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ABSTRACT. Flight formation of multiple unmanned aerial vehicles (UAVs) needs to be
reconfigured when the environment changes or missions are modified. The collision prob-
lem poses a great threat for formation reconfiguration. At the same time, communication
delay is inevitable in process of multi-UAV formation flight. Based on the analysis of
collision problem during reconfiguration, combined with improved artificial potential field
method and mathematical graph theory, a distributed formation reconfiguration control
algorithm is proposed based on consensus protocol for multi-UAV formation with time-
varying communication delays. The simulation results show that the proposed control
algorithm can realize formation reconfiguration and avoid collisions efficiently.
Keywords: Multi-UAV, Formation reconfiguration, Collision avoidance, Consensus pro-
tocol, Communication delay

1. Introduction. Formation reconfiguration is one of main research contents of forma-
tion control [1]. In reconfiguration process, the location of each UAV in newly organized
formation needs to reassign, and generate a track from the original location to a new
location. These trajectories must be guaranteed for flight safety.

Consensus protocol was introduced into formation control of multi-agent system by
Ren [2] and Liu and Tian [3]. Studies on multi-UAV formation flight control based on
consensus protocol had been proposed in literature [4], but the communication delay is
not considered. In view of a time-varying multi-UAV formation, a controller of the UAV
formation based on consensus protocols was designed in literature [5]. It can maintain
and transform UAV formation. However, these methods did not discuss the problems of
anti-collision and formation reconfiguration. The UAV formation collision avoidance is
controlled by artificial potential field method in literature [6]. However, this method is
complicated and cannot be applied to multi-UAV formation reconfiguration.

In this paper, an improved artificial potential field method is introduced for collision
avoidance and a distributed formation control algorithm is proposed based on consensus
protocol. The reminder of this paper is organized as follows. The model of multi-UAV
system is introduced at first. Then collision avoidance control algorithm is described in de-
tail. Formation reconfiguration control algorithm based on consensus protocol is described
in Section 4. The simulation analysis is given in Section 5. Finally, some conclusions are
presented.
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2. Model of Multi-UAV System.

2.1. Model of UAV. In this paper, consider a formation consists of n autonomous
UAVs. The engine thrust is along the direction of flight speed. Assume that all UAVs
had the same dynamic characteristics and there are no dynamics coupled between UAVs.
The motion model of UAV ¢ is described by the differential Equations (1)-(6):

&; = Vi cos x; cosy; (1)
¥; = V;sin x; cos; (2)
Z = V;siny (3)
. 1
Vi=—gsiny; + — (; — D) (4)
m
Li sin ¢z
X m; Vi cos v; ( )
1
Yi = L; i — My i 6
1= - (Licos 1 — mig cos ) (6)

where (z;,y;, z;) is the inertial position of UAV 4. x;, v, ¢; are azimuth, inclination and
roll angle. L;, T;, D; are lift, thrust and drag. m;, V;, g are the quality of UAV 4, linear
velocity and gravity acceleration. Formulae (1)-(6) are the nonlinear relationship between
the state vector X; = [x;, y;, 2, Vi,xi,%]T (¢ =1,2,---,n) and the actual control input
vector U; = [qui,Li,Ti}T. Let p; = [a:i,yi,z,-]T € R u, = [uxi,uyi,uzi]T € R3, and take
Equations (4)-(6) into the time derivative of Equations (1)-(3). The UAV model can be
simplified to second order integral model:

Di = u; (7)
where p; is the position of UAV 4, and wu; is the virtual control input for UAV. The
relationship between w,; and U; is shown in Formulae (8)-(10):

Uy, COS X; — Uy, SIN X;
COS7; (uzi + g) —sin Vi (ul'z Cos X; + Uy, sin X'L)
Li = m; COS7; (uzi + g) — sin Vi (uxz COS X; + Uy, sin X@) (9)
coS @;
T; = my (siny; (us, + g) + cosy; (Ug, €O X; + uy, sinx;)) + D; (10)

(8)

¢; = arctan

2.2. Motion control model. In multi-agent, relative motions exist in agents. The clus-
ter has a macro movement relative to external environment. With the rapid development
of sensor network, multi-agent can accomplish some complex tasks by forming formation
[7]. Therefore, the model of multi-UAV motion control can be realized as follows:

ui:u?—ku?—l—uzp“ (11)

where i is UAV i; u{ is the control effect of moving to target points; u¢ is the anti-collision
control; u!t stands for the formation reconfiguration control.

3. Design of Collision Avoidance Control Algorithm for Multi-UAV Forma-
tion.

3.1. Improved artificial potential field method. In two-dimensional space, the po-
tential field of UAV i is:

Us (p) = Ugyy (p) + Uy2, (1) (12)
where US, (p) indicates the gravitational field of the target point, U (p) indicates the

TEep

repulsion field caused by obstacles, and p is the position of UAV i. Under the action of
two potential fields, UAV ¢ can avoid obstacles and move towards the target point.



ICIC EXPRESS LETTERS, VOL.10, NO.1, 2016 131

For UAV, the direction of the optimal path is the negative gradient direction of artificial
potential field. The gravity function of improved artificial potential field method is defined
as follows [8]:

1
Fur (p) = =V [Ugiy (0)] = — [§k‘p2 (p,pg)] = kp (p, py) (13)
The repulsion function is:
n
Fre + = F’re X 9 S
Frep (0) = =V [U2, ()] = { o @ ) PRI =0y

Formula (13) is the target point control law for the control model. That is u{’, where py
is the position of obstacle; p, is the position of target; p (p, py) is the shortest distance be-
tween UAV and target point; p (p, po) is the shortest distance between UAV and obstacle;
po is a constant. k£ and n are positive proportional.

3.2. Space obstacles collision avoidance. In practical application, obstacles are most-
ly irregular 3D objects. Therefore, the modified artificial potential field method should be
introduced into 3D space to ensure flight safety. In this paper, use the expansion process
to deal with detected obstacles. Obstacles will be completely surrounded by circumscribed
spheres. Then tangent point method is applied to achieving the aim that UAV can avoid
obstacles in 3D space [9)].

The vector e; from obstacle to UAV can be calculated by the UAV’s location p; (z;, y;, 25)
of the jth step and the circumscribed sphere i’s center po; (zo;, Yoi, z0i). With radius r;
of the ith circumscribed sphere, the closest point p;; (%, ¥i;, 2,;) from circumscribed
sphere of the ith obstacle to UAV can be got. That is the point of tangency, as shown in
Figure 1.

(mj — Toi, Y5 — Yoi, 25 — ZOi)
V(@ = 20)” + (05 — 00) + (2 — 201
Dij (Tij, Vi, zij) = (Toi + 130, Yoi + 13bs, 20i + 1iCi) (16)
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F1GURE 1. The repulsion schematic diagram of obstacle to UAV in 3D space

By Formulae (15) and (16), when the mobile UAV is in path point p; (z;,y;, 2;) of the
Jjth step, the closest point p; ; (2;;,yij, %) (¢ =1,2,...,n) from each obstacle to mobile
UAV can be got. Through these points, the attraction and repulsion of obstacle to mobile
UAV can be calculated. By Formulae (17)-(19), the next step of UAV can be determined.
It is u®

5

Floix (pjvpg) + Z Frep:v (pjvpi,j)

7 (17)

Tj41 = 5 + 7y X cos
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F, (pjapg> + Z Frepy (pj>pi,j)

F. (pjapg) + Z FTEPZ (pppi,j)
Zjp1 = 2zj + 77 X cos Ff (19)
t

4. Design of Formation Reconfiguration Control Algorithm for Multi-UAV
Based on Consensus Protocol.

4.1. Communication network topology. In multi-UAV formation, the state informa-
tion is transmitted in communication. Suppose that a node in algebraic diagram repre-
sents a UAV, and an edge represents the communication relationship. So a graph can be
used to represent a multi-UAV formation. In this paper, the definition of communication
network topology is presented.

Definition 4.1. Communication network topology is a weighted undirected graph, and it
is expressed in G = {C, E, A}. Vertex set C' = {c1,ca, -+ ,c,} expresses n UAVs; edge
set E ={(ci,cj) € C x Cle; ~ ¢;} expresses communication link between UAVs; weighted
adjacency matriz A = [a;j| ,a;; expresses communication relationship between UAV i and

UAV], Ai5 = Aj; and:
1, (e €EE
i = { 0, (cc) ¢ E (20)

4.2. UAV collision avoidance. In order to avoid multi-UAV collision, assume that
the expected distance between two related UAVs is d;;. When the distance between two
UAVs is more than d,;, it is reflected in gravitational field; when the distance between two
UAVs is less than d;;, it is reflected in repulsion field. According to the above scenario,
the potential field control of the two related UAVs is defined as follows:

—ki (pij — dij) (pij — o) X;

Z ’ 0< Dij S o
-V I[Uf )] =14 & Py ’ (21)
0, Dij = O

where N; is the adjacency set of UAV ¢; p;; is the relative distance between UAV 7 and j;
o is the distance of interact relation; k; > 0 is adjustable parameter.

4.3. Formation reconfiguration control algorithm based on consensus protocol.
On the premise of avoiding collision, the control target of formation reconfiguration is to
reconstruct the formation from A to B. Each UAV has the fixed capability of obstacle
avoidance. Consider a formation with n UAVs, the ith UAV’s dynamic equation:

p; =
where p; € R? is the position of UAV 4, v; € R? is the speed of the UAV i, and u; = R?
is the control input for UAV i.

In this paper, the time varying communication delay is considered. In order to make
multi-UAV to a fixed formation and fly at the expected speed, suppose that p, € R? is
the position of geometrical center of formation, vy € R is the expected speed, it is known
to each UAV. Based on the consensus protocol, the distributed formation reconfiguration
control algorithm is designed as follows:

uf = & TS BIIIZ IR o (- 7 0) - p(0) - (& - d)
+v (v (t = 7(t)) — i (1)) + w0 —a((pi(t) —di) — po (t) + 7 (vi (t) — o (t)z;?))
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In Formula (23), a > 0, v > 0 is gain coefficient, d; € R? is the expected position, and
d;; = ||d; — d;|| is the desired distance between two UAVs. The influence of time varying
communication delay is 7 (¢) and d; is time invariant. The formed formation of multi-
UAV is fixed. According to the consensus protocol analysis, if ¢ — oo, v; — v; — vy,
p; —d; — p; —d; — po, the UAVs will fly at the desired formation and excepted speed.

5. Simulation Analysis. Consider a formation with three UAVs, it took off from dis-
orderly initial points. The communication network topology is shown in Figure 2.
0 01
Adjacency matrix of communication network topology is A= [ 0 0 1 |. Two sim-
1 10
ulation examples of multi-UAV formation flight are given below. Among them, commu-
nication delay 7 = 0.5, p = 0.5, gain coefficient « = v = 1.

Multi-UAV formation reconfiguration simulation under the environment without space
obstacles: assume that the initial positions of three UAVs are (2000, 1000, 3000), (1000,
400, 3000), (2200,1100,3000) (m). All initial velocity is 100 m/s and the direction is
arbitrary. The purpose of controlling is making three UAVs to a triangle formation first,
and then reconstructing the formation as a “~”’. Finally, the formation flight is at a
uniform speed of 160 m/s at a height.

When the control input is (8-10), the simulation results are shown in Figures 3 to 5.
Figure 3 shows that three UAVs form a triangle formation at first, and then reconstruct
the formation as a “~”. Figure 4 shows the velocity curves of three UAVs, and the
formation will fly at expected speed of 160 m/s. Figure 5 shows the relative distance
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FiGURE 2. Communication topology graph of three UAVs
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FiGURE 3. Flight trajectories of three UAVs
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FIGURE 4. Velocity curves of three UAVs
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FIGURE 5. Relative distance curves between pairs of UAVs

variation of three UAVs in formation. After the formation is stable, the relative distance
between UAV2 and UAV1 is 100 m, the relative distance between UAV3 and UAV1 is
—100 m, the distance between UAV2 and UAV3 is 200 m.

Multi-UAV formation reconfiguration simulation under the environment with space ob-
stacles: assume that the initial positions of three UAVs are (2000, 1000, 3000), (1000, 800,
2500), (2000, 1200,2500) (m). The initial positions of obstacles are (50000, 1050, 3850),
(28000, 350, 3800), (1000, 400, 3250), (28000, 950, 3750) (m).

The simulation results of multi-UAV formation reconfiguration are shown in Figures 6
to 8. Figure 6 shows the flight trajectories of three UAVs | it can be seen that three UAVs
can avoid collision in obstacles space, and the final formation is “~”. Figure 7 shows the
velocity curves of three UAVs, the formation will fly at the expected speed of 160 m/s.
Figure 8 shows the relative distance variation between pairs UAVs in the formation, and
UAV will not crash.

6. Conclusions. In this paper, the artificial potential field algorithm is improved by us-
ing tangential method to realize anti-collision in three-dimensional space. Combined with
this algorithm and the knowledge of graph theory, a distributed formation reconfiguration
control algorithm is proposed based on consensus protocol for multi-UAV formation. T'wo
simulation experiments show the effectiveness and feasibility of the proposed algorithm.
UAVSs’ locations and speeds can be uniformly convergent. In future, the system with
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FIGURE 6. Flight trajectories of three UAVs in obstacles space
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F1GURE 8. Relative distance curves between pairs of UAVs

complex obstacles and the change rate of communication delay is unknown need to be
further studied.
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