two different norms in /¥ and Lemma 2, we
can find 6, > 0 such that X7, (||z]|® + [Jv:l|H)Y? < S8 (|l + [Jvil]) < d2p'/2. Similarly,
Sl + vl ) 972 < 03 pB= 1072 5 ([l |* + [[il|*)? < dap? hold with appropriate
03 > 0,94 > 0. Then, it follows from (A.7) that

k2pkf_1/qﬂ2q_l [(n + m)2q_1 +njdy 1 (A.8)

q
From Lemma 3, pb = pb S < bp+1—10,V 0 <b<1. Then it follows from (A.8) that

p < p+ (61 + B)ap'? + kop™ @102 4

p < d5p + e, (A.9)

where &5 = 14 P52 4 3 kyp206, 4 kypky ™ * 5% [(n -+ m)** !+ nldy and 6 = PR 4
Logp 2a5, 4 kovki g Pl
2q

. =) By noting that 5, 0 € (0, 00), it follows from (A.9)
immediately that p is bounded, which implies that x;(t), v;(t),i € F are bounded V ¢ € [0, 4+00).

This completes the proof.
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