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localization and tracking. Therefore, we propose a complete target encirclement method. Firstly, based
on Hooke's law, a collision avoidance controller is designed to maintain a safe flying distance among
quadrotors. Then, based on the consensus theory, a formation tracking controller is designed to meet the
requirements of formation transformation and encirclement tasks, and a stability proof based on Lya-
punov was provided. Besides, the target detection is designed based on YOLOv5s, and the target location
model is constructed based on the principle of pinhole projection and triangle similarity. Finally, we
conducted experiments on the built platform, with 3 reconnaissance quadrotors detecting and locali-
zation 3 target vehicles and 7 hunter quadrotors tracking them. The results show that the minimum
average error for localization targets with reconnaissance quadrotors can reach 0.1354 m, while the
minimum average error for tracking with hunter quadrotors is only 0.2960 m. No quadrotors collision
occurred in the whole formation transformation and tracking experiment. In addition, compared with
the advanced methods, the proposed method has better performance.

© 2025 China Ordnance Society. Publishing services by Elsevier B.V. on behalf of KeAi Communications

Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Multiple quadrotors collaborative control technology has
become a hot research topic in recent years [1—4]. It exhibits high
efficiency, high fault tolerance, and good robustness when per-
forming complex tasks, and has broad application prospects in
military and civilian fields [5,6]. Target encirclement is one of the
most common tasks, which enables real-time monitoring and
control of target behavior [7,8]. For example, chasing target vehi-
cles, escorting important targets, tracking suspicious targets, and so
on [9,10].

However, the dense flight of multiple quadrotors brings the
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possibility of collision, which leads to mission failure. On the other
hand, the precise location of dynamic targets is difficult to obtain
from the air, and how to establish a detection mechanism and
localization model is a problem that needs to be solved urgently. At
the same time, controlling multiple quadrotors to maintain stable
encirclement and tracking of the target is also the key to success.
Therefore, solving the problems of poor collision avoidance ability,
difficult localization and tracking in multi-quadrotors target
encirclement has become a challenge.

How to ensure the flight safety of multiple quadrotors is the
primary issue in completing the encirclement. The artificial po-
tential field method (APF) is a common collision avoidance method,
which moves itself by repulsive force generated among quadrotors
to achieve collision avoidance effect [11,12]. Yu et al. [ 13] introduced
the APF method into the virtual leader formation scheme, utilizing
local directional information exchange between quadrotors to
ensure safe distance between them. Huang et al. [ 14] combined APF
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and particle swarm optimization techniques to provide environ-
mental awareness and implicit coordination for quadrotors,
searching for collision-free trajectories. Xia et al. [15] combined
consensus control with APF method to achieve unmanned aerial
vehicle (UAV) formation and dynamic collision avoidance. A
simulation experiment was designed for a large UAV carrying some
micro-UAVs, which verified the effectiveness of the proposed
method. The APF method is simple in design, but it is easy to fall
into the local optimal solution and jitter when approaching the
collision. The idea of the method based on optimization is to solve
the local path and realize the safe flight of the quadrotors without
collision [16]. In Ref. [17], an improvement of the meta-heuristic
African vulture optimization algorithm was proposed, which took
collision avoidance as a constraint to obtain a smooth and collision-
free path. In Ref. [18], a geometric method for solving all collision-
free arrangements of UAVs had been proposed. On this basis, the
performance index of the UAV was derived and optimized, and the
optimal collision free arrangement in any direction was completed.
The optimization-based method requires strong computing power
and a long solving time, so it is not suitable for deployment on
embedded platforms with low computing power. Therefore, a
collision avoidance method with small computation and no local
optimal restriction is needed. Hooke's law states that the elastic
deformation of a spring under external force is proportional to the
external force, and the damper can smoothly decelerate the
controlled object [19]. In Ref. [20], a collision avoidance mechanism
is designed using Hooke's law with damping, which overcomes the
situation of falling into local optimal, and the potential field method
is difficult to avoid the narrow passage in time.

In terms of multi-quadrotors formation tracking, the leader-
follower method is the most common [21]. Zhang et al. [22] used
the leader guidance mechanism to establish the error dynamics
model of each follower, and built the communication mode be-
tween any two UAVs based on graph theory to realize the regular
triangle formation tracking task with the leader as the center and
the follower as the vertex. Zhu et al. [23] designed coordinated
control of multiple UAVs based on leader-follower method, and
realized ring formation around the leading UAVs through simula-
tion experiments, which verified the effectiveness of the proposed
method. However, the leader-follower method relies too heavily on
leader. The virtual structure method treats multiple UAVs as a
whole and allows them to track the designed virtual target points to
achieve formation flight. In Ref. [24], a method for controlling the
transformation of quadrotors between different formations based
on the virtual structure method was proposed. The virtual structure
serves as a framework for planning the complex formation trajec-
tories of multiple quadrotors. In Ref. [25], the quadrotor's kine-
matics was described as a multi-robot formation based on the
virtual structure method, and the dynamic effects of the load are
processed by an adaptive dynamic compensator. Two quadrotors
were used to complete payload positioning, orientation, and tra-
jectory tracking. But the virtual structure is highly dependent on a
communication system with high robustness. The basic idea of the
consensus theory is that each quadrotor carries out information
interaction with its neighbor quadrotor and combines its state in-
formation to generate planning and control strategies, so that the
whole multi-quadrotors system can achieve consistency in a
certain state or behavior [26,27]. And consensus theory adopts
distributed architecture, it has no nodes with global information.
Distributed architecture has good scalability and fault tolerance. In
Ref. [28], based on consensus theory, a control protocol was pro-
posed and Lyapunov stability proofwas provided. A criterion in the
form of linear matrix inequality was constructed to achieve the task
of three quadrotors enclosing one quadrotor. In Ref. [29], the multi-
quadrotors formation algorithm based on consensus theory
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ensures that the final convergence of each position was consistent,
and the stability of the controller was proved using the Lyapunov
function. In Ref. [30], a distributed dynamic event triggering
mechanism based on consensus theory was designed to reduce
communication burden and solve the problem of communication
topology and formation structure changes caused by drone failures.
This decentralized approach compensates for the shortcomings of
the Leader follower. In Ref. [31], a position update algorithm was
proposed based on consistency theory to address the collaborative
search problem of unmanned aerial vehicles (UAVs) under unstable
communication. This algorithm ensures that the position vectors of
each UAV can reach consensus in a switched and connected to-
pology, rejecting the leader of global information centralization.

The consensus theory has low requirements for real-time and
connectivity of communication links and can be well applied to
multi-quadrotors control system.

Some studies on multi-quadrotors encirclement and tracking do
not have localization methods, but it is assumed that the position
information of the target can be obtained within a certain range
when the quadrotors approach the target [32,33]. With the
increasing arithmetic power of embedded platforms, airborne
computer vision can achieve an increasing number of tasks, and
target localization through computer vision becomes possible. An
increasing number of studies have attempted to combine computer
vision and quadrotors to achieve more complex tasks [34,35]. In
Ref. [36], a quadrotor recognition and localization quick-response-
codes were designed to achieve autonomous landing on unmanned
vehicles, but the success rate of the experiment was not high. In
Ref. [37], a relative localization system for micro aerial vehicles was
developed, which can operate without any markings, but the
localization error reaches the meter level. Therefore, how to accu-
rately detect and locate the target has become an urgent problem to
be solved.

Therefore, this paper proposes a complete multi-quadrotors
encirclement framework that covers collision avoidance, forma-
tion tracking, and target localization. Among them, quadrotors are
divided into reconnaissance quadrotors and hunting quadrotors.
The reconnaissance quadrotors are responsible for detecting and
locating targets, while the hunter quadrotors are responsible for
encircling the targets. This paper conducted collision avoidance,
localization, and tracking experiments using 3 reconnaissance
quadrotors and 7 hunter quadrotors to verify the effectiveness of
the proposed method. The main contributions can be summarized
as the following four points:

(1) Compared with the improved APF method [11,13—15], we
propose a collision avoidance control method based on
Hooke's law, and different repulsion functions are designed
for quadrotors when approaching and moving away to
ensure a safe distance between them. Meanwhile, it avoids
getting stuck in local optima and jitter situations.

(2) Compared with leader-follower method [21—-23], we pro-
pose a tracking controller based on the consistency theory to
drive multiple quadrotors to converge in position to meet the
requirements of different formation tasks. Based on Lyapu-
nov theory, it is proved that multiple quadrotors can track
the dynamic target in formation. This decentralized distrib-
uted control method in this paper enhances the robustness
of the system and reduces dependence on leaders.

(3) Compared to the lack of object detection function in
Refs. [32,33], propose a detection network based on
YOLOv5s. And construct the target localization model based
on pinhole projection and triangle similarity principle to
complete the target localization. Compared to Refs. [36,37],
reduced localization error.
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(4) Built multiple quadrotors platforms, supporting 10quad-
rotors' experimental tasks such as formation transformation
and encirclement. Compensated for the shortcomings of
Refs. [15,23,29] that can only be verified through simulation
experiments.

2. Problem description

Firstly, provide a model of the quadrotor. Define p;=
[Pix. Piy: Piz] " and v; = [vjy, vy, v,]" as the position and velocity vec-
tors of the quadrotor. Define ¥; = [q&i,ﬁi,wi]T and @; = [g,»,qi,ri]T

represent the Euler angles and angular rates of the quadrotor. The
position subsystem and rotation subsystem are as follows:

pi=v;
m;v; = —m;ges + FiR(W)es (1)
Vi=YW)2

JiQi=—Qi < JiQi+T

where g is gravitational acceleration F; is the lifting force generated
by the motors of the quadrotor. J; = diag(Jix, Jiy,Ji,) is the moment of

inertia, and I'; € R3*! is the control torque. The orthogonal rotation
matrix R(¥;) is shown below:

clct stsict —cost sty 4 ctsicy
cisy stslst —crct crsisy —sicy

U 0 0 0
Y s/ c ade

[}

R(¥3)

The attitude kinematic matrix Y(@®;) is expressed as follows:

1 siTf 'l
¢ ¢
YW= |0 G -5 (3)
-1 -1
¢ (P ¢ (0
0 si(c;) ci(c;)

where C, S, and T are the abbreviations of cos( -), sin( -), and tan( -),
respectively.

The controller designed in this paper is for the translation
subsystem of quadrotor. The translation subsystem can be written
as follows:

Bi(t) = vi(t)
vi(t) = U (t)

Vi

(4)

= F;R(W;)e3/m; — ges. Next, design

where the control signal U{j (t)
the controller for U4 (t).

The control objective is to design collision avoidance and
tracking controllers for the aforementioned quadrotor model to
meet task requirements.

3. Main methodology

This section describes in detail the collision avoidance controller
and tracking controller of multi-quadrotors, and provides proof of
their stability. At the same time, the method of detecting and
locating target by quadrotors is also introduced. Fig. 1 shows the
schematic diagram of collision-free localization and tracking for
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3.1. Collision avoidance

The primary requirement for multi-quadrotors formation flight
is to ensure a safe distance among quadrotors, which requires the
generation of repulsion when any two quadrotors approach, and
the repulsion ensures smooth flight of the quadrotors. Therefore,
this paper proposes a collision avoidance controller based on
Hooke's law with damping. The controller designed in this paper
has the following characteristics: (1) The effective area of the
collision avoidance controller is clear: the collision avoidance
controller plays a role when the distance between two quadrotors
is less than R.. At the same time, ensure that the distance between
the two quadrotors is greater than the minimum safe distance R;.
(2) The collision avoidance controller presents different effects
when the quadrotors are close to each other or away from each
other: it generates greater repulsion when approaching to avoid
collisions, and decreases repulsion when moving away to avoid
colliding with other quadrotors. (3) The derivative of the collision
avoidance function is continuous to obtain a smooth repulsion
curve to ensure smooth flight of the quadrotors. Design the colli-
sion avoidance controller that meets the above requirements to
achieve collision avoidance between multi-quadrotors. The
following collision avoidance controller is designed for the
quadrotor:

o L Pi +Bvii  ||piil| < Re,pji <
(o - r)* el o < e
uf = 1 Pji A < Re,pi>0 (5)
i a(HpﬁfRSDZ HPﬁH Hpjl < Re, pji >
: -
where « and § are the positive gains. p;; = p; — p; and v;; = v; — v

are the position and velocity vectors between ith quadrotor and jth
quadrotor, respectively.
Then, the convergence proofof the collision avoidance controller

is given. Firstly, analyze the stability of case Hpﬁ <R, ’p'ﬁ <0,
and design a Lyapunov function as follows:
1 N-1 —1 N-1 t
Vier ( O j ﬂj V]l(s)dg (6)
]:1Ji1 Hpjz Rs j=1j=i
Take the derivative of Vj,.
. 1 N=1 )
zcl = i o 2||pji|| Z 6 ji ]1
j=1j=i (Hpﬂ Rs ) ] 1j=i (7)
N-1 T
1 p;
« S D gT
J=1j#i (Hpn s) HPﬁ

Consider the relationship between the velocity and the control
input.

N-1

v, = Z uijAt

j=1j=i

(8)
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Combining with Egs. (5) and (8), it can be obtained that,
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that the multi-quadrotors system is asymptotically convergent

when Hpﬁ <R, p'ﬁ > 0. In summary, the stability proofof colli-
N-1 1" N-1
v — 1 pi B — | 1 Dji ny; A
icl R o (Hpji B RS)Z Hpji Vii jzlzj;i o (Hpji B ) Hpﬂ + PVji t
N-1 ! Y
- _ 1 Pji + By — 1 Pi + vy | At
Ry a (Hpﬁ ) B Rs)z Hpji Vji a (Hpﬁ ) Hp], Vii

According to Eq. (9), it can be obtained that V;,; < 0. So multi-

quadrotor system is asymptotically convergent when Hpﬁ < R,
] < o.
Then, analyze the stability of case Hpﬁ <R, Hp], > 0. We
design the following Lyapunov function.
1 N=1
Via = 5 Ay (10)
j=1j=i HP]:. —Rs
Calculate the derivative of Vj.,
1 = 1 :
T I —— (1)
77" (] 1)

Similarly, according to Eq. (11), we obtain Vi, < 0. We also get

Reconnaissance quadrotor

Detection:
§ Yolov5s
. .. ’ ?1
— o — + -
-
- Localization:
/ Pinhole camera

projection model
Location target

Hunter quadrotor
Collision avoidance:

Control torque

-y -y wue

P, Hooke's lay
P <~ \\\
—> /\ ///,(\\‘, /x\\\
USRS A o +

\ /

/ N Qia' /
\ \\__/,// Tracking control:
Consensus theory

Tracking target

Desired attitude

sion avoidance control has been completed.
Because of V;.(0)>0 and V.(t) < 0, by combining Egs. (6) and
< V;j(0) <0, and further obtain Hpﬁ > Rs.

(10), we obtain W

ji||—Rs
Therefore, under the action of the collision avoidance controller,
there will be no collision among quadrotors.

3.2. Formation tracking control protocol

Multiple quadrotors should have the ability to fly in formation to
complete tasks with different demands. This section proposes a
quadrotors formation tracking controller based on consensus the-
ory. First, algebraic graph theory is suitable for describing
communication relationships between multiple quadrotors. The
communication topology among quadrotors is depicted by a
weighted directed graph G = {Q,E,W}: a node set Q, an edge set E
and a weight set W. The degree matrix of the graph is defined as
D = diag{d;}, where d; represents the number of edges entering
the node g;, and the Laplacian matrix L of the graph is defined as
L=D-W.

Target
—
position
Group 1

U d
Group 2

Wireless network

Group 3

Desired position

Position control <

Attitude control <

Fig. 1. Localization and tracking control scheme for multi-quadrotors with collision avoidance.
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Lemma 1. Define Le RV*N as the Laplacian matrix of the directed
graph G. (1) L has a least one zero eigenvalue and 1y is the asso-
ciated eigenvector. (2) If G has a spanning tree, then 0 is an
eigenvalue of L, and all the other N — 1 eigenvalues have positive
real parts.

The tracking control law of the quadrotor is as follows:

N
ub(t) =p Y wy [(9i(t) — (1) — (¥5(t) — g;(t))]
= (12)

+ R(@i(t) — o;(t) — x(£)) + & ()

peRrR!*2 is constant matrix.

]T

where
d(t) = [pf(6), v] ()
quadrotor. ¢;(t) = [ef, (£), o, (t)] (i=1,2,-+,N) as the desired vector
of the quadrotor formation. The state vector of the target is defined

as x(t)eR**1, and the detection and localization of the target is
described in the next section.

gain
(i=1,2,---,N) represents the status of the
T
]

Definition 1. A multi-quadrotor system under control protocol

Eq. (12) can achieve target encirclement iftlim (¥i(t) — o;(t) — x(b))
=0({=1,2,---N).

The system Eq. (4) can be rewritten as follows:
9i(t) = My 0;(t) + Mauf(t) (13)

_ 0 I _ |0
7[02 02}'M27{’2}'

Then, substituting Eq. (12) into Eq. (13).

where M,

d(t) = [(IN ® M;) + (Lf ® Mzuﬂ
9(6) — (Ly ® Map) o(6) + (I ® Ma)g,(8) + (L ® Map)x(1)

(14)

where the Laplace matrix Ly = ilnan =
N-1 -1 -1 -1 -1
-1 N-1 -1 -1 -1
-1 -1 N-1 -1 L = [lijlyg = | -1
1 1 1 N1 -1

Define tracking error ¢(t) = 9;(t) — ;(t). Using the Kronecker
product, one obtains the following:

() =[y e My) + (Lf ® Mzu)]

e(t) + (Iy ® My)a(t) + (Iy ® M3)6,(t) — a(t) (15)
+ (L ® Map)x(t)
a(t) = Iy ® £)a,(t) + (Iy ® M3)g, (t) (16)
where § = “)22]

By substituting Eq. (16) into Eq. (15), we can obtain

(t) = [(In ® M)+ (Ly ® M) [ e(6) + (I ® 8)[o,(6) — &, (0)]
+ (L ® Map)x(t)
(17)

Define &(t) = [x"(t),€'(t)], and take its derivative.
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- MT 04><4N :|_ 04><4 04><4N _
t)= t t
(O |:04N><4 IN®M, €0+ LieMyp Li@Myp ()
04,4n .
" [ e 5} [o,(6) — 3,(0)]

(18)

where MT is the motion trajectory of the target, which is obtained
by target localization.

Iy 1y

Define a nonsingular matrix @ = [
Oy 1

} . Combining L; +

L¢-1y = 0, one obtains the following:

IN _IN |: Lf L1:| |: IN 1N:|:|: Lf 0]><N:|
O.n 1 Oxv 0][01un 1 O,y O
(19)
Define the target tracking error of quadrotors

ec(t) = (Iy ®L)e(t) — (1y ®Ly)x(t) and & = [T(t),el]". Then, one
obtains that

(t) = (w_l ® I4)€(t) (20)

€@(t) = (w ® I)e(t) (21)

Pre-multiplying both sides of Eq. (18) by w~! ® 1,4, one obtains
that
MT 044N

044N 04,4

€= Osnsa IN®M1}é(t)+{O4Nx4 Lr@Msp el
[ a0 - g, 0] 22)

Putting e(t) = [x"(t), e'(t)]" into Eq. (22).

éc(t) = [y ® My) + (L ® M) |ec(t) + (I ® £) (0, () - 3, (1))
(23)

Theorem 1. For any given bounded initial state, the quadrotor can
encircle the target if and only if tlim e(t) =0.

Proof: According to the Definition 1, a multi-quadrotor system
under control protocol Eq. (12) can achieve target encirclement if
Jim (9i(t) — ¢;(6) = x(8) = 0(i = 1,2,-+-,N).

Due to €i(t) = 9(t) — ;(t),
tle (9i(t) —g;(t) —x(t)) = 0(i=1,2,---,N) is equivalent to
Jim (I ® Ly)e(t) — (Iy ® I4)x(1) =0 (24)

According to the definition of e/(t) = (Iy ® I4)e(t)— (Iy ®
I)x(t), that is, tlirn et(t) = 0. The proof of Theorem 1 ends.

Let 2;(Ls) be the eigenvalue of Ly, and ¢ = min[Re(2;(Ly))], satis-
fying the following inequality.

T
(Lf) In+InL —2¢Iy > 0 (25)

Theorem 2. Under the tracking control law Eq. (12), the quadrotor
can realize the desired formation if and only if: (i) rliT [o,i(t) —
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épi(t)} =0,Vi =1,2,---)N, (ii) there exist a constant 7 > 0 and a
symmetric matrix P >0, which satisfies the following inequality:
M;P + PM!} — MM} + 7P > 0.

Proof:
If condition (i) holds, one can be obtained that

Jim [o,(6) — g,(6)] =0 (26)
Pre-multiply both sides of Eq. (26) by Iy ® &.
Jim (I @ §)[o, () - ,(6)] =0 27

So in Eq. (23), we only need to consider [(Iy ® M;) + (L; ®
M, u))é;(t). Therefore, the definition of the replacement system is
as follows:

86 = [In ® My + Ly © Mop (1) (28)
Design the following Lyapunov function.
Vi(©)=¢"(0) (v ® P~ )0 (29)

Taking the derivative of it.
Vi) =¢"(t) [IN ® (Mﬂrl + IHM]) + LIy ® (Mop)"P!
+IyL ® P*1M2u} Z(t)
(30)

Let u = — 7MLP~', and select a constant 7 >1/(2¢). Then

Vi) =¢"(t) [IN ® (th1 n IHM]) - T(L}IN + INLf)

(31)
® P”MZMEP*]]C(t)

Define {(t) = (Iy ® P)«(t), one can obtain

Vi(6)=kT(t) [IN ® (PM¥ n M1P> - T(L}IN + INLf) ® M2M§] K(t)
(32)

From Eq. (25) and Theorem 2, one can obtain
Vi(t) < k7(t) [IN ® <M2MT - np) 21 Iy ® MZME] k(t) (33)
Since 7 >1/(2¢) and «(t) = (Iy ® P~1){(t), one can obtain

Vi(t) <k ()(—nln ® P)k(t) = — nVy(t) (34)

Therefore, when conditions (i) and (ii) in Theorem 2 are met, the
quadrotors can encircle and track the target with the desired for-
mation. At this point, this proofis completed.

From Eqgs. (5) and (12), the collision-free formation tracking
controller for the quadrotor is designed as follows:

N
Ud(6) =yqul(t) +7v2 D u§(t)

Jj=1j=i

(35)

where v and vy, are the gain coefficients of formation control and
collision avoidance control, and the coefficients are adjusted ac-
cording to different task requirements.

Finally, the parameters of rotation subsystem are calculated
according to the control signals to achieve the desired flight control

of the quadrotor. Recalling that Ul.d(t) — ges + F;/ m;, the attitude
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angle can be calculated as follows:

d ¥ d oV
01. = arctanw
Ui +g
dg¥ d ¥
¢; = arcsin Ui — UyGi (36)

V(1) (03)"+ (vt +0)°

vi=y

where xp? is the initial yaw angle of the quadrotor.
The roll and pitch are not restricted, and the yaw is restricted to
a fixed angle to ensure that the quadrotor does not rotate.

3.3. Target detection and localization

The reconnaissance quadrotor is responsible for target detection
and localization. Firstly, design a target detection module based on
YOLOv5s. The collected RGB images are resized and padded to
416 x 416 x 3 for preprocessing. The backbone network adopts
CSPDarknet for feature extraction, which maintains efficiency
while improving the accuracy and speed of the model. The neck
fusion backbone network extracts different levels of features using
feature pyramid network (FPN) and path aggregation network
(PAN) structures. FPN downsamples the rich semantic features
downstream, while PAN upsamples the more precise localization
information contained in the underlying layers upstream. The
prediction performs post-processing on the output of the network,
and finally obtains the target vehicle's category, confidence level,
and pixel coordinates of the target center through non-maximum
suppression (NMS). Finally, the pixel coordinates of the target
center are input into the target localization module.

Target localization is the process of converting the center pixel
coordinates of the target vehicle into 3D North East Down (NED)
coordinates. Firstly, based on the pinhole camera projection model
[38], convert the pixel coordinates (Utarget, Vtarget) iNto positions in
the image coordinate system.

(37)

pimg _ Utarget — Cx Vtarget — Cy f
dx dy ~’

Due to the need for quadrotors to locate ground target vehicles
from the air, the reconnaissance quadrotor is equipped with a
camera between —45° pitch angle. we denote the pitch, yaw, roll of
quadrotor, and camera tilt as P, Y, R, and T, respectively. The atti-
tude of the camera changes with the attitude of the quadrotor. The
camera's rotation Rcam is:

CyCR 7CySRCT + SyST CySRS'[ + SyCT
Ream=| SR CrCr —CRSt (38)
—SyCr  SpSYCr + CySt —SgSySt + Gy Cr

By combining Eq. (38), we can obtain the target position in the
camera coordinates of the quadrotor.

Utarget — Cx
qc —_—
Xtarget dx
qc — Vtarget — C
ytarget Rcam % (39)
fo Y

Next, based on the principle of triangle similarity, the height of
the quadrotor is used as the depth source to recover the three-
dimensional position of the target.
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qc
X¢ (Hqua - Lht'Htﬂfget)xtarget
target — qc
YVtarget
ytcarget = Hqua — th¢ *Hrarget (40)
e (Hqua — the - Htarget)f°
target — qc
Ytarget

where Hqua is the height of quadrotor. v, is the parameter for the
target height, with a value of 0.5, to obtain the center height of the
target vehicle.

Due to the camera being installed in the center position below
the quadrotor, translation errors are ignored. Finally, obtain the
coordinates of the target vehicle in the NED coordinate system:

ned ned (o
Xtarget = Xqua + Ztarget
ned ned c
Ytarget = Yqua jLXtarget (41)

Ztréﬁfglet = tnt - Htarget
where X3¢ and Y§¢d are the NED coordinates of the quadrotor.
At this point, the target vehicle status x(t) is obtained.

4. Experimental results

This section first introduces the constructed quadrotor platform,
and then verifies the effectiveness of the proposed method through
several outdoor experiments. It is recommended to watch the video
to understand the experimental scene and results better. It can be
found at: https://www.bilibili.com/video/BV1KWhoekEVR.

Ground station MQTT agent ‘

=

Control instruction l

’ Control station

TAll quadrotors’ State
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4.1. Multiple quadrotors platform

This paper builds a multiple quadrotors platform as shown in
Fig. 2, which mainly consists of multiple quadrotors, WiFi, real-time
kinematic (RTK), base station, and ground station. The parameters
of quadrotors are shown in Table 1. The quadrotor is mainly
equipped with RTK positioning module, communication module,
single board computer (SBC) and flight controller system (FCS). The
RTK module is responsible for receiving positioning data and
completing real-time positioning of the quadrotors. The commu-
nication module provides communication functions with other
quadrotors and ground stations. SBC is responsible for running the
onboard control program and transmitting the resolved control
commands to the flight controller through a serial port. The main
function of the FCS is to measure and control the attitude and po-
sition of a quadrotors. Besides, the reconnaissance quadrotor added
a monocular camera and a Jetson Xavier NX onboard computer to
detect and locate the unmarked moving target vehicle. The ground
station is mainly responsible for monitoring the status of quad-
rotors and issuing control commands, such as locking, landing, or
returning, and does not participate in the control of quadrotors. The
relevant parameters of these modules are shown in Table 2. The
algorithm runs at a frequency of 20 Hz during the experiment,
while the angular rate control of the quadrotor runs at a frequency
of 250 Hz.

The experimental platform (Including all reconnaissance quad-
rotors and hunter quadrotors) constructs a communication link
based on Message Queuing Telemetry Transport (MQTT) protocol.
MQTT protocol specifies two types of network entities: message
brokers and clients. The message broker acts as a server, receiving
messages from the client and sending them to the target client.
Then, the clients get the messages by subscribing to the specified
Topic. MQTT protocol has lower memory and CPU overhead
compared to the Robot Operating System (ROS), and it is a light-
weight communication protocol based on publish/subscribe

RTK base station ‘ RTK ‘ Stand ‘

-

lLocation information (lat, lon,alt)

Wifi Router }—» Switch —>| Communication integration station — Distribute —— AP
L N esTRRIE ¥

TTarget position, Self state

Others’State l

Reconnaissance quadrotor

L) _— s\ -
J ;7;? Y Jetson xavier Monocular
4 NX camera
'
RTK positioning Flight control |_ ' Communication
module system module

Target position, Others’ Statel

R Lt

T Self state

Hunter quadrotor

N “”/V Single board ;
I computer i |
RTK positioning | | Flight control ‘ Communication
module system module

Fig. 2. Hardware structure of the multiple quadrotors platform.
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Table 1
The relevant parameters of quadrotor.
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Parameters Diagonal wheelbase Weight Battery life Maximum load Maximum flying speed
Numerical values 350 mm 1460 g 30 min 500 g 10 m-s~!
Table 2
The relevant parameters of modules.
Modules Specification Key parameters and part numbers

RTK positioning module U-blox ZED-FOP

communication module RTL8812CU
SBC i.MX 6ULL
FCS Pixhawk2.4.8

Resolution +2 cm (RTK), update frequency 1 Hz
Frequency band: 2.4/5 GHz, transmission range: 200 m
CPU: Cortex-A7, working frequency: 792 MHz

CPU: STM32F427 CortexM4, working frequency: 168 MHz

paradigm, which is suitable for communication between devices
with poor hardware performance. In this paper, the message agent
runs on the ground station computer, and the quadrotor serves as
the client. At the physical layer, message brokers and clients
transmit messages through a Wireless Local Area Network (WLAN)
with a frequency band of 2.4 GHz and a bandwidth of
20 MHz—40 MHz. The communication frequency is 20 Hz, and the
communication information mainly includes position information
(longitude, latitude, altitude) and velocity information (north di-
rection, east direction, ground direction). The type of information is
floating-point, double precision, and 64 Bit.

4.2. Collision avoidance experiment

It should be noted that the collision avoidance controller plays a
role throughout the entire flight mission. In the formation trans-
formation experiment here, multiple quadrotors cross fly and
change positions according to requirements, which better reflects
the role of the collision avoidance controller. The parameter of

~Loms Starting point of the group 1 - Starting point of the group 3
- Starting point of the group 2 4 Ending point of the group 1
20 ) _ »Ending point of the group 2
*.»Ending point of the group 3
=251
£ =30
2 35t
-40 \7 TN
s
\ ’/
-50 1 1 1 1 1 1 i-—-x
50 45 40 35 30 25 20 15 10
p,(ym
(a)

345

collision avoidance is selected as Rc = 2.2 m, Ry = 1.3 m, « = 10 and
B = 2. To ensure flight safety, we set the maximum flight velocity of
quadrotors to 1.2 m/s during the collision avoidance phase.

Fig. 3(a) shows collision avoidance trajectories of multiple
quadrotors, with different colors representing different quadrotor's
groups. The starting point of seven hunter quadrotors are (—28, 28),
(—28,36), (—24, 28), (—24, 36), (—20, 28), (~20, 6), (—20, 44), with a
formation of three lines. The quadrotors finally reach three circles
with (=37, 42), (—40, 30) and (—45, 13) as the center and a radius of
5 m. 7 hunter quadrotors changed from line to three circles. Fig. 3(b)
shows the experimental phenomena at different times, the quad-
rotors almost completed its formation transformation at t = 39 s. A
safe distance is maintained between the quadrotors and no colli-
sions occurred. Besides, the flight trajectory of the quadrotor is
smooth. And as can be seen from Fig. 4, the velocity of all quad-
rotors drops to zero after the formation transformation is
completed, verifying the effectiveness of the proposed collision
avoidance controller.

(b)

Fig. 3. Collision avoidance experiment situation: (a) Flight trajectory; (b) Four moments of aerial view.
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Fig. 4. Three groups of quadrotors velocity in collision avoidance experiments: (a) The first group; (b) The second group; (c) The third group.

car3 0.98

car3 0.99
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Fig. 5. Target detection at four moments in the localization and tracking experiment.

4.3. Target localization and tracking experiment

In this experiment, 3 reconnaissance quadrotors detect and
locate their target vehicles at heights of 14 m, 16 m, and 5 m,
respectively, and send real-time localization results to each group
of hunter quadrotors to complete the encirclement of the target
vehicles. In order to keep up with the target movement, the

30
»
20 7
10
Or == Target 1
£ -=— Target 2
S -10f ~— Target 3
B Group 1
Aok — Group 2
20 Group 3
-30 T
-40
) 40 20 0
pyi(t)/m

(2)
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maximum flight velocity of quadrotors is no longer limited during
the tracking phase.

Fig. 5 shows the object detection situation at four time points,
and the recognition confidence reaches a high level. Fig. 6(a) shows
the trajectory of the quadrotors tracking the target vehicle, where
the trajectories of 3 vehicles are represented by dashed lines, and
the trajectories of each group of quadrotors are represented by solid

(b)

Fig. 6. Localization and tracking experimental process and trajectory: (a) Flight trajectory; (b) Four moments of aerial view.
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Fig. 7. Hunter quadrotors tracking error profiles: (a) The first group; (b) The second group; (c) The third group.

Table 3
Experimental situation.

Group Tracking error (Max)/m Tracking error (Ave)/m Localization error (Max)/m Localization error (Ave)/m
No.1 2.3373 0.7652 1.6781 0.5199
No.2 1.4323 0.2960 1.3677 0.1354
No.3 1.5277 0.7445 1.1987 0.4873

lines of different colors. We can see that each quadrotor moves
accordingly to the trajectory of the target vehicle. It should be noted
that we installed GPS on the target vehicle to compare the locali-
zation and tracking errors of the algorithm. At the same time, to
ensure the safety of vehicles and people, each group of quadrotors
tracks behind the target vehicle. Fig. 6(b) shows four moments
when three groups of quadrotors track the target vehicle, during
which the quadrotors closely follow the vehicle. 10 quadrotors each
performed their respective duties and successfully completed the
mission requirements.

Figs. 7(a)—(c) show in detail the tracking errors of three groups
of quadrotors. The blue, green, and red lines represent errors the
total, X-axis, and Y-axis directions, respectively. It can be seen that
each group of quadrotors maintains a small range of errors. Table 3
uses quantitative data to measure tracking and localization effec-
tiveness. The maximum localization error is 1.6781 m and the good
locating ability of reconnaissance quadrotors to target vehicle
provides the basis for the tracking of hunter quadrotors. The
maximum average tracking error of the three groups of quadrotors
is 0.7652 m. The above results validate the effectiveness of the
proposed localization and tracking method.

Fig. 8 shows the roll and pitch angle of the quadrotor in outdoor
experiments, and the yaw angle remains unchanged, so it is not
shown. It can be seen that there is no sudden change in roll and
pitch angle throughout the entire experimental phase, which en-
sures the smooth flight of the quadrotors. Meanwhile, the roll and
pitch angle are calculated according to Eq. (36), which also proves
the effectiveness of the proposed method.

4.4. Algorithm comparison

In order to verify the progressiveness of the proposed method, it
is compared with APF and leader-follower methods in collision
avoidance and formation tracking. We design the same experiment
that 5 quadrotors encircle and track 1 quadrotor, and the results are
shown in Fig. 9. Each method displays the flight trajectory, velocity,

347

tracking error,
separately.

Compared to the APF and the leader-follower method, the
method proposed in this paper has a smoother flight, and the
encirclement formation is also maintained the best. The velocity
oscillation is the smallest, and it can be seen from Table 4 that the
encircled formation is formed in the shortest time. Compared with
APF and leader-follower, the time efficiency is improved by 4.04%
and 32.32%, respectively. Similarly, our proposed approach mini-
mizes the average tracking error of quadrotors, which is only
0.0764 m. Besides, the safest distance between the quadrotors is
maintained throughout the flight and tracking process. This paper
uses the nonparametric Wilcoxon signed-rank test to investigate
the differences between the three methods. The significance level is
set at 0.05. Another five groups of control experiments are added,
and the target's movement trajectory is different. The proposed
method can encircle the target more quickly (APF: p = 3.03 x 1072,
Leader-follower: p = 4.30 x 103). The tracking error is also smaller
than the other two methods (APF: p = 2.60 x 10~2, Leader-follower:
p = 8.70 x 103). We use the computation time to measure the
complexity of the algorithm. The relevant parameters of the com-
puter are shown in Table 5. It can be seen from the computation
time that the computational complexity of the proposed method is
lower (APF: p = 8.70 x 103, Leader-follower: p = 2.60 x 10~2). This
proves that the computational complexity of the proposed method
is low, and it does not need to rely on strong hardware perfor-
mance. From the results, it can be seen that the proposed method
has better performance.

and distance between adjacent quadrotors

5. Conclusions

In this work, a localization and tracking method for multiple
quadrotors with collision avoidance is proposed. Based on that, 3
reconnaissance quadrotors detect and locate targets, and 7 hunter
quadrotors encircle them. Deploy the algorithm on the developed
multi-quadrotors platform to verify the effectiveness of the
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Fig. 8. Angle of quadrotors in collision avoidance (CA) and tracking (LT) experiments.

method. The results show that quadrotors can successfully avoid
collisions, while localization and tracking targets with small errors.
The proposed method is superior to the advanced comparison
method in the performance of encirclement completion time,
tracking error and safety distance between quadrotors. This pro-
vides suggestions for multiple quadrotors to encircle targets. In the
future work, we will increase the obstacle avoidance function and
enhance the theoretical contribution. In addition, platform valida-
tion for more than 10 quadrotors missions will be conducted to

enhance technical capabilities.
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Table 4

Method performance comparison.

Method

Encirclement completion time

Distance between quadrotors (Min)

Tracking error (Max)

Computation time

The proposed approach
APF
Leader-follower

99s
103's
13.1s

13325 m
1.0289 m
0.7926 m

0.3254 m
1.9145 m
1.5551 m

3.2000 ms
3.3585 ms
3.3657 ms

Table 5
The relevant parameters of computer.
Modules Specification Key parameters and part numbers
CPU i7-13700H Maximum frequency 5 GHz, a total of 14 cores, 20 threads
GPU GeForce RTX 3090 24 GB memory capacity, 1400 MHz core frequency
Hard disk Intel S4520

Read speed: 550 MB/s, Write speed: 510 MB/s
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