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Abstract—This letter proposes a novel distributed cooperative
control algorithm to address the problem of collision avoidance and
obstacle avoidance for multiple quadrotors during the formation
tracking process. The proposed algorithm couples collision avoid-
ance and obstacle avoidance schemes into the control layer. To avoid
collisions between quadrotors in time, a repulsion function based
on Hooke’s law with damping is proposed, which fully considers
the relative position and relative velocity between quadrotors. In
addition, based on the obstacle avoidance behavior of pigeons, a
split-merge strategy is designed for multiple quadrotors to avoid
static and dynamic obstacles. The split-merge strategy is driven by
the relative position between the quadrotors and the obstacles, and
it can calculate the optimal velocity to keep the quadrotors away
from obstacles in the field of view. Several simulations and outdoor
experiments for multiple quadrotors are presented to verify the
effectiveness of the theoretical results.

Index Terms—Aerial systems: applications, multi-robot systems,
obstacle avoidance, collision avoidance, formation tracking.

I. INTRODUCTION

A. Background and Motivation

Recently, quadrotors have been widely used in various mil-
itary and civilian fields by virtue of their strong flexibility [1],
[2]. Compared with a single quadrotor, multiple quadrotors can
perform surveillance, reconnaissance and target attack simulta-
neously, which greatly improves the mission success rate and
execution efficiency [3], [4]. One of the key problems in the
cooperative control of multiple quadrotors is how to ensure
that quadrotors can form the desired formation. It should be
noted that in many practical applications [1], [3], [4], dynamic
formation is better than fixed formation for multiple quadrotors
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Fig. 1. Obstacle avoidance in nature and outdoor experiments.

to adapt to environmental changes. Furthermore, obstacle avoid-
ance and collision avoidance are also guarantees for multiple
quadrotors to perform tasks in complex environments [5].

In a complex environment, the traditional centralized control
method cannot deal well with the impact of environmental
changes [6]. It is necessary for multiple quadrotors to quickly
make decisions in response to dynamic changes in the environ-
ment by interacting with their neighbors. Observations of social
animals show that they can quickly form orderly formations in
a complex environment, which can not only effectively avoid
external threats but also ensure that they do not collide with
each other. Research on the characteristics of biological swarms
is conducive to designing the autonomous control of multiple
quadrotors. For example, pigeon flocks have the characteristics
of self-organization and self-coordination when dealing with
threats or avoiding obstacles (Fig. 1(a)). If the pigeon flight
mechanism is mapped to the autonomous control of multiple
quadrotors, quadrotors can work in a complex environment
with the ability to self-organize. The motivation of this letter
is to design formation control with collision avoidance between
quadrotors and obstacle avoidance for multiple quadrotors.

B. Related Work
The formation control of quadrotors has attracted many schol-

ars and the classic formation control approach falls into three
categories, leader-follower [7], behavior-based approach [8] and
virtual structure approach [9]. Over the past ten years, a con-
sensus protocol-based approach has been proposed to achieve
formation control of multiple quadrotors [10], [11] and the above
three classic formation control approaches have been proven to
be special cases of the consensus-based ones [12]. In [13], a
distributed robust controller based on consistency protocol was
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designed for multiple quadrotors to achieve stable formation,
but it was not verified for dynamic formation. In [14], [15], a
formation tracking protocol was presented for multiple second-
order nonlinear systems to achieve fixed formation and dynamic
formation, however, collision avoidance between quadrotors
was not considered. To avoid collision in formation tracking
for agents, the artificial potential field (APF) was introduced
and a distributed formation tracking algorithm was proposed
for a second-order linear system [16]. However, a quadrotor
is a multi-input and multi-output nonlinear system involving
translational and rotational dynamics. The second-order model
is slightly inaccurate when dealing with the position and attitude
of the quadrotor. Besides, in the collision avoidance between
agents, only the relative position is considered, not the relative
velocity. It is obviously unable to effectively avoid the collision
between quadrotors.

Furthermore, multiple agents need to avoid static or dynamic
obstacles to ensure safe flight in the environment. Several clas-
sical obstacle avoidance strategies have been developed, includ-
ing the APF [17], [18] and MPC [19], [20]. In recent years,
an increasing number of researchers have been interested in
the combination of biological swarms and multiple quadrotors.
In [6], [21], and [22], biological collective behavior was applied
to the quadrotor system to realize autonomous decision-making
through information interaction with neighboring quadrotors.
However, the above results lack the verification of avoiding
dynamic obstacles. Pigeons rely on visual perception to obtain
the relative position with obstacles and fly toward the maximum
gap between obstacles to complete obstacle avoidance. In [23],
a modeling framework for pigeon obstacle avoidance was de-
signed by analyzing the data of pigeons crossing a forest. In [24],
the obstacle avoidance behavior of pigeons was preliminarily
verified for multiple quadrotors in a static obstacle environment.
However, there are few studies in the field of dynamic obstacle
avoidance. Biological collective behavior provides us with so-
lutions in this field.

C. Contributions

In this letter, a distributed cooperative control algorithm based
on consensus theory and the obstacle avoidance behavior of
pigeons is proposed for multiple quadrotors in obstacles environ-
ment. Compared with the aforementioned results on multi-agent
system formation control, the contributions of this paper are
threefold. First, this letter coupled the collision avoidance and
the dynamic obstacle avoidance with the control layer. Second,
considering the relative position and velocity between quadro-
tors in formation tracking, a repulsion function is designed based
on Hooke’s law with damping to ensure collision avoidance
between quadrotors. Then, based on the pigeons’ obstacle avoid-
ance mechanism, a split-merge strategy is designed to avoid
static and dynamic obstacles in the field of vision of quadrotors.
Compared with [23], the heading angles of quadrotors do not
need to be considered, and the steering velocity of quadrotors
can be adjusted in real-time to ensure the safety and smoothness
of the position trajectory. The third contribution is to build
a multiple quadrotors experimental platform, and the results
of several experiments show the effectiveness of the proposed

Fig. 2. Diagram of quadrotor coordinate system.

method for different scenarios with static and dynamic obstacles.
Outdoor experiments are shown in Fig. 1(b).

II. PROBLEM STATEMENT

A simple diagram of the quadrotor coordinate systems is illus-
trated in Fig. 2, where FI = {xI , yI , zI} indicates an inertial co-
ordinate system and FBi = {xBi , yBi , zBi } indicates a body-fixed
coordinate system for the ith quadrotor. The set of swarm sys-
tems withN quadrotors can be described byU = {1, 2, . . ., N}.
Let pi(t) = [pxi, pyi, pzi]

T and vi(t) = [vxi, vyi, vzi]
T repre-

sent the position and velocity of the ith quadrotor in the inertial
frame. Θi(t) = [φi, θi, ψi]

T and Ωi(t) = [pi, qi, ri]
T are de-

noted as Euler angles and angular rates of the ith quadrotor in the
body frame. The six degrees of freedom (6DOF) mathematical
model of the ith quadrotor is given by⎧⎪⎪⎨

⎪⎪⎩
ṗi = vi
miv̇i = −migξ3 + FiR (Θi) ξ3
Θ̇i = Ξ (Θi)Ωi

JiΩ̇i = −Ωi × JiΩi + Ti

(1)

where g is the gravity constant, Ji = diag(Jxi, Jyi, Jzi)
and mi are the diagonal inertia matrix and the mass of the
ith quadrotor, respectively, and ξ3 = [0, 0, 1]T . Fi ∈ R1×1 and
Ti ∈ R3×1 are the total lift and the control torque, respectively.
Define an auxiliary control signal as U d

i (t) = −gξ3 + F̃i/mi

and F̃i = FiR(Θi)ξ3. R(Θi) ∈ SO(3) : FI → FBi is the or-
thogonal rotation matrix, which can be expressed as
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And the attitude kinematic matrix Ξ(Θi) is described as
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where C, S, and T are the abbreviations of cos(·), sin(·) and
tan(·), respectively.

In terms of research status and development trend of coop-
erative control for multiple quadrotors, dynamic formation is
conducive to multiple quadrotors to complete complex tasks. In
addition, in a complex environment, it is very important to avoid
external obstacles and collisions between quadrotors. Therefore,
the cooperative control problem is separated into the following
two subproblems.



Problem 1 (Formation Tracking Problem): It is necessary to
design a formation tracking protocol so that each quadrotor can
quickly form the desired fixed or dynamic formation.

Problem 2 (Collision Avoidance and Obstacle Avoidance
Problem): Firstly, a collision avoidance strategy is designed to
make the minimum distance between quadrotors greater than
the safety threshold. Secondly, an obstacle avoidance control
strategy is designed to enable the quadrotors to avoid static or
dynamic obstacles in an orderly and timely manner.

III. METHODOLOGY

In this section, firstly, a formation tracking protocol is pro-
posed based on the consensus theory, which enables multiple
quadrotors to quickly achieve a fixed or time-varying forma-
tion. However, the formation tracking protocol cannot ensure
collision avoidance between quadrotors and external obstacles
avoidance. Therefore, a novel collision avoidance mechanism
and a novel obstacle avoidance mechanism are designed for
quadrotors, and they are introduced into the formation tracking
protocol to ensure that quadrotors do not collide while avoiding
static or dynamic obstacles.

A. Formation Tracking Protocol

Let si(t) = [pTi (t), v
T
i (t)]

T (i ∈ U ) denote the state vector of
the translational subsystem for the ith quadrotor and define the
desired formation for multiple quadrotors to form by c(t) =
[cT1 (t), c

T
2 (t), . . ., c

T
N (t)]T ∈ R6N×1 with piecewise continu-

ously differentiable vector ci(t) = [pcTi (t), vc
T
i (t)]

T (i ∈ U ),
where pci(t) and vci(t) are the desired position and velocity
vectors for the ith quadrotor.

Definition 1: Multiple quadrotors can achieve desired forma-
tion tracking, if and only if there is a vector δ(t) ∈ R6N×1 such
that limt→∞(si(t)− ci(t)− δ(t)) = 0(i ∈ U ), where δ(t) is
called a formation center function.

Therefore, based on consensus theory and the state informa-
tion between quadrotors, the following distributed formation
tracking protocol is designed for the ith quadrotor

ufi =K f
1 (si − ci)+K f

2

∑
j∈U

wij [(sj − cj)− (si − ci)] + v̇ci

(4)
where K f

1 ∈ R3×6 and K f
2 ∈ R3×6 are feedback matrices, K f

1

is used to drive the movement of the formation center, and K f
2

is used to control quadrotors to achieve the desired formation.
wij is the communication weight.wij = 1 if and only if qj is the
neighbor of qi, elsewij = 0. v̇ci is the differential of the desired
velocity vc.

Remark 1: It is worth noting that the formation tracking
protocol adopted is a general formation protocol based on the
consensus theory. When ci(t) = 0, reaching agreement on cer-
tain variables is equivalent to realizing the desired formation for
multiple quadrotors. The simple consensus problem is a special
case of the formation tracking control problem.

Remark 2: It should be noted that the formation tracking
protocol designed can enable multiple quadrotors to quickly
achieve the desired fixed formation or dynamic formation, but
it cannot guarantee the collision avoidance between quadrotors.

Fig. 3. Split-merge strategy of the quadrotors.

Secondly, it is impossible to avoid static obstacles or dynamic
obstacles.

B. Collision Avoidance

When multiple quadrotors converge to the desired formation,
the distance between quadrotors should not be less than the safe
distance. To ensure quadrotor flight safety, it is very important to
design the collision avoidance mechanism between quadrotors.
To avoid collisions between multiple quadrotors in a timely and
effective manner, it is not enough to consider only the relative
position of multiple quadrotors, but also the relative velocity
between quadrotors. In this work, a repulsion function based on
Hooke’s law with damping is added to the formation control
protocol. Repulsion keeps the ith quadrotor away from other
quadrotors only if the distances between them are less than the
safety threshold. The repulsion function for the ith quadrotor is
designed as follows⎧⎪⎨

⎪⎩
uc
ij = kc

1p
c
ji + kc

2 v
xy
ij

pc
ji = (Rc − ||pxy

ij ||)
pxy
ji

||pxy
ji ||

(5)

where kc1 and kc2 are the gain, Rc is the threshold to trigger
collision avoidance for quadrotors and pxyji = pxyj − pxyi .

Remark 3: The real-time kinematic (RTK) positioning system
is adopted in the multiple quadrotors experimental platform, and
the communication between quadrotors is carried out by wireless
local area networks (WLANs). According to the designed com-
munication topology, the ith quadrotor can obtain the position
and velocity information of its neighbors to determine whether
the collision avoidance should be triggered.

C. Obstacle Avoidance

In a complex environment, ensuring the safe flight of mul-
tiple quadrotors is also an important research topic. Inspired
by the flight behavior of pigeons crossing narrow spaces, a
split-merge strategy is adopted to design the steering controller
for multiple quadrotors to avoid static and dynamic obstacles.
The steering controller is driven by the relative position between
the quadrotors and the obstacles. The split-merge mechanism of
the multiple quadrotors is shown in Fig. 3.

1) Obstacle Detection: The pigeon’s visual perception is
sector-shaped, which is mapped to multiple quadrotors to give
the following definition. The vertex of the perception region
is defined as (pxi, pyi), the radius is Rp, and the perception
region falls within ±θp of the flight direction dflyi , where



Fig. 4. A cascade control scheme for multiple quadrotors. The distributed cooperative controller runs at 20 Hz on the SBC. The attitude controller and angular
rate controller run at 50 Hz and 250 Hz on the FCS, respectively.

θp ∈ (0, 2π) and Rp > 0. The set of obstacles is defined as
o = {o1, o2, . . ., ot}, where t is the number of obstacles. ok =
{oxk, oyk, ozk, ork}T is the kth position information of the ob-
stacle, where (oxk, oyk, ozk) is the center of the kth obstacle and
ork is the radius of the kth obstacle. When the ith quadrotor de-
tects the kth obstacle, it must meet the following two conditions⎧⎨

⎩
||pxyi − oxyk || ≤ Rp

|atanoyk − pyi
oxk − pxi

− dflyi | ≤ θp
(6)

where pxyi and oxyk are the horizontal positions of the ith quadro-
tor and the kth obstacle, respectively. The above conditions are
that if the distance between the ith quadrotor and the kth obstacle
is less than or equal to Rp and the angle between the flight
direction of the quadrotor and the obstacle is less than or equal
to θp, then the quadrotor detects the obstacle.

2) Steering Implementation: Pigeons adjust their current
flight direction in real-time after detecting obstacles. When
there are multiple obstacles in the field of vision of the ith
quadrotor, the position relationship between each obstacle and
the ith quadrotor should be considered comprehensively. Then
the optimal steering velocity is obtained to enable the quadrotor
to fly to the maximum clearance between obstacles. The ith
quadrotor’s steering controller is designed as follows

uoik = kobs1 pobsik + kobs2 vi (7)

where kobs1 and kobs2 are constant gains. pobsik is the position
effect vector between the quadrotor and the obstacle, which is
expressed as follows

pobsik = sign(pi)(ok − pi −Ro)f
dir
ik (8){

fdirx,ik = sign(pox,ik)k
v
x(Ro − pox,ik)

fdiry,ik = sign(poy,ik)k
v
y(Ro − poy,ik)

(9)

where Ro is the threshold to trigger obstacle avoidance, f dirik
is used to control the steering of the ith quadrotor, pox,ik =
|pxi| − |oxk|. kvx and kvy are the strengths of the steering velocity.
In the experiment, the quadrotors fly in the negative direction of
the Y-axis, so kvy < 0, and the flight direction is along the Y-axis,
so fdiry,ik can be simplified as fdiry,ik = sign(poy,ik)k

v
y .

From (4), (5) and (7), the formation controller with collision
avoidance and obstacle avoidance is obtained as follows

U d
i = kd1u

f
i − kd2

N∑
j=1

ucij − kd3

t∑
k=1

uoik (10)

where kd1 , kd2 and kd3 are the strengths of the three control strate-
gies. Therefore, kd2 and kd3 can be appropriately increased to en-
sure the safety of multiple quadrotors. U d

i (t) = [udxi, u
d
yi, u

d
zi]
T

is the expected acceleration of the ith quadrotor. The control
strategy is shown in Fig. 4.

Remark 4: It is assumed that each quadrotor is equipped with
optical sensors (e.g., lidar, binocular vision) that can detect
obstacles and obtain their position information. It should be
noted that this assumption is only used to avoid obstacles.

From (1), the model of a quadrotor is divided into a transla-
tional subsystem and a rotation subsystem. The above control
protocol U d

i (t) is for the translational subsystem, and then the
control command of the rotation subsystem needs to be solved.
ConsideringU d

i (t) = −gξ3 + F̃i/mi and the desired command
of the rotation subsystem can be solved by the following equa-
tion. ⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

θdi = atan
udxiC

ψ
i + udyiS

ψ
i

udzi + g

φdi = asin
udxiS

ψ
i − udyiC

ψ
i√

(udxi)
2 + (udyi)

2 + (udzi + g)2

ψdi = ψ0
i

(11)

where ψ0
i is the initial yaw angle of the ith quadrotor.

After obtaining the desired attitude angle, it is necessary to
design an appropriate attitude controller. Many scholars have
studied the design of attitude controller for quadrotors (see
e.g., [25], [26]). This work focuses on the design of the control
protocol of the translational subsystem of multiple quadrotors,
so for the convenience of the actual flight, a double closed-loop
PID (Proportion Integral Differential) control is adopted in the
rotation subsystem.

IV. SIMULATION RESULTS AND EXPERIMENTAL RESULTS

In this section, the components of the multiple quadrotors
experimental platform are firstly introduced, and then the ef-
fectiveness of the above theoretical results is verified by the
simulation results and experimental results.

A. Multiple Quadrotors Platform

The components of the multiple quadrotors platform are pre-
sented in Fig. 5. The quadrotors are provided by EFY Intelligent
Control (Tianjin) Technology Co., Ltd. Each quadrotor is mainly
composed of a flight control system (FCS), a single board
computer (SBC), a positioning module and a communication
module. The wheelbase, weight and maximum flight time of



Fig. 5. Hardware structure of the multiple quadrotors platform.

Fig. 6. Communication topology of the multiple quadrotors.

each quadrotor are 350 mm, 1450 g and 30 min, respectively.
Each quadrotor is equipped with an RTK positioning module
and a dual redundant internal measurement unit module (IMU)
sensor. Multiple quadrotors communicate with each other via
wireless local area networks (WLANs), which are composed of
wireless access points (APs), a router and a switch. It should be
noted that all the algorithms are run on the SBC and the FCS.
The ground station only monitors the quadrotors’ states without
sending commands. Next, we carried out several experiments
and recommended watching the videos to obtain a clearer un-
derstanding of the experimental scenarios and results. It can be
found at: https://youtu.be/eseBaaZY6pc.

B. Obstacle Avoidance Results of Static Obstacles

1) Experiment With Two Quadrotors: In this scenario, two
quadrotors are used as static obstacles. The center of the obstacle
is the current coordinate of the quadrotor, and the radius of the
obstacle is 2 m. The distance between the two obstacles is 4
m. The maximum velocity and acceleration of each quadro-
tor are vmax = 2 m/s and amax = 5 m/s2. Additionally, the
parameters of collision avoidance are chosen as Rc = 1.8 m,
kc1 = 40, and kc2 = 2. The parameters of obstacle avoidance
are Rp = 5 m, θp = 0.3π, kobs1 = 10, kobs2 = 0.5, kvx = 0.15
and kvy = −0.1. The weights of the three control strategies are
kd1 = kd3 = 1 and kd2 = 2.

Fig. 7 shows the position trajectories of the four quadrotors in
the experiment, where the initial positions of the quadrotors and
obstacle are marked by diamonds and pentagrams, respectively.
The figure on the upper left shows the outdoor flight results.
It can be seen that two quadrotors can safely avoid obstacles
without collision.

2) Experiment With Four Quadrotors: In this scenario, mul-
tiple quadrotors first form the desired formation based on the for-
mation tracking protocol, and then cross the obstacles area. The
communication topology of multiple quadrotors is presented

Fig. 7. Obstacle avoidance trajectory of two quadrotors in the experiment.

Fig. 8. Avoiding static obstacles for two quadrotors in the experiment.

Fig. 9. Obstacle avoidance trajectories of four quadrotors in the experiment.

in Fig. 6(a). In the experiments, all quadrotors move on the
horizontal plane. Consider the formation ci(t) with pcxi(t) =
β + α cos(2π(−i)/4), pcyi = α sin(2π(−i)/4) and vci(t) =

03×1 (i = 1, 2, 3, 4). Choose β = 5 m, α = 5/
√
2 m, K f

1 =

I3 ⊗ [−2.5,−2.8] and K f
2 = I3 ⊗ [1, 1.2]. Therefore, the de-

sired formation shape of the multiple quadrotors is a square with
edge 2.5 m. kvx = 0.15 and kvy = −0.05 and other parameters
are consistent with the above experiment.

Fig. 8 displays the flight path of four quadrotors in the
experiment. Figs. 9 and 10 display the position and velocity
trajectories of the four quadrotors in the experiment, where
the initial positions of the quadrotors are marked by diamonds.
It can be seen that four quadrotors can form the desired forma-
tion, and they can effectively avoid obstacles in an environment
with a minimum obstacle spacing of 4 m. It also clearly shows
that quadrotors do not collide during the flight.

3) Simulation With Ten Quadrotors: The directional com-
munication topology of ten quadrotors is shown in Fig. 6(b).
The given formation is triangular and the distance between the



Fig. 10. Velocity trajectories of four quadrotors in the experiment.

Fig. 11. Obstacle avoidance trajectories of ten quadrotors in Gazebo.

two adjacent quadrotors is 2 m. kvx = 1.2, kvy = −2.2, kd2 = 2
and other parameters stay the same. The simulation results of
ten quadrotors crossing ten obstacles are as follows. Fig. 11
displays the flight path of ten quadrotors in the Gazebo robotic
simulator. The minimum distance between obstacles is 5m, the
minimum distance between ten quadrotors and obstacles is 0.785
m generated by the quadrotor q10, and the minimum distance
between quadrotors is 0.690 m generated by quadrotor q4 and
quadrotor q5.

C. Obstacle Avoidance Results of Dynamic Obstacles

In this scenario, one quadrotor is used as a dynamic obstacle,
while the other three quadrotors maintain static formation and
dynamic formation to avoid moving obstacle. The velocity of
moving obstacles is 1 m/s.

1) Experiment With Fixed Formation: The given static for-
mation is a triangle. kvx = 0.65, kvy = −1.5 and other param-
eters are consistent with the scenario of four quadrotor. The
forward velocity of the quadrotors is −1 m/s. Fig. 12 shows
the flight of three quadrotors in formation, obstacle avoidance,
and formation recovery. Figs. 13 and 14(a) show the position
and velocity trajectories of quadrotors in the formation tracking
stage, forward stage, obstacle avoidance stage and formation
recovery for the experiment with fixed formation, where the
initial positions of the quadrotors and obstacle are marked by
diamonds and pentagrams, respectively. The distance between
the quadrotors is shown in Fig. 14(b). From Figs. 12 to 14, one
can see that three quadrotors can achieve the triangle formation,
and collisions between the quadrotors are also avoided while
avoiding the moving obstacle. From Fig. 14(b), it takes less than

Fig. 12. Avoiding dynamic obstacles for quadrotors with fixed formation.

Fig. 13. Position trajectories of quadrotors with fixed formation.

Fig. 14. Flight status of quadrotors with fixed formation.

5 s for multiple quadrotors from the end of obstacle avoidance
to formation recovery.

2) Experiment With Dynamic Formation: The given
dynamic formation ci(t)(i ∈ 1, 2, 3) with pcxi =
α cos(γt+ 2π(i− 1)/3), pcyi = α sin(γt+ 2π(i− 1)/3),
vcxi = −γα sin(γt+ 2π(i− 1)/3) and vcyi = γα cos(γt+
2π(i− 1)/3), where α = 3m and γ = 0.05 rad/s. kvx = 0.65,
kvy = −1.5 and other parameters are consistent with the
scenario of four quadrotors avoiding obstacles. The forward
X-axis velocity and Y-axis velocity of the quadrotors are
0.4m/s and −0.4m/s, respectively.

Fig. 15 illustrates the formation producing, obstacle avoid-
ance process and formation recovery in the flight experiment.
Figs. 16 and 17(a) show the position and velocity trajectories
of multiple quadrotors in the formation tracking stage, forward
stage, obstacle avoidance stage and restore formation for the
experiment with dynamic formation, where the initial positions
of the quadrotors and obstacle are marked by diamonds and
pentagrams, respectively.

The distance between the quadrotors is shown in Fig. 17(b).
Figs. 15 to 17 show that three quadrotors can achieve the given



Fig. 15. Avoiding dynamic obstacles for quadrotors with dynamic formation.

Fig. 16. Position trajectories of quadrotors with dynamic formation.

Fig. 17. Flight status of quadrotors with dynamic formation.

circular dynamic formation and avoid obstacles in time. And it
can be seen from Fig. 17(b) that it takes less than 4 s for multiple
quadrotors from the end of obstacle avoidance to formation
recovery.

D. Parameter Analysis and Algorithm Comparison

The key parameters of the designed obstacle avoidance mech-
anism are the strengths of the steering velocity kvx and kvy ,
which determine the trend of obstacle avoidance for multiple
quadrotors. To better illustrate the robustness of the designed
obstacle avoidance algorithm, several groups of experiments
are carried out in the Gazebo robotic simulator to illustrate the
influence of choosing different kvx and kvy on the experiment
by taking multiple quadrotors crossing dense obstacle areas as
an example. In actual flight, multiple UAVs fly to the south, so
kvy < 0. Consider the following three cases: (1) kvx >| kvy |; (2)
kvx =| kvy |; (3) kvx <| kvy |.

Fig. 18. Position trajectories under different obstacle avoidance parameters.

Fig. 19. Obstacle avoidance results of static obstacles.

Fig. 20. Position trajectories under different obstacle avoidance parameters.

It can be seen from Fig. 18 that the size of the strengths
of the steering velocity kvx, kvy has little effect on the experi-
mental results. Under different parameters, multiple quadrotors
can still avoid external obstacles well. The larger the | kvy | is,
the more unfavorable it is to adjust the formation of multiple
quadrotors. When kvx >| kvy |, the effect of multiple quadrotors
to avoid static obstacles is the best. The larger kvx allows multiple
quadrotors to avoid obstacles in time, and the smaller | kvy |
allows multiple quadrotors to flexibly adjust their formation.
When crossing narrow areas, multiple quadrotors are not suitable
for avoiding obstacles with fixed squares or triangles. Multiple
quadrotors need to adjust the formation in time to successfully
cross dense obstacle areas. When avoiding dynamic obstacles,
selecting | kvy | greater than kvx can make multiple quadrotors
better maintain the desired formation and facilitate the rapid
convergence of formation.

Furthermore, a comparison with two state-of-the-art ap-
proaches, modified APF [17] and MPC [20] is given. Fig. 19
shows that APF cannot solve the problem of multiple quadrotors
crossing dense obstacles well, and the trajectory generated by
it is not smooth. MPC can solve the obstacle avoidance prob-
lem well, but it cannot guarantee the consistency of multiple
quadrotors. Figs. 20 and 21 show that the obstacle avoidance
effect produced by APF has a slow response and cannot avoid
dynamic obstacles in time, where the quadrotors marked by
dotted lines collide with dynamic obstacles. Although MPC can
avoid dynamic obstacles in time, formation convergence takes a
long time.



Fig. 21. Position trajectories under different obstacle avoidance parameters.

V. CONCLUSION

In this work, a distributed cooperative control algorithm for
multiple quadrotors was developed to handle the problem of
collision avoidance and obstacle avoidance during formation
tracking. The collision avoidance strategy considered the relative
velocity between quadrotors, which can avoid the collision of
multiple quadrotors in time. A pigeon steering controller was
designed to solve the problem of avoiding static and dynamic ob-
stacles for multiple quadrotors. This method has lower complex-
ity and can greatly reduce the calculation burden of quadrotors.
Several outdoor experiments were conducted to verify the effec-
tiveness of the method. The results show that multiple quadrotors
could cross the obstacle area with a horizontal spacing of 4 m
without collision and ensure the consistency of multi-quadrotors
formation. Moreover, the time from the completion of multiple
quadrotors avoiding dynamic obstacle to formation recovery is
less than 5 s.

Increasing the number of quadrotors and the time delay
problem in distributed cooperative control is a future research
direction. Additionally, another future research is to consider
the cooperative control and autonomous planning of multiple
quadrotors in the denied environment.
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