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Abstract This article focuses on the problem of adaptive
finite-time trajectory tracking control for a quadrotor
unmanned aerial vehicle (UAV) with actuator faults. By
introducing a novel finite-time command filter, the
derivative of virtual control law is approximated, so the
issue of “explosion of complexity” is successfully avoided.
At the same time, the fractional power error compensation
mechanism is constructed to quickly remove the effect of
filtered error. By virtue of the command filter technique,
backstepping design method, and event-triggered control
strategy, the adaptive finite-time fault-tolerant controllers
for a quadrotor UAV are designed. It is demonstrated that
all signals of the closed-loop system are finite time boun-
ded, and the attitude and position tracking errors can
converge to a small neighborhood near the origin in a finite
time. Finally, the simulation examples are given to validate
the efficacy of the developed adaptive finite-time control
algorithm.
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1 Introduction

In the past decades, trajectory tracking control of the
quadrotor unmanned aerial vehicle (UAV) has been a
hotspot due to its broad range of applications, including
military defense, urban services, and plant protection [1-4].
A large number of studies have been reported on quadrotor
UAVs via various control techniques, such as PID control
[5], sliding mode control [6, 7], and backstepping control
[8—10]. It should be noted that the chattering phenomenon
in [6, 7] is inevitable and the drawback of “complexity
explosion” in [8—10] also cannot be effectively solved.

Recently, a series of dynamic surface control (DSC)
schemes have been presented for quadrotor UAVs in
[11-13] to decrease the complexity of the existing control
strategies. Meanwhile, the command filtered backstepping
(CFB) technique was used for the trajectory tracking con-
trol of a quadrotor UAV [14], which eliminated uncon-
sidered filtered errors [11-13] by introducing error
compensating (EC) signals. In [15], an adaptive attitude
loop controller via the CFB technique was constructed for a
six-freedom nonlinear small UAV without precise models.
Consider the quadrotor UAV with input saturation and
disturbances, the command filter-based disturbance obser-
ver flight control algorithm was proposed in [16]. It is well
known that fuzzy logic systems [17-20] and neural net-
works [21-23] are considered as powerful tools for con-
trolling nonlinear systems owing to the universal
approximation properties. Subsequently, some approxima-
tion-based adaptive control schemes for quadrotor UAVs
[24-26] have been proposed, which effectively approxi-
mate the unknown nonlinear dynamics. However, the
abovementioned control strategies are based on the premise
that the control signals are continuously transmitted to
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actuators, which occupy communication bandwidth and
waste resources.

The event-triggered control (ETC) technique, which has
the advantage of lower resource consumption, has been
utilized to ease the communication burden of quadrotor
UAVs. An event-triggered-based adaptive constraint con-
trol algorithm was proposed for a quadrotor UAV [27],
which made the output errors meet the asymmetric con-
straints. Based on the fixed threshold ETC strategy in [28],
the problem of tracking control for the quadrotor UAV was
studied. When the quadrotor UAV raised external distur-
bances, an event-triggered-based adaptive controller was
constructed in [29] to ensure the robustness of the closed-
loop system. Given the quadrotor UAVs with input satu-
ration, the antisaturation tracking control schemes in light
of relative threshold ETC technique were proposed in
[30, 31], respectively. Nevertheless, these results only
guarantee asymptotic convergence. Finite-time control
[32, 33] was considered to be the time-optimal control
strategies with fast convergence and strong robustness.
More recently, a series of finite-time flight control algo-
rithms for quadrotor UAVs have been presented, see, e.g.,
[34-38], which have superiorities in convergence speed
and robustness. In [34], the problem of finite-time forma-
tion control for quadrotor UAVs was investigated. For the
attitude system, the adaptive flight controllers were
designed in [35, 36] based on the finite-time stability the-
ory. In the cases of input saturation and model uncertain-
ties, the adaptive finite-time control strategies were
developed in [37, 38], which guaranteed the global con-
vergence of quadrotor UAVs.

On the other hand, the unexpected failures on the
quadrotor UAV could severely degrade the flight perfor-
mance and even lead to the crash, so it is essential to
guarantee the fault tolerance of the flight controller. In [39],
the complete fault of the single rotor for the quadrotor
UAYV was considered. The controllability remained at the
expense of rolling angle freedom, which means that the
UAYV cannot complete the established task but to make a
forced landing. Using sliding mode control and observer
technique, the fault-tolerant control strategies for quadrotor
UAVs were proposed in [40, 41], respectively. In [42], the
distributed finite-time containment controller for multi-
UAVs with actuator faults was designed using the mini-
mum learning parameter technique. The problem of adap-
tive finite-time fault-tolerant control for single UAV [43]
was considered, and the distributed finite-time control
algorithm for multi-UAVs [44] with actuator faults was

proposed. To the best of author’s knowledge, the event-
triggered-based adaptive finite-time trajectory tracking
control for quadrotor UAVs with actuator faults via CFB
technique has not been solved.

Inspired by the preceding discussion, this article inves-
tigates the problem of trajectory tracking control for a
quadrotor UAV with actuator faults and develops a fuzzy
approximation-based event-triggered adaptive finite-time
fault-tolerant control strategy. The main contributions of
this article are summarized as follows:

(1) The proposed finite-time command filtered back-
stepping (FTCFB) control strategy, by combining
the finite-time command filter technique and the
fractional power error compensation mechanism, not
only overcomes the issue of “explosion of complex-
ity” in [8-10] but also eliminates the effect of
filtered error unsettled in DSC [11-13], resulting in
faster convergence and better tracking performance.

(2) Different from the asymptotical convergence control
schemes for quadrotor UAVs [14-16] related to CFB
technique, the ETC algorithm based on the relative
thresholds event-triggered mechanism is developed,
which reduces the execution number of actuators
while saving the computing resources of the airborne
platform. In addition, the attitude and position
tracking errors can converge to a small neighbor-
hood near the origin in a finite time.

(3) In contrast to the existing fault-tolerant control
schemes [39-41], the partial loss of effectiveness
and unknown bias faults in actuators are both
considered in this paper. Especially, the prior
information of bias faults is no longer required
based on the adaptive compensation technique.

The rest of this paper is organized as follows. The model
description and preliminaries are provided in Sect. 2. In
Sect. 3, the finite-time fault-tolerant control scheme for the
quadrotor UAV is developed and the stability analysis is
also provided. The simulation results and the conclusion
are presented in Sects. 4 and 5, respectively.

2 Model Description and Preliminaries
2.1 Model Description

Consider the quadrotor UAV and its dynamics model is
described as follows:

@ Springer



International Journal of Fuzzy Systems, Vol. 24, No. 8, November 2022

3758

a I, — I - .
=— 0 —w,0+d

¢ Ixr¢+ A l//—&-lxw +dy
a L—1 .. J .

i L — L wg+d,
1},“’+ I, oV I‘W(ﬁ“L 0
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Y=—1+ 2P0 +dy
S S
1

7= %Ir(cosqﬁcos 0)—g+d,

1
¥ = —17(cos ¢ sin 0 cos Y + sin ¢ siny) + d,
m

1
y= - 77(cos ¢ sin Osinyy — sin ¢ cos Y) + dy,

where ¢, 0, represent roll, pitch, and yaw angle; the
positions of quadrotor UAV in space are described by
x,y,and z. g is the gravitational acceleration. m and a
indicate the mass of UAV and the distance from the
fuselage center to the propeller shaft; I, I, I, stand for the
moment inertia of UAV; J, and @, denote the moment
inertia and angular speeds of the rotors. For
i=¢,0,y,z,x,y, d;i denotes bounded disturbance satisfy-
ing | d; | <d; with d; > 0 being a constant. T4, Tg, Ty and
77 are control inputs.

The actuator fault model of quadrotor UAV can be
formulated as [45]: u’f = p;u¢ + b;, where p; € (0,1] indi-
cates the residual efficiency factor; b; is the unknown time-
varying bias fault; and u{ is the actual control input signal.

Define (nla M2, M35 N4, Y55 176) = (‘ba Oa '107 3%, y)’ and the
dynamics model of quadrotor UAV can be rewritten as

i=1,23 (2)
i=4,56, (3)

i =gi(piuf + bi) +fi + d,

iy =gi(p + bi) + dy,

where  (g1,82,83) = (a/lv,a/ly, 1/I,), g1 =85 =g¢ =
1/m, (uqvu);vul;) = (Td)vrf)v‘cl#)’ (M£7u§7u€) =
(tr(cos ¢ cos 0) — mg, 1r(cos ¢ sin O cos Y + sin ¢ sin i),

77(cos ¢ sin 0 sinyy — sin ¢ cos ), (fi.fo.13) = (O
(Iy - L)L+ erJr/Ixa ﬁbw (I, — Ix)/ly - wrd.)Jr/Iw ¢0
(I — L) /1), (di,dr,d3) = (dy,dy,dy), and

(da,ds,ds) = (d;,dy,dy).

The control goal of this article is to design an event-
triggered-based adaptive finite-time fault-tolerant control
scheme for a quadrotor UAV, which ensures the position
and attitude outputs quickly track the reference trajectories
in a finite time and guarantees the finite-time boundedness
of all closed-loop system signals.

Assumption 1 For i = 3,4, 5,6, the reference trajectories

n? and its first-order derivative 17? are continuous and
bounded.

@ Springer

2.2 Fuzzy Logic System

Fuzzy logic system uses fuzzy If-then rules to realize the
mapping from input vector x = [xj,xp, .. .,xn]T to output
variable y € U, and the /th If-then rule can be indicated as:
R':. For I= 1,..,N, if x :Fi, xQ:Fé,..., and
x, = F', then y = G, where F! and G' are fuzzy sets cor-
responding to fuzzy membership functions I (x;) and
U (), and N is the number of fuzzy rules. If the methods
of single-point fuzzification, product reasoning, and center-
weighted defuzzification are adopted, the fuzzy logic sys-

tem can be expressed as y(x) = S0, 7 [T, ip(xi)/

Zﬁvzl H?:1/1F; (x;), where y, = maxyey pgi(y). The fol-

lowing fuzzy basis functions are defined as
n N n

@ = TTimy e (i) /3202 Ty e (i) Let

[.)717.)727"'7)7N]T ]T and (PT('X) = [(Pl(x)7
@3(x),...,0oy(x)], then the fuzzy logic system can be

expressed as y(x) = E' ¢(x).

[1]

= |=,. = =
= [_1,_2,...7_N

Lemma 1 ([46]) Assume that f(x) is a continuous function
defined on the compact set Q, for any given constant
o > 0, there exists a fuzzy logic system such that

sup | f(x) —E'o(x) | <.
xeQ

2.3 Finite-Time Control

Definition 1 ([47]) For the nonlinear system Y = J(Y)
with the initial condition Y(#) = Yy, if there exist a pos-
itive constant 7 and the setting time #* (7%, Yy) to make
1Y (2)|| <7 for all t > #y + *, then the equilibrium Y =0
of the nonlinear system Y = J(Y) is semi-global practical
finite-time stable.

Lemma 2 ([48]) For the given scalars 0 <n<1, w; > 0,
wy > 0, and 0 <w3 <00, if there exists a continuous pos-
itive definite function £(Y) in relation to the nonlinear
system Y =2(Y) such that E(Y)< —wE(Y)—
W, E(Y)" + w3, then the solution of Y =3(Y) is semi-
global practical finite-time stable, where the upper bound

of the setting time t* is 1*< max{to—k%)ln

T (17]’[

mow £ 7" (1p) +w, 1 w2 (1) +mow,
) »lo + wy (1—n) In T,

O<my<1.

}, and my satisfies
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2.4 Useful Lemmas

Lemma 3 ([49]) Suppose that 3(P, Q) > 0 stands for a
real-valued function, and A and B are the constants
greater than zero, and one has

A
PRIQP < 221P Q) | P

B -4 A+B
+A—+BJ(P’ Q) r|Q*”.

Lemma 4 ([50]) For p=1,---,q, 0<G<l]1,
T, € R, the following inequality can be obtained

(Zm |>gs pilm G Sqlg(é% >

=1

and

g

3 Finite-Time Fault-Tolerant Controller Design

In this section, the adaptive finite-time fault-tolerant con-
trol scheme for attitude subsystem and position subsystem
of the quadrotor UAV is presented based on the event-
triggered mechanism and CFB design method,
respectively.

3.1 Controller Design for Attitude Subsystem

Defining the tracking errors as vy =n, —n¢ and
vip =1; — . G = i1 — 21 and (o = vip — zip are the
compensated tracking errors, i = 1, 2,3, where 1114 denotes
the reference trajectory; z;1,z;» are EC signals which will
be given later. of, is the filter output with the virtual
control law o;; as input, where the following finite-time
command filter [51] is adopted:

€i,1 =€i2

b

6.,'72 Zé (—Q,’,] arctan (6,"’] - OC,'J) - Q,‘A’z arctan(Rieiﬁz))

i

(4)

where &;, &;, and £;, are positive constants, € = of,
and €5 = 0.

The virtual control law o;; and EC signal z;; are

designed as

%1 = — P Vi1 + '7? - qt‘,lajl (5)

. q " n
Zig = = Pi1&i1 + 22 + (06571 - Oti,l) — 1%, (6)

where p;;, q;;, and v;; are positive design constants;
1/2<n=mn/ny<1, ny, and n, are positive odd integers.
From (5) and (6), the time derivative of {;; is computed as

éi,l = (o —pialin — qi,IC?,I + 1’1’,1121- (7)

Remark 1 Note that the conventional backstepping con-
trol schemes for the quadrotor UAV [8-10] require repe-
ated derivation of the virtual control law, which result in
the issue of “explosion of complexity”. In this paper, the
finite-time command filter is introduced to quickly obtain
oy and ¢, to replace o;; and its derivative o;;, thus
reducing the computational complexity of the proposed
control algorithm.

Differentiating (;, together with (2) yields
éi,z = gipit; + gibi +fi +di — oy — Zio. (8)

From Lemma 1, the fuzzy logic system can be utilized to
approximate  the  unknown  nonlinear  function
fi=E "o+ o
stant; 27 is the weight vector. fi is the estimation of the

2, and l:,' =TI, - f; is the
estimation error. Using Lemma 3, one has

w; | <®;, where @; is a positive con-

unknown constant, I'; = ||E]

1 1 -
(ind; < —C,%z +§di2 ©)
GIE ol o 1, 1, 1,
£ 2 i R 272 — @2, 10
C,,zﬁ_izb? LR ISR L (10)

where [); > 0 is a constant. Define A; = b;, and /ii =
A — Ai is the estimation error. The virtual control law o; »
and EC signal z;, are given as

% =—— (Pi,”i, +a i o - + G
o (1)
Lol o \
hlimiading) A
- 2h, e
Zip == PioZi2 — %l — YipZs (12)

where p;,, q;,, and v;, are positive design parameters. The

parameter tuning laws A; and T; are selected as

A =t 18ilin — Ii,lAi (13)

: &0l 0, .

[ =t = — — 1,1}, 14
2 Zf),z 2 ( )

where f;; > 0 and [;; > 0 are constants.
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In light of ETC strategy, the intermediate control law f;
is designed as

A0 =~ ) (matann (22 ¢ o (250 )
(13)

where 0 <y; <1 and x; > 0. For all 1 € [ty ;, txy1,), uf ()
Bi(t;) indicates the actual control law. Define e;(t) =
B;(t) — u?(r) and construct the event-triggered mechanism
as

fier; = inf{t € R [ ei(t) | > [ (t) [ +cin} (16)

where ¢;; and ¢;, are design parameters satisfying
i > Gin/(1 — ). tiik € Z*, is the label of update
moment. When (16) is satisfied, ¢ is labeled as #;41; and the
intermediate control law f;(fx+1;) is transmitted to the
actual control law u(z), otherwise u¢ () remains the con-
stant f3;(#;) until the next triggered moment. Using (16),
u?(t) can be alternated by

B:(1) D;ia(1)gin

- - 17
L+@; () 1+ D (1) (17)

u; (1)

with | ®@;1(¢) | <1 and | @;2(r) | <1 being continuous
time-varying functions.

3.2 Controller Design for Position Subsystem

Define vy =n; —n¢,vip =1, —of |, i=4,5,6, as the
tracking errors, where ¢ represents the reference trajec-
tory; o;; is the virtual control law; and O‘f,l = ¢ and
o;, = €. Define the compensated tracking errors as {;; =
Vi1 = Zit, Cip = V2 — zi2 With 71, z;2 being EC signals.
Design the virtual control law «; ; and EC signal z;; as

(18)
(19)

where p,;, q;1, and 1;; are positive design parameters.

Using (18) and (19), C.in,l is computed as

-d n
%1 =—Pivin 17 — a1

; C " n
Zig = = Pi1Zi1 +zip + (06,",1 - Oti,l) — 1%,

Gin

According to (3), the time derivative of z;, can be obtained
as

= Lo = pirlin — a0 g (20)

lio = gipitf + gibi + di — 65, — 7. (21)

The virtual control law ;> and EC signal z;, are con-
structed as

@ Springer

(bivi + @l +o— o + G +oihi)  (22)

ip =

M

Zip == PinZ%i2 — %l — Li2Zy (23)

where p;,, 925 and r;, are positive constants. A; = b;; /(i
is the estimation of A; and A; = A; — AA,'. The parameter

tuning law A is consequently chosen as

A =ti18ilin — lis A (24)

with f;; and [;; being positive design parameters.
By applying the ETC approach to the position subsys-
tem (3), the intermediate control law f3; is given as

) = (14 ) (natann (222) (2251 ).

i Ki

(25)

where 0 < u; <1 and x; > 0. The actual control law u{ and
the event-triggered mechanism are given by

ui (1) = Pi(tei), Yt € [tris i) (26)
fipri = inf{t € R[] ei(t) | >p |ul(t) | +¢ia}, (27)
where  e;(t) = f;(t) —uf(t), Gy > Gin/(1 =), and

Sin>0. nyke 77", is the controller update time. If
t € [t;, tk+1,4). the actual control law u¢(r) remains a con-
stant f3;(#;); when the event-triggered mechanism (27) is
triggered, the time instant is noted as #;,;; and the inter-
mediate control law f;(#11 ;) is applied to u?(z). Moreover,
on the basis of (27), one yields

W () = Bi(t)  Dia(f)Sio
l L+ @ () 1+ Py ()

where | ®@;(r) | <1 and | ®;»(¢) | <1 are continuous
time-varying functions.

Based on the coupling among the total lift force 77, the
reference trajectories of roll angle 17‘11 and pitch angle n‘z’,

(28)

the control inputs of position subsystem uz, ué, u’;, and the
yaw angle 75, the following equalities can be obtained

or =y mg)? + () + (1)?
n? = arcsin (ué sinls — MI; cos 7]3)

Tr

o
n4 = arctan [ -

cos iz + ué sin s
ui + mg .

In summary, the above fuzzy approximation-based event-
triggered adaptive finite-time fault-tolerant control design
procedures for the quadrotor UAV is presented in Fig. 1.
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— Virtual  |%.1|Command Iﬂleil
Na control law filter ¥ Position output
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s = Actuator Position subsystem
? 7O Ok
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A Fault
A Parameter Fault
tuning law estimation
Fig. 1 The fuzzy approximation-based event-triggered adaptive finite-time fault-tolerant control block diagram
4 Stability Analysis
Vo=V, + E { i28iPl; +C12(8z/\ +d; - th)
Theorem 1 Consider the quadrotor UAV (1) under i=1
Assumption 1, the event-triggered adaptive finite-time . I -z I =2
; : +zinZia — 7 AiAi} + E Gofi——Til .
fault-tolerant control scheme, including the control laws - ti — ’ i,
(5), (11), (18), (22), the EC signals (6), (12), (19), (23), and (30)

the parameter tuning laws (13), (14), (24) ensures that the
attitude and position tracking errors converge to a suffi-
cient neighborhood around origin in a finite time, while all
signals of the attitude and position subsystems are finite-
time bounded.

Proof The detailed proof for the Theorem 1 is given as
follows:
Step I: function as

Select the Lyapunov

6
= %Zl(gfl + zﬁl). The time derivative of V; together
i=

with (6), (7), (19), and (20) is calculated as

6
V= Z{ - P,'JCH q;, 1CI+" + ri,lci,lzzl +ialin +zinzio

i=1
2 1+n c
= Pit&in —Yig tzi (“Ll - ‘“inl) }

Consider the

(29)
Step 2:
Vo=Vi+5 Z(C,z-i-zlz f1A2>+22f 2. From (8)

and (21), the time derivative of V, is given as

Lyapunov function

Invoking (9), (10), (15), (17), (25), and (28) into (30)
results in

6

. : . 1, . . .
Vo<V — Z{éi,z (giﬂi“i,z —gii —Egi,z +O(,?_l +Zl:2) —Zi,ZZifZ}

i=1

3
- 2 H H (pl Pi
2{ ; rr+¢ 25 }

6
Z {‘L/LZOCi,Zl

5i2%i2 Gingi,
2 )+|€:2511|—é,2§l|taﬂh( 2 l)}
K; .

At Zd +2Z (b7 +@72).

—Liptin tanh(
6
1
g
(31)

0i(07),
where 1 and ¢ are positive constants and O;(5!°) is the !
order approximation error. Furthermore, the following
inequality holds

Based on [, Theorem 1], one has 52\0(51 —o |=

1

2 lel
(32)

From (11)-(14), (22)—(24), and (29), (32) and on the basis

of the inequality that 0 < | ¢ | —¢ tanh(¥/k;) <0.2785x;,
it follows that

1
%1 (ai] - (XU) < | il H ai] — %1 ‘ < ED,‘((S?M) + =
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6
1
SZ{ leéu (pia — ) Pzlez Piazzz,z—qzuC}J U ZIITH

1+n
C{,zC *fzzlz +Y1Q11211+f,2922

‘f (- &)}

3

=1

3

+7Z I) +w

i=1

N =

(33)

According to Lemma 3, the following inequalities can be
obtained

1

< - . l+l‘[ o 14+n 34

€1J1J71+n|é/1,1‘ 1+n|zlj| ( )
1 -\ 1 - 1- L

A?) < 2 1 = 35

<2f,-$] i) S, Nt S (35)
1 ~ # 1 14n

r2) : I 1 4+ ), 36

<2f,2 =, 2 S (36)

Then, substituting (34)—(36) into (33) yields

1 li1
V2<Z{ Pllc,l Pz1—5)4-2,1—13,'.2(;2,2_431:21,2,2 4% A2

T
I+n

Lyl oy a1
I"l(zfl-‘lA") } Z{4f F+I’2(2f e

Ti1 ]
1+n

1+ Ti2 \e1y Yio 1y
— (a1~ )i = (qzz 1+n) i,2n_l+nzi,2n

1
(H—n)' "+ d +0. 557g,p,x,+29 (52‘”)}

3
+E{ b2 r2+Ijz 3 (1+n)| }+%Z(bjz+wjz>
j=1

j=1

(37)

Furthermore, the inequality (37) can be rewritten as

141

ID2V2 (38)

!
1 2 —
)2p127(27]2} Wy =
1in Tio
S tio

I4+n?

Vo< —wVy — + w3

where w; = min{zpibz(pil

. [ Alin
mm{2 p (Qi,l 1+n) 27

6
Ii,la Ij,z}, and w3 = Z{zf . A2+I,1 ]—(1 + n)' "+2d

i=1

3 3
0.557gip;ici + 10, (627)} +%2{bf + d’f} +2
e

j=1

Ltn i Lin
1+n’2 2 (Qi,2 -

o),

{Zle“z + 1251 —|—n)1 "} From (38), we consider the

following two cases.
Case 1.

(1 — TE())ID] Vz

0<ﬂ?0<1, V2§ —TC()ID]V2—
If V2 > UL)3/((1 — 7[0)1331),

For

m2V2 + ws3.

@ Springer

it can be derived that V, < — mow, V, —

to Lemma 1, one has
- w
(55,1,21‘,1,5;,271112,/\1'71“1) € {Vz < 73}
(1 — ﬁo)lDl
1-n
2 To0| VZZ (I()) + Wy

< In
'= mow (1 — n) W)

W) V2 . According

within the finite time

L
(l — no)m2V22 + w3,
Iin

Vz < —wVy — mowy V2

. Lin
Case 2. VzS —m]VZ_TE()szZ —
where O <my<l. is obtained

when V2 > w3/((1 — mp)wy). In the same way, it can be
achieved that

o » =
(@:1,21‘71,Q.z,Zi,z,AwF_/) e¢W< (—3 )
' ’ (1 — TC())IDz

in a finite time

“ 2 lnml V2 (l()) + 7I0ID2
- m1(1 - TI) oDy

From the discussion of the above two cases, it can be
further obtained that the finite-time boundedness of all

signals 55,1, Zil» Ci,z, Zi2, Ai, and fj in the closed-loop
system. Namely, {;; and z;; will converge into the region

2
. 2mw3 w3 T
(ol < i )
| 1 ‘ (1 — 7750)1]31 (1 — TE())IDz
2
. 2w3 < w3 )m
zig | < ming A2
| 1 | (1 — T(())Ui)l \/ (1 — ‘II())IDQ

in a finite time

1—n

N 2 717()121)1‘/22 (to) + 1w
f; = max In ,
N (n0m1(1 — n)) 1wy
2 In II)1V2 (fo) + oW,
W (1 — ]’I) T

For t > 13, v; 1 reaches the following region

2
2 T
Vi1 < ming 2 o ,2\/2( bk >
’ (] — TC())II)l (1 — ﬂo)mz

Obviously, the tracking errors of attitude and position
subsystems can be regulated to a sufficient neighborhood
around origin in a finite time #3 through the selection of
appropriate control design parameters.
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Notice that for the definitions in (16) and (27), for
arbitrary positive integer k, there exists t* > 0 such that
1 — tei <t°. To this end, by recalling
ei(t) = p;(r) —uf(z), 1€ [t tht1)s one has
d| e | /dt =sign(e;)e; < | B; |. Furthermore, by substitut-
ing (15) and (25) into (17) and (28), one has

%2 CinBi + intia
K; COSh2 (Cl.z%:z)
Ki

; i2%,
B;=— 1+ ;)| di2tanh <€ 2 2) +

Ki

Gi 1 Ci,z@i,l

, Giosir)
Ki cosh? (ﬁ)

| (39)

where f; is the upper bound of | §; |. Then it can be derived

that Bl- is bounded and the Zeno behavior can be success-
fully avoided. O

Remark 2 The radius of region for attitude and position
tracking errors are closely related to the designed param-
eters P, j, ;s Lijs b;, fij, and [;;. The larger parameters Pijs
9 s and f;; and the smaller parameters v;;, l);, and [;; can
enable the faster setting time and smaller convergence
region.

5 Simulation Results

In this section, the comparison simulations are imple-
mented to show the effectiveness of the developed fuzzy
approximation-based event-triggered adaptive finite-time
fault-tolerant control algorithm. The physical parameters of
quadrotor UAV are listed in Table 1.

The parameters of actuator faults are given as p; = 0.8.
When ¢>8, by = 5sint, b, = 3cost, and b3 = 4cos(2t),
and when ¢>10, by =5co0s(0.5t), bs =4sint, and
be = 3sin(2t). The reference trajectories are given as
e, nd,nd,nd] = [0,1/8,sin(nt/9), cos(nt/9)]. In the sim-

ulations, the initial conditions are set as
[’717'72;’737174;’753’76] = [Oa Oa ﬂ:/47 17 170] The control
Table 1 The physical parameters of quadrotor UAV

Parameter Value Parameter Value

a 0.2 m 0.96 kg m?
m 2 kg Jr 0.01 kgm?
g 9.8 m/s? d, sin(nt/5)
Gy 0.6 kg/rad dy cos(nt/6)
Gy 0.6 kg/rad ds sin(mt/7)
Gy 0.6 kg/rad dy cos(nt/7)
I, 0.55 kgm? ds sin(nt/8)
I, 0.51 kgm? de sin(nt/9)

design parameters are chosen as &; = 0.01, £;; =8, and
Lo=5p1=2p,=3, q,=11=3, q,=12=4,
fi,l = fi‘2 = 2, 1571 = 3, Ii,2 = 5, and I)l = 01, W = 05,
K; = 10,
C42 = G52 = G2 = L.

The simulation results are shown in Figs. 2, 3, 4, 5, 6,
and 7. The curves of the attitude and position outputs #; and
the reference trajectories nf’ are depicted in Fig. 2. The

Si1 = 5, 12 =622 = G32 = 2, and

curves of parameter tuning laws I'; are plotted in Fig. 3.
The curves of event-triggered control laws u¢ and its trig-
gering time intervals of control inputs for attitude and
position subsystems are revealed in Figs. 4, 5, 6, and 7,
respectively. Moreover, the data of control signal trans-
mission times of the time-triggered control (TTC) algo-
rithm and ETC algorithm are given in Table 2. It can be
observed that the outputs of attitude and position subsys-
tems can still precisely track the reference trajectories even
suffer from actuator faults. The execution number of
actuators is reduced without significantly reducing system
performance.

Remark 3 The trial-and-error method for adjusting con-
trol design parameters is implemented for better control
action and tracking performance. Nevertheless, there is still
a deficiency of many design parameters, which will be
improved in future based on learning and optimal approa-
ches [53, 54].

At last, the comparison simulations with the FTCFB,
CFB, and DSC are performed to demonstrate the superi-
ority of the proposed algorithm. The control design
parameters for CFB algorithm and DSC algorithm are
identical to the FTCFB algorithm. The simulation results
are shown in Fig. §, with which the modified attitude and
position tracking errors v;; = n; — n? are applied to eval-
uvate the performance of three algorithms. It can be
observed that the proposed event-triggered-based FTCFB
control algorithm can achieve the desired performance with
a smaller tracking error and a faster convergence rate.

6 Conclusion

In this article, the problem of event-triggered adaptive
finite-time fault-tolerant control for a quadrotor UAV has
been considered. By combining finite-time command filter
and fractional power error compensation mechanism into
the framework of backstepping design method, the issue of
“explosion of complexity” and the effect of filtered error
have been skillfully solved. The proposed event-triggered-
based fault-tolerant control scheme has decreased the
communication resources in spite of the quadrotor UAV
suffering from actuator faults. It has been proven that the
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Fig. 2 The curves of reference trajectories and system outputs
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Fig. 3 The curves of parameter tuning laws A;
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Fig. 4 The curves of event-triggered control laws of attitude subsystem

Inter-event interval(s)

Inter-event interval(s)

Inter-event interval(s)

Fig. 5 The curves of the triggering interval of attitude control laws
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Fig. 6 The curves of event-triggered control laws of position subsystem
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Table 2 The comparison of the TTC algorithm and ETC algorithm in data transmission
Control method The number of transmission data
uf u5 us uy u§ ug
TTC algorithm 4000 4000 4000 4000 4000 4000
ETC algorithm 1712 1636 367 271 246 260
— —-FTCFB -----CFB —— DSC
0.4 1
I
5 0.2 5
| MO "'\- A,
0 AR YA h‘ﬂk"lh s AN
0 5 10 15 20

V21

o, ~
BT ATAR VNV AT YA

10 15 20
Time(s)

Us,1

V6,1

Fig. 8 The curves of attitude and position tracking errors under different control schemes

tracking errors of the attitude and position subsystems
approach to a small neighborhood near the origin in a finite
time. In future study, the fuzzy approximation-based event-
triggered adaptive finite-time output feedback control for
the quadrotor UAV will be considered.
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