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Abstract

Aiming at the problem of UAV formation’s obstacle avoidance and the consensus of position and velocity in a 3D obstacle
environment, a novel distributed obstacle avoidance control algorithm for cooperative formation based on the improved
artificial potential field (IAPF) and consensus theory is proposed in this paper. First, the particle model of the UAV and the
dynamic model of the second-order system are established, and the topological structure of the communication network of
the system is described with the knowledge of graph theory. Second, the attractive potential field function containing the
coordination gains factor, the repulsive potential field function containing the influence factor of the repulsive force and the
planning angle, and the potential field function between the UAVs containing the communication weight are defined. Then,
the variables of position and velocity in the consensus protocol are improved by the reference vector of the formation center
and the expected velocity, respectively, and a new formation obstacle avoidance control protocol is designed by combining the
IAPF and the theory of consensus. Finally, the Lyapunov function is used to prove the stable convergence of the algorithm.
The simulation results show that this method can not only prevent the UAV from colliding with each other while avoiding
static and dynamic obstacles but also enable the UAV to quickly restore the expected formation and achieve the consensus
of the relative distance, relative height, and velocity.

Keywords Formation avoidance - The coordination gains factor - The planning angle - Communication weights -
Consensus-based control algorithm

1 Introduction

In recent years, the cooperative control of multi-UAV sys-
tems has become a research hotspot in the field of aviation
control [1-3]. Among them, cooperative formation control
is also one of the important research contents in the field
of cooperative control [4-6], and it is widely used in the
military and civilian fields. However, with the increasing
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complexity of the modern battlefield environments and com-
bat task requirements, it has become particularly urgent to
complete certain combat tasks by multi-UAV, which will
make UAVs face greater challenges when performing com-
plex tasks. For example, UAVs can not only prevent self-
collision but can also safely evade various obstacles during
flight. The UAV can restore the expected formation after
avoiding obstacles, reach the target position stably, and
finally achieve the consensus of the position and velocity,
to ensure that the UAV completes various tasks through
cooperation [7, 8]. Therefore, it is of great significance to
study the problem of cooperative formation avoidance and
consensus control of multi-UAV systems. This can not only
enrich the cooperative control theory of multi-UAV systems
but also provide a more theoretical basis for the autonomous
control technology of UAVs.

Formation obstacle avoidance refers to the formation con-
trol behavior in which multiple UAVs can autonomously
and safely avoid various obstacles on the route to meet the
requirements of the battlefield environment constraints,
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and finally reach the target point smoothly [9]. Commonly
used obstacle avoidance control algorithms include optimi-
zation method [10, 11], neural network method [12, 13],
genetic algorithm [14, 15] and so on. This paper will not
go into details because there are already detailed discus-
sions about these methods in the references. In recent years,
the wide application of artificial potential field (APF) [16]
and consensus-based control algorithm [17] in cooperative
formation obstacle avoidance and consensus control has
also aroused the extremely high research interest of schol-
ars. Among them, the APF is a typical obstacle avoidance
control algorithm. For example, Zhao et al. used an IAPF
and formation division method to combine to make high-
speed UAVs more flexible to avoid obstacles [18]. Seyyed
et al. added an adjustment agent to the artificial potential
field function to improve the efficiency of avoiding fixed
obstacles and reach the target position with the best path
[19]. Hu et al. proposed a distributed collision avoidance
and obstacle avoidance control method based on IAPF and
Voronoi constraints to enable UAVSs to avoid collisions while
avoiding obstacles smoothly [20]. Chang et al. proposed an
IAPF based on the rotation vector, which can plan a colli-
sion-free and efficient obstacle avoidance trajectory for the
UAV [21]. Although the potential field functions designed
in the above references can achieve the effect of avoiding
obstacles, the gains in the potential field function are all in
the form of fixed coefficients, and multiple debugging is
required to determine more reasonable parameters, which
increases the difficulty of debugging. The repulsive potential
field is only used to avoid static obstacles, but it does not
mean that the potential field is also applicable to environ-
ments with static and dynamic obstacles. Although APF has
the advantages of simple calculation and strong real-time
performance, it also has defects such as unreachable targets,
local minima, and self-collision. Aiming at the problem of
the unreachable target. Wang et al. proposed a formation
control strategy combining virtual leader and APF, which
realized that multi-UAV formation can reach the target posi-
tion safely without collision [22]. Dai et al. modified the
attractive potential field function and the repulsive potential
field function based on the segmented idea to make the UAV
reach the target point smoothly [23]. Aiming at the problems
of self-collision and local minima. Zhang et al. proposed
a "lead follower" control strategy based on APF to solve
the problem of self-collision and local minima of multi-
UAYV and enable UAV to effectively avoids space obstacles
[24]. Sun et al. proposed a method with distance factor and
jump strategy to solve the problem of collision [25]. The
potential field function between the UAVs designed in the
above references does not consider the influence of the com-
munication weight, which does not conform to the princi-
ple of distributed control. The theory of consensus is also
widely used in the field of UAVs. The so-called consensus
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means that in the absence of global communication, sev-
eral individuals in the spatial distribution achieve the same
state through local mutual coupling [26]. Dai et al. used
the idea of segmentation to improve the attractive poten-
tial field function and the repulsive potential field function,
introduced the rotation force and the potential field force
between the UAVs, and corrected the state error of the UAV
based on the consensus theory, and designed the obstacle
avoidance control law of cooperative formation to achieve
state consensus and trajectory planning [27]. Wen et al. real-
ized the multi-UAV formation obstacle avoidance control by
combining the strategy of Leader—Follower, the APF, and
the consensus algorithm [28]. Belkacem K et al. proposed a
new distributed consensus algorithm based on the consensus
theory for the cooperative control of the second-order multi-
UAV system to realize the formation avoidance and tracking
control of UAVs [29]. He XY et al. designed a distributed
adaptive consensus algorithm combined with the potential
field method with distance constraints to enable the UAV to
achieve tracking control in the anti-collision situation [30].
The above-mentioned references adopt the method of com-
bining IAPF and consensus theory to achieve the consensus
of state and obstacle avoidance, but the potential field func-
tion between the UAVs still does not consider the influence
of communication weight, and the formation recovery of
UAVs after obstacle avoidance is relatively slow.
According to the above discussion and analysis, it can
be seen that the research of multi-UAV formation obstacle
avoidance and consensus control has made certain progress,
and the method of combining APF and consensus theory has
been widely used in the field of formation avoidance control,
but existing research still exists several questions. For exam-
ple, the UAV is not well able to adapt to the complex envi-
ronment with static and dynamic obstacles because the gain
in the designed potential field function in [18-21] is still in
the form of a fixed coefficient. UAVs cannot avoid dynamic
obstacles since the movement velocity of dynamic obstacles
is not considered in the improved repulsive potential field
functions of these references. The potential field function
between the UAVs designed in [22-25] is not completely
consistent with the topological relationship of the commu-
nication network because it does not consider the influence
of the communication weight. And most of the references
do not comprehensively consider the problem of UAV obsta-
cle avoidance and the consensus of the state after obstacle
avoidance. The potential field function between the UAVs
designed in [27-30] still does not consider the influence of
the communication weight, and each UAV cannot quickly
return to the original desired formation after avoiding obsta-
cles. In response to the above problems, a new potential field
function is defined, and a consensus protocol is designed
based on a distributed formation control structure. The con-
sensus control of multi-UAV system cooperative formation
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obstacle avoidance is studied based on the idea of combining
IAPF and consensus theory.
The main contributions of this study are as follows:

1. The fixed coefficient form of the gain in the potential
field function is improved into a coordination factor
form that can be automatically adjusted in real-time. The
attractive potential field function containing the coordi-
nation gains factor is defined, and the influence factor
of the repulsive force is introduced into the repulsive
potential field function to prevent the UAV from falling
into a local minimum and ensure that the UAV reaches
the target point smoothly.

2. The coordination gains factor of the repulsive force
based on the movement velocity of the dynamic obsta-
cle, planning angle, and distance deviation is introduced
into the repulsive potential field function to improve the
adaptability of the UAV to static and dynamic obstacle
environments. And the potential field function between
the UAVs with communication weight is defined to
improve the convergence efficiency.

3. A distributed cooperative formation obstacle avoid-
ance control algorithm based on IAPF and consensus
theory is proposed to achieve control objectives such as
rapid obstacle avoidance, the consensus of the velocity
of UAYV, relative distance, and relative height between
UAVs.

The rest of the paper is organized as follows. In
Sect. 2, the UAV particle models and system dynamic
models are established, and the related knowledge of
graph theory is briefly described. In Sect. 3, the obstacle
avoidance control algorithm of cooperative formation is
designed, and the principles of the IAPF and improved
consensus protocol are discussed in detail. In Sect. 4,
the stable convergence of the algorithm is proved by the
Lyapunov function. In Sect. 5, simulation is carried out
to compare and analyze the simulation results to further
verify the effectiveness of the algorithm. In Sect. 6, the
research content is summarized and the future research
work has prospected in this paper.

2 Modeling and Problem Description

The research of UAV formation consensus control usually
includes three basic elements of dynamic individuals, com-
munication network topology, and consensus protocol [31].
The particle model of the UAV and the system dynamic
model based on the second-order integrator will be estab-
lished, and the graph theory knowledge used to establish the
communication network topology will also be introduced in
this section. The design method of cooperative formation

obstacle avoidance and consensus control protocol will be
discussed in Sect. 3.

2.1 The Particle Model of the UAY

In this paper, the dynamic individual is the UAV, and its
motion model in space is mostly a complex six-degree-of-
freedom model. The center of mass motion equations of
the UAV have been described in detail in Ref. [32], and
this paper will not repeat it. To conveniently analyze the
problems of formation avoidance, formation recovery, and
the consensus of relative position and velocity, the control
of attitude is ignored, and each UAV is regarded as a sin-
gle agent, and the simplified UAV mathematical model is
described in matrix form as shown in Eq. (1):

d

ui max

Mui = [xui Vi Fusi duimin duij vuimax]’ (1)
where x,; = (X, X5- X,,) 18 the space position coordinate
of the UAV, v,; = (v, V, ) is the movement velocity
of the UAV, F,; = (F > Fuivs Flusi;) 18 the resultant force
received by the UAV, d,; i and d are the minimum and
maximum values of the UAV’s visual distances, respectively,
d,; is the expected distance between the two UAVs that can
exchange information. Since the IAPF can calculate the
movement velocity of the UAV in real-time, it is considered
that there is a certain velocity range, and v,; ... is set as the
maximum velocity of the UAV, i,j € {1,2,...,n}.

This model describes the relationship between the result-
ant force received by the UAV in the IAPF and the move-
ment velocity and space position. In each iteration, the
resultant force is obtained to calculate the acceleration and
velocity corresponding to the next moment, and the position
information at the next moment based on the position infor-
mation at the current moment is treated as a new starting
position. The calculation mechanism is continuously looped
to plan the flight path for the UAV in real-time.

uiy» vuiz

F

ui max

2.2 The Dynamic Model of Multi-UAV System

As far as the state is concerned, the formation consensus
means that the relative position and velocity of UAVs con-
verge and tend to be consistent, therefore, a dynamic model
of the multi-UAV system based on the second-order integra-
tor is established. Without loss of generality, this paper con-
siders a formation system with UAVs, where the dynamic
equation of the i-th UAV is shown in Eq. (2):

{%mzmm

vui(t) :uui(t) i€ {1’25---,11}, (2)

where Xui = (xuix’xuiy’xuiz s Vui = (vm'x’ Vuiy’vuiz) and
Uy = (Uyis Uy U,;;) are the position status, velocity status,
and control input of the i-th UAV, respectively. The state
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vector and the second-order basic consensus protocol of the
formation system are shown in Eq. (3) and (4), respectively:

%0 = @ L0 ... @) e R
3

v = @) L@ . v o] e rS

n

w0, (1) == Y ag[r, (x,(0) = x,40)) + 72 (v.a(t) = v, )]

J=1

C))
where a;; is the communication weight between UAVi and
UAVj, v, > 0 and y, > 0 are the protocol parameters.

Definition T When each UAV satisfies Eq. (5) for any given

initial state, it is said that the multi-UAV system gradually
reaches consensus.

lim
=00

x40 = x, 0| =
H

0
Lje{1,2,...,n}. 5
V() = vt 0 A } )

lim
=0

It should be noted that when the consensus theory is
applied to the control of multi-UAV formations, to avoid
the center of mass of the UAVs overlapping at one point,
the safety distance between UAV's should be considered and
the position coordination variables should be improved. See
Sect. 3.3 for details.

2.3 The Knowledge of Graph Theory

The information interaction process between the UAVs can
be described by the knowledge of graph theory, that is, nodes
represent UAVs, and the edges between nodes represent the
information transfer relationship between the UAVs. Sup-
posing G = {V,E, A} is a weighted undirected graph, where
V = {v,v,...,v, }is a point set composed of nodes in the
graph, E C V X V is the edge set composed of all edges in
the graph, A = [a;] € R™" is the weighted adjacency matrix
of the graph, a;; is the communication weight between nodes
v; and Vi, (vi,vj) SR (vj, v;) € E is an undirected edge
between v; and v; in the graph. If the UAV i can transmit
information to the UAV j, then v; is called the parent node,
v; is the child node, that is, v; is the neighbor of v;. The set
of all the neighbors of the node v; can be represented by
N ={v,eV,(v,v) €E}.

L = [I;],x, € R™" is the Laplacian matrix of the graph,

wherel; = —a;, Vi # jl; = ¥, ;. a;. In the graph, the total

number of all UAVs that transmit information to the UAV
i is defined as the input degree, and the diagonal matrix D

@ Springer

composed of the input degree is the degree matrix of the
graph and L=D — A is the Laplacian matrix of the graph.

3 Obstacle Avoidance Control Algorithm
of Cooperative Formation

This section mainly designs the obstacle avoidance control
algorithm of cooperative formation. Firstly, the basic prin-
ciples of the traditional APF are summarized, and the rea-
sons for its inadequacy in the field of formation control are
analyzed. Secondly, an IAPF with three parts includes the
attractive potential field, the repulsive potential field, and
the potential field between the UAVs are designed. Then, the
position variable and the velocity variable in the consensus
protocol are improved, respectively, through the reference
vector of the formation center and the expected velocity.
Finally, an obstacle avoidance control algorithm of coopera-
tive formation based on the IAPF and improved consensus
protocol is proposed.

3.1 Traditional APF

Khatib proposed an APF based on the virtual field in Ref.
[33]. In a 2D static obstacle environment, a UAV moves
toward the target through the attractive force generated by
the attractive potential field at the target point, and the UAV
hinders itself from moving toward the obstacle through the
repulsive force generated by the repulsive force field around
the obstacle. The UAV finally reaches the target position
driven by the resultant force. The principle of the traditional
APF is shown in Fig. 1. the attractive potential field function,
the function of the attractive force, repulsive potential field
function, and the function of the repulsive force are shown
in Egs. (6)—(9), respectively:

Fig. 1 Traditional APF
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Uy (x,.x,) = 0.5a,]|x, x,||2, 6)

F, (x ) =-VU, ( ) = _aut”xu _xt”’ (7N

2
1
Uu,,(xu,xo)={05ﬁ () h-xl<d,

0, |x,—x]|>4d,
(3)
Fug(xu,xo) = —VUL“)(XH,}CO)
ﬁuo < 1 _ l)
= ”xu - ‘x0”2 ”xu - xo” do ’ )
||xu - 'x()” S d()
O’ ”x“ _xf)” > do

where U,,(x,,x,) and U, (x,, x,) are the attractive poten-
tial field and the repulswe potential field, respec-
tively,VU,(x,,x,) and VU, (x,,x,) are the gradients of
v,x,x)and U,k (x,,x,) on x,, respectively,F,,(x,,x,) and
F,,(x,,x,) are the attractive force and the repulsive force,
respectively, ||x, — x,|| is the distance between the UAV and
the target point, ||x, — x, || is the distance between the UAV
and the obstacle, d,, is the influence distance of the obstacle
repulsive potential field on the UAV, «,, and §,, are the gains
coefficients of the attractive force and the repulsive force,
respectively.
The resultant force received by the UAV is shown in
Eq. (10):

Fu(xu) = Fuz( Xus X ) +Fuo( Xuo o) (10)

where F,(x,,x,), F,,(x,,x,) and F,(x,) are the attrac-
tive force, the repulsive force, and the resultant force,
respectively.

There are several problems when the traditional APF is
applied to UAV formation control:

1. The UAV will not be able to reach the target point
because the repulsive force generated by all obstacles on
the UAV may be much greater than the attractive force
generated by the target point on the UAV when there are
obstacles near the target point. Or the UAV falls into a
local minimum because the resultant force is zero when
the UAV is located in an area with dense obstacles.

2. UAVs can only avoid static obstacles but cannot avoid
dynamic obstacles because the traditional repulsive
potential field function does not consider information
such as the velocity of dynamic obstacles.

3. UAVs are prone to collision with each other because they
are only affected by the attractive force and the repulsive
force and the interaction between UAVs is not consid-

ered when multiple UAVs fly at the same time. After
avoiding obstacles, the UAV cannot quickly recover the
expected formation and cannot ensure the consensus of
the relative position and velocity because the commu-
nication weight is not considered in the potential field
function.

3.2 IAPF

The multi-UAYV is not only affected by the attractive force and
the repulsive force in a 3D obstacle environment, but also by
the potential field force between the UAVs. Supposing the
resultant force received by the UAV is shown in Eq. (11):

Fusi(xui) = Futt( m’ ) +Fu0pz( m’ ) +ij( m’ u/)’

(11)
where Futi(xui’ xt)’ Fuopi(xui’ xop)’ Fuij(xui’ xuj) and Fusi(xui) are
the attractive force, the repulsive force, the potential field
force between the UAV's and the resultant force, respectively,

andi,j € {1,2,...,n}
3.2.1 The Attractive Potential Field of the Target

A coordination gain factor is introduced into the piecewise
attractive potential field function to make each UAV reach
the target point smoothly in a complex obstacle environment,
and the factor is determined by the distance between the UAV
and the target point and the expected distance deviation of the
formation. Then the newly defined attractive potential field
function and the function of the attractive force are shown in
Egs. (12) and (13), respectively:

Uuti (xm"xt) — O'Sautl (puti) ”xui - xt”z’ ”xm' - xt” < duij ,
O'sauﬂ(puti) ”'xui - 'xl“ > “xui - 'xz‘” > duij
(12)

Fun(xuz’ ) VUun( KXuis X

— { %y (puzi)”xui _xt”’ ”xui - xl” < duij
_autZ(puti)”xm _xt”’ ||x - xt” 2 duij ’

13)

ui

where:

{ Xy (puli) =1+ e_f , (14)

aut2(puzi) =14 etu

pui = | = 5]l = g

15)

where U ,;(x

.i»X,) 1s the attractive Potential Field of the
target, VU, (x,;,x,) is the gradient of U,,(x,;,x,) on x,
F,,;(x,;,x,) is the attractive force of the target, ||x,; — x,|| is

the distance between the UAV and the target point, d ; is the

> Yuij

ui’ ui’ ui’

@ Springer



1418

International Journal of Aeronautical and Space Sciences (2021) 22:1413-1427

expected distance between the two UAVs that can exchange
information, a,,,, (p,,;) and @, (p,,;) are both the coordination
gains factor of the attractive force, p,,; is the deviation about
the distance between the UAV and the target point and the
expected distance, i,j € {1,2,...,n}.

The gains coefficients of the attractive force adjusted by
UAYV under certain obstacle environment is no longer appli-
cable under other types of obstacle environment because
the gain in the traditional attractive potential field and the
improved attractive potential field of the existing refer-
ence is still in the form of a fixed coefficient. However, for
the improved attractive potential field in this paper, both
@, (p,) and a,,(p,,;) can automatically adjust their size by
P, adjusting the intensity of the attractive force. Adjusting
@1 (Py) and a0 (p,;) Within the range of ||x,; — x,|| < d,;
and |x,; — x,|| > d,; can appropriately increase the attractive
force to prevent the UAV from being unable to reach the
target point due to too small attractive force when there are
obstacles near the target point.

3.2.2 The Repulsive Potential Field of the Obstacle

The coordination gains factor of the repulsive force is intro-
duced into the repulsive potential field function to improve
the UAV’s adaptability to static and dynamic obstacle envi-
ronments or improve the efficiency of obstacle avoidance,
and this factor is determined by the movement velocity of
the obstacle, planning angle and distance deviation. The
influence factor of the repulsive force is introduced to pre-
vent the UAV from falling into a local minimum because the
resultant force is zero, and this factor is determined by the
distance between the UAV and the target point. The plan-
ning angle is calculated based on the distance between the
UAV and the geometric center of the obstacle, the distance
between the UAV and the target point, and the distance
between the geometric center of the obstacle and the target
point. Then the newly defined repulsive potential field func-
tion and the function of the repulsive force are shown in
Egs. (16) and (17), respectively, and the schematic diagram
and calculation method of the planning angle are shown in
Fig. 2 and Eq. (20), respectively:

2
1 1
0. Sﬁun( ui> Voo punpi) - d
X, — xop 0 max
U,opi XX, ) =3 .
unpl( ui op) ||xui — xt”q, Xyi — x(}p (S (domin’domax]
+o0, ”xui Up“ € O’ domm]
0, else
(16)

@ Springer

/ Obstacle \

domin

Idomax

e ~—__ ___-

Fig.2 Planning angle

Fuopt (xm’x ) = _VUuopt (xm’xop)

-

1 1
ﬂuo (Gui’ Vos puopi)
Xy — x(,p‘ Xui ~ Xop
1 1
- ) % — x| = 0.5¢f ——
=< 0 max Xui — xop
L\2
(q—l)]
- X — X ,
dnmax) || “ t”
Xui — ap € (du min> “o max]
+00, Xui — [0’ do mm]
0, else,
a7
where:
1+ euievo_puupi’
6,>0andv,>0
ﬁuo (Hui’ Vos puopi) =
Xui — xop € (domin’ domax]
14 6,e " wi, else
18
puopi = ||xui - xop - domin’ (]9)
2 2
- X — X || — |[X:— X
BN P R P e U N
2 = xell - s =
wherei € {1,2,...,n}U,,,(x,,X,,) is the repulsive potential
field, VUuopl(xw, Op) is the gradient of Uuop,(xm, Xpp) O X,;
Fuopi(X,i> X,,) 18 the repulsive force, x,, is the space p0s1t10n

coordinate of the intersection p01nt that the connection
between the UAV and the geometric center of the obstacle
with the obstacle surface, “xm- -Xx,

» “ is the distance between
the UAV and the intersection, ||x,; — x,||? is the influence
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factor of the repulsive force, ||x,; —x,|| is the distance
between the UAV and the target point, ||x, — x,|| is the dis-
tance between the target point and the geometric center of
the obstacle, (d, yin» @, max] and [0, d,, ;. ] are the action area

and d

of the repulsive potential field of obstacles, d, ,;, - max
are the minimum and maximum influence distances of the
repulsive potential field of obstacles on the UAV, respec-
tively, By(0,is Vo» Pugpi) 18 The coordination gains factor of

the repulsive force, p,,,, is the deviation between “xui - X

op
andd, ;.. v, is the movement velocity of the dynamic obsta-

cle, 8, is the planning angle, and g € (0, 1),i,j € {1,2, ... ,n}

The improved gain of the repulsive force takes into
account the movement velocity of dynamic obstacles,
planning angle, and distance deviation. The size of 6,
will has a certain impact on the size of the repulsive
force. Figure 2 shows that the UAV moves towards the
target direction and keeps approaching the obstacle will
increase 6,; when the UAV is within the influence of the
repulsive potential field of obstacles. In other words,
under the premise that the UAV is within the influence
of the repulsive potential field, the larger the 6,; is, the
closer the UAYV is to the obstacle, at this time, the smaller
Puopi 18, the larger the gains factor of the repulsive force
is, which increases the repulsive force effect to a certain
extent. Therefore, this can enhance the UAV’s adaptability
to static and dynamic obstacle environments and improve
the efficiency of obstacle avoidance. The second factor in
the first paragraph of the repulsive potential field func-
tion of Eq. (17) contains two items, and the first one will
decrease as the distance between the UAV and the target
point decreases, and even tends to zero. At this time, the
second term increases relatively. This equation mainly
plays a role in reducing the repulsive force. This equation
can also reduce the repulsive force to a certain extent to
prevent the UAV from falling into a local minimum due
to the equal and opposite directions of the attractive force
and the repulsive force.

3.2.3 The Potential Field Between the UAVs

Extending the design ideas of the attractive potential field
function and the repulsive potential field function in the
traditional APF to the design method of the potential field
function between the UAVs to prevent UAV collision. The
communication weight is introduced into the potential field
function between the UAVs to make full use of communica-
tion between UAVs to quickly restore the originally expected
formation after avoiding obstacles. Then the newly defined
potential field function between the UAVs and the potential

field force between the UAVs are shown in Egs. (21) and
(22), respectively:

2
Z 0. Sat/ uij (puij) me - xuj” ’
jEN,
Xui — xuj” Mlj and || [dumlm uma\x]
1 1
Um] (XMI,xu]) < Z O'SQ[jﬁuij(puij) <—||x — ” - d_) s
jeN, wi ™ Xuj uij
“xui uij [dumm’ umax]
0’ ”xui - xuj [du min?® du max]
2D
Fut](xut"xu_i) - VUulj(xm’xu])
- Zay m](pm] xuj >
||xui u/” uij [du min® umax]
— ] ;B (Puij) ( _ _)
JEN; ”xui_xufllz ||xw—xuj|| dy )’
qui uj| uij ui xuj” € [dumin’dumax]
0, “xui _xuj” ¢ [du min’du max]
(22)
where:
aul'j(puij) =1+ efui (23)
ﬁuij(puij) =1+eli’
pui = || = |~ s 24)
where “x x,;|| i the distance between the UAV i and its

neighboring UAV j, d,; is the expected distance between the
two UAVs that can exchange information.a,;(p,;) and
B.ij(py;) are the mutual reference gain factor and mutual
exclusion gain factor, respectively, a; is the communication
weight from UAV j to UAV i, N, is the set of all UAVs that
interact with the UAV i, if UAV i can receive information
from UAV j, then g; > 0, otherwise a; =0, and for all
ie{l,2,...,n},a; —0w111beassumed11€{12 ,n}.

It can be seen from Eq. (22) that there are both the
attractive force and the repulsive force between the UAVs,
and the potential field function between the UAVs with a;;
is more in line with the actual communication network
topology. The attractive potential field between the UAVs
plays a leading role when the distance between the UAVs
is greater than the formation safety distance. At this time,
the UAVs are preferentially attracted to UAVs with high
communication weights, and the distance between the
UAVs is appropriately reduced to avoid leaving the forma-
tion. The repulsive potential field between the UAVs plays
a leading role when the distance between the UAVs is less
than the formation safety distance. At this time, the UAVs
preferentially repel each other with UAVs with high com-
munication weights, and the distance between the UAVs
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is appropriately increased to prevent UAVs from colliding.
The force between the UAVs is zero when the distance
between the UAVs is equal to the expected distance, and
the UAV formation tends to be stable.

3.3 Obstacle Avoidance Control Protocol
of Cooperative Formation

Although the UAV can prevent self-collision by the IAPF,
it can quickly restore its formation after avoiding obstacles
safely, and reach the target point smoothly, but the IAPF
alone cannot achieve the consensus of position information
and velocity information about UAV. In response to this
problem, considering that a certain expected distance must
be maintained between the UAVs, the formation center refer-
ence vector represented by the formation expected distance
and expected velocity is introduced in the basic consensus
protocol [34] to improve the position variable and the veloc-
ity variable, respectively. That is, the deviation between the
actual position of the UAV and the reference vector of the
preset formation center is taken as the corresponding forma-
tion center, and the deviation between the actual velocity and
the expected velocity is taken as the new velocity variable.
The information difference of the formation center of the
UAVs and the new information difference of velocity update
the position and velocity information of the UAVs in real-
time. The improved consensus protocol is shown in Eq. (25):

n

u, () =— a;|r (X6 —%,:(0)
j:ZI J[ l( ] ) 25)

+1, (2.0 —0,0) ] ije{l2,....n},

where:
X0 = x,,(0) — x’ui
{9®—m@ (26)

The obstacle avoidance control protocol of coopera-
tive formation designed by combining the IAPF and the
improved consensus protocol is shown in Eq. (27):

um’(t) = uci(t) + y3Fusi (xui)

n

==Y ar (3,0 = 5,40) + 72 (9,0 = 9,4)]

J=1

m
+ 73 Futi(xui’xt)+ 2 Fuopz Xuis X, p)

o=1

+ Z lll] Lll’

JEN (1)
@7

@ Springer

Putting Eq. (13), Eq. (17) and Eq. (22) into Eq. (27) can
get Eq. (28):

n

(1) == ) ar (5,00 = £,0) + 72(9,4(0) = 9,40

=1

VUmz( KXuis X, ) - Z VUuopz (xm’xop)
o=1

Z VUm/ ui’ u]) .

JEN (1)
(28)

Substituting Eq. (28) into Eq. (2), the closed-loop dynamic
equation of the formation obstacle avoidance control system
is shown in Eq. (29).

r);eui(t) = i\)ui(t)

b0 =— Z a;y1 (240 — £,0) + 72 (0,40 = 9,4,(0)]

=1

m
<
VUutz ui>X Z uopz KXuir X, )

- Z VUMlj uis X, ) ’

JEN(D)

(29)
where u;(t) is the improved consensus protocol, %,;(¢) is the
position information difference between the actual position
x,;(¢) of the UAV i and its preset formation center refer-
ence vector x ., 9,,(7) is the velocity information differ-
ence between the actual velocity v,;(f) of the UAV i and
its expected velocity v/ . 7, , 7, and y; are all adjustable
protocol parameters greater than 0, a;; is the communication
weight of the UAVs, which is used to describe the informa-
tion interaction process between the UAVs. If information
can be transferred between two UAVs, assumed that a; > 0,
otherwise a; = 0,i,je{l,2,...,n}.

Definition 2 If the formation system can always meet the
conditions shown in Eq. (30) under any given initial state
conditions, it is said that the UAVs can restore the originally
expected formation after avoiding obstacles, and realize the
consensus of velocity , relative distance and height between
the UAVs.

fim 240 - 2,00 =0

lim || D, (1) = V(1) “ =

=0

ije{1,2....n}. (30)
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4 Stability and Convergence Analysis

The stability, convergence, and control performance of
obstacle avoidance and collision avoidance of the forma-
tion control system will be analyzed in this section. Among
them, the stability and convergence of the system are mainly
proved by the characteristics of the solution of the closed-
loop dynamic equation, the Lyapunov function defined by
the total energy of the system, and the LaSalle invariant set
principle. For obstacle avoidance and collision avoidance,
it is mainly proved by contradiction.

The following assumptions are given to be able to better
control the UAV formation flight:

1. The formation system composed of n UAVs performs
formation flying under the action of Eq. (27). The UAVs
will encounter m obstacles in the external environment
during the flight.

2. 2)Each UAV is equipped with onboard communication
equipment and the communication between the UAVs
is in good condition, without communication delay, data
packet loss, etc.

3. There is a spanning tree in the fixed communication net-
work topology, that is, any UAV in the formation system
can at least obtain communication information through
a neighbor UAV.

4. The total energy function of the formation system con-
structed by the potential energy function and the kinetic
energy function is defined as V(¢), and the total energy
function is a finite value, there is V() < a.

The following theorem is now given:

Theorem 1 Under the action of Eq. (27), the UAV can not
only prevent collisions between UAVs, but also safely avoid
static and dynamic obstacles, quickly recover the expected
formation after avoiding obstacles, and achieve the consen-
sus of relative position and velocity.

Proof Let [x,(0),v,(0)]" be the initial state, where
x,(0) = [x], (0) x(0) - xun(O)]T is the initial position
state, and v,(0) = v/, (0) v (0) - vI (0)]" is the ini-
tial velocity state. It is assumed that the vector form of the
improved synergy variable and the improved potential field

force are shown in Eq. (31) and Eq. (32), respectively:

2,0 =210 200 ... % m(r)] € RS a1
9,0 = [T, (1) 1) ... T 0] € RPS
Fu )= [FT ) FL 0 ...FT )] € R™. (32)

Therefore, Eq. (27) can be rewritten as:

1421
{/u(t) = _ylmu(t) - yZL‘,}u(t) + ySFus(t)' (33)
The Laplacian matrix is shown in Eq. (34):
) aj; —app o T4y,
j=1
_a a . eee —a n
L= 2 g Y o (34)
A4y —dpp " Z ayj
L j:1 .

Combined with Eq. (26), Eq. (33) can be expressed as:

D) = =y, Lx,(t) — y,Lv,(t) + nLx, +y,Lv + y3F (D).
(35)

The Eq. (35) is expressed as a matrix form as shown
in Eq. (36):

[icu(t)] _[ oL, qu(t)] [ H ;] [
b, | T | -nL -nL || v,0 nL nL||v F, (z)
(36)

where I is an n-dimensional identity matrix, and 0, is an
n-dimensional zero vector.

Next, Eq. (36) is solved, and the stability and conver-
gence of the system are discussed according to the char-
acteristics of the solution. The solution of this equation
corresponding to the homogeneous equation is:

[fc (r)] [ 0, I, qua)] N [ 0, ] a7
V(1) -nL —nL v, F,® ]

Now the Lyapunov function including the potential
energy and kinetic energy function of the formation sys-
tem is established as shown in Eq. (38). Among them, the
attractive potential energy can be set to zero because the

UAV is always affected by the attractive potential field of
the target to move towards the target point.

V(t) = —AT(t)v N+ = ylch(t)Lx (1)

+ Z Y3 Z uopi -xm(t) + ]/3 Z Uulj 'xm(t))

o=1

3

(38)
Taking the derivative of Eq. (38) can get Eq. (39):
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n

D Uy (34(0)

i=1 o=1

V() =9l [ﬁu(t) +7 L3, + 73

+ 7 Z 2 U, (2,0 ]

i=1 j=
=97 (0) [—yszt,(r) — 7, L%, ()

-7 Z Z VUuapl xm(t)

i=1 o= i=1

Z i (24(0)

+ yle (t) + 73 Z Z 2% uopi xm(t)

i=1 o=1

+7; Z Z VU,;(%,40) ]

i=1 j=1
= —1,9, (LD, (1)

=" 2 Z l] [Vm([) Lu(t)

i=1 j=

=13 Yo

i=1 j=1

9,4(0)]

t
vm( ) — 2 Vui

! 2
o]

<0.
(39)

Knowing thaty, > 0, from Eq. (39), whent — oo, there is
V() <0, that is, V(?) is monotonically decreasing.

Ly(a) = {[x,(0), Gu(t)]Tl V(t) < a}is defined as a bounded
set, if [x,(0), f)M(O)]T € Ly(a), then V() < a holds for both
Vt, and Ly (a) is the invariant set. According to the prin-
ciple of the LaSalle invariant set [35], the formation sys-
tem will eventually converge to the maximum invari-
ant set Q = {[%,(1),9,(0]" € LV(a)|V(t) =0} of Ly(a) if
the initial solution of the system is in Ly(a). If V(¥) =0
then there is ¥,(r) = 0, and v,(t) = V/ is easy to get, then
there is (1) =V,() = - =7, =0, so there is
X, =X,() = - =X,,(t) = 0. It can be seen that V(¢) is
positive semidefinite because L is positive semidefinite, and
the total energy of the potential field is U, (x) > 0, that is,
U,(x,()) > 0is obtained. Therefore, the system can be stable
according to the Lyapunov theorem.

For the convergence and consensus of the system. There
is v/ = 0 because the initially expected velocity is a constant
value, and the special solution of the corresponding non-
homogeneous equation of Eq. (36) can be solved under this
constraint:

o _ | X
0|~ v | (40)
Therefore, when t — oo, and the control protocol param-
eters are reasonably selected, the solution of Eq. (36) will

gradually converge to [x/,/]". That is to say, each UAV
can restore the originally expected formation after avoiding

@ Springer

obstacles to achieve the convergence and consensus of the
state.

The realization of collision avoidance between UAVs and
obstacle avoidance can be proved by contradiction.

For the realization of collision avoidance between
UAVs, supposing [%,(0),9,(0)]” € Ly(a) is the initial
state, when ¢, > 0, UAV i and UAV j collide, at this time

{(x,;(;)) = oo, then there are:

mj ui

Vi) = UGut) + 3770)8,(0) + 3113 (1)L, (1)
2 Uu(fcu(tl))
2 Uuij(j\cui([]))
= U,;i(x,(t))) = oo.

uij

(41)

From Eq. (41), it is contradictory to V(¢) < a, so the origi-
nal hypothesis is not true, that is, there will be no collision
between UAVs in the system. In the same way, the UAV’s
ability to avoid obstacles can also be proved by contradic-
tion, which is omitted here to save space.

In summary, under Eq. (27), multiple UAVs can adapt to
static and dynamic obstacle environments. They can avoid
obstacles safely while preventing collisions between UAVs.
The UAV can quickly restore the originally expected forma-
tion and achieve the consensus of relative position and veloc-
ity after avoiding obstacles. The certification is completed.

5 Numerical Simulation

5.1 Establishment of Simulation Environment
and Parameter Initialization

This paper intends to simulate and compare the traditional
APF, the IAPF in this paper, the algorithm in [27], and the
obstacle avoidance control algorithm of cooperative forma-
tion proposed in this paper in a 3D obstacle environment to
verify the effectiveness and feasibility of the proposed algo-
rithm. Static obstacles are simulated by 2 cylinders, 3 spheres
and 2 hemispheres, respectively, and another sphere is used to
simulate dynamic obstacles, and it moves from (120, 25, 95)
to (25, 120, 95) at a velocity of v, = 5 m/s. Four UAVs are
pre-formed at the starting point of the expected formation
based on a diamond. A fixed undirected connected graph is
used to represent the communication network topology of the
multi-UAV system as shown in Fig. 3. There is a two-way
connection between the UAVs and the expected distance is
40 m, that is, d,,|, = d, ;3 = d,p4 = d,34 = d,p3 = 40 m, then
da = 40\/_ 3 m, and the relative height between the UAVs
canalsobehL =hyy = hypy = hgy =20V/3 m b, =0m,
h,4 = 404/3 m. If the two UAVs can exchange information,
there is a; = 2, otherwise a; =0, and fori € {1,2, ..., n},
a; =0 W111 be assumed, and the adjacency matrix is shown in
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VA UAV 1

UAV 4

Fig.3 Formation communication network topology

Eq. (42). The preset formation center vector is set according
to the expected distance of formation as shown in Eq. (43).
The main parameters of the algorithm proposed in this paper
are ¢ = 0.5, y; = 0.001, y, = 0.5, y; = 1. The coordinates of
the geometric center position of each obstacle are shown in
Table 1. The starting position and initial velocity of each UAV
and target position coordinates are shown in Table 2.

0220
2002
A=2002) (42)

0220

ul 2
_ 2 V2
Y= <—Tdmp Tdm-j,0>
. B, (43)
¥, = (Ld, L2d,;0

Table 1 Obstacle position coordinates

Obstacle Numbering Coordinate
Cylinder 1 (50, 382, 0)
2 (118, 450, 0)
Hemisphere 1 (350, 50, 0)
2 (450, 150, 0)
Sphere 1 (135, 365, 95)
2 (220, 280, 115)
3 (220, 280, 75)
4 (15, 150, 52)

Table 2 The starting position and initial velocity of the UAV and the
position of the target

Name Numbering Coordinate

The starting position of the UAV ~ UAV1 (20.0, 480.0, 129.6)
UAV2 (5.9, 465.9, 95.0)
UAV3 (34.1,494.1, 95.0)
UAV4 (20.0, 480.0, 60.4)

The initial velocity of the UAV UAV1 (3.5,-3.5,0)
UAV2 (3.5,-3.5,0)
UAV3 (3.5,-3.5,0)
UAV4 (3.5,-3.5,0)

The position of the target 1 (470.0, 30.0, 129.6)

2 (455.9,15.9,95.0)
3 (484.1, 44.1, 95.0)
4 (470.0, 30.0, 60.4)

5.2 Simulation Results and Analysis

In the 3D obstacle environment model, the traditional APF
(Denoted as A,), the IAPF in this paper (Denoted as A,),
the control algorithm in [27] (Denoted as A5) and the obsta-
cle avoidance control algorithm for cooperative formation
proposed in this paper (Denoted as A,) are simulated from
the aspects of formation obstacle avoidance track and state
consensus, respectively, and the results are compared and
analyzed to further verify the effectiveness and feasibility
of A,.

The formation obstacle avoidance track of the diamond
formation under the action of the above four algorithms are
shown in Fig. 4a—d, respectively.

It can be seen from Fig. 4a that the four UAVs can pass
between the two cylinders, but they stagnate near the first
sphere obstacle on the left when the diamond formation is
flying under the action of the algorithm A,. A complete and
feasible trajectory from the starting point to the target point
was not planned, and the formation flight mission could not
be completed. It can be seen from Fig. 4b that the four UAVs
can not only avoid static obstacles but also dynamic obsta-
cles. Finally, all UAVs can reach the target position when the
diamond formation is flying under the action of the algorithm
A,. However, the UAVs moved directly toward the target point
and did not quickly recover the expected formation after
avoiding obstacles. It can be seen from Fig. 4c that the four
UAV:s can avoid static obstacles, but the UAV4 directly passes
through the dynamic obstacles and cannot avoid it because the
dynamic obstacles are not considered in the repulsive poten-
tial field function when the diamond formation is flying under
the action of the algorithm A;. Although all UAVs can eventu-
ally reach the target position, the speed of the UAVs returning
to the originally expected formation is relatively slow. It can
be seen from Fig. 4d that the UAV’s adaptability to complex
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Fig.4 The formation obstacle avoidance track of the diamond formation under different algorithms

obstacle environments is enhanced because the potential field
gains in the algorithm A, are all factors that can be automati-
cally adjusted in real-time. All four UAVs can safely evade
static and dynamic obstacles. The UAVs can quickly return to
the expected formation and maintain a stable formation after
avoiding obstacles. Finally, the UAVs reach the target point
smoothly without collisions between UAVs.

The corresponding state change curve is not drawn
because the UAV cannot plan a complete trajectory under
the effect of the traditional APF. The change curve of the
relative distance and the relative height between the UAVs
under the algorithm A,, algorithm A,, and algorithm A, of
the diamond formation with time ¢ is shown in Fig. 5, where
time 7 is the total step time.

It can be seen from Fig. 5 that the four UAVs can main-
tain the preset diamond formation before obstacle avoid-
ance, and the relative distance and relative height between
the UAVs can be consistent with the expected value when
the diamond formation is flying under the action of the

@ Springer

above three algorithms. The formations are scattered, and
the relative position change curve has a certain range of
fluctuations in the process of obstacle avoidance. However,
the relative distance and relative height of the UAV did
not quickly converge to the expected value after avoiding
obstacles under the algorithm A,, which shows that the
consensus of the relative position cannot be achieved by
simply improving the APF. The relative distance and rela-
tive height of the UAV begin to converge to the expected
value at about the 100th second after obstacle avoidance
under the algorithm A5, which shows that the convergence
speed of the relative position between the UAVs is slow
when the communication weight is not considered in [27].
The relative distance and relative height of the UAV begin
to converge to the expected value at about the 80th second
after obstacle avoidance under the algorithm A,, which
shows that the introduction of communication weights in
the potential field function between UAVs can speed up
the convergence speed of the relative position.
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Fig.5 The change curve of the relative position between UAVs

The change curve of the velocity component of the dia-
mond formation under the algorithm A,, algorithm A,, and
algorithm A, with time 7 is shown in Fig. 6.

It can be seen from Fig. 6 that the velocity components
on each coordinate axis remain the same before obstacle
avoidance when the diamond formation is flying under the
action of the above three algorithms. During the obstacle
avoidance process, the UAV’s velocity component change
curve has a certain range of fluctuations. Among them, the
velocity curves under algorithms A, and A, fluctuate when
the dynamic obstacle moves near the UAV, and the veloc-
ity change under this algorithm is more severe than other
algorithms because the algorithm A, takes into account the
planning angle and distance deviation, which can improve
the efficiency of obstacle avoidance. However, the veloc-
ity curve under the algorithm A; does not show a certain
degree of fluctuation, which shows that the algorithm in
[27] cannot avoid dynamic obstacles. The velocity compo-
nents under the algorithm A, do not completely converge
after each UAV avoids obstacles. The velocity component
under the algorithm A, starts to converge approximately
at the 100th second.

The velocity component under the algorithm A, starts
to converge at about the 80th second, which shows that the
algorithm in this paper converges faster than the algorithm
in [27], which fully verifies the feasibility of the algorithm
in this paper.

(€) Relative distance between UAVSs of A,

(f) Relative height between UAVs of 4,

6 Conclusion and Outlook

The problems of cooperative formation avoidance and con-
sensus control of multi-UAV systems in a 3D obstacle envi-
ronment are mainly studied in this paper. The main conclu-
sions are as follows:

1. The coordination gains factor of the attractive force is
introduced into the segmented attractive potential field
function, and the influence factor of the repulsive force
is introduced into the repulsive potential field function to
prevent the UAV from falling into a local minimum and
ensure that the UAV reaches the target point smoothly.

2. The coordination gains factor based on the movement
velocity of the dynamic obstacle, planning angle, and
distance deviation is introduced into the repulsive poten-
tial field function to enhance the UAV’s adaptability to
complex obstacle environments and improve the effi-
ciency of obstacle avoidance.

3. The communication weight is introduced into the poten-
tial field function between the UAVs, and a cooperative
formation obstacle avoidance control algorithm based
on the TAPF and the improved consensus protocol is
designed. The algorithm can achieve multiple control
objectives such as collision avoidance, obstacle avoid-
ance, formation recovery, and the consensus of the posi-
tion and velocity.
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Fig.6 The change curve of the velocity component of the UAV

This paper assumes that the communication between
UAVs is good, but there may be communication delays
in the actual formation system. Therefore, it is also worth
studying the consensus problems of multi-UAV formations
with communication delays based on the algorithm of this
paper in future work.
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