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Abstract This paper investigates the distributed time-varying formation (TVF) problems for general linear

multi-agent systems (MASs) subject to matched bounded uncertainties based on an adaptive event-triggered

mechanism. A TVF protocol was designed with an event-triggered mechanism by introducing adaptive

weights into the formation control protocol and triggering condition, and the large chattering phenomenon

was avoided by the σ-modification adaptive law. According to the Lyapunov stability theory, proof has been

established that the MASs in the presence of uncertainties can realize the expected formation that satisfies

the given feasible condition. Finally, an example is provided to verify the effectiveness of the proposed

algorithm.
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1 Introduction

The formation control of multi-agent systems (MASs) has attracted considerable interest from researchers
in various fields because of its broad application prospects in many fields, such as autonomous satellites
formations [1], autonomous underwater vehicles [2], and unmanned aerial vehicles [3]. For large-scale
MASs, distributed control techniques can save computational resources and have a wider range of appli-
cations compared with centralized coordination strategies.

One of the concerns in formation control problems for MASs is presenting distributed control protocols
with information of the neighboring agents [4–7]. The time-invariant formation control problem for
high order linear MASs was investigated in [8–10]. The expected formation should dynamically change
according to the environment and task requirements. Therefore, in some specific tasks such as intercepting
the maneuvering target or obstacle avoidance for MASs, considering the time-varying formation (TVF)
control problem is more practical. In [10], the TVF analysis and design problem were studied for general
linear MASs for which communication time delays existed, and a TVF protocol was presented based on a
feasibility condition that determined whether a desired formation was achieved. The TVF control problem
for MASs with directed and switching communication topologies was investigated in [11]. Dong et al. [12]
investigated the output TVF control problem and constructed an output formation protocol utilizing the
outputs of neighboring agents. In [10–12], the communication topology was known to compute the gain
matrix of the formation controller. In [13], the distributed TVF control problem was studied and an
adaptive mechanism was proposed in which the global information of the topology was not useful. Wang
et al. [14] constructed a distributed observer to estimate disturbance and proposed a control protocol
based on the observer for MASs, in which nonlinearity and disturbances were considered. Zhu et al. [15]

*Corresponding author (email: xwdong@buaa.edu.cn)

http://crossmark.crossref.org/dialog/?doi=10.1007/s11432-019-2770-8&domain=pdf&date_stamp=2021-2-7
https://doi.org/10.1007/s11432-019-2770-8
info.scichina.com
link.springer.com
https://doi.org/10.1007/s11432-019-2770-8
https://doi.org/10.1007/s11432-019-2770-8
https://doi.org/10.1007/s11432-019-2770-8


Li X D, et al. Sci China Inf Sci March 2021 Vol. 64 132204:2

proposed a distributed consensus protocol for second-order multi-agent systems utilizing adaptive event-
based control. A controller was proposed to enable multiple Euler-Lagrange systems to form an accurate
formation in [16]. Wen et al. [17] considered the obstacle problem in the process of MASs formation, and
presented a formation controller with a scheme of repulsive potential forces to solve it.

The formation control protocols rely on the state or output information of neighboring nodes that
are obtained by communication. Notably, most of the existing researches assume that communication
among the systems is continuous and each agent can obtain information of neighboring nodes at each
instant of time [8–13]. However, this assumption did not agree with the actual case in some physical
systems. Because of the limitations of communication bandwidth and energy, continuously maintaining
communication among MASs at high frequency for a physical system is difficult. Therefore, studying the
TVF control problem with event-triggered communication to create practical applications of formation is
necessary. In [18], the formation control problem with event-triggered communications was studied, and a
control protocol was presented based on first-order MASs event-driven strategies. Ge et al. [19] studied the
distributed time-invariant formation control problem for high order linear MASs with period sampling and
proposed an event-triggered formation protocol. Li et al. [20] investigated the TVF problem and proposed
an event-triggered formation protocol under which the expected TVF belonging to the formation feasible
set can achieve with the bounded formation error. Zhu et al. [21] studied the event-triggered formation
control of MASs in which the communication topology was described by complex-valued Laplacian. Wang
et al. [22,23] investigated the formation problem for general linear systems based on sliding mode control.

Inspired by the above issues and challenges, the distributed TVF problem for high order MASs subject
to matched bounded uncertainties based on an adaptive event-triggered mechanism has been investigated
in this paper. Compared with existing studies, the main contributions of this paper are listed as follows.

(1) Event-triggered protocol has been designed without needing continuous communication for trigger-
ing condition monitoring. In [10–13], the expected formation protocols were of continuous time, which
required continuous communication.

(2) The expected formation is time-varying even though uncertainties exist in the MAS. The formation
considered in [24–27] needed to be time-invariant, which limited its applications. In [10–13, 18–20],
the uncertainties or disturbances were not considered, and the control effect of the proposed formation
protocol may have been worse and the stability of systems in practical applications reduced.

(3) The adaptive updating mechanism proposed in this paper delinks the formation control proto-
col from the global information of topology, while in [10–12, 18–20], the information of communication
topology among agents needed to be known to compute the gain matrix.

This paper is organized in the following manner. Section 2 formulates the distributed TVF problems
subject to matched bounded uncertainties based on an adaptive event-triggered mechanism, and some
basic concepts and conclusion on graph theory are given. In Section 3, algorithms and analysis are
presented. In Section 4, a simulation example is provided to verify the effectiveness of the proposed
algorithm. Finally, the conclusion is provided in Section 5.

Notations. R, Rn and R
m×n are respectively the set of real numbers, n-dimensional real column

vectors and m×n-dimensional real matrices. 1m and 0m denote, respectively, the m-dimensional column
vector with all elements being 1 or 0. In denotes the identity matrix of dimension n. ⊗ represents the
Kronecker product. ‖·‖ denotes 2-norm for vectors and matrices.

2 Preliminaries

2.1 Graph theory

Let G = {V , E ,W} represent an undirected graph with N nodes, where V = {v1, v2, . . . , vN} is the set of
N nodes, E = {(vi, vj) |vi, vj ∈ V and i 6= j} denotes the set of edge and W = [wij ]N×N

is the weighted
adjacency matrix. For any vi, vj ∈ V, i 6= j, wij > 0 if (vi, vj) ∈ E and wij = 0 otherwise. wii = 0 for
all vi ∈ V . G is called an undirected graph if (vi, vj) ∈ E ⇔ (vj , vi) ∈ E and wij = wji. The node vi is a
neighbor of the node vj if the edge (vi, vj) ∈ E . Ni = {vj ∈ V : (j, i) ∈ E} denotes the neighbor set of the
node vi. And the in-degree of the node vi is defined as degi =

∑

j∈Ni
wij . D = diag {deg1, deg2, . . . , degN}

represents the in-degree matrix of G. The Laplacian matrix of G is defined as L = D −W .
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2.2 Problem statement

In this subsection, a distributed protocol based on an adaptive event-triggered mechanism is proposed
to solve the TVF control problem for the MAS (1). Consider an MAS with continuous-time dynamics
comprising N agents. The dynamics of agent i is described as

ẋi(t) = Axi(t) +B(ui(t) + θi(xi, t)), (1)

where xi(t) ∈ R
n represents the state, ui(t) ∈ R

m is the control input, and θi(t) ∈ R
m denotes the

time-varying unknown parameter external disturbance as well as the time-varying unknown uncertainty
associated with the ith agent.

Assumption 1. The parameter uncertainty θi(xi, t) is uniformly bounded, and there exist positive
constants δi such that ‖θi(xi, t)‖ < δi, i = 1, 2, . . . , N .

The desired TVF of MAS (1) is described by a vector h(t) =
[

hT1 (t), h
T
2 (t), . . . , h

T
N(t)

]T
, where hi ∈ R

n

is piecewise and continuously differentiable.

Definition 1. Consider the MAS (1) on a graph G. If the following equation:

lim
t→∞

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

is true for any bounded initial states, the MAS (1) is said to accomplish the desired TVF.
The state estimate and formation estimate are defined as

x̄i(t) = eA(t−ti
k
)xi(t

i
k), h̄i(t) = eA(t−ti

k
)hi(t

i
k), (3)

where t ∈ [tik, t
i
k+1), and agent i broadcasts its information of state and formation at an instant tik

determined by the triggering function Ti(t) > 0 that will be introduced later. The state measurement
error exi(t) and formation measurement error ehi(t) are defined as

exi(t) = x̄i(t)− xi(t), ehi(t) = h̄i(t)− hi(t). (4)

Remark 1. The formation vector h(t) is considered global information in [20], and each agent requires
real-time formation information. However, in this paper, each agent sends its state and formation in-
formation to neighboring agents at its triggering instant, thereby implying that knowing the neighbors’
formation vector in advance is not needful and this scheme is more applicable.

Let zi = xi−hi and z̄i = x̄i− h̄i. Utilizing the discontinuous information of state and formation about
neighboring agents, an adaptive event-triggered TVF protocol for agent i is presented as

ui(t) = K

N
∑

j=1

cij(t)wijφij(t) +

N
∑

j=1

cij(t)wijfij(Kφij(t)) + τi(t), (5)

ċij(t) = νij
(

−ηijcij + wijφ
T
ijQφij + 2wij ‖Kφij‖

)

, (6)

where φij(t) = z̄i(t) − z̄j(t), νij = νji and ηij = ηji are positive constants; K and Q are the constant
matrices to be later designed; cij(t) is the time-varying gains with cij(0) = 0. τi(t) standing for the
formation compensation input of agent i, is determined later, and the nonlinear function fij(·) is defined
as

fij(w) =











w

‖w‖ , if cij‖w‖ > ρij ,

w

ρij
cij , if cij‖w‖ 6 ρij ,

(7)

where ρij > 0.

Remark 2. Compared with the event-triggered mechanism in [20, 22], the controller proposed in this
paper does not require information about communication topology and is fully distributed, which im-
plies a wider range of applications. Moreover, the proposed event-triggered controller can manage the
uncertainties, which is not considered in [20].

Remark 3. The nonlinear functions fij(w) are designed as continuous functions, where ρij are small
positive constants, to avoid the large chattering of ui(t).
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3 Main result

Some assumptions are introduced to construct the adaptive event-triggered mechanism and propose the
TVF control protocol for the MAS (1).

Assumption 2. The undirected communication graph G of the MAS (1) is connected.

Assumption 3. The pair (A,B) in (1) is stabilizable.

Lemma 1 ([27]). Let L ∈ R
N×N be the Laplacian matrix of the undirected connected graph G. Then,

L has a single zero eigenvalue, and the real parts of other eigenvalues are positive and can be listed in an
increasing order 0 = λ1 < λ2 6 · · · 6 λN . Moreover, L · 1N = 0.
Algorithm 1. The distributed TVF control protocol (5) and adaptive event-triggering protocol (6) can
be designed according to the following four steps under Assumptions 1 and 2.

Step 1. The TVF is described by the vector h = [hT1 , . . . , h
T
N ]T, and the formation feasible condition

is defined as follows:

Ahij(t)− ḣij(t) +Bτij(t) = 0, (8)

where hij(t) = hi(t) − hj(t) and τij(t) = τi(t) − τj(t). If τi(t) exists such that predefined h(t) satisfies
the feasible condition (8), continue, otherwise the given formation h(t) does not belong to the formation
feasible set for the MAS (1) under protocol (5) and the algorithm stops.

Step 2. Solve the following algebraic Riccati equation for symmetric positive definite matrix P :

PA+ATP − PBBTP + I = 0. (9)

Step 3. Let K = −BTP and Q = PBBTP .
Step 4. The event-triggering function of the ith agent can be defined as

Ti(t) =

N
∑

j=1

(1 + 2βcij)wij‖K‖2‖ei‖2 +
N
∑

j=1

2 (1 + βcij)wij ‖K‖ ‖ei‖

− 1

4

N
∑

j=1

wij‖K (φij)‖2 − γie
−κit, (10)

where ei (t) = exi (t) + ehi (t), and β, γi and κi are positive constants. The ith agent broadcasts its
information of state and formation to the neighboring agents once Ti(t) > 0.

Remark 4. By noting the definition of the measurement error ei(t) and φij(t), the triggering func-
tion (10) can be calculated with the state and formation information of neighbor j at the triggering
instant tjk. Therefore, the event-triggered protocol is designed without needing continuous communica-
tion for triggering condition monitoring.

Theorem 1. The MAS (1) under adaptive control protocols (5) and (6) with the triggering condi-
tion (10) can achieve the formation with the bounded formation error if the expected TVF described by
h(t) satisfies the feasible condition (8).
Proof. Let z = [zT1 , . . . , z

T
N ]T, z̄ = [z̄T1 , . . . , z̄

T
N ]T and τ = [τT1 , . . . , τ

T
N ]T. Define

Lc =















cijwij , i 6= j,

N
∑

k=1

cikwik, i = j.

Then the system (1) under the formation protocol (5) can be rewritten in the following form:

ż =(IN ⊗A) z + (Lc ⊗BK) z̄ + (IN ⊗A)h− (IN ⊗ I) ḣ

+ (IN ⊗ B)F (z) + (IN ⊗B)Θ (x, t) + (IN ⊗B) τ, (11)

where

Θ (x, t) =









θ1 (x1, t)
...

θN (xN , t)









, F (z) =









∑N
j=1 c1j (t)w1jf1j (Kφ1j (t))

...
∑N

j=1 cNj (t)wNjfNj (KφNj (t))









.
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Define ξi = zi − (1/N)
∑N

j=1 zj, ξ = [ξT1 , . . . , ξ
T
N ]T and M = IN − 1

N
11T. It follows MLc = Lc = LcM

and ξ = (M ⊗ In) z. Then

ξ̇ =(IN ⊗A) ξ + (MLc ⊗BK) z̄ + (M ⊗A)h− (M ⊗ I) ḣ

+ (M ⊗B)F (z) + (M ⊗B)Θ (x, t) + (M ⊗B) τ. (12)

Consider the following Lyapunov function candidate:

V =
1

2
ξT (IN ⊗ P ) ξ +

N
∑

i=1

N
∑

j=1

(cij − α)2

8νij
, (13)

where α > 0. The time derivative of V can be obtained as

V̇ = ξT
(

IN ⊗ PA+ATP

2

)

ξ + ξT (Lc ⊗ PBK) z̄ + ξT (IN ⊗ PB)F (z) + ξT (IN ⊗ PB)Θ (x, t)

+ ξT (M ⊗ PA)h− ξT (M ⊗ P ) ḣ+ ξT (IN ⊗ PB) ν

−
N
∑

i=1

N
∑

j=1

cij − α

4
ηijcij +

N
∑

i=1

N
∑

j=1

cij − α

4
wijφ

T
ijPφij +

N
∑

i=1

N
∑

j=1

cij − α

2
wij ‖Kφij‖. (14)

Then, one can obtain

ξT (Lc ⊗ PBK) z̄ 6− 1

2
z̄T
(

Lc ⊗ PBBTP
)

z̄ +
1

2
eT
(

Lc ⊗ PBBTP
)

e

=− 1

4

N
∑

i=1

N
∑

j=1

cijwij(φij)
T
PBBTP (φij)

+
1

4

N
∑

i=1

N
∑

j=1

cijwij(ei − ej)
T
PBBTP (ei − ej)

=− 1

4

N
∑

i=1

N
∑

j=1

cijwij(φij)
T
PBBTP (φij) +

N
∑

i=1

N
∑

j=1

cijwij

∥

∥BTP
∥

∥

2‖ei‖2. (15)

It can be obtained that Θ(z) <
√
Nδ from Assumption 1, where δ = maxi=1,...,N{δi}. Then

ξT (IN ⊗ PB)Θ (x, t) 6

√
Nδ

λ2 (L)

∥

∥ξT (L⊗ PB)
∥

∥

6

√
Nδ

λ2 (L)

N
∑

i=1

N
∑

j=1

wij

∥

∥BTP (zi − zj)
∥

∥

6

√
Nδ

λ2 (L)

N
∑

i=1

N
∑

j=1

wij

∥

∥BTP (φij)
∥

∥+

√
Nδ

λ2 (L)

N
∑

i=1

N
∑

j=1

wij

∥

∥BTP (ei − ej)
∥

∥

6

√
Nδ

λ2 (L)

N
∑

i=1

N
∑

j=1

wij

∥

∥BTP (φij)
∥

∥+
2
√
Nδ

λ2 (L)

N
∑

i=1

di
∥

∥BTP
∥

∥ ‖ei‖, (16)

ξT (IN ⊗ PB)F (z) =

N
∑

i=1

N
∑

j=1

ξTi PBcij (t)wijfij (Kφij (t))

=
1

2

N
∑

i=1

N
∑

j=1

(ξi − ξj)
T
PBcij (t)wijfij (Kφij (t)). (17)

If Kφij (t) > ρij ,

(ξi − ξj)
T
PBcij (t)wijfij (Kφij (t)) =− (zi − zj)

T
PBcij (t)wij

BTPφij (t)

‖BTPφij (t)‖
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=− φTijPBcij (t)wij

BTPφij (t)

‖BTPφij (t)‖

+ (ei − ej)
T
PBcij (t)wij

BTPφij (t)

‖BTPφij (t)‖
6− cij (t)wij

∥

∥BTPφij (t)
∥

∥+ cij (t)wij

∥

∥BTP (ei − ej)
∥

∥ .

If Kφij (t) 6 ρij ,

(ξi − ξj)
T
PBcij (t)wijfij (Kφij (t)) =− (zi − zj)

T
PBcij (t)wij

BTPφij (t)

ρij

=− cij (t)wij

ρij

∥

∥BTPφij (t)
∥

∥

2
+
cij (t)wij

ρij
(ei − ej)

T
PBBTPφij (t)

6− cij (t)wij

∥

∥BTPφij (t)
∥

∥+
ρijcij (t)wij

4

+ cij (t)wij

∥

∥BTP (ei − ej)
∥

∥ ,

(ξi − ξj)
T
PBcij (t)wijrij (Kφij (t)) 6− cij (t)wij

∥

∥BTPφij (t)
∥

∥+
ρijcij (t)wij

4

+ cij (t)wij

∥

∥BTP (ei − ej)
∥

∥ , (18)

ξT (IN ⊗ PB)F (z) 6− 1

2

N
∑

i=1

N
∑

j=1

cij (t)wij

∥

∥BTPφij (t)
∥

∥+
1

8

N
∑

i=1

N
∑

j=1

ρijcij (t)wij

+

N
∑

i=1

N
∑

j=1

cij (t)wij

∥

∥BTP (ei − ej)
∥

∥. (19)

Substituting (16), (19), and (10) into (14), one can obtain

V̇1 6 ξT
(

IN ⊗ PA+ATP

2

)

ξ +

N
∑

i=1

N
∑

j=1

cijwij

∥

∥BTP
∥

∥

2‖ei‖2 +
√
Nδ

λ2 (L)

N
∑

i=1

N
∑

j=1

wij

∥

∥BTPφij
∥

∥

+
2
√
Nδ

λ2 (L)

N
∑

i=1

di
∥

∥BTP
∥

∥ ‖ei‖+
N
∑

i=1

N
∑

j=1

cijwij

∥

∥BTPei
∥

∥+
1

8

N
∑

i=1

N
∑

j=1

ρijcij (t)wij

−
N
∑

i=1

N
∑

j=1

cij − α

4
ηijcij −

α

4

N
∑

i=1

N
∑

j=1,j 6=i

wijφ
T
ijQφij −

α

2

N
∑

i=1

N
∑

j=1

cijwij

∥

∥BTPφij
∥

∥

+ ξT (M ⊗ PA)h− ξT (M ⊗ P ) ḣ+ ξT (IN ⊗ PB) τ. (20)

Therefore, it is not difficult to verify that

N
∑

i=1

N
∑

j=1

wij(φij)
T
Q (φij) = 2x̄TL⊗Qx̄

= 2(x+ e)TL ⊗Q (x+ e)

= 2xTL ⊗Qx+ 2eTL ⊗Qe+ 4(x̄− e)
TL ⊗Qe

= 2xTL ⊗Qx− 2eTL ⊗Qe+ 4x̄TL ⊗Qe.

Then, it follows that

−α
4

N
∑

i=1

N
∑

j=1,j 6=i

wij(φij)
T
Q (φij) =− α

8
xTL ⊗Qx+

α

8
eTL ⊗Qe− α

4
x̃TL ⊗Qe− 3α

8
x̃TL ⊗Qx̃

6− α

8
xTL ⊗Qx+

α

4
eTL ⊗Qe− α

4
x̃TL ⊗Qx̃. (21)
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According to (21) and noting α = max{ 2
√
Nρ0

λ2(L) ,
4

λ2(L) ,
1
β
}, one can obtain

V̇1 6
1

2
ξT
(

IN ⊗
(

PA+ATP
)

− α

4
L ⊗Q

)

ξ − 1

2

(

α− 2
√
Nρ0

λ2(L)

)

N
∑

i=1

N
∑

j=1,j 6=i

wij

∥

∥BTP (φij)
∥

∥

+
α

2

N
∑

i=1





(

1 + 2βcij
1

αβ

) N
∑

j=1

wij

∥

∥BTP
∥

∥

2‖ei‖2 +
(

2 + βcij
2

αβ

) N
∑

j=1

wij

∥

∥BTP
∥

∥ ‖ei‖

−1

4

N
∑

j=1

wij

∥

∥BTP (φij)
∥

∥

2



+

N
∑

i=1

N
∑

j=1

1

8
ρijwij +

1

8

N
∑

i=1

N
∑

j=1

ηijwij

(

α2 − (cij − α)2
)

+ ξT (M ⊗ PA)h− ξT (M ⊗ P ) ḣ+ ξT (IN ⊗ PB) τ. (22)

Following the formation feasible condition (8), one obtains

ξT (M ⊗ PA)h− ξT (M ⊗ P ) ḣ+ ξT (IN ⊗ PB) τ = 0. (23)

It holds from (10), (22), and

V̇ 6 −1

2
ξTξ +

α

2

N
∑

i=1

γie
−κit +

N
∑

i=1

N
∑

j=1

1

8
ρijaij +

1

8

N
∑

i=1

N
∑

j=1

ηijaij
(

α2 − (cij − α)2
)

. (24)

Let ϕ = min{νijηij , 1
λmax(P )} and χ = (1/8)

∑N
i=1

∑N
j=1 wij

(

α2ηij + ρij
)

. Noting the form of V , one

can obtain

V̇ 6− ϕV +
1

2
ϕξT (IN ⊗ P ) ξ − 1

2
ξTξ +

α

2

N
∑

i=1

γie
−vit +

1

8

N
∑

i=1

N
∑

j=1

(

ϕ

νij
− ηij

)

wij c̄
2
ij + χ

6− ϕV +
α

2

N
∑

i=1

γie
−vit + χ. (25)

According to the comparison lemma and (25), one can obtain

V (t) 6

[

V (0)− χ

ϕ

]

e−ϕt +
χ

ϕ
+
α

2

N
∑

i=1

νiψi (t, ϕ) , (26)

where

ψi(t, ϕ) =







te−ϕt, if ϕ = κi,
1

ϕ− κi
(e−κit − e−ϕt), if ϕ 6= κi.

It can be obtained that limt→+∞ V (t) 6 χ
ϕ
by limt→+∞ ψi (t, ϕ) = 0, which implies that ξ and cij are

uniformly ultimately bounded.
For the interval t ∈

[

tik, t
i
k+1

)

of agent i, one can obtain the right-hand derivative of ei (t):

ė+i (t) = Aei(t)−K

N
∑

j=1

cij (t)wijφij (t)−
N
∑

j=1

cij (t)wijrij (Kφij (t))− τi. (27)

Noting ei(t
i
k) = 0 and integrating the both sides of (27) result in

ei(t) = −eA(t−ti
k)
∫ t

ti
k

e−Am



cijBK
N
∑

j=1

wijφij (m) + cijB
N
∑

j=1

wijfij (φij (m)) + τi (m)



dm, (28)

where t ∈ [tik, t
i
k+1).
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1 2 3

4 5 6

Figure 1 Interaction topology.

Because ξ and cij are uniformly ultimately bounded, it follows that ei(t) is bounded. Noting the
formation feasible condition (8), one obtains that τi is bounded. According to (27), it can be obtained
that ė+i (t) is bounded. Assume ‖ė+i (t)‖ < ‖ė0i (t)‖.

Considering the event-triggered principle, where the state and formation information of the ith agent
are updated, one can solve the Ti(t) = 0 and obtain

‖ei‖0 =
−b+

√
b2 + c

a
, (29)

where a = 2
∑N

j=1 (1 + 2βcij)wij‖K‖2, b =∑N
j=1 2 (1 + βcij)wij ‖K‖ ‖ei‖, and

c =





N
∑

j=1

(1 + 2βcij)wij‖K‖2








N
∑

j=1

wij‖K (φij)‖2 + 4γie
−κit



 .

In [tik, t
i
k+1), ‖ei(t)‖ grows from 0 to ‖ei‖0 with a velocity less than ‖ė0i (t)‖, which implies that tik+1 −

tik > ‖ei‖0/‖ė0i (t)‖.
This completes the proof.

4 Simulation

In this section, a simulation example is provided to verify the correctness and effectiveness of the pro-
posed theoretical results. In the example, consider a third-order MAS containing six agents with the
event-triggered formation protocol (5) and triggering condition (10). Figure 1 shows the communication
topology among the six agents, where the connection weights are 0 or 1.

The system parameter matrices of each agent are as follows:

A =









0 1 0

0 0 1

−1 −2 −2









, B =









0

0

1









.

The six agents are expected to maintain the shape of a regular hexagon, and the MAS continues
rotating around the center of a hexagon at a constant angular velocity of 1 rad/s. Then, the formation
vector h(t) = [hT1 (t), h

T
2 (t), . . . , h

T
6 (t)]

T is described by

hi =



















− sin

(

t+ 2π× (i− 1)π

6

)

− cos

(

t+ 2π× (i − 1)π

6

)

sin

(

t+ 2π× (i − 1)π

6

)



















.

Let the uncertainty θi be a random number between 0 and 0.3, β = 1 with γi = 2, κij = 0.1, νij = 0.2
and ηij = 0.3. Then, by solving the algebraic Riccati equation (9) in the proposed algorithm, the gain
matrices P and K can be obtained as

P =









1.46 0.49 0.41

0.49 0.54 0.44

0.41 0.44 0.60









, K = [−0.41,−0.44,−0.60] .
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Figure 2 (Color online) State snapshots of the six agents. (a) t = 0 s; (b) t = 3 s; (c) t = 5 s.
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Figure 3 Time-varying formation error.
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Figure 4 Triggering instants of agents.

Figure 2 shows the state snapshots of each agent at 0, 3 and 5 s, which shows that the MAS with six
agents achieves the time-varying regular hexagon formation.

The curve of the time-varying formation error, defined as
∑6

i=1 ‖zi − 1
6

∑6
j=1 zj‖, is presented in Fig-

ure 3, which shows that the MAS achieves the expected formation with bounded error. The triggering
instants of the six agents without Zeno behavior are shown in Figure 4.
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5 Conclusion

The distributed TVF problem for a high order MAS with uncertainties based on an adaptive event-
triggered scheme was investigated. An adaptive event-triggered time-varying formation protocol was
presented and a triggering function was presented. Agents sent state and formation information only
when the triggering condition had been met. Moreover, global information about communication topology
was not required in the process of formation and uncertainties could be restrained. The MAS under
the adaptive event-triggered communication mechanism could achieve the expected formation without
Zeno behavior. Based on the proposed algorithm, the communication frequency of the system not only
effectively reduced, but energy consumption also decreased.
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