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Stabilization of Delayed Fuzzy Neutral-type Systems Under Intermittent

Control

R. Vadivel, S. Saravanan, B. Unyong, P. Hammachukiattikul, Keum-Shik Hong, and Gyu M. Lee*

Abstract: This study is concerned about the stabilization for delayed fuzzy neutral-type system (DFNTS) with
uncertain parameters under intermittent control. Firstly, by constructing the augmented Lyapunov-Krasovskii func-
tional (LKF) about different time delays along with single and double auxillary function-based integral inequalities
(SAFBII, and DAFBII, respectively), a new class of delay-dependent adequate conditions are proposed, so that the
robust fuzzy neutral-type system under consideration is guaranteed to be globally asymptotically stable (GAS). Sec-
ondly, the intermittent control (IC) is introduced to stabilize the system with mixed time-varying delays. In the view
of inferred adequate conditions, the IC parameters are determined as for the arrangement of linear matrix inequal-
ities (LMIs). It is noted that the strategies exploited in this work are apart from the other methods engaged in the
literature, and the proposed conditions are less conservative. Finally, numerical examples are given to demonstrate
the effectiveness of the developed techniques in this work. One of the practical applications is single-link robot arm
(SLRA) model to show the viability and benefits of the structured intermittent control.

Keywords: Global asymptotic stability, intermittent control, linear matrix inequality, Lyapunov-Krasovskii func-

tional, time-varying delay.

1. INTRODUCTION

It is notable that delayed time-varying systems have
gotten a powerful research zone in the earlier years, es-
pecially for the time-delayed neutral-type system. This
time-delayed system contains time-delays both in its state
and in the derivatives of the states. This kind of sys-
tems have been referred to as time-delay neutral-type sys-
tem. Neutral-type systems are frequently encountered in
many dynamics, such that automatic control, in-stability,
oscillations, stability issue on time-delay systems has be-
come a topic of the great theoretic and practical impor-
tance [1-7]. Thus, the research on stability of such neu-
tral system proves to be of great significance [8—11]. For
example, in [12], % — £, filtering was adopted and a
delay-dependent stability condition for fuzzy neutral-type
stochastic system was proposed. Robust reliable guar-
anteed cost control was introduced to uncertain fuzzy
neutral-type system in [13]. Recently, H.. filtering tech-
nique has been adopted to T-S fuzzy neutral-type stochas-
tic system in [14]. The authors in [16] discussed the prob-
lem of impulsive neutral-type systems based on the expo-

nential stabilization condition. In addition, the parameter
uncertainties in consideration of the model errors are un-
avoidable and lead to stochastic failures and abruption be-
sides developing inconveniences in the usage of models
[8,13,14].

On the other hand, fuzzy logic theory has been gen-
erally chosen for modelling complex nonlinear systems.
Among the various fuzzy logic models, the Takagi-
Sugeno (T-S) fuzzy pattern is popular because of its ca-
pability to model nonlinear systems as a group of linear
subsystems with the assistance of IF-THEN fuzzy rules
and fuzzy membership functions [12—15]. In addition, this
strategy has been quite specific and well-known for han-
dling the issues of some difficult nonlinear systems. Thus,
many scholars in the field of control carry out research
on T-S fuzzy systems from various aspects [17-19]. Re-
searchers in [20] studied robust static output feedback
H., control for uncertain fuzzy systems. In [21], robust
control of electrically driven robots has been discussed
for adaptive fuzzy estimation of uncertainty. In [22], au-
thors proposed finite-time L,-gain asynchronous control
for continuous-time positive hidden markov jump systems
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via T-S fuzzy model approach. Quite recently, in [23], the
stability and stabilization of T-S fuzzy systems have been
studied for two additive time-varying delays. In any case,
how to design delay terms in the intermittent control has
never been examined thoroughly in previously works, par-
ticularly in response to T-S fuzzy neutral-type model ap-
proach.

Meanwhile, many control approaches have been pro-
posed to stabilize nonlinear systems such as adaptive con-
trol [24], impulsive control [25], and intermittent control
[26-28] and so on. Intermittent control, as a discontinu-
ous control method, has been adopted in various engineer-
ing applications in view of its convenient implementation
in engineering control [29,30]. Recently, an intermittent
control scheme with both fixed control period and control
width, namely periodically intermittent control scheme,
has been developed to study various types of systems as
well as dynamical networks. For example, in [31], H.
synchronization of uncertain stochastic time-varying de-
lay systems with exogenous disturbance through intermit-
tent control has been investigated. In [32] and [33], the au-
thors designed the aperiodic intermittent pinning control
and intermittent control for the synchronization of chaotic
systems. Authors in [34] investigated stabilization prob-
lem of stochastic uncertain complex-valued delayed net-
works with intermittent nonlinear control and references
cited therein. However, in practical applications, the re-
quirement that both control period and control width be
fixed is evidently unreasonable. It is obvious that ape-
riodically intermittent control is more feasible than the
periodically intermittent one. Intermittent control, which
was first introduced to control linear econometric models
in [26], has been widely used for a variety of purposes
such as manufacturing, transportation, and communica-
tion in practice. After several decades, numerous studies
with respect to intermittent control have been carried out
[26,29,31,33]. Moreover, modeling time-varying property
in control schemes can procure superior control execution
including time-varying delay state-feedback control [35].
It may change the estimation of delay in the controller
with the absence of control gain, which leads to extensive
consideration for the benefit of control execution in recent
years [36-38]. Thus, the results by utilizing intermittent
control (IC) method to explore the delayed fuzzy neutral-
type system (DFNTS) have not been thoroughly studied at
this point of research. This structural model is quite diffi-
cult to achieve but of great interests and attention, so that
it motivates this study.

In view of previously mentioned discussions, we focus
on the stabilization of delayed fuzzy neutral-type systems
with uncertain parameters under intermittent control. The
core contributions of this study can be summarized as fol-
lows:

(Q1) The neutral-type system is studied in terms of
the T-S fuzzy model under the consideration of mixed

time-varying delays and uncertainties to build up delay-
dependent criterion, such that the obtained closed-loop
system is GAS.

(Q2) By exploiting the augmented Lyapunov-
Krasovskii functional (LKF) technique, adequate con-
ditions for the stability analysis and controller plan of the
system under consideration are derived by means of well
established LMI approach.

(Q3) The less conservativeness of the proposed stabil-
ity criteria is achieved by incorporating the latest inte-
gral inequality approaches like single and double auxil-
lary function-based integral inequalities (SAFBII, DAF-
BII) to deal with the LKF derivatives (double, triple and
four integral terms), so that the obtained outcomes are
more applicable than the existing results in [8,9]. The
number of decision variables (NDVs) in this paper is
17 n(n+ 1)/2, which is significantly smaller than that of
[9], 35*n(n+1)/2. In addition, free weighting matrices
using the Finsler’s lemma are employed to make the pro-
posed technique less conservative.

(Q4) The intermittent controller is designed to stabilize
the considered DFNTS. In addition, the proposed stability
criteria suggest a connection between mixed delay in the
system and time delay in the controller. The obtained con-
ditions can be converted into LMIs, which is verified by
MATLAB LMI toolbox.

(Q5) Simulation examples are presented to demonstrate
the viability and less conservatism of the proposed ap-
proaches. In the application perspective, the obtained the-
oretical results and organized delayed intermittent con-
troller is validated through the single-link robot arm model
system.

This paper is organized as follows: Section 2 describes
the T-S fuzzy neutral-type model description and gives
theoretical background. The primary results for robust
neutral-type systems and the constructed controller are
summarized in Section 3. Simulation, application, and
comparison are described in Sections 4, 5, and 6, respec-
tively to demonstrate the adequacy and less conservatism
of the proposed approaches. Lastly, some conclusions are
given in Section 7.

Notation: Let R"*? and R” represent the set of all
n x ¢ real valued matrices and n— dimensional Euclidean
space. The expressions X > 0 and X > 0 denotes a posi-
tive definite and positive semi-definite matrices X, respec-
tively; the superscripts 7 and —1 indicate that the trans-
pose and inverse of a matrix. * denotes the elements that
are introduced due to corresponding symmetry. Given a
matrix G of proper dimensions, H(G) = G+ G”. Given
any set of matrices N; and M; of corresponding dimen-
sions and scalar functions 4;, means that M, = Zizl fziMi
and My, = 22:1 2{:1 fzifle,-j. Given any F C Q and Z C
Q/(1+#£ j#k), set €(F,Z) = {¢ : F — Z is continuous}
and €' (F,Z) = {¢ : F — Z is continuously differentiable}.
The norm ¢l = sup,c( p {16(s)].[6(s)[} and AMD
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noted as admissible maximum delay.

2. PRELIMINARIES AND PROBLEM
FORMULATION

Consider the following delayed neutral-type uncertain
system, that can be approximated by the following IF-
THEN rules.

Plant Rule i:

IF Zl(t) is Ni1» Zz(t) is Ni2 and ---
THEN

i(r) = (Di+ ADi(r) )it — ()
= (Ai+ DA(1))u(t)

+ (Bi+ AB;(t) Jult — p(1)) + Eiw(t),
u(t) = ¢(t), vr € [—1,0],

and z,(r) i Nip,

ey

where i € I = {1,2,...,r} denotes the " fuzzy rule and
r is the total number of rules; n;i,..., 7, denotes fuzzy
sets and z;(r),z2(f), ...,z,(f) indicates premise variables,
respectively. u(r) € R" is the state vector and u(t — p(t)) €
R” is the delayed state vector; w(¢) € R” denotes the con-
trol input of the system; ¢ () indicates the initial condi-
tion, where T € max|p,, (o). A;, Bi, D;, and E; are the
known real valued matrices of proper dimensions. Fur-
thermore, AA;(t), AB;(t), and AD;(¢) are time-varying
parameter uncertainties and defined as

[AA;(f), AB

i(1), ADi(1)] = EniFi (1) [X1is Zois Zails

(@)

where Ej;, X1i» 2i» and J4; are known matrices, and the
uncertain matrix Fj(t) satisfies

FI(t)F(t) <I, ¥t >0. 3)

L

Denote

>0 )

where z(t) = [z1(t), ..., z,(¢)]" and 1;;(z;(¢)) are the
grades of membership z;(f) in m;;. Then, f;(z(r)) >
0 and Y!_, f;(z(t)) > 0. Hence, we have h;(z(r)) > 0
and Y/, hi(z(t)) = 1. Moreover, by fuzzy blending, the
neutral-type uncertain model can be approximated at a de-
sirable accuracy by

r

Y () { (A + A At

i=1
+(Bi+ ABi())ult—p (1))
+ (Di+ AD}(1)ile — () +Ew(r) ). ()

u(t) =

The parametric uncertainties AA;(t), AB;(z), and
AD;(t) are said to be admissible if both (2) and (3) hold.
The delays p(¢) and u(r) represent the time-varying de-
lay and the neutral delay, respectively, and satisfying
0<pr<p(t) <p2. pt) < P p < p(1) < to, f1(0) < 1,
Pa = 222 and p, = 22-PL. With the presence of initial
values in system (5), the following intermittent controller
with delay term is defined as

Ru(t—h), t<t<t+dx,
w(t) =
0, tet+dy <t <t

where > 0 indicates the constant delay, K € R"*" repre-
sent the gain matrix of the controller to be computed after-
wards, in which d; and #;,; — ; denotes control width and
control period respectively, which subjected to the follow-
ing restrictions

O=H<tr< - <fH < -, %imtk:-‘rw,kGZJr.
—»00

At that point, the fuzzy intermittent controller is expressed
in the accompanying structure
Controller rule j:
IF z;(r) is M1, 22(t) is N and - - - and z,,(¢) is 7;,, THEN

Zh NKju(t—h), t <t <t +dy,
w(t) =

0, tety+di <t <ty
(6)

When the fuzzy intermittent control (6) is applied to (5),
therefore the above system can be rewritten as follows:

=Y hi(z(1)) Y hja(t
i=1 j=1

+ (Bi+ AB;i(t))u(t — p(2)) + (Di+ ADi(1))
x it — u(r))+E,«I€ju(t—ﬁ)}, tr <t <ty+dy,
)Lt

+ (Bi+ AB;i(t))u(t — p(t))
+(D;+ADi(t))u(t—u(t))}, ftde <t <ty
)

Before presenting our main results, the following defini-
tions and instrumental lemmas are introduced to verify the
stability criteria for the closed-loop system.

Definition 1 [39]: DENTS (7) is said to be globally
asymptotically stable (GAS) with respect to Lyapunov,
lim; . u(r) =0 and ¢ € €([—7,0],R").

Definition 2 [28]: Given a constants € > 0 and 2 >
0. The DENTS (7) is called exponentially stable, for any
lu@] <2A[[@]le™, V=0, ¢ € €([—7,0],R"), then the
solution u(r) of (7) is satisfied.

(D] (Ar+ DA ulr)

i+ AA(1))u(t)
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Lemma 1 [2]: Let Z > 0 and for given scalars o and 3,
the following relation is well defined for any differentiable
function u in [, B] — R".

B
*/'T@> i(s)ds <ol Zgy -

//

s)dsdA < =201 Zs — 49! Z ¢y,

i Iz
ﬁ—(X(pz ¢,

s)dsdA < =201 Zos — 4! Zgs,

2 B
o2 =u(B) +u(@) - 5= [“utsyas,

1 B

%Zu(ﬁ)—fa ; u(s)ds,
p

s = () = 5= [ (s
B

os=u(B)+ 5 [ )
6 B B

~ 7(1)2/“ A (s)dsdA

4 B

¥ = u(a) u(s)ds

[306// s)dsdA.

Lemma 2 [27]: LetE e R", Ge R™" and 0 = O €
R™" such that rank(G) < n. Then the following state-
ments are equivalent.

ETQE <0, VEe{EeR":E+#0,GE =0}
JRe R™™: 0+ H(RG) <0.
Lemma 3 [3]: Let the matrices 21 , 22 and O of proper

dimensions be constant and 0 < p; < p(¢) < p,. Then the
inequality becomes

(o1 =)L+ (p(1)

and holds if both the following relations hold:

—p)+Q <0,

(p2—p1)E1+Q <0,
(p2—p1)E2+Q<0.

Lemma 4 [17]: For (i, ) € I?, let F be matrices of
appropriate dimensions, I';; <0 is satlsﬁed if both the fol-
lowing conditions hold:

f},’<0, ViEIr,

2 . ~ A
—Li+ T+ 1 <0, V0. j) €1, i# )

3. MAIN RESULTS

In this section, we will present GAS criteria for DFNTS
(7) with intermittent controller. Based on the framework
of LKF and the newly improved integral inequality ap-
proaches, we give the robust stability conditions in the
following Theorems 1 and 2. Moreover, we consider the
block entry matrices p; = [0,x(j—1)n Tuxn Onx(14n—j)n)” €
R4m"_ for example: ps =[00007 00 0] For the con-

9 times
venience of presentation, we denote

é(t):[u(t) /t'pl u(s)ds /t:lu(s)ds
/Pl /z+ﬁ s)dsdf
F— /fpz /Hﬁu(s)dsdﬁ} ,

c%wz[Mﬂu@—puuu—p@>ua—m>

s - [ s
]MS Sp2_p1 uis)as

t—p
/p1 /t+ﬁ (s)dsdp
(Pz—Pl / / g (s)dsdf

a(t) a(t—pu(r)) u(r—nh)
/p2 /t+w s)dsdw / /+w s)dsdw
/p2 /+w dsdw} .

Theorem 1: For given scalars p > 0, p; >
0, pop >0, up, >0, and p > 0, the DFNTS
(7) is GAS, if for given constants ¥ > 7,7 >
0,¢ > 0, there exist positive definite matrices P €
RS Qy, Qa, Q3, Si, 2, Ry, Ry, Zy, Zo, Zs, Zay W,
Wy, Ws T, and N € R“4" such that the following LMI
conditions hold for both £ = 1,2:

f4<0
lf‘ﬁ+ﬂ +1 <o,
r‘f;<0, Vie T,
o ., ®
1 ,,+F +1% <0, V(i,j) €L, ,i#j
with
A (p2—p)N DI R ¢
A *  —(p—p1)Qs O 0 0
=1 = x —&l 0 0
* * * —&l 0
* * * * —&
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B (p—p)N, Y 1T 1%
*  —(p2— p1)Q3 0 0 0
ffj = * * —&l 0 0
* * * &l 0

* * * * —&

and satisfy the subsequent relations for control width and
period

Sup fry1 —t —di < ¢,

keZ?

k=1
lim (91— (y+9) Y di) = =, ke, ©)
“ I=1

where

8
An =Y & +H(TG,) +11
=1

By =&, +H(T:G) +11,
G = [A,-ozsioooooop,-E,k,-ooo],
= H(YPY,) + y(Y]PY)),

T
1= [Pl pi1ps (P2—pP1)Ps P1P7 (Pz—Pl)Ps} ;

= [P9 P1— P2 P2— P4 P1 — Ps5 Pz—Pé]T,

@, =H(piZipg ) +YP1Zip{ + PP p1Zap]
+YP1Zap — pa(Zs—Za)p;
+(1=p)e™ p3(Zs — Za)p3
— e pyZopy +poZispg — (1—w)e™ pioZspyy
+2p3 Ry po + p{ AR po + p BR po
+ PgTDz'Rlplo +pg RiEKpy1,

@3 = poe™ (7 Q1 +(p2—p1)* Qo+ (2 — P1)Qs)pg
— e (1 —p2)Qi(p1 —p2)”
—3e™" (p1 + p2 — 2ps5)Q1(p1 +p2 —2ps)"
— e (2 — pa)Qa(p2 — pa)”
=3(p2+ er“Pzt —206)Q2(P2+ps—2ps)"

Dy = poe™® (7‘(81 +82))pg
—2¢"™ (py—ps)Si(p2—ps)”
— 4™ (py — 4ps +6p7)S1 (P2 — 4ps +6p7)T
—2e"™ (p1 — ps)S2(p1 — ps)”
4¢P (Pl +2p5 6p7)S2(p1 +2ps — 6p7)"
e

D5 = poe™ (Rl +R2))pg

— 2¢7Pn (p4 = Po)Ri(ps—ps)”

—4¢7 (py —4ps + 6ps )R (P —4ps + 6ps)
—2e"1(py — ps)Ra(p2 — ps)"

—4e™ (py + 2e6 — 6pg) R (P2 +2ps — 6p3)”

R. Vadivel, S. Saravanan, B. Unyong, P. Hammachukiattikul, Keum-Shik Hong, and Gyu M. Lee

4
D = e?Pip, [—%Wl p2 W2_wa3 PbWS}Pl
2
+ e’ [Pl (%Wl)I%T —prWip]

2
+pi (%W2>P1Tz = prWapis + pi(ppWs)pis

—pisWipfs +pi(psW3)pi, — P14W3P1T4} ;

®; =H(N;ih(p§ —pi)+Ni(ps —p3)),
=2pI R, [po + Aipy + Bips + Dipio + EiRpy1],

, + Zcb,,
H(TTPTZ) + 7T PY,),

205 Ri[po + Aip1 + Bips + Dip1o],
ﬁ = 1F1 Fl + Szfgfz + 63f§f3.

A

D,

Proof: Choose an LKF candidate for system (7) as fol-
lows:

6
V(i)=Y V() (10)

!
=u" (t)Zyu(t) + "~ FP1) {/ u” (5)Zou(s)ds
1—=py
1= P(f) =P
+/ Z3u dS+/ Z4u :|

+/ 104 (5)Zsii(s)ds,
u(t

_e'YS‘ t+p1) [ / / Qlu dsdﬁ
p1Jt

/ /t+/3 )((p2—p1)Q2+Q3)u(s )a’sdﬁ]7

Va(t)

= Y tP) / / / (s)S1u(s)dsdBdAr
prJ—pi Ji+p
+/ I
P1

—e””“" / / / s)Ryu(s)dsdBdA
P2 l+ﬁ
P1
S

AL L
—P1 =+

(5)Su(s) dsdﬁdl}

$)Raii(s dsdﬁdl}
V(1)

()W yi(s)dsdEdOdw
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/ /// TPy (O Woii(s)dsd EdOdw
—p2Jw 284

—pP

/ 1 / / / YO0 3T (Wi (5)dsd Ed O.dw.

The derivatives of V;(¢) with respect to ¢ along the trajec-
tories of system (7), where [ = 1, 2, ..., 6 yield

Vi(t) =20(t)PO" (1) = —yVi(t) +y0" (1)PO(¢)

Va(t) <2u® (t)Zyu(t)+yu” () Zyu(t) e u” (t) Zou(t)
— e’ (t — p2) Zsu(t — pa)
+u (1 = p1)(Zs — Lo)u(t — pr)

+(1=p)e™®u’ (t —p(1))(Zs — Za)u(t —p(1))
+u (¢)Zsu(t)
— (1= pa)e™u’ (1 — p(1)) Zsi(r — pu(r))
—a(),

=T ()P4 (1),

Vs(r) = ™" (1) (p7 Q1 + (p2 — p1)Q2
+ (P2 — p1)Q3)u(r)

_ pYs—t+p1) {pl/IipuT(s)Qlu(s)ds—(Pz—PO

1—py
X / ul
=p2

(5)Qait(s)ds

1—p1
- [_p () Qsi(s)ds| ~Wa(0). (1)
From Lemma 1, we have
_ ' Y(s—t+p1)
pu [ T () Qui(3)ds
1—p1
—(Pz—P1)/ TS TPGT (5)Qau(s)ds
—=p2
< —e"[(p1—p2)Qi(p1 —p2)"
+3(p1 +p2—2p5)Qi (1 + p2 —2p5)"]
— ™' [(p2— pa)Qa(p2 — pa)”
+3(p2+ pa—2p6)Q2(p2 + ps — 2p5)" . (12)

Therefore, from (11)-(12), we get

V3(t) = e (1) (p7 Qi1 + (P2 — p1) Q2
+ (P2 — p1)Qa)u(t)
—e™'[(p1 —p2)Qi(p1 —p2)”
+3(p1 4 p2—2p5)Qi (1 +p2 —2p5)"]

1413

— ™' [(py — pa)Qa(p2 — pa)”
+3(p2 4 ps —206)Qa (P2 + Pa — 206)" ]

"t—p1
+ey(s—t+P1) / uT (s)@:;l,l(s)ds — V3 (t)7

—ps
Va(t) = ¢T (1) @34 (1)
= [T () Quis)ds — 1),
(13)
Vale) = LT (18 +2)ir)

T (s)Syii(s)dsdB

/ / Y(s— I+P1
p1 Jt—=pi
/ /67 —H-Pl

p1

Szu( )dsdﬁ —’)/V4(l).

(14)
Applying Lemma 1 in (14), we have
/ / Yo=P) T (5)S 1 u(s)dsd B
p1J1=py
+ / / TP (5)S,ii(s)dsd B
—p1 Jt+B
< 2™ (p—ps)Si(p2 —ps)”
+2e" (p1 — ps)Sa(p1 — ps)”
+4¢™ (py —4ps +6p;)Si (p1 —4ps +6p7)”
+4e™ (p) +2ps — 6p7)Sa(p1 +2ps — 6p7)"

Such that, we get

V(o) <2 (1)(81 + S2)i(r) — 26 (p2 — ps)

Si(p2—ps)" + (p1 — ps)Sa(p1 —ps)"
+2(p; —4ps+6p7)S1(p1 — 4ps +6p7)T
+2(p1 +2p5 —6p7)S2(p1 +2p5 — 6P7)T}

— YWValt),
Vi(r) <ET(0)@4L (1) — WValr), (15)
Vo) = PP o7 (1 R, + R
5 e’ u 1 2)U

Ys—t+p1)y )]R]Li(s)dsdﬁ

/ I,

[T  gtsso " (s)Rot(s)dsdp
—YVs(t).

Utilizing Lemma 1, it can be verified that

—p1 pt+P
_/ / eVs—t+p1) ;T
—p2 Jt—=pP2

< —~2¢"1 (py — pe)Ry (ps — ps)”
—4e"P1 (py — dpg + 6p3) Ry (ps — 4ps +6ps)”

(16)

($)Ryu(s)dsdp
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/ /w Hs=40) T (5)Roti(s)dsd B

< —2e"™ (py — pe)Ra(p2 — ps)”

—4€™ (py +2ps — 6ps) R (02 +2p6 — 6p3)” .
(17)

Therefore from (16)-(17), we get

M(gwn a” (1) (Ry +Ry)i(t)

- 26”’2‘ (Ps— pe)R1(ps — ps)”

—4€™ (4 — 4ps + 6ps) Ry (ps — 4ps +6ps)”
(
(

V5([) <

—2¢™ (py — p6)Ra(p2 — p6)”
— 42 (py +2ps — 6pg ) Ra(p2 +2ps — 6p5) "
—YVs(t),

Vs(r) < LT (1) @58 (1) — yVs(1),

Ve (1) (t)e" ((&) ( )W2+p§W3) (1)
6 /pl/ /,nys PG (¢ YW (1) dsd Odw

/ // SN2
—p2 Jw Jt40

Y(s—t+p1)

« [Pa / o /w /r T (1YWi()dsd Odw

wa [ [ oo

= We(1). (18)

T(t YW (t)dsdOdw

(t)dsdOdw)]

Utilizing Jensen’s inequality techniques, the above inte-
gral term (18) could be rewritten as

i1, L
6 p1Jw Jt+6
< e”p'< / / dsdw) |
p1 Jt+w
p2 0 t
X —lu(t)—/ / u(s)dsdw
2 —p1 Jt+w

< LT (r)e™ (Pll a Wl]pl

T(t )W a(t)dsdOdw

pi T T
+p1(7W1)p7 —prWip7 )L (1),
3 40 0t
P / / / P T (1YW (1) dsd Odw
6 —p2Jw Jt+6

4 2
< T (1)e™ (py [— %Wz P1T+P1(%W2)P1T2

—p2Waplh) (1),

T (1YW (t)dsdOdw

o f g [ Ly

< ()™ (p1(—pyWa)p[ -+ pi(psWs)p/s
—P13W3P13 (),

p(t)
fpa/ / / Y=t P T (1YW ii(t)dsd Odw
+6

< T ()™ (p1(—pyW3)p! + pi(PsWs)pl,
— puuWsp{) ().

From (18) one can get
Vs(r) = ¢T (1) @6 (1) — PVs(1). (19)

Combining (11)-(19), we can obtain
, 6
1) Z(I)iC(t)
i=0

—/l_pl TP T (5)Qsui(s)ds — YV (1) < 0.
—=p2
(20)

P1
Furthermore, / i” (5)Q;sii(s)ds can be written as with

1—p2
the additive property of integration

—p
,/ ]eY(f 1+p1)
—=p2

< _Yls—t+p1)

i" (5)Qsti(s)ds

=p(t) =P
X [/ i (5)Qsi(s d5+/ (s)Qsu(s)ds
=p2
Introduce the following equations:
t—p(t)
ult=p(0) ~ult—p2)~ [ " i(s)ds =0,
1—p>
1—p1
u(t —p1) —u(t — p(1)) f/ i(s)ds = 0.
1=p(t)

For appropriate dimensional matrices 4,1 € R4"7" (g €

1,2), (20) leads to

6 t—p(t)
0y e O [ ()i

i—p
_/ leY(V t+p1)
1=p(f)

20 <u<r—p<r>>—u<r—p2>— /

—P2
—p1

i’ (s)Qsii(s)ds

ll(s)ds)
—p (1)
<0. 21

o (ua—pl)—u(r—p(r))— /

For any matrices Q3 =
hold:

20704 |

1=p2

Q! > 0 the following inequalities

1—p(t)
u(s)ds)
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PO AL
+/ TP () Qai(s)ds

287w [ itsyas)
-
<(p(6) = p)) T ()M Q5 AT (2)
+ / TP T (5)Qui(s)ds 22)
CaseI: K; # 0.

In addition, when t;, <t < t; + dy, we establish the fol-
lowing equation

M‘

1) Y hy(z(e){2d" ()R (—i(r) + (1))} =0,

r
i=1 j=
r

Zh, N{—2a" (1)Ryu(r)

207 ()R (A + AA())ulr)

+ 20T ()R (B; + ABi(1))u(t — p(2))

+2i" (1) Ry (Di + ADi(1) )it — p(1))

+2u" (t) 1E,~Kju(t—ﬁ)}:0. (23)

—_

nmx

From (21), (22), and (23), the following inequality is writ-
ten as follows:

6
V() <= W)+ (1) Y @)

=0
+ T (OHWy(p3 —pi))E (1)
+CT(OHWG(p3 —p3))E (1)
+(p2 = p ()" (Ne™ Q3 "Ny, (1)
+(p(1) = p)CT (NGHE™ Q3 "N (1)

+Zhi Zr,hf
i=1

+Ai(t)p1 + 8B

1))2pg Ry [po

i(1)p3 +Di(t)pro+ EKjpn ]
(24)

which implies
)= Lhel0) L) (%050 +

—yV(t). (25)

=

with
8
=Y @+ (p2— p (1) S (ONWQ3 ' N S (1)
I=1
+(p(1) = p) ST (ONZQ N E(0),

AAAAAAAAAA

E=1[81 8 8 & 85 8 81 & B 810 b11 12 813 bual,
14 times

A A~ =
0,=[000]",v=1,2,...,8,11,12,13, 14,

8 = [(RIAA()T 0 (Ry AB(1)” 00017,
9 times

5, =000 (R, AD;(1)T 0000],

and ®;, Py, as given in (8). From (25), we can obtain

V) = LRG0 L 08T 05050
+F1F,»(t)Y1+YTFT( I+ TR

1) ),
+Y7F () D4+ T F () Y5+ YR ()T — v (1)
<0, (26)

where

13 times

IT=[ELRTO 0 o0,

11 times

7= o EIRI0O 0 o0,

9 times

=
=000 ExR, 0000],
8 times
~ =
000 2,00000],
8 times
Y,=[000 % 00000],

9 times
~ 7 t N A
3=[000 %3

T =

)

0000].

Moreover, let the neutral type T-S fuzzy model with inter-
val time-varying delays (7) can be written as

GiC(t) =0. (27)

From (26) and (27), considering Lemma 2 and DFNTS
(7) together leads to stability condition only if there exists
Tn € R such that

()= LA L GO0+ TR0
+YTFT(t)f"1+1" FEOY, +YIE ()1,
FET AT+ TR ()Fs+ H(TG) - W (1)

(28)

Utilizing Lemma 3, the above inequality (28) is satisfied
if and only if, Vg € 7,

8
:Z¢l+£1f‘{f‘1 +£2f§f2+83f§f3 +8f1TlTY1
=1
+& 'IY, + & 'TI Y5 + H(T,G)

+(p2 = PONGLQS NI =WV (). (29)
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Hence, using the Schur complement Lemma, the relation
(29) is similar to

Ay (p—p)Nj, YT YT 1%

* —(p2—p)Q O 0 O
. B * * —&l 0 0
Vi) = * * x —&l 0
* * * *  —&l
—YV(t), (30)

Wh~€I'§ A11 ~: ;?:lq)l + H(’ﬁg,) + ﬁ, I:I = Slf{fl +
17T, +&I% T and utilizing lemma 4, together with (8)
yields

V(t) = —yV(t),t € [tr,tx +di)- (31)

Let H () = eV (). By (31), one can see that H;(¢) is a
monotone decreasing function on ¢ € [t;,#; + dy). Then,

H\(t) < H(t), Hi(tx +d) < Hi (1) (32)
Thus, we get

V() <e V(g t € [t i+ di),

V(e +di) < e "V (1) (33)

CaseIl: K; = 0.
When ¢t + dk <t < ty+1, from the second equation of
system (7), it follows that

i ()R (—i(t) +a(r)) =

— 24" (1) Ryu(r) = 2a" (1) R (A,-(t)+AA,~(t))u(t)
+2u" ()R (Bi(r) + B (1) yu(t — p(1))
+2a" (R(Di+ ADi(t) )it —p(t)) = 0. (34)

Since Y+ % > 0, from (8), (21), (22) and (34), we obtain

V() < =WV (1) + Zaa + (74 D) (1) Pul?)
— WV (1) + L+ (YHDV(O) SV (). (39)
Here,
B (po—p)Ny, Y YT YT
s * —(pp—p1)Q; O 0 0
Y= | * * —&l 0 0 ,
* * x —&I 0
* * * x  —&l
By = &, +H(T,G,) +11, &, = HXTPY,) + 9(XTPY)),

8
b, = Z‘bz are defined in A ;.
1=2

Let Hy(t) = e"V(")_ Then H,(t) is a monotone decreasing
function on ¢ € [t + dj, t11) and we have

Hy(t) = Hy(tx +di), Ha(ti1) < Ho(tx+di),  (36)

R. Vadivel, S. Saravanan, B. Unyong, P. Hammachukiattikul, Keum-Shik Hong, and Gyu M. Lee

which implies that

V(1) <Vt +di)e™ W 1 € [t +di i),

V(ti1) <V (it +dy)eltn—id), (37)

Thus combining (33) and (37), one may deduce that

V(tesr) < V(0)e Yt —Eiid)

(0)6‘ i — (D) )yl 1d1
V(e +di) < V(O)efmzl di+9(t—X1-, di)

< V(o)e?@*(}’ﬁL?)):f;l] dr (38)

When ¢, <t < t; +d, it follows that from (33) and (38)
V() < e*Y(t*tk)V(tk) < V(())e?rk*(7+?)ztll d (39)

When t;, +d; <t < t;11, it follows from (9), (37), and (38)
that

V(tx +dy)
(40)

V(1) < e TV (1) < V(0)elt
< ey (0)el~(riNLisid

From (39) and (40), it can be verified that

V(1) < v (0)eh NIl ke 7zt 1>0. (41)
By the relation (9), we have lim, .,V (¢) = 0, which im-
plies that lim,_,., u(¢) = 0. In what follows, we will derive
the GAS for system (7). Thus the proof is completed. [

Theorem 2: For given scalars p > 0, p; > 0, p, > 0,
U > 0and > 0, such that the robust DENTS (7) is GAS,
if for given constants 7, k =1,2, ..., 17, 7> 7, y> 0,
and ¢ > 0, there exist positive definite matrices S, Z, and
/\/,-’j € R _such that the following conditions hold, for
{=1,2:

4 <o,
2
—11“,”,—&-1“[ +1, <0,
I<0,vViet,
2 vy oy (42)
irfi+rfj+r‘§i <0, (i,)) €T}, i# ]
with
(B (po—p)NG YT YT YT
. * —(p2—p1)uS O 0 0
I_‘;.Ij = ES * 78][ O O )
* * x =&l 0
| * * *x  —&l |
_ill (p2—p1 )M‘; DS ¢} Yg ]
. * —(p2—p1)uS O 0 0
l—?j =| x * —&l 0 0o 1,
* * x —&lI 0
| * * * *  —&l ]
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[I]ll

7
o Z(P +H(7135,G;) +
= Ci>; +H(71385:G) +11,
giz[AiOBioooooopiEiz,ooo},
;= H(XTPY;) + y(17PT)),

T
Y= {Pl p1ps (P2 —pP1)Ps P1pP7 (Pz—Pl)Ps} ;

8 times

Y,=[0 0 0 ST 0 0 0 0 0],

T
P9 P1—P2 P2—Ps P1—P5 Pz-Pe] )

8 times

T,=[0 0 0 % 0 0 0 0 0],

@, = H(p1%9Spg ) +P1710SP] — P2(Ti2S — T1oS)p;
+(1=p)p3(711S — T12S)p3 — paTioSPs
+PoTsSps — (1= 13)P10TsSPio +2p5 T1aSPo
+ pi Ait14Spo + P31 Bit1aSpo + pg DiT1aSpio
+pg t4EiZp1,

3 = TS+ (P2 — 1)’ TS + (02— P1)BS

—(p1—p2)uS(pi —p2)"
—3(p1+p2—2ps)nS(p1 +p2—2ps)"
—(p2— Pa)TS(p2— ps)”

—3(p2 4 s —2P6) T2S(P2 + P4 —2p5) ",

;)21 2(p2 = ps)TaS(p2 — ps)”

—4(py —4ps +6p7)TaS(p2 —4ps +6p7)"
—2(p1—ps)T5S(p1 —ps)”

—4(p1 +2p5 — 6p7)TsS(p1 +2p5s — 6p7)"

o5= 22 ; P 2(ps — P6) T6S (P4 — Ps)

—4(ps —4p6 +6p8) T6S(Ps — 46 +6ps)"
—2(p2—P6)T7S(p2 — p6)”
—4(p2+2ps — 6ps) T1S(p2 +2ps — 6ps) ",

Z_ITISS_%TI@S piti7S— PbTwS]P

Dy = —(uS+155) —

T

(1768 + 175) —

436 — eYPlp]

2
+e™' | p (%T15S>P7T — prT1sSp;

+p1< 1'165)[)12 P12T16SP 1 +P1(PpT178) Pl
—p13T17Sp s + pi (P T17S) pla — P14‘517SP1T4] )

=H(WNy(p —p)+Np(p3 —p3)),

9 times

Y;=[0 0 0 4 0 0 0 0,

Oy = 2P9TT14[P9 + Aipy + Bips + Dip1o + EiZip11),

ZCDMCI)I

Ps =2 P9

H(YTPY,) +9(YTPY)),

119 + Aip1 + Bips + Dipio].
Moreover, the gain matrices K i =Z jS’l.

Proof: Fort; <t <t +d; and ty +dy <t < t;,1, the
following conditions hold:

(A1 (Pz—Pl)-/\/;?h YIT Yg Y'3 1
* —(pp—p1)Q3 O 0 0
% % —&l 0 0 | <0, 43)
* * x —&I 0

| * * * x  —& |

(B (Pz—Pl)th Y'1T YﬂzT Ys 1
* —(p2—=p)Qs 0 0 O
% % —&l 0 0 | <0. (49
* * * —&I 0

| * * * x  —& |

Let Q] = 7P, @2 = »P, Qg, = iz P, S = 7P, S, =

T5P,R1 = T6P, R, = T7P, R; = TgIP, 7y = TQP, Zy =

TP, Z3 = 1P, Zs = TioP, T; = T3P, R = 114P, W, =

T15P, Wy = 116P, W3 = 717P. Moreover S = IP”I,Z]- =

SK ;. Then performing congruence transformation to (43)
15 times

—_—~
and (44) with diag{P~',P~!, P!, 1,1,I}, we obtain the
condition (42), which completes the proof. g

Remark 1: It ought to be noted that the suggested pro-
cedure in this article is easy to examine the stability of
designed system (7), can be possible to the designed con-
troller is also periodic.

Moreover, the control scheme w(¢) can be treated in the
following way

Y h(z(t)Ku(t — 1), kF <t <kF +38,
w(t) =< j=
0,tckF +8<t<(k+1)r,
(45)

where § and £ > 0 indicate the width and period in the
controller approach, respectively. Therefore, system (7) is
described by

+E',-I€ju(tfﬁ)}, kF <t <kF+38,
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it :ih[(z(z)){(A,- - AA())ulr)
+ (Bi+ AB;(t))u(t — p(t)) (46)
+ (D4 D)l — (1)) |,
ki 46 <t<(k+1)F.

Corollary 1: For given scalars p >0, p; >0, p, > 0,
Up >0, and U, such that robust DFNTS (46) is exponen-
tially stable, if for given constants 7, k = 1, 2, ..., 17,
¥>7v,v>0,and ¢ > 0, there exist positive definite ma-
trices S, Z, and N}} € R'4>7_such that inequalities (42)
hold for both £ = 1, 2 and satisfy both control period and
width as

(y+7)86 —7F >0. 47)

Proof: When kfF <t <kF + 5 , based on (39) and (47)

V(1) < V(0)ePr ~(rink=1)o

= V(0)erH DT ~(rid)k

=y

_ CIV(O)e(T’F*(H?)S)T, (48)

where C; = e"*7% When kf +6 <t < (k+1)F, based
on (40) and (47), we get

V() < e‘ﬂfv(O)eﬁkfﬂyw)(kq)s

= V(o)e\7\a+<y+7)5+(7r,(y+7>5)k
=GV (0)e T~ D) f “9)

where Cy = el7e= 7 +20+78  Together with (48) and (49),
it implies that

V(1) < CV(0)e 2079,

where ¢ = W > 0. Let

G :Afmax (P) + Afmax(Zl) + plezyp1 2max(ZZ)
+ pZerl eypz 2'malx (ZB) + pl eZYpl 2fmax (Z4)
+ .ueﬂllmax (ZS) + pIZeZypl 2qnan(((@l)

RN
n wem e Lox (Qu + Q3)
VP (S )er—13 TP Amax (S2)
e (St 3 e ax \P2
RN
+ @eﬂ)l eypﬂlmax(Rl)

A3
+ (P2 391) P ) (Ry)

3 4
L

(p2)* (p2)*
4

6

eZYPz /,Lmax (WZ)

_ 4
+ wmew‘ P Amax (W3),

we get
V(1) 2 dnin(P)[[y(0)[12, V(0) < C5[9]]5-

Thus,|[y(£)|| <C4|[9]|pe 5", where Cy =5%\ /C2C3/Ayin (P).
O

This completes the proof.

If there is no control input in (7) and without fuzzy rules,
that is to say, £ = 0; then the following Corollary 2 can be
obtained easily.

Corollary 2: For given scalars p > 0, p; >0, p, > 0,
Wx > 0 and u > 0, the neutral-type system (7) without
control input is GAS, if for given constants ¥ > 7, v > 0,
and ¢ > 0, there exist real positive definite matrices P €
RS Qy, Qa, Q3, S1, So, Ry, Ry, Zy, Zy, Z3, Za, T,
and A/ € R”", such that the subsequent inequalities are
satisfied

A (p—p)N YT YT YT

* —(p2—p1)Qs 0 0 O
* * gl 0 0| <oO. (50)
* * x* &I 0
* * * x &

Proof: Let £ = 0in Theorem 1, we get the asymptotic
stability criterion for system (7). The proof is similar to
that of Theorem 1 and is omitted for brevity. 0

Remark 2: The intermittent controller configuration
is formulated by LMIs in Theorem 2 and these condi-
tions might be solved proficiently via MATLAB Toolbox.
Subsequently, the mode-dependent fuzzy intermittent con-
troller is simple to be constructed as in Theorem 2.

Remark 3: Compared with the earlier works [30],
[32], and [34], whose work/rest time is periodic, it is
adopted to achieve the objective of stability. However, the
limitation of periodicity is very short so that the feasibil-
ity is limited in the real life problem. In this paper, we
focus on the delayed intermittent control with period for
the stability of the T-S fuzzy system. Therefore, the anal-
ysis technique and system model proposed in this paper is
more general than [30,32,34]

Remark 4: The computational complexity is a primary
issue that is subject to how large the LMIs are and how
many decision variables are. However, LMIs of large size
yield better performance. The results in Theorems are de-
rived by constructing proper L-K functionals with dou-
ble, triple, and four integral terms, and using a newly
introduced integral inequality technique which produces
tighter bounds than the existing ones including recipro-
cally convex approach and etc. In this paper, the proposed
criteria employs several integral inequalities; as a result,
some degree of high computational complexity can occur
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in the proposed criterion. It is noted that the obtained max-
imum allowable bounds p, are less conservative than the
existing ones in the literature, as shown in Table 4 and
Table 5. Finsler’s lemma was applied in the proof of the
main results, which in turn to reduce the computational
burden. Moreover, in the future work we will focus on
lower computational complexity of the stability problems
while maintaining the desired system performances.

4. SIMULATION RESULTS

In the view of the conditions acquired in the previous
section, we present some simulation examples to demon-
strate the adequacy of the proposed control scheme and
the merits of our approach in this section.

Example 1: Consider the following T-S fuzzy uncer-
tain neutral-type system with time-varying delays

(1) = L) { (A + SAG)0)
B+ AB0)g(uli— p(1)
+ (Dy+ ADi()ale — p(1)) + Enw(1) |

with two IF-THEN rules (r =
eters:

o]

2) and the following param-

-1 —3.1321} A = {—3.6 —1.1321},

1 -2 1 28
02 0.4 02 03] -~ [0
812[0.5 1.1}’ 822[0.6 1.3}’ El:[o.zs}’
0.9 0.2 0205] -~ [0
b= {0.1 0.4] T {0.2 0.3}’ b= {0.3}’

. o201 . . Jo1o
=X =\ g oo | ATA2= | o 01>

o J025 0 01 0
x‘“_x“z_{ 0 0.25}’ E’”_E”z_[o 0.1}

The membership functions of rules 1 and 2 are h;(u) =
W and hy(u) = 1 — hy(u), respectively. Moreover,
the other parameters involved in this simulation are se-
lected as follows: p; = 0.1, p, =0.25, p =0.15, u, =0.4
u=011,y=%=0.1,=02,d,=1.85 and 7, = 0.2
(k=1, ..., 17). In order to stabilize the concerned uncertain
T-S fuzzy uncertain neutral-type system (7) under consid-
eration, we design the more generalized intermittent con-
troller as mentioned in (6) with the above given param-
eters. For this purpose, solving the LMIs in Theorem 2
with the above parameters utilizing Matlab LMI tool box,
we obtain the following gain matrix of the control law

Ki=[03577 -2.5342 ],
Ky=[ 21324 —6.8743 |.

To further show the effectiveness of the designed inter-
mittent control, simulations have been carried out. The

x 10

Uy
— L

State responses

tsec

Fig. 1. Evolution of open-loop system in Example 1.

T
Uy
e Uy

State responses
n

. . . .
0 2 4 6 8 10
tsec

Fig. 2. Evolution of the system state in Example 1.

Table 1. AMD p, for various values of A in Example 1.

h 0.01 0.03 0.05 0.06 0.07
o3 0.2314  0.1752 | 0.0553 | 0.0242 | 0.0031

corresponding state responses of the neutral-type system
(7) are presented in Figs. 1 and 2. The numerical simula-
tion of system neutral-type (7) with controller w(¢) = 0 is
depicted in Fig. 1, which shows the performance of unsta-
ble system. Based on the modeled IC (6), Fig. 2 exhibits
the evolution of the system state under the initial condi-
tion [—3, 5]7, from which we can see that the closed loop
fuzzy system (7) is GAS. The response curve of the con-
trol input is plotted in Fig. 3. Fig. 4 displays a flowchart
to calculate the controller gains. Moreover, the allowable
bound of p, for different values of A and allowable bound
of p, for different values of p respectively, are displayed
in Tables 1 and 2. Based on the simulation results, it is
demonstrated that the proposed intermittent controller per-
forms well.
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control responses

. . . . . . .
3 3.5 4 4.5 5 55 6 6.5 7
tisec

Fig. 3. Evolution of the control responses in Example 1.

Model the system (7) as T-S fuzzy
delayed Intermittent control system

Select the parameters in
Theorem 2

Check the
feasibility of LMIs
No in Theorem 2

Based on LMISs (42) the gain of
controller has been obtained

Fig. 4. A flowchart to calculate the controller gains.

Table 2. AMD p, for various values of p in Example 1.

p 0.01 0.03 0.05 0.07 0.1
[oJ3 0.2163 | 0.1935 | 0.1572 | 0.0931 | 0.0563

5. APPLICATIONS

In this section, an illustrative model of single-link robot
arm (SLRA) system in [40] and [41] is explained to
demonstrate the effectiveness of the designed methodol-
ogy. Furthermore, for the simulation purpose, the certain
parameters of the SLRA are summarized in the following
Table 3.

1) Design example of single-link robot arm system:

NN 12/ R 1
() = —==sin(n () = z0 () + (). 6D

Table 3. Parameters of the SLRA model.

Symbol Value
M (mass of the load) 1 kg
J (moment of inertia) 1 kg m?
R (damping coefficient) 2 N m/rad
L (value of the length) 0.5m
g (acceleration of gravity) 9.81 m/s?
A (retarded coefficient) 0.8 N m/rad

Defining u () = n(¢) and uy(¢) = 7 (¢), to deal with the
time delay in the system, we get

i (1) = Aua(t) + (1 = A)ua(t — p(t)),

(1) = —gLfM sin(u1 (1)) — l?uz(t)
- oo + i)

where 7)(f) and 7(¢) represent the robot arm angle
and robot arm angular velocity, respectively. The non-
linear term sin(u;(¢)) can be denoted as: sin(u;(t)) =
h (I/tl (t)).ul (t) + //lz(ul (t)) . ﬁ s Uy (l), where h,; (I/ll (I)) +
ho(ui(t)) = 1, hy(ui(2)),h2(ui(¢)) € [0,1]. The above
equations can be solved and we get the following mem-
bership function

=
=
-~
>
\H\
o

ha(uy (1)) =1 = Iy (u (1)),
where u; (1) € (—x, ) and f = 0.01/7.

2) T-S fuzzy modelling:

The SLRA system can be implemented by the subse-
quent T-S fuzzy model:

Plant rule 1: IF  (¢) is about O rad, THEN

u(t) =(A1 + AA (2))u(t)
+ (Bi+AB(1))ult — p(t) + Eyw(t).

Plant rule 2: IF u,(¢) is about & rad, THEN

(1) =(As + DA (1))ut)
+ (By+ ABy(1))u(t — p(t)) + Eaw(z),

where u(t) = [ul (t) ul (1)]",

0 A 0 A

A= _glm AR , A= _ Balm AR
J J J J

0 (1-2) 117
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Fig. 5. Evolution of the system state in SLRA model.
[AAi(t), ABi(t)] = EpiFi(t)[Z1is Rail,

Ep = 0.01, Ep =0.02,
Fi(t) =0.5sin(t), F(t) =—0.5cos(t),

Cfoo1 07 . _[oo1 o0
=10 002 27| o 0.03]

. o002 0] . [-001 0
2= o 0020 27| 0 003

&>

Utilizing the above parameters and setting p; = 0.1, p; =
0.2, p =0.2, dy = 1.85 by using the Matlab LMI con-
trol toolbox to solve the LMIs in Theorem 2 without
neutral-type, i.e., (D; +A;(t)) = Zs = 0, we get the follow-
ing feedback control gain matrices K; = [1.3563 2.1032]
and K, = [2.3640 3.5322]. Fig. 5 represents the state re-
sponses of variables u;(7) and u,(#) with an initial condi-
tion u(t) = [5, —5]7, indicating that the evolution of the
system converges to an equilibrium point. Fig. 6 depicts
the state responses of the SLRA system. It is clear that the
system is destabilize, i.e, without controller. Under zero
initial condition, Fig. 7 shows the control input of the sys-
tem. Referring to these figures, it can be observed that the
proposed method has been effectively and applicability.

6. A COMPARISON EXAMPLE

In the previous section, we have validated the derived
sufficient condition with single-link robot arm system. In
order to prove the conservatism of the derived condition,
we have considered the system

i(t) = Dt — (1)) =(A+ DA(1))Jult)

+(B+AB(t))u(t = p(1)),
(52)

where the system parameters are given as

2 0 -1 0 c 0
Sl GO R g [

State responses

i i i i i i i
5 10 15 20 25 30 35 40
tsec

Fig. 6. Evolution of the open-loop system state in SLRA
model.

control responses

2 4 6 8 10 12
tisec

Fig. 7. Evolution of the control response in SLRA model.

where AA(r) and AB(t) are of the form in (52) with
X1 = diag{160 ,1.25}, %» = }4 = diag{10 ,7.5}. In or-
der to compare the conservativeness of Corollary 2 with
those of some previous works, the parameters from Ex-
ample 4.3 of [11] have been used. For given u(t) = u
and p = 0.1, the maximum allowable delay p, provided
by proposed stability criteria is listed in Table 4. When
¢ = 0.1 and different values of u, Table 5 shows com-
pared results of the upper bound of p, with the ones in
[4,9—-11]. By using Corollary 2 and the Matlab LMI Tool-
box, Tables 4 and 5 give the obtained maximum allowable
P2, such that the considered system is admissible. Form
these tables, we can see that the proposed stability crite-
rion for uncertain neutral-type system is less conservative
than the existing results. It shows the effectiveness of the
methods presented in this paper.

7. CONCLUSION

In this paper, the delayed intermittent control for T-
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Table 4. Maximum allowable upper bounds (MAUBs) p, for different values of c, such that p; =0 and p =0.1.

c 0 0.1 0.2 0.3 0.4 0.5 0.6
[9] 1.166 0.962 0.778 0.616 0.472 0.346 0.235
[10] 1.172 0.966 0.780 0.618 0.473 0.347 0.235
[4] 1.177 0.971 0.786 0.622 0.478 0.349 0.235
[11] 1.275 1.033 0.821 0.638 0.482 0.349 0.235
Corollary 2 1.464 1.286 1.251 0.932 0.876 0.575 0.242

Table 5. Maximum allowable upper bounds (MAUBs) p, for different values of p with c=0.1.
lower bound p 0.1 0.3 0.5 0.7 0.9

p1=0 [9] 0.962 0.907 0.850 0.789 0.714

[4] 0.971 0.960 0.960 0.960 0.960

[11] 1.033 0.984 0.980 0.979 0.979

Corollary 2 1.162 1.085 1.083 0.986 0.986

p1=0.5 [9] 0.962 0.907 0.850 0.793 0.793

[10] 0.966 0.922 0.895 0.891 0.889

[4] 0.971 0.961 0.961 0.961 0.961

[11] 1.118 1.043 1.041 1.041 1.041

Corollary 2 1.264 1.213 1.102 1.062 1.062

S fuzzy neutral-type system is studied with mixed time-
varying delays and uncertainties. The physical plant of the
system is represented as an average weighted sum of lo-
cal linear subsystems and the weighting terms are charac-
terized by the membership functions. By constructing an
augmented LKF and handling some new integral inequal-
ity techniques like SAFBII and DAFBII as well as, some
sufficient conditions, we have established GAS criteria for
the considered fuzzy neutral-type systems. Moreover, the
gains of the delayed intermittent controller are derived by
solving a set of LMIs, which can be solved by MATLAB
LMI toolbox. Finally, numerical examples are also pre-
sented to validate the theoretical results of this study and
in addition, the developed methodology has been tested
on a practical single-link robot arm model. The limita-
tion of the proposed method is the introduction of relax-
ation variables, which increases the computational com-
plexity. However, it is necessary to expand the feasible re-
gion of the result and obtain more feasible solutions at
the same time, we sometimes need to introduce the re-
laxation variables. If the conditions have a feasible solu-
tion, the controller feedback matrices can be calculated
according to the feasible solutions of a set of LMIs. It is
worth to note that the results of this paper is compared
with the existing ones in the literature. Less conserva-
tive results can be obtained by using the new method pro-
posed in this paper. The method in this work can be used
to deal with more complicated problems such as filter-
ing design, observer design, external disturbances (dissi-
pativity, passivity, H.. performance) and distributed event-
triggered scheme to save computational efforts. Addition-
ally, more complex systems, including stochastic nonlin-

ear systems based on hidden Markovian model and semi-
Markovian model stochastic nonlinear systems are inter-
esting research topics and will be additionally examined
in our future works.
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