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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.

Keywords Adaptive control � Fuzzy logic system � Finite-
time control � Actuator faults � Quadrotor UAV

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

UAV was considered. The controllability remained at the

expense of rolling angle freedom, which means that the

UAV 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:
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€/ ¼ a

Ix
s/ þ Iy � Iz

Ix

_h _wþ Jr

Ix
-r

_hþ d/

€h ¼ a

Iy
sh þ

Iz � Ix

Iy

_/ _w� Jr

Iy
-r

_/þ dh

€w ¼ 1

Iz
sw þ Ix � Iy

Iz

_/ _hþ dw

€z ¼ 1

m
sT cos/ cos hð Þ � g þ dz

€x ¼ 1

m
sT cos/ sin h coswþ sin/ sinwð Þ þ dx

€y ¼ 1

m
sT cos/ sin h sinw� sin/ coswð Þ þ dy

8
>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>:

; ð1Þ

where /; h;w 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; Ix; Iy; Iz stand for the

moment inertia of UAV; Jr and -r denote the moment

inertia and angular speeds of the rotors. For

i ¼ /; h;w; z; x; y, di denotes bounded disturbance satisfy-

ing j di j � �di with �di [ 0 being a constant. s/; sh; sw and

sT are control inputs.

The actuator fault model of quadrotor UAV can be

formulated as [45]: uf
i ¼ qiu

a
i þ bi, where qi 2 ð0; 1� indi-

cates the residual efficiency factor; bi is the unknown time-

varying bias fault; and ua
i is the actual control input signal.

Define ðg1; g2; g3; g4; g5; g6Þ ¼ ð/; h;w; z; x; yÞ, and the

dynamics model of quadrotor UAV can be rewritten as

€gi ¼gi qiu
a
i þ bi

� �
þ fi þ di; i ¼ 1; 2; 3 ð2Þ

€gi ¼gi qiu
a
i þ bi

� �
þ di; i ¼ 4; 5; 6 ; ð3Þ

where ðg1; g2; g3Þ ¼ ða=Ix; a=Iy; 1=IzÞ, g4 ¼ g5 ¼ g6 ¼
1=m, ðuf

1; uf
2; uf

3Þ ¼ ðs/; sh; swÞ, ðuf
4; uf

5; uf
6Þ ¼

ðsTðcos/ cos hÞ � mg; sTðcos/ sin h coswþ sin/ sinwÞ;
sTðcos/ sin h sinw� sin/ coswÞÞ, ðf1; f2; f3Þ ¼ ð _h _w

ðIy � IzÞ=Ix þ -r
_hJr=Ix; _/ _w ðIz � IxÞ=Iy � -r

_/Jr=Iy; _/ _h
ðIx � IyÞ=IzÞ, ðd1; d2; d3Þ ¼ ðd/; dh; dwÞ, and

ðd4; d5; d6Þ ¼ ðdz; dx; dyÞ.
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 ¼ 3; 4; 5; 6, the reference trajectories

gd
i and its first-order derivative _gd

i are continuous and

bounded.

2.2 Fuzzy Logic System

Fuzzy logic system uses fuzzy If-then rules to realize the

mapping from input vector x ¼ ½x1; x2; . . .; xn�> to output

variable y 2 U, and the lth If-then rule can be indicated as:

Rl : : For l ¼ 1; . . .;N, if x1 ¼ Fl
1, x2 ¼ Fl

2; . . ., and

xn ¼ Fl
n, then y ¼ Gl, where Fl

i and Gl are fuzzy sets cor-

responding to fuzzy membership functions lFl
i
ðxiÞ and

lGlðyÞ, 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 yðxÞ ¼
PN

l¼1 �yl

Qn
i¼1 lFl

i
ðxiÞ=

PN
l¼1

Qn
i¼1 lFl

i
ðxiÞ; where �yl ¼ maxy2U lGlðyÞ. The fol-

lowing fuzzy basis functions are defined as

ul ¼
Qn

i¼1 lFl
i
ðxiÞ=

PN
l¼1

Qn
i¼1 lFl

i
ðxiÞ. Let N ¼

½�y1; �y2; . . .; �yN �> ¼ ½N1;N2; . . .;NN �> and u>ðxÞ ¼ ½u1ðxÞ;
u2ðxÞ; . . .;uNðxÞ�, then the fuzzy logic system can be

expressed as yðxÞ ¼ N>uðxÞ.

Lemma 1 ([46]) Assume that f(x) is a continuous function

defined on the compact set X, for any given constant
�x[ 0, there exists a fuzzy logic system such that

sup
x2X

j f ðxÞ � N>uðxÞ j � �x:

2.3 Finite-Time Control

Definition 1 ([47]) For the nonlinear system _! ¼ ið!Þ
with the initial condition !ðt0Þ ¼ !0, if there exist a pos-

itive constant h� and the setting time t�ðh�;!0Þ to make

k!ðtÞk\h� for all t [ t0 þ t�, then the equilibrium ! ¼ 0

of the nonlinear system _! ¼ ið!Þ is semi-global practical

finite-time stable.

Lemma 2 ([48]) For the given scalars 0\n\1, w1 [ 0,

w2 [ 0, and 0\w3\1, if there exists a continuous pos-

itive definite function Łð!Þ in relation to the nonlinear

system _! ¼ ið!Þ such that _Łð!Þ� � w1Łð!Þ�
w2Łð!Þn þ w3, then the solution of _! ¼ ið!Þ is semi-

global practical finite-time stable, where the upper bound

of the setting time t� is t� � max t0 þ 1
p0w1ð1�nÞ ln

n

p0w1Ł1�nðt0Þþw2

w2
; t0 þ 1

w1ð1�nÞ ln
w1Ł1�nðt0Þþp0w2

p0w2
g, and p0 satisfies

0\p0\1.
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2.4 Useful Lemmas

Lemma 3 ([49]) Suppose that jðP;QÞ[ 0 stands for a

real-valued function, and A and B are the constants

greater than zero, and one has

j P jAj Q jB � A

A þ B
jðP;QÞ j P jAþB

þ B

A þ B
jðP;QÞ�

A
B j Q jAþB :

Lemma 4 ([50]) For p ¼ 1; � � � ; q, 0\G� 1, and

T p 2 R, the following inequality can be obtained

Xq

p¼1

j T p j
 !G

�
Xq

p¼1

j T p jG � q1�G
Xq

p¼1

j T p j
 !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 ti;1 ¼ gi � gd
i and

ti;2 ¼ _gi � ac
i;1. fi;1 ¼ ti;1 � zi;1 and fi;2 ¼ ti;2 � zi;2 are the

compensated tracking errors, i ¼ 1; 2; 3, where gd
i denotes

the reference trajectory; zi;1; zi;2 are EC signals which will

be given later. ac
i;1 is the filter output with the virtual

control law ai;1 as input, where the following finite-time

command filter [51] is adopted:

_�i;1 ¼�i;2

_�i;2 ¼
1

K2
i

�Li;1 arctan �i;1 � ai;1

� �
� Li;2 arctan Ki�i;2

� �� �

8
><

>:
;

ð4Þ

where Ki, Li;1, and Li;2 are positive constants, �i;1 ¼ ac
i;1

and �i;2 ¼ _ac
i;1.

The virtual control law ai;1 and EC signal zi;1 are

designed as

ai;1 ¼� pi;1ti;1 þ _gd
i � qi;1f

n
i;1 ð5Þ

_zi;1 ¼� pi;1zi;1 þ zi;2 þ ac
i;1 � ai;1

� �
� ri;1zni;1 ; ð6Þ

where pi;1, qi;1, and ri;1 are positive design constants;

1=2\n ¼ n1=n2\1, n1, and n2 are positive odd integers.

From (5) and (6), the time derivative of fi;1 is computed as

_fi;1 ¼ fi;2 � pi;1fi;1 � qi;1f
n
i;1 þ ri;1z

n
i;1: ð7Þ

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

ac
i;1 and _ac

i;1 to replace ai;1 and its derivative _ai;1, thus

reducing the computational complexity of the proposed

control algorithm.

Differentiating fi;2 together with (2) yields

_fi;2 ¼ giqiu
a
i þ gibi þ fi þ di � _ac

i;1 � _zi;2: ð8Þ

From Lemma 1, the fuzzy logic system can be utilized to

approximate the unknown nonlinear function

fi ¼ N�>
i ui þ xi, j xi j � �xi, where �xi is a positive con-

stant; N�
i is the weight vector. Ĉi is the estimation of the

unknown constant, Ci ¼ kN�
i k

2
, and ~Ci ¼ Ci � Ĉi is the

estimation error. Using Lemma 3, one has

fi;2di �
1

2
f2i;2 þ

1

2
�d
2

i
ð9Þ

fi;2fi �
f2i;2kN�

i k
2u>

i ui

2h2i
þ 1

2
h2i þ

1

2
f2i;2 þ

1

2
�x2

i
; ð10Þ

where hi [ 0 is a constant. Define Ki ¼ bi, and ~Ki ¼
Ki � K̂i is the estimation error. The virtual control law ai;2

and EC signal zi;2 are given as

ai;2 ¼
1

giqi

pi;ti; þ qi;f
n
i; þ ti; � aci; þ fi;

�

þ fi;2Ĉiu>
i ui

2hi
þ giK̂i

! ð11Þ

_zi;2 ¼� pi;2zi;2 � zi;1 � ri;2z
n
i;2 ; ð12Þ

where pi;2, qi;2, and ri;2 are positive design parameters. The

parameter tuning laws K̂i and Ĉi are selected as

_̂Ki ¼ki;1gifi;2 � li;1K̂i ð13Þ

_̂Ci ¼ki;2
f2i;2u

>
i ui

2h2i
� li;2Ĉi ; ð14Þ

where ki;j [ 0 and li;j [ 0 are constants.
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In light of ETC strategy, the intermediate control law bi

is designed as

biðtÞ ¼ �ð1þ liÞ ai;2 tanh
fi;2ai;2

ji

� �

þ 1i;1 tanh
fi;21i;1

ji

� �� �

;

ð15Þ

where 0\li\1 and ji [ 0. For all t 2 ½tk;i; tkþ1;iÞ, ua
i ðtÞ ¼

biðtk;iÞ indicates the actual control law. Define eiðtÞ ¼
biðtÞ � ua

i ðtÞ and construct the event-triggered mechanism

as

tkþ1;i ¼ inf t 2 R jj eiðtÞ j � li j uai ðtÞ j þ1i;2
� 	

; ð16Þ

where 1i;1 and 1i;2 are design parameters satisfying

1i;1 [ 1i;2=ð1� liÞ. tk;i; k 2 Zþ, is the label of update

moment. When (16) is satisfied, t is labeled as tkþ1;i and the

intermediate control law biðtkþ1;iÞ is transmitted to the

actual control law ua
i ðtÞ, otherwise ua

i ðtÞ remains the con-

stant biðtk;iÞ until the next triggered moment. Using (16),

ua
i ðtÞ can be alternated by

ua
i ðtÞ ¼

biðtÞ
1þ Ui;1ðtÞli

�
Ui;2ðtÞ1i;2

1þ Ui;1ðtÞli

ð17Þ

with j Ui;1ðtÞ j � 1 and j Ui;2ðtÞ j � 1 being continuous

time-varying functions.

3.2 Controller Design for Position Subsystem

Define ti;1 ¼ gi � gd
i ; ti;2 ¼ _gi � ac

i;1, i ¼ 4; 5; 6, as the

tracking errors, where gd
i represents the reference trajec-

tory; ai;1 is the virtual control law; and ac
i;1 ¼ �i;1 and

_ac
i;1 ¼ �i;2. Define the compensated tracking errors as fi;1 ¼

ti;1 � zi;1; fi;2 ¼ ti;2 � zi;2 with zi;1; zi;2 being EC signals.

Design the virtual control law ai;1 and EC signal zi;1 as

ai;1 ¼� pi;1ti;1 þ _gd
i � qi;1f

n
i;1 ð18Þ

_zi;1 ¼� pi;1zi;1 þ zi;2 þ ac
i;1 � ai;1

� �
� ri;1zni;1 ; ð19Þ

where pi;1, qi;1, and ri;1 are positive design parameters.

Using (18) and (19), _fi;1 is computed as

_fi;1 ¼ fi;2 � pi;1fi;1 � qi;1f
n
i;1 þ ri;1z

n
i;1: ð20Þ

According to (3), the time derivative of zi;2 can be obtained

as

_fi;2 ¼ giqiu
a
i þ gibi þ di � _ac

i;1 � _zi;2: ð21Þ

The virtual control law ai;2 and EC signal zi;2 are con-

structed as

ai;2 ¼
1

giqi

pi;ti; þ qi;f
n
i; þ ti; � aci; þ fi; þ giKi

� �

ð22Þ

_zi;2 ¼� pi;2zi;2 � zi;1 � ri;2z
n
i;2 ; ð23Þ

where pi;2, qi;2, and ri;2 are positive constants. Ki ¼ bi; K̂i

is the estimation of Ki and ~Ki ¼ Ki � K̂i. The parameter

tuning law K̂i is consequently chosen as

_̂Ki ¼ki;1gifi;2 � li;1K̂i ð24Þ

with ki;1 and li;1 being positive design parameters.

By applying the ETC approach to the position subsys-

tem (3), the intermediate control law bi is given as

biðtÞ ¼ �ð1þ liÞ ai;2 tanh
fi;2ai;2

ji

� �

þ 1i;1 tanh
fi;21i;1

ji

� �� �

;

ð25Þ

where 0\li\1 and ji [ 0. The actual control law ua
i and

the event-triggered mechanism are given by

ua
i ðtÞ ¼ biðtk;iÞ; 8t 2 ½tk;i; tkþ1;iÞ ð26Þ

tkþ1;i ¼ inf t 2 R jj eiðtÞ j � li j uai ðtÞ j þ1i;2
� 	

; ð27Þ

where eiðtÞ ¼ biðtÞ � ua
i ðtÞ, 1i;1 [ 1i;2=ð1� liÞ, and

1i;2 [ 0. tk;i; k 2 Zþ, is the controller update time. If

t 2 ½tk;i; tkþ1;iÞ, the actual control law ua
i ðtÞ remains a con-

stant biðtk;iÞ; when the event-triggered mechanism (27) is

triggered, the time instant is noted as tkþ1;i and the inter-

mediate control law biðtkþ1;iÞ is applied to ua
i ðtÞ. Moreover,

on the basis of (27), one yields

ua
i ðtÞ ¼

biðtÞ
1þ Ui;1ðtÞli

�
Ui;2ðtÞ1i;2

1þ Ui;1ðtÞli

; ð28Þ

where j Ui;1ðtÞ j � 1 and j Ui;2ðtÞ j � 1 are continuous

time-varying functions.

Based on the coupling among the total lift force sT , the

reference trajectories of roll angle gd
1 and pitch angle gd

2,

the control inputs of position subsystem uf
4; uf

5; uf
6, and the

yaw angle g3, the following equalities can be obtained

sT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðuf
4 þ mgÞ2 þ ðuf

5Þ
2 þ ðuf

6Þ
2

q

gd
1 ¼ arcsin

uf
5 sin g3 � uf

6 cos g3
sT

 !

gd
2 ¼ arctan

uf
5 cos g3 þ uf

6 sin g3
uf
4 þ 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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4 Stability Analysis

Theorem 1 Consider the quadrotor UAV (1) under

Assumption 1, the event-triggered adaptive finite-time

fault-tolerant control scheme, including the control laws

(5), (11), (18), (22), the EC signals (6), (12), (19), (23), and

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 1: Select the Lyapunov function as

V1 ¼ 1
2

P6

i¼1

f2i;1 þ z2i;1

� �
. The time derivative of V1 together

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

_V1 ¼
X6

i¼1

�

� pi;1f
2
i;1 � qi;1f

1þn
i;1 þ ri;1fi;1zni;1 þ fi;1fi;2 þ zi;1zi;2

� pi;1z2i;1 � ri;1z1þn
i;1 þ zi;1 ac

i;1 � ai;1

� ��

:

ð29Þ

Step 2: Consider the Lyapunov function

V2 ¼ V1 þ 1
2

P6

i¼1

f2i;2 þ z2i;2 þ 1
ki;1

~K2
i

� �
þ
P3

i¼1

1
2ki;2

~C2
i . From (8)

and (21), the time derivative of V2 is given as

_V2 ¼ _V1 þ
X6

i¼1

fi;2giqiu
a
i þ fi;2 giKi þ di � _ac

i;1 � _zi;2

� �n

þzi;2 _zi;2 �
1

ki;1
~Ki

_̂Kig þ
X3

i¼1

fi;2fi �
1

ki;2
~Ci

_̂Ci

� �

:

ð30Þ

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

results in

_V2� _V1�
X6

i¼1

fi;2 giqiai;2�giKi�
1

2
fi;2þ _ac

i;1þ _zi;2

� �

�zi;2 _zi;2

� �

þ
X3

i¼1

1

2
f2i;1�

1

ki;2
~Ci

_̂Ciþf2i;2
kN�

i k
2u>

i ui

2h2i

( )

þ
X6

i¼1

giqi

�

jfi;2ai;2 j

�fi;2ai;2 tanh
fi;2ai;2

ji

� �

þjfi;21i;1 j�fi;21i;1 tanh
fi;21i;1

ji

� ��

�
X6

i¼1

1

ki;1
~Ki

_̂Kiþ
1

2

X6

i¼1

�d
2

i þ
1

2

X3

i¼1

h2i þ �x2
i

� �
:

ð31Þ

Based on [, Theorem 1], one has 52jac
i;1�ai;1 j¼Oiðdıri Þ,

where ı and r are positive constants and Oiðdıri Þ is the dıri
order approximation error. Furthermore, the following

inequality holds

zi;1 ac
i;1 � ai;1

� �
� j zi;1 jj ac

i;1 � ai;1 j �
1

2
Oi d2ıri

� �
þ 1

2
z2i;1:

ð32Þ

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

of the inequality that 0� j # j �# tanhð#=jiÞ� 0:2785ji,

it follows that
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_V2�
X6

i¼1

�pi;1f
2
i;1 � ðpi;1 �

1

2
Þz2i;1 � pi;2f

2
i;2 � pi;2z

2
i;2 � qi;1f

1þn
i;1 � ri;1z1þn

i;1

�

�qi;2f
1þn
i;2 � ri;2z1þn

i;2 þ ri;1fi;1z
n
i;1 þ ri;2fi;2zni;2 þ

li;1

2ki;1
ðK2

i � ~K2
i Þ
�

þ
X3

i¼1

li;2

2ki;2
C2

i � ~C2
i

� �
þ
X6

i¼1

1

2
�d
2

i þ 0:557giqiji þ
1

2
Oi d2ıri

� �
� �

þ 1

2

X3

i¼1

h2i þ �x2
i

� �
:

ð33Þ

According to Lemma 3, the following inequalities can be

obtained

fi;jz
n
i;j �

1

1þ n
j fi;j j1þn þ n

1þ n
j zi;j j1þn ð34Þ

� 1

2ki;1
~K2

i

�1þn
2 � 1

4ki;1
~K2

i þ
1� n

2
1þ nð Þ

1þn
1�n ð35Þ

� 1

2ki;2
~C2

i

�1þn
2 � 1

4ki;2
~C2

i þ
1� n

2
1þ nð Þ

1þn
1�n: ð36Þ

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

_V2�
X6

i¼1

�pi;1f
2
i;1�ðpi;1�

1

2
Þz2i;1�pi;2f

2
i;2�pi;2z

2
i;2�

li;1

4ki;1
~K2

i

�

�ðqi;1�
ri;1

1þn
Þf1þn

i;1 � ri;1

1þn
z1þn

i;1 �ðqi;2�
ri;2

1þn
Þf1þn

i;2 � ri;2

1þn
z1þn

i;2

�li;1ð
1

2ki;1
~K2

i Þ
1þn
2

�

�
X3

j¼1

lj;2

4kj;2
~C2

j þ lj;2ð
1

2kj;2
~C2

j Þ
1þn
2

� �

þ
X6

i¼1

li;1

2ki;1
K2

i

�

þli;1
1�n

2
1þnð Þ

1þn
1�nþ1

2
�d
2

i þ0:557giqijiþ
1

2
Oi d2ıri

� �
�

þ
X3

j¼1

lj;2

2kj;2
C2

j þ lj;2
1�n

2
1þnð Þ

1þn
1�n

� �

þ1

2

X3

j¼1

h2j þ �x2
j

� �
:

ð37Þ

Furthermore, the inequality (37) can be rewritten as

_V2 � � w1V2 � w2V
1þn
2

2 þ w3 ; ð38Þ

where w1 ¼ min 2pi;1; 2ðpi;1 � 1
2
Þ; 2pi;2;

li;1
2
;
lj;2
2

n o
, w2 ¼

min 2
1þn
2 ðqi;1 �

ri;1

1þn
Þ; 21þn

2
ri;1

1þn
; 2

1þn
2 ðqi;2 �

ri;2

1þn
Þ; 21þn

2
ri;2

1þn
;

n

li;1; lj;2g, and w3 ¼
P6

i¼1

li;1
2ki;1

K2
i

n
þli;1

1�n
2

1þ nð Þ
1þn
1�nþ 1

2
�d
2

i þ

0:557giqiji þ 1
2
Oi d2ıri

� �
g þ 1

2

P3

j¼1

h2j þ �x2
j

n o
þ
P3

j¼1

lj;2
2kj;2

C2
j þ lj;2

1�n
2

1þ nð Þ
1þn
1�n

n o
: From (38), we consider the

following two cases.

Case 1. For 0\p0\1, _V2 � � p0w1V2�
ð1� p0Þw1V2 � w2V

1þn
2

2 þ w3. If V2 [w3=ðð1� p0Þw1Þ,

it can be derived that _V2 � � p0w1V2 � w2V
1þn
2

2 . According

to Lemma 1, one has

fi;1; zi;1; fi;2; zi;2; ~Ki; ~Cj

� �
2 V2 �

w3

ð1� p0Þw1

� �

within the finite time

t�1 �
2

p0w1ð1� nÞ ln
p0w1V

1�n
2

2 ðt0Þ þ w2

w2

:

Case 2. _V2 � � w1V2 � p0w2V
1þn
2

2 � ð1� p0Þw2V
1þn
2

2 þ w3,

where 0\p0\1. _V2 � � w1V2 � p0w2V
1þn
2

2 is obtained

when V
1þn
2

2 [w3=ðð1� p0Þw2Þ. In the same way, it can be

achieved that

fi;1; zi;1; fi;2; zi;2; ~Ki; ~Cj

� �
2 V2 �

w3

ð1� p0Þw2

� � 2
1þn

( )

in a finite time

t�2 �
2

w1ð1� nÞ ln
w1V

1�n
2

2 ðt0Þ þ p0w2

p0w2

:

From the discussion of the above two cases, it can be

further obtained that the finite-time boundedness of all

signals fi;1, zi;1, fi;2, zi;2, ~Ki, and ~Cj in the closed-loop

system. Namely, fi;1 and zi;1 will converge into the region

j fi;1 j � min

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2w3

ð1� p0Þw1

s

;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
w3

ð1� p0Þw2

� � 2
1þn

s8
<

:

9
=

;

j zi;1 j � min

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2w3

ð1� p0Þw1

s

;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
w3

ð1� p0Þw2

� � 2
1þn

s8
<

:

9
=

;

in a finite time

t�3 ¼ max
2

ðp0w1ð1� nÞÞ ln
p0w1V

1�n
2

2 ðt0Þ þ w2

w2

;

(

2

w1ð1� nÞ ln
w1V

1�n
2

2 ðt0Þ þ p0w2

p0w2

)

:

For t� t�3, ti;1 reaches the following region

ti;1 � min 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2w3

ð1� p0Þw1

s

; 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
w3

ð1� p0Þw2

� � 2
1þn

s8
<

:

9
=

;
:

Obviously, the tracking errors of attitude and position

subsystems can be regulated to a sufficient neighborhood

around origin in a finite time t�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

tkþ1;i � tk;i � t�. To this end, by recalling

eiðtÞ ¼ biðtÞ � ua
i ðtÞ, t 2 ½tk;i; tkþ1;iÞ, one has

d j ei j =dt ¼ signðeiÞ_ei � j _bi j. Furthermore, by substitut-

ing (15) and (25) into (17) and (28), one has

_bi ¼� ð1þ liÞ _ai;2 tanh
fi;2ai;2

ji

� �

þ ai;2

ji

_fi;2
�bi þ fi;2 _ai;2

cosh2
fi;2ai;2

ji

� �

0

@

1

A

þ
1i;1

ji

_fi;21i;1

cosh2
fi;21i;1

ji

� � ;

ð39Þ

where �bi is the upper bound of j _bi j. Then it can be derived

that _bi is bounded and the Zeno behavior can be success-

fully avoided. h

Remark 2 The radius of region for attitude and position

tracking errors are closely related to the designed param-

eters pi;j, qi;j, ri;j, hi, ki;j, and li;j. The larger parameters pi;j,

qi;j, and ki;j and the smaller parameters ri;j, hi, and li;j 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 qi ¼ 0:8.

When t � 8, b1 ¼ 5 sin t, b2 ¼ 3 cos t, and b3 ¼ 4 cosð2tÞ,
and when t � 10, b4 ¼ 5 cosð0:5tÞ, b5 ¼ 4 sin t, and

b6 ¼ 3 sinð2tÞ. The reference trajectories are given as

½gd
3; g

d
4; g

d
5; g

d
6� ¼ ½0; t=8; sinðpt=9Þ; cosðpt=9Þ�. In the sim-

ulations, the initial conditions are set as

½g1; g2; g3; g4; g5; g6� ¼ ½0; 0; p=4; 1; 1; 0�. The control

design parameters are chosen as Ki ¼ 0:01, Li;1 ¼ 8, and

Li;2 ¼ 5; pi;1 ¼ 2, pi;2 ¼ 3, qi;1 ¼ ri;1 ¼ 3, qi;2 ¼ ri;2 ¼ 4,

ki;1 ¼ ki;2 ¼ 2, li;1 ¼ 3, li;2 ¼ 5, and hi ¼ 0:1; li ¼ 0:5,

ji ¼ 10, 1i;1 ¼ 5, 11;2 ¼ 12;2 ¼ 13;2 ¼ 2, and

14;2 ¼ 15;2 ¼ 16;2 ¼ 1.

The simulation results are shown in Figs. 2, 3, 4, 5, 6,

and 7. The curves of the attitude and position outputs gi and

the reference trajectories gd
i are depicted in Fig. 2. The

curves of parameter tuning laws Ĉi are plotted in Fig. 3.

The curves of event-triggered control laws ua
i 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. 8, with which the modified attitude and

position tracking errors ti;1 ¼ gi � gd
i are applied to eval-

uate 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

Table 1 The physical parameters of quadrotor UAV

Parameter Value Parameter Value

a 0:2 m Iz 0:96 kgm2

m 2 kg Jr 0:01 kgm2

g 9:8 m=s2 d1 sinðpt=5Þ
G/ 0:6 kg=rad d2 cosðpt=6Þ
Gh 0:6 kg=rad d3 sinðpt=7Þ
Gw 0:6 kg=rad d4 cosðpt=7Þ
Ix 0:55 kgm2 d5 sinðpt=8Þ
Iy 0:51 kgm2 d6 sinðpt=9Þ
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Fig. 2 The curves of reference trajectories and system outputs

Fig. 3 The curves of parameter tuning laws K̂i
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Fig. 4 The curves of event-triggered control laws of attitude subsystem

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

Fig. 7 The curves of the triggering interval of position control laws
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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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