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ABSTRACT

The purpose of this article is to control the formation and pass static and dynamic obstacles for the
quadrotor group, maintain the continuity and flight formation after crossing the obstacles, and track the
moving target. Model Predictive Control (MPC) method has been used to control the status and position
of quadrotors and formation control. Flight formation is based on the leader-follower method, in which
the followers maintain a certain angle and distance from the leader using the formation controller. The
improved Atrtificial Potential Field (APF) method has been used to pass obstacles, the main advantage
of which compared to the traditional APF is to increase the range of the repulsive force of the obstacles,
which solves the problem of getting stuck in the local minimum and not passing through the
environments full of obstacles. The results of the design of the attitude and position controller showed
that the quadrotors were stabilized and converged in less than 3 seconds. Formation control simulations
in the spiral path showed that the followers, follow the leader. The results of the quadrotors passing
through the obstacles were presented in four missions. In the first mission, 4 quadrotors crossed static
obstacles. In the second mission, 4 quadrotors crossed dynamic obstacles. In these two missions, the
quadrotors maintained a square flight formation after crossing the obstacles. In the third mission, the
number of quadrotors increased to 6. The leader tracked the moving target and the quadrotors crossing
the static obstacles. In the last mission, the quadrotors passed through the dynamic obstacles and the
leader tracked the static target. In these missions, the quadrotors maintain the hexagonal formation after
crossing the obstacles. The results simulations showed that the quadrotors crossed the fixed and moving
obstacles and after crossing, they preserved the flight formation.

doi: 10.5829/ije.2024.37.01a.11

1. INTRODUCTION

number of agents. To solve this problem, decentralized
MPC (5, 6) or distributed MPC (7) have been proposed.

Robots have been widely used in military and civilian
fields such as anti-terrorism operations, identification,
agriculture, etc. (1, 2). In addition, instead of using a
single robot, multiple robots in a group formation can
complete some complex missions without incurring high
costs (3, 4). Among the controllers used to control the
formation is model predictive control (MPC). MPC is a
controller where optimization is solved online. The vital
advantage of this method is considering a performance
criterion and constraints. For multi-agent systems, the
time of optimization calculations increases with the
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The formation control of multiple robots is generally
classified into leaderless and leader-follower (8). In the
leaderless formation control problem, the robots are
driven to a prescribed pattern at a certain speed. In
contrast in the leader-follower control problem, the
follower robots agree on the reference information of a
leader while maintaining the defined pattern. In the
control of leader-follower formation, the problem of the
availability of information about the leader can be solved
by distributed technique. A distributed control approach
was designed by Zou and Meng (8) by introducing
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distributed estimators to obtain reference information for
leader-follower control. Another distributed control
algorithm was proposed by Dong et al. (9) to track the
flight formation of multiple robot leader-follower. In
addition, a non-smooth distributed control algorithm was
developed by Du et al. (10), so that the robot leader-
follower control tracking was achieved. In addition, with
the help of a sub-optimal Heo strategy, a distributed
leader-follower control algorithm is designed by Jasim et
al. (11) that is robust to disturbances and parameter
uncertainties. Although the control schemes proposed in
the mentioned papers are convincing in hierarchical
leader-follower formation control tracking, the control
command extraction may cause singularities and
chattering, which may cause implementation problems in
practical applications. Also, in these articles, the flight
group has a flight arrangement in a simple route, and the
issue of moving target tracking has not been investigated.
In this article, the MPC method is used for formation
control in which there is no possibility of chattering, and
the flight path is a spiral path, and the issue of moving
target tracking is also investigated.

It is essential, to maintain the safety of the operations
in the missions that the UAV group performs. One of the
most important safety issues is avoiding obstacles. If a
group of quadrotors encounters obstacles in an unknown
environment, each drone must recognize the obstacle and
pass through it. Crossing obstacles is necessary to avoid
accidents and make the flight safe. This article focuses on
the crossing of the quadrotor group through static and
dynamic obstacles and maintaining the flight
arrangement after crossing the obstacles. The methods of
solving the collision avoidance problem are different for
dynamic and static obstacles. A* (12), Genetic (13),
Differential Evolution (14), Ant Colony Optimization
(15), and Particle Swarm Optimization (16) methods are
usually used to avoid static obstacles. Methods for
dealing with dynamic obstacles include Fuzzy Logic
Algorithm (17), Neural Network (18), Rapidly-exploring
Random Trees (19), and APF (20). Shang et al. (21) used
the terminal nonsingular sliding mode controller for the
problem of control formation and obstacle avoidance.
Quadrotors have maintained formation flight after
crossing obstacles. In this paper, only static obstacles are
considered.

One of the most widely used methods to identify and
avoid obstacles is the APF method. Which is expressed
by mathematical equations and has advantages such as
high safety and simplicity of calculations. In this method,
a positive potential field is considered for obstacles, and
a negative potential field for the target. The drone is
attracted to the target by avoiding obstacles. Pan et al.
(22) introduced formation control which is based on the
leader-follower method, in which the PD is used to
control the position and attitude of the quadrotors, and
the APF is used to pass the obstacles. To prove the

effectiveness of the above method, several experiments
have been performed. In this article, crossing dynamic
obstacles is not investigated. Wang and Zhang (23) have
presented a rapidly-exploring random trees algorithm for
the formation control and crossing obstacles, in which the
lack of vigilance and low speed of the APF method is
compensated by the sampling method. In this article,
crossing static obstacles is considered. Qiao et al. (24)
have provided formation control based on distributed
control. The potential function is used to avoid the
collision. A virtual navigator determines the movement
of agents. In this article, the obstacles are static, and the
drones maintain the connection after crossing. Aljassani
et al. (25) presented a new APF method for the UAV
group to pass through obstacles, which solves the
problem of getting stuck in a local minimum. The leader-
follower method is used for group movement. The
obstacles considered are two static obstacles. In these
articles, the crossing of dynamic obstacles is not
investigated. Huang et al. (26) have investigated dynamic
obstacles avoidance and maintaining continuity and
formation flight after crossing obstacles. The sliding
mode method and the virtual potential field method are
used for control formation and obstacle avoidance. Zhang
et al. (27) proposed a distributed control method for
quadrotor group flight formation. The disadvantages of
this method are getting stuck in a local minimum and
unreachable goals in environments full of obstacles (28).
To solve these problems, some approaches have been
proposed. Methods are also proposed for broader
problems, such as dynamic obstacle avoidance or
integration of UAV kinematic models to improve
tracking accuracy (29, 30). In the mentioned articles,
simultaneously crossing the dynamic and static obstacles
and maintaining the flight formation after crossing the
obstacles and tracking the mobility target simultaneously
have not been discussed and, in a small number of these
articles, the improvement of the potential field method
has been investigated to solve its problems.

The necessity of doing this article is to improve the
potential field method for the passage of the flight group
through dynamic obstacles and maintain the connection
between the agents.

The innovation of this paper is that it presented an
improved potential field method for crossing static and
dynamic obstacles and maintaining continuity after
crossing obstacles. Where instead of considering a
circular repulsion field for obstacles, an elliptical field is
considered, which causes the repulsion range of obstacles
to be greater and, as a result, solves the problem of getting
stuck in the local minimum and not reaching the target in
obstacle-filled environments to a great extent, and
simultaneously, the leader tracks the moving target while
maintaining the flight formation.

The article's structure is as follows: In the first
section, the dynamic modeling of the quadrotor is
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presented. The following section deals with attitude and
position controllers. In the third section, the control
formation is given; in the fourth section, the crossing of
obstacles is discussed; and in the last section, the results
are presented.

2. DYNAMIC MODEL OF QUADROTOR

The six degrees of freedom model is obtained according
to the Newton-Euler method. Total rotors velocity and
the rotor velocity vector are as follows:

Wy

w:;
H==+ZD'4+ZD'2—LD'1—{D'3 , 1= w-z (1)

Wy
where (@, @,, w3, @,) show the speeds of the rotors.

The effect of the motion vector on the quadrotor
dynamics is given below:

0

[ 0
| b(@? + ©? + wf + @) |
[ J bl(@wf - wf) J
c (@5 +@f - )

where, [ is the length from the center of mass to each
rotor, cr is the thrust force coefficient, and c, is the drag
force coefficient. The Eg and Ug (@), which show the
motion matrix and the motion vector, are as follows.

0 0 0 0
0 0 0 0
_lcr Cr cr  Cr
Es=l 0o _cii 0 cpl )
_CTl 0 CTl 0
—Ca Ca —Ca Cq
The dynamical equations of the quadrotor are given
below:
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where, /r,, is the moment of total rotation of inertia about
the rotor axis, (U, V, W) are the linear velocities, (P, Q,
R) are roll, pitch, and yaw, and Iy, Iyy, and I, are the
moments of inertia in the X, y, and z-axis, whose values
are given in Table 1. the rotors speed inputs U;, U,, Us,
and U, are as follows (21):

U = cr(@? + o2 + @2 + @)

U, =lcr (—o% +@2)

Uy =lcr (—of +@f) (5)
Uy = co(—of + @F — @3 + @)

w=—w, + W, — W3+ Wy

3. MPC CONTROLLER

The predictive controller is used in the industry because
of its advantages, such as dealing with disturbances,
limitations and uncertainties. In this article, a generalized
predictive controller is used, which has features such as
dealing with non-minimum phase systems and having
additional control horizon parameters. In this controller,
the control signal is obtained by minimizing the multi-
step function in the prediction horizon. As a result,
according to the integral behavior in the state space, it is
possible to replace u(k) with Au(k) = u(k) —u(k —
1) in the equations. The state space equations are given
below:

[Axm(k+ 1)] _[ Ap ogxn] [Axm(k)
yk+1) 17 [Cndm  Igxq |l v

[ngm]Aum(k)+[CiE%ls(k) ©)

Axy ()

y(k) = [ngn Iqxq][ y(k)

TABLE 1. Parameters of quadrotor dynamic

Parameter Value

Iyx 11 X 1072 kg m?
Iy 19 x 1072 kg m?
I, 1.3 x 1072 kg m?
Jrp 6 x 1075 kg m?
m 3.23 kg

l 0.23 m

cq 7.5%x 1077 N m s?

cr 3.13 x 1075 N s?
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The output is defined as below:

Y = H'x(k) + H". AU @
where:
CA
CA2
H =|ca?| H =
C/i”v
CB 0 0 . 0 ®)
[ CAB CA 0 . 0 ]
| caB cAB gy 0|
lcavo1p cAM2B CcANo-3B - caMeNepl

The cost function is considered as below:
J = —w)W, (Y —w) + AUTW, AU 9)

where, Y is the vector of predicted outputs, w is the
vector of reference signal values in future times, AU is
the control signal, and W, and W, define the weight of
inputs and outputs in the cost function.

The necessary condition for minimizing the cost

function is given below:

] _

E B - - .-y - -

By satisfying the above condition, u is obtained as

follows (31):
AU = (H"W,H" + W) H'TW, (w — H'x(k)) (10)

4. FORMATION FLIGHT

Formation control patterns include virtual structure and
behavior-based, and leader-follower. In the virtual
structure method, each agent is considered an element of
a larger structure. In this method, all the arrangement
members act as a single rigid body and follow a
determined path. This method is suggested to maintain
formation while moving. As a result, this method is
unsuitable for crossing a group of obstacles because it is
necessary to change the formation to pass the obstacles.
In addition to the group movement, searching and
reaching the desired target is also investigated in the
behavior-based structure. The weakness of this method is
the difficulty of analyzing the overall behavior of the
formation and its mathematical analysis and checking its
stability.

In the leader-follower algorithm, one or more agents
are designated as leaders, and other quadrotors are
considered followers, so the followers must follow the
leader with a fixed direction and position. The control of
the formation of multi-agent systems using the leader-
follower structure has received special attention due to its
simplicity and scalability. Since the movement of other
vehicles in the formation is completely determined by the
leading position, the leading position creates

coordination. Therefore, the followers follow the leader
to maintain the formation. The advantage of this method
is that it is easy to understand and more practical in
implementation .This model is used in this article.

4.1.Formation Control In this article, quadrotor
group control formation and obstacle avoidance are
investigated. Formation flight is controlled by the MPC
method. The pattern used is leader-follower. In the
leader-follower method, the leader follows a determined
path, and the followers maintain a certain angle and
distance from the leader. Figure 1 illustrates this method.
In this figure, A is the distance from the center of the
leader mass to the center of the follower mass, and ¢ is
the angle between the x-axis and A line.

{lx = —(x, —xp) cosp, — (y, — yr)siny,, (11)
Ay = —(x, — xp) siny, — (y, — yp) cos Py,
A4 = Acos g
2% = 2Asing (12)
The formation error is given below:
e, =A% — 1,
e, = A — 1,
ey =Yr— Yy
(13)

é, =A% — 1,
& =141,

é1p=1l.)F_lj)L

A% and @ are constant parameters, therefore, 1% and
2% have constant values and, their derivatives A¢ and A%
are zero. The transition dynamics on the x-y plane are
present below:

Xi = Vix COSY; — Uy, SINY;
Vi = Vig Sin; + vy, cosy; (14)

Y =wg

Figure 1. Quadrotor formation in x-y plane
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i indicate leader (i =1L) or follower (i=F). x; and
y; are velocities in the ground coordinate system. i; is
the angle between the x-axis of the body and the ground
coordinate system, and v;, and v;, are the velocities in
the body coordinate system:

{ Vix = X;cosP; + y; siny;

vy = —X; sin; + y; cos; (15)

As a result, the following relations are obtained.

éy = —(2 — ey )wy, — vy cOS €y + Vpy Siney, + vy
éy = (A — e )w, — Vg Siney — vpy cosey, + v, (16)
éy = Wp — Wy
The state space is as below.
x =A(x) +B(x)t 17

where x is the state vector and 7 is the control input, and
M(x) and N(x) are defined as follows (32):

x=1[x & ey]" (18)
T=[Trx Try F]T (19)
[ ewa + Trx — (I)ng
A() = | —eywy, + Ty + 0 A (20)
—w,
[— COS ey sin ey 0
B(x) =|—siney, —cosey 0] (21)
0 0 1

The control law for the formation of the quadrotors
based on MPC (33) is considered as follows:

M;(k) = — Z?J:T aij [ZI%:O Br (fi(k) - fj(k))] ,
i€{1,2, ...., N},

200 _ () )
I

B > 0Vke{0,1,2,3}
2
Amin > 3132;31—!301332
B1B2 > BoPs
where i and N + 1 represent quadrotor i and the leader.
The control gains B eR,ke{0,1,2,3} must satisfy
conditions (13). d}’]f)eRz is the desired state between

quadrotor j and the leader on the horizontal plane. The
control law for the formation flight of quadrotor i in the
vertical direction (34) is as follows:

Ti(k) = — Z?’;f aij [ZLO Yk (hgk) - fl;k))],

ie{1,2,....,N},

jef1,2, ..., N + 13,
(22)

(23)
~(k k k .
A" =h® —ald, je(1,2,....N+1},

ke{0,13,

v > 0, ke{0,13,

where y,eR ke{0, 1} is control gains and d,(l’;-)eIRz is the

desired relative state between quadrotor j and the
leader in the vertical direction.

5.IMPROVED ARTIFICIAL POTENITIAL FIELD

In the APF, attractive potential is considered for the
target, and repulsive potential is considered for the
obstacles. The agent moves away from the obstacles by
moving towards the target.

The control of the agent by the AFP is as below:

Ugr(x) = Ug(x) + Ur(x) (24)

where, U, U,, and U,, represent the potential of
attraction, the potential of repulsion, and the potential
virtual field. Gradient functions are stated as follows:

Foe =K +E
Fy = —grad[U,(x)] (25)
F, = —grad[U, ()]

where F, is the robot's attraction, and F,. is the force
created by U,.(x). The attraction coefficient k, and the
potential attraction field U, (x) are given below:

Uq =5 kaR2 (26)
The U, (x) is as follows:

1 1
{O.Ska(R—T - X—O)2 R, < X,
0

R, >X

Up(x) = (@7)
where X, is the safe distance from the obstacles.

R, =|1Xq — X|| =
Jx—x9)2—(z— 292 — (y —yg)? is the distance
from the agent to the target, R, = ||X,—X| =
J=(z—2,)% + (x — x,)2 — (y — ¥,)% is the shortest
distance from the agent, and the obstacles, where X =
xy,2), Xm = (X Ym Zm), aNd Xg = (Xq, Ya, 24) are
the position of the agent, the position of obstacles and the
position of the target. The functions of repulsion and
attraction are present below:

1
F,=-V (E kaRg) kR,

. (1 1 ) 1 <y (28)
Ur(x)=4{"*R, R,”R,? T
0 R, > X,

The traditional APF method works poorly in obstacle
environments, and may get stuck in a local minimum. To
solve this issue, the improved APF is used. The spherical
repulsion field has been changed to an elliptic field in the
APF. According to Figure 2, the agent is placed in the
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center of the ellipse and the locations of the obstacles are
C and D. Around the agent, there is an ellipse repulsion
field, and the obstacles are placed on the edges of the
ellipse, which have different distances from the agent. As
a result, the repulsive field created can repel obstacles
more effectively (The range of repulsive increases). The
advantage of this way is that it allows a greater safety
distance for the agent to pass and makes it easier to pass
obstacles in complex environments. The parameters of
the ellipsoidal APF are proportional to the velocity of the
agent. The magnitudes of its long semi-axis a and middle
semi-axis b are determined by the components of the

agent's velocity. The focal length is ¢; = \/a? — g2,
and combined with the agent's coordinates and the
velocity direction can be derived from the coordinates of
the two focal points of the ellipse, as follows:

Xe1 — Xm = —QVy
Ye1 = Ym = —0QVy
Zel —Zm = —0QV,

(xe1 — xm)z + Ye1 — ym)z + (21 — Zm)z =
(ZZ _ ﬁZ
(29)

Xe2 = Xm = —QVy

Ye2 = Ym = —0QVy

Zep —Zm = —0V,

(X2 — xm)z + Ye2 — Ym)z + (22 — Zm)z =a%-

BZ
where  (Xp, Ym) Zm), (XH1, YH1, ZH1), and
(XH2, Yu2, Zy2) are the coordinates of the robot and focal
H,, H, of the ellipse. The condition for determining the
presence of obstacles in the improved APF requires the
geometric definition of an ellipse and the sum of the

distances from the obstacles to the two focal points of the
ellipse are:

di, A, H, H, =
V&= x51)2 + @ —yu1)? + (2 — zy1)? + (30)
VO = x2)2 + 7 — yu2)? + (2 — z2)?

The mentioned equation can be approximated as
follows:

d, A Hy, Hy = db, A Hy, Hy — 2X, (31)

obs

e

H1

Figure 2. Diagram of the APF with elliptical cross-section

If A,Hy, H, < 2a The obstacle will probably collide
with the agent and needs a way to avoid the collision. If
A H{,H, > 2a there is no possibility of collision. For
ease of calculations, the repulsive function of the
improved APF is considered as below:

1 ( L _L) 2
U, = 2 A \dAH H,-2a  Xo)' AHy, H, <
{0, AHyHy, > 2a (32)
2a

The repulsive force on the agent is given below:

E. =—AU, =
1 1 1

ka (d,A,Hl,HZ—Za - X_O) d2AHyH,' d AH,H; <2a (33)
0, A, Hl' Hz > 2a

where d x, xyq, Xg1 < 2« indicates the repulsive force
that acts within the ellipsoid. The total force on the agent
is as below:

Frotar ()
= \/(Fax +Fy)? + (Fay + Fry)2 + (Faz + E2)?

(34)

5. SIMULATIONS AND RESULTS

In this section, the results of obstacle avoidance using the
improved APF for a group of quadrotors (Figure 3) in 4
missions are present. First, the simulation results of
quadrotor attitude and position control are presented by
the MPC method.

Figure 4 shows the attitude of the quadrotor
controlled using the MPC method. Severe overshoot and
undershoot are not seen in the responses. The
convergence time of (¢, 6,y) are (1,0.9,2) seconds.

Figure 5 shows the position of the robot. According
to this figure, the responses track the reference well and
converge in less than 1 second.

In the following, the simulation results of the control
formation are presented.

Figure 6 indicates the position of robots in the S-
shaped path in which five follower quadrotors follow the
leader.

Figure 7 indicates the attitude of quadrotors in the S-
shaped path in which five follower quadrotors follow the
leader well. The maximum convergence time of the
follower's attitude (¢, 8, Y) is (6s,6s,9s).

Figure 8 presents the position of agents in 3D space,
where followers follow the leader in the S-shaped path.

The results of the formation flight simulation are
more than 90% consistent with the reported data in
literature (32, 35).

The results of avoiding collision with obstacles using
the improved APF are given in 3 missions. In the first
mission, the quadrotors have a square formation that
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Figure 3. Formation control block diagram
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Figure 4. Response curves of attitude for quadrotor
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Figure 5. Response curves of position for quadrotor
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Figure 6. The position of the robots in the S-shaped path
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Figure 7. The attitude of the quadrotors in the s-shaped path
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leader

follower1
follower2
follower3
follower4

y(m) 50 x(m)

Figure 8. 3D diagram of quadrotors along the s-shaped path

passes through static obstacles. In the second mission, the
quadrotors have a square arrangement, and the obstacles
are dynamic. In the third mission, the quadrotors have a
hexagonal arrangement, and the obstacles are fixed. In
this mission, the target is dynamic. In the final mission,
the quadrotors have a hexagonal arrangement, and the
obstacles are dynamic.

The results of the first mission are given in Figure 9.
The quadrotors have passed the static obstacles and have
maintained a square formation, and the leader has
reached the target. In this figure, the leader is at the point
(-3, -43), and after passing the obstacles, she reaches the
point (7, 20). Followers are also located at points (-10,
50), (-3, 50) and (-10, -43), and after passing the dynamic
obstacles, they are placed in points (-3, 10), (7, 9.5), and
(-3, 19.5), which maintain up to 95% accuracy of the
square shape after passing the obstacles. The locations of
obstacles are shown in Table 2.

In the second mission, four agents were considered.
The obstacles are dynamic. The simulation results of this
mission are given in Figures 10-12. The velocity of all
obstacles is V = [—3t(i), 9t (i), 12t (i)].

200

y(m)

40f

o R EEEEIREE ERIEE R i
-60 -40 -20 0 20

x(m)
P> APF sl OBS Y target == Agent
vector path
Figure 9. The flight path of the agents in the square
arrangement

TABLE 2. Position of obstacles

Obstacle X(m) Y(m) Z(m)
1 -10 -40 15
2 -10 -35 14
3 -10 -30 12
4 -10 -20 15
5 -10 -10 12
6 -10 -5 12
7 -10 0 15
8 -15 0 20
9 -20 0 20
10 -20 -5 18
11 0 -40 25
12 0 -35 15
13 0 -30 15
14 0 -20 20
15 0 -10 20
16 0 0 18
17 5 0 18
18 10 0 15
19 15 0 15
20 20 0 20

y(m)

-50¢
-50 0 50
x(m)
D>APF === OBS * target g  agent
vector
Figure 10. The positions of the agents at the beginning of

the flight

Figure 10 indicates the position of the agents at the
beginning of the flight, as well as the expected position
of the agents after crossing the obstacles.

Figure 11 presents the position of agents while
crossing the obstacles.

Figure 12 indicates the position of agents after
crossing the obstacles. This figure shows the successful
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passing of the agents through the dynamic obstacles and
maintaining the square arrangement after crossing. As it
is clear from Figures 10, 11, and 12, the leader is at the
point (-3, -43) at the beginning of the flight, and after
passing the dynamic obstacles, it reaches the point (10,
30). Which is as expected. Followers, who were initially
located at points (-10, -50), (-3,50), and (-10, -43), after
passing the obstacles, reach points (3, 19.7), (10, 20) and
(3, 29.6), which as expected should be at points (3, 20),
(10, 20) and (3, 30), and therefore, the simulation with
95% accuracy has kept its square formation and is as
expected.

In the third mission, the number of agents has
increased to 6. Obstacles are fixed, and the target is
moving. The simulations of this mission are presented in
Figure 13. The results indicate that the quadrotors passed
the obstacles, and the leader tracked the target. According
to Figure 13, the leader is at point (40, 32) at the
beginning of the flight, and after passing through the
obstacles, it reaches point (129, 107), which is expected
to reach point (130, 107). Also, the followers are located
at points (40, 15), (30, 15), (22, 22), (30, 32), and (47, 22)

50 0 50
x(m)
APF
>vector === OBS K target ¢  agent
Figure 11. Agents crossing obstacles during flight

y(m)

-50 0 50
x(m)
P> APF sl OBS * target g  agent
vector
Figure 12. The position of the agents after crossing the
obstacles
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D> APF sl OBS target follower __ . Target
vector * path

Figure 13. Quadrotors crossing static obstacles

at beginning of the flight, which reach points (130, 90),
(120, 91), (112, 98), (120, 107) and (140, 98) after
passing the static obstacles. Which, as expected, should
be placed in points (130, 90), (120, 90), (112, 97), (120,
107), and (140, 97), respectively. Therefore, the
simulations maintain the hexagonal formation with an
accuracy of more than 95%. Also, in this mission, the
target is moving and is first located at the point (90, 65)
and reaches the point (120, 107), which the leader tracks.
The location of the obstacles is shown in Table 3.

In the fourth mission, six robots are considered.
Obstacles are dynamic, and the target is static. The
simulations of this mission are present in Figures 14-16.
Figure 14, shows the initial position of the quadrotors and
target.

TABLE 3. Obstacles position

Obstacle X(m) Y(m) Z(m)
1 50 5 20
2 50 10 20
3 50 15 20
4 50 16 20
5 50 16 20
6 50 50 225
7 50 55 225
8 50 60 225
9 50 65 225
10 50 70 22.5
11 50 75 225
12 60 40 225
13 50 20 20
14 60 50 22.5
15 60 60 225
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Figure 14. The initial position of quadrotors, obstacles, and
targets

Figure 15 indicates that the quadrotors are crossing
obstacles, and the leader is moving towards the target.

Figure 16 indicates the quadrotors passing through
the moving obstacles and the leader reaching the target.
After passing through the obstacles, the quadrotors
preserve the hexagonal flight arrangement.

In these figures, it is clear that the leader is initially
located at point (40, 40) and reaches point (90, 71) after
passing the obstacles. As expected, it should reach the
point (90, 70). Other followers are located at the points
(40, 20), (30, 20), (20, 30), (30, 40), and (47, 30) at the
beginning of the flight, and after passing the dynamic
obstacles, they have reached the points (90, 51), (80, 49),
(70, 59), (80, 71) and (97, 60) according to Expectations
should have reached the points (90, 50), (80, 50), (70,
60), (80, 70) and (97, 60). These results showed that the
flight group maintained the hexagonal flight arrangement
after crossing the obstacles with 95% accuracy. These
results are consistent with crossing the obstacles of
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Figure 15. Agents passing through dynamic obstacles
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Figure 16. Preserving formation flight after crossing
obstacles

reported in literature (36), in which the APF method was
used.

In this section, the simulation results are given. First,
the results of controlling the position and condition of the
quadrotor are shown. The quadrotors converged to the
reference in less than two seconds, and there was no sharp
fluctuation in the responses. The results of formation
control show that five quadrotors have followed the
leader. Finally, the results of avoiding collisions with
obstacles on the improved artificial potential field in four
missions were presented. In the first mission, four
quadrotors were considered, and the obstacles were
static. In the second mission, four agents crossed
dynamic obstacles. In the third mission, six quadrotors
crossed static obstacles, and the target was moving. In the
last scenario, six quadrotors crossed dynamic obstacles.
The results of these simulations showed that the
quadrotors maintained their flight formation after
crossing the obstacles with 95% accuracy.

6. CONCLUSION

In this article, quadrotor formation control and obstacle
avoidance, and moving target tracking are investigated.

To achieve this goal, in the first step, the simulations of
the position and attitude controller were presented, which
showed that the convergence time of the responses is at
most 3 seconds, which is an acceptable time, and severe
overshoot and undershoot were not observed. The results
of simulation of formation control by the MPC method in
an S-shaped path and linear arrangement show that the
followers follow the leader and maintain a certain
distance and angle from the leader. Obstacle-crossing
results using the improved APF were presented in 4
missions. In the first scenario, three quadrotors followed
the leader and crossed static obstacles, and maintained a
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square formation. In the second scenario, four quadrotors

passed dynamic obstacles and,

after passing and

preserved the square formation. In the third mission, six
quadrotors crossed the static obstacles, and the leader
tracked the moving target. In the last mission, six
quadrotors crossed the dynamic obstacles. In these two
missions, the flight group maintained a hexagonal
formation after passing through the dynamic and static
obstacles. The results of these simulations show the
success of the method used to track the moving target and
pass the quadrotors through fixed and moving obstacles,
by increasing the agents and changing the flight
formation. Also, the problem of getting stuck in the local
minimum and not passing through environments with
many obstacles has not occurred, which indicates the
efficiency of the improved APF method.
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