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A B S T R A C T  
 

 

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 Artificial 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. INTRODUCTION1 
 

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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number of agents. To solve this problem, decentralized 

MPC (5, 6) or distributed MPC (7) have been proposed. 

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 H∞ 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: 

(1) Π == +𝜛4 + 𝜛2 − 𝜛1 − 𝜛3    ,   Π = [

𝜛1

𝜛2
𝜛3

𝜛4

]  

where (𝜛1, 𝜛2, 𝜛3 , 𝜛4) show the speeds of the rotors. 

The effect of the motion vector on the quadrotor 

dynamics is given below: 

(2) 𝑈𝐵(𝜛) =  𝐸𝐵𝜛2 =

[
 
 
 
 
 
0
0
𝑈1

𝑈2

𝑈3

𝑈4]
 
 
 
 
 

=

[
 
 
 
 
 
 

0
0

𝑏(𝜛1
2 + 𝜛2

2 + 𝜛3
2 + 𝜛4

2)

𝑏𝑙(𝜛4
2 − 𝜛2

2)

𝑏𝑙(𝜛3
2 − 𝜛1

2)

𝑐𝑑(𝜛2
2 + 𝜛4

2 − 𝜛1
2 − 𝜛3

2)]
 
 
 
 
 
 

  

where, 𝑙 is the length from the center of mass to each 

rotor, 𝑐𝑇 is the thrust force coefficient, and 𝑐𝑑 is the drag 

force coefficient. The 𝐸𝐵  and 𝑈𝐵(𝜛),  which show the 

motion matrix and the motion vector, are as follows. 

(3) 𝐸𝐵 =

[
 
 
 
 
 

0
0
𝑐𝑇

0
−𝑐𝑇𝑙
−𝑐𝑑

0
0
𝑐𝑇

−𝑐𝑇𝑙
0
𝑐𝑑

0
0
𝑐𝑇

0
𝑐𝑇𝑙
−𝑐𝑑

0
0
𝑐𝑇

𝑐𝑇𝑙
0
𝑐𝑑 ]

 
 
 
 
 

  

The dynamical equations of the quadrotor are given 

below: 

𝜗̇1 = 𝜙̇ = 𝜙̈ + 𝜃̈𝑠𝑖𝑛𝜙𝑡𝑎𝑛𝜃 + 𝜓̈𝑐𝑜𝑠 𝜙𝑡𝑎𝑛𝜃  

𝜗̇2 = 𝜃̇ = 𝜃̈𝑐𝑜𝑠𝜙 − 𝜓̈𝑠𝑖𝑛 𝜙  

𝜗̇3 = 𝜓̇ =
𝑠𝑖𝑛𝜙

𝑐𝑜𝑠𝜃
𝜃̈ +

𝑐𝑜𝑠𝜙

𝑐𝑜𝑠𝜃
𝜓̈  

𝜗̇4 = 𝑥̇ = 𝜗   

𝜗̇5 = 𝑦̇ = 𝜗   

𝜗̇6 = 𝑧̇ = 𝜗   

𝜗̇7 = 𝑃̇ =
𝐼𝑌𝑌−𝐼𝑍𝑍

𝐼𝑋𝑋
𝑅𝑄 − 

𝐽𝑇𝑝

𝐼𝑋𝑋
𝑄 𝛺 +

𝑈2

𝐼𝑋𝑋
  

𝜗̇8 = 𝑄̇ =
𝐼𝑍𝑍−𝐼𝑋𝑋

𝐼𝑌𝑌
𝑅𝑃 + 

𝐽𝑇𝑝

𝐼𝑌𝑌
𝑃 𝛺 +

𝑈3

𝐼𝑌𝑌
  

𝜗̇9 = 𝑅̇ =
𝐼𝑋𝑋−𝐼𝑌𝑌

𝐼𝑍𝑍
𝑃𝑄 +

𝑈4

𝐼𝑍𝑍
  

(4) 

𝜗̇10 = 𝑈̇ = (−𝑊𝑄 + 𝑉𝑅) + 𝑔𝑠𝜃  

𝜗̇11 = 𝑉̇ = (−𝑈𝑅 + 𝑊𝑃) − 𝑔𝑐𝜃𝑠𝜙  

𝜗̇12 = 𝑊̇ = (−𝑈𝑄 + 𝑉𝑃) − 𝑔𝑐𝜃𝑠𝜙 +
𝑈1

𝑚
  

where, 𝐽𝑇𝑝 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 𝐼𝑋𝑋, 𝐼𝑌𝑌 , and 𝐼𝑍𝑍  are the 

moments of inertia in the x, y, and z-axis, whose values 

are given in Table 1. the rotors speed inputs 𝑈1, 𝑈2, 𝑈3, 
and 𝑈4 are as follows (21): 

(5) 

𝑈1 = 𝑐𝑇(𝜛1
2 + 𝜛2

2 + 𝜛3
2 + 𝜛4

2) 

𝑈2 = 𝑙𝑐𝑇 (−𝜛2
2 + 𝜛4

2 ) 

𝑈3 = 𝑙 𝑐𝑇 (−𝜛1
2 + 𝜛3

2 ) 

𝑈4 = 𝑐𝑑(−𝜛1
2 + 𝜛2

2 − 𝜛3
2 + 𝜛4

2) 

𝜛 = −𝜛1 + 𝜛2 − 𝜛3 + 𝜛4 

 

 

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 ∆𝑢(𝑘) = 𝑢(𝑘) − 𝑢(𝑘 −
1) in the equations. The state space equations are given 

below:  

[
∆𝑥𝑚(𝑘 + 1)

𝑦(𝑘 + 1)
] = [

𝐴𝑚 0𝑞×𝑛
𝑇

𝐶𝑚𝐴𝑚 𝐼𝑞×𝑞
] [

∆𝑥𝑚(𝑘)

𝑦(𝑘)
] +

[
𝐵𝑚

𝐶𝑚𝐵𝑚
] ∆𝑢𝑚(𝑘) + [

𝐵𝑑

𝐶𝑚𝐵𝑚
] 𝜀(𝑘)  

𝑦(𝑘) = [0𝑞×𝑛
𝑇 𝐼𝑞×𝑞] [

∆𝑥𝑚(𝑘)

𝑦(𝑘)
]  

(6) 

 
 

TABLE 1. Parameters of quadrotor dynamic 

Value Parameter  

𝟏𝟏 × 𝟏𝟎−𝟐 𝒌𝒈 𝒎𝟐 𝐼𝑋𝑋  

𝟏𝟗 × 𝟏𝟎−𝟐 𝒌𝒈 𝒎𝟐 𝐼𝑌𝑌  

𝟏. 𝟑 × 𝟏𝟎−𝟐 𝒌𝒈 𝒎𝟐 𝐼𝑍𝑍  

𝟔 × 𝟏𝟎−𝟓 𝒌𝒈 𝒎𝟐 𝐽𝑇𝑝  

𝟑. 𝟐𝟑  𝒌𝒈 𝑚  

𝟎. 𝟐𝟑  𝐦 𝑙  

𝟕. 𝟓 × 𝟏𝟎−𝟕 𝑵 𝒎 𝒔𝟐 𝑐𝑑  

𝟑. 𝟏𝟑 × 𝟏𝟎−𝟓 𝑵 𝒔𝟐 𝑐𝑇  
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The output is defined as below: 

(7 ) 𝑌 = 𝐻′𝑥(𝑘) + 𝐻". ∆𝑈 

where: 

(8) 

𝐻′ =

[
 
 
 
 

𝐶𝐴
𝐶𝐴2

𝐶𝐴3

⋮
𝐶𝐴𝑁𝑝]

 
 
 
 

 , 𝐻" =

[
 
 
 
 

𝐶𝐵 0 0
𝐶𝐴𝐵 𝐶𝐴 0
𝐶𝐴2𝐵

⋮
𝐶𝐴𝑁𝑝−1𝐵

𝐶𝐴𝐵
⋮

𝐶𝐴𝑁𝑝−2𝐵

𝐶𝐵
⋮

𝐶𝐴𝑁𝑝−3𝐵

    

… 0
… 0
…
⋱
…

0
⋮

𝐶𝐴𝑁𝑝−𝑁𝑐𝐵]
 
 
 
 

  

The cost function is considered as below: 

(9) 𝐽 = (𝑌 − 𝑤)𝑇𝑊𝑦(𝑌 − 𝑤) + ∆𝑈𝑇𝑊𝑢∆𝑈  

where, 𝑌  is the vector of predicted outputs, 𝑤  is the 

vector of reference signal values in future times, ∆𝑈 is 

the control signal, and 𝑊𝑢  and 𝑊𝑦  define the weight of 

inputs and outputs in the cost function. 

The necessary condition for minimizing the cost 

function is given below: 
𝜕𝐽

𝜕∆𝑈
= 0  

By satisfying the above condition, u is obtained as 

follows (31): 

(10) ∆𝑈 = (𝐻"𝑇𝑊𝑦𝐻" + 𝑊𝑢)−1𝐻"𝑇𝑊𝑦(𝑤 − 𝐻′𝑥(𝑘))  

 

 

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, λ is the distance from the center of the 

leader mass to the center of the follower mass, and 𝜑 is 

the angle between the x-axis and λ line. 

(11) {
𝜆𝑥 = −(𝑥𝐿 − 𝑥𝐹) cos𝜓𝐿 − (𝑦𝐿 − 𝑦𝐹) sin 𝜓𝐿

𝜆𝑦 = −(𝑥𝐿 − 𝑥𝐹) sin𝜓𝐿 − (𝑦𝐿 − 𝑦𝐹) cos𝜓𝐿
 

(12) 
𝜆𝑥

𝑑 = 𝜆 cos𝜑

𝜆𝑦
𝑑 = 𝜆 sin𝜑

  

The formation error is given below: 

(13) 

{

𝑒𝑥 = 𝜆𝑥
𝑑 − 𝜆𝑥

𝑒𝑦 = 𝜆𝑦
𝑑 − 𝜆𝑦

𝑒𝜓 = 𝜓𝐹 − 𝜓𝐿

  

{

𝑒̇𝑥 = 𝜆̇𝑥
𝑑 − 𝜆̇𝑥

𝑒̇𝑦 = 𝜆̇𝑦
𝑑 − 𝜆̇𝑦

𝑒̇𝜓 = 𝜓̇𝐹 − 𝜓̇𝐿

 

𝜆𝑑  and 𝜑𝑑  are constant parameters, therefore, 𝜆𝑥
𝑑  and  

𝜆𝑦
𝑑  have constant values and, their derivatives 𝜆̇𝑥

𝑑  and 𝜆̇𝑦
𝑑 

are zero. The transition dynamics on the x-y plane are 

present below: 

(14) {

𝑥̇𝑖 = 𝑣𝑖𝑥 cos𝜓𝑖 − 𝑣𝑖𝑦 sin𝜓𝑖

𝑦̇𝑖 = 𝑣𝑖𝑥 sin𝜓𝑖 + 𝑣𝑖𝑦 cos𝜓𝑖

𝜓̇𝐿 = 𝜔𝐿

  

 

 

 
Figure 1. Quadrotor formation in x-y plane 

𝜑 
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i  indicate leader (i = L)  or follower (i = F) . 𝑥̇𝑖  and 

𝑦̇𝑖  are velocities in the ground coordinate system. 𝜓𝑖  is 

the angle between the x-axis of the body and the ground 

coordinate system, and 𝑣𝑖𝑥  and 𝑣𝑖𝑦  are the velocities in 

the body coordinate system: 

(15) {
𝑣𝑖𝑥 = 𝑥̇𝑖 cos𝜓𝑖 + 𝑦̇𝑖 sin𝜓𝑖

𝑣𝑖𝑦 = −𝑥̇𝑖 sin 𝜓𝑖 + 𝑦̇𝑖 cos𝜓𝑖
 

As a result, the following relations are obtained. 

(16) {

𝑒̇𝑥 = −(𝜆𝑦
𝑑 − 𝑒𝑦)𝜔𝐿 − 𝑣𝐹𝑥 cos 𝑒𝜓 + 𝑣𝐹𝑦 sin 𝑒𝜓 + 𝑣𝐿𝑥

𝑒̇𝑦 = (𝜆𝑥
𝑑 − 𝑒𝑥)𝜔𝐿 − 𝑣𝐹𝑥 sin 𝑒𝜓 − 𝑣𝐹𝑦 cos 𝑒𝜓 + 𝑣𝐿𝑦

𝑒̇𝜓 = 𝜔𝐹 − 𝜔𝐿

 

The state space is as below. 

(17) 𝑥̇ = 𝐴(𝑥) + 𝐵(𝑥)𝜏  

where x is the state vector and τ is the control input, and 

M(x) and N(x) are defined as follows (32): 

(18) 𝑥 = [𝑒𝑥 𝑒𝑦 𝑒𝜓]𝑇  

(19) 𝜏 = [𝜏𝐹𝑥 𝜏𝐹𝑦 𝜔𝐹]𝑇  

(20) 𝐴(𝑥) = [

𝑒𝑦𝜔𝐿 + 𝜏𝐿𝑥 − 𝜔𝐿𝜆𝑦
𝑑

−𝑒𝑥𝜔𝐿 + 𝜏𝐿𝑦 + 𝜔𝐿𝜆𝑥
𝑑

−𝜔𝐿

]  

(21) 𝐵(𝑥) = [

− cos 𝑒𝜓

−sin 𝑒𝜓

0

sin 𝑒𝜓

−cos 𝑒𝜓

0

0
0
1
]  

The control law for the formation of the quadrotors 

based on MPC (33) is considered as follows: 

(22) 

𝑀𝑖(𝑘) = −∑ 𝑎𝑖𝑗
𝑁+1
𝑗=1 [∑ 𝛽𝑘

3
𝑘=0 (𝑓𝑖

(𝑘)
− 𝑓𝑗

(𝑘)
)] ,

𝑖𝜖{1,2,… . , 𝑁},  

𝑓𝑗
(𝑘)

= 𝑓𝑗
(𝑘)

− 𝑑𝑓𝑗
(𝑘)

,    𝑗𝜖{1,2,… . , 𝑁 + 1},  

{

𝛽 > 0 ∀𝑘𝜖{0,1,2,3}

𝜆𝑚𝑖𝑛 >
𝛽1

2

𝛽1𝛽2𝛽3−𝛽0𝛽3
2

𝛽1𝛽2 > 𝛽0𝛽3

  

where 𝑖 and 𝑁 +  1 represent quadrotor 𝑖 and the leader. 

The control gains 𝛽𝑘𝜖ℝ , 𝑘𝜖{0, 1, 2, 3}  must satisfy 

conditions (13). 𝑑𝑓𝑗
(𝑘)

𝝐ℝ𝟐  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: 

(23) 

𝑇𝑖(𝑘) = −∑ 𝑎𝑖𝑗
𝑁+1
𝑗=1 [∑ 𝛾𝑘

3
𝑘=0 (ℎ𝑖

(𝑘)
− ℎ̂𝑗

(𝑘)
)],  

  𝑖𝜖{1,2,… . , 𝑁},     

ℎ̂𝑗
(𝑘)

= ℎ𝑗
(𝑘)

− 𝑑ℎ𝑗
(𝑘)

,    𝑗𝜖{1,2,… . , 𝑁 + 1},  

𝑘𝜖{0, 1},  

𝛾𝑘 > 0, 𝑘𝜖{0, 1},  

where 𝛾𝑘𝜖ℝ 𝑘𝜖{0, 1} is control gains and 𝑑ℎ𝑗
(𝑘)

𝜖ℝ2 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 : 

(24) 𝑈𝑎𝑟(𝑥) = 𝑈𝑎(𝑥) + 𝑈𝑟(𝑥)  

where, 𝑈𝑎𝑟 , 𝑈𝑎 , 𝑎𝑛𝑑 𝑈𝑟 ,  represent the potential of 

attraction, the potential of repulsion, and the potential 

virtual field. Gradient functions are stated as follows: 

𝐹𝑎𝑟𝑡 = 𝐹𝑎 + 𝐹𝑟  

𝐹𝑎 = −𝑔𝑟𝑎𝑑[𝑈𝑎(𝑥)] 

𝐹𝑟 = −𝑔𝑟𝑎𝑑[𝑈𝑟(𝑥)] 

(25) 

where 𝑭𝒂  is the robot's attraction, and 𝑭𝒓  is the force 

created by 𝑼𝒓(𝒙). The attraction coefficient 𝒌𝒂  and the 

potential attraction field 𝑼𝒂(𝒙) are given below:  

𝑈𝑎 =
1

2
𝑘𝑎𝑅𝑎

2  (26) 

The 𝑼𝒓 (x) is as follows: 

𝑈𝑟(𝑥) = {
0.5𝑘𝑎(

1

𝑅𝑟
−

1

𝑋0
)2         𝑅𝑟 ≤ 𝑋0  

0                                𝑅𝑟 > 𝑋
  (27) 

where 𝑿𝟎 is the safe distance from the obstacles. 

𝑹𝒂 = ‖𝑿𝒅 − 𝑿‖ =
√(𝒙 − 𝒙𝒅)

𝟐−(𝒛 − 𝒛𝒅)
𝟐 − (𝒚 − 𝒚𝒅)

𝟐  is the distance 

from the agent to the target, 𝑹𝒓 = ‖𝑿𝒖 − 𝑿‖ =
√−(𝒛 − 𝒛𝒖)

𝟐 + (𝒙 − 𝒙𝒖)𝟐 − (𝒚 − 𝒚𝒖)
𝟐  is the shortest 

distance from the agent, and the obstacles, where 𝐗 =
(𝐱, 𝐲, 𝐳), 𝑿𝒎 = (𝒙𝒎, 𝒚𝒎, 𝒛𝒎), and 𝑿𝒅 = (𝒙𝒅, 𝒚𝒅, 𝒛𝒅) 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: 

𝐹𝑎 = −𝛻 (
1

2
𝑘𝑎𝑅𝑎

2) 𝑘𝑎𝑅𝑎 

𝑈𝑟(𝑥) = {
𝑘𝑎(

1

𝑅𝑟
−

1

𝑅𝑟
2)

1

𝑅𝑟
2          𝑅𝑟 ≤ 𝑋0  

0                                𝑅𝑟 > 𝑋0

     

(28) 

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 𝒄𝟏 = √𝜶𝟐 − 𝜷𝟐 , 
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: 

𝒙𝒄𝟏 − 𝒙𝒎 = −𝝔𝒗𝒙 

𝒚𝒄𝟏 − 𝒚𝒎 = −𝝔𝒗𝒚 

𝒛𝒄𝟏 − 𝒛𝒎 = −𝝔𝒗𝒛 

(𝒙𝒄𝟏 − 𝒙𝒎)𝟐 + (𝒚𝒄𝟏 − 𝒚𝒎)𝟐 + (𝒛𝒄𝟏 − 𝒛𝒎)𝟐 =

𝜶𝟐 − 𝜷𝟐  

𝒙𝒄𝟐 − 𝒙𝒎 = −𝝔𝒗𝒙 

𝒚𝒄𝟐 − 𝒚𝒎 = −𝝔𝒗𝒚 

𝒛𝒄𝟐 − 𝒛𝒎 = −𝝔𝒗𝒛 

(𝑥𝑐2 − 𝑥𝑚)2 + (𝑦𝑐2 − 𝑦𝑚)2 + (𝑧𝑐2 − 𝑧𝑚)2 = 𝛼2 −

𝛽2  

(29) 

where (𝒙𝒎, 𝒚𝒎, 𝒛𝒎),  (𝒙𝑯𝟏, 𝒚𝑯𝟏, 𝒛𝑯𝟏),  and 

(𝒙𝑯𝟐, 𝒚𝑯𝟐, 𝒛𝑯𝟐) are the coordinates of the robot and focal 

𝑯𝟏, 𝑯𝟐 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: 

𝑑1 , 𝐴, 𝐻1, 𝐻2 =

√(𝑥 − 𝑥𝐻1)
2 + (𝑦 − 𝑦𝐻1)

2 + (𝑧 − 𝑧𝐻1)
2 +

√(𝑥 − 𝑥𝐻2)
2 + (𝑦 − 𝑦𝐻2)

2 + (𝑧 − 𝑧𝐻2)
2  

(30) 

The mentioned equation can be approximated as 

follows: 

𝑑, 𝐴, 𝐻1, 𝐻2 = 𝑑1 , 𝐴, 𝐻1, 𝐻2 − 2𝑋0  (31) 

 

 
 

 

 

 

 

 

 

 

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

If 𝑨,𝑯𝟏, 𝑯𝟐 ≤ 𝟐𝜶 The obstacle will probably collide 

with the agent and needs a way to avoid the collision. If 

𝑨,𝑯𝟏, 𝑯𝟐 > 𝟐𝜶 there is no possibility of collision. For 

ease of calculations, the repulsive function of the 

improved APF is considered as below: 

𝑈𝑟 = {
1

2
𝑘𝑎 (

1

𝑑,𝐴,𝐻1,𝐻2−2𝛼
−

1

𝑋0
) ,2

0,                𝐴, 𝐻1, 𝐻2 > 2𝛼              
 𝐴,𝐻1, 𝐻2 ≤

2𝛼  

(32) 

The repulsive force on the agent is given below: 

𝐹𝑟 = −𝛥𝑈𝑟 =

{
𝑘𝑎 (

1

𝑑,𝐴,𝐻1,𝐻2−2𝛼
−

1

𝑋0
)

1

𝑑2𝐴,𝐻1,𝐻2
, 𝑑    𝐴, 𝐻1, 𝐻2 ≤ 2𝛼

0,                𝐴, 𝐻1, 𝐻2 > 2𝛼              
    

(33) 

where 𝒅 𝒙, 𝒙𝑯𝟏, 𝒙𝑯𝟏 ≤ 𝟐𝜶 indicates the repulsive force 

that acts within the ellipsoid. The total force on the agent 

is as below: 

𝐹𝑡𝑜𝑡𝑎𝑙(𝑥)

= √(𝐹𝑎𝑥 + 𝐹𝑟𝑥)
2 + (𝐹𝑎𝑦 + 𝐹𝑟𝑦)2 + (𝐹𝑎𝑧 + 𝐹𝑟𝑧)

2   
(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  (𝜙, 𝜃, 𝜓) 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 (𝜙, 𝜃, 𝜓) 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 

H2 H1 

𝛼 
b 

Fr 

Xu 

obs 
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Figure 3. Formation control block diagram 

 

 

 
Figure 4. Response curves of attitude for quadrotor 

 

 

 
Figure 5. Response curves of position for quadrotor 

 
Figure 6. The position of the robots in the S-shaped path 

 

 

 
Figure 7. The attitude of the quadrotors in the s-shaped path 
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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)]. 

 

 

 
 APF 

vector 

 OBS  target  Agent 

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 

 

 

 
 APF 

vector 

 OBS  target  agent 

 

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) 

 

 

 

 
APF 

vector 
 OBS  target  agent 

 

Figure 11. Agents crossing obstacles during flight 

 

 

 
 APF 

vector 

 OBS  target  agent 

 

Figure 12. The position of the agents after crossing the 

obstacles 

 
 APF 

vector 

 OBS  target  follower  Target 

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 22.5 

7 50 55 22.5 

8 50 60 22.5 

9 50 65 22.5 

10 50 70 22.5 

11 50 75 22.5 

12 60 40 22.5 

13 50 20 20 

14 60 50 22.5 

15 60 60 22.5 
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 APF 

vector 

 OBS  target  follower  leader 

 

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 

 

 

 
 APF 

vector 

 OBS  target  follower  leader 

 

Figure 15. Agents passing through dynamic obstacles 

 
 APF 

vector 

 OBS  target  follower  leader 

 

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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Persian Abstract 

 چکیده 
 ی . برااستهدف متحرک    ردیابیپرواز پس از عبور از موانع و    شیگروه کوادروتور، حفظ تداوم و آرا  یبرا  کینامیو د  ستایو عبور از موانع ا  دهیشکل مقاله کنترل    نیهدف از ا

با استفاده    روان یاست که در آن پ  رویشپ-پیرو پرواز بر اساس روش    یریاستفاده شده است. شکل گ   MPCاز روش    دهیشکل کوادروتورها و کنترل    تیو موقع   ت یکنترل وضع 

با    سه یآن در مقا  ی اصل  تیعبور از موانع استفاده شده است که مز   ی برا  افتهیبهبود     APFکنند. روش    یحفظ م پیشرو    را از   یو فاصله مشخص  هیزاو  ،دهیشکل از کنترل کننده  

APF   و   وضعیتکنترل کننده    یطراح  جیکند. نتای را حل م های پرمانعدر محیط و عدم عبور    یافتادن در حداقل محل  ریدافعه موانع است که مشکل گ   یرویبرد ن  شیافزا  یسنت

عبور   ج یکنند. نتای م یروی از رهبر پ روان،ینشان داد که پ  یچیمارپ  ر یدر مس دهیشکل کنترل  یهای ساز هیهمگرا شدند. شب  ه یثان سهنشان داد که کوادروتورها در کمتر از  تیموقع 

عبور    ی کینام یکوادروتور از موانع د  چهاردوم    ت یکوادروتور از موانع ساکن عبور کردند. در مامور  چهاراول    تی ارائه شد. در مامور  ت یکوادروتورها از موانع در چهار مامور

هدف    دری.لافتی  شینفر افزا  شش سوم تعداد کوادروتورها به    تیموررا حفظ کردند. در ما  یمربع   یکوادروتورها پس از عبور از موانع، ساختار پرواز  ت،یدو مامور  نیکردند. در ا

 ن یکرد. در ا  یابیهدف ثابت را رد  دریعبور کردند و ل  یکینامیکوادروتورها از موانع د  ت،یمامور  نی. در آخرندکرد  عبورو کوادروتورها از موانع ساکن    را ردیابی کرد  متحرک

نشان داد که کوادروتورها از موانع ثابت و متحرک عبور کرده و پس از    جینتا یساز هی کنند. شب یرا حفظ م یشش ضلع  شیاها، کوادروتورها پس از عبور از موانع، آر تیمامور

 پرواز را حفظ کردند.  آرایشعبور، 
 

 


