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Abstract

In this paper, we construct a framework to describe and stiuelyoordinated output regulation problem for multipleehegieneous linear
systems. Each agent is modeled as a general linear muhiple-multiple-output system with an autonomous exosysitédrich represents
the individual offset from the group reference for the agdrte multi-agent system as a whole has a group exogenotes vstath
represents the tracking reference for the whole group. Utlde constraints that the group exogenous output is onlgllp@vailable
to each agent and that the agents have only access to thgitbnes’ information, we propose observer-based feedbaokralers to
solve the coordinated output regulation problem using wufpedback information. A high-gain approach is used amditfiormation
interactions are allowed to be switching over a finite setaifworks containing both graphs that have a directed spgrinée and graphs
that do not. Simulations are shown to validate the theaktesults.
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1 Introduction tiple linear time-invariant high-order systems. For a rarkwv

of neutrally stable systems and polynomially unstable sys-
tems, the author of [17] proposes a design scheme for achiev-
ing synchronization. The case of switching communication
topologies is considered in [18] and a so-called consensus-
based observer is proposed to guarantee leaderless synchro
nization of multiple identical linear dynamic systems unde

a jointly connected communication topology. Similar prob-
lems are also considered in [19] and [20], where a frequently
connected communication topology is studied in [19] and
an assumption on the neutral stability is imposed in [20].

Coordinated control of multi-agent systems has recently
drawn large attention due to its broad applications in phys-
ical, biological, social, and mechanical systems [2—6]e Th
key idea of a coordination algorithm is to realize a global
emergence using only local information interactions [7, 8]
The coordination problem of a single-integrator network
has been fully studied with an emphasis on the system ro-
bustness to the input time delays and switching communi-

cation topologies [7-10], discrete-time dynamical models ;
[11,12], nonlinear couplings [13], convergence speed,[14] | N€ authors of [21] propose a neighbor-based observer to
solve the synchronization problem for general linear time-

and leader-follower tracking [15]. The coordination of mul ANt svst In addition. the classical Laplaciatri
tiple general linear dynamic systems has recently been stud MVarant systems. in addartion, the classical Laplaciatrma

ied. For example, the authors of [16] generalize the coardin 'S 9eneralized in [22] to a so-called interaction matrix and
tion of multiple single-integrator systems to the case oFmu D.-scalmg approaqh is used to stabilize this Interaction ma
trix. Synchronization of multiple heterogeneous lineas-sy

- tems has been investigated under both fixed and switching
* This paper was not presented at any IFAC meeting. A prelim- communication topologies [23-26]. In [26], a high-gain ap-
inary version was presented at the 52nd Control and Decision proach is proposed to dominate the non-identical dynamics
Conference [1]. This work has been supported in part by thetKn  of the agents. The cases of frequently connected and jointly
and Alice Wa“enberg Foundation, the Swedish Research @bun Connected Commun|cat|0n topologles are Stud|ed |n [27]
EU HYCONZ2, and the Alexander von Humboldt Foundation of - anq 28], respectively, where a slow switching conditiod an
Germa_ny. Correspor_ldmg author: Z. Men_g. a fast switching condition are presented. Recently, the gen
Email addresseszi yangm@t h. se (Ziyang Meng), eralizations of coordination of multiple linear dynamicssy

t aoyang@t h. se (Tao Yang),di nos@t h. se (Dimos V. . . )
Dimarogonas)kal | ej @t h. se (Karl H. Johansson). tems to the cooperative output regulation problem are stud

Preprint submitted to Automatica 26 November 2014

Preprint submitted to Automatica
Received December 9, 2014 05:34:00 PST



CONFIDENTIAL. Limited circulation. For review only

ied in [29-33]. In addition, the study on the synchronizatio has a directed spanning tree if there exists at least one node
of homogenous and heterogeneous networks with nonlinearhaving a directed path to all other nodes.
couplings are considered in [34-36].

For a leader-follower graplG := (V,E), we haveV =
In this paper, we generalize the classical output reguiatio {Vo,V1,...,vn}, ECV xV, where is the leader and
problem of a single linear system to the coordinated out- v, v, ....v, denote the followers. The leader-follower ad-
put regulation problem of multiple heterogeneous linear sy ,djacency matrixA = [g;j] € RMD*("+1) js defined such that
tems. We conS|_der the case where Qach agent has an indivi 4, is positive if (v;, ) € E while aj = 0 otherwise. Here
ual offset a_nd _S|_multaneously there is a group trackingrefe we assume that; — 0, i — 0,1,....n, and the leader has
ence. The individual offset ar!d the group referenge are gen- parentj.e, ag = 0,] = 0,1, ,n. The leader-follower
erated by autonomous systems.(systems without inputs). . ded” Laplaci tris — (11 e RI<N iated
Each individual offset is available to its correspondingray grounded” Laplacian Ta L = [lj] € associate
while the group reference can be obtained only through con-With Ais defined a&; = 3_oaj andlij = —a;, wherei # j.
strained communication among the agemts, the group
reference trajectory is available to only a subset of thege  We assume that the leader-follower communication topology
Our goal is to find an observer-based feedback controller Gy is time-varying and switched from a finite &by }kcr
for each agent such that the output of each agent convergesvherel’ = {1,2,...,d} is an index set and € N indicates
to a given trajectory determined by the combination of the its cardinality. We impose the technical condition Ry,
individual offset and the group reference. Motivated by the g right continuous, where : [to, ) — I is a piecewise

approach in [26], we propose a unified observer to solve the o nstant function of time, i.eégm remains constant for
coordinated output regulation problem of multiple hetero- ge fty,t,.1), £=0,1,... and switches at—t,, /= 1,2,.... In

geneous general linear systems, where the open-loop pole L ; -
of the agents can be exponentially unstable and the dynam—?v?tﬂ't:?n?’ wetasEliomczvtE:: gﬁrf”i%s _a;[et):oznrsdt;?ylfn?)v(\)/hléé. the
ics are allowed to be different both with respect to dimen- i mm3z7— ) d
sions and parameters. This relaxes the common assumptior‘ljlwe ime [37].
of identical dynamics [17,18,20,21,27,29,32], or opeoplo —
poles at most polynomially unstable [18, 20, 25, 32], or rel- L&t the sets{Ac}ier and {Lijker be the leader-follower
ative degree and minimum phase requirement [31]. In ad- adiacency matrices and leader-follower grounded Laptacia
dition, in this work, the information interaction is allowe =~ Matrices associated with{Gy}ier, respectively. Conse-
to be switching from a graph set containing both a directed 9U€ntly, the time-varying leader-follower adjacency matr
spanning tree set and a disconnected graph set. This extend@nd time-varying leader-follower grounded Laplacian ma-
the existing works considering fixed communication topolo- (X are defined ad\;) = [aj (t)] andLg) = [lij (t)].
gies [17,21, 26,30, 31].

Other notations in this papekinin(P) and Amax(P) denote,
The remainder of the paper is organized as follows. In Sec- respectively, the minimum and maximum eigenvalues of a
tion 2, we give some basic definitions on the network model. real symmetric matri, P™ denotes the transpose Bf In
In Section 3, we formulate the problem of coordinated out- denotes then x n identity matrix, and dia@A;, Az, ..., An)
put regulation of multiple heterogenous linear systems. We denotes a block diagonal matrix with the main diagonal
then propose the state feedback control law with a unified blocks matrices. A square matuxis called a Hurwitz ma-
observer design in Section 4. Numerical studies are carriedtrix if every eigenvalue oA has strictly negative real part.
out in Section 5 to validate our design and a brief conclud-

ing remark is drawn in Section 6. 3 Problem Formulation

2 Network Model 3.1 Agent Dynamics

We use graph theory to model the communication topol-
ogy among agents. A directed graphconsists of a pair 1 jtiple-input multiple-output (MIMO) systems for each
(V,E), whereV = {vy,vs,..., vy} is a finite, nonempty set Vi eV

of nodes ande C V x V is a set of ordered pairs of nodes. % = AX + Bili (1)

An edge(vi,vj) denotes that nodg;j can obtain informa- . Y ,

tion from nodev;. All neighbors of nodes are denoted as ~ Wherex € Rn"X:TS the agrc?gt statey € R™ is the control

N := {vj|(vj,vi) € E}. For an edggv;,v;) in a directed  INPUt Ay € R™*M, B ¢ R"*M, andn; andm are positive
graph,v; is the parent node ang| is the child node. A di-  integers, for allvi € V.

rected path in a directed graph is a sequence of edges of

the form (vi,vj), (vj,%),.... A directed tree is a directed Also suppose that there is an individual autonomous exosys-
graph, where every node has exactly one parent except fotem for eachv; € V:

one node, called the root, which has no parent, and the root

has a directed path to every other node. A directed graph W =S, (2)

Suppose that we hava agents modeled by the linear
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wherew € RY, § € R4~ andgq; is a positive integer, for
all vy e V.

In addition, there is a group autonomous exosystem for the
multi-agent system as a whole:

X0 = AoXo, )

wherexg € R, Ag € R"0*Mo andng a is positive integer.
3.2 Available Information for Agents

For the individual autonomous exosystem tracking, avilab
output information for each agem € V is ysi = CgiX; +
Cuwiw, Whereysj € RPL, Cgj € RPN C € RP14 and p;

a is positive integer.

For the group autonomous exosystem tracking, only
neighbor-based output information is available due to the
constrained communication. This means that not all the
agents have access yg. The available information is the
neighbor-based sum of each agent's own output relative
to that of its’ neighborsi.e., { = Z?:Oaij (t)(Ydi — Ydj) is
available for each agemt € V, wherea;;(t),i =0,1,...,n,
i=0,1,...,n,is entry(i, j) of the adjacency matriﬁo(t)
associated witﬁ(,m defined in Section 2 at time ¢ € RP2,
i=1,2,...,n,ygiis represented byy; = Cyixi, i =1,2,...,n

and yqo = Coxg, Where Cyi € RPN i = 12 ....n,

Co € RP2%M0 yyi € RP2 i =0,1,...,n, and py is a pos-
itive integer. Also, the relative estimation informatios i
available using the same communication topologies,

Gi =3y ]-oaj(t)(Vi —¥)) is available for each agemt € V,
wherey is an estimate produced internally by each agent
vieV,{eRPi=12...,nandy € RP2,i=0,1,...,n,
which will be given explicitly in Section 4.

3.3 Switching Topologies

For the communication topology séGy}ker, we assume
thatGy, Vk € I'¢, is a graph containing a directed spanning
tree with vo rooted. Without loss of generality, we relabel
MNe:={12,....,&}, 1< & < 4. The remaining graphs are
labeled a3y, Vk € [y, wherely .= {& + 1,8 +2,...,0}.
Denote the graph sé = {Gx}ker, and the graph sétq =
{G«}ker,, respectively. We also denngiJ| (t) and T (t) the
total activation time wher@(,(c) € Gq and total activation
time Whenéo(q) € G, respectively, during; € [fo,t) for

to > to.

Assumption 1 The dwell timery is a positive constant.

Assumption 2 There exist positive constamsandfy > tg
such that F(t) > kTd(t) for all t > fo.

Agent j
w; L €i
— > Agenti
U; Ysi| | C;
Controller ‘—:0; Observer

Fig. 1. Control architecture for agent

3.4 Control Objective and Control Architecture

The control objective of each agent is to track a given trajec
tory determined by the combination of the group reference
Xo and the individual offsety, i = 1,2,...,n. Such a com-
bination is captured by the coordinated output regulation
tracking error (.e., the total tracking error representing the
combination of both individual tracking and group tracking
of each agent):

(4)

whereDgj € RP*Ni Dy € RP3XU g c RP3, i =1,2,...,n,

Do € RP3*M andpgs is a positive integer. Thus, our objec-
tive is to guarantee that lim. & (t) = 0. One example of the
overall control can correspond to a formation control prob-
lem, wherew encodes the relative position between each
agent and the leader while the leadgrdefines the overall
motion of the group.

& = DsiXi + Dwit + DoXo,

Our goal is to design an observer-based controller with-avai
able individual output information and neighbor-basedigro
outputinformation to solve this problem. The control ofkeac
agent is supposed to have the structure depicted in Fig. 1.
In the next section, we will specify the design procedure.

4 Coordinated Output Regulation with Unified Ob-
server Design

As suggested by Fig. 1, the design procedure to solve the
coordinated output regulation problem includes two main
steps: the first one is the state feedback control desigrhand t
second one is the observer design for the group autonomous
exosystem, the individual autonomous exosystem, and the
internal state information for each agent.

4.1 Redundant Modes

Before designing the state feedback control and distribute
observer, we need first to remove the redundant modes that
have no effect oysi andygi — ygo. We impose the following
assumptions on the structure of the systems.
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Assumption 3

(|

® (S,Cui), i
® (Ag,Co), i

), i=12,...,nis observable.

1,2,...,nis observable.
1,2,...,nis observable.

We write the state and output of each agent in the com-

Xi AO0DO Xi Bi
pact form: (@ | =] 0§ 0 | +|0]|u, and
Xo 0 0 A Xo 0
Ysi ] _ [Csi Cui O ] :
Ydi — Ydo Ci 0 —Go
X0

Given that Assumption 3 is satisfied, we can perform the
state transformation given in Step 1 of [26] by considering

Xi
w andxp together. We construct a new stxte=W | o
Xo
with the dynamics
_ _ i A B;
X = AX +Bju = lA' 6412 X+ | u, (5a)
0 A
. _ C
|ﬁ’s[| :Ci)_(. _ [QI _I21] %, (5b)
€di Cai Ci2

whereegi = Ygi — Ydo, and the details ofV, A, B, C; are
givenin [26]. It was shown that the pdi;,C;) is observable
and the eigenvalues @, are a subset of the eigenvalues
of §andAg,i=1,2,...,n.

4.2 Regulated State Feedback Control Law

We now design a controller to regulageto zero for each

agent based on the state information- [, X5] ", where
%1 € R". We impose the following assumptions on the struc-
ture of the systems.

Assumption 4

e (A, B)) is stabilizable, = 1,...,n.

o (A, B;,Dg) is right-invertible, i=1,...,n.

e (A, Bi,Dsj) has no invariant zeros in the closed right-half
complex plane that coincide with the eigenvaluesobrS

Ao, i=1,....n.

Lemma 1 Let Assumption 4 hold. Then, the regulator equa-
tions(6) are solvable and the state-feedback controlleru

Fi (X1 — MiXi2) + MiX2 ensures thalimi.g(t) =0, i =
1,2...,n, wherell;, I'; are the solutions of the equations

MiAi22 = Al + Ao+ Bil, (6a)

1,2... (6b)

0:D5il'li+[Dwi Do}, i= n,

and F is chosen such thatjA- BjF is Hurwitz.

Proof: Following from Corollary 2.5.1 of [38] and a similar
analysis as in the proof of Lemma 3 in [26], we can show
that the regulator equations (6) are solvable given that As-
sumption 4 is satisfied. Then, by considerig= Ai>oXi» as

the exosystem ang = Ajx; + Bju; as the system to be reg-
ulated for the classic output regulation result [39], wewno
thatu; = F (X1 — MiXi2) + X2 ensures that lim,., g (t) =0,
i=12....n, wherell; andl'; are the solutions of the reg-
ulator equations (6). [ |

We next design an observer to estimgtdased on output
informationysj and ¢; for each agent.

4.3 Pseudo-identical Linear Transformation

Note that the individual offsety can be estimateg from
ysi and the group referencg can be estimated fro§. In

contrast, the internal state informatignfor each agent can
be obtained from eitheys; or . In this section, we use

the combination o¥/s; and {; to develop a unified observer
design.

We definex; = Tixi € RP", i =1,2,...,n, wheren = ng +
Ci
max=12..n(Ni +0), P=pr+pz and T =

CA
Note thatT; is full column rank since the paifA;,Cj),
i=1,2,...,nis observable. This implies thafTi is non-
singular. Therefore, from (5) and above state transfoonati
we obtain

Xi = (o + L) xi + %, (7a)
[ySi —%x, i=12...n, (7b)
€di
0l m 0 _
where;z%:lo p(r:)l) eRp"Xp",ﬁ:[ ],%’iZTiBi,
i

¢ = [Ip 0} € RP*P" for some matrixd; € RP*P",

4.4 Unified Observer Design

Motivated by [26], based on the available output informatio
ysi and the neighbor-based group output informatfgrthe
distributed observer for (7) is proposed to be

Xi = (o + L)X+ Bivi + 6) 2F"
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y (l Ysi ] _ [ Vsi ])
>0 ()i —Yaj) | | ]-0ai G ~9)) ]/

i=12....n, (8)

whereg;j(t), i =0,1,...,n, j=0,1,...,n, is entry(i, j) of

the adjacency matriR, ) associated witl, ;) defined in
Section 2 at time,

ysi:(gl)?ia i:l,...,n, (9)

Vi=%X,i=1,...,n, (20)

¢ is first p1 rows of ¢, 65 is the remainingd, rows of ¢,
andyo = 0. In additionS(¢) = diag(lpe 1,1pe2,...,1pe "),
wheree € (0,1] is a positive constant to be determined, and
2 = 27 is a positive definite matrix satisfying

0

|
¢9+9¢T—232<5Tl P1 ]wulpn:o, (11)

01y,

where 8 = minr, Bk, Bk is a positive constant satisfying
B« < minO{A (Ly)}, ke e, and mird{A(Lx)} denote the
minimum value of all the real parts of the eigenvalues of
Lx. Note that the existence of? is due to the fact that

(T2

0 \/_ pz
Lemma 2 e All the eigenvalues of Lare in the closed
right-half plane and those on the imaginary axis are sim-
ple, where k is associated witlGy defined in Section 2,
for someGy € {Gy }ker-
e Furthermore, all the eigenvalues of; lare in the open
right-half plane forGy € {Gy}ker.-

] ) is observable.

Proof: See Theorem 4.29 in [40] and Lemma 1.6 in [48].

Lemma 3 Let Assumptions 1-3 hold and assume that
% wherea € (0,1), 6 and & are given by

(11). Then, there exists &t < (0, 1] such that, ife € (0,&*],
limi—e (Xi(t) — Xi(t)) =0, i=1,2...,n, for systemg8).

Proof: Note that for alli = 1,2,...,n, 31 qaj(t)(Yai —
yaj) = Y1 lij (1) ((Yaj — Yao) = Y1 1ij(t)eq;. Define Xi =
Xi — Xi. It then follows from (7) and (8) that for all =
1,2...,n,

Ysi — Ysi
A+ 4 ’
Xi = )Xi —S(e)7 lzr;lh,-(t)(edj—%)]

wherelij(t), i=1,....n, j=1,....n, is the (i, j)th entry
of the adjacency matrik ;) associated Witi@a(t) defined

in Section 2 at time. It follows thath(i =
% v
S(S)QZCKT[ ) 1Xi N ‘|
G301 lij (DX
ing & = 1S (&)X and after some manipulations, we have
1 ] i
CIVEUIULER

0
=0(¢).
£ﬁ+lLiS(€)‘|

(o + L4)Xi —
, i=1,2....n. By introduc-

that Séi = (o + ZLe)é — PET [

1,2...,n, where. 4 = l

Cg R
15'] =¢¢&, foralli=1,2,...,n. The overall

26
dynamics can be written as

Note that[

ef =(h@ o + % — (Ih0 2E")

0 00
X |n® P1 +Lo® (|n®%) Ea
0 01lp,
(12)
whereé = [¢],&],... &1 and %, = diag Z1e, L2¢, - - -,
fng).

Note that—Lg, k € I'c is a Hurwitz matrix according to
Lemma 2. Therefore, we can always guarantee tHat-+
Bkln is also a Hurwitz matrix by choosinf sufficiently
small. In particular, we choog& as a positive constant satis-
fying Bk < minO{A(Ly)}, k€ . Then, we define the piece-
wise Lyapunov function candidatg = e&T(R @ 22 1)¢,
whereR is a positive definite matrix satisfying

Rc(—Lik+ Bcln) + (_Lk+Bk|n)TH< =-In<0, kelg,

Pe(—Li) +(~L)"Ac<0, kel
where the second inequality is due to Lemma 2.

It then follows that for allk € I,

V< 28T (AR 2 1) E 4+ 28T (R 27Y) £ &

e (e lz )

_ogT (&Lkea (%T 00

on)?))

< T <H<® <9W+M@l_ 20¢7 l

00
]%
Ipz

—2¢7

291 sae e
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- <<2&Lk— 20R) @ (€7

2‘| )>
(,Qf 9"’:@»@

o] ©7)77))¢

00]%)%
0 Ip,

<& (AR (2

_Zych Ipl
0

—ET<(F1<L|<+LH< 2BR) @ (€7

+ 2/\max( Amax( )
<-(Ae@ 7))L

iy (lnea(w 00 ] %)) ;
0 Ip,
2Amax(R)Amax(Z Y| Ze |
Sf\min(&))\min(gfl)
<& (Ae@ P )¢
2Amax(F)Amax(2 1) || Z||
Sf\min(&))\min(gfl)
Anin(Z2 1) 2Amax(R)Amax( 2~ )| Z |
= ( € - EAmin(F)Amin(2 1) )Vk’

EAIE

+ Vi

+

Vk

where we have used (11) and the fact tflak By, k €
e It then foIIows thatvy < — )\ka, Vke T, if || -Z|l <

Amin (A Amin (£
el 7 where = z—L—x, ke Te.

On the other hand, for ak € Iy, we have that

V< 28T (Re@ (27 1)) E 4+ 28T (Akw 271) £

oo (529
00
s3]
0lp,
<& (A (9*%%9+9M)9*5) ¢
+ 2Amax(F)Amax(2 1)1 Ze 1€ 117

(p1
<27 <H<® &7 l'pl ]%))5—7’\""”('@ v
0 elp2 €
2/\max PK)/\max Hzg”Vk
EAmin(B)Amin( & ) ’

| 0
where we have used (11). Note tAgfax (%T [ P1 o ] %)
P2

= max{0,1}. It follows that Vi < 1AM, Vk € Tq, if
[[-Zell < % whereA, = 2max 6,1} Amax(2),

VkErd

Following the similar analysis as that in [37,42], we let
0 = pj on [tj_1,tj) for pj € I'. Then, for anyt sat|sfy|ng

o<ty <--- <ty <t<tyq, defineV =e&T(P, tH®L" hHeE
for (12). We have thaty{ € [tj_1,t;),
V(@) <e Py (g )
< g eAS((-tj- 1>V(tj,1), pj €le,
V(Q) < e @y gy y)
< eyt ), pjely,

C _— mi _ 1 d _ _
where A° = miner Ak = gy, A% = Maer, Ak =

2max 6,1} Amax(). Definea = }}\\max((‘); maX jer Am?:((%))
We then know thaV/(tj) < alimey, V(t). Thus, it follows
)

d(p)—1
that V(t) < aPeSA Tio ()~ fACng“)V(fO , Where p denotes
times of switching durindfp,t). Note thatp < % Given

thatk > k* = ﬁﬁj\‘, for someA € (0,A°), it follows from
Assumption 2 thaS(t) > k*Td(t) for all t > fo. This im-
plies thatA 4Ta(t) — ACTE(t) < —A(TS(t) + TE(1)), for all
t > fp and we therefore know that

V(t) < aPe #A 0y (fy)

20 1na-2 ) (1)

<ew V (o)

Furthermore, set = aA€, where somex < (0,1). We then
have thatk* = % , and

V(t) < & (e *%i)(t*f")v(fo).

It follows that if € < %

Sy We have for (12)

that [£(t)] < ce 2 (mmarr )0 £

, Where
x [ Amax(2) maXecr Amax(P)
¢ = \/)\mm(])m'nkir)\mm(ﬂa ’
Therefore, we choose* satisfying £* < ﬁ%ma
and || -Ze+|| < minger % It then follows that
limee(Xi(t) —Xi(t)) =0,i=1,2....n. [

From the unified observer design, we then have that

~T

~ _ ~ ~T ~T .
X = (TITTl) 1TiTXi = [XilaXiZ]Ta =1 21 <N, (13)

which will be used in the control design.
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4.5 Main Results

.
o

=
1)

In this section, we show that the observer architecture in-
troduced in the previous sections provide an asymptoyicall
stable closed-loop system, as presented in Theorem 1 below.
The observer-based controller is

a

~ —~ o |lg 10l s ’\, BN AN A

Ui = FXis + (M — Fli)Xi2, (14) i “"E"F‘h""{','l‘?ﬂ'u Y AV B
wherefll; and[’; are the solutions of the regulator equations ;:}:}E‘:.?.Eigilll‘l”
(6), andx;1 andX;» can be obtained from (8) and (13). LA

'
N
S

Theorem 1 Let Assumptions 1-4 hold and assume that

% wherea € (0,1), 6 and & are given
by (11). Then there exists" € (0,1] such that, ife € (0,&*],

Fig. 2. Output convergence of system (1), (2), and (3) under t
observer-based controller (14)

(14) ensures thalim;_,.&(t) =0, i = 1,2...,n, for the -,

multi-agent syster{il}~(4). Wl oo
Proof: Follows from Lemmas 1 and 3, and the separation 20l

principle. n R S S —
5 Simulation Results a0k ‘fw';'

In this section, we illustrate the theoretical results. §ider -

-800

a network of three agents. We assume that the adjacency 0 2 ‘ 6 s 10
matrix Agt) associated witls; ) is switching periodically.

)
000 .
B ~_l1010 Fig. 3. Error convergence of system (1), (2), and (3) under th
Denotel = 0,20,40.... A= |37 50|, whent € [(,/+6), observer-based controller (14)
0000 0010 0000
A— {% 90 g] ,whent € [(+6,0+12), A= {% 90 o] . when heterogenous dynamics and the information interactioms ar
0010 0010 switching. This agrees with the result in Theorem 1.
0
0
0

000
€[0+120+18),A= {ggg ] whent € [¢+18, ¢+ 20).
000

) 6 Conclusions

The dynamics of the agents are described\by- {8 8 8} This paper studied the coordinated output regulation prob-
o 0-10 lem of multiple heterogeneous linear systems. We first for-

B1= M ,Ca=Cq=Dg=[111], A= [38],Ba=[1], mulated the coordinated output regulation problem and-spec

Co=[10,Cyp=[01],Do=[11],As=[% %],Bs=[9] ified the information that is available for each agent. A high

gain based distributed observer and an individual observer
were introduced for each agent and observer-based con-
trollers were designed to solve the problem. The infornmatio
interactions among the agents and the group autonomous
exosystem were allowed to be switching over a finite set
of networks containing both graphs having a spanning tree

Following the design scheme proposed in Section 4, for and graphs having not. Simulations were given to validate
the solutions of regulator equations (6), we have FFlaet:’ the theoretical results. Future directions include relgithe
1 10345 —0.413 ' dwell-time assumption.

[-1-45-6], M1 = [o 01379 03448 |, 1 = [0 0.0690 01724]
0 -0.1724 00690

Cs3 = Cy3 = Dg = [10]. The dynamics of the individual
autonomous exosystems are given®y= 0, Cyi = Dy =
—1,i=123, andw; (0) = —2, wp(0) = —4, andw;z(0) =
—6. The dynamics of the group autonomous exosystem are
given byAg = [ % ], Co = [10], Do = —Co.

foragentvy, F, =[-2 6], My = [g 8:2 70922] ,2=[0-0206] References
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