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Abstract: In recent years, multiple Unmanned Aerial Vehicle (UAV) formation
flight has attracted worldwide research interest, for its potential benefits of
scalability and flexibility. In complex urban environments, the successful
operation of those UAVs requires the system to provide certain safety level. As
one of the key requirements, collision avoidance improves the system’s ability to
accommodate operational environment variations, and to perform multiple tasks.
To achieve this, Artificial Potential Field (APF) has been recognized as one of the
most suitable methods along with drone control and motion planning. In particular,
it holds great promise for applications in unknown environments. Although there
has been substantial relevant work on the APF algorithm for single UAV in static
environment, more efforts are desired to address formation maneuvers in complex
environments such as urban. Most importantly, traditional APF algorithms do not
account for random errors in navigation solutions, which can bring potential risk to
the UAV system. In response, this paper proposes a new APF algorithm that
employs navigation information in complex urban environments, and the goal is to
realize UAV formation collision avoidance. By augmenting the APF algorithm
with UAV navigation information, the potential risk caused by navigation
uncertainty can be mitigated, especially in the Global Navigation Satellite System
(GNSS) challenged environment. The principle of the new approach is adaptively
estimating the parameters of potential field force function, using the variance of
navigation information and user-defined confidence probability. Besides, the
corresponding Linear Quadratic Regulator (LQR) controller is adopted to apply
the formation motion synchronization control and to combine with the new
approach with high efficiency. As a result, the drones can achieve fast position and
attitude adjustment with high safety confidence. To verify the algorithm,
quadrotors with emulated GNSS receivers are used to generate observation data.
These data are incorporated into a complex urban environment simulation, where
multiple sets of virtual obstacles are injected. Results show that the proposed
method can achieve safe and effective collision avoidance for cooperative
formation flight in urban GNSS challenged environment.

Keywords: unmanned aerial vehicle; artificial potential field; collision avoidance;
formation control; Global Navigation Satellite System

1 Introduction

Unmanned Aerial Vehicle (UAV) formation operation in urban environment is
an emerging technological development with a significant potential market. It has
been extensively researched in recent years from the perspective of formation
control, navigation, collision avoidance et al. And the intended applications of
UAV formation flight include payload delivery, emergency response,
environmental monitoring in urban environments [1]. However, there exists a need
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to address the challenge of multiple obstacles and the poor data quality of the
Global Navigation Satellite System (GNSS) in environments where the GNSS is
degraded due to the urban canyon effect. Accordingly, as for the navigation aspect,
the unreliability of navigation performance in urban should be considered [2].
Meanwhile, the control of UAVs is a major area of interest, drones need to move
stably with high efficiency and avoid obstacles.

Multi-UAV cooperative control, as a prerequisite for efficient completion of
various tasks, has always been an important subject for urban UAV research. It
employs certain strategies to make drones form a specific structure without
collision. Comparing to single UAV scenario, the formation improves the system’s
robustness against operational environment changes and covers a larger operation
area. Regarding an urban environment in complex situation, multiple UAVs can
take advantage of formations to extend the scope of operations and mitigate
interference of the UAV state judgement. This helps to improve the system's
environmental adaptability and expand the efficiency of task execution, enhance
the reliability, and significantly expand the application range of drones [3].

Formation movements can be treated as a multi-UAV system with a fixed
configuration during the flight [4]. The formation control technologies mainly
include Leader-Follower method, Behavior-based method and Virtual Structure
method [5]. Leader-follower control is one of the most popular formation control
strategies for its easy implementation [6]. Cledat [7] proposed a coordinated
leader-follower mapping based on two drones, which kept one drone flying high
enough to receive Global Positioning System (GPS) signals and to provide indirect
position control for the second drone. In this way, the automatic navigation and
acquisition of aerial images in a GPS-restricted environment are realized, but this
may lead to a serious accident when the position of the leader drone becomes lost.
However, the virtual structure method can avoid this failure, as the entire
formation is regarded as a rigid body structure. After years of development, many
researchers have made great contributions to this topic. Nevertheless, there are still
some drawbacks to be solved. For example, in the method utilized in [8] to
maintain the formation geometry, it can effectively achieve formation control but
the results failed to account for formation synchronization error. Besides, the
application ranges of virtual structure formation flight control are mainly in
formation air mobility without obstacle avoidance requirements. As in [9], two
UAVs adopted the configuration of the classic virtual structure method and applied
motion synchronous. It improved the robustness of formation control and the
maintenance of the formation configuration, but it only considered a simple
situation without obstacles.

However, UAV operations in urban require the system to achieve urban air
mobility while avoiding obstacles. Collision avoidance has always been an active
issue of UAV control research, and it is a precondition to realize safe operations
over various tasks [10]. The collision avoidance means that the mobile drone
moves along the trajectory in an environment with obstacles, and safely avoid the
collision according to specific operating rules [10]. The most widely studied local
collision avoidance algorithms are neural network algorithm, fuzzy logic
algorithm, Artificial Potential Field (APF) algorithm, genetic algorithm, etc. [11].
Among them, the APF algorithm is a high-efficiency algorithm with simple
structure and smooth path, which is suitable for solving the problem of collision
avoidance in the unknown environment with a large number of objects [12].
Initially, the APF method was proposed by Khatib [13]. Researches in APF
algorithm for single UAV flying in a static environment have been quite mature,
and current researches focus on complex environments such as urban
environments. Recently, LYU Yong-shen et al [14] combined the virtual structure
method with APF to achieve formation flight. Despite this, far too little attention
of APF algorithm has been paid to the impact of uncertainty of navigation
information in GNSS degraded environment, which can bring potential risk to the
UAV system. The objective of this paper is to investigate a Navigation
Information Augmented APF (NAPF) collision avoidance formation motion
synchronization method which accounts for the uncertainty of navigation
information in various environments. The velocity related APF function is
modified to combine the variances of navigation states. Moreover, the motion
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synchronization technology is integrated into the virtual structure formation
control to improve the performance of formation controllers and maintenance of
the formation geometry. Simulations were presented with four UAVs and different
numbers of obstacles. By taking 30-times Monte-Carlo simulations, the proposed
algorithm shows a significant reduction in collision probability.

In this paper, Section 2 introduces the unmanned aerial vehicle formation
motion synchronization with corresponding LQR controller to form a square
formation. Section 3 firstly presents the traditional APF algorithm for UAVs
collision avoidance, and then proposes the NAPF algorithm to reduce the Collision
Risk (CR) of the UAV formation. Section 4 presents the simulations and results.
Section 5 concludes this work.

2 Cooperative Virtual Structure Formation

The formation movement of multi-UAV requires multiple mobile agents to fly
along a certain path while maintaining the defined formation configuration during
the movement.

2.1 UAV modeling

Simplification of quadrotor control modeling has greatly been adopted to make
the model more applicable [15][16], and the derived state-space model chosen
consists of twelve corresponding state vector and the input vector can be
represented as follows,
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where   3, ,x y z R represents the displacement and   3, , R    is the attitude
angle in the inertial frame, l represents the distance between the geometric center
of the UAV and motor center, iF and i denote the thrust force and the moments
of attitude, respectively.  represents the angular speed of UAV propellers.

And the UAV state-space model can be presented as Eq. (5), which is
presented in terms of multiple second-order nonlinear descriptions,
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(5)

Then the model needs to be linearized on the basic of the nonlinear dynamic
equations of motion expression to make it more applicable to control. According to
the equilibrium 0  ,

2 2 2 0     (6)

and take it into account that UAV is required to moves along a given trajectory
with the desired heading angle, and thus obtaining the equilibrium point,
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 1 1 1 10 0 0 0 0 0 0 0x y z  (8)

   1 1 1 1 10 0 0 ,    = , , ,U u Y x y z  (9)

Then the following linearized UAV error dynamic equation based on the error
vector set in Eq. (13) can be obtained,
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A Linear Quadratic Regulator (LQR) feedback controller  U  is adopted
based on the linearized state-space model to converges error dynamically. By
designing certain Q and R to construct state feedback control law K, which
minimizes cost function J.
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The state feedback control law can be obtained from the Riccati equation [9],
and the optimal control law of LQR controller is,

1 TU K R B     ＝- (13)

2.2 Virtual Structure Formation Motion Synchronization

In order to maintain the UAV formation during air mobility and eliminate
relative position errors, a cooperative formation control method based on virtual
structure and motion synchronization is constructed. The cooperative formation
controller generates reference commands to LQR controller to maintain the
formation shape. The virtual structure method is applied to form a four UAV
square formation. Through keeping each drone away with a certain distance from
the hypothetical point, a certain formation geometric configuration is maintained.
And the geometric center of the formation is chosen as the virtual point in this
paper. The synchronization control of formation can be transformed into the
stabilization of error variables.

Fig. 1. Virtual Structure Formation Synchronization Structure

The overall proposed formation cooperative flight control method is shown in
Fig. 1. The formation controller takes the formation synchronization error, the
reference trajectory instruction based on reference waypoint  , ,r r rP x y z and

the actual position  , ,X x y z of UAV as inputs. The motion synchronization
concept is utilized to modify the relative position of the synchronized formation
tracking trajectory [17].
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where ve and pe are the error vector of velocity and position, respectively. 0rP is

the start position reference path n is the direction of UAV air mobility 1Tn n  and
the direction of the reference velocity rV can be represented as d

r rV nV


[18].
The configuration of the four drone formations is constructed as square

geometric. The four UAVs take off from any different initial position and stabilize
with the defined geometric configuration at a given starting point. And then,
UAVs begin to synchronize the formation movement.

As shown in Fig. 2, for the convenience of computation, we define
 u np P X   as the position of UAV projections on the reference path. s

represents the side length of the square geometric configuration. Then we can
acquire the start point of the other two UAVs according to the set start point of
UAV1 and UAV2.
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Fig. 2. Square virtual structure cooperative formation top view configuration

1l to 4l , which are the distance between the center reference point and the
projection of each UAV, can be defined as follows,
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where the center reference point of the square formation  1 2 3 4
1=
4cu u u u u  

is calculated according to the position of four UAVs.
The desired position of each UAV and formation synchronization error e if

during flight is obtained according to the reference point and the relative distance
between UAVs defined in the virtual structure formation control method.
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The formation synchronization tracking error of the aircraft is fed back to the
synchronization module. The trajectory controller generates a modified trajectory
command for each drone according to the formation error. These synchronization
errors are mixed with the tracking errors of velocity and position, which is the final
error signal input to the synchronization formation controller. And then, the
controller continuously eliminates relative errors to maintain the square formation
geometry effectively during flight. The control law is presented as,
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As we define the V and r represent the tracking error vector of position and
velocity, respectively.
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i i d i i

V V V X nV V nV
r r r X P
      


   

   


ｉ (21)

The control law consists of synchronization error and the tracking error vector
of position and velocity can be described as,

 1 T
i v i p i v f if k V k nn r k k n ef       (22)

The goal of the square formation motion synchronization is to gradually
converge error of each drone to zero, which means that tracking error and
synchronization error are both driven to 0. That is, UAVs utilize each other's
information to eliminate errors synchronously. Accordingly, each UAV is
integrated with the other UAVs in the square formation, which effectively
maintains the formation geometry and achieve formation motion synchronization.

3 APF Formation collision avoidance

In the process of urban formation air mobility, it is highly imperative to not
only maintain a stable formation but also to consider obstacles in the environment
throughout the entire flight of the formation system. Since each drone needs to
avoid collision during flight according to a certain strategy like APF.

3.1 APF collision avoidance Algorithm

The APF algorithm has a wide range of applications in drone obstacle
avoidance path planning because of its simple principle, simple structure and
smooth generation path. The method does not need to search the global path, has
short planning time and high execution efficiency, and is very suitable for real-
time and security requirements for collision avoidance [22]. The basic principle is
to regard the drone flying in a virtual artificial force field, in which the target point
generates an attractive force to the drone and the obstacles generate repulsion to
the drone. When the potential field composing of the repulsive and attractive
potential field is applied, the drone flies along the direction in which the APF
descends to search for the collision-free optimal path. The resultant force of
attraction and repulsion is utilized as the acceleration force for the mobile agent to
control the direction of drone mobility and to calculate the position of the drone
[23]. The drone constantly adjusts its attitude, velocity, and direction according to
the detected information including the distance between the obstacle and the
drone, the state of obstacles. The purpose is to guide the drone to avoid obstacles
while moving to the target point under the potential energy field.
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The APF can be regarded as the energy field. The drone always moves from
the direction of high potential energy to the low potential energy, attracting the
drone to the target point and being rejected by the obstacle.

Fig. 3. Potential field distribution map according to goal and obstacles set

To illustrate the basic principles of the potential field, we simulated its
distribution based on the goal and the set obstacle, which is shown in Fig. 3. It is
clear that the attractive potential field of the APF method gradually decreases as
the drone approaches the target point, and the goal is the minimum point of the
potential field, and the repulsive field increases when it gets closer to the
obstacles.

The repulsive function is correlated with the distance between UAV and
obstacle. As the distance between obstacle and drone decreases, the repulsive
potential increases. By the time the repulsive potential energy of the drone
becomes 0, it means that this mobile drone has left the influence limit of the
obstacles. Artificial Repulsion from the Surface function (FIRAS) function is
applied as the repulsive potential field function  repU X ,
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where rk is the repulsive gain factor.  , , TX x y z and  , , T
o o o oX x y z

are the position vector of UAV and obstacle, respectively.  , oX X denotes a
vector and the magnitude of it denotes the Euclidean distance between the UAV
and obstacle,

 , o oX X X X   (24)

There are often multiple obstacles in the space when the UAV moves along the
trajectory. If the repulsion of each obstacle to the UAV is considered despite some
obstacle are far from the drone, the UAV collision avoidance may fail due to too
many computations. In order to reduce the unnecessary calculations of the UAV
obstacle avoidance and ensure the safety of UAV, the collision avoidance
boundary should be set and 0 represents the safety distance [20].

The drone can be pulled from the starting point to the goal by the attractive
potential field. The endpoint of the attractive field is the global minimum point of
the entire APF, which is the goal that the UAV needs to reach. The attractive
potential field is set to be proportional to the distance between the UAV and goal
 , gX X . The characteristics of this potential field are similar to elastic potential

energy so attractive potential field function can be expressed as,

   21 ,
2att a gU X k X X (25)
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where ak represents the attractive gain factor and  , gX X represents the

vector of distance between the position of the UAV X and the goal gX .

 , g gX X X X   (26)

The force exerted on the drone is a negative gradient of the APF function,

   ,att att gF U X k X X     (27)
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where attF is the corresponding attraction and repF is the corresponding

repulsion. Then the resultant force  F X is expressed as follow,

     att repF X F X F X  (29)

The mathematical principle is used to analyze the force magnitude and
direction of the drone.
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Supposing the number of the obstacles is n and the angle between the UAV and
obstacles and the components of the repulsion force function can be expressed as,
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The resultant force angle can reflect the direction state of the resultant force in
real-time. At this time, the virtual force control for the traditional APF can be
converted into angle control.
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And the next position of UAV can be calculated according to,
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The drone moves from  ,i ix y to  1 1,i ix y  as the current position point
and sets 1i i  as the current state. The entire motion planning process is an
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iterative update of the mobility control, and the position of the mobile drone at the
current time is determined by the resultant force angle at the last moment.

It can be seen from the formula (34) that the calculation amount of the drone
motion direction is proportional to the number of obstacles in the motion space.
Thus, the time complexity of the drone collision avoidance is positively related to
the number of obstacles in the operating environment. To combine with the
formation synchronization motion more properly, we modified the APF algorithm
into velocity update expression, which can reduce the complexity of calculation.

In term of the repulsive field and the attractive field defined in Eq. (23) and Eq.
(25), the overall APF function can be obtained as follows,

     i
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where n represents the direction of thi trajectory,  represents the angle change
of the UAV velocity and d

i iV nV shows the direction of UAV mobility.
The obstacle avoidance trajectory command  , ,r i i iT P n V can be updated

according to Eq. (39). The entire collision avoidance process is an iterative update
of the reference velocity. Compared with the traditional APF algorithm which
directly decomposes the total potential field force as the control force to update the
UAV position, this algorithm is realized by adjusting the velocity command of
each drone, and the track instruction updates smoother and faster. If the distance
between obstacles and UAVs is less than the safe distance, APF algorithm is
applied to modify the command to avoid obstacles and the cooperative formation
motion synchronization adopted to maintain the formation configuration.

3.2 Navigation Information Augmented Artificial Potential Field Algorithm

Regarding collision avoidance is an important part of formation safety in urban
environments, a certain repulsive force is supposed to be generated by APF with
certain safe distance to keep the mobile agent away, thereby avoiding the collision
between the agents safely. The visibility of GNSS in the urban environment will
affect the positioning error [24]. When UAVs fly in GNSS challenges the
environment, the measurement error will change. When the distance between
UAVs and obstacle is close, this positioning error will threaten their safety.
Therefore, we reconstruct the potential field function parameters based on the
variance provided by the navigation system, and then the controller can
dynamically adjust the safety threshold based on the positioning error to reduce the
impact of navigation information uncertainty on flight safety.
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First, we determine the magnitude interval of the navigation positioning results,
that is, the results of navigation positioning fall into a certain range according to a
certain probability, this type of uncertainty estimation is called error interval
estimation. If a navigation positioning value is x and the corresponding standard
deviation is  , assuming the error follows a normal distribution, the error interval
can be estimated as  ,x k x k   . When the k=3, the corresponding collision
avoidance probability is 99.74%.

4 Simulations

In order to verify the effect of the constructed APF algorithm on the UAVs
collision avoidance motion, a series of simulation experiments are carried out in
the MATLAB environment. The main parameter values affect the method in the
potential field formula based on the constructed algorithm are the attractive gain
coefficient and repulsive potential field gain coefficient.

Fig. 4. APF collision avoidance algorithm of a single UAV

The collision avoidance algorithm of a single drone is verified in Fig. 4. In the
simulation, the target point coordinate is set to (10, 10), the starting point
coordinate is (0, 0), and the set obstacle be a circular obstacle with a radius of 1.
The red dotted line in the figure shows the drone collision avoidance path, the
target point is a triangle and the blue circles are obstacles. In the static obstacle
environment, by adjusting the attractive 2.5ak  and repulsive gain coefficient

15rk  , collision avoidance can be achieved effectively and smoothly and the
simulation shows that the drone can successfully achieve collision avoidance with
a safe and smooth collision avoidance path.

As the simulations are performed based on the four UAV virtual structure
formation motion synchronization. The parameters of the UAV system are defined
as follows: the weight of each UAV is 1kg, the moments of inertia along x, y, z
axis are 38.1 10x yI I    , 314.2 10zI

  , lift coefficient and drag coefficient
are 654.2 10b   , 64.2 10d   . And the parameters of the reference path are
set as follows: the initial positions and velocities of four UAV are

 1 = 0 1 0X ， ， ,  2 = 1 1 1X ，， ,  3 = -1 0X 2，， ,  4 = 2 0X 0，， ,  1 = 0 0 0V ，， ,  2 = 1 1 1V ，， ,

 3 = 2,2,0V ,  4 = 1,0,1V and the square side length s=10m. Set the reference path

start position of UAV1 and UAV2  1 = 0 3 0P ，， ,  2 = 0 -3 0P ，， . The direction of the

ith reference trajectory is  1 0,0n  ， . 0.5kf   and the weighting matrix Q and R
of LQR controller are chosen as,
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1
1210Q I  ,

1

2

10 0 0 0
0 10 0 0
0 0 10 0
0 0 0 10

R

 
 
 
 
 
  

.

Then the simulations of APF obstacles avoidance of the four UAV formation
are carried out by defining 8 obstacles around the set reference trajectory. The
simulations of the four UAV square formation obstacle avoidance algorithm under
the condition of 8 obstacles are shown in Fig. 5 - Fig. 8.

Fig. 5. The collision avoidance trajectory with 8 obstacles

Fig. 6. x-direction position and velocity of 8 obstacles formation collision avoidance
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Fig. 7. y-direction position and velocity of 8 obstacles formation collision avoidance

Fig. 8. z-direction position and velocity of 8 obstacles formation collision avoidance

Fig. 9. Roll and roll angular velocity of 8 obstacles formation collision avoidance
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Fig. 10. Pitch and pitch angular velocity of 8 obstacles formation collision avoidance

Fig. 11. Yaw and yaw angular velocity of 8 obstacles formation collision avoidance

It can be seen from Fig. 5 that the four drones can achieve obstacle avoidance
formation flight. The curves in Fig. 6 - Fig. 11 verify that formation can achieve
formation obstacle avoidance by quickly adjusting positions and attitudes when
moving along the formation reference path toward the set direction. At the same
time, after leaving the influence of obstacles, the formation is gradually
reconfigured and maintains the formation structure effectively and stably under the
control of the cooperative formation.

Next, to verify the effectiveness of APF formation collision avoidance
algorithm in a more complex environment, we set 40 obstacles and the size and
position of obstacles are randomly generated.

Fig. 12. The collision avoidance trajectory with 40 obstacles
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Fig. 13. x-direction position and velocity of 40 obstacles formation collision avoidance

Fig. 14. y-direction position and velocity of 40 obstacles formation collision avoidance

Fig. 15. z-direction position and velocity of 40 obstacles formation collision avoidance

The simulation of the four UAV square formation collision avoidance path
under the condition of 40 obstacles is shown in Fig. 12. It can be seen from the
Fig. 13 - Fig. 15 that after the obstacles increases, the four drones can also achieve
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collision avoidance formation flight. However, compared with the 8 obstacles
situation, this UAV collision avoidance path has a larger angle of steering when
passing the area affected by dense obstacles.

In order to simulate the uncertainty of navigation information, dynamic
positioning errors fluctuating between 1m and 5m are introduced in the actual
track feedback x, y, z channels. The improved APF function changes the safety
distance from the original fixed value to dynamically change according to the
variance output of the simulated navigation filter.

Table 1. Collision risk of APF Algorithm

Algorithm Collision risk
Original APF 73.33%
Navigation information enhanced APF 16.67%

Table 1 presents the comparison of collision risk between improved APF
algorithm augmented with navigation information and original APF. After 30
times of simulations, the collision risk of improved APF square formation obstacle
avoidance algorithm improved is reduced from 73.33% to 16.67%, which shows
that the potential risk caused by navigation quality uncertainty can be mitigated.

Through the following simulations, the obstacles avoidance effects of the
navigation information enhanced APF and the APF with a fixed safety distance in
8 and 40 obstacles environments are compared.

Fig. 16. The fixed safety distance APF collision avoidance trajectory with 8 obstacles

Fig. 17. The navigation information enhanced APF collision avoidance trajectory with 8
obstacles
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Fig. 18. x-direction position and velocity of original APF and navigation information
enhanced APF 8 obstacles formation collision avoidance

Fig. 19. y-direction position and velocity of original APF and navigation information
enhanced APF 8 obstacles formation collision avoidance

Fig. 20. z-direction position and velocity of original APF and navigation information
enhanced APF 8 obstacles formation collision avoidance

Fig. 21. The fixed safety distance APF collision avoidance trajectory with 40 obstacles
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Fig. 22. The navigation information enhanced APF collision avoidance trajectory with 40
obstacles

Fig. 23. x-direction position and velocity of original APF and navigation information
enhanced APF 40 obstacles formation collision avoidance

Fig. 24. y-direction position and velocity of original APF and navigation information
enhanced APF 40 obstacles formation collision avoidance

Fig. 25. z-direction position and velocity of original APF and navigation information
enhanced APF 40 obstacles formation collision avoidance
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The simulation of the fixed safety distance APF formation obstacle avoidance
fly path is shown in Fig. 16 and Fig. 21, the uncertainty of navigation information
leads to the formation's failure to avoid obstacles in time, which leads to collision.
Compared with that, it can be seen from the Fig. 17 and Fig. 22 that after
augmenting the APF algorithm with UAV navigation information, the potential
risk caused by navigation quality uncertainty can be mitigated, the path becomes
smoother. And the formation can achieve obstacle avoidance formation flight with
faster response and smaller fluctuations.

5 Conclusion

This paper proposes a Navigation Information Augmented APF (NAPF)
collision avoidance formation method which accounts for the uncertainty of
navigation information in urban environments. The four UAV cooperative
formation control strategy is obtained utilizing the virtual structure formation
motion synchronization method with a corresponding Linear-Quadratic-Regulator
controller. Based on this, APF is utilized to achieve formation collision avoidance.
More importantly, the parameters of APF function is adaptively estimated, using
the variance of navigation information and user-defined confidence probability.
Simulations verify the feasibility of performing safe and effective collision
avoidance for cooperative square formation flight in urban GNSS challenged
environment by improved artificial potential field formation method.
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