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Abstract: This paper investigates the sampled-data control of continuous-time Takagi-Sugeno
(T-S) fuzzy systems. The closed-loop dynamics is rewritten as a T-S system with input time-
varying delays. In this context, asynchronous membership functions appears in the closed-loop
dynamics. Thus, to reduce the conservatism of design conditions involving mismatch membership
functions, a dedicated relaxation scheme is proposed. Then, from a convenient Lyapunov-
Krasovskii function and the application of the Finsler’s Lemma, new LMI-based conditions are
proposed for the design of sampled-data Parallel-Distributed-Compensation (PDC) controllers.
An example is provided to illustrate the effectiveness of the proposed design methodology in
simulation, as well as to highlight their conservatism improvement regarding to previous related

results from the literature.
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1. INTRODUCTION

During the last decades, sampled-data control approaches
emerged as a promising research topic in control theory.
It consists in the investigation of the overall closed-loop
stability of continuous-time plants driven by sampled-
data controllers, see e.g. (Fridman et al., 2004; Hetel
et al., 2017). In this context, an elegant and powerful
way to design such controllers consists is rewriting the
closed-loop dynamics as a continuous-time system with
input time-varying delay, also known as a time-delay
approach for the stabilization of sampled-data systems
(Fridman et al., 2004). If many efforts have been done
for the stabilization of linear dynamical systems from
sampled-data measurements, most of real applications
exhibit nonlinear dynamics. Among the nonlinear control
theory, Takagi-Sugeno (T-S) fuzzy models (Takagi and
Sugeno, 1985) are nowadays known convenient to provide a
polytopic representation of nonlinear systems as weighted
sums of linear subsystems.

A vast literature is available for various T-S model-based
control problems, for instance dealing with continuous-
time controller design, see e.g. (Guerra et al., 2012; Cherifi
et al., 2018, 2019), discrete-time ones, see e.g. (Xie et al.,
2017; Lopes et al., 2020b), T-S systems with time-delays,
see e.g. (Li and Liu, 2009; Bourahala et al., 2017), or also
sampled-data control, see e.g. (Yoneyama, 2010; Zhang
and Han, 2011; Cheng et al., 2017). Indeed, thanks to
their convex polytopic structures, stability conditions and
controller design conditions for T-S systems are usually
studied via Lyapunov approaches and solved in the Linear

Matrix Inequality (LMI) framework. Nevertheless, these
LMI-based results provide only sufficient conditions and so
suffer from conservatism, which reduction is an important
and common challenge for the T-S community, see e.g.
(Sala, 2009) and references therein.

When dealing with sampled-data control, a convenient
way to check the conservatism of the design conditions
is to search for the maximal allowable sampling period 7,
with which the closed-loop dynamics is stabilized. In this
context, successive conservatism improvements have been
obtained. For instance, a Lyapunov-Krasovskii function
(LKF) and relaxation techniques based on the Leibniz-
Newton formula and free-weighting matrix has been con-
sidered in (Yoneyama, 2010). Then, since the delayed
membership functions involved in the controller part are
mismatching the ones involved in the continuous-time
plant to be controlled, the upper bounds of the asyn-
chronous errors of the membership functions has been in-
troduced in the design conditions (Zhang and Han, 2011).
In (Zhu et al., 2012), an enlargement scheme has been
introduced in the stabilization criteria. Furthermore, the
variation ranges of membership functions within variable
sampling intervals has been considered in (Zhu et al.,
2013). More recently, a structured vertex separator has
been used to reduce the number of LMIs constraints
(Cheng et al., 2017).

This paper follow the same objective as the above men-
tioned ones, i.e. conservatism improvement for the de-
sign of sampled-data controllers for T-S systems. In this
context, new LMI-based conditions are proposed from



the choice of a convenient augmented LKF candidate,
extensions of Jensen’s inequalities, and by applying the
Finsler’s Lemma. The effectiveness of the proposed result
will be illustrated and compared to related previous stud-
ies through the benchmark of the inverted pendulum on a
cart.

Notations. Stars * in symmetric matrices denote block

transpose quantities. We denote the set of integers 7, =

{1,...,7}. For any square matrix M, H(M) = M+M7. I is

an identity matrix with appropriate dimension. For vectors
T T 1T

V1, V2yeeny Uy COL{V1, V2, oy } = [vl vy ... U ] .

2. PRELIMINARIES

Let us consider a continuous-time T-S system given by:
T
#(t) =Y ai(2(1)) (As(t) + Bul(t)) (1)
i=1

where z(t) = [#1(t) ... zp(t)] € R? is a known vector of
premise variables which only depends (for control purpose)
on the entries of the state vector z(t) € R™, u(t) € R™
is the control input vector, 4; € R"*", B, € R™™™ are
known constant matrices describing the dynamics of each
polytope and «;(z(t)) > 0 are the membership functions
satisfying the convex properties Y., a;(2(t)) = 1.

In this paper, we consider the stabilization of T-S systems
(1) from the following sampled-data PDC control law:

T
u(t) = ai(2(tr) Ki X a(ty) (2)
i=1
where K; € R™*" and X! € R*", for i € Z,, are
the controller gain matrices to be designed, a zero holder
is employed Vt € [tg,tg+1) to maintain x(tx) from the
aperiodic sampling instants t; > 0 such that:
b1 — e <Mk <) (3)
where the inner sampling period 7 > 0 can be non
uniform over samples with a maximal allowable sampling
period 77 to be estimated.

For actual t € [tg,tr11), let 7(t) = t —tp € [0,m) with
7(t) = 1, the control law (2) can be rewritten as:

u(t) = Zozi(Z(t—T(t)))KiX’lx(t—T(t)) (4)

In the sequel, for fuzzy summations of matrices we denote
My =3y ai(z(t)M;, My =, oi(2(t—7(t)))M; and
Mua = Y0 Z;=1 a;(t)a(z(t—7(t)))M;;. Substituting
(4) in (1) gives the closed-loop dynamics as:

i(t) = Agz(t) + BoKaX tx(t—7(t)) (5)
Problem statement. Provide relaxed LMI-based conditions
for the design of the gain matrices K; and X such that the

sampled-data closed-loop dynamics (5) is asymptotically
stable.

The following lemmas will be considered for the proofs of
the main results proposed in the next section.
Lemma 1. (Xie, 1996): Let X and Y be matrices of ap-
propriate dimensions. For any matrix 7" > 0, the following
inequality is true:

XYy +v'Xx < X'TX +Y'T 'y (6)

Lemma 2. (Tuan et al., 2001): For (i,j) € Z2, Let I';;
be matrices of appropriate dimensions. The inequality
Foa < 0 is satisfied if the following conditions hold:

Viel. : T;; <0 (7)
. L, 2
V(ZJ)GIEJ#Jimrm‘+rij+rﬁ<0 (8)
Lemma 3. (Zhang and Han, 2013): For any constant ma-
trix R € R"", R = RT > 0, a scalar function 7(¢) with
0 < 7(t) < 7a and a vector function & : [—7p7,0] — R”
such that the integration concerned is well defined, let

/ s = B )

where £ € R™F and v(t) € R¥. Then the following
inequality holds for any matrix M € R"**

_/t ) 7 (s)Ri(s)ds < ¥T (H)T1(1)

—T

(10)

where Ty = —~ETM — MTE + 7(t)MTR~M.
Lemma /. (Fridman, 2014) For any matrix P = PT > 0
with appropriate dimensions, 7(¢) € [0,7;) and 7(¢) = 1,
the following inequality holds:

x(s)ds

t t ¢
/ 2T (s)Px(s)ds > 77;:1/ xT(s)P/
t—(t) t—(t) t—7(t)
(11)

Lemma 5. (Skelton et al., 1998) Let £ € R™, G € R"™*™
and Q = QT € R™ " such that rank(G) < n. The
following statements are equivalent.
€TQE <0, Vee{EeR 1 £+0,GE =0}
AR eR™™:Q+ RG+G "R <0

(12)
(13)

3. MAIN RESULTS

Let us recall that the relaxation scheme expressed in
Lemma 2 cannot be directly employed in the context of
sampled-data control since the closed-loop dynamics (5)
involves a double fuzzy sum structure with asynchronous
membership functions (ad@). Therefore, before deriving
LMI-based conditions for the design of sampled-data PDC
controllers (2) dedicated to stabilize continuous-time T-S
fuzzy models (1), we will first propose a generic relaxation
scheme to cope with this drawback.

3.1 Asynchronous double fuzzy sums relazation

To deal with parameterized matrix inequalities involving
double fuzzy sum structures with asynchronous member-
ship functions (a@), we propose the following theorem.

Theorem 1. For (i,j) € IZ, let A;; be matrices of ap-
propriate dimensions and assume, Vt, |&;(t)] < ¢;. The
inequality A,g < 0 is satisfied if there exists diagonal
matrices T;; > 0 such that conditions (7) and (8) hold
with:

A+ 5t Ty (1) - (%)
UlAijl =Ti; 0O 0
I = i (14)
- 0 w0
or—10Nijr—1 0 0 =Ty
where, Vq € Ir—la Aijq = Aiq + qu - Air - Ajr and

oq = min{l, ¢4n}.



Proof. Using the short hand notation for memberships
functions a; = a;(2(t)) and &; = «;(2(t—7(t))) we have:

hoa =3Py =30 e (AWZ )

=1 j=1 i=1 j=1

D9 T (V) SEE IR
i=1 j=1
(15)
Since 22=1(5‘q*0‘q) =0 (r—ar) = ZZ;}(dq ag),
V(i,7) we can write:
oo r—1 _
g — Ny — Oy —
Z : 9 q(Aiq +Ajq) = : 9 injq (16)
qg=1 qg=1
with ]\ijq = Aiq + qu - Air - Ajr~
Note that, Vq € Z,. we have:
“1<a,—a, <1 (17)
Moreover, by assuming V¢, |dy(t)] < ¢, and since 7(t) €
[0, 7)) with i < 7, we also have:
t
—pg < g — Qg = / ( )dq(s)ds < @gn (18)
t—7(t
Thus, from (17) and (18), we can assert that:
1< 2= % <1 with o, = min{l, 6,7} (19)
9q
Let us now rewrite (16) as
r—1 a 1
q2 A He Z[["' 1] AwaVij (20)
q=1 N
r—1 times I
where: -
101 t 0 0 UlAijl
Apa = 0 . 0 and Vij:

0 0 % or—1Nijr—1
From Lemma 1, for any matrices Tj; > 0, it yields:
Da, —a
Z q 5 q A”q <
qg=1
Now, let T;; > 0 be diagonal matrices, since A4 is also di-
agonal and A qAqq < 1, Aa&TiglAa@ = Aa@Aa@Tlgl <
TJI Thus, considering (15), (16) and (21) and applying
Lemma 2, then applying the Schur complement, we obtain
the conditions expressed in theorem 1. O

-1
6 ——Tij + Vi;AaaTy; NaaVij (21)

3.2 LMI-based sampled-data controller design

The following theorem summarizes the proposed relaxed
LMI-based sampled-data controller (2) design conditions
for T-S systems (1).

Theorem 2. : Let (i,7) € Z? and assume that there exists
the scalars ¢; > 0 such that V¢, |d;(t)] < ¢;. For aperiodic
sampling periods 7, < 77 (7 to be maximized), the T-S
fuzzy model (1) is stabilized by the sampled- data PDC
controller (2) if there exists the matrices 0 < L = LT €

I@nxn M MT c R4n><4n Nj :;]va c R2n><2n’ Pllz] _
Pljizj e R™ 7P2213 - P22’L,] S Rixn, Pl?ij S Rnxn7 X e R”X"’
K; eR™", Yy e R Uy =UL € R¥*™ and the scalars

€1, €2 and €3, such that the conditions of Theorem 1 are
satisfied with:

A%jl * * * * *
0 A?J.Q * * *
o 0 ﬁ}ifu ’F]PQQU * * *
0 0 0 0 MJ-Uy;
0 0 0 0 0 715111']'
with:
11 T 1T
Aj; 2” +1. G”—l—G”HE ,
22 2 0 T 1T
Aij :nkrM] +n7€(¢.23_ P ) +(I)Z'Lj+]1 GZJ+GZJHE ’

I.=[I &1l eal e31)" | Gij=[A:X BiK; 0 =X, W;=[0 W],
By =H (BT M; By —E{ MjE, ) —H [EINEs)

70 T 1 T A7 T~/
%, =ik MyE, + H(EINEs) —H (E'Y;)
NP1 —Pr2; 0 0 L + P2,
n 0 Proj 0 0
71 —_
0 0 N P117;j _0 ’
* 0 0 ﬁP22ij
Y 0T
N0 — 0y —0120] 170 _ H(Mrs;+Msaj) 25]0M34j Mgsj
i~ o ol T * ’
* 0 0
M, ]\Zflzj ]\:413j AZ[14j Pi1:50 0 Pio; T
vV * Mggj M23j M24j NA_ o 0 00 O
MJ - * * M33j ]\:434]' 7P” - 0 00 70 ’
* * x Maaj * 0 0 P22 ]
B H(M14])+M113+M44JT é ? 8 8
= | M24j— M44J+M12] Miy; |, Er = )
00 110
. Msaj + My, I1-100]
rooor
0000 00 IO I000
E2= 17000 ’E4*[1—Ioo]’E5*[0001}'
LOO0O0O T

Proof. Let us consider the following LKF candidate:

V() = V(t) + Va(t) + Va(t) £ Va(t)  (23)
where:
Vi(t) = 2(t)" L (t) (24)
Valt) = (mer(t) — ()T (OMaC(t)  (25)
Va(t) = (mo—(£))" (1) Nap(2) (26)
Va(t) = (1)) / T(s)Paax(s)ds  (27)
t—7(t)

with x(t) = col {z(t),2(t)} and:
=col < x(t), z(t—7(1)), z(s)ds, x(s)ds p ,
30 {(t) ey, [ wos, [t }

papum{limx@m&l;wa@@}.

Assuming L = LT > 0, the whole LKF (23) is continuous
and positive at each sample time ¢, since we have Vi (tx) >
0 and Vo(t, ) = Vi(tx) = 0, for £ = 2, ..., 4. Hence, since the
LKF V(¢) is continuous V¢ € [tg,tk+1), if it can be proven
to be monotonously decreasing during this interval, then
it is positive V¢ € [0,+00) and the closed-loop dynamics
(5) is stable. That is to say if, V¢ € [tg, tr+1):

V(t) = V() + Va(t)) 4+ Va(t)) 4+ Va(t)) < 0 (28)



To make up the stability conditions, let us consider the
following extended state vector:

&(t) = col {x(t),x(t—T(t)),/ x(s)ds,:&(t)} (29)
=7 (t)
The derivative of Vi (¢) is:
000L
Vi(t) =207 (1) Li(t) = €7 (9060, 88 = | ) 5 5 5| (30)
L00O
Then, for Va(t) we have:
) =(n - 2 OKTOMACO)
+2(ne(8) — 72(8))¢T (8) Mad (1)
i.e. since ¢(t) = E1&(t) and {(t) = Eo&(t):
Va(t) =P (DT ()83E(1) )
+7(t)ET (t )‘I’éa &(t) + €7 (1) @35£(1)

w1th 3, =—M (Ef M5 ]Eg),
a=M (mE{ MaEy —E{ MzE,) and 9, =nEf MzE;.
Now the derivative of V3(t) is:

Va(t)=—p" (t)Nap(t)+2(nx—7(t))p" () Nap(t)  (33)
Since p(t). = E4&(t) and p(t) = E5£(t) we can write:
Va(t) = T(1)€T (1) 3aE (1) + €7 (1) PE:E(H)  (34)

with @85 =H (E] NaEs)—EfNE4 and 3, = —H (EfNEs).
Taking the derivative of Vj(t) we get:

V(1) = (1 — 7 (0)x (8) Paar X(£) — / X OPax(5)is

(35)

. Piiaa Pioa
Assuming P,5 = [ lio‘o‘ P;;f;} leads to:
t

Va(t) = (g — ()X (£) Paar X (£) — / 27 (5) Pryaaa(s)ds

t—(t)
t
_/ T
t—7(t)

t
27 (s) Plag(s)ds
That is to say:

(30
a(0)= (=70 (O Pasrx(t) - |

t—7(t)
_/t (t)x'T(s)nga@jz(s)ds—xT(t)Pm@x(t)
+a (t—7(t)) Praga(t—7(t))

(S)szax'(S)ds—Z/

t—7(t)

t

xT(s)Pna&x(s)ds

(37)
Assuming Pj1,5 > 0 and applying Lemma 4 on the first
intergal term, we have:

Va(t) < (=7 ()x" (t) Paax(t)

t t
—17,;1/ xT(s)PHO@/ x(s)ds
t—7(t) t—(t)

. (38)
—/t o dcT(s)nga@i(s)ds — mT(t)Pu@x(t)

+ 2T (t—7(t)) Progx(t—7(t))
Assuming Pson5 > 0, for the second integral term, note
that: .
/ #T(s)ds = [1 -1 0 0] £(t) (39)
tr(t) —

E

Hence, applying Lemma 3, for any matrix Y, we have:

Va(t) < (e =7 ()X (t) Paax(t)
t t
—1 T
-7 / x (s)Puaa/ x(s)ds
b () o (t) (40)
+&T () (—E"Yoa— Y.L E 4+ 1(0)Y, ] PronaYaa) £(2)
— 2T (t) Progz(t)+aT (t—7(t)) Pragz(t—7(t))
Or, equivalently:
Va(t) <7 (€T () Phaaé(t) + €T (1) 04,46(1) (41)
P114a0 0 Pi2s
with ®},5 =YL Pyt Yoa—Pac: Paa= | o o0 o |
* 0 0Paona
(I)gaoc—
NMePi1iaa—Pi2a 0 0 Nk P12a
T 0 Pios 0 0
“H(E"Yaa) + 0 0 —n'Piiaa 0
* 0 0 M P22aa

So, from (30), (32), (34) and (41
satisfied if:
P(r(t)=7()E" (1) P3:£(t)
+T(t)£T( )((I)2a+q)3a+q)4ao¢)§(t)

), the inequality (28) is

(42)
N (1) (DY + DY+ D55+ D] ,5)E(t) <0

& (
Note that, Vf( ) the polynomial P(7(¢)) = 0 is convex if:

F(1)3E(t) >0 & D3>0 (43)
In that case, the inequality (42) is satisfied if:
P(0) < 0and P(ni) <0 (44)
Focus first on the inequality (43) and assume:
Miia Mi2a Misa Miaa
AT *  Maog Ma3s Maga
Ma=Ms =1 *  Msza Msaa (45)
* * *  Myaa
Thus, from (32) we have:
M2 Ws
0 =—[ " "] (46)
H(Miza+Msaa) MIs—Mssa ML
with M2 = * 0 o |,
* 0 0
’H(M14a)+M11a+M44a
and W5 = M24@7M44@+M12a ML,
M3+ My

Let Uya € R3™%37 regular and consider the null terms
WIU Ws - WIU, W =0 and M2 — M2 = 0. Applying
the Schur complement we can write:
Uaa — M2 + M2 Wa

Wg WgU;&lWa :| = 0 (47)

Thus, we can also write:

MOWs] | Uaa — M2 0
- [WT 0 }_ [ 0 WgUa;Wa] (48)
Hence, considering now ®3, ., in (42) as the right-hand
matrix of (48), the inequality (43) holds if:

Uwa > 0 and Uyq — M2 > 0 (49)

Now, before dealing with (44), we will introduce the closed-
loop dynamics into the stability conditions. To do so, note
that (5) is equivalent, with Gog = [ Aa BaKsX 1 0 1],
to Gaa&(t) = 0. Moreover, (42) can be rewritten as:

E7() (P (D) D300 +7()@5a + Plas) + Pras) () <O (50)

q)2

2ccx T



with @35 =03, +®3, and ¢%aa:22:1¢2a+®2aa'
So, we can apply Lemma 5 and the inequality (50) is
satisfied if there exists R € R***" such that:

TQ(t)(I)%aa ‘H'(t)(q)lza + (I)zlla&) +(I)%aa +RGoa "’GZaRT <0

(51)
Hence, (44) is satisfied if the following inequalities hold:
0% 0+ RGoa+GLaRT <0 (52)

niégaﬁﬁk @%& + (béllad) +¢%ad+RGa&+G£& R" <0 (53)

Let X regular and R = [X_l g1 X e X1 53X‘1}T.
To deal with (52), pre- and post-multiplying it respectively
by diag[ X X X X ]T and its transpose, we obtain:

AL =% +T1.Goa+GE T <0

Yaa aae (54)

Then, to deal with (53), apply first the Schur complement

on ®}, . and ®3, ., written as the right-hand matrix of

(48), then pre- and post-multiplying it respectively by
diag[ X X X X X ]T and its transpose, we obtain:
Ai%‘ * *

[nkYga —MkP220a  * ‘| <0 (55)
mWa 0 —Uaa

with A22 =02 MO+, @L, — Paa) +0%, 5+ Gaa+GL,IT,
~ _ 0 ~
MY = [UMO Ma 8}, W5 = [0Wa] and where, in (54) and

(55), I = [I e1] ex] e31]", Gaa = [AaX BoaKs 0 —X |

and all decision matrices inside ®3 5, ®%,, 1,5 and L
belong to the bijective change of variables D = XTDX
D={L,Maq,...,.Mysa,N11a,- - - .Noza,Pi10a,Pr2a,P220a}-
Finally, concatenating (49), (54), (55), Piiaa > 0 and
Ps505 > 0into the same parameterized LMI A4 < 0, then
applying Theorem 1, we obtain the conditions expressed
in theorem 2. O

Remark 1. The conditions expressed in Theorem 2 are not
strictly LMI because of the parameters €1, 5 and e3.
However, as state in many previous works applying the
Finsler’s Lemma, see e.g. (Oliveira et al., 2011; Bourahala
et al., 2017; Cherifi et al., 2018, 2019), these parameters
are usually tuned offline by grid search.

4. ILLUSTRATIVE EXAMPLE

To illustrate the effectiveness of the proposed method, we
consider the benchmark of the inverted pendulum on a
cart that has been used for comparative purposes in many
previous related T-S model-based sampled-data controller
design studies (see the references shown in Table 1). A T-S
fuzzy model (1) with » = 2 is proposed in (Wang et al.,
1996) for such inverted pendulum. This model, valid for
|z1(t)| <m/2 and |x2(t)| < 7, is given by the polytopes:

0 1 0 1
A1:|:90:|;A2:|:290:|7
4l/3—aml m(4l/3—amlB?)

0 0
By = [a] , By = { —aB } , B = cos(88°),
4l/3—aml 41/3—amlp?

and the membership functions:
- 1= 2gy(t), if 0<21(t) < &,
on (@1 (t)) = { L4 2a(1), if — T <a1(t) <0,

as(z1(t)) =1 — ar(z1(1))
where x1(t) denotes the angle (rad) of the pendulum from
the erect position and xz5(¢) is the angular velocity (rad/s),

g = 9.8m/s? is the acceleration of the gravity, m = 2kg
is the mass of the pendulum, M = 8kg is the mass of
the cart, [ = 0.5m is the half length of the pendulum,
a = 1/(m + M) and the input wu(t) corresponds to the
actuator force applied to the cart (in NV).

The conditions of Theorem 2 has been solved with MAT-
LAB using YALMIP and SeDuMi (Lotberg, 2004). The
maximal allowable upper bound 7 = 51lms has been
found with €1 = 5.5, e5 = 3, e3 = 0.31 and assuming
01 = o9 = 27). The obtained controller gains are given by:

Ky =[02231 —0.0321] [0.0065 ~0.0186
Ky = [1.8690 9.5775] —0.0174 0.0708

As shown in Table 1, the maximal allowable upper bound
7] obtained with the present approach outperform previous
related results by at least 21.43%. This shows the signifi-
cant convervatism improvement raised by Theorem 2.

Table 1. Comparison of maximal 7 obtained
with related previous studies.

Method 7 (ms)
(Yoneyama, 2010) 9
(Zhu and Wang, 2011) 13
(Zhang and Han, 2011) 16
(Zhu et al., 2012) 19
(Zhu et al., 2013) 24
(Cheng et al., 2017) 42
Theorem 2 51

Applying the designed sampled-data controller (4), Fig.
1(a) shows the closed-loop state trajectories of the inverted

pendulum from the initial condition z(0) = [7/4 O}T with
a fixed sampling period 7 = 7 = 5lms. In addition, Fig.
1(b) shows the same simulation but with random aperiodic
sampling periods 7y € [0, 51ms]. This demonstrate the ef-
fectiveness of the proposed sampled-data controller design
methodology for T-S fuzzy systems.

(a) With fixed sampling period |
e =1 = 5lms [

(b) With aperiodic sampling
periods 7, € [0,51ms]
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Fig. 1. Closed-loop simulations of the considered inverted
pendulum with sampled-data controller.

Remark 2. The proposed methodology for T-S systems
includes linear systems as a special case. In this special
case, an experimental validation of the proposed design
procedure on the Quanser AERO 2 DOF Helicopter test-
bed can be found in (Lopes et al., 2020a).



5. CONCLUSION

In this paper, new LMI-based conditions have been pro-
posed for the design of sampled-data PDC controllers for
continuous-time T-S fuzzy models. Conservatism improve-
ment regarding to previous works has been achieved from
the choice of the considered LKF and the Finsler’s Lemma.
Also, generic conditions have also been proposed to relax
double fuzzy sums with asynchronous MF's involved in T-
S model-based sampled-data control plants. The effective-
ness of the proposed conditions, as well as their conser-
vatism improvement regarding to previous results, have
been illustrated through the well-known benchmark of an
inverted pendulum on a cart.
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