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ABSTRACT

This paper considers the cooperative tracking problem of uncertain nonlinear multi-agent systems with
unmeasurable states and a dynamic leader whose input is unknown to all follower agents. By
approximating the uncertain nonlinear dynamics via neural network and constructing a local observer
to estimate the unmeasurable states, distributed output feedback adaptive controllers are proposed,
based on the relative observed states of neighboring agents. It is proved that with the developed
controllers, the state of each agent synchronizes to that of the leader for any undirected connected
graphs even when only a fraction of the agents have access to the state information of the leader, and the
tracking errors are guaranteed to be uniformly ultimately bounded. A sufficient condition to the
existence of the controllers is that each agent is stabilizable and detectable. The main advantage,
compared with existing results, lies in the fact that cooperative tracking of nonlinear systems can be
achieved in the presence of unmeasurable states without knowing the input of the leader. Two

illustrative examples are given to show the efficacy of the proposed methods.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Recent years have witnessed a compelling interest in consensus
problem of multi-agent systems for broad applications in engi-
neering such as formation flight of aerial vehicles, formation
control of mobile robots, cooperative control of marine vehicles.
The key of consensus is to design a distributed control law based
on local interactions such that the group agree on some value of
interest [1-5]. In the literature, a great deal of effort has been
made on two consensus problems of multi-agent systems. One is
leaderless consensus, and the other is leader—follower consensus
where there exists an active leader who acts as a trajectory
generator for the group to follow [5]. In some literature, the
leader-follower consensus is also called as distributed tracking
|6], consensus tracking [7], or cooperative tracking [8].

During the past few years, consensus control of multi-agent
systems has been widely studied from different perspectives. In
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[9], a neighbor-based observer is proposed for tracking control of
first-order linear multi-agent system under fixed and variable
topologies. In [10], a consensus algorithm is developed for first-
order linear systems with a time-varying leader dynamics. In
[11,12], distributed output regulation approaches are proposed
for linear multi-agent systems. In [13], consensus of linear multi-
agent systems and synchronization of complex networks are
unified in a framework. In [6], distributed tracking control of
linear multi-agent systems with a leader of bounded unknown
input is considered. In [14], leader-follower consensus algorithms
are developed for both fixed and switching interaction topologies.
In [15], a framework for cooperative tracking is proposed, includ-
ing state feedback, observer and output feedback. In [16], finite-
time state consensus problem for linear multi-agent systems is
discussed. In [17], partial state consensus is investigated for net-
works of second-order linear dynamic agents. In [18], consensus
problem of continuous-time second-order multi-agent systems via
sampled data is considered. In [19], consensus seeking of discrete-
time linear time-invariant multi-agent systems with communica-
tion noises is studied. In [20], observer-based consensus protocols
are developed for second-order multi-agent systems under fixed
and stochastically switching topology. Note that all aforemen-
tioned results are based on the exact linear system model, which
may not be adequate to describe the practical agent dynamics in
many real-world applications.
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Recently, consensus control of nonlinear systems has drawn great
attention [8,21-28]. Consensus control of nonlinear multi-agent
systems with unknown nonlinear dynamics is firstly considered in
[21], where distributed adaptive controller is designed to achieve
robust consensus. Distributed tracking of first-order nonlinear sys-
tems on strongly connected graphs is studied in [22], where neural
network (NN) is employed to account for the unknown nonlinear
dynamics. This result is extended to second-order uncertain non-
linear systems in [23]. Neural network-based leader-following control
of first-order multi-agent systems with uncertainties is presented in
[24], and this result is extended to second-order case using a
backstepping technique. Robust consensus tracking of second-order
nonlinear multi-agent systems is discussed in [25], where continuous
consensus protocols are developed to enable global asymptotic
tracking performance. Distributed tracking control of high-order
nonlinear systems is provided in [8], where the communication
graph does not require to be connected. Synchronized tracking
control of high-order nonlinear systems using state and output
information is considered in [28]. Adaptive coordinated tracking of
multiple manipulators with uncertainties can be found in [26,27]. In
these works [8,21-27], state feedback is particularly efficient for
nonlinear systems to achieve consensus. However, in many real
world systems, only the measured output information rather than
the full state information can be available for feedback. Therefore,
from a practical perspective, observer-based output feedback control
is of great importance.

In this paper, we focus on the cooperative tracking control of
uncertain nonlinear multi-agent systems with an unknown input
of the leader over an undirected network. It is assumed that a
fraction of agents have access to the state of the leader and
the input of the leader is bounded. As for the cooperative state
feedback tracking control of uncertain nonlinear systems, the
unknown input of the leader can be considered as a disturbance
to be rejected by the NN. However, this cannot be done in the
context of the output feedback case due to the fact that the
unknown input cannot be merged into the uncertain part. By
approximating the uncertain nonlinear dynamics via NN and
constructing a local observer to estimate the unmeasurable states,
cooperative output feedback adaptive controllers, with static and
dynamic coupling gains, respectively, are developed. Two Riccati
equations are employed to show the uniform ultimate bounded-
ness of the observer errors and tracking errors. It is shown that
synchronization to the leader can be reached for nonlinear
systems in the presence of unmeasurable states and unknown
input of the leader. A sufficient condition to the existence of such
controllers is that each agent is stabilizable and detectable. It is
worth noting that the static tracking controller depends on the
eigenvalues of the communication graph and the upper bound of
the control input of the leader. This restriction is removed by using
adaptive coupling strategy which results in fully distributed
observer-based tracking controllers.

For the first time, a cooperative output feedback adaptive
control (COFAC) architecture is developed for uncertain nonlinear
multi-agent systems with a dynamic leader whose input is
unavailable to each agent. Previous works related to this paper
include [8,13-15,21-24,28,29], and the differences are listed as
follows. First, compared with the agent dynamics in [8,21-24,
28,29], the agent model considered in this paper is more general
and takes the first-order, second-order, and high-order nonlinear
systems as special cases. By employing two Riccati equations, the
restriction on the agent dynamics is relaxed. Besides, the con-
trollers proposed in [8,21-24,26,27]| are based on the state feed-
back, while this paper focuses on the output feedback problem
which means that the design methods given in [8,21-24,26,27]
cannot be directly applied. Second, in contrast to the observer-
based cooperative tracking controllers developed for linear

systems in [13-15], the controllers designed in this paper are for
nonlinear systems. Since the “separation principle” is generally not
valid for nonlinear system, this development is nontrivial. The
main advantage of the proposed scheme is that the NN identifica-
tion of the individual uncertain dynamics is decoupled from the
network topology, which is useful for practical implementations
since the uncertain nonlinear dynamics can be suppressed by the
local NN.

This paper is organized as follows. Section 2 introduces some
preliminaries and formulates the control problem. Section 3
presents the cooperative output feedback control design and
stability analysis. The above result is extended to the cooperative
output feedback control design with dynamic coupling in Section
4. Two examples are given in Section 5 for illustrations. Conclu-
sions are drawn in Section 6.

2. Preliminaries and problem formulation
2.1. Preliminaries

2.1.1. Notation

Let the Euclidean norm, the Frobenius norm, the minimum
singular value, the maximum singular value, and the trace be
denoted by Il -Il, II - lf, o(), o(), and tr{-}, respectively. Let
diag{41, ..., An} be a diagonal matrix with A; being the ith diagonal
element. An identity matrix of dimension N is represented by Iy.
Let the Kronecker product be denoted by ® with the prop-
erties (A ® B) =AT ® B', a(A ® B)= (@A) ® B=A ® (aB), (A ® B)
(C ® D)= (AC) ® (BD), where A,B,C,D are matrices and «a is a
scalar.

2.1.2. Graph theory

Consider a network of multi-agent systems consisting of N
agents and one leader. If each agent is considered as a node, the
neighbor relation can be described by a graph G={V, £}, where
V ={ny,...,ny} is a node set and £ = {(n;,n;) € V x V} is an edge set
with the element (n;,n;) that describes the communication from
node i to node j. The neighbor set of the node i is denoted by
Ni={jl(n,n;) e E). Define an adjacency matrix A =[a;]e RNV
with a; =1, if (nj,n;) €&, and a; =0, otherwise. Define the in-
degree matrix as D = diag{d;, ...,dy} with d; = }; . v,a;. The Lapla-
cian matrix L =[lj] e RN*N associated with the graph G is defined as
L=D-A.If aj=aj, fori,j=1,...,N, then the graph G is undirected.
A path in a graph is an ordered sequence of nodes such that any
two consecutive nodes in the sequence are an edge of the graph.
An undirected graph is connected if there is a path between
every pair of nodes. Finally, define a leader adjacency matrix as
Ao = diag{ao, ..., ano}, Where a;o > 0 if and only if the ith agent has
access to the leader information; otherwise, a;o = 0. For simplicity,
denote L+ Ay by H.

Lemma 1 (Hong et al. [9]). If the graph G is undirected and
connected, and at least one agent has access to the leader. Then,
H is positive definite.

2.2. Problem formulation

Consider a network of uncertain nonlinear multi-agent systems
consisting of N agents and a leader. The dynamics of the ith agent
is given by

{ X = Ax;+Blu; +fi(x)],

yi=Cx, M

where x; =[Xi1,....Xin]" € R" is the system state; u;e R™ is the
control input; f;(x;) e R™ is an unknown matched uncertainty;
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