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Abstract— This paper investigates the problem of robust
control design for a class of uncertain nonlinear systems with
time varying delay. By evaluating the derivative of a new fuzyy
weighting-dependent Lyapunov-Krasovskii functional (FLKF),
less conservative convex conditions derived in terms of Linear
Matrix Inequalities (LMIs),are established.Two new results are
presented. The first one is based on FLKF and the so-called
the free weighting matrices and the second uses the bounding
techniques. Finally, to compare the effectiveness of the proposed
methods in term of the conservatism reduction, the simulation
example is presented.
Keywords: Takagi-Sugeno(TS), Stability, Stabilization,Linear
Matrix Inequalities (LMIs), Fuzzy Lyapunov-Krasovskii fu nc-
tions(LKF).

I. I NTRODUCTION

In the last two decades, the stability analysis and control
design of nonlinear systems described by Takagi-Sugeno (T-
S) fuzzy model with time delay have been extensively studied
([1], [5], [6], [7], [11], [12], [20]. Two main reasons are
contributed to this fact : 1) Ability of T-S fuzzy models
[19] to approximate large class of nonlinear systems; 2)
The existence of delays in many industrial processes such
as transportation systems, communication systems, chemi-
cal processing systems, environmental systems and power
systems ... ) and its consequences on the stability and the
performance degradation [18].
Stability analysis and control design for T-S systems have
been widely and systematically handled in the literature
via Linear Matrix Inequalities (LMIs) approach (see [4],
[15]). In this framework, several strategies have been used
to overcome mathematical and numerical difficulties, pro-
moting less-conservative conditions. The standard quadratic
Lyapunov approach is the most popular combing with the
use of slack matrix variables into the LMI formulation [15],
[16]. As an interesting alternative type of Lyapunov function,
the fuzzy weighting-dependent Lyapunov function (FWLF)
has been addressed for continuous-time fuzzy systems in [2],
[9], [10], [17], and for discrete-time fuzzy system in [13],
[14].
In the context of stabilization problem of delayed systems,
some advanced techniques, aiming at reducing the conser-
vatism, have been proposed. One approach is to take an
appropriate and equivalent model transformation for the orig-
inal systems. Under such transformations, the conservatism
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is mainly due to the bounding of the cross product terms
which appear in the derivative of the Lyapunov-Krasovskii
functional. To reduce the number of such terms and employ
tighter bounds on them would certainly lead to better results.
The free-weighting matrix methods, which are based on
Leibniz-Newton formula, have been proposed to efficiently
improve the delay-dependent results based on the bounding
techniques on some cross product terms are no longer
involved.
In this paper, new less-conservative conditions for stabi-
lization of TS fuzzy systems subject to uncertainties and
time delay using (FLKF) and the so-called free weighting
matrix method, will be proposed. This paper is organized as
follows: a system description and preliminaries are presented
in Section 2. Section 3 contains the main results where
the new delay dependent stabilization conditions formulated
in LMI’s terms are established. In Section 4, a numerical
example is given to demonstrate the effectiveness and the
benefits of the proposed method. A conclusion is drawn in
Section 5.

Notations:W +WT is denoted asSym(W ).
The symbol (*) within a matrix represents the symmetric
entries.

II. SYSTEM DESCRIPTION AND PRELIMINARIES

Consider a nonlinear system with state-delay which could
be represented by a time-delay TS fuzzy model described
by Plant Rulei(i=1,2,....,r):
IF θ1(t) is Ni1 and...θp(t) is Nip THEN

ẋ(t) = (Ai +∆Ai)x(t) + (A1i +∆A1i)x(t − σ(t))

+ (Bi +∆Bi)u(t)
(1)

Whereθj(t) andNij(i = 1, ...., r, j = 1, ...., p) are, respec-
tively, the premise variables and the fuzzy sets ;x(t) ∈ Rn

is the state ;u(t) ∈ Rm is the control input ;r is the number
of IF-THEN rules; the time-delay,σ(t) , is a time-varying
continuous function that satisfies,

0 ≤ σ(t) ≤ σ̄, σ̇(t) ≤ β (2)

The parametric uncertainties∆Ai, ∆A1i, ∆Bi are
time-varying matrices that are defined as follows:
∆Ai = DAFi(t)EAi, ∆A1i = DA1Fi(t)EA1i,
∆Bi = DBFi(t)EBi.
Let Āi = Ai +∆Ai; Ā1i = A1i +∆A1i; B̄i = Bi +∆Bi.
whereDA, DA1 , DB, EAi, EA1i, andEBi, are constant
matrices, andFi(t) is an unknown real time-varying matrix
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with Lebesgue measured elements bounded by
Fi(t)

TFi(t) ≤ I. By using the commonly used center-
average defuzzifier, product inference and singleton fuzzifier,
the T-S fuzzy systems can be inferred as

ẋ(t) =

r
∑

i=1

hi(θ(t))
{

Āix(t) + Ā1ix(t− σ(t)) + B̄iu(t)
}

(3)

where θ(t) = [θ1(t),...., θp(t)] and υi(θ(t) =
∏p

j=1 Nij(θj(t)) are the membership functions of the system
with respect to ith plan rule. Denote

hi(θ(t)) = υi(θ(t))/

r
∑

i=1

υi(θ(t)). (4)

hi(θ(t)) is the averaging weight for each rule, representing
the normalized membership degrees, and satisfies

hi(θ(t)) ≥ 0, and
r

∑

i=1

hi(θ(t)) = 1, (i = 1, 2, ..., r) (5)

In order to obtain the main results in this paper, the following
lemma are needed:

Lemma 2.1: (Wang et al.[3]) Given matricesD,E, F (t)
with compatible dimensions and F(t) satisfyingF (t)TF (t) ≤
I. Then,the following inequalities hold for anyǫ1 > 0 :
DF (t)E + ETF (t)TDT ≤ ǫ1DDT + ǫ−1

1 ETE
In this paper, for simplicity, we setxσ = x(t − σ(t)),

xσ̄ = x(t− σ̄), andζ(t) =
[

xT (t) xT
σ xT

σ̄

]T
.

III. M AIN RESULTS

We consider the problem of delay-dependent stabilization
of system (3). Based on the Parallel Distributed
Compensation (PDC), the following fuzzy control law
is employed to deal with the problem of stabilization via
state feedback.
Controller Rulei:
IF θ1(t) is Ni1 and...θp(t) is Nip THEN

u(t) = Kix(t), i = 1, 2, ....., r. (6)

Hence, the overall fuzzy control law is represented by

u(t) =

r
∑

i=1

hi(θ(t))Kix(t), (7)

whereKi(i = 1, 2, ..., r) are the local control gain matrices.
In the sequel, for brevity we usehi to denotehi(θ(t)) .
Consider system (3) associated with the control law (7), then
the resulting closed-loop system can be expressed as follows:

ẋ(t) =
r

∑

i=1

r
∑

j=1

hihj

{

Âijx(t) + Ā1ix(t− σ(t))
}

(8)

Where Âij = Āi + B̄iKj . In this part we consider that
uncertainties∆Ai , ∆Bi and∆A1i are zeros.

Theorem 3.1: System (8) is asymptotically stable, if there
exist some symmetric positive-definite matrices̄Pi > 0,

H̄ > 0, and S̄ > 0 , any matricesΘi, Yi, i = 1, · · · , r,
U , X̄pq, 1 ≤ q ≤ p ≤ 3 ,Q̄p, W̄p, p = 1, · · · , 3 satisfying
the following set of LMIs:

Pl +Θi > 0 (i, l = 1, 2, ..., r) (9)

Λii < 0 (10)

Λij + Λji < 0 (i < j = 1, 2..., r) (11)

Ξ1 =









X11 ∗ ∗ ∗
X21 X22 ∗ ∗
X31 X32 X33 ∗
QT

1 QT
2 QT

3 H









≥ 0 (12)

Ξ2 =









X11 ∗ ∗ ∗
X21 X22 ∗ ∗
X31 X32 X33 ∗
WT

1 WT
2 WT

3 H









≥ 0 (13)

where

Λij =









Γ1ij ∗ ∗ ∗
Γ2ij Γ3i ∗ ∗
Γ4ij Γ5ij Γ6ij ∗
Γ7ij µ2(A1iU)− µ1U

T 0 Γ8









where

Γ1ij = Sym(AiU +BiYj) + P̄Φ,i + S̄ + Sym(Q̄1) + σ̄X̄11

Γ2ij = µ1(AiU +BiYj) + UTAT
1i + σ̄X̄21 + Q̄2 − Q̄T

1

+ W̄T
1

Γ3i = µ1(A1iU + UTAT
1i)− (1 − β)S̄ + σ̄X̄22

− Sym(Q̄2) + Sym(W̄2)

Γ4ij = −W̄T
1 + Q̄3 + σ̄X̄31

Γ5ij = −W̄T
2 − Q̄3 + W̄3 + σ̄X̄32

Γ6ij = −Sym(W̄3) + σ̄X̄33

Γ7ij = µ2(AiU +BiYj)− UT + P̄T
i

Γ8 = −µ2Sym(U) + σ̄H̄

PΦ,i =

r
∑

l=1

Φl(Pl +Θi)

Proof: Choose Lyapunov function as follows:

V (x(t)) = V1(x(t)) + V2(x(t)) + V3(x(t))

V1(x(t)) = xT (t)P (t)x(t)

V2(x(t)) =

∫ t

t−σ(t)

xT (s)Sx(s) ds

V3(x(t)) =

∫ 0

−σ̄

∫ t

t+α

ẋT (s)Hẋ(s) dsdα

(14)

where P (t) =
∑r

i=1 hiPi, i = 1, 2, · · · , r, is a fuzzy
weighting-dependent Lyapunov function. Taking the time-
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derivative ofV (x(t)) along the trajectories of (8) yields

V̇1(x(t)) = 2ẋT (t)P (t)x(t) + xT (t)Ṗ (t)x(t) (15)

V̇2(x(t)) = xT (t)Sx(t)− (1 − σ̇(t))xT
σ Sxσ (16)

≤ xT (t)Sx(t)− (1 − β)xT
σSxσ

V̇3(x(t)) = σ̄ẋT (t)Hẋ(t)−

∫ t

t−σ̄

ẋT (α)Hẋ(α) dα (17)

= σ̄ẋT (t)Hẋ(t)−

∫ t−σ(t)

t−σ̄

ẋT (α)Hẋ(α) dα

−

∫ t

t−σ(t)

ẋT (α)Hẋ(α) dα

(18)

The derivative ofP (t) provides information about time
derivative of membership functions. Then, we assume that

|ḣl(θ(t))| ≤ Φl (19)

whereΦl ≥ 0(l = 1, 2...r).
From the properties of the membership functions in (5)
it follows that

∑r
l=1 ḣl(θ(t)) = 0, ∀θ(t) and thus the

following equation holds:
r

∑

i=1

r
∑

l=1

hiḣlx
T (t)Θix(t) = 0 (20)

whereΘi are slack matrices with appropriate dimensions and
Θi = ΘT

i .
Assuming that the assumption (9) and (19) hold, it is easy
to have

Ṗ (t) =
r

∑

l=1

ḣl(t)Pl =
r

∑

i=1

(hi(t))
r

∑

l=1

ḣl(t)Pl (21)

≤

r
∑

i=1

r
∑

l=1

hi(t)Φl(Pl +Θi)

Finally, we get

V̇1(x(t)) ≤

r
∑

i=1

hi

{

2xT (t)Piẋ(t) +

r
∑

l=1

Φlx
T (t)(Pl +Θi)x(t)

}

(22)

From (8) we may construct for any appropriately dimensional
matricesMi, i = 1, 2, 3 the following equation:

2
[

xT (t)M1 + xT
σM2 + ẋ(t)TM3

][

− ẋ(t)

+

r
∑

i=1

r
∑

j=1

hihj(Âijx(t) + Ā1ixσ)
]

= 0
(23)

Let us defineξT (t) =
[

xT (t) xT
σ ẋT (t) xT

σ̄

]

. Then, the
following equations hold for any matricesQ and W with
appropriate dimensions:

0 = 2ζT (t)Q
[

x(t) − xσ −

∫ t

t−σ(t)

ẋ(α) dα
]

(24)

0 = 2ζT (t)W
[

xσ − xσ̄ −

∫ t−σ(t)

t−σ̄

ẋ(α) dα
]

(25)

Moreover, for any matrixX =





X11 X12 X13

∗ X22 X23

∗ ∗ X33



 > 0,

one has

0 = σ̄ζT (t)Xζ(t)−

∫ t−σ(t)

t−σ̄

ζT (t)Xζ(t)dα (26)

−

∫ t

t−σ(t)

ζT (t)Xζ(t)dα

Adding (23)-(26) to the sum ofVl(x(t)), l = 1; 2; 3, yields

V̇ (x(t)) ≤

r
∑

i=1

r
∑

j=1

hihjΨ
T (t)ΦijΨ(t)− (27)

∫ t

t−σ(t)

ζT1 (t, α)Ξ1ζ1(t, α) dα−

∫ t−σ(t)

t−σ̄

ζT1 (t, α)Ξ2ζ1(t, α) dα

=
r

∑

i=1

h2
iΨ(t)TΦiiΨ(t) + 2

r
∑

i=1

r
∑

j>i

hihjΨ(t)T (Φij

+Φji)Ψ(t)−

∫ t

t−σ(t)

ζT1 (t, α)Ξ1ζ1(t, α) dα

−

∫ t−σ(t)

t−σ̄

ζT1 (t, α)Ξ2ζ1(t, α) dα

where

Φij =









δ1 ∗
δ2 δ3

−WT
1 +Q3 + σ̄X̄31 δ4

M3Aij −MT
1 + PT

i M3A1i −MT
2

∗ ∗
∗ ∗

−Sym(W3) + σ̄X33 ∗
0 −Sym(M3) + σ̄H









δ1 = Sym(M1Aij) + PΦ,i + S + Sym(Q1) + σ̄X11

δ2 = M2Aij +AT
1iM

T
1 +Q2 −QT

1 +WT
1 + σ̄X21

δ3 = Sym(M2A1i)− S(1− β)− Sym(Q2) + Sym(W2)+

σ̄X22

δ4 = −WT
2 −Q3 +W3 + σ̄X32

ζT1 (t, α) =
[

ζT (t) ẋT (α)
]

ΨT (t) =
[

xT (t) xT
σ xT

σ̄ ẋT (t)
]

From (11) we haveΓ8 < 0 , this implies0 < σ̄H̄ <
µ2Sym(U), this indicates that U is non singular whenµ2 >
0. DefineG = U−1 andΥ = diag(G,G,G,G) . Let S̄ =
UTSU , P̄Φ,i = UTPΦ,iU , H̄ = UTHU , P̄i = UTPiU and
Yi = KiU . Pre and post multiplying (11) byΥT andΥ,
respectively, and then, we changeM1 = GT , M2 = µ1G

T

M3 = µ2G
T , we obtainΦ̄ij + Φ̄ji < 0. By following the

similar way it is easy to obtain from (10) that̄Φii < 0 with
the consideration of (12) and (13), we haveV̇ (x(t)) < 0
when hi ≥ 0, therefore, the system (8) is asymptotically
stable.
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Remark 3.1: In the proof of Theorem 3.1, we intro-
duce the equality (26) to estimate the upper bound of the
time derivative ofV (t). However, the inequality−2aT b ≤
aTSa + bTS−1b, is sometimes used to bound the terms
−2ζT (t)Q

∫ t

t−σ(t)
ẋ(α) dα and−2ζT (t)W

∫ t−σ(t)

t−σ̄
ẋ(α) dα

in (24). This treatment may give conservative results. The
following Theorem summarizes this case.

Theorem 3.2: System (8) is asymptotically stable, if there
exists some matrices̄Pi > 0, H̄ > 0, S̄ > 0 and T̄ > 0 ,
any matricesΘi, Yi, U , Q̄, andW̄ satisfying the following
set of LMIs : (9), (10), and (11). Where

Λij =

















Γ1ij ∗ ∗
Γ2ij Γ3i ∗
Γ4ij µ2(A1iU)− µ1U

T Γ5

−W̄T
1 W̄T

2 0
Q̄T

1 Q̄T
2 0

W̄T
1 W̄T

2 0

∗ ∗ ∗
∗ ∗ ∗
∗ ∗ ∗
Γ6 ∗ ∗
0 −σ̄−1H̄ 0
0 0 −σ̄−1H̄

















(28)

whereΓ1ij = Sym(AiU+BiYj)+P̄Φ,i+S̄+ T̄+Sym(Q̄1)
Γ2ij = µ1(AiU +BiYj) + UTAT

1i + Q̄2 − Q̄T
1 + W̄T

1

Γ3i = µ1(A1iU+UTAT
1i)−Sym(Q̄2)+Sym(W̄2)−(1−β)S̄

Γ4ij = µ2(AiU +BiYj)− UT + P̄T
i

Γ5 = −µ2(U + UT ) + σ̄H̄
Γ6 = −T̄

Proof: With considering the same FLKF in Theorem
3.1 and using that

∫ t

t−σ̄

ẋT (α)Hẋ(α) dα

=

∫ t−σ(t)

t−σ̄

ẋT (α)Hẋ(α) dα +

∫ t

t−σ(t)

ẋT (α)Hẋ(α) dα

where the following equations hold for any matrices Q and
W with appropriate dimensions:

−

∫ t

t−σ(t)

ẋT (α)Hẋ(α) dα ≤ σ(t)ξT (t)QH−1QT ξ(t)

+2ξT (t)Q

∫ t

t−σ(t)

ẋ(α) dα

≤ σ̄ξT (t)QH−1QT ξ(t) + 2ξT (t)Q

∫ t

t−σ(t)

ẋ(α) dα

(29)

−

∫ t

t−σ(t)

ẋT (α)Hẋ(α) dα ≤ σ(t)ξT (t)WH−1WT ξ(t)

+2ξT (t)W

∫ t

t−σ(t)

ẋ(α) dα

≤ σ̄ξT (t)WH−1WT ξ(t) + 2ξT (t)W

∫ t

t−σ(t)

ẋ(α) dα

(30)

, we can prove thaṫV (x(t)) ≤ 0 if conditions (9), (10), and
(11) are satisfied.

Remark 3.2: As in [8], if we consider that

−

∫ t

t−σ̄

ẋT (α)Hẋ(α) dα ≤ −

∫ t

t−σ(t)

ẋT (α)Hẋ(α) dα (31)

we obtain the following result given in Corollary 3.1.
Corollary 3.1: System (8) is asymptotically stable, if

there exists some matrices̄Pi > 0, H̄ > 0 and S̄ > 0 ,
any matricesΘi, Yi, U andL̄ satisfying the following set of
LMIs : (9), (10) , and (11). Where

Λij =









Γ′

1ij ∗ ∗ ∗
Γ′

2ij Γ′

3i ∗ ∗
Γ′

4ij µ2(A1iU)− µ1U
T Γ′

5 0
σ̄L̄T

1 σ̄L̄T
2 0 −H̄









whereΓ′

1ij = Sym(AiU +BiYj) + P̄Φ,i + S̄ + Sym(L̄1)
Γ′

2ij = µ1(AiU +BiYj) + UTAT
1i + L̄2 − L̄T

1

Γ′

3i = µ1(A1iU + UTAT
1i)− Sym(L̄2)− (1− β)S̄

Γ′

4ij = µ2(AiU +BiYj)− UT + P̄T
i

Γ′

5 = −µ2(U + UT ) + σ̄H̄ .
In the next, we propose to extend the result in theorem 3.1
which gives the best result to robust case (∆Ai , ∆Bi and
∆A1i 6= 0).

Theorem 3.3: System (8) is asymptotically stable, if there
exists some matrices̄Pi > 0, H̄ > 0, and S̄ > 0 , any
matricesΘi, Yi, U ,X̄11, X̄21, X̄22, X̄31, X̄32, X̄33, Q̄1

,Q̄2, Q̄3, W̄1, W̄2, W̄3, and ǫi. satisfying the following set
of LMIs : (9), (10), (11), (12), and (13). where

Λij =





















Γ1ij ∗ ∗ ∗
Γ2ij Γ3i ∗ ∗
Γ4ij Γ5ij Γ6ij ∗
Γ7ij µ2(A1iU)− µ1U

T 0 Γ8

EAiU 0 0 0
EBiYj 0 0 0

0 EA1iU 0 0

∗ ∗ ∗
∗ ∗ ∗
∗ ∗ ∗

−ǫiI ∗ ∗
0 −ǫiI ∗
0 0 −ǫiI

















(32)

whereΓ1ij = Sym(AiU +BiYj)+ P̄Φ,i+ S̄+Sym(Q̄1)+
σ̄X̄11 + ǫiDAD

T
A + ǫiDBD

T
B + ǫiDA1D

T
A1

Γ2ij = µ1(AiU +BiYj)+UTAT
1i+ σ̄X̄21+ Q̄2− Q̄T

1 +W̄T
1

Γ3i = µ1(A1iU+UTAT
1i)− (1−β)S̄+ σ̄X̄22−Sym(Q̄2)+

Sym(W̄2) + µ2
1ǫiDAD

T
A + µ2

1ǫiDBD
T
B + µ2

1ǫiDA1D
T
A1

Γ4ij = −W̄T
1 + Q̄3 + σ̄X̄31
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Γ5ij = −W̄T
2 − Q̄3 + W̄3 + σ̄X̄32

Γ6ij = −Sym(W̄3) + σ̄X̄33 + µ2
2ǫiDAD

T
A + µ2

2ǫiDBD
T
B +

µ2
2ǫiDA1D

T
A1

Γ7ij = µ2(AiU +BiYj)− UT + P̄T
i

Γ8 = −µ2(U + UT ) + σ̄H̄
Proof: With considering the same FLKF in Theorem 3.1 and
by using Lemma 2.1 and the Schur complement, we obtain
Theorem 3.3 .
Where the uncertain part is represented as :
∆Φ̄ij=Sym(ĎF̌ (t)Ě) ≤ ǫĎĎT + ǫ−1ĚT Ě With

Ď =









DA DB DA1 0
µ1DA µ1DB µ1DA1 0
µ2DA µ2DB µ2DA1 0

0 0 0 0









(33)

F̌ (t) =









F (t) 0 0 0
0 F (t) 0 0
0 0 F (t) 0
0 0 0 F (t)









(34)

Ě =









EAiU 0 0 0
EBiYj 0 0 0

0 EA1iU 0 0
0 0 0 0









(35)

IV. N UMERICAL EXAMPLE

To illustrate the designed controller law for the T-S fuzzy
model with time-varying delay, we consider the following
example.
Example . Consider the nonlinear systems with time-delay:











ẋ1(t) = −x2(t)− x3(t) + ax1(t− σ(t))

ẋ2(t) = x1(t) + b1x2(t)

ẋ3(t) = (x1(t)− c)x3(t) + u(t)

(36)

The following fuzzy T-S model is presented:

ẋ(t) =
r

∑

i=1

r
∑

j=1

hihj

{

[(Ai +∆Ai) +BiKj]x(t)

+ (A1i +∆A1i)x(t− σ(t))
}

(37)

where

A1 =





0 −1 −1
1 b1 0
0 0 −γ



 , A2 =





0 −1 −1
1 b1 0
0 0 γ



 ,

A11 = A12 =





a 0 0
0 0 0
0 0 0



 , B1 = B2 =





0
0
1



 ,

Whereγ = 6.3 , a = 0.5, b1 = b2 = 0.2 , c = 5.7
The fuzzy rules are : h1= 1

2(1+(c−x1(t)/γ))
and

h2 = 1/2(1− (c− /x1(t)/γ).

The operating domain of the nonlinear plant are assumed
to be x1(t) ∈ [−10, 12] , x2(t) ∈ [−12, 8] and x3(t) ∈

[0, 25]. Thus, based on the derivative of the membership
functions, we chooseΦl= {2.15,2.15}.
It appears from Table 1 that the free weighting approach
gives the best result in the case of uncertain T-S fuzzy model
with varying time-delay as we said in Remark 3.1.
In fact, by solving the LMIs in Theorem 3 of [9], in Theorem
3.1 , in Corollary 3.1 , and Theorem 3.2, the maximum
value of the time delaȳσ is found in theorem 3.1. Table 1
summarizes the results. By using theorem 3.1 with the choice
of β = 0.15 andσ(t)=3.05088+0.15 sin(t)(σ̄ = 3.2088, µ1 =
µ2 = 1) we can obtain the following state-feedback gain
matrices:

K1 =
[

11.2167 2.0460 0.1499
]

(38)

K2 =
[

11.2167 2.0460 −12.4501
]

(39)

The simulation results depicted in figures (1)-(3) show that:

• The evolution of the membership derivative shown in
Figure 1 allows us to verify that the assumption (19) is
verified.

• The closed-loop behavior of the total system with
above fuzzy controller for initial conditionsx0 =
[

1.4 0.3 −2.4
]

tends to zero, which is in accor-
dance with the analysis in this paper.

Methods Maximum allowed̄σ
Theorem 3.1 3.2088 s
Theorem 3.2 2.5 s
Corollary 3.1 2.4225 s
Theorem 3 of [9] 0.4770 s

TABLE I

Comparison of time-varying delay-dependent stabilization methods

without uncertainties

0 2 4 6 8 10 12
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t

h
d

 

 
hd

Fig. 1. The dynamic of the derivative of the membership function h1

V. CONCLUSION

In this paper, we have presented two new conditions
for robust stabilization for uncertain fuzzy systems with
time varying delay. Based on the fuzzy weighting-dependent
Lyapunov-Krasovskii functional method combined with the
introduction of free weighting matrices, the less conservatism
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Fig. 2. Control results for system (37) without uncertainties σ̄ = 3.2088
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Fig. 3. Control input

sufficient conditions formulated in LMI terms are estab-
lished. We find that the free weighting approach is less
conservative than the bounding techniques. The numerical
example has been given to illustrate the conservatism reduc-
tion of the proposed methods.
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