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Abstract

Inspired by formation flight of pigeon flock, this paper proposes a enhanced method of autonomous formation control of
multiple Unmanned Aerial Vehicles (UAVs) that can maintain high symmetry based on pigeon flock behavior mechanism.
Addressing the instability of formation in the original method, the follow improvements have been made. Firstly, improve
leadership of top three UAVs, Secondly, modify artificial potential field strategies for top two followers. Finally, through a
series of simulation experiments, it is verified that the UAVs can form the expected formation under the autonomous
formation control, and can maintain the formation under the complex motion of leader UAV..
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Introduction

Recently, unmanned systems have been applied in many fields with the developing of artificial intelligence technologies [1].
Multiple unmanned aerial vehicles (UAVs) system is a important part of unmanned system [2]. The autonomous formation
technology of UAVs is a frontier field in recent years. This technology allows multiple UAVs form a formation to complete complex
tasks, such as agriculture, engineering construction, geological exploration and transportation [3, 4]. It is of great significance to
study the autonomous formation control of unmanned aerial vehicles [5].

In 1998, Desai et al. proposed the Leader-Follower control method [6]. Many scientists use this method to study UAVs
formation. Kartal et al. use back-stepping control to achieve Leader-Follower control [7]. No et at. design a hiearachal scheme with
multi leaders [8]. Lin proposes formation control design method based on differential game theory [9]. Hafez et al. propose a tactic
switch method of two control strategies based on decentralized approach [10].

UAVs have hierarchy when flying in formation, and they are similar to the biology in this world. Maté Nagy and Zsuzsa Akos
found that not only the head pigeon, other followers in the pigeon flock also have hierarchy [11, 12]. The head pigeon is in the
absolute leading position, subordinate pigeons are affected by superior pigeons. The subordinate behavior of pigeons is not only
affected by the head pigeon, but also by other superior pigeons, and the influence from the neighboring superior is more direct
and rapid.

Duan and Qiao propose a new swarm intelligence optimizer, Pigeon-Inspired Optimization [ 13]. The map and compass operator
and landmark operator are propose to simulate the process of pigeons flying to the destination. Feng et al. use Adaptive Learning-
based Pigeon-Inspired Optimization (ALPIO) algorithm to design the resilience of UAVs formation to achieve rapid and accurate
reconfiguration [14].

Qiu et al. establish hierarchy model of UAVs based on the behavior of pigeon flocks, and proposed a method of autonomous
formation control for multiple UAVs [15]. With this autonomous formation control method, Qiu and Duan propose the close
formation control [2].

In the autonomous formation control method proposed by Qiu [15], the formation is determined by first three pigeons. The
first pigeon is the leader. The second pigeon is only affected by the force of the first pigeon, but the third pigeon is subjected to the
force of the first and the second pigeons. The number and direction of forces on the second pigeon and the third pigeon are
different, so the resultant of forces on them is not symmetrical about the speed direction of the first pigeon, it is difficult to
guarantee the formation.

The main contribution of this paper is to propose an improved autonomous formation control method based on the formation
method proposed by Qiu. This method avoid the follower being far away from the desired position due to the different number
and direction of force. This method can ensure that the UAVs keep symmetry under complex motion conditions.

The rest of the paper is organized as follows. Section 2 models
the hierarchy of pigeon flock and complete formation based on the
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Consider a directed graph G =(V,E) describing the hierarchical structure of pigeon flock, where the set of vertex
V ={v,v,,K,v,} represents pigeons, the set of edges E ={e e, K e} represents the leadership of the superior over the
subordinate.The identifier N; represents the number of pigeons.
N; ={j,k.A }c L, 2,A ,n} (1)

where, j, kare the leader number of ith pigeon, nis the number of pigeon in pigeon flock.
The rank of each pigeon and the leader of the superior pigeon are artificially specified. Following the hierarchical network of
the actual pigeon flock, the simplified directed graph of pigeon hierarchical is shown in Fig. 1.
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Fig 1. Digraph of hierarchies in pigeons

In Fig. 1, the circle represents the pigeon, that is, the vertex set in the directed graph. The arrow represents the leadership
between pigeons, that is, the edge set. Each rank has two followers. In addition to the followers at Rank1, each follower has three
superior pigeons. The head pigeon do not have any superiors. The Rank1 follower is leaded by the head pigeon.

The leader number N; of ith is expressed as:

@, i=1
1, =2
1 i=3,

N, = _ 2)
123 i=4,
i-4,i-2,i-1 i=2kk={34A}
i-4,i-3i-2 i=2k+Lk={23A}

Setting the formation and leadership can enhance the effect of gathering, anti-collision and stability at the specified distance.
Fig. 2 shows the leading role of the head pigeon to the Rank1 follower. The head pigeon is flying in the expected velocity, and the
Rank1 followers are distributed on both sides behind the head pigeon according to the velocity direction and expected distance of
the head pigeon. Two followers can’t interact on each other. It can effectively avoid the problem that the force difference between
second follower and third follower in Rank1 follower. The formation is easier to maintain.
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Fig 2. Determination procedure for pigeon formation

In Fig. 2, V, (=1, 2, 3) represents the velocity of pigeon, P; (=1, 2, 3) represents the position of pigeon, 0 represents the angle
between the direction of 14 and the edge ( 2,5), drepresents the expected distance from leader to follower. 8 and dcan determine
the position the first three pigeons and the formation of pigeon flock.

The second pigeon and the third pigeon are only affected by the 1* pigeon, so they can’t confirm their location. d, ¢ (yaw angle)
and location of 1* pigeon are used to calculate their own expected location.
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X =x"+d(sin(¢+0))
Yo =y +d(cos(¢+0))
=1

X =X +d(sin(-0))
ys =y +d(cos(p—0))

where, X(i) and y(i) represent the expected horizontal location of ith pigeon, Z(i) represents expected height of ith pigeon, x*and

yl represent the real horizontal location of first pigeon, s represent the real height of first pigeon.

Model of leadership in pigeons based on potential field method

Identify applicable sponsor/s here. If no sponsors, delete this text box (sponsors).

The leadership between the superior and the subordinate in the pigeon flock enables the subordinate to try to keep close to
the superior, avoid collision with the superior, and try to match its velocity. Because of the hierarchical structure in pigeon flock,
subordinate pigeons always try to keep the expected distance and the same velocity of superior pigeons.

Considers that pigeons are all regarded as particles fly unobstructed in the three-dimensional Euclid space [16], the dynamics
model of each pigeon is as follows:

=y,
m\&=1"—k'V'i=1L ,n,
where, X € R® is the position vector of /th pigeon, V/ € R? is the velocity vector of ith pigeon, m7>0 is the mass of ith pigeon, / €
R® is the control input, —£V/ is the velocity damping term, £>0 is the velocity attenuation gain, X’=X-X is the relative position

vector between /th and jth pigeon.
The control / of ith pigeon can be expressed as:
I'=a'+8' +2 +k'V' (5

where, «'is the control component of the artificial potential field in pigeon flock, which is used to maintain the distance of each
pigeon. It is derived from the potential function 7, and /7, 8 is the control component of /th pigeon’s difference between the
velocity of /th pigeon and the velocity of its superiors, A’ is the control component of /th pigeon’s difference between real velocity
and expected velocity.

Reference [15] uses the potential field function as formula (6). As mentioned in the introduction, using this method will result
in different forces on 2™ UAV and 3" UAV, and the different distances between 1 UAV and 2™ UAV, 1* UAB and 3™ UAV. Formation
cannot maintain symmetry about the speed direction of 1* UAV. When the formation is unstable, the distance between the follower
and leader will be affected, which also lead to a decrease in the robustness of the communication system.

2
N -~ . d:
PN =X+ -
[x*]
where, djis the expected distance between ith pigeon and jth pigeon.
To solve this problem, both of 2" UAV and 3™ UAV have the same leader, 1" UAV. Set the expected target point for 2™ UAV and
3" UAV based on d.

When using the above method, X’ is the distance between /ith UAV and the expected target point, where X’ > 0, so the original
method cannot be used. This article use the potential field formula as shown in the following equation.

<=3 o
where, ¢ is the coefficient of potential.

After determine the positions of ih UAV (/~1,2,3), the formation is symmetrical about the speed direction of 1% UAV. On this
basis, the remaining UAVs use the original potential field method to solve the control variables.

The identifier Ili N } , Ié are the control input of u(surge), v(sway), w(heave), respectively. Ili , I; , Ié (i=4,5,...) can be expressed
as [17]:
PY_K, X' —ul)-m@' —ut)k, +k'u' (8

) =(-K, XV Xi

15 =(-K, 2V, . P" =K, Z' =v)) —m(v' —v})k +k'V' (@)

Xy
15 = (—Kp, Z(X5 = X) =K, ZwW' —w!) —mw' —wh))k, +k'w' (0]
where, K, is the velocity feedback gain factor, X, is the artificial potential field gain factor, Xj is the height feedback gain factor,
both of which are greater than 0, £' is the horizontal adjustment factor, £ is the vertical adjustment factor, «/, v, w are velocity of
surge, sway, heave of ith UAV, respectively, «/, V, w are velocity of surge, sway, heave of jth leader UAV, respectively.
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Because of the leader of 3" UAV and potential field function of 2™ and 3™ UAVs have changed, the control input in [17] is
modified.

While 7=2, 3, Ili , I; , Ié can be expressed as:

I = ~(KpV gy Paa + (Ko + my(u’ —ub)) +k'u’ 1)
I} = _(K”VHX“H P + (K, +m)(v' =v")) +k'V' 12
1 = ~(KnV g P + (K + mw' —wh)+k'w' 13

where, X 1l represents the distance between the current location and expected location of ith UAV.

UAV formation control based on the behavior mechanism in pigeon flocks

During the flying process, due to the limitation of communication distance and field of view, it is difficult for each pigeon to
find and follow the head pigeon in real time. Therefore, it is necessary to refer to other pigeons within the range of communication
or field of view. In autonomous formation flight, the subordinate UAV cannot guarantee that the head UAV is within the range of
communication all the time, so it is necessary to establish a communication network between subordinate UAV and other UAV.
The strict hierarchical structure between individual pigeons is established, and the pigeons need to complete actions according to
the behavior of their superiors.

UAV model

Different from the traditional method using v, ¥, A, identifiers u, v, w are used to described the UAV model. Based on [18],
horizontal velocity that in UAV model is decoupled into two velocity which has different direction by yaw angle. UAV model is
expressed as:

1, )
&=—(1;-w),
T
where, X, y/, Z are the coordinates of ith UAV, t,, 7,, T, are the time constant.

The practicability constraints of UAV are expressed as:
i
min su = Umax:

i
Vimin Vv < Vmaxv

Winin S W' < Wiy, 19

u

min

V|
s tan(y ),

where, tUnin, Viin, Wnin, Umaxs Vinaxs Winax, are the minimum velocity of surge, sway, heave and maximum velocity of surge, sway,
heave respectively, y is the yaw angle.

UAV autonomous formation control system

UAV autonomous formation control system can be divided into four parts [17]: Controller, formation model and UAV model,
and state transformer. The specific UAV autonomous formation control system framework is shown in Fig. 3.

x' yt, 2!,

" repo—- h.G. G| yav | o v, w, State
—-l ontroller f—-
model transformer

" Formation XLV
model

Block diagram of UAV autonomous formation control system
In Fig. 3, Controller is used to convert the output / of the Formation model into the three control inputs.
State transformation formula is expressed as:
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xl :(X',y',Z')
VI Z(UI,VI,WI)
The solutions can be found by the following steps:
Step 1. Set control input / of head UAV, obtain the state by formula (14) and (15).
Step 2. Obtain superior UAV N of jth UAV by formula (2).
Step 3. Calculate the expected control input / by formula (8)-(13).
Step 4. Calculate the real-time state of follower N by formula (14).
Step 5. Get ( X', /) of th UAV by formula (16).
Step 6. Go to Step 1, until UAVs reach target point.
NUMERICAL SIMULATIONS
Assuming 5 UAVs (17 =1 kg) fly in 3d space, 7,=1, 7,=1, 7y= 1, Unin = 0, Unax = 0.35, Viin = 1, Vinax = 5, Whnin = 0.4, Winax = 0.4, d =
7.071 m, 0=45° .
The hierarchical structure of UAVs is shown in TABLE 1. 1 UAV is leader (head UAV), rank 1 includes 2™ and 3™ UAVs, and their
superior is 1" UAV. Rank 2 includes 4™ and 5" UAVs, their superiors are 1%, 2™ and 3".
The parameters of hierarchies in UAVs

(16)

Category Rank Number Superior Number
Leader / 1 /
1 2 1
Follower 3 1
2 4 1,2,3
5 1,2,3

Simulation lasts for 300 s, and the sampling time is 0.5s. Set the long aircraft flight to be divided into three stages. In the first
stage, leader flies at a constant speed in a straight line, which lasts for 50s. The control input of leader / = [0, 0, 0]. In the second
stage, leader flies on a sine curve, which lasts for 100s. The control input of leader /' = [0, 0, sin(nit/50)], and ¢is simulate time. In
the third stage, the control input of leader /' = [0, 0, 0].

Initial states of UAVs

. UAV number
Variable 1 ) 3 7 5
x/m 0 0 0 0 0
y/m 0 7.5 -7.5 15 -15
z/m 0 0 0 0 0
u/(m/s) 3 0 0 0 0
v/(m/s) 0 0 0 0 0
w/(m/s) 0 0 0 0 0

The other four followers complete the formation task according to the leader. UAVs gather to achieve and maintain a "V"
formation. The expected position of UAV is shown in Fig. 4, he followers use the autonomous formation controller proposed in this
paper for flight control. Other parameters are set as: K,=30, K,=0.1, K,=0.5, ki =1, ks =1.

\\.\ ) \\.\ i

3D trajectories of UAVs (original) 3D trajectories of UAVs (enhanced)
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Simulation results of multiple UAVs autonomous formation

Fig. 4(a)-4(d) illustrate that UAVs form “V” formation at about 38 s and last 12 s in the first stage. From Fig. 4(e) and 4(f), the
UAVs’ velocity change more smoother using enhanced method. Fig. 4(c), 4(d) illustrate that the formation is still maintained under

complex motion of head UAV.
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In Fig. 5, £=62s is the moment in the stage of stable flight after UAVs assembly. When £165s, leader start to perform sine
motion. When £200.5s, leader has made half sine motion. When #280.5s, leader heads straight again. During simulation, UAVS’
formation is more stable by using enhanced method. The route and formation displayed in Fig. 4 and 5 illustrate enhanced behavior
mechanism and artificial potential field improve the robustness of the formation
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