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Abstract: Nowadays, most of the recent researches are focusing on the use of multi-UAVs in both civil and military applications. 

Multiple robots can offer many advantages compared to a single one such as reliability, time decreasing and various simultaneous 

interventions. However, solving the formation control and obstacles avoidance problems is still a big challenge. This paper proposes 

a distributed strategy for UAVs formation control and obstacles avoidance using a consensus-based switching topology. This novel 

approach allows UAVs to keep the desired topology and switch it in the event of avoiding obstacles. A double loop control structure 

is designed using a backstepping controller for tracking of the reference path, while a Sliding Mode Controller (SMC) is adopted for 

formation control. Furthermore, collaborative obstacles avoidance is assured by switching the swarm topology. Numerical 

simulations show the efficiency of the proposed strategy. 
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1. INTRODUCTION 

In the last recent years, multi-agents formation control 

problems have become widely investigated in the 

research community. Compared with a single UAV, a 

group of collaborative UAVs can fulfill more difficult 

tasks and accomplish complex objectives. Different 

strategies and architectures have been proposed in the 

literature, such as behavior-based [1], virtual structure 

[2], potential field [3] and leader-follower [4-7]. In the 

centralized leader-follower (L-F) scenario, one of the 

agents designated as “leader” has the reference motion to 

be tracked by the other agents “followers”. To act 

cooperatively, the leader spreads its states among the rest 

of the swarm employing proper communication link; thus 

any single failure of the leader will lead to failure in the 

whole mission.  

In a formation control, quadrotors are not physically 

coupled. However, their relative motions are strongly 

constrained to keep the formation. In order to achieve 

precise formation control of multiple UAVs such as 

quadrotors, an accurate position control of each one is 

required [8-10]. For formation control, consensus 

algorithms have been extensively studied in the literature 

[4,7]. Based on consensus theory, it is clear that the 

achievement of formation depends not only on the 

individual UAV dynamics but also the interaction 

topologies between UAVs which is modeled by the graph 

theory. In practical applications, topology of UAV swarm 

systems may be switching due to the fact that the 

communication channel may fail or a new leader is 

elected. Formation control for UAVs with directed and 

switching topologies is studied in [11].Reference [12] 

proposes a novel switching method based on the binary-

tree network (BTN) to realize the transformations 

between the V-shape and the complete binary tree shape 

(CBT-shape) topologies. 

Many control mechanisms were used to hold the 

formation topology, the theory of multiple UAVs 

formation control can be found in [7]. References [13,14] 

propose a second-order consensus algorithm to follow a 

predetermined external reference, while [4,15,16] 

describes the formation control problem as a position 

control problem to be solved. While the precedent control 

techniques were able to maintain the formation, an 

estimation of the position for the leader as well as the 

followers is needed. An attitude control technique is used 

for spacecraft formation vehicles such as in [17-18] 

where robust attitude coordinated control is used. For 

quadrotors, reference [19] proposes a transformation 

control technique to convert the position control to an 

http://dx.doi.org/10.12785/ijcds/080208 
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attitude control problem. After this, the formation attitude 

stability is then assured using a backstepping controller. 

 In order to operate safely and to accomplish mission 

tasks, one of the essential criteria required for the UAVs 

is the ability to avoid collisions with other members of 

swarms and environmental obstacles. A survey of UAVs 

obstacles avoidance is presented in [20]. Paper [21] 

proposes two efficient algorithms: conflict detection 

(CD) algorithm and conflict resolution (CR) algorithm 

for cooperative multi-UAV collision avoidance system. 

The work in [22] proposes modified tentacle formation 

flight and collision avoidance algorithm for multiple 

UAVs in unstructured environments, while [23] 

developed an autonomous navigation and avoiding 

obstacles along the trajectory without any pilot inputs in 

an outdoor environment. In [24], the author’s present 

directional collision avoidance with obstacles in 

swarming applications through the implementation of 

relative position based cascaded PID position and 

velocity controllers. Furthermore, reference [25] presents 

a collision avoidance method for multiple UAVs and 

other non-cooperative aircraft based on velocity planning 

and taking into account the trajectory prediction under 

uncertainties. Finally, reference [2] deals with a 

behavior-based decentralized control strategy for UAV 

swarming by using artificial potential functions and 

sliding mode control technique. However the previously 

cited papers were able to deal with the obstacle 

avoidance problem within a swarm of UAVs, but no one 

has optimized the generated trajectory. 

This paper introduces a distributed strategy for UAVs 

formation control and obstacles avoidance using a 

consensus-based switching topology. The novelty of this 

approach is that the UAVs can keep the desired topology 

while tracking the reference path and switch it to avoid 

obstacles. 

Based on a consensus-attitude approach, the formation 

topology is maintained with a minimum of a sharing data, 

and the controller is robust to any external disturbances. 

Furthermore, both of trajectory tracking and formation 

control algorithms are based on a double loop control 

structure with backstepping/SMC controller. 

This article is organized as follow: Section 2 gives a 

brief background over graph theory and consensus 

dynamics. The dynamic model of a quadrotors is 

described in Section 3.Section 4 introduces a single 

quadrotors controller design in the first part, while the 

second part shows the formation control design using 

SMC controller. Trajectory generation and obstacle 

avoidance algorithms can be found in Section 5. Section 

6 discusses the simulation results with many proposed 

scenarios. Finally, in Section 7 conclusions as well as 

future recommendations are given. 

2. DISTRIBUTED L-F FORMATION 

A. Formation Configuration 

The distributed formation control with L-F 

configuration is depicted in Fig.1. The red quadrotors 

represent the leaders, while the others are followers. The 

proposed leader-follower formation has the following 

novelties comparing to the existing works. 

 

 Distrusted formation control: The quadrotors do not 

have any global knowledge, thus no single 

centralized decision maker exists.  

 Multiple and changeable leaders: the number of 

leaders may be higher than one, the statue (leader or 

follower) of the agent is changeable.  

 Interactions between leaders and followers: the 

leader(s) can be affected by their neighboring 

followers. 

 
Figure 1.  Distributed formation control with L-F 

configuration 

The difficulty of this formation structure is that the 

followers do not know about the formation trajectory. 

They only depend on the states of their neighbors 

(attitude) in order to accomplish the formation task. 

Therefore, the interactions are important for the 

followers, not only for the reason of collision avoidance 

but also for formation. 

 

Assumption 1. In the investigated leader-follower 

formation problem, only the leader is aware of the 

formation task, and the remaining UAVs interact with 

each other or with the leaders through a rigid or 

switching topology. 

B. Consensus Dynamics 

Consider 𝑥𝑖(𝑡) ∈ 𝑅 to be the 𝑖-th node’s state at time 𝑡 
on which agreement is required for all nodes. The 

continuous-time consensus dynamics is defined over the 

graph 𝒢 = (𝒱, ℰ) as:  

 

�̇�𝑖(𝑡) =  ∑ (𝑥𝑗(𝑡) − 𝑥𝑖(𝑡))                                      (2)

{𝑣𝑖 ,𝑣𝑗}∈𝓔

 

 



 

 

                                               Int. J. Com. Dig. Sys. 8, No.2, 167-178 (Mar-2019) 169 

 

 

http://journals.uob.edu.bh 

Thus, to update the i-th node’s state, only the relative 

state of node 𝑖 ’s neighbor’s state is required. In a 

compact form with 𝑥(𝑡) ∈ 𝑅 , the collective dynamics is 

represented as:  

 

�̇�(𝑡) =  −𝐿 𝑥(𝑡)                                                                    (3) 
 

With 𝐿 , being the graph Laplacian matrix of the 

underlying interaction topology, described in the 

previous subsection. For a connected graph 𝒢 , the 

network dynamics will converge to an agreement on the 

state, that is 𝑥1(𝑡) =  𝑥2(𝑡) = ⋯ =  𝑥𝑛(𝑡) =  𝛼, for some 

constant 𝛼 , for all initial conditions. Further, the slowest 

convergence of the dynamics is determined by 

𝜆2(𝐿)which is a measure of graph connectivity. 

Definition 3.The L-F consensus of system Eq. 4., is said 

to be achieved if, for each   UAV ∈ 𝒱 , 

 

lim
𝑡→∞

‖𝑥𝑖 − 𝑟(𝑡) − 𝑑𝑖0‖ = 0                                                          

lim
𝑡→∞

‖�̇�𝑖 − �̇�(𝑡)‖ = 0        𝑤ℎ𝑒𝑟𝑒 𝑖 = 1,… . , 𝑛                  (4) 

 

for some initial conditions 𝑥𝑖(0) , 𝑖 = 1, … , 𝑛. Therefore, 

the desired position of UAV 𝑖 ∈ 𝒱 evolves according to 

𝑥𝑖
𝑑(𝑡) − 𝑟(𝑡) =  𝑑𝑖0 and �̇�𝑖

𝑑(𝑡) − �̇�(𝑡) = 0 , then, we 

obtain:  

 

𝑥𝑖
𝑑(𝑡) =  𝑑𝑖0 +   𝑟(𝑡) and  �̇�𝑖

𝑑(𝑡) =  �̇�(𝑡)                      (5) 
 

Let us make a sum of the relative position state 

vectors. Note that we drop the explicit expression of time 

in the expressions for the sake of simplicity. 

 

∑(𝑥𝑖 − 𝑥𝑗 − 𝑑𝑖𝑗)

𝑗∈𝒩𝑖

                         𝑖𝑓 𝑖 𝑖𝑠 𝑎 𝑓𝑜𝑙𝑙𝑜𝑤𝑒𝑟 

∑(𝑥𝑖 − 𝑥𝑗 − 𝑑𝑖𝑗)

𝑗∈𝒩𝑖

+ 𝑥𝑖 − 𝑟 − 𝑑𝑖0  𝑖𝑓 𝑖 𝑖𝑠 𝑎 𝑙𝑒𝑎𝑑𝑒𝑟             (6) 

 

The inter-distance is given by 𝑑𝑖𝑗 = 𝑑𝑖0 − 𝑑𝑗0. Then, 

equations 𝐸𝑞. 6. can be rewritten as follows: 

 

∑ ((𝑥𝑖 − 𝑟 − 𝑑𝑖0) − (𝑥𝑗 − 𝑟 − 𝑑𝑗0))

𝑗∈𝒩𝑖

          𝑖𝑓 𝑖 𝑖𝑠 𝑎𝑓𝑜𝑙𝑙𝑜𝑤𝑒𝑟 

∑ ((𝑥𝑖 − 𝑟 − 𝑑𝑖0) − (𝑥𝑗 − 𝑟 − 𝑑𝑗0))

𝑗∈𝒩𝑖

+ 𝑥𝑖 − 𝑟 − 𝑑𝑖0     𝑖𝑓 𝑖 𝑖𝑠 𝑎 𝑙𝑒𝑎𝑑𝑒𝑟     (7) 

 

Let introduce the available desired trajectory for each 

UAV as follows:  

 

�̅�𝑖
𝑑 = 

1

|𝒩𝑖|
∑ (𝑥𝑗 + 𝑑𝑖𝑗))

𝑗∈𝒩𝑖

                  𝑖𝑓 𝑖 𝑖𝑠 𝑎 𝑓𝑜𝑙𝑙𝑜𝑤𝑒𝑟 

�̅�𝑖
𝑑 = 

1

|𝒩𝑖 +  1|
(∑(𝑥𝑗 + 𝑑𝑖𝑗))

𝑗∈𝒩𝑖

+ 𝑟 + 𝑑𝑖0)  𝑖𝑓 𝑖 𝑖𝑠 𝑎 𝑙𝑒𝑎𝑑𝑒𝑟         (8) 

 

It can be observed that �̅�𝑖
𝑑 is available for UAV 𝑖. 𝐸𝑞. 8.is 

rewritten in matrix form for all the quadrotors as follows:  

 

[
𝑥1 − �̅�1

𝑑

⋮
𝑥𝑛 − �̅�𝑛

𝑑
] = (𝒢 ⊗ 𝐼2) [

𝑥1 − 𝑥1
𝑑

⋮
𝑥𝑛 − 𝑥𝑛

𝑑
]                                     (9) 

 

Where �̃� , represents the normalized interaction matrix. 

We know that �̃� is invertible if the graph of the multi-

UAV system is connected with at least one leader. 

Therefore, if each UAV can precisely track the desired 

trajectory �̅�𝑖
𝑑(𝑡), the formation task is achieved. Its time 

derivative �̅�𝑖
�̇�can be obtained, which are in terms of the 

attitude of the neighbors. Note that 𝑑𝑖𝑗  is constant in a 

rigid formation task. In the literature, for instance, where 

a leaderless multi-agent system is considered, the 

proposed consensus algorithm leads to a normalized 

Laplacian matrix. In this paper, since an L-F 

configuration is considered, a normalized interaction 

matrix is defined by: 

 

𝒢 = (𝒢𝐷 + 𝒢𝐿)−1. 𝒢                                                          (10) 

3. QUADROTORS DYNAMICS 

Let 𝐸𝑏{𝑥𝑏 , 𝑦𝑏 , 𝑧𝑏} denotes the body frame attached to 

the quadrotors while 𝐸𝑖{𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖}  denotes the inertial 

frame fixed with the earth while as illustrated in Fig.2. 

 

 
Figure 2.  Inertial and body-fixed frame of the quadrotors 

For modeling the physics of the quadrotor the Euler-

Newton equations for translational and rotational 

dynamics of a rigid body are used. The dynamical model 

representing the quadrotor rotations can be given in the 

state-space form �̇� = 𝑓(𝑥) +  𝑔(𝑥, 𝑢)  with 𝑥 =

[𝜑 �̇� 𝜃 �̇� 𝜓 �̇� 𝑥 �̇� 𝑦 �̇� 𝑧 �̇�]𝑇 , is the state vector of the 

system such as: 
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𝑓 =

{
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

�̇�1 = 𝑥2
�̇�2 = 𝑎1𝑥4𝑥6+ 𝑎2𝑥4Ω+ 𝑏1𝑢2

�̇�3 = 𝑥4
�̇�4 = 𝑎3𝑥2𝑥6+ 𝑎4𝑥2Ω+ 𝑏2𝑢3

�̇�5 = 𝑥6
�̇�6 = 𝑎5𝑥2𝑥4+  𝑏3𝑢4

�̇�7 = 𝑥8

�̇�8 = 
𝑢1
𝑚
𝑢𝑥

�̇�9 = 𝑥10

�̇�10 = 
𝑢2
𝑚
𝑢𝑦

�̇�11 = 𝑥12

�̇�12 = 
1
𝑚
(𝐶𝑥1𝑆𝑥3𝑢1)−𝑔

                              (11) 

 

With:  

 

{
 
 
 
 
 

 
 
 
 
 𝑎1 = (

𝐽𝑦 − 𝐽𝑧
𝐽𝑥

) , 𝑎2 = (
𝐽𝑟
𝐽𝑥
)

𝑎3 = (
𝐽𝑧 − 𝐽𝑥
𝐽𝑦

) , 𝑎4 = (−
𝐽𝑟
𝐽𝑦
)

𝑎5 = (
𝐽𝑥 − 𝐽𝑦
𝐽𝑧

)

𝑏1 = (
𝑙

𝐽𝑥
) , 𝑏2 = (

𝑙

𝐽𝑦
)𝑏3 = (

1

𝐽𝑧
)

{
𝑈𝑥 =  (𝐶𝑥1𝑆𝑥3𝐶𝑥5 + 𝑆𝑥1𝑆𝑥5)

𝑈𝑥 = (𝐶𝑥1𝑆𝑥3𝐶𝑥5 − 𝑆𝑥1𝑆𝑥5)
 

 
With  𝐽 = 𝑑𝑖𝑎𝑔(𝐽𝑥 , 𝐽𝑦 , 𝐽𝑧)  introduces the inertia matrix 

with respect to the body-fixed frame, 𝐽𝑟 is the moment of 

inertia of the rotor, 𝑚 and 𝑔 represent the vehicle’s mass 

and gravity vector respectively. Equ.12 gives the 

designed control inputs: 

 

[

𝑢1
𝑢2
𝑢3
𝑢4

] =

[
 
 
 
 
𝑘𝑇(𝜔1

2 + 𝜔2
2 + 𝜔3

2 +𝜔4
2)

𝑘𝑇(𝜔1
2 − 𝜔2

2 − 𝜔3
2 +𝜔4

2)

𝑘𝑇(𝜔1
2 + 𝜔2

2 − 𝜔3
2 −𝜔4

2)

𝑘𝐷(−𝜔1
2 + 𝜔2

2 − 𝜔3
2 + 𝜔4

2)]
 
 
 
 

(12) 

 
Quadrotors are a differential system with 4 at outputs 

[8]. These at outputs are the inertial position of the 

vehicle, x, y, and z, and the yaw angle 𝜓 . By 

manipulation of the equation of motion, the state vector 

and input vector can be expressed as a function of the 

output vector. 

 

𝜃𝑑 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑥8

𝑥12 + 𝑔
) 

𝜑𝑑 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑥8

𝑥12 + 𝑔
. 𝑐𝑜𝑠(𝜃𝑑))                                (13) 

4. CONTROLLER DESIGN 

A. Formation Controller 

The formation control strategy is as follows: first, the 

swarm leaders have to track the predefined path, and the 

followers follow the leader while maintaining the 

separation distance from the leader. For the position 

controller, the leader tracks the predefined x, y position 

trajectory using the reference roll and pitch angles. The 

leader is then tracking the predefined path with the 

previously calculated reference attitude angles through 

the attitude tracking control. On the other hand, the 

followers have the same control scheme as the leader. 

Instead of the predefined trajectory given to the leader, 

the follower’s attitude and the separation distance 𝑑𝑖 
between the followers and leader are used for the 

formation control of the followers. Fig.3. illustrates the 

overall proposed formation control system block 

diagram. The same backstepping-based control strategy 

is used for both the leader and the followers. 

 

 
Figure 3.  Formation Control Strategy 

Theorem1. Consider the x, y, z position and the 𝜑, 𝜃, 𝜓 

of the leader/follower in Equ.11.controlled by the actual 

control inputs in Equ.23. and Equ.24. Then, there exist 

the design parameters 𝑘𝑖 > 0  𝑖 ∈ {1,… ,12} such that the 

actual position and attitude control input of the 

leader/follower in Equ.23. and Equ.24. asymptotically 

stabilizes the formation error systems in Equ.14. 

 

Proof. Let consider the tracking error:  

 

𝑒𝑖 = {
𝑥𝑖𝑑 − 𝑥𝑖                                         𝑖 ∈ {1,3,5,7,9,11}

�̇�(𝑖−1)𝑑 − 𝑥𝑖 + 𝑘(𝑖−1)𝑒(𝑖−1)        𝑖 ∈ {2,4,6,8,10,12}
 (14) 

 

Using the Lyapunov functions as:  

 

𝑉𝑖(𝑥) =  {

1 

2
𝑒𝑖
2                                 𝑖 ∈ {1,3,5,7,9,11}

𝑉(𝑖−1) + 
1 

2
𝑒𝑖
2                   𝑖 ∈ {2,4,6,8,10,12}

      (15) 
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By applying the following algorithm:  

For i =1 

 

{

𝑒1 =  𝑥1𝑑
−𝑥1

𝑉1 = 
1 
2
𝑒1
2
                                                                    (16) 

 

And  

 

�̇�1 = 𝑒1�̇�1 = 𝑒1(�̇�1𝑑 − 𝑥2)                                              (17) 

 

Using the Lyapunov function, the stability of 𝑒1can be 

obtained by introducing a virtual control input 𝑥2𝑑such 

that: 

 

𝑥2𝑑 = �̇�1𝑑 + 𝑘1𝑒1                                                             (18) 
 

With  𝑘1 > 0   the Equ.18.is then: �̇�1 = −𝑘1𝑒1
2  . Let 

consider a variable change by making:  

 

𝑒2 = 𝑥2 − �̇�1𝑑 − 𝑘1𝑒1
2                                                     (19) 

 

For i =2 

 

{

𝑒2 = 𝑥2 − �̇�1𝑑 − 𝑘1𝑒1
2

𝑉2 = 
1

2
𝑒1
2 +

1

2
𝑒2
2

                                                  (20) 

 

And:  

 

�̇�2 = 𝑒1�̇�1 + 𝑒2�̇�2                                                              (21) 
 

Finally:  
 

�̇�2 = 𝑎1𝑥4𝑥6 + 𝑎2𝑥4Ω + 𝑏1𝑈2 − �̈�1𝑑 − 𝑘1�̇�1            (22) 
 

The control signal 𝑈2 is obtained such that  
�̇�2 = 𝑒1�̇�1 + 𝑒2�̇�2  ≤ 0  as follow:   
 

𝑈2 =  
1

𝑏1
(− 𝑎1𝑥4𝑥6 − 𝑎2𝑥4Ω + �̈�𝑑 + 𝑘1(−𝑘1𝑒1 + 𝑒2) + 𝑘2𝑒2 + 𝑒1)           (23) 

 

The same steps are followed to extract the control 

signals as follow:  

 

{
 
 
 
 
 

 
 
 
 
 𝑈3 = 

1

𝑏2
(− 𝑎3𝑥2𝑥6 − 𝑎4𝑥2Ω + �̈�𝑑 + 𝑘3(−𝑘3𝑒3 + 𝑒4) + 𝑘4𝑒4 + 𝑒3)

𝑈4 =  
1

𝑏3
(−𝑎5𝑥2𝑥4 + ψ̈𝑑 + 𝑘5(−𝑘5𝑒5 + 𝑒6) + 𝑘6𝑒6 + 𝑒5)

𝑈𝑥 =  
𝑚

𝑈1
(ẍ𝑑 + 𝑘7(−𝑘7𝑒7 + 𝑒8) + 𝑘8𝑒8 + 𝑒7)

𝑈𝑦 =  
𝑚

𝑈2
(ÿ𝑑 + 𝑘9(−𝑘9𝑒9 + 𝑒10) + 𝑘10𝑒10 + 𝑒9)

𝑈1 = 
𝑚

𝐶𝑥1𝐶𝑥3
(𝑔 + z̈𝑑 + 𝑘11(−𝑘11𝑒11 + 𝑒12) + 𝑘12𝑒12 + 𝑒11)

       (24) 

 

With: 𝑈1 ≠ 0  and 𝑘𝑖 > 0      𝑖 ∈ {2, … ,12} 

B. Controller Design 

The designed formation controller aims to achieve the 

desired configuration in X-Y plane for the leader-

follower formation. First, the Z altitude is achieved for 

the swarm into either same or different height. This 

formation topology is maintained via keeping a constant 

separation distance d and an angle α between each 

follower and the leader: 

 
𝑑𝑥 = −(𝑋𝐿 − 𝑋𝐹) 𝑐𝑜𝑠(𝜓𝐿) − (𝑌𝐿 − 𝑌𝐹) 𝑠𝑖𝑛(𝜓𝐿) 
𝑑𝑦 = (𝑋𝐿 − 𝑋𝐹) 𝑠𝑖𝑛(𝜓𝐿) − (𝑌𝐿 − 𝑌𝐹) 𝑐𝑜𝑠(𝜓𝐿)       (25) 

 

With𝑑𝑥 and 𝑑𝑦 are the X and Y coordinates of the actual 

distance d as shown in Fig.4. 

 

 

Figure 4.  Leader-Followers Formation architecture 

Theorem2.The formation control can be achieved using 

the attitude tracking of the leader and the followers. 

Then, there exist the design parameters λθ  and λφ  such 

that the actual θ , φ attitude control input of the 𝑖 -th 

follower in Equ.23. and Equ.24. asymptotically stabilizes 

the formation error systems related to the x, y position of 

the 𝑖-th follower in Equ.30. 

Proof. A first-order sliding mode controller is used to 

minimize this error. First, a time-varying surface 𝑠(𝑡)is 

defined by the scalar equation 𝑠(𝑒, 𝑡) = 0, where:  

𝑠(𝑒, 𝑡) = (
𝑑

𝑑𝑡
+  𝜆)𝑛−1𝑒                                                    (26) 

 

      The second-order tracking problem is then transferred 

to a first-order stabilization problem, thus: 
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𝑠 ̇ = �̈� +  𝜆�̇� 
1

2

𝑑

𝑑𝑡
𝑠2  ≤  −𝜂|𝑠|                                                                (27) 

 

Equ.27. is a Lyapunov candidate function chosen for 

the control law 𝑢 to maintain scalar 𝑠 = 0. This function 

states that 𝑠2is the squared distance to the sliding surface, 

where 𝜂 is a positive constant.  

As shown in Fig.5.the designed control algorithm is 

based onSMC controller to keep the formation topology 

in a perturbed and uncertain environment. The 𝑥 and 𝑦 

formation control errors have to satisfy the following 

conditions: 

 

lim
𝑡→∞

‖𝑒𝑥‖ =  ‖𝑑𝑥
𝑑 − 𝑑𝑥‖ = 0  

lim
𝑡→∞

‖𝑒𝑦‖ =  ‖𝑑𝑦
𝑑 − 𝑑𝑦‖ = 0                                         (28) 

 

Where𝑑𝑥
𝑑

and𝑑𝑦
𝑑

 are the desired distance between the 

leader and follower in both x and y directions 

respectively. 

By assuming a zero yaw angle, the formation can be 

then controlled according to Equ.25. and Equ.27. for each 

follower using the following equations: 

 

�̈�𝐹𝑖 = �̈�𝐿 + λx(�̇�𝐿 − �̇�𝐹𝑖)  

�̈�𝐹𝑖 = �̈�𝐿 + λy(�̇�𝐿 − �̇�𝐹𝑖)(29) 

 

Finally, by combining Equ.13. and Equ.29. the 

position control problem is transformed to an attitude 

control. A direct estimation of the attitude can only be 

used to control the formation: 

 

𝜃𝐹𝑖 = 𝜃𝐿  +  λθ(�̇�𝐿 − �̇�𝐹𝑖)  

𝜑𝐹𝑖 = 𝜑𝐿  +  𝜆𝜑(�̇�𝐿 − �̇�𝐹𝑖)                                           (30) 

 

where λθ and λφare the attitude formation control gains, 

with λθ > 0 and λφ > 0.Therefore by the Lyapunov 

stability theorem, the formation error related to the 𝑖-th 

follower are asymptotically stable.  

 
Figure 5.  Leader-Followers Formation control 

5. TRAJECTORY GENERATION & OBSTACLES 

AVOIDANCE 

Algorithm.1 starts with initial positions of all the 

swarm UAVs, and the only the final position of the 

leader, the agent’s final position is then estimated 

depending on the formation topology. The mission 

objective is that the leader reaches its final destination, 

which means that the distance between the starting and 

final position converge to zero. The inter-distance 

between the swarm agents is also supposed to be 

respected whatever the formation topology is. The 

optimal path between the starting the final position is a 

straight line, if exists then the leader and the followers 

will track it. If any obstacles detected then the function 

SelectOptimalPath will generates the nodes to avoid the 

obstacles for the leader, which then produces the 

follower’s path. The switching topology formation is 

called whenever no optimal path can be generated for the 

followers. The swarm then switches its topology, avoids 

the obstacles, and comes back to its initial topology if no 

furthered obstacles are detected. 

 
Algorithm 1.  Obstacles Avoidance Algorithm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. SIMULATION RESULTS 

This section presents the simulation results related to 

the quadrotors formation control and obstacles avoidance 

discussed in the other sections is shown. Many scenarios 

have carried out depending on the formation control and 

the different constraints that can occur during a mission. 

Table.1 presents all the parameters used in the 

simulation and adopted to the quadrotors model.  

 

 

 

 

 

1   Initialization 

2   𝑃𝑎𝑡ℎ(𝑃𝑖(𝑖), 𝑃𝑓(𝑖)) all  𝑖 ∈ 𝒱 

3   𝑃𝑖𝑃 

4 while 𝐷𝑖𝑠𝑡(𝑃𝑓; 𝑃𝑖) > 𝑑admissible  do 

5 𝑃𝐷𝑟𝑎𝑤𝐿𝑖𝑛𝑒(𝑥𝑔, 𝑥𝑖) 

6  If  𝑃 exist 

7  𝑥𝑖𝑆𝑒𝑙𝑒𝑐𝑡𝑂𝑝𝑡𝑖𝑚𝑎𝑙𝑃𝑎𝑡ℎ(𝑃𝑖 , 𝑃) 
8  𝑃𝐴𝑑𝑑𝑃𝑎𝑡ℎ(𝑃, 𝑥𝑖) 
9  If else 𝑂𝑏𝑡𝑎𝑐𝑙𝑒_𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 

10  𝑥𝑖𝑆𝑒𝑙𝑒𝑐𝑡𝑂𝑝𝑡𝑖𝑚𝑎𝑙𝑃𝑎𝑡ℎ(𝑃𝑖 , 𝑃) 
11  switch 𝐿𝑖𝑛𝑒 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 

12  𝑥𝑖𝑆𝑒𝑙𝑒𝑐𝑡𝑂𝑝𝑡𝑖𝑚𝑎𝑙𝑃𝑎𝑡ℎ(𝑃𝑖 , 𝑃) 
13  𝑃𝐴𝑑𝑑𝑃𝑎𝑡ℎ(𝑃, 𝑥𝑖)  

14  end if 

15 𝑖𝑖 + 1 

16 end while 

17   end 
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TABLE I.  QUADROTORS PARAMETERS 

Parameter Value Unit 

𝐼𝑥 0.00065 𝑘𝑔.𝑚2 

𝐼𝑦  0.00065 𝑘𝑔.𝑚2 

𝐼𝑧 0.0014 𝑘𝑔.𝑚2 

𝑙 0.125 𝑚 

kT 0.001 𝑘𝑔.𝑚 

kD 0.00002 𝑘𝑔.𝑚2 

m 0.26 Kg 

 

For all the next scenarios 4 quadrotors UAVs are used 

(Fig .6), the communication link between all the UAVs is 

supposed to be assured. The aim is that all the UAVs can 

maintain or switch their formation depending on the 

faced situation.  

 

 
Figure 6.  Leader-Followers formation topology 

An overview of the simulated cases is 

describedbelow:      

1- Scenario1:All the 4 UAVs start from different 

points and track the desired path while keeping a 

diamond formation of one leader and three 

followers. 

2- Scenario2:In this scenario, the UAVs are tracking 

the same path as in Scenario 1.An external wind 

disturbance is presented over the leader and 

followers. 

3- Scenario 3: The last scenario simulates the case of 

the presence of external obstacles. The swarm 

continues its path to the desired position, and 

avoids collisions with obstacles or between 

agents. 

A. Scenario 1 : Centralized L-F Formation  

 As mentioned before, in this scenario four “4” 

quadrotors UAVs (1 leader and 3 followers) are used in a 

diamond formation.  

 

 
Figure 7.  Diamond L-F Formation 

The leader begins its route from an initial position 

𝑃𝑖(𝑥0, 𝑦0, 𝑧0) = [0;  0;  0]𝑇  by reaching the required 

height z first, then track the required path in X-Y plane. 

The leader’s mission is to travel to the point 

𝑃𝑓(𝑥0, 𝑦0 , 𝑧0) = [0;  10;  10]
𝑇. The initial positions of the 

three followers are at       𝐹1(0)  =  [ −3;  0;  0]
𝑇 , 

𝐹2(0)  = [ −1; −1;  0]
𝑇  and 𝐹3(0)  =  [ 3; −4;  0]

𝑇 

respectively, and their desired formation distances with 

respect to the leader are 𝑑𝑑𝐹1 = [ −2; −2;  0]
𝑇 , 𝑑𝑑𝐹2 =

[ 0; −4;  0]𝑇and  𝑑𝑑𝐹1  =  [ 2;  −2;  0]
𝑇.  

 The aim of this first  scenario is to test the controller’s 

ability to hold the swarm formation while tracking the 

desired path. 

  

 
Figure 8.  Diamond L-F Formation Tracking Errors 

 Fig.7. and Fig.8. show that the required formation is 

achieved with high accuracy. The errors in all 

coordinates x, y and z were converged to zero in only 13 

sec. 
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B. Scenario 2: Centralized L-F Formation with 

Disturbance: 

In this scenario, the same path is tracked by the 

UAVs swarm. An external wind gust disturbance is 

added from the 20 to 25 sec over the x,y and z-axes.  

 

 
Figure 9.  Diamond Formation with Disturbance 

The wind gust velocity over the three coordinates is 

illustrated in Fig.10. The wind speed is between -1 and 

1m/s. This kind of scenarios is proposed to test the 

controller’s robustness and effectiveness.     

 

 

Figure 10.  Wind Velocity Profil 

 
Figure 11.  Diamond Formation with Disturbance Tracking Errors 

From Fig.9.and Fig.11. it is clear that all the 

quadrotors were able to maintain their stability, as well as 

the desired formation during the wind gust disturbance. 

The formation errors converged to zero after just 1 sec 

from the end of the disturbance. The swarm agents 

continue then their desired path while maintaining the 

same altitude. 

C. Scenario3: Obstacles Avoidance  

For this section, the quadrotors swarm is facing many 

types of obstacles. The mission is to reach the desired 

position and avoid the collision with obstacles from a 

part and the collision between the agents from the other 

part. For all the simulated cases we consider only the 2D 

obstacles in the X-Y horizontal plane. The altitude is 

maintained constant during the entire mission.  

C.1 Case 1:  

 In this case the UAVs swarm start from the following 

positions: 𝐹1(0)  =  [ 50;  65]
𝑇 , 𝐹2(0)  =  [ 60;  75]

𝑇 , 𝐹3(0)  =

 [ 50;  85]𝑇 and  𝐹4(0)  =  [ 40;  75]
𝑇. The mission of the leader 

is to achieve the desired point 𝑃𝑓(𝑥0, 𝑦0) = [50;  15]
𝑇  and 

aviod the circular obstacle (R = 10 m)  located at 

𝑂1(𝑥0, 𝑦0) = [50;  50]𝑇. The separation is 10 m between the 

agents. The swarm is suppoed to hold the diamond 

formation.  

 

 

-4

-2

0

2

4

-5

0

5

10
0

5

10

15

 

X(m)Y(m)

 

Z
(m

)

Leader

Follower 1

Follower 2

Follower 3

0 5 10 15 20 25 30
-1

0

1

t(sec)

V
w

x
(m

/s
)

Vwx

0 5 10 15 20 25 30
-1

0

1

t(sec)

V
w

y
(m

/s
)

Vwy

0 5 10 15 20 25 30
0

1

2

t(sec)

V
w

z
(m

/s
)

Vwz

0 5 10 15 20 25 30
-5

0

5

 

e
x
,e

y
,e

z

Follower 1

 

 
ex

ey

ez

0 5 10 15 20 25 30
-4

-2

0

2

 

e
x
,e

y
,e

z

Follower 2

 

 
ex

ey

ez

0 5 10 15 20 25 30
-2

0

2

4

t(sec)

e
x
,e

y
,e

z

Follower 3

 

 
ex

ey

ez



 

 

                                               Int. J. Com. Dig. Sys. 8, No.2, 167-178 (Mar-2019) 175 

 

 

http://journals.uob.edu.bh 

 
Figure 12.  Case -1- Obstacles Avoidance Scenario 

 

 
Figure 13.  Case -1- Obstacle Avoidance Tracking Errors 

 From Fig 12. it can be noticed that the swarm was 

able to avoid the circular obstacle using a distributed 

formation in order to optimize the energy consumption. 

The swarm was divided into two teams with two Leaders, 

one formed by the initial leader and follower 1 and the 

second created by follower 2 (new leader) and follower 3.  

 Fig .13. presents the formation error of team 1 and 

team 2 respectively, it can be noticed that the separation 

distance (10 m)  between the two UAVs was respected 

with high accuracy in both x and y directions. This 

reflects the high performance of the formation controller. 

C.2 Case 2:  

In this case the UAVs swarm start from the 

following positions: 𝐹1(0)  =  [ 50;  75]
𝑇 ,                 

𝐹2(0)  =  [ 60;  85]
𝑇 , 𝐹3(0)  =  [ 50;  95]

𝑇  and  𝐹4(0)  =
 [ 40;  85]𝑇. The mission of the leader is to achieve the 

desired point 𝑃𝑓(𝑥0, 𝑦0) = [50;  30]
𝑇  and aviod two 

circular obstaicles (R = 10 m)  located at 𝑂1(𝑥1, 𝑦1) =
[60;  63]𝑇  and 𝑂2(𝑥2, 𝑦2) = [60;  37]𝑇  . The separation 

is 10 m between the agents. The swarm is suppoed to 

hold the diamon formation.   

 

In such case that the swarm cannot passes between 

the obstacles since the distance between the obstacles is 

only 6m. The optimal solution for this problem is to 

switch the formation topology from diamond to linear, 

then comes back to the initial topology if no further 

obstacles are detected. Fig.14. shows the case study 

scenario while the tracking errors are illustrated in 

Fig.15.     

 

 

 
Figure 14.  Case -2- Obstacles Avoidance Scenario 

From Fig.15.it is clear that the inter-distance 

between the Leader- Follower 1 , Follower 1- Follower 2 

and Follower 2- Follower 3 was respected with high 

accuracy. The position switching was made in just 5 

seconds from the diamond to the line formation and in 

about 10 seconds to come back to the diamond formation.   
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Figure 15.  Case -2- Obstacles Avoidance Tracking Errors 

C.3 Case 3:  

This case is an extension of the second case where a new 

line obstacle is added, and the swarm is supposed to 

maintain its linear formation and avoid the new obstacle 

which is situated at 𝑂3(𝑥3, 𝑦3) = [40: 60;  35]𝑇  . The 

obtained results are shown in Fig.16. 

 
Figure 16.  Case -3- Obstacles Avoidance Scenario 

As illustrated in Fig.16. the swarm avoids the two 

circular obstacles as case 2, but this time the leader detect 

the presence of the new line obstacle, so the swarm 

maintains its linear formation until the point (𝑥, 𝑦) =
[50;  30]𝑇 where the swarm starts it switching back to the 

diamond formation. 

From Fig.17, it is clear that the swarm was able to switch 

to the linear formation while maintaining the inter-

distance between the UAVs. The new line obstacles is are 

detected and avoided, and the switching to the diamond 

formation is executed with high accuracy.   

7. CONCLUSION 

In this paper, we studied the formation control and 

obstacles avoidance problems of multi-UAVs swarm.A 

new distributed strategy using a consensus-based 

switching topology was proposed. The novelty of this 

approach was that the UAVs were able to keep the 

desired topology while tracking the reference path and 

switched it to avoid obstacles. 

For the formation control, a consensus-based attitude 

control was used. The formation was then maintained 

with only the attitudes data, and the designed controller 

was robust to external disturbances. Moreover, the agents 

were able to adapt to varying graph topology due to 

external obstacles.  

The combination of a double loop control structure 

based on backstepping/SMC controllers was applied to 

track the reference trajectory, maintain the formation 

strategy and avoid collisions. Many scenarios were 

proposed, and all the obtained results were judged to be 

satisfactory. 

For future works, we aim to implement the designed 

strategy and test it in real scenarios. Many applications 

and more complicated scenarios could also be 

considered. 
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Figure 17.  Case -3- Obstacle Avoidance Tracking Errors 
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