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Distributed Coordinated Control for Fixed-Wing
UAVs With Dynamic Event-Triggered

Communication
Boyang Zhang , Xiuxia Sun, Maolong Lv , and Shuguang Liu

Abstract—Compared with most existing results concerning un-
manned aerial vehicles (UAVs) wherein two-degree or only atti-
tude/longitudinal dynamics are considered, this paper proposes an
event-based fault-tolerant coordinated control (FTC) for multiple
fixed-wing UAVs such that the consensus tracking of velocity and
attitude is achieved in the presence of actuator faults, external dis-
turbances and modeling uncertainties. More precisely, as opposed
to static event-triggered communication mechanisms, a dynamic
event-triggered communication mechanism (DECM) is devised to
schedule the connected communications while avoiding the un-
necessary information exchanges among UAVs, which reduces the
communication burden and saves on the network resources. Mean-
while, the Zeno phenomenon is excluded in terms of guaranteeing
that the period between two consecutive triggering communication
is lower bounded by a positive constant. Moreover, the actuator
fault, external disturbance as well as model uncertainty are treated
as the lumped disturbances and estimated via the disturbance
observer technique. By strict Lyapunov arguments, all closed-loop
signals are proved to be uniformly ultimately bounded (UUB) and
the tracking errors of velocity and attitude converge to a residual
set around origin. Finally, simulation results are presented to illus-
trate the validity and superiority of proposed event-based control
scheme.

Index Terms—Dynamic event-triggered communication mecha-
nism, fault-tolerant control, fixed-wing unmanned aerial vehicles.

NOMENCLATURE

φi Roll angle
φr Reference command of φi
ψi Yaw angle
ψr Reference command of ψi
ρ Air density
θi Pitch angle
θr Reference command of θi
mi Vehicle mass
pi Angular velocity in X of body fixed frame
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qi Angular velocity in Y of body fixed frame
ri Angular velocity in Z of body fixed frame
ui Linear velocity in X of body fixed frame
Vi Total speed in body fixed frame
vi Linear velocity in Y of body fixed frame
Vr Reference command of Vi
wi Linear velocity in Z of body fixed frame
αi Attack angle
c̄i Mean aerodynamic chord
q̄i Dynamic pressure
βi Sideslip angle
δi Flight control surface
S(•) Skew-symmetric matrix
δai Aileron angular deflection
δei Elevator angular deflection
δri Rudder angular deflection
λmax(•) Maximum eigenvalues of a matrix
λmin(•) Minimum eigenvalues of a matrix
�m Real m-vector
�m×n Real m× n matric
SO(3) Third-order Special Orthogonal group
bi Wingspan
Si Wing surface area
ωi Non-inertial expression of angular velocity
ϕi Attitude described by Euler angles
ϕr Reference command of ϕi
dωi External disturbances in angular velocity
dvi External disturbances in velocity
F i Aerodynamics force
g Gravity acceleration
J i Inertia tensor
N i Aerodynamics moment
pi Inertial position
T i Thrust vector along x body axis
vi Non-inertial expression of linear velocity
‖ · ‖ Euclidean norm of a vector

I. INTRODUCTION

COORDINATED flight of multiple fixed-wing unmanned
aerial vehicles (UAVs) has been extensively studied over

the past decades, due to its important role in achieving flexibility
and cost effectiveness of mission cooperation [1]–[3]. Generally,
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coordinated control problem has been investigated in several
aspects, including formulating and maintaining a particular
formation shape for UAVs in a group [4], and synchronous
tracking of velocity and attitude for UAV formation [5]. In
particular, distributed control for coordination part is now in
research spotlight thanks to its undeniable benefits that global
information is no longer required in control design, while pre-
serving closed-loop stability [6], [7]. Driven by the distributed
coordinated control, various advanced results for multiple UAVs
are currently available in [8]–[11] (just to name a few). Typically,
[8] investigated the attitude synchronization tracking problem of
networked UAVs in a distributed cooperative control framework.
[9] explored the distributed cooperative fault-tolerant control for
longitudinal synchronization tracking of multiple UAVs with
actuator faults and input saturation. Further, in [10], a distributed
model predictive approach with swarm intelligence was de-
signed for the coordinated control of multiple UAVs. In [11],
a distributed vector-field based control scheme was proposed to
achieve the path following and circular motion around the target
for UAV formation.

However, all aforementioned methods [8]–[11] are performed
based on the simplified two-degree models [10], [11], or just
taking the attitude/longitudinal dynamics into consideration [8],
[9]. Such the model simplification unavoidably lowers the sys-
tem description precision, and thus cannot accurately describe
the practical UAV system. Actually, the fixed-wing UAV system
is a typical nonlinear model with decomposed translational
and rotational dynamics. Therefore, designing the velocity and
attitude control for translational and rotational dynamics is an
open and important problem.

Moreover, note that existing literatures [8]–[14] focus on the
coordinated control problem of UAVs subject to continuous-time
information exchange regardless of the consumption of network
resources such as bandwidth and energy. Especially for the co-
operative UAV flight, this drawback will become more apparent
as the number of UAVs increases. Therefore, in order to mitigate
the unnecessary information exchanges and reduce the channel
load, an energy-efficient option namely event-triggered com-
munication strategy [15] has been developed, which schedules
the inter-agent communication when the triggering condition is
satisfied.

Different from the traditional periodic communication, the
event-triggered communication relies on a state-dependent trig-
gering condition. Based on the event-triggered communication
mechanism, distributed tracking control protocols are designed
for single-integrator agents [16], second-order agents [17], lin-
ear agents [18] and nonlinear multi-agent systems [19], [20].
Although effective performances with event-triggered commu-
nications are obtained in [16]–[20], it can be noted that these
triggering functions are with fixed threshold values. Neverthe-
less, for some complex dynamic situations, it is unreasonable to
permanently fix the threshold parameter. In this case, the thresh-
old value should dynamically change to reflect the real-time
data transmission rates [21]. Therefore, the dynamic triggering
rules are proposed and successfully applied in the linearized
dynamics of multi-agent system [22], [23] and linear cases of
individual system [24], [25]. However, it is noted that studies

of [22]–[25] just consider the linear dynamics of agent systems
without regard to nonlinear dynamics, let alone the practical
UAV system. Therefore, the crucial question of how to design
a novel dynamic triggering mechanism for UAV systems still
remains open. Moreover, since practical UAV system inevitably
suffers from actuator faults, which would degrade the flight per-
formance and even lead to instability, fault-tolerant control has
become another significant research problem and some effective
fault-tolerant control approaches for UAVs have been reported
in [8], [9], [9]–[28].

Motivated by the foregoing analyses, the main contributions
of this work are three-fold below:
� As opposed to the existing results [8]–[11] which are

either concentrated on attitude/longitudinal motions or
two-degree dynamics, this study proposes an event-based
fault-tolerant coordinated control scheme for multi-UAVs
such that the consensus tracking of velocity and attitude
is achieved subject to actuator faults, external disturbances
and modeling uncertainties.

� In contrast to the static event-triggered communication
mechanisms [16]–[20], the proposed triggering function
using state values is determined by a dynamic rule. It can
achieve a better tradeoff between reducing communication
burden and preserving favorable tracking performance.
Meanwhile, the Zeno phenomenon is precluded to guaran-
tee that the time between two consecutive communications
is lower bounded by a positive constant.

� Unlike the existing cooperative flight of UAVs depen-
dent on the periodic communication of neighbors’ states
[8]–[14], the proposed distributed control scheme merely
utilizes locally triggered states of underlying neighbors at
discretized event-based instants, thus significantly relaxing
the pressure on the communication network.

The rest of paper is organized as follows. The multi-UAV
dynamics, communication theory and control objective are pre-
sented in Section II. Section III gives the details of cooperative
event-based control design. Section IV shows the simulation
validations, and Section V draws the conclusions.

II. PROBLEM FORMULATION AND PRELIMINARIES

A. UAV Kinematics and Dynamics

Consider a team ofN identical fixed-wing UAVs. For the ith
UAV, the full dynamics is given by (see Fig. 1) [29]

ṗi = R1 (ϕi)vi (1)

v̇i = − S (ωi)vi +
T i

mi
+RT

1 (ϕi) g +
F i

mi
+ dvi (2)

ϕ̇i = R−1
2 (ϕi)ωi (3)

J iω̇i = − ωi × J iωi +N i +C (δi) δi + J idωi (4)

where pi = [xi, yi, zi]
T denotes the inertial position, vi =

[ui, vi, wi]
T is the linear velocity, ϕi = [φi, θi, ψi]

T represents
the attitude angle,ωi = [pi, qi, ri]

T denotes the angular velocity.
Moreover, T i = [Txi, 0, 0]T is the thrust vector along x body
axis, δi = [δai, δei, δri]

T is the control input, where δai, δei,
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Fig. 1. Dynamical behavior of fixed-wing UAV model.

δri represent the deflection of aileron, elevator and rudder re-
spectively, mi is the vehicle mass, g = [0, 0, gz]T is the gravity
acceleration in inertia frame, dvi ∈ �3 and dωi ∈ �3 are the
unknown bounded external disturbances, J i is the inertia tensor
with the symmetric x− z plane

J i =

⎡
⎣ Jxi 0 −Jxzi

0 Jyi 0
−Jzxi 0 Jzi

⎤
⎦ (5)

Besides,R1(ϕi) ∈ SO(3) is the rotation matrix transforming
the body frame coordinates to inertial axis coordinates, and
the matrix R2(ϕi) ∈ �3×3 maps the time derivative of attitude
angles to the non-inertial expression of angular velocity.

R1 (ϕi)=

⎡
⎣ cψi

cθi −sψi
sφi

+cψi
sθisφi

sψi
sφi

+cψi
sθicφi

sψi
cθi cψi

cφi
+sψi

sθisφi
−cψi

sφi
+sψi

sθicφi

−sθi cθisφi
cθicφi

⎤
⎦

R2 (ϕi) =

⎡
⎣ 1 0 −sψi

0 cψi
sψi

cθi
0 −sθi cψi

cθi

⎤
⎦ (6)

where sa and ca stand for sin a and cos a functions respectively.
The aerodynamics force F i = [FXi, FY i, FZi]

T and moment
N i = [FLi, FMi, FNi]

T are calculated in terms of aerodynamic
coefficients.

F i = q̄iSiR
−1
3 (αi, βi)[−CDi, CY i,−CLi]T (7)

N i = q̄iSi[biC
′
li, c̄iC

′
Mi, biC

′
ni]

T (8)

where αi = arctan(wi/ui) and βi = arcsin(ui/vi) denote the
attack angle and sideslip angle respectively. q̄i = 1

2ρV
2
i is the

dynamic pressure with total velocity Vi =
√
u2
i + v2

i + w2
i . Air

density ρ, wingspan bi, wing surface area Si and mean aero-
dynamic chord c̄i are constants. The transformation matrix
R3(αi, βi) is

R3 (αi, βi) =

⎡
⎣ cαi

cβi
sβi

sαi
cβi

−cαi
sβi

cβi
−sαi

sβi

−sαi
0 cαi

⎤
⎦ (9)

And CDi, CY i, CLi, C ′
li, C

′
Mi, and C ′

ni are the dimensionless
coefficients in force/moment expression, of which the detailed

descriptions are shown in [30]. The control effectiveness matrix
C(δi) is presented as

C (δi)=

⎡
⎣ q̄iSibiclδai

0 q̄iSibiclδri
0 q̄iSic̄icmδei 0

q̄iSibicnδai
0 q̄iSibicnδri

⎤
⎦ (10)

B. Control-Oriented Model With Actuator Faults and
Modeling Uncertainties

Following the descriptions in [29], [30], the fixed-wing UAV
system can be decomposed into two interconnected subsys-
tems, i.e., translational dynamics (2) and rotational dynamics
(3)–(4). This allows the translational and rotational dynamics to
remain in their original forms. In line with [31], considering the
time response of translation dynamics with regard to rotational
dynamics, it is reasonable to deal with the rotational control
problem and translational control problem separately, such that
the rotational control action is to be executed, followed by the
translational controller.

1) Translational Kinematics: From (2), taking the time
derivative of velocity denotes

V̇i=
vT
i v̇i
Vi

=
vT
i

Vi

(
−S (ωi)vi+

T i

mi
+RT

1 (ϕi) g+
F i

mi
+dvi

)
(11)

Based on (11), the thrust is extracted. With the property
vT
i S(ωi)vi = 0, it follows that

V̇i =
uiTxi
miVi

+
vT
i

Vi

(
RT

1 (ϕi) g +
F i

mi
+ dvi

)
(12)

Remark 1: Since the UAV model is clearly underactuated,
Txi simply acts on velocity component ui, and there are no
direct controls for velocity components wi and vi. Whereas
with the relationship wi = ui tanαi and vi = ui/sinβi, it is
still controllable to regulate the components wi, vi, that is to
point vi in a desired direction by adding additional controls on
αi and βi.

During flight, the thrust possibly suffers from actuator faults,
modeled by [29]

Txi = ρTi
Txi0 + Txif , (13)

where Txi0 is the designed control input, ρTi
is the unknown

actuator efficiency factor satisfying 0 ≤ ρTi
≤ 1 and Txif is the

bounded unknown bias fault. It follows along (13) that
1) ρTi

= 1 and Txif = 0. This means the fault-free case.
2) 0 < ρTi

< 1 and Txif = 0. This indicates the partial loss
of effectiveness.

3) ρTi
= 1 and Txif �= 0. This indicates the bias fault.

4) ρTi
= 0 and Txif �= 0. This means that Txi is stuck at

bounded time-varying function Txif .
Besides, note that the accurate information of F i cannot be

known a priori due to the coefficient uncertainties. In this sense,
F i is decomposed into a known componentF i0 and an uncertain
one ΔF i.

Authorized licensed use limited to: TU Delft Library. Downloaded on July 08,2022 at 13:56:53 UTC from IEEE Xplore.  Restrictions apply. 
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Then with actuator faults and modeling uncertainties, the
dynamics of (12) is rewritten as

V̇i =
uiTxi0
miVi

+
vT
i

Vi

(
RT

1 (ϕi) g +
F i0

mi

)
+Δvi (14)

where Δvi =
(ρTi−1)uiTxi0

miVi
+

uiTxif

miVi
+

vT
i

Vi
(ΔF i

mi
+ dvi) is the

lumped disturbances induced by the actuator faults and modeling
uncertainties.

2) Rotational Kinematics: From (4), considering the coef-
ficient uncertainties, ωi × J iωi is decomposed into a known
component ωi × J i0ωi and an uncertain one ωi ×ΔJ iωi.
Similarly,N i is composed by a known partN i0 and an uncertain
one ΔN i. Also, C(δi) consists of a known component C0(δi)
and an uncertain term ΔC(δi).

Moreover, during flight the flight control surfaces inevitably
suffer from actuator faults, given by [29]

δli = ρδliδli0 + δlif (15)

where δli0 is the designed control input with l = {a, e, r}, ρδli
is the unknown actuator efficiency factor satisfying 0 ≤ ρδli ≤
1, and δlif is the bounded unknown bias fault. Based on (15),
consider the following cases:

1) ρδli = 1 and δlif = 0. This refers to the fault-free case.
2) 0 < ρδli < 1 and δlif = 0. This indicates the partial loss

of effectiveness.
3) ρδli = 1 and δlif �= 0. This means the bias fault.
4) ρδli = 1 and δlif �= 0. This implies that δli is stuck at

bounded time-varying function δlif .
Then, the actuator fault model (15) is reformulated as

δi = ρδiδi0 + δif , (16)

where δi0 = [δai0, δei0, δri0]
T, ρδi = diag{ρδai

, ρδei , ρδri},
δif = [δaif , δeif , δrif ]

T.
Considering above actuator faults and modeling uncertainties,

the angular velocity model (4) is rewritten as

J i0ω̇i = −ωi × J i0ωi +N i0 +Ci0δi0 +Δωi (17)

where Δωi = −ΔJ iω̇i − ωi ×ΔJ iωi +ΔN i +Ci0δif +
Ci0(ρi − I3)δi0 +ΔCiδi + J idωi is the lumped uncertain-
ties induced by the actuator faults and modeling uncertainties.

Remark 2: In [8], only the attitude model (rotational dynam-
ics) is studied. While in [9], the longitudinal dynamics is just
considered. Meanwhile, [10], [11] regard each UAV as a mass
point, neglecting the problem of body posture. In the perspective
of fixed-wing UAV, our paper focus on the underlying control
of both translational and rotational dynamics. With the control
law stabilizing the rotational dynamics through δai, δei and δri,
the translational dynamics are controlled by Txi.

C. Graph Theory

The undirected graph always describes the connections
among the multiple UAVs. Given an undirected graph G =
(V, E ,A), it consists of nodes V = {v1, . . . , vn} and the sets
of edges E = {(i, j), i, j ∈ V, and i �= j}, and A = [aij ] ∈
�n×n denotes the weighted adjacency matrix ofG. If there exists
an edge between node i and j, then aij = aji �= 0 and otherwise

aij = aji = 0. Moreover,aii equals to 0 for all i ∈ V . The neigh-
bors of node i is denoted by the set Ni = {vj : (vj , vi) ∈ E}.
The Laplacian matrix is defined by L = D −A, where D =
diag{d1, . . . , dn} with di =

∑n
j=1 aij . G is connected if there

is a path from every node to each other node. Moreover, consider
the virtual leader governed by same dynamics as (1)–(4), where
Vr, ϕr are velocity and attitude angles of the virtual leader,
respectively.

For analysis, some useful lemmas and assumptions are made
as follows:

Lemma 1 ([32]): The Laplacian matrix L is symmetric pos-
itive semidefinite under the assumption that G is an undirected
graph.

Lemma 2 ([33]): For xi ∈ �m, yi ∈ �m, yj ∈ �m, Ki ∈
�m×m and A = [aij ] ∈ �n×n, if A is symmetric, it holds that

n∑
i=1

n∑
j=1

aijx
T
i tanh

(
Ki

(
yi − yj

))

=
1
2

n∑
i=1

n∑
j=1

aij(xi − xj)
T tanh

(
Ki

(
yi − yj

))
(18)

Lemma 3 ([34]): Given xi ∈ �n, the following inequation
holds:

xT
i tanh (xi) ≥ tanhT (xi) tanh (xi) ≥ 0 (19)

Assumption 1: The graph G is undirected and connected and
Vr, ϕr are directly available to all UAVs.

D. Control Objective

Consider a group of N UAVs with event-triggered commu-
nication graph. The aim is to design the distributed cooperative
tracking controller with dynamic event-triggered communica-
tion mechanism such that
� All the closed-loop signals are uniformly ultimately

bounded (UUB).
� The leader-following consensus tracking for velocity

and attitude is guaranteed by limt→∞|Vi − Vr| = 0,
limt→∞‖ϕi −ϕr‖ = 0, i = 1, 2, . . . N , in the presence of
actuator faults, external disturbances and model uncertain-
ties.

� The communication burden for multi-UAV system is con-
siderably reduced. Meantime, the Zeno behavior is pre-
cluded such that the time between two consecutive broad-
casts is lower bounded by a positive constant.

III. EVENT-BASED COORDINATED CONTROLLER DESIGN

A. Dynamic Event-Triggered Communication Mechanism

We are at the position to provide the triggering communication
conditions for translational and rotational kinematics, respec-
tively.

1) Translational Kinematics: Define Ṽi = Vi − Vr. The trig-
gering function for velocity tracking is presented as

fi (t, evi(t)) = |evi(t)| − ςv2

Authorized licensed use limited to: TU Delft Library. Downloaded on July 08,2022 at 13:56:53 UTC from IEEE Xplore.  Restrictions apply. 
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−
αv

∑
j∈Ni

aij

∣∣∣tanh(Ṽi (tviki)− Ṽj

(
tvjkj

))∣∣∣2
2
(∣∣∣∑j∈Ni

aij tanh
(
Ṽi

(
tviki

)− Ṽj

(
tvjkj

))∣∣∣+ ςv1

) (20)

where 0 < αv < 1, ςv1 > 0, ςv2 = ecv1 tanh(cv2t) is a turning
function with cv1 > 0, cv2 > 0, tviki (ki = 1, 2, . . .) is the latest
triggering instant of velocity channel, evi(t) is the state-based
error between the sampled state and continuous state, defined
as evi(t) = Ṽi(t

vi
ki
)− Ṽi(t), t ∈ [tviki , t

vi
ki+1), where tviki+1 :=

inf{t > tviki + τvimin|fi(t, evi(t)) > 0} with τvimin ∈ �>0 being
the minimum inter-event time of velocity tracking.

2) Rotational Kinematics: Define ϕ̃i = ϕi −ϕr, ω̃i =
ωi − ωdi, where ωdi is the designed intermediate control. Then
the triggering function for attitude tracking gives

fi(t, eϕi(t)) = ‖eϕi(t)‖ − ςϕ2

−
αϕ

∑
j∈Ni

aij

∥∥∥tanh(ω̃i (tϕiki
)
− ω̃j

(
tϕjkj

))∥∥∥2

2
(∥∥∥∑j∈Ni

aij tanh
(
ω̃i

(
tϕiki

)
− ω̃j

(
tϕjkj

))∥∥∥+ ςϕ1

)
(21)

where 0 < αϕ < 1, ςϕ1 > 0, ςϕ2 = ecϕ1 tanh(cϕ2t) with cϕ1 > 0,
cϕ2 > 0, tϕiki is the latest triggering instant of attitude dynam-

ics, eϕi(t) = ω̃i(t
ϕi
ki
)− ω̃i(t), t ∈ [tϕiki , t

ϕi
ki+1) with tϕiki+1 :=

inf{t > tϕiki + τϕimin|fi(t, eϕi(t)) > 0}, where τϕimin ∈ �>0 is the
lower-bound on inter-event time of attitude tracking.

Remark 3: Under the proposed event-triggered communica-
tion strategy, if |evi(t)| and ‖eϕi(t)‖ are greater than their cor-
responding thresholds, i.e., fi(t, evi(t)) > 0, fi(t, eϕi(t)) > 0,
the communication is triggered, and the velocity and attitude in-
formation is allowed to broadcast to its neighbors. That is, there
is no communication between the ith UAV and its neighbors
during t ∈ [tviki , t

vi
ki+1) and t ∈ [tϕiki , t

ϕi
ki+1), which hence pro-

vides more efficient use of the communication network, however
in turn, causes allowable degradation of control performance.
More specific, decreasing cv1, cϕ1, cv2, cϕ2, αv and αϕ can
lead to more accurate tracking maneuvers, but at the cost of
more communication resource. Conversely, increasing cv1, cϕ1,
cv2, cϕ2, αv and αϕ result in less communication consumption
but larger tracking errors. Thus a compromise between the
control performance and communication load should be made
by choosing appropriate design parameters of cv1, cϕ1, cv2, cϕ2,
αv and αϕ.

Remark 4: Different from existing triggering mechanisms
[14]–[18], wherein threshold parameters are permanently fixed,
the specified thresholds of proposed triggering functions (20)–
(21) are based on a state-dependent term and a time-dependent
term. Specifically, the state-dependent term is constant in in-
terevent interval unless its neighbors broadcast the new states to
the ith UAV. While the time-dependent term initially increases
and then keeps constant over time, which plays an important
role in the elimination of Zeno behavior. Meanwhile, compared
with the dynamic triggering rules for linearized dynamics of
multi-agent system [22], [23] or linear cases of individual system
[24], [25], our paper focuses on the multi-UAV system and
integrates the exchange of velocity and attitude states into the

triggering functions, then proposes the novel dynamic trigger-
ing communication mechanisms for translational and rotational
dynamics, respectively.

B. Controller Design and Stability Analysis

The event-based control protocol combines the communica-
tion triggering strategy within the coordinated controller design.
Each UAV has three tasks: 1) Receiving the neighbors’ latest
transmitted information Ṽj(t

vj
kj
), ω̃j(t

ϕj
kj
) and updating its con-

troller immediately. 2) Monitoring its own state continuously
and processing the triggered data with respect to every event-
based condition. 3) Updating the controller and broadcasting the
latest triggered data to the neighbors as soon as the event-based
condition is satisfied. Based on above analysis, Txi0 and δi0
are constructed independently. The overall block diagram of
proposed control scheme is depicted in Fig. 1.

1) Translational Kinematics: Noting (14), we obtain the
derivative of Ṽi as

˙̃Vi =
uiTxi0
miVi

+ fvi +Δvi (22)

where fvi =
vT
i

Vi
(RT

1 (ϕi)g + F i0
mi

)− V̇r.
To compensate the unknown disturbanceΔvi, the disturbance

observer is designed as{
Δ̂vi = x̂vi + ki1Ṽi
˙̂xvi = −ki1

(
uiTxi0
miVi

+ fvi + x̂vi + ki1Ṽi

) (23)

where ki1 is a positive design parameter and x̂vi is the state of
disturbance observer.

With (23), the term Δ̂vi is the estimation ofΔvi. The evolution

of ˙̂
Δvi along (22)–(23) is described by

˙̂
Δvi = − ki1

(
uiTxi0
miVi

+ fvi + x̂vi + ki1Ṽi

)

+ ki1

(
uiTxi0
miVi

+ fvi +Δvi

)
= ki1Δ̃vi (24)

where Δ̃vi = Δvi − Δ̂vi denotes the estimation error of Δvi.
Consider the candidate Lyapunov function

L1 =
1
2

N∑
i=1

Ṽ 2
i +

1
2

N∑
i=1

Δ̃2
vi (25)

Taking the time derivative of (25) along (22) and (24) gives

L̇1 =
N∑
i=1

Ṽi

(
uiTxi0
miVi

+ fvi +Δvi

)

+

N∑
i=1

(
−ki1Δ̃2

vi + Δ̃viΔ̇vi

)
(26)

Let us now design the control law Txi0 as follows

Txi0 = − σvi
miVi
ui

∑
j∈Ni

aij tanh
(
Ṽi

(
tviki

)− Ṽj

(
tvjkj

))

− miVi
ui

(
ki2Ṽi + fvi + Δ̂vi

)
(27)
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where σvi, ki2 are positive design parameters.
Theorem 1: Consider the translational kinematics (14) com-

posed by the coordinated tracking controller (27) and distur-
bance observer (23). Let Assumptions 1 hold. There exist ad-
justable parameters ki1, ki2 and σvi (i = 1, 2, . . . , N ) such that:

1) All signals of the translational subsystem are UUB in the
presence of actuator faults, modeling uncertainties and
external disturbances.

2) Velocity tracking error Ṽi is guaranteed that limt→∞|Ṽi|
≤ μV i with μV i > 0 a constant.

3) The communication burden for translational subsystem is
considerably reduced. Meanwhile the Zeno phenomenon
is precluded.

Proof: Substituting (27) into (26) and invoking Lemma 2, it
follows that

L̇1 ≤ −
N∑
i=1

σviṼi
∑
j∈Ni

aij tanh
(
Ṽi

(
tviki

)− Ṽj

(
tvjkj

))

−
N∑
i=1

ki2Ṽ
2
i +

N∑
i=1

ṼiΔ̃vi −
N∑
i=1

(
ki1Δ̃

2
vi − Δ̃viΔ̇vi

)

=
N∑
i=1

σvievi
∑
j∈Ni

aij tanh
(
Ṽi

(
tviki

)− Ṽj

(
tvjkj

))

− 1
2

N∑
i=1

σvi
∑
j∈Ni

aij

(
Ṽi
(
tviki

)−Ṽj(tvjkj
))

tanh

×
(
Ṽi
(
tviki

)−Ṽj(tvjkj
))

−
N∑
i=1

ki2Ṽ
2
i +

N∑
i=1

ṼiΔ̃vi

−
N∑
i=1

(
ki1Δ̃

2
vi − Δ̃viΔ̇vi

)
(28)

Taking Lemma 3 into account, (28) further becomes

L̇1 ≤
N∑
i=1

σvi |evi|
∣∣∣∣∣∣
∑
j∈Ni

aij tanh
(
Ṽi

(
tviki

)− Ṽj

(
tvjkj

))∣∣∣∣∣∣
− 1

2

N∑
i=1

σvi
∑
j∈Ni

aij

∣∣∣tanh(Ṽi (tviki)− Ṽj

(
tvjkj

))∣∣∣2

−
N∑
i=1

ki2Ṽ
2
i +

N∑
i=1

ṼiΔ̃vi −
N∑
i=1

(
ki1Δ̃

2
vi − Δ̃viΔ̇vi

)
(29)

Under the proposed event-triggered communication strategy,
fi(t, evi(t)) ≤ 0 holds during t ∈ [tviki , t

vi
ki+1), that is

|evi|≤
αv

∑
j∈Ni

aij

∣∣∣tanh(Ṽi (tviki)− Ṽj

(
tvjkj

))∣∣∣2
2
(∣∣∣∑j∈Ni

aij tanh
(
Ṽi

(
tviki

)−Ṽj (tvjkj
))∣∣∣+ ςv1

)+ςv2

(30)

Substituting (30) into (29) yields

L̇1 ≤ αv−1
2

N∑
i=1

σvi
∑
j∈Ni

aij

(∣∣∣tanh(Ṽi (tviki)−Ṽj (tvjkj
))∣∣∣

− ςv2

1−αv

)2

+
ς2
v2

2 (1 − αv)

N∑
i=1

σvi
∑
j∈Ni

aij −
N∑
i=1

ki2Ṽ
2
i

+

N∑
i=1

ṼiΔ̃vi −
N∑
i=1

(
ki1Δ̃

2
vi − Δ̃viΔ̇vi

)

≤ −
N∑
i=1

ki2Ṽ
2
i +

N∑
i=1

ṼiΔ̃vi −
N∑
i=1

(
ki1Δ̃

2
vi − Δ̃viΔ̇vi

)

+
ς2
v2

2 (1 − αv)

N∑
i=1

σvi
∑
j∈Ni

aij (31)

Using Young’s inequality, it can be checked that

L̇1 ≤ −
N∑
i=1

(
ki2 − 1

2

)
Ṽ 2
i −

N∑
i=1

(ki1 − 1)Δ̃2
vi

+

N∑
i=1

1
2
Δ̇2
vi +

ς2
v2

2 (1 − αv)

N∑
i=1

σvi
∑
j∈Ni

aij

≤ − κviL1 + χvi (32)

where from the boundedness ofρTi
,vi,Txi0,Txif ,ΔF i anddvi,

there exists a positive constantΔvi such that |Δ̇vi| ≤ Δvi. It can
be concluded that κvi = min{2ki2 − 1, 2ki1 − 2}with ki1 > 1,

ki2 >
1
2 , χvi = 1

2

∑N
i=1 Δ

2
vi +

ς2
v2

2(1−αv2)

∑N
i=1 σvi

∑
j∈Ni

aij .
Integrating (32) over [0, t] leads to

0 ≤ L1 ≤
[
χvi
κvi

+ L1(0)

]
e−κvit +

χvi
κvi

(33)

As a result, all closed-loop signals in translational dynam-
ics are UUB. Next, we prove that no Zeno behavior exhibits
during maneuvers. That is, there exists a t∗v > 0 satisfying
{tviki+1 − tviki} ≥ t∗v . Recalling the definition of evi(t), the evo-

lution of |evi(t)| over the time interval t ∈ [tϕiki , t
ϕi
ki+1) satisfies

d

dt
|evi| ≤

∣∣∣∣ ddt
(
Ṽi

(
tviki

)− Ṽi(t)
)∣∣∣∣ =

∣∣∣ ˙̃V i(t)∣∣∣ (34)

˙̃Vi(t) has been proved bounded in previous analysis. Therefore,

there exists a positive constantμvi such that | ˙̃Vi(t)| ≤ μvi. Since
evi(t

vi
ki
) = 0, we see that |evi| ≤ μvit

∗
v. Further, we have

αv
∑
j∈Ni

aij

∣∣∣tanh(Ṽi (tviki)−Ṽj (tvjkj
))∣∣∣2

2
(∣∣∣∑j∈Ni

aij tanh
(
Ṽi

(
tviki

)−Ṽj (tvjkj
))∣∣∣+ςv1

)+ςv2 ≤ μvit
∗
v

(35)

From (35), μvit∗v ≥ ςv2 holds. Additionally, considering 1 ≤
ςv2 ≤ ecv1 , it is verified that t∗v ≥ 1/μvi > 0. Clearly, the Zeno
behavior is successfully avoided.

This completes the proof of Theorem 1.
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Remark 5: It should be noticed that Ṽi can be made arbitrarily
small by increasing ki1, ki2 and σvi. Moreover, the choice of
cv1, cv2 and αv should balance the control performance and
triggering number of communication. This will be shown in the
following numerical example.

Remark 6: Compared with the cooperative controllers of
UAVs containing continuous exchanges of state information
among neighbors [8]–[14], the proposed Txi0 only uses the
neighbors state Ṽj(t

vj
kj
) in control protocol (27) at event-

triggered instants, which greatly reduces the communication
burden during t ∈ [tvjkj , t

vj
kj+1).

2) Rotational Kinematics: The rotational control design
comprises two steps:

Step 1: Taking the time derivative of 1
2

∑N
i=1 ϕ̃

T
i ϕ̃i along (3)

yields

N∑
i=1

ϕ̃T
i
˙̃ϕi =

N∑
i=1

ϕ̃T
i

[
R−1

2 (ω̃i + ωdi)− ϕ̇r
]

(36)

We design the intermediate control signal as

ωdi = R2 (−Ki1ϕ̃i + ϕ̇r) (37)

where Ki1∈�3×3 is symmetric and positive definite.
Substituting (37) into (36) leads to

N∑
i=1

ϕ̃T
i
˙̃ϕi =

N∑
i=1

(−ϕ̃T
i Ki1ϕ̃i + ϕ̃T

i R
−1
2 ω̃i

)
(38)

Step 2: For the purpose of forcing ωi to track ωdi, from (17),
it holds that

J i0 ˙̃ωi = −ωi × J i0ωi +N i0 +Ci0δi0 +Δωi − J i0ω̇di

= Gi +Ci0δi0 +Δωi (39)

where Gi = −ωi × J i0ωi +N i0 − J i0ω̇di.
To estimate the lumped disturbance Δωi, design the distur-

bance observer as{
Δ̂ωi = x̂ωi +Ki2ω̃i
˙̂xωi = −Ki2J

−1
i0 (Gi +Ci0δi0 + x̂ωi +Ki2ω̃i)

(40)

where Ki2∈�3×3 is symmetric and positive definite. x̂ωi =
[x̂ω1, x̂ω2, x̂ω3]

T is the state of proposed disturbance observer.
Taking the time derivative of (40), one has

˙̂
Δωi = −Ki2J

−1
i0 (Gi +Ci0δi0 + x̂ωi +Ki2ω̃i)

+Ki2J
−1
i0 (Gi +Ci0δi0 +Δωi) = Ki2J

−1
i0 Δ̃i (41)

where Δ̃ωi = Δωi − Δ̂ωi is the estimation error of Δωi.
Take the candidate Lyapunov function as

L2 =
1
2

N∑
i=1

ϕ̃T
i ϕ̃i +

1
2

N∑
i=1

ω̃T
i J i0ω̃i +

1
2

N∑
i=1

Δ̃
T

ωiJ i0Δ̃ωi

(42)

From (38), (39), and (41), taking the time derivative of L2

leads to

L̇2 =

N∑
i=1

(−ϕ̃T
i Ki1ϕ̃i + ϕ̃T

i R
−1
2 ω̃i

)

+

N∑
i=1

ω̃T
i (Gi +Ci0δi0 +Δωi)

−
N∑
i=1

(
Δ̃

T

ωiKi2Δ̃ωi − Δ̃
T

ωiJ i0Δ̇ωi

)
(43)

Design the event-based coordinated controller as

δi0 = − σϕiC
−1
i0

∑
j∈Ni

aij tanh
(
ω̃i

(
tϕiki

)
− ω̃j

(
tϕjkj

))

−C−1
i0

(
Ki3ω̃i +

(
R−1

2

)T
ϕ̃i +Gi + Δ̂ωi

)
(44)

where σϕi is a positive design parameter and Ki3 ∈ �3×3 is a
symmetric positive definite matrix.

Theorem 2: Consider the rotational kinematics (3), (17)
composed by the coordinated tracking controller (44) and
disturbance observer (40). Let Assumptions 1 hold. There exist
adjustable parameters Ki1, Ki2, Ki3, σϕi, (i = 1, 2, . . . , N )
such that:

1) All signals of the rotational subsystem are UUB in the
presence of actuator faults, modeling uncertainties and
external disturbances.

2) Attitude tracking error ϕ̃i is guaranteed that limt→∞‖ϕ̃i‖
≤ μϕi with μϕi > 0 a constant.

3) The communication burden for rotational subsystem is
considerably reduced. Meanwhile the Zeno phenomenon
is avoided.

Proof: Substituting the controller (44) into (43) gives

L̇2 = −
N∑
i=1

σϕiω̃
T
i

∑
j∈Ni

aij tanh
(
ω̃i

(
tϕiki

)
− ω̃j

(
tϕjkj

))

−
N∑
i=1

ϕ̃T
i Ki1ϕ̃i −

N∑
i=1

ω̃T
i Ki3ω̃i +

N∑
i=1

ω̃T
i Δ̃ωi

−
N∑
i=1

(
Δ̃

T

ωiKi2Δ̃ωi − Δ̃
T

ωiJ i0Δ̇ωi

)
(45)

By invoking Lemma 2 and Lemma 3, whereby (45) can be
rewritten as

L̇2 ≤
N∑
i=1

σϕi ‖eϕi‖
∥∥∥∥∥∥
∑
j∈Ni

aij tanh
(
ω̃i

(
tϕiki

)
− ω̃j

(
tϕjkj

))∥∥∥∥∥∥
− 1

2

N∑
i=1

σϕi
∑
j∈Ni

aij

∥∥∥tanh(ω̃i (tϕiki
)
− ω̃j

(
tϕjkj

))∥∥∥2

−
N∑
i=1

ϕ̃T
i Ki1ϕ̃i −

N∑
i=1

ω̃T
i Ki3ω̃i +

N∑
i=1

ω̃T
i Δ̃ωi

−
N∑
i=1

(
Δ̃

T

ωiKi2Δ̃ωi − Δ̃
T

ωiJ i0Δ̇ωi

)
(46)
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Under proposed event-triggered communication mechanism,
fi(t, eϕi(t)) ≤ 0 satisfies in the interval t ∈ [tϕiki , t

ϕi
ki+1), that is

‖eϕi‖≤
αϕ

∑
j∈Ni

aij

∥∥∥tanh(ω̃i (tϕiki
)
−ω̃j

(
tϕjkj

))∥∥∥2

2
(∥∥∥∑j∈Ni

aij tanh
(
ω̃i

(
tϕiki

)
−ω̃j

(
tϕjkj

))∥∥∥+ςϕ1

)
+ ςϕ2 (47)

Inserting (47) into (46), we have

L̇2 ≤ αϕ−1

2

N∑
i=1

σϕi
∑
j∈Ni

aij

(∥∥∥tanh(ω̃i (tϕiki
)
− ω̃j

(
tϕjkj

))∥∥∥

− ςϕ2

1 − αϕ

)2

+
ς2
ϕ2

2 (1 − αϕ)

N∑
i=1

σϕi
∑
j∈Ni

aij

−
N∑
i=1

ϕ̃T
i Ki1ϕ̃i −

N∑
i=1

ω̃T
i Ki3ω̃i +

N∑
i=1

ω̃T
i Δ̃ωi

−
N∑
i=1

(
Δ̃

T

ωiKi2Δ̃ωi − Δ̃
T

ωiJ i0Δ̇ωi

)

≤ −
N∑
i=1

ϕ̃T
i Ki1ϕ̃i −

N∑
i=1

ω̃T
i Ki3ω̃i +

N∑
i=1

ω̃T
i Δ̃ωi

−
N∑
i=1

(
Δ̃

T

ωiKi2Δ̃ωi − Δ̃
T

ωiJ i0Δ̇ωi

)

+
ς2
ϕ2

2 (1 − αϕ)

N∑
i=1

σϕi
∑
j∈Ni

aij (48)

Rearranging (48) gives

L̇2 ≤ −
N∑
i=1

λmin (Ki1) ϕ̃
T
i ϕ̃i−

N∑
i=1

(
λmin (Ki3)− 1

2

)
ω̃T
i ω̃i

+

N∑
i=1

λmax (J i0)

2
Δ̇

T

ωiΔ̇ωi+
ς2
ϕ2

2 (1 − αϕ)

N∑
i=1

σϕi
∑
j∈Ni

aij

−
N∑
i=1

(
λmin (Ki2)− λmax (J i0) + 1

2

)
Δ̃

T

ωiΔ̃ωi

≤ − κωiL2 + χωi (49)

where from the boundedness of ΔJ i, ω̇i, ωi, ΔN i, δif ,
Ci0, ρi, δi0, ΔCi and dωi, there exists a positive constant
Δωi such that ‖Δ̇ωi‖ ≤ Δωi. It can be obtained that κωi =
min{2λmin(Ki1),

2λmin(Ki3)−1
λmax(Ji0)

, 2λmin(Ki2)−1
λmax(Ji0)

− 1} with Ki2

and Ki3 satisfying λmin(Ki2) >
λmax(Ji0)+1

2 , λmin(Ki3) >
1
2 ,

and χωi =
∑N
i=1

λmax(Ji0)
2 Δ

2
ωi+

ς2
ϕ2

2(1−αϕ)

∑N
i=1 σϕi

∑
j∈Ni

aij .

Integrating (49) over [0, t] yields

0 ≤ L2 ≤
[
χωi
κωi

+ L2(0)

]
e−κωit +

χωi
κωi

(50)

As a result, all closed-loop signals of rotational subsystem are
UUB. Further it is proved that the Zeno behavior can be avoided.
That is, there exists a t∗ϕ > 0 satisfying {tϕiki+1 − tϕiki } ≥ t∗ϕ.
Considering the definition ofeϕi, differentiating‖eϕi‖over time
interval t ∈ [tϕiki , t

ϕi
ki+1) yields

d

dt
‖eϕi(t)‖ ≤

∥∥∥∥ ddt
(
ω̃i

(
tϕiki

)
− ω̃i(t)

)∥∥∥∥ =
∥∥ ˙̃ωi(t)∥∥ (51)

˙̃ωi(t) has been proved bounded based on previous anal-
ysis. Therefore, there exists a positive constant μϕi such
that ‖ ˙̃ωi(t)‖ ≤ μϕi. Since ‖eϕi(tϕiki )‖ = 0, we obtain that
‖eϕi(t)‖ ≤ μϕit

∗
ϕ. In view of (47), there exists

αϕ
∑
j∈Ni

aij

∥∥∥tanh(ω̃i (tϕiki
)
−ω̃j

(
tϕjkj

))∥∥∥2

2
(∥∥∥∑j∈Ni

aij tanh
(
ω̃i

(
tϕiki

)
−ω̃j

(
tϕjkj

))∥∥∥+ςϕ1

)+ςϕ2≤μϕit∗ϕ

(52)

From (52), there exists μϕit∗ϕ ≥ ςϕ2. Therefore, with 1 ≤
ςϕ2 ≤ ecϕ1 , it is verified that t∗ϕ ≥ 1/μϕi > 0. Clearly, the Zeno
behavior is successfully precluded.

This completes the proof of Theorem 2. �
Remark 7: Note that ‖ϕ̃i‖ can be made arbitrarily small by

increasingKi1,Ki2,Ki3 and σϕi. Moreover, a good balance of
convergence performance and triggering number of communica-
tion should be made by choosing reasonable parameters cϕ1, cϕ2

and αϕ. This will be further shown in the following numerical
simulation.

Remark 8: Different from existing results [8]–[14] with the
continuous state information exchanges among neighboring
UAVs in controller design, our proposed δi0 simply uses discrete
neighbors’ state ω̃j(t

ϕj
kj
) in control protocol (44), which lightens

the communication exchange during t ∈ [tϕjkj , t
ϕj
kj+1).

Remark 9: Compared with existing literature [28], [35]–[37],
[38] using neural networks learning mechanisms to cope with
lumped uncertainties caused by actuator faults, external dis-
turbances and model uncertainties, the proposed disturbance
observer compensates for compounded disturbances with less
online learning parameters and simpler internal structure, thus
reducing the computation burden and obtaining faster distur-
bance estimation. As a result, the designed disturbance observer
is more applicable to disturbance rejection for practical UAV
system.

IV. SIMULATION RESULTS AND ANALYSIS

A. Simulation Scenarios

To verify the effectiveness of proposed scheme, a simula-
tion scenario is considered to address a coordinated tracking
problem for three networked fixed-wing UAVs. The struc-
ture parameters and coefficient values of each UAV are
list in Table I [29]. While the corresponding communica-
tion topology is illustrated in Fig. 3. The initial condi-
tions are summarized as V10 = V20 = V30 = 20m/s, ϕ10 =
[0◦, 1◦, 0◦]T, ϕ20 = ϕ30 = [0.5◦, 1◦, 0.5◦]T and ω10 = ω20 =
ω30 = [0, 0, 0]Trad/s. Suppose that the external disturbances
in velocity and attitude motion are described as dv1 = dv2 =
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Fig. 2. Overall framework of the proposed control strategy.

TABLE I
STRUCTURAL AND AERODYNAMIC PARAMETER VALUES OF UAV

Fig. 3. Communication topology.

dv3 = [0.3 sin(t), 0.5 cos(2t), 0.2 cos(t)]T and dω2 = dω3 =
[0.3 cos(2t), 0.2 sin(3t), 0.5 sin(t)]T. Meanwhile, the actuator
faults are introduced in velocity channel as ρT3 = 0.9 during
t ∈ (2, 5]s. Assume that the virtual leader UAV is to com-
plete low altitude penetration mission and track the desired
trajectory as

Vr =

⎧⎪⎪⎨
⎪⎪⎩

20 + 30
2s+1 , 0s ≤ t < 7s

20 + 20
0.4s+1 , 7s ≤ t ≤ 12s

20 + 40
0.4s+1 , t > 12s

ϕr =

⎧⎪⎨
⎪⎩

[0, 0, 0]T, 0s ≤ t < 5s

[0, −10
0.1s+1 , 0]

T, 5s ≤ t ≤ 15s

[0, 0, 0]T, t > 15s

The controllers and disturbance observers are provided
by (23), (27), (40), (44) with design parameters as
αv = 0.5, ςv1 = 0.1, cv1 = 0.1, cv2 = 0.2, σv1 = σv2 =
10(0 s ≤ t ≤ 12 s); 100(12 s < t ≤ 14 s); 150(t > 14 s), σv3

= 10(0 s ≤ t ≤ 12 s); 100(12 s < t ≤ 14 s); 10(t > 14 s),
k11 = k21 = k31 = 0.02(0 s ≤ t ≤ 14 s); 0.002(t > 14 s),
k12 = k22 = k32 = 10(0 s ≤ t ≤ 5 s); 100(5 s < t ≤ 12 s);
20(12 s < t ≤ 14 s); 100(t > 14 s), αϕ = 0.5, ςϕ1 = 0.1,
cϕ1 = 0.1, cϕ2 = 0.2, σϕ1 = σϕ2 = σϕ3 = 1, K11 = K21 =
K31 = K12 = K22 = K32 = diag{1, 1, 1}, K13 = K23 =
K33 = diag{50, 60, 50}.

To comprehensively highlight the performance of proposed
approach, three situations are presented and discussed. The first
case verifies the efficiency of proposed controller based on
the above simulation scenario. The second one illustrates the
superiority of dynamic event-triggered communication mech-
anism (DECM) over the periodic communication mechanism
(PCM) and static event-triggered communication mechanism
(SECM). The last case evaluates the sensitivity of proposed
event-triggered conditions for different fault modes.

B. Results and Analysis

Case 1: In this case, the proposed controller is conducted
based on above simulation scenario. Fig. 4 shows the trajectories
of velocities and attitudes for the multi-UAV system. From
Fig. 4(a)–(d), it can be observed that the velocities and attitudes
both converge availably to their desired trajectories, which val-
idates the effectiveness of proposed control scheme. Addition-
ally, the tracking errors of velocities and attitudes are depicted
in Fig. 4(e)–(h). The data release intervals and broadcasting
instants of velocity and attitude for each UAV are presented in
Fig. 5 and Fig. 6. Obviously, the communication among UAVs is
intermittent, meanwhile no Zeno behavior exhibits. Thus we can
see that the proposed event-based control scheme can maintain
the expected tracking performances of velocities and attitudes
despite the presence of actuator faults and external disturbances.

Case 2: To illustrate the advantages of event-triggered strat-
egy in terms of DECM, two other communication mechanisms
are evaluated in this comparative study: i) PCM: information
exchanges among neighboring UAVs are performed in a pe-
riodic manner. ii) SECM: different from DECM in (20) and
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Fig. 4. Velocity and attitude tracking of multiple UAVs by proposed controller. (a)–(h) show the curves of state responses and errors. (a) Velocity response (b)
Roll angle response (c) Pitch angle response (d) Yaw angle response (e) Tracking error of velocity (f) Tracking error of roll angle (g) Tracking error of pitch angle
(h) Tracking error of yaw angle.

Fig. 5. Release intervals of velocity and attitude data for multi-UAV system.
(a)–(f) show the curves of release intervals. (a) Data Ṽ1(t

v1
k1

) (b) Data ω̃1(t
ϕ1
k1

)

(c) Data Ṽ2(t
v2
k2

) (d) Data ω̃2(t
ϕ2
k2

) (e) Data Ṽ3(t
v3
k3

) (f) Data ω̃3(t
ϕ3
k3

).

(21), the threshold parameter in SECM is fixed permanently as
[20]. That is, fi(t, evi(t)) = |evi(t)| − ςv2 and fi(t, eϕi(t)) =
‖eϕi(t)‖ − ςϕ2. Choose ςv2 = 0.5 and ςϕ2 = 0.2.

The numbers of information transmission under different
communication mechanisms are given in Table II. While taking
the tracking maneuver of UAV 3 for example, the comprehensive
performances under SECM and DECM are plotted in Fig. 7.
From Table II, one can see that compared with PCM and SECM,
DECM leads to least transmitted information, thus reducing the
occupancy of limited communication resources. Even though

Fig. 6. Release instants of velocity and attitude data for multi-UAV system.

with least communication transmission, the desired coordinated
tracking under DECM can be still accomplished with scheduled
precise requirements. This point is clearly shown in Fig. 7,
where the responses of velocities and attitudes for DECM are
almost similar to SECM. As a result, it can be concluded that the
proposed dynamic event-based control scheme provides a better
balance between saving communication resources and achieving
well tracking performances than PCM and SECM.

Case 3: To further evaluate the sensitivity of proposed event-
triggered conditions, we consider the following four different
fault modes:

Fault mode 1: As defined in above simulation scenario, the
thrust of UAV 3 suffers the loss of effectiveness, that is, ρT3 =
0.9 during t ∈ (2, 5]s.

Fault mode 2: Based on the fault mode 1, the period of time
when the thrust loses its effectiveness is enlarged, that is, ρT3 =
0.9 during t ∈ (2, 8]s.

Fault mode 3: The aileron of UAV 3 loses its effectiveness
described by ρδ3

= diag{0.9, 1, 1} during t ∈ (5, 10]s.
Fault mode 4: The rudder of UAV 3 loses its effectiveness

described by ρδ3
= diag{1, 1, 0.9} during t ∈ (5, 10]s.

Based on above fault modes, the fault-tolerant performances
of UAV 3 for different fault modes are shown in Fig. 8. Ro-
bustness with proposed controller is demonstrated in case of
above four fault modes as presented in Fig. 8. The data release
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TABLE II
THE NUMBER OF DATA TRANSMISSION FOR EACH UAV UNDER DIFFERENT COMMUNICATION MECHANISMS

Fig. 7. Velocity and attitude tracking of UAV 3 under DECM and SECM. (a)–(d) show the curves of state responses. (a) Velocity response (b) Roll angle response
(c) Pitch angle response (d) Yaw angle response.

Fig. 8. Velocity and attitude tracking of UAV 3 under different fault modes. (a)–(d) show the curves of state responses. (a) Velocity response (b) Roll angle
response (c) Pitch angle response (d) Yaw angle response.

Fig. 9. Release instants of velocity and attitude data of UAV 3 under different
fault modes.

TABLE III
THE NUMBER OF DATA TRANSMISSION UNDER DIFFERENT FAULT MODES

instants of velocity and attitude for UAV 3 with different faults
are presented in Fig. 9. Besides, the corresponding amount of
exchange of information under four fault modes are given in
Table III. From Fig. 8, Fig. 9 and Table III, we can notice that the
fault-tolerant property guarantees the stable tracking of UAV 3 in
the presence of four different fault modes, and thus no additional
communications are triggered in such cases.

V. CONCLUSION

This work investigates the event-based fault-tolerant coordi-
nated control problem of multiple fixed-wing UAVs. A novel
event-triggered communication mechanism has been presented,
wherein the threshold parameter is not fixed permanently but
determined by a dynamic rule. By imposing proposed event-
triggered mechanisms on translational and rotational subsystems
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respectively, the inter-agent communication has been regulated
to avoid the unnecessary communications and save on network
resources. Furthermore, an event-based coordinated control
scheme has been designed using only locally triggered state
information at discretized instants. This work lays down the
groundwork for other coordinated control problems of UAVs
including formulating and maintaining a particular formation
shape. Additionally, note that the extension of event-triggered
mechanism to sensor-to-controller channel for UAV system
remains open and deserves further investigation.
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