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a b s t r a c t

This paper investigates the problem of fuzzy adaptive backstepping control for a category of nonlinear
strict-feedback systems. Input delay is considered in the design process. Fuzzy logic systems are used to
identify the unknown nonlinear functions existing in the systems. To handle the input delay, an integral
item is introduced. For the general problem of “explosion of complexity” in adaptive backstepping
control approach, dynamic surface control technique is introduced to avoid it. Based on the adaptive
backstepping control approach, a fuzzy adaptive controller with adaptive parameters is constructed to
guarantee all signals of the closed-loop system are bounded and system states can be regulated to the
origin. Finally, simulation results are provided to illustrate the effectiveness of the proposed metho-
dology.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

Time delay frequently occurs in practical applications, which is
a necessary factor to be considered in modeling, analysis and
synthesis. It can degrade system performance, even lead to
instability [1]. Recently, various results have been published [2,3].
The problem of delay-dependent robust stability for uncertain
neural systems subject to mixed delay was investigated in [4].
Using the fuzzy-model based linear matrix inequality approach
[5], a sampled-data control strategy was developed for a class of
delayed nonlinear systems in [6].

As a powerful tool, approximation-based fuzzy or neural
adaptive backstepping control plays an important role in handling
nonlinear systems. In such framework, fuzzy logic systems (FLSs)/
neural network (NN) is used to identify unknown nonlinear
functions, and then the corresponding fuzzy/NN adaptive control
is developed recursively based on the structural backstepping
technique. As discussed in [7], fuzzy/neural adaptive control
approach possesses the favorite properties, including tackling
nonlinear systems with unmatched conditions and linearly para-
meterizing unknown nonlinear functions unnecessarily. Thus,
such control strategy has been widely applied, such as single-input
single-output systems [8–15] and multi-input multi-output

systems [16–19]. Liu et al. [20] proposed an adaptive fuzzy control
scheme for a class of systems subject to backlash. Considering
unknown dead zones, the authors in [21] studied the problem of
adaptive fuzzy control for multi-input multi-output systems. An
adaptive fuzzy control method for interconnected systems has
been given in [22]. Recently, the problem of controller design for
delayed systems has been studied based on the fuzzy/NN adaptive
backstepping control. Considering unknown delay, an adaptive NN
control was proposed for strict-feedback systems in [23]. In a
unified framework, the authors in [24] considered time-varying
delay, unknown dead zones and gain signs. simultaneously, and
investigated the problem of adaptive NN control for multi-input
multi-output systems. The authors in [25] provided a novel
adaptive NN control scheme for delayed systems, constructing a
novel Lyapunov–Krasovskii functional, avoiding the controller
singularity and relaxing the constraints on unknown virtual con-
trol coefficients. To address the unmeasurable state variables, an
output-feedback based adaptive NN control for nonlinear sto-
chastic delayed systems was given in [26]. Using FLSs to approx-
imate unknown nonlinear functions, an output-feedback based
adaptive control strategy was presented in [27]. For large-scale
systems with delay, an observer-based adaptive NN decentralized
control was developed in [28]. Different from the above results,
the problem of control design for systems with input delay has
been investigated in [29–31]. Using radius basis function NN, an
adaptive control scheme was derived for a class of nonlinear sys-
tems with state and input delay in [29]. As an extension, results in
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[29] were extended to the unmeasurable state variables case in
[30]. Furthermore, the authors in [31] presented an adaptive NN
tracking control for multi-input multi-output systems subject to
input delay. However, there exists a drawback in adaptive back-
stepping control method, that is, the problem of “explosion of
complexity”. And the results mentioned above all suffer from the
problem. To avoid such problem, dynamic surface control (DSC)
technique has been proposed and widely applied [32,33]. An
adaptive NN DSC control for nonlinear strict-feedback systems was
proposed in [34]. Wang [35] studied the problem of adaptive NN
DSC control for a category of uncertain nonlinear pure-feedback
systems. In [36], the DSC technique was combined with adaptive
backstepping control method to handle systems subject to
unknown delay. It is worth noting that there exist few results for
systems with input delay, wherein, the DSC technique is intro-
duced to avoid such problem.

Motivated by the above discussions, the problem of fuzzy
adaptive control for a class of strict-feedback systems with input
delay is investigated. FLSs are used to identify the unknown
nonlinear functions existing in the system. The main contributions
of this paper can be summarized as follows. (1) An integral item
concerning input signal u is introduced to tackle the delayed input
signal. (2) The DSC technique is used to avoid the problem of
“explosion of complexity”, facilitating reducing complexity. (3) A
novel adaptive control scheme is developed based on the adaptive
backstepping and DSC methods to ensure that signals of the
closed-loop system are bounded and system states can be regu-
lated to the origin. Finally, three examples are given to validate the
effectiveness of the approach proposed in this paper.

The rest of the paper is organized as follows. Problem for-
mulation and preliminaries are presented in Section 2. The main
results are presented in Section 3. Simulation results to verify the
obtained theoretic results are provided in Section 4, while Section
5 concludes the paper.

2. Problem formulation and preliminaries

2.1. Problem formulation

Consider the following nonlinear system with input delay:

_xi ¼ xiþ1þ f i xið Þþdiðx; tÞ; i¼ 1;2;…;n�1;
_xn ¼ u t�τð Þþ f n xnð Þþdnðx; tÞ;
y¼ x1; ð1Þ
where x¼ xn ¼ ½x1; x2;…; xn�T ARn and yAR are state vector and
output, respectively. xi ¼ ½x1; x2;…; xi�T . f i xið Þ is unknown but
smooth nonlinear continuous functions. f i 0;0;…;0ð Þ ¼ 0. τ denotes
the input delay, diðx; tÞ is the bounded external disturbance. uðt�τÞ
is the system input with delay τ.

Control objective: The control objectives of this paper are as
follows:

1. All signals of system in (1) are bounded.
2. System states x can be regulated to the origin.

The following assumptions are given to facilitate analyzing and
designing system (1).

Assumption 1. The external disturbance satisfies diðx; tÞ
�� ��rDi.

2.2. Fuzzy logic systems

In order to tackle the unknown nonlinear function, the FLSs are
introduced in this section. The details are described as follows:

Rule j: IF x1 is Mj1, and x2 is Mj2 and, …, and xn is Mjn, THEN

y is Nj; j¼ 1;2;…;Λ;

where x¼ ½x1; x2;…; xn�T is the system input; y is the system out-
put; the fuzzy sets and membership functions are represented by
Mjl, Nj, uMjl

ðxlÞ and uNj
ðyÞ, respectively. Λ stands for the number of

fuzzy rules.
With the common techniques including singleton, center

average defuzzification and product inference, the final output can
be described as follows:

yðxÞ ¼
PΛ

j ¼ 1 ~yj∏n
l ¼ 1uMjl

ðxlÞPΛ
j ¼ 1 ∏n

l ¼ 1uMjl
ðxlÞ

; ð2Þ

where ~yj ¼maxyARuNj ðyÞ.
The membership functions are defined as ϕj ¼

∏n
l ¼ 1uMjl

ðxlÞPΛ

j ¼ 1
∏n

l ¼ 1uMjl
ðxlÞ

.

Define η¼ ½ ~y1; ~y2;…; ~yΛ�T ¼ ½η1;η2;…;ηΛ�T and ϕðxÞ ¼ ½ϕ1ðxÞ;ϕ2ðxÞ;
…;ϕΛðxÞ�T . Then, the final output in (2) can be expressed as fol-
lows:

yðxÞ ¼ ηTϕðxÞ: ð3Þ
The following lemma is used to set relationship between the
unknown nonlinear function and the FLSs.

Lemma 1 (Li et al. [37]). In view of the continuous function f(x),
which is defined on the compact set Ω, for any constant ζ40, the
FLSs (3) have the following property:

sup
xAΩ

f ðxÞ�ηTϕðxÞ
�� ��rζ;

where ζ stands for the estimation error.

3. Adaptive control design

The adaptive controller and adaptive laws are derived in this
section. In order to avoid the general problem of “explosion of
complexity”, DSC technique is integrated into the framework of
adaptive backstepping control. An integral item concerning input
signal u is constructed to tackle input delay. Based on the above
techniques, an adaptive fuzzy controller with adaptive parameters
are developed to realize the control objective.

To begin with, the change of coordinates is as follows:

z1 ¼ x1;
zi ¼ xi�χ i; i¼ 2;3;…;n�1;

zn ¼ xn�χnþ
Z t

t� τ
u sð Þ ds;

where χi will be defined later.
The i-th control signal and the adaptive law are given as

follows.
We choose the first virtual control signal α1 and the adaptive

law θ̂1 as follows:

α1 ¼ �c1z1�
z1θ̂1ϕ

T
1ϕ1

2ρ2
1

�z1
2
; ð4Þ

_̂
θ 1 ¼

z21λ1ϕ
T
1ϕ1

2ρ2
1

�η1θ̂1; ð5Þ

where c140, ρ140 and η140 are constants to be designed and
θ̂1 will be defined later.

Define the i-th virtual control signal αi and the adaptive law θ̂ i

as follows:

αi ¼ �cizi�
ziθ̂ iϕ

T
i ϕi

2ρ2
i

�zi
2
þ _χ i; ð6Þ
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