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ABSTRACT This paper is concerned with the time-varying formation tracking issue for high-order multi-
agent systems based on event-triggered mechanism and adaptive control strategy. The time-varying forma-
tion configuration involved in our work is expressed as a bounded piecewise continuously differentiable
vector function. The follower agents are required to achieve a pre-specified time-varying formation while
tracking the state trajectory of the leader. First of all, in the light of event-triggered schema, we constructed
an adaptive control protocol with adjustable time-variant parameters for achieving time-varying formation
tracking. Meanwhile, the corresponding triggering conditions were designed to avoid continuous commu-
nication. Then, a four-step algorithm and feasible conditions have been provided to determine protocol
parameters. Additionally, theoretically proof reveals that the specified formation tracking could be realized
while excluding Zeno behavior. Two simulation examples were finally provided to illustrate the effectiveness
of the obtained results.

INDEX TERMS Time-varying formation tracking, adaptive control, event-triggered communication, multi-
agent systems (MASs).

I. INTRODUCTION
In recent years, the study of cooperation and coordination
of multi-agent systems (MASs) has been attracting inten-
sive attention and found potential applications in various
practical fields, e.g., flocking problem [1], collective diffu-
sion [2], cooperative surveillance [3], formation control [4],
and containment control [5]. Among all related work in
the different areas, the research perspective can be mainly
classified into two general types: the artificial autonomous
MASs inspired by biological intelligence, and the social
networked human-agent collectives. In the first perspec-
tive, researchers engage in solving problems derived from
practical engineering involving unmanned aerial vehicles,
mobile robots, underwater vehicles, etc. Considering a single
agent equipped with an embedded micro-processor which
has limited onboard computing and actuating capabilities,
it will be challenging when faces with a complex mission,
so that the paradigm of MASs working cooperatively has
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become an inevitable trend. In the second one, researches
mainly focus on modeling of multi-agent dependence rela-
tions, individual decision-making mechanism and interaction
protocol, through which obtaining a better simulation or
understanding of the typical social behavior in self-adaptive
and self-organized MASs, see, e.g., [6], [7]. In this paper, our
works mainly concerns engineering problems from the first
perspective.

As one of the basic research of cooperative control, for-
mation control is adopted to drive a cluster of agents to
form and maintain a given spatial pattern which depends
on the mission requirement. Compared to other formation
approaches, such as virtual structure and behavior-based
approaches, consensus-based control theories have provided
more useful mathematical tools to tackle the formation con-
trol problems [8].

Moreover, assuming a more general scenario, as there is
always a virtual or real leader that provides the expected
motion path of the overall system online, the other agents
are supposed not only to form and keep the desired forma-
tion but also follow the leader’s movement. This motivates
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the research on formation tracking problems. We extend the
assumption of pioneering leader-follower formation schema
in this paper. It is assumed that the leader is in the neigh-
borhood of only a subset of followers, which means not all
followers can access the information of the leader directly.
Meanwhile, each agent uses neighborhood information to
construct distributed control protocols in the formation track-
ing strategy. Xiao et al. [9] designed a finite-time formation
tracking protocol for first-order MASs in light of the con-
sensus theory. In [10], the second-order MASs with bounded
disturbances were considered, and a time-invariant formation
tracking protocol based on an integral sliding mode frame-
work is presented. Then, more complex practical applications
should be considered, such as multiple target tracking and
collision or obstacle avoidance, caused by the rapid changes
in the external environment or mission requirement. The
MASs need to adjust the formation in real-time, where the
time-varying formation is more suitable as the stationary one
is no more satisfied. Dong et al. investigated time-varying
formation tracking problem for linear systems with multiple
leaders in [11], and multi-quadrotor systems under switching
topologies in [12].

Note that many proposed consensus controllers use the
Laplacian matrix in the control law design, and the connec-
tivity is explicitly associated with determining the feedback
control gain. As we know, the connectivity for the network
is commonly measured by the second least value of the
real part of the eigenvalues of the Laplacian matrix [13].
In other words, since the computation of the aforementioned
eigenvalues requires global information of the entire com-
munication graph which is not the information entirely from
the neighborhood of a subsystem, the consensus control pro-
tocols cannot be determined in a fully distributed fashion.
To tackle this limitation, an adaptive control strategy [14] was
introduced, which implements adaptive laws to dynamically
update the coupling weights between neighboring agents.
Li, et al. [15] explored the advantages of adopting edge-based
adaptive protocols for nonlinear MASs with quantized state
information, which utilize an equivalent simpler graph to
avoid the redundant edge information in the cycle structure
of the graph. The adaptive protocol was modified by adding
an extra monotonically increasing function [16] to investigate
the consensus tracking problem for the MAS with a directed
graph. Extensions to nonlinear systems [4], [17], uncertain
systems [18], [19] and higher-order systems [20] were further
studied with distributed adaptive consensus protocols.

In early contributions, most existing control algorithms
require all agents to have continuous access to the states of
their neighbors and the control inputs must also be updated
continuously, which is especially troublesome when lim-
ited computation and communication resources for large-
scale MASs need to be taken into account. Event-triggered
strategies provide us with an efficient way to relax these
requirements. More specifically, an event-triggered protocol
scheme consists of two key elements: a controller with a
local rule based on the states of its neighbor agents, and a

triggering function determining at which instants the con-
trollers of agents should be updated. In this way, the paradigm
of continuous or periodic sampling/control can be abandoned
in exchange for deliberate and opportunistic aperiodic sam-
ple/control to improve efficiency [21]. Some representative
results and analysis on the comparison of four typical event-
triggered schemas were introduced in [22], which including
event-based sampling scheme, model-based event-triggered
scheme, sampled-data-based event-triggered scheme and
self-triggered sampling scheme. The event-triggered strate-
gies to solve the multi-agent average consensus problem over
weight-balanced digraphs are studied in [23]. Distributed
event-triggered conditions have been investigated in [24] for
multi-robot systems under both fix topology and switching
topology. In [25] and [26], the authors mainly focus on
consensus problems for nonlinear MASs and heterogeneous
first-order MASs respectively. Liang et al. [27] introduced
observer-based event-triggering conditions to tackle the case
that the states of agents are unavailable. Ge et al. outlined two
applications of distributed event-triggered estimation mecha-
nism in sensor network-based monitoring systems in [28].

With the aim of relaxing the condition of the control
parameter depending on the global information and reduc-
ing the communication burden at the same time, we com-
bine the advantages of the adaptive protocol and distributed
event-triggered strategy. As far as we know, these two con-
trol methods have not been considered simultaneously in
the time-varying formation tracking for a group of high-
order agents. Inspired by the above facts, this paper focuses
on the adaptive time-varying formation tracking problem
for general linear MASs based on event-triggered commu-
nication. A four-step algorithm is proposed to design the
event-based time-varying formation control protocol. More-
over, the triggering condition is studied to achieve broad-
casting and update local states between agents without Zeno
behavior.
Related Work: Time-varying formation tracking analysis

and design problems are also investigated in [11] and [12].
While the former focused on estimating the convex combi-
nation of the states of multiple leaders, the latter achieved
formation tracking for second-order MASs subjected to
switching topologies. A rotating formation control protocol is
proposed in [29] aiming to make all agents move with a spe-
cific structure in a circular channel. All of their protocols were
constructed utilizing the global knowledge of the Laplacian
matrix (smallest nonzero eigenvalue), as well as required con-
tinuous communication. Nevertheless, in our work, through
the adaptive strategy integrated with event-triggered schema,
the protocol and event-triggering condition are realized in a
fully distributed manner, which also no more require individ-
ual agents to continuously access information about the states
of their neighbors as to achieve better resource efficiency.

A dynamic event-triggered communication mecha-
nism (DECM) addressed in [30] was developed to regu-
late the inter-agent communication, wherein the threshold
parameter of the event-triggering condition is adjustable in
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accordance with a dynamical rule. The simulation shows that
the DECM could achieve better formation performance than
the static one under the case of time-invariant formation.
Similarly, the recent work in [31] focuses on the MASs
subjected to input saturation, also assumes that the desired
formation configuration is constant. More examples can be
found in [24], [25]. However, the case considered here is
all followers keep a time-varying formation while tracking
a time-varying reference. The previous mentioned event-
triggered algorithms (including design of control protocol
and event-triggering condition) fails to be extended to such
case. Moreover, in our proposed event-triggered schema,
the existence of the design for dynamical adaptive protocol
parameters enables the whole system to achieve a better
trade-off between reducing communication times and pre-
serving specified formation. Considering the dynamics of the
leader and formation, the event-triggering condition will be
violated frequently, which would lead to another challenge of
Zeno behavior, and it not always excluded [32].

While in [12], [31], [33] the dynamics of each agent is
simple single-integrator or second-order MASs, their results
cannot be extended to the general high-order dynamics. Since
first-order and second-order dynamics are special cases of
general high-order ones, the problems in the current paper
are more general. In addition, compared with the leaderless
formation stabilization case in [34], [35], formation tracking
problems were investigated in this paper, where the cou-
pling weights between the leader and followers should be
considered.

Compared with the existing works, the main contributions
of this paper are summarized as follows:

1) We proposed a method being equipped with the
advantage of event-triggered mechanism and adaptive con-
trol strategy. Through designing a novel adaptive coupling
weighted protocol, the execution of the algorithm does not
necessitate a priori agent knowledge of global network
parameters. Through constructing the event-based schema,
it enables opportunistic and aperiodic information transmit-
ting, which eliminates redundant continuous communication
during detecting of the triggering event and updating of the
controller. Moreover, the adaptive protocol strategy has a
helpful effect on the trade-off between reducing the commu-
nication load and obtaining formation performance.

2) We developed the formation tracking control theory for
enlarging the application scope. Each agent in the consid-
ered system has generalized high-order linear dynamics and
the expected formation configuration is time-varying, which
indicates the method studied here is more practical and has
better applied value in amore complex dynamic environment,
but more challenging. Furthermore, the connection between
the leader and followers should be given extra consideration
compared with the leaderless formation problems. The last
but not least, our resulting asynchronous networks executions
are free from Zeno phenomenon.

To have an overview of the proposed framework, we illus-
trate the whole process in Fig.1. The designing of adaptive

FIGURE 1. The schematic of the proposed distributed formation tracking
event-triggered control and corresponding notations.

control is combined into the construction of the tracking
formation control protocol. With simultaneous collecting and
integrating of the leader’s info if it is available, the speci-
fied formation info, the local state info and the neighboring
agents’ state info, a tracking formation control protocol can
be ultimately generated. Based on the update intervals and
latest transmitted states, the estimator is made to provide the
predictive value. Monitoring the estimate errors, an event-
triggered mechanism is defined to determine the event releas-
ing time instant when the actual system states should be
transmitted. More details are explained in Section III.

In what follows, Section II provides some related math-
ematical preliminaries and problem description. The main
results are presented in Section III. In Section IV, two numer-
ical simulation examples are shown to verify the obtained
results. Finally, Section V concludes.

II. PRELIMINARIES AND PROBLEM FORMULATION
Basic mathematical notation, concepts concerning graph the-
ory along with the problem description are given in this
section.

A. GRAPH THEORY AND DEFINITIONS
Let G = {Q,E,A} describe an undirected graph, where
Q = {q1, q2, · · · , qN } defines nodes or vertices of a set,
E ⊆ {(qi, qj) : qi, qj ∈ Q; i 6= j} stands for an edge set
and A =

[
aij
]
∈ RN×N denotes a weighted adjacency matrix

with nonnegative weights aij. Let eij = (qi, qj) denotes an
edge from node qj to node qi, eij ∈ E , exists if the node qi
can receive information from the node qj, which also means
that the node qj is called a neighbor of the node qi. The set
of all neighbors of the node qi is represented by Ni = {j ∈
Q : eij ∈ E}. The graph is called undirected if and only if
(qi, qj) ∈ E ⇔ (qj, qi) ∈ E . The adjacency matrix A =

[
aij
]

13206 VOLUME 8, 2020



J. Deng et al.: Distributed Adaptive Time-Varying Formation Tracking Control for General Linear MASs

satisfies aij = 1 if and only if eij ∈ E , and aij = 0 otherwise.
The corresponding Laplacian matrix L =

[
lij
]
∈ RN×N is

defined as lij = −aij for i 6= j, and lii =
∑N

j=1,i 6=j aij. There
exists a path from qi to qj if a finite ordered sequence edge
belongs to the edge set, i.e.{

(qi, qk1), (qk1, qk2), · · · , (qk(s−1), qks), (qks, qj)
}
⊆ E .

An undirected graph is said to be connected if there is at
least a path between any two nodes. Furthermore, the leader
agent can only send information to its neighbor followers but
not receive information reversely. Then, we have a graph Ḡ,
which consists of the graph G, the leader node, and edges
between the leader and its neighbors. We define a leader
adjacency matrix as D = diag(b1, · · · , bN ), where bi = 1 if
the state information of the leader is available to the follower
node qi and bi = 0, otherwise.
Lemma 1 ([36]–[38]): If the undirected graph Ḡ is con-

nected, then the matrix H = L + D is symmetric positive
definite.

B. PROBLEM FORMULATION
Consider a MAS composed of N + 1 agents, with one leader
(which could be virtual) labeled by 0, and N followers repre-
sented by i = 1, 2, · · · ,N . Let Ḡ represent the communica-
tion graph associated with the MAS.

The dynamics of the i th follower agent is described by

ẋi(t) = Axi(t)+ Bui(t), i = 1, 2, · · · ,N , (1a)

where A ∈ Rn×n and B ∈ Rn×m are constant known matrices
with rank(B) = m and n ≥ m, xi(t) ∈ Rn is the state and
ui(t) ∈ Rm is the control input of the follower i. The leader is
governed by

ẋ0(t) = Ax0(t)+ Bu0(t), (1b)

where x0(t) ∈ Rn denotes the state and u0(t) ∈ Rm is the
control input of the leader.
Assumption 1: The matrix B is of full column rank,

i.e., rank(B) = m.
Remark 1: Assumption 1 is standard andmild, whichmeans

that each column of B is linearly independent and there are no
redundant control input components (see [35], [39] for more
details).
Assumption 2: The pair (A,B) is stabilizable.
Definition 1: A desired time-varying formation configu-

ration is specified by the vector h(t) =
[
hT1 (t), h

T
2 (t), · · · ,

hTN (t)
]T
∈ RnN with hi(t) is a bounded piecewise differen-

tiable function. For any given bounded initial state, if

lim
t→∞

(xi(t)− hi(t)− x0(t)) = 0, i = 1, 2, . . . ,N , (2)

then MAS (1) is said to achieve the expected time-varying
formation tracking.

The control objective of this paper is to make all followers
achieve a desired time-varying formation and track the state
trajectory of the leader simultaneously. The current paper
mainly focuses on the following two problems for high-order

MASs: (1) under what conditions that the time-varying for-
mation configuration can be accomplished, and (2) how to
design a distributed formation tracking control protocol ui(t)
and an event-triggered mechanism to realize the objective
while using fewer communication resources.

III. MAIN RESULTS
In [14], Li proposed a distributed relative-state adaptive con-
sensus protocol to achieve consensus tracking, and gave the
design procedure of feedback gain matrix K :

ui(t) = K

∑
j∈Ni

cij(t)aij(xi(t)−xj(t))+ci(t)bi(xi(t)−x0(t))


ċij(t) = δijaij(xi(t)− xj(t))T0(xi(t)− xj(t))

ċi(t) = δibi(xi(t)− x0(t))T0(xi(t)− x0(t)), (3)

in which, each agent relies on only the state information from
local neighbors, but continuous communication is needed
between neighboring agents, which may ruin the purpose
of decreasing the network load. Motivated by their work,
a novel distributed adaptive event-trigger control protocol is
developed in this paper.

A. EVENT-TRIGGERED CONTROL PROTOCOL
To make an idea of event-based communication clear,
we denote a sequence of triggering instants for follower agent
i by

{
t i0, t

i
1, . . . , t

i
k , . . .

}
. Let yi(t) = eA(t−t

i
k )xi(t ik ),∀t ∈[

t ik , t
i
k+1

)
model the estimation of the true state xi(t) of agent i,

where xi(t ik ) is the last broadcast state, the other agents receive
the state information and calculate the estimation until the
next triggering time t ik+1.
Each agent i is supposed to have three tasks: 1) receives

its neighbors’ latest transmitted information xj(t
j
k ) and then

compute the estimation of the state value yj(t), along with
the leader’s continuous information x0(t) if bi > 0 and the
formation information hi(t), after that update its controller
immediately; 2) monitors its own state and judge that whether
the event triggering condition can be satisfied base on the
local state error; 3) broadcasts its triggering instant as well as
the latest current state to its neighbor and update its control
input as soon as triggering condition is satisfied.

Based on the above three tasks, we consider the following
event-triggered control protocol,

ui(t) = K

[∑
j∈Ni

cij(t)aij(yi(t)−hi(t)−(yj(t)−hj(t)))

+ci(t)bi(yi(t)− hi(t)− x0(t))

]
+νi(t)

ċij(t) = aij
(
(yi(t)− hi(t)− (yj(t)− hj(t)))T

·0(yi(t)− hi(t)− (yj(t)− hj(t)))
)
+ α − cij(t)

ċi(t) = bi(yi(t)− hi(t)− x0(t))T0(yi(t)− hi(t)− x0(t))

+β − ci(t), (4)

where cij is the time-varying coupling weight between agent
i and agent j, and cij(0) = cji(0), while ci denotes the corre-
sponding weight between the agent i and the leader. Besides,
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α and β are positive constants, determined by the initial value
cij(0) and ci(0) respectively, i.e. 0 < α < cij(0) and 0 <

β < ci(0). Symbol νi(t) represents the compensational input
to expand the feasible formation set, which can be ascertained
through our proposed algorithm. Matrix K ∈ Rm×n and
0 ∈ Rn×n are the feedback gain to be determined later.

Under Assumption 2, for any given θ > 0, there exists
a positive definite matrix P, which is the solution of the
following algebraic Riccati inequation:

PA+ ATP− 2θPBBTP+ θ I < 0, (5)

thus, in Equation(4), let K = −BTP and 0 is designed as
0 = PBBTP.
In order to develop our event trigger mechanism, a mea-

surement error can be defined as ei(t) = yi(t) − xi(t),
i = 1, . . . ,N . The triggering instant sequence

{
t ik
}
for agent

i will be determined iteratively by the following trigger func-
tion f i (·)

t ik+1= inf
{
t> t ik : f

i(ei(t),Yij(t),Hij(t), ci(t), cij(t))≥0
}
,

(6)

whereYij(t) =
(
yi(t)− yj(t)

)
j∈Ni

,Hij(t) =
(
hi(t)− hj(t)

)
j∈Ni

.
Remark 2: The time-varying formation configuration hi(t)

should be designed in advance, which can be seen as the
local prior information stored in each individual agent, so that
agent i can acquire its neighbors’ formation

{
hj(t)

∣∣ j ∈ Ni}
without communication. Moreover, the calculation of trigger-
ing condition function (6) and update of control input (4) is no
need for continuous communication among follower agents.
Remark 3: Note that only undirected communication net-

works between agents are considered in this paper, for
the purpose not to overshadow the main idea of the dis-
tributed adaptive time-varying formation tracking event-
based schema. The analysis approaches used in this paper
cannot be applied straightforwardly to the directed graph, and
further investigation could be directed towards the case of the
directed graph. In that case, instead of employing the assump-
tion of Lemma 1, more rigorous requirements for networks
would be satisfied, i.e. the digraph is strongly connected or
contains a directed spanning tree, see, e.g., [40].

B. ALGORITHM FOR FORMATION
Sufficient condition for the MAS (1) with connected topolo-
gies to achieve the time-varying formation tracking is derived
in subsection A. In the following procedure, we proposed an
algorithm to determine the control parameters in the proto-
col (4) and event-triggered function (6).
Algorithm 1: For the follower agents, the event-triggered

time-varying formation tracking control protocol (4) and trig-
gering function (6) can be ascertained by the following four
steps.
Step 1: For a given formation vector h(t) and a control input

of the leader u0(t), solve the time-varying formation tracking
feasible constraint for the compensation input νi(t):

Ahi(t)− ḣi(t)− Bu0(t)+ Bνi(t) = 0, i = 1, . . . ,N . (7)

If there exists νi(t)(i = 1, . . . ,N ) such that the time-
varying formation specified by h(t) satisfies the condition (7),
continue; else the formation is not feasible for the system (1)
under the protocol (4) and the algorithm stops.
Step 2: Choose the initial value of the coupling weights

between agents cij(0) and ci(0), as well as the positive con-
stants α and β, which should be constraint by 0 < α < cij(0)
and 0 < β < ci(0).
Step 3: Solve the algebraic Riccati inequation in (5)

to obtain a symmetric positive definite matrix P, and the
gain matrices K and 0 are designed as K = −BTP and
0 = PBBTP respectively.
Step 4:Monitor the event-triggered function f i(ei(t),Yij(t),

Hij(t), ci(t), cij(t)) = 8i −9i − δi, where

8i=

∑
j∈Ni

2αaij + (2ci(t)− β)bi

 ei(t)T0ei(t)

+ 2
∑
j∈Ni

(cij(t)−α)aij(yi(t)−yj(t)−(hi(t)−hj(t)))T0ei(t)

9i=
∑
j∈Ni

cij(t)− α
2

aij
(
(yi(t)− yj(t)− (hi(t)− hj(t)))T

·0(yi(t)− yj(t)− (hi(t)− hj(t)))
)

δi=

(
ci(t ik )− β

)2
e−2(t−t

i
k )

2
+

∑
j∈Ni

(
cij(t ik )− α

)2
e−2(t−t

i
k )

2
.

(8)

In fact, the triggermechanism (6) ensures that the condition
f i(ei(t),Yij(t),Hij(t), ci(t), cij(t)) < 0 always holds as long as
t ∈

[
t ik , t

i
k+1

)
. Otherwise, update the triggering instant t ik+1

and corresponding states x(t ik+1).
Remark 4: As shown in [11] and [35], not all the time-

varying formation can be achieved by general high-order
MASs because of the dynamic constraints of each agent.
In other words, constraint (7) describes the feasible
time-varying formation set determined by the agent dynamics
and the control input of the leader agent. The application
of νi(t) expands the feasible formation set. There are some
existing methods using a constant gain matrix K1 to expand
the possibility set, such as the work in [5], one can get
the formation tracking feasible sufficient condition as: (A +
BK1)hi(t) − ḣi(t) = 0, which can be seen as a special case
of (7) by choosing νi(t) = u0(t) + K1hi(t). The condition
of formations are required by Ahi(t) = ḣi(t) in [12], which
can be obtained from (7) by letting νi(t) = u0(t). In [31],
it introduced a constraint for constant formation with (A +
BF)hi = 0, which is a special case of time-varying formation
so that it is naturally compatible with (7). Therefore, the
proposed feasible condition (7) is more general.

In practice, for step 3, we employ CARE solver function in
MATLAB Control toolbox to obtain a numerical solution for
the algebraic Riccati inequation (5). For a better description
of the entire workflow of Algorithm 1, we summarize the four
steps in Fig.2.
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FIGURE 2. The workflow description of Algorithm 1.

FIGURE 3. The workflow description of the event-triggered executive
process.

Besides the initialization work achieved by Algorithm 1,
the equation (4) and (6) form the basis of event-triggered
control law and communication, which is formally depicted
in Fig.3. The pseudo code shows that the time complexity
of the calculating of judgment conditions and updating exe-
cution is constant. So that relying on the memorization of
the latest triggered data, the process of traversing N follower
agents take linear time.

C. STABILITY ANALYSIS
Theorem 1: Suppose that Assumption 1-2 hold and the given
time-varying formation vector h(t) satisfies the feasible con-
straint (7), then the MAS (1) achieves time-varying forma-
tion tracking by using the event-triggered tracking control
protocol (4) with the triggering condition (6) determined in
Algorithm 1.

Proof: For the follower i(i = 1, . . . ,N ), substituting the
control protocol (4) into the MAS (1) yields

ẋi(t) = Axi(t)+ Bui(t)
= Axi(t)+ Bνi(t)

−BBTP

[∑
j∈Ni

cij(t)aij(yi(t)−hi(t)−(yj(t)−hj(t)))

+ci(t)bi(yi(t)− hi(t)−x0(t))

]
.

(9)

Let zi(t) = xi(t) − hi(t) − x0(t), i = 1, . . . ,N
denotes the formation tracking error, and z(t) =[
zT1 (t), z

T
2 (t), · · · , z

T
N (t)

]T , then
żi(t)= ẋi(t)− ḣi(t)− ẋ0(t)
=Azi(t)+ Ahi(t)− ḣi(t)− Bu0(t)+ Bνi(t)

−BBTP

[∑
j∈Ni

cij(t)aij(yi(t)−hi(t)−(yj(t)−hj(t)))

+ci(t)bi(yi(t)−hi(t)−x0(t))

]
.

(10)

Consider the following Lyapunov function candidate

V (t) =
N∑
i=1

zTi (t)Pzi(t)

+

N∑
i=1

∑
j∈Ni

(cij(t)− α)2

4
+

N∑
i=1

(ci(t)− β)2

4
, (11)

then we evaluate the derivative along the trajectories of
Equation (10), one can obtain

V̇ (t) = 2
N∑
i=1

zTi (t)Pżi(t)+
N∑
i=1

∑
j∈Ni

cij(t)− α
2

ċij(t)

+

N∑
i=1

ci(t)− β
2

ċi(t). (12)

According to the definition of the measurement error and
formation tracking error, one has

yi(t)− hi(t)− (yj(t)− hj(t)) = zi(t)− zj(t)+ ei(t)− ej(t)

and yi(t)− hi(t)− x0(t) = zi(t)+ ei(t), and thus

2
N∑
i=1

zTi (t)Pżi(t)

=

N∑
i=1

zTi (t)(PA+ A
TP)zi(t)

−

N∑
i=1

∑
j∈Ni

(
cij(t)aij(zi(t)− zj(t))TPBBTP
·(zi(t)− zj(t)+ ei(t)− ej(t))

)

− 2
N∑
i=1

ci(t)bizTi (t)PBB
TPzi(t)

− 2
N∑
i=1

ci(t)bizTi (t)PBB
TPei(t)

=

N∑
i=1

zTi (t)(PA+ A
TP)zi(t)
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−

N∑
i=1

∑
j∈Ni

cij(t)aij(zi(t)− zj(t))T0(zi(t)− zj(t))

−

N∑
i=1

∑
j∈Ni

cij(t)aij(zi(t)− zj(t))T0(ei(t)− ej(t))

− 2
N∑
i=1

ci(t)bizTi (t)0zi(t)− 2
N∑
i=1

ci(t)bizTi (t)0ei(t),

(13)
N∑
i=1

∑
j∈Ni

cij(t)− α
2

ċij(t)

=

N∑
i=1

∑
j∈Ni

cij(t)− α
2

aij(zi(t)− zj(t))T0(zi(t)− zj(t))

+

N∑
i=1

∑
j∈Ni

(cij(t)− α)aij(zi(t)− zj(t))T0(ei(t)− ej(t))

+

N∑
i=1

∑
j∈Ni

cij(t)− α
2

aij(ei(t)− ej(t))T0(ei(t)− ej(t))

−

N∑
i=1

∑
j∈Ni

(cij(t)− α)2

2
. (14)

According to AM–GM inequality, it can be derived that

N∑
i=1

ci(t)− β
2

ċi(t)

=

N∑
i=1

ci(t)− β
2

bi(zi(t)+ ei(t))T0(zi(t)+ ei(t))

−

N∑
i=1

(ci(t)− β)2

2

≤

N∑
i=1

(ci(t)− β)bizi(t)T0zi(t)

+

N∑
i=1

(ci(t)− β)biei(t)T0ei(t)−
N∑
i=1

(ci(t)− β)2

2
.

(15)

By use of Young’s inequality xT y ≤ a
2x

T x+ 1
2ay

T y for any
a > 0, one gets

−2
N∑
i=1

ci(t)bizTi (t)0ei(t)

≤

N∑
i=1

ci(t)bizTi (t)0zi(t)+
N∑
i=1

ci(t)bieTi (t)0ei(t). (16)

Under the above calculation, it follows that

V̇ (t) ≤
N∑
i=1

zTi (t)(PA+ A
TP)zi(t)−

N∑
i=1

βbizi(t)T0zi(t)

−

N∑
i=1

∑
j∈Ni

cij(t)+α
2

aij(zi(t)−zj(t))T0(zi(t)− zj(t))

−

N∑
i=1

∑
j∈Ni

αaij(zi(t)− zj(t))T0(ei(t)−ej(t))

+

N∑
i=1

∑
j∈Ni

cij(t)− α
2

aij(ei(t)−ej(t))T0(ei(t)−ej(t))

+

N∑
i=1

(2ci(t)−β)biei(t)T0ei(t)

−

N∑
i=1

(ci(t)− β)2

2
−

N∑
i=1

∑
j∈Ni

(cij(t)− α)2

2
. (17)

Recall the error expression as

ei(t)− ej(t) = yi(t)− yj(t)− (hi(t)− hj(t))− (zi(t)− zj(t))

which yields
N∑
i=1

∑
j∈Ni

cij(t)− α
2

aij(ei(t)− ej(t))T0(ei(t)− ej(t))

=

N∑
i=1

∑
j∈Ni

(
cij(t)−α

2 aij(yi(t)− yj(t)− (hi(t)− hj(t)))T
·0(yi(t)− yj(t)− (hi(t)− hj(t)))

)

+

N∑
i=1

∑
j∈Ni

cij(t)− α
2

aij(zi(t)− zj(t))T0(zi(t)− zj(t))

−

N∑
i=1

∑
j∈Ni

(
(cij(t)−α)aij(yi(t)−yj(t)−(hi(t)−hj(t)))T
·0(yi(t)−yj(t)−(hi(t)−hj(t))−(ei(t)−ej(t)))

)

= −

N∑
i=1

∑
j∈Ni

(
cij(t)−α

2 aij(yi(t)−yj(t)−(hi(t)−hj(t)))T
·0(yi(t)−yj(t)−(hi(t)−hj(t)))

)

+

N∑
i=1

∑
j∈Ni

cij(t)− α
2

aij(zi(t)− zj(t))T0(zi(t)− zj(t))

+

N∑
i=1

∑
j∈Ni

(
(cij(t)−α)aij(yi(t)−yj(t)−(hi(t)−hj(t)))T
·0(ei(t)−ej(t))

)
(18)

Using Young’s inequality again leads to

−

N∑
i=1

∑
j∈Ni

αaij(zi(t)− zj(t))T0(ei(t)− ej(t))

≤

N∑
i=1

∑
j∈Ni

α

2
aij(zi(t)− zj(t))T0(zi(t)− zj(t))

+

N∑
i=1

∑
j∈Ni

α

2
aij(ei(t)− ej(t))T0(ei(t)− ej(t)) (19)

Substituting Eq. (18) and (19) into (17) yields

V̇ (t)

≤

N∑
i=1

zTi (t)(PA+ A
TP)zi(t)
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−

N∑
i=1

∑
j∈Ni

α

2
aij(zi(t)− zj(t))T0(zi(t)− zj(t))

−

N∑
i=1

βbizi(t)T0zi(t)

+

N∑
i=1

∑
j∈Ni

α

2
aij(ei(t)− ej(t))T0(ei(t)− ej(t))

+

N∑
i=1

∑
j∈Ni

(
(cij(t)−α)aij(yi(t)−yj(t)−(hi(t)−hj(t)))T

·0(ei(t)−ej(t))

)

−

N∑
i=1

∑
j∈Ni

(
cij(t)−α

2 aij(yi(t)− yj(t)− (hi(t)− hj(t)))T

·0(yi(t)− yj(t)− (hi(t)− hj(t)))

)

+

N∑
i=1

(2ci(t)− β)biei(t)T0ei(t)−
N∑
i=1

(ci(t)− β)2

2

−

N∑
i=1

∑
j∈Ni

(cij(t)− α)2

2
. (20)

Since aij = aji, we further have
N∑
i=1

∑
j∈Ni

α

2
aij(ei(t)− ej(t))T0(ei(t)− ej(t))

≤ 2
N∑
i=1

∑
j∈Ni

αaijei(t)T0ei(t), (21)

then, one gets the following compact forms

V̇ (t)

≤ zT (t)
[
IN ⊗ (PA+ ATP)− (αL + βD)⊗ 0

]
z(t)

+

N∑
i=1

∑
j∈Ni

2αaij + (2ci(t)− β)bi

 ei(t)T0ei(t)
+2

N∑
i=1

∑
j∈Ni

(cij(t)−α)aij(yi(t)−yj(t)−(hi(t)−hj(t)))T0ei(t)

−

N∑
i=1

∑
j∈Ni

(
cij(t)−α

2 aij(yi(t)−yj(t)−(hi(t)−hj(t)))T

·0(yi(t)−yj(t)−(hi(t)−hj(t)))

)

−

N∑
i=1

(ci(t)− β)2

2
−

N∑
i=1

∑
j∈Ni

(cij(t)− α)2

2
. (22)

Based on Lemma 1, let α = β, λ1 denotes the minimum
eigenvalue of the matrix H , it holds from Riccati inequa-
tion (4) that

zT (t)
[
IN ⊗ (PA+ ATP)− (αL + βD)⊗ 0

]
z(t)

= zT (t)
[
IN ⊗ (PA+ATP)−αH ⊗ 0

]
z(t)≤−

αλ1

2
zT (t)z(t)

(23)

From Eq. (4), we know that ċij(t) = α − cij(t) and ċi(t) =
β−ci(t). It can be verified that cij(t) ≥ (cij(0)−α)e−t +α =
(cij(t ik ) − α)e

−(t−t ik ) + α and ci(t) ≥ (ci(0) − β)e−t + β =
(ci(t ik ) − β)e

−(t−t ik ) + β, where t ∈
[
t ik , t

i
k+1

)
. According to

the initial setting for 0 < α < cij(0) and 0 < β < ci(0)
in Algorithm 1, one can obtained cij(t) > α and ci(t) > β,
which leads to

(cij(t)− α)2 ≥ (cij(t ik )− α)
2e−2(t−t

i
k )

(ci(t)− β)2 ≥ (ci(t ik )− β)
2e−2(t−t

i
k ). (24)

Then, it follows from Eq. (22), (23) and (24), which is
derived in (25) as shown at the bottom of this page.
Based on the definition of8i,9i, δi in Eq. (8) and consider

that the event-triggered condition is enforced for each agent,
one has

V̇ (t) ≤ −
αλ1

2
zT (t)z(t) ≤ 0. (26)

One can obtain that

lim
t→∞

zi(t)= lim
t→∞

(xi(t)− hi(t)− x0(t)) = 0, i = 1, . . . ,N ,

which means the tracking formation problem for the MAS
(1) is solved by the event-triggered time-varying formation
protocol. This completes the proof of Theorem 1.

V̇ (t) ≤ −
αλ1

2
zT (t)z(t)

+

N∑
i=1



(∑
j∈Ni

2αaij + (2ci(t)− β)bi

)
ei(t)T0ei(t)

+2
∑
j∈Ni

(cij(t)− α)aij(yi(t)− yj(t)− (hi(t)− hj(t)))T0ei(t)

−
∑
j∈Ni

cij(t)−α
2

(
aij(yi(t)− yj(t)− (hi(t)− hj(t)))T

·0(yi(t)− yj(t)− (hi(t)− hj(t)))

)
−

(ci(t ik )−β)
2e−2(t−t

i
k )

2 −
∑
j∈Ni

(cij(t ik )−α)
2e−2(t−t

i
k )

2


= −

αλ1

2
zT (t)z(t)+

N∑
i=1

(8i −9i − δi) (25)
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‘‘Zeno phenomenon’’ means that an infinite number of
events are generated in infinite time, which makes the
event-triggered control scheme infeasible for practical cases.
So that the following theorem shows that the Zeno behavior
is excluded in Theorem 1.
Theorem 2: Under all the conditions assumed in

Theorem 1, the Zeno behavior can be excluded by verifying
that there exists a positive lower bound between inter-event
intervals.
Proof: According to the proof process in Theorem 1, it is

noted that V (t) ≥ 0 and V̇ (t) ≤ 0, thus V (t) is bounded,
which yields

N∑
i=1

∑
j∈Ni

(cij(t)− α)2

4
≤ V (0),

N∑
i=1

(ci(t)− β)2

4
≤ V (0). (27)

Furthermore, one has∣∣cij(t)∣∣ ≤ √4V (0)+ α,
|ci(t)| ≤

√
4V (0)+ β. (28)

Consider the error dynamics of agent i for t ∈
[
t ik , t

i
k+1

)
as

ėi(t)= ẏi(t)− ẋi(t)
=Ayi(t)− (Axi(t)+ Bui(t))
=Aei(t)− Bνi(t)

+BBTP

[∑
j∈Ni

cij(t)aij(yi(t)−hi(t)−(yj(t)−hj(t)))

+ci(t)bi(yi(t)−hi(t)−x0(t))

]
.

(29)

In order to obtain better expression, considering there is
no event-triggered mechanism used for the leader, we assume
that y0(t) = x0(t), h0(t) = 0, and substitute them into Eq.(29),
it results in

ėi(t) = Aei(t)− Bνi(t)

+BBTP

[ ∑
j∈Ni

cij(t)aij(Yij(t)− Hij(t))

+ci(t)bi(Yi0(t)− Hi0(t))

]
. (30)

Let c̄ = max
{
cij(t)

}
and ĉ = max {ci(t)}, as cij(t) and ci(t)

converge to the finite steady value based on the Eq. (29), and
we further have

d
dt
‖ei(t)‖ =

eTi (t)ėi(t)
‖ei(t)‖

=
eTi (t)
‖ei(t)‖

(
Aei(t)+BBTP

×

[∑
j∈Ni

cij(t)aij(Yij(t)−Hij(t))

+ci(t)bi(Yi0(t)−Hi0(t))

]
− Bνi(t)

)
≤ ‖A‖ ‖ei(t)‖+(Nic̄ϒ + ĉϒ)

∥∥∥BBTP∥∥∥+γ ‖B‖ ,
(31)

where ϒ = sup
i=1,2,··· ,N
j=0,1,··· ,Ni

∥∥Yij(t)− Hij(t)∥∥ and γ =

supNi=1 ‖νi(t)‖. It is noted that (Nic̄ϒ+ ĉϒ)
∥∥BBTP∥∥+γ ‖B‖

can be seen as a constant value. Solving Eq. (31), one has

‖ei(t)‖≤ e‖A‖t ‖ei(0)‖ +
(
(Nic̄ϒ+ĉϒ)

∥∥∥BBTP∥∥∥+γ ‖B‖)
×

∫ t

0
e‖A‖(t−τ)dτ

= e‖A‖t‖ei(0)‖+
(Nic̄ϒ+ĉϒ)

∥∥BBTP∥∥+γ ‖B‖
e‖A‖

e‖A‖t

−
(Nic̄ϒ + ĉϒ)

∥∥BBTP∥∥+ γ ‖B‖
e‖A‖

. (32)

Recalling the definition, we have

‖ei(0)‖ = yi(0)− xi(0) = 0.

Then

‖ei(t)‖≤

(
(Nic̄ϒ + ĉϒ)

∥∥BBTP∥∥+ γ ‖B‖
e‖A‖

)
(e‖A‖t − 1).

(33)

Consequently, the growth of 8i satisfied the bound as

8i =

∑
j∈Ni

2αaij + (2ci(t)− β)bi

 ei(t)T0ei(t)

+ 2
∑
j∈Ni

(cij(t)− α)aij(Yij(t)− Hij(t))T0ei(t)

≤ (2Niα + 2ĉ− β)
∥∥∥PBBTP∥∥∥ ‖ei(t)‖2

+ 2Ni(c̄− α)ϒ
∥∥∥PBBTP∥∥∥ ‖ei(t)‖

≤ λ1(e‖A‖t − 1)2 + λ2(e‖A‖t − 1), (34)

where

λ1= (2Niα + 2ĉ− β)
∥∥∥PBBTP∥∥∥

×

(
(Nic̄ϒ + ĉϒ)

∥∥BBTP∥∥+ γ ‖B‖)2
e2‖A‖

, (35)

λ2= 2Ni(c̄− α)ϒ
∥∥∥PBBTP∥∥∥

×
(Nic̄ϒ + ĉϒ)

∥∥BBTP∥∥+ γ ‖B‖
e‖A‖

. (36)

According to the structure of 9i, as the matrix PBBTP in
8i and 9i is positive semi-definite, one has that 9i ≥ 0, and
δi always holds a positive value. Therefore, we can see that
during per triggered period, it holds that 8i ≤ λ1(e‖A‖τ −
1)2 + λ2(e‖A‖τ − 1)(here τ means the time interval (t − t ik )).
Comparing with the growth of8i from zero to9i+δi, it takes
λ1(e‖A‖τ − 1)2 + λ2(e‖A‖τ − 1) less time to reach δi. Then
solving the following equation for time interval τ ,

λ1(e‖A‖τ − 1)2 + λ2(e‖A‖τ − 1)

=
(ci(t ik )− β)

2e−2τ

2
+

∑
j∈Ni

(cij(t ik )− α)
2e−2τ

2
. (37)
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FIGURE 4. Interaction topology Ḡ1 in Example 1.

It is not hard to obtain that τ = t − t ik > 0, as a result,
the inter-event time t ik+1 − t ik ≥ τ > 0, which shows
that the inter-event time interval for each agent is nontrivial.
This guarantees that the MAS does not occur ‘‘Zeno phe-
nomenon’’ at any node. The proof is completed.

IV. NUMERICAL SIMULATION
In this section, two numerical examples are presented to
illustrate the efficiency of the theoretical results. A third-
order neutral stable MAS in which the leader has no control
input is considered in Example 1. The proposed algorithm
is applied to a multi-vehicle system with a known leader’s
control input to solve the formation tracking problems and
the corresponding result is provided in Example 2.
Example 1: Consider a third-order MAS with five agents,

where agent 0 is the tracking leader while agents labeled by
1∼4 are the followers. The graph Ḡ1 with 0-1 weights is
shown in Fig. 4, and the corresponding matrix

H =


2 −1 0 −1
−1 3 −1 0
0 −1 2 −1
−1 0 −1 3


can be verified satisfying Lemma 1. The dynamics of each
agent is denoted by Eq. (1) with

A =

 0 2 0
0 0 1
0 −4 0


and B =

[
0 0 1

]T . The control input of the leader
is set to be zero. The four followers need to accomplish a
time-varying square formation tracking, which means they
are required to hold the relative position to keep the square
shape and meanwhile rotate at a constant angular velocity
around the center leader-agent. The desired formation vector
is described by

hi(t) =


sin(2t +

(i− 1)
2

π )

cos(2t +
(i− 1)

2
π )

− sin(2t +
(i− 1)

2
π )

 , i = 1, 2, 3, 4.

If the formation specified by the above hi(t) is achieved,
the four followers will locate at the four diagonals if a square,

FIGURE 5. The triggered instants of all follower agents in Example 1.

respectively, and keep rotation with an angular velocity of 2
rad/s. Then according to Algorithm 1, by solving the Eq. (5)
we obtain that

P =

 2.3675 2.174 0.7071
2.174 5.8106 0.9462
0.7071 0.9462 1.0789

 ,
then yield the matrices K and 0 as

K = −BTP =
[
−0.7071 −0.9462 −1.0789

]
and

0 =

 0.5 0.6691 0.7629
0.6691 0.8953 1.0209
0.7629 1.0209 1.1641

 . (38)

The initial value of the coupling weights is selected as
c2(0) = c4(0) = 9, and c12(0) = c14(0) = c23(0) =
c34(0) = 10. The positive constants α and β are set to be
α = 6.5, β = 1.
The triggered instant of each agent during the first 3s and

12∼15s with the proposed triggering mechanism are shown
in Fig. 5, which indicates that the follower 2 and follower
4 suffer from more communication load than 1 and 3 as they
are connected with the leader node directly.

Fig. 6 shows the state trajectory snapshots of the four
followers and the leader at different time instants, where
these followers are represented by the symbol ‘‘ ’’, ‘‘ ’’,
‘‘ ’’, and ‘‘ ’’, respectively, and the leader is denoted by
‘‘ ’’. We can see that the time-varying formation and the
rotation formation are achieved simultaneously. Fig. 7 shows
the curve of the states of the leader, which is a neutral sta-
ble system and holds a periodic oscillation. But even for a
neutral stable MAS, as shown in Fig. 8, the formation track-
ing error along three axes decreases and converges to zero
asymptotically without Zeno behavior. Therefore, the desired
time-varying formation tracking specified by h(t) based on
the proposed control strategy is achieved.

Furthermore, in order to illustrate the positive effect of
the proposed adaptive control strategy working with the
event-based schema, we consider a contrastive schema only
removing the design for adaptive tuning parameters. Specifi-
cally, it is realized by setting the parameters cij(t) and ci(t) as
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FIGURE 6. State snapshots of the four followers and leader at different
time instants in Example 1.

FIGURE 7. State of the leader agent in Example 1.

FIGURE 8. Formation tracking error in Example 1.

constant value, and removing the revolution process, which
means ċij(t) = ċi(t) = 0. Let us carry out the same for-
mation tracking task again by implementing the ‘‘Adaptive
Functioning Disabled’’ version with the same initial value
of cij(0) and ci(0). Fig. 9 shows the comparison results of

FIGURE 9. The comparison between the formation error of the proposed
method and the schema removed with adaptive mechanism in Example 1.

FIGURE 10. Interaction topology Ḡ2 in Example 2.

the formation error, which is denoted by a Euclidean norm
as ε = max

∀i,j∈{1,··· ,N }

∥∥zi(t)− zj(t)∥∥. The dynamical adaptive

parameters are designed compatible with the consensus con-
vergence of the system to provide agents with more flexible
control gains. This point is supported by the figure, without
the adaptive strategy, the formation error suffers from more
fluctuations and exhibits a slower convergence rate. On the
other hand, the existence of the adaptive strategy makes a
positive compensating effect on event-triggered schemawhen
trading off between reducing the communication load and
obtaining formation performance.
Example 2: Consider a multi-vehicle system composed

of one leader and five followers under control protocol (4)
and event-triggered function (6). The interaction topology Ḡ2
with 0-1 weights is shown in Fig. 10, and the corresponding
matrix is denoted by

H =


2 0 0 0 −1
0 2 −1 0 0
0 −1 2 −1 0
0 0 −1 3 −1
−1 0 0 −1 2

 .
These vehicles move in a horizontal plane, and the five

followers are supposed to accomplish a time-varying circular
formation around the leader. The dynamics of each vehicle is
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FIGURE 11. The triggered instants of all follower agents in Example 2.

described by two order linearized model as:

ẋi(t) =
(
I2 ⊗

[
0 1
0 0

])
xi(t)+

(
I2 ⊗

[
0
1

])
ui(t),

where

xi(t) =
[
pxi(t) vxi(t) pyi(t) vyi(t)

]T
,

ui(t) =
[
axi(t) ayi(t)

]T
.

Besides, vxi(t) and vyi(t) are the velocities, axi(t) and ayi(t)
denote the control inputs component.

The control inputs of the leader are set as

u0(t) =
[
0.25 0.24

]T
,

and the specified formation is described by

hi(t) =



sin(t +
2(i− 1)

5
π )

cos(t +
2(i− 1)

5
π )

cos(t +
2(i− 1)

5
π )

− sin(t +
2(i− 1)

5
π )


, i = 1, 2, 3, 4, 5.

Based on Algorithm 1, we obtain the positive definite
matrix

P = I2 ⊗
[
2.2864 0.7071
0.7071 0.9588

]
,

which satisfies the Linear matrix inequality (5). Then yield
the matrices K and 0 as

K = I2 ⊗
[
−0.7071 −0.9588

]
and

0 = I2 ⊗
[

0.5 0.678
0.678 0.9194

]
.

For the initial value of adaptive parameters, we choose that
c15(0) = 11, c23(0) = 10, c34(0) = 9, c45(0) = 8, c1(0) =
10, c2(0) = 9, and c4(0) = 8. Taking α = 6.5, β = 1.5, then
by the distributed protocol (4) and triggering condition (6),
the four followers will be driven to achieve a pentagon forma-
tion tracking. The triggered instant of each agent during the

FIGURE 12. State snapshots of the four followers and leader at different
time instants in Example 2.

FIGURE 13. Position trajectories within 15s and the corresponding
snapshots at different time instants of the six vehicles in Example 2.

first 3s and 12∼15s with the proposed triggering mechanism
are shown in Fig. 11.

Fig.12 depicts four snapshots of position at different time
instants with 5s interval, where these followers are repre-
sented by the symbol ‘‘ ’’, ‘‘ ’’, ‘‘ ’’, ‘‘ ’’ and ‘‘ ’’,
respectively, and the leader is denoted by ‘‘ ’’. Moreover,
Fig.13 shows that the position trajectory during the whole
process of each vehicle and the snapshots of corresponding
time instants in Fig. 12. Above Figures can indicate that for
random initial states, within 5s, the followers have a trend to
be located at the five vertices of a regular pentagon, and keep
rotation around the central leader vehicle simultaneously.
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FIGURE 14. Formation tracking error in Example 2.

FIGURE 15. The comparison between the formation error of the proposed
method and the schema removed with adaptive mechanism in Example 2.

Fig.14 displays the evolution of formation tracking posi-
tion and velocity error of each follower along the x-axis and
y-axis, respectively. As the error decreases to zero asymp-
totically, we can draw a conclusion that the communication
load is reduced while achieving the expected time-varying
formation tracking using the proposed algorithm in this paper.
In addition, Fig.15 depicts the comparison results of forma-
tion error between the proposed method and the correspond-
ing ‘‘Adaptive Functioning Disabled’’ version, the proposed
method exhibits a better performance on achieving converg-
ing to the steady states of the whole system.

V. CONCLUSION
In this paper, the event-triggered time-varying formation
tracking problem for general high-order linear MASs was
addressed. We have presented a novel distributed event-based

adaptive tracking protocol, under which each follower broad-
casts its state information to the neighbor agent at specific
time instants determined by the designed triggering con-
dition. The networked communication consumption can be
reduced as continuous communication is no more required,
and the information transmission only happens at the event
instants. Meanwhile, it was demonstrated that no agent
exhibits Zeno behavior. An algorithm has been designed to
obtain the control gain matrices by solving an algebraic Ric-
cati equation, where formation tracking feasible constraints
for all followers to achieve the expected time-varying for-
mation tracking were provided. The stability of the proposed
protocol was proved by the Lyapunov-like analysis theory.
Finally, the effectiveness of the proposed algorithm was
illustrated by numerical simulation. The comparison experi-
ments also demonstrated that adaptive strategy has a positive
compensating effect on event-triggered schema for achiev-
ing formation performance. Future research topics include
extending the results in this paper to heterogeneous MASs
or MASs with communication time delay.
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