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Abstract—Coordination of unmanned aerial vehicle (UAV)
systems has received great attention from robotics and control
communities. In this paper, we investigate the distributed
formation tracking problem in heterogeneous nonlinear multi-UAV
networks via bearing measurements. Firstly, a novel bearing-only
protocol is designed for follower agents to achieve the desired
formation. Particularly, we establish a compensation function
on the basis of bearing measurements to deal with the non-
linearity and actuator faults in the agent dynamics. The stability
of the proposed strategy can be ensured by Lyapunov method
in the presence of certain time delays. Moreover, to ensure safe
operation in real-world scenarios, we extend the protocol and
propose a sufficient condition to avoid potential collisions among
the agents. The robustness of the collision-free controller with
continuous action is also considered in the protocol design. Finally,
the simulation case studies are presented to validate the feasibility
of the theoretical results.

Index Terms—Bearing coordination, actuator faults, collision-
free, time delays, multi-UAV networks.

I. INTRODUCTION

N recent years, planning and control of unmanned aerial

vehicle (UAV) systems has been a hot research topic in the
field of intelligent transportation systems (ITS). Multi-UAV
networks refer to systems composed of a group of networked
drones that collaborate and communicate with each other to
accomplish various tasks. Each UAV operates as an autonomous
agent, capable of making decisions and taking actions based on
its onboard sensors, communication capabilities, and assigned
tasks, which have the potential to revolutionize a wide range of
applications, such as surveillance [1], area coverage [2], search
and rescue [3], etc. Compared with single drone, multi-UAV
networks can be deployed to cover a larger area with high
efficiency. More comprehensive data is able to be collected
and analysed during the mission. However, quite a few issues
are still waiting to be resolved when applying coordination
techniques to complex real-world multi-UAV networks, under
some practical constraints including actuator faults, time delays,
collisions, nonlinear and heterogeneous dynamics, etc.

Formation tracking, as one of the most fundamental coor-
dination methods, has been used extensively in multi-agent
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systems (MAS), e.g, vehicle platooning [4], [5], ecosystem
hacking using micro-robot swarms [6], trajectory tracking
and navigation [7], [8], collaborative manipulation [9], [10],
etc. A traditional and straightforward way to tackle multi-
agent formation problem is to take the advantage of the
position information of each agent. For instance, in [11], a
leader-follower position-based formation was proposed via
prescribed performance method. The authors in [12] proposed
a novel formation-containment protocol based on semi-definite
programming. The time-varying adaptive formation tracking
problem was considered in [13], where the system is high-
order, nonlinear, and stochastic. In [14], a finite-time formation
strategy was implemented to ITS on the basis of recurrent neural
network (RNN). The author in [15] discussed the formation
tracking problem of nonlinear ITS with random disturbances.
All the agents are able to keep the target formation under
the event-trigger scheme. In the works mentioned above, the
position information of the agents plays an important role in
solving the problem of achieving the target formation. Another
standard approach to deal with the formation problem is through
distance measurements. Mehdifar et al. [16] provided a novel
formation protocol by distance measurement for MAS with
exogenous disturbance. In another work, Babazadeh et al.
discussed the distance-based formation problem with energy
constraint in [17]. Both the optimal control method and state-
dependent Riccatti equation approach were utilized in this work.
However, by using the aforementioned methods, the formation
tracking performance of the MAS will not be satisfactory if
the state or distance information is difficult to be obtained in
some extreme environmental conditions.

To deal with these restrictions, the research on bearing-only
formation protocol has gained considerable attention ( [18]—
[23]), where only the relative bearing information is available
among neighboring agents. In contrast to the position-based
and distance-based methods, the bearing measurements only
require the angle observation which can be obtained directly
from vision-based sensors during the hardware implementations
[24]. The authors in [25] proposed the bearing rigidity theorem
in 2D space to guarantee the uniqueness of the configuration
generated by bearing vectors. Zhao et al. further extended the
bearing rigidity theorem to arbitrary dimensions in [26]. In
[27], a bearing-only protocol was designed for heterogeneous
MAS with an adaptive scheme. The leader-follower bearing-
only formation issues for double-integrator systems with local
reference frames were investigated in [28], where the velocities
of the leaders are constant. Another main problem in bearing-
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only formation research is how to avoid collisions between
each agent during the formation to ensure that the bearing
vectors are well-defined. A finite-time bearing-only formation
protocol with collision avoidance was proposed in [29] to deal
with heterogeneous multi-robot platforms. However, in the
aforementioned works, the dynamics of each agent are relatively
ideal and simple, which may not be accurate enough to mimic
the dynamics of real-world agents (e.g., drones, robots, vehicles,
etc.). There is still an open gap for handling bearing-only
formation problems in a system with complex and nonlinear
dynamics.

It is noticeable that there also exist many significant
indicators to affect the stability of the MAS such as time delays
and actuator faults. Time delay often exists in practical systems
and it should be considered when establishing the formation
control law. In [30], a containment strategy was designed
for double-integrator MAS with time-varying delays. The
authors in [31] provided a neuro-adaptive formation tracking
protocol for second-order MAS with time delays. In [32], the
communication delays were taken into account to deal with
the formation problem for the multiple UAV systems. When
it comes to handling the actuator faults in the controller, the
authors in [33] studied the fault-tolerant formation problem in
double-integrator systems with directed communication. An
adaptive approach was implemented in the controller to deal
with the failures. In [34], a fault-tolerant formation protocol
was introduced for heterogeneous UAVs with reinforcement
learning. Yu et al. in [35] employed an adaptive scheme in the
formation-containment controller to tackle the actuator faults in
networked unmanned airships. However, in the above research,
the bearing-only techniques were not taken into consideration.
Consequently, it is desirable to establish a bearing-only protocol
to deal with actuator faults and time delays in nonlinear MAS.

In this research, we address the fault-tolerant bearing
coordination problems for heterogeneous nonlinear multi-
UAV networks. To deal with the unknown nonlinear item
and the actuator faults, a designed compensation scheme is
applied in the controller to achieve a better performance than
the traditional bearing-only protocols. Moreover, we design
the compensation function and present a condition to avoid
collisions among the agents during the formation task. The
main contributions of this article can be summarized as follows:

o A distributed fault-tolerant coordination protocol is de-
signed for heterogeneous nonlinear multi-UAV networks
by only detecting the relative bearing information. In
contrary to the conventional position-based and distance-
based protocols, the proposed algorithm is able to reduce
the sensing requirements of each agent significantly as the
angle observation can be easily obtained from vision-based
Sensors.

« A novel compensation function based only on bearing
measurements is included to deal with the nonlinear
dynamics in the system and the actuator faults in the
controller. The stability of the bearing-only protocol is
established by Lyapunov method. Furthermore, we also
provide the robustness analysis of the protocol in the
presence of certain time delays.

« Collision-avoidance is considered in the algorithm design.

We reconstruct a compensation function and provide a
sufficient condition to ensure that there is no collision
between each neighboring agent during the formation
task. Moreover, we improve the form of the compensation
function to a continuous action and discuss the robustness
of the continuous formation protocol.

II. PRELIMINARIES AND PROBLEM STATEMENT
A. Notations and Preliminaries

Consider a team of N networked drones (with IN; leaders
and Ny followers) in RY (N >2,d>2and N, + Ny = N).
The interaction among the agents is described by an undirected
graph G = (V,€) with a nonempty vertex set V = V, U
V¢ ={v1,...,on} and an edge set € C V x V, where V; =
{vi,...,on,} and Vy = {vn,,,,...,vn} represent the set of
leaders and followers. The edge (i, j) € £ demonstrates that
agent ¢ can measure the relative bearing of agent j, and hence
agent j is a neighbor of i. Denote N; = {j € V : (i,5) € £}
as the set of neighbors of agent 7. It can be obtained that
(i,7) € £ < (j,i) € € because the graph G is undirected.

Define the position of the i*" agent as p; € R?. Suppose the
edge (i,7) corresponds to the k' directed edge in oriented
graph where k € {1,---,M}. The edge vector n;; for edge
(i,7) can be defined as

Nij = M = Pj — Di-

Hence, the relative bearing vector of the j* agent with respect
to the i*" agent is given as

Di — pi
Bij = Br = ———,
lp; — pill
where || - | denotes the Euclidean norm of a vector or the

spectral norm of a matrix. The unit vector 3;; represents the
relative bearing of p; with respect to p;.

An oriented graph is an undirected graph with an orientation,
which is widely used in this paper. An orientation of an
undirected graph is the assignment of a direction to each
edge. Denote M = |£]| as the number of undirected edges.
Then, the incidence matrix of the oriented graph is denoted
as H € RM*N where [H]p; = 1 if vertex i is the head
of edge k; [H]w;, = —1 if vertex ¢ is the tail of edge
k; and [H]g; = O otherwise. For an undirected connected
graph, it holds that rank(H) = N — 1 and Hly = 0
[36]. Let p = [p{v ' 7p],1:l]T’ n = [771T7 777]1\}],1“’ and
B=I[8L, - ,BL]T. Denote I; € R¥*? as the identity matrix,
it can be implied from the defintion of H that n = Hp, where
H=HQI,.

Define the scale of the formation as

N
1 Lo _ P —1v @1l
St)=4|= i —p|I? = ————,
OENES ; lp: — 7 Vi
where p = +(1v ®Is)"p denotes the centroid of the
formation.
T T T T
DenOtep* = [pi< 7"'ap}ﬂ\7]T and 6* = [ﬁf 7"'76?{4],1—‘

as the configuration and bearing vector of the target formation.
The bearing Laplacian matrix B € RV <4V is demonstrated
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Fig. 1. Non-unique target formation under connections (a), and unique target
formation under connections (b and c).
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Fig. 2. The control architecture associated with the UAV systems.

to characterize the properties of a formation. Let Pg;j =1;—
7 (B55)T € R, The block of B is expressed as [37]

0, i# 7, (1,7) ¢ €,
_Pﬁi*j’ 7’7&,7’ (i,j)€€7
Ekex\/,- Pﬂ;‘,kk’ Z:j’ ZEV
It is obvious that B is semi-positive definite,and Bp* =

B(ly @ I;) = 0. According to the description of H and
B, we can imply that

B = HTdiag(Pg; )H,

[B<gap)]ij =

6]

The partition of the bearing Laplacian matrix can be expressed

as 5 B
B=| gr lf], @)

{ By Byy
where Byy € RIN/*dNi The uniqueness of the target

formation can be ensured by the following lemma.

Lemma 1. [37] The target formation {p} };cy can be uniquely
determined by the states of the leaders {p}}icy, and the
bearing vectors {f3};} (i jyee < By is non-singular.

It should be noticed from Lemma 1 that the uniqueness of
the target formation depends on the sub-matrix Byy, which
denotes the connections between each follower agent. For
better understanding, three examples are listed in Fig. 1, where
the leaders are denoted by red stars, and the followers are
marked by green circles. The target formation can be uniquely
determined by the bearing vectors and the position of the
leaders under the topology (b) and (c).

B. Problem Statement

In this paper, we focus on constructing cooperative bearing-
only formation strategies for the followers in multi-UAV
systems. Let p; = [piz, piy, Piz| be the state of the i*" UAV

in a 3D space. Define x; and +; as the yaw and pitch angles

of the i*" UAV to determine the velocity orientation of each

agent. The kinematic model of the i** UAV is described as
Pix = Vj COS X COS7;

Diy = Vj COS X SINY;

Diz = Vi sin x; 3)
Xi = Wy,
Vi = Wry;

where v;, wy,, wy, stand for the linear and angular velocities.
Based on the fact that the attitude dynamics of the drone
is faster than the translation dynamics [38]. The feedback
linearization technique [39] can be utilized to transfer the highly
complex UAV kinematic model (3) to a first-order system [38].
Hence, the dynamics of each follower UAV can be described
as

pi(t) = uf (8) + 6s(pi(1)), “)

where ¢;(-) € R? denotes the unknown nonlinear function in
the system, u/ (¢) € R stands for the control input with the
actuator faults caused by control system failures for the i*"

agent [40], which is described as
ul (8) = wilt) + fi(t), 5)

where u;(t) € R? is the control input. The actuator faults
fi(t) € R? represent the unknown output bias of the actuator
channel ( [41], [42]) in the controller for the " agent.
Fig. 2 reveals the overall control architecture. The bearing-only
protocol designed later will be implemented as the control
input.

Vi € Vf.

Substituting (5) into (4), the dynamics of the heterogeneous
multi-UAV systems with actuator faults is written as

Pi(t) = wit) + fi(t) + ¢i(pi(t)),

Remark 1. In this work, we mainly focus on developing a novel
bearing-based formation tracking strategy to address multi-
UAV coordination problems. One of the challenges is to deal
with the collective behaviors of the UAVs using only relative
bearing information instead of absolute positions. Hence, only
simplified UAV models are considered in the coordination
protocol design to ensure that a feasible and effective solution
can be obtained, following other important works in this field
(e.g., [43]-[46]). Considering that the simplified UAV model
may not be precise enough in some real-world implementations,
a fine-tuning of the low-level feedback linearization controller
is suggested to be done before applying the proposed high-level
coordination approach.

VieVy (6

To achieve the desired formation tracking objective, we have
the following assumptions

Assumption 1: The unknown nonlinear function ¢;(-) is
upper-bounded. i.e.,

l6: ()1l < &(2),

where ¢(t) is a known continuous function.

(7

Assumption 2: The unknown actuator fault f;(¢) is upper-
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bounded. i.e.,

IF:Ol < f,

where f is a known positive constant.

Assumption 3: The target formation can be uniquely deter-
mined by the positions of the leaders., i.e., Bys > 0.

Assumption 4: There is no collision between each agent
during the formation task., i.e. There exists ¢ > 0, such that
H77u|| >c Vi, jevy

Assumption 5: The formation scale S(t) is upper-bounded
during the task. i.e., S(t) < Sp, V t > 0.

We now illustrate the main objectives of this paper in a
precise form. Suppose the dynamics of each agent with actuator
faults can be generalized by system (6). The following problems
are solved in this work: i) How to design the fault-tolerant
formation protocol for heterogeneous nonlinear multi-UAV
networks based merely on the bearing vectors {3, } (i j)ee- ii)
How is the stability of the proposed strategy for heterogeneous
nonlinear time delay systems. iii) How to improve the control
scheme to avoid collisions between each agent. iv) How to
develop the collision-free controller with continuous action.

®)

III. FAULT-TOLERANT BEARING FORMATION PROTOCOLS

In this section, a fault-tolerant bearing-only protocol is
proposed for heterogeneous nonlinear multi-UAV networks.
Moreover, we provide the stability analysis of the controller
in the presence of time delays and actuator faults.

A. Bearing-only protocol design for followers

The bearing-only control protocol of the followers is de-
signed as

ui(t) = ky Z Gij + Z q)i(Cij)a 1€ Vy.
JEN; JEN;
where (;; = (i = B;;(t) — B;;(t) denotes the bearing error of
the k' bearing vector, k ¢ is the positive control gain which
should be designed later, and the compensation function is
designed as

9

R(t)7<ij

e when Gyl £0
ij
0, when ¢ = 0.

Qi (Cij) =
where ~ ~
R(t) = ¢°(t) + f*.

It can be found that the compensation function is only based
on bearing measurements.

(10)

Remark 2. It can be observed that the compensation function
®,(¢;;) is designed merely based on bearing measurement.
Hence, the overall controller (9) is still bearing-only, which
is more feasible in some real applications if traditional
position or distance measurements are not available or are less
accurate (e.g, the sensor is low-cost). Moreover, protocol (9)
is distributed because we only use the relative bearing vectors
from its neighbors N for the i UAV via a communication
network.

Define the formation error as &; = p; —p}, and £ = [0, ff 1%,
i

where gf = [517\;'Z+1a"' 75]7\”71' Let C = KlTa ySMm
g — g*. Before we show the main theorem and associate proof,
the following lemmas should be introduced

Lemma 2. [47]: Suppose Assumption 4 holds, we have

pTHT¢>0 (11)
(p)THT¢<0 (12)
E'ATC>0 (13)

Lemma 3. For each agent in the system, under Assumptions
4 and 5, it holds that

[kl < 2N So. (14)
Proof. Since
N
N?S(t)* =Ny llpe — pl*
k=1
N
(15)
>(lpi =2l + > lpw—2l)?
kEV, ki
> |lpi — plI?
From Assumption 5, we have
7kl = llpe — psll
= ll(p: —}7) —(p; —{J)II (16)
< llps = pll + llp; — Dl
< 2NS(t) <2NSp.
O
Lemma 4. Suppose Assumptions 4 and 5 hold, we have
T
T T & EXmin(Byy)
H(>> >0 17
prH C=> INS, (17

where \yin(Byry) > 0 denotes the minimum eigenvalue of Byy.

Proof. In one hand, based on Lemma 3 in [47], it can be
obtained that

M
p"Bp =" |Inel*(1 = B By) (1 + B BY)
k=1

M
<2 |kl *(1 - 8L B7)

(18)
k=1
M
= llme 118 — Bi>-
k=1
In another hand, it can be computed that
B M
p"H"C =" (i By — i B
k=1 (19)

M
= lmell (1= BEBR).
k=1

Furthermore, let {; = [517\}[+1,~~ LT, and € can be
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rewritten as

¢=10,¢f1". (20)
Since Bp* = 0, it follows that
p"Bp = €"BE = €7 Brply > € ENmin(Byy) (21
Combining (14), (18), (19), and (21), we have
" Emin(Bys) < p"Bp
M
<23 |lmel*(1 = BEBR)
- M
< 2max o Y Inell (1 - BLB)) @2
) k=1
M
<ANS Y lImell(1 — BE B
k=1
=ANSopTH¢.
Hence, we can claim that (17) holds. O

Now, we would like to present the following theorem.

Theorem 1. Consider the heterogeneous nonlinear leader-
follower multi-UAV systems (6). Under Assumptions 1-5 and
the control strategy (9), all the agents will converge to the
target formation exponentially if ky is selected to satisfy

ANN;S,

)\min(Bff)MC- (23)

k F >
Proof. By implementing the protocol (9), the dynamics of the
nonlinear multi-UAV systems (6) can be written in a compact
form as

=] 0 1o | A ao) om0, 2o
§
where ¢(p(t)) = [0, - - 7¢N,+1(pzvl+1(t)) Lo (en ()]
FO) =10, fa(®), - fH )], and
o G 1
() =R o
Q=R | e

The Lyapunov candidate can be selected as

V= %§T§- (25)

Based on Lemma 2 and Lemma 4, the deviation of V' can be
expressed as

V=¢p
= —kpTHTC - €"HT®(C) + €M (o (p(t)) + (1))
< —kpp"H'¢ — €THT®(C) + 7 (¢(p(t)) + f(2)) (20)

ELENmin(By )
4NS()

IN

—kf —l—H,

where B
= —¢T(HTD(C) — d(p(t)) — £(1)).

According to (7), (8), and the average inequality, we can imply

that
M= —(n—n")"®(() +§T(¢( 1) + £(1))
M - o
_ % Br — nx. By 77k — 05 Biy, 7o =
- (k=1 18k — BEII? Z Hﬂk—ﬂ 2 )(@(t) + [7)
+£T(¢( () + f(t ))
Inell1 I lBEBL = 1), =
Z Bk — 5k||2 Z 1Bk — BkHz e (@7 () +

)+ € 6lp(0) + 10)
M
<3 B0+ )+ € otoi0) + 510)

||7lk|| 2 2
< -
< Z (6%(6) + ) 2N Z 1o ()]
1=N;+1
Nf ;. Mc &
] 2
t1eS o, %jﬂ £ ()]
i=N;
N -
< 75 3
Mc 27
Substituting (27) to (26), it follows from (23) that
~ KfAmin(Bry) — Ny .r
< (MmN r 2T
Vs ANS, Mc)5 ¢ (28)
=—-aV <0,

where a denotes the exponential convergence rate which is
expressed as

_ k’fMC/\mm(Bff) —4NNfSO >0

a= .

AN M CS()

Hence, under the protocol (9), the formation error & will
converge to zero exponentially. That is to say, all the agents
will converge to the target formation exponentially. O

B. Stability analysis in the presence of time delay

It is noticeable that time delay always exists in ITS and
it should be considered in the control protocol design. This
section focuses on the stability analysis of the proposed protocol
(9) in the presence of time delays.

Following the system analysis provided in [48], the dynamics
of the nonlinear multi-agent time delay system with time-
varying actuator faults can be described as

Pi(t) = ui(t) + fi(t) + di(pi(t — 1)),

where 7; > 0 denotes the bounded state time delay in the
system for the i*” agent with the boundary 7.

Now, we present the stability analysis of the control law (9)
in the heterogeneous nonlinear multi-agent time delay system
with actuator faults.

i€V, (29

Theorem 2. Consider the nonlinear multi-agent time delay
system (29). Under Assumptions 1-5 and the control strategy
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9), if ky satisfies (23), all the agents will converge to the
target formation asymptotically.

Proof. The compact form of the time delay system (29) under
the protocol (9) is written as

== 0 o |E G GO@0 + )

(30)
+o(p(t —7) + f(B),
where ¢(p(t — 7)) = [0, a?b%l-i-l(leJrl(t = TN+1))s s
o (o (t —7n))]", and
it SN
G(¢) = S
=i e
We construct the Lyapunov function as
1.7 Mc
= 55 E+ WV (31)
where
Z 6:(pi(o)do
i=N 17t
it can be implied that
N
V= Z (i (i (OIP = Nl (ps(t — T)IIP)  (32)
i=N;+1

Hence, the deviation of V' can be described as

i S (ool -

i=N;+1

= —ke"H'¢+ E"HTG(Q) (1) + F2) + E o(p(t — 7))
+eTF(t) + %Cmap(t))n? —lp(p(t — 1))
f

< —kppT HT ¢+ 10 + 11,

Vo I6:(pi(t — 7)1

T .
< —M% +II; + 11,
’ (33)
where - ~
= —¢"(HTGQ)f? - f(1),
and _ -
=— T (HTG(O)P(t) — o(p(t — 7))+
M
o (o) = ot = m)I).
f
Similar to the discussion in (27), we can get
M = —(n—n")"G(Q) >+ £ f(t)
M
Il 72 | o1
<=> S f+Ef
; 5 (t) 34

Ny ere

IA

Ny 17kl — ¢
T Z k 72
<
2Mc5 ¢ Pt 2 /

and
Mec

Iy = —(n = 7") GO (t) + T d(p(t — 7)) + IN;
(le@ENI* = gt —m)I?)

ﬁnmwﬁ LBt — 1)

- Aﬁjnw(t ~)IE + Bt

k=1
M
< g%@(t =)= gy, 16 = DI
Mec Mc
< L €Te o 19 = NI = S It = )P
_ Ny
2MC€T£

(35)
Substituting (34) and (35) to (33), from (23), it can be obtained

that
kaCAmin(Bff) - 4NNfSO

AN M cSy

V< - eTe 36)

<0,

Then it follows that, under the protocol (9), the formation error
& converges to zero asymptotically. In another word, all the
agents will converge to the target formation asymptotically. [J

The fault-tolerant bearing-only formation algorithm is pre-
sented in Algorithm 1.

IV. FAULT-TOLERANT BEARING FORMATION PROTOCOLS
WITH COLLISION-AVOIDANCE

Noting that Theorem 1 and 2 are based on the assumption of
collision-free among the agents. In this section, we reconstruct
the formation protocol and provide a sufficient condition of
collision avoidance to remove Assumptions 4 and 5 as shown
in the previous sections. Furthermore, we then improve the
collision-free controller with continuous action.

A. Collision-avoidance controller design

The collision-free bearing-only formation protocol for the
h agent is designed as

=> Ci+T > ®ilCy)),

JEN; JEN;

i€V, (37

where I' is the positive control gain which will be designed
later, and the compensation function is modified as
Cii
Q(t)ﬁ, when [|G;;]| # 0
ij

0, when |[¢;;[| = 0.

®i(¢ij) =

where
(38)
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Algorithm 1 Fault-tolerant bearing-only protocol design
1: Select N; leader agents labeled with {1,2,---, N;} and
Ny follower agents labeled with {N;yq,--- , N} ;
2: Set the target formation configuration p* and compute the
target bearing 5*;

3: Set the initial state for each agent;

4: if Assumptions 1 and 2 are satisfied then

5: Set R(t) = ¢2(t) + f?;

6: if Assumption 4 is satisfied then

7: Set the bidirectional communication graph and the
oriented graph among each agent;

8: Compute the edge and bearing vectors for each
agent, marked with {1,2,--- , M};

9: Compute the bearing Laplacian matrix 5;

10: if Bff > 0 then

11: for the k" bearing vector

12: if ||Cx|| # O then;

13: i(G) = R(t) et

14: else

15: P, (Ck) =0

16: end if

17: Set the control gain kj

18: if ky satisfies (23) then

19: Construct the control law u; given in (9);

20: else

21: Back to step 17;

22: end if

23: else

24: Back to step 7;

25: end if

26: else

27: Back to step 3;

28: end if

29: else

30: Back to step 1;

31: end if

Now, we would like to present the following theorem

Theorem 3. Consider the heterogeneous nonlinear leader-
follower multi-UAV systems (6). Under Assumptions 1-3 and

the control strategy (37). Denote r = min; jev||p; — pjll, if
the initial state of each agent satisfies
K—c

1€00)] < (39)

vV Ny
there is no collision between each agent during the formation.

Furthermore, all the agents will converge to the target formation
exponentially by selecting the control gain

Ny
I'>2y/———.
)\mm(Bff)

Proof. The compact form of (6) by implementing the collision-
avoidance protocol (37) is expressed as

(40)

b= |0 o | T TR+ o) + o) @)

where P
= i Cur }
)
=00 e ey
Choosing the Lyapunov candidate as
V=€t @)
The deviation of V' is computed as
V=¢Tp
~CHIC-TCHTR(O 7 (00(0) + £0)
< —pTHT( =T H®(¢) + € (o(p(1)) + f(1))

= —p"H"¢ + 5 + I,
where

I3 = —TE¢THT®(C), Iy =€ (3(p(t)) + f(1)).

It can be obtained from the definition of ® that
I = —(n—n*)"®(C)
M
2B - ﬁ,’;ll

_ Imell (0~ BT 87)
Z 18 = Bl

< _gz Il Q)

nk Bk—ﬁk 61@
Z R

Il (BEBE — 1)
Z 16c— g <®

A

<t Z InellGelQ(®)
(44)
From (22), we have
€]l < lem\l 1Sk 11
mm (45)
A\ ES P Z 176 11 G l-
Hence, it follows that
Iy < [[€llllo(p(t)) + f(O)]I
< ||€||(H¢( (t))H + 1@
(46)

)\mm Z Il Gkl Q).

Combining (43), (44), and (46), from Lemma 2 and (22),
we can get ] -
V< —pTHT ¢+ 1154+ 114

<—p"H"¢

< _ )‘min(Bff) T (47)
= 2maxy [|nk]]

<0

In another words, £(t) < £(0) for any ¢ > 0. According to
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(39), we can observe that

k(O = llne; O = 1(p7 = p5) + (pi = p7) = (pj = p;)l
> ||zl = II&( ) =11 @l
> [lmzll = Z 1€:(2)
> il = \ﬁllﬁ t)]
> |Inll = v/Nyli€( 0
> [kl *ferCZC-
(48)

Hence, there is no collision between each agent during the
formation task under the condition (39).

Noting that
max el < ]
< |H|llp - p" + 7|

- (49)
< e+ °])
< (O] + Ip°])-
Together with (47), we have
y )‘min(Bff) T ~
V< — — = —aV. 50
= TyEqe) + s T O9

where a stands for the exponential converge rate which is
denoted as

)\min
G (Byy) >0

IE[CUEO + o)

That is to say, the formation error converges to zero exponen-
tially. O

B. Collision-avoidance protocol design with continuous action

It can be observed that the collision-avoidance protocol
(37) is discontinuous. This drawback is possible to trigger the
chattering effect in the control signal in real implementation
[49]. According to [50], the boundary layer technique can be
utilized to minimize this restriction. Enlightened by this method,
the continuous collision-avoidance protocol is designed as

)=> Ci+T > (i), i€V, (D)
JEN; JEN;
with the compensation function ®, is modified as
) QU Ter. when [l > ¢
@.(Cij) = C * (52)
QW™L,  when |Gy < =.

The following theorem reveals the stability of the collision-
avoidance protocol with continuous form.

Theorem 4. Consider the heterogeneous nonlinear leader-
Jollower multi-UAV systems (6). Under Assumption 1-3 and
the control strategy (51). Suppose ¢(t) < ¢*. There is no
collision between each agent during the formation if (39)
holds. Furthermore, the formation error £ of the agents will

converge to a bounded set

o= {estel < 251

if the control gain I satisfies (40), and ¢ is small enough such
that 1 (g) is small enough, where

4€QMNf

H||,
Noin(Bss) 11

Ple) =

and Q = ¢* + f.

Proof. The compact form of (6) under the modified protocol
(51) is described as

b — [ oL f } HT(C+T8,(C)) + 6(p(t)) + f(2), (53)

Considering the Lyapunov function as

1
V=g¢'e (54)
It can be obtained from (43) that
V=T
&'p (55)

< —p"H"( 410§ + Iy,
where
5 = —T¢THT®,(¢), Iy =& (o(p(t)) + f(1)).

To analyse the modified compensation function ®,. Three cases
should be discussed in the following stage.

Case 1: if ||&|| > e, Yk € {1,2,--- , M}. From (44), we

can get
=10 < - [yt Z InellGellQ. — 356)
Based on (46), we have
IIS + 10, < 0. (57)

Case 2: if ||&]| <e, Vk € {1,2,---
15 = —(n — ") " @ (C)

— Z’rlkﬁk}_nkﬁk an Bk?_nk /Bk)Q()

Z llme ] (1
< Z ||77kH||CkH2 Q)

,M}. In one hand

Z B8 = 1) o

(58)
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In another hand, from (46) and (52), it follows that

N
I, < f Zunkunckucx ).
(59
M2N;
<e nllQ
mm(Bff)” |
Hence, we have
M2N
5+ 1, < e Q- (60)
§+ 114 )\mm(BH)II |

Case 3: if ||€k || does not satisfy Case 1 or Case 2. In another
word, we can supposed that ||| > €, Vk € {1,2,---
and [|&]| < e, Vk € {M,---
(58), it can be observed that

115 = —(n — 1) T8.(0)
<~ E B =B sy B =t By
Z Hﬁk—ﬁkn 2 13— e

M . *« T ox
Z Mg Bk_nk- Bk)Q(t)

,M}. According to (44) and

k= ]Lh k= M1 <
llme ]| (1 — lImz1I( —1)
Z 16 —ﬂkn Z 16 —ﬂkn Q)
e ll(1 — BEBy) Inell(BE B — 1)
- F( —_— = — )@
I
<-3 Z 76 |11 G 1 Q)
< - Amm Z 7% 1R Q(2),
(61)
and
Ny X
I < m Z 7 1<k | Q)
oS Znnknncknczm (62)
M — M)?N
o [ PL= M)y mm(Blf)f) Lo
Then, it follows that
c (M - Ml) Nf
I + 11y < e W” Q. (63)

Based on the above discussion, it can be implied that II§ + II4
satisfies (60) for all the cases. Hence, we can substitute (60)

7M1}9

2]
w

(C) (b)

Fig. 3. The communications between each agent (a) Case 1 and 2; (b) Case
3.

to (55), it follows by
V< —p"H'(+ 105+ 11,

~ Amin(Byg) o1
- 2||n|| TR )\mm( )HWHQ
)\min(Bff) T M2 Nf
=9 H
< omen+ 1D TV 2B I
+Ip*)Q = h(&).
(64)
Solving the inequality k(&) < 0, we have
( )
65
e > =5l (65)

Define the bounded set €2 as

o= {esnel < 25

Denote €2 as supplementary set of Q. If £ € Q, it can be
obtained that

V <0. (66)

) That is to say, the formation error § of the agents will converge

to a bounded set {2 by implementing the protocol (51), and
there is no collision between each agent during the process
under the condition (39). This completes the proof. O

The collision-free fault-tolerant bearing-only formation al-
gorithm is presented in Algorithm 2.

V. SIMULATION RESULTS

In this section, four case studies are provided to validate the
effectiveness of the proposed theoretical results.

A. Case 1: Fault-tolerant bearing-only formation tracking

The first case study focuses on the effectiveness of the
proposed fault-tolerant bearing-only formation protocol (9).
Considering the multi-UAV networks with two stationary
leaders and eight followers. The network connections among
the agents are demonstrated in Fig. 3(a), where the red stars
denote the leaders and the green circles represent the followers.
According to the labels in Fig. 3(a), we obtain that V; = {1, 2},
and V; = {3,4,5,6,7,8,9,10}. The target formation is
defined as two hexagons together in a 3D space. Denoted
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Algorithm 2 Collision-free fault-tolerant bearing-only protocol
design
1: Select N; leader agents labeled with {1,2,---, N;} and
Ny follower agents labeled with {N;yq1,---,N};
2: Set the target formation configuration p* and compute the
target bearing 5*;

3: Set the initial state for each agent;

4: if Collision-free condition (39) does not hold then

5: Back to step 3;

6: end if

7. if Assumptions 1 and 2 are satisfied then

8 Set Q) = o(t) + f

9: Set the bidirectional communication graph and the
oriented graph among each agent;

10: Compute the edge and bearing vectors for each agent,
marked with {1,2,--- ,M};

11: Compute the bearing Laplacian matrix ;

12: if B¢y > 0 then

13: Set a threshold ¢, for the kt" bearing vector;

14: if ||Cx|| > € then

Is: ®(Gr) = Q1) 1y

16: else

7 D) = Q1) %

18: end if

19: Set the control gain I'

20: if T" satisfies (40) then

21: Construct the control law w; given in (51);

22: else

23: Back to step 19;

24: end if

25: else

26: Back to step 9;

27: end if

28: else

29: Back to step 1;

30: end if

the position of each agent in R? as p; = [piz, piy, piz] T, i € V.

We choose the nonlinear function ¢; for the i*" agent as
sin(ipix (t)7/10)sin(t/10)

_sin(ipm(t)7§/10)sin(t/10)

O = 5 , 1€ Vg, (67)
cos(ip; . (t)m/10)sin(t/10)
3
The actuator faults are set by
sin(t+7(i_1§)")
fi= cos(i Uiz i€V (68)

3
_ cos(t+7(’_lé)")
3

It can be implied that ||¢;]] < sin(¢/10), and || f;]] < 1.

Consequently, the term R(t) in controller (9) can be selected
as y
R(t) =1+sin® —.

(t) + sin 10

The leaders are fixed at (2,1,6) and (4, 1,6), and the initial
positions of the followers are set as (5,1,1), (4,2,0), (3,2,8),

(69)

0

y(m) 50

x(m)

Fig. 4. The trajectory of each follower agent in case 1.

~

— Follower 3
Follower 4 ||
—— Follower 5
— Follower 6
—— Follower 7 []
Follower 8
Follower 9
—— Follower 10

=]

o

IS

N

Formation errors ||&(¢)||
w

o
o
o
o

15
t(s)

Fig. 5. The formation error of each follower agent in case 1.

(3,5,4), (1,0,7), (3,—1,3), (4,—-3,0), and (7,0,2). We fur-
ther adjust the control gain as ky = 20 to satisfy the condition
in Theorem 1.

Fig. 4 illustrates the trajectory of each follower during the
formation by applying the protocol (9). The states of the
leaders are labeled by two red stars, and the movements of
the followers are denoted by eight dashed lines with different
colors. The time variation of the formation error ||&;(t)|| for
each follower is elucidated in Fig, 5. The formation errors
converge to zero and all the follower agents will converge to
the target formation. Therefore, it can be obtained the formation
task can be accomplished by the proposed controller (9).

B. Case 2: Formation tracking in the presence of various time
delays

In this case, time delays in system dynamics are taken into
consideration to verify the robustness of the proposed bearing-
only formation protocol (9). The setup of the agents is the
same as that in Case 1. Specially, the nonlinear function ¢;
with time delays for the i*" follower agent is reset as

3

¢i(pi(t — 7)) = , i€V (70)

The actuator faults are expressed by equation (68). It can be
computed that ||¢;|| < 1, and ||f;|| < 1. Therefore, we can
choose R(t) = 2 in this case.
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Fig. 6. The formation error of each follower agent in the presence of time © ()
delays with (a) 71 = 0.5s,(b) 72 = 1.5, (c) 73 =3 s, and (d) 74 = 5 s.

Fig. 7. The trajectories of the follower agents at time (a) ¢ = Os, (b) ¢t = 2s,

We test four examples with different time delays set as (¢) t = 5s, and (d) ¢ = 10s in case 3.
71 = 05s, 7 =15s 717 = 3s,and 74 = 5 s. By
implementing Algorithm 1 to each follower, the time variations
of the formation error ||€;(t)|| for each follower are displayed
in Fig, 6(a)-(d). It can be observed that all formation errors
will converge to zero with various time delays. That is to say,
the proposed protocol (9) is robust if there exist certain time

delays in the system dynamics.

Control inputs u? ()
Control inputs u(f)

t(s) t(s)
. . . . . (d) (b)
C. Case 3: Formation tracking protocol with continuous action

. The casc'e stuC.ly on the continuous bearing-only PrOtOCOI b Fig. 8. The control inputs of each follower agent along (a) x-axis, and (b)
is shown in this section. The drones are set with the same y-axis in case 3.

altitudes. Hence, the dimension can be degraded from 3D to

2D space. We aim to utilize two leader agents fixed at [9, 9]

and [9, 3], and four follower agents as the multi-UAV networks —
to form four equilateral triangles together. The interaction
topology between each agent is shown in Fig, 3(b). It can
be obtained that V; = {1,2}, and Vy = {3,4,5,6} from the
labels in Fig, 3(b). The initial positions of the followers are
shown in Fig. 7(a). Denote the state of each agent in R? as
Pi = [Piz, iy]T, the nonlinear function ¢; of the i*" agent is
defined as

— Follower 3

Follower 4||
— Follower 5
— Follower 6

Formation errors ||&(¢)|

6 8
tsin(ipix (t)7/8) t(s)
_ 3(t+1) i ,
i = | teos(ipiy ()m/8) |0 ©E Vi (71)
3(t+1) Fig. 9. The formation error of each follower agent in case 3.

The actuator faults are described as

(t42)cos(t4 “70m)

= 6(t11) iy 72) instants. It can be verified that all the followers converge to
T e )siner BP0 I the target formation within 10 s. From the snapshots of the
6(t+1)

positions of the agents, it can also be easily seen that there is
It can be obtained that ||¢;|| < ¢/(t+ 1) < 1, and ||f;]| < 1. no collision among the agents during the formation tracking
Hence, we can set Q(t) =1+t/(t+1) and Q = 2. task. Fig. 8 reveals that the control inputs u; along the x-axis

According to Algorithm 2, we set the threshold as ¢ = 1073,  and y-axis are continuous and will converge to zero. Fig. 9 also
The control gain can be selected as I = 10. The trajectories demonstrates that formation error ||;|| of each follower will
of the follower agents are reflected in Fig. 7 at different time converge to a small bounded set if the positive threshold ¢ is
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Fig. 10. Simulation results illustrate the performance of the bearing-only protocol with different parameters (a) I' = 12, (b) I' = 2, and (¢) I' = 0.01.

small enough. This validates the feasibility of the fault-tolerant
bearing-only formation protocol (51).

In order to explore the effect of the heterogeneous nonlinear
items in the systems, we further design design the simulations
to demonstrate the performance of the proposed protocol with
different parameters. The set up in this simulation is same
as set in this section. The actuator faults are generated by
(72). The heterogeneous nonlinear function of the i** UAV is
described as
tsin(ipiq (t)7/8)

6(t+1)
t cos(ipiy (t)7/8)
6(t+1)

¢i =1 , 1€ Vy. (73)
Similarly, we can also choose Q = 2 and ¢ = 1073. By
implementing the proposed algorithm (51) with (a) I' = 12, (b)
I' =2, and (c) I" = 0.01, the results are shown in Fig. 10. We
can obtain from Fig. 10 (c) that the heterogeneous nonlinear
items are hardly to be diminished if the parameter I is too small
(I' = 0.01). After increasing the value of T" equals to 2, it can
be observed from Fig. 10 (b) that the heterogeneous nonlinear
items can be partly tackled by the compensation function and
the formation and bearing errors are closer to zero. Moreover,
if we select the parameter I' satisfies the condition in Theorem
4. According to Fig. 10 (a), the heterogeneous nonlinear items
can be eliminated be the controller (51). That is to say, the
effect of the heterogeneous nonlinear function is related to the
parameter I which should be designed carefully to satisfy the
condition in Theorem 4.

D. Comparison with traditional bearing-only formation track-
ing strategy

In this section, the comparison between the proposed

Formation errors [[£(t)]|

Formation errors [£(t)]

10
t(s)

(a)

10
t(s)

(b)

Fig. 11. Performance of (a) proposed algorithm, (b) traditional bearing-only
algorithm.

bearing-only strategy with the traditional bearing-only protocol
proposed in [47] is explored to further illustrate the novelty of
the compensation function. Two fixed leaders and four followers
are adopted for both cases with the same target formation as
shown in Case 3. The nonlinear function and the actuator
faults are generated by (71) and (72). The initial states of the
followers are randomly selected from [—5, 5] x [—5, 5]. We run
50 times simulation for each protocol and the results are shown
in Fig. 11 (a) and (b). The red and blue zones demonstrate the
results of the proposed and traditional algorithms, and the blue
and red solid lines denote the average results. Since the system
is nonlinear and there exist actuator faults in the controller. The
formation error cannot converge to zero under the traditional
method (Fig. 11(b)). However, these factors will be eliminated
if the compensation function is implemented in the controller
(Fig. 11(a)). Hence, the proposed protocol shows a better robust
performance than the traditional algorithm when dealing with
complex agent dynamics, which may be more reliable when
implemented in real robotic platforms.
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VI. CONCLUSION

This paper addresses the bearing coordination problem
for nonlinear multi-UAV networks with actuator faults. We
proposed the fault-tolerant bearing-only formation protocols for
each follower in the system. A novel compensation function
based only on bearing measurements is designed to deal with
nonlinear dynamics and the faults in the system. We further
discuss the robustness of the protocol if there exist time
delays in the system. Moreover, we present a new scheme
for the compensation function and a sufficient condition to
guarantee that all the agents are collision-free. The stability of
the collision-free algorithm with continuous action can be also
ensured by Lyapunov method. Finally, we provide simulations
to verify the effectiveness of the proposed protocols. In the
future, more characteristics of the UAVs will be addressed in
the control systems design to further strengthen the feasibility
and real-world coordination performance.
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