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In this paper, we propose the command filtered adaptive fuzzy backstepping control (AFBC) approach for Chua’s chaotic system
with external disturbance. Based on two proposed first-order command filters, the convergence of tracking errors as well as the
problemof “explosion of complexity” in traditional backstepping design procedure is solved. In the commandfilteredAFBCdesign,
we do not need to calculate the complicated partial derivatives of the virtual control inputs. Fuzzy logic systems (FLSs) are used to
identify the system uncertainties in real time. Based on Lyapunov stability criterion, the proposed controller can guarantee that all
signals in the closed-loop system keep bounded, and the tracking errors converge to a small region eventually. Finally, simulation
studies have been provided to verify the effectiveness of the proposed method.

1. Introduction

It is well known that adaptive backstepping control (ABC)
is an effective technique for controlling nonlinear systems
in parameter strict-feedback form [1]. For ABC of strict-
feedback nonlinear systemswithout system uncertainties and
external disturbances, this issue has been studied by using
many control approaches [2–4]. Based on the sliding mode
filters, [5, 6] estimated the command derivatives in the design
of ABC. Linear filters for derivative generation were con-
sidered in [7]. Then, Farrell et al. in [8] introduced a
command filtered backstepping control (CFBC) method, in
which some new approaches were given to indicate that the
virtual tracking errors between the signals of the command
filtered and standard ABCmethods were of ∘(1/𝑊), where𝑊
represented the frequency of the command filter. Up to now,
many command filter control methods have been reported
[9–11]. The above literature only addressed the nonadaptive
case for nonlinear feedback systems. Design of ABC with
complicated situations was given in, for instance, [12–20].
It should be mentioned that the dimension of the input
variables of the estimated systemmust be extended to include
the reference trajectory and its first derivatives. However, the
aforementioned works studied the approximation problem of

the command derivatives, but the resulting implementation
does not achieve the theoretical guarantees of the ABC
design. That is to say, new approaches are expected to solve
this problem.

It has been shown that modeling of plant systems is badly
affected by systemuncertainties, i.e., parameter uncertainties,
modeling errors, external disturbances, etc. This strongly
motivates the study to design a robust, flexible, and effective
controller, which can suppress complexities that demean the
exhibition of the plants [21–37]. For backstepping control of
nonlinear systems subject to system uncertainties, some con-
trol methods have been proposed, for example, in [38–43].
On the other hand, to tackle system uncertainties, scientists
and researchers have proposed a lot of intelligent methods
such as fuzzy logic systems (FLSs), neural networks, and
neurofuzzy systems. In these methods, FLSs have been shown
to be most successful and popular [44–48]. Following later
advancement in intelligent control techniques, adaptive fuzzy
controllers were developed such as fuzzy gain scheduled PID
controller, fuzzy model reference adaptive controller, and
self-organizing fuzzy controller. Adaptive fuzzy backstepping
control (AFBC)methods also have been reported recently, for
example, in [2, 4, 38, 45, 49, 50]. In [4], AFBC has been estab-
lished for fractional-order strict-feedback systems. In [45],
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AFBC has been given for uncertain nonlinear systems with
input saturation. Wang et al. introduced a command filtered
AFBC approach for uncertain nonlinear systems, where the
“explosion of complexity” problem in backstepping design
and chartering phenomenon were solved [49]. However, in
their work, external disturbance was not considered, and a
complicated second-order filter was used in the controller
design.

Motivated by above discussion, this paper will investigate
the control uncertain Chua’s chaotic systemwith external dis-
turbance by means of command filtered AFBC. Combining
the ABCmethod and command filter, a robust command fil-
ter AFBC is established. The proposedmethod can guarantee
that all signals in the closed-loop system remain bounded,
and the tracking errors converge to a small neighborhood of
the origin eventually. The main contributions of this paper
can be summarized as follows.

(1) The proposed command filter AFBC method works
well even in the presence of full unknown system structure
and external disturbance. A simple first-order filter has been
introduced. Compared with the filter introduced in [49], our
method is simpler and easier to be established. The proposed
command filter guarantees that the commanded tracking
error as well as its first derivative satisfies our control
objective.

(2) By using the proposed command filter, the conven-
tional “explosion of complexity” problem can be avoided.
That is to say, the complicated calculation of partial derivative
of the virtual control input is unnecessary. Our controller and
adaptation laws are more concise compared with dynamic
surface control approach, for example, in [51, 52].

The structure of this paper is arranged as follows.
Section 2 gives the description of FLSs. The description of
the problem and the controller design as well as the stability
analysis are included in Section 3. The simulation results
are indicated in Section 4. Finally, Section 5 gives a brief
conclusion of this paper.

2. Description of FLS

A FLS contains four parts, i.e., the knowledge base, fuzzifier,
fuzzy inference engine basing on the fuzzy rules, and defuzzi-
fier. The 𝑗-th fuzzy rule is written as

R(𝑗): if 𝑥1 is 𝐸𝑗1, 𝑥2 is 𝐸𝑗2, . . . , 𝑥𝑛 is 𝐸𝑗𝑛, then 𝑓(x(𝑡)) is𝐶𝑗 (𝑗 = 1, 2, . . . , 𝑁)

where x(𝑡) = [𝑥1(𝑡), 𝑥2(𝑡), . . . , 𝑥𝑛(𝑡)]𝑇 ∈ R𝑛 and 𝑓(x(𝑡)) ∈
R are, respectively, the input and the output of fuzzy logic
systems. 𝐸𝑗𝑖 and 𝐶𝑗 (𝑖 = 1, 2, . . . , 𝑛) are fuzzy sets belonging
to R. The output of fuzzy logic systems can be expressed
by

𝑓 (x (𝑡)) = ∑𝑁𝑗=1 𝜃𝑗 (𝑡) [∏𝑛𝑖=1𝜇𝐸𝑗
𝑖

(𝑥𝑖 (𝑡))]
∑𝑁𝑗=1 [∏𝑛𝑖=1𝜇𝐸𝑗

𝑖

(𝑥𝑖 (𝑡))]
, (1)

where 𝜃𝑗(𝑡) is a value where fuzzy membership function
𝜇𝐶𝑗 is maximum. Generally, we can consider that 𝜇𝐶𝑗(𝜃𝑗(𝑡)) =1, and fuzzy basic function is 𝜑𝑗(x(𝑡)) = ∏𝑛𝑖=1𝜇𝐸𝑗𝑖 (𝑥𝑖(𝑡))/∑𝑁𝑗=1[∏𝑛𝑖=1𝜇𝐸𝑗

𝑖

(𝑥𝑖(𝑡))]. Let 𝜑(x(𝑡)) = [𝜑1(x(𝑡)), 𝜑2(x(𝑡)), . . . ,
𝜑𝑁(x(𝑡))]𝑇, 𝜃(𝑡) = [𝜃1(𝑡), 𝜃2(𝑡), . . . , 𝜃𝑁(𝑡)]𝑇, and then output
of fuzzy logic systems can be written as

𝑓 (x (𝑡)) = 𝜃𝑇 (𝑡)𝜑 (x (𝑡)) . (2)

Lemma 1. Suppose that ℎ(x) is a continuous function defined
on compact set Ω; for any constants 𝜀 > 0, there exists a fuzzy
logic system approximating function𝑓(x) forming (2) such that

sup
Ω

ℎ (x (𝑡)) − �̂�
𝑇 (𝑡)𝜑 (x (𝑡)) ≤ 𝜀, (3)

where �̂�(𝑡) is an estimator of optimal vector 𝜃∗.

3. Main Results

3.1. Problem Description. The controlled Chua’s system is
described as

�̇�1 (𝑡) = 𝛼𝑥2 (𝑡) − 𝛼𝑥1 (𝑡) − 𝑓 (𝑥1 (𝑡)) + 𝑔1 (𝑥1 (𝑡)) ,
�̇�2 (𝑡) = 𝑥3 (𝑡) + 𝑥1 (𝑡) − 𝑥2 (𝑡) + 𝑔2 (x2 (𝑡)) ,
�̇�3 (𝑡) = 𝛽𝑥2 (𝑡) − 𝛾𝑥3 (𝑡) + 𝑔3 (x (𝑡)) + 𝑑 (𝑡) + 𝑢 (𝑡) ,
𝑦 (𝑡) = 𝑥1 (𝑡) ,

(4)

with

𝑓 (𝑥1 (𝑡)) = 𝑎𝑥1 (𝑡) + 𝑏 (𝑥1 (𝑡) + 1 − 𝑥1 (𝑡) − 1) (5)

where 𝛼, 𝛽, 𝛾, 𝑎, and 𝑏 are system parameters, 𝑦 ∈ R

represents the system output, 𝑔1(𝑥1(𝑡)), 𝑔2(x2(𝑡)), and 𝑔(x(𝑡))
are the system uncertainties with x2(𝑡) = [𝑥1(𝑡), 𝑥2(𝑡)]𝑇 ∈
R2, x(𝑡) = [𝑥1(𝑡), 𝑥2(𝑡), 𝑥3(𝑡)]𝑇 ∈ R3, 𝑑(𝑡) ∈ R is an
unknown external disturbance, and 𝑢(𝑡) ∈ R denotes the
control input.

Define the output tracking error 𝑒1(𝑡) = 𝑥1(𝑡) − 𝑥𝑐1(𝑡)
where 𝑥𝑐1(𝑡) ∈ R is a known smooth enough referenced
signal. The paper aims to design a proper controller 𝑢(𝑡) such
that the tracking error 𝑒1(𝑡) tends to an arbitrary small region.

3.2. Controller Design. Tomeet the control objective, a robust
command filtered backstepping controller that contains three
steps will be constructed.

Step 1. Consider the first dynamical equation in system (4):

�̇�1 (𝑡) = 𝛼𝑥2 (𝑡) + Δ𝑔1 (𝑥1 (𝑡)) , (6)

where Δ𝑔1(𝑥1(𝑡)) = −𝛼𝑥1(𝑡) − 𝑓(𝑥1(𝑡)) + 𝑔1(𝑥1(𝑡)) is
an unknown nonlinear function. Thus, Δ𝑔1(𝑥1(𝑡)) can be
approximated through FLS (2) as

Δ𝑔1 (𝑥1 (𝑡)) = 𝜃𝑇1 (𝑡)𝜑1 (𝑥1 (𝑡))
= 𝜃∗𝑇1 𝜑1 (𝑥1 (𝑡)) + 𝜀1 (𝑡)

(7)
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where 𝜃∗𝑇1 represents the optimal fuzzy parameter and 𝜀1(𝑡) is
the optimal approximation error. Then, the virtual input can
be designed as

𝑧2 (𝑡) = − 1𝛼 [𝑘1𝑒1 (𝑡) + 𝜃
𝑇
1 (𝑡)𝜑1 (𝑥1 (𝑡))

+ 𝜀1 (𝑡) arctan (𝑒1 (𝑡)𝜆1 ) − �̇�𝑐1 (𝑡)]
(8)

where 𝜀1(𝑡) is the estimation of the upper bound of the fuzzy
approximation error 𝜀1(𝑡), 𝑘1 and 𝜆1 are two positive design
parameters, and 𝑒1(𝑡) is the compensated tracking error that
will be defined later.Then, it follows from (6), (7), and (8) that

̇𝑒1 (𝑡) = 𝛼𝑥2 (𝑡) + Δ𝑔1 (𝑥1 (𝑡)) − �̇�𝑐1 (𝑡)
= 𝛼 (𝑥2 (𝑡) − 𝑧2 (𝑡)) + Δ𝑔1 (𝑥1 (𝑡)) − �̇�𝑐1 (𝑡)
+ 𝛼𝑧2 (𝑡)

= −𝑘1𝑒1 (𝑡) + 𝛼 (𝑥2 (𝑡) − 𝑧2 (𝑡)) + 𝜃∗𝑇1 𝜑1 (𝑥1 (𝑡))
+ 𝜀1 (𝑡) − 𝜃𝑇1 (𝑡)𝜑1 (𝑥1 (𝑡))
− 𝜀1 (𝑡) arctan (𝑒1 (𝑡)𝜆1 )

= −𝑘1𝑒1 (𝑡) + 𝛼 (𝑥𝑐2 (𝑡) − 𝑧2 (𝑡))
− �̃�𝑇1 (𝑡)𝜑1 (𝑥1 (𝑡)) + 𝜀1 (𝑡)
− 𝜀1 (𝑡) arctan (𝑒1 (𝑡)𝜆1 ) + 𝛼𝑒2 (𝑡)

(9)

where �̃�
𝑇

1 (𝑡) = 𝜃𝑇1 (𝑡) − 𝜃∗𝑇1 is the fuzzy parameter estimation
error, 𝑒2(𝑡) = 𝑥2(𝑡) − 𝑥𝑐2(𝑡) is the command filtered tracking
error, and 𝑥𝑐2 will be given later. The compensated tracking
error signal can be defined as

𝑒1 (𝑡) = 𝑒1 (𝑡) − 𝜁1 (𝑡) (10)

where 𝜁1(𝑡) is an added term which is the solution of the
following filter:

̇𝜁1 (𝑡) = −𝑘1𝜁1 (𝑡) + 𝛼 (𝑥𝑐2 (𝑡) − 𝑧2 (𝑡)) + 𝛼𝜁2 (𝑡) (11)

where 𝜁2(𝑡)will be given in Step 2 and 𝑥𝑐2(𝑡) is obtained by the
filter

�̇�𝑐2 (𝑡) = −𝜛2 (𝑥𝑐2 (𝑡) − 𝑧2 (𝑡)) (12)

with 𝜛2 > 0 being a design parameter. The initial condition
for 𝑥𝑐2(𝑡) is 𝑥𝑐2(0) = 0.Thus, adaptation laws for 𝜃1(𝑡) and 𝜀1(𝑡)
are designed as

�̇�1 (𝑡) = 𝑐11𝑒1 (𝑡)𝜑1 (𝑥1 (𝑡)) − 𝑐11𝑐12𝜃1 (𝑡) (13)

and

̇̂𝜀1 (𝑡) = 𝑐41𝑒1 (𝑡) tanh (𝑒1 (𝑡)𝜆1 ) − 𝑐41𝑐42𝜀1 (𝑡) , (14)

respectively, where 𝑐11, 𝑐12, 𝑐41, and 𝑐42 are all positive design
parameters.

Step 2. It follows from (4) that

�̇�2 (𝑡) = 𝑥3 (𝑡) + Δ𝑔2 (x2 (𝑡)) (15)

where Δ𝑔2(x2(𝑡)) = 𝑥1(𝑡) − 𝑥2(𝑡) + 𝑔2(x2(𝑡)) is an unknown
nonlinear function, which can be approximated through FLS
(2) by

Δ𝑔2 (x2 (𝑡)) = 𝜃𝑇2 (𝑡)𝜑2 (x2 (𝑡))
= 𝜃∗𝑇2 𝜑2 (x2 (𝑡)) + 𝜀2 (𝑡) .

(16)

The virtual tracking errors, similar to that in Step 1, are
defined as

𝑒2 (𝑡) = 𝑥2 (𝑡) − 𝑥𝑐2 (𝑡) ,
𝑒2 (𝑡) = 𝑒2 (𝑡) − 𝜁2 (𝑡) ,

(17)

with

̇𝜁2 (𝑡) = −𝑘2𝜁2 (𝑡) + 𝑥𝑐3 (𝑡) − 𝑧3 (𝑡) + 𝜁3 (𝑡) (18)

where 𝜁2(0) = 0, 𝜁3(𝑡) will be given in Step 3,

�̇�𝑐3 (𝑡) = −𝜛3 (𝑥𝑐3 (𝑡) − 𝑧3 (𝑡)) , (19)

𝑧3(𝑡) is the virtual control input designed as

𝑧3 (𝑡) = −𝑘2𝑒2 (𝑡) − 𝜃𝑇2 (𝑡)𝜑2 (x2 (𝑡))
− 𝜀2 (𝑡) arctan (𝑒2 (𝑡)𝜆2 ) + �̇�𝑐2 (𝑡) − 𝛼𝑒1 (𝑡)

(20)

with 𝑘2 and 𝜆2 being positive design parameters. Adaptation
laws for 𝜃2(𝑡) and 𝜀2(𝑡) can be given as

�̇�2 (𝑡) = 𝑐21𝑒2 (𝑡)𝜑2 (x2 (𝑡)) − 𝑐21𝑐22𝜃2 (𝑡) (21)

and

̇̂𝜀2 (𝑡) = 𝑐51𝑒2 (𝑡) tanh (𝑒2 (𝑡)𝜆1 ) − 𝑐51𝑐52𝜀2 (𝑡) (22)

where 𝑐21, 𝑐22, 𝑐51, and 𝑐52 are all positive design parameters.
Based on above discussion, we have

̇𝑒2 (𝑡) = 𝑥3 (𝑡) + Δ𝑔2 (x2 (𝑡)) − �̇�𝑐2 (𝑡)
= 𝑥3 (𝑡) − 𝑧3 (𝑡) + Δ𝑔3 (x2 (𝑡)) − �̇�𝑐2 (𝑡) + 𝑧3 (𝑡)
= −𝑘2𝑒2 (𝑡) + 𝑥3 (𝑡) − 𝑧3 (𝑡) + 𝜃∗𝑇2 𝜑2 (x2 (𝑡))
+ 𝜀2 (𝑡) − 𝜃𝑇2 (𝑡)𝜑2 (x2 (𝑡))
− 𝜀2 (𝑡) arctan (𝑒2 (𝑡)𝜆2 ) − 𝛼𝑒1 (𝑡)

= −𝑘2𝑒2 (𝑡) + 𝑥𝑐3 (𝑡) − 𝑧3 (𝑡) − �̃�𝑇2 (𝑡)𝜑2 (x2 (𝑡))
+ 𝜀2 (𝑡) − 𝜀2 (𝑡) arctan (𝑒2 (𝑡)𝜆2 ) − 𝛼𝑒1 (𝑡)
+ 𝑒3 (𝑡) .

(23)



4 Mathematical Problems in Engineering

Step 3. According to (4), we have

�̇�3 (𝑡) = Δ𝑔3 (x (𝑡)) + 𝑑 (𝑡) + 𝑢 (𝑡) (24)

withΔ𝑔3(x(𝑡)) = 𝛽𝑥2(𝑡)−𝛾𝑥3(𝑡)+𝑔3(x(𝑡)) being an unknown
nonlinear function that can be approximated by

Δ𝑔3 (x (𝑡)) = 𝜃𝑇3 (𝑡)𝜑3 (x (𝑡)) = 𝜃∗𝑇3 𝜑3 (x (𝑡)) + 𝜀3 (𝑡) . (25)

The control input is designed as

𝑢 (𝑡) = −𝑘3𝑒3 (𝑡) − 𝜃𝑇3 (𝑡)𝜑3 (x (𝑡))
− (𝜀2 (𝑡) + 𝑑 (𝑡)) arctan (𝑒3 (𝑡)𝜆3 ) + ̇𝑥𝑐3 (𝑡)
− 𝑒2 (𝑡)

(26)

where 𝑘3, 𝜆3 are two positive design parameters and 𝑑(𝑡) is
the estimation of external disturbance 𝑑(𝑡).The compensated
tracking errors are defined by

𝑒3 (𝑡) = 𝑥3 (𝑡) − 𝑥𝑐3 (𝑡) ,
𝑒3 (𝑡) = 𝑒3 (𝑡) − 𝜁3 (𝑡) ,

(27)

where

̇𝜁3 (𝑡) = −𝑘3𝜁3 (𝑡) − 𝜁2 (𝑡) . (28)

We design the following adaptation laws:

�̇�3 (𝑡) = 𝑐31𝑒3 (𝑡)𝜑2 (x (𝑡)) − 𝑐31𝑐32𝜃3 (𝑡) , (29)

̇̂𝜀3 (𝑡) = 𝑐61𝑒3 (𝑡) tanh (𝑒3 (𝑡)𝜆3 ) − 𝑐61𝑐62𝜀3 (𝑡) (30)

and

̇̂𝑑 (𝑡) = 𝑐71𝑒3 (𝑡) tanh (𝑒3 (𝑡)𝜆3 ) − 𝑐71𝑐72𝑑 (𝑡) (31)

where 𝑐31, 𝑐32, 𝑐61, 𝑐62, 𝑐71, and 𝑐72 are all positive design
parameters. Thus,

̇𝑒3 (𝑡) = Δ𝑔3 (x (𝑡)) − ̇𝑥𝑐3 (𝑡) + 𝑑 (𝑡) + 𝑢 (𝑡)
= −𝑘3𝑒3 (𝑡) + 𝜃∗𝑇3 𝜑3 (x (𝑡)) + 𝜀3 (𝑡) + 𝑑 (𝑡)
− 𝑑 (𝑡) arctan (𝑒3 (𝑡)𝜆3 ) − 𝜃𝑇3 (𝑡)𝜑3 (x (𝑡))

− 𝜀3 (𝑡) arctan (𝑒3 (𝑡)𝜆3 ) − 𝑒2 (𝑡)

= −𝑘3𝑒3 (𝑡) − �̃�𝑇3 (𝑡)𝜑3 (x (𝑡)) + 𝜀3 (𝑡) + 𝑑 (𝑡)
− 𝑑 (𝑡) arctan (𝑒3 (𝑡)𝜆3 )

− 𝜀3 (𝑡) arctan (𝑒3 (𝑡)𝜆3 ) − 𝑒2 (𝑡) .

(32)

Here 𝑑(𝑡) = 𝑑(𝑡) − 𝑑(𝑡) is the estimation error of 𝑑(𝑡).

To proceed, we need the following assumption and
lemma.

Assumption 2. The external disturbance and the fuzzy
approximate errors are bounded; i.e., there exist somepositive
constants 𝑑∗ and 𝜀∗𝑖 such that |𝑑(𝑡)| ≤ 𝑑∗ and 𝜀𝑖(𝑡) ≤ 𝜀∗𝑖 .
Lemma 3 (see [49]). Suppose that 𝜆 > 0; then it holds that

𝑦 − 𝑦 tanh (𝑦𝜆) ≤ 𝜅𝜆 (33)

where 𝜅 = 0.2785 is a constant.

3.3. Stability Analysis. According to the above analysis, the
dynamical equations for the tracking errors are obtained as

̇̃𝑒1 (𝑡) = ̇𝑒1 (𝑡) − ̇𝜁1 (𝑡)
= −𝑘1𝑒1 (𝑡) + 𝛼 (𝑥𝑐2 (𝑡) − 𝑧2 (𝑡))
− �̃�𝑇1 (𝑡)𝜑1 (𝑥1 (𝑡)) + 𝜀1 (𝑡)
− 𝜀1 (𝑡) arctan (𝑒1 (𝑡)𝜆1 ) + 𝛼𝑒2 (𝑡) − ̇𝜁1 (𝑡)

= −𝑘1𝑒1 (𝑡) − �̃�𝑇1 (𝑡)𝜑1 (𝑥1 (𝑡)) + 𝜀1 (𝑡)
− 𝑘1𝜁1 (𝑡) − 𝜀1 (𝑡) arctan (𝑒1 (𝑡)𝜆1 ) + 𝛼𝑒2 (𝑡)
− 𝛼𝜁2 (𝑡)

= −𝑘1𝑒1 (𝑡) + 𝛼𝑒2 (𝑡) − �̃�𝑇1 (𝑡)𝜑1 (𝑥1 (𝑡)) + 𝜀1 (𝑡)
− 𝜀1 (𝑡) arctan (𝑒1 (𝑡)𝜆1 ) ,

(34)

̇̃𝑒2 (𝑡) = ̇𝑒2 (𝑡) − ̇𝜁2 (𝑡)
= −𝑘2𝑒2 (𝑡) + 𝑥𝑐3 (𝑡) − 𝑧3 (𝑡) − �̃�𝑇2 (𝑡)𝜑2 (x2 (𝑡))
+ 𝜀2 (𝑡) − 𝜀2 (𝑡) arctan(𝑒2 (𝑡)𝜆2 ) − 𝛼𝑒1 (𝑡)
+ 𝑒3 (𝑡) − ̇𝜁2 (𝑡)

= −𝑘2𝑒2 (𝑡) − �̃�𝑇2 (𝑡)𝜑2 (x2 (𝑡)) + 𝜀2 (𝑡) − 𝜁3 (𝑡)
− 𝜀2 (𝑡) arctan (𝑒2 (𝑡)𝜆2 ) − 𝛼𝑒1 (𝑡) + 𝑒3 (𝑡)
− 𝑘2𝜁2 (𝑡)

= −𝑘2𝑒2 (𝑡) − �̃�𝑇2 (𝑡)𝜑2 (x2 (𝑡)) + 𝜀2 (𝑡) + 𝑒3 (𝑡)
− 𝜀2 (𝑡) arctan (𝑒2 (𝑡)𝜆2 ) − 𝛼𝑒1 (𝑡) ,

(35)
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̇̃𝑒3 (𝑡) = ̇𝑒3 (𝑡) − ̇𝜁3 (𝑡)
= −𝑘3𝑒3 (𝑡) − �̃�𝑇3 (𝑡)𝜑3 (x (𝑡)) + 𝜀3 (𝑡)
− 𝑑 (𝑡) arctan (𝑒3 (𝑡)𝜆3 ) − ̇𝜁3 (𝑡) − 𝑒2 (𝑡)

− 𝜀3 (𝑡) arctan (𝑒3 (𝑡)𝜆3 ) + 𝑑 (𝑡)

= −𝑘3𝑒3 (𝑡) − �̃�𝑇3 (𝑡)𝜑3 (x (𝑡)) + 𝜀3 (𝑡) + 𝑑 (𝑡)
− 𝑑 (𝑡) arctan (𝑒3 (𝑡)𝜆3 ) − 𝑒2 (𝑡)

− 𝜀3 (𝑡) arctan (𝑒3 (𝑡)𝜆3 ) .

(36)

Remark 4. In this paper, to cancel the effect of the signals
𝑥𝑐𝑖 (𝑡) − 𝑧𝑖(𝑡), 𝑖 = 1, 2, 3, three filters, i.e., (11), (18), and
(28) have been introduced. It should be pointed out that the
proposed filters can guarantee the boundedness of the added
signals 𝜁1(𝑡), 𝜁2(𝑡), 𝜁3(𝑡).The stability analysis for these signals
is presented inTheorem 5.

Theorem 5. If the input signals 𝑥𝑐𝑖 (𝑡) − 𝑧𝑖(𝑡), 𝑖 = 1, 2, 3, satisfy|𝑥𝑐𝑖 (𝑡)−𝑧𝑖(𝑡)| ≤ 𝐵where 𝐵 is a positive constant, then the filters
defined as (11), (18), and (28) have state variables bounded by

‖𝜁 (𝑡)‖ ≤ 𝐴
2𝑘 (1 − 𝑒

−2𝑘𝑡) (37)

where 𝜁(𝑡) = [𝜁1(𝑡), 𝜁2(𝑡), 𝜁3(𝑡)]𝑇 ∈ R3, 𝑘 = (1/2)min{𝑘1,𝑘2, 𝑘3}, and 𝐴 = 𝐵 + 𝛼.
Proof. The Lyapunov function candidate is chosen as 𝑉1(𝑡) =(1/2)‖𝜁(𝑡)‖2. According to (11), (18), and (28), the derivative
of 𝑉1(𝑡) with respect to time can be given as

�̇�1 (𝑡) =
3

∑
𝑖=1

𝜁𝑖 (𝑡) ̇𝜁𝑖 (𝑡)

= −
3

∑
𝑖=1

𝑘𝑖𝜁2𝑖 (𝑡) + 𝛼𝜁1 (𝑡) (𝑥𝑐2 (𝑡) − 𝑧2 (𝑡))

+ 𝜁2 (𝑡) (𝑥𝑐3 (𝑡) − 𝑧3 (𝑡))
≤ −2𝑘 ‖𝜁 (𝑡)‖2 + 𝐴 ‖𝜁 (𝑡)‖
≤ −4𝑘𝑉1 (𝑡) + √2𝐴√𝑉1 (𝑡).

(38)

Thus, (38) implies that (37) holds.

The main results of this section are included in the
following theorem.

Theorem 6. Consider system (4) under Assumption 2. The
virtual control inputs are chosen as (8) and (20). The filters are
given as (11), (12), (18), (19), and (28). The fuzzy parameters
are updated by (13), (21), and (29). The estimation of the fuzzy

approximation errors is updated by (14), (22), and (30). The
estimation of 𝑑(𝑡) is given as (31). Then, the control input
(26) guarantees that the tracking errors 𝑒1(𝑡), 𝑒2(𝑡), and 𝑒3(𝑡)
converge to a small region of zero if proper design parameters
are chosen.

Proof. Let the Lyapunov function candidate be

𝑉 (𝑡) = 1
2
3

∑
𝑖=1

𝑒2𝑖 (𝑡) +
3

∑
𝑖=1

1
2𝑐𝑖1 �̃�
𝑇

𝑖 (𝑡) �̃�𝑖 (𝑡)

+
3

∑
𝑖=1

1
2𝑐𝑖+3,1 𝜀

2
𝑖 (𝑡) + 1

2𝑐71 𝑑
2 (𝑡)

(39)

where 𝜀𝑖(𝑡) = 𝜀𝑖(𝑡)− 𝜀∗𝑖 , 𝑑(𝑡) = 𝑑(𝑡)−𝑑∗ are estimation errors.
It follows from (34), (35), (36), Assumption 2, and Lemma 3
that

3

∑
𝑖=1

𝑒𝑖 (𝑡) ̇̃𝑒𝑖 (𝑡) =
3

∑
𝑖=1

𝑒𝑖 (𝑡) [𝜀𝑖 (𝑡) − 𝜀𝑖 (𝑡) arctan (𝑒𝑖 (𝑡)𝜆𝑖 )]

− 𝑒1 (𝑡) �̃�𝑇1 (𝑡)𝜑1 (𝑥1 (𝑡)) − 𝑒2 (𝑡) �̃�𝑇2 (𝑡)𝜑2 (x2 (𝑡))

− 𝑒3 (𝑡) �̃�𝑇3 (𝑡)𝜑3 (x (𝑡)) −
3

∑
𝑖=1

𝑘𝑖𝑒2𝑖 (𝑡) + 𝑒3 (𝑡) [𝑑 (𝑡)

− 𝑑 (𝑡) arctan (𝑒3 (𝑡)𝜆3 )] ≤
3

∑
𝑖=1

[𝑒𝑖 (𝑡) 𝜀∗𝑖

− 𝑒𝑖 (𝑡) 𝜀𝑖 (𝑡) arctan (𝑒𝑖 (𝑡)𝜆𝑖 )] − 𝑒1 (𝑡) �̃�
𝑇

1 (𝑡)

⋅ 𝜑1 (𝑥1 (𝑡)) − 𝑒2 (𝑡) �̃�𝑇2 (𝑡)𝜑2 (x2 (𝑡)) − 𝑒3 (𝑡) �̃�𝑇3 (𝑡)

⋅ 𝜑3 (x (𝑡)) −
3

∑
𝑖=1

𝑘𝑖𝑒2𝑖 (𝑡) + 𝑒3 (𝑡) 𝑑∗ − 𝑒3 (𝑡) 𝑑 (𝑡)

⋅ arctan (𝑒3 (𝑡)𝜆3 ) =
3

∑
𝑖=1

[𝑒𝑖 (𝑡) 𝜀∗𝑖

− 𝑒𝑖 (𝑡) 𝜀𝑖 (𝑡) arctan (𝑒𝑖 (𝑡)𝜆𝑖 )

− 𝑒𝑖 (𝑡) 𝜀∗𝑖 arctan (𝑒𝑖 (𝑡)𝜆𝑖 )] − 𝑒2 (𝑡) �̃�
𝑇

2 (𝑡)𝜑2 (x2 (𝑡))

− 𝑒3 (𝑡) �̃�𝑇3 (𝑡)𝜑3 (x (𝑡)) − 𝑒1 (𝑡) �̃�𝑇1 (𝑡)𝜑1 (𝑥1 (𝑡))
+ 𝑒3 (𝑡) 𝑑∗ − 𝑒3 (𝑡) 𝑑 (𝑡) arctan (𝑒3 (𝑡)𝜆3 )

+
3

∑
𝑖=1

𝑒𝑖 (𝑡) 𝜀∗𝑖 arctan (𝑒𝑖 (𝑡)𝜆𝑖 ) −
3

∑
𝑖=1

𝑘𝑖𝑒2𝑖 (𝑡)

− 𝑒3 (𝑡) 𝑑∗arctan (𝑒3 (𝑡)𝜆3 )
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+ 𝑒3 (𝑡) 𝑑∗arctan (𝑒3 (𝑡)𝜆3 )

≤
3

∑
𝑖=1

[−𝑒𝑖 (𝑡) 𝜀𝑖 (𝑡) arctan (𝑒𝑖 (𝑡)𝜆𝑖 )

+ 𝑒𝑖 (𝑡) 𝜀∗𝑖 arctan (𝑒𝑖 (𝑡)𝜆𝑖 )] −
3

∑
𝑖=1

𝑘𝑖𝑒2𝑖 (𝑡) − 𝑒2 (𝑡)

⋅ �̃�𝑇2 (𝑡)𝜑2 (x2 (𝑡)) − 𝑒3 (𝑡) �̃�𝑇3 (𝑡)𝜑3 (x (𝑡)) − 𝑒1 (𝑡)
⋅ �̃�𝑇1 (𝑡)𝜑1 (𝑥1 (𝑡)) − 𝑒3 (𝑡) 𝑑 (𝑡) arctan (𝑒3 (𝑡)𝜆3 )

+ 𝜅
3

∑
𝑖=1

𝜆𝑖𝜀∗𝑖 + 𝜅𝜆3𝑑∗ + 𝑒3 (𝑡) 𝑑∗arctan (𝑒3 (𝑡)𝜆3 )

= −
3

∑
𝑖=1

𝑒𝑖 (𝑡) 𝜀𝑖 (𝑡) arctan (𝑒𝑖 (𝑡)𝜆𝑖 ) −
3

∑
𝑖=1

𝑘𝑖𝑒2𝑖 (𝑡)

− 𝑒3 (𝑡) 𝑑 (𝑡) arctan (𝑒3 (𝑡)𝜆3 ) − 𝑒2 (𝑡) �̃�𝑇2 (𝑡)

⋅ 𝜑2 (x2 (𝑡)) − 𝑒3 (𝑡) �̃�𝑇3 (𝑡)𝜑3 (x (𝑡)) − 𝑒1 (𝑡) �̃�𝑇1 (𝑡)

⋅ 𝜑1 (𝑥1 (𝑡)) + 𝜅𝜆3𝑑∗ + 𝜅
3

∑
𝑖=1

𝜆𝑖𝜀∗𝑖 .
(40)

By using the adaptations laws (13), (14), (21), (22), (29),
(30), and (31), we have

3

∑
𝑖=1

1
𝑐𝑖1 �̃�
𝑇

𝑖 (𝑡) ̇̃
𝜃𝑖 (𝑡) =

3

∑
𝑖=1

1
𝑐𝑖1 �̃�
𝑇

𝑖 (𝑡) �̇�𝑖 (𝑡)

= 𝑒2 (𝑡) �̃�𝑇2 (𝑡)𝜑2 (x2 (𝑡)) + 𝑒3 (𝑡) �̃�𝑇3 (𝑡)𝜑3 (x (𝑡))

+ 𝑒1 (𝑡) �̃�𝑇1 (𝑡)𝜑1 (𝑥1 (𝑡)) −
3

∑
𝑖=1

𝑐𝑖2�̃�𝑇𝑖 (𝑡) 𝜃𝑖 (𝑡)

= 𝑒2 (𝑡) �̃�𝑇2 (𝑡)𝜑2 (x2 (𝑡)) + 𝑒3 (𝑡) �̃�𝑇3 (𝑡)𝜑3 (x (𝑡))
+ 𝑒1 (𝑡) �̃�𝑇1 (𝑡)𝜑1 (𝑥1 (𝑡))

−
3

∑
𝑖=1

𝑐𝑖2�̃�𝑇𝑖 (𝑡) (�̃�𝑖 (𝑡) + 𝜃∗𝑖 )

≤ 𝑒2 (𝑡) �̃�𝑇2 (𝑡)𝜑2 (x2 (𝑡)) + 𝑒3 (𝑡) �̃�𝑇3 (𝑡)𝜑3 (x (𝑡))

+ 𝑒1 (𝑡) �̃�𝑇1 (𝑡)𝜑1 (𝑥1 (𝑡)) −
3

∑
𝑖=1

𝑐𝑖2
2 �̃�
𝑇

𝑖 (𝑡) �̃�𝑖 (𝑡)

+
3

∑
𝑖=1

𝑐𝑖2
2 𝜃
∗𝑇
𝑖 𝜃
∗
𝑖 ,

(41)

3

∑
𝑖=1

1
2𝑐𝑖+3,1 𝜀𝑖 (𝑡)

̇̃𝜀𝑖 (𝑡) =
3

∑
𝑖=1

1
2𝑐𝑖+3,1 𝜀𝑖 (𝑡)

̇̂𝜀𝑖 (𝑡)

=
3

∑
𝑖=1

𝜀𝑖 (𝑡) [𝑒𝑖 (𝑡) tanh (𝑒𝑖 (𝑡)𝜆𝑖 ) − 𝑐𝑖+3,2𝜀𝑖 (𝑡)]

=
3

∑
𝑖=1

𝜀𝑖 (𝑡) 𝑒𝑖 (𝑡) tanh (𝑒𝑖 (𝑡)𝜆𝑖 )

−
3

∑
𝑖=1

𝑐𝑖+3,2𝜀𝑖 (𝑡) (𝜀𝑖 (𝑡) + 𝜀∗𝑖 )

≤
3

∑
𝑖=1

𝜀𝑖 (𝑡) 𝑒𝑖 (𝑡) tanh (𝑒𝑖 (𝑡)𝜆𝑖 ) −
3

∑
𝑖=1

𝑐𝑖+3,2
2 𝜀2𝑖 (𝑡)

+
3

∑
𝑖=1

𝑐𝑖+3,2
2 𝜀∗2𝑖 ,

(42)

1
𝑐71𝑑 (𝑡)

̇̂𝑑 (𝑡)

= 𝑑 (𝑡) 𝑒3 (𝑡) tanh (𝑒3 (𝑡)𝜆3 ) − 𝑐72𝑑 (𝑡) (𝑑 (𝑡) + 𝑑∗)

≤ 𝑑 (𝑡) 𝑒3 (𝑡) tanh (𝑒3 (𝑡)𝜆3 ) − 𝑐72
2 𝑑2 (𝑡) + 𝑐72

2 𝑑∗2.

(43)

According to (40), (41), (42), and (43), the derivative of
Lyapunov function (39) can be obtained as

�̇� (𝑡) ≤ −
3

∑
𝑖=1

𝑘𝑖𝑒2𝑖 (𝑡) + 𝜅𝜆3𝑑∗ + 𝜅
3

∑
𝑖=1

𝜆𝑖𝜀∗𝑖

−
3

∑
𝑖=1

𝑐𝑖+3,2
2 𝜀2𝑖 (𝑡) +

3

∑
𝑖=1

𝑐𝑖+3,2
2 𝜀∗2𝑖

−
3

∑
𝑖=1

𝑐𝑖2
2 �̃�
𝑇

𝑖 (𝑡) �̃�𝑖 (𝑡) +
3

∑
𝑖=1

𝑐𝑖2
2 𝜃
∗𝑇
𝑖 𝜃
∗
𝑖 − 𝑐72

2 𝑑2 (𝑡)

+ 𝑐72
2 𝑑∗2

= −
3

∑
𝑖=1

𝑘𝑖𝑒2𝑖 (𝑡) −
3

∑
𝑖=1

𝑐𝑖+3,2
2 𝜀2𝑖 (𝑡)

−
3

∑
𝑖=1

𝑐𝑖2
2 �̃�
𝑇

𝑖 (𝑡) �̃�𝑖 (𝑡) − 𝑐72
2 𝑑2 (𝑡) + 𝜅𝜆3𝑑∗

+ 𝜅
3

∑
𝑖=1

𝜆𝑖𝜀∗𝑖 +
3

∑
𝑖=1

𝑐𝑖+3,2
2 𝜀∗2𝑖 +

3

∑
𝑖=1

𝑐𝑖2
2 𝜃
∗𝑇
𝑖 𝜃
∗
𝑖

+ 𝑐72
2 𝑑∗2

≤ −𝐶12
3

∑
𝑖=1

𝑒2𝑖 (𝑡) − 𝐶2
3

∑
𝑖=1

1
2𝑐𝑖1 �̃�
𝑇

𝑖 (𝑡) �̃�𝑖 (𝑡)

− 𝐶3
3

∑
𝑖=1

1
2𝑐𝑖+3,1 𝜀

2
𝑖 (𝑡) − 𝐶4

2𝑐71 𝑑
2 (𝑡) + 𝐶5

(44)
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Figure 1: Dynamical behavior of system (4) in (a) 𝑥1 − 𝑥2 − 𝑥3, (b) 𝑥1 − 𝑥2 plane, (c) 𝑥1 − 𝑥3 plane, and (d) 𝑥2 − 𝑥3 plane.

where 𝐶1 = 2min{𝑘1, 𝑘2, 𝑘3}, 𝐶2 = min{𝑐11𝑐12, 𝑐21𝑐22, 𝑐31𝑐32},𝐶3 = min{𝑐41𝑐42, 𝑐51𝑐52, 𝑐61𝑐62}, 𝐶4 = 𝑐71𝑐72, and 𝐶5 = 𝜅𝜆3𝑑∗ +𝜅∑3𝑖=1 𝜆𝑖𝜀∗𝑖 + ∑3𝑖=1(𝑐𝑖+3,2/2)𝜀∗2𝑖 + ∑3𝑖=1(𝑐𝑖2/2)𝜃∗𝑇𝑖 𝜃∗𝑖 + 𝑐72/2 are
positive constants.

According to (44) one knows that when 𝑡 → ∞,
(1/2)∑3𝑖=1 𝑒2𝑖 (𝑡) ≤ 𝐶5/𝐶1, ∑3𝑖=1(1/2𝑐𝑖1)�̃�𝑇𝑖 (𝑡)�̃�𝑖(𝑡) ≤ 𝐶5/𝐶2,
∑3𝑖=1(1/2𝑐𝑖+3,1)𝜀2𝑖 (𝑡) ≤ 𝐶5/𝐶3, and (1/2𝑐71)𝑑2(𝑡) ≤ 𝐶5/𝐶4.
That is to say, all signals in the closed-loop system will
keep bounded. The tracking errors 𝑒1(𝑡), 𝑒2(𝑡), and 𝑒3(𝑡) will
eventually converge to a small region of zero if proper design
parameters are chosen (small 𝐶5 and large 𝐶1).
4. Simulation Example

Let the system parameters be 𝛼 = 11.25, 𝛽 = 18.6, 𝛾 =
0, 𝑎 = −0.68, 𝑏 = −0.545, and the initial condition be x(0) =
[1.5, −1, 0.5]𝑇. Then, the uncontrolled system (4) (i.e., 𝑔𝑖(⋅) ≡𝑑(𝑡) ≡ 𝑢(𝑡) ≡ 0, 𝑖 = 1, 2, 3) shows complicated behavior,
which is depicted in Figure 1.

In simulation, the system uncertainties are chosen as
𝑔1(𝑥1(𝑡)) = sin(𝑥1(𝑡)), 𝑔2(x2(𝑡)) = sin√𝑥21(𝑡) + 𝑥22(𝑡), and

𝑔3(x(𝑡)) = cos√𝑥21(𝑡) + 𝑥22(𝑡) + 𝑥23(𝑡). The disturbance is
selected as 𝑑(𝑡) = 0.2 sin 𝑡 + 0.1 cos 𝑡. The referenced signal
𝑥𝑐1(𝑡) is defined by

𝑥𝑐1 (𝑡) = {{{
0 𝑡 ∈ [0, 6] ,
1.5 𝑡 > 6. (45)

There are three FLSs used. For the first FLS, the input
variable is 𝑥1(𝑡), and we define 5 Gaussian membership func-
tion distributed on interval [-5 5]. For the second one, the
input variables are 𝑥1(𝑡) and 𝑥2(𝑡). For each input, we define
5 Gaussian membership functions distributed on interval
[-5 5]. For the last one, the input variables are 𝑥1(𝑡), 𝑥2(𝑡),
and 𝑥3(𝑡). For inputs 𝑥1(𝑡) and 𝑥2(𝑡), we define 5 Gaussian
membership functions distributed on interval [-5 5], and
for input 𝑥3(𝑡), we define 5 Gaussian membership functions
distributed on interval [-10 10]. The initial conditions for
FLSs are 𝜃1(0) = 05×1, 𝜃2(0) = 025×1, and 𝜃3(0) = 0125×1.

The simulation results are presented in Figures 2–5. It
has been shown that in Figure 2, the state 𝑥1(𝑡) tracks the
referenced signal 𝑥𝑐1(𝑡) = 0 for 𝑡 ≤ 5 in about 2.5 seconds
and tends to 𝑥𝑐1(𝑡) = 1.5 for 𝑡 > 5 in a short time. The
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Figure 2: 𝑥1(𝑡) and 𝑒1(𝑡).
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Figure 3: Control input 𝑢(𝑡).
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Figure 4: 𝑒2(𝑡) and 𝑒3(𝑡).

tracking error tends to zero rapidly. Figure 3 shows the time
response of the control input 𝑢(𝑡). It should be pointed out
that the proposed controller, the commonly used term sign(⋅),
is not used in this paper. That is to say, our controller is
smooth and bounded, just as indicated in Figure 3. Tracking
errors 𝑒2(𝑡) and 𝑒3(𝑡) are presented in Figure 4. The fuzzy
systems parameters are given in Figure 5. It is to know that
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Figure 5: 𝜃1(𝑡)‖, 𝜃2(𝑡)‖, and 𝜃3(𝑡)‖.

these simulation results are matched withTheorem 6, and the
proposed method has good robustness.

5. Conclusions

In this paper, a command filtered AFBC method has been
proposed for Chua’s chaotic system with system uncertain-
ties and external disturbances. It has been shown that the
proposed method works well without the knowledge of
any explicit uncertainty detection. One of the distinctive
features of the proposed control approach consists in the fact
that the problem of “explosion of complexity” in traditional
backstepping design procedure is solved by the proposed
first-order filter. In the stability analysis, Lyapunov stability
criteria are used. The proposed command filtered AFBC
can guarantee the convergence of tracking errors. Simulation
results have verified our methods.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors do not have a direct financial relation with any
commercial identity mentioned in their paper that might lead
to conflicts of interest for any of the authors.

Acknowledgments

This work is supported by the National Natural Science
Foundation of China under Grant no. 11771263 and the
Natural Science Foundation of Anhui Province of China
under Grant no. 1808085MF181.

References

[1] M. Krstic, I. Kanellakopoulos, and P. V. Kokotovic, Nonlinear
and Adaptive Control Design, vol. 222, Wiley, New York, NY,
USA, 1995.



Mathematical Problems in Engineering 9

[2] H. Li, L. Wang, H. Du, and A. Boulkroune, “Adaptive fuzzy
backstepping tracking control for strict-feedback systems with
input delay,” IEEE Transactions on Fuzzy Systems, vol. 25, no. 3,
pp. 642–652, 2017.

[3] J.-M. Coron, L. Hu, and G. Olive, “Finite-time boundary stabi-
lization of general linear hyperbolic balance laws via Fredholm
backstepping transformation,” Automatica, vol. 84, pp. 95–100,
2017.

[4] H. Liu, Y. Pan, S. Li, and Y. Chen, “Adaptive Fuzzy Backstepping
Control of Fractional-OrderNonlinear Systems,” IEEE Transac-
tions on Systems, Man, and Cybernetics: Systems, vol. 47, no. 8,
pp. 2209–2217, 2017.

[5] C. L. P. Chen, G.-X. Wen, Y.-J. Liu, and Z. Liu, “Observer-
based adaptive backstepping consensus tracking control for
high-order nonlinear semi-strict-feedbackmultiagent systems,”
IEEE Transactions on Cybernetics, vol. 46, no. 7, pp. 1591–1601,
2016.

[6] A. Stotsky, J. K. Hedrick, and P. P. Yip, “Theuse of slidingmodes
to simplify the backstepping control method,” in Proceedings of
the American Control Conference, vol. 3, pp. 1703–1708, IEEE,
June 1997.

[7] D. Swaroop, J. K. Hedrick, P. P. Yip, and J. C. Gerdes, “Dynamic
surface control for a class of nonlinear systems,” IEEE Transac-
tions on Automatic Control, vol. 45, no. 10, pp. 1893–1899, 2000.

[8] J. A. Farrell, M. Polycarpou, M. Sharma, and W. Dong, “Com-
mand filtered backstepping,” IEEE Transactions on Automatic
Control, vol. 54, no. 6, pp. 1391–1395, 2008.

[9] M.Wang andC.Wang, “Learning from adaptive neural dynam-
ic surface control of strict-feedback systems,” IEEE Transactions
on Neural Networks and Learning Systems, vol. 26, no. 6, pp.
1247–1259, 2015.

[10] L. Wang, W. Sun, and Y. Wu, “Adaptive fuzzy output feedback
control for partial state constrained nonlinear pure feedback
systems,” Mathematical Problems in Engineering, vol. 2018,
Article ID 9624938, 12 pages, 2018.

[11] Y. Li, H. Li, and W. Sun, “Event-triggered control for robust set
stabilization of logical control networks,” Automatica, vol. 95,
pp. 556–560, 2018.

[12] J. Gu and F. Meng, “Some new nonlinear Volterra-Fredholm
type dynamic integral inequalities on time scales,” Applied
Mathematics and Computation, vol. 245, pp. 235–242, 2014.

[13] L. Gao, D.Wang, and G. Wang, “Further results on exponential
stability for impulsive switched nonlinear time-delay systems
with delayed impulse effects,” Applied Mathematics and Com-
putation, vol. 268, pp. 186–200, 2015.

[14] C. Ma, T. Li, and J. Zhang, “Consensus control for leader-
following multi-agent systems with measurement noises,” Jour-
nal of Systems Science and Complexity, vol. 23, no. 1, pp. 35–49,
2010.

[15] W. Sun and L. Peng, “Observer-based robust adaptive control
for uncertain stochastic Hamiltonian systems with state and
input delays,” Lithuanian Association of Nonlinear Analysts.
Nonlinear Analysis: Modelling and Control, vol. 19, no. 4, pp.
626–645, 2014.

[16] H. Qin, J. Liu, X. Zuo, and L. Liu, “Approximate controllability
and optimal controls of fractional evolution systems in abstract
spaces,” Advances in Difference Equations, p. 322, 2014.

[17] F. Li andY.Bao, “Uniformstability of the solution for amemory-
type elasticity system with nonhomogeneous boundary control
condition,” Journal of Dynamical and Control Systems, vol. 23,
no. 2, pp. 301–315, 2017.

[18] Y. Guo, “Globally robust stability analysis for stochastic Cohen-
Grossberg neural networks with impulse and time-varying
delays,”UkrainianMathematical Journal, vol. 69, no. 8, pp. 1220–
1233, 2018.

[19] F. Li andQ. Gao, “Blow-up of solution for a nonlinear Petrovsky
type equation with memory,”Applied Mathematics and Compu-
tation, vol. 274, pp. 383–392, 2016.

[20] X. Lin and Z. Zhao, “Existence and uniqueness of symmetric
positive solutions of 2n-order nonlinear singular boundary
value problems,” Applied Mathematics Letters, vol. 26, no. 7, pp.
692–698, 2013.

[21] H. Wu, “Liouville-type theorem for a nonlinear degenerate
parabolic system of inequalities,” Mathematical Notes, vol. 103,
no. 1-2, pp. 155–163, 2018.

[22] L. Liu, F. Sun, X. Zhang, and Y. Wu, “Bifurcation analysis for a
singular differential systemwith two parameters via to topolog-
ical degree theory,” Nonlinear Analysis: Modelling and Control,
vol. 22, no. 1, pp. 31–50, 2017.

[23] Y. Sun, L. Liu, andY.Wu, “The existence and uniqueness of pos-
itive monotone solutions for a class of nonlinear Schrödinger
equations on infinite domains,” Journal of Computational and
Applied Mathematics, vol. 321, pp. 478–486, 2017.

[24] R. Xu and X. Ma, “Some new retarded nonlinear Volterra-
Fredholm type integral inequalities with maxima in two
variables and their applications,” Journal of Inequalities and
Applications, vol. 2017, article no. 187, 2017.

[25] X. Peng, Y. Shang, and X. Zheng, “Lower bounds for the blow-
up time to a nonlinear viscoelastic wave equation with strong
damping,” Applied Mathematics Letters, vol. 76, pp. 66–73, 2018.

[26] Y. Sun and F. Meng, “Reachable set estimation for a class of
nonlinear time-varying systems,” Complexity, vol. 2017, Article
ID 5876371, 6 pages, 2017.

[27] D. Feng, M. Sun, and X. Wang, “A family of conjugate gra-
dient methods for large-scale nonlinear equations,” Journal of
Inequalities and Applications, vol. 236, 2017.

[28] X. Du and A. Mao, “Existence and multiplicity of nontrivial
solutions for a class of semilinear fractional schrödinger equa-
tions,” Journal of Function Spaces, vol. 2017, Article ID 3793872,
7 pages, 2017.

[29] H. Liu and F.Meng, “Some new generalized Volterra-Fredholm
type discrete fractional sum inequalities and their applications,”
Journal of Inequalities and Applications, vol. 2016, no. 1, article
213, 2016.

[30] J. Zhang, Z. Lou, Y. Ji, and W. Shao, “Ground state of Kirchhoff
type fractional Schrödinger equations with critical growth,”
Journal of Mathematical Analysis and Applications, vol. 462, no.
1, pp. 57–83, 2018.

[31] M. Li and J. Wang, “Exploring delayed Mittag-Leffler type
matrix functions to study finite time stability of fractional delay
differential equations,” Applied Mathematics and Computation,
vol. 324, pp. 254–265, 2018.

[32] T. Shen, J. Xin, and J. Huang, “Time-space fractional stochastic
Ginzburg-Landau equation driven by gaussian white noise,”
Stochastic Analysis and Applications, vol. 36, no. 1, pp. 103–113,
2018.

[33] J. Wang, Y. Yuan, and S. Zhao, “Fractional factorial split-
plot designs with two- and four-level factors containing clear
effects,”Communications in Statistics—Theory andMethods, vol.
44, no. 4, pp. 671–682, 2015.

[34] R. Xu and Y. Zhang, “Generalized Gronwall fractional summa-
tion inequalities and their applications,” Journal of Inequalities
and Applications, vol. 2015, no. 42, 2015.



10 Mathematical Problems in Engineering

[35] Y. Yuan and S.-l. Zhao, “Mixed two- and eight-level fractional
factorial split-plot designs containing clear effects,” Acta Math-
ematicae Applicatae Sinica, vol. 32, no. 4, pp. 995–1004, 2016.

[36] L. Zhang and Z. Zheng, “Lyapunov type inequalities for the
Riemann-Liouville fractional differential equations of higher
order,” Advances in Difference Equations, vol. 2017, no. 1, p. 270,
2017.

[37] Y. Pan and H. Yu, “Biomimetic hybrid feedback feedforward
neural-network learning control,” IEEE Transactions on Neural
Networks and Learning Systems, vol. 28, no. 6, pp. 1481–1487,
2017.

[38] T.Wang,Y. Zhang, J.Qiu, andH.Gao, “Adaptive fuzzy backstep-
ping control for a class of nonlinear systems with sampled and
delayed measurements,” IEEE Transactions on Fuzzy Systems,
vol. 23, no. 2, pp. 302–312, 2015.

[39] Y.-J. Liu, Y. Gao, S. Tong, andY. Li, “Fuzzy approximation-based
adaptive backstepping optimal control for a class of nonlinear
discrete-time systems with dead-zone,” IEEE Transactions on
Fuzzy Systems, vol. 24, no. 1, pp. 16–28, 2016.

[40] H. K. Khalil, Nonlinear Control, Pearson, New York, NY, USA,
2015.

[41] Z. Liu, B. Chen, and C. Lin, “Adaptive neural backstepping for
a class of switched nonlinear system without strict-feedback
form,” IEEE Transactions on Systems, Man, and Cybernetics:
Systems, vol. 47, no. 7, pp. 1315–1320, 2017.

[42] H. Gao, Y. Song, and C. Wen, “Backstepping design of adaptive
neural fault-tolerant control for MIMO nonlinear systems,”
IEEE Transactions on Neural Networks and Learning Systems,
vol. 28, no. 11, pp. 2605–2613, 2017.

[43] J. Yu, P. Shi, and L. Zhao, “Finite-time command filtered back-
stepping control for a class of nonlinear systems,” Automatica,
vol. 92, pp. 173–180, 2018.

[44] H. Liu, S. Li, J. D. Cao, A. G. Alsaedi, and F. E. Alsaadi,
“Adaptive fuzzy prescribed performance controller design for
a class of uncertain fractional-order nonlinear systems with
external disturbances,” Neurocomputing, vol. 219, pp. 422–430,
2017.

[45] Y. Li, S. Sui, and S. Tong, “Adaptive fuzzy control design for
stochastic nonlinear switched systems with arbitrary switchings
and unmodeled dynamics,” IEEE Transactions on Cybernetics,
vol. 47, no. 2, pp. 403–414, 2017.

[46] N.Wang, J.-C. Sun, andM. J. Er, “Tracking-error-based univer-
sal adaptive fuzzy control for output tracking of nonlinear sys-
tems with completely unknown dynamics,” IEEE Transactions
on Fuzzy Systems, vol. 26, no. 2, pp. 869–883, 2018.

[47] H. Liu, S. Li, G. Li, and H. Wang, “Adaptive controller design
for a class of uncertain fractional-order nonlinear systems:
an adaptive fuzzy approach,” International Journal of Fuzzy
Systems, vol. 20, no. 2, pp. 366–379, 2018.

[48] H. Liu, S. Li, H. Wang, and Y. Sun, “Adaptive fuzzy control for
a class of unknown fractional-order neural networks subject to
input nonlinearities and dead-zones,” Information Sciences, vol.
454-455, pp. 30–45, 2018.

[49] Y.Wang, L. Cao, S. Zhang, X. Hu, and F. Yu, “Command filtered
adaptive fuzzy backstepping control method of uncertain non-
linear systems,” IET Control Theory & Applications, vol. 10, no.
10, pp. 1134–1141, 2016.
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