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Leader-following Consensus of Heterogeneous Multi-agent
Systems with Packet Dropout

Zhixin Liu, Xiu You, Hongjiu Yang*, and Ling Zhao

Abstract: This paper studies the leader-following consensus problem for heterogeneous multi-agent
systems composed of linear second-order integrator agents and nonlinear Euler-Lagrange agents in two
aspects. The consensus problem of heterogeneous multi-agent systems is discussed with unknown ve-
locities, time-varying disturbances and packet dropout by introducing extended state observer. Suffi-
cient conditions are established to ensure that all following agents could reach consensus with a virtual
leader, which provide the allowable upper bound of packet drop rate. Numerical simulations are pre-

sented to illustrate the theoretical results.

Keywords: Extended state observer (ESO), heterogeneous multi-agent systems, leader-following

consensus, packet dropout.

1. INTRODUCTION

Research on multi-agent consensus has attracted much
attentions in the past two decades due to it’s broad
applications [1-3]. A key problem for the consensus of
multi-agent systems is to design a networked control
protocol such that all the agents could be able to reach an
agreement using the shared data only through local
communications. Up to now, the consensus protocols
have been obtained for both linear and nonlinear multi-
agent systems.
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The consensus problem of first-, second- and high-
order linear multi-agent systems is primarily studied,
please refer to [4-7] and the references therein. For those
linear dynamics, the consensus control under various
network environments has been studied in many papers
[8-11]. Based on the researches of linear multi-agent
systems, there are many literatures focus on the nonlinear
agent dynamics [12-14]. It is noted that all the above
works deal with homogeneous multi-agent systems, i.e.,
it is assumed that each subsystem has the same dynamics.
Actually, the dynamics of the agents coupled with each
other may be different when different kinds of agents
share common goals in some practical applications [15].
For example, in the multi-robot systems, due to common
goal and dynamic environments, some robots should be
modeled by linear second-order integrator equation and
others should be modeled by Euler-Lagrange (EL)
equation, then new coordination protocols need to be
developed [16].

Up to now, the consensus problem of heterogeneous
multi-agent system has gained tremendously progress in
the literatures [16,17]. However, there are few papers
take time-varying disturbances, unknown velocities and
packet dropout into consideration for the consensus of
heterogeneous multi-agent systems. It is known that the
multi-agent systems in the network require intercommu-
nication for sharing knowledge by which to make control
decisions. But during the information exchange, packet
dropout which may degrade the control performance and
even destabilize the entire system inevitably exists [18].
Furthermore, the velocities of agent are not usually
measured and the agent is always subject to external
disturbances. Both the two issues make it difficult to
achieve ideal consensus performance for heterogeneous
multi-agent systems. All of these motivated us for the
study in this paper.

ESO is a particular observer firstly proposed by Han in
[19]. Unlike traditional linear or nonlinear observers, the
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ESO estimates the effect of uncertainties, unmodeled
dynamics and external disturbances acting on the system
as an extended state of the original system, and thus we
are able to cancel total disturbances in the controller
design [20]. Therefore, we will apply ESO to deal with
the unknown velocities and time-varying disturbances.
Motivated by the above discussions, the consensus
problems for heterogeneous multi-agent systems
composed of second-order agents and nonlinear EL
agents are considered in this paper. The main
contributions of this paper are threefold. First, the
consensus case with packet dropout for heterogeneous
multi-agent systems composed of second-order agents
and nonlinear EL agents is firstly studied in this paper.
Second, a particular observer ESO is designed to deal
with the problem of consensus control for heterogeneous
multi-agent systems with unknown velocities and time-
varying disturbances. Finally, in the proof of controller
design with packet dropout, the weak infinitesimal
operator . method is introduced to deal with the
consensus case with packet dropout.

Notation: In the following, if not explicitly stated,
matrices are assumed to have compatible dimensions.
The shorthand diag{M,,M,,---, My} denotes a diagonal
matrix with diagonal blocks M, M,,....My. ||-|| is
the Euclidean norm of a vector. R:=(—0,0), R_,
=(0,0), Ry, =[0,0). R" denotes the n-dimensional
Euclidean space. For any function f:R,, > R", the
L,norm is defined as || fll=sup,.o| f|, and the L,-
norm as ||f||2— I |f| dt. The L, and L, spaces are
defined as the sets {f :R,, > R" || f||w< o} and {f:
Ryo &> R":|| fll,< 0}, respectively. o(-) is the set of
singular values of a matrix, with the maximum singular
value &(-) and the minimum singular value o(-). ®
is the standard Kronecker product. Iy is the identity
matrix with dimension N. The symmetric terms in a
symmetric matrix are denoted by *. The notation x — y
means that there exists a constant ¢ such that ||x—y||
<g¢ with €20.

2. BACKGROUND AND PROBLEM
FORMULATION

2.1. Heterogeneous multi-agent systems

Consider a heterogeneous system composed of m
second-order agents and » —m EL agents. Suppose that
in addition to the » agents, called followers hereafter,
there exists a virtual leader, labeled as agent d, with a
time-varying position x, and velocity v,. We assume that
x; €L, and v; € L. Then, the ith second-order agent

is given by
{)‘Ci(t):vi(t) | (1)
v()y=1,(t), ieS,

where £ ={1,...,m}. x;(t)eR”, v;(t)e R” and 7,(¢)
eR? are the position, velocity and control input,

respectively. Furthermore, the dynamics of the ith EL
agent is given by

{x-(t) =v,(t), ied,/Y,

9 @
() + Ci(x;, vy = 7,(0) + 7, (0),

where 2 ={l,...,n}, x;(1) e R”, v,(t) e R, 7,(¢) e R?
and 7, ,(t) € R” are the position, velocity, control input
and external disturbance, respectively. M;(x;) e R
is the general inertia matrix and C;(x;,v;) € R?*? is the
matrix of Coriolis and centrifugal forces.

2.2. Graph theory

In this paper, we use a graph to describe the informa-
tion exchanging between followers and the leader. The
interaction topology of information exchanged between »
followers is usually modeled by a graph ¥ =(7,&),
where ¥ ={v,---,vy} 1is a finite nonempty set of
nodes and & =7x¥ is a set of edges of the graph.
(v;,v;) €& means that node i and node j can exchange
information between them. Denote the adjacency or
connectivity matrix as 4 =[a;] with a; >0 if (v;,v;)
€E and a; =0 otherwise. Note that a =0. The set
of nelghbors of anode v;is N, ={v; :(v;,v;) € E},
the set of nodes with arcs incoming to v;. Define the in-
degree matrix as a diagonal matrix D = diag{d,d,---dy}
with d, = Z v, Gijs which is the weighted in-degree
of node 7. The graph Laplacian matrix is L=D-4,
which has all row sums equal to zero. A digraph has a
spanning tree, if there is a node (called the root), such
that there is a directed path from the root to every other
node in the graph. When & contains a spanning tree,
the Laplacian matrix has a single zero eigenvalue and the
corresponding eigenvector is the vector of ones L
Moreover, all the other non-zero eigenvalues are in the
open right half plane [21]. Furthermore, define the
pinning matrix of graph ¢ as B=diag{h b, by}
with b, 20, b, >0 if and only if there exists an edge
from the leader to the ith following node and b, >0 for
at least one i. The leader is represented by vertex d and
information is exchanged between the leader and the
followers which are in the neighbors of leader. Then, we
have a graph &, which consists of graph &, vertex d
and edges between the leader and its neighbors. In this
paper, we make the assumption regarding & as
follows:

Assumption 1: The communication graph ¥ is
fixed, directed and contains a spanning tree.

3. MAIN RESULTS

The consensus control problem confronted in this
paper is to design control protocols for all the agents in
¢ such that the states of all agents are consensus to the
leader, i.e., one requires

limx; - x,; and limv; »>v,,
t—0 t—o

Yiel,--,n. 3)



Leader-following Consensus of Heterogeneous Multi-agent Systems with Packet Dropout 1069

3.1. Consensus with unknown velocities and time-
varying disturbances

In this section, we considered the consensus problem for

heterogeneous multi-agent systems with unknown

velocities and time-varying disturbances. Define the

local neighborhood consensus error for the ith agent as

en =2, ay(x
JeN;

€y = z aij(vj

JEN;

=x;)+bi(x; —x,),
-v)+b,(v;—v),

where g;; is the element of connectivity matrix 4, and b,
> 0 is the pinning gains. It satisfies that b; > 0 for at least
one i. Then, the global error vector for network ¥ is

g =—((L+B)®1,)(x-1,®x,),

4)
e, =~((L+B)®1,)(v-1,®v,),

where ¢ —[e”e21 nl] , [612622 ] L is the
graph Laplacian matrix of networked system, B=
diag{b,b,,...,b,} and it presents the communication
relationship between leader and followers. Under
Assumption 1, it is known that all the eigenvalues of
matrix —(L+ B) have negative real part according to
the above discussions in graph theory, i.e., matrix
—(L+ B) is stable. For the time-varying disturbances of
EL agents, the following assumption is presented:

Assumption 2: There exists a function /() which is
infinite approximate the actual external disturbance
torque 7, ;. Furthermore, the differential of f(z) is
assumed to be bounded.

To achieve consensus expressed as (3), ESO is
introduced to estimate the unknown disturbances and
unknown velocity information of agents. Let x; =x;,
X, =Vv;. Then, design the observer for ith second-order
agent as

1= X1~ X1
=Bt

0 =Pl +7;.

C

Xit = Xiz

>

where X; and X, are estimations of states x; and
X,, respectively, parameters f,; and f, are the
regulable gain constants. For the EL agents, let x; =x;,,
X;, =v; and the extended state variable x,; = M, ' (x;)
[-Ci(x;,v;)v; +7,,,,;]. Under Assumption 2, assuming
X =h;, the system (2) is rewritten as

X1 =X,

. O

Xp = X3+ M (x)7;, (5)
xiS =4

Note that #; is bounded according to Properties 1 and 4 in
[22] under Assumption 2, i.e., there exists a constant a;
such that || /; [|[< ;. From (5), the ESO designed for ith
EL system (2) is given as

= Bars
A N -1
Xpp = X3 = Bty + M; (x,)7;,

f% =—PBat,

(6)

where X, X, and X, are estimations of states x;,
X, and x5, respectively, parameters pf;, [, and
pB;; are the regulable gain constants. Through regulating
B, Bo and f appropriately, X, X, and X,; can
be considered as the approximations of the correspond-
ing states x;, x;, and x;, respectively. Letting r,
=X, —X;p, ¥y =X3—X5, and differentiating 7, 7,
and 75 with respect to time, the following dynamical
equation is obtained according to (5) and (6),

Ty =T = Bals
Tio =13 = Bialins
Tiy = =Pty —h;.

With the estimate information, define the synchroni-
zation signal of the ith agent as

Lo
1 =—(&n +Eien ), (7
where p; = z jen, i +b;, E; is a positive p-dimension-
al diagonal mafrix’ and

éa= 2, ay(hy -

JeN;

X)) +b,(vy = X))

Based on the above discussions, the control protocols
for heterogeneous multi-agent systems composed of (1)
and (2) are designed as follows:

1,2+2av +bv, [+K7, i€

mo

Ti(l‘)zL
0

i JEN;

T,(1) = M,(x;)| — 5,‘,.2+Z agv, +b,
Pi JEN;

1

+M(x) %5+ K], i€, ®)

where K, is a positive p-dimensional matrix and ;=
X;,. Note that the derivative of ¥, can be calculated

by numerical differentiation. Then, it is obtained that

. 1
== _z a;;

Pi JEN;
+Bty — Ky,

For (9), we construct the following Lyapunov candidate
function as

Ty —Tn)+ b,

ied. ©)

V=y"Ny, (10)

where y :[77T rlT r2T rlz,; rsz r3Tm ]T and
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lP 0 0 0 0 0
2
* —C —=F 0 0 0
2 2
1
* * EG 0 0 0
N:
2 2 2
* * * * lRm —lSm
2 2
1
* * * * * —Ww
L 2"

with 7 =[5y 1T m = [y onp]T and
T TqT T T 1T
Nim :[”(m+1)1"‘rn1] > o :[”(m+1)2""’n2] >
P:diag{Pl,PZ,""Pn}! G:diag{GlaGZS"'aGn}’
Czdiag{CDCZ’”"Cn}’ deiag{Fi’F2""’Fn}a
Jm = diag{‘]m+1"]m+2"“"]n}’ n :[771T772T77r{]T:
Sm =diag{Sm+l’“"Sn}9 Hm zdiag{Herl’”"Hn}’
Qm :diag{Qm+1a""Qn}5 Rm :diag{Rm+1,---,Rn},
Wm = diag{Wm+l’Wm+2""aWn}a

in which P, C, F;, G;, H, J, O;, R, S; and W, for
i=1,---,n are positive p-dimensional matrices. There-
fore, V' is positive definite when N>0 is satisfied.
Taking the derivative of V with respect to ¢, we have

. 7 1 _
V= ZUI'TPi I:_:‘i {_ z a;(rj _”iz)+bi’”i2"
in1 ‘

i JEN;
+> 0] PIBory =K1 =D 1l (C. By — F By )iy
i=1

i=1

n n
T T
_Z i Eirn + Z 11 (G =GB + F B
i=1 i=1

- Z ’?1T(H,-ﬁi1 +0,B5—JiB)ry — Z ’?gjiriz

i=m+1 i=m+1
n
T
+ Z iy (H; +J: By + 883 = Ri i )i
i=m+1
S - T - T
- Z i3Stz — Z FiSihy — Z rWih;
i=m+1 i=m+1 i=m+1
n
T
+ z 1t (=F = J; = OBy + S B =W B3 )3
i=m+1

+ D r(GH O+ Ry = Y. 1l Ol

i=m+1 i=m+1

It follows that
V:—yTMy—yTlm, (1)

where

L=[0 0 0 ©hm) ST Wb ]

PK —%Pﬂz L3 0 0 0
*(2,2) (23 0 0

M=| * * F 0 0
* * *  (44) (4,5 (4,0)
* * * * Jm (5’6)
* * * * * S

m

with h, =[h, k. ,--h']" and

m+1""m

(1,3) = —%P(D +B)'E(L+B),

CD=CR-Fp (@H=-2(C-Gp+Fp),
(4’ 4) = Hmﬂlm +Qmﬁ3m _JmﬁZrn’
(4’5) = _%(Hm +Jmﬁ1m +Smﬁ3m _Rmﬁ2m)’

(4’6) = _%(_Fm _Jm _Qmﬂlm +Smﬂ2m - Wmﬁ:%m)’

(5.6)==5(G, +0, +R,),

K:diag{]%lalg2>"'skn},

ﬁl =diag{ﬁll7‘”’ﬁnl}’
with F,, =diag{F,,

2 =diag{&,,5,,-,E,},
B, =diag{B,,"+, B}
F,} and

s

Bim = diag{ B yis Bomsay> s B b
Bom = di8g{B 112> Bimsnyzs s Ban b
B = diag{ B 1135 Bimsayso > Bz}

Theorem 1: Considering the heterogeneous multi-
agent systems composed of second-order system (1) and
EL system (2) under Assumptions 1 and 2, by choosing t;
as (8), if there exist appropriate ESO parameters [,
Bi», B and positive matrices P;, C;, Fy, Gi, H;, Ji, Oy, R,
S; and W,,Viel,---,n such that the LMIs N >0 and
M >0 given by (10) and (11), respectively, are
satisfied, then the consensus in the sense of (3) is
achieved.

Proof: According to (11), we have V<0 if M is
positive definite and ||y ||>]l/,, l,..c (M) =B,. Fur-
thermore, from (10), it is obtained that

1 1 _
Sy I> a(N) <V <<l I G(N).

Following [23], one can draw the conclusion that for any
initial value y(z,), there exists a time T, such that

1Y OIS JGN) a(N)Bd, V2 1y+T,. (12)

By definition of y(¢), (12) implies that 7(¢) and 7r,(?)
are uniformly ultimately bounded (UUB). According to
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(4) and (7), as —(L+ B) is stable, we have lim,_,_ v;(f)
—v,;(t) and lim,_,  x;(t) > x,(¢), ie., the consensus
in the sense of (3) is reached. O

3.2. Consensus with unknown velocities, time-varying
disturbances and packet dropout

During information transmission among agents, the data
packet dropout is inevitably exists and it might be
potential sources to the instability and poor performance
of multi-agent systems. Therefore, the consensus
problem for heterogeneous multi-agent systems with
unknown velocities, time-varying disturbances and
packet dropout is considered in this section. Specifically,
the consensus protocols for heterogeneous multi-agent
systems (1)-(2) under the influences of packet dropout
are rewritten as follows:

T, ()= AiéiZ;/ +1Le;,,,

7,(t) = M (x;)[-%;5 + AiéiZ}/ +1Le,,

iet,,
. (13)
l.iet, 2,

where A; and I1; are positive p-dimensional matrices, and
€y = Z 71](1)"1]'(35] =X)+ 7 (Db (x; — x;),
=
&y = 2 1y Oy (9 =9+ 7,40 (b, (vg =7;)
J=1

in which y; (f) is a binary random variable characterizing
the fading property of the channel (i,j)ee. It is
assumed that y; (¥) is independent of both the time index ¢
and spatial index i, ;, and identically distributed for
each 7 and (i, j) € &. Note that the distribution of y; ()
is given by P(y;(t))=1)=4=1-P(y;(#)=0) for all
(i,j)ee and t. A is called recovery rate in the rest of
the paper. For the consensus case with packet dropout in
this section, we construct the Lyapunov candidate
function V =V, +V, with

1 75 1 7= =
" =—e1TZe1 +—€2TP€2 +e1TEe2,
2 2
1 n _ n _ 1 n _
Vy =22 G = 2t Firig + 5 212G
i=1 i=1 i=1

n

1 T - T
+- z ry Hiry — Z iy Jirn

i=m+1 i=m+l
n T— l n T—
+ z i Yitiz +E z T Riry
i=m+l1 i=m+l
n r= 1 n T
- Z T2 Sitis +E Z 13Wirs,
i=m+1 i=m+1

where Z, P, E, El-, IFZ-, G,-, P_I,-, jl-, Q-, 1?,-, §l and VI_/,

are positive definite matrices with appropriate dimension.

Then the Lyapunov function ¥ can be changed as
V=V +V, =% N7, (14)

— T T T T T T .TAT
where y=[e e i 1 K, 1, H,] and

N:
lZlEo 0 0 0 0
2 2
*1130 0 0 0 0
2
« o« 1c JLp 0 0
2 2
1 =
* * * -G 0 0 0
2
20m v pEm
20" 20"
27" ]

with W =d1ag{ m+]’W +2""’Wn} and

C = diag{C,,C,,---,C,}, F=diag{F,F,,-,F,},
G =diag{G,,G,,-,G,}, H, =diag{f, ., H,},
Ty =diagld, 0, O, = diaglO,sr5 0,
R, =diag{R,.,,--,R,}, S, =diag{S,,,,"--,S,}.

From (14), V is positive definite if N >0 is satisfied.
Then, the weak infinitesimal operator £ of (14) with
packet dropout process is given by

0= lim EV @+ DV O1-V (0)

(15)
=3y My+y'l,,
L, =[~(E(L+By,) ~(P(L+B)i,) 0 0
@) b T, ]
(L) (1,2) 0 (L4)
*  (2,2) 0 2,4)
L G @-GRFA
M= * * * F
) 0 0 1
0 0
0 0 0
0 0 0 > (16)

(5,5 (5,6) (57)
* J, (6,7)
(S, —D]

* *

where Z_m and M are shown as (16) with
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(L1)=AE(L+B)1-1/2(E(L+B))" (E(L + B)),
(1,2) =—1/2(Z = AP(L+ B)I1- AE(L + B)A),
(1,4) = —1/2(AE(L+ B)" (L + B)A),

(2,2)=AP(L+B)A-E —%(F(L +B)) (P(L+B)),

(2,4)= AP(L+B)" (L +B)A,
(3.3)=Cph ~Fp,,

5,5 = ﬁmﬂlm +ém183m _jmﬂ2m’
(5,6)=—=1/2(H,, + 7, B, + S, B
6,7)=-1/2(G,, +0Q,, +R,),

_EmﬁZm)’

(5’7) = _1/2(_Fm _jm _émﬂlm +§m182m _Wmﬂ3m)
with
G, =diag{G,,.,,--,G,}, F, =diag{F, . -, F,}.

Utilizing Schur complement, M>0 is equal to
_, M* M*
it =M _1*2 ’ (17)
* My,

— % — — %
where M, =M, M,, =149, and

‘(@ 0 00000

* (2,2 00 0 0 0

* x 000 0 0

My =| « x %000 0
* * * x 0 0 O

* * x x % 0 0

* * x % % % ()

with (1,1)* :ﬁ(ﬁ(L+B)), (2,2)° :%(F(L+B)).

Theorem 2: Consider the heterogeneous multi-agent
systems composed of second-order system (1) and EL
system (2) under Assumptions 1 and 2. Design 7; as (13).
If there exist appropriate ESO parameters f, B, B3
and positive matrices Z, P,E C,F,G,H,J,Q,
R, S, and W, Vi€l -,n such that the LMIs N" >0
and M >0 given by (14) and (17), respectively, are
satisfied, then the consensus in the sense of (3) is
achieved.

Proof From (15) and (17), we have Z(V)<0 if
M s positive definite and || y ||>||l .. o(M)= Bd
Furthermore, according to (14), we have

max

1 _ —x | P
5||y||2g(N)SVs5||y||za(N).

Following [23], one can draw the conclusion that for any
initial value y(¢,). There exists a time 7} such that

| 7O I<E(N)/ o(N)Bd, Vt>1,+T,. (18)

By definition of y(#), (18) implies that e¢,(7) and e,(?)
are UUB. According to (4), as —(L+ B) is stable, it is
obtained that lim,_,, v,(#) > v,(¢) and lim,_, x;(t) >
x,(t), i.e., the consensus in the sense of (3) is reached.
This completes the proof. 0

4. NUMERICAL EXAMPLES

In this section, we give an example to illustrate the
effectiveness of the theoretical results in Theorem 2. It is
noticed that the result of Theorem 1 is a special case of
Theorem 2 without packet dropout. Consider the
heterogeneous systems composed of three second-order
integrator agents and three EL agents with a virtual
leader, and the model is shown as

x; (1) = v; (1),
‘.}i (t) = Ti (t)a
and

xi(t)zv[(t)a i€{455’6}5
M;(x)v; + Ci(x;,v;)v; = 7,(0) + Tpp (1)

ie {1)2’3}7

(19)

Note that the dynamics of EL agents is similar to those i 1n
[22]. Therefore, we chose inertial matrices J,.; kg- m?
and the external disturbances d,,; N-m, Vi=4,5,6
which are the parameters of (19) as

Jyreq =diag{l7,12,9}, d,, 4 =[2.22.22.2]",

exi

Jyres = diag{l4,13,10}, d,, s = [1.41.41.4],

exi

Jy/es = diagl20,10,9}, d,, ¢ =[0.80.80.8]".

e.

All of these parameters are set to be 10%-80% of
accuracy of spacecrafts’ real values [22] and the agents
considered herein are 3-dimensional systems. Moreover,

Xjp> Vs V) =1,2,3 are the jth elements of x; and v,
respectively.

The communication topology is shown in Fig. 1. It is
noted that the directed graph for all followers 1 to 6 is
connected and the virtual leader is a neighbor of follower
1. In this section, the leader’s reference is set to be
x; =[sin(0.1¢), sin(0.1¢), sin(0.17)]” rad. In the follow-
ing, we use x; and v; to denote the jth element of x; and v,
respectively. For simplicity, only tracking trajectories of
first and second elements of states x; and v; are given out.
Note that it is enough to illustrate the theorem results in
this paper.

Fig. 1. Communication topology.
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Remark 1: In this paper, we select the same reference
signals in 3-dimensional space for the simplicity of
simulation. Note that according to the proof of Theorems
above, the leader’s reference x, can be in any form as
long as it satisfies x,€ L, and it’s differential v, € L.
Therefore, the reference signals in 3-dimensional space
can be also different.

50
Time(s)

v”(radfs)

10 20 50 70 80 90 100
Time(s)
(c)
—Vi2
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0104 STy Va2
= { \\\\\ .'/’PH( ‘%\\\ "4:
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Time(s)
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Fig. 2. Consensus with unknown velocities, time-varying
disturbances and packet dropout.

Simulation results regarding the consensus case with
packet dropout are implemented in this section. Accord-
ing to the proposed results in Theorem 2, we choose
A; =diag{2,2,2}, I1, = diag{2,2,2}, i€1,2,3,4,5,6 and
the ESO parameters are chosen as p; = diag{20,
20,20}, p;, =diag{150,150,150}, B, =diag{500,500,
500}, i€4,5,6. Moreover, we obtain the allowable
minimum recovery rate A=0.6 in network ¢. Figs.
2(a) and 2(b) show the first elements of states x; and v;
for all the agents, respectively. Similar results are shown
in Figs. 2(c) and 2(d) for the second elements of states x;
and v;.

From Fig. 2, we know that the heterogeneous multi-
agent system (1)-(3) with consensus protocol (13) can
solve the consensus problem with unknown velocities,
time varying disturbances and packet dropout. For the
chattering occurs in simulation results, it is due to the
existence of packet dropout, which cause the loss of
information in communication links and thus deteriorate
the controller’s performance. It is important to note that
with the minimum recovery rate A = 0.6, the consensus of
heterogeneous multi-agent systems are still achieved.
Then, it implies that the controller proposed in Theorem
2 has capability to deal with the problem of packet
dropout.

5. CONCLUSION

In this paper, we have studied the leader-following
consensus problem for heterogeneous multi-agent
systems composed of linear second-order integrator
agents and nonlinear EL agents. By introducing ESO, the
consensus protocols which allow for unknown velocities
and time-varying disturbances have been proposed for
the both cases with and without packet dropout in this
paper. Sufficient conditions which provide the allowable
upper bound of packet drop rate have been obtained to
ensure that all following agents could reach consensus
asymptotically with a leader. Finally, simulation results
have been shown to illustrate the effectiveness of the
proposed results. Up to now, little attention has been paid
on the consensus problem for heterogeneous multi-agent
systems with time-varying delays, which is an common
problem need to be solved. Therefore, our future work
will focus on the consensus control for heterogeneous
multi-agent systems with time delays.
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