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Bearing-based hunting protocols commonly adopt a leaderless consensus method, which requests an entire state of the
target for each agent and ignores the necessity of collision avoidance. We investigate a hunting problem of multi-quadrotor
systems with hybrid bearing protocols, where the quadrotor systems are divided into master and slave groups for reducing
the onboard loads and collision avoidance. The masters obtain the entire state of the target, whose hybrid protocols are
based on the displacement and bearing constraints to maintain formation and to avoid the collision in the hunting process.
However, the slaves’ protocols merely depend on the part state of the masters to reduce loads of data transmission. We also
investigate the feasibility of receiving the bearing state from machine vision. The simulation results are given to illustrate
the effectiveness of the proposed hybrid bearing protocols.
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1. Introduction
Remote-controlled rotorcrafts and their formation tactics

have received much attention in recent years due to their low
cost, convenient operation and excellent maneuverability. The
multi quadrotor systems play a preferred role in material trans-
portation, forest fire fighting,[1] target tracking,[2] battlefield
reconnaissance and strike,[3] mapping[4] and so forth. This
paper focuses on performing the hunting task efficiently and
reliably.

The hunting problem is a particular case of formation
control containing a definite moving target. At present, the
standard formation methods mainly classify as position-based
control, displacement-based control and distance-based con-
trol, as shown in Figs. 1(a)–(c).

The position-based formation senses their positions in the
global coordinate system without error feedback. It has de-
rived a variety of straightforward methods in applications such
as leader-follower[5] and virtual structure methods.[6] In the
displacement-based protocol, each agent can sense the relative
positions of its neighboring agents in the global coordinate
system. Many displacement-based consensus protocols have
been proposed to achieve consensus of a multi-agent system.
In Ref. [7] a novel hybrid consensus protocol with dynami-
cally changing interaction topologies was designed to take the
time-delay into account. In Ref. [8] a new distributed protocol
was presented to solve the mean square leader-following con-
sensus problem for the nonlinear multi-agent systems, which
contains a designed signal to dominate the effects of unmod-

eled dynamics. An adaptive finite-time control for the stochas-
tic nonlinear systems driven by the noise of covariance was
proposed in Ref. [9]. The distance-based control strategies
requires less information than the others. The orientations
of local coordinate systems in distance-based formation are
not necessarily aligned with each other. Thus the trajectories
may be different even if the initial values are equal (see e.g.,
Refs. [10,11]).
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Fig. 1. Four kinds of the formation methods. (a) The position-based
formation, (b) the displacement-based formation, (c) the distance-based
formation, (d) the bearing-based formation.

These three methods apply to most consensus applica-
tion scenarios associated with graph theory. However, they
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have difficulties to adjust the formation in the hunting process.
The agents persist in reaching the desired position far fast,
and the formation is chaotic and unorganized before conver-
gence. If the target rush at the gap of the formation suddenly,
the quadrotor systems would generate a high overshoot, which
decreases the success rate of hunting.[12] To resolve the con-
flict between dynamic formation and the reliability of hunting,
researchers presented a new bearing-based formation method
for the first time in 2011.[13] This method drives the agents
to circle the target with the same angular speed, which can
prevent the target from escaping from the encirclement before
convergence.

In Ref. [14] the bearing-based maneuver control of multi-
agent formation to arbitrary dimensions was presented. In
Ref. [15] two types of position estimation laws were com-
bined with bearing-based protocols for improving the posi-
tion accuracy. The modeling and controller design meth-
ods of first-order multi-agent systems are discussed system-
atically in Ref. [16]. In Ref. [17] an adaptive control law was
designed based on the reference acceleration for networked
thrust-propelled vehicles with parametric uncertainties. Even
though the bearing-based formation method has made sig-
nificant progress recently, dealing with the hunting scenarios
based on the bearing state is still an open problem. The cur-
rent achievements mainly focus on the single-integrator kine-
matic models, and the acquisition of bearing information is
not mentioned. Meanwhile, the common bearing-based hunt-
ing protocols ignore the necessity of collision avoidance, and
the formation converges to a point. Much more importantly,
the hunting protocols request the entire state of the target for
each agent, which aggravates loads of data transmission.

In this paper, we study the model of multi-quadrotor sys-
tems and propose a practical controller input of each quadro-
tor. The simulation approximates to the real situation, which
improves the feasibility of engineering applications. Mean-
while, according to the research achievements in Ref. [18] we
investigate the feasibility of receiving the bearing state by ma-
chine vision. In order to reduce the onboard loads and to en-
sure the safe distance of the quadrotor systems, we introduce
a hierarchical network approach and design protocols for mas-
ters and slaves respectively. The masters are driven by the
hybrid protocols based on both displacement error and bear-
ing constraint, which act as skeleton and avoid the collision
in the hunting process. Simultaneously, the slaves merely de-
pend on the bearing states of adjacent masters to reduce loads
of data transmission to maintain the formation. We illustrate
that the bearing-based hybrid formation protocol is one of the
most effective solutions to the hunting problem.

The outline of this paper is given as follows. In Section
2 we present some preliminaries and the acquisition of bear-
ing information. In Section 3 we expound the principles and

mission objectives of the hunting problem based on bearing
control. In Sections 4 and 5, we provide the hybrid proto-
cols of masters and slaves and analyze their convergence. In
Section 6, we present the simulation test and analysis. Lastly,
conclusions and future work are given in Section 7.

2. Preliminaries
2.1. Graph theory of MAS

Consider a multi-agent system with at least 2 masters.
One can use a graph to describe the communication topology.
Let 𝒢 = (𝒱,ℰ) be a directed graph with n nodes and h edges,
where 𝒱 = {v1, . . . ,vn} is the set of nodes and ℰ ⊂ 𝒱 ×𝒱 is
the set of edges.

The incidence matrix 𝐸 is defined as follows:

Eki =

 1, if vertex i is the head of edge k,
−1, if vertex i is the tail of edge k,
0, otherwise.

(1)

The adjacency matrix 𝐴 is defined as follows:

Ai j =

{
1, i ̸= j, j ∈ Ni,
0, i ̸= j, j /∈ Ni.

(2)

Donate 1n = [1, . . . ,1]T ∈ Rn and 𝐼d = diag(1, . . . ,1) ∈
Rd×d . Here ‖·‖ represents the 2-norm for matrixes in Rn×n or
the Euclidean norm for vector in Rn.

2.2. Theory of bearing constraint

Define a finite collection Ξ = {p1, p2, . . . , pn} ∈ Rn (n ≥
2), in which pi represents the coordinate position of node i.
A configuration is denoted as p = [pT

1 , pT
2 , . . . , pT

n ]
T ∈ Rdn. A

framework, denoted as 𝒢(p), is a combination containing the
directed graph 𝒢 and the configuration information of p. In the
framework, only masters can obtain the position information
pt of the target, while the slaves merely depend on the bearing
states of adjacent masters.

We define the framework between masters and slaves as

ζi j
∆
= p j − pi,ξi j

∆
= ζi j/

∥∥ζi j
∥∥, ∀(i, j) ∈ ℰ , (3)

where ξi j represents the unit vector from p j to pi, which con-
tains the bearing information, and ξi j =−ξ ji.

Similarly, considering the target position, we can denote
the framework between target and agents as

ζit
∆
= pt − pi,ξit

∆
= ζit/‖ζit‖, ∀ i ∈ 𝒱, (4)

and for a nonzero vector, we can define the projection operator
P(x) : Rd → Rd×d [16] as

𝑃 (x) ∆
= 𝐼d −

x
‖x‖

xT

‖x‖
, (5)

where 𝑃 (x) can project any vector x onto its orthogonal com-
plement. Note 𝑃 (x)T = 𝑃 (x),𝑃 (x)2 = 𝑃 (x),𝑃 (x) ≥ 0 and
Null(𝑃 (x)) = span{x}.[12] The projection operator can be
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used to check whether two vectors in space are parallel or not.
Therefore, we can obtain the following definitions.

Definition 1 (Bearing Congruency) For two graphs 𝒢(p)
and 𝒢(p′) with the same number of nodes, if any sides
{ξi j,ξ

′
i j} between the nodes {pi, p j} ∈ 𝒱 , 𝑃 (ξi j) · (ξ ′

i j) = 0
are satisfied, 𝒢(p) and 𝒢(p′) will be bearing congruency.

Here 𝒢(p′) can be a different graph or a different moment
in the same graph. When one obtains the relative bearing infor-
mation between the agents without a global reference frame,
the bearing function can be defined below.

Definition 2 (Bearing Function) Note that ζk and ξk

are the vector and bearing of k-th edge respectively, then
ζk = ζi j,ξk = ξi j, where (i, j) ∈ ℰ . Then the bearing function
𝐹B : Rdn → Rdh can be defined as

𝐹B(p) ∆
=
[
ξ1

T, . . . ,ξk
T, . . . ,ξh

T
]T

∈ Rdh. (6)

The jacobian matrix of the bearing function is defined as

𝑅B(p) ∆
=

∂𝐹B(p)
∂ p

. (7)

One can obtain the derivative of each bearing vector as

∂ξk

∂ζk
=

1
‖ζk‖

(
𝐼d −

ζk

‖ζk‖
ζk

T

‖ζk‖

)
=

1
‖ζk‖

𝑃ξk
, (8)

where 𝑃ξk
= 𝑃 (ξk).

Considering ζk = (𝐸⊗𝐼d)p and ξi j
∆
= pi j/

∥∥pi j
∥∥.

𝑅B =
∂𝐹B(p)

∂ p
=

∂𝐹B(p)
∂ζk

∂ζk

∂ p

= diag
(

𝑃ξk

‖ζk‖

)
(𝐸⊗𝐼d). (9)

We will model the hunting problem accordingly.

2.3. Mathematical model of multi-quadrotor system

The quadrotor is an under-actuated system, and the cou-
pling relationship between attitude angles and position is the
core of modeling. According to the Euler–Lagrange modeling
principle and the assumptions,[19] the dynamic model of the
quadrotor is established as

ṗi =Vi,
mV̇i =U1i𝑅e3 −mge3 +dF,
Θ̇i = Ωi,
JΩ̇i = Γ −𝐶Ωi +dΓ,

(10)

where pi = (xi,yi,zi)
T is the coordinate of the quadrotor in

the inertial system; Θi = (φi,θi,ϕi)
T is the attitude angle;

m and g are mass and acceleration of gravity respectively;
e3 = [0,0,1]T is the unit vector; 𝑅∈R3×3 is the translation re-
lationship of velocity from the body coordinate system to the
inertial coordinate system; JΩ̇i = (IxΩ̇ix, IyΩ̇iy, IzΩ̇iz)

T is the

rotational inertia of quadrotor where Ωi are the angular veloc-
ities of quadrotor attitude; Γ is controlling torque; 𝐶 ∈ R3×3

represents coriolis force and centrifugal force; U1i is the actual
position control input for i-th quadrotor; dF and dΓ ∈ R3 are
bounded disturbing terms.

In this dynamic model, the outer position loop drives the
quadrotor toward the desired position with position controller
U1i, while the attitude inner loop tracks the desired angles. The
attitude controller in the tracking problem was well established
in Ref. [19], so we mainly focus on the design of the position
controller in this paper.

Considering Eq. (10), we can rewrite the reduced equa-
tion of position loop as

ṗi = vi, v̇i = upi +dF, (11)

where upi =
1
mU1i𝑅e3 − ge3 ∈ R3 is the virtual position con-

troller of the i-th agent.

2.4. The meaning and acquisition of bearing state infor-
mation

In this section, we briefly describe the way to obtain the
bearing information in the engineering application.

According to Ref. [21], we can obtain the absolute po-
sition estimated by a combination of the monocular visual si-
multaneous localization and mapping (MVSLAM), and the air
pressure sensor. MVSLAM provides the bearing information
and the air pressure sensor provides an absolute scale respec-
tively. However, considering the capability of data transmis-
sion, this approach only applies to a single quadrocopter. An-
other similar approach is to utilize artificial markers for sim-
plifying position estimation. In Ref. [22], Scaramuzza and
Fraundorfer proposed a system based on a low-cost commer-
cial quadrotor with a monocular front-looking camera for per-
forming autonomous hovering and waypoints following in an
unknown environment.

The slaves aim to get the bearing information of the
neighbor masters. In this process, the attitude angle ϕ = 0 for
each quadrotor. Considering this simple requirement, we can
utilize Engel’s model and establish a three-dimensional coor-
dinate system for the target in the field of camera view. The
principle is shown in Fig. 2.

o

(b)(a) z
y

o
xl

α

β
βlz

x

z

Fig. 2. The schematic of camera view. (a) The three-dimensional schematic,
(b) the projection of schematic.
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As shown in Fig. 2, 𝑙 is the unit bearing vector from
slave to master in cartesian coordinate, and the deviation an-
gles (α,β ) in Fig. 2(a) contain the bearing information. Here
lz is the projection of 𝑙 on the z axis. The vertical component
lz is the height deviation between the slave and master on the
camera view. If lz = 0, the slave and master are on the same
horizontal plane. It is easy to build a mapping between (α,β )

and 𝑙 = [x,y,z] so that we can calculate the current bearing
from camera view immediately.

The spherical mapping f (α,β ) : R2 → R3 is defined as

x = sinα sinβ , y = cosα, z = sinα cosβ . (12)

It is noteworthy that the artificial markers should be eas-
ily distinguished and anti-disturbed, so conspicuous graphics
or infrared markers are good choices. In this paper, we select
eight highlighted yellow lights in two rows as an example, and
the process of identification is shown in Fig. 3.

(a) (b)

(d)(c)

Fig. 3. The identification of markers: (a) the original image, (b) the identifi-
cation of markers, (c) the filtering and corrosion, (d) the connected domain.

This method has a high demand for image quality and
data transmission of a quadrotor. After the feature extraction
and filtering of the image, we can construct the connected do-
main, which contains all the artificial markers. Somasundaram
proposed remarkable spatiotemporal regions in Ref. [23] to
extract the spatiotemporal features. Only a small percentage
of the most salient (least self-similar) regions was considered
and found using its algorithm, over which Spatio-temporal de-
scriptors were computed.

3. Problem description
Figures 4 and 5 show the formation and principle of hunt-

ing comprising with nm (≥ 2) masters and n−nm slaves. Con-
sider the state of target T as (pT ,vT ,aT ). The control objec-
tive is to design a distributed control protocol for the multi-
quadrotor system such that the quadrotors can construct an

autonomous formation surrounding the target and gradually
capture it.

To achieve obstacle avoidance in the hunting process, the
master quadrotors have to collect the displacement informa-
tion D = [d1,d2, . . . ,dnm ]

T from the target and the following
quadrotors only receive (or collect by cameras), where di is
the displacement vector from the target to the i-th quadrotor.
The formation spirally shrinks the hunting radius with rotated
velocity ωk(t) to prevent the target from escaping.

x

 







O

T
di

y

Fig. 4. The topology constructions between target and masters (blue
lines), and between masters and slaves (black lines).

T vTx

p

p′

di

di

vTy

ωi

′

i

i

Fig. 5. Surrounding principle in xoy plane, where red line is the trajec-
tory of i-th quadrotor.

To facilitate the understanding, the center and size of the
multi-quadrotor system are defined as the evaluation functions.

Definition 3 (The center of multi-quadrotor)[16]

c(t) ∆
=

1
n

n

∑
i=1

pi =
1
n
(1n ⊗𝐼d)

T p. (13)

Definition 4 (The formation size)[16]

s(t) =

√
1
n

n

∑
i=1

‖pi − c(t)‖2 =
1√
n
‖p−1n ⊗ c(t)‖ . (14)
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Definition 5 (The bearing Laplacian matrix) Matrix
ℒb(𝒢) ∈ Rdn×dn

[ℒb(𝒢)]i j =


0, (i, j) /∈ ℰ ,
−𝑃 (ξi j(t)), (i, j) ∈ ℰ ,
∑

j∈Ni

𝑃 (ξi j(t)), i ∈ 𝒱,
(15)

where ℒb(𝒢) has the similar structure of the Laplacian matrix
and contains the bearing information between the neighboring
agents. According to the definition of the bearing Laplacian
matrix, it can be expressed as

ℒb(𝒢) = (𝐸⊗𝐼d)diag(𝑃 (ξk
′))(𝐸T ⊗𝐼d). (16)

Note that 𝑃 (x)T = 𝑃 (x), 𝑃 (x)2 = 𝑃 (x), so

ℒb(𝒢) = (𝐸⊗𝐼d)diag(𝑃 (ξk
′))diag(𝑃 (ξk

′))(𝐸T ⊗𝐼d)

= 𝑅B
T ‖ζk‖ · ‖ζk‖𝑅B

= R̃T
BR̃B, (17)

where R̃T
B =𝑅B

T ‖ζk‖.
Meanwhile, 𝒟b(𝒢) ∈ Rdnm×dnm is the target bearing ma-

trix, which represents the bearing information between the
masters and the target,

[𝒟b(𝒢)]i j =

{
0, i ̸= j,
P(ξit(t)), i = j, (18)

where 𝒟b(𝒢) and ℒb(𝒢) are positive semi-definite
matrixes.[12]

Considering the existence of the displacement vector, the
general objective of hunting problem can be expressed as

lim pi − pT = did, (19)

where did is the expected displacement of the i-th master.
The masters have already reserved vector constraints that

contain formation and position information, while the dis-
placement vectors of the slaves are difficultly obtained. Thus
the objective can be rewritten with bearing information as

lim(pm −1nm ⊗ pT ) =𝐷d,
ξk(t) = ξ ′

k(t) =𝑅(ω*t)ξ ′
k(0)𝑅

T(ω*t),
(20)

where ω* is the desired rotary velocity of the formation;
𝐷d = [d1d, d2d, . . . ,dnmd]

T is the desired displacement vector
from the target to the masters; 𝑅(wt) is the rotation matrix in
Eq. (10); ξ ′

k(t) is the desired bearing state of the edge k in t
moment.

Note that if the slaves could keep the bearing structure,
the displacement constraints will be satisfied sequentially. In
general, the maximum cruising flight speed of commercial
quadrotor Vmax ≈ 20 m/s and the effective distance of protocols
l = 200 m. Hence, one can consider bearing congruency under
the condition of ω*(t) ∈ [−0.1,0.1] (rad/s) in this paper.[24]

4. Protocol design
In this section, to solve the hunting problem, distributed

protocols for masters and slaves are designed respectively.
First, we define the state for masters and slaves.

Xm = ka𝒟b · sgn(𝐴)⊗ Id · (ṗm −1nm ⊗ ṗT )

+kb · (ṗm −1nm ⊗ ṗT −𝐷̇d),

Xs = ℒb(𝒢) · (kα p+ kβ ṗ), (21)

where 𝐴 =
[
‖p1 − pT‖−‖d1‖, ‖p2 − pT‖−‖d2‖, . . . ,

‖pnm − pT‖−‖dnm‖
]T is the master position constraint ma-

trix; ka, kb, kα and kβ are positive constants.
Then the controllers for masters and slaves are defined,

respectively, as

upm = 1nm ⊗ p̈T − (p−1nm ⊗ pT −𝐷d)− ka𝒟b · sgn(𝐴)

⊗Id(ṗm−1n ⊗ ṗT )− kb · (ṗm−1nm ⊗ ṗT −𝐷̇d)− d̂Fm,

ups = −ℒb(𝒢)(kα p+ kβ · ṗ)− d̂Fs, (22)

which can be rewritten as

upm = −Xm(t)+1nm ⊗ p̈T − (pm −1nm ⊗ pT −𝐷d)− d̂Fm,

ups = −Xs − d̂Fs, (23)

where d̂F = [ ˆdT
F1,

ˆdT
F2, . . . ,

ˆdT
Fn]

T is the adaptive value of distur-
bance.

5. Hunting reliability analysis
5.1. The convergence of masters’ displacement constraints

Theorem 1 Consider the system equation in Eq. (11),
if the following conditions are satisfied: (i) ωi

*(t) = ω̄k ∈
[−0.1,0.1] (rad/s) for all i ∈ n− nm, (ii) the external distur-
bance dF are bounded and slowly time-varying items where
ḋF = 0, then the multi-quadrotor system can hunt the target in
accordance with the control protocols of Eq. (23).

Proof The position tracking error of masters can be de-
fined as

z1 = pm −1nm ⊗ pt −𝐷d. (24)

The derivative of error is

ż1 = vm −1nm ⊗ ṗt −𝐷̇d, (25)

where vm = [v1,v2, . . . ,vnm ]
T. Choose α as the expected posi-

tional velocity to approximate v,

α = 1nm ⊗ ṗT − kasgn(𝐴)⊗ Id ·𝒟b(pm −1nm ⊗ pT )

−kb · (pm −1n ⊗ pT −𝐷d), (26)

where α is an intermediate variable transformed from the first-
order system control protocol.
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Therefore, the tracking error of velocity in the second
subsystem can be defined as

z2 = vm −α. (27)

The derivative of z2 can be expressed as

ż2 = upm +dFm − α̇. (28)

The Lyapunov function of the system can be chosen as

V =
1
2

z1
Tz1 +

1
2

z2
Tz2 +

1
2γ1

d̃T
Fmd̃Fm, (29)

where d̃Fl = dFl − d̂Fl .
Using upl and the adaptive law ˙̃dF =−γ1z2, the derivative

of V1 can be expressed as

V̇1 = z1
Tż1 + z2

Tż2 +
1
γ1

˙̃d
T
Fmd̃Fm

= z1
T(vm −α +α −1nm ⊗ ṗT )

+z2
T(upm +dFm − α̇)+

1
γ1

˙̃d
T
Fmd̃Fm

= z1
Tz2 + z1

T(−ka𝒟b · sgn(𝐴)⊗ Id · (pm −1nm ⊗ pT )

−kb · (pm −1nm ⊗ pT −𝐷d))

+z2
T(upm +dFm − α̇)+

1
γ1

˙̃d
T
Fmd̃Fm

= z1
Tz2 + z1

T(−ka𝒟b · sgn(𝐴)

⊗Id ·
‖pm −1nm ⊗ pT‖

𝐴
− kb · Id×nm)z1

+z2
T(up +dFm −1nm ⊗ p̈T −𝐷̈d

+ka𝒟b · sgn(𝐴)⊗ Id(ṗm −1nm ⊗ ṗT )

+kb · (ṗm −1nm ⊗ ṗT −𝐷̇))+
1
γ1

˙̃d
T
Fmd̃Fm

= z1
T(−𝐻)z1 + z2

TdF +
1
γ1

˙̃d
T
Fmd̃Fm ≤ 0, (30)

where 𝐻l =−ka𝒟b · sgn(A)⊗ Id · ‖pm−1n⊗pT ‖
A −kb · Id×nm ≤ 0,

α̇ = 1nm ⊗ p̈T −kaDb ·sgn(A)⊗ Id(ṗm−1nm ⊗ ṗT )−kb ·(ṗm−
1nm ⊗ ṗT − Ḋd)).

According to LaSalle’s invariance principle, except for
the system equilibrium point, V > 0, V̇ ≤ 0. Thus the hunt-
ing process is asymptotically stable, which means that the for-
mation radius keeps decreasing until pm −1nm ⊗ pt = Dd. The
proof of masters’ convergence is complete.

5.2. The convergence of slaves’ bearing constraints

Considering the bearing constraints of the slaves, we can
define the bearing tracking error z3

∆
=

√
kα R̃B · p. It can be

transformed to

z3 =
√

kα R̃B · p

=
√

kα diag(𝑃 (ξk
′))(ET ⊗𝐼d) · p

=
√

kα diag(‖ζk‖𝑃 (ξk
′))

[
ζ1

‖ζ1‖
, . . . ,

ζh

‖ζh‖

]
=
√

kα diag(‖ζk‖)
[
𝑃 (ξ1

′)ξ1, . . . ,𝑃 (ξh
′)ξh
]T
, (31)

When z3 → 0, 𝑃 (ξ ′
k)ξk = 0, i.e., ξk(t) = ξ ′

k(t).
The derivative of z3 is

ż3 =
√

kα R̃B · v. (32)

Choose β as expected bearing velocity to approximate v,

β =−kβℒb(𝒢) · p. (33)

The tracking error of velocity in the second subsystem
can be defined as

z4 = vs −β . (34)

The derivative of z2 can be expressed as

ż4 = ups +dFs − β̇ . (35)

The Lyapunov function of the system can be chosen as

V2 =
1
2

z3
Tz3 +

1
2

z4
Tz4 +

1
2γ2

d̃T
Fsd̃Fs > 0, (36)

where d̃Fs = dFs − d̂Fs. Using the condition that ℒb(𝒢) =
R̃T

BR̃B,

V̇2 = z3
Tż3+z4

Tż4+
1
γ2

d̃T
Fs

˙̃dFs

= z3
T
(√

kα R̃bv
)
+ z4

T
(

ups +dFs − β̇

)
+

1
γ2

d̃T
Fs

˙̃dFs

=
√

kα z3
TR̃b (vs −β +β )

+z4
T(ups +dFs − β̇ )+

1
γ2

d̃T
Fs

˙̃dFs

=
√

kα z3
TR̃bz4 + z3

T
(
−
√

kα kβℒb(𝒢)
)

z3 + z4
T

×
(
−kαℒb(𝒢)p− kβℒb(𝒢)ṗ− d̂Fs +dFs + kβℒb(𝒢)ṗ

)
+

1
γ2

d̃T
Fs

˙̃dFs

= z3
T
(
−
√

kα kβℒb(𝒢)
)

z3+z4
TdFs+

1
γ2

˙̃d
T
Fsd̃Fs ≤ 0, (37)

where Hs = −
√

kα kβℒb(𝒢) ≤ 0. Substitute Eq. (22) and
˙̃dFs = −γ2z4 into V̇2, then V̇2 = z3

T
(
−
√

kα kβℒb(𝒢)
)

z3 ≤ 0.
The proofs of slaves’ convergence and the bearing congruency
are complete.

Remark 1 The static matrix inverse method cannot solve
the time-varying matrix inverse, because of the parallel distri-
bution of characteristics and the fitness of hardware implemen-
tation. Neural network, especially recursive neural network,
can carry out real-time calculation. However, the computing
capacity cannot be satisfied by the flight control board of UAV,
so the approximate solution is obtained by means of transfor-
mation.

From the mathematical model of quadrotor systems in
Eq. (10), one can obtain U1𝑅e3 = mupi + mge3. However,
we cannot calculate 𝑅−1 roughly.

Assume that [Ux,Uy,Uz]
T =U1𝑅e3 is another form of vir-

tual control variables, then
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Uy
Uz

=U1𝑅e3 =U1 ·

CθCϕ Sθ SφCϕ −Cφ Sϕ Cφ SθCϕ +Sφ Sϕ

Cθ Sϕ Sθ Sφ Sϕ +CφCϕ Cφ Sθ Sϕ −SφCϕ

−Sθ Cθ Sφ CφCθ

 0
0
1

 , (38)

where Cx and Sx imply functions cos(x) and sin(x) respec-
tively; Ux =U1(Cφ SθCϕ +Sφ Sϕ); Uy =U1(Cφ Sθ Sϕ −SφCϕ);
Uz =U1CφCθ .

Convert them to[
Ux
Uy

]
=Uz

[
Cϕ Sϕ

Sϕ −Cϕ

][
tanθ

tanφ secθ

]
.

In order to obtain the attitude inner loop command signal, we
multiply both sides by [Cϕd ,Sϕd ] and [Sϕd ,−Cϕd ], respectively.
According to the range of θd,φd ∈ (−π/2,π/2), one can cal-
culate these values by arctan functions

θd = arctan(
UxCϕd +UySϕd

Uz
),

φd = arctan(Cθd

UxSϕd −UyCϕd

Uz
). (39)

Then the actual control input can be expressed as

U1 =
Uz

CφdCθd

. (40)

Remark 2 It is worth noting that, due to the underactu-
ated characteristics, quadrotor is impossible to track all 6 de-
grees of freedom. Thus tracking trajectory P and yaw angle
ϕ is a reasonable control strategy, while keeping the other two
euler angles stable and bounded. The intermediate instruction,
θd and φd, is not a reference signal, but an instruction signal
generated by the virtual control input to the attitude subsys-
tem in order to track the reference position. The lift input in
Eq. (40) is the actual control input.[19] [20]

6. Simulations
In this section, an example is given to verify the effective-

ness of the hunting protocol in the paper. MATLAB-R2017a is
used to build the model and run the simulation. The initial pa-
rameters of all the quadrotors are shown in Table 1, where the
disturbances dF = 0.1 · [sin t,cos t,sin t · cos t]T for both masters
and slaves. Choose a set of the protocol parameters ka = 0.5,
kb = 0.1, kα = 0.05 and kβ = 1. The target moves with a con-
stant velocity vT = [1,1,1]T from [0,0,0]T.

Table 1. Simulation parameters.

Variable Parameter Simulation value Simulation value
Ix, Iy rotational inertia 0.04 kg ·m2

Iz rotational inertia 0.08 kg ·m2

m mass 3 kg
K f a0 air friction 0.05 N · s/m
KD0 resistance coefficient 0.1 N · s/m
Jr motor inertia 0.01 kg.m2

d0 centroid distance 0.5 m
‖di‖ length of displacement 100 m

According to the topology in Fig. 3, the initially expected
bearing constraints between agents are

p′12 = −p′21 = [1,0,0]T,

p′23 = −p′32 = [
1
2
,−

√
3

2
,0]T,

p′34 = −p′43 = [−1
2
,−

√
3

2
,0]T,

p′45 = −p′54 = [−1,0,0]T,

p′56 = −p′65 = [
1
2
,−

√
3

2
,0]T,

p′61 = −p′16 = [
1
2
,

√
3

2
,0]T. (41)

Using the definition of projection operator in Eq. (5), we
can work out

𝑃 ′
12(0) = 𝑃 ′

45(0) = 𝑃 ′
3t(0) = 𝑃 ′

6t(0) =

 0 0 0
0 1 0
0 0 1

 ,
𝑃 ′

23(0) = 𝑃 ′
56(0) = 𝑃 ′

1t(0) = 𝑃 ′
4t(0) =

 3
4

√
3

4 0√
3

4
1
4 0

0 0 1

 ,
𝑃 ′

34(0) = 𝑃 ′
61(0) = 𝑃 ′

2t(0) = 𝑃 ′
5t(0) =

 3
4 −

√
3

4 0
−

√
3

4
1
4 0

0 0 1

 ,
𝑃 ′

i j(t) = 𝑅(ωt)𝑃 ′
i j(0)𝑅(ωt)T. (42)

Then, the hunting trajectory and its performance are
shown as follows.










z
/
m





y/m


x/m



 
↩ ↩

Fig. 6. The trajectory (full lines) and fragments (imaginary lines) of
multi-quadrotor system encircling a moving target (red full line).

To reflect the characteristics of formation clearly, we cap-
ture three fragments in Fig. 6, and it is easy to observe the
formation variation in the hunting process. As is expected,
the formation rotates asymptotically from large size to small,
which makes the target in the center of the formation. The for-
mation size s(t) and the formation center c(t) are the important
indicators of the formation performance. One can see that the

050701-7



Chin. Phys. B Vol. 29, No. 5 (2020) 050701

error between formation’s center and target c(t) are shown in
Fig. 7. The formation size s(t) in Fig. 8 converges to the ex-
pectation asymptotically. In Fig. 9, the distortion of controller
signals cancels out the effect of the disturbance, and the error
of disturbance in Fig. 10 is bounded. The multi-quadrotor sys-
tem has completed the hunting of the target, and we can adjust
the formation scale by adjusting the value of di. Thus it can
be seen that the simulation illustrates the effectiveness of the
proposed protocols.
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Fig. 7. (a) The size of the formation and (b) its error.
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Fig. 8. (a) The center position of the formation and (b) its error.
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Fig. 9. The controller outputs values of all the quadrotors.
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Fig. 10. The values of disturbance in the quadrotor 1 in x (Cambridge
blue), y (red) and z (dark blue) directions.

7. Conclusion
We have studied the bearing hunting protocols in a multi-

quadrotor system. First, we have modeled the machine vision
for obtaining the bearing state among the quadrotors and tar-
get. In the process of controller design, we have achieved the
collision avoidance of the quadrotors system through hybrid
displacement control. Considering the limits of the transmis-
sion capability of the data link, we have adopted the hierarchi-
cal network based on bearing constraints to reduce the infor-
mation needed in formation maintenance. We have given some
simulations to illustrate the effectiveness of the proposed pro-
tocol.

One area for future research is taking event-triggered and
sampling communication into account in the hunting process.
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