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a b s t r a c t

In this brief, we consider the consensus problem of high-order nonlinear multi-agent systems with
unknown backlash-like hysteresis and unknown control direction. By using backstepping technique, a
distributed adaptive control scheme, with the adoption of Nussbaum-type function, is developed to solve
this consensus problem. Radial basis function neural network is employed to neutralize the uncertain
nonlinear dynamics. The approximation error of the neural networks, together with external disturbance
and a bounded term from the hysteresis model, is adaptively estimated and counteracted by a robust
term. Under undirected connected communication topology, it is proved that the consensus can be
achieved asymptotically with the proposed control protocol. Finally, a numerical example is presented to
illustrate the performance of the proposed protocol.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

In the past decade, consensus problem of multi-agent systems
has attracted considerable attention in system and control com-
munities. Many well-known results have been reported (see e.g.
[1–5]) in the literature. On the one hand, the study of multi-agent
systems is interesting since they have a wide range of applications
in real world, e.g. robotic systems, scheduling of traffic systems
and networked cameras. On the other hand, it is still a challenging
topic as agents may come across various uncertainties and work in
some extreme environments.

Many researches have been conducted on the consensus pro-
blem of multi-agent systems with intrinsic nonlinearities. By
assuming that the nonlinearities satisfy the Lipschitz condition
with the Lipschitz constants being known, nonlinear multi-agent
systems have been considered in [6,7]. In [6], Yu et al. solved the
second-order leaderless consensus problem for multi-agent sys-
tems with inherent nonlinear dynamics by resorting to a new

concept about the generalized algebraic connectivity. In [7], multi-
agent systems with first- and second-order nonlinear dynamics
were investigated under fixed and switching topologies. While
Lipschitz constraints were also imposed on the nonlinearities in
[8,9], adaptive control, as a promising tool to deal with non-
linearities, was employed to design control protocols for nonlinear
multi-agent systems in [10,11] with the assumption that the
nonlinearities can be “linearly parameterized” and the regression
matrices are known. As an alternative, the approximate ability of
neural networks has been found to be particularly useful in
designing controllers for nonlinear systems [12,13]. With this
eminent property, neural networks were utilized to solve a large
class of consensus problems of nonlinear multi-agent systems, e.g.
leaderless first-order nonlinear consensus problem in [14]; leader-
following nonlinear consensus problem in [15]; nonlinear multi-
agent system with state time-delay in [16]; high-order nonlinear
tracking problem in [17]; nonlinear strict-feedback multi-agent
systems in [18].

It is noted that all the aforementioned results were obtained on
the basis of the actuator of each agent works without any con-
straint. However, nonlinearities are inevitable in almost all
actuators, i.e. the actuators could not carry out exactly what the
controllers require. It is widely known that hysteresis commonly
exists in many physical systems and devices, such as mechanical
actuators, biology optics and electronic relay circuits [19]. More-
over, the performance of system would strongly degrade if the
effect of hysteresis on the actuator is neglected in controller
design. Actually, some effective control schemes have been
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proposed to design controllers when actuators undergo hysteresis
[20–23]. In the literature, there are two ways to deal with hys-
teresis phenomena, i.e. one is to develop a smooth adaptive
inverse to mitigate the effect of hysteresis [24,25], the other one is
to treat the effect of hysteresis as a bounded disturbance and
detailed characteristic of hysteresis [26,27]. In real physical
environment, the actuators of agents in the multi-agent systems
may encounter hysteresis phenomena. However, none of these
papers has reported hysteresis nonlinearity under multi-agent
system setting, which is one of the motivations of this brief.
Additionally, the control direction may be uncertain when
designing the control algorithm. As an effective tool, the Nuss-
baum gain technique which originally proposed by Nussbaum
[28], has been widely used to facilitate the analysis of the stability
of a single system [29]. However, not all the Nussbaum-type
functions are feasible for a group of interconnected systems with
unknown control direction. Recently, by constructing a novel
Nussbaum-type function [11], Chen et al. studied the consensus
problem of first-order and second-order multi-agent systems with
unknown identical control directions. This function is borrowed in
[30], where cooperative output consensus problem for a class of
nonlinear multi-agent systems is considered. In [31], another
Nussbaum-type function was proposed and proved to be effective
to deal with consensus problem of networked systems with
unknown control direction.

Motivated by the above discussions, in this brief we consider
the consensus problem of high-order nonlinear multi-agent sys-
tems with unknown backlash-like hysteresis and unknown control
direction. Compared with [11], not only high-order dynamics is
considered in our paper, but also the “linearly parameterized”
constraint on the nonlinear term is removed. Therefore, our results
include that in [11] as special case. By using backstepping tech-
nique, the proposed control protocol is proved to guarantee the
consensus of the considered multi-agent systems. Moreover,
regarding the backlash-like hysteresis input, which have not been
considered under multi-agent systems setting, our problem is
more challenging and the designed controller is applicable even
the actuator suffers from backlash-like hysteresis. The main con-
tributions of this paper are ascribed as follows: (1) Actuator of
each agent in the multi-agent systems suffering from backlash-like
hysteresis is firstly introduced to consensus problem. Besides, we
do not need to acquire the parameters of the hysteresis, which
means our controller is adoptable for different kinds of backlash-
like hysteresis. (2) An improved robust control strategy is
employed in the controller design. With the help of this strategy,
the consensus problem of multi-agent system is achieved
asymptotically, rather than ultimately uniformly bounded in [14].

The rest of the paper is organized as follows. In Section 2, some
preliminaries on graph theory and model formulation are given.
Controller scheme and its effectiveness is discussed in Section 3. In
Section 4, a numerical example is given to verify the theoretical
analysis. Section 5 is the conclusion and brief description of our
future work.

2. Preliminaries and problem formulation

2.1. Graph theory

The relationship among N agents in the multi-agent system is
modeled by an undirected graph G¼ fV; E;Ag of order N with a set
of nodes V ¼ f1;2;…;Ng, a set of edges EDV � V and an adjacency
matrix A¼ ½aij�ARN�N with nonnegative weights. In an undirected
graph, edges are denoted by unordered pairs of nodes eij ¼ ði; jÞ,
which implies that node i and node j can exchange information
with each other. The communication strength between node i and

node j is represented by aij, i.e., eijAE3aij40 and aij ¼ 0, other-
wise. The set of neighbors of node i is denoted by
N i ¼ fjAV : ði; jÞAE; ja ig. The Laplacian matrix L of graph G is
defined by L¼D�A, where D¼ diagfd1;…; dNg and di ¼

P
jAN i

aij is
the degree of node i. A sequence of edges ði1; i2Þ; ði2; i3Þ;…; ðik�1; ikÞ
is called a path from node ik to node i1. A graph is connected if there
exists a path between any two distinct nodes.

2.2. Problem formulation

The multi-agent system under consideration consists of N
agents. The ith agent is modeled by the following differential
equations:

_xi;m ¼ xi;mþ1; m¼ 1;…;M�1;
_xi;M ¼ biHðuiÞþ f iðxiÞþδiðtÞ; ð1Þ
where xi;mAR is the mth state of agent i; xi ¼ ½xi;1;…; xi;M �T is the
state vector of agent i; f iðxiÞ is a continuous vector function con-
taining unknown parameters and δi represents the external dis-
turbance; uiAR is the control input; bi is an unknown constant
representing the direction of the control input and it is assumed
that the signs of all bi are the same and 0obminr jbi jrbmax;
HðuiÞ denotes the backlash-like hysteresis effect on the actuator,
which has the following property:

dH
dt

¼ α
dui

dt

����
����ðγui�HÞþβ

dH
dt

ð2Þ

where α, β, and γ are constants, and γ40 is the slope of the line
satisfying γ4β. Based on the analysis in [20], the expression of
HðuiÞ can be written explicitly as

HðuiðtÞÞ ¼ γuiðtÞþdðuiÞ ð3Þ

dðuiÞ ¼ ½Hðuið0ÞÞ�γuið0Þ�e�αðuiðtÞ�uið0ÞÞsgnð _uiÞ

þe�αui sgnð _uiÞ
Z uiðtÞ

uið0Þ
½β�γ�eαξ sgnð _uiÞ dξ; ð4Þ

where dðuiÞ is bounded as shown in [20]. To show that (2) is able to
model a class of backlash-like hysteresis, the parameters in (2) are
chosen as α¼ 1;β¼ 0:345 and γ ¼ 3:1635 and the solution is
shown in Fig. 1. Obviously, the hysteresis is not a one-to-one
function. This means that for a given determined control input ui,
the corresponding hysteresis output is uncertain and it is asso-
ciated with the direction of the derivative of the control input.

Remark 1. In the existing literature, consensus problem of non-
linear multi-agent systems has been extensively investigated and
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Fig. 1. Hysteresis curve.
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