Hindawi Publishing Corporation
Mathematical Problems in Engineering
Volume 2012, Article ID 273140, 21 pages
doi:10.1155/2012/273140

Research Article

Second-Order Consensus for Multiagent Systems
under Directed and Switching Topologies

Lixin Gao, Jingjing Zhang, and Wenhai Chen

Institute of Intelligent Systems and Decision, Wenzhou University, Zhejiang 325027, China
Correspondence should be addressed to Lixin Gao, gao-lixin@163.com

Received 24 June 2011; Accepted 25 August 2011

Academic Editor: Zidong Wang

Copyright © 2012 Lixin Gao et al. This is an open access article distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

We consider multiagent consensus problems in a decentralized fashion. The interconnection
topology among the agents is switching and directed. The agent dynamics is expressed in
the form of a double-integrator model. Two different cases are considered: one is the leader-
following case and the other is the leaderless case. Based on graph theory and the common
Lyapunov function method, some sufficient conditions are established for the consensus stability
of the considered systems with the neighbor-based feedback laws in both leader-following case
and leaderless case, respectively. As special cases, the consensus conditions for balanced and
undirected interconnection topology cases can be established directly. Finally, two numerical
examples are given to illustrate the obtained results.

1. Introduction

In recent years, the coordination problem of multiple autonomous agents has drawn an
increasing attention. It is because there are many applications of multiagent systems in many
areas including cooperative control of unmanned air vehicles, flocking of birds, schooling for
underwater vehicles, distributed sensor networks, attitude alignment for cluster of satellites,
collective motion of particles, and distributed computations [1-5].

Although these practical backgrounds are different, the fundamental principles in
the coordination of multiple spacecraft, robots, and even animals are very similar, that is,
coordinating multiple agents to achieve a goal of the whole system by local information. As
a result, a critical problem for coordinated control is to design appropriate protocols and
algorithms such that the group of agents can reach consensus on the shared information
in the presence of limited and unreliable information exchange and dynamically changing
interaction topologies [6]. In [5], the author also pointed out that a key technology in
cooperative control is the problem of consensus. The investigated feedback scheme associated
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with those problems is inspired by the aggregates of individuals in nature. Reynolds first
proposed a computer animation model to simulate collective behaviors of multiple agents
in [2]. In the fields of system and control, the development of consensus theory is primarily
impelled by Vicsek’s particle swarm model mentioned in [3]. In [1], Jadbabaie et al. gave
a theoretical explanation of the consensus behavior of Vicsek’s model and proved that the
states of all the jointly connected agents converged to the same value or the value of a given
leader. Ren and Beard [6] extended the work of Jadbabaie et al. [1] to the case of directed
graphs and explored the minimum requirements to reach global consensus. Olfati-Saber
and Murray studied the average-consensus problem with strongly connected and balanced
directed topologies in [7], which is essentially the same problem as in [1, 6] for continuous-
time consensus scheme. Similar or generalized consensus problems have also been studied in
[8-12]. There are also many interesting results about the similar topic for stochastic complex
networks [13-15].

In real applications, the interacting topology between agents may change dynamically
since the communication links between agents may be unreliable due to disturbances and/or
subject to communication time delay. It is well known that switching of the communication
topology and communication time delays may lower the system performance and even
cause the network system to diverge or oscillate. Theoretically, the consensus in undirected
switching topology is much easier than that of directed switching topology. Recently, some
preliminary results have been reported to deal with the directed switching topology [16, 17].

Furthermore, with many practical applications, especially involving mechanical sys-
tems, the dynamics of agents is usually modeled as a double integrator X = u. There are many
interesting agent-related works, such as in [18-20], involving double-integrator dynamics
under switching and undirected interconnection topology among the agents. Most existing
results are obtained under undirected interconnection topology. In directed topology case,
[21] discussed this topic under the simple fixed topology. In [9], the authors pointed out that
the system matrix related to this multiagent system with double-integrator dynamics does
not satisfy the properties related to stochastic matrix and the norm-based method proposed
by [1] may fail for the double-integrator form agent dynamic. Therefore, the Lyapunov-based
approach is often chosen to solve consensus problem of multi-agent systems with double
integrator model.

Motivated by the above works, we study a group of agents with the double-in-
tegrator dynamics. The main purpose of this paper is to develop a decentralized control
strategy to reach the global consensus of the multi-agent systems under directed switching
interconnection topology among the agents. Two different cases are considered: one is the
leader-following case and the other is the leaderless case. First, we establish a sufficient
consensus condition by constructing a parameter-dependent common Lyapunov function in
leader-following formulation. The established consensus condition is expressed as a reduced-
order Lyapunov matrix inequalities. As commonly known, it is not an easy task to construct
a common Lyapunov function for a switching system, let alone the parameter-dependent
common Lyapunov function. As for the leaderless case, the common Lyapunov method
cannot be used directly. By using the Schur orthogonal transformation, we decomposes
the group tracking dynamics into two subsystems: one represses the leader and the other
represses a leader-following subsystem. Then, a sufficient condition is established by
applying the obtained leader-following consensus condition to leader-following subsystem.
As special cases, we can obtain consensus conditions directly for the multi-agent system
with undirected and balanced switching interconnection topology. The jointly connected
convergence condition can guarantee that the multi-agent with linear dynamical model
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achieves consensus. But for double-integrator model, we construct a counterexample to show
that the jointly connected condition may not guarantee that the multi-agent system achieves
consensus, which implies that the proposed globally reachable convergence condition may be
moderatable and acceptable. By using similar analysis method, we also can probe consensus
problems of [9, 18, 19] with switching and directed interconnection topology. Finally, the
numerical examples also show that the established consensus condition is solvable.

The rest of the paper is organized as follows. In Section 2, we give a formulation of
the coordination problem with help of graph theory. Then in Section 3, some results on the
consensus stability are obtained for the multi-agent system with fixed and varying inter-
connection topologies in the leader-following case, while in Section 4, the leaderless case
is studied. In Section 5, two simulation examples are presented to illustrate our theoretical
results. Finally, concluding remarks with discussions of the future work are given in Section 6.

The notation of this paper is standard. R is the real number set. I is an identity matrix
with compatible dimension. AT denotes as transpose of a matrix A. For symmetric matrices
A and B, A > (>)B means A — B is positive (semi-)definite. A(A) represents an eigenvalue
of A. For symmetric matrices A, Amin(A) and Amax(A) represent the minimum and maximum
eigenvalue of A, respectively. || o || denotes the Euclidean norm. ® denotes the Kronecker
product, which satisfies (1) (A ® B)(C ® D) = (AC) ® (BD); (2) if A > 0 and B > 0, then
A®B2>0.

2. Problem Formulation

Stability analysis of the group of agents is based on several results of algebraic graph theory.
In this section, we first introduce some basic concepts and notations in graph theory that will
be used throughout this paper. More details are available in [22].

Wenby G = {U, ¢, A} with an indexset 9 = {1, 2,...,n}, where U = {vy, vp,...,0,}
is the set of vertices, ¢ C U x U is the set of edges of the digraph, and each edge is denoted by
(vi, vj) € €, 1, ] € D, and a weighted adjacency matrix A = [a;;] has nonnegative adjacency
elements a;;. Throughout this paper, we assume that all the graphs have no edges from a
node to itself. A weighted graph is called undirected if for all (v;, v;) € € = (v}, v;) € € and
a;j = aji. Otherwise, the graph is called a directed graph or digraph. The adjacency elements
associated with the edges of the graph are positive, that is a;; > 0 & (v;, vj) € . Obviously,
we also have a;; = 0 & (v;, vj) € €. A path from vertex v; to vertex v; is a sequence of distinct
vertices starting with v; and ending with v; such that consecutive pair of vertices make an
edge of digraph. If there is a path from one node v; to another node v}, then v; is said to
be reachable from v;. If a node v; is reachable from every other node of the digraph, then it
is said to be globally reachable. Obviously, every node of an undirected connected graph is
globally reachable.

The relationships between n agents can be conveniently described by a simple digraph
G. We denote the set of all neighbor vertices of vertex v; by N; = {j | (v;, vj) € &€}
Neighboring relations reflect physical proximity between two agents, or the existence of a
communication channel [6]. Its degree matrix D = diag{d,...,d,} € R™" is a diagonal
matrix, where diagonal elements d; = 3, jen, ij fori =1,...,n. Then the Laplacian matrix of
G is defined as

L=D-A. (2.1)
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The following lemma relates the Laplacian matrix with its directed graph, as well as
supplying an algebraic characterization. It is well known that the Laplacian matrix captures
many interesting properties of the graphs. The result of Lemma 2.1 can be found in [6].

Lemma 2.1. The weighted graph Laplacian matrix L associated with graph G has at least one zero
eigenvalue, and all of the nonzero eigenvalues are located on the open right half plane. Furthermore, L
has exactly one zero eigenvalue if and only if the directed graph G has a globally reachable node.

Moreover, for a digraph with a globally reachable node, the n-dimensional eigenvector
associated with the single zero eigenvalue is the vector of ones, 1 = (1, 1,...,1)T. For
undirected weight graph G, L is symmetric, positive and semidefinite, and all eigenvalues
of L are real and nonnegative.

A weighted graph G = (U, ¢, A) is said to be balanced if

n n
Zaij = Zaﬁ/ i=12,...,n, (22)
=R

Any undirected weighted graph is balanced. Furthermore, a weighted graph is balanced if
and only if 17L = 0 (see [7]).

Let € be the set of reverse edges of G obtained by reversing the order of all the pairs in
¢. The mirror of G is denoted by an undirected graph in the form G = (U, £, A) with the same
set of nodes of G, the set of edges € = eUg, and the symmetric adjacency matrix A= [a;j] with
elements a;; = (a;; + a;;) /2. The Laplacian matrix for mirror graph G is L(@) = (1/2)(L(G) +
LT(Q)) if and only if G is balanced graph [7].

In what follows, we mainly consider a graph G associated with the system with n
agents (labeled by v;, i = 1,2,...,n) and one leader (labeled by vy). A simple and directed
graph G describing the topology relation of these 7 followers, and G contains graph G and vy
with the directed edges from some agents to the leader describes the topology relation among

all agents. In other words, we denote a weighted digraph of order n + 1 by G = {U,¢, A},
where U = {vy, vy, ...,v,}, and the weighted matrix has the following form:

_ /00
A= <b A), b= (b, by, ,by) €R", A= (a;) € R™™. (2.3)

The element a;; > 0 represents that agent i is connected to agent j, and b; > 0 represents
that agent i is connected to leader. Meanwhile, a;; = 0 and b; = 0 represents that agent i is
not connected to agent j and leader, respectively. The induced subgraph G = {0, ¢, A} of G
represses the interconnection topology among n following agents.

For the multi-agent system under consideration, the relationships between neighbors
can change over time and the interconnection topology may be dynamically changing. Let
t; = 0, ty, t3,... be an infinite time sequence at which the interconnection graph of the
considered multi-agent system switches. Usually, it is assumed that chattering does not occur;
that is, there is a constant 7p > 0, often called dwell time, with t;,; — t; > 7, for all i.
Moreover, we assume that only finite possible interconnection topologies can be switched.
In the leaderless case, denote S = {G1,Go,..., G} as a set of the graphs of all possible

topologies, while in the leader-following case, denote S = {61,6}2, ...,Gn,} as a set of the
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graphs of all possible topologies. Denote D = {1,2,...,N} and Py = {1,2,...,Np} as index
sets, respectively.

In this paper, we intend to coordinate n mobile agents with each agent expressed in
the form of a double integrator:

fi=pi,
i=1,...,n, (2.4)

pi = U,

where r; € R™ is the position of agent i, p; € R™ its velocity and u; € R™ its control inputs. In
the leader-following case, the dynamics of the leader is taken as

70 = po
2.5)
Po = ao(t),

where ry € R™ and py € R™ are the position and velocity vectors of the leader, respectively,
and ay(t) € R™ is a known input, which may be regarded as some given policy known to all
the agents. Particularly, ag(t) = 0 expresses that the leader moves in constant velocity.

The n mobile agents are said to achieve global consensus if for any given initial values
ri(0) and p;(0) (i=1,2,...,n),lim; o (ri(t) —7;(t)) = 0 and lim; _, o, (p;(t) —p;(t)) = 0 for any
i,j =1,2,...,n. Thus, in the leader-following case, the multi-agent system achieves global
consensus if and only if lim;_, .o, (r;(f) — r9(t)) = 0 and lim;_, ,, (pi(t) — po(t)) = O for any
initial values.

The control law is said to beneighbor control law or local control law if all the control
inputs u; only depend on the states of agent i and its neighbors. We are interested in using
neighbor control law to solve the consensus problem. To this end, the controller u; of agent
i, regarded as node i in a graph, requires state information from a subset of the agent’s
flockmates, called the neighbor set A; and defined as above. There are two cases considered
for multi-agent system as follows.

Leader-Following Case

For any i € 9, take the local control law, which is neighbor-based feedback law as follows:

ui = ao(t) - K< > ai(t)(ri—1j) + bi(t)(ri - 7‘0)>
JEN(t) (26)

—«y( X )aij(t) (pi —pj) +bi(t) (pi - P0)>r

jeM;(t

where x is considered as a “control” parameter, which is positive constant and will be
determined later, and y is a positive weighted parameter. The set of switching interconnection
topology graph is assumed tobe G, = {U, €, A}, | € Dy, where the A; has the following form:

_ 0 0 T
_ _ (1,0 1, ) n _ (.0 nxn
Az—<bl A1>, b,-(bl,bz,...,bn> eR,A1—<aij>eR . (2.7)
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In time ¢, the interconnection topology graph is assumed to be switched to G;,I € Py, so aij(t)
and b;(t) are chosen by a;;(t) = ag.) and b;(t) = bl.(l).
Denote s; = rj — rp and gj = pj — po. Take s := (s{,...,sE)T € R™, g := (ChT/...,qZ)T €

T .
R™ and u = (u] —al, uy —al,...,ul —al)" € R™. Then error dynamics of closed system

(2.4)—(2.6) can be rewritten as

s$=q,
g=u; =-«x(Hy;®I,)s —xy(Hs ® I,,)q,

(2.8)

where H, = Ly + B;, 0 : [0,+00) — Dy = {1,2,...,Np} is a piecewise constant switching
signal with successive times when the topology of graph G switches. L, is the Laplacian
matrix of the switching graph G consisting of n vertices (presenting agents 1,...,n), and B,
is a diagonal matrix whose i diagonal entry is b;(t) at time £.

Leaderless Case
Because there is no leader dynamics (2.5), take the local control law for any i € 9 as follows:

ui=-x D ay()(ri-r) —xy X, ai®)(pi-p))- (2.9)

jeNi(t) JENi(t)

Letr:=(r{,...,r} )" and p=(pl,... ph )" Then we can rewrite the closed-loop system (2.4)
and (2.9) as

F=p,
(2.10)
p=us =-K(Lo® Ly)r —xy(Ls ® Ly)p,

where 0 : [0,+00) — P = {1,2,...,N} is a piecewise constant switching signal to describe
the switch of the interconnection graph G. The a;;(t) is chosen by a;;(t) = as.), lep.

The next lemma shows well-known results and will be used later, which is given in
[23].

Lemma 2.2. Suppose that a symmetric matrix is partitioned as

c C
P, @2.11)
cl G

where Cy1 and Cs are square. This matrix is positive definite if and only if Cy is positive definite and
Cs — CIC{'C, is positive definite.

In what follows, we first focus on the analysis of the leader-following case and then
study the leaderless case in a similar trace.
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3. Leader-Following Case

In this section, we concentrate on the analysis of the multi-agent systems with a leader. If
the information of the input ay(t) can be used in local control design, then we can prove that
although the leader keeps changing, the agents can follow the leader that is, consensus is
achieved.

Using neighbor-based feedback law (2.6), the error dynamics system (2.8) will be
expressed in a compact form as follows:

% = (Fo ® In)x, (3.1)

S O
X = , F, = . (3.2)
q -kH,; -xyH,

The interconnection topology graph is G,(t), and the interconnection graphs asso-
ciated with all followers are G, (t).

Note that F; is not directly related to a stochastic matrix, and therefore, the method
reported in [1] cannot be applied directly. In what follows, we will propose an approach
based on common Lyapunov function for the system (3.1) to demonstrate the convergence of
the dynamics system (3.1).

Now we give the main result in the leader-following case as follows.

where

Theorem 3.1. Suppose that the interconnection graph is connected for any interval [t;, t;,1). If there
exist a positive definite matrix Py and a positive constant p such that

HIPi+PiH > ul, lep,, (3.3)
and taking a constant

K> %Amx (E), (3.4)

then the local control law (2.6) can guarantee that multi-agent system (2.4), (2.5) achieves consensus
for any given initial condition r(0) and p(0).

Proof. To prove the theorem, we consider the dynamics in each interval at first. Note that, in
any interval (say [t;,t;;1)), the interconnection topology does not change. Therefore, F(; is
a constant matrix for t € [t t;;1) for any j > 0, and then the solution to (3.1) is well defined.

Thus, we can assume that o(t) =1, [ € Dy, t € [t;, tj;1). Choose matrix P; as

~ 21_31 Y1_31
P = - = | (3.5)
yP1 y°P1
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We can verify that P; is positive definite by applying Lemma 2.2. Consider a common Lya-
punov function V(x) = xT(P; ® I,)x, where P; is defined in (3.5). Then, for any [ € Py which
corresponds to interval [t;,t;,1), we have

V()1 = x" [(F,T ® Im> (151 ® Im> + (131 ® Im> (F® Im)]x

(3.6)
=xT [(P,T P+ P1F1> ® Im]x = —xT(Q; ® Ly)x,
where
Q KY(HITﬁl + ﬁ1H1> KYZ <H1Tﬁ1 + ﬁ1H1> — 2?1 (3 7)
1 = . _ _ _ _ _ . .
xy?(HI Py + PiH;) - 2Py wy*(HI Py + PiH; ) - 2yPy
Note that
Ky xy? S
® <HZ Py + P H, - ,11) > 0. (3.8)
xky? xy®
YKy
Then we have
xyul wy2ul — 2P
Q>Q:= Vs (3.9)
xy*ul = 2Py wy’ul - 2yP;
By using Lemma 2.2, (3.4) guarantees that matrix Q is positive definite.
In addition, the maximum eigenvalue of P, is
o 2+7P424/1 4yt _
/\max <P1> = 5 )Lmax <P1>/
(3.10)

. xT(Ql ®I)x Amin(Q)
mn xT<131 ® I)x - )Lmax <131> '

Let g := /\min(Q)/ZAmax(f’z). Then, we have V(x) < -2pV(x), which implies V(x) <
V(x(0))e ?#*. Moreover, we have

1§
~—

-)lmax
vV o vVO) e"ﬁtgiﬂx(O)He‘ﬂt. (3.11)

Vamin(F) (1) )

Thus we have lim; ., ., x(t) = 0 with at least an exponent rate 5. The proof is now completed.
O

(Bl <

—
B,
5

S
el
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Remark 3.2. Obviously, the consensus problem of closed-loop multi-agent system (2.4), (2.5)
and (2.6) is equivalent to stability problem of error system (3.1). The closed-loop multi-
agent system and the error system are both 2n-order systems, and the consensus condition
(3.3) given in Theorem 3.1 is n-order Lyapunov matrix inequalities. Thus, the established
consensus condition is a reduced order condition. In many applications, the system normally
switches in finite model. The assumption that the system switches only in finite model is
often used. Because the interconnection topology is modeled by weighted digraph, different
weight will lead different interconnection topology. Although the set of nodes and the set of
possible edges are finite, the set of possible interconnection topology may be infinite, but from
the point of mathematics, the assumption that the index set [ is finite in Theorem 3.1 may be
not necessary. From the proof of Theorem 3.1, we can also obtain the result of Theorem 3.1 by
the assumption that condition (3.3) is satisfied for any element of an infinite index set /.

Note that the matrix H = L + B plays a key role in the convergence analysis of system
(3.1). A matrix is said to be a positive stable matrix if all its eigenvalues have positive real
parts. The matrix H = L + B is positive stable if and only if node v, is globally reachable in G
(see [18]).

Of course, the result of Theorem 3.1 can be applied to fixed topology case directly.
Because H is positive stable, there exists a positive definite matrix P, € R™" such that

H™P, + P,H = I. (3.12)

Therefore, we can obtain the following corollary for fixed topology case.

Corollary 3.3. Suppose the interconnection topology G is fixed. If node vy is globally reachable in G
and the constant x satisfies

K> %Amax (ﬁz), (3.13)

then the local control law (2.6) can guarantee that system (2.4), (2.5) achieves consensus for any given
initial condition r(0) and p(0).

Moreover, let \;{(H) = a; + jf; (i =1,2,...,n) be ith eigenvalue of H. A necessary and
sufficient condition for fixed topology case obtained by [21] is given as follows. The local
control law (2.6) can guarantee that the multi-agent system in leader-following case achieves
consensus for any given initial condition r(0) and p(0) if and only if node v, is globally
reachable in G and the constants x and y satisfy

1 B

The assumption that node vy is globally reachable in G can guarantee that a; > 0. For
any giveny > 0, a; > 0, and f;, it is not difficult to see (3.14) can be satisfied for larger enough
x. Obviously, (3.14) always holds for any y > 0, x > 0 if all §; = 0. When the interconnection
graphs G associated with all followers are undirected and node vy is globally reachable in q,
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all eigenvalues of H are real and positive (see [9]). Thus, in this fixed undirected case, multi-
agent system (2.4)—(2.6) achieves consensus for any given initial condition r(0) and p(0) if
and only if node vy is globally reachable in G.

Consider the special case that the graph G, associated with all followers is balanced.
The matrix L, + LI is positive semidefinite. Moreover, we have (see [18]).

Lemma 3.4. Suppose G is balanced. Then H] +H, is positive definite if and only if node v is globally
reachable in G,.

Based on Lemma 3.4 and the fact that the set [ is finite, define

A= %rln,i)n{)tmin(HlT + Hj) | node 0 is globally reachable of G and G is balanced} >0
€lo
(3.15)

which is fixed and depends directly on the constants ag) and ﬁfl) fori,j = 1,...,n and
I =1,2,...,N. Obviously, if all the interconnection graphs G, associated with followers
are undirected and node v, is globally reachable in G,, A1 can be expressed as \; =

minpep, { Amin (H1) }. Now we propose following the corollary for the balanced graph case.

Corollary 3.5. In any interval [t;,t;,1), suppose that node vy is globally reachable in the inter-
connection graph G, and Gy associated with all followers is balanced. Taking a constant

K>—, (3.16)

then multi-agent system (2.4)—(2.6) achieves consensus for any given initial condition r(0) and p(0).

Proof. According to Lemma 3.4 and the definition of Xl, we have
HI'T+1H; >2\1. (3.17)

Then we can obtain the corollary directly by using the result of Theorem 3.1. O

Because the interconnection graph considered in this paper is weighted graph,
two graphs with same edge set and different weighted adjacency matrices are different
interconnection graphs. Although the node set and edge are finite, the set of possible
interconnection graph may be infinite. For the case that all the graphs G;, I € Dy are associated
with all followers are balanced and the switching index set 0 is infinite, we also can prove
that multi-agent system achieves consensus by only assumption that there exists a positive

0

constant ami, such that all nonzero weighted factors a;’, bi(l) are equal or greater than amin.

j

To probe the consensus stability condition in this case, let I'y = {ap, p € Do}
denote the class of all possible interconnection graphs with the following properties: (1)
vy is globally reachable node; (2) the interconnection graph G, related to all followers is
balanced; (3) all constant weighted factors a;j, b; are equal or greater than a positive constant

Amin- Po is index set of I'y, which is infinite set. Let fo denote the class of all possible
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nonweighted interconnection graphs with the properties: (1) vy is globally reachable node;
(2) the interconnection graph G related to all followers is undirected; (3) all nonzero weights
are 1.

For any graph G € T, we construct a related graph G by replacing all directed edges
between all follower agents with undirected edges and all nonzero weights with 1. Because vy

is globally reachable node in the interconnection graph G, vy is also globally reachable node
in G. Thus, we have G € I'y. Moreover, H(G) = B(G) + L(G) is symmetric and positive definite
by Lemma 3.4. Because of the finiteness of node set and edge set, I'y is a finite set. Define

T = min{Amin (F(G) ) }, (3.18)

Gelo

which is fixed, and L > 0.

On the other hand, consider a weighted graph G with same node set and edge set as
61. In addition, its weight of edge (i, j) is taken as (a;j + a;ji) /2 — amin > 0 and weight of edge
(0, i) is taken as 2b; — anin > 0. It is not difficult to see that

- 2B (6) + L<6) + LT (6) — i [B <6) + L(f;)] (3.19)
(@) 1) - et (0)

Noticing that H Q) is symmetric and positive semidefinite matrix, we have
H(E) +H" (6) > aminH<6> 2 aminxll- (3.20)

Similarly, we can get the following result.

Corollary 3.6. Suppose that the interconnection graph G (t) of any interval [tj, tj+1) belongs in To.
Take a constant

2
K> ————. 3.21
aminY2)‘1 ( )

Then the local control law (2.6) can guarantee that the multi-agent system in leader-following case
achieves consensus for any given initial condition r(0) and p(0).
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4. Leaderless Case

In this section, similar to the analysis given in the last section, we probe the consensus
problem for leaderless case. The involved interconnection graph is G instead of G. The closed-
loop system (2.10) will be expressed in a compact form as follows:

% = (Fy ® Iy)x (4.1)

with

Gy P ()
X = , Fs = . (4.2)
p —-kLs; —xyLs

Noticing that vector 1 is the eigenvector of the Laplacian matrix L, corresponding to
its zero eigenvalue by Lemma 2.1, we choose an orthogonal matrix with form

1
— Xk *
Vn
1
—_— ke %k
u={vr o (+3)
1
—_ %k e ok
N

where * denotes the other entries in this matrix. We have

0 B
uTL,u = ), (4.4)
0 L,

where B, € R*", I, € R#*-D*(""1) Taking s = UTr and g = U"p, system (4.1) is equivalent

to be described by
. 0 —xB, _ 0 -xyB, ~ (4.5)
q= — &Iy |s+ _ ® Iy, q.
0 _KLL’)' 0 —KYLO-

For convenience, set

T
=T =T =T
gl = <52,53,...,Sn> y
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%o = 4y,

o = (@@ h)

(4.6)
Then the whole system decomposes into two subsystems as follows: one is
51 =1,
— _ 4.7)
g1 = _K<LU ® Im)§1 - KY<L0' ® Im>qn,
and the other one is
50 = ¢o,
(4.8)

5o = —K(EG ® Im)§1 - KY(EU ® Im)(pl.

Notice that all eigenvalues of the matrix L, are eigenvalues of L, from (4.4), which means all
of the nonzero eigenvalues of L, are located on the open right half plane by Lemma 2.1. If the
graph has a globally reachable node, the rank of fo is n — 1, and therefore all the eigenvalues
of matrix L, are located on the open right half plane, which implies matrix L, is positive
stable matrix. Now we give the main result in leaderless case as follows.

Theorem 4.1. Suppose that the interconnection graph has a globally reachable node for any interval
[tj, tj+1). If there exist a matrix Uy € R, a positive definite P; € R™"D*""1) and a positive
constant p such that

uji=o,
Uil = I, (4.9)

T—
(UTLuy) Ps+ Ps(UfLil) 2 pl, 1€p,
and taking a constant
2 —
K> —Amax(P3), (4.10)
wr? ()

then the local control law (2.9) can guarantee that the multi-agent system in leaderless case achieves
consensus for any given initial condition r(0) and p(0).

Proof. Take U = ((1/+4/n)1,Uy). Due to U]1 = 0 and U] Uy = Iy, it is easy to know that U is
an orthogonal matrix and satisfies (4.4). Because the interconnection graph G; has a globally
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reachable node, L; = UTL;U, is positive stable matrix. Applying the result of Theorem 3.1 to

system (4.7), we have
im <§1> 0. 4.11)
t— o0 (Ifl

Noticing that UT1 = (v/7,0,...,0)", we have
1 _ 1 0
rit) = =1 = u<s - Tﬁgo(t)uT1> _ u<§1(t)

0
p(t) - \/Lﬁ(lfo(t)l = U<ﬁ— \/Lﬁqfo(t)uT1> = U<q}1(t)> —0 (t— +o0),

> — 0 (t — +o00),
(4.12)

which imply lim; , o, (7;(t) — 7j(t)) = 0 and lim; _, ;. (p;(t) —p;(t)) =0 foranyi,j=1,2,...,n.
This completes the proof. O

Similarly, consider the special case that all the interconnection graphs G, are balanced.
Due to 1L, = L,1 = 0 for balanced graph G, we have

0 0 _
U'L,Uu = <0 ; > L, € Ri-Dx(n=1)) (4.13)
(o}

where U is orthogonal matrix having form (4.3). The next lemma is given for ZZ + L.

Lemma 4.2. If G, is balanced and has a globally reachable node, then fz + L, is positive definite.

Proof. 1/ 2(LT + L,) is the Laplacian matrix of the mirror graph of G,. Because G, is balanced
and has a globally reachable node, the mirror graph is undirected and connected. Therefor,

1/2(LL + L,) is positive semidefinite and its rank is n — 1. From (4.13), we have fz + Lo is
positive definite. O

Based on Lemma 4.2 and the fact that the set [ is finite, define

_ 1 T
Ay = Ilnlﬁn{ E)Lmin <L,T + L1> | G; is balanced and has a globally reachable node} > 0.
€,
(4.14)

12 is also well defined. From (4.13), 12 is equivalent to be expressed as

N .
L = 12151{ E.)Lz (L] + L) | G is balanced and has a globally reachable node} >0, (4.15)
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where AZ(LZT +L;) is the second small eigenvalue of LZT +L;. Moreover, if all the interconnection
graphs G, associated with any time interval are undirected and connected, then we have

Ay = minep {A2(Ly) }. For balanced graph case, the following corollary is similarly obtained
as in Corollary 3.5.

Corollary 4.3. In any interval [t;,t;.1), suppose that the interconnection graph G (t) is balanced and
has a globally reachable node. Taking a constant

K>—, (4.16)

then the local control law (2.9) can guarantee the multi-agent system in leaderless case achieves
consensus for any given initial condition r(0) and p(0).

Similarly, denote by I' = {G,, p € P} the class of all possible interconnection graphs
with the following properties: (1) the interconnection graph G, is balanced and has a globally
reachable node; (2) all constant weighted factors a; are equal or greater than a positive
constant apn;,. P is index set of I', which is infinite set. Let I denote the class of all possible
nonweighted interconnection graphs with the properties that the graph is balanced and
connected. Thus T is a finite set. Define

T = min{ s [L7(G) +L(G)]}, 4.17)

Ger

which is fixed, and X, > 0. By applying similar analysis of leader-following case, we propose
the following result directly.

Corollary 4.4. Suppose that any interconnection graph G, (t) associated with interval [t;,t;,1)
belongs in T Take a constant

2
K> ———. 4.18
aminYz-)LZ ( )

Then the local control law (2.6) can guarantee that the multi-agent system in leader-following case
achieves consensus for any given initial condition r(0) and p(0).

Remark 4.5. We define the center of the multi-agent system as 7 = (1/n) X", 7. The velocity
of the center is expressed as p = (1/n) X[, p;. If all the interconnection graphs G, associated
with any time interval are balanced, the dynamics of center is given by
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1& 1&
r=—)%X=—>0v=p,
i1 ni3
. 14 1&
p= ;Z;Pi = 7—121:“1, (4.19)
i= i=

= %i [‘KZ aij(ri = 1;) =« > aij(pi = p;) | =0.

i=1 JEN; JEN;

Then, we can get that

) = 5(0) = 3 3p(0) = —=pa(t),
= (4.20)

ﬂﬂ=de+ﬁwﬁ=i%®G%

The center 7 of the closed-loop system (2.10) will move at a constant speed (1/n) >, ,pi(0),
which is the average initial velocity of all agents. The position and velocity of every agent
will tend to the position and velocity of center, respectively, which means that the multi-agent
network achieves consensus.

Remark 4.6. If the dynamics of the agent is linear, that is, ¥ = u;, and the interconnection
graph is jointly connected, as pointed out in the local control law can guarantee the multi-
agent system achieves consensus [1, 8]. But for double-integrator model, the jointly connected
condition may not guarantee that the multi-agent system achieves consensus. We propose
a counterexample as follows. Thus the assumption that the interconnection graph has a
globally reachable node in many references and also in this paper may be moderatable and
acceptable.

Counterexample 1

The multi-agent system contains two agents, labeled by agent 1 and agent 2. Without loss of
generality, we assume m = 1. For any positive constant a, let ty = 0, t;, t2,... be an infinite
time sequence, which satisfies tyx1 = tax + 1 and toksa = toks + (1/2a%) + (1/4a%) (e** + e72%),
k=0,1,2,.... Suppose that the two agents are connected in time interval [y, t2k+1) and not
connected in time interval [tyk.1, tok+2). The dynamics of the two agents can be expressed as

i=1,2. (4.21)
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Take x = 2a, y = a. All nonzero weighted elements of graph are taken as 1. Applying the local
law (2.9) to the multi-agent system, the control input u; has the following form:

=2a(r1 - 1) —2a%(p1 —p2), tE€ [to, k1),

ui(t) =
0, t € [taks1, toks2),
(4.22)
“2a(r,—1)-2a*(p2—p1), tE€ [ta, taks1),
uy(t) =
0, t € [tak+1, tok+2)-
The initial position and velocity of agents are taken as r1(0) = -r»(0) = (e** - 2a + 1) /4a?

and p;(0) = —p2(0) = 1. From the symmetry of the input and initial values, we can know that
ry = —1» and p; = —p,. Then, we can obtain

42 2a
1+2a 1
—_— + R

42 4

ri(t) = -ra2(t) = 3 [

( 2a 2a
e“*-2a+1 e“*+1
[ + (t- t4k)] e 20te) -t e [ty tags1),

€2 _(t — ), t € [taks1, tans2),

20 20
e“*-2a+1 e*+1
+ (t- t4k)] e~ 20ttt € [tapsn, takes),

42 2a
1+2a 1 .
a1t (- tks), t € [takss, takes),  (4.23)
\
e 20Ut — (2% 4+ 1) (t — tag)e 221, t € [tak, taks1),
-1, t € [taks1, taks2),
p1(t) = —pa(t) =
_e2alt-ty) 4 (32“ +1)(t- tagin)e 20 te) t € [typsn, tarss),
(1 t € [takss, taksa),
for k = 0,1,2,.... Although the interconnection graph related with any time interval

[f2k+1, taks2) is not connected, the jointed graph related to the multi-agent system is jointly
connected in any interval [fak, t2(k+1)). Thus, the interconnection topology of the multi-agent
system satisfies jointly connected condition proposed by [1]. On the other hand, it is easy to
see that the multi-agent system cannot achieve consensus for any positive constant a in this
case.

5. Simulation Examples

In this section, to illustrate our theoretical results derived in the above sections, we will
provide two numerical simulations. Without loss of generality, we take m = 1 in numerical
simulation. In leader-follower case, consider a multi-agent system with one leader and six
followers. The interconnection topology is arbitrarily switched with switching period 1
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among four graphs ai (i = 1,2,3,4). The Laplacian matrices L;(i = 1,2,3,4) for the four
subgraphs G;(i =1, 2, 3, 4) are

/3515 0 0 0 -2\ /5 120 20\
1 55 =25 0 -2 0 1545 -1 0 0 -2
0 -1 2 -10 0 2 14 0 -10

le 7 L2: 7
0 0 -2 5 -1 -2 0 00 2 0 -2
0 2 0 -15 -2 1 0 -10 2 0
\-1 0 0 -1-2 4/ 0 20 20 4/

(5.1)

/3 0 0 20 -1\ /2 0 0 -1-1 0\
02 0 -1-10 04 20 20
00200 -2 025 20 -1

L3= , L4= ’
210 5 20 20 240 0
0-10 23 0 120 0 5 -2

\=2 0 20 0 4/ \0 0 -10 —2 3/

and the diagonal matrices for the interconnection relationship between the leader and the
followers are

By =diag(1,0,0,1,0,0), B, =diag(0,1,0,1,0,0),
(5.2)
B; = diag(1,0,0,0,1, 1), By = diag(0,0,1, 1,0, 0).

The positive definite

/4.60 0.58 0.18 0.65 0.78 0.67\
0.58 4.01 0.95 0.41 0.92 0.85
_ 0.18 095 6.12 0.74 0.80 1.38
P, = (5.3)
0.65 0.41 0.74 3.51 0.59 0.61
0.78 0.92 0.80 0.59 5.08 1.05

\0.67 0.85 1.38 0.61 1.05 4.92/

and p = 1 satisfy condition (3.3). Take y = 2.5 and & = 3 > (2/ #y?) Amax (P2), where Aoy (P2) =
8.81.

The initial positions and velocities of the all agents are randomly produced. The
position and velocity errors in Figure 1 are defined as r; — rp and p; — po, respectively. Figure 1
shows that the follower agents can track the leader.

In leaderless case, consider a multi-agent system with six agents. The interconnection
topology is also arbitrarily switched with switching period 1 among four graphs G;(i =
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Figure 1: Position and velocity tracking errors of six followers.

1, 2, 3, 4). The Laplacian matrices L;(i = 1, 2, 3, 4) of graphs G, are also defined as above.
The matrix

/—0.4695 0.4926 0.3434 0.3596 —0.3507\
—0.5804 -0.5372 -0.0859 -0.4456 -0.0433
0.3598 0.3469 -0.5239 -0.3718 -0.4133
U, = , (5.4)
0.5426 -0.2934 0.6559 -0.0941 -0.1174
0.0109 0.3577 0.0222 -0.1558 0.8249

\0.1366 -0.3666 -0.4118 0.7077 0.0998/

the positive definite

0.7577 -0.0131 -0.0377 0.0021 -0.0559
—0.0131 0.6863 0.0262 0.0109 -0.0595
P; =1 -0.0377 0.0262 0.8184 0.0813 0.0027 (5.5)
0.0021 0.0109 0.0813 0.8299 0.0194
—0.0559 —-0.0595 0.0027 0.0194 0.8698

and p = 1 such that they satisfy condition (4.9). Take y = 2.5 and x = 1 > (2/py?) Amax(P3),
where Apax (1_33) = 0.93. The position and velocity errors in Figure 2 are defined as r; — 7 and
pi — p, respectively. Figure 2 shows the multi-agent system in leaderless case can achieve
consensus.
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Figure 2: Position and velocity tracking errors of six followers.

6. Conclusion

In this paper, we have investigated the control of multi-agent systems with varying directed
interconnection topologies using graph theory and stability theory. The proposed consensus
strategy is neighbor-based law that is, each agent regulated its position and velocity based
on its neighbor agents. There are two different cases considered in this study. One is the
leader-following case and the other the leaderless case. To make this less conservative, a
parameter-dependent common Lyapunov function (CLF) was constructed to analyze the sta-
bility of the closed system. Some sufficient conditions are given to achieve consensus of
these mobile agents with the proposed local control strategies in both leader-following
and leaderless cases, respectively. Of course, we can obtain consensus condition directly
for the multi-agent system with the switching and undirected interconnection topology
or directed balanced interconnection topology. Due to conservativeness of the common
Lyapunov function method, we will probe less conservative method in our future work. We
also will probe multi-agent H, consensus control problems with external disturbance under
time delay directed switching topologies in our future work. Moreover, several numerical
simulations were shown to verify the theoretical analysis.
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