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Abstract This article addresses the study of a photovoltaic
system for type-2 interval fuzzy models via event-triggered
control (ETC). Compared to similar works initiated in the
references, the necessary part of modeling the ETC for the
photovoltaic system (27") is to produce the maximum
path which should be followed to guarantee the most
extreme power activity. The system models are expected to
depend on uncertain parameters, which are mostly expe-
rienced in the real dynamical system. To describe the 227~
system with event-triggered communication delay, the
behavior of a nonlinear system can be addressed by using
the interval type-2 (IT2) Takagi—Sugeno (T-S) fuzzy rules
with lower and upper membership functions. In this regard,
we construct the suitable Lyapunov— Krasovskii functional
(LKF) and integral inequalities to achieve the stability
conditions and expand the maximum sampling period of
the closed-loop system. The main purpose of this study is
to design the event-triggered mechanism such that the
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resulting closed-loop system is asymptotically stable and to
reduce the communication burdens of the 277" system. For
this, a sufficient condition is derived for the proposed
system in the form of linear matrix inequalities (LMIs).
Finally, simulation results are given to demonstrate the
suitability and merits of the newly suggested techniques.

Keywords Event-triggered control - Lyapunov—Krasovskii
functional - Linear matrix inequality - Photovoltaic system

1 Introduction

The world’s energy requests and needs are continuously
increasing, and tremendous examination has been con-
ducted and exploited to create and use sustainable power,
which has the necessity of being adaptable, reliable, and
non-polluting. The imperative force is to utilize an
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economical and effective source of energy to minimize fuel
supply issues to ensure our current environment [1-3].
There are 789 million people around the globe without
access to electricity, according to the United Nations report
published in 2018. To provide energy access to all, the
United Nations has set an ambitious goal of providing
affordable, reliable, and sustainable energy access to all by
2030 as part of the 17 sustainable development goals [4].
The transition to renewable energy is already occurring
with the addition of a global capacity of 200 GW occurring
in 2019 [5]. The share of renewable energy sources in
energy generation has increased significantly in recent
years, as several governments consider this a genuine effort
to reduce emissions. Among the renewable energy sources
(sun-based, wind, and geothermal, and so on), the solar-
based photovoltaic (#?7") energy was generally used in
numerous usages [6-9] because of its benefits-direct elec-
tric power form, ease of service, etc. Likewise, an enor-
mous financial benefit and the incredible development of
traction execution can be gained if 27 is carried out
throughout the control. When extracting electrical force,
numerous productive attempts are generally known, along
with maximum power point (MPP) tracking methods, for
instance, perturb, observe technique [10, 11], etc. Authors
in [12] investigated the problem of photovoltaic grid-con-
nected power systems via type-2 fuzzy model in terms of
adaptive event-triggered saturation control. Identification
of the optimal operating point of 27" system via NN for
real-time MPP tracking control has been studied in [13]. In
particular, an interesting stability analysis of power sys-
tems with the penetration of 27 -based generation has
been examined in [14]. Consequently, the achievement of
the 2" system from various appearances has been studied
in [12—-14], in particular, an event-triggered control (ETC)
the scheme was attracted recently. However, there are only
a few examinations considering the stability analysis of the
Py system, see [1] and [12, 14].

In addition, Takagi—Sugeno (T-S) fuzzy model has
brought a lot of research attention in the course of recent
years since they have been perceived as the most well-
known and fruitful way to deal with nonlinear dynamical
systems. The main property of the T-S fuzzy model is that
the general dynamics of the smooth nonlinear system can
be portrayed as simple linear subsystems using member-
ship functions. Due to this reality, many impressive results
on nonlinear systems have been developed using the T-S
fuzzy model approach [15-18]. Different from them, the
interval type-2 Takagi—Sugeno (IT2 T-S) fuzzy system can
be used to express uncertain nonlinear systems through the
convex simulation of linear systems. Traditional type-1
fuzzy systems are based on type-1 fuzzy set theory, which
can settle nonlinearities very well. However, it is not par-
ticularly suitable to solve the system uncertainties which
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widely exist in the practical systems [19]. Compared with
type-1 fuzzy systems, the membership functions of IT2
fuzzy systems are dynamic and can be adjusted online
[20, 21]. Thus, the IT2 fuzzy systems are much more
suitable to solve the problem of the uncertain systems than
the type-1 fuzzy systems. Therefore, it has found extensive
applications in several fields in recent years [20-22].
Recently, the researchers from the control community have
lost sight of the type-2 fuzzy area and a fruitful result have
been developed. The authors of [23] investigated the
observer-based fuzzy ETC for IT2 fuzzy systems. The
problem of the IT2 fuzzy system with the sampled data
controller (SDC) has been discussed in [24]. Recently, Ref.
[17] examined the finite-time extended dissipativity control
for IT2 fuzzy systems with resilient memory SDC. Fur-
thermore, most of the literature works based on 27" sys-
tem have been concentrated on type-1 T-S fuzzy schemes,
and the study of ETC has not been included in those
results. As a result, the 27" system with ETC is significant
from a theoretical perspective and has extraordinary prac-
tical applications. Along these lines, it is of useful signif-
icance to analyze the execution activity and stability
analysis of systems with uncertain parameters [25]. To
address the problem, various investigations have been
conducted with respect to the stability issues of time-
varying delays in the models of the nonlinear system [26]
and [27]. In [21, 23, 24], the IT2 fuzzy methodologies have
been proposed, where the uncertainty information and ETC
mechanism of the considered system have not been pre-
sented in the references. To develop the stability exami-
nation of the communication delay, various strategies have
been considered in the published works, for instance, the
free weight matrix technique, limited Bessel-Legendre
inequality approaches, etc.

Since the ETC transmits feedback signals only when the
current signal satisfies the present criterion, this has the
advantages of less energy consumption, and fewer tasks
being executed. Compared with the traditional time-trig-
gered mechanism, the event-triggered mechanism performs
tasks only when the system’s state exceeds the given
threshold condition. Therefore, the ETC has attracted more
attention and achieved great progress in recent years.
Moreover, ETC, primarily composed of an event generator
and a feedback controller, has been widely considered
because it can guarantee system behavior and minimize the
number of transmitted packets [22, 28, 29]. ETC has many
benefits to minimizing data transmission, and network
pressure, and saving limited network bandwidth [30-32].
Authors in [33], studied H,, fuzzy state-feedback control
synthesis for 27" systems. In [34], we investigated the
MPP tracking controller for 27" systems using fuzzy
models. Recently, observer-based event-triggered stabi-
lization (ET) for IT2 fuzzy systems has been examined in
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[31]. In view of MPP tracking techniques, the authors of
[35] employed the sliding mode control strategy to address
the problem for grid-connected 27" systems. In contrast to
existing controller methods in the literature based on the
2PY" system, how our proposed ETC reduces the commu-
nication load without performance degradation compared
to conventional controllers. In this manner, we propose the
combination of a DC/DC Boost converter and ETC
mechanism to regulate the power output by controlling
state and state-derivative variables of the 2v~ system.
However, a photovoltaic system for type-2 interval fuzzy
models with ETC has not been well addressed yet, which is
the main motivation of this paper.

With reference to the above discussion, we endeavor to
investigate the ETC for 27" systems with the IT2 fuzzy
model in this paper. By employing the matrix inequality
approaches, adequate conditions are verified to ensure the
robust asymptotic stability conditions and the desired
controller gains are given in reference to linear matrix
inequalities (LMIs). The main contributions are listed as
follows:

(i) An ETC is proposed in the IT2 fuzzy model with
simple rules and is used to describe the dynamical
behaviors of the 27 system.

(ii) To ensure the robust asymptotically stable condi-
tions of the proposed 27" system under the new
LKF with some novel integral inequalities and the
LMI method.

(iii) The desired robust ETC gain matrices for the
considered system can be determined with the
suggested LMI condition using the MATLAB
toolbox.

(iv) The adequacy of the suggested approaches is
demonstrated by numerical examples with some
simulation in the end.

Notations for a matrix S, S~! indicates the inverse and ST
represents the transpose, R” and R™" denote the m-di-
mensional Euclidean space and the set of the real matrix
n x m, respectively. For % is a positive (negative) definite
matrix, such that % > 0, (% <0), I, stands for identity
matrix of dimension n, mathematical expectation E{-}
denotes the stochastic process, * in a symmetric matrix
indicates the entry means symmetry, Sym{X} = X + XT,
and N represents the set of positive integers.

2 Problem Formation and Preliminaries
2.1 Modeling of Photo-voltaic (#7") Current

Considered the 27" output current is given as follows:

w(Vpy + Myipy) | |
KJE

1y = Valuk — Valy (eXp [

Vo +lpr My
M ’

(1)

where I; and I, denote the light-generated current and the
cell saturation of the dark current, respectively. V», and
19y are the 27" output voltage and current of 27,
respectively. M, and M,; are the cell series and shunt
resistances, respectively. w, K, .7 ,v, and E are denoted as
electron charge, Boltzmann constant, cell temperature,
number of parallel solar cells, and ideal factor, respec-
tively. Figure 1 illustrates the structure of the basic solar
energy conversation system. The light-generated current
relies upon solar irradiation and cell temperature with the
accompanying expression as

Li = QL + Ki(T — 7)), (2)
where I;f denotes the cell short-circuit current. Ky, 7 ¢ and
QO noted as cell short-circuit current temperature coeffi-
cient, cell reference temperature, and solar irradiation in
kW/m2, respectively. In addition, the saturation current
depends on the cell temperature defined as follows:

TN\ wE 11
I”_I“‘<E) eXp{KE (TS—,/FH’ (3)

where Z,, is the band-gap energy of the semiconductor used

in the cell and I;n is the reverse saturation current and can
be defined by:

. Ly
Irn - wVif . (4)
eXp |:v,7K7(:Mj| -1

Here, Vo represents the open-circuit voltage.
2.2 Boost Converter Model

The DC/DC boost converter dynamic behavior can be
characterized as follows:

. My 1 74
by =-——g e +%“st/%‘ _E(VO‘i‘Vd — M,1y),
(VJ}“/ =—=ly +Tl;”]”f/‘a

1 Ci

(5)

where 1, So, Vo, and % are the boost self-inductance
current, output load current, output load voltage, and control
input corresponding to the duty cycle. C1,Co, & My, My, vq
are the input capacitor, output capacitor, boost inductance,
self-inductance resistance, and resistance characterized by
loss in the MOSFET state and forward voltage drop of the
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Fig. 1 Solar energy conversion system

diode, respectively. Utilizing (5) and including the new state 0(t) = Zio(t) + Bu(t), (i=1,2,...,Q) (8)

variable, for example 1 = uyy-, the system 27" can be
explained by the following nonlinear model:

a(r) = g(e(1)) + Bu(t), (6)
where
M 1 @
- g,f e+ oy —é("f/‘o +va — Matg)uzpy
sle(n) = _L ;
¢
0
ly 1 0
o= |Vopr |, #= CTILW”
Upy 0

2.3 Interval Type-2 Fuzzy System of the Photo-voltaic
Model

In order to formulate the event-triggered controller, the
27" nonlinear (6) can be written as by using the output
load voltage ¥y and the boost inductance current 1.:

0(t) = (1,7 0)e(t) + Bu(r), (7)
where
M1 YoMy .
Y & < 1
A1y, 770) = ,L 0 0 , A= CT]
C 0
0 0 0

Defining 14,7 ¢ bounded as a <1y <f and y <7 <9.
Now, the nonlinear system can be stated with respect to
linear subsystems according to T-S fuzzy IF-THEN rules
is as follows.

Rule i: IF hi(¢(t)) is G} and - - - and h,(0()) is G.
THEN

@ Springer

with h(g(7)) = [h1(0(?)), - - ., h-(0(?))] denotes the variable
in the premises and Gi(i=1,...,Q;j=1,...,r) repre-
sents the IT2 fuzzy set for ith rule and Q indicate the
number of fuzzy rules. The firing the interval of the ith rule
is represented as

Q Q
Xi(e(0) = | T z6,(e(0). [Tz (nte))|.

= [Z;(e(), Zi(e(®)], i=12,...,Q,
where  0<16(hi(e(r))) <1 and  0<7g(h(e(r)) <1
denote the lower and upper membership functions.
Zi(o(r)) and Zi(e(1))(0<Z;(0(1)) < Zi(o(r)) are the

lower and upper grades of the membership function. The
inferred IT2 T-S fuzzy model is described by

©)

(10)

where Z;(0(1)) = 4((0))Z:(e(r)) + Zi(e(1)) Zi(o(r)), in
(

which Z;Q: L Zi(o(t)) = 1. The weight coefficient function
satisfies  4;((1)) + Zi(e(1)) = 1, 4(e(1)) € [0,1], Ai(e(7))
€ [0,1].

2.4 Event-Triggered Scheme

Throughout this work, we choose the system (10) that is
controlled through the network. Now, inspired by [32], the
following event-triggered mechanism is introduced. Sup-
pose the current release time is I, the sampled state is
denoted as ¢(ly) and the current sampled state can be noted
as 9(lsa +yd) with d >0 being a constant fulfills the
subsequent event-triggered conditions
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(o(la + yd), 0(la)) = [o(lsa + 3d) — e(lsa)]" O
lo(lsa + 3d) — o(lsa)] — 70" (1sa) @20 (lsa) > O,

(11)

7€ N.

Moreover, the data transmitted between [; and [, satisfy
(e(lsa + 1d), 0(la)) <0, (12)
where @, > 0 and @, > 0 are symmetric matrices, and

bt = I+ min{gl(e(ka + ), (1)} (13)

Here, we choose two more consecutive event instants t = g4
and ¢t = [, 1d to demonstrate the execution mechanism of the
event triggered. Att = [,d, the sensor send the information to
state o(/;d) to the controller. Meanwhile, the sensor deter-
mines the event condition (11) in periodic time instant ¢ =
I,d + jd(y € N) with respect to the information on the real-
time state information ¢(l,d + jd) and the last transmitted
o(l;d). When the condition (11) is identified, the sensor
allows new data g(/,d + 3d) to be sent to the controller and
causes a new instant of events t = [;,1d = [;d + jd. There-
fore, the release instants sequence of sensor can be expressed
as {t = lid|s € N}. It is supposed that without data dropout,
the sampled-data transmission happens, but transmission
delays cannot be ignored. Moreover, the delay
n, <n(t;) <#n, indicates the sth sample state released
transmission between the event-triggered scheme and the
zero-order hold (ZOH). Taking into the account of network-
induced delay, the following IT2 T-S fuzzy controller is
designed for the system (10), where its jth rule is given as
follows. Rule j: TF hy(o(t)) is G, and - - - and h,(o(r)) is G/
THEN

u(t) = KjQ(lsd)vt S [lsd + iR lyp1d + 7]15+])a (14)

where [; are the control gain matrices and will be calcu-
lated later. The network-induced delay is indicated as
M. € [n1,12),s € N. From the general discussion, the sys-
tem (10) converts in terms of the time-delay model. First,
we divide the time interval as [l;+n,, L1 + 1) into
I 1 — [y consecutive subintervals.

(lsd +ny, lird +my,,,)

I
= Jld +vd + ., id + (v +
v=0

1)d + nlx+v+l)a

where 7, ., denoted as scalar. When v =0,7%, ,, =7, and
v=1,4,, =mn, . With the information on the member-
ship function, the following fuzzy IT2 T-S ETC is defined as

Q

Z +%( (lsd)))KjQ(lsd)v
with

Z(o(ld))
I o(ld)) = ? — >0,
L) =0 o)) + Toela) -
7 (olsd)) = Z;e(d)) >0
Z |(Z(o(ld)) + Z(o(Lsd)))

and fulfill the following property ngzl(zjl (o(lsd)) Jr?]l
(o(l,d))) = 1. In view of average normalized membership
grades of the lower and upper membership functions, the
suggested IT2 fuzzy controller is designed, say, the nor-
malized central (NC) fuzzy controller scheme. Define
piecewise #(r) := 1 — Iy and e(t) := o(I;d) —o(l;d + vd),
we get 17, <#(t) <n,. Then, the entire IT2 T-S fuzzy ETC is

u(t) =>_ &} o(ld)I;(o(t —

=

n(t)) — e(1)), (15)

where 52”( (Id) = (Z’( (1 d))—!—?;(g(lsd))). Finally,

ETC 27" system can be stated in the subsequent form:

Q Q.
0 =>_ Zile() Y 2} (o(ld)(Lio(t)
i—1 =1 (16)
+ il (e(t — (1)) —e(1))),
Remark 2.1 As a result of the earlier discussion, the 27~

system (10) is transformed into a time-delay modeled
system in view of networked induced delay. From (11) and
the analysis of #(¢) and e(¢), we defined as follows:
e (1)0ye(t) <xcifo(r — n(1) — ()]
Oso(r —n(r)) —e(n)], x1 €[0,1)].
(17)

As indicated by the state conditions characterized in (16),
the 27" system with IT2 fuzzy models with parameter
uncertainties can be defined as

Q
=) Zi(o( o(lyd) (A

; ; i0(1) (18)
n(1)) —e(1))),

where &A/,- =i+ Ao/; and 9:33 =B+ A%;. A<f; and
AZ; are noted as adjustable matrices

A&f,’ = [Ei”:(t)\/li; A%, = [E,'[F([)\/Z[,

+ B (0t —

@ Springer
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where [E,Vy, and V, are known mafrices with Lemma 2.3 [26] For any matrices Z',% and symmetric
b 9

adjustable dimensions, F(z) is unknown real time-varying
matrices satisfies F' (¢)F(¢) < I, where all the elements [F(z)
are Lebesgue measurable. The objective of this study is to
develop a robust asymptotically stable criterion for the
proposed ETC 27" system (18). As a result, the block
diagram of the proposed IT2 fuzzy design-based ETC 27~
system is shown in Fig. 2. To this end, we initiate the
subsequent definition and lemmas.

Lemma 2.2 [27] For a differentiable function r : [0, f] —
R", a positive integer k € N, m € Z>o, a matrix R €
R™" > 0, a vector 5 € R, and adjustable matrices N, €

matrices 91 > 0, >0, and W > 0, then the following
condition holds for the function p(t) in [, f]:

B
[ i omisas

[(aﬁ)y 0]

>g"

@W + Sym(#[I —2I])

where ¢ is any vector and ¢, =

lﬂ) ff p"(s)ds]", o = [oT a}]".

Lemma 2.4 [25] Let Y, # and J(t) be the matrices of

REmm (5 = + 1). Then inequality becomes a given. ] ) i T
1 adjustable dimensions, and J(t) satisfying J* (t)J (t) <1, the
B m+ _ . . . A
_ / AT (s)R¥(s)ds < 2ﬁ Oi FNRIN: subsequent inequality being true for any constant ¢ > 0:
e = 2 19 vy + AT DY <exY" + A
where . ] T
Lemma 2.5 [25] For matrices # >0, X' = X and any
r(B) — r(a), i =0; scalar p. Then the following condition is true:
. i . j! _
i) =4 1) = (=1'r) = 30 L o) ~XR™'X = p*% — 2pX.
(o, B),i €N,
/ / / P(Sp1)dSmy1 - -dsy,  So = % Remark 2.6 Let the differentiable function

o ()17

@ Springer

F: {&,ﬁ} — R", a positive integer k € N, a matrix

R € R™", any vector ¢ € R, and adjustable matrices
N, € R*" (s = p, q), the following conditions are true:



R. Vadivel et al.: Stabilization of Photovoltaic Systems with Fuzzy Event-Triggered Communication

B
_ / ;T(S>Rf(s)dsgéT[(B—&)(NPR‘IN,T
. (21)

1
+3N4R1N}) + Sym(N,E, +NqEz)} g,

where

Er&=r(f) —r(

IS
=

=
[\v]
Y

I

i

—
>

S—

+

=)
—

K
N—

|
>
[\
N
=

=)
—~L

[
N—

o

[

3 Main Results

In this part, we aim to determine the ETC law such that the
Py system (18) guarantees the robust asymptotically
stable. In this manner, a suitable LKF, and by using
inequality techniques a criterion that stabilizes the con-
sidered IT2 T-S fuzzy 27" system (18).

Theorem 3.1 For given control gain matrices K;, and
positive scalars Wy, 1y, A1, 22, K1, the described P~ system
(18) is robust asymptotically stable, if there exist common
matrices PecR"™" >0 Q >0, @ >0, G, >0,
G, >0, S, >0 G3>0, ¥ ecRM™" Ic

R e R o € R* 2 Y, T, and any matrix
N, € R M, € R™", @1, @y, h=1,2, and n(t) €
{n1,ny} satisfying the following LMIs:

-l[j W 'P13 W14 SlﬁT All_
1
x*  ——G3 0 0 0 0
b3
D= | * * -Gy 0 0 0 | <o,
* * * — 1262 0 0
* * * * -S; 0
L * * * * * Ay |
(22a)
lP W '1/13 l1’14 §1f‘—1r /:111
1
x*  —— 03 0 0 0 0
~ M
Dy = | * * -Gy 0 0 0 | <o,
* * * — 11262 0 0
* * * * -S; 0
L * * * * * ;122_
(22b)
where

Ay = [8) 8, 83 84 85 86 7], A1 = [8) Srhards 8y 85 86 &),
3 = [(n, —n()My 000], 85 =[(n, —n(t))M2 000,

7 times 7 times
82 = [(n(t) = )Ny 000],8; = [,G5I'7 000

7 times 7 times
3 =[(n(t) —m)N> 000],8, =Tq, 85 =AuT],

7 times
=V, 8=V, Pis=mGI], Wu=n,GI]

Ay = diag{—1,G3 — Gy —3Gy — I — iyl — ol
—lol}, ¥ = [Sym(wlTPcoz) +¢1Qic — Qg

+ <1025, — <} Qacy — s (Sym(NI By + NE2)

2
T
+ Sym(MIl[E3 + M2|E4)> + YT,I V4! Y]}] — Z [(Cl — CZ)T

Si(er — ) +2[TY + I Tller — cul +riles — c1]" @2
G-al-c1@ic, o=l ci—c g —al
P = [QlT ngg (n(r) — nl);}f (1, — W(I))g]T
¢ = Aic) + BiKjcs — BilKjey, W=[YT00TT 00 0",

4 times

)

)

I =[0 #iK;000 ~#K]", np=m—n,

4 times
ny(t) =my — (1), E1 = ¢ — 3,

G3 — G4y [E4 =¢34+ —2¢,
1=1,2,...,8.

(1) =n(t) —m,
Er=¢+¢3—2¢, b=
¢ = [Onx(l—l)n I, On><(8—l)n}:

Proof We choose the following LKF candidate as follows:
3

V(t) =Y V(1) (23)
I=1

where

t

_ =y
O =00Ein + [ @0 [ 00,

N
t t 1 1
v = [ [Fosasens [ [ao
Ji—n, Jo Jt—n, JO

= gt
% G350+ (=) [ [ d5)Gad(spasan
Ji-n, JO
13 2 I3

Vi) = /Mm S WS 0(s)s T /H,m
(0(s) — ols — 1())TS1((s) — ols — n(s)))ds,

_ t 1=, 1—n(1) T
=0 [ s [ e [ o) .
Jt—n, 1—n(t) =1,

Taking derivation on V(f), we get
V(1) = Vi(1) + Va(t) + V3 (o),

where
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Vi(r) = 207 (1)PO(r) + ¢" (1) Qio(r) — o™ (t — ny)Qiolt — ny)
+ QT(t — 1) Qa0 — 1) — QT(f — 1) Q20(t — 1)
=1 () {Sym(p]Pg,) + <] Qi
+0 Qg — ¢4 Qagy bx(0)

T
*52@1’;2

(24)

(0= [QT(I) (e —m) o't =n() " (r = 12)

1 t T( ) 1 t—n T(
— o (s)ds —/ 0
M Ji—n, m (t) t—n(t)

1 t=n(t) T .
o e,
[/}
= 0" (1) (m Gy + 1, G + 1,G3)4(1)

t t
- / 67 (5)G10(s)ds — / 6" (5) G (s)ds
=m =1
=
. / &7 (5)Gad(s)ds
=,

Utilizing (21) and evaluate

s)ds

Vz(l)

—N2 ft m ) (5)G2g(s)ds, we
get

= T =m T
- ’712/ Q = —/ Q
=y t—=n(t)

t—n(1)
- / 37 (5) G2 (s)ds
t

M2

(5)Grg(s)ds (5)Goo(s)ds

_ 1 _
<npr' (1) {(n(t) —m) <N1Gz NI +3 N6, INJ)
+ Sym(N Ey + NoEp) + (1, — n(£)) (M1 G5 'MT

1
+3M263 0T ) + sym( s+ MsE) 0.

Using the Lemma 2.3 for the first integral term in V;(f), we
have

1
- / & ($)G18(s)ds < YT, 1 Y1,

1=,
where
T a1 ms 21 0]
Y= LJ VT %W—l—sym(@[] —a) |’
i =[Gasl w=lb-gd-g)

(25)

Therefore, we can obtain
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V() <770 YT, 71 i = ma(00) = m) (N1 63N

1
+3N2G2_1N§> +Sym(N1E] + NzﬂEQ)

_ 1 _
+ (np —n(2)) (MlG’z IM1T + §M262 lM]g)

+ Sym(M, E; + MZ[E4))},
2

¢"(0S16() = [(e(r) = ot = n(2))"
% Si(elr) — olt = n(e))]):

V3(l‘) <

(26)

Combining all the derivatives with (17) and letting WT =
(YT, TT] we get

Q
V() < Y aile(

)3 e

+¢1Qic; — 5 Q1¢s + 6 Doy

— c§@ass = ma (1) = ) (V167" NT

1 _
+—N2G21N§> + Sym(N E; + NoEy) + (1, — 5(2))

[Sym(wl Po,)

3
x (Mlaglmf +%MZG;1M§> + Sym (M E;
+MaE)) + YT, 71 Vi + 6T (0S16()

" l(e() = o™(c = n(1)S1 (o(r) — ot — n(1)]
+2[" ()Y + 0" (t — ) T] x [0(t) — ot — 1)
- [ s+ o= 0 — (0"

x et = n(1) — e(r)] — €' (1) Ore(D)](1),

Applying Schur complement ¥ + n,WG3 'WT <0, is
equivalent to
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lP W VIIGlﬁT 7]]26212'}- S]ﬁ’lr W16
1
x  ——G3 0 0 0 0
2
P = | * * —11,Gy 0 0 01,
* * * — 11262 0 0
* * * * -S; 0
L * ES * ES * Weo
(27)
where

W16 = [61 62 63], Wee = diag{—r/2<83 — Gz — 3@2}
Moreover, the uncertain part is given as follows:

Va
- PR
I'q 0 g
TwT -
PTE; o\
3 o
—_——
0) £ 0
05— 14 times N
. GIET
STET
[GIE? ]
Ve
F(t)[00Vy 000 Vg, 000
1 2 2 I+ (%)
4 times 7 times

<P F AT T T re 05V vE v

By using Lemma 2.4 and Schur complement, we obtain
LMIs (22a) and (22b). Therefore, we conclude that the
system (18) is robust and asymptotically stable. This
completes the proof. U

Remark 3.2 This criterion ensures robust asymptotic
stabilization for an IT2 fuzzy system with time-varying
delays ETC. In most of the literature, the authors have
examined the 27 system with simple stabilization con-
ditions for fuzzy approaches without time-varying delays
in [14, 34-36]. However, in real-life applications, there is
always uncertainty about parameters and time-varying
delays [27, 28]. Therefore, we take this fact into account.

3.1 Event-Triggered Stabilization Criteria

Theorem 3.3 For given positive scalars 0,15, A1, 22, and
K1, the described V" system (18) is robust asymptotically

stable, if there exist common matrices P € R¥# > 0,
Q >0, >0 G, >0, G,>0,S;>0, G3>0, &
c RSnx3n’ ng c RSnxn’ @ e Rann, n/% c RanZn’ YA, —ﬂ—,
and any matrix N; € R M, € R, él, éz, Lj,l=
1,2, and y(t) € {n,,n,} satisfying the following LMIs:

r — =T =T A ~
Y1 W ml, naly r, An
1 -
* ——G3 0 0 0 0
2
* * —nw 0 0 0 | <o, (283)
* * * — N12@1 0 0
* * * * gl —-2P 0
L * * * * * /122_
r — = =T = 7
Y1 W ml, Mol I An
1 -
* ——G; 0 0 0 0
M
* * — @ 0 0 0 [ <o, (28b)
* * * — 11,0 0 0
* * * * S] —2P 0
L * * * * * ;122
where
Cs :inpgl + ging:% - ‘%il‘j;h w = (G] - ZP):

IT=[P"; 0 BLi000 —%L]", @ =(G;—2P),
4 times

Y= [Sym(cplT[P’qoz) +61 Qg — 5015+ 5 g,

— QIQQQ4 — nlz(Sym(NlEl + Nz[Ez) + Sym(MﬂEs

2

+ M2E4)) + Y1 Vi Y —Z[(Q —0)'Si(c — o)

+ Z[QITY + cﬁ] [c1 — ¢4) + K13 — Cl]Téz
x[c3—¢] —¢1O1c1,d1 = [, [ 000],
7 times
Ax :diag{fnz(G3 —2P) — Gy —3Gy, — I — M1
— Al = AWl}

and the other elements are defined in Theorem 3.1. The
control gain matrices are calculated by I§; = L;P{ .

Proof From Theorem 3.1, we know that if (22a) and (22b)

hold, the closed-loop system (18) is robust asymptotically

stable. Then, before and after multiplying to (22a) and (22b) by
. _ _ _ — 1 -1 “1p_ _

diag{P;' P;' P{' Gy' Gy' s Gy P LT 1Y,

9 times 4 times

and letting

P=pP', Li=KP, Q =PQ/P, Q,=PQ,P,

G, = PGP, G,=PG,P, G;=PG;P, S,=PSP,

S, = PS,P, Ny, =PAN 1P, My, = P.dl1,P,

Noy = PN 2P, My, = Pdlr,P, & =PSP, X,=PZP,
fq = P%,P, W,=Pw,.P, Y=PYP, T=PTP,
P,=PP,P, ©,=PO,P, q=121=12,..6
s,r=1,2,3, n=1,2,...,5, s=2,3,4,...,10.

Because the term Gi', G;!, G;!, S;', G, = PGP,
G, = PG,P, S| = PS|P, Gy = PG3P are both in the
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same LMIs, which is hard to solve, for this purpose to
facilitate the design of ETC, we convert G;', G,' S,

into the subsequent inequality with Gl, Gz, §1 according
to Lemma 2.5:

~G'<G,—2P, -S;'<S,—2P, 1=1,2,3,

That is if (28a) and (28b) holds, the closed-loop system
(18) is robust and asymptotically stable with an ETC. This
completes the proof. O

Remark 3.4 Notice that Theorem 3.2 gives an adequate
condition to coplan the event-triggered controller (15) and
the event-triggered scheme in the communication (13). If
the LMIs (28a) and (28b) is feasible, the gain matrices K;

and the triggered matrices @, @, can be obtained.

Remark 3.5 Compared with the existing literature works
[14,34-36], we initially propose the IT2 fuzzy ETC scheme for
the 27" system. In addition, the IT2 fuzzy ETC method can
save the limited network bandwidth and speed up informa-
tion transmission. To improve the stability and stabilization
condition of the 27" system, by choosing the suitable T-S
fuzzy rules with the information of #,; and 7, and can be
represented in the following numerical example section.

4 Simulation Results

To confirm the applicability and performance of the sug-
gested 27" system-based ETC scheme and simulations are
presented in this section. The block diagram of the pro-
posed 27" ETC scheme is shown in Fig. 2. We use the
MATLAB toolbox to carry out the behavior of the 27~
system. In the evaluations of the previous section, the state
equation of the 27~ system can be modeled by the fol-
lowing IT2 T-S fuzzy system.

o) = Zilo(1) > &} (o(ld)(Hi0(t)
j=1

pa (29)
+ Bl (e(t — n(t)) — e(1))),
where
M1 at v — My M1 _[3+vd7Mu"/_
7 7 Z 7 7 2
Si=|_1 0 s=|_1 0
C1 C|
Lo o 0 ] 0 0 0
M i 701+VA*M".(5_ M i 7,5‘+vd7Mu5
7 7 7 7 7 7
s=1_1 0 di=1_ 1L 0
C1 Cl
0 0 0 0 0 0
0
By =By =By =B L
1=Hh=Hh=5=17
0
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The membership functions are as follows.

*y%(')

Aoit) =1-e77,

-0 -0

(0,(1) = 02375, Ji(0,(1) = 0.23e7,

(
1 —o3(1) 5 ﬂ
iZ(Ql(t)) = 0.5e70>, &2(@1(1‘)) =1—-e715,
Ble(1) = 0.5e7,

-0} 4 -0} ()
45(0(1) =1—eT7,
— ,g%(,) ) 70%(1)
2(0,() =1-023¢75, 1/(0,(¢)) =1—023e75,
3 I - -3
Ao (1) =T,
-o2(1)

- =2 TR
Z(ei(1) =7, Jh(e(r) =1 —-0.5e0,
fgf(!)

Ty(ei(1) = 1 - 0.5k,

and Z;(t) = Z(t) = 0.5. The system parameters are taken
as 0.5<1¢<0.3,04<77(<0.2, 0.8<y(r) <0.5 and the
other parameters are represented in Table 1. For this case,
our point is to illustrate that system (18) is robust and
asymptotically stable with respect to parametric uncer-
tainties Vy;, Vy; = diag{0.2,0.2,0.2} and E; = diag{0.4,
0.4,0.4}. Then solving the LMIs in Theorem 3.3 via
MATLAB LMI toolbox, a typical calculation is addressed
as follows:

Algorithm 1: Algorithm to solve the problem PV

Step 1: Set the PV system model parameters A;, B;
and uncertain parameters Vy;, Vy;, E;.

Step 2: Use the triggered conditions and novel LKF
techniques to construct the LMIs in Theorem 3.3
Step 3: Set the initial conditions 11, n2 and the con-
strained condition 7(t).

Step 4: Adjust the value of 77 and 7y to calculate
whether the solution of LMI exists.

Step 5: If the feasible solution exists, stop the calcula-
tion and obtain the maximum value of 79, the controller
gains IK; and the event triggered parameters, else go to
step 4 and increase or decrease the value of 77 and 7s.
Step 6: Stop.

Using the above typical calculation, another arrange-
ment of feasible solutions is obtained. In view of the fea-
sible solutions, the equivalent event-triggered parameters,
and gain matrices are calculated as follows can be esti-
mated by
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Table 1 Parameters of the 7~ system

Symbol M z ¢ va M,
Value 35 () 40 mH 1 mF 19V 0.05 (2)
K, = [2.7823 — 5.8233 6.0062],
Ky, = [4.5841 — 3.5344 5.2114],
Ks; = [5.9119 —2.3354 10.7851],
Ky = [8.8245 — 6.1471 12.5487),
[318.1440 47138  —2.8686
O, = | 47138 5949665 —0.1215 |,
| —2.8686 —0.1215 275.8819
[ 0.5328 —0.1662 —0.0238
0, = | -0.1662 382215  0.0127
| —0.0238  0.0127 0.1582

5 Simulation Results and Discussion

The proposed system’s simulation results with a DC-to-DC
boost converter are presented in this section. The DC/DC
boost converter and the proposed controller are modeled
using MATLAB/Simulink software. The proposed system
with the boost converter is subject to both line and load
variations and the corresponding results are presented. Line
variations may occur due to the change in the environ-
mental condition of the solar panel. The level of the irra-
diance falling on a solar panel and the operating
temperature have a significant impact on the output of the
solar panel, as shown in Fig. 3. Solar 27" panels are rated
based on standard test conditions with an irradiance of
1000 W/m? and a temperature of 25 °C. The DC-to-DC
boost converter is expected to provide a constant output
voltage to the load. As line and load conditions vary, the
output voltage might also change accordingly. The

Array type: User-defined;
10 series modules; 40 parallel strings

300
0.75 KWim?

Current (A)

0.5 KWin?

0.25 KWim?
0.1 KWim?

e O\ \

oz \\)

200 300
Voltage (V)

(a) Solar PV graphs with different irradiance

Fig. 3 Simulation results for PV characteristic of the 27~ system

reference DC voltage is compared with the actual output
capacitor voltage, which is connected across the load, and
the corresponding error signal is captured for analysis
purposes. The load variations might happen due to sudden
changes in the load’s operating conditions or due to the
increase in load demand. To capture the effectiveness of
the proposed system during load variations, step variation
in load is introduced, and the corresponding results are
presented in Fig. 4.

5.1 Effect of Load Variations

A step variation in the load condition is introduced at 0.05
s, and the corresponding variations in state variables and
controller input and output are also presented. The mea-
sured output load voltage is compared with the reference
output voltage, and the error signal is shown in Fig. 4a.
Measured state variables are referred to as a proposed
control system, and the output of the fuzzy logic event-
triggered controller (ETC) is shown in Fig. 4b. The fuzzy
logic ETC output is utilized to generate the control signal,
and the form of the duty cycle to the switching device S1
on the variations in the duty cycle is presented in Fig. 4c.

The control input to the DC-to-DC converter modifies
the duty cycle of the switching device S1, which is trans-
lated to the corresponding changes in the state variable of
the DC-to-DC boost converter. As presented in the previ-
ous sections, there are two state variables: the inductor
current and the capacitor voltage. The continuous switch-
ing of the semiconductor switching device S1 introduces
slight variations over the steady-state value of the state
variable, which can be observed from the corresponding
waveforms. The current waveform of the inductor is shown
in Fig. 4d. Once the variation of the load step is revoked,
the current drawn by the load changes must be supplied by
the additional current drawn from the source. Since the
additional current has to go through the inductor to reach
the load, changes are observed in the inductor current. The
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10 series modules; 40 parallel strings
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(b) Solar PV graphs with different temperatures
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R .. I

(a) Error Signal

(d) Inductor current waveform

(b) output variation of the controller

(c) Variations in the duty cycle

(e) Capacitor voltage waveform

Fig. 4 Simulation results for the dynamic load test with a step variation in load

(a) Step variation in the irradiance

Fig. 5 Simulation results for the step variation in irradiance

inductor current once gets settled after the steady-state
operation is perturbed why the load variation and reaches a
new steady-state value after a time of 0.05 s.

The variations in the output voltage and response to a
load-step variation are shown in Fig. 4d. Even though the
capacitor is a state variable, it is directly connected across
the DC load, and hence any modification in the load con-
ditions causes an appropriate modification in the capacitor
voltage as well. One can notice that the sudden variation
load step causes a drop in the output voltage, and the
voltage quickly rebounds to a steady-state value, which is
testimony to the effectiveness of the proposed controller.

5.2 Effect of Line Variations
5.2.1 Variation in the Solar Irradiance Conditions

This section presents the results related to the line varia-
tions. The system considered in this work utilizes a solar
27Y" panel as an input to the DC-to-DC boost converter.
The solar 7~ panel converts the light energy to electric-
ity, and hence any variations in the environmental condi-
tions, including solar irradiance and temperature, shall

@ Springer

(b) output variation of the controller

(c) Output capacitor voltage waveform

have a definite impact on the regular operation of the DC to
DC boost converter. In this context, the proposed system,
along with the DC to DC boost converter, is subjected to
two variations in the input conditions, such as solar irra-
diance and temperature, and the corresponding results are
presented in Fig. 5. The intermittent nature of the envi-
ronmental conditions under which a solar 27" panel
operates directly impacts the electrical output of the solar
2" panel. The DC to DC boost converter’s usage ensures
constant DC voltage supply to the load under intermittent
operating conditions. Out of the different environmental
factors, solar irradiance falling On the panel and the solar
panel’s operating temperature are the major factors that
influence the electrical output of a solar 27" panel. The
irradiance change is affected by the step variation, which is
shown in Fig. 5a. The change in irradiation can be due to a
passing cloud, deposition of dust particles on top of the
Solar ¥ panel, partial shading of the Solar 27" panel, or
a specific change in the climatic condition. In any of the
cases listed above, the worst change that could happen is a
step variation used to study the proposed controller’s per-
formance. The response to the change in irradiation is in
the form of a change in the duty cycle affected by the fuzzy
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—
.

(a) Change in the input temperature pro-
file

Fig. 6 Simulation results for the dynamic temperature modifications

logic ETC output, which is shown in Fig. 5b. The corre-
sponding output voltage for the step variation in the solar
irradiance is shown in Fig. Sc. It can be observed from the
waveforms that at time 0.05 s, solar irradiance is varied
from 900 to 1000 W/m?, and the output voltage stays rel-
atively constant even during the varying input conditions.

5.2.2 Effect of Partial Shading

The solar PV panels’ rated capacity depends on the standard
testing conditions. If the standard irradiance value deviates
from 1000 W/m?, it might be due to two possible reasons.
First, the panel could be experiencing partial shading, due to
which some of the modules in the panel might not be pro-
ducing output. Secondly, the irradiance falling on the panel
could be changed due to the change in the environmental
conditions [37]. In either case, the change in the voltage/
current from the panel changes, thus modifying the internal
impedance of the panel. The nominal operating point of the
solar PV panel is the coinciding point of the load line on the
P-V characteristics. If the solar PV panel is driving a con-
stant load, the change in the panel’s internal impedance must
be matched with the constant load. A DC/DC converter is
used to interface the solar PV panel and the load. By
changing the duty cycle of the DC/DC converter, the effec-
tive impedance seen by the solar PV panel can be modified.
Hence an interface DC/DC converter is used to match the
solar PV panel impedance with the load impedance, thereby
extracting maximum power from the solar PV panel. The
DC/DC converter is also responsible for regulating the out-
put voltage arising due to the line and load variations. In the
case of partial shading, the irradiance falling on the panel
changes, and hence the solar PV panel’s internal impedance
is modified. The controller response shall be in the form of a
change in the duty cycle for impedance matching. For the
change in the irradiance, the response in the duty cycle is
observed in Fig. 5b. For any given panel with multiple
modules, there is a critical point [38] beyond which a change
in the partial shading shall not have a definitive impact on
panel performance. The critical point is given by,

(b) output variation of the controller

(c) Output capacitor voltage waveform

Number of shaded modules
Critical Point < — 1000 x —m2er 07 Shaded Moau'es , g
Number of total modules
(30)

The solar PV panel considered in this work consists of 10
series modules and 40 parallel strings. If 5% of the modules
are shaded, the critical point can be calculated as 850 W/
m?. Hence an irradiance value above the critical point is
considered, and the step variation of irradiance from 900 to
1000 W/m? is introduced in the simulation model, as
shown in Fig. 5a. For this change in irradiance, the con-
troller is capable of maintaining a regulated output voltage
by appropriately modifying the duty cycle, as shown in
Fig. 5b. The output voltage is maintained constant irre-
spective of the change in the irradiance, as shown in
Fig. Sc. Thus, the partial shading is treated as a line vari-
ation, and the DC/DC converter with the proposed con-
troller can handle line variations due to partial shading.

5.2.3 Variation in the Solar Panel Temperature Conditions

The next variation that is considered in the input is the
temperature change. The environment with temperature has
a finite impact on the electrical output of a solar 2V~
system to maintain the temperature within the safe oper-
ating region, several solutions like forced cooling, water
spraying, and erection of solar 27" system on top of water
bodies are also considered in the real-world applications.
For testing purposes and instead of a step variation in
temperature, a temperature profile is considered as shown
in Fig. 6a, and the response of the proposed system with
temperature profile is presented. The proposed control
system works to ensure constant output voltage for the DC
load, and the corresponding control action is shown in
Fig. 6b. The control action is translated to the duty cycle
and is fed to the switching device S1. As the change in duty
cycle directly impacts the state variables, the controller
thrives on maintaining a constant voltage across the DC
load, and the corresponding waveform is shown in Fig. 6c.
The proposed controller portrays good performance with
both line and load variations, which are observed from the
results presented in this section.

@ Springer



International Journal of Fuzzy Systems

Table 2 Comparison of the proposed controller based on different performance metrics

Control Algorithm PV array Analog/ Convergence Algorithm Parameters Network delay  Utilization of
dependency Digital  speed complexity =~ measured considered communication
resources
Perturb and Observe No Both Vary Low Panel voltage  No High
method [42] and current
Incremental conductance  No Digital ~ Vary Medium Voltage and No High
method [43] current
Array reconfiguration Yes Digital ~ Slow High Panel voltage  No High
[44] and current
Type 2 FLC [45] Yes Digital ~ Vary High Panel voltage  No High
and current
Adaptive radial Yes Digital ~ Vary High Panel voltage  No High
movement and current
optimization [46]
Particle Swarm Yes Digital ~ Slow Medium Panel voltage No High
Optimization algorithm and current
[47]
Ten check algorithm [48] No Digital  Slow Medium No High
Proposed system Yes Digital  Fast High Panel voltage  Yes Low
and current

5.2.4 Hardware Implementation Issues

This section presents the hardware implementation issues
of the proposed controller for the DC/DC Boost converter.
For the selection of passive components, a 200 W power
rating is considered. The inductor value is selected based
on the equation derived from the volt-second balance
technique [39] applied for the inductor.

D
L
Similarly, the charge-second technique is applied to the

output capacitor to find the value of the capacitor, which is
given by,

D

AV = Vipy —— .
0 "R % Co X fou(1 — )

(32)

Using the above two equations, the inductor and capacitor
values are found to be ¥ =40pH and C, = 1000 pnH,
respectively. The switching devices’ voltage and current
ratings are selected based on the switch positioning analysis,
which is used to identify the blocking voltage and the con-
duction current for each switch. The operation quadrants of
the switching device are determined based on voltage and
current values, and the switching device is selected. The
controlled switch (S;) is a MOSFET, and the uncontrolled
switch is a diode. The implementation of the proposed con-
trol algorithm requires a digital microcontroller system. For
the purpose of rapid prototyping, the simulation model
developed in MATLAB can be used. The OPAL-RT
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platform allows the rapid prototyping of digital control
algorithm models developed using custom-made blocks
available in the MATLAB toolbox. The proposed closed-
loop control system requires the boost converter to measure
state variables’ values. Precisely the inductor current and the
output voltage have to be measured. The measured signal
should be properly filtered and scaled for the usage of the
proposed controller. With appropriate sensors for measuring
the state variables, the proposed controller can be imple-
mented on the OPAL-RT platform with the real hardware
running with the sensors feeding the measured values of state
variables to the processor-in-the-loop and get the controller-
determined duty cycle and, in turn, the PWM pulses to the
proposed converter. The Embedded Coder toolbox can also
be used to automatically generate the C’ language code for
the proposed controller, which can be used for implemen-
tation on a microcontroller platform.

5.2.5 Algorithm Performance Metrics

This section compares different metrics of the proposed
control algorithm with well-established techniques avail-
able in the literature.

First, the convergence speed of a control algorithm denotes
the amount of time required to reach the MPP. Besides the
algorithm performance, the delay induced by the network or
the algorithm affects the efficient tracking of the MPP. The
controller will miss the intermittent irradiance level change if
the delay introduced by the network is more than the time
taken for the irradiance change. Since the proposed control
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Fig. 7 Release intervals

algorithm considers network delay, it ensures asymptotic
stabilization with ETC. The inbuilt command available in
MATLAB named ‘tic-toc’ captures the convergence time of
different control algorithms [40]. The convergence speed
obtained for the proposed control algorithm is 1.1 ms. The
convergence speed is quick for the proposed controller when
compared to its counterpart. The comparison of the conver-
gence time of the proposed controller with other conventional
algorithms is presented in Table 2.

The proposed control algorithm is complex and requires a
complex digital controller for implementation. The compu-
tational effort required to obtain the MPP is the major factor
affecting the algorithm complexity. The proposed control
algorithm includes the method to reduce the impact of com-
munication delay in conjunction with MPP tracking. As a
result of this, there will be an increase in the algorithm com-
plexity. However, the event-triggered mechanism reduces the
number of data transmissions in the channel while ensuring
asymptotic stability. As a result of this, the computational
effort increase introduced by the algorithm shall be compen-
sated by the reduction of data transmission, thus saving the
computational resources, as shown in Fig. 7. A comparison of
the algorithm complexity of the proposed system, along with
other conventional algorithms, is presented in Table 2.

The proposed system exhibits array dependency like the
traditional FLC controller [40]. The exact data related to
the panel configuration are required for the optimal oper-
ation of the proposed converter. These data are used in the
controller development of the proposed system. PV array
dependency of the FLC cannot be eliminated unless a

numerical technique is considered [41].
In order to show better convergence for the MPP of the

solar 27" characteristics are utilizing the comparison with
temperature and irradiance. The simulations effects have
been pictured in Fig. 6. With the analysis of 27" charac-
teristics in Fig. 3, one can be seen that the effectiveness of
the developed controller shows good dynamic response and
superior performance. Furthermore, the release instants and
release intervals are depicted in Fig. 7 with ¢ € (0,30]. It
can be seen that the event-triggered mechanism is used to

reduce the number of data transmissions in the channel
based on ensuring the stability analysis of the 27" system.
This helps to conserve network resources. In conclusion,
the simulation research demonstrates that the controller
based on the event-triggered mechanism created in this
paper can not only stabilize the considered system but also
minimize the communication network. The event-triggered
mechanism and controller developed are validated.

6 Conclusion

In this article, an event-triggered approach has been pro-
posed to stabilize the ¥ system with communication
delay under the IT2 fuzzy model and uncertain parameters.
The simulation results show a perfect accomplishment of
the working point to the MPP activity with a satisfactory
constant voltage activity. It can be concluded that the fuzzy
ETC IT2 designed for the 27" power framework improves
the productivity of the extracted power. Based on the LMI
approach with novel integral inequalities, the LMI-based
sufficient conditions for the uncertain T-S fuzzy model
with a prescribed performance are established. The main
results prove that the proposed methodology guarantees
asymptotic stability. Then, the desired controller gains and
triggered parameters have been derived, which are
expressed in terms of LMIs. Finally, simulation examples
are given to verify the performance of the designed ETC
IT2 fuzzy approach. Furthermore, the stabilization of
nonlinear 27~ systems with Markovian switching param-
eters and disturbances is also the direction of our future
work.
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