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Abstract Stability and La-gain control for positive Takagi-Sugeno (T-S) fuzzy
systems are further studied in this brief paper. First, considering that the system s-
tates are positive, some sufficient conditions of exponential asymptotic stability are
obtained by applying a copositive Lyapunov function with membership-function-
dependent (MFD) Lyapunov matrices. Based on a preset switching rule, the con-
ditions are expressed as linear matrix inequalities by eliminating the nonconvex
factors due to the time-derivative of MFD Lyapunov matrices. Then, stability is
extended to stabilization by designing a switching controller with time-varying
controller gains such that the La-gain performance requirements are satisfied. In
addition, a quadratic switching strategy is established to further reduce conser-
vativeness. Finally, the applicability and validity of the theoretical results are
validated by two examples.

Keywords Positive nonlinear systems - Membership-function-dependent coposi-
tive Lyapunov function - T-S fuzzy model - La-gain

1 Introduction

Positive nonlinear systems have been gaining increasing attention in recent years
due to their wide range of applications in emerging fields such as cancer treatment
[1], physical systems [2], and circuit control [3]. A key feature of positive systems
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is that they maintain nonnegative states when the initial conditions are nonneg-
ative, which leads to interesting and unique properties [4]. However, the positive
constraints in controlling systems make their study and analysis challenging.

It is well known that the T-S fuzzy model can accurately represent smooth
nonlinear systems by using local linearization [5]. Therefore, it is possible to use
existing linear system research results to study nonlinear systems. At present, sta-
bility and stabilization are research hotspots for positive systems [4,6,7], and many
results have shown that designing a Lyapunov function representing the system
characteristics is an important research method. For example, less conservative
results are obtained by applying an impulse-time-dependent method to construc-
t a discretized copositive Lyapunov function for exponential stability analysis of
positive impulsive systems [7]. Obviously, for positive systems, using a general
quadratic Lyapunov function often leads to overly conservative results, as it does
not adequately reflect the positive characteristics. Note that a quadratic copositive
Lyapunov function (QCLF) was designed in [8] to study the stability and track-
ing control of positive fuzzy systems, the characteristics of positive systems were
better considered, but the result was conservative because the membership func-
tion was neglected. With the advancement of research, the membership function,
which is an essential characteristic of T-S fuzzy models, has attracted attention
in the study of T-S fuzzy systems. Associating a Lyapunov function with the
membership function can significantly reduce the conservativeness of the stability
analysis results for fuzzy systems [9,10]. For instance, to avoid having to take the
time-derivative of MFD Lyapunov matrices, a linear integration fuzzy Lyapunov
function has been designed for T-S fuzzy systems [11]. A line copositive Lyapunov
function with MFD Lyapunov matrices has been used to study the ¢; filter for
discrete positive fuzzy systems [12]. Recently, larger delay bounds were found in
[13] for time delay fuzzy systems by applying switching rules to deal with MFD
Lyapunov matrices. Therefore, designing a MFD copositive Lyapunov function
(MFDCLF) to obtain less conservative results for positive T-S fuzzy systems is
the primary motivation of the current study.

The parallel distributed compensation (PDC) method is widely used to design
positive fuzzy system controllers and can be further improved by designing non-
linear gains instead of a time-independent matrix. In addition, since exogenous
disturbances are often present in practical systems, an input-to-output analysis
is required to characterize the attenuation capability of the disturbance input.
Therefore, many researchers have studied Hs control [14], Li-gain control [15],
the Lo-gain control [16] for fuzzy systems. The second motivation of this work is
to design controller gains that are dependent on the time-derivative of the mem-
bership function to analyze the perturbation input attenuation capability.

Based on the above discussion, the stability analysis of T-S positive fuzzy sys-
tems with Lo-gain performance optimization is further studied in this brief paper.
The main contributions of this paper are the following four points: 1, A new MFD-
CLF is constructed to obtain less conservative exponential stability conditions. 2,
A fuzzy controller is designed via the preset switching rules for the corresponding
closed-loop positive fuzzy systems. According to the switching signal of the time-
derivative of MFD Lyapunov matrices, better La-gain performance is obtained. 3,
Linear switching is extended to quadratic switching, which uses more information
on the membership function. 4, The average dwell-time technique, along with an
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analysis of the membership function, is applied to ensure stability regardless of
how the controller switches.

Notations: X = 0 means all elements of X are nonnegative. A = [apq]enxm.
If all off-diagonal elements of X are nonnegative, then X is called Metzler. For
integer ng < ni, ng, Ny = {no,no +1,.-- ,7’L1} and Z,, = [0(n7m+1)><(m71)|1n—m+1]
c R(nfqul)Xn.

2 Problem formulation

Consider the following positive T-S fuzzy mode with r IF-THEN rules:
Model rule i: If <1 (¢) is py and ¢2(t) is py and --- and ¢4 (¢) is pg, THEN

i(t) = Asa(t) + Biu(t) + Eiw(t),
2(t) = Cix(t), (1)

where ¢;(t) are the premise variables, pé are the fuzzy sets, i = 1,7, j € 1,g. 2(t) €
R™, 2(t) € R™*, u(t) € R™, and w(t) € R™ denote the state vector, the output
vector, the control input vector, and the disturbance input, respectively. A; €
R"*" B; ¢ R"*"™ E; ¢ R"*"™ and C; € R"=*" are constant real matrices. Denote
o(t) = [a1(t),s2(t), -+ ,s(1)]", and denote 1£5(s;) > 0 as the grade of membership
of ¢;(t) in ,u;

Applying the fuzzy inference method with X, = 37, hi(c(t)) X;, the T-S fuzzy
system (1) can be formulated as

@(t) = Apa(t) + Buu(t) + Epw(t),
2(t) = Cha(t), (2)

where 0 < h;(¢(t)) <1 are the membership functions with

ha(s(t)) = %,m(t» - j[[lu; (4().

To simplify the notation, we will use z, w, z, and h; instead of z(t), w(t), z(t),
and h;(s(t)).

Lemma 1 ([15]) System (2) is positive, if for all z(to) = 0 and disturbance input
w = 0, there exists u such that x = 0, Vt > tg.

Lemma 2 ([16]) If and only if matriz A; are Metzler, B; = 0, E; = 0, and C; = 0,
for any i € 1,7, then system (2) with u(t) = 0 is positive.

As shown in [13], we construct the Lyapunov function V(t) = mTPgmx, where
7(t) is switching signal generated by h;. For time ¢ € [tk.., tht1)s P}:(t) = P}]’L, le
1,27—1 and the switching method is proposed to ensure P,lL < 0 as follows:

s=T,r—1, (3)

if hs <0, then P.— Pl >0
if hs >0, then P! — Pl <0
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with P! > 0. Note
s r—1
Ph=Y Pl = hs (PL-Pl),
=1 s=1
__ dh

where hs = 4 and hi + ha + --- 4 hy = 0. Inequation (3) can be presented as
if Hl, then Jl (4)

where H; represent the possible permutations of hs, and J; are the constraints of
Pil7 l€1,2r—1, For example, if r = 3, and

H, :hl SO,ilQ SO,HQIhl §07i12 > 0,
Hg:f'n >0,i12 SO,H4:51 >0,h2 > 0,
then we have

ho{Pl =P Pi 2 Py e (P2 PR RS < PR

Js : {Pf’ < P}, P zP;;”},J4 : {P{‘<P§*,P§<P§*}.

Based on the above definition, we can also use other switching rules to ensure
Pl >0 as follows:

if H;, then fl (5)

where f, represent the constraints of Pil for P,ll > 0. For example, if J; represents
P} — P >0, Ji represents Py — P} < 0.

Lemma 3 Given p > 1, a > 0, the positive T-S fuzzy system (2) is globally exponen-
tially stable (GES), if the average dwell-time satisfies Ta > (Inp/a), and there exist

V(t) = a:TP;(t):c, P! >0,1,3€l,1€1,2=1 and i = 1,7 such that (4) and the
following inequalities hold:

P! < P, (6)
V(t)+aV(t) <O0. (7)
Proof For time ¢ € [tg,tgy1), P;(t) = Py, k € 1,00, t}, are switching instants.

Suppose h;(t;) = hi(tx) = hi(t;,), P;(t’:) = P}, from (6) and (7), the following
inequality holds:

V(t) < e Ty (g,
< pe Y (1)
and, thus
V() < e T v (1) (8)
For every period, we have k < ([t — to]/7a), and
V(1) < el m o)y gy (9)

Then, we obtain the conclusion.
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Remark 1 Note that the switching signals depend on the system state, but the
satisfied average dwell-time condition can be obtained by searching the parame-
ters a and p. In addition, when the MFDCLF V (¢) = xT(P;(t))_lm is used, the
corresponding condition can be obtained by replacing (6) with

P> ;Pg : (10)
In addition, P}, in what follows is Pi: ®) under a certain switching condition and
will not be specifically indicated.
Definition 1 Given vy > 0 and « > 0, system (2) is said to be GES with Ls-gain
bound v, if the system (2) is GES when w = 0 and the inequality f;;o 2T z2dt <

+? /. tzo wlwdt is satisfied under zero initial condition.

3 Main results
3.1 Relaxed stability conditions

The membership function is an essential difference between the T-S fuzzy model
and other models. Reasonable use of the membership function in stability analysis
can reduce conservativeness. This section derives new stability criteria for the
positive fuzzy system (2) by applying a new MFDCLF.

Theorem 1 Given p > 1, o > 0, the positive T-S fuzzy system (2) with w =0, u =0
is GES , if there exist real matrices P; = PlvT, I, = HiT, b5 = 453;-, i,7 = 1,7, such
that (4), (6) and the following inequalities hold:

—Pj—1II; <0, (11)

II; < 0, (12)

AT Pj+ PjA; + A] P, + PiA; + aP; + ;5 <0, (13)
~®;; <0, (14)

where
~ O ’
15 = [mpg (1= 0pa)) . gy e 1 = diag {mjn, -+ s i1y }»
®Z] = [¢ljp(1 (1 - 5PQ)}(p.’q)En><n ’ 52] = dlag {G)iJl e 7¢;j(n71)} )

5 :{Oap#q
M lLe=q’

i = diag {2kt 1), > 2kn § s
bi1 = diag {20 kks1)s* + 20ijkn ok € Ln— 1.

Proof Designing the MEFDCLF as

vio = (Ve[ 9 ]V, (15)

0 —IIy
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where 212t = [21%; 21 (Toz); 22 (T32) -+ 201 (Tna)], 21 = [23,23, -+ ,22]T. From
(11) and (12), we have V(t) > 0. Letting @ = [z1(Zox); 22(Z3x) - - - ; 2n—1(Tnx)], we

have
() e

n
2
E 7rhab xaxb

M:

a=1b=1
n—1 n
2 2

= > (Thab + Thas) TaTh

a=1b=a-+1
—;Tq ~
=T g{ﬁhlﬂrhza' : 7Th(n 1)}
=" 1,7 (16)

and similarly

SETth’ =V fTﬁh V :’ET. (17)
Together with (15), (16) and (17), one gets
0 =i[xT(Ph 4 ) — VAT IEVE
T
dt[ Ppa]
=iT Pz + 2T Pyi + 27 Py (18)
Applying (4), (17) and (18), we have
V(t) + aV(t) SJ'CTPhx + :rTPhi’ + axTPhx
=T (A{Ph L P A, + aPh> p

T r
= Z Z hihj:ET (AZTP]‘ + Pin + an + @ij) x

i=1j=1
T T
=303 iy (VT aVET)).
i=1j—=1

From (6), (13) and (14), we obtain
V(1) < 78 =010y (40) ¢ € [to, o0). (19)
) P, +II, 0 P,+1I, O .
Letting o1 = )\mm<{ h() h—ﬁh]) and o2 = )\mm([ hO h—ﬁh}) it
yields that
V() 2 o1[lz(t0) P 2 > o1 a2, (20)
V(to) < o2la(t0) o, (21)
where ||z||2 is the Euclidean norm of x. From (19)-(21), we have
lall2 < 22 (=50 (1) BT, (22)

which means that system (2) with w = 0 and v = 0 is GES.
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Remark 2 GES is guaranteed by designing a new MFDCLF that includes the previ-
ous results as special cases. For example, by selecting the particular values P; = P,
the MFDCLF reduces to QCLF, which means that the classic QCLF used in [8]
and [16] is a special case of (15). In addition, the external variables II; and &;;

are introduced by applying the positive system states to reduce

conservativeness.

Theorem 1 in this paper dramatically reduces the conservativeness of the results

in [8], and the details are shown in Example 1.

Theorem 2 Given p > 1, a > 0, the positive T-S fuzzy system (2)
with Lg-gain v > 0, if there exist matrices P; = PZ-T, 1I; = HZ-T, Vi
such that (4), (6) and the following inequalities hold:

—Pj—Hj<0,
]AY/j<07

|:W1'j+lf’ij 9 :|<0
0 Y | ’

where

AT'P; + PA; + aP; + CT C; PiE;,

W, =
K { El'P; 21

|

IIj = [mjpg (1 = 5pq)](p,q)en><nv

Wij = Wijpa (1 = 0p0)] (o, g) e (nn) x (ntma)
ﬁj = dlag {71';‘1 ce 'ﬂ—‘;’(nfl)} s
@ij = diag {¢§j1 E ¢§j(n+nw—1)} )

5. —10p#q
M lLp=q

T = diag {27 ep1) - 2Mjkn k€ L — 1,

with u =0 is GES
=vl, ij=T1r,

(23)
(24)

(25)

Vi = diag {20kk11)  2%ijk(nny) ok € Ln+ ney — L.

Proof Considering (4), (15) and (17), we have

T

V() +aV(t)+ 2z =y wTw

<i' Py +2TPyi + axT Pyo + (Chos)T (Chz) — v’w

x A,}Z;Ph + PhAh + aPh + C},Z;Ch PhEh x

Ej, Py -1
T

o]

T T
=D hihy

I

w

i=1j=1 El'P;

+&Tw¢ — \/g?@zj;\/g)

" ¢ twi+ws 0 ] 5}
- hihi | = i Vg -,
22 M} 0 e

w

ATP; + PjA; + aP; + CIC; PJE;
2
—4I

T
w

|
|
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where ¢7' = [zT WT].

From (25), we have V (t) + oV (t) + 272z — v2wTw < 0, which implies that

it
V(t) < (5 —E=to)yr(40) +/ (7m0 (t=to) <72wT(s)w(s) - zT(s)z(s)> ds.

to
(26)
Under zero initial condition, we have
(e _ay(t—to) T 2 [T (me_qayt—ty) T
/ e a V2 zdt < vy / e ra NG wdt. (27)
Jtg Jio

Therefore, the La-gain performance v is guaranteed.

3.2 Stabilization conditions

In this subsection, some relaxed stabilization conditions are obtained by designing
membership-function-dependent fuzzy controller via the preset switching rule as
follows:

if Hy, then u(t) = u!(t), (28)

where u!(t) = K px(t), Kip = > iy hiK;;. Combining (28) with the positive
fuzzy system (2), the closed-loop system is represented as

T = (Ah + BhKl,h)x + Ehw,

if H;, then {z:C’hw.

(29)

Theorem 3 Given p > 1, a > 0, the closed-loop fuzzy system (29) is GES with La-
gain vy > 0 and positive, if there exist scalar B > 0, diagonal matrices P; > 0, and real
matrices F;, i,5 = 1,7, such that (5), (10) and the following inequalities hold:

(AiPj + B;F; + A;jP; + B F;) + BI > 0, (30)
Wi + W, <0, (31)

where

(Ain + BZ‘Fj)T + (Ain + BiFj) + Osz E; PjCiT

Wij = EZT 7721 0
c; P 0 I

and the controller gains are
K= Fi(P,) ™" (32)
Proof Applying the Lyapunov function

V(t)=a" (P "), (33)
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and considering (5) and (33), we have

V) +aV(t)+ 272 =yl w
ZiTPh_lzr +x Ph_ - Ph_lphPh_lx + oszPh_lm
+ xTC’gC’hx — 72wTw
<((Ap + BpKp)z + Ehw)T Ph_la: + axTPh_lw
T p—1 T ~T 2 T
+a" P, ((Ap + BpEKpe + Epw)) +a” Cp Cho — vy w' w

— [xT wT]E[liT wT]T

where

= _ (Ah+BhKh)TP +P 1(Ah+BhKh) —I—OCP +Ch Ch Ei
ETP— —721

Applying Schur complement to = < 0, we have

(Ap + BpKy) TPt + Py 1(Ah + ByKp) +aP; b P lEh cr
E} P’ —?1 0 | <0. (34)
Ch 0 —I

Then, we get the conclusion by pre- and post-multiplying both sides of (34) with
diag{Py,I,1}.

Remark 8 Note that controller gain matrix Kj ; obtained in (32) is dependent on P,
which switches according to the switching rule (5), if P; = P, K ; becomes a general
time-invariant matrix, and the controller will not switch any longer. In addition,
in Theorem 1, P, is only linearly dependent on the membership function. Further
improvement can be obtained if the hnear switching is extended to quadratic
switching. Letting P/ = 7| > =1 hihiP, ,J, fe1,2r—1 one gets

s T
B =SS i)+ )

i=1j=1
T r—1 r

=he Y hi(PLAPIY+ 3N hohy (Pl + P)
J=1 v=1j5=1

72’“ Zh PC+Pva_P7{;_PJ'fr)

v=1

pf > 0 is ensured by the following switching rules:

owo=1r—1,7=1,r. (35)

1th,<0 then P7. +Pf pl— Pf <0
1fh”>0 then Pf7+Pf Pf] Pf >0

Similar to (4), inequality (35) is presented as

if Hf, then Gf (36)
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where H represent the possible permutations of hy, and G s are the constraints of
PZ:?, f € 1,2r=1. The design of the controller based on the switching rule (36) is the
same as that of (28). In addition, when Lyapunov function V() = 2T (P™®)) =1z
is used, the GES can be obtained by replacing (6) in Lemma 3 with

1
HNJ%Z;G%+WJ (37)
Applying the improved switching rule (36), we get the following Corollary 1.

Corollary 1 Given p > 1, o > 0, the closed-loop fuzzy system (29) is GES with Lo-
gain v > 0 and positive, if there exist a scalar B > 0, diagonal matrices P;;, and real
matrices Iy, i,7 = 1,7, such that (36), (37) and the following inequalities hold:

P+ Pji >0, (38)
M;ii + BI = 0, (39)
Miij + Miji + Mjii + BI = 0,1 # j, (40)
Miji + Mg + Mjix + Mjgi + Mpij + My + 81 = 0,
i=T,r—2,j=itLr—Lk=j+1Lr (41)
Wii; <0, (42)
Wiij + Wiji + Wjis < 0,0 # J, (43)
Wik + Wigj + Wi + Wk + Wi + Wy <0,
i=Tr=2j=itLr—Lk=j+1Lr, (44)

where
M, = AiPji, + B Fj,
Mg;k + Mijk + CMij Ei ijCiT
Wijk = Ef -’10

Ci P}, 0 -I
and the controller gains are
Kf;=F,(P)~". (45)
Proof Considering the Lyapunov function
V() =2t (P Nz (46)
with P = Z:zl 22:1 h;hjP;;, and following similar steps in the proof of Theorem
3, we easily obtain Corollary 1.

Remark 4 If P;j = P;, i,j = 1,r, the Lyapunov function (46) will reduce to (33),
which means that the proposed MFD Lyapunov function (46) can potentially
reduce conservativeness.

Remark 5 Since there are 2”1 possible cases in (5) and (36), for each case, ap-
plying Theorem 3 or Corollary 1, we get a corresponding La-gain performance
index denoted as v¢, ¢ € 1,271, In order to ensure stability, the final best value
is maxy <c<or-1(7¢). On the other hand, for some given v > maz;<c<or-1(7¢), the
switching controller can be designed easily. The details are shown in Example 2.
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T T

Theorem 1 in [§]
Theorem 1

Fig. 1. Stability regions based on different methods for Example 1

4 Numerical examples

Ezample 1 Consider a two-rule open-loop T-S fuzzy system (2), and its parameters
are given by [8]:

-1 0 a —-10 0 10
A= b -1 0 [,A2=]| 0 =10 0 |,
0 0 -10 0 10 -1

with h1 = 1 — sinzgcl, he = sin’z1. By Lemma 2, it is obtained easily that the
system is positive when z(0) > 0 and a,b > 0.

Let a = 1, b = 1.5, using Theorem 1 in this paper and the criterion in [§],
the maximum upper bound of « is 1.32 and 0.46 respectively. Therefore, Theorem
1 in this paper is less conservative than the criterion in [8]. Then, we use the
simulation tool Yalmip in MATLAB and the feasibility region is searched in a xb €
[0,10] x [0, 5] with z € R’}. Based on the switching rule (4), solving (12)-(14) with
a = 0 and constraint .J; : {P} > P4} or constraint .J : {P? < P3}, we obtain two
stability regions S; and Sz. The final stability region obtained by Theorem 1 is
the intersection of S; and S2 which are plotted in Figure 1. Obviously, a larger
stability region can be found in this paper than [8]. Given a = 1 and b = 5, and
applying Theorem 1, we have

Constraint hi <0, Jl{Pll > P21}

0.7295 0.1999 0.2923 0.0549 0.1303 0.0091
P = [0.1999 0.7889 0.6450 | , Py = | 0.1303 0.6533 0.5854 | ,
0.2923 0.6450 0.7440 0.0091 0.5854 0.4382
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_m3 |
. i
8

w .

6 7 8 9 10
t
Fig. 2. State trajectories of x for Example 1
Constraint hy > 0, Jg{P12 < P22}
1.9171 0.9250 0.7981 2.5032 0.2433 —0.3602
P12 = 10.9250 1.7781 1.9314 ,P22 = | 0.2433 7.9634 6.4987 |,

0.7981 1.9314 1.2220 —0.3602 6.4987 6.5281

Figure 2 shows the state trajectories with z(0) = [10,10,10]7, which shows that
the system states are asymptotically stable. Note that this point in Figure 1 cannot
be found by the method in [8].

Ezample 2 Consider a nonlinear positive system with disturbances:
i1 =(0.8sin%z1 )1 + (0.6 — 0.5sin’z1 a2
+ (1.5 — 1.3sin%z1 )u1 + (0.1 4 0.4sin’z1 )uz + 0.4w,
i2 =(0.35 + 0.65sin’z1 )21 + (0.2 — 0.1sin’zy )x2
+ (0.2 4 0.5sin%z1 )us + (0.8 — 0.5sin’z1 )uz + 0.7w,
z =0.2z1 + 0.6x2,
w =0.5¢ %5t (47)

System (47) can be represented as T-S fuzzy model (2) with hy = 1 — sin?a1,
ho = Sin2x1, and the following system matrices

A= [ 0 0.6} Ay = {0.8 0.1} By = {1.5 0.1} By [0.2 0.5]7

0.35 0.2 1 0.1 0.20.8 0.7 0.3
T
0.2 0.4
Gr=C= {0.6} B = Ep = {0.7} '
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state

30

Fig. 4. Trajectories of z for closed-loop

Fig. 3. Trajectories of z for open-loop
system in Example 2

system in Example 2

24
7

1
[
1
e e 06
v
2 Y g
(R - 04
3 ey
I
4 i 02
H
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Fig. 5. Evolution of h1 and controller Fig. 6. Evolution of the h; and hy in

output closed-loop system

By solving (30) and (31) with @ = 0.05, we obtain a feasible solution with
different value of Lo-gain performance index ~y

Constraint hy < 0, (71{1311 < Pgl}
min(y) = 6.7419, 3 = 0.0670,

p1_[0.0821 0 pi_[00821 0
L= 0 0.1825|' "% 0 0.2594 |’

1 [—0.0200 —0‘0655} 1 {—0.0656 —0.0679}

Fo=1 00425 —0.1120 |72 = | —0.1206 —0.0247

Constraint hy > 0, /]\Q{Pf > sz}
min(y) = 4.9961, 3 = 0.1596,

p2 _ [05020 0 p2_ [03624 0
L= 0 0291472~ 0 02116’

p2 _ [ 00434 —0.1106] o _ [-0.2584 —0.0582
171 -0.2088 —0.0896 | "2 ~ | —0.6051 —0.0191 | -
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As shown in Remark 5, the final performance is 6.7419. The system states, the
controller and the time derivative of membership function are shown in Figures
3 - 6 with initial state 2(0) = [5,8]7. Figure 3 indicates that system (47) with
u = 0 is unstable. Then, the trajectories of the closed-loop system with controller
(28) are as shown in Figure 4, which demonstrates that the controller renders the
T-S fuzzy closed-loop system stable and maintains its positivity. Based on the
switching rule, the controller switches at the switching points ¢ ~ 0.909, ¢ ~ 3.463,
and t ~ 8.247 in Figure 5. Moreover, the trajectories of h; and h; are shown in
Figure 6, where the switching points correspond to the switching signal change of
hi.

Note that in the above analysis, the parameter is p = 6.12, and the average
dwell-time is 7, > 36.2. A smaller decay rate a and larger parameter p lead to
better results but increase the average dwell-time 7, at the same time. As seen in
Figure 5, the number of switches is finite in system (47), so there exists a longer
average dwell-time satisfying the requirement. In practical applications, a long
average dwell- time will not be satisfied for some cases. Therefore, the values of «
and p should be properly selected. For example, if o = 0.05 and p = 1.4, we have

Constraint hy > 0, fQ{P]Q > P22}
man(y) = 5.3652, 4 = 0.1595,p =14

p2_ [01149 0 > [0.0849 0
L= 0 0255572 0 0.1933|’

[—0.0063 —0.0969} o {—0.0605 —0.0538}
y 2 — .

2 _
FE =1 _0.0487 —0.0795 —0.1420 —0.0171

In this case, the average dwell-time is 7, > 6.73.

Table 1: Min value of v with different « for Example 2

o a=001 a=005 a«a=0.1

[16] 5.752 7.125 10.054
Theorem 3 5.369 6.742 9.723
Corollary 1 4.835 5.976 8.393

The Ls-gain performance index v is shown in Table 1 with different o values
fgr diﬂ’rerentrmethodAs. For example, when o = 0.01, applying Theorem 3 with
Ji:{Pl < Py} and Jo : {P{ > P§}, we get the following feasible solution

0 0.2033 0 0.3147

0.6029 0 p2_ [04365 0 }
0 034942 0 0.2549 | J°

jl{%fl _ 5,369, 8 — 0.0807, P} — {0.1268 0 ] Pl = [0.1268 0 } }

fz{m — 4.154, 8 = 0.1935, P = {

and the final L2-gain performance is ’y:max{’yjl , nyA2} = 5.369. Applying Corollary
1 with G1 : {2P{; < Plo+P3y, Plo+Pay < 2P35}, G2 : {2Pfy > P+ P3h, P+ P35y >
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2P}, we get the following results

0.0954 0
G1{a, =835, = 0.2327, P}, = { 0 2322] ,
L1 [04133 0 . _ [0.2066 ©
oo = [ 0 0.5337} o = [ 0 0.3015} }
0.6050 0
GQ{’)/GZ — 4.146, 8 = 0.3002, P%, = { A 3499] ,
> .2 _ [10430 0 > _ [04381 0
Pt o= [ 0 0.6063} e [ 0 0.2564} }

and the final Lo-gain performance is y=max{vqg,,vq,} = 4.835. While, applying
the method in [16] we get v =5.752. Obviously, the results obtained by Theorem 3
and Corollary 1 are less conservative than those in [16]. Moreover, it is shown that
the results can be further relaxed by increasing the degree of the MFD polynomial.

5 Conclusions

In this paper, we study the issue of stability and La-gain control synthesis for posi-
tive T-S fuzzy systems. A new MFDCLF is designed to relax the stability analysis
results. Moreover, a switching-dependent controller with time-varying controller
gain is designed to obtain better performance. The theoretical results are shown
to be effective through two examples. It is also observed that stability analysis
results improve with an increase in the degree of membership functions. In future
work, the role of the membership function in T-S fuzzy systems will be further
studied.
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