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ABSTRACT In this paper, a sampled-data parallel distributed compensator (PDC) is proposed to guarantee
mixed H,/H, performance of uncertain T-S fuzzy systems with interval time-varying delay and linear
fractional perturbations. A full matrix formulation approach is developed to present our main results in
LMI conditions. To achieve better results, new inequality and Lyapunov-Krasovskii functional are developed
to improve the conservativeness of the proposed results. Finally, some numerical examples are illustrated
to show the use of our main results. In this paper, interval time-varying delay and interval sampling are
considered instead of constant delay and periodic sampling in published literatures.

INDEX TERMS H;/H, performance, interval sampling period, interval time-varying delay, T-S fuzzy

system, sampled-data control.

I. INTRODUCTION

Time-delay phenomena are often encountered in various
practical systems; such as aircraft stabilization, biology and
medicine engineering, chemical engineering systems, control
of epidemics, distributed networks, inferred grinding model,
manual control, mechanical operation; microwave oscilla-
tors, models of lasers, neural networks, nuclear reactors,
population dynamic models, rolling mills, ship stabilization,
and systems with lossless transmission lines. On the other
hand, time delay is often the source of instability and
generation of oscillation in many physical systems. Hence,
the stability issues of T-S fuzzy systems with time delays
have been investigated in recent years [1]—[4]. It is interesting
to note that the models of practical systems are always
containing several nonlinear properties. Hence the Takagi-
Sugeno (T-S) fuzzy system models [5], [6] were introduced
to approximate these nonlinear elements in many physical
examples. T-S fuzzy system is a useful tool to solve the con-
trol design problems in many nonlinear practical applications
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for dynamic systems; such as guidance and mooring
control in autonomous surface vehicle; nonfragile control
of permanent-magnet synchronous motor; stabilization of
inverted pendulum and motor drive control; predictive and
dissipative control of neural networks; predictive control for
a diesel engine; performance control of truck-trailer model;
dissipative control of wind turbine model; sampled-data con-
trol of reaction-diffusion neural networks, vehicle suspension
systems, and wind energy conversion systems [7]-[18]. This
approach provides a connection between the linear control
theory and the fuzzy concept. It is also interesting to note
that interval time-varying delay in [10]-[12], [19] is more
suitable to describe the transportation delay than constant
delay in [20]-[22]. In recent years, stability and performance
for T-S fuzzy systems with time delays were investigated
by Lyapunov theory and LMI (Linear Matrix Inequality)
approach in [10]-[23].

Sampled-data state feedback input is a useful approach to
implement some complicate control schemes; such as parallel
distributed compensator (PDC) in T-S fuzzy system [20]—[23]
and switching control in switched system [24]. Parallel
distributed compensator and switching control are always
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used to enrich the performance for T-S fuzzy systems
and switched systems, but PDC and switching control are
difficult to implement by analog devices. Hence sampled-
data state feedback control input is an available consideration
to implement PDC and switching control for systems under
consideration. Suppose the control input is calculated by
a digital device (computer or chip), then the feedback
value will be remained until the next sampling instant
to reflect the sampled value [16]-[18], [20]-[24]. The
allowable upper bound for fixed sampling period T > 0
will be an important issue to guarantee the performance of
systems under consideration. To implement the distant from
state feedback control, networked control technology was
provided to finish the goal in the recent years. Aperiodic
sampling concept in [20] is a more practical application, but
only pointwise sampling period can be guaranteed the perfor-
mance of systems under consideration. Since the congestion
for transmission in network or signal processing of sampler,
the actual information transmits to actuator will produce in
different sampling periods [19], [22], [23]. Hence interval
sampling period is more suitable for practical implementation
in sampled-data control systems than constant and pointwise
sampling periods [13], [14], [16]-[19], [22], [23], [25]. In this
paper, we propose a novel inequality and new Lyapunov-
Krasovskii functional to guarantee the mixed performance
and design the robust PDC state feedback sampled-data
control input with interval sampling period.

In the past, the Hy performance of systems under
consideration was used to minimize the effect of regulated
output with respect to disturbance input and guarantee that
the closed-loop system is stable [4], [7], [9], [12], [20], [21],
[25]-[27]. On the other hand, the H; performance of systems
was applied to minimize the dynamics with respect to initial
condition of system under consideration and zero distur-
bance. Hence the system with mixed performance has been
an interesting research topic in recent years [20], [26], [27].
In this paper, the mixed H»/Hy performance scheme is
proposed to minimize upper bound of H,, performance
with respect to H measure. Linear fractional perturbation
is a general presentation about systems with some uncertain
elements or nonlinearities [28], [29]. In this paper, we use
LMI optimization approach in [30] to guarantee the mixed
H>/H, performace and design the sampled-data PDC. The
main contributions of this paper can be highlighted as
follows:

« In this paper, the optimal H, performance for uncertain
T-S fuzzy system with interval time-varying delay and
linear fractional perturbations is achieved by sampled-
data PDC. The H, measure can be provided to guarantee
the upper bound in response for regulated output of
system under consideration.

o To overcome the difficulty about the multiplication and
combination of matrices, the full matrix formulation
approach is developed in this paper. With the proposed
approach, our results can be shown in LMI optimization
formulation which can be solved by LMI toolbox
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of Matlab directly. For more complex system under
consideration or other inequalities used, our developed
approach is also a good tool for further analysis.

e An upper bound about the sampling period can be
evaluated instead of pointwise values in our past
results [20]. Interval time-varying delay is considered
instead of constant delay in [20]-[22] for the uncertain
T-S fuzzy system under consideration. The proposed
LMI conditions are easier to solve than the proposed
ones in [20].

« To improve the conservativeness for proposed condi-
tions in time-varying delay, inequalities in Lemmas
1 and 2 are used simultaneously. Lyapunov-Krasovskii
functional including the term X T () PX (1) is proposed
to derive the LMI conditions in our main results. The
vector X (¢) includes possible information of system
under consideration to improve the conservativeness of
the proposed results. From the illustrated examples, the
better disturbance attenuation and more exact evaluation
on H, measure have been shown in our main results.

The remainder of this paper is organized as follows. The

problem formulation and main results are given in Section 2.
Section 3 provides some examples to illustrate the main
results. Finally, a conclusion is made in Section 4.

Notations: For a matrix A, we denote the transpose by A7,

symmetric positive (negative) definite by A > 0 (A < 0).
A < B means that matrix B — A is symmetric positive
semi-definite. Sym(X) = X + X', I and O denote the
identity matrix and zero matrix with appropriate dimension,

respectively, Eqi = [Opxi=1n I Opxg—im] € R,
i = 1,2,"'751’4 = 2537"'715$ LZ(O,OO) =
{w e R™ OOOWT Ow@)dt < oo},andm: {1,2,---,m}.

Il. PROBLEM FORMULATION AND MAIN RESULT
Consider the following T-S fuzzy system with interval time-
varying delay and sampled-data PDC:

Rule i:

If z; (z) is about M;; and - - - z, (¢) is about M;,, then

x(t) = Agi (1) x(t) + Ay (1) x (1 — h(t))

+ By () u(t) + By (1) w(t), t>0, (1a)
y () = Ayoi (1) x (1) + Ayii () x (t — h (1))

+ Byui (1) u (1) + Byi 1) w(t), >0, (1b)
x(@) =¢i(t)y, te[-hy,0],iefl,---,m}, (Ic)

where z (f) € R" is a premise variable, M;;, i € {1,--- ,m},
Je AL - rh Agi (1) = Aoi + AAgi (1), A1i (1) = A +
AAy; (1), Bui (1) = Bui + AByi (1), Byi (1) = Byi + ABy; (1),
Ayoi (1) = Ayoi + AAyoi (1), Ay1i (1) = Ayl + AAy (1),
Byui ) = Byui + AByui (), Bywi ) = Bywi + ABywz' ®,
x (t) € R"is state at time ¢, u (t) € PR’ is a control input,
w(t) € R is the disturbance input, y () € R7 is the regulated
output, A(¢) > 0 is an interval time-varying delay belonging
to 0 <hy, < h(t) < hy, h(t) < hp < 1, hy, hy, and
hp are some positive constants which can be estimated and
given in advance, and the initial vector ¢; € Cpy, where
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Cy is the set of continuous functions from [—hy,, 0] to R".
Matrices Ag;, A1; € R, B, € R'™*P, B,; € R Ayoi,
Ay € R, By, € RPP, and By, € R, i € m,
are constant matrices. AAg; (1), AAy; (1), ABy; (1), AB,,; (1),
AAyo; (), AAyy; (1), AByy; (t), and AB,,; (t),1 € m, are some
perturbed matrices and satisfy the following linear fractional
perturbation conditions:

[ AAgi (1) AAy; (1) ABy;i (1) ABy; (1) ]

= My - Ayi (1) - [Nin Nx1i Nyui wai] . (2a)
[AAin @) AAyli () AByui @) ABywi (t)]
= My; - Ay (t) - [ Nyoi Ny1i Nyui Nywi |, (2b)

~ 1—1 —~ T
Axi(t) =1 =Ty (@) Byl Txi (1), ExEy;<I, (20
-~ 1-1 R —

Ay () =[I =Ty () Ey] Ty, EuEj<I, (2d)
where My;, Mzi’ Nxoi, Nxtis Nxuis Nxwis Nin’ ]Vyli, Nyuia Nywis
Eyxi, and By, i € m, are some given constant matrices with
appropriate dimensions. I'y; (#) and I'y; (z), Vi € m, are
unknown matrices representing the parameter perturbations
which satisfy

Cu()! - Tu(t) <1,
Ty - Ty(t) <1,

Viem, t >0, (2e)
Viem, t >0. (2f)

If we use the standard fuzzy inference method [5], [6], the
system (2) is inferred as follows:

X =) viz®) Ao () x(t) + Ay () x (t — h (1))

i=1

+ Byi (D w(t) + Bui () u D}/ Y vi (2 (1))

i=1
=Y ni@®) (Ao () x (1) + A (O x (¢ —h ()
i=1
+ B,

i (W) + By (Du(t)), t>0, (32)

Y = D mi @) Ay (0% (O + A1 ()
i=1
X (t = () + Bywi 1) w (t) + Byui (1) u (1)},
t>0, (3b)

X0 =@ M=) n@) e, t€l~hy 0l (o

where v; (z(1)) = m]mQU (3 M), ni(z @) = viz(0)/

Y vi(z(0), Q4j(z (1)) is the grade of membership of
zj (t) in fuzzy set M;;. The term n; (z (7)) is denoted as the
ratio weight of each fuzzy rule. In this paper, we assume
vi(z(®) >0,ie{l,---,m},and > ;" v; (z()) > 0. Hence
ni(z(t)) > 0and Y 7" ni (z(r)) = 1, forall t > 0. The
sampled-data state feedback control input is selected as:

Rule i:

If z; (¢) is about M;; and - - -z, (¢) is about M;,, then

u(t) =—Kix (Tr), te€[Tx, Tiy1)- (4a)

In the practical condition, the state of the system will be
sampled by a sampler. The sampling instants may be defined
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by0 =Ty < T1 < Tp < ---. From the sampling instants,
the following time-varying function can be defined:

t()=t—T, te[Tk,Tiy1),

where the sampling period ©x = Tgy1 — T, o < ™ =

max,’fjgo Tk, T 1S a positive constant which can be estimated

and given in advance. In this paper, the sampling period i
is interval and defined less than 73 > 0. Then we have 0 <
T(t)<ty,t>0,and Ty =t — 1 (t),t € [Tk, Tg41).

The sampled-data control input can be inferred as
follows:

u(t) = —ZZI ni (z (@) -Kix (T)
= — Z:il ni(z@) Kix(t—1t(@), t=>0, (4b)

where K; € RP*", i € m, is the designed controller gain.
From (3) and (4b), we have

HOED DD M HCOPICH)
AAoi (1) x (1) + A1 (1) x (t — h(2)) + Byi (1) w (1)
—Bu(OKx(t—7 @)}, t>0, (5a)

OED BB HCOTNCH)

~Ay0i (1) (1) + Ayii (0 x (t = h (1))

+ Byi (0w (1) = By O Kjx (1 = T (@)}, (5b)
X)) =Y @) e (), 1€l—hy,0l.  (5¢)

The following lemmas will be used to derive the main results
in this paper.

Lemma 1 [20]: Let x (t) be a differentiable function:
[t —hy,t —h1] — R". For a matrix R > 0 and matrices
N1, Na, N3 € R¥" the following inequality holds:

t—h
—f T (s)Rx (s)ds < 87 (1) Q28 (1),
t—hy

where
STy =" —h) xT@t—h)

1 t—hy 2 t—hy K
- / xT (s)ds = / xT (u) duds),
hJi—n, h* Ji—ny Jiehy

h=hy—h >0,
Q=rh- |:N1R1N]T + %NzR"NZT + éN3R1N3Ti|
+ Sym(N1I11 + N2ITp + N3Il3),
Iy = E41 —Esp, Tlo=E41+E4p—2E3,
I3 = E41 — E42 — 6E43 4+ 6E4 4.
Lemma 2: For any matrices R > 0 and S, two nonnegative

real numbers h,, and hy with h,, < h@) < hy, a
differentiable vector function x (t) € R", and

R S
[* R:|>0’
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the following inequality is satisfied:

t—hy,
— (hy — hu) - i (s) Rx (s) ds
t—hy
x(t—h@®)—xt—hp) ] TR
x({t—hy) —x(t—=h(@)) *
x(t=h(@)—x—hy)
x (@t —hy) —x (@ —h()

< —

X
[

=Z](O0Z (1),
where
7 =[xTat—h@) xT@—hy xT@—huw],
—2R+S+ST R-S R-ST
Q) = * —R sT
* * —R

Proof: By Jensen inequality, we have
1~
— (hag — hy) - / %7 (s) Rx (s) ds
t—hy

t—h
= — (hy — hw) - |:/ () xT (s) Rx (s) ds
t

—hy
t—hy,

+ / xT (s) Rx (s)ds]
t—h(t)

(h (t) — hm) T
—[1+—(hM_h(t)):|[x(t—h(t))—x(t—hM)] R
X [x(t —h(t) —x(t—hy)]

(hy — h (1)) o T
_[1+—(h(z)—hm)}[x(t ) —x (t —h()]" R
X [x (t = hy) —x (t = h(@))]

x(t—h@)—x@t—m)] [R S
Tl x(=hy) —x(t—h@®) x R

IA

@ =h@) —x@ =)
| X (= ) = x (6 = R (1))

_ T
[ (h(t) — hm)
m(x(l—h(t)) —x(t — hy))

(hy — h (1))
_— m(x(t—hm)—x(t—h(t)))
'R S
x | * R
[ ) — )
) m(x(f—h(f))—x(f—hM))
(hy — h (1))
_— m(x(t—hm)—x(t—h(t)))

x(t—hy)—x({t—h()) * R
y [x(t—h(r))—x(t—hm}

- _[x(:—h(r))—x(t—hM)T[R S}

Xt —hy) —x (@ —h(@)
This completes the proof.

28112

Lemma 3 ([28], [29]): Suppose that Ay; (t) is defined in
(2a) and satisfying (2c), then for real matrices U;, W; and X;
with X; = XiT, the following statements are equivalent:

(I) The inequality is satisfied

X+ Ury W+ WAL Ul <0,
(II) There exists a scalar &; > 0, such that

X, ¢&-U; wrl

1

e .77
* gi-1 &8y

* * —gi-1

<0,

where the matrix By; is defined in (2c).
Definition 1: Consider the system (5) with (2) and the
sampled-data PDC in (4b). Assume
(i) Withw (t) = 0, the system (5) with (2) is asymptotically
stable by the sampled-data PDC in (4b).

(ii) With zero initial conditions (ie. ¢ (t) = 0,
—hpy <t <0), the signals w (t) and y (t) are bounded
by

J4 1
/lyT(t)y(t)dtfyz-/ wl (w @) dt, Yw #0,
0 0

for all positive constants €1 and y. If the parameter
L1 is selected as 0o, the disturbance input w should be
constrained in Ly (0, 00).

(iii) Under zero disturbance w(t) = 0, an upper bound
o > 0 can be found satsifying the following condition

%3
/ Y )y de <a,
0

for all positive constant £5.
Then we say that the system (5) with (2) is asymptotically
stabilizable by the sampled-data PDC in (4b) with K;, Hxo
performance y, and Hy measure o.

The delay-dependent LMI optimization results are devel-
oped to guarantee the asymptotic stability and mixed
performance by the design of sampled-data PDC in (4b).

Theorem 1: Suppose there exist some constants 1, such that
the following LMI optimization problem:

minimize y, (6a)
Rs 5§
subject to ~ > 0, (6b)
* Rs
Re S
|: A j| > 0, (6¢)
* Rg
My Wiy Wpa 0 Ui Wi Wi7]
* —1I 0 &i - My; 0 0 0
* x —gi-1 0 &+ By 0 0
\if,-j: * * x  —gi-1 0 &-8y 0
* * * * —g; -1 0 0
* * * * * —gi-1 0
| * * * * * * @’77_
<0, ieN,jeN, (6d)
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where

Wy =

= 1

~

Sym (Agi)Al + (7) 'E1T6’1 +E1T6’16) l,_\‘lij) + Ql
+§22+ fZ3,

= IQZTI;,', Wiz = - (71 -Efg | +E1T6,16) M.,
= [NXOtlA]T lel UT

00 — NXM,KOOOOOOOOON O]

[Nyoi U NyhUT

00 —NymK]OOOOOOOOONyWiO],

[«/ﬁm . ATNH \/Em . A{le «/Em . ATNIS

\/ZM . AgNzl \/EM . Agsz \/EM -A§N23

vhu —h,, A3TN31 vVhy —h, - A3TN32

Vi = hy - AS N33 Ty - AfNat /Ty - AJ N
VT {\1N43]A, o R R
diag[—Ry — 3R]y — 5R1 — R> — 3Ry — SR>

—IAQ3 — 31}3 — 5[?3 — R4 — 3R4 — 5&4],

3
ZSym(A{NliHiAl+Ag]AV2iH,'A2+A§1AV3iH,‘A3
i=1
+ AN, TTiA).

—2Rs + 8§ —i—SIT Rs — 8 Rs —SIT

Ag * — Rs SITA As
* * — Rs
—2R6 + Sg + S2 R() — Sz R@ — 52
+ A * — Rg §T Ag,
* * — R(,

Efs\QE161—(1 = hp) - E{s ,04E 165

—Efs 3(01 — 03)E 165 — El 4(02 + 03)E 6.4
—Els 605E166 — A - Ef 151615

—n - Sym (E1T6,10TE16,16)

_E1T6,16 [0 +0T —k] Eie,16,

=01+ 0>+ 04 + 05,
= hp - R + hy - Ry + (hyr — hy) - (R3 + Rs)

+ 7y - (R4 + Re),

=Es1 —Esp, Tla=Es1+Esp—2E3,
=FE41 —E4p —6E43 + 6FE4 4,

[Elo: hn-Elgs - Elgs G —hy) - Eleg
- Efg,o 0.5-hy-Elgy 05-hy - Efg
0.5 Uyt — ) - Elg 1305 - 73 - E 1

[E1T6,16 (E16,1 — E16,3)T (E16,1 — E16,4)T
(Ei6,3 — E16,4)T (Ei6,1 — E16,6)T
B - (E16,7 — E16,3)T hy - (Er6,8 — E16,4)T

(hvt — hy) - (E16,0 — E16,4)T

m - (Ei6,10 — E16,6)T]T7
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T T T
A =1[Els, Efs3 Els7 Ejsy I,
_ T T
Ax = [E161 Eig 4 E168 E]6]2 ] )
T T
Az = [E163 Ei6a Eiso E16 13 ] ’
T T
Ay = [E161 E16,6 El6 10 TEl6,l4 I
_ T T
As = [E162 Eiss Eiga ]T’
T T T
AA6 [E165 Eig1 E16,6 ] ’ .
Fij = [AuU" A0 0 0 —BuK;
O 0 00 0 0 0 0 0 By 0
[ = [A4y0:07 Ay;UT 00 — By,iK; 00000
0000 By, 0],
has a feasible solution with some constants y > 0, &; > 0,
i € N, a nonsingular matrix U € R, some positive
definite symmetric matrices P € RO, Q;, R; € ™,
i €3,j€ 6, and some matrices S1, S, € R", N € sRAnxn,
i € 4,j € 3. Then the system (5) with (2) is asymptot-
ically stabilizable by the sampled-data PDC in (4b) with
K; = K;U™T, Hy performance y = /7, and Hy measure
given by

0
a = X" (0) PX (0) +fh o" (5) Q19 (s)ds

—hm

0
+ f . o7 (5) Q29 (5) ds + / oT (5) Q3¢ (s)ds

_hM

0 0
+ / o7 (s) Qg (5) ds + / o7 (5) Qs (5) ds

—h, —Ty

OM 0
+ f / @7 (u) Ry ¢ (w)duds

/ f o7 (u) Rog (u)duds
hM

/ / (P (u) (R3 + Rs) ¢ (u)duds

+ / / ¢" (1) (Ry + Re)¢ (u)duds, (6e)

where

»
)))

P— 0D »0. D= diag[UUUUUUUUU],

u=0" 0=U0U >0, R=URU >0,
ies jeb6b,

0 0
X(0>=[¢T(0> / o7 (s)ds f o7 (s)ds
_hm

—hy

—hy, 0

/ o’ (s)ds / o7 (s)ds

/ / (u) duds

I hm

/ f o7 () duds / / o7 () duds
hy hy hy

/ / (pT (u) duds] .

—ty J—Ty
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Proof: Define the Lyapunov-Krasovskii functional

t
Vi) =X @©)PX @) +/ xT () Q1x (s) ds
t hm

t—hy,

t
+/ xT (s) Oox (S)ds+/
t—hy t—hy

0 t
X x (s)ds + / / T (u) Rix (w)duds
—hy Jt+s

0 t
+ / / %7 (u) Rox (u)duds
/’LM t+s

/ / i (u) (R3 + Rs) x (u)duds
t+s

X" (5) 03

+ / / T () (Ry + Re)x w)duds,  (7)
—Ty JI+S

where P, Q;, R;,i € 5, j € 6, are defined in (6¢), and

X (1)

t t l_hm
= [xT (1) / X! (s)ds / x! (s)ds f xr (s)ds
t—hy t—hy
t
/ xT (s)ds / / xT () duds
t—hy Jt—hy,
/ / x! (u) duds
t—hy
—hy ¢ s T
/ / X (u) duds / / x! (u) dudsi|
t—hy Jt—hy t—ty Jt—TYy

The time derivatives of V (x;) along the trajectories of system
(5) with (2) satisfy
V ()
=XT ) PX (1) +XT ) PX (1) +xT (1) Ox ()
—x"(t = ) (Q1 — Q3) x (t — )
—x" (t — ha) (Q2 + Q3)x (t — hir)
— (1= h(@®)x" (¢ = h(t)) Quax (t — h(1))
—x" (t— ) Osx (t — Tg) + &7 (1) R (1) — V (1)

l_hm t
— f i7 (s) Rsx (s)ds — / i7 (s) Rex (s) ds,
t =ty

—hy

(8a)
where
0=01+02+ 04+ 05,
R =hy - R +hM‘R2+(hM_hm)'(R3 + Rs)
+ v - (R4 + Re),

t t
V() = f 1T (s) Rix (s)ds + / iT (s) Rox (s) ds
t—hpy, t—h

M

t—hpy, t
+ / 17 (s) R3x (s) ds+ / %7 (s) Ryx (s) ds.
t t—1y

—hy

28114

Define

Y @) = [ @) T =) 27— hp) 5T (¢ = o)

t
L —t0)) xT @t — ) i/ xT (s)ds
hm t—hpy

t

1 T 1 =k
— x' (s)ds——— x' (s)ds
hM hM h hy

—/ X (s)ds h2 ft ft hy X T (u) duds

— / / x! (u) duds
t—hy Jt /’lM

_ / x! (u) duds
(hM—hm) t—hy Ji—h

t
iz / / X7 () duds wT (t) T (t)]T,
tM =ty JI—TY
T (1) = [Aoi (1) A1 (1) 00 — By, (1N K; 00

0000000 B, () 0],
Taij (1) = [Ay0i (1) Ay (t) 00 — By, (1) K;00
0000000 By, () 0,
we have
X () =AY (1),
X (1) =AY (1),
where A;, i € 2, are defined in (6¢). By Lemma 1 with V (¢)
in (8a), we have
vy =Yy o, (8b)
where
Q1 = hy - ATIIAL+ g - AT DA
+ (b — h) - AT B35 4+ - AT TAs + Q,
1 1
3 = NaR;'NT + IR, N+ SR} INE, iea4,
3
Q1 =) Sym(ATN ;TI;A; + A]NyTT; A,
i=1
+ AIN, T A3+ALN ,,TTiA),

Njj € Rnxn 4,j € 3, should be selected and A;, ITj,
i €4,je 3, are defined in (6¢). From Lemma 2, we have

t—hy, t
— / T () Rsx (s)ds + / i (s) Rex (s) ds
t t—ty

—hy

<¥YT )Y@, O

where
—2Rs+S1+ST Rs—S; Ry—S]
Q= Al * —Rs ST |As
* * —Rs
—2R6+52+Sg R — S» R5—SZT
+ AL * —Re sT As,
* * — Rg

VOLUME 10, 2022
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As and Ag are defined in (6¢). Then from system (5), we have

PP IEACOPACD)
[ o+ oY @) U or o+ 5 0)

+ )+ 5O U (=) + T3 () Y (z))] —0.
(8d)

By (8a)-(8d), we can obtain the following result with y = y?:

Van+y" 0y —y?-wh @w)
=D 2 M) ) YT O (Y @), (8e)

where

I (1) = ATPA| + AT PA+Q; + 0 + Q3
+ Sy (0 El 1 + Elg 1) UT15 )
+ T3, () Ty (1),
Q3 = Efg |QE61—(1 — hp) - E{s,04E 16
—Es5(01 — 03)E 163 — Elg 4(Q2 + 03)E 16,4
— Els 0sE166 — v* - Elg 15E16.15
—n-Sym <E1T6,1UE16,16)

—El16[U+UT —R] Es.16. (80

Define the following matrices:

.. T A... AT
() = [El’i(” FZE (,t)] = [A;"’ A_Z;] Ay (1)

S (1) = AYPAL + ATPA+Q) + Q) + 23

+Svm (0 Ef1 + Elg 1) UT15 00)

/_‘lij = AgPAl + A{PA2+91 + Qo + Q23
+ Sym <<77 . ElTﬁJ +E1T6’16) Uf‘w) s

A1 =[A0i A1 00 —B,; K;00
0000000 B,,; 0],

Az,‘j = [Ay(),' Ayli 00 — Bym' Kj 00
0000000 By, 0],

ET T .
Ayyij (1) = Sym (’7 Eie.1 +E16,16) UMy 0
0 My,

Axi (1) 0 .

X |: 0 Ay (1) Nyyij | »
Nxoi Nx1; 0 0 _quin
000000000 Ny, O
Nyoi Ny1; 0 0 — Ny, K; O
00000000 Ny, O

Nyyij =

(9a)

VOLUME 10, 2022

Then we can define the following enlarged matrices

Xy F2T,~j W3 0 Wisi  Wigj
x =1 0 &i - My, 0 0
vo—| * * —é&-l 0 & - By 0
v * * * —¢g -1 0 &i + Sy ’
* * * * —¢&i-1 0
* * * * * —¢& -1
(9b)
where

Wiz =g - (77 'Ef;),l +E17;3,16) UM,;,
\IJITSU = [ Nx0i Nx1i 00 — Nyt ;00000000 0Ny, 0],
Wi = [Nyoi Ny1i 00 = Nyyi K;00000 000 0Ny,; 0].

By the conditions in (6¢) and with the following results

U=diqgUUUUUUUUUUUUUUIU
11111,
O=U", U=diagUUUUUUUUU],

n 2-1 &a-T

P=U PU >0, S=U"'suT,
Oi=U"'qUu >0 R=U'RUT >0,
we have

-1 2-T
u v;u < 0.

This implies W;; < 0 in (9b). By Lemma 3 and Schur
complement of [22] with (9b), we have the following
conditions in (9a) and (8f), respectively:
() <0, I;@) <O.
With w () = 0 and from (8e) with IT;; () < 0, we have
V() <0, Vx(@)#0, forallr € [Ty, Txt1).

The system (5) with (2) is asymptotically stable by the
sampled-data PDC in (4b). From (8e) with IT;; (1) < 0 in
(8f), we can integrate the equation in (8¢) from 0 to £ > 0 to
yield

4
V<xe)—V(so>+/O y @)y (o) ar

14
_y2./ wl (yw(t)dr <0. (10)
0

With the zero initial condition (i.e. ¢ (¢) =0, —hy <t <0),
¢ = £, and (10), we have
Vip)=0, V (le) > 0.

From the above derivations, the following condition can be
guaranteed

l l
/lyT(t)y(t)dt§V2~/IWT(t)w(t)dt, Vw # 0,
0 0
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for all positive constants £1 and y. From the condition in (10)
with £ = ¢7 and w (t) = 0, we have

%)
V (xe,) =V (9) +/0 y () y (1) dr < 0.

From (6d) and (7) with V (x¢,) > 0 and, we have

4
/OzyT )y (t)dt <V (p) <a.

This completes the proof. 0

Remark 1: In this paper, the sampling period ©x, =
Tir1 — Tx < ) can be allowed in an interval. It is more
efficient than periodic sampling and easy to implement in
the real world. The delay 0 < h,, < h(t) < hy is also
assumed varying in a given interval. It is more practical than
constant delay. This term XT (t) PX (t) used in Lyapunov-
Krasovskii functional (7) will be a flexible choice. The
possible dynamics of system can be included into the time
derivative of the functional in (7). Since the high dimensional
matrix operations, a full matrix formulation approach is
developed to present the multiplication and combination of
matrices (Ejj). The inequalities in Lemmas 1 and 2 are
simultaneous applied in derivations for positive definitive
matrices Rz and Rs for interval time-varying delay h(t), R4
and Rg for sampling period ty, respectively. It is interesting
to note that the inequality in Lemma 1 is less conservative
than Wirtinger-based one [20]. The major advantage of
Lemma 2 is that the delayed state terms x (t — h(t)) and
x (t — t (t)) can be included into the derivation for the main
LMI conditions. More efficient results can be proposed for
interval time-varying delay and sampling period.

Remark 2: If the upper bound of variation of interval time-
varying hp is larger than 1 or unknown, the proposed results
in Theorem 1 of this paper are also valid by selecting the
matrix Q4 =0.

Remark 3: In our past results in [20], some given pointwise
sampling intervals will be proposed to improve the fixed
sampling. In this paper, the proposed approach will allow that
the sampling period belongs to an estimated interval [0, Tjr].
The interval time-varying delay is considered in this paper
instead of constant delay in [20]. It will be more practical
and flexible than the our published results in [20].

Remark 4: The larger values for sampling intervalty,
lower bound hy,, upper bound hyy , interval hyy —h,, of interval
time-varying delay are better to provide flexibility and less
conservativeness for our proposed results. The smaller value
for y will provide better at disturbance attenuation for system
under consideration.

Remark 5: In Theorem 1, we use LMI conditions in
(6a)-(6¢) to find the feasible solution for a known positive
parameter y = y?2. The Hy measure of the system under
consideration can be calculated from our proposed result in
(6d). Smaller values of y and o will imply better disturbance
attenuation and Hy measure, respectively.
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IIl. ILLUSTRATIVE EXAMPLES
This section includes three examples to demonstrate the
use and main contribution of the proposed results. Some
comparisons have been made in Examples 1-2. Example 3 is
a practical nonlinear system which has been designed by our
developed approach to achieve mixed performance for its
corresponding T-S fuzzy system. Some simulation diagrams
have been provided to show the efficiency of proposed results.
Example 1: Consider the T-S fuzzy system (5) with (2) and
the following parameters [20]:

2.1 0.1 -19 0
m=2 Am:[ 1 —2}’ Aozz[—o.z —1.1}’
—0.5 0.05 A, [045 0
—04 —045|"° 27| -055 —06|"

0.3 1
By =Bw2=|:0.1j|, BulzBu2:|:_0.2:|v

Ay =

Ayr =[1 0], Ap=[05 —06],
Ay =[-08 0.6], Aypp=[-02 1],
Byt = Bpo=—0.6, x@)=[1 —1]",
t €[—hy,0],
Byui = Myi = Myi = Nyji = Nxwi = Nxui = Nyji = Nywi
=EBy=8,=0 i=12 j=01 (11)

With the sampling interval 0 < t; < 0.25 = ©y, hy = 0,
hy = 2, and from the statements in Remark 5, LMI conditions
in (6b)-(6d) of Theorem I withn = 1 and y = 0.95 have a
feasible solution with

= [0.0016 — 0.0005],
K> = [0.0016 0.0001],
g [03441 0.1178

~10.1471 03352

Then the system (5) with (2) and (11) is asymptotically
stabilizable by the sampled-data PDC in (4b) with

K —IA(llA]_T =
K, = KU T

[0.006
= [0.0055

—0.0041],
—0.0022],

(12a)
(12b)

Hy performance y = 0.95, and Hy measure o = 258.3151.
In Theorem 1, we can minimize the disturbance attenuation to
y = 0.942 with o = 929.0876. Some comparisons are made
in Table 1 to show that the proposed results in this paper are
more flexible and practical than [20] and [21]. In [20], the
optimal results are y = 0.9504 and o = 16520.

Example 2: Consider the uncertain T-S fuzzy system (5)
with (2) and the following parameters:

1.1 0.1 12 0
Ao = [02 —1}’ Aoz—[—o.l —1.1]

—-0.9 0.05 -1 0.1
:| A12=|:_ ]

025 -1

[
o] saeffa) w-[h])

VOLUME 10, 2022



C.-H. Lien et al.: Robust Mixed Performance Control of Uncertain T-S Fuzzy Systems With Interval Time-Varying Delay

IEEE Access

TABLE 1. Some comparisons of the sampled-data T-S fuzzy time-delay
system (5) with (2) and (11).

Some comparisons about the sampled-data T-S fuzzy time-delay
system (5) with (2) and (11).

Sampling

Time delay H,, performance y

H, measure a

Results

h(t) period

Results of 7, =02
[21] Fixed
sampling

y = 1.0279

h(t) =2
Constant
delay

Theorem 1
of [20]

7, =02 y=4
7, = 0.25 a = 17793
for some i
Theorem 2 and j,
of [20] pointwise
sampling

Results of
Theorem 1
in this
paper

0<h()<2
h(t) unknown

0<t
<025 =1y

y =0.942
a = 929.0876

1
Bu2=|:0-1i|, Ay()lz[l 0], Ay02=[0.8 —0.1],

Ay =[—08 0.6], Ayp=[-02 1], By, =023,
0.01 O
Byywo = —0.5, My = [ 0 0 02i| , M, =0.01,
0.1 0 0 o0
Nx0i= [ 0 0}7 NX]IZ[O O-]il’
0
Nywi = Nywi = |:0] s
Nin = Nyli = [01 0] ’ Nywi = Nyui = 0,
Ey=8,=01 i=1,2,
x@)=[1 =1]", tel—hu,0]. (13)

With the sampling interval 0 < t; < 0.11 = 1y, hyy = 0,
hy = 0.2, LMI optimization problem in (6a)-(6d) of Theorem
1 with n = 1 has a feasible solution with

7 = 02674, K, =1[0.7259 0.7714]-1073,
. ~ [2.0829 0.3245
K> =[0.0009 0.001], U= [0.3471 0.1278] .

Then the system (5) with (2) and (13) is asymptotically
stabilizable by the sampled-data PDC in (4b) with

Ki = K0T =[-0.001 0.0088], (14a)
K, = K;U™T =[-0.0015 0.0121], (14b)

Hyo performance y = VA = 0.5171, and H> measure
o = 32.8703. Some comparisons are made in Table 2. In the
proposed approach in 20], the optimal results are y = 0.561
and o = 81.3265.

In the mixed performance of system under consideration,
smaller values of y and o will imply better attenuation on
disturbance and exact estimation on Hp measure, respec-
tively. From Tables 1-2, better attenuation effect of T-S fuzzy
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TABLE 2. Some comparisons of the sampled-data T-S fuzzy time-delay
system (5) with (2) and (13).

Some comparisons about the sampled-data T-S fuzzy time-delay
system (5) with (2) and (12).

Time delay Sampling

H,, performance
h(t) period P 4

H, measure a

Results

7, =0.1
7, =0.11
for some
iand,
pointwise
sampling

Theorem 1
of [20]

y=0.668
h(t) =0.2 a =1039.6
Constant
Theorem 2 delay

of [20]

¥=0.558
a = 132.5842

0 < h(t)
<0.2 0<1

Results of
Theorem 1
in this
paper

y = 05171

h(t) is time- <0.11 a = 32.8703

varying and =Ty
unknown

system with parameters in (11) or (13) can be achieved by our
proposed sampled-data PDC (4) with feedback gains (12) or
(14), respectively. The more exact estimation on Hy measure
can be gotten from our proposed approach in this paper. The
periodic and pointwise sampling period can be extended to
interval sampling one. Interval time-varying delay has been
investigated instead of constant delay.

Example 3: Consider a nonlinear mass-spring-damper
system [31]:

Ms(2) + g (s(r), 5(1)) +f (s(1)) + 1 (s(2)) w(t)
= @2 (s() u@),  (15)

where s(t) is the displacement, M is the mass, u is the input
force, w is the disturbance input, g (s, $), f (s), ¢1 (s), and
@2 (8) are nonlinear terms with respect to damper, spring, w,
and u, respectively.

By the same assumption in [31] with M = 1,
g (s(t), 5(t)) = —0.755(r), f (s) = 0.67s(1)> — 0.05s(z),
@1 (s()) = —0.5 — 0.1s(t)%, and @2 (s) = 1 — 0.1s(r)%.

Define x1 (t) = s(t), x2 (t) = 5(¢), nonlinear system (15) can
rewritten as

B0 =00, (16a)
X2 (1) = —0.67x7 (1) + 0.05x; () + 0.75x (1)
+ (0.5 +0.157 (z)) w (1)
+ (1 —0.1x? (t)) (), (16b)
y() = x2 () +0.5u(), (16¢)

where x (0) = [1 —1 ]T, lx1 ()] < 1.5, and |x; (t)| < 2.5.
Since the displacement variable s(t) can be measured easily,
we can choose the premise variable as z (t) = s(t) = x1 (t) €
R and represent the system (16) by the following T-S fuzzy
model with normalized membership function n1 (x1 (t)) =
1-x7 /(1.5 = 1—x} [2.25 and 13 (x; (1)) = 1—n1 (x1 (2)):
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Rule i:
If z (t) is about 0, then
x(t) = Ap1x(t) + Byu(t) + Byiw(t), t=0, (17a)
(@) = Ayo1x(t) + Byu(t), t>0. (17b)
If 7 (¢t) is about £ 1.5, then
x(t) = Appx(t) + Biou(t) + Byow(t), t >0, (17¢c)
() = Ayopx(t) + Bypu(t), t=>0, (17d)
where
A 0 1 0 1
=1 —0.67 x 02 +0.05 0.75 | — | 0.05 0.75 |
B i 0 1
271 -0.67 x (£1.5)2 +0.05 0.75
0 1
T | —1.4575 075 |°
0 0
Bu=11_o1x2|=|1|

i 0 0
Bu = 1—le(:|:15)2 0.775

Bui = 05+Ol><02:| [ ]

By =

05—|—le(:|:1 5)2] [0775}

Ayl = Ay = [0 1],
Byu1 = Byp = 0.5.

With the sampling interval 0 < t; < 0.16 = 1), LMI
conditions in (6a)-(6¢c) of Theorem 1 with n = 1 have a
feasible solution with

7 = 0.8482, K| =[—2.4332 5.4494],
0.7648

. . ~1.1738
Ky = [-2.4329 5.4493], U = [0.1328 }

2.137

Then the system (17) is asymptotically stabilizable by the
sampled-data PDC in (4b) with

Ky =K U =[06683 2.5085],
K, = KU T =[0.6686 2.5084],

(18a)
(18b)

Hyo performance y = VA = 0.921, and Hy measure
o = 8. With disturbancew (1) = 0.2¢~%'sin (20t) shown
in Figure 1, the output y(t) € R of nonlinear system
(16) without control input is shown in Figure 2. From the
simulation, the displacement overtakes the constraints in
system (16). The device of system will be destroyed in a
short time. By using the sampled-data PDC in (4b) with K;
and K> in (18), the output y(t) € ‘R and sampled-data
PDCu(t) = u(Ty) € R,Vt € [Ty, Tyy+1) with zero initial
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FIGURE 2. The output vector y (t) e 93 without control input.
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‘\\HH/,
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FIGURE 3. The output y (t) e 92 with zero initial state for the proposed
compensator.

state of nonlinear system (16) are shown in Figures 3 and 4,
respectively. From Figure 3, the Hy, performance y = 0.921
can be observed. Under the proposed compensator and initial
state, the output y (t) € R, state trajectories x (t) € R>, and
sampled-data control u(t) = u(Ty) € R, Vt € [Tk, Tks1)
with zero disturbance are shown in Figures 5-7, respectively.
From the simulation results, the proposed sampled-data PDC
in (4b) with (18) is effective for disturbance rejection and H;
measure.

In this simulation, the selection of fuzzy rule is setting on
center and boundary points of displacement variable s(t). The
number of fuzzy rule is 2. If we would like to make better
approximation for original nonlinear systemin (15)-(16). The
following T-S fuzzy model can be given by:

Rule i

If 7 (¢) is about 0, then

x(t) = Ao1x(t) + Byru(t) + Byiw(t),
(@) = Ayo1x(t) + Byau(), t=>0.

t>0, (19)
(19b)

VOLUME 10, 2022



C.-H. Lien et al.: Robust Mixed Performance Control of Uncertain T-S Fuzzy Systems With Interval Time-Varying Delay

IEEE Access

8l I 1
o 5

FIGURE 4. The sampled-data input u (7)) € % with zero initial state.

/‘
oWl

Kl
0 5 10 15
Time (seconds)

FIGURE 5. The output y (t) € 9% with zero disturbance for the proposed
sampled-data input.

—)
————— 2()

sl ! I
0 5 Time (seconds) 10 15

FIGURE 6. The state trajectories x (t) € R? with zero disturbance for the
proposed sampled-data input.

If z (¢) is about 1.5, then

x(t) = Apax(?) + Bipu(t) + Byow(t), t >0, (19¢)

y(@) = Ayox(t) + Byou(t), t=>0. (19d)
If 7 (¢) is about +0.75, then

x(t) = Ap3x(?) + Bigu(t) + Byaw(t), t >0, (19)

(1) = Ayo3x(t) + Byzu(r), >0, (191)

where Aoj, Byi, Byi, Ayoi» Ayuis i = 1, 2, are given in (17), and

A i 0 1
037 | —0.67 x (£0.75)* +0.05 0.75

[ o 1
~ | —0.326875 0.75 |

sl 0 B 0
BT 101 x (£0.7572 | T [ 0.94375 |
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1

FIGURE 7. The sampled-data input u (7)) € % with zero disturbance.

Ul(x1 (t))
2 (x:(6))
13 (x1(£))

Memership functions

1

- x1(6)
-1.5 -075 0 0.75 1.5

FIGURE 8. The corresponding membership functions for T-S fuzzy system.

B 0 B 0
W31 05401 x (£0.75% | ~ [ 0.55625 |

Ayoz = Ayor = [0 1],
Byus = By, = 0.5.

The normalized membership function of T-S fuzzy system in
(19) is illustrated in Figure 8. In general, larger number of
fuzzy rule will make more approximate to original nonlinear
system under consideration. But it may cause that LMI
optimization problem of design scheme for sampled-data
PDC is infeasible.

IV. CONCLUSION

In this paper, a sampled-data PDC has been proposed to
guarantee mixed H, /H o, performance of uncertain T-S fuzzy
systems with interval time-varying delay and linear fractional
perturbations. Full matrix formulation approach has been
investigated to improve the conservativeness of proposed
results. New inequality and Lyapunov-Krasovskii functional
have been developed to guarantee the efficiency of the
proposed results in this paper. Finally, some numerical
examples have been illustrated to show the main results.
In this paper, we consider interval time-varying delay and
interval sampling period instead of constant delay and
pointwise sampling period in [20], respectively. Furthermore,
some interesting research topics for T-S fuzzy systems
can be investigated, e.g., asynchronous non-PDC controller
and quantizer [32], [33], dissipativity and dissipative con-
trol [15], [16], event-triggered control [33], [34], finite-
time control [27]-[32], nonfragile control [14], passivity and
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passive control [25]. All these would constitute our future
research work.

REFERENCES

[1]
[2]
[3]

[4]

[5]

[6]

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

K. Gu, V. L. Kharitonov, and J. Chen, Stability of Time-Delay Systems.
Boston, MA, USA: Birkhauser, 2003.

J. K. Hale and S. M. V. Lunel, Introduction to Functional Differential
Equations. New York, NY, USA: Springer-Verlag, 1993.

V. B. Kolmanovskii and A. Myshkis, Introduction to the Theory
and Applications of Functional Differential Equations. Dordrecht, The
Netherlands: Kluwer, 1999.

C.-H. Lien, K.-W. Yu, L.-Y. Chung, and J.-D. Chen, “H performance
for uncertain discrete switched systems with interval time-varying delay
via switching signal design,” Appl. Math. Model., vol. 37, no. 4,
pp. 2484-2494, Feb. 2013.

T. Takagi and M. Sugeno, “Fuzzy identification of systems and its
applications to modeling and control,” IEEE Trans. Syst., Man, Cybern.,
vol. SMC-15, no. 1, pp. 116-132, Jan./Feb. 1985.

K. Tanaka and M. Sugeno, ‘“Stability analysis and design of fuzzy
control systems,” Fuzzy Sets Syst., vol. 45, no. 2, pp.135-156,
1992.

J. Dong and S. Wang, “Robust Hy-tracking control design for T-S fuzzy
systems with partly immeasurable premise variables,” J. Franklin Inst.,
vol. 354, no. 10, pp. 3919-3944, Jul. 2017.

Y.-Y. Cao and P. M.. Frank, “Analysis and synthesis of nonlinear time-delay
systems via fuzzy control approach,” IEEE Trans. Fuzzy Syst., vol. 8,no. 2,
pp. 200-211, Apr. 2000.

X. H. Chang, “Robust nonfragile Hy filtering of fuzzy systems with linear
fractional parametric uncertainties,” IEEE Trans. Fuzzy Syst., vol. 20,
pp. 1001-1011, 2012.

P. Chen, L. Y. Wen, and J. Q. Yang, “On delay-dependent robust stability
criteria for uncertain TS fuzzy systems with interval time-varying delay,”
Int. J. Fuzzy Syst., vol. 13, pp. 35—44, 2011.

R. Datta, R. Dey, and B. Bhattacharya, “Improved delay-range-dependent
stability condition for T-S fuzzy systems with variable delays using new
extended affine Wirtinger inequality,” Int. J. Fuzzy Syst., vol. 22, no. 3,
pp. 985-998, Apr. 2020.

X. F. Jiang and Q. L. Han, “Robust Hy, control for uncertain Takagi—
Sugeno fuzzy systems with interval time-varying delay,” IEEE Trans.
Fuzzy Syst., vol. 15, no. 2, pp. 321-331, Jan. 2007.

S. Kuppusamy and Y.-H. Joo, “Robust sampled-data fuzzy control for
nonlinear systems and its applications: Free-weight matrix method,” IEEE
Trans. Fuzzy Syst., vol. 27, pp. 2130-2139, 2019.

S. Kuppusamy and Y.-H. Joo, “Nonfragile retarded sampled-data switched
control of T-S fuzzy systems and its applications,” IEEE Trans. Fuzzy
Syst., vol. 28, pp. 2523-2532, 2020.

S. Luemsei and T. Botmart, “Improved extended dissipativity results for
T-S fuzzy generalized neural networks with mixed interval time-varying
delays,” IEEE Access, vol. 10, pp. 2480-2496, 2022.

H.-B. Zeng, K.-L. Teo, Y. He, and W. Wang, “Sampled-data based
dissipative control of T-S fuzzy systems,” Appl. Math. Model., vol. 65,
pp. 415-427, Feb. 2019.

H. Li, X. Jing, H.-K. Lam, and P. Shi, “Fuzzy sampled-data control for
uncertain vehicle suspension systems,” IEEE Trans. Cybern.,vol.44,no.7,
pp. 1111-1126, Jul. 2014.

R. Zhang, D. Zeng, J. H. Park, H.-K. Lam, and X. Xie, “Fuzzy sampled-
data control for synchronization of T-S fuzzy reaction—diffusion neural
networks with additive time-varying delays,” IEEE Trans. Cybern.,vol. 51,
no. 5, pp. 2384-2397, May 2021.

A. Hongsri, T. Botmart, W. Weera, and P. Junsawang, “New delay-
dependent synchronization criteria of complex dynamical networks
with time-varying coupling delay based on sampled-data control via
new integral inequality,” [EEE Access, vol. 9, pp.64958-64971,
2021.

C. H. Lien, Y. Y. Hou, K. W. Yu, and H. C. Chang, “Robust mixed
performance control of uncertain T-S fuzzy time-delay systems with
aperiodic sampled-data input,” Optim. Control Appl. Meth., vol. 42,
pp. 744-768, Oct. 2021.

C.-H. Lien, K.-W. Yu, C.-T. Huang, P-Y. Chou, L.-Y. Chung, and
J.-D. Chen, “Robust control for uncertain T-S fuzzy time-delay systems
with sampled-data input and nonlinear perturbations,” Nonlinear Anal.,
Hybrid Syst., vol. 4, no. 3, pp. 550-556, Aug. 2010.

28120

(22]

(23]

[24]

(25]

[26]

[27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

C. Hua, S. Wu, and X. Guan, *“Stabilization of T-S fuzzy system with time
delay under sampled-data control using a new looped-functional,” IEEE
Trans. Fuzzy Syst., vol. 28, pp. 400-407, 2020.

H. K. Lam and F. H. F. Leung, “Sampled-data fuzzy controller for time-
delay nonlinear system: LMI-based and fuzzy-model-based approaches,”
1IEEE Trans. Syst., Man, Cybern. B. Cybern., vol. 37, no. 3, pp. 617-629,
May 2007.

C.-H. Lien, J.-D. Chen, K.-W. Yu, and L.-Y. Chung, “Robust delay-
dependent control for uncertain switched time-delay systems via sampled-
data state feedback input,” Comput. Math. Appl., vol. 64, no. 5,
pp. 1187-1196, Sep. 2012.

T. Botmart, N. Yotha, P. Niamsup, W. Weera, and P. Junsawang, ‘“Mixed
Hoo/passive exponential function projective synchronization of delayed
neural networks with hybrid coupling based on pinning sampled-data
control,” Adv. Difference Equ., vol. 383, pp. 1-26, May 2019.

H. R. Karimi and H. Gao, “Mixed H2/Hy output-feedback control of
second-order neutral systems with time-varying state and input delays,”
ISA Trans., vol. 47, pp. 311-324, Dec. 2008.

C. Phanlert, T. Botmart, W. Weera, and P. Junsawang, “Finite-time
mixed Hoo/passivity for neural network with mixed interval time-varying
delays using the multiple integral Lyapunov—Krasovskii functional,” IEEE
Access, vol. 9, pp. 89461-89475, 2021.

T. Li, L. Guo, and C. Sun, “Robust stability for neural networks with
time-varying delays and linear fractional uncertainties,” Neurocomputing,
vol. 71, pp. 421-427, Oct. 2007.

J. Yang, W. Luo, G. Li, and S. Zhong, “Reliable guaranteed cost control
for uncertain fuzzy neutral systems,”” Nonlinear Anal., Hybrid Syst., vol. 4,
no. 4, pp. 644-658, Nov. 2010.

S. P. Boyd, E. Ghaoui, E. Feron, and V. Balakrishnan, Linear Matrix
Inequality in System and Control Theory. Philadelphia, PA, USA: SIAM,
1994.

C. Peng, M. Yang, J. Zhang, M. Fei, and S. Hu, ‘“Network-
based Hy control for T-S fuzzy systems with an adaptive event-
triggered communication scheme,” Fuzzy Sets Syst., vol. 329, pp. 61-76,
Dec. 2017.

X.Song, M. Wang, C. K. Ahn, and S. Song, ““Finite-time Hu, asynchronous
control for nonlinear Markov jump distributed parameter systems via
quantized fuzzy output-feedback approach,” IEEE Trans. Cybern., vol. 50,
pp. 4098-4109, 2020.

X. Song, M. Wang, B. Zhang, and S. Song, “Event-triggered reli-
able Huo fuzzy filtering for nonlinear parabolic PDE systems with
Markovian jumping sensor faults,” Inf Sci, vol. 510, pp.50-69,
May 2020.

S. Shi, Z. Fei, H. R. Karimi, and H. K. Lam, “Event-triggered control
for switched T-S fuzzy systems with general asynchronism,” IEEE Trans.
Fuzzy Syst., vol. 30, pp. 27-38, 2022.

CHANG-HUA LIEN was born in Yunlin, Taiwan,
in 1969. He received the B.S. degree from the
National Taiwan Ocean University, in 1993,
and the Ph.D. degree from the National Sun
Yat-sen University, in 1998. From 2000 to 2001,
he was with the Department of Electrical
Engineering, Tung-Fang Institute of Technology.
From 2001 to 2006, he was with I-Shou
University. In 2006, he joined the Department of
Marine Engineering, National Kaohsiung Marine

University, Taiwan, where he is currently a Full Professor and the Dean
of the Maritime College, National Kaohsiung University of Science and
Technology. His main research interests include fuzzy control theory, neural
networks, robust control, and time-delay systems.

VOLUME 10, 2022



C.-H. Lien et al.: Robust Mixed Performance Control of Uncertain T-S Fuzzy Systems With Interval Time-Varying Delay

IEEE Access

HAO-CHIN CHANG was born in Kaohsiung,
Taiwan, in 1987. He received the B.Sc. and
M.Sc. degrees in marine engineering from the
National Kaohsiung Marine University, Taiwan, in
2009 and 2011, respectively, and the Ph.D. degree
from the Institute of Engineering Science and
Technology, National Kaohsiung First University
of Science and Technology, Taiwan, in 2015. His
research interests include artificial intelligence
and applications of multi-objective optimization
genetic algorithms.

KER-WEI YU was born in Pingtung, Taiwan,
in 1965. He received the M.S. degree in marine
engineering from the National Taiwan Ocean
University, Keelung, Taiwan, in 1991, and the
Ph.D. degree in electrical engineering from the
National Sun Yat-sen University, Kaohsiung, Tai-
wan, in 1999. Since August 2000, he has been
with the National Kaohsiung Marine University,
Kaohsiung, where he is currently a Full Professor
with the Department of Marine Engineering and

the Vice President of the National Kaohsiung University of Science and
Technology. His current research interests include fuzzy systems, neural
networks, intelligent control, and ship manoeuvring control. He won
the Under-Water Technical Award in 2005 from the Chinese Ocean &
Underwater Technology Association.

VOLUME 10, 2022

HUNG-CHIH LI received the B.S. degree in
applied physics from the Chung Cheng Insti-
tute of Technology, National Defense University,
Taoyuan, Taiwan, in 1988, and the M.S. degree
in business administration from I-Shou University,
Kaohsiung, Taiwan, in 2005. He is currently
pursuing the Ph.D. degree with the Ph.D. Program
of Maritime Science and Technology, National
Kaohsiung University of Science and Technology,
Kaohsiung. His main research interests include

system control and application, green energy, fuzzy theory, and thermal flow.

YI-YOU HOU received the Ph.D. degree from
the Department of Engineering Science, National
Cheng Kung University, Taiwan, in 2008. He is
currently an Associate Professor with the Depart-
ment of Intelligent Commerce, National Kaoh-
siung University of Science and Technology,
Taiwan. His main research interest includes system
control and application.

28121



