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Abstract

Unmanned aerial vehicles (UAVs) have been widely deployed in many applications such as transportation,
data collection, monitoring, or tracking objects. Nowadays, numerous missions require UAVs to operate in
a large area or to complete missions in a stringent period of time. Using a single UAV may not meet the
performance requirements because of its small size and limited battery. In this situation, multiple Unmanned
Aerial Vehicles (UAVs) have emerged as an effective measure that can address these limitations. A group of
UAVs cooperatively working together could offer a solution that is more efficient and economical than using
a powerful UAV alone. To better utilizing the multiple-UAVs system, control of formation UAVs is a critical

challenge that needs to overcome. Therefore, formation control has become an active research topic that gains
great attention from researchers. Extensive research efforts have been dedicated to studying the formation
control problem with numerous control protocols which have been proposed. This paper reviews the profound
studies on formation control in literature. Each approach is investigated based on different criteria, which
highlights its distinct merits and demerits. The comparison is provided to facilitate the readers in their future
researches in the field of formation control. Finally, some open challenges and research directions are also
discussed.
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1. Introduction

Unmanned aerial vehicles (UAVs) facilitate many appli-
cations in either military or civil fields. A UAV that does
not carry a human operator, can work autonomously or
remotely piloted, and can carry payloads for mission
requirements [1, 2]. A group of UAVs is often used
in traffic monitoring [3, 4], load transportation [5],
or smart agriculture [6]. Besides the civilian applica-
tions, UAVs can operate in hazardous conditions, which
makes UAVs become suitable solutions for military and
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missions in dangerous environments including battle-
field surveillance, search and rescue in disaster recovery
tasks.

In practice, a single UAV may not handle a complex
mission effectively, such as searching a vast area.
A group of UAVs can offer more advantages in terms of
time-efficient, cost-reducing, fault-tolerant capabilities,
etc [7]. Due to the above merits, the multiple UAVs
problems are extensively studied in the literature such
as the communication and networking architectures [8],
energy problems [9, 10], dynamical models and control
algorithms, remote sensing, and estimation in [11].

While working in a group, each individual UAV
travels to different places and collaborates with its
neighbors to complete a given task. The group of
UAVs needs to avoid collisions from obstacles and also
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among the other partners. In some tasks, the UAVs
may be required to autonomously operate in dangerous
environments that easily causes failures of UAVs and
communicating interruption between the group. This
degrades the mission performance. Recently, formation
control problem is received great attention from
many researchers to develop effective algorithms that
hopefully overcome the challenges. Hence, formation
control algorithms should be considered to increase
the group’s performance. The formation control aims
to generate the appropriate control signals for UAV
formation to achieve the missions while taking into
account their dynamic and environmental constraints.
Various strategies have been proposed to solve the
challenges in formation control problems including
leader-follower, behavior-based, etc. As far as missions
for UAVs become more complicated with more strict
constraints in terms of robustness, scalability, etc.,
it is necessary to have an overview of the control
strategies with advantages and limitations. This leads to
preparations for the upcoming challenges of formation
control.

In this paper, we aim to present a comprehensive
review of the existing researches on the formation con-
trol of multiple UAVs. This survey classifies control
schemes based on computation and communication
structures with two main categories including central-
ized and distributed scenarios. This review of control
strategies emphasizes specific manners on how the con-
trol signal is driven. The advantages and limitations of
each strategy are provided, which supports researchers
to easily choose suitable control design methods for
their specific problems. The survey also presents exist-
ing challenges and discussions about some potential
directions in future development.

The rest of the paper is organized as follows. Section 2
provides preliminary work including the fundamental
basis on graph theory and formation control of multiple
UAVs. Sections 3 and 4 address formation control
schemes and mechanisms, respectively that clarify
research directions in the fields. Benefits and challenges
of each method are also discussed in the sections.
Section 5 discusses and evaluate more about the
methods to point out research directions. Finally, the
conclusions and future developments are provided in
Section 6.

2. Preliminaries

In this section, we present the fundamentals of graph
theory which is an important tool to analyze the
characteristics of the interconnected system including
formation stability and control ability. Then, the control
structure flight control system for multiple UAVs is
given.
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Figure 1. Formation Control of Multil-UAVs system

2.1. Graph Theory

Graph theory is a powerful tool to analyze formations.
A typical network of the formation includes three
different kinds of topology, namely sensing topology,
actuation (control) topology, and communication topol-
ogy [12]. The graph can be used to model the network
topologies. The basics of graph theory are reviewed in
this subsection. Further details can be found in [13, 14].

Interactions among agents can be expressed by
directed or indirected graph G =(V,E), where G =
(v, vy,..vy) denotes a set of agents in the formation
and E C V x V represents the set of edges. Defining the
agent i, the set of neighbors of agent i is defined Nj :=
{1 € V:(i,j) € E}. The edge is denoted as ¢;; = (v;,v;),
which presents the information exchange between two
nodes i and j. The graph is called strongly connected
if there exists a path connected node v; to v; for any
v;,vj € G. For a directed graph, if there are directed
paths from a node v; to all other nodes in the graph,
then the node is said to be a directed rooted tree. The
directed graph having the root with no parent is defined
as the directed tree. The spanning tree is the directed
tree which contains all the nodes in graph G.

The degree matrix D of the graph is defined
as diag(dg(i)). The adjacent matrix A :=[a;;] € RN*N
where a;; =1 if (j,i) € E and a;; = 0 otherwise. The
Laplacian matrix L = [[;;] € RN*N where I;; = ijl a;j
for all i € V, and l,-]- = —ajj for all i,jeV,i=#j. The
Laplacian matrix can also be defined as L = D — A.
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2.2. Problem of Formation Control

We can classify UAV-type into different categories in
terms of their structures. With different structures, the
UAVs will introduce their distinct dynamics. Therefore,
different control variables could be modified in order to
adapt to control requirements. These types of UAVs can
be classified by the form of wing function [15].

A flight control system of a single UAV consists
of two stages. The inner loop contains the attitude
and stabilization controller, as shown in Figure 2. The
attitude controller modifies the orientation of the UAV
by controlling the pitch and roll angle, which determine
the attitude of the vehicle. Due to its small size, the
stability of the UAV is normally poor. The stabilization
loop is used to assure the stability of the system during
the mission.

Flight path | A gtitude Stabilization ||\
- Controller |- Controller
Angular
Feedback
Adtitude
Feedback

Figure 2. Inner loop of flight control system for a single UAV.

The outer loop is the navigation and guidance
controller. This loop determines the flight path for
the vehicle. Autonomous working is an important
requirement for the UAVs since it usually has to work
remotely without directed guidance from a human. In
navigation and guidance control, longitudinal control
and lateral control are taken into account. The entire
flight control system is shown in Figure 3.

Mission: Navigation Adtitude Stabilization
= Controller |- Controller |- Controller | VAV
Angular
Feedback
Adtitude
Feedback
Navigation
Feedback

Figure 3. The flight control system for a single UAV.

For multiple UAVs working together, other issues of
flight control of UAVs are drawn. The control system
now has to deal with the cooperation among agents in
the group. The control issue is known as cooperative
control. And formation control is considered a special
type of cooperative control. According to [16, 17],
formation is the network in which the agents in

2 EA

the network have solidated relationships with their
neighbors. The formation control is defined as the
cooperative control in which the agents must retain the
specific topology with relative distances to the neighbor
agents. As working in the team, each action executed
by an UAV may have effects on the performance
of the whole system. This concern is referred to as
coordination which is the cooperation task requiring
communication among the agents. An agent must
consider the action of other agents in the team before
introducing its own action. The control structure for
UAV formation is addressed in Figure 4.

Formation
Control

Figure 4. The flight control system for multiple UAVs.

In [18, 19], the formation control problem is
addressed as follows. The formation with N agents as
Xi = fi(xi, uj)
v = gi(x1, .., xN),i=1,..,N, where x;,v;, z
zi = hi(x;)
are the state, the measurement, and the output interest
of the agent i, respectively. The formation is achieved
as the constraint that is achieved as (z) = F(z*). This
formation control is to design the control law assure
that the outputs stably converge to the desired set of
z*=x:F(z) = F(z").

shown as

3. Formation Control Schemes

Sharing information and computational mechanisms
are the major concerns on formation control designs.
The mechanism that make a decision has to take
into account numerous requirements such as tolerance
ability, energy efficiency. This section presents two
main control schemes including are centralized and
decentralized or distributed schemes, and provides
their advantages and disadvantages of each scheme.
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3.1. Centralized

In the centralized scheme, the core processing unit is
introduced. It can be a base station on the ground
or an agent with strong computational ability in the
formation. As shown in Figure 5, the core unit monitors
the coordination of the team in order to complete the
global task based on the information collected from all
remaining agents. All agents must keep the connection
with the core unit. The centralized scheme introduces
several demerits, such as less robustness, large energy
wasted. Due to the key function of the core unit in
monitoring the global task of the team, the fault of the
core will introduce the failure to the whole formation.
The computational capability of each agent is not
utilized, and the connection links required between the
core unit and other members also introduce a burden
on communication resources.

bl

s

N

Ground
station

Figure 5. The centralized control scheme for multiple UAVs.

In [20], the leader-follower approach is considered
as a centralized scheme, in which the leader can freely
move and have entire access to the global information.
Ignacio Mas and Christopher Kitts [21] propose a
centralized approach using a cluster frame. The agents
are grouped as in a cluster. The desired path and
control signal are conducted in cluster space. The
control actions for the robots are converted by the
inverse Jacobian relationship. This approach simplifies
the complexity of robot motion by making simpler
cluster specifications. In [22], the multi-layer control
scheme for a centralized formation is proposed. The
formation is considered as a single entity and defined by
formation pose and structure shape. The control layer
generates the control signal by the formation error, then
the control signal for an individual UAV is obtained
by the inverse kinematic transformation. The stability
of the closed-loop system is analyzed by Lyapunov
stability.

2 EA

3.2. Distributed

In the distributed or decentralized scheme, the forma-
tion does not require the core unit for organization
purposes. The agents in the formation can communicate
and share information with other members, as illus-
trated in Figure 6. The processing unit is available on
the agent itself, and the decision is made by the agents
based on the local observation. The bottlenecks of the
centralized approach in terms of computation and com-
munication are overcome. The distributed systems are
more robust and scalable. However, the implementation
is much more difficult for the distributed system.

S

.
.
-

"

Ground
station

Figure 6. The distributed control scheme for multiple UAVs.

In [23], the virtual structure approach is modified in
a decentralized way. Instead of having only a central
discrete event supervisor and a formation control
module, these two components are available in every
agent. The formation patterns are defined by the
local supervisors that generate the formation patterns.
Then, the formation control module utilizes formation
from the supervisor to drive the initial coordination
of the agent to the desired formation pattern. The
agent coordination is synchronized with its neighbors.
Dong Hun Kim, Hua Wang, and Seiichi Shin [24]
presented a decentralized control scheme based on
artificial potential functions to solve the problem in
path planning and collision avoidance. The framework
provides the formation with the ability to retain the
flexible formation while the formation operates in an
environment with obstacles. The collision avoidance
among agents in the formation is also addressed.
In [25], the optimal control strategy is proposed for
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controlling multiple UAVs with three cost functions,
namely consensus formation cost, the obstacle/collision
avoidance and tracking cost, and the control effort
cost. The control algorithm only requires the local
information of neighbors since the control law is a
linear function of the Laplacian matrix. Wei Lin [26]
designs a distributed formation control algorithm using
differential game theory. The formation requirement is
expressed as a performance index in which the UAV in
the formation attempt to minimize the formation error
as well as the velocity error and the control effort while
operating. This work proposes an estimation law in
which an agent can estimate its position and velocity by
exchanging information with the neighbors. The control
strategy based on classical open-loop Nash equilibrium
can be implemented in a distributed manner.

4. Formation Control Mechanisms

There are three integral problems that need to be
considered in the formation control problem. The
first problem is the formation generation task which
drives the agents which are in random situations
to form the desired formation topology. Second, the
control strategy has to ensure that the desired shape
of the formation must be retained while the group
performs the operations. The third one is the formation
reconfiguration. While operating in the environment,
the formation may be subjected to different types of
faults such as facing obstacles, loss of connections
among the agents, etc. When the group encounters
these kinds of problems, the formation topology must
be reestablished in order to adapt to the new conditions.
Various control strategies have been proposed in both
centralized and distributed manner to fulfill these
formation control issues.

4.1. Leader-Follower

The leader-Follower approach is the most common
method in formation control due to its simple control
structure and scalable ability [27]. In this method, a
member in the group is nominated as a leader, whereas
the other members are considered as followers, as
shown in Figure 7. The leader has full access to the
global information and its trajectory is the reference for
the rest of members. All the followers are able to sense
the relative distances between them and the leader. And
the local control strategy for the followers is to maintain
these relative distances.

There were two types of feedback -controllers
for controlling multiple robots or UAVs in the
leader-follower manner which are I-I and [-¢
controllers [28]. As shown in Figure 8, the control
objective in [ — i controller is to retain the length lfz

and the relative angle t,l)’fz at the desired values. By
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%{ Follower 1
— -~ \> B

_Y ~ Leader

Trajectory
_—\’}
Follower 2

— —— F{//

Figure 7. Leader-Follower configuration.

Figure 9. 1 —1 controller

exploiting input/output feedback linearization, both 1%,
and gbfz can be derived to the expected values by the
designed controller. In [ —1 controller, the controller
mainly deals with the relative positions between
the leader and followers, as illustrated in Figure 9.
The controller is also designed by the input/output
feedback linearization technique. The framework for
formation flight is developed based on both I -1 and
I -1 controllers in [29]. Other techniques found in
literature include back-stepping [30, 31], sliding mode
control [32-34].A hierarchical scheme is proposed
in [35]. The formation is divided into branches, each
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branch is a string of several UAVs. A UAV tracks
the movement of its advanced UAV which is called
a local leader. The root is a UAV considered as a
global leader, and its trajectory is the reference for
local leaders. In [36], a novel leader-follower scheme
for the formation with multiple leaders is investigated,
which yields better performance in terms of bandwidth
limitation problem and system robustness.

The disadvantage of the leader-follower scheme is
that the scheme is less robust. The failure of the
leader causes the fall of the entire formation. In order
to compensate to this demerit, another approach in
the leader-follower mechanism is proposed as virtual
leaders. In [37, 38], Olfati-Saber develops a framework
for flocking of multi-agents based on a virtual leader.
The framework is a combination of three algorithms.
The first algorithm deal with three heuristic rules of
Reynolds [39]. The second algorithm is the core of the
framework. In algorithm 2, the navigational feedback
provided in every agent allows the formation to track
the virtual leader trajectory. The third algorithm is
to tackle the obstacle avoidance problem. In [40], the
control algorithm based on the novel back-stepping
approach is proposed to tackle the control problem for
a formation in polygon form with a virtual leader at the
center of the geometric structure. The results provided
fast dynamic response and small tracking error.

4.2. Virtual Structure

The virtual structure (VS) approach is firstly introduced
in [41] for controlling the formation of mobile robots.
In this work, the VS is defined as a collection of
elements (unmanned vehicles), which maintains a rigid
geometric relationship to each other and to a frame of
reference. The concept of this approach is that the shape
of the formation is treated as a rigid body, the desired
formation is established by fitting the physical position
of the formation to the position of the virtual body. The
idea is implemented by a bi-directional control scheme.
The trajectories for each vehicle in the formation are
given by the virtual force produced as the deviation
between the VS and the actual formation shape. The
positions of VS are defined by formation positions in
the environment.

The proposed control strategy consists of three main
stages [42]. First, as the formation is initialized, the
alignment process is executed by minimizing the error
between positions of the vehicles and the corresponding
positions in the virtual structure. The objective function
to minimize the errors is given as

N
fX) =) A, 1Y (x)-ph), (1)
1

where, N is the total number of vehicles in the
formation, d() is the distance function, riw is the vehicle

O EA

position in the global coordinate, pf is the vehicle
position in the coordinate of VS, and IYV(X) is the
transformation function between the global coordinate
and VS coordinate. Second, the VS considers the mission
goal and the dynamic behaviors of the vehicles to
generate the next position for the VS. The last stage
is that actual members move to the new position with
respect to their corresponding positions in the VS. The
illustration is shown in Figure 10.

Position has Displacement
? aligned Made by VS
UAV1 Initial
N [ 2
&t /s _‘ r\ P
Alignedi®, < T Rosition |~ ' s
Vs N el S osition | S : ~
AN ;// error d2 ! e : o>
Ly AUAn i L : =
| \ /’/// | //’/ ! ////
UAV3!' N P o
Position
error d3

Figure 10. Virtual Structure control scheme

In papers [43, 44], an improved virtual structure
approach is introduced for controlling the formation
of mobile robots and spacecrafts, respectively. The
formation feedback is integrated into the control
structure, which provides better performance in terms
of stability and robustness. The concept of formation
feedback is exploited to deal with control problems for
UAV formation [45]. Due to the under-actuated and
dynamic-aerodynamic coupling characteristic of the
UAV, the formation feedback method cannot be directly
applied to control the UAV formation. Therefore,
the proposed control laws are the combinations of
formation feedback and dynamic inversion method in
order to deal with the dynamic behaviors of UAVs.
Norman and co-researchers [46] present an upgraded
VS control scheme by coupling the position error and
the synchronization error to be able to calculate the
trajectory commands. Chang Boon et al. [47] utilizes the
curvilinear coordinates to define reference points for
the virtual structure. This approach enables a flexible
formation structure, which improves the performance
of the formation in terms of the heading profile tracking
problems. In literature [48], Peterson and Barton
develop a control algorithm for managing the formation
of UAVs in the presence of wind. The commands for
each UAV are based on the desired trajectory of the
formation and deal with the effect of the wind on
the UAVs. The combination of virtual structure and
potential fields approach is proposed in [49, 50]. The
flying result for each member is tracked by the flatness-
based feedback control.
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4.3. Behavior-Based

The behavior-based control is a hybrid control structure
that combines various vector control functions. By
realizing the natural formation behaviors such as
flocking, shoaling, and schooling in formation control
algorithms, the desired behaviors are integrated to
form command signals to complete the mission goal.
The concept of a behavior-based control scheme is
firstly introduced in [51]. The desired behavior can
be measured by sensors. Each behavior has a distinct
gain which represents a priority of the behavior. The
final command to control a robot is calculated by
combining the product of the outputs of the behavior
and its gain. For example, different behaviors, namely
obstacle avoidance (u;), formation keeping (u,), and
goal-seeking (u3) are implemented to construct robot
behavior. The final control command is determined
by the function as u =u =a-u; +b-u, +c-uz, where
a,b,c and d are the gains of the behaviors. The
formation control-based behavior approach is depicted
in Figure 11.

Desired behaviors
Obstacle
Avoidance
Formation
Keeping
Goal
Seekin

Behavior
Coordinator

Robot
Controller]ﬁA{ Robot 1 ]

Desired behaviors
Obstacle
Avoidance
Formation
Keeping
Goal
Seekin

Behavior
Coordinator

Robot
Controller]ﬁA{ Robot N ]

Figure 11. Behavior-based approach

Giulietti et al. exploits the behaviors of migrating
birds into formation flight control [52]. The control
signal is constructed by summing outputs of two
sub-controller, a trajectory controller and a position
controller. The gains for two controllers are determined
by minimizing a quadratic cost function. Swarm
intelligence scheme for multiple aerial vehicles is
studied in [53]. Three behaviors, namely collision
avoidance, velocity matching, and flock centering are
combined to attain the procedures to reach the goal,

O EA

while the proposed steering behaviors are used to
describe complex formation maneuvers. In addition
to the swarm intelligence, the collision avoidance
scheme between an UAV and the others is investigated
in [54]. In [55], an optimal controller for formation
flight control of UAVs is proposed. The control law
regarded to global convergence and formation keeping
behavior is designed by introducing a Lyapunov
candidate function. The weight matrices corresponding
to two desired behavior are obtained by solving a
cost function. Wang and co-researchers [25] develop
a control framework for multiple UAVs considering
formation control, trajectory tracking, and collision
avoidance behaviors.

4.4. Artificial Potential Field

The concept of artificial potential field (APF) was
first introduced by Khatib [56] to deal with collision
avoidance problems. The main idea is to generate
the control action based on the attractive forces and
repulsive forces. These forces are the negative gradients
of the attractive potential field and repulsive potential
field, respectively. While the attractive force guarantees
the formation convergence, the repulsive force ensures
the non-collision characteristic, as shown in Figure 12.

Considering the UAV formation having N members,
pi is the current position of i*" UAV. The attractive field
and repulsive field between the i*" UAV and the j*" UAV
(which i, j € N) are given as

1
]iujtt = EKuttdizjr (2)
1 1 1
rep 2
==K el 3
Ji" = 3Kl g~ g ) (3)

where K;;; and K, are the gain coefficients, d;; = p; -
pi; ,j €N,i#j, dy;, is the safe distance between two
the UAVs.

The attractive force and repulsive force can be
calculated as

Fif' = ~VJI" = Kondsj, (4)
and
11 1 ddy
Frop= VP = Kppp(oe — ——)—= =2 (5
i " ep(dij dmin)diZj Ipi ©)

The resultant force on the i'" UAV is addressed as

Fi= ) (Ff'+F"). (6)

j#i,jeN

Based on the typical protocol in Equation (6),
Yuanchen Zhao et al. propose the modified the APF to
deal with the obstacle avoidance while the formation
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Goal field

Sensing field

Obstacle

Figure 12. Artificial Potential Field approach

operates at high-speed [57]. The APF approach is
extensively applied to the multi-UAVs system. The
path-planning for multiple UAVs operating on the
battlefield based on APF is proposed in [58]. The
hybrid control structure composing virtual structure
approach and artificial potential field approach is
introduced in [59]. The limited velocity of the vehicle
is considered to generate the resulting force so that
the vehicle can utilize the maximum speed while
operating. In [60], an APF approach is presented to
tackle path planning tasks for the formation of UAVs.
The additional force is combined with the resultant
force calculated by APE. The additional force is solved
by the optimal control method to fulfill the shortest
path and energy constraints. The novel algorithm
introduces an additional potential function for obstacle
avoidance which takes into account the relative angle
and the relative velocity of the UAV with respect to the
obstacles. Sun et al. [61] modify the potential function
of the repulsive force to address the unreachable
targets and collision avoidance problems. Cui et al. [62]
propose the design procedure based on back-stepping
control design to deal with input saturation issues.

45. Consensus-Based

The consensus-based strategy is a powerful approach
to solve the control problems in UAV swarm systems.
The objective of consensus is to drive the states of all
members in the group to the same constant value. This
provides a general framework in which the previous

O EA

schemes, leader-follower, virtual structure, or behavior-
based approaches could be expressed as the special case
of the consensus-based strategies [63].

The typical formulation of consensus protocol is
presented in [64]. Considering the multi-agent system
having n agents, the graph is used to describe the
information flow of the system. The dynamics of an
agent is modeled by first-order integrator equation as

X =uj, ieN{1,2,..,n), (7)

where x; and u; are the state of i" agent and the control
input. The consensus protocol is designed as

u; = Zaij(xj - Xj). (8)

JEN;

The consensus protocol is also extended for the
second-order integrator dynamic system. The system is
described as

X,‘ZUZ‘, vi:u,-, iEN{1,2,...,1’l}, (9)

where x;, v; and u; are the position, velocity, and the
control input, respectively. The consensus protocol for
second-order integrator system:

u; = Z“z‘j((xj —x;)+y(v; —v)) (10)

JEN;

where y >0 is the scaling factor. The consensus is
achieved as the information flow that forms a spanning
tree [64].

In [65], the consensus protocol and the sufficient
condition to achieve consensus are investigated in the
different communication topologies. Consensus proto-
col is exploited to deal with the control of formation
by switching topologies [66, 67]. In papers [68, 69],
the time-varying formation problem is converted into
the consensus problems. The Riccati equation is used
to determine the parameters of the controller. Yahui
Qi et al. [70] propose a method to design the protocol
by solving linear matrix inequalities which reduces the
computational requirement. Different variances of con-
sensus protocol are introduced to tackle the problems of
formation assembling, formation maintenance, velocity
tracking, and formation transformation, while the effect
of communication time delay is also studied in [71].
In the concern of the obstacles avoiding problems, the
consensus-based approach is combined with some other
strategies to improve the performance of the formation
while encountering the obstacles. The authors in [72]
modify the consensus protocol by introducing the usage
of the artificial potential field as mentioned in Fig-
ure 12.
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Strategies

Advantages

Disadvantages

Leader-Follower

Simple design and implementation
Good formation tracking performance

Dependence on the leader
No feedback from the
followers to the leader

Virtual Structure | High stability

Not flexible
Poor ability in obstacle
avoidance

Behavior-Based

Dealing with multiple-goal mission

Difficult to model
Low stability

Artificial Potential . ¢
riaticial Fotental | op ort calculation time

Smooth trajectory generation

Not efficient in complex

topology

Field Good ability in obstacle avoidance environment
Capable of managing the fo.rmatlon und.er ’ Not fully consider the
Consensus limited and dynamic changing communication

dynamics of the agents

Intelligent Control

Do not require precise model
Adaptive and learning ability

Requies large computational
effort

Table 1. Comparison of formation control strategies

4.6. Intelligent control approaches in formation
control

Computational intelligence has emerged as an effective
solution to address the control problems in complex
systems. The fuzzy logic is often used to design the
control protocols. Y. Li and co-researchers [73] develop
a fuzzy-based control protocol for fixed-wing UAVs
with unpredictable disturbances. In [74], the speed and
attitude of the followers can be tracked by the fuzzy
logic controller. And the desired formation is obtained
only considering the kinematic equations of UAVs. The
modified virtual structure approach is derived in [75].
The control command is calculated by the position of
neighbors, which is only required the passive sensors to
determine the neighbor positions. The synchronization
gain of the control law is obtained by the fuzzy
inference.

Neural networks and adaptive learning methods have
also been studied widely in the literature. In [76], a
framework for the leader-follower scheme is presented.
The dynamic of the UAV is learned by the novel
neural network including the unmodeled dynamics.
The adaptive leader-follower protocol is proposed
in [77]. The uncertainties are compensated by the radial
basis function neural networks. The multi-variable
model reference adaptive control is utilized to design
the consensus protocol for formation flights of multiple
UAVs [78]. The results show the good tracking ability
of the followers, but the uncertainties of the leader and
external disturbances are not covered.

In [79], the authors consider the formation reconfigu-
ration problem as an optimization problem in which the
hybrid PSO-GA (Particle Swarm Optimization - Genetic
Algorithm) is presented to solve the objective function.

O EA

The work in [80] proposes the angle-encoded PSO algo-
rithm to generate the optimal path for each UAV while
the formation transforms. These results show promising
points.

5. Discussion

The aforementioned main control protocols are sum-
marized and compared in Table 1. The leader-follower
strategy is most widely utilized in practical applica-
tions as this strategy is simple to design and imple-
ment. The mechanism is simple that the members in a
group follow the selected leader. Hence, the formation
relation is easily analyzed. The low complexity of the
communication network is another merit of the leader-
follower approach since the members in the group
only need to have a connection with the leader. The
dependence on the leader is the critical limitation.
An error of the leader may cause the failure of the
whole system. The virtual structure approach possesses
excellent ability in maintaining the formation structure.
However, the rigid structure restricts the flexibility of
the formation while traveling. This leads to poor perfor-
mance in avoiding obstacles or operating in a narrow-
space environment. The formation reconfiguration may
increase the computational burden for the members in
a group, which is undesirable in practical application.
The behavior-based strategy is the most suitable strat-
egy for multi-goal missions. The control signal gen-
erated by the behavior-based protocol can accomplish
the requirement for different tasks. The demerit of this
approach is that the model of formation dynamic is
very complicated. Therefore, the stability of the system
is difficult to be analyzed. The control given by the
Artificial Potential Field protocol could quickly provide
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a smooth trajectory when the UAVs avoid obstacles or
collisions. However, this protocol does not guarantee
shortest paths. The distribution of the obstacles is not
considered by the Artificial Potential Field protocol, so
this protocol is not efficient in the complex environ-
ment. The consensus strategy is able to provide the
distributed protocol which guarantees that the states
of the members in the formation can converge to the
common value. Many research studies about consensus
protocols in different scenarios including dynamic com-
munication networks are presented, including time-
delay in asynchronous consensus [81]. However, most
of the studies only consider simple dynamics such
as single-integrator or second-integrator dynamic. The
higher-order and nonlinear dynamic could be further
investigated to provide better control performance for
UAVs. The combination of computational intelligence
methods and other control protocols can improve the
robustness of the system, since the protocol is inde-
pendent from the model uncertainty or external distur-
bance which are difficult to model. The disadvantage of
the intelligent approach is that it requires big computa-
tional resources and calculation time.

Although numerous studies have been conducted, the
formation control problems still pose many challenges.
As the aforementioned discussions, each approach
has different advantages and disadvantages. Since a
mission may contain several sub-missions, there is
no approach that is suitable for all sub-missions.
A hybrid mechanism that is able to combine some
of the traditional approaches depending on specific
mission requirements that can be a promising solution
for the future research directions. Next, most of the
existing studies only take into account the coordination
in one platform. There are many applications that
require the cooperation between different types of
mobile robots. In [82], the combination of a UAV and
multiple autonomous underwater vehicles (AUVs) is
used for navigation in the ocean. The data collection is
performed by a team including UAVs and unmanned
ground vehicles (UGVs) [83]. The dynamic behavior
is different from each type of vehicle. So, the control
problem for the formation becomes more complex.
In addition, control algorithms should consider some
special needs of specific applications to efficiently
perform missions. In [84], a device-to-device-based
framework for communication networks in disaster
areas is proposed. To maximize wireless communication
networks, the clustering and routing paths are designed
considering the status of devices such as positions,
battery levels. Based on the information from the
clusters and routing paths, UAVs could be driven to
follow an appropriate trajectory. In [85], the trajectories
of UAVs are optimally designed concerning different
missions such as the network coverage, data collection
in wireless sensor networks (WSNss).

O EA

6. Conclusions

This paper provides a comprehensive review of the
control protocols for controlling UAV formation. The
typical control structures of formation UAVs are
presented as attitude-stabilization loop, navigation-
guidance loop, and formation control loop, and
formation control problem which are defined and
analyzed. Common control schemes, centralized and
distributed, are classified based on communication
and computational mechanisms. The various control
mechanisms are reviewed including leader-follower,
virtual structure, behavior-based, artificial potential
field, consensus, and intelligent approach. Control
protocols that are investigated with respect to different
aspects such as robustness, adaption, stability, or
tracking performance are addressed with details. A
brief summary of control strategies is provided and
compared in Table 1. The comprehensive evaluation
that may help to select the proper approaches for future
developments is delivered. Pros and Cons from the
methods are evaluated to lead some directions. Based
on the contents, in the future works, the hybrid control
strategy could be developed to adapt the complex
missions. The design methodology should take into
account the dynamics of heterogeneous systems.

References

[1] V. Devalla and O. Prakash, “Developments in unmanned
powered parachute aerial vehicle: A review,” IEEE
Aerospace and Electronic Systems Magazine, vol. 29, no. 11,
pp. 6-20, 2014.

[2] T. V. Quyen, C. V. Nguyen, A. M. Le, and M. T. Nguyen,
“Optimizing hybrid energy harvesting mechanisms for
UAVs,” EAI Endorsed Transactions on Energy Web, vol. 7,
52020.

[3] E Heintz, P. Rudol, and P. Doherty, “From images
to traffic behavior - a UAV tracking and monitoring
application,” in 2007 10th International Conference on
Information Fusion, pp. 1-8, 2007.

[4] M. T. Nguyen, L. H. Truong, T. T. Tran, and C.-F. Chien,
“Artificial intelligence based data processing algorithm
for video surveillance to empower industry 3.5,”
Computers Industrial Engineering, vol. 148, p. 106671,
2020.

[5] K. Sreenath, T. Lee, and V. Kumar, “Geometric control
and differential flatness of a quadrotor UAV with a cable-
suspended load,” in 52nd IEEE Conference on Decision
and Control, pp. 2269-2274, IEEE, 2013.

[6] A. D. Boursianis, M. S. Papadopoulou, P. Diaman-
toulakis, A. Liopa-Tsakalidi, P. Barouchas, G. Salahas,
G. Karagiannidis, S. Wan, and S. K. Goudos, “Internet
of things (IoT) and agricultural unmanned aerial vehi-
cles (UAVs) in smart farming: a comprehensive review,”
Internet of Things, p. 100187, 2020.

[7] G. Skorobogatov, C. Barrado, and E. Salami, “Multiple
UAV systems: a survey,” Unmanned Systems, vol. 8,
no. 02, pp. 149-169, 2020.

10 EAI Endorsed Transactions on
Industrial Networks and Intelligent Systems
04 2021 - 06 2021 | Volume 8 | Issue 27 | e3



Formation Control for multiple-UAVs: A Comprehensive Survey

(8]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

I. Jawhar, N. Mohamed, J. Al-Jaroodi, D. P. Agrawal,
and S. Zhang, “Communication and networking of UAV-
based systems: Classification and associated architec-
tures,” Journal of Network and Computer Applications,
vol. 84, pp. 93-108, 2017.

C. Van Nguyen, T. Van Quyen, A. M. Le, L. H. Truong,
and M. T. Nguyen, “Advanced hybrid energy harvesting
systems for unmanned aerial vehicles (UAVs),” Advances
in Science, Technology and Engineering Systems Journal,
vol. 5, no. 1, pp. 34-39, 2020.

A. M. Le, L. H. Truong, T. V. Quyen, C. V. Nguyen,
and M. T. Nguyen, “Wireless power transfer near-field
technologies for unmanned aerial vehicles (UAVs): A
review,” EAI Endorsed Transactions on Industrial Networks
and Intelligent Systems, vol. 7, 1 2020.

S.-J. Chung, A. A. Paranjape, P. Dames, S. Shen, and
V. Kumar, “A survey on aerial swarm robotics,” IEEE
Transactions on Robotics, vol. 34, no. 4, pp. 837-855,
2018.

H.-S. Ahn, “Preliminary background,” in Formation
Control, pp. 3-26, Springer, 2020.

J. L. Gross and ]. Yellen, Graph theory and its applications.
CRC press, 2005.

W. Ren and Y. Cao, Distributed coordination of multi-agent
networks: emergent problems, models, and issues. Springer
Science & Business Media, 2010.

H. T. Nguyen, T. V. Quyen, C. V. Nguyen, A. M. Le, H. T.
Tran, and M. T. Nguyen, “Control algorithms for UAVs:
A comprehensive survey.,” EAI Endorsed Trans. Indust.
Netw. & Intellig. Syst., vol. 7, no. 23, p. €5, 2020.

M. A. Kamel, X. Yu, and Y. Zhang, “Formation control
and coordination of multiple unmanned ground vehicles
in normal and faulty situations: A review,” Annual
Reviews in Control, 2020.

M. T. Nguyen and H. R. Boveiri, “Energy-efficient
sensing in robotic networks,” Measurement, vol. 158,
p- 107708, 2020.

K.-K. Oh, M.-C. Park, and H.-S. Ahn, “A survey of multi-
agent formation control,” Automatica, vol. 53, pp. 424-
440, 2015.

M. Nguyen, “Advanced flocking control algorithms
in mobile sensor networks,” ICSES Interdisciplinary
Transactions on Cloud Computing, IoT, and Big Data
(IITCIB), vol. 2, no. 4, pp. 4-9, 2018.

M. Ji, A. Muhammad, and M. Egerstedt, “Leader-based
multi-agent coordination: Controllability and optimal
control,” in 2006 American Control Conference, pp. 6-pp,
IEEE, 2006.

I. Mas and C. Kitts, “Centralized and decentralized
multi-robot control methods using the cluster space
control framework,” in 2010 IEEE/ASME International
Conference on Advanced Intelligent Mechatronics, pp. 115—
122, IEEE, 2010.

A. S. Brandao and M. Sarcinelli-Filho, “On the
guidance of multiple UAV using a centralized formation
control scheme and delaunay triangulation,” Journal of
Intelligent & Robotic Systems, vol. 84, no. 1-4, pp. 397-
413, 2016.

W. Ren and R. W. Beard, “Decentralized scheme for
spacecraft formation flying via the virtual structure
approach,” Journal of Guidance, Control, and Dynamics,

O EA

(24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

vol. 27, no. 1, pp. 73-82, 2004.

D. H. Kim, H. Wang, and S. Shin, “Decentralized control
of autonomous swarm systems using artificial potential
functions: Analytical design guidelines,” Journal of
Intelligent and Robotic Systems, vol. 45, no. 4, pp. 369—
394, 2006.

J. Wang and M. Xin, “Integrated optimal formation
control of multiple unmanned aerial vehicles,” IEEE
Transactions on Control Systems Technology, vol. 21, no. 5,
pp. 1731-1744, 2012.

W. Lin, “Distributed UAV formation control using
differential game approach,” Aerospace Science and
Technology, vol. 35, pp. 54-62, 2014.

V. Roldao, R. Cunha, D. Cabecinhas, C. Silvestre, and
P. Oliveira, “A leader-following trajectory generator with
application to quadrotor formation flight,” Robotics and
Autonomous Systems, vol. 62, no. 10, pp. 1597-1609,
2014.

J. P. Desai, J. Ostrowski, and V. Kumar, “Controlling
formations of multiple mobile robots,” in Proceedings.
1998 IEEE International Conference on Robotics and
Automation (Cat. No. 98CH36146), vol. 4, pp. 2864—
2869, IEEE, 1998.

R. Fierro, C. Belta, J. P. Desai, and V. Kumar, “On
controlling aircraft formations,” in Proceedings of the
40th IEEE Conference on Decision and Control (Cat. No.
01CH37228), vol. 2, pp. 1065-1070, IEEE, 2001.

H. Liu, X. Wang, and H. Zhu, “A novel backstepping
method for the three-dimensional multi-UAVs formation
control,” in 2015 IEEE International Conference on
Mechatronics and Automation (ICMA), pp. 923-928,
IEEE, 2015.

Y. Kartal, K. Subbarao, N. R. Gans, A. Dogan, and
E. Lewis, “Distributed backstepping based control of
multiple UAV formation flight subject to time delays,”
IET Control Theory & Applications, vol. 14, no. 12,
pp. 1628-1638, 2020.

D. Galzi and Y. Shtessel, “UAV formations control using
high order sliding modes,” in 2006 American Control
Conference, pp. 6-pp, IEEE, 2006.

K. A. Ghamry and Y. Zhang, “Formation control of
multiple quadrotors based on leader-follower method,”
in 2015 International Conference on Unmanned Aircraft
Systems (ICUAS), pp. 1037-1042, IEEE, 2015.

M. A. Dehghani and M. B. Menhaj, “Integral sliding
mode formation control of fixed-wing unmanned
aircraft using seeker as a relative measurement system,”
Aerospace Science and Technology, vol. 58, pp. 318-327,
2016.

T. S. No, Y. Kim, M.-J. Tahk, and G.-E. Jeon, “Cascade-
type guidance law design for multiple-UAV formation
keeping,” Aerospace Science and Technology, vol. 15, no. 6,
pp. 431-439, 2011,

N. Sorensen and W. Ren, “A unified formation control
scheme with a single or multiple leaders,” in 2007
American Control Conference, pp. 5412-5418, IEEE, 2007.
R. Olfati-Saber, “Flocking for multi-agent dynamic
systems: Algorithms and theory,” IEEE Transactions on
automatic control, vol. 51, no. 3, pp. 401-420, 2006.

M. T. Nguyen, H. M. La, and K. A. Teague, “Collaborative
and compressed mobile sensing for data collection

EAI Endorsed Transactions on
Industrial Networks and Intelligent Systems
04 2021 - 06 2021 | Volume 8 | Issue 27 | e3



Hai T. Do et al.

(39]

[40]

[41]

(42]

(43]

[44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

in distributed robotic networks,” IEEE Transactions on
Control of Network Systems, vol. 5, no. 4, pp. 1729-1740,
2018.

C. W. Reynolds, “Flocks, herds and schools: A dis-
tributed behavioral model,” in Proceedings of the 14th
annual conference on Computer graphics and interactive
techniques, pp. 25-34, 1987.

J. Zhang, J. Yan, and P. Zhang, “Multi-UAV formation
control based on a novel back-stepping approach,” IEEE
Transactions on Vehicular Technology, vol. 69, no. 3,
pp. 2437-2448, 2020.

K.-H. Tan and M. A. Lewis, “Virtual structures for
high-precision cooperative mobile robotic control,” in
Proceedings of IEEE/RS] International Conference on
Intelligent Robots and Systems. IROS’96, vol. 1, pp. 132—
139, IEEE, 1996.

M. A. Lewis and K.-H. Tan, “High precision formation
control of mobile robots using virtual structures,”
Autonomous robots, vol. 4, no. 4, pp. 387-403, 1997.

B. J. Young, R. W. Beard, and J. M. Kelsey, “A
control scheme for improving multi-vehicle formation
maneuvers,” in Proceedings of the 2001 American Control
Conference.(Cat. No. 01CH37148), vol. 2, pp. 704-709,
IEEE, 2001.

W. Ren and R. Beard, “Virtual structure based spacecraft
formation control with formation feedback,” in AIAA
Guidance, Navigation, and control conference and exhibit,
p- 4963, 2002.

A. Askari, M. Mortazavi, and H. Talebi, “UAV formation
control via the virtual structure approach,” Journal of
Aerospace Engineering, vol. 28, no. 1, p. 04014047, 2015.
N. H. Li and H. H. Liu, “Formation UAV flight control
using virtual structure and motion synchronization,” in
2008 American Control Conference, pp. 1782-1787, IEEE,
2008.

C. B. Low and Q. San Ng, “A flexible virtual structure
formation keeping control for fixed-wing UAVs,” in
2011 9th IEEE international conference on control and
automation (ICCA), pp. 621-626, IEEE, 2011.

C. K. Peterson and J. Barton, “Virtual structure for-
mations of cooperating UAVs using wind-compensation
command generation and generalized velocity obsta-
cles,” in 2015 IEEE Aerospace Conference, pp. 1-7, IEEE,
2015.

M. T. Nguyen, “Energy-Efficient Mobile Sensing in
Distributed Multi-Agent Sensor Networks,” Advances
in Science, Technology and Engineering Systems Journal,
vol. 2, no. 3, pp. 245-253, 2017.

D. Zhou, Z. Wang, and M. Schwager, “Agile coordination
and assistive collision avoidance for quadrotor swarms
using virtual structures,” IEEE Transactions on Robotics,
vol. 34, no. 4, pp. 916-923, 2018.

T. Balch and R. C. Arkin, “Behavior-based formation
control for multirobot teams,” IEEE transactions on
robotics and automation, vol. 14, no. 6, pp. 926-939, 1998.
F. Giulietti, M. Innocenti, and L. Pollini, “Formation
flight control-a behavioral approach,” in AIAA guidance,
navigation, and control conference and exhibit, p. 4239,
2001.

C.-S. Park, M.-]. Tahk, and H. Bang, “Multiple aerial
vehicle formation using swarm intelligence,” in AIAA

O EA

[54]

(55]

[56]

(57]

(58]

(59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Guidance, Navigation, and Control Conference and Exhibit,
p- 5729, 2003.

R. Sharma and D. Ghose, “Collision avoidance between
UAV clusters using swarm intelligence techniques,”
International Journal of Systems Science, vol. 40, no. 5,
pp.- 521-538, 2009.

S. Kim and Y. Kim, “Three dimensional optimum con-
troller for multiple UAV formation flight using behavior-
based decentralized approach,” in 2007 International
Conference on Control, Automation and Systems, pp. 1387—
1392, IEEE, 2007.

O. Khatib, “Real-time obstacle avoidance for manipula-
tors and mobile robots,” in Autonomous robot vehicles,
pp- 396-404, Springer, 1986.

Y. Zhao, L. Jiao, R. Zhou, and J. Zhang, “UAV formation
control with obstacle avoidance using improved artificial
potential fields,” in 2017 36th Chinese Control Conference
(CCC), pp. 6219-6224, IEEE, 2017.

Y. Eun and H. Bang, “Cooperative control of multiple
unmanned aerial vehicles using the potential field
theory,” Journal of Aircraft, vol. 43, no. 6, pp. 1805-1814,
2006.

T. Paul, T. R. Krogstad, and J. T. Gravdahl, “Modelling
of UAV formation flight using 3d potential field,”
Simulation Modelling Practice and Theory, vol. 16, no. 9,
pp. 1453-1462, 2008.

Y. Chen, J. Yu, X. Su, and G. Luo, “Path planning for
multi-UAV formation,” Journal of Intelligent & Robotic
Systems, vol. 77, no. 1, pp. 229-246, 2015.

J. Sun, J. Tang, and S. Lao, “Collision avoidance for
cooperative UAVs with optimized artificial potential
field algorithm,” IEEE Access, vol. 5, pp. 18382-18390,
2017.

G. Cui, S. Xu, E L. Lewis, B. Zhang, and Q. Ma,
“Distributed consensus tracking for non-linear multi-
agent systems with input saturation: a command
filtered backstepping approach,” IET Control Theory &
Applications, vol. 10, no. 5, pp. 509-516, 2016.

W. Ren, “Consensus based formation control strategies
for multi-vehicle systems,” in 2006 American Control
Conference, pp. 6-pp, IEEE, 2006.

B. Zhu, L. Xie, and D. Han, “Recent developments in
control and optimization of swarm systems: A brief
survey,” in 2016 12th IEEE International Conference on
Control and Automation (ICCA), pp. 19-24, IEEE, 2016.
W. Ren and E. Atkins, “Distributed multi-vehicle
coordinated control via local information exchange,”
International Journal of Robust and Nonlinear Control:
IFAC-Affiliated Journal, vol. 17,no. 10-11, pp. 1002-1033,
2007.

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, 2004.

W. Ren and R. W. Beard, “Consensus seeking in mul-
tiagent systems under dynamically changing interac-
tion topologies,” IEEE Transactions on automatic control,
vol. 50, no. 5, pp. 655-661, 2005.

X. Dong, B. Yu, Z. Shi, and Y. Zhong, “Time-
varying formation control for unmanned aerial vehicles:
Theories and applications,” IEEE Transactions on Control

EAI Endorsed Transactions on
Industrial Networks and Intelligent Systems
04 2021 - 06 2021 | Volume 8 | Issue 27 | e3



Formation Control for multiple-UAVs: A Comprehensive Survey

[69]

(70]

(71]

(72]

(73]

(74]

[75]

[76]

(771

Systems Technology, vol. 23, no. 1, pp. 340-348, 2014.

X. Dong, Y. Zhou, Z. Ren, and Y. Zhong, “Time-varying
formation control for unmanned aerial vehicles with
switching interaction topologies,” Control Engineering
Practice, vol. 46, pp. 26-36, 2016.

Y. Qi, S. Zhou, Y. Kang, and S. Yan, “Formation
control for unmanned aerial vehicles with directed and
switching topologies,” International Journal of Aerospace
Engineering, vol. 2016, 2016.

J. Zhang, W. Wang, Z. Zhang, K. Luo, and ]. Liu,
“Cooperative control of UAV cluster formation based on
distributed consensus,” in 2019 IEEE 15th International
Conference on Control and Automation (ICCA), pp. 788-
793, IEEE, 2019.

X. Fu, J. Pan, H. Wang, and X. Gao, “A formation
maintenance and reconstruction method of UAV swarm
based on distributed control,” Aerospace Science and
Technology, vol. 104, p. 105981, 2020.

Y. Li, B. Li, Z. Sun, and Y. Song, “Fuzzy technique based
close formation flight control,” in 31st Annual Conference
of IEEE Industrial Electronics Society, 2005. IECON 2005.,
pp. 5-pp, IEEE, 2005.

H. Rezaee, F. Abdollahi, and M. B. Menhaj, “Model-free
fuzzy leader-follower formation control of fixed wing
UAVs,” in 2013 13th Iranian Conference on Fuzzy Systems
(IFSC), pp. 1-5, IEEE, 2013.

Y. Abbasi, S. A. A. Moosavian, and A. B. Novinzadeh,
“Formation control of aerial robots using virtual struc-
ture and new fuzzy-based self-tuning synchronization,”
Transactions of the Institute of Measurement and Control,
vol. 39, no. 12, pp. 1906-1919, 2017.

T. Dierks and S. Jagannathan, “Neural network control
of quadrotor UAV formations,” in 2009 American Control
Conference, pp. 2990-2996, IEEE, 2009.

G. Wen, C. P. Chen, Y.-J. Liu, and Z. Liu, “Neural
network-based adaptive leader-following consensus con-
trol for a class of nonlinear multiagent state-delay sys-
tems,” IEEE transactions on cybernetics, vol. 47, no. 8,

O EA

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

pp. 2151-2160, 2016.
Z. Zhen, G. Tao, Y. Xu, and G. Song, “Multivariable
adaptive control based consensus flight control system
for UAVs formation,” Aerospace Science and Technology,
vol. 93, p. 105336, 2019.

H. Duan, Q. Luo, Y. Shi, and G. Ma, “Hybrid particle
swarm optimization and genetic algorithm for multi-
UAV formation reconfiguration,” IEEE Computational
Intelligence Magazine, vol. 8, no. 3, pp. 16-27, 2013.

V. T. Hoang, M. D. Phung, T. H. Dinh, Q. Zhu, and Q. P.
Ha, “Reconfigurable multi-UAV formation using angle-
encoded pso,” in 2019 IEEE 15th International Conference
on Automation Science and Engineering (CASE), pp. 1670-
1675, IEEE, 2019.

W. Ren, R. W. Beard, and E. M. Atkins, “Information
consensus in multivehicle cooperative control,” IEEE
Control systems magazine, vol. 27, no. 2, pp. 71-82, 2007.
P. Sujit, J. Sousa, and F. L. Pereira, “UAV and AUVs
coordination for ocean exploration,” in Oceans 2009-
Europe, pp. 1-7, IEEE, 2009.

K. Asadi, A. K. Suresh, A. Ender, S. Gotad, S. Maniyar,
S. Anand, M. Noghabaei, K. Han, E. Lobaton, and T. Wu,
“An integrated UGV-UAV system for construction site
data collection,” Automation in Construction, vol. 112,
p- 103068, 2020.

A. Masaracchia, L. D. Nguyen, T. Q. Duong, and M.-
N. Nguyen, “An energy-efficient clustering and routing
framework for disaster relief network,” IEEE Access,
vol. 7, pp. 56520-56532, 2019.

L. D. Nguyen, A. Kortun, and T. Q. Duong, “An intro-
duction of real-time embedded optimisation program-
ming for UAV systems under disaster communication.
eai endorsed trans,” Indust. Netw. Intellig. Syst, vol. 5,
p- €5, 2018.

EAI Endorsed Transactions on
Industrial Networks and Intelligent Systems
04 2021 - 06 2021 | Volume 8 | Issue 27 | e3



	1 Introduction
	2 Preliminaries
	2.1 Graph Theory
	2.2 Problem of Formation Control

	3 Formation Control Schemes
	3.1 Centralized
	3.2 Distributed

	4 Formation Control Mechanisms
	4.1 Leader-Follower
	4.2 Virtual Structure
	4.3 Behavior-Based
	4.4 Artificial Potential Field
	4.5 Consensus-Based
	4.6 Intelligent control approaches in formation control

	5 Discussion
	6 Conclusions



