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Abstract

This paper investigates the adaptive decentralized control problem for a class

of large-scale nonlinear systems with finite-time output constraints. In order to

ensure that the tracking errors are constrained within a predefined boundary

in finite time, a novel adaptive barrier Lyapunov function (BLF) control

method is proposed by combining the modified finite-time performance

function (FTPF) in the first step of backstepping process. Besides, the mean

value theorem and regulating functions are employed to handle the difficulties

caused by interconnection functions in large-scale systems. Subsequently, with

the approximation performance of multi-dimensional Taylor network (MTN),

a MTN-based adaptive decentralized tracking control scheme is developed to

guarantee that the tracking errors satisfy the prescribed performance and all

signals of the closed-loop systems are bounded. Finally, the stability theory

analysis and simulation results demonstrate the effectiveness of the proposed

method.
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1 | INTRODUCTION

Large-scale systems are a set of interconnected subsys-
tems, which appear widely in actual systems, including
power system [1], aerospace system [2], and multi-agent
system [3]. Therefore, it is of great practical significance
to study the controller design and performance analysis
of large-scale systems. Due to such systems with complex
correlation functions, it is a technically challenging
problem to design a completely centralized controller. In
recent years, the decentralized control methods which
designed independently for local subsystems, as an

important breakthrough, have received widely con-
cerned. Subsequently, many adaptive decentralized con-
trol schemes have been proposed for some important
classes of nonlinear large-scale systems [4–7], such as
dynamic input–output interaction large-scale system [5],
output feedback large-scale system [6] and time delay
large-scale systems [7]. On the other hand, the model
uncertainties also occur inevitably in many industrial
systems. To deal with these unknown nonlinearities,
some adaptive neural network [8] or fuzzy logic system
[9] control schemes were developed and employed popu-
larly in the large-scale systems control [10–14]. However,
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the problem of computational complexity is ignored in all
these aforementioned papers. It is worth noting that
when the order of the considered system increases, the
adaptive parameters to be estimated will increase
accordingly, which makes the control problem of large-
scale systems more complex. Therefore, how to design a
controller with simple structure and low computational
complexity for large-scale systems is a meaningful issue.

In order to resolve the above problems, Yan proposed
the multi-dimensional Taylor network (MTN)-based
control methods [15], and then applied them to many
nonlinear systems such as input constraints nonlinear
system [16], stochastic nonlinear system [17], and output
feedback nonlinear system [18]. The above literatures
have proved that this simple control method can achieve
satisfactory control performance under the advantages of
low computational complexity and short online learning
time. In particular, the literature [19] extended this MTN
technology to large-scale interconnected system and pro-
posed an adaptive MTN decentralized control method,
which opened a new way for the research of large-scale
nonlinear systems. But the abovementioned strategy was
developed without considering the output constraints,
which is an important factor of degrading system perfor-
mance. Actually, various forms of practical systems such
as fully actuated marine surface vessel system [20] and
robotic manipulator system [21] are affected by output
constraints. The good news is that the barrier Lyapunov
function (BLF) is a powerful tool for coping with con-
straint problems, and many excellent results have been
obtained in recent years [22–24]. For example, the adap-
tive BLF control approach was presented for time-varying
output constraints system in [22]. And another BLF
scheme was developed for switched nonlinear system
with output constraints in [24]. However, most of the
current researches explore that the output errors is
limited to a predefined set only when time tends to
infinity and ignore the problem of finite-time restriction.
Therefore, the existing methods cannot be directly
applied to the systems with finite-time output constraints
such as mechanical and robotic systems.

Inspired by the above observations, the problem
of adaptive decentralized control for large-scale inter-
connected systems with finite-time output constraints is
addressed in this paper. Compared with the existing
results, our proposed scheme has the following
advantages.

1. The MTN-based adaptive decentralized control
technology is introduced into the controller design
framework. It should be pointed out that the MTN
approximation function in [16–18] cannot be simply
used to solve the problem of unknown

interconnection function. In order to overcome this
obstacle caused by interconnection functions, the
mean value theorem and a set of adjustment functions
are introduced. Additionally, the main characteristic
of the MTN-based control is that they can alleviate the
computational burden associated with the NN-based
or FLS-based control [10–14].

2. Compared with the traditional tracking control
problem of large-scale systems [4–7], this paper intro-
duces BLF into backstepping to make the tracking
error of large-scale systems achieve the output con-
straints objective. Different from the existing output
constrains problems [22,23], which achieve the
tracking performance as the time tends to infinity, the
proposed method makes a breakthrough in tracking
the desired trajectory in finite time, so as to accommo-
date more generic real-life system operations.

3. By employing the finite-time performance function
(FTPF) developed in [25] and properly choosing the
design parameters, the tracking errors can converge to
the predefined arbitrarily small residual sets with the
FTPF, and all the signals of the closed-loop system
are bounded. In addition, simulation examples and
comparative experiments show the effectiveness and
superiority of the proposed method.

The paper is organized as follows. Section 2 introduces
the nonlinear system we considered, the definitions of
FTPF and the properties of the MTN. Section 3 is the
detailed controller design process based on adaptive
backstepping method and the stability analysis is given in
Section 4. A numerical example and a contrasting
experiment are presented in Section 5. Section 6 contains
the conclusion of this paper and the suggestions for
future work.

2 | PROBLEM FORMULATION
AND PRELIMINARIES

In this paper, the large-scale interconnected system is
considered as follows:

_xi,j = xi,j+1 + f i,j �xi,j
� �

+ gi,j yð Þ
_xi,ni = ui + f i,ni �xi,nið Þ+ gi,ni yð Þ
yi = xi,1

8><
>: ð1Þ

where j=1,2,� � �,ni− 1 is the identifier of the state
variable in ith subsystem, i=1,2,� � �,N indicates
there are N subsystems in the large-scale system. ui�ℝ
and yi�ℝ are the control input and the control output
of the ith subsystem, respectively. y= [y1, y2, � � �yN]
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represents the system output of N subsystems and xi,j
represents the jth variables of the ith subsystem,
�xi,j = xi,1,xi,2, � � �xi,j

� �T
,�xi,ni = xi,1,xi,2, � � �xi,ni½ �T . fi,j(�) are the

unknown smooth nonlinear functions with fi,j(0) = 0, gi,
j(�) are smooth interconnection functions between the ith
subsystem and other subsystems with gi,j(0) = 0.

Remark 1. Compared with the common system [26–28],
the controller design process of large-scale system
becomes more difficult owing to the complexity of
control synthesis and the physical restrictions on
information exchange among subsystems.

The control objective is to design a decentralized
adaptive MTN control scheme for the system (1), such
that the output yi can track the given reference signal yid
and all the signals of large-scale systems are bounded. At
the same time, the output yi can able to satisfy the output
constraints in finite time.

Assumption 1. The reference signals yid(t) and their nth
derivatives y nð Þ

id tð Þ are continuous and bounded.

Assumption 2. For the unknown functions gi,j(y), there
exist the functions gi,j,l(yl), such that

gi,j yð Þ
��� ���2 ≤XN

l=1

g2i,j,l ylð Þ ð2Þ

where gi,j,l(�) is the analytic functions with gi,j,l(0) = 0.

Remark 2. gi,j,l(0) = 0 implies that the origin is the equi-
librium point of system (1). Moreover, by the mean
value theorem, there exist the unknown nonlinear
functions �gi,j,l �ð Þ, such that.

gi,j,l ylð Þ= yl�gi,j,l ylð Þ ð3Þ

According to Assumption 2, one has

gi,j yð Þ
��� ���2 ≤XN

l=1

y2l �g
2
i,j,l ylð Þ ð4Þ

Definition 1. [25]: If the continuous functions vi(t)
satisfy the following three properties, they are
named as the FTPF.

1. vi(0) > 0;
2. _vi tð Þ≤ 0;

3. limt!Tf vi tð Þ= vi,Tf >0 and vi tð Þ= vi,Tf for any t≥Tf,
where vi,Tf and Tf are the arbitrarily small constant
and setting time, respectively.

According to Definition 1, a FTPF is defined as

vi tð Þ=
vi,0−

t
Tf

� �
e
1−

Tf
Tf − t + vi,Tf , t � 0,Tf

� �
vi,Tf , t � Tf , +∞

� �
8><
>: ð5Þ

where vi,0 > 1 and vi,Tf >0 are parameters to be designed.

Remark 3. From (5), the functions vi(t) are continuous
and satisfy all the properties in Definition 1, then
the initial condition of vi(t) is vi 0ð Þ= vi,0 + vi,Tf .

Lemma 1. [25]: For any given positive function vi(t),
when zi,1(t) remains in interval jzi,1(t)j< vi(t), the
following inequality can be obtained:

log
v2i tð Þ

v2i tð Þ−z2i,1 tð Þ ≤
z2i,1 tð Þ

v2i tð Þ−z2i,1 tð Þ ð6Þ

where, if and only if zi,1(t) equals 0, the equal sign in the
above formula holds.

Due to the existence of unknown functions in the
systems, it cannot directly achieve the control goal.
Therefore, MTNs can be used to approximate the
unknown functions.

In [29], it is shown that for any continuous function
f(z) :ℝm!ℝ defined on a compact set Ωz and for any
given desired level of accuracy ε>0, there exists a MTN,
such that

f zð Þ= θ*TSmn zð Þ+ σ zð Þ, 8z�Ωz ð7Þ

where θ* is the ideal weight vector defined as

θ* =argmin
θ�ℝl

sup f zð Þ−θTSmn zð Þ�� ��	 


and Smn zð Þ means
Qn

i, j=1
sσii s

σj
j , σi and σj are non-negative

numbers and satisfy 1≤ σi+σj≤m, the form of Smn zð Þ is
as follows:

Smn zð Þ= z1, � � �,zn|fflfflfflffl{zfflfflfflffl}
1term

,z21, � � �,z2n|fflfflfflffl{zfflfflfflffl}
2term

, � � �,zm1 , � � �,zmn|fflfflfflfflffl{zfflfflfflfflffl}
mterm

2
64

3
75
T

�ℝl
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where n denotes the nth state input and m represents the
highest power of a polynomial. z= [z1, � � �, zn]T�ℝn

is input, σ(z) means the approximation error and satisfies
jσ(z)j≤ ε.

3 | CONTROLLER DESIGN

Firstly, the following change of coordinates will be
introduced.

zi,1 = yi−yid
zi,j = xi,j−αi,j−1, j=2, � � �ni

�
ð8Þ

where αi,j− 1 is visual control signal, which will be given
in j− 1 - th step.

Step i, 1: Considering the ith subsystem in (1) and the
coordinate transformation (8) with j=1,we have

_zi,1 = _yi− _yid = xi,2 + f i,1 �xi,1ð Þ+ gi,1 yð Þ− _yid ð9Þ

The following Lyapunov function is defined as

Vi,1 =
1
2
log

v2i tð Þ
v2i tð Þ−z2i,1 tð Þ +

1
2
~θ
T
i:1
~θi,1 ð10Þ

where ~θi,1 = θi,1− θ̂i,1 is the parameter error.
Subsequently, the derivative of Vi,1 is

_Vi,1 =
zi,1

v2i tð Þ−z2i,1
xi,2 + f i,1 �xi,1ð Þ+ gi,1 yð Þ− _yid−

vi tð Þ_vi tð Þ
zi,1

� �

+
_vi tð Þ
vi tð Þ−

~θ
T
i,1
_̂θi,1

ð11Þ

By Young's inequality with (4) and xi,2 = zi,2 + αi,1, one
gets

_Vi,1 ≤
zi,1

v2i tð Þ−z2i,1
αi,1 +�f i,1 �xi,1ð Þ− vi tð Þ_vi tð Þ

zi,1
−

zi,1
v2i tð Þ−z2i,1

 !

+
_vi tð Þ
vi tð Þ−

~θ
T
i,1
_̂θi,1 +

1
2

XN
l=1

y2l �g
2
i,1,l ylð Þ+ 1

2
z2i,2

ð12Þ

where �f i,1 �xi,1, _yid,yid,við Þ= f i,1 �xi,1ð Þ− _yid +
2zi,1

v2i tð Þ−z2i,1
. For the

convenience of writing, we will write f i,1 �xi,1ð Þ as fi,1 and
�f i,1 �xi,1, _yid,yid,við Þ as �f i,1.

Due to there is an unknown function fi,1 in �f i,1, which
makes it impossible to design the controller directly, so

the MTN is introduced to estimate it. For εi,1 > 0, a MTN
θTi,1Si,1 zi,1ð Þ will be introduced as follows

�f i,1 = θTi,1Si,1 zi,1ð Þ+ δi,1 zi,1ð Þ, δi,1 zi,1ð Þj j≤ εi,1

where δi,1(zi,1) being an estimation error and εi,1 > 0 being
an unknown constant is any accuracy level.

By the Young's inequality, we get

_Vi,1 ≤
zi,1

v2i tð Þ−z2i,1
αi,1−

1
2

zi,1
v2i tð Þ−z2i,1
� � + θ̂

T
i,1Si,1 + ri _vi tð Þ

 !

+
_vi tð Þ
vi tð Þ +

1
2
z2i,2 +

1
2

XN
l=1

y2l �g
2
i,1,l ylð Þ

+
zi,1

v2i tð Þ−z2i,1
−ri _vi tð Þ− vi tð Þ_vi tð Þ

zi,1

� �

+
1
2
ε2i,1 + ~θ

T
i,1

zi,1
v2i tð Þ−z2i,1

Si,1−
_̂θi,1

 !

ð13Þ

where, ri is positive parameter to be designed.
Using Young's inequality again, we have

zi,1
v2i tð Þ−z2i,1

−ri _vi tð Þ− vi tð Þ_vi tð Þ
zi,1

� �
≤
1
2

zi,1
v2i tð Þ−z2i,1

 !2

+
1
2

_vi tð Þð Þ2 ri +1ð Þ2

ð14Þ

Furthermore, by the definition of vi(t) in (5),
vi(t) and _vi tð Þ are bounded. Then the following result is
true.

_vi tð Þð Þ2 ri +1ð Þ2 + _vi tð Þ
vi tð Þ ≤Ki,1 ð15Þ

where Ki,1 is an unknown constant. Subsequently,
substituting (14) and (15) into (13), we have

_Vi,1 ≤
zi,1

v2i tð Þ−z2i,1
αi,1 + θ̂

T
i,1Si,1 + ri _vi tð Þ


 �
+
1
2

XN
l=1

y2l �g
2
i,1,l ylð Þ+ 1

2
z2i,2 +

1
2
ε2i,1

+ ~θ
T
i,1

zi,1
v2i tð Þ−z2i,1

Si,1−
_̂θi,1

 !
+Ki,1

ð16Þ

Now, we design the virtual signal αi,1 and the adap-
tive law _̂θi,1 as

αi,1 = −ki,1zi,1− θ̂
T
i,1Si,1−ri _vi tð Þ ð17Þ

_̂θi,1 =
zi,1

v2i tð Þ−z2i,1
Si,1−ηi,1θ̂i,1 ð18Þ
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where ki,1 > 0 and ηi,1 > 0 are parameters to be designed.
Substituting (17) and (18) into (16), one has

_Vi,1 ≤ −
ki,1z2i,1

v2i tð Þ−z2i,1
+
1
2

XN
l=1

y2l �g
2
i,1,l ylð Þ+ 1

2
z2i,2

+
1
2
ε2i,1 + ηi,1~θ

T
i,1θ̂i,1 +Ki,1

ð19Þ

Step i,κ: Considering the coordinate transformation (8)
with j= κ, we get

_zi,κ = _xi,κ− _αi,κ−1 = xi,κ+1 + f i,κ �xi,κð Þ+ gi,κ yð Þ− _αi,κ−1 ð20Þ

The following Lyapunov function is defined as

Vi,κ =Vi,κ−1 +
1
2
z2i,κ +

1
2
~θ
T
i,κ
~θi,κ ð21Þ

where ~θi,κ = θi,κ− θ̂i,κ is the parameter error.
By applying the Young's inequality with (4) and xi,κ

+1= zi,κ+1+αi,κ, the derivative of Vi,κ is

_Vi,κ ≤ _Vi,κ−1 + zi,κ zi,κ+1 + αi,κ +�f i,κ �xi,κð Þ− 3
2
zi,κ

� �

−~θ
T
i,κ
_̂θi,κ +

1
2
z2i,κ +

1
2

XN
l=1

y2l �g
2
i,κ,l ylð Þ

ð22Þ

where �f i,κ �xi,κ, _αi,κ−1,αi,κ−1ð Þ= f i,κ �xi,κð Þ− _αi,κ−1 + 3
2zi,κ . For

the convenience of writing, we will write
�f i,κ �xi,κ, _αi,κ−1,αi,κ−1ð Þ as �f i,κ.

Similarly, the MTN can be used to estimate the
unknown function. Now, we design the virtual signal αi,κ
and the adaptive law _̂θi,κ as

αi,κ = −ki,κzi,κ− θ̂
T
i,κSi,κ ð23Þ

_̂θi,κ = zi,κSi,κ−ηi,κθ̂i,κ ð24Þ

where ki,κ>0 and ηi,κ>0 are parameters to be designed.
Then, substituting (23) and (24) into (22) and combin-

ing MTN, we get

_Vi,κ ≤ −
ki,1z2i,1

v2i tð Þ−z2i,1
−
Xκ
j=2

ki,jz
2
i,j +

1
2

Xκ
j=1

XN
l=1

y2l �g
2
i,j,l ylð Þ

+
1
2

Xκ
j=1

z2i,j+1 +
1
2

Xκ
j=1

ε2i,j +
Xκ
j=1

ηi,j~θ
T
i,jθ̂i,j +Ki,1

ð25Þ

Step i,ni: Considering the coordinate transformation (8)
with j=ni, we have

_zi,ni = _xi,ni − _αi,ni−1 = ui + f i,ni �xi,nið Þ+ gi,ni yð Þ− _αi,ni−1 ð26Þ

The Lyapunov function is chosen as

Vi,ni =Vi,ni−1 +
1
2
z2i,ni +

1
2
~θ
T
i:ni

~θi,ni ð27Þ

where ~θi,ni = θi,ni − θ̂i,ni is the parameter error.
Subsequently, the derivative of Vi,ni is

_Vi,ni ≤ _Vi,ni−1 + zi,ni ui + f i,ni �xi,nið Þ− _αi,ni−1
� �

−~θ
T
i,ni

_̂θi,ni

+
1
2
z2i,ni +

1
2

XN
l=1

y2l �g
2
i,ni,l ylð Þ

ð28Þ

Adding and subtracting zi,niμi zi,nið Þ at the right-hand
side of the above inequality, we have

_Vi,ni ≤ _Vi,ni−1 + zi,ni ui +�f i,ni �xi,nið Þ−zi,ni −μi zi,nið Þ� �
−~θ

T
i,ni

_̂θi,ni

+
1
2
z2i,ni +

1
2

XN
l=1

y2l �g
2
i,ni,l ylð Þ

ð29Þ

where �f i,ni �xi,nið Þ= f i,ni �xi,nið Þ− _αi,ni−1 + 1+ μi zi,nið Þð Þzi,ni .

Remark 4. μi zi,nið Þ is the smooth non-negative regulating
function, which is intended to eliminate the
interconnection functions in large-scale nonlinear
systems. For the convenience of writing, we'll
record it later as μi.

Similarly, the MTN can be used to estimate the
unknown function. Now, we are ready to design the con-
trol input ui and adaptive law _̂θi,ni as

ui = −ki,ni zi,ni − θ̂
T
i,niSi,ni ð30Þ

_̂θi,ni = zi,niSi,ni −ηi,ni θ̂i,ni ð31Þ

where ki,ni >0 and ηi,ni >0 are parameters to be designed.
Substituting (30) and (31) into (29), and combining

the MTN, we get

_Vi,ni ≤ −
ki,1z2i,1

v2i tð Þ−z2i,1
−
Xni
j=2

ki,jz
2
i,j−

XN
i=1

z2i,niμi

+
1
2

Xni
j=1

XN
l=1

y2l �g
2
i,j,l ylð Þ+ 1

2

Xni
j=1

ε2i,j

+
1
2

Xni−1

j=1

z2i,j+1 +
Xni
j=1

ηi,j~θ
T
i,jθ̂i,j +Ki,1

ð32Þ
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4 | STABILITY ANALYSIS

Theorem 1. Considering the interconnected large-scale
systems 1 with Assumption 1 and 2. By designing
the actual control laws (30), the virtual control
signals (17), (23) and choosing the adaptive laws
(18), (24), (31), if the initial conditions are bounded
with jzi,1(0)j< vi(0), the following properties are true.

1. All the signals in the closed-loop are semi-globally
uniformly bounded.

2. The tracking error zi,1 = yi− yid enters into a pre-
scribed invariant region in finite time.

Proof. Considering the following Lyapunov function

VN =
XN
i=1

Vi,ni =
1
2

XN
i=1

log
v2i tð Þ

v2i tð Þ−z2i,1
+
1
2

XN
i=1

Xni
j=2

z2i,j +
1
2

XN
i=1

Xni
j=1

~θ
T
i,j
~θi,j

ð33Þ

Subsequently, the derivative of VN is

_VN ≤ −
XN
i=1

ki,1z2i,1
v2i tð Þ−z2i,1

−
XN
i=1

z2i,niμi−
XN
i=1

Xni
j=2

ki,jz
2
i,j

+
1
2

XN
i=1

Xni
j=1

XN
l=1

y2l �g
2
i,j,l ylð Þ+ 1

2

XN
i=1

Xni−1

j=1

z2i,j+1

+
1
2

XN
i=1

Xni
j=1

ε2i,j +
XN
i=1

Xni
j=1

ηi,j~θ
T
i,jθ̂i,j +

XN
i=1

Ki,1

ð34Þ

By the Lemma 1, we have

−
ki,1z2i,1

v2i tð Þ−z2i,1
≤ −ki,1log

v2i tð Þ
v2i tð Þ−z2i,1

ð35Þ

With the definition of ~θi,j and the Young's inequality, we
have

XN
i=1

Xni
j=1

ηi,j~θ
T
i,jθ̂i,j ≤ −

1
2

XN
i=1

Xni
j=1

ηi,j~θ
T
i,j
~θi,j +

1
2

XN
i=1

Xni
j=1

ηi,jθ
T
i,jθi,j

ð36Þ

The following inequality can be established by choos-
ing a proper smooth non-negative function μi

−
XN
i=1

z2i,niμi +
1
2

XN
i=1

Xni
j=1

XN
l=1

y2l �g
2
i,j,l ylð Þ≤ 0 ð37Þ

Then, substituting (35) and (36) into (34), we obtain

_VN ≤ −
XN
i=1

ki,1log
v2i tð Þ

v2i tð Þ−z2i,1
−
1
2

XN
i=1

Xni
j=2

ki,jz
2
i,j +

1
2

XN
i=1

Xni
j=1

ε2i,j

−
1
2

XN
i=1

Xni
j=1

ηi,j~θ
T
i,j
~θi,j +

1
2

XN
i=1

Xni
j=1

ηi,jθ
T
i,jθi,j +

XN
i=1

Ki,1

ð38Þ

Let

ai =min ki,j,ηi,j
n o

,1≤ j≤ni

a=min a1,a2, � � �aNf g

b=
1
2

XN
i=1

Xni
j=1

ε2i,j +
1
2

XN
i=1

Xni
j=1

ηi,jθ
T
i,jθi,j +

XN
i=1

Ki,1

Then the inequality (38) can be rewritten in the fol-
lowing form

_VN ≤ −aVN + b ð39Þ

Therefore, we can get

0≤VN tð Þ≤ VN 0ð Þ− b
a

� �
e−at +

b
a
≤VN 0ð Þ+ b

a
,8t≥ 0

ð40Þ

It can be seen from (40) that by choosing appropriate
design parameters, all the signals in closed-loop are semi-
globally bounded.

From (40), it also can be concluded that

log
v2i tð Þ

v2i tð Þ−z2i,1
≤ 2VN 0ð Þ+ 2b

a
ð41Þ

Then,

v2i tð Þ
v2i tð Þ−z2i,1

≤ e2VN 0ð Þ+ 2b
a ð42Þ

It can be obtained from (42) that

zi,1j j≤
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

1

e2VN 0ð Þ+ 2b
a

r
vi tð Þj j≤ vi tð Þj j ð43Þ

where 2VN 0ð Þ+ 2b
a >0.

The proof is thus completed.
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5 | SIMULATION RESULTS

In this section, a numerical example and a contrasting
experiment are given to demonstrate the validity of the
proposed scheme.

Example 1. Considering the following second order
large-scale nonlinear system

_x1,1 = x1,2 + f 1,1 + g1,1
_x1,2 = u1 + f 1,2 + g1,2
y1 = x1,1
_x2,1 = x2,2 + f 2,1 + g2,1
_x2,2 = u2 + f 2,2 + g2,2
y2 = x2,1

8>>>>>>>><
>>>>>>>>:

ð44Þ

with the nonlinear functions f 1,1 = −2x1,1e−0:5x1,1 ,
f 2,1 = −2x2,1e−0:5x2,1 , f 1,2 = −0:5x21,1 , f 2,2 = −0:8sinx2,1e−0:1x2,2

and the interconnection functions g1,1 = − y1y2+y2, g2,1 =
y1− y1y2, g1,2 = 0.28y1y2, g2,2 = y2e

−y1 . The initial condi-
tions of the system is [x1,1(0), x1,2(0), x2,1(0), x2,2(0)] =
[0,0,0,0].

By the Theorem 1, the actual control laws are
designed as

ui = −ki,nizi,ni − θ̂
T
i,niSi,ni i=1,2ð Þ ð45Þ

The virtual control signals are chosen as

αi,1 = −ki,1zi,1− θ̂
T
i,1Si,1−ri _vi tð Þ i=1,2ð Þ ð46Þ

and the adaptive laws are

_̂θi,1 =
zi,1

v2i tð Þ−z2i,1
Si,1−ηi,1θ̂i,1 i=1,2ð Þ ð47Þ

_̂θi,2 = zi,2Si,2−ηi,2θ̂i,2 i=1,2ð Þ ð48Þ

where zi,1 = yi− yid and zi,2 = xi,2− αi,1. The FTPF is
defined as (5) with i=1,2, vi,0 = 2, vTf =0:1 , Tf=3, and
vi 0ð Þ= vi,0 + vTf =2:1.

In the simulation of large-scale system, the design
parameters are chosen as k1,1 = 60,k2,1 = 40, k1,2 = 80,
k2,2 = 60, r1 = r2 = 0.5, and η1,1 = η2,1 = 4, η1,2 = η2,2 = 0.1.
The desired reference signals y1d=0.5sin(t),y2d=0.5(sin(t)
+sin(0.5t)). It's easy to get jzi,1(0)j< vi(0),i=1,2.

With the above conditions and the proposed control
scheme, the simulation results of the system (44) are
shown in Figures 1–8. Figures 1 and 2 show the
trajectories of reference signal and system output of two
subsystems. It is obvious that this algorithm has good
tracking performance. Figures 3 and 4 plot the trajecto-
ries of tracking error of two subsystems. It can be seen
that the tracking errors z1,1 and z2,1 are always kept
within the bounds of the predefined performance

FIGURE 1 The reference signal y1d and the system output y1
trajectories of the first subsystem

FIGURE 2 The reference signal y2d and the system output y2
trajectories of the second subsystem

CHU ET AL. 1775



function. The trajectories of control inputs u1,u2 and state
variables x12, x22 in Figures 5–8 show that all the signals
are bounded.

Example 2. In order to fully explain the advanced of the
proposed scheme, a contrasting experiment has
been done in this section. In this experiment, the
controllers are constructed by using FTPF and time
independent general function respectively. Then,
with the help of the system of Example 1, the

infinite-time limit function is used in the control
scheme for simulation. And the comparison
curve of the system output tracking error under
the two performance functions is obtained as
shown in Figure 9. The infinite-time limit function
is vinf = v0−v0tf


 �
e−βt + v0tf , where v0 = 2.2, v0tf =0:3,

β=0.3.

It can be observed from Figure 9 that the control
schemes under the two time performance functions can
achieve good tracking effect. Moreover, the control
method with FTPF can ensure that the tracking error of

FIGURE 3 The tracking error z1,1= y1− y1d trajectory of the first

subsystem

FIGURE 4 The tracking error z2,1 = y2− y2d trajectory of the

second subsystem

FIGURE 5 The control input u1 trajectory of the first

subsystem

FIGURE 6 The control input u2 trajectory of the second

subsystem
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the system can enter the predefined invariant set with
finite time (t=3). However, the infinite-time limit func-
tion cannot achieve this goal. Therefore, the comparative
experiment results fully illustrate the effectiveness and
necessity of the newly defined FTPF in the process of
controller design.

6 | CONCLUSION

In this paper, a decentralized adaptive MTN control
method has been proposed for a class of large-scale
nonlinear systems with finite-time output constraints.

The restriction of the finite-time output constraints is
overcome by introducing the modified finite-time
performance function and the BLF in the first step of
backstepping design process. The presented control
method can ensure that the output tracking errors
remain within the boundary of the performance function
and all the signals in the systems are bounded. Finally,
the theory analysis and simulation results illustrate the
rationality of the proposed controller. In our future work,
we will try to extend the proposed control scheme to the
time-varying full-state constraints nonlinear systems.
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