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ABSTRACT UAV clusters are the main application form of multi-intelligence for the intelligent era.
Especially in the context of strikes, UAV clusters become an efficient weapon resource on the battlefield by
their flexible mobility, no casualties, and low cost. This paper studies the UAV continuous coverage control
method based on cluster reconfiguration in the strike context. Firstly, a consistent formation control law for
UAVs based on 4-connection topology is proposed based on consistency theory to achieve cluster control
and continuous coverage of UAVs. Secondly, a virtual repair trajectory is designed based on the disengaged
formation set, and a continuous coverage control law is designed based on the sliding mode theory to
solve the topological damage and discontinuous coverage of UAV clusters. Finally, simulation experiments
show that the proposed method has obvious performance improvement in UAV cluster reconfiguration
convergence time and continuous coverage control, effectively guaranteeing the robustness, destructiveness,

and timeliness of UAV cluster reconfiguration.

INDEX TERMS
control.

I. INTRODUCTION

UAVs have played a huge advantage in armed reconnaissance
strikes, emergency danger rescue, and daily detection and
monitoring due to their flexible and safe application, low cost,
efficient and stable performance [1], [2], [3]. However, due
to the large limitations of energy, load, and performance of
UAVs, it is still difficult to perform huge and complex tasks,
while UAV clusters can make up for these shortcomings and
break through the technical barriers. UAV clustering cannot
be separated from the support of various technologies such
as formation reconfiguration, mission assignment, trajec-
tory planning, and intelligent decision-making. For example,
in the literature [4], a multi-objective optimization method
based on an improved genetic algorithm is proposed for
the real-time assignment problem of maximizing mission
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value, which effectively solves the cooperative problem of
heterogeneous multi-UAV mission planning. In the litera-
ture [5], a search-resampling-optimization (SRO) framework
was proposed to solve the problem of efficient and robust
autonomous scheduling during trajectory planning in com-
plex obstacle scenarios. Similarly, continuous UAV coverage
control is also an important technology to support multiple
UAVs in complex and difficult missions. Continuous UAV
coverage clustering refers to the integration of a certain
number of UAVs to form a network-level multi-intelligent
body movement system with independent generation and
autonomous maintenance, thereby achieving real-time cov-
erage of the reconnaissance area. In the context of enemy
strikes, differences in the clustering approach will deter-
mine the performance differences that exist in the for-
mations. The literature [6] proposed a distributed control
strategy that exploits explicit coordination errors between
robots to achieve accurate leader-following formations. The
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literature [7] proposed a hierarchical grouped leader-
following structure to enable UAVs to achieve global
asymptotic stability under control input constraints. In the
literature [8], based on the loosely coupled structure, the
center of the UAV-BS motion trajectory is regarded as an
imaginary point to form a rigid body, as a way to reduce the
control difficulty and computational capability requirements
of the UAV-BS formation. The literature [9] proposed to
map bird flock flight mechanisms to UAV cluster systems,
enabling coordinated autonomous control of UAV cluster
formation. In [10], a composite vector artificial potential field
method was proposed to achieve UAV obstacle avoidance
in 3D space in the form of formation. The literature [11]
proposed a consistency method with minimum adjustment
constraint, which can make the UAV converge to the speci-
fied position quickly and realize distributed and fast cluster
formation of UAVs. The literature [12] proposed a trajectory
planning method based on optimal control and transforms
the formation problem into a loose formation constraint to
participate in optimization, achieving time-optimal trajec-
tory generation and stable formation. In a striking context,
a stable formation structure and efficient maneuverability are
the characteristics required for UAV cluster formations, so a
distributed, reliable and flexible approach to cluster formation
needs to be explored to deal with the ever-changing dynamics
of the battlefield.

As the formation will be subject to different degrees of
enemy strikes, resulting in the formation’s continuity cov-
erage against the reconnaissance area will not be guaran-
teed and the communication topology will be damaged. The
minimally adjusted 3D formation strategy based on con-
sistency theory proposed in the literature [13] can achieve
arbitrary switching of formation shapes and reconfigure
the cluster network. The literature [14] proposed a consis-
tency algorithm-based UAV cluster formation strategy that
enables UAVs to form formations safely and stably while
satisfying maneuverability constraints. In the literature [15],
it is proposed to abstract the UAV formation problem as
a multi-objective optimization problem with soft and hard
constraints and design an improved pigeon flock optimization
algorithm to obtain the Pareto bound. In the literature [16],
a consistent formation method that takes into account the
communication delay and interaction topology is proposed
to properly solve the problem of formation asymmetric inter-
ference and network congestion. The literature [17] proposed
an event-triggered time-lag discrete formation controller to
effectively reduce the communication load for formation con-
trol. A flux-guided path planning method is proposed in the
literature [18], which can generate collision-free trajectories
for multiple UAVs and maximize the target coverage. The
literature [19] proposed an intelligent self-organizing node
deployment method based on the idea of molecular equi-
librium to move nodes only in the neighborhood to achieve
low energy consumption with maximum coverage of the
detection area. The literature [20] proposed an improved

85304

self-organizing mapping (SOM) algorithm that takes into
account the mobile distance and energy, which can effectively
heal the coverage holes, reduce the energy consumption and
improve the network lifetime. The literature [21] proposed
a hierarchical planning approach for map scanning and task
assignment, which leads to comprehensive visual coverage
of large-scale outdoor scenes. The highly dynamic, multi-
variable battlefield environment in the strike context with the
formation characteristics of continuous coverage exacerbates
the difficulty of UAV cluster anti-attack technology. There-
fore, the UAV cluster continuous coverage control method
in the strike context should have the advantages of accurate
repair, fast convergence, and lowest energy consumption to
improve the life cycle and strike resistance of the formation.

As one of the best representatives of unmanned systems,
UAV cluster reconfiguration should be highly robust. The lit-
erature [22] abstracted the formation reconfiguration problem
as an optimization model considering energy consumption
and completion time and solved the desired position for the
minimum cost movement of the UAV using a small traversal
search. The literature [23] proposed a method to select target
expectation points for UAVs using a target location selection
algorithm and then transform the reconstruction problem into
an expectation point tracking problem. The literature [24]
proposed the design of a cooperative controller for UAV
cluster reconfiguration by applying the integral sliding mode
control theory under the communication topology switching
condition, which ensures the robustness and stability of the
UAV reconfiguration process. The literature [25] proposed a
reconfiguration method combining the UAV formation model
and fast expanding random tree to achieve fast reconfigura-
tion of UAV clusters in complex environments. The litera-
ture [26] proposed a collaborative decentralized formation
reconfiguration framework as a solution to reconfigure the
formation in case of UAV failure. The literature [27] proposed
an adaptive hybrid particle swarm optimization and differ-
ential evolution algorithm for minimizing the total travel
distance of UAV reconfiguration, thus reducing the cost
of formation reconfiguration. The literature [28] proposed
to apply distributed model predictive control to transform
the formation recon-figuration problem into an optimiza-
tion problem and apply a quantum particle swarm algorithm
to accelerate the computation as a way to improve the
model-solving accuracy and UAV cluster reconfiguration
efficiency. However, all the above algorithms need to change
the members of the whole formation and fail to effectively use
the space resources to achieve fast and accurate reconfigura-
tion of the cluster; therefore, it is important to investigate the
reconfiguration strategy of the UAV cluster for the robustness
and adaptation of the UAV cluster to intelligent and complex
battlefield conditions.

In this paper, we study the continuous coverage control
of UAV cluster formation based on consistency theory and
sliding mode theory when the communication topology is
4-connected in a striking context. The UAVs realize cluster
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formation based on consistency control law, and in the event
of enemy strikes, the virtual desired trajectory can be calcu-
lated based on the data situation of the disengaged formation
set and the tail-end repair UAVs, and the non-singular fast ter-
minal sliding mode method is applied to track the trajectory
while maintaining the attitude stability of the UAVs to achieve
UAV cluster reconfiguration and complete the repair and
topology reconstruction of the reconnaissance hole, avoiding
the large-scale movement of the entire formation caused by
The problems such as long formation convergence time, dif-
ficult control and resource wastage occur.

Il. UAV CLUSTER PROBLEM DESCRIPTION AND SYSTEM
MODELING

In this chapter, the concepts of the UAV single-engine model,
consistency theory, sliding mode theory, and graph theory
are introduced, while the problem scenario to be solved is
described mathematically to provide the theoretical basis for
the subsequent solution.

A. UAV MODEL

The physical quantities in the UAV model can be represented
by the Earth’s inertial coordinate system or the airframe coor-
dinate system U (x", y*, z"). The transformation matrix from
the airframe coordinate system to the Earth inertial coordinate
system can be expressed by performing Euler angular matrix
calculations for the yaw angle ¢, pitch angle 6 and roll angle
Y as [29]:

Ry-c
CyCO CySOSy — SYCo CyrSOCe + S Sy
= | SYCo SYSOSe + CyCp SYSOCY — CyrSe
56 CHSg CoCy
(D

Usually, the position physical quantities of UAVSs are repre-
sented under the earth inertial reference system and the UAV
attitude physical quantities are represented under the airframe
coordinate system. The UAV flight can be described by the
kinetic model and the kinematic model. In this paper, we con-
sider n isomorphic UAV for clustering, and the dynamics
equation of the ith UAV can be expressed by the derivation
of Lagrange’s equation under the condition of considering
external disturbance as:

% Ul R o — T im + dy(t)

i Ul Ry, 6 — Tiii/m + dyi(r)

G| _ | UtwRyl g —TE"/m =g +dat0) | )

i Ultay — d"T4" i/ 1y + dyi(1)

O UGt — d"T'€6; /Iy + dyi(t)

Vil LUl —d" T /Ty + dyi)
where (x;,v;,z))i = 1,...,n denotes the position coor-

dinates of the UAV under the earth inertial reference
system, (¢, 6;, ¥;) denotes the attitude angle coordi-
nates of the UAV under the airframe coordinate system,
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fe > UYL denotes the control input for the
position and attitude of the UAV, I'/"V denotes the drag
constant, g is the acceleration of gravity, d" is the dis-
tance from the paddle tail to the center of the UAV, m is
the total mass of the individual UAYV, I; denotes the motor
rotational inertia, and |d;(r)] < D" denotes the environ-
mental disturbance, where D" is a bounded positive real
number.

The consistent description of the UAV formation requires
the participation of its physical quantities such as position,
velocity, and acceleration, so its kinematic description should
be a second-order system, then the kinematic model of the
first UAV can be expressed as:

Wk v, vl

Xi Vi COS @;
Vi Vimi SN @;
Zi | =] Gei—2z)/t 3)
Vi Vemi = Vi) [ Tm
@i (ei — 90) /Ty
where the vector L; = [x;, Vi, Zi, Vmi, Vzi» <p,~]T(i =1,...,n)

is the state vector of UAVI, v,,; is the plane flight speed
of UAVi, z; is the flight altitude of UAVI, ay; is the vertical
acceleration of UAVI, (Vemi, Zeis @ei) 18 the control command
input for plane flight speed, flight altitude, and yaw angle of
UAVi, and (7, 77, Typ) is the time constant associated with the
flight state.

B. UAV CONSISTENCY ALGORITHM AND GRAPH THEORY
The kinematic model of the UAV cluster can be formulated
by the following second-order differential equation:

Ci=M\ . _
(Mi:Ui) i=1,....n (4)

where C; € R' is the state vector of UAVi, M; € R' is
the intermediate derivative variable, and U; € R' is the
control input of UAVi. Taking the above vector component
ci,mj, ui(c; € Ci,m; € M;,u; € U;), the consistency
algorithm yields:

n
wi=—»_oylmici — ¢j) + mmi —mpli= 1,...n (5
j=1
where 1 > 0,12 > 0, which is the consistency strength
adjustment parameter, and o;; is the element from the UAV
communication topology adjacency matrix O, The following
conditions need to be satisfied between UAVs when stable
clustering is achieved by the consistency algorithm:

Vini = Vmj®i = @; (6)
(Zi —> zjvzi g VZi

where ||-|| is the Euclidean parametrization and E,4(¢) is the
UAV cluster 3D desired formation function. From the above
equation, it can be seen that when the UAV cluster is stable, its
relative position converges to the predetermined formation,
and the plane velocity, vertical velocity, vertical altitude, and
yaw angle converge to values close to each other.
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The communication topology of the UAV cluster can
be represented by the graph G, = {p,v,0,}, p =
{p1,..., pn} denotes the set of nodes in the topology, v =
{(vi,vj)) € p x p,i # j} denotes the set of edges in the
topology, and O [ojj] € R denotes the adjacency
matrix of the topology graph, where 0;; = 1 if UAV' and
UAV/ can communicate, and 0jj = 0 otherwise, which can
be expressed in the following concrete form:

1 - n
1 o1 -+ o1n

On=1|. . : 0
n Opl -+ Onn

Defining the degree matrix of a figure G4, as Dygy =
{d(p1),...,d(pn)}, where element d; = 27:1 0jj, the spe-
cific expression of the elements in the Laplace matrix L, =
D4, — O, of the UAV communication topology is shown in

the following equation:

Ojj i #]
n
luavij = Z Oiji =] (8)
i#),j=1

To ensure that the consistency algorithm achieves conver-
gence, a spanning tree should exist in the communication
topology of the UAV, i.e., for any node s in the topology, any
node in the topology can be reached from that point.

C. PROBLEM DESCRIPTION

UAVs in cluster formation can compensate for mission execu-
tion failures due to the lack of capability of a single UAV. The
system model in this paper is shown in Figure 1. Consider n
UAVs for cluster reconnaissance, in which there is an enemy
strike force in the reconnaissance area, and the enemy will
destroy the formation, causing a certain number of UAVs
to leave the formation during the cluster mission, which
results in topological damage and reconnaissance holes, caus-
ing missing reconnaissance data and discontinuous coverage.
Therefore, considering enemy strikes, cluster reconstruction
is realized by combining consistency theory and sliding mode
technology, which effectively solves the problem of UAV
cluster topological damage and discontinuous coverage.

The UAVs 1,...,n use a 4-connection communication
method for square cluster formation to achieve 1 coverage
of the reconnaissance area, and the UAVs involved in the
cluster do not distinguish the importance of the nodes. Mean-
while, to save resources, no redundant UAVs are configured
to act as relays to complete topological reconfiguration and
continuous coverage control, and only the remaining UAVs
are applied to achieve cluster reconfiguration when the UAV
swarm suffers a blow, the schematic diagram of which is
shown in Figure 2. Assume that the UAVSs in the formation
can obtain the coordinates of the UAVs out of the formation
{(Xierrs Yierr, Zierr)i € ERR}, where ERR is the set of UAVs
out of the formation, and by the consistency theory, each UAV
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FIGURE 1. System model diagram.

W uAv Ground

Reconnaissance Area (’

D Interrupt Area Detection Imaging Area

FIGURE 2. Cluster reconfiguration diagram.

will make the formation converge to a stable state through the
single-hop neighbor set.
Define the UAV trajectory tracking error (e”‘”l f‘wl , ?“Vl )

and attitude tracking error (€™, 5™, e") as:

e = x(t) — xd(t) s = (1) — d(1)
““” = (1) — yd(1) ez“”“ =0 —0d@) (9
"“” =20 —zd(t) | " =y @) - Yd@)

where (xd(t), yd(t), zd(t)) is the virtual desired trajectory to
be designed and (¢d(t), 0d(t), ¥d(t)) is the virtual desired
attitude to be designed, and substituting equation (2) into
equation (9), the expression for the variation of the UAV
dynamics error can be obtained as:

éy waRU G A /m 4 dy(1) — Xd(1)
guav! U;’m 820 5 fm + dyi(t) — d (1)

gavl Ul RUD o — T8 /m — g + dy(r) — 2d(1)
e;ava — Uz(fz;v _ gt uav(pl/l + dyi(t) — @d(t)

guva = bt — d"TUY6; /Ty + dgi(t) — 6d (1)

et = Uyt — T/ Iy + dyi(t) — Yd (1)

9 uav

(10)

After the above transformation, the trajectory tracking
problem and attitude tracking problem of UAVs are trans-
formed into the error tracking problem.
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Ill. UAV CONTINUOUS COVERAGE CONTROL SCHEME

In this chapter, a UAV continuous coverage control law that
integrates consistency theory with sliding mode theory is
proposed. Firstly, the UAV cluster formation is realized by the
consistency control law, and after the enemy strike, the for-
mation obtains the coordinates out of the formation set, and
at the same time starts the detection procedure for repairing
the UAV at the end of the formation, to calculate the required
movement time and movement direction of this UAV, and
design the virtual desired movement trajectory. Finally, the
trajectory and attitude tracking is performed by applying the
sliding mode theory, which effectively completes the damage
repair of the cluster topology and realizes the continuous
coverage control of the formation.

A. UAV CLUSTERING BASED ON CONSISTENCY THEORY
Considering the UAV kinematic model in equation (3), the
expressions for the control command signals in the three
dimensions of plane speed, heading, and altitude are derived
as:

Vemi =Vmi + VmiTm  Zei =% + ZiT; ‘pei=(ﬂi+¢if<p (1)

Considering the desired plane velocity v; ., flight altitude
z7, and yaw angle ¢;, the expression of the UAV cluster
control law by the consistency theory is:

n
uy = —o(Vini — V) — Z Oij(vmi - ij)
Jj=1
n
u; = =P —z) — ZOU(Zi —2)
Jj=1

uy, = —0o(p; — (p;) — ZOij(fﬂi ) (12)
j=1

where @ > 0, 8 > 0,0 > 0 is the control gain. Considering
the formation situation of the UAV cluster with the control
of the UAV cluster to achieve three-dimensional formation,
the plane flight velocity v,,; is projected orthogonally to the
X axis and Y axis directions, i.e., Vi = Vi COSQ;, Vyi =
Vi Sin @;. Meanwhile, combined with the three-dimensional
expected formation function E4(¢) of the UAV cluster, the
control law uyy, uyy, u; can be expressed as:

tyy = —a (v — vy) — Lvy — an(Lx — LEX(1))
Uy = —y1(vyi — vy) — Lvy = ya(Ly — LE}(1))
u, = —Bi(zi — z;) — Ba(Lz — LES(1)) (13)

where o1, @2, B1, B2, v1, Y2 > 0 is the control coefficient,
Eg(t),Etyi(t),Eé(t) is the 3D projection component of the
UAV formation expectation function, and L is the Laplace
matrix corresponding to the 4-connected adjacency matrix,
so that the formation transformation of the UAV cluster can
be realized by designing different 3D expectation formation
functions.
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FIGURE 3. UAV cluster continuous coverage control scheme structure
diagram.

B. CONTINUOUS COVERAGE CONTROL BASED ON
CLUSTER RECONFIGURATION

1) UAV TRAJECTORY TRACKING CONTROL BASED ON
NON-SINGULAR FAST TERMINAL SLIDING MODE

The structure diagram of the proposed continuous coverage
control scheme based on UAV formation reconfiguration is
shown in Figure 3.

When the UAV formation obtains the coordinates in the
breakaway formation set, the repair UAV will calculate the
time required to move at maximum flight speed 7, with a
flight deviation angle of 6,,. where the repair UAVD/™ (uav)
is determined by:
o+ Ly+DE<p=<¥&

(*max — 1, Yymax — 1) — 3771 =¢= _%
(Xmax — 6, Ymax — 6)3% <@g = _377{
(Xmax = Ymax = ((n — ly(”))s .y n)
Xo+6,Yo+6)—FT <p=<7%
Xo=Yo=(,...,5m))

D" (uav) =

(14)

where [,(-) denotes the number of longitudinal UAV units in
the formation. Assume that the coordinates of the repair UAV
are (xg , yg, zf)’ ) then the required movement time #;, and the
flight deviation angle 6,, are calculated as:

T = \/(xg — Xierr)? + (Yg - yierr)2
b =V (tpven)® + (2 — 20)?
2 = \/(l‘mealx)2 + (Zei — 2i)?
(M +4-4

20T

T2
. d

Yierr — Yo ) (15)
d

b4
P; = — — arctan(
2 Xierr — X

Py = @ei
il 2
COS(E +P1+Py)=T
Yierr + tbVemi SIn(@ei) — y(d)

Xierr + thVemi COS(Pei) — xg

6,, = arctan(
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Then the virtual desired motion trajectory (xd(z), yd(t),
zd(?)) is designed as:

xd(t) = Vimax cos(O)
vd(t) = Vmax sin(6,,)

(1) = alt2 + b1, + cp (16)
—bp/2ap > Ty
4acy — bf*/4al > z.;

To guarantee that the repair UAV can quickly converge to
the desired trajectory, this paper selects a non-singular fast
terminal sliding mode method to design the tracking control
law, whose sliding surface expression is:

H uavl 1 uavl di’ ,/bf[‘ ,
x.y.z = €y V.2 + h_(ex,y,z) RO
X, 9,2

(euavl XV(,/qY) (17)

IBxyz

h h
wheredx”,b yz,px”,quz

h h h h
1 < p)(,y’Z quy’z < 2,dx”/bx” > Pryz/ ey

The UAV trajectory tracking control law is designed by
equations (10), (16), and (17) as:

is a positive odd number and

Ul ROY =T /m + 5d(t) — (D" 4 n¥)sgn(H,)

uav

ﬂh o
( uavl) qé(l +

dh e SOS uavl)dh/b 71)
bh
vl RU? = r““”x,/m +5d(0) — (D" + n%)sgn(H,)

)t
<1y (1

h h
’qu}( uavl) h( uavl)d" bh 1)

b
(D" + n3)sgn(H,)

y
Ull R(ll)G — Fuavxl/m+zd(t) +g

uay

ﬂ

h
_ kuHuh _ ﬁ qZ ( uavl) q}}
z Z

Z

' uavl dh/bh 1
X ey

(13)

where n{ > 0, n2 > 0,13 >0, i, ul are positive odd num-

bers and r” / u" > 1. Due to the under-mput characteristics of
the UAYV, the attitude tracking control is only directly driven
for the roll angle to ensure the stability of the reconnaissance.
And the yaw angle and pitch angle are tracked and held using
the computational expression in (19), as shown at the bottom
of the next page, where [-]!~! indicates that values over -1
are taken as -1 and values over 1 are taken as 1.

2) UAV ATTITUDE TRACKING CONTROL BASED ON SLIDING
MODE

From the sliding mode theory, the attitude tracking control
sliding mode surface is designed as:

Hyo.y =hy oy €5y + 2%y (20)
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From equations (10), (19), and (20), the UAV attitude
tracking control law is designed as:

Uty = —h, ey +d"Tig" ¢i/ly + §d(0) — kH,
— (D" + ny)sgn(Hy)
Usiy = —hy&§™ + d"Ti§"6;/ 1y + 6d(1) — ki Hy

- (D“ + n5)sgn(He)
Uualv = _hwéuv/ava + durl'u(,m}‘ubi/lllf + Wd([) — k:ZH]/,
— (D" + ng)sgn(Hy) 2D

where, hy, > 0,hg > 0,hy > O,k(z > 0,ky > O,kf;f >
0,n5 > 0,75 >0, ng > 0.

3) STABILITY ANALYSIS OF THE CONTROL LAW

To verify the stability of the consistent formation control law,
the convergence of the state control equations is now proved,
such that é,, = Vy; — Vyj, then:

n
&y, = =i (v — V) = D 04l (i — )
j=1
+ oo(x; — X5 — Xig + Xja)]

n
+a1(vy — Vo) + Z 0jk[(Vyj — Vi)
k=1

+ o (xj — Xk — Xjg + Xka)]

= —a1(vxi — Vyj) — Z 0ii[(vi — vyj) + aa(x; — x;)]
j=1

+ Z 0jk[(vij — vak) + a2(x; — xi)]
k=1

= —a(vy — ij)
= —(a1 + Moj)ey,

— Moij[(vii — vyj) + a2(x; — x))]
— Mojjorzex (22)

Transforming equation (22) into matrix form expresses:

éx (01 €x
(évx) B ( —Mojjor —(ay + Moyj) ) (va) (23)

In the above equation, e, denotes the error in the hor-
izontal velocity of the plane between the UAVs. Because
Mojja; > 0 and a1 +Moj; > 0, converge to O by the Hurwitz
stability criterion é,,. Let e;, = vy — V7, where ), denotes
the error between the UAV planar horizontal velocity and the
desired velocity, vy; converge to vy prove the following:

ey _(01 e,
e, )] \0-—a e,

+ Z Ojj [(vyi —
J_

0

Vx;) +o2(x; — xj — Xig + x]d)]

(24)

The above equation, @1 > 0, converges to 0 according to
the Hurwitz stability criterion e’Vx. The proof for the plane’s
vertical velocity and height is similar to the plane’s horizontal
velocity and will not be repeated in this paper.
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After the stability of equations (18) and (21) is proved, the
effectiveness of trajectory tracking and attitude tracking of
UAVs can be guaranteed. For trajectory tracking control, the
control method used by (X, Y, Z) three channels is the same,
while for attitude tracking control, the control method used
by (¢, 6, ¥) is also the same. Therefore, this paper analyzes
the stability of UAV height tracking control and roll angle
tracking control. For the height tracking control law, define
the Lyapunov function V, with respect to H, as:

w:%ﬁ

Taking the derivative of V, and substituting the equation

into its derivative expression yields:

(25)

V, = H,H,

2 (e uavl)dh/bh 1 juav

_ ~uavl
- HZ(eZ hbh Z

ﬁ h(euavl)pZ q; h_1. uavl)
h / d /b [
uay uav

— H(( + hbh(e Y

h(euavl)p /q 71)(Ull R([}QG _ uavxl/m

ﬁ uav
—g+ dzz(t) —zd(1)))
h ph
=Hz((1 + hbh( uavl)d /b l) - uavl
ﬂ ("‘”’)f’ [E=1)(—(D" + nsgn(H,) + dai(1)
rh h h P
G B a2 Indl /bl —1
— K"H! ——?(e;“w 2(1+ hbh( erarlydz [bi=1y))
,3h h< P E= (DY 4 n¥)sgn(H,) — dui(1)
h
kuﬁpz ( uavl)p /q —lHu +
where 1", u", p h k* are positive odd numbers and

Wu:>11<ﬁ/¢<2cﬂﬂﬁ>pJ%ﬂmn

From the above equation, it follows that:

d:i(1))
27)

h
p . hoyh
h;h (el (D" + n)sgn(H,) —

71z

V. < —H(
B

Consider|d;(1)| < D", n3 > 0 then equation (27) becomes:

sz p2n3( uavl)p /q —llH |
Blq"

As pé’ng(ég“vz)l’?/q?_l |HZ|/ﬁthZ > &, at this point
VZ < 0, then H;, converges to 0O in finite time, the height
trajectory tracking control is stable.

For the roll angle attitude tracking control law, define the
Lyapunov function Vy, on Hy, as:

1
Vy = -Hj
v =5y

Taking the derivative of Vy and substituting the
equation (10), (14) ~ (15), (20) ~ (21) into its derivative
expression gives:

(28)

(29)

VI/, = H,/,[:L/,
— H]p(h eu]//ava _"_ uava)
= Hy (h, & + Ut — d"T 1"/ Iy +dy () —§d (1))
= Hy(—kyHy —(D" + ng)sgn(Hy ) +dy(1)) (30)

Considering kf; > 0,n¢ > 0, then Vw < _k;Hé —
n |Hy |, and since Hfb > ey, therefore Vy, < 0,
then Hy, converges to 0 in finite time, the roll angle attitude
tracking control is stable.

In summary, the consistent formation control law of the
UAV and the tracking control law and attitude control law
of the repair UAV can both stabilize the control of the UAV
and finally achieve topological damage repair and continuous
coverage control based on cluster reconfiguration.

IV. SIMULATION ANALYSIS

To verify the effectiveness of UAV formation control based
on consistency theory and continuous coverage control based
on sliding mode theory. In this paper, two sets of experiments
were designed with 36 UAVs in cluster formation. The first
set of experiments is to verify the control effect of UAV
cluster coverage by applying the control law of equation (13)
to UAVs. During the initial formation, the relative positions

»h
3 +1
uﬂpzh( uavl)p /q’ 1 -0 (26)
RUD
wo_ Ulilav U—G
v = CydCod

uav

SWd)Cpd)uli RS . —

277l (12)
C Uulav U—>G)

@q = arctan( Ul

uav

64 = arcsin(
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[awxcwdw;zv Ry 6+ S(yd)C2UlR ((}26):| )
—1~1

Ul (19)

uav
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TABLE 1. Quadrotor uav system parameters.

Parameters Value
m/ (kg) 2
g/(m/s”) 9.8
d" /(m) 0.2
1,=1,/(kg-m*) 1.25
1, / (kg -m*) 2.5
di_ @O =d,,(0)/(m/s*)  0.lsin(t)
7,=17,=7, 0.1

TABLE 2. Uav control parameters and expectations.

Parameters Value Parameters Value
G =0,=)7) 1 r 11
B=p 0.05 Ky, 50
Ve =V, /[ (n]s) 4 Ry 30
=/ (m) 100 [ = = 0.01
y,(rad/s) 0 Iy =ry =Ty 0.012
h . h . u
a,,.=p.,.=u 5 D 0.1
Bk 1 mo=m = 0.1
4=, 3 ny=ni=nt 0.1
dp,. 7

of the UAVs should be within their maximum communication
radius ri%% to ensure the 4 connection of the UAV commu-
nication topology, where the initial positions of the UAVs
and the three-dimensional coordinates of the UAV cluster
expectation function E;"(r) are shown in equation (31) at the
bottom of the next page. The second set of experiments is to
design a virtual desired trajectory for a repair UAV that is out
of the formation set to determine the end of the formation, and
apply the control laws of equations (18) and (21) to it to drive
the repair UAV to reconfigure the formation and verify the
continuous coverage control effect of the repair UAV. A com-
parison between the proposed method and related methods in
terms of reconfiguration time is also presented to demonstrate
the superiority of the proposed method. The simulation exper-
iments are based on a quadrotor UAV with system model
parameters selected as shown in Table 1 [30], [31]:

To prevent the control law from high-frequency oscil-
lations causing system instability, this paper applies the
saturation function instead of the symbolic function imple-
mentation, where the saturation thickness A = 0.3, whose
expression is:

1H > A
H/A|H| < A (32)
—1H < A

sign(H)sat"(H) =

The UAV formation control parameters and expectations
are set with the restoration UAV control parameters and
expectations as shown in Table 2 [32].
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Considering the UAV spacing distance in equation (31) as
10m, applying equation (13) to the UAV yields the UAV clus-
ter formation trajectory simulation results shown in Figure 4.
As can be seen from the detail enlargement, the UAVs
eventually converge from their scattered initial positions to
the desired formation of the formation, while the direction
of the formation movement and the altitude values all achieve
the desired effect. At the beginning of the cluster, different
height values were preassigned to the 36 UAVs to prevent
UAV collisions, and the UAVs achieved the initial construc-
tion of the cluster formation in advance through the horizontal
control law, during which the distance change curve between
each UAV is shown in Figure 5. As shown by the figure, the
minimum distance between UAVs is 1.843m, which satisfies
the conditions for safe UAV flight. At the same time, due to
{o1.2, ¥1.2} > Bi.2, the UAV horizontal control convergence
speed will be faster than the height control convergence speed
to form the cluster expectation formation in advance, com-
pared with the application of the artificial potential energy
method to achieve UAV collision avoidance, the control law
proposed in this paper is more concise and faster convergence
speed.

From Figure 6, Figure 7 it can be seen that both the X-axis
velocity and Y-axis velocity of the UAV cluster formation
eventually converge to the expected 4 m/s. From the enlarged
detail of Figure 8, it can be seen that the 36 UAV altitude
values from the initial different altitudes eventually converge
to 100m, satisfying the expected results.

Fig. 9, and Figure 10 show the top view of the trajectory
of the UAV cluster horizontal plane axis and axis. As can be
seen from its detail enlargement, the position point error of
the UAV cluster formation is approximately 0.6% ~ 0.8%
relative to the ratio of the desired distance between UAVs,
thus showing that the cluster formation effect is accurate and
ensures safety and continuity of coverage between UAVs.

Suppose UAV No.26 is detached from the formation after
an enemy strike, and the serial number of UAV No.26 appears
in the detached formation set with its relative position coor-
dinates. At this point, there is a reconnaissance hole in the
UAV cluster coverage, and at the same time, there is damage
to the communication topology. At this point, the repair UAV
at the end of the formation is detected by equation (14) as
UAV No.1, and the desired trajectory of UAV No.1 is obtained
through the calculation of equations (15) and (16) as:

xd(t) = 4.628¢
vd(t) = 6.526¢
zd(r) = —0.3184¢> + 5.0473¢ + 100 (33)

The maximum movement speed of the UAV is viax =
8 m/s. To represent the repair trajectory of the repair UAV,
the leap height is set to 20m. In the event of multiple cavities,
the leap height of each repair UAV is set to be different from
each other to ensure the safe operation between repair UAVSs.
Figure 11 show the simulation results of trajectory tracking
and attitude tracking of the repair UAV. The tracking error
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FIGURE 4. UAV formation trajectory diagram.
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FIGURE 5. Variation of distance between UAVs at the beginning of the
cluster.

/" between X-axis and Y-axis is less than the safe distance
between no humans, which can achieve effective cavity filling
and topological repair. For the repair process, the attitude
of the UAV does not affect its repair effect, so the attitude
tracking can be kept stable, and it can also be seen from the
figure that each attitude angle tends to be stable. The detailed
change of the repair trajectory and formation of the repair
UAV can be seen from the detail enlargement in Figure 12.
The UAV cluster reconfiguration problem is transformed
into an optimization problem as shown in equation (34).
Where u denotes the UAV control input, #min, 4max denotes
its upper and lower bound constraints, T denotes the cluster

UAW Vx [mrs]

1t [100ms

FIGURE 6. Variation curve of X-axis component of each UAV velocity.
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t [100ms)

FIGURE 7. Variation curve of Y-axis component of each UAV velocity.

reconfiguration time, h; denotes the reconfigured formation
constraint, g; is the obstacle constraint between each UAV,
l; is the inter-UAV communication topological distance con-
straint, and (X, Yim, Zim) 1S the distance between each UAV
corresponding to the desired cluster formation.

minJ(u,T)=T
u, T
St Umin S U<Unax, T >0, x=v,v=u

hi = [5(T) = xn(T) = xim]”

(6,1, 34)

(20,0,24) (10, 3,28)

(2,30,10) (10,38,1) (24,30, 12)

(30,0,43) (40,7,36) (50,0,25) (30,34,26) (40,30, 15) (58, 31, 40)

X, Y, Dinitial =
(0, 20, 35)

(0, 10,23) (26, 10,27) (20, 15,21) (0, 43,47)
(30, 10, 42) (38, 10, 19) (50, 10, 41) (40,40, 5) (41,41,29) (40, 40, 6)
(8,20,4) (22,22,48) (52,40, 18) (50,40,8) (51,40,0)

(7,42,7) (20,44, 44)

(30, 23, 22) (49, 20,9) (45,23,33) (50,50, 31) (50, 50, 39) (55,53, 32)

(0,0, 100) (10,0, 100) (20,0, 100)

3D
(30, 0, 100) (40,0, 100) (50,0, 100)
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(0, 10, 100) (10, 10, 100) (20, 10, 100) (30, 10, 100) (40, 10, 100) (50, 10, 100)
(0, 20, 100) (10, 20, 100) (20, 20, 100) (30, 20, 100) (40, 20, 100) (50, 20, 100)
(0, 30, 100) (10, 30, 100) (20, 30, 100) (30, 30, 100) (40, 30, 100) (50, 30, 100)
(0, 40, 100) (10, 40, 100) (20, 40, 100) (30, 40, 100) (40, 40, 100) (50, 40, 100)
(0, 50, 100) (10, 50, 100) (20, 50, 100) (30, 50, 100) (40, 50, 100) (50, 50, 100)

E; (1) =
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FIGURE 8. Height change curve of each UAV.
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FIGURE 9. Variation curve of X-axis component of each UAV position.
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FIGURE 10. Variation curve of Y-axis component of each UAV position.

+ [yi(T) = ym(T) — yi,m]2

+[2AT) = an(T) = zim] = 0iym =1,2,-++ | N

gi = d (xi(t), xj(1)) — Dgare = 0

=1,2,--- , NN —-1)/2

Ii = d (xi(t), %i(1)) — Deomm > 0

=1,2,--- , NN —-1)/2 (34)
For the particle swarm algorithm, the number of particles is

100, the maximum number of iterations is set to 200, the iner-
tia weight is 0.84 and the learning factor is 2.03. For the RRT
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FIGURE 12. UAV cluster reconfiguration with continuous coverage control
process diagram.
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FIGURE 13. Plot of UAV cluster reconfiguration time comparison.

algorithm, the sampling probability is set to 0.5, and when
reconstruction is needed, the UAV will sample the surround-
ing environment for the map and completes the formation
reconstruction by constant recurrence. The pseudo-spectral
method is based on the optimal control toolkit GPOPS for
solving the above optimization model.

Fig. 13 shows a comparison of the reconstruction time
of the continuous coverage control method (CCC) in this
paper with various other algorithms. In the figure, it can
be seen that the CCC method proposed in this paper has
better time convergence, especially when there are a small
number of damage holes in the formation, the algorithm
proposed in this paper performs more obviously. In the event
of a single reconnaissance hole, only one repair UAV needs
to be called to directly replenish the hole, and the forma-
tion reconfiguration time converges extremely quickly. The
convergence time of the formation reconstruction in case
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of multiple voids depends on the movement time required
to track the repair UAV with the longest path. Under the
conditions of the UAV movement parameters set in this paper,
the movement time required for the longest path is around
18s, which is much lower than the convergence time of other
algorithms. The reason for this is that the other algorithms do
not accurately realize the reconfiguration, but instead use a
method that drives the whole formation to move, so even if the
overall formation movement cost is optimized, the formation
reconfiguration convergence time is still too long to meet
the requirements of fast reconfiguration in a striking context.
In the case of a strike overload, the overall formation needs
to be reconfigured, at which point the 3D desired formation
function E;(r) can be updated, at which point the formation
convergence time is shown in the third set of data compar-
isons in the figure.

Simulation results show that the cluster reconfiguration-
based CCC method proposed in this paper can achieve
the repair of coverage voids and topological damage for
UAV cluster formations, effectively improving the destructive
resistance and robustness of UAV clusters during missions.

V. CONCLUSION

This paper focuses on a cluster reconfiguration-based UAV
CCC method in the context of the crackdown. Firstly, a con-
sistent formation control law is proposed according to the
UAV kinematic model, and the process of multiple UAVs
from scattering to completing formation is achieved through
height pre-distribution. Secondly, the determination method
of repairing the UAV when there is a reconnaissance hole
and the generation method of virtual expectation trajectory
is given to provide an accurate tracking trajectory for realiz-
ing formation reconstruction. And then, based on the UAV
dynamics model, the trajectory tracking control law and
attitude tracking control law of the UAV are proposed by
the sliding mode theory to realize the fast-tracking of the
UAV in a limited time to repair the hole. Finally, the control
law proposed in this paper is analyzed to prove its stability
and robustness. The simulation results show that the method
proposed in this paper has a good UAV cluster reconfigu-
ration effect, can achieve UAV continuous coverage control
quickly and accurately, and guarantee the real-time and anti-
destructive performance of UAV cluster formation.
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