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Event-Triggered Adaptive Fault-Tolerant
Synchronization Tracking Control for
Multiple 6-DOF Fixed-Wing UAVs

Boyang Zhang

Abstract—In contrast with most existing results concerning un-
manned aerial vehicles (UAVs) wherein two-degree or only atti-
tude/longitudinal dynamics are considered, this article proposes
an event-triggered cooperative synchronization fault-tolerant con-
trol (FTC) methodology for multiple fixed-wing UAVs whose dy-
namics are six-degree-of-freedom (DOF) with twelf-state-variables
subject to actuator faults, modeling uncertainties, and external
disturbances. More precisely, an event-triggering mechanism is
devised to determine the time instants of updating control sig-
nals, which reduces the signal transmission burden, while sav-
ing on system resources. The Zeno phenomenon is excluded in
the sense of guaranteeing that the time between two consecutive
switchings is lower bounded by a positive constant. The actua-
tor faults as well as the network induced errors are handled via
the bound estimation approach and some well-defined smooth
functions. By strict Lyapunov arguments, all closed-loop signals
are proved to be semi-globally uniformly ultimately bounded
(SGUUB) and the synchronization tracking errors of speed and
attitude converge to a residual set around origin whose size can
be made arbitrarily small through selecting appropriate design
parameters.

Index Terms—Event-triggered adaptive control, fault-tolerant
control (FTC), backstepping, six-degree-of-freedom (DOF) fixed-
wing unmanned aerial vehicles (UAVs).
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1. INTRODUCTION

ESEARCH on cooperative flight of multiple fixed-wing
R unmanned aerial vehicles (UAVs) has attracted increasing
attention recently in lots of applications due to the advantages
such as mission cooperation, flexibility and cost effectiveness
[1], [2]. In general, the coordinated control problem has
been investigated in several aspects, including the task
assignment and motion re-coordination for UAVs in a group
[3], and synchronous tracking of speed and attitude for
UAV formation [4] (that is to achieve V; — V.., V; =V},
(¢17917¢1) - (¢T707‘a¢7“) and (¢27917w2) - (¢j»9ja1/)j))-
In particular, the distributed control strategy has particularly
been attached tremendous attentions due to the fact that
global information is no longer required in control design,
while preserving closed-loop stability [5], [6]. Driven by the
emerging distributed cooperative control research on multiple
UAVs, some results have appeared in [7]-[10]. To list a few, [7]
presented a distributed cooperative control design for networked
UAVs against actuator faults and model uncertainties, while
maintaining the synchronization of flight attitude. In [8], for
longitudinal synchronization tracking of multiple UAVs, a
distributed cooperative fault-tolerant controller was proposed in
the presence of input saturation. Based on swarm intelligence,
[9] proposed a distributed model predictive approach for
coordination control of multiple UAVs. In [10], with
path-following vector fields, the UAV group achieves a circular
motion around the target, while rendering the course angles and
speeds to converge to the vector field-specified values.

However, it is worth mentioning that all aforementioned meth-
ods [7]-[10] are performed based on the assumption that either
the UAV dynamics can be simplified to be two-degree models
[9], [10], or only attitude/longitudinal models are taken into
account [7], [8]. Such a model simplification unavoidably lowers
the system description precision. In other words, the dynamics
in [7]-[10] cannot accurately describe the actual UAV system
due to the fact that the fixed-wing UAV system is actually an
nonlinear dynamic model with six-degree-of-freedom (DOF)
with twelf-state-variables, which can be decomposed into ro-
tational and translational dynamics respectively. Therefore, the
motivation of investigation on six-DOF UAV dynamics naturally
arises.

Moreover, note that the cooperative flight in aforemen-
tioned studies is achieved within continuous-time framework.
Whereas, for multi-UAV system, being actually a networked
control system with various links such as sensors, controllers
and actuators, limited bandwidth of signal transmission as a
main concerning influences the system performances [5], [6].
Especially in cooperative flight of UAVs, lots of signal transmis-
sions are required. Therefore, the traditional periodical updating
of control signals is likely to cause transmission channel con-
gestion. In addition, when implemented within the framework
of continuous-time control, the control updating is executed at
every fixed sampling period no matter whether it is necessary
or not, which would cause overloading of transmission burden
in some cases. Above phenomenons will be more apparent as
the number of UAVs grows. As a result, the periodic sampled
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Fig. 1. Two-layer control structure of distributed UAV system.

controls are inappropriate for multi-UAV system. The main
concern is the control design with event-triggered mechanism,
which functions as an important solution to reducing the signal
transmission frequency.

The idea of event-triggered control is firstly presented in [11].
Different from traditional periodic or time-triggered control,
the signal transmission between different modules relies on a
state-, input-, or output dependent triggering condition, which
significantly reduces the transmission burden. This technique
has been successfully applied to UAV systems. Based on dis-
tributed model predictive control scheme, the event-triggered
mechanism was developed in [9], [12], [13] for cooperative
path following of multi-UAVs. In [14], an event-triggered out-
put feedback control method was presented for UAV system
over cognitive radio networks. Further, [15] proposed an event-
triggered based attitude control for UAV system against exter-
nal disturbances. Although effective performances are obtained
in aforementioned results [9], [12]-[15] with event-triggered
mechanism, two problems are worth mentioning: the first is that,
the event-triggered controls were proposed only for single UAV
in [14], [15]. The second problem is that, even if the multi-UAV's
were considered in [9], [12], [13], only two-degree model was
discussed, being far from the actual UAV system. Considering
the six-DOF UAVs, the complex dynamics makes the event-
triggered control design more challenging. Therefore, the novel
event-triggered control scheme for six-DOF multi-UAV system
should be further exploited.

In formation flight of multiple UAVs, actuator faults have
adverse impacts on the safety of the individual UAV but also
induce the instability of the overall networked UAVs [16],
[17]. To avoid the catastrophes induced by the actuator faults,
the fault-tolerant cooperative control (FTCC) is progressively
investigated for multiple UAVs in recent years, where following
the two-layer control structure of distributed UAV system in
Fig. 1, the individual FTCC is most investigated to compensate
the fault effects for the faulty UAV. In [8], [18], the FTCC
schemes were developed for multi-UAVs in the longitudinal
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plane within a distributed control design. [7], [19]-[22] further
investigated the FTCC for attitude dynamics of multi-UAVs in
the presence of actuator faults. However, it should be noted
that the FTCC methods presented in [7], [8], [18]-[22] were
developed to only regulate the longitudinal motions and attitude
dynamics of multi-UAVs, with no consideration of six-DOF dy-
namics. Regarding the six-DOF multi-UAV system, the strongly
nonlinear dynamics of UAV makes the distributed FTCC design
more complex and the aforementioned results can not be directly
extended to the synchronization tracking of speed and attitude
for multiple six-DOF UAVs. Therefore, more new and effective
FTCC scheme should be further developed.

Motivated by above discussions, the main contribution of our
paper is three-fold below:

e In comparison with the existing results which are concen-
trated on two-degree model [9], [10], longitudinal motion [8],
[18] and attitude dynamics [7], [19]-[22], [31], [32] this study
considers the distributed cooperative control for multi-UAVs
where six-DOF UAV dynamics is considered subject to actuator
faults, modeling uncertainties and external disturbances.

e Compared with the event-triggered control schemes which
regulate on the single UAV [14], [15] or the two-degree model
of multi-UAVs [9], [12], [13], this paper develops the distributed
event-triggered control for six-DOF multi-UAVs, where the
event-triggering mechanisms are introduced in translational and
rotational subsystems respectively for each UAV, which consid-
erably reduces the signal transmission load.

e Unlike most of the studies dealing with the control of UAV
flight [3], [9]-[12], [23], [24], adaptive backstepping method
is used together with the neural network approximation, bound
estimation approach and well-defined smooth functions to ac-
curately estimate and compensate the actuator faults, external
disturbances and model uncertainties in the same time with the
obtaining of global stability.

The rest of paper is organized as follows. In Section II,
the UAV dynamics, actuator fault model, graph theory, and
control objective are presented. Section III gives the details of
event-triggered adaptive control design and stability analysis.
Section IV shows the simulation results, and Section V draws
the conclusions.

II. PROBLEM FORMULATION AND PRELIMINARIES

A. UAV Kinematics and Dynamics

Consider a team of N identical fixed wing UAVs. Using
Newton-Euler convention, the full six-DOF dynamics of the ith
UAV (see Fig. 2), is given by [23], [24]

pi = R, (Lpz) Vi, (1)

;= — S (w)vi + —+ R} (p;)g+— +dyi, (2)
m; m;

o= Ry (o) wi, 3)

Jiw; = —w; x Jyw; + N; + C;0; + J;d;, “)

where p; = [7;,;,2]T denotes the inertial position, v; =
[ui, v;, w;]T is the non-inertial (body fixed frame coordinates)

Local Vertical

Inertial Frame

Fig. 2. Dynamical behavior of six-DOF UAV model.

expression of the linear speed, @, = [¢;,0;, ;T represents
the attitude described by Euler angles, w; = [p;, q;,ri]" is
the non-inertial expression of the angular velocity. Moreover,
T; = [T,:,0,0]T denotes the thrust vector along x body axis,
8; = [0ai, 0ei, 0,4)T is the control surface, where dci, Gqis Ori
represent the deflection of elevator, aileron and rudder respec-
tively, m; is the vehicle mass, g = [0,0,g.]T is the gravity
acceleration in inertia frame, d,; € ®° and d,,; € R are the
unknown bounded external disturbances, J; is the inertia tensor
with the symmetric z — z plane of which expression is

wai 0 - szi
Ji=| 0 J, 0 |. (5)
*Jzzi 0 Jzzi

Besides, R;(p;) € SO(3) is the rotation matrix transforming
the body frame coordinates to inertial axis coordinates and the
matrix Ry(p;) € R**3 maps the time derivative of the Euler
angles to the non-inertial expression of the angular velocity.
Both matrices are given as follows:

CopiCO;  — SepiSei T CopiSOiSei SepiSei T CopiSiCohi
Ry (p;) =1 SpiCoi CpiCpitSpiSeiSei —CypiSei~+ SypiSeiCei
| —Soi CoiS¢pi CiCei
_l 0 — Sy
Ry (¢;) =| 0 cyi syicoi |, 6)
| 0 —s0i cyico;

where s, and ¢, stand for sin(a) and cos(a) functions re-
spectively. The aerodynamics force F; = [Fx;, Fy;, Fiz;]T and
moment N; = [Fr;, Fari, Fy;]T are calculated by means of
aerodynamic coefficients:

Fi= G:SiR;" (i, 8i)[~Cpi, Cyi, —C1Li] ", @)

N; = GSi[biCls, @ Chi, biCh]", (8)

where a; = arctan(w; /u;) and /3; = arcsin(u; /v;) denote the
attack angle and sideslip angle respectively. The dynamic pres-
sure q; = % pV2? is a function of V;, which is the total speed in
body fixed frame. Air density p, wingspan b;, wing surface area
S; and mean aerodynamic chord ¢; are constant parameters. The
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transformation matrix R3 (o, ;) is

CaiCpi Spi SaiCpi
—CaiSgi CBi —SaiSBi | - )
—Sai 0 Cai

R; (o, i) =

AndCp,, Cyi,Cr;, Cy,, CYy;, and C); are the dimensionless co-
efficients in force/moment expressions, of which corresponding
detailed descriptions are shown in [23]. The control effectiveness

matrix is defined as

qiSibicisai 0 qiSibicisri
C;= 0 qiSiCiCmsei 0 (10
4iSibiCnsai 0 GiSibiCnsri

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

According to [23], [24], the whole system can be decomposed
into two interconnected subsystems, i.e., translational kinemat-
ics (2) and rotational kinematics (3)-(4). Then the controller for
each subsystem is designed independently for each UAV.

1) Translational Kinematics: From (2), the time derivative
of V; is:

. oYy, of T, T F,
i e 7 i — 1 - dvi-
Vim B = TS (w) vt R (1) g )

(1)

Based on (11), the thrust is extracted and using the property
vl S(w;)v; = 0, it holds that

"/i:

T
Ui T n v;

F;
T - .

Remark 1: From (12), even if there are no direct controls for
speed components v; and wj, it is still controllable to point v;
in a desired direction by controlling V;, «; and f3;.

During operation, the thrust possibly suffers from actuator
faults, modeled by [22]

Twi = priTeio + Thiy, (13)

where T, is the designed control input, pp; is the unknown
actuator efficiency factor satisfying 0 < pp; < 1and Ty is the
bounded unknown stuck fault or bias fault. Note that (13) implies
the following four cases:

1) pr; = 1 and Ty = 0. This means the fault-free case.

2) 0 < pri < 1 and T; ¢ = 0. This indicates the partial loss
of effectiveness.

3) pri = 1 and Ty # 0. This indicates the bias fault.

4) pr; =0 and T,;s # 0. This means that T}, is stuck at
bounded time-varying function T;; .

Then with the actuator faults (13), the dynamics of (12) is
described as
uTyip ~ vF

F;
Yi (RT (. Fi _
v, |V, (Rl (pi)g + m; +dm>'
(14)

w; priLrio
m;V;

Vi:

Note that the accurate information of F'; cannot be known a
prior due to the coefficient uncertainties [25], [26]. In this sense,

F'; is decomposed into a known component F';; and an uncertain
one AF';. Therefore, the speed kinematics is reformulated as
wTyip vF

ZRT (0.

: i p7ilzi0
V= +
m; [/7

F;
°+Am-+dm).

m;
(15)

where A,; = AF,;/m,.
2) Rotational Kinematics: From (3)-(4), the dynamical atti-
tude motion in inertial reference frame is rewritten as

Rgl (‘Pz) Wi,
JS (Jw) + I N+ T CS + dui

P (16)

W; = (17)

Considering the coefficient uncertainties [27], J; 'S(Jw;)
is decomposed into a known component J ;01 S(J;ow;) and an
uncertain one AJ;IS(Jiwi). Similarly, J;lNi is composed
by a known part J;) N and an uncertain one AJ;'N;.
Also, J ;lCi consists of a known component J i_Ol C,o and an
uncertain one AJ; 'C;. Then the angular velocity model (17)
is reformulated as

wi = J;0 8 (Jiowi) +AT; 'S (Jiw)+JT 5 Nig+AJ; ' N;

During flight, the flight control surfaces inevitably suffers
from actuator faults, which are considered as [7]

dji = psjidjio + Ojiy (19)

where d,;0 is the jth applied control input with j = {a, e, r},
psji is the unknown actuator efficiency factor satisfying 0 <
psji < 1, and 6;;5 is the bounded unknown stuck fault or bias
fault. Consider that (19) satisfies the similar cases as (13) in the
following.

1) psji = 1 and 0;5 = 0. This refers to the fault-free case.

2) 0 < psjs < 1 and 65,7 = 0. This means the partial loss of
effectiveness.

3) psji = 1 and 655 # 0. This indicates the bias fault.

4) psji =0 and §;;¢ # 0. This means that J;; is stuck at
bounded time-varying function 6;;¢.

For the simplicity of presentation, the actuator fault model
(19) is formulated by

0; = psi0io + dif, (20)

where 80 = [0, 8eio, Ori0] s Ps; = diag{psais Pseir Pori}s
8ir = [Oaif,Oecifs Orif) T

In the presence of actuator faults, the dynamic model of
angular velocity can be formulated by

wi=J 'S (Jiow:)+JT 0 Nio+J ' CiopsiGio+ Aui+dui,
(2D

where A, = AJ;'S(J;w;) + AJ;'N; + AJ;'C,6; +
J;OICo(éi)dif is the lumped uncertainties induced by the
actuator faults and modeling uncertainties.

Assumption 1 [28]: For Vt >0, it is supposed that
IAT; ' Cipsi(T 30 Cio) o < 1 OA,i/08i0 +
J 5 Ciops; # 0.

and
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Assumption 2 [29]: There exists a positive constant g; min
such that )"min('];()l Ci()p&i (‘I;()1 CiO)T) > Y9i,min-

Remark 2: Assumptions 1-2 substantially guarantee the con-
trollability of angular velocity dynamics (21), which implies that
there still exists sufficient control action §;( even in the presence
of actuator faults for each UAV. Note that g; i, is only used for
analysis and not required a priori.

Remark 3: Considering that A ,; involves the control signal
d,0, if neural networks are used to approximate A, the al-
gebraic loops inevitably exists. To break the algebraic loops,
the low-pass filter technique can be employed to filter ;o [30].
Then A,; = A/, + 1, where l,; € 3> is the filtering error.
At this point, the angular velocity kinematics can be described
by

Wi = I3 8 (Jiow:) + J o' Nio + T3 Ciopsidio

+A! A 1y + dy. (22)

C. Neural Network Approximation

As the universal approximation property, the RBFNNs are
employed in this paper to compensate the modeling uncertain-
ties [19], [21], [33]. Denote ©,; = [v}, T, Wl d5]T € R12
and @,,; = [v}, pl, wl, 85" € R'2. For unknown continu-
ous terms A,;(0,;) = [Ayi1, Apiz, Apiz]T and A/ (©,,;) =
[A! LA, Al )T, there exist RBFNNs such that

wil) "wi2r) —wi3
Ayij (©yi) = Wﬁ}%ij (®vi) + Tvij (Ouni),
AL (Bui) = Wiiicwij (Ouwi) + Twij (Ouwi),  (23)

where j=1,2,3, 7,;(0y) € R and 7,;;(O,;) € R are
the bounded approximation errors. vij € RM>1 - and

wij € RM>1 are idealized weight matrixes with M
nodes. 6, (@) = [(},ij(@m-), . ,g%(@vi)]T e RM  and
Swij (Owi) = [0 (Oui); -, L (O,:)]T € RM are known
vectors consisted Gaussian basis functions gfn-j(@m-) and
gf”-j(Gw-), l=1,..., M, commonly selected as the following

exponential form:

@vi - Tvi T @vi Tvi
§1l)ij (Gvi) = exp [_( )’iz( )] ;
Gwi - Twi T Gwi - Twi
Sbij (Oui) = exp [( Lz( )] O

where X,; € R and Y,; € R'? are the centers of the receptive
filed, x,; and k,,; are the width of the Gaussian basis functions.

D. Graph Theory

The undirected graph always describes the connections
among the multi-UAVs system. Given an undirected graph G =
(V,E&,A), it consists of nodes V = {vy,...,v,} and the sets
of edges &= {(i,j), i,j € V,and i # j}, and A = [a;5] €
R™*™ denotes the weighted adjacency matrix of G. If there exists
an edge between node ¢ and j, then a;; = a;; # 0 and otherwise
a;; = aj; = 0. Moreover, a;; equals to O for all i € V. The
neighbors of node i is denoted by N; = {v; : (vj, v;) € E}.

The Laplacian matrix is defined by £ =D — A, where D =
diag{dy,...,d,} with d; = Z?Zl a;j. G is connected if there
is a path from every node to each other node.

Forleader-following multi-UAV system, the augmented graph
G € (V, &, A) for n UAVs including the leader is concerned. Let
H = diag{hi, ..., h,} denotes the leader adjacency matrix of
the graph G. If the ith follower receives the information from
the leader UAYV, then h; > 0 and otherwise h; = 0.

Assumption 3: The topology of considered multi-UAV system
is an undirected graph with at least one node having access to
the leading node.

Lemma 1 [34]: For an undirected connected graph with the
Laplacian matrix £, if atleastone h; > 0, then symmetric matrix
L + H associated with G is positive definite.

Remark 4: Assumption 3 and Lemma 1 preserve that the
followers can receive the necessary information from the leader.

E. Control Objective

Given the reference comannds V. and ¢, of V; and ¢,
respectively, the goal is to design the cooperative distributed
event-triggered tracking controller such that

e All the closed-loop signals remain bounded and the syn-
chronous speed and attitude tracking errors of each UAV are
SGUUB in the presence of actuator faults, modeling uncertain-
ties, and external disturbances.

e The signal transmission burden is considerably reduced for
multi-UAV system. Also, the Zeno phenomenon is precluded
such that the time between two consecutive switchings is lower
bounded by a positive constant.

To achieve the control objective, the following assumption
and lemmas are instrumental to stability analysis.

Assumption 4: The desired references V., ¢, and their
time-derivatives up to second-order Vi, ¢, are continuous and
bounded.

Lemma 2 [35]: For any scalars € > 0, z € R, the following

2

equation holds: 0 < |z| — == < VeE.
Lemma 3 [36]: For any scalars £ >0, ¥ € R, 0 < || —
tanh(2) < 0.2785¢ holds.

III. EVENT-TRIGGERED ADAPTIVE CONTROLLER DESIGN
A. Event-Triggering Mechanism

We are now at the position to provide the following triggering
condition for translational and rotational kinematics, respec-
tively.

1) Translational Kinematics:

Tio(t) = Thio (£)), V€ (10, t741)

trpr =inf{t > 5] |Toio(t) — Twio (t4)] > a1|Tio (t})|+a2},
(25)

where k =0,1,2,...,t := 0, Toio (t) is calculated by designed
controller and will be presented in the following section, and
0 < a; <1, a; > 0 are design parameters.

In view of (25), it follows that |Th(t) — Thio(t2)] <
ay |Tmo(tz)‘ + a, and Tm‘o(t) = Tmo(ti}.) forall t € [tz, t}é_H).
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Fig. 3. Overall framework of the proposed control strategy.
TABLE 1
STRUCTURAL AND AERODYNAMIC PARAMETER VALUES OF UAV
Coefficient Value Unit Coefficient Value Unit
m; 20.64 kg b; 1.96 m
S; 1.37 m?2 @ 0.76 m
P 1.29 kg-m™3 g 9.8 m-s—2
Jowi 1.607 kg - m? Jyyi 7.51 kg - m?
Jazi 7.18 kg - m? Ji 0.59 kg - m?
CLOq 0.1 / ClLeai 0.25 rad—1!
CDOi 0.5 / CyBi —0.1 rad—1!
Cl0i —0.001 / cpi —0.038 rad—1
Clpi —0.213 rad~!-s Clri 0.114 rad=!.s
Clsai —0.056 rad—! Cl5ri 0.014 rad—!
Cm0i 0.022 / Cmeai —0.473 rad—1!
Cmqi —3449 rad~!-s Cmsei —0.364 rad—?!
Cnoi 0.022 / Cngi 0.036 rad—1!
Chpi —0.151 rad~'-s Cnri —0.195 rad~'-s
Cnsai —0.036 rad—?! Crori —0.055 rad—1

Since ty := 0, these results hold for each £k =1,2,3..., and
there exists

Trio(t) = Teio(t)] < a1 | Tuio(t)] + a2, V¢ >0. (26)

Dt.aﬁne.pl(t) = %.Iﬁollows th.at Ip1(t)] < 1.This
fact implies the following inequality for all time:

Toin(t) — Tuio(t) = a1pi(t)Twio(t) + azpi(t). 27

Using (27) yields
TaziO azp1
Trio = - . 28
T lvap T+ap (28

2) Rotational Kinematics:

Sio(t) = io (1), Vte [tftf,,),

inf{t > t2] 8aio(t) — daio (t9)] = bilbaio (£7)|+b2
orlden(t) = beo (£)] > bildeao (t7)] + b2
ot]8ri0(t) — drio (£7)] > bi[dri0 (£7)] + b2}

where 8:0(t) = [Saio(t), deio(t), ori0(t)]T is produced by de-
signed controller and will be described in the following section,
and 0 < by < 1, by > 0 are design parameters.

@
tk+1

(29)

Rotational Control Design

Triaxial Gyroscope
Sensor

+
|
|
|
|
|
|
|
|
|

_Geonmcy _ ileew) .
Similarly, we define p,(t) = %, p3(t) =
Srio(t)=8ri0(t)

Sein(t)—deio(t) (t) = . Then we arrive at

bil6eso(B)+6 > PAY) = B5 0@+

dio = Dby + o, (30)

where D; = diag{D;y, D;,, D
with

s} and o = [041,00,05]"

1 oo —bopjti
1+ blpj_HSigIl (51'03') T 1+ blpj+1sign ((Si()j)

Dij =

Remark 5: Differently from existing works [23], [24], the
event-triggered mechanisms are first introduced in thrust 7.
and control surface d;o to obtain Tmo and 31‘0- This operation
ensures that the time instants of updating control signals are
determined by event-triggering mechanism instead of traditional
periodical updating, which significantly reduces the signal trans-
mission frequency, while saving on system resources.

B. Error Transformations

1) Translational Kinematics: Based on speed tracking errors
V;=V;—V, and V V; — V., the objective of guaranteeing
speed synchronization tracking is equivalent to make V;/ — 0.

f/{ =i Vi + Aia > azj(f/
JEN;

Vi), (1)
where A;; and A;, are positive design parameters.

2) Rotational Kinematics: Similarly, the attitude synchro-
nization tracking error is expressed as

€, = hiz€yi +his D aij (€pi — €yj),

JEN;

(32)

wheree,; = @; —
design parameters.

Prs€pj = P; — P, and A3, A4 are positive

C. Controller Design

Following the double-layer control structure, the transla-
tional and rotational control design are proposed independently.
Specifically, T,;0 and i designs are given. To facilitate read-
ers comprehension, the overall block diagram of the proposed
control scheme is presented in Fig. 3.
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TABLE II
INITIAL STATES OF UAVS

z; (0) 5 (0) =2(0) Vi(0) 4 (0) 6;(0) % (0) pi(0) ¢(0) ri(0)
Leader —20m  20m  100m  40m/s 0° 1° 0° Orad/s Orad/s Orad/s
Follower 1 Om Om 100m  40.5m/s 0° 1° 0° Orad/s Orad/s Orad/s
Follower 2 —40m  40m  100m  40m/s 0° 1° 0° Orad/s Orad/s Orad/s
TABLE III
CONTROLLER PARAMETERS
Coefficient Value  Coefficient Value Coefficient Value Coefficient Value
Cols Co2, Cos 10 " 0.5 (t < 14) diag {50, 50,51} (¢t < 5) diag {50, 50, 51} (t < 5)
o1, Cuzs Eus 0.1 2 T(t>14) K1, Ki2, K13 diag[45,45,45] (b < ¢ < 15)  Ko1, K20, Ko _ diag {45,45,46]) (b < ¢ < 15)
€wls Ew2s Ewd 1 by 0.01 diag {40, 40, 40} (t > 15) diag {40, 40, 40} (t > 15)
a1 0.01 b 1 Yewils Vwi2 0.01 Ouwils Owi2 25
1) Translational Kinematics: To achieve the control objec- Leader (i=1)
tive in Section II-D, we employ the following dynamic controller 4 =0 \ v
Trio: P ~
/V Vi
2 —(1+a1)By; w’ / o
Tyio = ———, (33) /
Cui Follower 2 (i=3) N
where (,; = & with A; = dj1 + A de/\/ a;j, and By, is
defined as Follower 1 (i=2)
U (v — 1 VA . o
By = (Oém‘ — Tvi)Bm‘ tanh Vl (a“ r“)ﬂm Fig. 4. Communication topology.
Ewvi
V] §uiCoi =245 7 3
P i YviCue : !
+ ngC’UZ tanh Evi ’ \ i A Lea(%ling UAV
[/\_' A Follower |
/ T ; b, 0B, | viv V] t=Lis A Follower2
where ovy; = ¢y Vi + g (3 (R g+ °)—|— T +2hf”2V2) e
- V/viis T Gus v. 26T Gui i35 LG 150
with :-m:[vlv'li}f“g S 2;”.126 =, Ve ST and 1y = 1000
. o ’ ! . e
AV + A, JEN; a;;V;. The adaptive parameters ®,;, G,; and N /
~ K 500
100
B are updated by 200 ~—{ & X [m]
- 150 T =08y -( —
: Yoit V/vi i 2 100 o0 °
O, = MW — 0vi1 Pui, (34) y [m] 0
vl
.ém' _ ,ym_2|v_/|<m_ — GvinGuis (35) Fig. 5. Trajectories of UAV formation.
K3
2 ~ .
Boi = YoisVi (i — Twi) — 0vi3Buis (36)

where Ryi1, Roizs Yoils Yoizs Yoid» Ovils Ovi2s Ovi3» Evi re positive
design parameters.

Theorem 1: Consider the translational kinematics (15) com-
posed by the adaptive tracking controller (33) and parameter
adaptation laws (34)-(36). Let Assumptions 3-4 hold. There
exist adjustable parameters A;1, Ai2, Cyis Evis Ruils Avizs Yvij and
Ovij 1 =1,2,...,N,j=1,2,3) such that:

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

2) Speed synchronization tracking error f/i’ is such that
limt_>oo|‘~/i’| < py; with py; > 0 a constant.

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

We have the above convergence result. The proof is given in
Appendix A.

2) Rotational Kinematics: To obtain the control objective in
Section II-D, we propose the dynamic controller 8,0 as follows:

ewzﬂ sz Cwi

Bio = — (I Cio)" NET)
\/IBw'L wzeWZszsz =+ Ewi
where Cwi = Kziem- —+ J;OIS(Jl()wZ) —+ J;)l 0 + m_:“
+ 2221 +)»/ (RQ )T ip — ‘-bdi With )";:)"i3+)"z4 Zje/\/i alj
and sz = [ewil gwilACW“ 3 €wig€gi2§wi2, ewi3§£i3<wi3]T The
adaptive parameters ®,; and f3,,; are proposed as
X egz:‘u N
O = Ywil (575 Jwil(bwia (38)
2hw1]
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Fig. 6. Speed and attitude angle tracking results and errors by using proposed controller. (a)-(1) show the curves of state responses and errors. (a) Speed response

(b) Roll angle response (c) Pitch angle response (d) Yaw angle response (e) Tracking error of speed (f) Tracking error of roll angle (g) Tracking error of pitch angle
(h) Tracking error of yaw angle (i) Synchronization error of speed (j) Synchronization error of roll angle (k) Synchronization error of pitch angle (1) Synchronization
error of yaw angle.

Ty
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Fig. 7. Time interval of triggering events. (a)-(1) show the curves of triggering time intervals. (a) Control signal 731 (b) Control signal 7,2 (c) Control signal
T3 (d) Control signal §,1 (e) Control signal d,2 (f) Control signal d43 (g) Control signal §.1 (h) Control signal §.2 (i) Control signal .3 (j) Control signal ,1
(k) Control signal d,-2 (1) Control signal d,-3.

adjustable parameters A;3, Aig, K ji, €wis Nwij, Ywij and 04i;
(i=1,2,...,N,j=1,2) such that:

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

UwiZﬂwi .

Bwi

where hAwils Rwizs Ywils Ywizs Owils Owi2, Ewi are positive design
parameters.

= Vil Cui — (39)

Theorem 2: Consider the rotational kinematics (16), (22)
composed by the adaptive tracking controller (37) and parameter
adaptation laws (38)-(39). Let Assumptions 1-4 hold. There exist

disturbances.
2) Attitude synchronization tracking error €/

i 18 such that
limy s ool[€0,;]| < pipi With 1 > 0 a constant.
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Fig.8. Triggering time of control signals. (a)-(c) show the curves of triggering
event. (a) Leading UAV (b) Follower 1 (c) Follower 2.
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Fig. 9. Number of times for control transmission.

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

Now the corresponding proof is given in Appendix B.

In Theorems 1 and 2, we have designed the controllers
that guarantee event-triggered convergence and fault-tolerance
for speed and attitude synchronization tracking simultaneously
under model uncertainties, external disturbances and actuator
faults. The proposed controllers have the following features in
comparison with the related existing controllers.

e Differently from control schemes for single six-DOF fixed-
wing UAV of [23], [24] with no consideration of fault-tolerant
and event-triggered strategy, our scheme extends design to event-
triggered adaptive fault-tolerant control scheme for multiple six-
DOF fixed-wing UAVs.

e The modeling uncertainties are effectively handled
with the help of neural network approximations for A,;
and A/ ,. Meanwhile, to deal with the actuator faults,
the bound estimations for parameters [3,; = 1/pri, guvi =
Bui Sups>o Twip in translational control protocol, and B.; =
1/ guis Gt = inf20 hanin (g Co(8:)p5: Di( T 5 Co(8)) ) in
rotational control design are introduced in (35), (36) and
(39). Further, we employ the features of the smooth function

9 tanh(g) in design of T} in (33), and function \/% when

designing SiO in (37).

IV. SIMULATION RESULTS AND ANALYSIS
A. Simulation Scenario

In order to illustrate the effectiveness and superiority of the
proposed event-triggered adaptive control scheme, several repre-
sentative simulations are conducted in this section. The structure
parameters and coefficient values are referred to [23] and listed
in Table I . Three networked fixed-wing UAVs are considered
to complete the mission of coordinated turn and climb. The
initial conditions are given in Table II . The corresponding
communication topology is illustrated in Fig. 4. The reference
commands are set as

40m/s, 0s <t <4s
V.= < 45m/s, 4s <t < 15s
50m/s, 15s <t < 24s
[0deg,0deg,0deg]”, 0s <t < 4s
(b0, 0, 0] T = [5deg, 5deg, 10deg] ™, 4s <t < 15s
[0deg,0deg, 10deg]™, 15s <t < 24s
During the flight, suppose that the external distur-

bances in speed and attitude motion are described as
d,; = [0.1sin(7t),0.1sin(4t),0.1cos(mt)]T  and d.; =
[0.2 cos(7t), 0.1sin(7t), 0.2 sin(7t)]T (i =1,2,3); Mean-
while, the rudder of follower 2 loses its effectiveness described
by ps3 = diag{1,1,0.9} during ¢t € (19, 22]s, while the leader
and follower 1 are healthy during flight. The main parameters
of the proposed control scheme are set in Table III .

B. Results and Analyses

Scenario 1: In the first scenario, the simulation is con-
ducted by applying the proposed event-triggered adaptive con-
trol scheme to the multi-UAV dynamic models in above sim-
ulation scenario. Fig. 5 depicts the flight trajectories of UAV
formation, from which we can observe that the coordinated turn
and climb with satisfactory speed and attitude synchronization
tracking is achieved. The detailed speed and attitude tracking
performances are shown in Fig. 6. From Fig. 6(a)-(d), it can
be observed that speed and attitude both converge availably to
the desired trajectories, which validates the effectiveness of pro-
posed schemes. Additionally, the tracking errors of speed and at-
titude are depicted in Fig. 6(e)-(h). From Fig. 6(i)-(1), we see that
the proposed scheme can guarantee the synchronization tracking
of speed and attitude for UAVs. With the proposed control
scheme, the time intervals of each event for UAVs are presented
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Fig. 10.  Control performance comparison of speed and attitude tracking under two comparative controllers and proposed controller (taking the follower 2 for

example). (a)- show the curves of state responses. (a ccd response Oll angle response (C 1tch angle response aw angle response.
ple). (a)-(d) show th f p (a) Speed resp (b) Roll angle resp. (c) Pitch angle resp (@)Y gle resp

—— Fault mode 1
50| Fault mode | | .
Pl mode 3 i/ I i 15 e
48 |-eeece Fault mode 4 i \"ﬁ\/l . ;H‘ ,‘ |‘ i N . I”\,’\ /\ A oo %

K 15 22.2; 224 226
= 4 HA, o w | ‘n,’ ‘u”lll | ] HH) g [ /\ /\t‘"“‘v"“
3 A < M V) < A s VY
= | ﬁJ 1908 K] I | H e | K] / VoV

4 l' 5 49.96 ! “‘ !‘\,i‘“—""‘“‘ 0 L""“’0 04 5 10 *""w 5

| = | \l 0.021;" / 99 -

1499 7 ! . I 9.95
A0 "4 / A e l —ovr)g /’ 9.9
38 204 20.6 5 205 21 215 5 [V} s 206 208 21 212

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time[sec| Time[sec] Time[sec] Time(sec|
(a) (b) (© (d)
Fig. 11.  Speed and attitude tracking of follower 2 under different fault modes. (a)-(d) show the curves of state responses. (a) Speed response (b) Roll angle

response (c) Pitch angle response (d) Yaw angle response.

in Fig. 7(a)-(1) and meanwhile Fig. 8(a)-(c) list the time at which
the events are triggered. Then, the numbers of events triggered of
control inputs for each UAV during 24 s are calculated, as shown
in Fig. 9.

Scenario 2: To illustrate the superiority of proposed con-
trol scheme, two comparative control methods are conducted.
The first comparative method is obtained by removing the
event-triggered strategy from our proposed control scheme,
which is used to show that the event-triggered feature re-
duces the control transmission burden, and meanwhile main-
tains the control performances (denoted as “Compared con-
troller 17 hereafter). Moreover, we find the control approach
designed in [22] (regarded as “Compared controller 2” here-
after) worth for comparison because it deals with the flight
control for six-DOF fixed-wing UAV as well, however without
fault-tolerant and event-triggered control. As a consequence,
the comparative simulation results are depicted in Fig. 10 (tak-
ing the follower 2 for example), which shows the tracking
curves of speed and attitude under the three control schemes.
Obviously, the compared controller 2 breaks down in speed
and attitude tracking when reacts to the external disturbances
and actuator faults, which obtains the worst performance of
three control schemes. In addition, the integral absolute error
(IAE) and control transmission times are utilized here as per-
formance indices. The results are summarized in Tables IV
and V . It is explicit that the proposed scheme saves 86.67%
of control transmission burden, and meanwhile maintains
the good control performances compared to two comparative
controllers.

TABLE IV
TAE ASSESSMENT OF TRACKING PERFORMANCE FOR SCENARIO 2

Control Schemes 1%} b3 03 Y3
Compared controller 1 15.8 18 14.3 25
Compared controller 2 88.5 33.1 19.2 374

Proposed controller 17.8 164 134 256
TABLE V

CONTROL TRANSMISSION TIMES FOR SCENARIO 2

Control Schemes T3 a3 Oe3 053
Compared controller I ~ 24000 24000 24000 24000
Compared controller 2 24000 24000 24000 24000

Proposed controller 2146 5263 2810 2575

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

Fault mode 1: The rudder of follower 2 loses its effectiveness
described by ps, = diag{1,1,0.9} during ¢ € (19,22]s.

Fault mode 2: Based on the fault mode 1, the rudder of
follower 2 also suffers from the bias fault introduced as d35 =
[0,0,1]T during ¢ € (19,22]s.

Fault mode 3: The elevator of follower 2 loses its effectiveness
also with the bias fault described by ps, = diag{0.9, 1, 1} and
d3¢ = [0.5,0,0]T during ¢ € (19,22]s.
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Fault mode 4: The aileron of follower 2 loses its effectiveness
described by ps, = diag{1,0.9, 1} and meanwhile suffers from
the bias fault as d3¢ = [0, 1,0]™ during ¢ € (19,22]s.

Based on above fault modes, the fault-tolerant performances
of follower 2 for different fault modes are shown in Fig. 11.
Desired robustness with proposed controller is demonstrated in
case of above four fault modes in Fig. 11. From Fig. 11, we
can notice that the fault-tolerant property guarantees the stable
tracking of speed and attitude for follower 2 in the presence of
different faults on three control surfaces.

V. CONCLUSION

An event-triggered cooperative synchronization fault-tolerant
control methodology has been designed for multiple UAVs
subject to actuator faults, modeling uncertainties, and exter-
nal disturbances. As compared with most existing works con-
cerning two-degree or only attitude/longitudinal dynamics, six-
DOF dynamics with twelf-state-variables has been considered.
Specifically, event-triggering mechanisms are introduced into
translational and rotational subsystems independently, which
reduces the signal transmission burden, while saving on system
resources. The actuator faults as well as the network induced
errors are dealt with by the bound estimation approach and
some well-defined smooth functions. All closed-loop signals
are SGUUB and meanwhile the synchronization tracking of
speed and attitude for UAVs is achieved well. We note that
the extension of event-triggering mechanism to communication
between UAVs is open. Also, involving output/state constrains
and prescribed performances into our proposed scheme remains
a good point for future research.

APPENDIX A
PROOF OF THEOREM 1

Noting (15) and (31), we obtain the derivative of f/,i’ as

. T T
Fy\ v, uipTiTxiO
V = )\. RT v dvl T
[V ( m; >+ Vi (ot )} m;V;
T . B
a5V =i Y iV, (A1)
Vi JEN:

Substituting (28) into (A1) gives

: F'() ’UT CvipTiTTiO
V=2 Rlg+ 1)+1A4+d}+'”
|:V; ( m; Vi (A i) I +aip
+Cviwvi — Tvi, (AZ)
where @,; = Typif — 7‘111{’(11‘1’5
Integrating (23) leads to
WiliSvit + Twit + dyin
/v;jr (Aml + dm') = ,U;l" W;k;’z'I‘zgviZ + Tvi2 + dm'Z
Wih6uis + Twiz + duis
3 3
= sz WZ?ﬁmj + Z’Uz’j (Tvij + duvij),  (A3)
=1 j=1
where v; = [vj1, Vi, vi3] T = [ug, vi, wi] T

Using Young’s inequality, we arrive at

~ 0,2
K{U‘ e V20 ®uishisui; b2,
—Uij vijSvij = ) ) ;
Vi 2hvi1‘/i 2
v/ ‘71'/2”1'2]' WiaToij
i (Toij + dvij) < 5557 , (A4
Vi 212,V 2
Where (P’Ui = maX{Wmlel, W’UZZ ,U7427 W’UZ3 ,023} al’ld

Twij + dyij satisfies |Tpij + dyis| < Toij-
Substituting (A4) into (A3) yields

¥ 2 2 72,2
Ki/v-T(A +dy) < Z <V, LA L Vi

Vi - 2hZ. 1V2 2h2 »2V2
]:] v v
h2 i1 h%ﬂ 32]
= — . A5
+ > T (AS)
Combining (A2) and (AS5), it holds that
vf Fv o, 0=, vlv,V/
V/V/ < )\ V/ RT 20 viV; v i ViV
V; ( mg * Zh%ilvi * Zh%ﬂ‘/iz
) Vi szz )
+‘/;/ w + Cm’wm’ - V;‘/rm'
1 +ap
h 'U f’U'L
vy Z( vil J). (A6)
Define 3,; = E Gui = Bui SUPy> Wi- Let By = Dy —

(I)vm ﬁm Bm ﬂm’ gvi = gvi — Gui» Where (i)vi, Bvis ?]m’ are
the estimations of ®,;, 3,; and g,; respectively. Invoking above
definitions yields

V mem < pngm|V |<vz pngv7,|V |Cvz pngmﬂ;;lsz

(AT)
According to Lemma 3, pr; gvi|‘~/i’ |Cy: satisfies
C C; ‘N/‘/A'ui v
p1190il V! |Coi < pri (V] §uiCoi tanh <9C> +0.2785¢,).
v
(A8)
Take the following Lyapunov function candidate:
1~ 1 PTi PTi 7
Ly ==V2 P2+ 2. 2 (A9
: 2 ! - 27’1}11 2'71)7,2 vi * 271)1‘3 ve ( )

Using (A6)-(A8) and taking the derivative of (A9), we have

V6o
L .ZUL.CU1> + Qg — T1)i]
v

i)m'UTEm'
2h2..V;

vl

LIS‘;;‘/

pTigviC'ui tanh <

‘7‘/ Vi szz
4 Yilwieridzio i or s,
1+ ap

PTi ~ ~ 1 -~ =
+ —Gui (gvz ’7vi2|‘/i/|Cvi) + 7q)viq)vi
Y Yvi

vi2 vil
PTi
Yvi3

Bm‘Bm‘ + 0.2785¢ipr;
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3 2 =2
hz, h i2Toii
s Thyi1 vi2 'vij Al
SE(ER)
Jj=1
It follows from (33) that
VI CoipriTui —pri (1 ~
i CoipTilwio _ —Pr ( +a1)‘/i/Bvi~ (Al1)
I+ ap I +app

Bearing in mind that —atanh(a/1) < 0 with Ya € % and
¥ > 0, we obtain —V;B,,; < 0. Since |p;(t)| < 1, one has 1 —
a; <1+ aip; <1+ a;. Invoking Lemma 3 yields

f/i/gvi Cvi >

Evi

—pri (1 +a1) 5 =
pl—l—(alpll)Vi,Bm < —pr1iVy GviCyi tanh (

— 1V (i — Ti) Boi + 0.2785e,,p74. (A12)

NOtlIlg _pTzV (am - Tvz)ﬂm = _V;-I(Ckm' - 7"m-) — pTZ-f/;/

X (i — rm)ﬁm and substituting (34)-(36), (A12) into (A10)
result in
. ~ o} g, JUN Ty
Ll S _Cvi‘/iQ ul (I)Uz(buz Mgvzgvz M/szﬁvz
Yvil Yvi2 Yvi3
B2 h2 72
+0.557cipri + Ai Z ( vil 4 % . (A13)
Jj=1
Using Young’s inequality gives rise to — P, b, < —1 <i>2
%(1)72”, _gvigvi S _%ngn + %912}1:7 ﬂmﬁm S ﬁm + B
Then (A13) is formulated as
; ! Ovil % PTi0vi2 -2 PTi0vi3 32
Ly < —¢,V;2 - 292 — . — -
b= il 2% " 272 T 293
Ovil 72 PTiOvi2 2 PTi0vi3
+ P+ ; ;
291 " 272 T 2%z
h2 h2 —2
+0.557cyipri + Ai Z( vil 4 22 v
7=1
< —Kuila + Xoi, (Al14)

I _ o 2
where Hvi—mln{zcvhUz;i]7U1Ji2a0013} and Xm v P
PTiOvi2 2

2y, Jvi

2 2941 VT
2 _’_)\- E] ]( 'ml 1)1,” v7]) +

0.5572y;pri-

From (A14), it follows that

[Xm +L1(0)] —huit &7 t>0 (Al5)

vt Rai

PTiOvi3
+ 29vi3

0<L; <

As a result, all the closed-loop signals in translational sub-
system are SGUUB. It should be noticed that f/i’ can be made
arbitrarily small by increasing c.;, Vi1, Yvi2, Yviz and meanwhile
decreasing A1, hyiz, Ouils Oviz, Ouiz and €,;. Therefore, the
speed synchronization tracking error can be made arbitrarily
small by appropriate choice of the design parameters. Moreover,
the choice of a; and a;, should balance the system performance
and the number of triggering events. This will be further shown
in the following numerical example.

Next, we prove that our proposed control scheme can avoid
Zeno behavior. That is, it should ensure that there exists a t* >
0 satisfying {t},, —t}} > t*. Since eTi:Tzio(t) — Tyio(t),

vt € {t},—t}}, there exists %|€Ti|:SigH(ETi)éTZ‘S |Tmo|

From (33), Tm-o is differentiable and Tm-o is a function of all
closed-loop signals. Therefore, there exists a constant ju; such

that |Tm-0( t)| < pr;. Since er;(t)) = 0and hmth+l er;i(t) =
ay, it can be seen that the lower bound of ¢* satisfies t* < pr;/as,
which means that the Zeno behavior is successfully excluded.

This completes the proof of Theorem 1. |

APPENDIX B
PROOF OF THEOREM 2

Step 1: Choose the following Lyapunov function as

1
L2 7e/T e/

5 CeiCoir B1)

Define e,,; = w; —wy;. Taking the derivative of (B1) along the
trajectories of (16) and (32) arrives at

Ly = e5[N; (Ry'wai+ Ry ewi—¢,) —his Y aijéy;),

JEN;
(B2)

We design the intermediate controller w; as

R,

57 —K i€, + 2, + hia Z aijépj | ,(B3)

JEN;

Wda; =

where K ; € R¥*3 is symmetric positive definite matrix.
Substituting (B3) into (B2) leads to
Ly = - K€, + el (R,")Te

LLA)L

(B4)

gm

Step 2: For the purpose of forcing w; to track wy;, from (22),
it holds that

el (TS (Jiow:)+ I3 Nio+ J 35 Ciops; Didio)
(BS)

€uibui =
el (0] + Al + Lui + dui — @ai)
where o, = J ;' Cops;0; is bounded.
Using (23) yields

3 3
T T
el (AL + 0} +lui+dui) =) ewiyWilisuij + Y Cuis-
j=1 j=1

(Twij + 055 + lwij + dwij)-

(B6)
Using Young’s inequality, one has
2 T
wij wijdSwij = Zhi“ D) )
2 2 =2
e oo Tois
ewij (Twij + 04; + lwij + duwij) < w;j + === (B7)
2k 2
where @ maX{szl wll ) szZ sz’ w13 sz3}

and the term (7. -l-UU + loij + duij) satisfies |75+
05 F lwig + duwij| < Twij.
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Substituting (B7) into (B6) gives

d,.= €wi
T / / T Wi =i wi
i (AL i lwi dwi S
Oﬂ( “r - 7i " - ) ( 2hwzl - 2hw22)
3 2 =2
h AT
wzl wi2'wij
——|. (B8
+ g > (B8)

Jj=1

. _ _ T )
Since Amin(Jiol Ciop&(.]iol Ci0) ) > Gimin by Assumption
2, we arrive

hamin (T Ciops: Di (5 Cio) ) = m;“ >0.  (BY)
Deﬁne g 1nft>0 )‘-mln (Jz() Ctopﬁz l(J;OI CiO)T)’
6wt = wi —(I)wt ww ﬁwz ﬁwz /sz with (I)wi7 ﬂwi

being the estlmatlons of ®,,; and (,,; respectively.
Consider the following quadratic function candidate:

1 ~ i
Ly=1L L+ B2,
: 2T 0 27wil - 2%wi2 Y

It follows from (B4),(B5) and (B8) that the time derivative of
(B10) denotes

ewz +

(B10)

—
T (Dwzh'wz

L3 = —epriKHe/m — eEiKZiewi + eEiji —CuiThra
2hwzl
T 1 N 3 h’i”bl hi} 70.)2]
teid 0 Ciops; Didio + Z > T2
=1
1 Jui
+7¢’wz¢wz + ﬁwzﬁwza (Bll)
Ywil Ywi2

Noting (37) and invoking Lemma 2, it follows that
_ “ _ T
eliJ i CiopsiDidi = D;(J'Ci)
ebﬂBf)iCEiji 7gwlﬁwz wzeUJsz7sz
\//BW’L wzeWZszsz + Ewi 3)1 wzewszszz + Ewi
< GwivEwi = Juil Buwil ll€will [|€uw; I
< JuwiN/Ewi — gwiﬁwieEiji'
Substituting (38)-(39) and (B12) into (B11), it holds that
Ly < el K€, — eb,Koiewi + €5,C 0 + guiv/ewi

T y-1
—e i J 0 Ciops;

(B12)

2 hz —2
wi2 ' wi
—Yuwi (ﬁwz ﬂwz MCW + Z wzl TJ
- Tuil (i)wici)wi - Mﬁwiéwh (B13)
Ywil Ywi2
Following gm(BM — BM) = gwifwi = 1, one arrives
3 2 2
. h? hinT,
L3 Klz Lpz e KZzewz + Z w“ + %
Jj=
Owil = & iTwi2 =~ »
-I-ng' VEwi — lywll (I)wiq)wi - %ﬂwiﬁwi- (B14)
wi wi

Using Young’s inequality for the terms of <i>m- Ci’m and Bm Bm- s
it can be checked that

Ly < kil 4 Xwis (B15)

where nm—mln{kam(Klz) ZAmln(Kzz) Owil, Owiz} and
2
X =GB+ Ty (gt 2ot 1 g2 4

M 2
27wi2 we*

Integrating (B15) over [0, ¢] leads to

0< Iz < {X“ + L3(0 )] emreit 4 Xt (Blg)

Wi Ruwi

Therefore, it can be seen from (B16) that all closed-loop
signals are SGUUB. Note that the convergence region of efp ; can
be made smaller by increasing K ;, K»;, Yuwil> Ywi2 and mean-
while decreasing hi1, hwiz, Owils Owiz and £,;. Thus attitude
synchronization tracking error can be made as small as desired
by appropriate choice of the design parameters. Moreover, the
choice of b; and b, requires to balance the control performance
and the number of triggering events. This will be further shown
in the following simulations.

Further, it is proved that the Zeno behavior can be
avoided. That is to guarantee that there exists a t* >0
such that {t7 | — 7} > t*. Since e5; = dio(t) — dio(ty), Vit €

{ti 1 —t7}, we obtain é5(t) = 8i0(t). From (37), 8y0(t) is a
function of bounded closed-loop signals. It is clear that &s;(t)
is bounded and |é5;;(t)| = |5i0j(t)| < psi; with positive con-
stant fis:5, j = 1,2,3, where es;; and 3i0j are the jth ele-
ments of es; and &0 respectively. Considering es;; (tf) = 0and
limy e egi;(t) = by, itcanbe judged that t* > (155 /b2, hence
the Zeno behavior is successfully precluded. This completes the
proof of Theorem 2. |
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