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Abstract: This paper addresses the cooperative output regulation problem of a class of multi-agent systems (MASs). Each agent
is a switched linear system. We propose an agent-dependent multiple Lyapunov function (MLF) approach to design the switching
law for each switched agent. The distributed controller for each agent is constructed based on a dynamic compensator. A sufficient
condition for the solvability of the output regulation problem of switched agent networks is presented by distributed controllers and
agent-dependent multiple Lyapunov function approach. Finally, simulation results demonstrate the effectiveness of our theory.
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1 Introduction

Multi-agent systems (MASs), as a group of autonomous
agents, can be used to undertake large and complicated
tasks through coordination among agents. Switched MASs
in this study mean that the dynamics of each agent can
be described by a switched system. A switched system is
composed of a family of continuous-time or discrete-time
subsystems and a rule determining the switching between

1,2 Many practical systems may be mod-

the subsystems[
eled by switched systems due to the environment or pa-
rameter changes during the process of operation of systems
such as constrained robot, power systems and vehicle con-
trol systems[3_5], etc. This inspires the study of switched
systems. The main concern in the study of switched sys-
tems is the issue of stability. Under an arbitrary switching
law, a necessary and sufficient condition to achieve asymp-
totic stability for a switched system is the existence of a
common Lyapunov function (CLF) for all subsystems!® 7.
But, a CLF does not often exist or is difficult to construct.
Further, multiple Lyapunov function (MLF) approach pro-
posed in [8] is a powerful and effective tool for designing
switching. Successful applications of this approach to the
stability analysis, the stabilization problem and robust Hoo
control problem of switched systems can be seen in [9, 10].
Other approaches about stability analysis of switched sys-
tems such as average dwell time approach were also pro-
posed in [11,12].

On the other hand, distributed cooperative control for
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MASSs is a very active research area in the system and con-
trol society. Distributed control, which applies constrained
information among agents to implement control objectives,
achieves better desired performance similar to centralized
control as well as reduces the complexity for designing con-
troller like decentralized control*®l. Several main issues on
distributed cooperative control include consensus, coordi-

nated controller tuning, flocking and formation™*~17]

, etc.

Output regulation, which involves designing of a con-
troller to ensure the system output tracking reference
signal generated by an autonomous system meanwhile
realizing interference suppression, is one of the most
The rich results

on output regulation have appeared in [18,19]. Many

fundamental topics in control theory.

approaches on solving the output regulation problem, such
as state feedback control, output feedback control and

internal model principle(2°—23!

, are proposed. Furthermore,
these approaches are extended to cope with the distributed
output regulation problem of MASs. For non-switched
agent networks, by a dynamic full information distributed
control scheme, the cooperative output regulation problem
can be solved as in [24]. Further, a consensus control
design approach for heterogeneous MASs is proposed to
ensure that the outputs of all the agents converge to the
same desired output trajectory by exploiting the internal
model design strategy in [25]. Xiang et al.?’) address
the problem of synchronized output regulation of linear
networked system where all the nodes have their outputs
which track signals produced by the same exosystem and
the state of exosystem is accessible only to leader nodes,
while follower nodes regulate their outputs via a distributed
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synchronous protocol. Moreover, a host internal model (h-
IM) approach to distributed output regulation of reaching
nonlinear leader-following consensus is presented in [27].
The switching of multi-agent systems involves two cases.
One case is that the dynamics of each agent are described
by a switched system, e.g., this paper. The other case is
that the communication interconnection of agents is switch-
ing such as [28—30]. In [28], a cooperative problem of MASs
with switched jointly connected interconnection topologies
is addressed and a sufficient condition to make all the
agents’ states converge to a common value is given for the
problem by a Lyapunov-based approach and related space
decomposition technique. Under the condition of jointly
connected switching interconnected topologies, the leader-
following consensus can be reached by designing appropri-
ate control law in [29]. In [30], for different network topolo-
gies, three types of event-triggered schemes (ETSs) are pro-
posed to reach leader-following consensus. Limited litera-
ture exists on output regulation for the case where each
agent is a switched system. In [31], the output regulation
problem of switched linear multi-agent systems with stabil-
isable and unstabilisable subsystems is investigated and an
agent-dependent average dwell time method is proposed.
However, if the output regulation problem is solvable for
none of the subsystems of each agent, the proposed ap-
proach in [31] is invalid. But, the cooperative output reg-
ulation can still be achieved for switched agent networks
by using the agent-dependent multiple Lyapunov function
approach proposed in this paper. Furthermore, under arbi-
trary switching, the output regulation problem of switched
agent networks with a special form is studied by designing
a distributed control law in [32].

Motivated by the above considerations, this note stud-
ies the cooperative output regulation problem of MASs in
which each agent dynamics are represented by a switched
heterogeneous linear system. The paper has two main con-
tributions. First, an agent-dependent multiple Lyapunov
function approach to solve the output regulation problem
of switched MASs is proposed. Agent-dependent means the
switching law for each agent is dependent on its own state
and does not rely on other agents’ states. Since each agent
is a switched system, the switched MASs is naturally an
overall switched system. If the classical multiple Lyapunov
function approach were applicable to the whole switched
MASs, the study would be trivial. Further, this agent-
dependent switching approach is more flexible and practi-
cable because the overall switched MAS is no longer taken
as a full system to which the multiple Lyapunov function
approach is applied. To our best knowledge, this approach
has not appeared in the existing literature. The results
of this paper extend the existing work for non-switched
multi-agent systems[24] to switched agent network where
each agent is a switched linear system. This brings more
difficulties and challenges for the solvability of the out-
put regulation problem. In addition, the output regulation
problem for each agent is solvable in [24]. However, the

output regulation problem is solvable for none of the sub-
systems of each agent. Then, the agent-dependent multiple
Lyapunov function approach is proposed to achieve output
regulation for switched multi-agent systems. Finally, each
agent is described by a switched system considered in this
paper whereas the communication interconnection of agents
is considered switching in [29, 30]. Also, the switching sig-
nal satisfies dwell time. In this paper, the switching law is
designed to realize the regulation goal. Secondly, owing to
the constrained information exchanges, i.e., not every agent
can obtain the exosystem’s information and each agent can
only obtain the information of its neighboring agents, a
distributed controller for each agent is designed. Then, a
sufficient condition for the solvability of the output regu-
lation problem of switched agent networks is presented by
distributed controllers and agent-dependent multiple Lya-
punov function approach. In addition, compared with the
existing literature®? | the switched linear MASs considered
have more general structure.

The remainder of the paper is organized as follows. The
preliminaries and problem statement are given in Section 2.
In Section 3, the main results are developed. An example
is given in Section 4. Section 5 draws a conclusion.

Notations. Let M and N are two real matrices. The
Kronecker product of M and N is denoted by M @ N. M™
represents the transpose of M. We use || - ||2 to represent
the Euclidean 2-norm of vectors.

2 Problem formulation

The information flow among agents and exosystem is
described by a directed or undirected graph and the de-
tailed content can be found in [13]. A graph is denoted
by G = (9,¢), where ¥ = {0,1,2,--- , N} is a node set and
€ € ¥x¥is an edge set. If an edge (4, j) € ¢, this implies that
node j is a neighbor of node i, i.e., node j can get informa-
tion from node ¢ and the term aj; is a positive weight, oth-
erwise aj; = 0. A = [ay], 4,7 = 1,2,--- , N is an adjacency
matrix of the graph G. The i-th agent’s neighbor set is de-
noted by ®; = {j : (j,4) €e,i=1,2,--- ,N}. Let a diago-
nal matrix D = diag {Z;V:I aiy, Zj\;l azj, -, Z;V:I anj},
the Laplacian matrix L will be defined as L = D — A. Let
aio expresses the connection weight from the i-th agent to
the leader, and a;o > 0 if the i-th agent can obtain infor-
mation from the leader, otherwise a;o = 0. Set a diagonal
matrix Ap = diag {a10,a20, - ,ano}. Let H = L + Ao,
which describes the connectivity of the whole multi-agent
systems in G. In order to solve the output regulation prob-
lem, we will introduce a lemma about the matrix H.

Lemma 1.["*! H is positive definite if and only if node
0 is globally reachable in G.

The MASs considered in our paper is composed of N
switched heterogeneous agents, the dynamics of each agent
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are described by a switched linear system

X, = Aigi(t)l‘i + Bigi(t)ui + Eio,;(t)w
6i:Cil‘i+Fw, iGIN:{1,27"'7N} (1)

where z; € R" u; € RPi y; € R? are the state, control
input and output of the i-th agent, respectively. o;(t) :
[0,00) — M; = {1,2,--- ,m;} is the i-th agent’s switch-
ing signal which depends on agent’s state, time or both.
Aij; Bij,, Fij;, Ciyt € In,ji € M; are constant real matri-
ces of suitable dimensions. e; is the i-agent’s regulated error
output. w € R? is the exogenous signal and is generated by
the following autonomous linear system.

w=>8w, yo=—-Fuw (2)

where S, F' are constant real matrices and yo is the reference
output.

We assume that each agent’s state is measurable, but
each agent does not obtain the information of the exosys-
tem. Instead, each agent can only obtain the information of
its neighboring agents. Since the information flow among
agents is constrained, each agent’s controller is designed
relying on all of these available information. Here, a dis-
tributed controller is proposed similar to that in [24].

Ui = Kigi(t>x7; + Gio,;(t)m (3)
7 = Sni + Z aij(nj —m:) + aio(w —n:)  (4)
JEP;

where K;;, € RPi*"™ Gy, € RP* 4 € In,j; € M; are
gain matrices to be determined later and a;j, a0, which are
introduced in Section 2, are entries of the adjacency matrix
A and degree matrix D, respectively.

Remark 1. Asin [24], the dynamical system (4) is called
a dynamic compensator (or a distributed observer) and can
be viewed as an estimate of the exosystem state w for the
i-th agent.

The control objective is to design distributed controllers
(3)—(4) and switching laws o;(t) to solve the cooperative
output regulation problem of switched MASs (1) and the
exosystem (2). The details are stated below.

The cooperative output regulation problem of
switched MASs. Given systems (1) and (2), if possi-
ble, find the control law (3)—(4) and switching signals o ()
such that

1) The origin of the switched MASs (1) with controllers
(3) and (4) are asymptotically stable under the designed
switching law o;(t) when w = 0.

2) The tracking error e; satisfies

tlgg() ei(t) =0 (5)
for any initial condition z;(0),n;(0) and w(0),i € In.

Throughout this paper, Assumptions 1-4 and Lemma 2
are needed.

Assumption 1. All the eigenvalues of S are semi-simple
with zero real part.

@ Springer

Remark 2. This assumption relaxes Assumption 1 in
[24] in order to simplify the calculation. If this assumption
was replaced by Assumption 1 in [24], the output regula-
tion problem for switched multi-agent systems would also
be solved by the same technique under the controller in [24].

Assumption 2. For i € Iy, j; € M;, the linear matrix
equations

XiS = Aij; Xi + Bij;Uij; + Eij;
0=CiX;+F (6)

have the solution pairs (Xj, Usj, ), respectively.
Assumption 3. o;(t),i =1,2,--- , N, has finite number
of switchings in any finite interval of time.
Remark 3. Assumption 2 is a standard assumption
in the literature to solve the output regulation for non-

(24 Assumption 4 is

switched linear multi-agent systems
a standard assumption in the literature to rule out Zeno
behavior for all types of switching.

Let G be a graph describing the connection among agents
in company with the exosystem (2).

Assumption 4. The graph G includes a spanning tree
with root on node 0 (the exosystem (2)).

Lemma 2.5 Consider the switched linear time-varying

system
Te = Aco(tyTe + Begotyv
v=TIv
e=Cecxc+ Dcv (7)
where z. € R",v € R% are states. oc(t) :

{1,2,---, p} is the switching signal. Ac;, Bei,i =1,2,-+- ,p
and C.,D. are constant matrices. Suppose that the

[0,00) —

switched linear system z. = A, (s is asymptotically sta-
ble under the switching signal o.(t) and there exists a set
of constant matries X. that satisfies the following linear
matrix equations:

X' =AciXce + Bei

0=CeX.+De,i=1,2,--+,p (8)
then, we have
tlim e(t) =0. 9)

3 Main result

In this section, a sufficient condition for the solvability
of output regulation problem of switched agent networks is
given via the agent-dependent multiple Lyapunov function
approach and designing distributed controllers.

It is easy to know that the agent’s switching results in
the switching of the overall MAS. Here, the merging signal
technique in [32] is used to describe the switching signal of
the whole switched MAS. This emerging switching signal
of the whole switched agent networks is denoted by o(t) =
(0’1(t)70'1(t),~ . ,O‘l(t)) : [0,00) — M1 X M2 X - X MN,
where ;(t),i € In is the i-th agent’s switching signal. The
merging switching behavior means that the whole switched
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multi-agent system has M; x Ms X --- X My subsystems
and the set of switching times for o(t) is the union of the
sets of switching times for o;(t),7 € In.

Suppose that the gain matrices are K;j,,1 € In, ji € M;,

which will be given later. Then, let

Gij; = Usj, — Kij; Xi (10)
where X;, U;;, are the solutions of (6).
Let
A;j = block diag(A1jy, A2j, -+ Anjiy)
Bj = block diag(Bjy, Bajy, By )
Ej; = block diag(Enj,, Eajy, -+, Enjy)
K]' = block diag(Kljl,th, e ’KN]'N)
Gj = block diag(G1j,, G2js, Gy )

C = block diag(C1,Ca, -+ ,Cn)
X = block diag(X1, X2, -+, Xn)
i1 €IN,ji € Mi,j € M1 X My X+ X Mn.

By (6) and (10), we have

X(IN ® S) = (AJ + BjKj)X + (Ej + BjG]')
0=CX+(IN®F). (11)
We now give the solvability condition of cooperative out-
put regulation for switched agent networks.
Theorem 1. Let Assumptions 1—3 hold. Suppose that

there exists symmetric and positive-definite matrices Py,
and constants Bij,;, > 0,7 € In, ji, js € M; such that

(Al]z + Biji Kij'i)TPi]'i + Piji (Aij'i + Biji Kl]1)+

yorln: + Y Bijsse (Pig. — Pij;) < 0. (12)

Js=1

Then, the output regulation problem for the system (1) and
exosystem (2) is solved by the controller (3) and (4) under
the following agent-dependent switching law

oi(t) = 1a£g glin{x?Pijiwi}. (13)
S7ismy

Proof. Under the distributed control laws (3) and (4),
the closed-loop system of i-th agent is
@i = (Aij, + Bij; Kij )i + Bij, Gijini + Eij,w

= Smi+ Y aij(nj —mi) + aio(w —m)

JEP;
w=Sw
e; = Cix; + Fw. (14)
Let z = (x}“7w'2r’ 71.%)777 = (n?;ﬂga 777N)76 = (615627

-,en) and @ = 1y ® w. Thus, the overall closed-loop
system of the switched MAS can be rewritten as
& = (Agt) + Boty Ko ()T + Bo()Goyn + Eony@
n=(Un®S) = (H&I))n+ (H&I)w
o= (In®S)®
e=Cr+ (In @ F)&. (15)

where o(t) is the merging switching signal of the the whole
MAS, while the switching signal of the i-th agent is still
g; (t)

First, we will prove the origin of the closed-loop system

& = (Aet) + Bo() Kot))® + Bo(tyGo)n
n=[In®S)—(HeI)n (16)

without the disturbance input (i.e., w = 0) is asymptoti-
cally stable. Obviously, according to Assumptions 1 and
3, [Un ®S) — (H ® I)] is Hurwitz. Therefore, there exist
a symmetric and positive-define matrix @ and a positive
constant o2 such that

(In®S)—(H®I)]"Q+Q[(INn® S) — (H ® I,)]+
Yo2Ing < 0. (17)

Let Vij,,i € In,ji € M; be Lyapunov candidate func-
tions for each subsystem of the i-th agent, then, the i-th
agent’s Lyapunov function is denoted as

Vi= Z tig; Vij,
Ji=1
where 15, is Z* — {0,1} and }7"., 4;;, = 1, which in-
dicates that t;;5;, = 1 when the j;-th subsystem of the i-th
agent is active, otherwise ¢;;, = 0.
For the closed-loop system (16), we define the following
Lyapunov function
N my
Vi) =Y > g Vigi () + kV () =
i=1j;=1
N my
SO g Pymi+knt Qn (18)
i=1j;=1

T and k is a positive constant

where z = (21,22, - ,ZN)
which will be determined later.
Without loss of generality, when the j;-th subsystem of
the i-th agent is active, by (12) and (17), we can derive that
. N
Vi(w,n) = Y (&1 Pij,wi+ @i Py, i)+
i=1
k()" Qn+n" Qi) =
N
> A« [(Aij; + Bij, Kij;) " Pij,+
1=1
Pij, (Aij; + Bij, Kij,)Jwi + 2] Pij, Bij, Gijoni }+
k' {{(In ® 8) — (H @ I,)]"Q+
QIUn ® 8) — (H @ 1y)|}n <

N m;
> A=Y [Bisisewi™ (P, — Pigp)w] — youllzi13+
=1

jam1
2x; Pij, Bij,Gijimi} — kyoz|Inll3, (z,m) " #0. (19)

We know that there exist constants a; > 0,0, > 0,7 €
[N,ji € Mi, such that

i Pij,ll2 < cillwill2, ||Bij, Gijimill2 < illmill2.

@ Springer
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Let 0 = max{«;d;,i € In}, we have

N m;
Viw,n) <> {= > (B (P, — Piy,)wi]—
i=1  je=1

N

0 2
o1(||Till2 — +
;7 ([fa4]] vou [l mi ”2) }
N

02 2 2
> 2 mill2 = kyozInllz <

i=1 01

i {_ i [&msxiT(Pifs - Pij'i)xl} } -

i=1 js=1
k‘ _02 2
WHUHQ T (@m)T #0. (20)

2

Choose

02
k> . (21)
02701

‘We have

N m;

V(g <=>_ Y @i [Bij. (P,

i=1jo=1

(z,m)" #0. (22)

Under the switching law (13), we obtain that V(z,n) <
0, (x,1m)" # 0. Thus, the origin of the switched MASs (1)
with controllers (3) and (4) are asymptotically stable under

- Py,

the designed switching law o;(t) when w = 0.

Then, we will prove the second condition of the coopera-
tive output regulation problem of switched MASs. Rewrite
the closed-loop system (15) as

ZTe = chl'c +4 Ech:)

w=(InN®S)w
e=Cixe+ F.0 (23)
where

T

Te =
n

A A; + B K; B;Gj
” 0 (In®8) — (H® I,)

B
Ecj: J ,Ce = (C 0>
H® I,
Fo=In®F,j€ My Xx My x---Mn.

By (11), we have

A;+B;K; B,G,;
chXc+Ecj—< i+ Bk G )

0 (In®S)— (H®I,)
X E; B
IyN + Hel, |

@ Springer

IN®S
X(In®S) X
( In®S )(L;N)UN@S)

andCcXc-i-Fc:( c 0 ) (

IN® F =0.
Using the result of Lemma 2, we obtain

( (A; + B;K;)X + B,;G; + E, )

qN

tlirglo e(t) = 0. (24)

d

Remark 4. According to Theorem 1, even though the

output regulation problem is solvable for none of the sub-

systems of each agent, the output regulation can still be

achieved for the switched agent networks under the designed

switching law. This certainly increases the possibility of the

solvability of the output regulation problem for switched

multi-agent systems.

Remark 5. Applying the Schur complement lemma, we

can convert (12) to the linear matrix inequalities (LMIs)

X5 AT +
i Hi
Riji Biji+
Aigy Xig, +
Bij, Rij, +
m,
= 243 Ji \/ Ji Ji \/ Ji Ji \/ AL Ji <0
\/ﬁijilx'iji —Xi1 0 0
\/ﬁijﬂXUi 0 —Xiz e 0
\/Bz‘j,i m; Xij; 0 0 —Xim,

where Pi;il = )(ij,i,f(ijiPi;i1 = Riy,,i=1,2,--- N;j; =
1,2,--- s My, and Bi]'i]'sai = 1,2,"' 7N;ji7js = 1,2,--- Nz
are given.

Remark 6. The conventional state-dependent switching
law may lead to Zeno effect, which can degrade and even
damage the performance of the systems. Hysteresis switch-
ing approach can be adopted to avoid Zeno behavior, e.g.,
see [33, 34] and the references therein.

Remark 7. According to the proof of Theorem 1, we
know that the cooperative output regulation problem of
the switched MASs is solved when £ is a sufficiently large
constant by using the agent-dependent multiple Lyapunov
function approach.

4 Example

In what follows, we present a numerical example to illus-
trate the effectiveness of our result. Consider the switched
MASSs described by

2 = Aij, 2 + Bij,ui + Eijw
ei=Cizi+ Fu,i=1,2, j1=1,2, j»=1,2. (25)



H. W. Jia and J. Zhao / Output Regulation of Multiple Heterogeneous Switched Linear Systems

The exosystem is given by

w=Sw (26)
where
1 2 1 -2
A = LA ,B
" (3_ ) . (4 5) " ( )
B — 1 B 1 1 B — -3 —4
12 — 0 I} 11 2 1 3 12 — 1 2
2 1 0 1
Aoy = JA ,B
. (00) ; (_10) ’ ( )
1 2 0 1 0
Bas = , B = , Bag =
y (0) . (_10) ’ (OO)
1 1 1 1
CL = 702: 0 7F: 0
0 1 1 1 1

By Assumption 3, we give the matrix H describing the
information exchange of the agent networks as

HDAA( )( )
(oo)-(40)

Solving the linear matrix (6), we obtain

Xl—(_ol _11>7U11—<—2 —6)

Uie=(5 -2)

XQ—(_Ol _()1>,U21—<2 0)
Uea=( -1 0).

Let 111 = 0.25, 112 = 0.09, Bi21 = 0.16, Bi22 = 0.36,
6211 = 0.04, ﬁzlz = 0.16, ﬁ221 = 0.09, ﬁzzz = 0.167 Yor =
1.1, 702 = 2.1, according to the inequalities (12), we have

197
K= ( -72176 19824 )
Kip=( -89352 191878 )
Ko = ( —16.6314 —3.4649 )

Ko :( _1.8754 01730 )

Choosing z11(0) = 0.03, z12(0) = —0.12, 221 (0) = —0.08,
.TQQ(O) = 0.32, 7711(0) = 0.24, 7712(0) = —0.01, 7]21(0) =
—0.13, 722(0) = 0.21 as the initial conditions and applying
distributed switched dynamic feedback control law (3) and
(4), we obtain the simulation results in Figs.1—5. These
verify the validity of our theory in this paper.

5 Conclusions

The cooperative output regulation problem of switched
heterogeneous linear agent networks has been investigated.
The switching dynamics of each agent make the coopera-
tive output regulation problem more difficult for switched
MASs. Owing to the limited information exchanges among

0.6
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agents, a distributed controller for each agent is established
based on a distributed dynamic compensator. On the basis
of the traditional multiple Lyapunov function approach, a
new agent-dependent multiple Lyapunov function approach
is presented in order to solve the output regulation problem.

@ Springer

Further work will be focused on the output regulation prob-
lem of MASs in which each agent dynamics are described
by a switched nonlinear system.

Acknowledgements

This work was supported by National Natural Science
Foundation of China (Nos. 61304058 and 61233002), IAPI
Fundamental Research Funds (No.2013ZCX03-01), and
General Project of Scientific Research of the Education De-
partment of Liaoning Province (No.L2015547).

References

(1] D. Liberzon. Switching in Systems and Control, Boston,
USA: Birkh&auser, 2003.

(2] H. Lin, P. J. Antsaklis. Stability and stabilizability of
switched linear systems: A survey of recent results. IEEE
Transactions on Automatic Control, vol. 54, no. 2, pp. 308—
322, 2009.

[3] C. Tomlin, G. J. Pappas, S. Sastry. Conflict resolution for
air traffic management: A study in multiagent hybrid sys-
tems. IEEE Transactions on Automatic Control, vol.43,
no. 4, pp. 509-521, 1998.

[4] D. Jeon, M. Tomizuka. Learning hybrid force and position
control of robot manipulators. IEEE Transactions on Au-
tomatic Control, vol. 9, no. 4, pp. 423-431, 1993.

[5] S. M. William, R. G. Hoft. Adaptive frequency domain
control of PWM switched power line conditioner. IEEE
Transactions on Power Electronics, vol.6, no.4, pp.665—
670, 1991.

[6] D. Liberzon, A. S. Morse. Basic problems in stability and
design of switched systems. IEEE Control Systems, vol. 19,
no. 5, pp. 57-70, 1999.

[7] X. Q. Zhang, J. Zhao. Ls-gain Analysis and anti-windup
design of discrete-time switched systems with actuator sat-
uration. International Journal of Automation and Comput-
ing, vol. 9, no. 4, pp. 369-377, 2012.

(8] P. Peleties, R. DeCarlo. Asymptotic stability of m-switched
systems using Lyapunov-like functions. In Proceedings of
the American Control Conference, IEEE, Boston, USA,
USA, pp. 1679-1684, 1991.

[9] J.Lu, L. J. Brown. A multiple Lyapunov functions approach
for stability of switched systems. In Proceedings of Ameri-
can Control Conference, IEEE, Baltimore, USA, pp. 3253~
3256, 2010.

[10] B. Niu, J. Zhao. Robust H., control for a class of switched
nonlinear cascade systems via multiple Lyapunov functions
approach. Applied Mathematics and Computation, vol. 218,
no. 11, pp. 6330-6339, 2012.

[11] J. P. Hespanha, A. S. Morse. Stability of switched systems
with average dwell-time. In Proceedings of the 38th IEEE
Conference on Decision and Control, IEEE, Phoenix, USA,
pp. 2655-2660, 1999.

[12] G. S. Zhai, B. Hu, K. Yasuda, A. N. Michel. Stability anal-
ysis of switched systems with stable and unstable subsys-
tems: An average dwell time approach. International Jour-
nal of Systems Science, vol. 32, no. 8, pp. 1055-1061, 2001.

[13] W. Ren, Y. C. Cao. Distributed Coordination of Multi-

Agent Networks: Emergent Problems, Models, and Issues,
London, UK: Springer-Verlag, 2011.



H. W. Jia and J. Zhao / Output Regulation of Multiple Heterogeneous Switched Linear Systems 499

[14]

[15]

[20]

21]

[22]

[26]

[27]

(28]

29]

P. P. Dai, C. L. Liu, F. Liu. Consensus problem of heteroge-
neous multi-agent systems with time delay under fixed and
switching topologies. International Journal of Automation
and Computing, vol. 11, no. 3, pp. 340-346, 2014.

M. I. Menhas, L. Wang, M. R. Fei, C. X. Ma. Coordinated
controller tuning of a boiler turbine unit with new binary
particle swarm optimization algorithm. International Jour-
nal of Automation and Computing, vol.8, no.2, pp.185—
192, 2011.

R. Olfati-Saber. Flocking for multi-agent dynamic systems:
Algorithms and theory. IEEE Transactions on Automatic
Control, vol. 51, no. 3, pp. 401-420, 2006.

B. Das, B. Subudhi, B. B. Pati. Cooperative formation con-
trol of autonomous underwater vehicles: An overview. In-
ternational Journal of Automation and Computing, vol. 13,
no. 3, pp. 199-225, 2016.

A. Isidori. Nonlinear Control Systems II, New York, USA:
Springer-Verlag, 1999.

J. Huang. Nonlinear Output Regulation: Theory and Ap-
plications, Philadelphia, USA: STAM, 2004.

B. A. Francis, W. M. Wonham. The internal model princi-
ple for linear multivariable regulators. Applied Mathematics
and Optimization, vol. 2, no. 2, pp. 170-194, 1975.

J. Huang, Z. Y. Chen. A general framework for tackling
the output regulation problem. IEEE Transactions on Au-
tomatic Control, vol. 49, no. 12, pp. 2203-2218, 2004.

X. X. Dong, J. Zhao. Solvability of the output regulation
problem for switched non-linear systems. IET Control The-
ory & Applications, vol. 6, no. 8, pp. 1130-1136, 2012.

L. J. Long, J. Zhao. Robust and decentralised output regu-
lation of switched non-linear systems with switched internal
model. IET Control Theory & Applications, vol.8, no.8,
pp- 561-573, 2014.

Y. F. Su, J. Huang. Cooperative output regulation of lin-
ear multi-agent systems. IEEE Transactions on Automatic
Control, vol. 57, no. 4, pp. 1062-1066, 2012.

Z. T. Ding. Consensus output regulation of a class of het-
erogeneous nonlinear systems. IEEE Transactions on Auto-
matic Control, vol. 58, no. 10, pp. 2648-2653, 2013.

J. Xiang, W. Wei, Y. J. Li. Synchronized output regulation
of linear networked systems. IEEE Transactions on Auto-
matic Control, vol. 54, no. 6, pp. 1336—1341, 2009.

D. B. Xu, Y. G. Hong, X. H. Wang. Distributed output reg-
ulation of nonlinear multi-agent systems via host internal
model. IEEE Transactions on Automatic Control, vol. 59,
no. 10, pp. 2784-2789, 2014.

Y. G. Hong, L. X. Gao, D. Z. Cheng, J. P. Hu. Lyapunov-
based approach to multiagent systems with switching
jointly connected interconnection. IEEE Transactions on
Automatic Control, vol. 52, no. 5, pp. 943-948, 2007.

W.Y. Xu, J. D. Cao, W. W. Yu, J. Q. Lu. Leader-following
consensus of non-linear multi-agent systems with jointly
connected topology. IET Control Theory & Applications,
vol. 8, no. 6, pp. 432-440, 2014.

[30] W.Y.Xu,D.W.C.Ho, L. L. Li, J. D. Cao. Event-triggered
schemes on leader-following consensus of general linear mul-
tiagent systems under different topologies. IEEE Transac-
tions on Cybernetics, to be published.

[31] H. W. Jia, J. Zhao. Output regulation of switched linear
multi-agent systems: An agent-dependent average dwell
time method. International Journal of Systems Science,
vol. 47, no. 11, pp. 2510-2520, 2016.

[32] A. Cervantes-Herrera, J. Ruiz-Ledén, C. Lépez-Limén, A.
Ramirez-Trevino. A distributed control design for the out-
put regulation and output consensus of a class of switched
linear multi-agent systems. In Proceedings of the 17th Inter-
national Conference on Emerging Technologies & Factory
Automation, IEEE, Krakow, Poland, pp. 1-7, 2012.

[33] A. S. Morse, D. Q. Mayne, G. C. Goodwin. Applications
of hysteresis switching in parameter adaptive control. IEEE
Transactions on Automatic Control, vol. 37, no. 9, pp. 1343~
1354, 1992.

[34] J. P. Hespanha, D. Liberzon, A. S. Morse. Hysteresis-based
switching algorithms for supervisory control of uncertain
system. Automatica, vol. 39, no. 2, pp. 263-272, 2003.

Hong-Wei Jia  received the B.Sc. de-
gree in mathematics from Liaoning Nor-
mal University, China in 1996, and received
the M. Sc. degree in mathematics from Jilin
University, China in 2007. She is now a
Ph.D. degree candidate in control theory
and applications at the College of Informa-
tion Science and Engineering, Northeastern
University, China.

Her research interests include switched systems, multi-agent
systems and distributed control.

E-mail: jhw-wyh01@163.com

ORCID iD: 0000-0002-9969-0691

Jun Zhao received Ph.D. degree in con-
trol theory and applications at Northeast-
ern University, China in 1991. From 1992
to 1993, he was a postdoctoral fellow at the
same University. Since 1994, as a profes-
sor, he has been with College of Informa-
tion Science and Engineering, Northeastern
University, China. From 1998 to 1999, he
was a senior visiting scholar at the Coor-
dinated Science Laboratory, University of Illinois at Urbana-
Champaign, USA. From November 2003 to May 2005, he was
a research fellow at Department of Electronic Engineering, City
University of Hong Kong. During 2007 to 2010, he was a fellow
at School of Engineering, The Australian National University,
Australia.

His research interests include switched systems, nonlinear sys-
tems and network synchronization.

E-mail: zhaojun@ise.neu.edu.cn (Corresponding author)

ORCID iD: 0000-0001-9096-103X

@ Springer



