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Abstract

The synchronization problem of multi-agent systems with non-identical general agents under time-varying topologies and in
the presence of external disturbances has not been solved for the introspective agents, i.e., agents have access to parts of their
own states. This paper aims to tackle this problem. It is assumed that the time-varying topology switches among a certain
amount of topologies with any a priori given dwell time and each topology contains a directed spanning tree. This paper
proposes a family of distributed protocols for each agent only using relative information from its neighboring agents and
some of its own states, such that synchronization can be achieved among agents while the effect of disturbances with finite
power on the norm of all agents’ output disagreement can be suppressed as much as possible. It should be emphasized that
agents’ controller states are exempted from the protocol design.

Keywords Multi-agent systems - Heterogeneous network - External disturbances - Switching topologies

1 Introduction

The problem of achieving synchronization in a multi-agent
system (MAS), where the goal is to design a distributed proto-
col, such that some variables of interest, either states or output
trajectories, become the same asymptotically, has been sub-
stantially studied in last decade (see Bai et al. (2011), Ding
et al. (2018), You et al. (2020) and references therein). Var-
ious applications can be cast in this framework, including
distributed computation, swarming and flocking , the coor-
dination or platooning of autonomous vehicles, and many
others (for example, Tanner et al., 2007, Bernardo et al., 2015,
Viana et al., 2017, Jaoura et al., 2022).

For a MAS of identical agent models (i.e., homogeneous
network), an amount of efforts has been put in, first for sim-
ple agent dynamics and topology, then progressing to general
higher-order agent dynamics and time-varying topology, for
example (Li et al., 2010; Liu et al., 2018; Zhang et al., 2019;
You et al., 2020). While for a MAS of non-identical models
(i.e., heterogeneous network), more and more attention has
been given. One reason is that it can accommodate parameter
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uncertainty or small disturbances in the agent dynamics. The
other is that the heterogeneous MAS represents more general
systems. The work has been focused on output synchroniza-
tion, that is, all the agents should agree on a set of pre-selected
outputs, and leader-following consensus, that is, all agents
converge asymptotically to a priori given leader’s trajectory.
It is commonly assumed that agents are introspective, that
is, agents possess some knowledge about their own states
(see Kim et al. (2011), Yang et al. (2014), Xu et al. (2017),
Wang et al. (2020) for example). In both Xu et al. (2017) and
Wang et al. (2020), another layer of communication is needed
in the controller design. The synchronization problem for a
network of non-introspective agents is more challenging, yet
effort has already been made in this direction (Peymani et al.,
2014; Zhang et al., 2016). A specific class of heterogenous
networks is studied in Panteley and Loria (2017) with static
output feedback, showing that the synchronization involves
the stability of two orthogonal dynamical systems.

In the practical applications, agent systems are easily
affected by disturbances, which might result from sensor
bias or noise, processing errors or system uncertainties. Li et
al. (2014) considers agents with both external disturbances
and system uncertainties and a static protocol is designed
to ensure the network disagreement is uniformly ultimately
bounded (UUB). The literature uses the H~, norm of the
transfer function from the external disturbance to the dis-
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agreement as a measurement for the synchronization among
agents (see Wang and Ding (2016), Zhang et al. (2019),
Zhang et al. (2018) for example). Wang and Ding (2016)
analyzes homogeneous network with constant input delay
while using full state feedback in the controller. In Zhang et
al. (2019), event-triggered controller using output feedback
for a general heterogeneous network is investigated and lin-
ear matrix inequality (LMI) theory is utilized for choosing
controller parameters. The Ho, almost synchronization is
brought forth in Peymani et al. (2014) for a network of intro-
spective, right-invertible linear time-invariant (LTI) agents.
The impact of disturbances on the synchronization error
dynamics is attenuated to an arbitrarily small value in the
sense of the H, norm. After that, the problem of H o, almost
synchronization for networks of identical non-introspective
agents is also studied in Peymani et al. (2013), where the only
available information for each agent is the network measure-
ment which is a linear combination of relative outputs.

Synchronization under time-varying communication
topologies, where the links among agents might vanish, come
up, become stronger or weaker, has been studied in the lit-
erature. In Shi and Johansson (2013); Meng et al. (2013),
the conditions for synchronization are derived under switch-
ing signal with an arbitrarily given dwell time. In Li et al.
(2021), the switching of topology follows a Markov process
and aperiodic intermittent control strategy is investigated.
Intermittent communication topology is also a kind of time-
varying topology, but it tackles the synchronization problem
with discontinuous information from the network (see Cheng
et al. (2016), Yu et al. (2018) for example).

So far, the results on the synchronization problem for het-
erogeneous networks of the general, linear, non-introspective
agents under switching topologies in the presence of exter-
nal disturbance can be seen in Zhang et al. (2015). Since no
agents’ states are available for the protocol design, all agents’
outputs are almost regulated to an external trajectory gener-
ated by an autonomous system. In this paper, partial states
are allowed to be utilized in the protocol. Hence, agents’ out-
puts can be directly synchronized with an arbitrary degree of
accuracy (i.e., the disagreement dynamic is asymptotically
smaller than any desired bound). In particular, the notion of
almost output synchronization for heterogeneous networks of
the general, linear, introspective agents under time-varying
topologies is formulated. It is assumed that the external dis-
turbances have power less than a prior given bound and the
time-varying topology switches among a finite number of
directed graphs that contain a directed spanning tree with an
apriori given dwell time. Then, a family of parameterized dis-
tributed protocols is designed for each agent such that almost
synchronization is achieved among agents and the network
disagreement can be squeezed by tuning the parameter in the
protocol.
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The remainder of this paper is organized as follows. In the
rest of this section, we introduce some notations and recall
some results of algebraic graph theory. In Sect. 2, heteroge-
neous multi-agent networks are discussed, together with the
switching topologies and some assumptions on the network.
The problem of almost output synchronization is formulated
and solved in Sect. 3. In Sect. 4, we solve the almost regu-
lated output synchronization problem. In Sect. 5, the results
are illustrated via simulation examples.

1.1 Notations and Definitions

A matrix A € C™*" has its conjugate transpose denoted
by A'. When m = n, the eigenvalues are represented by
Ai(A) i = 1,...,n). And if all its eigenvalues are in the
open left-half complex plane, the matrix A is Hurwitz sta-
ble. For A; € C™*" (i = 1,...,n), blkdiag{A;} denotes a
block-diagonal matrix with A; as the diagonal elements. The
Kronecker product between two matrices is marked by ®. I,
is the identity matrix, 0,, means the zero square matrix, and
1,, denotes a column vector with all entries equal to one. The
subscript n of the dimension is dropped if it is clear in the
context. [x1; - - - ; x,] denotes the column vector by stacking
the elements of x1, ..., x,. Finally, Hs norm of a transfer
function T is indicated by || T || cc-

A triple (V, £, A) is used to define a graph G, where V =
{1,..., N}is anode set, £ is a set of node pairs (i, j), and
A = [a;;]is the weighted adjacency matrix witha;; € R > 0
standing for the weigh between node i and j. G is undirected
if (i, j) € £ = (j,i) € &; otherwise, directed. A directed
path from node i1 to iy is a sequence of vertices {iy, ..., ik}
such that (iy,igy1) € Eforg = 1,...,k — 1. A directed
graph G contains a directed spanning tree if there is a node
r such that a directed path exists between node r and every
other node. A weighted graph G is linked with a Laplacian
matrix L = {£;;} with ¢;; = Z;V:l a;j fori = j; otherwise
—a;j. Since the graph G has non-negative weights, L has
all its eigenvalues in the closed right-half plane and at least
one eigenvalue at zero associated with right eigenvector 1y
(Godsi & Royle, 2001). If G has a directed spanning tree, L
has a simple eigenvalue at zero and all the other eigenvalues
have strictly positive real parts (Ren & Beard, 2005).

The following definitions will be used in this paper (see
Saberi et al., 2022).

Definition 1 For given «, 8 > 0, Gé\{ﬂ is the set of fixed
directed graphs composed of N nodes such that for every
Gge ij’ PE the graph has a directed spanning tree and the asso-
ciated eigenvalues of its Laplacian, denoted by Ay, ..., Ay,
that satisfy Re(A;) > f and | A; |< o whenever A; # O.



Journal of Control, Automation and Electrical Systems (2023) 34:29-39

31

Definition2 An LTI dynamics (A, B,C, D) is right-
invertible if given a reference output y, (), there exist an ini-
tial condition x (0) and an input u(¢) such that y(t) = y,(¢)
for all + > 0. For example, every single-input single-output
system is right-invertible, unless its transfer function is iden-
tically zero.

Definition 3 An LTI dynamics (A, B, C, D) is minimum-
phase when the invariant zeros of the quadruple are all in the
open left-half complex plane.

2 Multi-agent Systems

A MAS with N non-identical under external disturbances is
considered, with the agent i described by an LTI dynamics:

Xi = AiX; + Biil; + G,

i 19 yi = Cixi, (D
im,i = Cm,iii»
fori =1,...,N,where x; € R", u; € R" and y; € R?

are states, inputs and outputs of the agent i, respectively.
Zm,i € RPmi is the part of states that can be accessed by
agent i. While, w; € RY is the external disturbance, the

e 1 o
power of which s finite, i.e., im7 _, oo 7 f_TT w,;w;dt < oo.

Matrices A;, B;, C;, G;, Cy,; have proper dimensions and
satisfy the following assumption:

Assumption 1 For each agenti € V:

1. (A;, B;, C;) is right-invertible and minimum-phase;
2. (A;, B;) is stabilizable and (A;, C;) is detectable;
3. (A;, Cp,;) 1s detectable.

The time-varying topology G(¢) is defined by a triple
WV, E(), A(t)), where both £(¢) and A(¢) are functions of
time ¢ and each node in V stands for an agent. Moreover,
the time-varying weighed adjacency matrix A(f) = [a;;(?)]
with a;; () being a piecewise constant and right-continuous
in time 7. The time-varying topology G (¢) supplies each agent
with a quantity ¢; (¢), which is a linear, time-varying combi-
nation of its own output relative to that of its neighboring
agents, i.e.,

N N
Gi(r) = Zaij(f)(yi(l) —yj®) = Zﬁij(f)yj(f), 2

j=1 j=1

for agent i € V), where g;;(t) > 0 and g;;(t) = 0 with
i,j €V.And L(t) = [£;;(¢)] is corresponding time-varying
Laplacian matrix, which is also piecewise constant and right-
continuous functions of 7.

The assumptions for the switching topology are given as
follows:

Assumption 2 Let {#;} be the time sequence of the disconti-
nuities of the piecewise constant weighted adjacency matrix
A(t) suchthat 0 =: 19 < 1} < -+ -. Assume
that the switching time sequence has minimum dwell time
t* > Osuchthatfp ) —tf > t*fork =0,1,2,....

Assumption3 Let G = {G}, G2, ..., Guy} be a set of finite
directed graphs and G C Gfx\f - Assume that G(t) remains
constant during interval [fx_1, #x), and switches among the
finite graphset Gatr =,k =1,2,....

< I < -

The switching topology can be easily presented with
a piecewise constant, right-continuous function o (¢)
[0,00) > M = {1,2,..., M}, where o(t) € M for
t € [tk—1,%) and o(¢) changes att = t, k = 1,2,....
Suppose, for each G; € G(@ = 1,..., M), we denote the
associated weighted matrix by .A; and Laplacian matrix by
L;. Then, by using the function o (¢), we have G(t) = G5 (y).
And similarly, we have A(t) = As¢), and L(t) = Loy,
which implies that a;; (t) = a;j () and £;;(t) = €ij o (1)

3 Almost Output Synchronization Under
Switching Topologies

In this section, we consider almost output synchronization
under switching topologies for a MAS described in Sect. 2.

Define variables for the entire MAS w := col{w;}, u :=
col{u;}, ¢ := col{¢;}. Synchronization among agents is mea-
sured by the mutual disagreement. That is, the disagreement
between agent i and agent N is denoted by e; := yy — y;
fori € V, and e := col{e;} is the disagreement vector for the
whole MAS.

Before giving the problem formulation, a set of distur-
bances presented in the system is defined as:

Definition4 A set of piecewise continuous noises with
power less than « is defined as 'y, = {w : ||W]yms =

limy o0 5 ST whde < k).

We now formulate the problem of almost output synchro-
nization under switching topologies as follows:

Problem 1 Consider a MAS with non-identical and intro-
spective agents described by (1) and (2), in the presence of
external disturbances and under a switching topology G(t).
Suppose Assumptions 2 to 1 are satisfied, and the switching
topology has a minimum dwell time t* and the disturbance
has a limit power k. Then, the problem of almost output syn-
chronization under the switching topology G(t) is to find,
if possible, for any k > 0, any y > 0, an LTI distributed
dynamic protocol, such that the disagreement among agents
satisfies lim sup,_, o, [le(®)|| < y.
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The main result in this section is given in the following
theorem.

Theorem 1 Consider a MAS with non-identical and intro-
spective agents described by (1) and (2). Under Assump-
tions 2 to 1, with any a priori given minimum dwell time t*,
for any given k > 0, the problem of almost output synchro-
nization under a switching topology G(t) is solvable, i.e.,
there exists a family of LTI dynamic protocols, parameter-
ized in terms of low-and-high gain parameters 8, ¢ € (0, 1],
of the form

{ xi = Ai (8, &) xi + Bi(8, &) col{Li, zm,i}s 3)
i =Ci(8,8)xi +Di(8, &) col{gi, zm,i},

for i € V, where x; € RY%, such that, for any given
y > 0, there exists a §* € (0, 1] such that, for each
8§ € (0,8%], there exists an €*(8,t*) € (0, 1] such that
for any ¢ € (0, *(8, ©*)], the protocol (3) achieves almost
output synchronization under the switching topology, i.e.,

limsup, _, o, le(®)] < y.

Remark 1 For the distributed protocol (3), we only need to
know the lower bound on the real parts of the non-zero eigen-
values of all the Laplacian matrices L;, i € M, (i.e., B), the
upper bound of the magnitude of the eigenvalues of all the
Laplacian matrices L;,i € M, (i.e., o), the number of agents
N, and the minimum dwell time 7*.

We will prove Theorem 1 in the following subsequent
sections in a constructive way.

3.1 Homogenization via a Pre-compensator

In this section, we show that non-identical agents represented
by (1) can be shaped into asymptotically identical agents via
a dynamic pre-compensator, using the local measurements
Zm,i» which is called homogenization.

Lemma 1 Considera MAS of N non-identical agents described

by

(). Let Assumption 1 hold. We denote by ny; the maximal
order of infinite zeros of (C;, A, Bi), i € {l1,..., N}. Sup-
pose a triple (C, A, B) is given such that

1. rank(C) = p,
2. (C, A, B) is invertible, of uniform rank ngy > ng;, and
has no invariant zero.

Then for each agent i € {1, ..., N}, there exist a dynamic
pre-compensator for each agenti € V:

{Xp,i =Apixpi+ Bpriui + BpiZm,i, @)

uj =Cpixpi+ Dpritti +Dp2iZm,is

@ Springer

where u; € R? is a new input, x,; € RPi is the state for
pre-compensator i. The cascade of the pre-compensator (4)
and the agent (1) is then presented as:

&)

{J'Ci = Ax; + B(Mu; + Rx;) + E; qw; + p;,
yi = Cx;,

where u;, y; € R, x; € RP"; A, B, and C are given as:

_ (9 Ipm,—1 _ (0 _
A_<O ”0 ) B_<I,,>’ C =, 0). (©6)

Moreover, M € RP*P js an arbitrary and non-singular
matrixand R € RP*P" js a matrix of appropriate dimension
and can be chosen arbitrarily. E; 4 can be chosen appropri-
ately and p; is generated by an exponentially stable system
of the following form:

Xi = Hi%; + E,jwi,
pi = Wix;, @)

where H;, E,;, W; can be found appropriately and H; is
Hurwitz stable.

Proof The proof is in “Appendix.” O

We then define

E,-w,- = (E,',d W,‘) (l;)l) .

1

Then, the augmented agent can be rewritten as follows:

yi = Cx;. ®

{J'Ci = Ax; + B(Mu; + Rx;) + E;w;,

Note thatifn, = 1,then A =0, B8 = C = I,.Fori € V, the
measurement ¢; is available, the local measurement z,,, ; will
no longer be used. They only play a role in homogenizing
the non-identical agents.

3.2 Protocol Design

In this section, we design a protocol for each augmented
agent (8) using a low-gain parameter § € (0, 1] and a high-
gain parameter ¢ € (0, 1].

First, select K to ensure that A — K C is Hurwitz. Next,
choose Fs = —B/Pa, where Ps = P(; > 0 is the unique
solution of the following algebraic Riccati equation:

PsA+ A Ps—tPsBB Ps+ 681 =0, ©)

where T > 0 is the lower bound on the real parts of the non-
zero eigenvalues of all Laplacian matrices L;, i € M (i.e.,
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T < B). Next, define S, = blkdiag{/,, eI, ..., gha— 1] ) Then, the new overall system dynamics can be written,
K. =& !'S7'K and Fs; = e~ P F;S,.
Then, we define the dynamic controller for each agent . - = .
e y & £b = (Iy_1 ® A + Uy () ® BF3)(v — B) + Wev + e B,
e = (In—1 ® (A~ KC)T + (Jo(r) ® BFs)(v — ) + Wev
% = AX; + BRX; + K.(¢; — C%p), +eEl — We (v — D), (15)

u; = M~V Fs 3. (10)

The state x; is an observer estimate of a linear combination
of other agents’ relative states with the same weights as in
the measurement ¢;. The following Lemma provides a con-
structive proof of Theorem 1.

Lemma2 For any given y > 0, there exists a §* € (0, 1]
such that, for each § € (0, §*), there exists an £*(8,t*) €
(0, 1] such that for any € € (0, €*(8, ©*)], the dynamic proto-
col (10) solves the problem of almost output synchronization
for a MAS of the form (8) under the switching topology G(t).

Proof Foreachi € {1,...,N — 1}, letx; := xy — x; and
X; := Xy —X;. Moreover, define w; = Eywy — E;w;. Then,
using (8), we can write down the error dynamics as follows:

Xi = A% + B(FsX; + R%;) + iy,
e, = Cij. (11)

Define gij o) = Lijow) — tNjow)>1,J € {1,...,N —1}.
From (10), we obtain the following dynamics:

. N-1
Xi = A% + BRYi + ) &ij.owK:CXj — KCxio  (12)
j=1

Next, define & = S.x;, and éi = SSJ%i. Then, the dynamics
(11) and (12) become

& = A& + BFsE + Vei&i + e Egithy,

. N—1
e = Ak + Vb + ) 8ijoKCE —KCE,  (13)
j=1

where V,; = " BRS; !, E¢; = Se.

Now define Gy = [8ijon]. i7 € {1,....,N — 1}
Moreover, let & = col{&;}, & = col{&;}, & = col{w;}. Then,
we obtain the overall system dynamics as follows:

e = (In—1 ® A& + (In—1 ® BFs)E + Vi& + eEc,
& = (Iy-1 ® (A — KC)E + Vif + (Go(r ® KO)E, (14)
where V, = blkdiag{V,;} and E, = blkdiag{E,;}.

Define Ua_(i)G(,(t)Ua(,) = Jo (1), Where Js (s is the Jordan

canonical form of GU(,), and let

V= (JU(I)U;(}) ® Ipnq)%_: V=1v— (U(;(l) ® Ipnq)‘é

where £ = (JoyUy )y ® Ipn)Ee,, We = (JoyUypy ®
L )VeWoyJygy ® Ipn). and We = (U
® Ipn,) Ve(Us (1) ® Ipn,)- Finally, define Z as

el 0
0 el
Z = ® Ipnq,
en—1 O
0 env—1

such that a vector variable 1 can be defined in such a way,

n:=2 <g> = (v1 U1 ... UN—1] 5N_1)/,

where ¢; € RY~! is the i’th standard basis vector whose
elements are all equal to zero except for the i’th element
which is equal to 1. Then, the dynamics of 1 can be written
from (15):

e = As o0y + Wen + e E, (16)

where
~ A 0 BFs —BFjs
Asoy =IN1® (O 4 KC) + Jo) ® (BF3 —BF5> ,
- We 0., - E
W=7 ~ ~)Z7,and E=Z| -
=2y, g, ) 7w =2 ()

Fort € [t;—1, 1), we denote the value of o () as o, where
o € M. It follows from the proof of (Grip et al., 2014,
Theorem 1), that for each ¢ € M, there exists a small §*, for
any § € (0, §*], Ag,g in (16) is Hurwitz stable. We pick a § €
(0, 6*] and let it be fixed. Then there exists }35,@ = ﬁé’g >0
satisfying

AsoPs.o+ PsoAsg = —3Ln-1)pn,- (17)

Define Lyapunov function V, = 877/155,@7] for this interval.
Evaluating its derivative along the trajectory of (16) yields
that
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Vo = =3Inll* +2Re(n* Ps o Wen) + 26 Re(n* Ps o E)
< =3[nlI* + 2 Ps o I We l 011> + 2pe 1]
= —Q2 =2/ PsolIWeDIInl?
— (Inll = pell@l)* + &*p* [ |*
< =@ = 2| PsollIWeIDIIn* + %> 1012,

where p > kmax(ﬁg,g)||E|| > ||155,QE||. Moreover, since W,
shrinks to zero as ¢ goes to zero, there exists an 8>1k such that,
for any ¢ € (0,¢]], 2 — 2||f’,3,g|||| Well > 1 holds for any
o0 € M. Then,

Vo < = Q2 =2[1Ps o lIWe D lInll* + 2?11

< —lInl?* + e*p DI (18)
So,
Vo + Inll* — e2p[®]* < 0. (19)

From Kalman—Yakubovich—Popov Lemma (Zhou & Doyle,
1998), we conclude that (19) implies that |T,llcc < &p.
Next, we will show that this implies that the transfer function
from the original disturbance to the network disagreement
satisfies that || Tigellco < €p1, for certain py.

Recall that w; = Eywy — E;w; which implies that & =

T,w, where
—-E;y 0 ... 0 Ey
0 —E>... 0 En
Ty, = . . . . .
0 0 .—En_1 EN

Following the proof above, we find that

e=(IN-1®C)IN_1 ®S;)(UyJy
(Iv-1ypn, 0) Z™"n
= (UpJy ' ®C) (Iv-—1ypn, 0) Z""n.

® Ipnq)

Let® = (UQJQ’1®C) (Iv—1)pn, 0) Z~". Since the norm

of ® is bounded, we have that
llell = 1Ol < IO Toy ool Twlllwll < epl| O Tyl lw]l-

According to Sect. 3.1 of homogenization, we have that w; =

w; - . .
(};), and that %; is defined via
l
X = Hix; + E, jw;,
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where H; is Hurwitz and thus there exists ® ' such that |lw] <
lw]l < © ||w]|. This implies that there exists p; such that

[Tzelloc < €p1, (20)

which can be made arbitrarily small by an appropriate choice
of the high gain ¢.

Let us first consider (16) without the disturbance w,
and denote the state as 17 and Lyapunov function as VQ =
gﬁ/ﬁg,gﬁ for interval ¢ € [f;_1, tx). We then have

< — Q2= 2|IBs o lIW: D 177112
(220 Ps ol We [
el Ps ol
1 -
'y
gkmax(PS,g)

Q

, then \L/Q < —)i(/g.
max (P 8,0 ¢
According to Liberzon and Morse (1999), we define mul-

tiple Lyapunov function for (16) as V= eﬁ/ f’g,g(,)ﬁ. Then,
fort € [tx—1, tx), we have

Define A, = min,e pq

V(1) < e Fo0= 0§ (g _y)

< e_%k('(t_tk_l)‘}(fkfl).

)"max(ﬁS,i)

Letb = sup; ;e pq
e min(PS,j)

. Let s; be the switching times

r—
during [t, ¢). Then s; < —*0. And we have
T

V() < bre™ €0V (1)

r—

< b e EEWY (1)

)% Inb

<e” *—*)(f tO)V(l‘())

nkgﬂ* suchthatforany e € (0, &3], V(t) <

e~V (1). Since & maxpe pm Amax (P, 170> > V(1)
> & minge A Amin(Ps,0)1177(1) 1%, we have

There exist 82 =

max e At Amax (Ps ) _1
QM EmE 202 o= 30 (1) .
mnge/\/[ )\mm(PS Q)

7@ < (21)

Hence, we can choose ¢* = min{s], €5}, such that for each
fixed € € (0, £*], lim;—  ||[7(1)]| = O.

We now consider the affect of the external disturbance on
the network disagreement. Define state transition matrix from
tk—1 to tr as ¢ (tx, ty—1), itis easy to find that || (tk, tr—1) | <
1 for any k. Let Ty, = maxy || (t, tk—1) |l
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When adding the affect of disturbance, during an inter-
val, 1 € [fi—1, 1) n(t) = ¢ (tk, te— )N (te—1) + [ Ty (1)
w(t, — t)dz.

Then we have

173
@Il < ¢k, tk— )0 + Ty (1 — 1)de ||

th—1
=< Tplin(r—DIl + epxl| Ty |
_ k=1
1 T¢

————epk|| Tyl
1, epi || Tw ||

< Ty InGo)ll +

1
Thus, lim sup;_, ., 1Nt = T—7T gpk . Therefore,
— ¢

In@I < e, tk—DnE—D)Il + epxc || Twll, (22)
for 0 < t — fr_1 < t* Hence, limsup,_, o [[n(®)] <

— Ty
1Ty

Next, we will show that, there exists a p» such that
limsup,_, o, lle(?)|| < epok. From the above, we already
know that e = ®n and the norm of ® is bounded. Thus,
we have

epK | Tl

limsup le(r)|| = © lim sup [7(1)]| < epax, (23)
11— 00 11— o0

where p» = Op. Let ¢ = y/(p2k), then lim sup,_, , |le(?) ||
=Y. o

4 Almost Regulated Output Synchronization
Under Switching Topologies

In this section, we consider the case where the goal is that
the agents follow a particular trajectory in the presence of
external disturbances under a time-varying topology. In gen-
eral, the reference trajectory is generated by an autonomous
system of the form:

yo = CoXxo, @4)

o {fo = AoXo,
where xo € R, yo € R”. We assume that (Ao, C_'o) is
observable, and all eigenvalues of Ag are in the closed-right
half complex plane, and Cg has full row rank.

Let ejo := y; — yo be the regulation error for agent i €
VY and ey = col{e;o}. In order to achieve regulated output
synchronization for all agents, the following assumption is
clearly necessary:

Assumption 4 Every agent of the direct graph G;, i € M, is
a member of a directed spanning tree with root contained in
asubsetw C V.

To regulate all agents in the network to a reference trajec-
tory, it is necessary that agents in the root set = will receive
the regulation error e;¢. It implies that the quantity available
to each agent is altered to

N
G=Y_ aij(O)(i — yj)+ i — o), (25)
j=1

where ¢; = 1 fori € w and ¢; = O for i ¢ m. Note that the
reference system can be viewed as a new root agent, denoted
as 0. This expanded graph will be referred to as the augmented
graph and will be denoted by G(1). The associated Laplacian
matrix L(t) = [£;;(1)] is then

~ 0 0
Loy = (— col{pi} L(t) + diag{fﬂi}> :

Thus, in terms of the Laplacian matrix I:(t), (25) can be
rewritten as f; = Z;V:o I; HONIE

Note that G(r) switches among the finite graph set G =
{g], Qz, e, QM}, with associated Laplacian matrix Zi for
each Qi. Also note that, from Assumption 4, each graph (ji
contains a directed spanning tree with agent O as the root
(Grip et al., 2012).

We will define almost regulated output synchronization
problem under the switching topology as follows.

Problem 2 Consider a MAS with non-identical and intro-
spective agents described by (1) and (2) and an autonomous
system described by (24). Suppose Assumptions 2 to 4 are sat-
isfied, and the switching topology has minimum dwell time t*
and the disturbance has a limit power k. Then, the problem
of almost regulated output synchronization under switching
topology G(1) with respect to a reference trajectory yy is to
find, if possible, for any k > 0 and any y > 0, an LTI
dynamic protocol such that, the disagreement among agents
satisfies that lim sup,_, . lleo()] < y.

Here is the main result in this section:

Theorem 2 Consider a MAS with non-identical and intro-
spective agents described by (1) and (2) and an autonomous
system described by (24). Under Assumption 2 to 4 with any a
priori given minimum dwell time T*, for any given k > 0, the
problem of almost regulated output synchronization under a
switching topology G(t) is solvable, i.e., there exits a family
of LTI dynamic protocols, parameterized in terms of low-
and-high gain parameters §, ¢ € (0, 1], of the form:
{ Xi = Ai(8,8)%i + B;(6, &) colli, 2 i}, 26)
ui =Ci(8,&)xi + Di(8, &) col{&i, zm,i},

fori € V, where %i € R%, such that given any y > 0,
there exists a §* € (0, 1] such that, for each § € (0,§*],
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there exists an €*(8,t™) € (0, 1] such that for any ¢ €
(0, £*(8, t™)], the protocol (26) achieves almost regulated
output synchronization under switching topology, i.e., we
have lim sup,_, ., |leo(®)|| < y.

Proof The proof is constructive and similar to the proof of
Theorem 1, except that the autonomous system needs to be
rank-uniformed first. In what follows, we will give such a
design procedure.

Let the largest observability index of the pair (Ao, Co) be
denoted by ny . There exist a series of state manipulations
for (24) and a matrix By such that the resulting system char-
acterized by (Ag, By, Co) is invertible, of the uniform rank
ng > max{ng, n(’;o}, and have no invariant zeros (Yang et
al., 2014, Appendix C). According to Peymani et al. (2014,
Lemma 4), we can then transform the autonomous system
into the following form:

o {XO = Axo + B(Mouo + Roxo), @7

Yo = Cx,

where xo € R, ug € R?, A, B, and C are given by (6),
and My € RP*P is an arbitrary non-singular matrix. Since
it is an autonomous system, we choose uy = 0. Finally,
Ro € RP*P" such that (27) can generate the same outputs as
(24). By adding a term Eqwg with Eg = 0 in (27), we obtain
the same form for the autonomous system as the agents in
the system (8), with i € {0, V}.

The protocol designed here is similar to the one (10) used
in the synchronization case, except that « and 8 used in (9)
are set to the proper bounds associated with Li,i € M.
The dynamic protocol used for each agent in the augmented
system is given by:

X = AR + BRo%i + K. (§; — C%p).
uj = My ' Fsexi, (28)

where K, = s’nglK and Fs, = ¢ P" FsS,, with K and
Fs are chosen in the same way in Sect. 3. Notice that setting
X0(0) = 0 leads to xo(#) = 0 and up(t) = O for all t > 0.
The remaining of the proof is then the same as the proof
of Theorem 1. O

5 Examples

In this section, we illustrate our results on a MAS of N = 10
agents, in which there are four different dynamics:

@ Springer

-120 0 , 0 , 1 1
I:A=1001}),B=|0).C =|1].C,=|1].G=|0],
2 11 1 0 0 1
-210 0 , 0 , 1 2
nm:A=(001),B=(0}),C =|1),C,,=10).G=|1],
112 1 0 1 2
-320 0 , 0 , 0 2
m:A=1001}),B=(0}),C =(1],C,=10].G=1]3],
2 21 1 0 1 4
-230 0 , 0 , 1 4
IV:A=1001],B=|0},C =|1}|,C,=|1].G=]|1].
312 1 0 0 3

Agents 1, 2, and 3 have type I dynamics, Agents 4, 5,
and 6 have type II dynamics, Agents 7 and 8 have type III
dynamics, and Agents 9 and 10 have type IV dynamics. The
topology switches among three directed graphs presented in
Fig. 1 in a circular manner. The minimum dwell time t* is
equal to 3 second. The external disturbances are chosen as
wi(t) = sin(9¢), wa(t) = 1.5, w3(t) = cos(61), wa(t) =1,
ws (1) = cos(3t), we(t) = sin(6t), w7 (t) = sin(5t), wg(t) =
cos(t), wo(t) = sin(10¢), wig(t) = cos(2t). The degree of
the infinite zeros for each agent is equal to 2.

After homogenization, the agents have dynamics of the
form (8) with

01 0
A_(()O), B_<1), c=(10).
(0000 (Wi ~_(1000\ (i
E‘w"_(1234><21>’ E2w12_<2135><i2 :
{3000\ (3 C_(1000) (i
E3“”3_<4244><i3)’ E4w’4_(3346><i4>’

where il € {1,2,3),i2 € {4,5,6}, i3 € {7,8}, i4
{9, 10}.

2112 1 2
. ) 3
» OO0

Fig.1 The topologies of multi-agent systems
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Fig.3 Almost regulated output synchronization

Almost output synchronization: Choose K = (3 2) to
place eigenvalues at {—1, —2}, and select § = 1073, Fig-
ure 2 shows the results for ¢ = 0.0002 and ¢ = 0.0007. It
is clearly that when ¢ is smaller, the effect of disturbance on
the network disagreement is squeezed much more.

Almost regulated output synchronization: In this case, the

reference system of the form (24) has Ag = (_8 5 O(')5> ,

Co = (1 0) and the initial condition xo = (?), which is

connected to the root Agent 2. After homogenization, we get
Ro = [—0.52 0], My = 1, A, B, and C are the same as above
for (27). We use the same K matrix, and choose § = 107°.
Figure 3 also shows that when ¢ is smaller, the effect of
disturbance on the regulation error is attenuated much more.

6 Conclusion

In this paper, we have formulated the notion of almost syn-
chronization for heterogeneous networks of introspective
agents under directed switching topologies. That means the
problem of almost synchronization for heterogeneous net-
works of both introspective and non-introspective agents
under a directed switching topologies has been done. The
future research will be focused on agents in the presence of
actuator saturation and input delay while under switching
topologies.
The author has no conflicts of interest to disclose.

Proof of Lemma 1

Proof Let n, > max;_, . n(ng). Then, according to San-
nuti et al. (2014, Theorem 1), there exists a pre-compensator

to make agent i € {1, ..., N} invertible and of equal rank
ng,
) SRS RS | 11
Xpi = ApiXpit B, U (1
i =Cloxl x4 pl oyl
L= ~pitpiTp,i piti’

where ull € RP”. Next, we concentrate on transforming dif-
ferent invertible system dynamics of equal rank to almost
identical ones.

Let

- < Xi )
X = 1 .
Xp.i

There always exist nonsingular state transformation I'; , and
input transformation I'; ,, see Sannuti and Saberi (1987),
such that

u} =Ty qu?. 2)

X =T xxi,

where

= (xl ’ . )
X; = .
Xi,d
Then, the interconnection of (1) and (1) can be written in the
special form,

Xia = AiaXia + Liayi + Ei qWi,
Xid = Axia + Bu? + Dj oXi o + D axi.a) + Ei aw;,
yi =Cxiq,
3)

where A, B, C are as defined in (6). Note that there is an
output injection for the zero dynamics. Therefore, we can
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have internal stability even if the system is not minimum
phase.
Note that the information

Z . (Zm,l)
m,i «— 1
Kp.i

is available for agent i, and z,, ; can be represented in terms
of x; 4, Xi 4 as

_ = X - Cn.iO
Im,i = Cm,i <xl’:> , where Cp, ; = ( gl)l 1) [ x.
i,

We define that, fori =1,..., N,

- [ Aig  Li.C = (0
A = (BD,,a A+ BDi,d)’ 5= (B)'

Assumption 1 implies that (C,, ;, A;) is observable, which
yields that (C,,;, A;) is observable. We then design an
observer-based pre-compensator for the system (3) as

i
2

X
ul

A_ix:,' + _,'Ml-z - ki Zm,i — _m,i)_ci)s 4)
(=Dia R-—

where u; € RP, K, is chosen such that A; + IEiC_‘m,i is
Hurwitz stable, R is chosen such that A + BR has desired
eigenvalues in the open left half plane, and M is an arbitrary
and non-singular matrix. Define the observer error x; = x; —
X;. Notice that the observer error dynamics is asymptotically
stable. Moreover, the effect of x; , on the dynamics x; 4 is
asymptotically canceled. Thus, the mapping from the new
input u; to the output y; is given by

{J'Ci,d = (A+ BR)xj g + BaMv; + p; + E;i qw;, )
yi =Cxid,
and the observer error dynamics is written as,
X = (A + KiCp )X + Eia wj
’ Eia) " (6)

pi = Ba(Dia Diag—R)X.

Then, let x; be x; 4, which results in the dynamics in (8).
Moreover, H;, E, ;, and W; can be found in (6). O
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