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Abstract—In this paper, a class of second-order nonlinear
time-delayed multiagent systems with disturbance is investigated.
In order to improve the adaptivity, neural networks are used
to learn the unknown dynamics. Then, by utilizing Lyapunov-
Krasovskii functional, time delays can be eliminated. Moreover,
a robustifying term is introduced to constrain external distur-
bance. With divide-and-conquer idea, the distributed controller
is divided into five different parts to make the multiagent systems
reach consensus. To circumvent the singularity induced by the
time-delay elimination part, a σ-function is developed. Finally,
the simulation results demonstrate the validity of the distributed
controller.

I. INTRODUCTION

Distributed control is an important technique in multiagent

systems. It can be traced back to Boid model [1] and Vicsek

model [2], which are derived from natural phenomena. Variety

of problems investigated include optimal control problems

[3]–[5], output-based control problems [6]–[8], event-triggered

control problems [9], [10] and time-delayed control problems

[11]–[13]. For more details, please refer to the survey papers

[14]–[18] and the references therein. In [19], a decentralized

adaptive control with neural networks (NNs) was established

for multiagent systems with unknown dynamics. In [12], a

class of first-order nonlinear time-delayed multiagent systems

with external noises is studied. In [11], a Lyapunov-Krasovskii

functional and Young’s inequality were used for the consen-

sus of time-delayed multiagent systems. Thus, it is of great

significance to investigate how to apply the distributed control

technique to second-order nonlinear time-delayed multiagent

systems.

The technique of NNs is a powerful tool for learning

the unknown dynamics [20]–[25]. In [26], adaptive neural

control was introduced to solve the uncertain MIMO nonlinear

systems. In [27], an adaptive neural control protocol was
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utilized for a class of strict-feedback nonlinear systems with

unknown time delays. We utilize the technique of Lyapunov-

Krasovskii functional from [27] and [11] to eliminate the

negative effects of time delays. However, this technique will

induce singularities in the distributed controller and a σ-

function is established to deal with it.

To the best of our knowledge, it is the first time to

investigate second-order time-delayed nonlinear multiagent

systems with the developed σ-function. A reference signal

which can reduce the difficulty of achieving consensus is

also applied. Furthermore, by using the property of hyperbolic

tangent function, a robustifying term is utilized to constrain the

disturbance.

The rest of this paper is organized as follows. Preliminaries

for graph theory and radial basis function neural networks

(RBFNNs) are given in Section II. Main results are given in

Section III. Simulation example is conducted to demonstrate

the effectiveness of the developed method in Section IV.

Conclusion is given in Section V.

Notations: (·)T denotes the transpose of a given matrix.

tr (·) is the trace of a given square matrix. ‖·‖ is the Frobenius

norm or Euclidian norm. ⊗ stands for the Kronecker product.

λmin(·) and λmax(·) are the smallest nonzero eigenvalue

and the largest eigenvalue of a given real symmetric matrix,

respectively. diag(·) represents a diagonal matrix.

II. PRELIMINARIES

A. Graph Theory

A triplet G = {V, E ,A} is called a graph if V =
{1, 2, . . . , N} is the set of nodes, E ⊆ V × V is the set of

edges, and A = (Aij) ∈ R
N×N is the adjacency matrix of G.

Denote Aij as the element of the ith row and jth column of

the matrix A. The ith node represents the ith agent, and an

ordered pair (i, j) ∈ E means that agent i can directly transfer

its information to agent j. No self-loop will be considered.

Laplacian matrix L of graph G is given as follows:

Lij =

{ ∑
k∈Ni

Aik, if i = j;

−Aij , if i �= j.
(1)

B. Radial Basis Function Neural Networks

In practice, we usually employ a neural network as the func-

tion approximator to model an unknown function. RBFNN is a

potential candidate for approximating the unknown dynamics
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of the multiagent systems. A continuous unknown nonlinear

function vector h(x) = [h1(x), h2(x), . . . , hm(x)]T : Rm →
R

m can be approximated by RBFNNs:

h(x) = WTΦ(x), (2)

where x = [x1, x2, . . . , xm]T ∈ R
m is the input vector, W ∈

R
p×m is the weight matrix and p represents the number of

neurons. Φ(x) = [ϕ1(x), ϕ2(x), . . . , ϕp(x)]
T is the activation

function vector and

ϕi(x) = exp

[−(x− μi)
T(x− μi)

δ2i

]
, i = 1, 2, . . . , p, (3)

where μi = [μi1, μi2, . . . , μim]T is the center of receptive field

and δi is the width of Gaussian function. For a given positive

constant θN , there exists an ideal weight matrix W ∗ such that

h(x) = W ∗TΦ(x) + θ, (4)

where θ ∈ R
m is the approximation error with ‖θ‖ < θN .

However, it is difficult to obtain W ∗ in physical implementa-

tions. Therefore, we denote Ŵ as the estimation of the ideal

weight matrix W ∗. The estimation of h(x) can be written as

ĥ(x) = ŴTΦ(x), (5)

where Ŵ can be updated online. The online updating algo-

rithm will be provided in Section III.

III. MAIN RESULTS

We discuss the second-order multi-agent system and it can

be described as follows:

ẍi(t) = fi(xi(t), ẋi(t)) + gi(ẋi(t− τi)) + ui(t) + ξi(t),

i = 1, 2, . . . , N, (6)

where xi(·) ∈ R
m is the state vector, τi and ξi(·) ∈ R

m

represent the unknown time delay and disturbance, respec-

tively. ui(·) ∈ R
m is the control vector, fi(·) : Rm → R

m

and gi(·) : Rm → R
m are continuous but unknown nonlinear

vector functions. Here we assume ‖ξi‖ < αi where αi > 0.

For simplicity, in the sequel we will ignore time expression t
in case there is no confusion.

Our aim is to design a distributed controller which can

make the nonlinear time-delayed multiagent systems reach

consensus. The distributed controller is divided into five parts

and they are linear feedback term, neural network term,

time-delay elimination term, robustifying term and second-

order information term. Before proceeding, we introduce a

Lyapunov-Krasovskii functional as follows:

LQ(t) =
1

2

N∑
i=1

t∫
t−τi

Qi(ẋi(ζ))dζ, (7)

where Qi(ẋi(ζ)) = φ2
i (ẋi(ζ)) and φi(·) is a scalar function

satisfying φi(xi) ≥ ‖gi(xi)‖. The time derivative of LQ(t) is

L̇Q(t) =
1

2

N∑
i=1

(
φ2
i (ẋi(t))− φ2

i (ẋi(t− τi))
)
. (8)

Let zi1 = xi and zi2 = ẋi. Then, (6) can be rewritten in

the following form:

{
żi1 = zi2, i = 1, 2, . . . , N,
żi2 = fi(zi1, zi2)+gi(zi2(t−τi))+ui +ξi.

(9)

In the sequel, for convenient analysis, we will ignore the

declaration that i = 1, 2, . . . , N and concentrate on agent i.
Suppose that

zi2d = −ki
∑
j∈Ni

Aij(zi1 − zj1), (10)

and we can obtain an error signal between the real state zi2
and the virtual state zi2d, i.e., vei = zi2 − zi2d. Consequently,

the time derivative of vei is

v̇ei = żi2 − żi2d

= fi(zi1, zi2) + gi(zi2(t− τi)) + ui

+ ξi + ki
∑
j∈Ni

Aij(zi2 − zj2). (11)

We utilize RBFNNs to approximate fi(zi1, zi2). The dis-

tributed controller is designed as follows:

ui =− ρi(t)vei − ŴT
i Φi(zi)− 1

2

vei
‖vei‖2 + σ(vei)

φ2
i (zi2)

− γi tanh

(
κiγivei

εi

)
− ki

∑
j∈Ni

Aij(zi2 − zj2), (12)

where

ρi(t) = ki0 +
1

2
+

1

2ωi

(
1 +

1

‖vei‖2 + σ(vei)
�i

)
, (13)

�i =

t∫
t−τmax

Qi(zi2(ζ))dζ + ωi‖zi2‖2

+ (ωi + λmax(M))‖zei‖2,
zei =

∑
j∈Ni

Aij(zi1 − zj1),

zi = [zTi1, z
T
i2]

T,

σ(vei) =

{
1, if ‖vei‖ = 0,
0, if ‖vei‖ �= 0.

Furthermore, ωi > 0, τmax > τi > 0 and M is defined in (19).

Next, we discuss the structure of the distributed controller.

1) The linear feedback term −ρi(t)vei contains the informa-

tion used by agent i to guide its direction towards consensus

so that zi2 can track zi2d. If consensus can be reached, then

−ρi(t)vei has no impact on the multiagent system (6).

2) Neural network term −ŴT
i Φi(zi) is used to learn the

characteristics of fi(zi) online. Ŵi represents the estimation
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of RBFNN weight matrix of agent i. The adaptive updating

algorithm is given as follows:

˙̂
Wi =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

aiΦi(zi)v
T
ei, if tr

(
ŴT

i Ŵi

)
< Wmax

i , or

if tr
(
ŴT

i Ŵi

)
= Wmax

i and vTeiŴ
T
i Φi(zi) < 0;

aiΦi(zi)v
T
ei − ai

vTeiŴ
T
i Φi(zi)

tr
(
ŴT

i Ŵi

) Ŵi,

if tr
(
ŴT

i Ŵi

)
= Wmax

i and vTeiŴ
T
i Φi(zi) ≥ 0,

(14)

where ai > 0 and Wmax
i > 0. Suppose θi is the approximation

error of the weight matrix of agent i satisfying ‖θi‖ < θNi
. It

is noted that the initial value Ŵi(0) satisfies

tr
(
ŴT

i (0)Ŵi(0)
)
≤ Wmax

i . (15)

Thus, we let Ŵi(0) be a zero matrix. Furthermore, according

to Lemma 2 in [19], if the updating algorithm is expressed as

(14), then tr
(
ŴT

i (t)Ŵi(t)
)
≤ Wmax

i , ∀t ≥ 0.

3) −1

2

vei
‖vei‖2 + σ(vei)

φ2
i (zi2) is the time-delay elimination

term which is introduced to eliminate the effects of time

delays. ‖vei‖ = 0 will induce an infinite control beyond

physical implementations. Thus, we should exclude zero case

and σ-function is a wise choice for solving this problem.

4) −γi tanh

(
κiγivei

εi

)
is to constrain disturbance ξi and

RBFNN approximation error θi, where κi = 0.2785 (more

details can be found in [20]). Furthermore, γi is the robust

gain satisfying

γi ≥ θNi
+ αi (16)

and εi > 0. By virtue of Lemma 1 in [20], we can easily get

the following inequalities:

γi‖vei‖+ vTeiγi tanh

(
κiγivei

εi

)
≤ εi. (17)

5) −ki
∑

j∈Ni

Aij(zi2 − zj2) is the second-order information

term and it includes the information of velocities that agent

i can obtain from its neighbors. If consensus is achieved,

velocities are zeros and this term becomes zero.

Theorem 1: The second-order multiagent system is given in

(6). If the distributed controller is given in (12) and the online

updating algorithm of the weight matrix is expressed as (14),

then the multiagent system (6) can achieve consensus.

Proof: We construct a Lyapunov function containing

error signal vei, i = 1, 2, . . . , N, as follows:

V (t) = Vẑ1(t)+LQ(t)+
1

2

N∑
i=1

tr

(
1

ai
W̃T

i W̃i

)
+
1

2
vTe ve (18)

where W̃i = W ∗
i − Ŵi, Vẑ1(t) =

1

2
ẑT1 (L ⊗ Im)ẑ1, ẑ1 =

[zT11, z
T
21, . . . , z

T
N1]

T, LQ(t)=
1

2

N∑
i=1

t∫
t−τi

Qi(zi2(ζ))dζ and ve =

[vTe1, v
T
e2, . . . , v

T
eN ]T. Note that if ‖vei‖ = 0, then zi2 = zi2d,

i.e., żi1 = zi2d = −ki
∑

j∈Ni

Aij(zi1−zj1). It it obvious that this

is a traditional distributed control for consensus. Therefore, in

the sequel we will focus on the case where ‖vei‖ �= 0. Then,

we can infer that

dV (t)

dt
= zTe

˙̂z1 +
1

2

N∑
i=1

(
φ2
i (zi2(t))− φ2

i (zi2(t− τi))
)

−
N∑
i=1

tr

(
1

ai
W̃T

i
˙̂
Wi

)
+ vTe v̇e

= zTe ẑ2 +
1

2

N∑
i=1

(
φ2
i (zi2(t))− φ2

i (zi2(t− τi))
)

−
N∑
i=1

tr

(
1

ai
W̃T

i
˙̂
Wi

)
+

N∑
i=1

vTei(ui + ξi − żi2d)

+

N∑
i=1

vTei

(
fi(zi1, zi2) + gi(zi2(t− τi))

)
,

where ẑ2=[zT12, z
T
22, . . . , z

T
N2]

T and ze=[zTe1, z
T
e2, . . . , z

T
eN ]T.

The communication topology is connected, thus zero is an m-

multiplicity eigenvalue of L⊗Im and T contains eigenvectors

of L ⊗ Im corresponding to the eigenvalue matrix Λ =
diag(0Im, λ2Im, λ3Im, . . . , λnIm), where TTT = TTT =
ImN and T−1 = TT. Hence,

ẑT1 (L ⊗ Im)ẑ1 = ẑT1 T
TΛT ẑ1

= ẑT1 T
T
√
Λ
√
ΛT ẑ1

= ẑT1 T
T
√
Λ
√
Λ̄
√

Λ̄−1
√
Λ̄−1

√
Λ̄
√
ΛT ẑ1

= ẑT1 T
TΛTTTΛ̄−1TTTΛT ẑ1

= ẑT1 (L ⊗ Im)
T
M(L ⊗ Im)ẑ1

= ze
TMze, (19)

where
√
Λ = diag(0Im,

√
λ2Im,

√
λ3Im, . . . ,

√
λnIm),

Λ̄ = diag(λ2Im, λ2Im, λ3Im, . . . , λnIm),√
Λ̄ = diag(

√
λ2Im,

√
λ2Im,

√
λ3Im, . . . ,

√
λnIm),

and M = TTΛ̄−1T . Then, we substitute (12) and (17) into

dV/dt to obtain

dV (t)

dt
≤ 1

2

N∑
i=1

(‖zei‖2 + ‖zi2‖2)−
N∑
i=1

tr

(
1

ai
W̃T

i
˙̂
Wi

)

+
1

2

N∑
i=1

(
φ2
i (zi2(t))−φ2

i (zi2(t−τi))
)
+

N∑
i=1

εi

+

N∑
i=1

vTeiW̃
T
i Φi(zi)−

N∑
i=1

(
ρi(t)− 1

2

)
‖vei‖2

+
1

2

N∑
i=1

(
φ2
i (zi2(t− τi))− φ2

i (zi2(t))
)
.
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With similar proof steps [12], we can obtain

tr

(
W̃T

i

(
1

ai

˙̂
Wi − Φi(zi)v

T
ei

))
≥ 0. (20)

With τi < τmax, we have

1

2

N∑
i=1

t∫
t−τi

Qi(zi2(ζ))dζ ≤ 1

2

N∑
i=1

t∫
t−τmax

Qi(zi2(ζ))dζ.

Thus, with (13) and (19) we obtain

dV (t)

dt
≤

N∑
i=1

(
−ki0‖vei‖2− 1

2ωi
‖vei‖2− λmax(M)

2ωi
‖zei‖2

)

−
N∑
i=1

2Wmax
i

ωsai
+

N∑
i=1

2Wmax
i

ωsai
+

N∑
i=1

εi

− 1

2ωi

N∑
i=1

t∫
t−τmax

Qi(zi2(ζ))dζ

− tr

(
W̃T

i

(
1

ai

˙̂
Wi − Φi(zi)v

T
ei

))

≤− 1

ωs
Vẑ1(t)−

1

ωs
LQ(t)− 1

2ωs
vTe ve

− 1

2ωs

N∑
i=1

tr

(
1

ai
W̃T

i W̃i

)

+
N∑
i=1

2Wmax
i

ωsai
+ θs

≤− 1

ωs
V (t) +

N∑
i=1

2Wmax
i

ωsai
+ θs,

where ωs = max
i∈V

ωi and θs =
N∑
i=1

εi.

On the basis of Lemma 1 in [19], we obtain

V (t) ≤ V (0)e−
1
ωs

t + νs

(
1− e−

1
ωs

t
)
, (21)

where νs =
N∑
i=1

2Wmax
i

ai
+ωsθs. Since all the terms in (18) are

nonnegative, as t → ∞ we can obtain that Vẑ1(t) ≤ νs. That

is,
∑

(j,i)∈E
Aij(zi1 − zj1)

2 ≤ νs. By choosing the parameters

Wmax
i , ai, ωi, εi and Aij properly, we can eventually derive

that

‖zi1 − zj1‖ ≤
√

νs
Aij

, ∀(i, j) ∈ E , (22)

where
√
νs/Aij can be set small enough. Therefore, consen-

sus can be achieved.

IV. SIMULATION EXAMPLE

In this example, we utilize a multiple cooperative manip-

ulator system to verify the validity of the distributed con-

troller (12) in Section III. The two-link manipulator holds a

component which is used to assemble the industrial product.
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Fig. 1. Position trajectories of link 1 of six manipulators.
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Fig. 2. Velocity trajectories of link 1 of six manipulators.

The dynamics of the multi-manipulator system is described as

follows:

Mi(qi)q̈i + Vi(qi, q̇i)q̇i +Gi(qi) + gi(q̇i(t− τi)) + ξi(t) = Γi,
(23)

where qi = [qi1, qi2]
T ∈ R

2, q̇i and q̈i are the position, velocity

and acceleration vector of the ith manipulator, respectively.

Mi(qi) ∈ R
2×2 is the inertia matrix of manipulator i;

Vi(qi, q̇i) ∈ R
2×2 is the centripetal-Coriolis matrix of manipu-

lator i; Gi(qi) ∈ R
2 is the gravitational vector of manipulator

i and Γi ∈ R
2 is the torque vector of manipulator i. We give
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Fig. 3. Position trajectories of link 2 of six manipulators.
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Fig. 4. Velocity trajectories of link 2 of six manipulators.

the detail parameters of each manipulator as follows:

Vi(qi, q̇i) =

[
Vi11 Vi12

Vi21 Vi22

]
,

Gi(qi) =
[
Gi1 Gi2

]
,

Mi = I,

Vi11 =−mi2li1li2 sin(qi2)q̇i2,

Vi12 =−mi2li1li2 sin(qi2)q̇i2 −mi2li1li2 sin(qi2)q̇i1,

Vi21 = mi2li1li2 sin(qi2)q̇i1,

Vi22 = 0,

Gi1 = (mi1 +mi2)g̃li1 sin(qi1)+mi2g̃li2 sin(qi1 + qi2),

Gi2 = mi2g̃li2 sin(qi1 + qi2).

For simplicity, we set Mi = I . gi(q̇i(t − τi)) represents the

friction force vector where

gi(q̇i(t− τi)) =

[
si1q̇i1(t− τi) cos(q̇i2(t− τi))
si2q̇i2(t− τi) sin(q̇i1(t− τi))

]
. (24)

We set the same parameters of all the six manipulators. ki0 =
15, ωi = 30, Wmax

i = 100, ai = 100, γi = 2, κi = 0.2785
and εi = 0.01. The number of neurons for each RBFNN is 16

and δ2i = 1.6. μis are distributed uniformly among the range

[−3, 3] × [−3, 3]. The initial states of the multi-manipulator

system are⎡
⎢⎢⎢⎢⎢⎢⎣

qT1 (0) q̇T1 (0)
qT2 (0) q̇T2 (0)
qT3 (0) q̇T3 (0)
qT4 (0) q̇T4 (0)
qT5 (0) q̇T5 (0)
qT6 (0) q̇T6 (0)

⎤
⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎣

[π/3, π/3] [−1, 1]
[π/3, π/4] [0.5, 1]
[π/5,−π/4] [2,−1]
[π/5, π/5] [2, 0.5]

[−π/4,−π/6] [3,−0.5]
[−π/6, π/3] [−1.5, 0.5]

⎤
⎥⎥⎥⎥⎥⎥⎦
.

The Laplacian matrix is L given as follows:

L =

⎡
⎢⎢⎢⎢⎢⎢⎣

0.8 −0.5 0 0 0 −0.3
−0.5 0.7 −0.2 0 0 0
0 −0.2 0.9 −0.7 0 0
0 0 −0.7 1.8 −1.1 0
0 0 0 −1.1 3.1 −2

−0.3 0 0 0 −2 2.3

⎤
⎥⎥⎥⎥⎥⎥⎦
.

Other parameters are given in Tables I–III. From Fig. 1

TABLE I
COEFFICIENT VALUES OF THE iTH MANIPULATOR

i 1 2 3 4 5 6
si1 0.9 1.2 −1.1 −0.7 0.6 0.3
si2 1.2 0.8 0.6 0.3 0.8 0.4

TABLE II
TIME DELAY OF THE iTH MANIPULATOR

i 1 2 3 4 5 6 τmax

τi 0.1 0.05 0.15 0.08 0.18 0.1 0.2

TABLE III
PARAMETERS OF THE iTH MANIPULATOR

g̃ li1 li2 mi1 mi2

9.8 m/s2 1.5 m 1 m 2 kg 1 kg

and Fig. 3, we can infer that the multi-manipulator system

(23) can reach the same position. From Fig. 2 and Fig. 4,

the multi-manipulator system (23) achieve the same velocity,

where dqi1 and dqi2 represent the velocities of Link 1 and

Link 2, respectively. In order to describe whether consensus
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Fig. 5. Consensus error trajectories of six manipulators.

has been achieved, we define the measurement of consensus

error for each manipulator

qei =

∥∥∥∥ ∑
j∈Ni

Aij(qi − qj)

∥∥∥∥, i = 1, 2, . . . , 6. (25)

In Fig. 5, all the consensus errors approach zero. This further

demonstrates the effectiveness of our design method.

V. CONCLUSION

A class of second-order nonlinear multiagent systems with

disturbance and time delay are studied. The technique of

Lyapunov-Krasovskii functional is utilized to eliminate time

delay. However, singularities will be induced by this technique.

Thus, a σ-function is established to solve this problem. To

deal with disturbance and the unknown nonlinear dynam-

ics, a robustifying term and neural networks are introduced,

respectively. Finally, the simulation example validates the

effectiveness of the developed distributed controller.

REFERENCES

[1] C. Reynolds, “Flocks, herds, and schools: A distributed behavioral
model,” Computer Graphics, vol. 21, no. 4, pp. 25–34, Jul. 1987.

[2] T. Vicsek, A. Czirok, E. Ben-Jacob, I. Cohen, and O. Schochet, “Novel
type of phase transition in a system of self-driven particles,” Physical
Review Letters, vol. 75, no. 6, pp. 1226–1229, Aug. 1995.

[3] H. Zhang, T. Feng, G.-H. Yang, and H. Liang, “Distributed cooperative
optimal control for multiagent systems on directed graphs: An inverse
optimal approach,” IEEE Transactions on Cybernetics, vol. 45, no. 7,
pp. 1315–1326, Jul. 2015.

[4] D. Liu, D. Wang, and H. Li, “Decentralized stabilization for a class of
continuous-time nonlinear interconnected systems using online learning
optimal control approach,” IEEE Transactions on Neural Networks and
Learning Systems, vol. 25, no. 2, pp. 418–428, Feb. 2014.

[5] D. Wang, D. Liu, H. Li, H. Ma, and C. Li, “A neural-network-
based online optimal control approach for nonlinear robust decentralized
stabilization,” Soft Computing, DOI: 10.1007/s00500-014-1534-z.

[6] H. Ma, D. Liu, D. Wang, and H. Li, “Output-based high-order bipartite
consensus under directed antagonistic networks,” in Proceedings of the
2014 IEEE Symposium on Intelligent Agents, Orlando, FL, USA, Dec.
2014, pp. 16–21.

[7] T. Liu and Z.-P. Jiang, “Distributed control of nonlinear uncertain sys-
tems: A cyclic-small-gain approach,” IEEE/CAA Journal of Automatica
Sinica, vol. 1, no. 1, pp. 46–53, Jan. 2014.

[8] H. Ma, D. Liu, D. Wang, and B. Luo, “Bipartite output consensus in
networked multi-agent systems of high-order power integrators with
signed digraph and input noises,” International Journal of Systems
Science, DOI: 10.1080/00207721.2015.1090039.

[9] H. Ma, D. Wang, D. Liu, and C. Li, “Continuous-time group consensus
using distributed event-triggered control,” in Proceedings of the 7th In-
ternational Conference on Advanced Computational Intelligence, Wuyi,
China, Mar. 2015, pp. 174–178.

[10] H. Ma, D. Liu, D. Wang, F. Tan, and C. Li, “Centralized and decentral-
ized event-triggered control for group consensus with fixed topology in
continuous time,” Neurocomputing, vol. 161, pp. 267–276, 2015.

[11] C. L. P. Chen, G.-X. Wen, Y.-J. Liu, and F.-Y. Wang, “Adaptive
consensus control for a class of nonlinear multiagent time-delay systems
using neural networks,” IEEE Transactions on Neural Networks and
Learning Systems, vol. 25, no. 6, pp. 1217–1226, Jun. 2014.

[12] H. Ma, Z. Wang, D. Wang, D. Liu, P. Yan, and Q. Wei, “Neural-
network-based distributed adaptive robust control for a class of non-
linear multiagent systems with time delays and external noises,”
IEEE Transactions on Systems, Man, and Cybernetics: Systems, DOI:
10.1109/TSMC.2015.2470635.

[13] J. Hu, J. Yu, and J. Cao, “Distributed containment control for nonlinear
multi-agent systems with time-delayed protocol,” Asian Journal of
Control, DOI: 10.1002/asjc.1131.

[14] A. Jadbabaie, J. Lin, and A. S. Morse, “Coordination of groups of mobile
autonomous agents using nearest neighbor rules,” IEEE Transactions on
Automatic Control, vol. 48, no. 6, pp. 988–1001, Jun. 2003.

[15] R. Olfati-Saber and R. M. Murray, “Consensus problems in networks
of agents with switching topology and time-delays,” IEEE Transactions
on Automatic Control, vol. 49, no. 9, pp. 1520–1533, Sep. 2004.

[16] W. Ren and R. Beard, “Consensus seeking in multiagent systems under
dynamically changing interaction topologies,” IEEE Transactions on
Automatic Control, vol. 50, no. 5, pp. 655–661, May 2005.

[17] Y. Cao, W. Yu, W. Ren, and G. Chen, “An overview of recent progress
in the study of distributed multi-agent coordination,” IEEE Transactions
on Industrial Informatics, vol. 9, no. 1, pp. 427–438, Feb. 2013.

[18] R. Olfati-Saber, J. A. Fax, and R. M. Murray, “Consensus and coop-
eration in networked multi-agent systems,” Proceedings of the IEEE,
vol. 95, no. 1, pp. 215–233, Jan. 2007.

[19] Z.-G. Hou, L. Cheng, and M. Tan, “Decentralized robust adaptive
control for the multiagent system consensus problem using neural
networks,” IEEE Transactions on Systems, Man, and Cybernetics, Part
B: Cybernetics, vol. 39, no. 3, pp. 636–647, Jun. 2009.

[20] M. M. Polycarpou, “Stable adaptive neural control scheme for nonlinear
systems,” IEEE Transactions on Automatic Control, vol. 41, no. 3, pp.
447–451, Mar. 1996.

[21] L. Cheng, W. Liu, Z.-G. Hou, J. Yu, and M. Tan, “Neural-network-
based nonlinear model predictive control for piezoelectric actuators,”
IEEE Transactions on Industrial Electronics, vol. 62, no. 12, pp. 7717–
7727, Dec. 2015.

[22] W. Liu, L. Cheng, Z.-G. Hou, J. Yu, and M. Tan, “An inversion-free
predictive controller for piezoelectric actuators based on a dynamic
linearized neural network model,” IEEE/ASME Transactions on Mecha-
tronics, DOI: 10.1109/TMECH.2015.2431819.

[23] W. He, Y. Dong, and C. Sun, “Adaptive neural impedance
control of a robotic manipulator with input saturation,” IEEE
Transactions on Systems, Man, and Cybernetics: Systems, DOI:
10.1109/TSMC.2015.2429555.

[24] W. He, Y. Chen, and Z. Yin, “Adaptive neural network control of
an uncertain robot with full-state constraints,” IEEE Transactions on
Cybernetics, DOI: 10.1109/TCYB.2015.2411285.

[25] W. Chen, S. Hua, and H. Zhang, “Consensus-based distributed co-
operative learning from closed-loop neural control systems,” IEEE
Transactions on Neural Networks and Learning Systems, vol. 26, no. 2,
pp. 331–345, Feb. 2015.

[26] S. S. Ge and C. Wang, “Adaptive neural control of uncertain MIMO
nonlinear systems,” IEEE Transactions on Neural Networks, vol. 15,
no. 3, pp. 674–692, May 2004.

[27] S. Ge, F. Hong, and T. Lee, “Adaptive neural control of nonlinear
time-delay systems with unknown virtual control coefficients,” IEEE
Transactions on Systems, Man, and Cybernetics, Part B: Cybernetics,
vol. 34, no. 1, pp. 499–516, Feb. 2004.

5268 2016 International Joint Conference on Neural Networks (IJCNN)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


