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Abstract: In this paper, an adaptive fuzzy backstepping control strategy is studied for nonlinear non-
strict feedback systems with sampled data and time-varying input delay. Considering the practical
application of the proposed control strategy, a time-varying signal transmission delay is investigated.
By using fuzzy logic systems to approximate the unknown nonlinear functions, a fuzzy estimator
(FE) model is proposed to estimate the states of the nonlinear plant, which is mainly utilized to
support information of estimation states for the adaptive fuzzy controller. In the proposed strategy, the
constraint between the signal transmission delay and the time-varying input delay is given to ensure
the stability of the closed-loop system, and the state vectors are transformed to address the problem
of time-varying input delay. By using the backstepping control technique and the information of the
FE model, an adaptive fuzzy backstepping controller is designed. The proposed control strategy can
guarantee that all signals of the closed-loop system are semi-globally uniformly ultimately bounded.
Ultimately, a numerical simulation example is provided to verify the effectiveness of the proposed
control method and theory.
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1. Introduction

For a long time, the adaptive fuzzy control strategy has been attracted a great attention and a variety
of remarkable contributions have been proposed [1-6], in which fuzzy logic systems (FLSs) are utilized
to approximate the unknown nonlinear functions with arbitrary modeling accuracy. And recently,
many adaptive fuzzy control approaches have been reported by backstepping technique for nonlinear
systems [7—11]. These approaches don’t need the nonlinear systems to satisfy matching conditions,
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or to satisfy that the unknown parameters of the known linear functions should be linear. Therefore,
adaptive fuzzy control scheme with the backstepping method has become one of the most prevalent
control strategies.

It should be mentioned that aforementioned methods belong to the strict feedback problem, that
is, they need to satisfy that the unknown functions of sub-systems only have the current state vector.
If the unknown functions possess the variables of the whole states in the sub-systems, for this case,
the design method of non-strict feedback control will be required. In non-strict feedback system, the
unknown nonlinear functions in the sub-systems have full states, which give rise to the more complexity
of calculation and augment the difficulty of control design. To solve these questions, based on the
property of monotonically increasing about the unknown functions, [12—16] have proposed the variable
separation schemes. But recently, a state feedback scheme and an output feedback control algorithm
were proposed in [17], which have combined the backstepping technique and the property of FLS
to solve the non-strict feedback problem, meanwhile, by using the property of FLSs, the unknown
nonlinear functions do not need to satisfy the property in [12—16].

In practical engineering application, the delay often occurs and is a critical reason of degrading
the system performance. Thus, it is necessary to take it into account in the system analysis process.
The authors in [18] investigated the issue of adaptive fuzzy control scheme for strict feedback systems
with delay. Furthermore, considering the problem of input delay, the authors in [19-21] addressed the
problem of adaptive fuzzy control for nonlinear systems with input delay. The control scheme in [22]
can achieve better stable effect. However, [19-21] consider the input delays are constant input delays
but not the time-varying condition. Therefore, time-varying input delay is still a significant problem to
investigate. In this approach, the negative effect of time-varying input delay has been compensated by
sampling information and the transformation of state vectors.

On other research front, because of the development of information computing, sampled-data
control method is attracting increasing scholars. However, the delay problems often occur in the
process of downloading and uploading data, which cause the sampled-data control often accompany
with the issue of the delay, this situation motivates us to solve these issues. In addition, in most of the
works on the controller design processes of sampled-data control method, both continuous-time and
discrete-time controllers were constructed by sampling information [23-29].  Recently, the
sampled-data control scheme has received considerable contributions, however, there are few works
on both the adaptive fuzzy control technique and sampled-data control approach simultaneously, only
a few ways have been considered in [30-32]. In [30], a restrain of the average dwell time is given to
guarantee stability of the closed-loop system. Furthermore, in [31], a state observer with the unknown
disturbance is investigated to construct a sampled-data fuzzy output feedback controller. Thus,
considering simultaneously the problems about the input-delay and sampled-data under the
framework of adaptive fuzzy backstepping control is still a significant challenge.

This paper first investigates the control problem of non-strict feedback nonlinear systems with
sampled data and time-varying input delay. Based on the Lyapunov theory, it is proved that all signals
in the closed-loop system are semi-globally uniformly ultimately bounded and fuzzy approximation
errors are eventually cover to a compact set. Compared with the existing works, the main
contributions of this paper are two aspects.

(1) This is the first work on time varying input delay and signal transmission delay of the nonlinear
systems with sampled data in non-strict form.
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(2) The adaptive fuzzy controller does not need the information of the original plant, which consists
of sampled-data and positive design parameters, so that the controller implements much easier than the
conventional adaptive fuzzy controllers.

The rest of this paper is consisted by the following. In Section 2.2, a constrain between the signal
transmission delay and time varying input delay has been given to ensure the stability of the proposed
method. In Section 2.3, an adaptive fuzzy controller is designed in the framework of backstepping.
In Section 2.4, a numerical example has been given to verify the effectiveness of the proposed control
strategy. In Section 3, we show the results of this paper. In Section 4, we take a discuss of this paper.
In Section 5, we conclude this paper.

2. Materials and method

2.1. System descriptions

Consider the following SISO nonlinear system with time-varying input delay

X1 = x + fix),
X =x3+ fo(x),

: @.1)
Xpo1 = Xy + fn—l(x)’
Xy = u(t —7(0) + fu(x),
y =X,

where x;,i = 1,2,...nand x = (x|, X5, - - x,)] € R" are the system state vectors, u(t — 7(t)) € R is the
input with time-varying delay, which satisfies 0 < 7(¢) < 7, 7 is known constant. y € R is the output of
the system, fi(x),i = 1,2,---,n are unknown smooth nonlinear functions.

To investigate the stability of the closed-loop system, we consider the sampling strategy, here we
take #(k = 1,2, ...) as the sampling times, h = t;,; —1; denotes the sampling period, which is a constant,
and the zero-order hold (ZOH) receiving the signals experiences a time-varying signal transmission
delays A , and the input arrives at nonlinear plant after a time-varying transmission delay 7(¢). The
structure of the proposed control scheme is shown in Figure 1.
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Figure 1. The schematic diagram of the proposed control scheme.

In order to investigate the stability of closed-loop system, we need to give the following assumption.
Assumption 1 [1]. Both the sensor and the controller are all time driven, they all activate under the
same time period 4, the sensor activates at every sampling time, and the controller activates latter time
7 than the sensor.

Remark 1. In order to maintain generality of the proposed strategy, we consider the transmission
delay and time-varying input delay as follows:

case(1). Considering the signal transmission delay satisfies 0 < h; < h,k = 1,2,..., the time
relationship is shown in Figure 2.

er,) et..,) el,)

f?;\. h,'r_'_ I

h h h

Figure 2. the time relationship in case (1).

If a sampling activity takes place at time #;, then the sampled-data will arrive at the FE system at time
t + hi . In the entire control process, we need to guarantee that the control signal sends to the nonlinear
plant before the current sampled-data is covered by the sampling information at next sampling moment.
Therefore, the input delay should satisfy #;, + by < t;1 — 7(¢) <ty and ) < trpo — T(E) < by + Mgy
thus, wehave O < t(t) <h—hyand h—h, <7t(t) < h.
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case (2). If the signal transmission delay holds & < hy < 2h,k = 1,2, ..., then the time relationship
is shown in Figure 3.

e(fk- ) e(t,.,)

s

| h; | By ‘

h h h

Figure 3. the time relationship in case (2).

Based on the case (1), the signal transmission delay and time-varying input delay should satisfy
th+h <t —7(@) £ o and o < Haz — T(F) < tgy1 + heyr , one has 0 < () < 2h — hy, and

2h—hk+1 <T(t) <h.

case (n). Considering the signal transmission delay holds (n — 1)h < hy < nh,k = 1,2..., the time
relationship is shown in Figure 4.

el elle)

| I Iy | |
| L T

f o (n—=2)h een Then Lo
n h h

Figure 4. the time relationship in case (n).

Based on the case (1) and case (2), two delays should hold #;+h; < t;,,—7(¢) and ti4,, < trpne1 —7() <
tre1 + Ny - Therefore, we have O < 7(f) < nh — hy and nh — hyy < 7(t) < h.

Through repeating these processes, we design signal transmission delay to satisfy (a — 1)h < hy <
ah,a = 1,2,... and naturally the design parameter a is bounded. To guarantee the nonlinear plant
getting the effective control, we design the signal transmission /; and time-varying input delay 7(¢) to
satisfy 0 < 7(¢) < ah — h; and ah — h; < 7(t) < h. Moreover, it should be noticed that u(t — 1) = 0,
whilet -7 <0.

Control Objective-Considering the time varying input delay and the signal transmission delay, and
by using the positive design parameters and information of FE model, an adaptive fuzzy controller in
the framework of backstepping and adaptive fuzzy control method is proposed, which can make the
original system and FE model reach the stable condition.

Remark 2. It should be mentioned that signal transmission delay has also been investigated in strict
feedback form of Ref. [1]. However, they have not taken the time-varying input delay into account,
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which means their controller cannot be directly applied to this paper. In this paper, by taking advantage
of sampling strategy, a constraint between them has been investigated.

Remark 3. In Refs. [19]- [21], they have solved the problem of input delay by introducing an integral
term. But in this paper, based on the works of Refs. [19]- [21], we solve the problem of the time-varying
input delay and time-varying transmission delay in the sampling control strategy.

2.2. Fuzzy logical systems

Lemma 1 [2]. For any continues function f(x), there always exist a compact set {) and a positive
constant € , by using FLS, there is an ideal parameter 6" satisfies

sup |f(x) - 9*T¢(x)| <e. (2.2)

xeQ
There are unknown functions f;(X) , which can be approximated by using the universal
approximation property of the FLS,

fi(x16) =0 ¢i(X),1 <i<n, (2.3)
where X; = (x1,...,x;), 1 <i <n,and 6; are the estimation of the optimal parameter vector 6 .
Take the optimal parameter vector 6; as
6; = argmin[sup |f; (%16) — f@)[. 1 <i<n, (2.4)
0;€Q; xeU;

where ; and U; are bounded compact sets for 6, and X; , respectively. The corresponding fuzzy
minimum approximated error &; is defined by

fi(x) = fi (%l 6) + &, (2.5)

where g; satisfies |g;| < &7 and & is a constant.

2.3. Adaptive fuzzy control design

According to the form of system (2.1), we design the FE model in the following form

=%+ 01D,
X = %5+ 0, 2(R),
: (2.6)
Xy = u(t — 7(1) + 0, ¢u(R),
¥ =3,
where £ = [%], £, ... %,]” and 6; is the estimation of the ideal parameter vector g .
In an arbitrary time interval [#; + Ay, ty4,) , design the state x;(f) = x;(#;) , i = 1,2,...n, x(t) = x(t),
and u(t) = u(ty + hy) , Yt € [ty + hy, tiyq). The estimation errors ¢; = ¢;(f) = x;(t) — X;(¢) , and the
derivative of the estimation errors can be described as follows
&1 = 2+ 0, [$1(0) — g1 (D] + 0 41 (2) + &1,
&1 = €3+ 6, [$2(3) = $a(D] + 6] $a(R) + &3,
. 2.7)
én = 0} [pn(®) — gu(D)] + OL $0(2) + &,
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where 6; = 07 — 6; . Furthermore, rewrite (2.7) in the vector form

e=Ae+Kx - X)+y+9+e, (2.8)
e - . ~ .
. ki k 0, (41 (%) — A1 (2] bl (@)
wheree=| | |,A= : 1 K= ¢ LLy= : , 0= : ,
) k0 e 0 ko 0,7 160(X) = 6u(9)] 01 n(%)
€]
e =| : |and K is designed to make sure that A is a strict Hurwitz matrix. Thereby, for any given
En

matrix Q = QT > 0, there always exists a positive definite matrix P = P > 0 such that
ATP+PA=-0Q. (2.9)

To investigate the stability of the closed-loop system, we define the change of coordinates of the FE
model as follows
X1 = %1,
Xi=Xi—-ai,i=2--,n-1,

0 (2.10)
Xn = X — @y + f u(f+ Ddl,
where 7 denotes the arriving time, and a;,i = 1,...n — 1 are the virtual controllers.
For the nonlinear plant, we design the change of coordinates as follows
& =Xy,
gi:xi_ai—]alzz(;"’n_la (2.11)

& =X, — @y + f u(f+ Ddl.
Refer to Ref. [33], by taking the nonlinear system (2.1) and the derivative of (2.11) into account,
one has .
' & =&+ ar + filx),
&E=&mtait+ filo)—@p,i=2-,n-2,

: o . (2.12)
Er = 0t + f W+ Dl + fo 1 (6) = dpa,

€y = uld) + a + £,(X) = 1.
As a result of the signal transmission delay and time-varying input delay satisfy 0 < 7(¢) < ah — hy
and ah — hy, < 1(t) < h, therefore, the part of controller design is divided into three cases.
Case (1). In case (1), we design h; < h;y; , thus, the time-varying input delay satisfies 0 < 7(¢) < h.
According to Ref. [21], by using integral mean value theorem and the constraint of the input delay, the

) ) 0 . - _
integral term can be described as ' f . u(t + l)dl' <lru(z)|,z € [trra_1,1) < |§ 1| , where () is a constant.

Step 1. To investigate the stability of nonlinear system, construct the Lyapunov function candidate

as follows s s B
V1:V0+“i+ﬂ+®1®1
2 2y 2y,

) (2.13)
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where y; > 0 and ¥, > 0 are the positive design parameters, V, = e’ Pe + f[ iah fs t el (v)Pe(v)dvds , ah
is the upper bound of the /; , and ® will be defined later. In order to reduce the complexity of V; , we
firstly compute Vj,

Vo = =Amin(Q)lel® + 2¢" P[K(x) — %) + ¢ + O + €]

+ahAd o (P)le)* — f el (s)Pe(s)ds. (2.14)

t—ah

On account of Young’s inequality, we can obtain the following inequalities

2¢" PK(x) — %) < IPK|Pllell* + e |

2.15
< (IPKI + Dllell 19
2¢" Py < 2||PIPllell” + 216", (2.16)
2¢" P < |IPIP el + ||, 2.17)
2¢" Pe < ||PIPlell* + 11", (2.18)
& 6; 0,
wheree*=| : |[,0°=| : |andf=
g 0; 6,
By using above inequalities, (2.14) can be described as
Vo < =Amin(Q)lell® + 4IPIPllel* + (IPKI + Dlell®
~ ! 2.19
+2116" 11> + ||9||2 + 1€ + hdmax(P)lef* — f e’ (s)Pe(s)ds. (2.19)
t—ah
Hence, the time derivative of V; can be expressed as
Vi < =Amin(Q)llell” + 4lIPIPllell” + (IPKI + Dllel* + 2[167]
!
2112 (2 2 T
+18]1 + le°||” + ahAdmax(P)le]” — e’ (s)Pe(s)ds
6" + e (P)lel fh (s)Pe(s) (220)

éngl (:){61 «T <
——— ——+ & a + 6] di(x) + &,
Y1 Y1

where 0, = ©% - ©; and O} = 6;76;.
Obviously, thanks to ft iah el (s)Pe(s)ds > 0, so the integral term — ft iah e’ (s)Pe(s)ds < 0 is missed.
According to the property of fuzzy basis function 0 < ¢/(-)¢;(:) < 1 and by using Young’s
inequality, we have

W1®T

’ * ~112 A A A A
Vi < —pollell” +2116°IF + |8 + &1(& + a1 + + 07 (%) — 0T p1(5))
gro, Ore, 1 &2 221)

2 + +
7 N 2wt 2

1

where py = Amin(Q) — ahdma(P) — (IPK|* + 1) — 4||PI* , To = ||€*]I* , and wy is a design positive
parameter.
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Design the virtual controller and parameter adaptive laws as follows

w1

) O + 6] ¢ (%)),

3
a; =—(c + 5))(1 -

01 = yi(—x11(R1) — 016),

: i L
01 = yi( 4 - 0101),
where ¢, , oy and 0 are positive design constants.

Substituting (2.22-2.24) into (2.21), it follows that

fg | are lars o - g7

=+ 50701+ 56[0, + 71670,
| 2 o 7

+50176; + 8161 = pllell + Ty + 21671 + [

Vi< —(c; - D&+

2
’

W2 *2
where p; = po— [3(c; + 2 + S+ Hand T} = Tp + - +ﬁ,
Step i,i = 2,...,n — 2. Choose the following Lyapunov function as
& 0o, ere;

Vi=Vii+ >+ —+——.
2y

where ©; is the approximation error of the ideal parameter ®F , and ©; = 6:76;.
Consider the Young’s inequality with the time derivative of (2.26), one yields

Q)
!

V=V, + & Hai +
8?2 1 élTQ, ®,T®z
+— + - - .

2 2wf Vi Yi

where w; 1s a positive design parameter.
Design i-th virtual controller and parameter adaptive laws in the following

i0; N
@; = —(c; +2)x; — WT + 0] ¢i(%) + iy,

0; = yi(—xipi(%) — o:6)),
Q; = 71’(XiTWi -00),i=2,--- ,n-2,

where ¢;, v;, ¥, 0 and 6,0 = 2,...,n — 2 are positive design constants.

— -1 + élTQﬁl()%l) - é;l"¢l()’el)) + gz

(2.22)

(2.23)
(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)
(2.30)

From virtual controller (2.28) and parameter adaptive laws (2.29-2.30), (2.27) can be rewritten in

the following

i—1 i i
Vi <= (en— D&, = pillell’ + ) onliyfn + D 50000, + Ti + 200"
m=1

m=1 m=1

OG0T

7 5 1
+||0||2 —&lei+ 2 + ngﬂ + Eg"z“ + % +

m=1 m=1

2.31)
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2
i
3

%2
_ 1 2 1 _ & 1
where p; = piy — [3(c;+2) "+ +3]land T = T;y + 5 + 77

By using Young’s inequality, we can obtain following inequlality

=&i(ci +2)xi = =&ilc; + 22)(§i —-e;)

| (2.32
< —(c; + 2)E7 + & +=(c; + 2)%e?. )
2 2
Substituting (2.32) into (2.31), results in
Vi < - Z (Cm - 1)§r2n - Pi|€|2 + Z O-méz;em + Z 0_-m®;71;®m
| m=1 | . im:(l:)Té m=1 (233)
2 AT 5 mm 12 2112
+56 +Tit 5 ; 678, + 27y + 20617 + ||8] -
Step n — 1. Consider following Lyapunov candidate function
V V }%—1 é}f—lén_l ®Z;_1®l’l—1 2 34)
w1 = Vo + + + —— , .
1 ? 2 2’)/n—1 27n—1 (
where ©,_; is the approximation error of the ideal parameter ®; , ,and ©; | = 9:{19;':_1.
Considering Young’s inequality, (2.34) can be transformed into
. . A g 2 1 0 0,, 6 06,
AR AND Y- TRy I I S b = i
2 2 2 2wy, V-1 Yn-1 (2.35)
Wn—1®:_1 . T A T oS
+§n—1(a’n—1 + T — Q2+ Hn—1¢n—1(xn—l) - 6)n—l(pn—l(xn—l))
where w,_ 1s a positive design parameter.
Design the virtual controller and parameter adaptive laws as follows
5 W10, . .
-1 = _(cn—l + E))(n—l - % + 9571¢n—1(~xn—1) + ay-2, (236)
én—l = 'yn—l(_)(n—l¢n—l(5en—l) - O-n—lgn—l)a (237)
. n—1Wn— _
®n—1 = 7n—]()% - O-n—l®n—l), (238)
where ¢,_1, ¥n-1,¥n-1, 0n_1 and &, are positive design parameters.
Substituting (2.36)-(2.38) into (2.35), one has
’ ’ 5 2 i% T D 1 w1 %
Vict £ Vo +&ui(=cpo1 — E)Xn—l +26,  + 5 +6,_ 10,1 + 59,,_19,1_1
o ‘g:n—l — Xn-1 - 8;_ 2 1
0, W () + O] + 2‘ ot (2.39)

~ 1 _
+95_1[wn—1(§n—1 _Xn—]) + O-n—len—l] + E(gl )2-
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Consider the time derivative of V,_, and by employing Young’s inequality, we have

Vn—l <- (cm - 1)5 = Pn- llel + ZO-mHTG + Zo-m

m=1 m 1

n—

@@.

eyl
2! 2 L

2

2
_ 1 5\2 Wi 1 _
where Pn-1 = Pn—2 — [E(Cn—l + E) + 3—21 + E] and T,.1=T,_ Wl
n—

Step n. Finally, consider the n-th Lyapunov function in the followmg

V,=V, +§2+é5é"+®£®"
n—1 ~ _ .
2 2y, 2¥,

The time-derivative of (2.41) is

Vn = Vn—l + fn[u(i) + é;¢n(£) - é;(bn(fc) +é&,— C'l'n—l + u(tk + hk) - u(i)]

| U
-—6"9, - —0re,.
Yn Yn

Design the actual controller and parameter adaptive laws as follows

w,0,
4

5
u= _(cn + E)Xn - + 9;¢n(-£) + dn—l»

én = ’)/n(_Xn¢n()%n) - 0',19”),
@ - ’}’ (Xn4 - - 5-n®n)a

where ¢, vy, ¥n, 0, and &, are positive design constants.
Based on the 1 ~ n — 1 process, we have

Z (ci — D& = pullel* + Z a0 6; + Z 700, + T,

" @7 cf) n
229%) += Ze*Te + 20017 + ol + 2 (gl)

+
i=1

where p, = e, + 2+ () + Yand T, =T, + LA
Pn = Pn-1 = 515 T 5 32, 24 n=1tn-1 T T3
On account of Young’s inequality, results in

- 1 .- 1
0',~6’l-T6’,~ < —EO'iQiTQi + EO'iQTTQ;'k’

) 1o 1
5:0]0; < 25,6/ 6; + 550" 6.

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)
(2.45)

(2.46)

(2.47)

(2.48)
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From (2.46), (2.47)and (2.48), one yields

5,07 0;
1 & | & 3"=1 (2.49)
— i —3)078, + = i+ 5070 + T, + ()
Q;w % 2;((, )0;76; 5@

| =

) 2 1 < AT
v, < - Zl (¢ = D& = pillell* = 3 21 (13076, +

Let C = min{y2t7, 2(ci= 1), (0 =3)y;, (1=)yi}, and iy = : gl (i +5)670: +T,+3 gl 7070+

307 )2
3¢
Finally, (2.49) can be expressed as
V <-CV +k. (2.50)

1) If h; > h; + 1, then we differentiate it into two parts
Case 2. In this case, we design that input delay holds O < 7(f) < ah — h; , and the integral term

satisfies ‘f_OT u(f + l)dl‘ <|ltu@)|,z € [ty + Iy, ) < |Z2 ,
Consider the following Lyapunov function

n 2 HTH n T@.
= e Pe + f f e’ (V)Pe(v)dvds + Y 2 + _ (2.51)
t—ah Z Z ; i

Take the same controller design approach, we have the result

where ¢, is a constant.

V< —CV + ko, (2.52)

where ko = 1 3 (07 + 56,70, + T, + 1 3 5107707 + 2(5H)™
i=1 i=1
Case 3. Under this part, input delay satisfies ah — hi,; < 7(f) < h, and based on above analysis, we
have | [* u(? + D] < [ru@)l, 2 € [t + i, 1 < |5,
of controller design, the final form of the time derivative of the Lyapunov function is

where (3 is a constant. Through the same process

V <-CV + ks, (2.53)

where k3 = 3 Z (i +5876 +T,+ 1 Z 707 0; + (&)™

Theorem 1. Under the actual controller (2.43) with the virtual controllers (2.22), (2.28) and (2.36),
adaptive parameter laws (2.23-2.24), (2.29-2.30), (2.37-2.38) and (2.44-2.45), there exist sufficiently
large impact sets Q; € R;, i = 1,2,...n, which satisfy Q; € R;, i = 1,2,...n for interval [# +
hi, tiy1 + M) . Then we proved that all signals in the closed-loop system are bounded, and the
states x , and fuzzy estimates 6] ,...,607 and ©], ..., @] are all ultimately coverage to the compact set

A
Q ={x,0],...,0.,0],..., £}, where k = max(«, k2, k3).

Proof. Multlply ¢ and integrate both side of V < —CV + « for time [t + I, tir) + hist) , We have

V(ters + hiwy) < ki1 h)CV(lk + hy) + C C(tA+1+hk+|) CeC(tk+hk)_ (2.54)

Take k = —1 as the first sampling time. Take time interval [#, #y+h) into (2.54), we have V(ty+hg) <
ehMCY (1) + £t — C0)). Due to the initial V(1) is finite, and according to Remark 1, we have
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0 < hy < ah , thus, V(#, + hy) is bounded. Repeating this produce, we can know V(¢ + h;) is bounded.
So, all signals in the closed-loop system are SGUUB for time [#), o). To provide the attractiveness of
(2.54) for a region, we distinct two conditions:

(1)If (.X(tk + hk), 9{(2‘]( + h),. .., Hg(lk + hy), ®{(tk + h),. .., ®£(tk + hk)) € Qo € Q. Refer to
Theorem 2.14 in Ref. [32], all the states x and the fuzzy estimates 6] ,...,6% and ®], ..., O] remain
in Qg for Yt € [ty + hy, trsy + Misr).

I (x(t, + hy), 9{(2‘]( + hy), ... ,Q;(lk + hy), @{(l‘k + hy), ..., ®£(tk + hy)) € Qp € Q?l, where Qil is the
complementary of ;. Due to V remains negative definite until the states x and fuzzy estimates
67,...,0f and O, ..., 0] will eventually enter and stay in Qj, for V¢ € [t + Ay, tia1 + hyrr).

3. Results

In this section, a numerical simulation example is given to illustrate the effectiveness of the proposed
control strategy.
Consider the following second-order system with time-varying input delay

X1 = x + fix),
Jo = u(t — 7)) + (%), 3.1

y = X1,

where fi(x) = Sx;x; sin(xy) , fo(x) = 2x1x; cos(x%).

To approximate the unknown nonlinear functions, select fuzzy basic functions in the
followingu’Fi(fcl, X2) = exp([-0.5(% —2+0.5))*/4]  + [0.5(x, — 2 +0.55)%/4)),
,u}j(fcl, X) = exp([-0.5(%; — 1.5 + 0.5/)?/4] + [0.5(%, — 1.5+ 0.5))*/4]), j=1,..,7,1=1,2.

Define fuzzy membership function as ¢é(fc) = ur; (X1, X2)/ ZLluFl(fcl,fcz),j =1,...,7,]l = 1,2.
where 6] = (611,612,613, 014, 015,016, 01717, 65 = [621, 022, 023, 04, 625, 636, 02717,
¢1(%) = [61(R1, £2), §5(R1, £2), 93(R1, £2), dy(R1, R2), B3(R1, R), B (R1, R2), 93 (R, B2)]
$2(R) = [¢7(R1, %2), 45 (R1, R2), 3(R1, £2), B3 (R0, R2), B3(R1, B2), (R0, K2, B3R, )]

Based on FLSs, design FE model in the following

A A T A
X =% +60,4:(%),

% = u(t —1(t) + 03 $o(R). (3.2)

Choose Q = diagl[5,5], ky = 10, k, = 10 and according to (2.9), we can get the positive matrix

B [ 0.275 0.25 ]

| 025 525 |

The positive design parameters are selected asc; = 1,¢, = 1,y =0.01, %, =5, ¥, =0.01, y, = 1,
o1 = 05, o) = 05, 0Oy = 05, o = 15, wp = 20 andw2 =20.

The initial conditions are set as x;(0) = 0, x,(0) = 0, x(0) = 0, x,(0) = 0, 6;(0) = 6,(0) =
[0,0,0,0,0,0,0]", ®;(0) = ®,(0) = 0. While the sampling period 4 is chosen as 0.01, take a = 50,
hi € (00.5],k =0,1,2,..., 7(t) € (0,0.01]. And while the sampling period 4 is chosen as 0.005, take
a = 50, h € (00.25],k = 0,1,2,..., 7(¥) € (0,0.005]. Form the simulation results in Figures 5-10,
when the sampling period is 0.01, Figure 5 shows the response of state x; and estimation %;, Figure 6
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shows the response of statex, and estimation x,, Figure 7 shows the response of input u of the closed-
loop system. When the sampling period is 0.005, Figure 8 shows the response of state x; and estimation
X1, Figure 9 shows the response of state x, and estimation X,, Figure 10 shows the response of input u
of the closed-loop system.

Sampling period Ty = 0.01s
0.04 T T

]
003t j .

0.02r I'I System state Ty 7

ook | " — — — Reference signal 5,1

001 p
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002
f
amf
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005 i‘ §

-0.06 : '
a0

Titnesec)

Figure 5. The response of state x; (red line)and estimation X; (blue line)of the closed-loop
system when the sampling period is 0.01.
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Figure 6. The response of state x, (red line)and estimation X, (blue line)of the closed-loop
system when the sampling period is 0.01.
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Sarnpling period Ty = 0.012
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Figure 7. The response of input u of the closed-loop system when the sampling period is

0.01.
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Figure 8. The response of state x; (red line)and estimation X; (blue line)of the closed-loop
system when the sampling period is 0.005.
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Barmpling period Tk = 0.008:2
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Figure 9. The response of state x, (red line)and estimation %, (blue line)of the closed-loop
system when the sampling period is 0.005.
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Figure 10. The response of input u of the closed-loop system when the sampling period is

0.005.

Ultimately, it is easy to see that all signals of the closed-loop system are bounded, which proved the

effectiveness of the proposed control strategy.
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4. Discussion

Now while the development of computer network is rapidly expending, the problems of delay are
attracting increasing attention. To deal with the input delay, [19-21] have proposed a integral term to
solve the problem of input delay. Based on their works, under the sampled-data strategy, this paper
have addressed the problem of time-varying input delay via employing the integral term.
Subsequently, a time-varying transmission delay has been considered during the state signal of
controlled plant transmitting to the FE model. To stabilize the controlled plant, the restricted
condition of them have been proposed. Under the restricted condition, the proposed control strategy
can stabilize the non-strict feedback system, which accompany with the time-varying input delay and
time-varying transmission delay. However, one limitation should be noticed, which is the input signal
have to be bounded during the control process. Although [19-21] have been involved the limitation
also. In next work, we will focus on removing this limitation in the control process, and extend this
conclusion to the nonlinear switched systems or stochastic systems.

5. Conclusion

This paper investigates the control design and the property of stability for a class of nonlinear
systems with sampled data and time-varying input delay. Fuzzy logical systems have been utilized to
approximate unknown nonlinear functions, and a fuzzy estimator (FE) model is introduced to estimate
state vector of the original plant, which mainly provides states information to the controller. In the
proposed strategy, the constraint between transmission delay and input delay are given and the state
vectors are transformed to compensate the effect of time-varying input delay. Moreover, the proposed
adaptive fuzzy controller and adaptive parameter laws are able to make all signals of the closed-loop
system are SGUUB by choosing the appropriate design parameters. Simulation results also prove the
effectiveness of the proposed strategy. The next work will focus on the sampled-data control for the
nonlinear switched systems or stochastic systems [34—37].
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