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ABSTRACT
For the nonlinear systems with input delay, an adaptive fixed-time tracking control strategy based on
multi-dimensional Taylor network (MTN) is proposed for the first time. First, to address the main challenge
brought by input delay, an auxiliary system is constructed, which transforms the input delay systems into
non-delay systems. Second, the MTNs are introduced into the backstepping design process, which reduce
the design difficulty by approximating unknownnonlinear functions. Thus, a control scheme subject to low
complexity is obtained. Third, aside from ensuring that the tracking error converges within a small neigh-
bourhood of the origin within a fixed-time, the designed control scheme not only makes all signals in the
closed-loop system remain bounded, but also avoids the problem of finite-time control relying on initial
state. Finally, three simulations are given to prove the feasibility and superiority of the proposed control
scheme.
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1. Introduction

Due to the complexity of actual systems and the increasing
demand for control performance and accuracy in industrial
production, scholars have proposed many control methods for
nonlinear systems, such as adaptive backstepping control (Chi-
ang & Fu, 2014; Hua et al., 2016), H∞ control (Yang et al.,
2022), and sliding mode control (Li et al., 2016; Mei & Ding,
2021). Among them, adaptive backstepping control is an effec-
tive control method, which can online compensate the uncer-
tain constant or function in the system. However, this method
is difficult to deal with the control problem of systems with
complex and uncertain nonlinear structures. To overcome the
above problem, neural networks (NNs) and fuzzy logic systems
(FLSs) are extended to the field of nonlinear system control.
Up to now, a variety of adaptive control methods based on
NNs or FLSs have been developed, and a lot of research results
have been achieved (Li et al., 2014; Wang et al., 2014a; Wang
et al., 2018). In recent years, as a new approximation method,
multi-dimensional Taylor network (MTN) has attracted wide
attention and been applied to various systems, such as nonlinear
systems (Han, 2021; Han et al., 2021), stochastic nonlinear sys-
tems (Han, 2018; Han&Yan, 2018), switched nonlinear systems
(He et al., 2023a; Zhu et al., 2020) and large-scale nonlinear sys-
tems (Chu et al., 2022). Althoughmany achievements have been
made in the research of nonlinear systems based on MTN, the
above achievements do not consider both input constraints and
control efficiency. Therefore, it is important to further study the
fixed-time control of nonlinear systems with input delay based
on MTN.

CONTACT Qing-Hua Zhou QinghuaZhouQKD1909@163.com School of Mathematics and Physics, Qingdao University of Science and Technology, Qingdao
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On the one hand, with the intelligence of industrial pro-
duction processes, the physical constraints of the actual control
systems are growing, while the demands for safety performance
are also escalating. Therefore, the input delay, one of the most
common physical limitations, has become one of the research
hotspots. To avoid the degradation of system control perfor-
mance and the damage of transient performance, a large num-
ber of control methods have been proposed for the input time-
delay systems, such as predictor-based control method (Krstic,
2010), proportional integral differential (Obuz et al., 2017), Padé
approximation (Li et al., 2017; Zhou et al., 2021), and con-
structing auxiliary systems (Ma et al., 2018; Wang et al., 2020a).
Among them, Padé approximation and constructing auxiliary
systems are the two most popular methods for dealing with
input delay. However, due to the fact that Padé approximation
is based on approximation thinking to handle input delay, it has
the limitation of only dealing with small delay. Therefore, this
article will compensate for the impact of input delay by con-
structing an auxiliary system. This approach effectively solves
the awkward situation where relatively large time delay cannot
be disposed by Padé approximation.

On the other hand, in industrial production processes, to
improve control efficiency and achieve real-time control perfor-
mance, it is usually necessary for the controlled systems to meet
a certain degree of rapidity. Based on this, finite time control
has been developed in controlled systems (Cui et al., 2021; Mao
et al., 2023; Sui & Tong, 2023). However, the convergence time
of finite-time control depends on the initial state of the system.
This makes it difficult for controlled systems with unknown or
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varying initial states to achieve transient performance through
finite time control. The concept of fixed-time stability was first
put forward in Polyakov et al., (2015), which brings hope to
solve the above difficulty. Based on this, Zuo (2015a, 2015b)
studied non-singular fixed-time control problemandprovided a
fixed-time convergence controller. After that, it is widely applied
to various systems, such as nonlinear systems (Chen & Sun,
2018; Sui et al., 2023), stochastic systems (Tao et al., 2022; Yu
et al., 2019), multi-agent systems (Li et al., 2022; Liu et al., 2022),
switched systems (Xiang & Cui, 2023) and uncertain systems
(Lai et al., 2023; Pan et al., 2020). However, as far as the author
knows, there are few results on the fixed-time control of non-
linear systems with input delay under the unified framework,
which also promotes the research of this paper.

Based on the above discussion, the adaptive fixed-time con-
trol problem for a class of nonlinear systems with input delay is
studied in this article. The influence of input delay on the system
is compensated by constructing an auxiliary system. An adap-
tive fixed-time control strategy is proposed via MTN approach.
By comparing with existing literatures, the main contributions
of this article are as follows:

(1) For the control problem of nonlinear systems with input
delay, an adaptive fixed-time control scheme based on
MTN is proposed for the first time. This scheme has a
simple structure, low computational complexity, and good
control performance.

(2) To transform the nonlinear system with input delay into
nonlinear system without delay, a suitable auxiliary system
is constructed. Different from Li et al., (2017) and Yang
et al., (2020), the auxiliary system adopted in this paper can
not only deal with hour delay but also deal with relatively
large time delay.

(3) This article is devoted to the fixed-time control of nonlin-
ear systems, which has the advantages of fast convergence
speed, short convergence time, high convergence accu-
racy, and strong anti-interference. Compared with He et al.
(2023a), the control scheme does not have the defect of
relying on the initial state, which indicates that the pro-
posed scheme in this paper is more practical.

The remainder of this paper is organised as follows. Section
2 is problem formulation and preliminaries. Section 3 is the
main result, which includes the process of the controller design
and stability analysis. The simulation analysis of this article is
presented in Section 4. This section contains three simulations,
which are numerical simulation, actual simulation, and initial
state comparison simulation. Section 5 summarises the whole
paper and gives the future research direction.

2. Problem formulation and preliminaries

2.1 Problem formulation

The nonlinear system subject to input delay is considered,
whose mathematical model is shown below⎧⎪⎪⎨

⎪⎪⎩
ẋi = xi+1 + fi(x̄i) + wi(t)
i = 1, 2, . . . , n − 1
ẋn = u(t − τ) + fn(x̄n) + wn(t)
y = x1

(1)

where x̄i = [x1, x2, . . . , xi]T ∈ Ri, i = 1, 2, . . . , n and y ∈ R
denote the state vectors and the system output, respectively.
fi(·), i = 1, 2, . . . , n stand for the unknown smooth nonlinear
functions. wi(t), i = 1, 2, . . . , n are defined as the unknown
interferences, u(t − τ) indicates the system input and τ is the
input delay time.

This paper aims to design an adaptive fixed-time control
strategy for nonlinear system (1) to achieve the following two
objectives:

(1) All signals in the closed-loop controlled system remain
bounded.

(2) The system output y can track the reference signal yr , and
the tracking error y − yr converges to an arbitrary small
neighbourhood of the origin within a fixed time.

2.2 Definition and lemma of fixed time control

To ensure the steady-state performance of the closed-loop sys-
tem, this section provides the following definition and lemma.
For convenience, consider the following nonlinear system:

ẋ(t) = f (x(t)), x(0) = x0 (2)

in which x(t) ∈ Rn denotes the state vector in the system and
f (·) is defined as the nonlinear function with f (0) = 0.

Definition 2.1 (Zuo, Tian, et al., 2018): The system (2) is said
to be fixed-time stable if it has the following properties:

(i) the nonlinear system (2) is stable at the origin;
(ii) there exists a finite convergence time Ts(x0), such that

x(t) = 0, for all t ≥ Ts(x0);
(iii) the settling-time function Ts(x0) has a supremum.

Lemma 2.1 (Zuo, Han, et al., 2018): For system (2), if there are
the positive real numbers μ1 > 0, μ2 > 0, 0 < χ < 1 and ν >

1, the time derivative of a continuous radially unbounded and
positive definite function V(x) satisfies the following inequality:

V̇(x) ≤ −μ1Vχ (x) − μ2Vν(x) (3)

The system (2) is said to be fixed time stable, and its convergence
time is

Ts ≤ 1
μ1(1 − χ)

+ 1
μ2(ν − 1)

(4)

Furthermore, if 0 < χρ < 1, 1 < νρ < ∞ and 0 < � < ∞ are
selected, the following inequality holds:

V̇(x) ≤ −(μ1Vχ (x) + μ2Vν(x))ρ + � (5)

Then the system (2) is practical fixed time stable.

Remark 2.1: To facilitate the derivation of the proof process,
in the subsequent design process, the parameters in Lemma 2.1
will be changed ρ = 1, χ = 0.75, ν = 2.
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2.3 Other relevant theories

To better scale the formula in the derivation process, so as to
reduce the difficulty of derivation, the following lemmas are
given.

Lemma 2.2 (Zhu et al., 2022): On compact set�Z, for arbitrary
constant ε > 0, continuous nonlinear function f (Z) satisfies the
following equation:

f (Z) = θTPmn(Z) + δ(Z), |δ(Z)| < ε (6)

where Z = [z1, z2, . . . , zn]T ∈ Rn indicates the input vector of
MTN, θ = [ς1, ς2, . . . , ςl]T ∈ Rl represents the weight vector.
Pmn(Z) ∈ Rl is defined as the middle layer of MTN, its mathe-
matical expression is as follows:

Pmn(Z) = [z1, z2, . . . , zn, z21, z1z2, . . . , z
2
n, . . . , z

m
1 , . . . , z

m
n ]

T

Remark 2.2: It is of interest to note that more details of MTN
have been obtained in our recent work (He et al., 2023b; Li et al.,
2023; Wang et al., 2023). In a nutshell, MTN can be regarded
as a radial basis function neural network (RBFNN) with a spe-
cial structure, and its middle layer is composed of an array of
polynomials, which contains only addition and multiplication,
which can effectively simplify the structure of MTN, shorten
the training time, and then improve the convergence speed, and
reduce the computational complexity.

Lemma 2.3 (Wang & Lin, 2015): For—λ ∈ R and any constant
ϑ > 0, one has

0 ≤ |—λ| − —λ2√
—λ2 + ϑ2

< ϑ (7)

Lemma 2.4 (Zhu et al., 2011): For βi ∈ R, i = 1, 2, . . . , n, the
following inequality holds:( n∑

k=1

|βk|
)ι

≤
n∑

k=1

|βk|ι (8)

where ι ∈ (0, 1].

Lemma 2.5 (Xu, 2019): For ϕi ≥ 0, the following inequality is
true: ( m∑

k=1

ϕk

)2

≤ m
m∑
k=1

ϕ2
k (9)

Lemma 2.6 (Wang et al., 2021b): For o1 > 0, o2 > 0, o3 > 0,
γ1 ≥ 0, γ2 ≥ 0 and γ3 ≥ 0, the following relation holds:

γ
o1
1 γ

o2
2 γ3 ≤ o3γ o1+o2

1 + o2
o1 + o2

×
[

o1
o3(o1 + o2)

] o1
o2

γ
o1+o2
2 γ

o1+o2
o2

3 (10)

Lemma 2.7 (Wang et al., 2014b): For any ξ > 0, the lower
formula holds

ω1ω2 ≤ ξp

p
|ω1|p + 1

qξq
|ω2|q (11)

where p > 1, q > 1 and (p − 1)(q − 1) = 1.

2.4 Assumptions and auxiliary system

In this part, the assumptions are given and the auxiliary system
is constructed for the input delay problem.

Assumption 2.1: The tracking target yr and its time derivative
y(i)
r , i = 1, 2, . . . , n are continuously bounded.

Assumption 2.2: The interferences wi(t), i = 1, 2, . . . , n in sys-
tem (1) are bounded, that is to say, there are the positive constants
di such that

|wi(t)| < di (12)

To compensate the influence of input delay on the nonlinear
system (1), the following auxiliary system is introduced in this
paper {

�̇i = �i+1 − pi�i, i = 1, 2, . . . , n − 1
�̇n = −pn�n + u(t − τ) − u(t)

(13)

where p1 > 1
2 and pi > 1, i = 2, . . . , n are the design parameters,

while [�1(0),�2(0), . . . ,�n(0)]T = [0, 0, . . . , 0]T holds.

Remark 2.3: If system (13) is a system without input delay,
i.e. τ = 0, then the variables �i, i = 1, 2, . . . , n remain 0 in the
auxiliary system whose initial state satisfies [�1(0),�2(0), . . . ,
�n(0)]T = [0, 0, . . . , 0]T.

3. Main results

3.1 The process of controller design

First, perform the following coordinate transformation:

zi = xi − αi−1 − �i, i = 1, 2, . . . , n (14)

where αi−1, i = 2, . . . , n stand for the virtual controllers and
α0 = yr .

Step 1: According to (1) and (14), there is

ż1 = ẋ1 − ẏr − �̇1 = z2 + α1 + f1 + w1 + p1�1 − ẏr (15)

For the first subsystem, the candidate Lyapunov function is
constructed as follows:

V1 = z21
2

+ 1
2r1

θ̃T1 �−1
1 θ̃1 (16)

where θ̂1 denotes the estimate of θ1, θ̃1 = θ1 − θ̂1 is defined
as the estimate error. r1 > 0 indicates a design parameter and
�T
1 = �1 > 0 represents a symmetric positive definite constant

matrix.
Combining the above equation, the time derivative ofV1 can

be expressed as

V̇1 = z1ż1 − 1
r1

θ̃T1 �−1
1

˙̂
θ1

= z1(z2 + α1 + f̄1 + w1 + p1�1) − z21 − 1
r1

θ̃T1 �−1
1

˙̂
θ1

(17)

where f̄1 = f1 − ẏr + z1 is an unknown nonlinear function.



INTERNATIONAL JOURNAL OF CONTROL 59

In line with Lemma 2.2, for ∀ε1 > 0, there is an MTN
θT1 Pm1(Z1) with bounded error |δ1(Z1)| ≤ ε1, such that func-
tion f̄1 satisfies the following equation:

f̄1 = θT1 Pm1(Z1) + δ1(Z1), |δ1(Z1)| ≤ ε1 (18)

On the basis of Lemma 2.7, the following inequality holds:

z1 f̄1 = z1(θT1 Pm1(Z1) + δ1(Z1)) ≤ z1θT1 Pm1 + z21
2

+ ε21
2

(19)

From Lemma 2.7 and Assumption 2.2, it is obtained that

|z1w1| ≤ z21
2

+ d21
2

(20)

Substituting (19) and (20) into (17) to produce

V̇1 ≤ z1(z2 + α1 + p1�1) + z1θT1 Pm1

+ d21
2

+ ε21
2

− 1
r1

θ̃T1 �−1
1

˙̂
θ1 (21)

Based on (21), the adaptive law α1 and virtual controller ˙̂
θ1

are designed as

˙̂
θ1 = r1�1Pm1z1 − �1η1θ̂1 − ζ1

r1
�1θ̂

3
1 (22)

α1 = − z1
�
α
2
1√

z21
�
α
2
1 + ϑ2

1

− p1�1 (23)

where �
α1 = −ϒ11

( 1
2
)0.75 �z1

z1 − ϒ12
( 1
2
)2z31 − θ̂T1 Pm1 .η1 > 0,

ζ1 > 0, ϑ1 > 0, ϒ11 > 0 and ϒ12 > 0 are design parameters.
�z1 is defined as follows:

�z1 =

⎧⎪⎨
⎪⎩

(z21)
0.75, |z1| ≥ ϑ10

n∑
j=1

Cj(z21)
j
(ϑ2

10)
−j+0.75, |z1| < ϑ10

where ϑ10 > 0 is a small parameter, and the coefficient Cj, j =
1, 2, . . . , n can be calculated by the following equation:

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1 1 . . . 1 1
1 2 . . . n − 1 n
0 2 × 1 . . . (n − 1)(n − 2) n(n − 1)
...

...
...

...
...

0 0 . . .
n−2∏
j=1

(n − 1 − j)
n−2∏
j=0

(n − j)

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

×

⎡
⎢⎢⎢⎢⎢⎣

C1
C2
C3
...
Cn

⎤
⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

1
3
4

3
4
( 3
4 − 1

)
...

n−2∏
j=0

( 3
4 − j

)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

From Lemma 2.3, it is obtained that

− z21
�
α
2
1√

z21
�
α
2
1 + ϑ2

1

< ϑ1 + z1
�
α1 (24)

According to (23) and (24), z1α1 can be reduced to the following
form:

z1α1 = − z21
�
α
2
1√

z21
�
α
2
1 + ϑ2

1

− p1�1z1 < ϑ1 + z1
�
α1

− p1�1z1 (25)

Combining (21), (25) and �
α1, V̇1 can be further written as

V̇1 ≤ z1(z2 + p1�1) + z1θ̂T1 Pm1 + d21
2

+ ε21
2

+ 1
r1

θ̃T1 η1θ̂1

+ ζ1

r21
θ̃T1 θ̂31 + ϑ1 + z1

�
α1 − p1�1z1

= −ϒ11

(
1
2

)0.75
�z1 − ϒ12

(
1
2

)2
z41 + z1z2 + 1

r1
θ̃T1 η1θ̂1

+ ζ1

r21
θ̃T1 θ̂31 + σ1

(26)

Case 3.1. When |z1| ≥ ϑ10 ≥ 0, (26) can be transformed into
the following form:

V̇1 ≤ −ϒ11

(
z21
2

)0.75

− ϒ12

(
z21
2

)2

+ z1z2

+ 1
r1

θ̃T1 η1θ̂1 + ζ1

r21
θ̃T1 θ̂31 + σ1 (27)

where σ1 = d21
2 + ε21

2 + ϑ1 > 0.

Case 3.1: When |z1| < ϑ10, �z1 =
n∑
j=1

Cj(z21)
j
(ϑ2

10)
−j+0.75 is

substituted into (26), and it is found that there is a bounded
additional term compared with (27). The bounded additional
term can be seen as a small increment of σ1. Therefore, in the
following process, only Case 3.1 will be discussed.

Step i(2 ≤ i ≤ n − 1): The derivative of zi can be obtained as
follows:

żi = ẋi − α̇i−1 − �̇i = zi+1 + αi + fi + wi + pi�i − α̇i−1
(28)

On the basis of Vi−1, the candidate Lyapunov function Vi is
constructed as

Vi = Vi−1 + z2i
2

+ 1
2ri

θ̃Ti �−1
i θ̃i (29)

where θ̃i = θi − θ̂i is defined as the estimate error. ri > 0 indi-
cates a design parameter and �T

i = �i > 0 represents a sym-
metric positive definite constant matrix.
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Combining the above equation, the time derivative of Vi can
be expressed as

V̇i ≤ −
i−1∑
j=1

ϒj1

(
z2j
2

)0.75

−
i−1∑
j=1

ϒj2

(
z2j
2

)2

+ zi−1zi

+
i−1∑
j=1

1
rj

θ̃Tj ηjθ̂j +
i−1∑
j=1

ζj

r2j
θ̃Tj θ̂3j + σi−1 + ziżi

− 1
ri

θ̃Ti �−1
i

˙̂
θ i (30)

Substituting (28) into (30), the following inequality is correct:

V̇i ≤ −
i−1∑
j=1

ϒj1

(
z2j
2

)0.75

−
i−1∑
j=1

ϒj2

(
z2j
2

)2

+
i−1∑
j=1

1
rj

θ̃Tj ηjθ̂j

+
i−1∑
j=1

ζj

r2j
θ̃Tj θ̂3j + σi−1 + zi(zi+1 + αi + f̄i + pi�i + wi)

− 1
ri

θ̃Ti �−1
i

˙̂
θ i − z2i (31)

where f̄i = fi − α̇i−1 + zi + zi−1 stands for an unknownnonlin-
ear function.

In line with Lemma 2.2, for ∀εi > 0, there is an MTN
θTi Pmi(Zi) with bounded error |δi(Zi)| ≤ εi, such that function
f̄i satisfies the following equation:

f̄i = θTi Pmi(Zi) + δi(Zi), |δi(Zi)| ≤ εi (32)

From Lemma 2.7, the following inequality is true:

zif̄i = zi(θTi Pmi(Zi) + δi(Zi)) ≤ ziθTi Pmi +
z2i
2

+ ε2i
2

(33)

With the help of Lemma 2.7 and Assumption 2.2, it can be
concluded that

|ziwi| ≤ z2i
2

+ d2i
2

(34)

The adaptive law ˙̂
θi and virtual controller αi are designed as

follows:

˙̂
θi = ri�iPmizi − �iηiθ̂i − ζi

ri
�iθ̂

3
i (35)

αi = − zi
�
α
2
i√

z2i
�
α
2
i + ϑ2

i

− pi�i (36)

where �
αi = −ϒi1

( 1
2
)0.75 �zi

zi − ϒi2
( 1
2
)2z3i − θ̂Ti Pmi .ηi > 0, ζi >

0, ϑi > 0, ϒi1 > 0 and ϒi2 > 0 are design parameters, and �zi
is defined as follows:

�zi =

⎧⎪⎨
⎪⎩

(z2i )
0.75, |zi| ≥ ϑi0

n∑
j=1

Cj(z2i )
j
(ϑ2

i0)
−j+0.75, |zi| < ϑi0

where ϑi0 > 0 is a small parameter, and the value of parameter
Cj is the same as (23).

According to Lemma 2.3 and (36), it can be obtained as

ziαi = − z2i
�
α
2
i√

z2i
�
α
2
i + ϑ2

i

− pi�izi < ϑi + zi
�
αi − pi�izi (37)

Substituting (33)–(35), (37) and �
αi into (31), V̇i can be reduced

to the following form:

V̇i ≤ −
i∑

j=1
ϒj1

(
z2j
2

)0.75

−
i∑

j=1
ϒj2

(
z2j
2

)2

+
i∑

j=1

1
rj

θ̃Tj ηjθ̂j

+
i∑

j=1

ζj

r2j
θ̃Tj θ̂3j + σi + zizi+1 (38)

where σi = σi−1 + d2i
2 + ε2i

2 + ϑi > 0.
Step n: Let zn = xn − αn−1 − �n to get the derivative of zn

as follows:

żn = u(t − τ) + fn + wn − α̇n−1 + pn�n − u(t − τ) + u(t)

= fn + wn − α̇n−1 + pn�n + u(t) (39)

With the help ofVn−1, we can construct the following candidate
Lyapunov function:

Vn = Vn−1 + z2n
2

+ 1
2rn

θ̃Tn �−1
n θ̃n (40)

where θ̃n = θn − θ̂n is defined as the estimate error. rn > 0
indicates a design parameter and �T

n = �n > 0 represents a
symmetric positive definite constant matrix.

By combining the derivative of (40) along with (39), we can
obtain the following equation:

V̇n ≤ −
n−1∑
j=1

ϒj1

(
z2j
2

)0.75

−
n−1∑
j=1

ϒj2

(
z2j
2

)2

+
n−1∑
j=1

1
rj

θ̃Tj ηjθ̂j

+
n−1∑
j=1

ζj

r2j
θ̃Tj θ̂3j + σn−1 + zn(f̄n + wn + pn�n + u(t))

− 1
rn

θ̃Tn �−1
n

˙̂
θn − z2n (41)

where f̄n = fn − α̇n−1 + zn + zn−1 is an unknown nonlinear
function.

In line with Lemma 2.2, for ∀εn > 0, there is an MTN
θTn Pmn(Zn) with bounded error |δn(Zn)| ≤ εn, such that func-
tion f̄n satisfies the following equation:

f̄n = θTn Pmn(Zn) + δn(Zn), |δn(Zn)| ≤ εn (42)

According to Lemma 2.7, the following inequality holds:

znf̄n = zn(θTn Pmn(Zn) + δn(Zn)) ≤ znθTn Pmn + z2n
2

+ ε2n
2

(43)

According to Lemma 2.7 and Assumption 2.2, it is obtained
that

|znwn| ≤ z2n
2

+ d2n
2

(44)
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Adaptive law and fixed time tracking controller are constructed
as follows:

˙̂
θn = rn�nPmnzn − �nηnθ̂n − ζn

rn
�nθ̂

3
n (45)

u = − zn
�
α
2
n√

z2n
�
α
2
n + ϑ2

n

− pn�n (46)

where �
αn = −ϒn1

( 1
2
)0.75 �zn

zn − ϒn2
( 1
2
)2z3n − θ̂Tn Pmn .ηn > 0, ζn >

0,ϑn > 0,ϒn1 > 0 andϒn2 > 0 are design parameters, and�zn
is defined as follows:

�zn =

⎧⎪⎨
⎪⎩

(z2n)0.75, |zn| ≥ ϑn0
n∑
j=1

Cj(z2i )
j
(ϑ2

n0)
−j+0.75, |zn| < ϑn0

where ϑn0 > 0 is a small parameter, and the value of parameter
Cj is the same as (23).

According to Lemma 2.3 and (46), it can be obtained as

znu ≤ ϑn + zn
�
αn − znpn�n (47)

Substituting (43)–(45), (47) and �
αn into (41), V̇n can be reduced

to the following form:

V̇n ≤ −
n∑
j=1

ϒj1

(
z2j
2

)0.75

−
n∑
j=1

ϒj2

(
z2j
2

)2

+
n∑
j=1

1
rj

θ̃Tj ηjθ̂j

+
n∑
j=1

ζj

r2j
θ̃Tj θ̂3j + σn (48)

where σn = σn−1 + ε2n
2 + d2n

2 + ϑn > 0.
Let μ̄1 = min{ϒ11,ϒ21, . . . ,ϒn1} and μ̄2 = min{ϒ12,

ϒ22, . . . ,ϒn2}, from Lemma 2.4 and Lemma 2.5, we get

−
n∑
j=1

ϒj1

(
z2j
2

)0.75

≤ −μ̄1

n∑
j=1

(
z2j
2

)0.75

≤ −μ̄1

⎛
⎝ n∑

j=1

z2j
2

⎞
⎠

0.75

(49)

−
n∑
j=1

ϒj2

(
z2j
2

)2

≤ −μ̄2

n∑
j=1

(
z2j
2

)2

≤ − μ̄2

n

⎛
⎝ n∑

j=1

z2j
2

⎞
⎠

2

(50)

According to Lemma 2.7, it is obtained that

n∑
j=1

ηj

rj
θ̃Tj θ̂j ≤

n∑
j=1

ηj

2rj
θ2j −

n∑
j=1

ηj

2rj
θ̃2j (51)

Substituting (49)–(51) into (48), the following inequality is rea-
sonable:

V̇n ≤ −μ̄1

⎛
⎝ n∑

j=1

z2j
2

⎞
⎠

0.75

−
⎛
⎝ n∑

j=1

ηjθ̃
2
j

2rj

⎞
⎠

0.75

− μ̄2

n

⎛
⎝ n∑

j=1

z2j
2

⎞
⎠

2

+
⎛
⎝ n∑

j=1

ηjθ̃
2
j

2rj

⎞
⎠

0.75

+
n∑
j=1

ηj

2rj
θ2j −

n∑
j=1

ηj

2rj
θ̃2j

+
n∑
j=1

ζj

r2j
θ̃Tj θ̂3j + σn (52)

Denoting o1 = 1 − o2 = 0.25, o2 = 0.75, o3 = o1o32, γ1 = 1,

γ2 =
n∑
j=1

ηj θ̃
2
j

2rj and γ3 = 1 in Lemma 2.6, we can get the following

inequality:

⎛
⎝ n∑

j=1

ηjθ̃
2
j

2rj

⎞
⎠

0.75

≤ o3 +
n∑
j=1

ηjθ̃
2
j

2rj
(53)

By using the complete cubic formula, it can be obtained that

θ̃Tj θ̂3j = θ̃Tj (θj − θ̃j)
3

= θ̃Tj (θ3j − θ̃3j + 3θjθ̃2j − 3θ2j θ̃j)

= θ̃Tj θ3j − θ̃4j + 3θjθ̃3j − 3θ2j θ̃2j

(54)

By combining (52)–(54), (52) can be rewritten as

V̇n ≤ −μ̄1

⎛
⎝ n∑

j=1

z2j
2

⎞
⎠

0.75

−
⎛
⎝ n∑

j=1

ηjθ̃
2
j

2rj

⎞
⎠

0.75

− μ̄2

n

⎛
⎝ n∑

j=1

z2j
2

⎞
⎠

2

+
n∑
j=1

ηj

2rj
θ2j +

n∑
j=1

ζjθ̃jθ
3
j

r2j
−

n∑
j=1

ζjθ̃
4
j

r2j
+

n∑
j=1

3ζjθjθ̃3j
r2j

−
n∑
j=1

3ζjθ2j θ̃2j

r2j
+ σn + o3 (55)

Applying Lemma 2.7, we have

n∑
j=1

ζjθ̃jθ
3
j

r2j
≤

n∑
j=1

3ζjθ2j θ̃2j

r2j
+

n∑
j=1

ζjθ
4
j

12r2j
(56)

n∑
j=1

3ζjθjθ̃3j
r2j

≤
n∑
j=1

3ζjθ4j
4ξ4r2j

+
n∑
j=1

9ζjξ
4
3 θ̃4j

4r2j
(57)

Substituting the above two inequalities into (55), the following
inequality can be derived as

V̇n ≤ −μ̄1

⎛
⎝ n∑

j=1

z2j
2

⎞
⎠

0.75

−
⎛
⎝ n∑

j=1

ηjθ̃
2
j

2rj

⎞
⎠

0.75

− μ̄2

n

⎛
⎝ n∑

j=1

z2j
2

⎞
⎠

2

+
n∑
j=1

ηj

2rj
θ2j +

n∑
j=1

ζjθ
4
j

12r2j
−

n∑
j=1

ζjθ̃
4
j

r2j
+

n∑
j=1

3ζjθ4j
4ξ4r2j

+
n∑
j=1

9ζjξ
4
3 θ̃4j

4r2j
+ σn + o3
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≤ −μ̄1

⎛
⎝ n∑

j=1

z2j
2

⎞
⎠

0.75

− �
μ1

⎛
⎝ n∑

j=1

θ̃2j

2rj

⎞
⎠

0.75

− μ̄2

n

⎛
⎝ n∑

j=1

z2j
2

⎞
⎠

2

− �
μ2

n∑
j=1

θ̃4j

4r2j
+ � (58)

where �
μ1 = (min{ηj})0.75, �

μ2 = min
{(

4 − 9ξ
4
3

)
ζj

}
, � =

n∑
j=1

ηj
2rj θ

2
j +

n∑
j=1

ζjθ
4
j

12r2j
+

n∑
j=1

3ζjθ4j
4ξ4r2j

+ σn + o3.

According to Lemma 2.5 and (58), it can be obtained that

V̇n ≤ −μ̄1

⎛
⎝ n∑

j=1

z2j
2

⎞
⎠

0.75

− �
μ1

⎛
⎝ n∑

j=1

θ̃Tj �−1
j θ̃j

2rj

⎞
⎠

0.75

− μ̄2

n

⎛
⎝ n∑

j=1

z2j
2

⎞
⎠

2

−
�
μ2
n

⎛
⎝ n∑

j=1

θ̃Tj �−1
j θ̃j

2rj

⎞
⎠

2

+ � (59)

where �
μ1 =

�
μ1

[max{λmax(�
−1
j )}]0.75

, �
μ2 =

�
μ2

[max{λmax(�
−1
j )}]2

.

If we make μ1 = min
{
μ̄1,

�
μ1

}
and μ̂2 = min

{
μ̄2
n ,

�
μ2
n

}
,

according to Lemma 2.4 and Lemma 2.5, the following equation
is reasonable:

V̇n ≤ −μ1

⎡
⎣
⎛
⎝ n∑

j=1

z2j
2

⎞
⎠

0.75

+
⎛
⎝ n∑

j=1

θ̃Tj �−1
1 θ̃j

2rj

⎞
⎠

0.75⎤
⎦

− μ̂2

⎡
⎣
⎛
⎝ n∑

j=1

z2j
2

⎞
⎠

2

+
⎛
⎝ n∑

j=1

θ̃Tj �−1
1 θ̃j

2rj

⎞
⎠

2⎤
⎦ + �

≤ −μ1V0.75
n − μ2V2

n + � (60)

where μ2 = μ̂2
2n .

Remark 3.1: Compared with the work of Wang et al. (2021a),
this paper usesMTN to approximate nonlinear functions, which
has a simpler structure and higher control accuracy. Addi-
tionally, although Wang et al. (2021a) studied the input signal
quantisation, it does not consider the problem of input delay.
In response to its shortcoming, the object of this study is more
general.

At this point, the design process of the control policy is
complete, as shown in Figure 1.

3.2 Stability analysis

Theorem 3.1: Considering the nonlinear system (1), if the inter-
mediate virtual controller (23), (36), the adaptive fixed-time
controller (46) and the adaptive law (22), (35), (45) are chosen
under Assumptions 2.1–2.2, it can be ensured that all signals in
the closed-loop system remain bounded and the tracking error
converges to a small neighbourhood of the origin in a fixed time.

Figure 1. Control system block diagram.

Figure 2. The reference signal yr and the system output y.
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Proof:: Choosing V = Vn as the Lyapunov function for the
closed-loop system, then the following inequality are reason-
able:

V̇ ≤ −μ1V0.75 − μ2V2 + � (61)

From (61), it can be concluded thatV is bounded, since forV2 ≥
�
μ2
, V̇ ≤ −μ1V0.75 − μ2V2 + � ≤ 0. Then it can be inferred

that zi and θ̃i are bounded. Since θ̃i and θi are bounded, the
boundedness of θ̂i can be obtained by θ̃i = θi − θ̂i. Meanwhile,
according to Wang et al. (2020b), the state variables �i of the
auxiliary system (13) remain bounded. Based on the bound-
edness of �i, zi and θ̂i, it can be seen from the expressions of

Figure 3. The tracking error y − yr .

the virtual controllers and the actual controller constructed in
this paper that both are bounded. Additionally, because zi =
xi − αi−1 − �i holds, xi are bounded. In summary, all signals
in the closed-loop system are bounded.

On the basis of (61), further derivation can lead to

V̇ ≤ −μ1V0.75 − μ2V2 + �μ2V2 − �μ2V2 + � (62)

where 0 < � < 1.
When � ≤ �μ2V2, the following equation holds:

V̇ ≤ −μ1V0.75 − μ2(1 − �)V2 (63)

According to Lemma 2.1, the convergence time can be deter-
mined as follows:

Ts ≤ 1
0.25μ1

+ 1
μ2(1 − �)

(64)

It can be seen that the tracking error converges to a small
neighbourhood of the origin in a fixed time. �

4. Simulation example

On the basis of the above theoretical analysis, this part fur-
ther verifies the feasibility and superiority of the control scheme
designed in this paper through the following three simulation
examples.

Figure 4. The state variables x2 and x3.
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Figure 5. The auxiliary system state variables�1,�2 and�3.

4.1 Numerical example

A third-order nonlinear system with input delay is considered
and described mathematically as follows:⎧⎪⎪⎪⎨

⎪⎪⎪⎩
ẋ1 = x2 − x1ex1−0.5 + 0.15 sin t
ẋ2 = x3 − x2 + 0.2 sin t
ẋ3 = u(t − 0.1) − x3e−x3 + 0.3 sin t
y = x1

where the initial condition is [x1(0), x2(0), x3(0)]T = [−0.3, 0, 0]T.
The following auxiliary system is introduced for this nonlin-

Figure 6. The reference signal yr and the system output y.

ear system ⎧⎪⎨
⎪⎩

�̇1 = �2 − 1.5�1

�̇2 = �3 − 1.5�2

�̇3 = −1.5�3 + u(t − 0.1) − u(t)

The desired trajectory is yr = 0.3 sin(t − 1.8). The control strat-
egy of the nonlinear system is designed based on Theorem
3.1.

Since the selection of parameters has a great influence
on the tracking effect, the following parameters are obtained
through repeated attempts r1 = r2 = r3 = 1, η1 = η2 = η3 =

Figure 7. The tracking error y − yr .
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Figure 8. The state variable x2 and the auxiliary system state variables�1 and�2.

1, ζ1 = ζ2 = ζ3 = 1, �1 = I5, �2 = I9, �3 = I19, ϒ11 = ϒ12 =
10,ϒ21 = ϒ22 = 1,ϒ31 = 0.1,ϒ32 = 1, ϑ1 = 0.01, ϑ2 = ϑ3 =
1.

Figures 2–5 show the simulation results of the numerical
simulation. Figure 2 displays the reference signal and the sys-
tem output curve; Figure 3 illustrates the tracking error curve,
which shows that the tracking error of the system converges to a
small neighbourhood of the origin within a fixed time; Figures
4 and 5 show that the state variables x2, x3, �1, �2 and �3 are
both bounded.

4.2 Practical example

The actual inverted pendulum system can be described in the
following form:⎧⎪⎨

⎪⎩
ẋ1 = x2 − 0.2 sin x1
ẋ2 = 0.8 sin x1 + u(t − 0.005)
y = x1

where the initial condition means [x1(0), x2(0)]T = [0, 0]T.
The following auxiliary system is constructed as{

�̇1 = �2 − 1.5�1

�̇2 = −1.5�2 + u(t − 0.005) − u(t)

The desired trajectory is yr = sin t. The control strategy of the
inverted pendulum system is designed based on Theorem 3.1.

The parameters are as follows:

r1 = r2 = η1 = η2 = ζ1 = ζ2 = 1,

�1 = I5, �2 = I9, ϒ11 = ϒ12 = ϒ21 = ϒ22 = 10, ϑ1 = 0.01,
ϑ2 = 0.001.Figures 6–8 show the simulation results of actual

simulation. As we can see fromFigure 6, the trace scheme devel-
oped in this article is quite superior. From Figure 7, it can
be found out that system’s tracking error converges to a small
neighbourhood of the origin within a fixed time. Figure 8 illus-
trates the status of the system and auxiliary system, which shows
that they are bounded.

4.3 Initial state comparison simulation

To demonstrate that the convergence time of fixed-time con-
trol is independent of the initial state, based on numerical
simulation, the following comparative experiments is presented.

Figure 9. Tracking trajectories with three different initial states.
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For the system in the numerical simulation, y1 represents the
system output with the initial state of [−0.3, 0, 0]T. y2 stands for
the system output with the initial state of [0, 0, 0]T. y3 indicates
the system output with the initial state of [0.2, 0, 0]T. As can
be seen from Figure 9, the initial state does not affect the con-
vergence time, and the simulation effects of the three different
initial states are consistent.

Remark 4.1: From the simulation results, it can be concluded
that the proposed adaptive fixed-time controller has the follow-
ing three advantages. (1) The controller is constructed based
on MTN, with a simple structure, fast convergence speed for
parameter learning, short learning time, and good real-time
performance. (2) The impact of input delay is compensated by
the auxiliary system, which does not compromise tracking per-
formance. (3) The convergence time is not affected by the initial
state.

5. Conclusion

The tracking control problem of nonlinear systems with input
delay was studied for the first time based onMTNunder a fixed-
time control framework. The auxiliary system is constructed
to compensate for the influence of input delay on the system,
and the MTNs are used to approximate the unknown nonlin-
ear functions. At the same time, it has been proven that the
closed-loop controlled system is fixed time stable. Finally, the
simulation results presented in this article also validate the supe-
riority of the proposed scheme. It is worth noting that the results
of this paper are obtained under the assumption that the output
of the system is unconstrained, but many real systems have out-
put constraints. Therefore, the future research direction is fixed
time control of nonlinear systems subject to input and output
constraints.

Disclosure statement
No potential conflict of interest was reported by the author(s).

ORCID
Yu-Qun Han http://orcid.org/0000-0002-9055-2954

References
Chen, C. C., & Sun, Z. Y. (2018). Fixed-time stabilisation for a class of high-

order nonlinear systems. IET Control Theory and Applications, 12(18),
2578–2587. https://doi.org/10.1049/iet-cta.2018.5053

Chiang, M. L., & Fu, L. C. (2014). Adaptive stabilization of a class of uncer-
tain switched nonlinear systems with backstepping control.Automatica,
50(8), 2128–2135. https://doi.org/10.1016/j.automatica.2014.05.029

Chu, L., Gao, T., Wang, M. X., Han, Y. Q., & Zhu, S. L. (2022). Adaptive
decentralized control for large-scale nonlinear systems with finite-time
output constraints by multi-dimensional Taylor network. Asian Journal
of Control, 24(4), 1769–1779. https://doi.org/10.1002/asjc.2571

Cui, D., Wu, Y. F., & Xiang, Z. R. (2021). Finite-time adaptive fault-tolerant
tracking control for nonlinear switched systems with dynamic uncer-
tainties. International Journal of Robust and Nonlinear Control, 31(8),
2976–2992. https://doi.org/10.1002/rnc.5429

Han, Y. Q. (2018). Output-feedback adaptive tracking control of stochastic
nonlinear systems using multi-dimensional Taylor network. Interna-
tional Journal of Adaptive Control and Signal Processing, 32(3), 494–510.
https://doi.org/10.1002/acs.2856

Han, Y. Q. (2021). Adaptive tracking control of a class of nonlinear sys-
tems with unknown dead-zone output: Amulti-dimensional Taylor net-
work (MTN)-based approach. International Journal of Control, 94(11),
3161–3170. https://doi.org/10.1080/00207179.2020.1752941

Han, Y. Q., & Yan, H. S. (2018). Adaptive multi-dimensional Tay-
lor network tracking control for SISO uncertain stochastic non-
linear systems. IET Control Theory & Applications, 12(8), 1107–1115.
https://doi.org/10.1049/iet-cta.2017.0538

Han, Y. Q., Zhu, S. L., Yang, S. G., & Chu, L. (2021). Adaptive
multi-dimensional Taylor network tracking control for a class of
nonlinear systems. International Journal of Control, 94(2), 277–285.
https://doi.org/10.1080/00207179.2019.1590649

He, W. J., Zhu, S. L., Li, N., & Han, Y. Q. (2023a). Adaptive finite-time
control for switched nonlinear systems subject to multiple objective
constraints via multi-dimensional Taylor network approach. ISA Trans-
actions, 136, 323–333. https://doi.org/10.1016/j.isatra.2022.10.048

He, W. J., Zhu, S. L., Lu, L. T., Zhao, W., & Han, Y. Q. (2023b). Adaptive
multi-switching-based global tracking control for switched nonlinear
systemswith prescribed performance. IEEE Transactions onAutomation
Science and Engineering. https://doi.org/10.1109/TASE.2023.3277470

Hua, C. C., Liu, G. P., Bai, Z. H., & Guan, X. P. (2016). Decentralised adap-
tive control for a class of stochastic switched interconnected nonlinear
systems. International Journal of Systems Science, 47(16), 3782–3791.
https://doi.org/10.1080/00207721.2015.1122848

Krstic, M. (2010). Input delay compensation for forward complete and
strict-feedforward nonlinear systems. IEEE Transactions on Automatic
Control, 55(2), 287–303. https://doi.org/10.1109/TAC.2009.2034923

Lai, G. Y., Huang, K., Li, L., Liu, Z., Zhang, Y., &Chen, C. L. P. (2023). Fixed-
time adaptive fuzzy control scheme with prescribed tracking accu-
racy for uncertain nonlinear hysteretic systems. Journal of the Franklin
Institute, 360(9), 5969–5995. https://doi.org/10.1016/j.jfranklin.2023.
04.011

Li, H. Y., Shi, P., Yao, D. Y., & Wu, L. G. (2016). Observer-based adaptive
sliding mode control for nonlinear Markovian jump systems. Automat-
ica, 64, 133–142. https://doi.org/10.1016/j.automatica.2015.11.007

Li, H. Y., Wang, L. J., Du, H. P., & Boulkroune, A. (2017). Adap-
tive fuzzy backstepping tracking control for strict-feedback systems
with input delay. IEEE Transactions on Fuzzy Systems, 25(3), 642–652.
https://doi.org/10.1109/TFUZZ.2016.2567457

Li, N., Han, Y. Q., He, W. J., & Zhu, S. L. (2023). A novel network-based
controller design for a class of stochastic nonlinear systems with mul-
tiple faults and full state constraints. International Journal of Control.
https://doi.org/10.1080/00207179.2022.2163297

Li, X. M., Jiang, H. J., & Yu, Z. Y. (2022). Fixed-time consensus for
stochastic multi-agent systems with discontinuous dynamics via quan-
tized control. Journal of the Franklin Institute, 359(16), 8598–8620.
https://doi.org/10.1016/j.jfranklin.2022.08.052

Li, Y. M., Tong, S. C., & Li, T. S. (2014). Adaptive fuzzy output-
feedback control for output constrained nonlinear systems in the
presence of input saturation. Fuzzy Sets and Systems, 248, 138–155.
https://doi.org/10.1016/j.fss.2013.11.006

Liu, D. C., Liu, Z., Chen, C. L. P., & Zhang, Y. (2022). Neural network-based
smooth fixed-time cooperative control of high-order multi-agent sys-
temswith time-varying failures. Journal of the Franklin Institute, 359(16),
8553–8578. https://doi.org/10.1016/j.jfranklin.2022.08.058

Ma, J. L., Xu, S. Y., Li, Y. M., Chu, Y. M., & Zhang, Z. Q. (2018). Neu-
ral networks-based adaptive output feedback control for a class of
uncertain nonlinear systems with input delay and disturbances. Journal
of the Franklin Institute, 355(13), 5503–5519. https://doi.org/10.1016/
j.jfranklin.2018.05.045

Mao, J., Zou, W. C., He, W. M., & Xiang, Z. R. (2023). Finite-time
sampled-data output feedback stabilization for a class of feed-forward
non-holonomic systems. International Journal of Robust and Nonlinear
Control, 33(11), 5892–5914. https://doi.org/10.1002/rnc.6674

Mei, K. Q., & Ding, S. H. (2021). Second-order sliding mode con-
troller design subject to an upper-triangular structure. IEEE Trans-
actions on Systems, Man, and Cybernetics: Systems, 51(1), 497–507.
https://doi.org/10.1109/TSMC.2018.2875267

Obuz, S., Klotz, J. R., Kamalapurkar, R., & Dixon, W. (2017). Unknown
time-varying input delay compensation for uncertain nonlinear systems.

http://orcid.org/0000-0002-9055-2954
https://doi.org/10.1049/iet-cta.2018.5053
https://doi.org/10.1016/j.automatica.2014.05.029
https://doi.org/10.1002/asjc.2571
https://doi.org/10.1002/rnc.5429
https://doi.org/10.1002/acs.2856
https://doi.org/10.1080/00207179.2020.1752941
https://doi.org/10.1049/iet-cta.2017.0538
https://doi.org/10.1080/00207179.2019.1590649
https://doi.org/10.1016/j.isatra.2022.10.048
https://doi.org/10.1109/TASE.2023.3277470
https://doi.org/10.1080/00207721.2015.1122848
https://doi.org/10.1109/TAC.2009.2034923
https://doi.org/10.1016/j.jfranklin.2023.04.011
https://doi.org/10.1016/j.automatica.2015.11.007
https://doi.org/10.1109/TFUZZ.2016.2567457
https://doi.org/10.1080/00207179.2022.2163297
https://doi.org/10.1016/j.jfranklin.2022.08.052
https://doi.org/10.1016/j.fss.2013.11.006
https://doi.org/10.1016/j.jfranklin.2022.08.058
https://doi.org/10.1016/j.jfranklin.2018.05.045
https://doi.org/10.1002/rnc.6674
https://doi.org/10.1109/TSMC.2018.2875267


INTERNATIONAL JOURNAL OF CONTROL 67

Automatica, 76, 222–229. https://doi.org/10.1016/j.automatica.2016.
09.030

Pan, H. H., Zhang, G. M., Ou Yang, H. M., & Mei, L. (2020). Novel fixed-
time nonsingular fast terminal sliding mode control for second-order
uncertain systems based on adaptive disturbance observer. IEEE Access,
8, 126615–126627. https://doi.org/10.1109/ACCESS.2020.3008169

Polyakov, A., Efimov, D., & Perruquetti, W. (2015). Finite-time and fixed-
time stabilization: Implicit Lyapunov function approach. Automatica,
51, 332–340. https://doi.org/10.1016/j.automatica.2014.10.082

Sui, S., Chen, C. L. P., & Tong, S. C. (2023). A novel full errors fixed-time
control for constraint nonlinear systems. IEEE Transactions on Auto-
matic Control, 68(4), 2568–2575. https://doi.org/10.1109/TAC.2022.
3200962

Sui, S., & Tong, S. C. (2023). Finite-time fuzzy adaptive PPC for nonstrict-
feedback nonlinear MIMO systems. IEEE Transactions on Cybernetics,
53(2), 732–742. https://doi.org/10.1109/TCYB.2022.3163739

Tao, F. Z., Fan, P. Y., Fu, Z. M., Wang, N., & Wang, Y. Y. (2022). Adaptive
fuzzy fixed time control for pure-feedback stochastic nonlinear sys-
tems with full state constraints. Journal of the Franklin Institute, 359(10),
4642–4660. https://doi.org/10.1016/j.jfranklin.2022.05.007

Wang, C. L., & Lin, Y. (2015). Decentralized adaptive tracking control for a
class of interconnected nonlinear time-varying systems.Automatica, 54,
16–24. https://doi.org/10.1016/j.automatica.2015.01.041

Wang, H. Q., Chen, B., & Lin, C. (2014a). Adaptive neural tracking con-
trol for a class of stochastic nonlinear systems. International Journal
of Robust and Nonlinear Control, 24(7), 1262–1280. https://doi.org/
10.1002/rnc.2943

Wang, H. Q., Chen, B., & Lin, C. (2014b). Adaptive neural tracking con-
trol for a class of stochastic nonlinear systems. International Journal
of Robust and Nonlinear Control, 24(7), 1262–1280. https://doi.org/
10.1002/rnc.2943

Wang, H. Q., Chen, M., & Liu, X. P. (2021a). Fuzzy adaptive fixed-time
quantized feedback control for a class of nonlinear systems. Acta Auto-
matica Sinica, 47(12), 2823–2830. https://doi.org/10.16383/j.aas.c190681

Wang, H. Q., Liu, S. W., & Yang, X. B. (2020a). Adaptive neural control
for non-strict-feedback nonlinear systems with input delay. Information
Sciences, 514, 605–616. https://doi.org/10.1016/j.ins.2019.09.043

Wang, H. Q., Liu, S. W., & Yang, X. B. (2020b). Adaptive neural control
for non-strict-feedback nonlinear systems with input delay. Information
Sciences, 514, 605–616. https://doi.org/10.1016/j.ins.2019.09.043

Wang, H. Q., Xu, K., & Qiu, J. B. (2021b). Event-triggered adaptive fuzzy
fixed-time tracking control for a class of nonstrict-feedback nonlinear
systems. IEEE Transactions on Circuits and Systems I: Regular Papers,
68(7), 3058–3068. https://doi.org/10.1109/TCSI.2021.3073024

Wang, H. Q., Zou, Y. C., Liu, P. X. P., & Liu, X. P. (2018). Robust fuzzy adap-
tive funnel control of nonlinear systems with dynamic uncertainties.
Neurocomputing, 314, 299–309. https://doi.org/10.1016/j.neucom.2018.
06.053

Wang, M. X., Zhu, S. L., Liu, S. M., Du, Y., & Han, Y. Q. (2023). Design
of adaptive finite-time fault-tolerant controller for stochastic nonlinear
systems with multiple faults. IEEE Transactions on Automation Science

and Engineering, 20(4), 2492–2502. https://doi.org/10.1109/TASE.2022.
3206328

Xiang, Z. R., & Cui, D. (2023). Nonsingular fixed-time fault-tolerant fuzzy
control for switched uncertain nonlinear systems. IEEE Transactions
on Fuzzy Systems, 31(1), 174–183. https://doi.org/10.1109/TFUZZ.2022.
3184048

Xu, J. (2019). Adaptive fixed-time control for MIMO nonlinear sys-
tems with asymmetric output constraints using universal barrier func-
tions. IEEE Transactions on Automatic Control, 64(7), 3046–3053.
https://doi.org/10.1109/TAC.2018.2874877

Yang, D., Zong, G. D., Nguang, S. K., & Zhao, X. D. (2022). Bumpless trans-
fer H∞ anti-disturbance control of switching Markovian LPV systems
under the hybrid switching. IEEE Transactions on Cybernetics, 52(5),
2833–2845. https://doi.org/10.1109/TCYB.2020.3024988

Yang, Z. J., Zhang, X. Y., Zong, X. J., & Wang, G. G. (2020). Adaptive
fuzzy control for non-strict feedback nonlinear systems with input delay
and full state constraints. Journal of the Franklin Institute, 357(11),
6858–6881. https://doi.org/10.1016/j.jfranklin.2020.05.008

Yu, J. J., Yu, S.H., Li, J., & Yan, Y. (2019). Fixed-time stability theorem
of stochastic nonlinear systems. International Journal of Control, 92(9),
2194–2200. https://doi.org/10.1080/00207179.2018.1430900

Zhou, Z. P., Zhu, F. L., Chen, B. L., & Xu, D. Z. (2021). Barrier Lyapunov
function-based adaptive fuzzy attitude tracking control for rigid satellite
with input delay and output constraint. Journal of the Franklin Institute,
358(17), 9110–9134. https://doi.org/10.1016/j.jfranklin.2021.09.020

Zhu, S. L., Duan, D. Y., Chu, L., Wang, M. X., & Xiong, P. C. (2020).
Adaptive multi-dimensional Taylor network tracking control for a
class of switched nonlinear systems with input nonlinearity. Transac-
tions of the Institute of Measurement and Control, 42(13), 2482–2491.
https://doi.org/10.1177/0142331220916601

Zhu, S. L.,Wang,M.X., &Han, Y.Q. (2022). Adaptive finite-time control for
stochastic nonlinear systems using multi-dimensional Taylor network.
Transactions of the Institute ofMeasurement andControl, 44(2), 457–467.
https://doi.org/10.1177/01423312211039629

Zhu, Z., Xia, Y. Q., & Fu, M. Y. (2011). Attitude stabilization of rigid space-
craft with finite-time convergence. International Journal of Robust and
Nonlinear Control, 21(6), 686–702. https://doi.org/10.1002/rnc.1624

Zuo, Z. Y. (2015a). Non-singular fixed-time terminal sliding mode control
of non-linear systems. IETControl Theory&Applications, 9(4), 545–552.
https://doi.org/10.1049/iet-cta.2014.0202

Zuo, Z. Y. (2015b). Nonsingular fixed-time consensus tracking for second-
order multi-agent networks. Automatica, 54, 305–309. https://doi.org/
10.1016/j.automatica.2015.01.021

Zuo, Z. Y., Han, Q. L., Ning, B. D., Ge, X. H., & Zhang, X. M. (2018).
An overview of recent advances in fixed-time cooperative control of
multiagent systems. IEEE Transactions on Industrial Informatics, 14(6),
2322–2334. https://doi.org/10.1109/TII.2018.2817248

Zuo, Z. Y., Tian, B. L., Defoort, M., & Ding, Z. T. (2018). Fixed-time
consensus tracking for multi-agent systems with high-order integra-
tor dynamics. IEEE Transactions on Automatic Control, 63(2), 563–570.
https://doi.org/10.1109/TAC.2017.2729502

https://doi.org/10.1016/j.automatica.2016.09.030
https://doi.org/10.1109/ACCESS.2020.3008169
https://doi.org/10.1016/j.automatica.2014.10.082
https://doi.org/10.1109/TAC.2022.3200962
https://doi.org/10.1109/TCYB.2022.3163739
https://doi.org/10.1016/j.jfranklin.2022.05.007
https://doi.org/10.1016/j.automatica.2015.01.041
https://doi.org/10.1002/rnc.2943
https://doi.org/10.1002/rnc.2943
https://doi.org/10.16383/j.aas.c190681
https://doi.org/10.1016/j.ins.2019.09.043
https://doi.org/10.1016/j.ins.2019.09.043
https://doi.org/10.1109/TCSI.2021.3073024
https://doi.org/10.1016/j.neucom.2018.06.053
https://doi.org/10.1109/TASE.2022.3206328
https://doi.org/10.1109/TFUZZ.2022.3184048
https://doi.org/10.1109/TAC.2018.2874877
https://doi.org/10.1109/TCYB.2020.3024988
https://doi.org/10.1016/j.jfranklin.2020.05.008
https://doi.org/10.1080/00207179.2018.1430900
https://doi.org/10.1016/j.jfranklin.2021.09.020
https://doi.org/10.1177/0142331220916601
https://doi.org/10.1177/01423312211039629
https://doi.org/10.1002/rnc.1624
https://doi.org/10.1049/iet-cta.2014.0202
https://doi.org/10.1016/j.automatica.2015.01.021
https://doi.org/10.1109/TII.2018.2817248
https://doi.org/10.1109/TAC.2017.2729502

	1. Introduction
	2. Problem formulation and preliminaries
	2.1. Problem formulation
	2.2. Definition and lemma of fixed time control
	2.3. Other relevant theories
	2.4. Assumptions and auxiliary system

	3. Main results
	3.1. The process of controller design
	3.2. Stability analysis

	4. Simulation example
	4.1. Numerical example
	4.2. Practical example
	4.3. Initial state comparison simulation

	5. Conclusion
	Disclosure statement
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [609.704 794.013]
>> setpagedevice


