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a b s t r a c t

This paper studies the formation tracking problem for multi-agent systems, for which a distributed
estimator–controller scheme is designed relying only on the agents’ local coordinate systems such that
the centroid of the controlled formation tracks a given trajectory. By introducing a gradient descent term
into the estimator, the explicit knowledge of the bound of the agents’ speed is not necessary in contrast to
existingworks, and each agent is able to compute the centroid of thewhole formation in finite time. Then,
based on the centroid estimation, a distributed control algorithm is proposed to render the formation
tracking and stabilization errors to converge to zero, respectively. Finally, numerical simulations are
carried to validate our proposed framework for solving the formation tracking problem.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Formation control for multi-agent systems has attracted in-
creasing attention from control scientists and engineers due to its
broad applications [1–3]. A central problem is to drive the agents
to realize some prescribed formation shape, and such a problem is
usually referred to as the formation stabilization problem. In this
line of research, formation stabilization for those with different
shapes has been investigated, see, for example, circular forma-
tion [4,5], acyclic formation [6], and formations associated with
tree graphs [7],minimally rigid graphs [8,9], andmore general rigid
graphs [10]. Time-varying formation control problems for linear
multi-agent systems under switching directed topologies are also
investigated in [11]. In addition, the effects of the measurement
inconsistency between neighboring agents on the formation’s sta-
bility are addressed in [12], where it is shown that the resulted dis-
torted formation will move following a closed circular orbit in the
plane for any rigid, undirected formation consisting of more than
two agents. In [13], the steady-state rigid formation is achieved
using an estimator-based gradient control law; in addition, both
the static and time-varying mismatched compasses are studied
in [14].

Another key problem concerned with formation control for
multi-agent systems is formation tracking, which requires to sta-
bilize the prescribed formation, and, additionally, requires that
the whole formation follows a given reference trajectory. One
commonly reported approach to deal with the formation tracking
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problem is to use the virtual structure strategy. This technique
is built upon assigning a virtual leader to the centroid of the
formation to be tracked while achieving the prescribed formation
shape [15]. Under this framework, it is shown that the formation
tracking can be achieved in finite time by employing the signum
function if the virtual leader has directed paths to all the follow-
ers [16]. The virtual structure approach is also reported in [17], in
which the control and estimation on a common virtual leader is
addressed using a consensus algorithm. Integrating the techniques
from nonsmooth analysis, collective potential functions and navi-
gation feedback, a distributed algorithm for second-order systems
is designed such that the velocity consensus to the virtual leader is
achieved [18]. The formation tracking problem can also be solved
using the distributed receding horizon control (RHC), for a group
of nonholonomic multi-vehicle systems [19]. By applying RHC,
some additional tasks, e.g., collision avoidance and consistency,
can be realized through adding constraints on allowed uncertain
deviation.

Akin to the virtual structure approach, the leader–follower
strategy has also been widely employed to solve formation track-
ing problems (e.g., [20–24]). In [20], the formation tracking prob-
lem is solved based on formation stabilizationwith one designated
leader among the group. To deal with the intrinsic unknown pa-
rameters for a class of nonlinear systems, an adaptive control law
using the backstepping technique is proposed in [21], such that
all the subsystems’ outputs are regulated to achieve consensus
tracking. In [22], to compensate the unknown slippage effect of
mobile robots, a distributed recursive design strategy involving
the adaptive function approximation technique is developed.More
recently, the formation tracking problem for second-order multi-
agent systems under switching topologies is studied in [23], where
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one of the agents is set to be the leader to perform tracking tasks.
The results therein are also feasible to the target enclosing prob-
lem for multi-quadrotor unmanned aerial vehicle systems. In [24],
different from the one-leader tracking case, the formation tracking
problemwith multiple leaders is addressed. To drive the followers
to the convex hull spanned by the leaders, a protocol is designed
via solving an algebraic Riccati equation.

It should be noted that in the results discussed above, almost
all the desired formations are specified by offset vectors with
respect to the virtual/real leader or virtual centroid of the group.
Those offset vectors are required to be set a priori in a common
global coordinate system. In addition, each agent needs to know
its corresponding desired offsets as well as its neighbors’. In
particular, the agreement reached on the estimations of the virtual
centroid is normally different from the real centroid of the group.
However, it is sometimes meaningful to locate the real centroid
when performing tasks like the transportation of objects. Further-
more, the approaches developed in these existing works are only
applicable to the scenarios where the reference trajectory is an
exogenous signal that is independent of the states of the system.
To estimate the centroid of the formation, a consensus-based al-
gorithm is proposed in [25], wherein the estimation of each agent
is updated by averaging their projections and directions. However,
the convergence can be ensured only when the underlying graph
is complete. In [26], a tree-based algorithm is adopted to estimate
the centroid, while each agent is required tomaintain a list of trees
with constant size. Recently, the weighted-centroid tracking prob-
lem has been considered in [27–29]. Unlike the leader–follower
structures in which the dynamics of the followers and leaders
can be separated, the control objective therein is to track some
globally assigned function which is implicitly related to all agents’
dynamics. In [27], a controller–observer scheme is designed for the
single integrator dynamics such that the weighted centroid of the
whole formation follows some given trajectory. As an extension,
one additional task function for the formation is introduced in [28].
In [29], a finite-time centroid observer is constructed, and the
distance-based control laws are developed by employing rigidity
graph theory.

In the present paper, we consider the formation tracking prob-
lem, in which the centroid of the formation moves as the agents
move and is unknown to all of the agents. Under this case, the
problem becomes more challenging due to the inner coupling
and conflict between centroid estimation, formation stabilization
and reference tracking. By adopting the feedback term from the
gradient descent control, we design a new class of finite-time
centroid estimator that is continuously differentiable. Based on the
output of the estimator, the proposed distance-based control laws
render the convergence to the prescribed formation shape while
keeping its centroid following the reference. Compared with the
previous work of using virtual/real leader structure, the proposed
estimator–controller framework can be implemented in agents’
local coordinate systems, which not only increases the robustness
to the noises in the sensing signals but also reduces the equip-
ment cost of the overall system. Moreover, the control law in this
paper is more scalable and distributed in the sense that some
constraints are removed, including the a priori knowledge of the
position information of the reference trajectory [27,28] and the
agents’ maximum speed [29]. In addition, the precise knowledge
of the time-varying centroid can be obtained in finite time via
the proposed smooth centroid estimator, which renders a faster
convergence speed than that in [25,26]. In addition, the centroid
estimator in [25] is only valid under complete graphs whereas the
one in this paper can be directly applied to any general undirected
graphs.

The paper is organized as follows. Section 2 introduces the
formation tracking problem and basic concepts of graph rigidity. In

Section 3, the main results are presented including the estimator–
controller scheme and the theoretical analysis. Section 4 extends
the results to a more general case. The numerical simulations are
presented in Section 5. Finally,we give the conclusions in Section 6.

2. Problem formulation

A team of n > 1 agents is considered, each of which is charac-
terized by the single integrator dynamics

q̇gi = ug
i , i = 1, . . . , n, (1)

where qgi ∈ Rd and ug
i ∈ Rd are, respectively, the position and

the control input of mobile agent i with respect to the global
coordinate system gΣ . Each agent i is also assigned with the local
coordinate system iΣ , whose origin is exactly the point qgi . In
this paper, the local coordinate systems are assumed to share the
same orientations. We use qij to denote agent j’s position with
respect to iΣ . This definition also applies to other variables. Note
that the local variable qij and the global one qgj have the following
relationship:

qgj = qij + qgi .

Here, qgi is actually unknown to the agents, since the global coor-
dinate system is introduced only for analysis purposes.

The neighboring relationships between the agents are defined
by an undirected graph G with the vertex set V = {1, 2, . . . , n} and
the edge set E ⊆ V × V where there is an edge (i, j) if and only if
agents i and j are neighbors of each other. We useNi to denote the
set of neighbors of agent i. The graph G is embedded in Rd when
q = [qT1, q

T
2, . . . , q

T
n]

T is realizable and the pair (G, q) is called a
framework. The adjacency matrix A = aij ∈ Rn×n associated with
G is defined as aij = aji = 1 if (i, j) ∈ E , and aij = 0 otherwise.
The interaction relationships among the agents and the reference
signal is denoted by matrix B = diag {b1, . . . , bn}, where bi = 1
if agent i has access to the reference signal directly, and bi = 0
otherwise. By assigning an arbitrary orientation to G, the incidence
matrix H = [hij] ∈ R|E|×n is defined by

hij =

⎧⎨⎩
1, ith edge enters node j,
− 1, ith edge leaves node j,
0, otherwise,

where |E| represents the cardinality of the edge set E , and it is taken
to bem throughout the paper. The Laplacianmatrix is then given by
L = HTH ∈ Rn×n.

Now,we formulate the problem to be investigated in this paper.
On one hand, to achieve a desired shape of the formation, each
agent i is required to keep some prescribed distance dij, j ∈ Ni,
namely, the agents are driven to the following target set:

Td = {qg ∈ Rnd
| ∥qgi − qgj ∥ = dij, ∀(i, j) ∈ E}. (2)

On the other hand, at the same time, the stabilized formation is
guided through the control law such that its centroid qgc tracks
some smooth reference signal qgd(t) : t → Rd, where the centroid
of the formation is defined by

qgc =
1
n

n∑
i=1

qgi . (3)

Equivalently, the tracking task can be written as

lim
t→∞

(qgc − qgd(t)) = 0. (4)

To introduce the notion of graph rigidity, we first define a
function

fG(q
g
1, . . . , q

g
n) = [· · · , ∥qgi − qgj ∥

2, . . .]T , (5)
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