
ISA Transactions 136 (2023) 323–333

i
T
o
s
o
t
s
e
s

U

h
0

Contents lists available at ScienceDirect

ISA Transactions

journal homepage: www.elsevier.com/locate/isatrans

Research article

Adaptive finite-time control for switched nonlinear systems subject to
multiple objective constraints viamulti-dimensional Taylor network
approach✩

Wen-Jing He a, Shan-Liang Zhu a,b, Na Li a, Yu-Qun Han a,b,∗

a School of Mathematics and Physics, Qingdao University of Science and Technology, Qingdao, 266061, China
b Research Institute for Mathematics and Interdisciplinary Sciences, Qingdao University of Science and Technology, 266061, China

a r t i c l e i n f o

Article history:
Received 12 April 2022
Received in revised form 30 October 2022
Accepted 30 October 2022
Available online 8 November 2022

Keywords:
Adaptive control
Finite-time control
Multi-dimensional Taylor network
Switched nonlinear systems
Multiple objectives constraints

a b s t r a c t

The finite-time control of switched nonlinear systems subject to multiple objective constraints is
investigated in this article. Firstly, with the aim of dealing with the major challenge brought by
multiple objective constraints, the time-varying and asymmetric barrier function is designed, which
transforms multiple objective constrained systems into unconstrained systems. Secondly, the dynamic
surface control technique is introduced into the backstepping design process, and the error generated
in the filtering process is reduced by constructing the error compensation systems. Then, an adaptive
finite-time controller based on multi-dimensional Taylor network (MTN) is proposed. The controller
proposed in this article can avoid the ‘‘singularity" problem and ensure that the objective functions
never violate constraints. Finally, the effectiveness of the finite-time control strategy proposed in this
article is verified by the aircraft system simulation.

© 2022 ISA. Published by Elsevier Ltd. All rights reserved.
1. Introduction

As is known to all, the parameters or structures of practical
ndustrial systems are likely to jump due to various factors.
herefore, the concept of hybrid systems was introduced [1]. As
ne of the most essential branches of hybrid systems, switched
ystems have been made a profound study by scholars because
f its simple mathematical description [2–4]. Meanwhile, the
racking control is the key issue of switched nonlinear systems re-
earch, which is also the emphasis and difficulty of research. In an
ffort to solve the tracking control problem of switched nonlinear
ystems, H∞ control [5,6], robust control [7], adaptive control [8],
sliding mode control [9] and backstepping technique [10] have
been adopted. Significantly, as an effective control method, the
combination of backstepping technique and adaptive control was
extensively used to cope with the control problems of various
switched nonlinear systems [11–13]. What is more, as a funda-
mental issue in the study of switched nonlinear systems, stability
analysis has received focused attention. With the aim of ensuring
the stability of the controlled systems in case of arbitrary switch-
ing, the common Lyapunov function (CLF) was introduced into the
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control process [14]. For uncertain switched nonlinear systems,
an adaptive CLF-based control strategy was developed in [15],
which guaranteed the stability of the controlled systems under
arbitrary switching. Up to now, the CLF-based adaptive backstep-
ping control has acquired quite a few meaningful achievements
on switched nonlinear systems [16–18]. On the other hand, there
exist complex uncertainty and nonlinearity in the practical sys-
tems due to the modeling accuracy or parameter variation, which
is a necessary issue in the controller design and stability analysis.
However, the above research results cannot cope with the con-
trol and stability problems of switched nonlinear systems with
complex and uncertain nonlinear structures.

As two kinds of estimators, neural networks (NNs) and fuzzy
logic systems (FLSs) can effectively approximate complex and
uncertain nonlinear structures in the systems. Up to now, a host
of adaptive control strategies based on NNs or FLSs have been
reported [19–23]. In recent years, as a kind of NN with spe-
cial structures, multi-dimensional Taylor network (MTN) paves a
new approach for the control issues of various systems, such as
nonlinear systems [24,25], large-scale nonlinear systems [26,27],
stochastic nonlinear systems [28,29], discrete-time nonlinear sys-
tems [30,31] and switched nonlinear systems [32]. Until now,
however, few results have been devoted to MTN control achieve-
ments of switched nonlinear systems, which need to be further
explored. In particular, it should be noted that the aforemen-
tioned researches are unacceptable in engineering applications,

which require limited convergence time. Finite-time control can
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ot only accelerate the convergence speed, but also reduce the
onvergence time, and even improve the convergence accuracy,
nd also has strong anti disturbance ability. Therefore, the finite-
ime control has been successfully applied to solve the control
esign issues of a sea of systems, such as nonlinear systems
33], switched nonlinear systems [34], large-scale nonlinear sys-
ems [35] and stochastic nonlinear systems [36,37]. Nevertheless,
ccording to the current knowledge, there are few works on
he finite-time control of switched nonlinear systems via MTN
echnique.

In practical industrial production, the controlled systems need
o be constrained for the purpose of ensuring efficiency and
ecurity. For the control problem of constrained systems, a large
umber of control approaches were put forward, such as ref-
rence governor approach [38], extremum-seeking control ap-
roach [39], prescribed performance control approach [40], the
ata-driven model approach [41] and barrier Lyapunov function
BLF) approach [42]. Among them, BLF-based control is the most
idely accepted method for switched constrained systems [43–
5]. For switched nonlinear systems, most of the existing BLF
ontrol methods focus on working out the issues of input con-
traints, state constraints or output constraints, rather than mul-
iple objective constraints. For most process and manufacturing
ystems, multiple objective constraints are unavoidable, such as
owest risk and highest return in venture capital projects [46],
owest transportation cost and shortest distance in vehicle driv-
ng [47], lowest energy consumption and highest productivity
n manufacturing systems [48], speed and position of joints and
nd-effectors in the robot manipulators [49]. Therefore, it is of
mportant practical significance to realize the control of multi-
le objective constrained systems. Significantly, the control issue
f nonlinear systems with multiple objective constraints was
iscussed in [50], and an adaptive NN-based finite-time con-
rol strategy was proposed. However, in the case of arbitrary
witching, there are almost no researches on switched nonlinear
ystems with multiple objective constraints. Therefore, it can
e concluded that the finite-time control of switched nonlinear
ystems subject to multiple objective constraints is confronted
ith great challenge, which is a meaningful topic.
In summary, the finite-time control problem of switched non-

inear systems with multiple objective constraints is discussed in
his article. Firstly, in order to cope with the multiple objective
onstraints problem, the time-varying and asymmetric barrier
unction is introduced. Secondly, the dynamic surface control
DSC) technique is led into the backstepping control process
o avoid the ‘‘differential explosion’’ problem and ‘‘singularity’’
roblem. Thirdly, the error compensation systems are constructed
o reduce the error caused by the filter. Finally, based on the MTN
stimation technique, an adaptive finite-time control strategy is
roposed. By comparing with the existing literatures, the main
ontributions of this article are as follows:

(1) This article is the first remarkable work to investigate finite-
time tracking control of switched systems using MTN tech-
nique. Although the MTN technique has been extended to
switched nonlinear systems by [32,51], finite-time control
cannot be realized. Unlike the existing MTN-based finite-
time control results, such as [35,37], the controlled object
of this article is switched nonlinear systems under arbi-
trary switching. Even though the authors of [52,53] dis-
cussed the finite-time control of switched nonlinear sys-
tems, MTN technique and multiple objective constraints
were not considered.

(2) In order to serve the aim of transforming the multiple ob-
jective constrained systems into the unconstrained systems,
 Λ
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a novel time-varying and asymmetric barrier function is de-
signed. The barrier function constructed in [54] to cope with
output constraints is extended to multiple objective con-
straints, which allows this article to generalize and extend
the existing achievements based on special cases. Different
from [55], a new DSC-based finite-time control framework is
provided, which introduces the error compensation systems
to reduce the error caused by the filter.

(3) This article appears to be the first work dedicated to the
finite-time-based constrained control of switched nonlin-
ear systems, which gives a new way to balance multiple
objective constraints and the system performance. In each
step of backstepping design process, all unknown nonlin-
earities are composed into an unknown nonlinear function,
which is approximated by one MTN. Moreover, based on
DSC, the proposed controller does not require the derivative
knowledge of the virtual control signals, which makes its
implementation much easier.

Notation: Rn indicates n-dimensional real space. For a vector
r matrix x, xT defines its transpose, |x| means its absolute value,
nd ∥x∥ denotes its 2-norm. For the sake of brevity, the variables
n the function will be omitted, such as Λi,k (t, x̄i) is simplified as
i,k.

. Problem formulation and preliminaries

The switched nonlinear system is considered, whose mathe-
atical model is shown below⎧⎨⎩
ẋi = xi+1 + li,σ (t) (x̄i) + Λi,σ (t) (t, x̄i)
ẋn = u + ln,σ (t) (x̄n) + Λn,σ (t) (t, x̄n)
y = x1

(1)

where i = 1, 2, . . . , n − 1. y and u represent the output and
control input of the controlled system, respectively. σ (t) : R+

→

= {1, 2, . . . , q} means the switching signal and q expresses
the number of subsystem. For i = 1, 2, . . . , n, k ∈ Q , x̄i =

[x1, . . . , xi]T ∈ Ri denotes the state variable in the system, li,k (x̄i)
indicates unknown and smooth nonlinear function, Λi,k (t, x̄i) is
defined as the unknown time-varying disturbance.

For the switched nonlinear system (1), the control objectives
of this article can be described as the following three points:

(1) All signals in the controlled system are bounded;
(2) It is expected that the desired signal yd can be well tracked

by the system output y, and the tracking error y − yd can be
adjusted to a small neighborhood of origin;

(3) Multiple objective constraints, i.e. −bv1 (t) < Ei (x1) <

v2 (t) , i = 1, . . . ,m, are not violated. bv1 (t) , bv2 (t) indicate
symmetric and time-varying constraint functions, and satisfy
bv1 (t) < bv2 (t). Ei = q1x1+q2x21+· · ·+qixi1 means ith objective

unction. qi denotes the weighting coefficient. The selection of
i needs to ensure that the objective functions are within the
onstraint range.

ssumption 1 ([32]). When t ≥ 0, for positive constants Y 1
0 , Y 2

0 ,

1, . . . , Yn, the desired signal yd and its time derivative y(i)
d , i =

, 2, . . . , n satisfy the conditions as −Y 1
0 ≤ yd ≤ Y 2

0 , |ẏd| <

1, . . . ,

⏐⏐⏐y(n)
d

⏐⏐⏐ < Yn.

ssumption 2 ([56]). The time-varying disturbance Λi,k (t, x̄i) in
ystem (1) satisfies the following condition
i,k (t, x̄i) ≤ φi,k (x̄i) + di,k (2)
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here i = 1, 2, . . . , n, k ∈ Q , φi,k (x̄i) indicates the unknown
and continuous nonlinear function, and di,k denotes the unknown
constant.

Lemma 1 ([53]). On the basis of full consideration of the nonlinear
system ẋ = f (x, u), if x (0) ∈ x0, there exist a positive constant σ

nd a settling time T (σ , x0) < ∞, such that ∥x (t)∥ ≤ σ , for ∀t ∈ T .
eanwhile, there exist 0 < s < 1, h > 0, f > 0, 0 < g < ∞, the

time derivative of the continuous Lyapunov function V satisfies the
following condition

V̇ ≤ −hV − fV s
+ g (3)

Then, the trajectory of the nonlinear system ẋ = f (x, u) is
practical finite-time stable.

Lemma 2 ([26]). For any e > 0, there exists one MTN of the form
θTPmn that can be adopted to estimate the continuous function L (ω)

on a compact set Ωω , whose expression is given below

L (ω) = θTPmn (ω) + ε (ω) , |ε (ω)| ≤ e (4)

where Pmn (ω)
∆
=

[
ω1, . . . , ωn, ω

2
1, . . . , ω

2
n, ω

m
1 , . . . , ωm

n

]T
∈ Rl

means the middle layer vector of MTN. ω ∆
= [ω1, ω2, . . . , ωn]T ∈ Rn

indicates the input vector of MTN. ε (ω) is the approximate error
between θTPmn (ω) and L (ω). θ is the weight vector of MTN, θ :=

argminω∈Rl
{
supω∈Ωω

⏐⏐L (ω) − θTPmn (ω)
⏐⏐} ∈ Rl.

Remark 1. As a network structure similar to radial basis function
neural network (RBFNN), MTN is composed of three layers: input
layer, middle layer and output layer. Unlike RBFNN, in the middle
layer of MTN, polynomials are adopted instead of radial basis
functions. In other words, MTN can be considered as the RBFNN
with special structures.

3. Adaptive MTN tracking controller design

Firstly, with the aim of achieving multiple objective con-
straints, the time-varying and asymmetric barrier function is
introduced, and its expression takes the form

ξ =
E + bc1

E + bv1 (t)
+

E − bc2
bv2 (t) − E

(5)

where bc1, bc2 are designed constants, which satisfy the condi-
tions of bc1 < bv1 (t) and bc2 < bv2 (t), respectively. E is a
function of x1, whose initial state E (0) is in its open region. If E →

(−bv1)
+ or E → b−

v2, the barrier function ξ approaches infinity.
When the barrier function ξ is determined to be bounded, E
also satisfies the constraints. Therefore, the problem of multiple
objective functions satisfying constraints is transformed into the
problem of guaranteeing the boundedness of ξ .

Remark 2. The multiple objective constraints considered in this
article is to ensure that the objective functions E about x1 evolve
within the prescribed boundary. Significantly, the output con-
straint is a special case of multiple objective constraints, namely
E = x1, which is commonly found in existing constraint works.
The barrier function considered in this article is a composite
function of the objective functions and the constraint functions.
Through mathematical derivation, it can be seen that if the
boundedness of the barrier function is guaranteed, then multiple
objective functions satisfy the constraint conditions. With full
consideration of the influence of multiple possible conflicting
325
objectives, it is a challenging research topic to transform the
multiple objective constrained systems into the unconstrained
systems.

Remark 3. Compared with [35,37,44,54], the novel asymmetric
and time-varying barrier function considered in this article can
deal with not only the issue of asymmetric output constraints,
but also the issue of multiple objective constraints. In addition,
it is worth noting that positive and negative constraint functions
can be handled. Therefore, the proposed approach has a wider
application scope for constrained systems.

The time derivative of the barrier function ξ can be written as

ξ̇ = κ1Ė + κ2 = κ11ẋ1 + κ2 (6)

where κ1 =
bv1(t)−bc1
[E+bv1(t)]2

+
bv2(t)−bc2
[bv2(t)−E]2

, κ2 = −
(E+bc1)ḃv1(t)
[E+bv1(t)]2

−
(E−bc2)ḃv2(t)
[bv2(t)−E]2

,
κ11 = κ1

∂E
∂x1

and ∂E
∂x1

̸= 0.
Secondly, the coordinate transformation is proposed{

z1 = ξ − yd,c
zi = xi − xi,c, i = 2, . . . , n

(7)

where yd,c =
yd+bc1

yd+bv1(t) +
yd−bc2

bv2(t)−yd
, xi,c means the output of the first-

order command filter, which associates with the virtual control
signal αi−1.

As the order of the command filter increases, the filtering
error will increase. Therefore, the composite tracking error is
introduced as follows

wi = zi − ζi, i = 1, 2, . . . , n (8)

The command filter has a certain impact on the tracking
performance, so the composite signal ζi is defined as⎧⎪⎪⎪⎨⎪⎪⎪⎩

ζ̇1 = κ11
(
−m1ζ1 + x2,c − α1 + ζ2

)
− λ1sign (ζ1)

ζ̇2 = −m2ζ2 + x3,c − α2 + ζ3 − λ2sign (ζ2)

ζ̇i = −miζi + xi+1,c − αi − ζi−1 + ζi+1 − λisign (ζi)

ζ̇n = −mnζn − ζn−1 − λnsign (ζn)

(9)

where i = 3, . . . , n − 1. For j = 1, 2, . . . , n, mj > 0 indicates the
constant, λj is the design parameter.

Assumption 3 ([50]).
⏐⏐xi+1,c − αi

⏐⏐ ≤ βi can be achieved in the
fixed time T , where βi > 0 is the known constant.

Remark 4. With the purpose of solving the finite-time tracking
control issue of the switched nonlinear system (1), Assumptions 1
and 3 are commonly adopted in the existing works [19,33,34,50].
In order to deal with unknown and discontinuous time-varying
disturbance, a more general approach is introduced by Assump-
tion 2. Significantly, Assumptions 1–3 are the basic assumptions
of backstepping-based adaptive finite-time control design and the
necessary conditions for controllability of the switched nonlinear
system (1).

Combining with the above mentioned research content, the
time derivative of the composite tracking error wi can be indi-
cated as⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

ẇ1 = κ11
(
w2 + l1,k + Λ1,k + m1ζ1 + α1

)
+ κ2 − ι1ẏd

+ ι2 + λ1sign (ζ1)

ẇ2 = w3 + l2,k + Λ2,k + m2ζ2 + α2 − ẋ2,c + λ2sign (ζ2)

ẇi = wi+1 + li,k + Λi,k + miζi + αi − ẋi,c + ζi−1 + λisign (ζi)

ẇn = u + ln,k + Λn,k + mnζn − ẋn,c + ζn−1 + λnsign (ζn)

(10)
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here i = 3, . . . , n − 1, ι1 =
bv1(t)−bc1
[yd+bv1(t)]2

+
bv2(t)−bc2
[bv2(t)−yd]2

, ι2 =

(yd+bc1)ḃv1(t)
[yd+bv1(t)]2

+
(yd−bc2)ḃv2(t)
[bv2(t)−yd]2

.

Thirdly, for k ∈ Q , i = 1, 2, . . . , n, θi = max
{θi,k

2} denotes

he unknown constant. θi,k defines the weight vector of MTN. θ̂i
eans the estimated value of θi. θ̃i represents the estimated error
f θi, and θ̃i = θi − θ̂i.

Step 1: The candidate Lyapunov function is designed as

V1=
1
2
w2

1 +
1
2
θ̃2
1 (11)

In combination with the above equation, the time derivative
f Lyapunov function V1 is indicated as

˙1 =κ11w1
(
w2 + l1,k + Λ1,k + m1ζ1 + α1

)
+ w1 [κ2 − ι1ẏd + ι2 + λ1sign (ζ1)] − θ̃1

˙̂
θ1

(12)

On the basis of Assumption 2 and Young’s inequality, the
ollowing inequalities are true

11w1Λ1,k ≤ κ11w1
(
φ1,k + d1,k

)
≤

1
2
a21

+
1
2a21

κ2
11w

2
1

(
φ1,k + d1,k

)2 (13)

1λ1sign (ζ1) ≤
1
2
w2

1 +
1
2
λ2
1 (14)

here a1 > 0 is a constant.
Substituting (13) and (14) into (12), a new form of the time

erivative of Lyapunov function V1 can be expressed as

V̇1 ≤ κ11w1 (w2 + m1ζ1 + α1) + w1L1,k − θ̃1
˙̂
θ1

+
1
2
a21 +

1
2
λ2
1 −

1
2
w2

1

(15)

here L1,k =
1

2a21
κ2
11w1

(
φ1,k + d1,k

)2
+κ11l1,k +κ2 − ι1ẏd + ι2 +w1

s a combination of nonlinear functions. According to the MTN
echnique in Lemma 2, for any e1,k > 0, L1,k can be estimated by
MTN, and its expression is indicated as

1,k = θT
1,kPm1 + ε1,k,

⏐⏐ε1,k⏐⏐ ≤ e1,k (16)

here ε1,k represents the error between the combination of non-
linear functions L1,k and the term θT

1,kPm1 .
According to the form (16) of the nonlinear function estimated

by MTN and Young’s inequality, the following inequality can be
obtained

w1L1,k ≤
1
2
η2
1 +

1
2η2

1
w2

1

θ1,k
2 PT

m1
Pm1 +

1
2
w2

1 +
1
2
e21,k

≤
1
2
η2
1 +

1
2η2

1
w2

1θ1P
T
m1

Pm1 +
1
2
w2

1 +
1
2
e21,k

(17)

here η1 > 0 is a constant.
In an effort to ensure the effectiveness of the proposed control

trategy, the virtual control signal α1 is designed in the following
orm

1 = −m1z1 −
1

2κ11η
2
1
w1θ̂1PT

m1
Pm1 − r1w2s−1

1 (18)

where r1 > 0 is a constant and 0 < s < 1.
With the help of the virtual control signal α1 and (17), the time

derivative of V1 can be described as

V̇1 ≤κ11w1w2 − κ11m1w
2
1 − κ11r1w2s

1 +
1
2
η2
1 +

1
2
a21

+
1
λ2
1 +

1
e21,k + θ̃1

(
1
2 w2

1P
T
m1

Pm1 −
˙̂
θ1

) (19)
2 2 2η1
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Step 2: On the basis of the Step 1, the candidate Lyapunov
unction is designed as

2 =
1
2
w2

2 +
1
2
θ̃2
2 + V1 (20)

With the help of (20), the time derivative of the Lyapunov
function V2 can be further obtained in the form shown below

V̇2 =w2
(
w3 + l2,k + Λ2,k + m2ζ2 + α2 − ẋ2,c

)
+ w2λ2sign (ζ2) − θ̃2

˙̂
θ2 + V̇1

(21)

In the light of Assumption 2 and Young’s inequality, the fol-
lowing inequalities are correct

w2Λ2,k ≤ w2
(
φ2,k + d2,k

)
≤

1
2
a22 +

1
2a22

w2
2

(
φ2,k + d2,k

)2
(22)

w2λ2sign (ζ2) ≤
1
2
w2

2 +
1
2
λ2
2 (23)

here a2 > 0 is a constant.
According to (21), (22) and (23), a new form of the time

derivative of Lyapunov function V2 can be indicated as

V̇2 ≤w2 (w3 + m2ζ2 + α2) + w2L2,k − θ̃2
˙̂
θ2

+
1
2
a22 +

1
2
λ2
2 − κ11w1w2 −

1
2
w2

2 + V̇1

(24)

where L2,k = l2,k − ẋ2,c +
1

2a22
w2
(
φ2,k + d2,k

)2
+ κ11w1 + w2 is

a combination of nonlinear functions. With the help of the MTN
technique in Lemma 2, for e2,k > 0, L2,k can be estimated by MTN,
and its expression as follows

L2,k = θT
2,kPm2 + ε2,k,

⏐⏐ε2,k⏐⏐ ≤ e2,k (25)

where ε2,k indicates the error between the combination of non-
linear functions L2,k and the term θT

2,kPm2 .
According to the form (25) of the nonlinear function estimated

by MTN and Young’s inequality, the following inequality can be
acquired

w2L2,k ≤
1
2
η2
2 +

1
2η2

2
w2

2

θ2,k
2 PT

m2
Pm2 +

1
2
w2

2 +
1
2
e22,k

≤
1
2
η2
2 +

1
2η2

2
w2

2θ2P
T
m2

Pm2 +
1
2
w2

2 +
1
2
e22,k

(26)

here η2 > 0 is a constant.
In order to ensure that the proposed control scheme is effec-

ive, the virtual control signal α2 is designed in the following form

2 = −m2z2 −
1

2η2
2
w2θ̂2PT

m2
Pm2 − r2w2s−1

2 (27)

where r2 > 0 is a constant.
On the basis of (19), (26) and the virtual control signal α2, the

time derivative of V2 can be expressed as

V̇2 ≤ − κ11m1w
2
1 − m2w

2
2 − κ11r1w2s

1 − r2w2s
2 + w2w3

+

2∑
j=1

θ̃j

(
1

2η2
j
w2

j P
T
mj
Pmj −

˙̂
θj

)
+

1
2

2∑
j=1

(
a2j + λ2

j + η2
j + e2j,k

)
(28)

Step i (3 ≤ i ≤ n − 1): With the help of the above research
content and mathematical derivation, the candidate Lyapunov
function is designed as

Vi =
1
w2

+
1
θ̃2

+ Vi−1 (29)

2 i 2 i
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With the help of (29), the time derivative of the Lyapunov
function Vi can be further attained in the form shown below

V̇i =wi
(
wi+1 + li,k + Λi,k + miζi + αi − ẋi,c + ζi−1

)
+ wiλisign (ζi) − θ̃i

˙̂
θi + V̇i−1

(30)

In the light of Young’s inequality and Assumption 2, the fol-
lowing inequalities hold

wiΛi,k ≤ wi
(
φi,k + di,k

)
≤

1
2
a2i +

1
2a2i

w2
i

(
φi,k + di,k

)2
(31)

iλisign (ζi) ≤
1
2
w2

i +
1
2
λ2
i (32)

here ai > 0 is the constant.
With the help of (31) and (32), a new form of the time

erivative of the Lyapunov function Vi can be indicated as
˙i ≤wi (wi+1 − wi−1 + miζi + αi) + wiLi,k

− θ̃i
˙̂
θi +

1
2
a2i +

1
2
λ2
i −

1
2
w2

i + V̇i−1
(33)

here Li,k = li,k − ẋi,c +
1

2a2i
wi
(
φi,k + di,k

)2
+ wi + zi−1 is

the combination of nonlinear functions. In the light of the MTN
technique in Lemma 2, for any ei,k > 0, Li,k can be estimated by
MTN, and its expression as follows

Li,k = θT
i,kPmi + εi,k,

⏐⏐εi,k⏐⏐ ≤ ei,k (34)

where εi,k means the error between the combination of nonlinear
functions Li,k and the term θT

i,kPmi .
According to the form (34) of the nonlinear function estimated

by MTN and Young’s inequality, the following inequality can be
gained

wiLi,k ≤
1
2
η2
i +

1
2η2

i
w2

i

θi,k
2 PT

mi
Pmi +

1
2
w2

i +
1
2
e2i,k

≤
1
2
η2
i +

1
2η2

i
w2

i θiP
T
mi
Pmi +

1
2
w2

i +
1
2
e2i,k

(35)

here ηi > 0 is the constant.
So as to ensure that the proposed control scheme is effective,

the virtual control signal αi can be designed in the following form

i = −mizi −
1

2η2
i
wiθ̂iPT

mi
Pmi − riw2s−1

i (36)

here ri > 0 is the constant.
In the light of mathematical derivation, (28), (35), the virtual

ontrol signal αi and Young’s inequality, the time derivative of Vi
can be expressed as

V̇i ≤ − κ11m1w
2
1 −

i∑
j=2

mjw
2
j − κ11r1w2s

1 −

i∑
j=2

rjw2s
j + wiwi+1

+
1
2

i∑
j=1

(
a2j + λ2

j + η2
j + e2j,k

)
+

i∑
j=1

θ̃j

(
1

2η2
j
w2

j P
T
mj
Pmj −

˙̂
θj

)
(37)

Step n: On the basis of Step i, the candidate Lyapunov function
is designed as

Vn=
1
2
w2

n +
1
2
θ̃2
n + Vn−1 (38)

With the help of (38), the time derivative of the Lyapunov
unction Vn can be further attained in the form shown below
˙n =wn

(
u + ln,k + Λn,k + mnζn − ẋn,c + ζn−1

)
˜ ˙̂ ˙

(39)

+ wnλnsign (ζn) − θnθn + Vn−1
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Combining Young’s inequality with Assumption 2, the follow-
ng inequalities can be gained

nΛn,k ≤ wn
(
φn,k + dn,k

)
≤

1
2
a2n +

1
2a2n

w2
n

(
φn,k + dn,k

)2
(40)

wnλnsign (ζn) ≤
1
2
w2

n +
1
2
λ2
n (41)

where an > 0 is a constant.
With the help of (40) and (41), a new form of the time

derivative of Lyapunov function Vn can be expressed as

V̇n ≤wn (u + mnζn − wn−1) + wnLn,k +
1
2
a2n +

1
2
λ2
n

− θ̃n
˙̂
θn −

1
2
w2

n + V̇n−1

(42)

where Ln,k = ln,k − ẋn,c +
1

2a2n
wn
(
φn,k + dn,k

)2
+ wn + zn−1 is

the combination of nonlinear functions. On the basis of the MTN
technique in Lemma 2, for any en,k > 0, Ln,k can be estimated by
MTN, and its expression as follows

Ln,k = θT
n,kPmn + εn,k,

⏐⏐εn,k⏐⏐ ≤ en,k (43)

where εn,k means the error between the combination of nonlinear
functions Ln,k and the term θT

n,kPmn .
According to the form (43) of the nonlinear function estimated

by MTN and Young’s inequality, the following inequality can be
attained

wnLn,k ≤
1
2
η2
n +

1
2η2

n
w2

n

θn,k
2 PT

mn
Pmn +

1
2
w2

n +
1
2
e2n,k

≤
1
2
η2
n +

1
2η2

n
w2

nθnP
T
mn

Pmn +
1
2
w2

n +
1
2
e2n,k

(44)

where ηn > 0 is a constant.
In an effort to ensure that the proposed control scheme is

effective, the actual control u can be designed in the following
form

u = −mnzn −
1

2η2
n
wnθ̂nPT

mn
Pmn − rnw2s−1

n (45)

where rn > 0 is a constant.
According to (37), (44), the actual control u and Young’s in-

equality, the time derivative of Vn can be expressed as

V̇n ≤ − κ11m1w
2
1 −

n∑
j=2

mjw
2
j − κ11r1w2s

1 −

n∑
j=2

rjw2s
j

+

n∑
j=1

θ̃j

(
1

2η2
j
w2

j P
T
mj
Pmj −

˙̂
θj

)
+

1
2

n∑
j=1

(
a2j + λ2

j + η2
j + e2j,k

)
(46)

Remark 5. The backstepping control method can not only realize
the systematic and structured controller design process, but also
design the control strategy for the nonlinear systems with relative
order n. According to the adaptive backstepping technique, it can
be ensured that all subsystems have a CLF through a series of
mathematical derivations.

Remark 6. In the backstepping design process, if 2s − 1 < 0,
the ‘‘singularity’’ problem may arise from the term riw2s−1

i due
to repeated differentiation of the virtual control signal αi. With
the aim of addressing this challenge, DSC technique is employed,
which utilizes the command filter to approximate the derivative
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f αi. Therefore, the calculation of the first derivative of αi is
unnecessary. As a result, the issues of ‘‘singularity’’ is avoided.

Remark 7. It should be noted that the MTN-based finite-time
control issue of switched nonlinear systems subject to multiple
objective constraints is studied for the first time. Although the
tracking control of nonlinear systems with multiple objective
constraints has been studied in [50], unknown time-varying dis-
turbance is not considered, and the controlled objective is not
the switched nonlinear systems. In addition, different from [50],
although more complex systems are considered in this article, the
proposed controller structure is simpler.

4. Stability analysis

Theorem 1. With regard to the switched nonlinear system (1), if the
irtual control signals are designed in the forms of (18), (27), (36),

and the actual control input is constructed in the form of (45), and
the adaptive law is fully considered and its form can be expressed as

˙̂
θj = −pjθ̂j +

1
2η2

j
w2

j P
T
mj
Pmj (47)

here j = 1, 2, . . . , n, pj > 0 is the constant. Then, the control
objectives of this article can be achieved.

Proof. With the help of the above analysis, the Lyapunov function
is constructed in the following form

V = Vn =
1
2

n∑
j=1

w2
j +

1
2

n∑
j=1

θ̃2
j (48)

In the light of (46) and adaptive law (47), the time derivative
of Lyapunov function V can be acquired as follows

V̇ ≤

n∑
j=1

pjθ̃jθ̂j − κ11m1w
2
1 −

n∑
j=2

mjw
2
j − κ11r1w2s

1 −

n∑
j=2

rjw2s
j

+
1
2

n∑
j=1

(
a2j + λ2

j + η2
j + e2j,k

)
(49)

According to Young’s inequality, the term
∑n

j=1 pjθ̃jθ̂j in (49)
can be rewritten as

n∑
j=1

pjθ̃jθ̂j ≤ −
3
4
p

n∑
j=1

θ̃2
j +

n∑
j=1

pjθ2
j (50)

here p = min
{
pj|j = 1, 2, . . . , n

}
.

On the basis of fully considering (50), a new form of time
erivative of Lyapunov function V is obtained

˙ ≤ − κ11m1w
2
1 −

n∑
j=2

mjw
2
j − κ11r1w2s

1 −

n∑
j=2

rjw2s
j −

1
2
p

n∑
j=1

θ̃2
j

−
1
4
p

n∑
j=1

θ̃2
j +

n∑
j=1

pjθ2
j −

⎛⎝1
2
p

n∑
j=1

θ̃2
j

⎞⎠s

+

⎛⎝1
2
p

n∑
j=1

θ̃2
j

⎞⎠s

+
1
2

n∑
j=1

(
a2j + λ2

j + η2
j + e2j,max

)
(51)

2
{

2
}

where ej,max = max ej,k|k ∈ Q .
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Based on 0 < s < 1, for the term
( 1
2p
∑n

j=1 θ̃2
j

)s
−

1
2p
∑n

j=1 θ̃2
j +

n
j=1 pjθ

2
j , considering the following two cases:

Case 1: On the basis of full consideration of 1
2p
∑n

j=1 θ̃2
j ≥ 1, it

can be achieved that
( 1
2p
∑n

j=1 θ̃2
j

)s
−

1
2p
∑n

j=1 θ̃2
j +

∑n
j=1 pjθ

2
j ≤∑n

j=1 pjθ
2
j ;

Case 2: When 0 ≤
1
2p
∑n

j=1 θ̃2
j < 1 is considered, then it

ollows that
( 1
2p
∑n

j=1 θ̃2
j

)s
−

1
2p
∑n

j=1 θ̃2
j +

∑n
j=1 pjθ

2
j < 1 −

1
2p
∑n

j=1 θ̃2
j +

∑n
j=1 pjθ

2
j .

Consequently, through the analysis and synthesis of the above
two cases, the following inequality is true in all cases⎛⎝1

2
p

n∑
j=1

θ̃2
j

⎞⎠s

−
1
2
p

n∑
j=1

θ̃2
j +

n∑
j=1

pjθ2
j < 1 +

n∑
j=1

pjθ2
j (52)

In summary, based on the expression form of (52), (51) can be
indicated in the following form

V̇ ≤ − κ11m1w
2
1 −

n∑
j=2

mjw
2
j − κ11r1w2s

1 −

n∑
j=2

rjw2s
j −

1
4
p

n∑
j=1

θ̃2
j

−

⎛⎝1
2
p

n∑
j=1

θ̃2
j

⎞⎠s

+ 1 +

n∑
j=1

pjθ2
j

+
1
2

n∑
j=1

(
a2j + λ2

j + η2
j + e2j,max

)
≤ − hV − fV s

+ g

(53)

here h = min
{
2κ11m1, 2m2, . . . , 2mn,

1
2p
}
, f = min {2sκ11r1,

2sr2, . . . , 2srn, p}, g = 1 +
∑n

j=1 pjθ
2
j +

1
2

∑n
j=1

(
a2j + λ2

j +

η2
j + e2j,max

)
.

Combining Lemma 1 with the analysis in the [50], it can be
obtained that wi, i = 1, 2, . . . , n are bounded. V s

≤
g

(1−ϕ)f can
be derived by introducing a new scale ϕ. Then, at a finite time

T ≤
1

h(1−s) ln
(

hV1−s(X0)+ϕf
ϕf

)
, |wi| ≤

√
2
[

g
(1−ϕ)f

] 1
2s

holds.
With the aim of proving that zi is practical finite-time stable, it

is necessary to ensure that ζi is convergent. First of all, a Lyapunov
function is constructed as

Vζ =
1
2

n∑
j=1

ζ 2
j (54)

Through mathematical knowledge and Assumption 3, the time
derivative of the above Lyapunov function Vζ can be obtained as

V̇ζ ≤κ11β1ζ1 − κ11m1ζ
2
1 + κ11ζ1ζ2 −

n∑
j=2

mjζ
2
j

+

n−1∑
j=2

βjζj −

n∑
j=1

λj
⏐⏐ζj⏐⏐

≤ − (λ1 − κ11β1) |ζ1| −

n∑
j=2

(
λj − βj

) ⏐⏐ζj⏐⏐− (
m1 −

1
2

)
κ11ζ

2
1

−

(
m2 −

1
2
κ11

)
ζ 2
2 −

n∑
j=3

mjζ
2
j

≤ − HVζ − FV
1
2

ζ

(55)
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Fig. 1. Trajectories of objective functions and constraint functions.
Fig. 2. System output y and reference signal yd in three cases.
T
i

here H = 2min
{
M1,M2,mj|j = 3, . . . , n

}
, M1 =

(
m1 −

1
2

)
κ11,

M2 = m2 −
κ11
2 , F =

√
2min

{
λ1 − κ11β1, λj − βj|j = 2, . . . , n

}
.

Combining with Lemma 1, it can be obtained that ζi(i =

, . . . , n) can converge to the origin in a finite time. Based on the
bove analysis, for i = 1, . . . , n and j = 1, . . . , n − 1, it can be
oncluded that ξ , E, xi, zi, wi,

˙̂
θi, u, αj are bounded. Therefore, we

an draw a conclusion that all signals in the closed-loop system
re bounded.
That completes the proof of Theorem 1.

. Simulation result

On the basis of the above theoretical analysis, the effectiveness
f the proposed controller is further ensured through simulation.
329
he simplified longitudinal model of the aircraft can be described
n the following form⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

ẋ1 =
Lαx2

mσ(t)VTσ(t)

−
g cos x1
VTσ(t)

+
Lo

mσ(t)VTσ(t)

+ Λ1,σ (t) (t, x̄1)

ẋ2 = x3 +
g cos x1
VTσ(t)

−
Lo

mσ(t)VTσ(t)

−
Lαx2

mσ(t)VTσ(t)

+ Λ2,σ (t) (t, x̄2)

ẋ3 = Mδu + Mαx2 + Mqx3 + Λ3,σ (t) (t, x̄3)
y = x1

(56)

with x (0) = [x1 (0) , x2 (0) , x3 (0)]T = [0, 0, 0]T, σ (t) : [0, ∞] →

Q = {1, 2}. M = 1, M = 0.1, M = −0.02, Lα = 200,
δ α q m1
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Fig. 3. The tracking error in three cases.
Fig. 4. System control input in three cases.
Lα
m2

= 100, Lo
m1

= −20 and Lo
m2

= −10 indicate physical
arameters. g = 9.8 m/s2 means gravitational acceleration.
T1 = 200 m/s and VT2 = 100 m/s express speed of air-
raft. The time-varying disturbance are described as Λ1,1 =

.01 sin 2t , Λ2,1 = 0.1 cos 2t , Λ3,1 = 0.05 sin t cos 2t , Λ2,1 =

.02 sin 2t , Λ2,2 = 0.2 cos 2t , Λ3,2 = 0.1 sin t cos 2t . The de-
ired signal is designed as yd = 0.4 sin t . The constraint func-
ions are chosen as bv1 (t) = 0.7 + 0.1 sin t , bv2 (t) = 0.9 +

0.1 sin t . Three objective functions bounded on E ∈ Ω :=

{E ∈ R : −bv1 (t) < E (x1) < bv2 (t)} are constructed, which are
described as the following three cases:

Case 1: E1 = x1;
Case 2: E2 = 0.95x1 + 0.05x21;
Case 3: E3 = x1 + 0.1x21 + 0.05x31.
330
The initial state of the error compensation system is selected
as ζ (0) = [ζ1 (0) , ζ2 (0) , ζ3 (0)]T = [0.01, 0.01, 0.01]T. The
parameters of the controller proposed in this article are designed
as s = 0.5, m1 = 8, m2 = 12, m3 = 18, r1 = 0.01, r2 = r3 = 0.1,
p1 = p2 = p3 = η1 = η2 = η3 = 1, λ1 = λ2 = λ3 = 0.5. The
simulation results obtained in these three cases are displayed in
Figs. 1–7.

The trajectories of the three objective functions and the asym-
metric together with time-varying constraint functions are dis-
played in Fig. 1. In the three cases, Fig. 2 gives the trajectories of
the system output y and the desired signal yd. Figs. 3–6 reveal the
tracking error, control input, state variable x2 and state variable
x3 of the system (56), respectively. Fig. 7 depicts the switching
signal designed in this article. The following four points can be
concluded through Figs. 1–7:
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Fig. 5. State variable x2 in three cases.
Fig. 6. State variable x3 in three cases.
(1) The controller proposed in this article can ensure that the
multiple objective constraints are satisfied;

(2) All states in the system are bounded;
(3) The desired signal can be well tracked by the system

output;
(4) The tracking error can be adjusted small enough.
In a word, the finite-time control strategy proposed in this

article has the advantages of real-time tracking and fast conver-
gence in finite time, which can acquire satisfactory results.

6. Conclusion

This article discusses the finite-time control problem of
switched nonlinear systems subject to multiple objective
constraints. First of all, multiple objective constrained systems
331
are transformed into unconstrained systems by designing a time-
varying and asymmetric barrier function. Next, DSC technique
is introduced into the backstepping design process. Moreover,
the error compensation systems are constructed to mitigate the
effects of the filter. Then, an adaptive control strategy is proposed
by combining finite-time control with MTN technique. Finally,
a practical simulation is used to demonstrate that the control
strategy proposed in this article is available.

The future research direction is to consider a global control
scheme for switched nonlinear systems. With the premise of
overcoming the limitation of CLF, an adaptive MTN controller is
designed based on the multiple Lyapunov function (MLF) method.
It is a challenging problem to investigate an adaptive MLF-based
global control strategy.



W.-J. He, S.-L. Zhu, N. Li et al. ISA Transactions 136 (2023) 323–333

D

c
t

R

Fig. 7. Trajectory of switching signal.
eclaration of competing interest

The authors declare that they have no known competing finan-
ial interests or personal relationships that could have appeared
o influence the work reported in this paper.

eferences

[1] Witsenhausen H. A class of hybrid-state continuous-time dynamic systems.
IEEE Trans Automat Control 1966;11(2):161–7.

[2] Zong GD, Yang D, Lam J, Song XQ. Fault-tolerant control of switched LPV
systems: A bumpless transfer approach. IEEE/ASME Trans Mechatronics
2022;27(3):1436–46.

[3] Fei ZY, Shi S, Wang ZH, Wu LG. Quasi-time-dependent output control for
discrete-time switched system with mode-dependent average dwell time.
IEEE Trans Automat Control 2018;63(8):2647–53.

[4] Wang Q, Wu ZG, Shi P, Yan HC, Chen Y. Stability analysis and control for
switched system with bounded actuators. IEEE Trans Syst Man Cybern A
2020;50(11):4506–12.

[5] Yang D, Zong GD, Nguang SK, Zhao XD. Bumpless transfer H∞ anti-
disturbance control of switching Markovian LPV systems under the hybrid
switching. IEEE Trans Cybern 2022;52(5):2833–45.

[6] Chang XH, Song JS, Zhao XD. Fuzzy resilient H∞ filter design for
continuous-time nonlinear systems. IEEE Trans Fuzzy Syst 2022;30(2):591–
6.

[7] Liu J, Liu XZ, Xie WC. Delay-dependent robust control for uncer-
tain switched systems with time-delay. Nonlinear Anal Hybrid Syst
2008;2(1):81–95.

[8] Long LJ, Wang Z, Zhao J. Switched adaptive control of switched non-
linearly parameterized systems with unstable subsystems. Automatica
2015;54:217–28.

[9] Su XJ, Liu XX, Shi P, Yang RN. Sliding mode control of discrete-time
switched systems with repeated scalar nonlinearities. IEEE Trans Automat
Control 2017;62(9):4604–10.

[10] Ma RC, Zhao J. Backstepping design for global stabilization of switched
nonlinear systems in lower triangular form under arbitrary switchings.
Automatica 2010;46(11):1819–23.

[11] Chiang ML, Fu LC. Adaptive stabilization of a class of uncertain
switched nonlinear systems with backstepping control. Automatica
2014;50(8):2128–35.

[12] Hua CC, Liu GP, Bai ZH, Guan XP. Decentralised adaptive control for a
class of stochastic switched interconnected nonlinear systems. Internat J
Systems Sci 2016;47(16):3782–91.

[13] Zheng SQ, Li WJ. Adaptive control for switched nonlinear systems
with coupled input nonlinearities and state constraints. Inform Sci
2018;462:331–56.
332
[14] Ibeas A, De la Sen M. Exponential stability of simultaneously triangular-
izable switched systems with explicit calculation of a common Lyapunov
function. Appl Math Lett 2009;22(10):1549–55.

[15] Zhao XD, Zheng XL, Niu B, Liu L. Adaptive tracking control for a class of
uncertain switched nonlinear systems. Automatica 2015;52:185–91.

[16] Zhai D, Liu X, Liu YJ. Adaptive decentralized controller design for a
class of switched interconnected nonlinear systems. IEEE Trans Cybern
2020;50(4):1644–54.

[17] Wang FL, Long LJ. Dwell-time-based event-triggered adaptive control for
switched strict-feedback nonlinear systems. Internat J Robust Nonlinear
Control 2020;30(17):7052–73.

[18] Zhai D, An LW, Zhang QL. Adaptive asymptotic stabilization of switched
parametric strict-feedback systems with switched control. Internat J Robust
Nonlinear Control 2018;28(10):3422–34.

[19] Li DP, Liu YJ, Tong SC, Chen CLP, Li DJ. Neural networks-based adaptive
control for nonlinear state constrained systems with input delay. IEEE
Trans Cybern 2019;49(4):1249–58.

[20] Li DP, Liu L, Liu YJ, Tong SC, Chen CLP. Fuzzy approximation-based adaptive
control of nonlinear uncertain state constrained systems with time-varying
delays. IEEE Trans Fuzzy Syst 2020;28(8):1620–30.

[21] Ma M, Wang T, Qiu JB, Karimi HR. Adaptive fuzzy decentralized track-
ing control for large-scale interconnected nonlinear networked control
systems. IEEE Trans Fuzzy Syst 2021;29(10):3186–91.

[22] Zhou Q, Shi P, Xu SY, Li HY. Observer-based adaptive neural network
control for nonlinear stochastic systems with time delay. IEEE Trans Neural
Netw Learn Syst 2013;24(1):71–80.

[23] Ma L, Xu N, Zhao XD, Zong GD, Huo X. Small-gain technique-based
adaptive neural output-feedback fault-tolerant control of switched non-
linear systems with unmodeled dynamics. IEEE Trans Syst Man Cybern A
2021;51(11):7051–62.

[24] Yan HS, Duan ZY. Tube-based model predictive control using multidi-
mensional Taylor network for nonlinear time-delay systems. IEEE Trans
Automat Control 2021;66(5):2099–114.

[25] Kang AM, Yan HS. Stability analysis and dynamic regulation of multi-
dimensional Taylor network controller for SISO nonlinear systems with
time-varying delay. ISA Trans 2018;73:31–9.

[26] Han YQ. Design of decentralized adaptive control approach for large-scale
nonlinear systems subjected to input delays under prescribed performance.
Nonlinear Dynam 2021;106(1):565–82.

[27] Zhu SL, Han YQ. Adaptive decentralized prescribed performance control
for a class of large-scale nonlinear systems subject to nonsymmetric input
saturations. Neural Comput Appl 2022;34(13):11123–40.

[28] Li N, Han YQ, He WJ, Zhu SL. Control design for stochastic nonlinear
systems with full-state constraints and input delay: A new adaptive
approximation method. Int J Control Autom Syst 2022;20(8):2768–78.

[29] Han YQ, Yan HS. Observer-based multi-dimensional Taylor network de-
centralised adaptive tracking control of large-scale stochastic nonlinear
systems. Internat J Control 2020;93(7):1605–18.

http://refhub.elsevier.com/S0019-0578(22)00577-8/sb1
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb1
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb1
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb2
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb2
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb2
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb2
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb2
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb3
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb3
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb3
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb3
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb3
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb4
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb4
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb4
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb4
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb4
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb5
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb5
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb5
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb5
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb5
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb6
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb6
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb6
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb6
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb6
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb7
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb7
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb7
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb7
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb7
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb8
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb8
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb8
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb8
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb8
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb9
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb9
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb9
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb9
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb9
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb10
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb10
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb10
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb10
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb10
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb11
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb11
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb11
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb11
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb11
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb12
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb12
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb12
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb12
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb12
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb13
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb13
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb13
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb13
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb13
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb14
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb14
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb14
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb14
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb14
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb15
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb15
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb15
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb16
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb16
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb16
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb16
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb16
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb17
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb17
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb17
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb17
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb17
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb18
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb18
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb18
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb18
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb18
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb19
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb19
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb19
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb19
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb19
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb20
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb20
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb20
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb20
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb20
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb21
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb21
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb21
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb21
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb21
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb22
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb22
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb22
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb22
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb22
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb23
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb23
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb23
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb23
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb23
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb23
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb23
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb24
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb24
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb24
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb24
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb24
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb25
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb25
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb25
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb25
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb25
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb26
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb26
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb26
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb26
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb26
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb27
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb27
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb27
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb27
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb27
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb28
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb28
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb28
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb28
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb28
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb29
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb29
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb29
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb29
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb29


W.-J. He, S.-L. Zhu, N. Li et al. ISA Transactions 136 (2023) 323–333
[30] Yan HS, Sun QM. MTN output feedback tracking control for MIMO
discrete-time uncertain nonlinear systems. ISA Trans 2021;111:71–81.

[31] Duan ZY, Yan HS, Zheng XY. Robust model predictive control based on
recurrent multi-dimensional Taylor network for discrete-time non-linear
time-delay systems. IET Control Theory Appl 2020;14(13):1806–18.

[32] He WJ, Han YQ, Li N, Zhu SL. Novel adaptive controller design for a class of
switched nonlinear systems subject to input delay using multi-dimensional
Taylor network. Internat J Adapt Control Signal Process 2022;36(3):607–24.

[33] Ma JL, Park JH, Xu SY. Command-filter-based finite-time adaptive control
for nonlinear systems with quantized input. IEEE Trans Automat Control
2021;66(5):2339–44.

[34] Li S, Ahn CK, Xiang ZR. Command-filter-based adaptive fuzzy finite-time
control for switched nonlinear systems using state-dependent switching
method. IEEE Trans Fuzzy Syst 2021;29(4):833–45.

[35] Chu L, Gao T, Wang MX, Han YQ, Zhu SL. Adaptive decentralized control
for large-scale nonlinear systems with finite-time output constraints by
multi-dimensional Taylor network. Asian J Control 2022;24(4):1769–79.

[36] Li YL, Niu B, Zong GD, Zhao JF, Zhao XD. Command filter-based adaptive
neural finite-time control for stochastic nonlinear systems with time-
varying full-state constraints and asymmetric input saturation. Internat J
Systems Sci 2022;53(1):199–221.

[37] Wang MX, Zhu SL, Han YQ. Multi-dimensional Taylor network-based
control for a class of nonlinear stochastic systems with full state time-
varying constraints and the finite-time output constraint. Asian J Control
2022. http://dx.doi.org/10.1002/asjc.2720.

[38] Bemporad A. Reference governor for constrained nonlinear systems. IEEE
Trans Automat Control 1998;43(3):415–9.

[39] Guay M, Moshksar E, Dochain D. A constrained extremum-seeking control
approach. Internat J Robust Nonlinear Control 2015;25(16):3132–53.

[40] Song ZK, Sun KB. Prescribed performance tracking control for a class
of nonlinear system considering input and state constraints. ISA Trans
2022;119:81–92.

[41] Liu SL, Niu B, Zong GD, Zhao XD, Xu N. Data-driven-based event-triggered
optimal control of unknown nonlinear systems with input constraints.
Nonlinear Dynam 2022;109(2):891–909.

[42] Wang CH, Li X, Cui LM, Wang YT, Liang M, Chai YS. Tracking con-
trol of state constrained fractional order nonlinear systems. ISA Trans
2022;123:240–50.

[43] Liu L, Liu YJ, Li DP, Tong SC, Wang ZS. Barrier Lyapunov function-
based adaptive fuzzy FTC for switched systems and its applications
to resistance-inductance-capacitance crcuit system. IEEE Trans Cybern
2020;50(8):3491–502.
333
[44] Chen AQ, Tang L, Liu YJ, Gao Y. Adaptive control for switched uncer-
tain nonlinear systems with time-varying output constraint and input
saturation. Internat J Adapt Control Signal Process 2019;33(9):1344–58.

[45] Liu L, Chen AQ, Liu YJ. Adaptive fuzzy output-feedback control for switched
uncertain nonlinear systems with full-state constraints. IEEE Trans Cybern
2022;52(8):7340–51.

[46] Branke J, Scheckenbach B, Stein M, Deb K, Schmeck H. Portfolio opti-
mization with an envelope-based multi-objective evolutionary algorithm.
European J Oper Res 2009;199(3):684–93.

[47] Liu J, Xie KF. Emergency materials transportation model in disasters
based on dynamic programming and ant colony optimization. Kybernetes
2017;46(4):656–71.

[48] Chung JS, Hwang SM. Process optimal design in forging by genetic
algorithm. J Manuf Sci Eng 2002;124(2):397–408.

[49] Chiaverini S, Sciavicco L. The parallel approach to force/position control of
robotic manipulators. IEEE Trans Robot Autom 1993;9(4):361–73.

[50] Liu L, Zhao W, Liu YJ, Tong SC, Wang YY. Adaptive finite-time neural
network control of nonlinear systems with multiple objective constraints
and application to electromechanical system. IEEE Trans Neural Netw Learn
Syst 2021;32(12):5416–26.

[51] Han YQ, He WJ, Li N, Zhu SL. Tracking control for large-scale switched
nonlinear systems subject to asymmetric input saturation and output
hysteresis: a new adaptive network-based approach. Internat J Robust
Nonlinear Control 2022;32(14):8052–72.

[52] Cui D, Wu YF, Xiang ZR. Finite-time adaptive fault-tolerant tracking control
for nonlinear switched systems with dynamic uncertainties. Internat J
Robust Nonlinear Control 2021;31(8):2976–92.

[53] Fu C, Wang QG, Yu JP, Lin C. Neural network-based finite-time com-
mand filtering control for switched nonlinear systems with backlash-like
hysteresis. IEEE Trans Neural Netw Learn Syst 2021;32(7):3268–73.

[54] Zhao K, Chen JW. Adaptive neural quantized control of MIMO nonlinear
systems under actuation faults and time-varying output constraints. IEEE
Trans Neural Netw Learn Syst 2020;31(9):3471–81.

[55] Cui Q, Wang YJ, Song YD. Neuroadaptive fault-tolerant control under
multiple objective constraints with applications to tire production systems.
IEEE Trans Neural Netw Learn Syst 2021;32(8):3391–400.

[56] He WJ, Zhu SL, Li N, Han YQ. Tracking control for switched nonlinear
systems subject to output hysteresis via adaptive multi-dimensional Tay-
lor network approach. Internat J Control 2022. http://dx.doi.org/10.1080/
00207179.2022.2067787.

http://refhub.elsevier.com/S0019-0578(22)00577-8/sb30
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb30
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb30
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb31
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb31
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb31
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb31
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb31
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb32
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb32
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb32
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb32
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb32
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb33
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb33
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb33
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb33
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb33
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb34
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb34
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb34
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb34
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb34
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb35
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb35
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb35
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb35
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb35
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb36
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb36
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb36
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb36
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb36
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb36
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb36
http://dx.doi.org/10.1002/asjc.2720
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb38
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb38
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb38
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb39
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb39
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb39
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb40
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb40
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb40
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb40
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb40
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb41
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb41
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb41
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb41
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb41
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb42
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb42
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb42
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb42
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb42
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb43
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb43
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb43
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb43
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb43
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb43
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb43
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb44
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb44
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb44
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb44
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb44
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb45
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb45
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb45
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb45
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb45
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb46
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb46
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb46
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb46
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb46
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb47
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb47
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb47
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb47
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb47
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb48
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb48
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb48
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb49
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb49
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb49
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb50
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb50
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb50
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb50
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb50
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb50
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb50
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb51
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb51
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb51
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb51
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb51
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb51
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb51
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb52
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb52
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb52
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb52
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb52
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb53
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb53
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb53
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb53
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb53
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb54
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb54
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb54
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb54
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb54
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb55
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb55
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb55
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb55
http://refhub.elsevier.com/S0019-0578(22)00577-8/sb55
http://dx.doi.org/10.1080/00207179.2022.2067787
http://dx.doi.org/10.1080/00207179.2022.2067787
http://dx.doi.org/10.1080/00207179.2022.2067787

	Adaptive finite-time control for switched nonlinear systems subject to multiple objective constraints via multi-dimensional Taylor network approach
	Introduction
	Problem Formulation and Preliminaries
	Adaptive MTN Tracking Controller Design
	Stability Analysis
	Simulation Result
	Conclusion
	Declaration of Competing Interest
	References


