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Abstract

The problem of localization and encirclement control of a moving target by multi
unmanned aerial vehicles (UAVs) is considered in this paper. The main objective is to guide
the UAVs to form evenly spaced formations along the circumference, with the centre of
the circumference tracking the movement of the target. Firstly, each UAV is assumed only
to obtain the bearing angle information of the target, for which an estimator is developed
to localize the target by bearing measurements. Thereafter, a distributed encirclement con-
trol algorithm based on cooperative moving path following (CMPF) is designed to drive
the multi-UAVs to circumnavigate around a moving target at a desired distance, thus devel-
oping to pursue cooperatively. Finally, the simulation results demonstrate the effectiveness
of the proposed method.

1 INTRODUCTION

Up to now, unmanned aerial vehicles (UAVs) have been widely
used in military and civilian applications, such as area surveil-
lance [1–3], target tracking [4–6], environmental protection and
navigation [7–11]. Among the many proposed UAV application
scenarios, the target enclosing problem has become a popular
research topic in recent years due to its multiple application
prospects, including target pursuit and surveillance tasks. How-
ever, in most existing results, control algorithms for multi-UAVs
enclosing a target are usually developed under the assumption
that the target location is known to the UAVs. When the tar-
get position and velocity are unknown, an estimator is generally
presented for the UAVs to estimate the target state. Then the
obtained estimation information is used to design a controller to
achieve a circular formation. In this case, both target localization
and enclosing control should be considered simultaneously.

The target encirclement problem, also known as the circum-
navigation or cyclic pursuit problem, has been studied for mon-
itoring or protecting ground motion targets in ref. [12–14] and
has attracted extensive research attention. In ref. [15], the mov-
ing path following (MPF) problem is first studied; however, its
UAV control law based on Lyapunov derivation is more conser-
vative. Moreover, in practice, there is a preference for using mul-
tiple small and low-cost UAVs to complete complex tasks for
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efficiency in mission accomplishment and greater robustness of
UAV formations in the event of an accident. In this scenario, a
new motion control problem is defined, namely the cooperative
motion path following (CMPF) problem, which requires the
formation of UAVs to converge to a desired geometric motion
path while satisfying pre-specified speed and space constraints
[16]. In ref. [17], the CMPF problem of multi-fixed-wing UAVs
under stringent velocity constraints and collision-free maneuver
requirements is addressed, and nonsingular control law is devel-
oped to avoid the singularity problem in ref. [15]. The authors
in ref. [18] recently proposed a distributed estimation and
control strategy to solve the distance-based target localization
and pursuit problem utilizing single or multiple trackers, where
the MPF is used to plan the trackers’ trajectories.

However, these work, is carried out under the condition
that the tracker can obtain the target position information. In
many practical applications, it is difficult for UAVs to measure
the target’s complete relative position information (distance
and bearing angle). For example, in some cases, UAVs that are
not equipped with lidar cannot make distance measurements.
And the bearing measurement requires only common types
of sensors, such as monocular camera systems, which make it
easier to obtain for UAVs equipped with only cameras. Through
the above analysis, it can be concluded that the development of
circumnavigation algorithms with less dependence on sensor
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measurement information is a promising option. Thus, the
bearing-based control method has widely concerned by schol-
ars, and the relevant results have been reported [19–22]. In
ref. [23], a control protocol based on the local bearing-only
information is developed to estimate the target distance and
speed by the circumnavigating agent. An estimator employing
bearing information is introduced in ref. [24] to localize a
moving target, and a corresponding distributed controller is
developed to make the agent move along the common circle
with the specified radius centered on the target. Different from
the research of references [24] in two-dimensional plane, the
localization and circumnavigation problem of an unknown sta-
tionary target in three-dimensional space is investigated in ref.
[25], in which a system design framework combining estimator,
controller and coordinator is proposed. Moreover, unlike the
use of estimators, a solution to the target tracking problem of
the vehicles in a circular formation is presented in ref. [26] using
a robust control concept, which has better anti-disturbance
characteristics.

Based on the above discussions, we can conclude that the tar-
get localization and encirclement control issue of multi-UAVs
with limited information is a challenging task with two essential
difficulties identified as follows:

(1) how to obtain the relative position of the moving target with
bearing-only measurements.

(2) how to design bearing based distributed encirclement con-
trol algorithm combined with CMPF under which the UAVs
can converge to any desired spacing circular formation or its
neighborhood around a moving target.

Thus, this study addresses multi-UAVs’ localization and encir-
cling a moving target using bearing-only measurements. Our
goal is to develop a localization algorithm and control law that
uses only the bearing angle of the target to estimate the rela-
tive position of the target. At the same time, drive the UAVs to
circumnavigate around a moving target at the desired distance.
In this study, we first consider that when the target velocity is
unknown, an estimator is proposed for each UAV to obtain
the relative position of the target based on the bearing mea-
surements of itself to the target. Then, the CMPF is used to
drive the UAVs to converge to the exact desired spacing cir-
cular formation around the moving target. Finally, simulation
results show the effectiveness of the proposed method. The
main advantages of the developed strategy are embodied as
follows.

(1) An estimator with bearing-only measurements is proposed
and the relative positions of the pursuing UAVs concerning
the target are expressed in the local frame of each UAV.

(2) A cooperative moving path following control law is
designed to make the UAVs and its neighbors along the
common circle with a specified radius centered on the target
while achieving a uniform spacing pattern.

(3) The proposed strategy requires only limited information
exchange between UAVs, thus improving the applicability
in practical applications.

This paper is organized as follows. Section 2 formulates the
CMPF problem. The main results are presented in Section 3.
Simulation results are given in Section 4. Section 5 provides
conclusions and future of this work.

Notation. The notations used in this paper are fairly stan-
dard. PT represents its transpose and I represents the identity
matrix with compatible dimension. 0 is a matrix whose entries
are all zero. 1N is a column vector with N rows and whose
entries are all one. Given a symmetric matrix A, the symbols
𝜆min(A) denote the smallest eigenvalues of A. ∥ ⋅ ∥ represents
the Euclidnorm of a vector. Diagonal matrix is defined as
diag(x ) = diag(x1, x2, x3) for x = [x1, x2, x3]T .

2 PROBLEM FORMULATION

2.1 Graph theory

Consider a directed graph  = ( ,  ,) which is used to
describe the information communication topology between
the UAVs, where  = {1, 2, … ,N } is a set with finite nodes,
 ⊆  ×  is a set of directed edges, and  = [ai j ] ∈ ℝN×N

denotes an adjacency matrix. i = { j ∈ |(i, j ) ∈ } denotes
the set of the neighbouring nodes for node i. The adjacency
matrix  = [ai j ], with ai j = 1 if j ∈ i , otherwise, ai j = 0
Let L =  − ∈ ℝN×N be the Laplacian of the network
connection graph and define  = diag(|1|, |2|, … , |N |).
2.2 Model of the UAVs

In this paper, we suppose that all UAVs fly at a fixed attitude
during the tracking process. Therefore, the motion of the UAV
can be simplified as

{
ṗi = R(𝜃i )[vi , 0]T

𝜃̇i = 𝜔i

, (1)

where pi is the position of UAV i, 𝜃i is the heading angle of
the UAV, vi and 𝜔i are the airspeed and heading rate, respec-
tively. R(𝜃i ) denotes the rotation matrix from body to inertial

reference frame, defined by R(𝜃i ) =

[
cos 𝜃i − sin 𝜃i

sin 𝜃i cos 𝜃i

]
. ui =

[vi , 𝜔i ]
T is the control input of UAV i.

As illustrated in Figure 1, denote pi0 = p0 − pi is the relative
position of the target in UAV i’s local frame. The relative posi-
tion of the target pi0 is unknown to UAV i. We assume that each
agent can measure the bearing angle to the target 𝜃i . The dis-
tance between the UAV i and the target is 𝜌i = ‖pi0‖. Define 𝜑i

as the unit vector on the line passing through the UAV i and the
target, that is

𝜑i =
p0 − pi‖p0 − pi‖ =

pi0

𝜌i
. (2)
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1398 WANG ET AL.

FIGURE 1 Illustration of the proposed methodology.

Besides, 𝜑̄i be the unit vector obtained by 𝜋∕2 clockwise
rotation of 𝜑i .

As the target position is unknown to the UAVs, UAV i needs
to estimate the relative position of the target. Define p̂i0 as the
estimation of target relative position by UAV i and 𝜌̂i = ‖ p̂i0‖
represents its estimated distance to the target.

2.3 Moving path following problem

The seminal study of MPF for UAVs can be found in [15], in
which a generic path tracking controller for UAVs at the kine-
matic level is proposed. In this case, the designed control law
drives the real vehicle to follow the movement path of the vir-
tual target to achieve the control purpose. Let  ∶ 𝛾i → r (𝛾i )
be a path denoted in an inertial frame, one has that

r (𝛾i ) = [r i
x cos(𝛾i + 𝛾i

0), r i
y sin(𝛾i + 𝛾i

0)]T, (3)

where 𝛾i is a path parameterizing variable, and r i
x , r i

y and 𝛾i
0 are

constant parameters.
Set the virtual reference point that UAV i needs to follow as

pi
d
, which is defined as

pi
d
= r (𝛾i ) + p̂i0 (4)

In order to make the virtual point pi
d

move along the desired
path, the dynamics of the path variable 𝛾̇i need to be controlled
explicitly. Therefore, the dynamics of 𝛾i is set as

𝛾̇i = 𝜔i
d
+ gi

e, (5)

where gi
e is a correction signal to be defined in next section, 𝜔i

d
is the desired nominal speed of the virtual point.

2.4 Main objectives

The main work of this paper is to accomplish the complete the
following three design objectives.

(1) Design an estimator to estimate the relative position of
the target, and the estimation error of the relative position
converge to neighborhoods of zero, we have

lim
t→∞

‖ p̃i0‖ ≤ Up, ∀i ∈  . (6)

(2) A controller is proposed to make the tracker converge and
follow the desired trajectory given by (4), one has

lim
t→∞

|pi − pi
d
| = 0, ∀i ∈  . (7)

(3) Each UAV in the team need operate at a desired angu-
lar speed 𝜔̄ around the moving target, that is, the path
parameters of the UAVs are consensus to reach the desired
formation.

lim
t→∞

|𝛾i − 𝛾 j | = 0, ∀i, j ∈  , (8)

lim
t→∞

𝛾̇i = 𝜔̄. (9)

To deal with the problem of cooperative target localization
and tracking under the coordination requirements in (8), a dis-
tributed control system for each UAV is proposed. The primary
ideas of this study are briefly described as follows

(1) Relative position estimation: In this part, the main objective is
to deal with the target location task (6) when the UAVs only
obtain the bearing angle information to the target. To do
this, inspired by the work in [24], we develop a localization
algorithm for each UAV to estimate the relative position of
the target.

(2) Encirclement control: The goal of this controller is to make
the multi-UAVs converge to the specified trajectory given
by (4), that is, complete the tracking task given by (7). Using
the concept of MPF proposed in [15], a path defined as (3)
and the UAVs can encircle the target with a desired angular
speed 𝜔̄.

(3) Cooperative control: In this module, the main purpose is to
complete the coordination task (8). The solution is to use
the neighbourhood information 𝛾 j and local information
𝛾i to calculate the correction speed 𝜗i to obtain a dis-
tributed consensus control law. The nominal speed 𝜔̄ is
to coordinate the path parameters and finally reached the
consensus.

Remark 1. If the paths r (𝛾i ) is parameterized appropriately
designed such that 𝛾i − 𝛾 j = 2𝜋∕N for N ≥ 3, where i ≠ j

are any two adjacent UAVs, then each member in the team will
attempt to spread itself evenly in a circular formation around
the target.

3 LOCALIZING AND ENCLOSING A
TARGET

Considering that the UAV can only obtain the bearing informa-
tion of the target, it cannot directly use the position information
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WANG ET AL. 1399

of the target to design the controller. In this case, the problems
of target localization and encirclement control can be divided
into estimation and control problems. First, an estimator is
developed for each UAV to estimate the relative position of the
target. Then a distributed encirclement control algorithm based
on CMPF is developed to make the multi-UAVs converge to a
common circle.

3.1 Target relative position estimator design

This study consider the case that the target is moving with
a bounded but unknown velocity. Then, make the following
assumptions about the motion of the target.

Assumption 1. The target trajectory p0 is differentiable and
there exists a positive constant 𝜁 such that

𝛼 − ‖ ṗ0‖ ≥ 𝜁 > 0, ∀t > 0, (10)

where 𝛼 > 0 represents the tangential speed of the moving tar-
get.

Remark 2. As pointed out in ref. [24] and [25], in order for the
UAV to circumnavigate the target, the UAV and the target speed
should satisfy some conditions. It is assumed that the velocity
of UAV along unit vector 𝜑̄i is greater than the target veloc-
ity, which is called the tangential velocity of UAV in this paper.
Under this assumption, it is guaranteed that the UAV speed is
always greater than the target speed, and thus the UAV will be
able to circumnavigate the target.

Employing the bearing of the target, following [24], an esti-
mator of p̂i0 is introduced to estimate the target relative position
of pi0,

̇̂pi0 = ki

(
I − 𝜑i𝜑

T
i

)
(pi − p̂0), (11)

where I is an identity matrix of appropriate dimensions,
ki is a positive constant and 𝜑i𝜑

T
i is a projection matrix

onto the vector 𝜑i . If the estimated target relative position
p̂i0 approaches pi0, then it is reasonable to use p̂i0 design
controller.

Lemma 1 [24]. For the following dynamic system ẋ = A(t )x + f (t ),
where x(t0) ≠ 0, 0 ≤ t0 ≤ t ≤ ∞. Let the coefficient matrix A(t ) is

continuous for all t ∈ [0,∞], and positive constants r , b exist such that

for every solution of the homogeneous differential equation ẋ = A(t )x has‖x‖ ≤ b‖x(t0)‖e−r (t−t0 ). Then for each f (t ) bounded and continuous

on [0,∞], every solution of the system ẋ = Ax + f (t ) is bound for t ∈
[0,∞]. If ‖ f (t )‖ ≤ K f < ∞, then the solution of the perturbed system

satisfies

‖x‖ ≤ b‖x(t0)‖e−r (t−t0 ) +
K f

r

(
1 − e−r (t−t0 )

)
. (12)

Theorem 1. The estimation error of target relative position by UAV

i is defined as p̃i0 = p̂i0 − pi0, thus the estimation method (11) designed

in this paper can make the estimation error p̃i0 converge exponentially fast

to a circular area of radius
𝛼−𝜁

r
centered at origin as t → ∞.

Proof. Equation (11) can be rewritten as

̇̂pi0 = ki 𝜑̄i 𝜑̄
T
i (pi − p̂0). (13)

Considering 𝜑i defined in (2), we have

ki 𝜑̄i 𝜑̄
T
i (pi − p0) = 0. (14)

With this property, the estimation error dynamics can be written
as

̇̃pi0 = ̇̂pi0 − ṗi0

= ki

(
I − 𝜑i𝜑

T
i

)
(pi − p̂0) − ṗ0

= ki 𝜑̄i 𝜑̄
T
i p̃i0 − ṗ0. (15)

If ṗ0 = 0, choose the Lyapunov function as

V1 =
1
2

p̃T
i0 p̃i0. (16)

Then

V̇1 = −ki p̃T
i0𝜑̄i 𝜑̄

T
i p̃i0

= −ki‖𝜑̄T
i p̃i0‖2. (17)

It can be see that the V̇1 is negative semi-definite and ‖ p̃i0‖ is
a monotone decreasing function, that is, ‖ p̃i0(t )‖ ≤ ‖ p̃i0(0)‖. If
ṗ0 ≠ 0, then by the assumption 1 and Lemma 1, p̃i0 will con-
verge exponentially fast to the circular area centered at origin
with radius

maxt ‖ ṗi0‖
r

=
𝛼 − 𝜁

r
, (18)

as t → ∞. The proof is complete. □

3.2 MPF controller design

In this subsection, the man goal is to develop a distributed con-
trol law to make the multi-UAVs along the desired trajectory
defined in (3). After getting the relative position of the target,
the error between the UAV i and the desired trajectory is defined
as follows:

êi = RT(𝜃i )(pi − pi
d

) − 𝛿

= RT(𝜃i )(pi − r (𝛾i ) − p̂i0) − 𝛿, (19)
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1400 WANG ET AL.

where 𝛿 is an arbitrarily small nonzero vector. Taking its time
derivative and combination (1) and (11), one has that

̇̂ei = −S (𝜔i )êi − S (𝜔i )𝛿 + RT(𝜃i )( ṗi − r ′(𝛾i )𝛾̇i − ̇̂pi0)

= −S (𝜔i )êi + Δu − RT(𝜃i )(r
′(𝛾i )𝛾̇i + ̇̂pi0), (20)

where Δ =

[
1 𝛿2

0 −𝛿1

]
, S (𝜔i ) =

[
0 −𝜔i

𝜔i 0

]
.

Theorem 2. Consider the UAV model with dynamics described by

(1) and the CMPF error kinematics model (20). Assume that the target

position can be obtained by estimator (11). Design the control law

ui = Δ−1
(

RT(𝜃i )(r
′(𝛾i )𝛾̇i + ̇̂pi0) − keêi

)
, (21)

ensures that the origin êi = 0 of the CMPF error are globally

asymptotically stable.

Proof. Similar to (19), let

ei = RT(𝜃i )(pi − r (𝛾i ) − pi0) − 𝛿. (22)

From (19) and (22), one has

êi = ei − RT p̃i0. (23)

Then, taking (22) time derivative and we can obtained that

ėi = −S (𝜔i )ei + Δu − RT(𝜃i )(r
′(𝛾i )𝛾̇i + v). (24)

Combine (21) and denote ei
𝛾 = 𝛾̇i − 𝜔i

d
, we have

ėi = −S (𝜔i )ei + RT(𝜃i )(ṽi − r ′(𝛾i )e
i
𝛾 ) − keêi , (25)

where ṽi = ̇̂pi0 − vi is the estimation error of the target’s velocity.
Consider the Lyapunov function as follow

V2(ei ) =
1
2
‖ei‖2. (26)

Differentiating V2(ei ) along the solutions of the closed-loop
dynamics (10) yields

V̇2(ei ) = eT
i ėi

= −eT
i keei + eT

i RT(𝜃i )ṽ + eT
i keR

T(𝜃i ) p̃i0

≤ −𝜆min(K )‖ei‖2 + (1 + ‖K‖)‖ei‖‖x̃i‖
≤ −(1 − 𝜃)𝜆min(K )‖ei‖2 ∀‖ei‖ ≥ Θ, (27)

where Θ =
(1+‖K‖)‖x̃i‖

𝜃
, 𝜃 ∈ (0, 1), x̃i = [ṽT

i , p̃T
i0]T. According

to [18], it can be conclude that the tracking error system is
globally asymptotically stable. The proof is complete. □

3.3 Cooperative target pursuit

Next, the controller is designed for each UAV to complete
the cooperative control problem of target tracking described in
the main objectives (3). Therefore, a distributed control law of
correction speed 𝜗i in consensus protocol form is presented as

𝜗i = −ki
c

∑
j∈i

(𝛾i − 𝛾 j ), (28)

where ki
c > 0 is a constant. Combined with the correction speed

𝜗i , the total expected speed to be tracked by 𝛾i is expressed as
follows

𝜔i
d
= 𝜔̄ + 𝜗i . (29)

Further, considering that when the actual trajectory of UAV
is quite different from the virtual trajectory pi

d
, the correction

term gi
e is introduced to delay or suspend the change of path

parameter 𝛾i . Employing the gradient of the path error (19)
squared concerning the path variable, one has

𝜂i
e =

𝜕
(

1

2
êT
i êi

)
𝜕𝛾

= −êT
i RT(𝜃i )

𝜕pi
d

𝜕𝛾i

. (30)

Combined with Equation (30), we define the correction term as
gi
e = −ki

𝜂sat (𝜂i
e ) with ki

𝜂 > 0.
Considering (29) in (5) and stacking the dynamic equations,

we have

𝜸̇ = 𝜔̄1N − KcL𝜸 + ge, (31)

where 𝜸 = [𝛾1, 𝛾2, … , 𝛾N ]T, ge = [g1
e , g2

e , … , gN
e ]T, 1N =

[1, 1, … , 1]T, Kc = diag(k1
c , k2

c , … , kN
c ).

Theorem 3. Suppose the communication directed graph between UAVs

is strongly connected. The cooperative control law designed in (28) guaran-

tees that |𝛾i − 𝛾 j |, ∀i, j ∈  is input-to state stable (ISS) with respect

to the error correction terms gi
e.

Proof. Define the disagreement vector as follows

𝝈 = 𝜸 −
1
N

1N 1T
N
𝜸. (32)

Note that the consensus condition 𝛾1 = 𝛾2 = ⋯ = 𝛾N is
achieved if and only if 𝝈 = 0, moreover, L𝜸 = L𝝈 and 1T

N
𝝈 =

0.
Choosing the Lyapunov function as follow:

V3(𝝈) =
1
2
𝝈TL𝝈. (33)

Thus, the time derivative of (33) is

V̇3(𝝈) = −zTKcz + zTge, (34)
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FIGURE 2 Trajectories of the target and single UAVs

where z = L𝝈. Employing the Cauchy-Schwartz inequality, one
has

V̇3(𝝈) ≤ −𝜆min(Kc )‖z‖2 + ‖z‖‖ge‖
≤ −(𝜆min(Kc ) − 𝜃)‖z‖2, ∀‖z‖ ≥

‖ge‖
𝜃𝜆min(Kc )

, (35)

where 𝜃 ∈ (0, 1). It can be conclude that the disagreement
vector z is ISS with respect to the input ge. The proof is
complete. □

4 SIMULATIONS

In this section, the simulation results of three UAVs for different
scenarios are proposed to characterize the effectiveness of the
presented strategy. The desired path for the UAV is a circle cen-
tered at the target with the radius of 𝜌i , which is parameterized
by r (𝛾i ) = [r i

x cos(𝛾i + 𝛾i
0), r i

y sin(𝛾i + 𝛾i
0)]T. Next, we verify

the effectiveness of the proposed strategy in cases of single UAV
and three UAVs tracking moving targets, respectively.

First, in the scenarios of single UAV, the target’s trajectory is
assumed to be p0 = [2 + 0.3t , 3 + 10 sin(0.01t ) + 0.1t ]T. The
simulation parameters are chosen as rx = ry = 30, 𝜌 = 30 m
and 𝜔̄ = 0.15 rad/s. The trajectories of single UAV is shown in
Figure 2, which indicates that the UAV converges to and stay
in the vicinity of the moving target and enclosing the latter.
Figure 3a,b shows that the estimation error of relative position
and the encirclement errors, respectively. Figure 3c demon-
strates the distance between the moving target and each UAV,
that is, the desired envelope radius 𝜌. Figure 4a and 4b illustrate
the evolution of the path parameters, from which it is not dif-
ficult to observe that the path parameter reaches the expected
angular rate.

FIGURE 3 Simulation results. (a) Evolution of the estimation error of the
relative target position by the UAVs. (b) Time evolution of the encirclement
errors. (c) Distance between the UAVs and the moving target

After that, the scenarios of three UAVs tracks the move tar-
get is simulated. The trajectory of the moving target expressed
is denoted by p0 = [2 + 0.2t , 2 + 3 sin(0.08t + 2)]T. Further-
more, the target moving with a bounded velocity 2m/s. Set the
parameters r i

x and r i
y to 30, 𝛾1

0 = 0, 𝛾2
0 = 2𝜋∕3, 𝛾3

0 = −2𝜋∕3.
The consensus gains are ki

c = 0.2 for i = 1, 2, 3. The controller
gain matrices ke and the construction of the CMPF errors 𝜖 are
choose as diag(0.2, 0.2) and [−0.5, 0]T, respectively. The refer-
ence for the path variable velocity is 𝜔̄ = 0.15 rad/s. Besides,
the target relative position estimator gain ki is set as 0.85.

The trajectories of the target and three UAVs is exhibited in
Figure 5. Figure 6a illustrates that the estimation error of the
relative target position ‖ p̃i0‖ by each UAV.
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FIGURE 4 Coordination performance in case with single UAVs. (a) Time
evolution of the path parameters. (b) Speeds of the path parameters.

The pursuit errors ‖ei‖ and the tracking radius 𝜌i are depicted
in Figures 6b and 6c, respectively. As shown in Figure 7, the path
parameters of each UAV achieves consensus and evolves at a
common expected speed. This means that the UAVs will con-
verge to and remain within the desired circular formation and
realizes the enclosing tracking of moving targets with unknown
velocity. In summary, the proposed strategy can be finalized to
complete the encirclement and tracking of moving targets under
limited information (bearing-only measurement).

Finally, in order to show the superiority of the proposed
scheme over the general schemes, a comparative experiments
is added. The simulation parameters are chosen as rx = ry = 10,
𝜌 = 10 m and 𝜔̄ = 0.3 rad/s. Besides, the target’s trajectory is
same as the scenarios of single UAV. The comparison results
with [22] are shown in Figures 8 and 9. It is clear that although
both of them can achieve the surround tracking of the target,

FIGURE 6 Simulation results. (a) Evolution of the estimation error of the
relative target position by the UAVs. (b) Evolution of the encirclement errors.
(c) Distance between UAVs and the moving target

FIGURE 7 Cooperative performance of three UAVs. (a) Evolution of the
path parameters. (b) Speeds of the path parameters.

FIGURE 5 Trajectories of the target and three UAVs

 17518652, 2022, 14, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/cth2.12314 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [22/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
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FIGURE 8 Trajectories of the target and the UAVs

FIGURE 9 Simulation results. (a) Evolution of the estimation error of the
relative target position by the UAVs. (b) Distance between the UAVs and the
moving target

the proposed scheme is significantly better than [22] in terms of
both the estimation accuracy and the tracking radius error.

5 CONCLUSION

This paper investigates the localization and encirclement con-
trol of a moving target with unknown and bounded velocities
by multi-UAVs. On the basis of only bearing measurements
to the target, the target relative position estimator is designed.
Furthermore, a distributed encirclement control algorithm
based on CMPF is developed to make the multi-UAVs converge
to a common circle with a specified radius around the target
and also realize the required spacing mode along the circle.
Theoretical analysis and simulation results verify the effec-
tiveness of the design methods. Future work will address the

robust CMPF problems in which multi-UAVs have constraints
such as unknown wind disturbances, obstacle avoidance,
communications restrictions and time delay.
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