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Abstract This paper studies the leader-follower formation control problem of
unmanned air vehicles(UAVs) flying with dynamic constraints in an obstacle-
laden environment. Firstly, formation protocols are presented for UAV swarm
systems. Necessary and sufficient conditions for UAV swarm systems to achieve
formations are presented based on graph theory. A formation tracking proto-
col is designed to drive the followers to track the leader. Then, an improved
obstacles avoidance method based on potential field method is designed by
combining with local rules considering dynamic constraints. The improved
method can avoid potential field falling into local minimum and have good
global searching ability. The stability of the presented approach is proved by
using Lyapunov stability theory. Finally, numerical simulations are presented
to demonstrate the effectiveness of the designed approach.

Keywords Leader-follower formation · consensus algorithm · potential filed ·
collision avoidance

1 Introduction

Cooperative control problems of multiagent systems have attracted a lot of
attention in recent years [1]-[2]. This is partly due to its broad applications in
flocking, formation control and robot target tracking [3]-[8].

Typical approaches for formation control include leader-follower, behav-
ioral, virtual structure/virtual leader approaches. Some papers [9]-[10] discuss
the leader-follower approach.In these papers, the first vehicle is regarded as
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the leader and others are regarded as followers. The leader vehicle flies ac-
cording to the pre-planned trajectory, the follower vehicles follow the leader’s
motion, maintaining a desired geometric structure. The leader-follower ap-
proach simplifies the control of multiagent systems. However, if the leader is
out of control, the formation will not be maintained. The behavioral approach
is introduced by papers [11]-[12]. The main content of this approach is to de-
sign various basic behaviors, obstacle/collision avoidance, target searching and
formation maintaining, i.e. The behavioral approach is a fully distributed con-
trol structure with real-time feedback characteristics and has better flexibility.
However, it’s difficult to carry out mathematical analysis and corresponding
stability analysis of the system. These papers [13]-[15] discuss the approach of
virtual structure/virtual leader. The entire formation is designed as a single
rigid virtual structure and each vehicle is a fixed point. During the formation
flying, each vehicle only needs to track the fixed point motion corresponding
to the rigid structure, The virtual structure/virtual leader approach simplifies
task description and assignment. However, it’s a centralized control approach
with poor reliability.

Consensus problems are important and challenging research topics in mul-
tiagent coordination. The basic idea of consensus is that a group of agents
reach an agreement on their common states via local interaction. In [16], the
author has proved that most approaches of leader-follower, behavioral, virtual
structure/virtual leader can be regarded as special cases of consensus-based
approaches. And the weakness of the previous approaches can be overcome.
In the past decade, consensus algorithms have been studied in various multi-
agent systems [17]-[25]. In [17], the formation control protocol is designed to
guarantee the consistency of vehicles in altitude. In [18], considering the input
constraints, a non-linear centrally-free consistency algorithm is used to achieve
altitude maintaining of multi-UAV systems. In [18]-[20], consensus algorithm
takes the form of first-order dynamics is used, and in [21]-[23], the authors ex-
tend it to second-order dynamics under undirected information flow. In [24],
the consensus problem of multiagent systems with switching topologies is dis-
cussed, a formation protocol is designed to solve the average consensus prob-
lem. In [25], a formation control problem with time-varying is discussed under
the case of a spanning tree in the network topology. The stability conditions
are obtained and the experimental verification is carried out.

Most of the aforementioned work haven’t taken collision/obstacle avoid-
ance into consideration, but collision would occur while the UAVs are flying
in formation. Note that in [26] and [27], the artificial potential field approach
is used to achieve collision/obstacle avoidance. Attractive potential fields are
assigned to target points and repulsive potential are assigned to obstacles.
The vehicles move along the direction under resultant forces and toward the
attractive target point. However, the weakness of the artificial potential field
approach is that it’s easy to fall into local minimum. What’s more, vehicles
have dynamic constraints, maximum turning angle and maxi climb angle, etc.

In this paper, we study the consensus problem of second-order continuous-
time UAVs system. Graph theory is used to describe network topology of the
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system. A consensus algorithm to achieve formation control is presented. The
stability conditions of the consensus algorithm are analyzed by using a Lya-
punov function and LaSalle’s principle. Contributions of this paper include
using a consensus algorithm to achieve formation control and taking colli-
sion/obstacle avoidance into consideration compared with the second-order
consensus algorithm studied in [22]. Compared with [26], considering dynamic
constraints, an improved artificial potential field based approach with dynamic
constraints is designed to achieve collision/obstacle avoidance. Our method
can avoid potential field function falling into a local minimum and improve
the global searching ability.

In Section II, some basic concepts and results about graph theory and the
system model are introduced. In Section III, a formation protocol is presented
and stability conditions are analyzed. In Section IV, simulation results of for-
mation control, collision/obstacle avoidance in 2-D are shown. Conclusions
and future work are discussed in Section V.

2 PRELIMINARIES AND SYSTEM MODEL

2.1 Notations

Rn denotes the set of all n dimensional real column vectors.
1n and 0n denote the n× 1 column vector of all-one and all-zero, respectively.
I n and 0 (n×n) denote the identity matrix and zero matrix with dimension n,
respectively.
For a given λ ∈ C, Re(λ) and Im(λ) denote the real part and the imaginary
part of λ, respectively.
Let ⊗ denote the Kronecker product.
‖ A ‖ denotes the norm of the matrix/vector A.

2.2 Graph Theory

Here, we introduce some definitions and results about graph theory(for more
details, please refer to [28]).

An undirected graph G = (V,E,A) is used to describe the communication
among n agents. V = s1, s2, · · · , sn is the set of nodes. E = (si, sj) ∈ s× s, i 6= j
is the set of edges. An edge of G is denoted by sij = (si, sj), if si ∈ E ←→
sji ∈ E, the graph is said to be undirected graph. A = [aij ] is a weighted adja-
cency matrix with aii = 0, aij = aji ≥ 0, where aij > 0 if and only if sij ∈ E.
Ni = sj ∈ V : (si, sj) ∈ E denotes the set of neighbors of node si. The Lapla-
cian matrix of undirected graph is defined as L = [lij ], where lij =

∑n
j=1 aij

and lij = −aji, i 6= j. If there is a path from any node to each other node,
the graph is considered as connected. Assuming that a collection of graphs
G1, G2, · · · , Gm with the same node set V is defined as the graph G1∼m. The
node set is V and the edge set G1∼m is the union of the edge sets of all graphs
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in the collection. Besides, if the graph G1∼m is connected , the collection of
graphs G1, G2, · · · , Gm will be considered as jointly-connected.

Lemma 1 [21]: L is the matrix of an undirected graph, then L has a simple
zero eigenvalue and 1n is the associated eigenvector, that means, L1n = 0.

2.3 System Dynamics and Control Protocol

In order to focus on studying formation control law, an individual UAV is
modeled as a point-mass system. The consensus problem for second-order mul-
tiagent systems in 2-D plane is considered. The dynamics of each UAV can be
described as a double integrator as [16], [21]{

ξ̇i(t) = ζi(t)

ζ̇i(t) = u i(t)
(1)

Where i = 1, 2, · · · , N , ξi(t) = x = [xi, yi]
T ∈ Rn and ζi(t) = v = [vxicosθi, vyisinθi]

T

∈ Rn denote the position state and velocity state of UAV i, respectively. θi
and ui(t) ∈ Rn denote the heading angle and control input, respectively. If
the control protocol can guarantee that the state of all UAVs reach [ξj(t) →
ξi(t)]→ r ij and [ζj(t)→ ζi(t)]→ ζ∗ as t→∞ for all UAVs from 1, 2, · · · , N,
then, we can say the formation is achieved with desired speed ζ∗. Where r ij
denotes the desired distance difference between UAV i and j, ζ∗ denotes the
desired speed.

In [22], the consensus protocol is proposed to solve the formation control
without considering dynamic constraints and collision/obstacle avoidance. In
this paper, our main objective is to extend the work of [22] to solve the con-
sensus problem with jointly-connected topologies and collision/obstacle avoid-
ance. Here, we presented the following linear consensus protocol

u i(t) =
∑

Vj∈Ni(t)

aij{k1[ξj(t)− ξi(t)− r ij ] + k2[ζj(t)− ζi(t)]} − k3(ζi − ζ∗)

(2)

Where aij denotes the element of the weighted adjacency matrix, Ni(t)
denotes the set of neighbors of node si and the value of k1, k2, k3 all are
positive .

3 Formation Control Protocol Design And Analysis

3.1 Formation Control Protocol Design

In order to analysis the performance of formation control protocol, we give
the concept of formation center, which is the center of formation structure.
For example, as is shown in Fig. 1, assume that the formation structure is a
regular triangle. Where O denotes the origin of Cartesian coordinate system,
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Fig. 1: Formation Plane

OC denotes the formation center, ξi(t), ξj(t), ξ0(t)denote the position state
of UAV and formation center, respectively, r i, r j denote the distance from
formation center to UAV i, j, respectively.

Then, consensus protocol (2) can be transformed into

u i(t) =
∑

Vj∈Ni(t)

aij{k1[(ξj(t)− r j)− (ξi(t)− r i)] + k2[ζj(t)− ζi(t)]} − k3(ζi − ζ∗)

(3)

Where r ji = r j − r i. In the next, the consensus protocol (3) will be
extended to achieve formation control.

3.2 Potential Forces

According to the potential field method in [22], the potential forces will be
designed to achieve collision/obstacle avoidance as following.

3.2.1 Attractive Potential Fields of Target

The position state of UAV i is denoted as ξi = [xi, yi]
T ∈ R2. The target ap-

plies attractive force to UAV and the value of the force is in reverse proportion
to the distance from UAV to target. The attractive potential field Uatt(ξi, ξG)
is denoted as

Uatt(ξi, ξG) = 0.5εd2(ξi, ξG) (4)

Where ε > 0, denotes the gain coefficient of attractive potential field,
ξG = [xg, yg]

T ∈ R2 denotes the position state of target G, d(ξi, ξG) denotes
the distance from UAV i to target G and the attractive force Fatt(ξi, ξG) is
denoted as

Fatt(ξi, ξj) = −∇Uatt(ξi, ξj) = −ε(ξi − ξG) (5)
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3.2.2 Repulsive Potential Fields of Obstacle

The obstacles expert repulsive force to UAV and the value of the force is in
reverse proportion to the distance from UAV to target. The repulsive potential
field Urep(ξi, ξobs) is denoted as

Urep(ξi, ξobs) =

{
0.5η( 1

d(ξi,ξobs)
− 1

d0
)2dn(ξi, ξG) , d(ξi, ξobs) ≤ 0

0 , d(ξi, ξobs) > d0
(6)

Where η > 0 denotes the gain coefficient of repulsive potential field,
d(ξi, ξobs) denotes the distance from UAV i to obstacles. d0 denotes the affects
distance of obstacle. d0 is generally chosen as d0 ≤ min(d1, d2) in order to
avoid repulsive potential field falling into local minimum, where d1 represents
half of the smallest distance between obstacles, d2 represents the minimum dis-
tance from target to each obstacle. In order to operate the UAV more flexible,
d0 can be chosen dynamically according to the speed of UAV.

d0 = dmin0 + k0v (7)

Where dmin0 denotes the minimum distance to avoid obstacle, k0 is associ-
ated with the performance of UAV.

The repulsive force is denoted as F rep(ξi, ξobs) = −∇ξiUrep(ξi, ξobs)

F rep(ξi, ξobs) =

{
F rep1nov + F rep2nvG , d(ξi, ξobs) ≤ d0
0 , d(ξi, ξobs) > d0

(8)

Where nov and nvG denote unit vectors with the direction from obstacle
to UAVs and from UAVs to target.

F rep1 = η(
1

d(ξi, ξobs)
− 1

d0
)
dn(ξi, ξG)

d2(ξi, ξobs)
(9)

F rep2 = 0.5nη(
1

d(ξi, ξobs)
− 1

d0
)dn−1(ξi, ξG) (10)

3.2.3 Collision avoidance potential field of UAVs

In this paper, obstacle avoidance method is used to achieve collision avoidance.
For UAV i, the other UAVs all are obstacles. The other UAVs expert repulsive
forces to UAV i. The collision avoidance potential field is denoted as

Urep(ξi, ξj) =

{
0.5k( 1

d(ξi,ξj)
− 1

dsafe
)2 , d(ξi, ξj) ≤ dsafe

0, , d(ξi, ξj) > dsafe
(11)

Where k > 0 denotes the gain coefficient of collision avoidance potential
field, d(ξi, ξj) denotes the distance between UAV i and j, dsafe denotes the
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safety distance of each UAV. The repulsive force between UAV i and j is
denoted as F ij = −∇Urep(ξi, ξj).

F ij =

{
k( 1

d(ξi,ξj)
− 1

dsafe
)2 1
d2(ξi,ξj)

n ij , d(ξi, ξj) ≤ dsafe
0 , d(ξi, ξj) > dsafe

(12)

Where n ij is a unit vector with the direction from UAV j to i. Noted that
the value of F ij is associated with safety distance dsafe. Then, the total forces

Fall
ij of UAV i is denoted as

Fall
ij =

{∑n
j=1 F ij , d(ξi, ξj) ≤ dsafe

0 , d(ξi, ξj) > dsafe
(13)

3.3 Dynamic Constraints

As in [30], we take velocity constraints into consideration. The velocity v is
associated with heading angle, v = [vxi cos(θi), vyi sin(θi)]

T ∈ Rn, and the
heading angle is related to resultant force. However, due to the performance
constraints of UAVs, the motion direction of UAVs can’t be completely de-
termined by the calculated resultant force in each step. Heading angle should
be corrected after calculating resultant force in each step. As shown in Fig.
2, assume that node s and flight direction of UAV i at current are known.
∠ COB denotes the maximum heading angle θ. Therefore, the next motion
direction of UAV i is limited to ∠AOB = 2θ.

If the direction of resultant force is under the range of 2θ, motion direction
of UAV i will be the direction of resultant force. Otherwise, it should be
corrected. The corrected heading angle is represented as

θ0 =

 θ , θreal > θ
θreal , |θreal| < θ
−θ , θreal < −θ

(14)

Where θreal denotes the direction angle of resultant force, and θ0 denotes
the heading angle of UAV in next step after being corrected. The positive
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heading angle is counterclockwise. By limiting heading angle, the velocity con-
straints is achieved.

Remark 1 : Agents are subject to bounded maximum linear velocity because
of dynamic limitations and most of the agents are subject to the positive-
minimum velocity in case of stall conditions. In 3-D plane, it should be pointed
out that pitch angle also should be taken into account.

3.4 Collision/Obstacle Avoidance Protocol Design

Based on the theory introduced above and the protocol (3), here, collision/obstacle
avoidance protocol for UAV i is designed as

u i(t) = k1
∑

sj∈Ni(t)

aij(t)[ξj(t)− ξi(t)− r ij ] + k2

l∑
obs=1

F rep(ξi, ξobs + k3Fatt(ξi, ξG)

+ k4
∑

sj∈Ni(t)

F ij − ζi(t) + v0

(15)

Where k1, k2, k3, k4 all are positive number, aij(t) denotes the weighted
adjacency of communication topology G, Ni(t) denotes the set of neighbors
of UAV i,N i(t) denotes the set of collision neighbors of UAV i, l denotes the
number of obstacles currently detected by UAV i.

Remark 2 : The Variable-weight method is used to make the protocol (15)
more widely applied in practice, which means, (a): if the obstacle is not de-
tected, k1, k3 > k2 = 0, (b): if the obstacle is detected,k2 > k1, k3 > 0.
Substituting (4),(8),(12) into (15), then protocol (15) can be rewritten as

u i(t) = k1
∑

sj∈Ni(t)

aij(t)[ξj(t)− ξi(t)− r ij ]− k2
l∑

obs=1

∇ξiUrep(ξi, ξobs)

− k3∇ξiUatt(ξi, ξG)− k4
∑

sj∈Ni(t)

∇ξiUrep(ξi, ξj)− ζi(t) + v0

(16)

According to the concept of formation center in Section II, (16) can be
rewritten as

u i(t) = k1
∑

sj∈Ni(t)

aij(t)[(ξj(t)− r j)− (ξi(t)− r i)]− k2
l∑

obs=1

∇ξiUrep(ξi, ξobs)

− k3∇ξiUatt(ξi, ξG)− k4
∑

sj∈Ni(t)

∇ξiUrep(ξi, ξj)− ζi(t) + v0

(17)
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Where r ji = r j − r i. Let ξ̂i(t) = ξi(t)− ξ0(t)− r i, ζ̂i(t)ζi(t)− v0(t), then,
(17) can be transformed into

u i(t) = k1
∑

sj∈Ni(t)

aij(t)[ξ̂j(t)− ξ̂i(t)]− k2
l∑

obs=1

∇ξiUrep(ξ̂i + ξ0 + r i, ξobs)

− k3∇ξiUatt(ξ̂i + ξ0 + r i, ξG)− k4
∑

sj∈Ni(t)

∇ξiUrep(ξ̂i, ξ̂j)− ζ̂i

(18)

By protocol (18), then, swarm system (1) can be rewritten as


˙̂
ξi(t) = ζ̂i(t)
˙̂
ξi(t) = k1

∑
sj∈Ni(t)

aij(t)[ξ̂j(t)− ξ̂i(t)]− k2
∑l
obs=1∇ξiUrep(ξ̂i + ξ0 + r i, ξobs)

−k3∇ξiUatt(ξ̂i + ξ0 + r i, ξG)− k4
∑
sj∈Ni(t)

∇ξiUrep(ξ̂i, ξ̂j)− ζ̂i
(19)

In the next, the stability of the system will be analyzed.

3.5 Formation Analysis

Lemma 2 :Considering a UAV system with n agents and the communication
topology is jointly connected. Assume that the number of obstacles ξobs is l
(obs = 1, 2, · · · , l) and the total energy Vt of UAV system is a finite value
during the flight, that is, Vt ≤ V0. Then, under protocol (16), the desired
formation is achieved, that is, ξj(t)− ξi(t) = rij.

Proof : Here, we present the following Lyapunov candidate function V .

V =

n∑
i=1

[
1

2
k4

∑
sj∈Ni(t)

U ijrep + k2

l∑
obs=1

U irep(ξ̂i + ξ0 + r i, ξobs) +
1

2
ζ̂Ti ζ̂i

+
k1
4

∑
sj∈Ni(t)

aij(ξ̂i − ξ̂j)2 + k3U
i
att(ξ̂i + ξ0 + r i, ξG)]

(20)
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Clearly, we can see that V is a semidefinite function. Substituting (19) into
(20), the time derivative of function V is given by

V̇ =

n∑
i=1

[k4ζ̂
T
i

∑
sj∈Ni(t)

∇ξiUrep(ξ̂i, ξ̂j) + k2

l∑
obs=1

∇ξiUrep(ξ̂i + ξ0 + ri, ξobs)

+ k3∇ξiUatt(ξ̂i + ξ0 + r i, ξG) + ζ̂Ti k1
∑

sj∈Ni(t)

aij(t)[ξ̂j(t)− ξ̂i(t)]

− k2ζ̂Ti k2
l∑

obs=1

∇ξiUrep(ξ̂i + ξ0 + r i, ξobs)− k3ζ̂Ti ∇ξiUatt(ξ̂i + ξ0 + r i, ξG)

− k4ζ̂Ti
∑

sj∈Ni(t)

∇ξiUrep(ξ̂i, ξ̂j) + ζ̂Ti k1
∑

sj∈Ni(t)

aij(t)[ξ̂j(t)− ξ̂i(t)]

− k3∇ξiUatt(ξ̂i + ξ0 + r i, ξG)]

(21)

By simplifying (21), we can obtain that

V̇ =

n∑
i=1

[−ζ̂Ti ξ̂i] (22)

From (22), we can know that V̇ ≤ 0. According to Lyapunov’s second
method for stability, the system described by (19) is asymptotically. Consid-

ering a set Ω = {(ξ̂ij , ζ̂i)|V (t) ≤ V0}, where ξ̂ij = ξ̂i − ξ̂j is bounded and

ζ̂Ti ζ̂i ≤
∑n
i=1 ζ̂

T
i ζ̂i ≤ 2V ≤ 2V0. Therefore, ‖ ζ̂ ‖≤

√
2V0 , that means ζ̂i is

bounded. Then we can obtain that Ω is a compact set. Based on LaSalle’s
principle in [10], if the initial solution of the system is in Ω, the trajectories

will converge to the maximum invariant set in Ω = {(ξ̂ij , ζ̂i) ∈ Ω|V̇ = 0}.
From (22), we can know that if V̇ = 0, then ξ̂i = 0(i = 1, 2, · · · , n) and

ζi(t) = v0(t) in Ω. Noted that d(ξ̂i(t))
dt , then ξ̂i(t) ≡ c. Therefore ξ̂i − ξ̂j = 0,

that is ξj−ξi = r ij and the desired formation is achieved under protocol (16).

Lemma 3 : Considering a UAV system with n agents and the communication
topology is jointly connected. Under protocol (16), the desired formation is
achieved with collision avoidance.

Proof : Here, reduction to absurdity is used to prove that collision avoidance
is realized between UAVs. Suppose UAV i and j collide at t1 > 0 and their
position states satisfy

ξi(t1) = ξj(t1), (i 6= j and i, j ∈ (1, 2, · · · , n)) (23)

By (12), we can know

1

2

n∑
i=1

k4[
∑

sj∈Ni(t)

U ijrep(ξ̂i, ξ̂j)] =
1

2

n∑
j=1

k4[k
∑

sj∈Ni(t)

0.5k(
1

d(ξi, ξj)
− 1

dsafe
)2]

(24)
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By (23) and(24), then

lim
t→t1

1

2

n∑
i=1

k4[
∑

sj∈Ni(t)

U ijrep(ξ̂i, ξ̂j)] = +∞ (25)

However, by (20), we can know

1

2

n∑
i=1

k4[
∑

sj∈Ni(t)

U ijrep(ξ̂i, ξ̂j)] = V −
n∑
i=1

[k2

l∑
obs=1

U irep(ξ̂i + ξ0 + r i, ξobs)−
1

2
ζ̂Ti ζ̂i

− 1

4

∑
sj∈Ni(t)

aij(t)(ξ̂i − ξ̂j)2 − k3U iatt(ξ̂i + ξ0 + r i, ξG)]

≤ V ≤ V0
(26)

That is

lim
t→t1

1

2

n∑
i=1

k4[
∑

sj∈Ni(t)

U ijrep(ξ̂i, ξ̂j)] ≤ V0 (27)

Clearly, (25) and (26) is contradictory. We can obtain that the collision
avoidance is achieved during the flight. Also, the obstacle avoidance can be
proved with the same method. In order to save space, the proof process is
omitted here.

Remark 3 : Based on the results, we can obtain that the formation can be
achieved with collision/obstacle avoidance under the designed control protocol
(16). It should be point out that the total energy Vt of UAV system is a finite
value and it will change constantly during the flight in practice.

4 SIMULATIONS

In this section, two cases are provided to demonstrate the approach presented
in this paper. A practical example adopted in [22] is considered. Different
from the consensus protocol presented in [22], an improved protocol with col-
lision/obstacle avoidance is designed. For simplicity, it is assumed that the
elements of weighted adjacency matrix are 0 or 1, and all UAVs move in XY
plane.

Case 1 : Consider a system with five UAVs in an obstacle-free environ-
ment. Their desired formation structure of regular pentagon and undirected
interaction topology are shown in Fig. 3, respectively.

The initial conditions of UAVs are given by Table 1
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(a) The desired formation structure (b) The undirected interaction topology

Fig. 3: The desired formation structur and undirected interaction topology

Table 1: Initial states of all UAVs

UAV xi yi vxi vyi
(m) (m) (m/s) (m/s)

UAV1 -0.15 0.02 -0.08 -0.02
UAV2 -12.25 -0.06 6.35 -0.06
UAV3 -12.25 -0.24 -0.08 -0.01
UAV4 -12.17 0.05 -4.46 -0.02
UAV5 -4.71 -0.08 -7.1 0.04

Table 2: Initial states of the system

UAV xi yi vxi vyi
(m) (m) (m/s) (m/s)

UAV1 0 0 5 0
UAV2 60 5 0 3
UAV3 30 50 2 2
UAV4 130 120 0 0
UAV5 90 80 0 0

The parameters of control protocol (20) are given by k1 = 7.5, k2 = 0, k3 =
2.5, k4 = 1.0. The dynamic constraint of velocity is given by v0 ∈ [0, 15], and
the safe distance of UAVs is 10 m. The gain coefficient of attractive potential
field and repulsive potential field are chosen as ε = 0.03 and η = 10.2, respec-
tively. Fig. 4. (a) shows the formation trajectories in simulation within 300s,
where the initial states of UAVs are denoted by circles. We can see from the
figure that all UAVs move along a circle, and at time = 100s, the formation
structure of regular pentagon is achieved and maintained with five UAVs. Fig.
4. (b) shows the velocity of all UAVs. We can see that when the formation is
achieved, the velocities of UAVs are identical. Compared with [22], the pre-
sented control protocol (20) has a better consistency. Fig. 5. (a) and Fig. 5. (b)
show the velocity and position trajectorie errors between UAVs and desired
formation. It is clearly that the velocity error and position error converge to
zero finally.

Case 2 : Consider a UAV system with one leader UAV1 and three followers
in an environment with obstacles. Their desired formation structure of square
and undirected interaction topology are shown in Fig. 6, respectively.

The initial conditions of the system are given by Table 2
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(a) Position trajectories of five UAVs (b) Velocity trajectories of five UAVs

Fig. 4: Position trajectories and velocity trajectories of five UAVs in case 1

(a) Velocity trajectories errors (b) Position trajectories errors

Fig. 5: Position trajectories and velocity trajectories of five UAVs in case 1

(a) The desired formation structure (b) The undirected interaction topology

Fig. 6: The desired formation structure and the undirected interaction topology
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Fig. 7: The trajectories of five UAVs in case 2

The parameters of control protocol (20) is given by k1 = 7.6, k3 = 2.0, k2 =
0, k4 = 1.0. When the obstacle is detected by UAV, k2 = 18, else k2 = 0. The
dynamic constraint of velocity is given by v0 ∈ [0, 15], and the safe distance
of UAVs is 10m. The gain coefficient of attractive potential field and repulsive
potential field are chosen as ε = 0.03 and η = 10.2, respectively.

Fig. 7 shows the position trajectories of four UAVs during the flight with
obstacle/collision avoidance. UAV1-leader is denoted by diamond, and others
are denoted by square, respectively. Obstacle and target are denoted by cir-
cle and pentagram, respectively. First, the formation is achieved quickly and
maintained if obstacle is not detected by UAVs. If obstacle is detected by any
UAV or the distance between UAV i and UAV j is less than 10m, the formation
will take obstacle/collision avoidance first. After obstacle/collision avoidance,
the formation will be achieved again. Different from [22], the initial states can
be chosen randomly and collision will not occur under control protocol (20).
Compared with [29], the improved potential field method with velocity con-
straint is designed so that attractive force and repulsive force can avoid falling
into local minimum. The simulation results prove the control protocol (20) has
a wider application.

5 CONCLUSION

In this paper, the leader-follower formation control problem of unmanned air
vehicles(UAVs) flying with velocity constraint in an obstacle-laden environ-
ment has been studied. The linear control protocol is designed to achieve
formation with obstacle/collision avoidance. The stability conditions of the
consensus algorithm is analyzed by using a Lyapunov theory and LaSalle’s
principle. Finally, two applications have been given to show that the pre-
sented control protocol is validated and effective for formation flying with
obstacle/collision avoidance and velocity constraint.
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Future work will include realizing obstacle/collision avoidance in 3-D plane
with time delay, and the directed communication topology graph will be taken
into consideration.
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