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Constrained Output Feedback Control for
Discrete-Time Fuzzy Systems with Local Nonlinear
Models Subject to State and Input Constraints

Anh-Tu Nguyen Member, IEEE Pedro Coutinho, Thierry-Marie Guerra, Reinaldo Palhaaes Juntao Pan

Abstract—This paper presents a new approach to design static

Numerous results on stability analysis and control design

output feedback (SOF) controllers for constrained TakagiSugeno of TS fuzzy systems have been reported in the literature,

fuzzy systems with nonlinear consequents. The proposed SOF

fuzzy control framework is established via the absolute staility
theory with appropriate sector-bounded properties of the bcal
state and input nonlinearities. Moreover, both state and iput
constraints are explicitly taken into account in the contrd design
using set-invariance arguments. Especially, we include thlocal
sector-bounded nonlinearities of the fuzzy systems in theoo-
struction of both the nonlinear controller and the nonquadratic
Lyapunov function. Within the considered local control cortext,
the new class of nonquadratic Lyapunov functions provides

see [2] and references therein. Moreover, TS fuzzy model-
based control techniques have been successfully applied to
various engineering applications [5]. Despite its effemiess

for nonlinear control, TS fuzzy-model-based approachils st
suffer major drawbacks on design conservatism and nunherica
complexity in dealing complex nonlinear systems. To reduce
the conservatism caused by the use of common quadratic Lya-
punov functions, many other alternative classes of Lyapuno

an effective solution to estimate the closed-loop domain of function candidates have been proposed such as piecewise

attraction, which can be nonconvex and evendisconnected. The
convexification procedure is performed using specific congrence
transformations in accordance with the special structuresof the
proposed SOF controllers and nonquadratic Lyapunov functons.
Consequently, the fuzzy SOF control design can be reformutad
as an optimization problem under strict LMI constraints wit h a
linear search parameter. Compared to existing fuzzy SOF camol

schemes, the new structures of the control law and the Lyaplwv
function are more general and offer additional degrees of feedom
for the control design. Both theoretical arguments and numecal

illustrations are provided to demonstrate the effectivenes of the
proposed approach in reducing the design conservatism.

Index Terms—Takagi-Sugeno fuzzy systems, fuzzy output feed-

back control, fuzzy Lyapunov functions, input constraints

I. INTRODUCTION

Lyapunov functions [6], [7], line-integral fuzzy Lyapunov
functions [8], [9], and fuzzy Lyapunov functions [10]-[12]
see [2] for a recent review. Moreover, it has been demon-
strated that fuzzy Lyapunov functions are especially ¢iffec
for conservatism reduction in discrete-time TS fuzzy cointr
framework [13], [14]. Furthermore, by the sector nonlirgar
approach [1], anequivalentTS fuzzy representation of a
given nonlinear smooth system can be derived. However,
the number of fuzzy rulegxponentiallyincreases according
to the number of involved nonlinearities. To overcome this
numerical difficulty, TS fuzzy systems with local nonlinear
models, which will be called hereafter N-TS fuzzy systems,
have been proposed [15], [16]. Although the local lineaoty
N-TS fuzzy systems is not preserved, exploiting judicigusl
the absolute stability theory [3] enables a tractable abntr

UZZY control has been widely adopted as an effectiié@mework when the local retained nonlinearities verifyngo

framework to deal with complex nonlinear systems [1p€ctor-bound properties [15], [17]-[22]. Note that TS fuzz
Especially, nonlinear control and observation based omgiak Systems with polynomial consequents have been also detuss
Sugeno (TS) fuzzy modeling has received considerable f8). [23]. [24]. Using Lyapunov stability theorem, sufficie
search investigations [2]. The success of TS fuzzy cony®! s design conditions were derived in the form of sum-of-sgsiare
tems comes from their ability to represent nonlinear systiem constraints, see [9], [24] and references therein.

a convex structure with simple local consequents. Expigiti

A large number of TS fuzzy control results are concerned

this convexity property of TS fuzzy systems, numerous adntWith state feedback control schemes which are based on the
results have been derived using Lyapunov stability thedly [ concepts of parallel distributed compensation (PDC) [25] [

An outstanding feature of these results is that the desi

conditions are expressed in terms of linear matrix inedjeali

Fﬁnon-parallel distributed compensation (non-PDC) [114],

26]. However, only partial state information is available

(LMIs), effectively solved with semidefinite programmingj[ for real-time control implementation in most of enginegrin

A.-T. Nguyen and T.-M. Guerra are with the laboratory LAMIHMR

applications [13], [27]. Output feedback control must bedus
in these situations [28]-[31]. Note that state feedbackrobn

CNRS 8201, Université Polytechnique Hauts-de-Franceerdéannes, France approaches are not directly adapted to output feedbackatont

(email: nguyen.trananhtu@gmail.com; thierry.guerra@a).

P. Coutinho is with the Graduate Program in Electrical Eegiing, Federal
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designs, which are more difficult and involved [13]. There-
fore, fuzzy output feedback control has received intensive

research efforts [7], [27], [30], [32]-[34]. Among all outp

feedback schemes, static output feedback (SOF) represents
the simplest control structure. Moreover, in many cases the
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designs of dynamic output feedback (DOF) controllers can
be reformulated as a SOF control problem [35]. However,
the design of SOF control schemes still remains one of the

N-TS fuzzy systems in its construction. These new Lya-
punov functions allow reducing the design conservatism
and improving the estimation of the closed-loop DoA. In

most challenging control topics due to its inherent noneanv
formulation [36], [37]. Based on the convexification proaes
in [38], fuzzy SOF design conditions involving linear matri

particular, the estimated DoA can be nonconvex and even
disconnected depending on the local nonlinearity feature
of the N-TS fuzzy systems.

equalities (LMEs) have been presented in [39], [40]. Other 2) The convexification procedure is performed via specific
fuzzy SOF control results derived from quadratic Lyapunov  congruence transformations in comply with the special
functions can be found in [30], [41], [42]. To reduce the desi structures of both the proposed SOF controller and the
conservatism, SOF control designs for TS fuzzy systems have new nonquadratic Lyapunov function. Consequently, the
been also proposed with piecewise Lyapunov functions [7] proposed SOF control design can be reformulated as an
or fuzzy Lyapunov functions [13], [27], [36]. SOF control LMI-based optimization with a linear search parameter,
schemes have been also proposed for various classes of effectively solved with available solvers. Especially, we
TS fuzzy systems such as polynomial systems [23], [24], demonstrat¢heoreticallythat the new approach provides
large-scale systems [42], partial differential equatisystems less conservative results than those requiring LME con-
[28], positive systems [43], singularly perturbed syst¢&§], straints for convexification purposes. These latter con-
networked systems [32], semi-Markov jump systems [44]. straints are hard to be satisfied for general fuzzy systems.
However, existing SOF control designs usually lead to toa3) In contrast to [50], the proposed SOF control scheme
restrictive and/or conservative results [13]. requires neither full-state information nor heavy online
In general, both classical TS or N-TS fuzzy models are optimizations to deal with input and state constraints.
only defined within a given compact set of the state space The new control approach can be applied to N-TS fuzzy
[1]. This latter can be formulated in the form of state con- systems with nonlinear and/or uncertain output matrix,
straints [13]. It has been shown that taking into accourgehe which is not the case of many other fuzzy output feedback
constraints into the control design is crucial to guarardee control approaches [16], [36], [41], [45], [56].
suitable closed-loop performance of TS fuzzy systems [45ihe paper is organized as follows. The control problem is
Moreover, the control input constraints naturally ariseniost defined in Section Il and solved in Section Ill, where the
of engineering applications due to the physical restmio control design algorithms are proposed. The extension to
of the system actuators [46]. If it is not properly taken intghe robust SOF control design for constrained N-TS systems
account in the control design, then the control performanggbject to structured uncertainties is discussed in Sedtio
can be seriously degraded, and in the worst case the closggveral illustrative examples are given in Section V, and
loop stability may be lost [26], [47]. Due to its theoreticatoncluding remarks are drawn in Section VI.
and practical significance, this control topic has attdcte Notation.For a vector:, ; denotes itsth entry. Inequalities
increasing research efforts in fuzzy control framework][45between vectors are componentwise, = > y means that
[48], [49]. Model predictive control (MPC) was applied to;; > y,. For two vectorse, y € R™, the convex hull of these
address both state and input constraints in [50], [51]. Y#® vectors is denoted a{r,y} = {az + a0y : a1 +ay =
quadratic boundedness concept, constrained DOF comgolle, o, > 0, ay > 0,}. For a matrix X, X' denotes its
were designed in [52]. Set-invariance theory was employg@nsposeX - 0 meansX is symmetric positive definite
with a polyhedral Lyapunov function in [49] and with a fuzzydenotes itsith row. diag(X;, X») denotes a block-diagonal
Lyapunov function in [26] to design constrained fuzzy conmatrix composed ofX;, X,. For a matrixP >~ 0 € R"=,
trollers. Fuzzy antiwindup-based DOF control schemes WeLep) = {I ER™ : g Pr < 1}_ I denotes the identity
proposed in [45], [48], [53] to deal with actuator saturatio matrix of appropriate dimension. For two integérs < ks,
Adaptive fuzzy output feedback controllers were also psago Tlki,ks] = {k1,k1 + 1,...,ks}. The set of nonnegative
for fuzzy systems subject to full state constraints in [54] antegers is denoted by.,. In symmetric block matrices,
input constraints in [55]. Unfortunately, despite the picad  the symbolx stands for the terms deduced by symmetry.
and theoretical significance, the SOF control of N-TS fuzzyrguments are omitted when their meaning is straightfodwar
systems subject to both state and input constraints has not
been well addressed. This motivates our new control salutio Il. PROBLEM FORMULATION
for this research topic. This section provides the preliminaries and formalizes the

This paper investigates the local SOF control design for cogpnstrained control design of N-TS fuzzy systems.
strained N-TS fuzzy systems. The proposed control framlewor

is established with a suitable sector-bounded charaateiz A System Description
for both state and input nonlinearities. Based on the absolu
stability theory, we provide an effective solution to estiathe

closed-loop domain of attraction (DoA), which is known as an Plant Rule i:

open-ended task for nonlinear systems [3]. More speciicall | ¢, (k) is 7, and G (k) is Fia ...Cp(k) is Fip,

the main contributions can be summarized as follows. THEN 2(k + 1) = Az (k) + Gio((k)) + Bisat(u(k))
1) We propose a new class of nonquadratic Lyapunov func-
z(k) = Liz(k), y(k) = Ciz(k), €y

tions by taking into account the local nonlinearities of the

Consider the following class of N-TS fuzzy systems:
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wherei € Z[1, N], and N is the number of IF-THEN fuzzy can also lead to design results with less computationaldsurd
rules.¢ = [G & ... C,,]T € R? denotes the vector and conservatism, see for instance [15], [16], [22], [45D][
of m_easurable premise variables whose measurement; Carﬁ?@ﬁark 2. Note that (2) is equivalent to
obtained fromy(k) and/orz(k). For system (1)x € R™= is
the state,u € R is the control,z € R"* andy € R"v [ (2) = 2T QA1 ()2 < 0. (6)
are measured outputs. The vector valued saturation functi .

5 Hipu v val uratl |'Phen, it follows from (2) and (6) that

sat(-) : R™ — R™ is defined as
0< " ()AT(Qe(2) <@ (2)ATHO02

sat(w;) = sign(w;) min (Ju], @), 1€ Z[1,ny],
<z2TQATHOQz, VzeR™. (7)

wherew; > 0 denotes the given bound of thith input. The
matrices of appropriate dimensions, B;, C;, G; and L;
represent theth local model. Assume that the nonlinearit
o(+) : R*= — R"= verifies the cone-bounded sector condition Let us consider a nonlinear SOF controller of the form

3]. Thi thatp(0) = 0, and th ist iti _ _
s o ).y ey (ore eS8 & POSIVE ) — k(M (Qub) + POA Opl=(k), (®)

. _ . - . — Qs where the matrices of appropriate dimensidi§(), M(¢),
8C(p(=(k)), AQ) = @ (kDA™ (C(R)) (= (R)) — Qz(R)] F(¢), A(¢) are to be designed. These MF-dependent matrices

. Problem Definition

SC(QD(Z(/C)),A(C)) <0, Vz(k) eR™, VkeZ,. (2) are defined as

The positive definite matrixA (¢) = diag{\1(¢), .-, An.(C)} ol ; ;

can be viewed as a degree of freedom for the SOF control [];((8 Af(%))} = Zm(C) ﬁfj ]/Vﬂ :
i=1 ‘ ’

design as shown in (8).
Using center-average defuzzifier, product inference amd sirhe nonsingularity of matrix M (¢(k)) in (8) is examined

gleton fuzzifier, system (1) can be rewritten as follows: in Theorem 1. We define the dead-zone nonlineatity)
2k + 1) = AQu(k) + G(Qp(2(k) + B(Osat(u(k)) -~ R™as
2(k) = L(Qz(k),  y(k) = C(Q)x(k), @) P(u(k)) = u(k) — sat(u(k)). 9)
where the state-space matrices are defined as Then, from (3) and (8), the closed-loop TS fuzzy system can
AQ BO O N N be represented as follows:
¢) B(() C(¢ i Bi C;
GO LE) 0 } = 2’%(0 [Gi L, o} : 2k + 1) =Aa(O)2(k) + Ga(Q)p(=(k)) — B(Q)(u(k))
N k) = k k) = k 10
Note that the membership functions (MFs) satisfy the follow (k) =L(Q)a(k), - y(k) = OOz (k), (10)
ing convex sum property [1]: with

N Aa(¢) = A(C) + BIOK(QOM™HOC(Q),
771(4) >0, an(<) -1, (4) Gcl(() = G(C) + B(C)F(C)Ail(C)
i=1 For the control design of system (10), we propose a new non-

Let = be the set of membership functions satisfying {4, Qquadratic Lyapunov function associated with the TS fuzzy
n(¢) = [nl(C)...nN(C)]T €= systems with nonlinear local models (3). This Lyapunov
Besides the control input limitations, the system statdgnction is constructed by incorporating the informatiom o
are also bounded in engineering applications due to physite nonlinearityp(z) into the Lyapunov function candidate as

and/or safety reasons. In particular, thguivalentTS fuzzy \ _ To-1 4 TA-L 11
representation of a general nonlinear system obtainedttsth (@,.0) =2 Q7 (Qa + () (©p(x), (A1)
sector nonlinearity approach [1] is generally valid wittan whereQ(¢) = vazl 7:(0)Q;, and@; > 0, for Vi € Z[1, N1.
specific bounded set [13], [45]. This domain of validity ca

be represented by a polyhedral &t R defined as Remark 3. If the decision variables;(¢), Vi € Z[1,n.], are

sufficiently large, them\~*(¢) — 0. As a result, the following
D, = {:c eR™: Sz <1, me I[l,ns]}, (5) classical Lyapunov function is directly recovered from)(11

where the matrixS € R"s*"= characterizes the domaf,,. V*(x,¢) =2 Q7 (). (12)

Remark 1. If G; = 0, Vi € ZI[1,N], then the N-TS For this reason, the non-quadratic Lyapunov function (12)
fuzzy system (3) reduces to(k + 1) = A(((k))z(k) + largely studied in the fuzzy control literature can be vidwe
B(¢(k))sat(u(k)). Thatis, the N-TS fuzzy system (3) reduceas a particular case of function (11). Hence, less conseevat
to the classical saturated TS fuzzy system studied in tilega results are expected when exploiting (11) for the control
[13], [26], [53], [55]. Hence, the form (3) is a more generaflesign. Moreover, due to the property (7) ©fz), the new
TS fuzzy representation. A particular interest of this fasm Lyapunov function candidate is bounded as

that it generally requires fewer number of rules to repreaen —

nonlinear system than a classical TS fuzzy model. Hence, it V(z, () < V(z, 9,¢) < V(z,0), (13)
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with V(z,¢) = 27 (Q7(¢) + LT(Q)QA()QL(()) z and  11Il. STATIC OUTPUT FEEDBACK CONTROL DESIGN FOR
V(z,¢) = V¥(x,¢) = 2" Q(¢)z. The level set associated CONSTRAINEDN-TS Fuzzy SYSTEMS

with the Lyapunov functio’/(z, ¢, ¢) is defined as The following theorem provides a numerically tractable

Ly ={x eR"™ : V(z,¢,() <1, forVn(¢{) € Z}. (14) solution to design a nonlinear SOF controller (8) that can st

o bilize asymptotically the N-TS fuzzy system (3). For bregyit

Due to (13), it s clear that we denote®((;) = Zf;l 7:(C(k + 1))©; for any matrices
E(2(0) S CEQ(C), Yn(¢) €=, (15) ©; of appropriate dimensions.

with 2(¢) = Q7 1(¢) + LT (O)QAL(O)QL(Q). Theorem 1. Consider the N-TS fuzzy system (3) with the
validity domain®,, defined in (5). If there exist symmetric
positive definite matrice§);, Q € R™=*"=  diagonal positive
definite matricesU; € R"™*"« A, € R"*": matrices
Definition 1. The set %y defined in (14) is said to be H; € R™*"= K; € R"*"™, F; € R"*"= M,; € R"*"v,
contractively invariantwith respect to the closed-loop systeny; € R™«*"=  for i € Z[1, N], and a positive scalat > 0
(10) if the Lyapunov differencé,V verifies the condition such that the optimization problem (18) is feasible. Then,
51V = V(a(k + 1), C(k + 1)) — V(z(k), C(k)) < 0, (16) the SOF controller (8) solves Problem 1 with the guaranteed

contractively invariant set4, of the closed-loop system (10).
forVk € Zy, Vx(k) € L\ {0}, all n(¢(k)),n(¢(k+1)) € =,

and all nonlinearitiesp(-) satisfying the sector condition ., max o log det(Q) (18)
(2). Clearly, if % is contractively invariant with respect to b " . .
system (10), then for every initial condition(0) € %, s.t. inequalities (19), (20), (21), (22)

The concept ofnvariant set[26] is crucial to characterize
the domain of attraction of the input-saturated system.(10)

the corresponding trajectory converges to the origin Whilghere¢; = (¢, Q;,Q, U;, A, H;, K, F;, M;, Y;) and
remaining inside this set [3]. Note th&ity; can be used as o
an estimate of the domain of attraction. Q kK
. . . i =0 19
This paper proposes a constructive LMI-based solution for QCQQ % X - (19)
the following control problem. QZ !
* *
Problem 1. Determine the nonlinear SOF controller with the 0 A x| =0 (20)
MF-dependent matrice& (¢), M (¢), F'(¢) andA(¢) as in (8) \Hiy Yigy @}
and a contractively invariant sety; defined in (14), as large e %
as possible insid®, of the closed-loop system (10) with any Son@; I x| =0 1)
n(¢) € Z and anyyp(z) satisfying the sector condition (2). (“8 0 A
The following technical lemma is useful for the subsequent Tiiik <0, i=j=gq

theoretical developments. Yuigh + Tigie + Lquin < 0, i—j i<gq
Lemma 1. Consider matriced; € R X", ¥i € R™ X, Tijqp 4+ Yigs + Tiioh 22
or ¢ € Z[1, N], and the nonlinearity(z) satisfying (2). Le i+ Lgigh + Ygin <0, i< j, j<q

us define the following set: o
Yigqk + Yqigh + Yoqie <0,  1<j, j=gq

={z eR"™ : |®(z,2)| <}, a7)
for Vi,j,q,k € Z[1,N], Vm € I[1,n4], andVl € I[1,n,].
where The quantityY; ;. in (22) is defined as
_ —1 —1

B(r.2) = HOQ Oz + YO (Qel2). 0 e e e
and [H(¢) Y(O] = XN, m(Q) [H, Yi], for wy(¢) € =. R oy, * *
If x € ©, C R", then the following inequality is verified: 0 132 —A, . .
SCOHW.U(Q) = 6(w) TUC) [u— v(u) + Bz, 2)] 20, T Togt N V.

51 53

for ¢(u) defined in (9), and for any diagonal positive definite Tféi‘j —B;U; ng ] %4] —Qk ;)‘6]
matrix U (¢) = Zf\; 7:i(Q)Us. e eKjT 0 Tijk EKJ'TBz‘T T

Proof. The proof of this lemma follows the similar lines aswith
Lemma 1 in [26]. Then, it is omitted here for brevity. [ f21]

= K;C, + Hj, T = Rl v
Lemma 1 presents a new sector condition to deal Wlth[41 [42]
the dead-zone nonlinearity)(u) in the presence of the quk QL(AiQ; + BiK;Cq), Ty, = —QLkBiUj,
cone-bounded nonlinearity(z) satisfying (2). This technical T[43 QLK (G;A; + BiF}), Tf;;l A;Q; + BK;C,,
lemma provides a regional characterization of the closeg-| 61]
properties for the nonlinear TS fuzzy system (10) by mean’gm = Gilj + BiFj, = C4Qj = M;Cy,
of an extension of the absolute stability theory [47]. ng’ﬁi = ¢K] B] L] 9, TB_%] = —¢(M;+M]).
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Proof. Sincen(¢(k)),n(¢(k + 1)) € E, for Vk € Z4, then on the left and its transpose on the right produces
condition (22) implies that

-Q©)  * * * *
Fgl —2U(<) * * *
27713 nk <+ iiik 0 Lo —A(Q) * * =<0, (26)
i= ivkzll N Cy Lo Pz —A(G) Q?C )
- . T's: 52 T's3 0 —Q(¢+
T
t2 ;;n (Omg (2)me(C) T here
pllgre . P21 = K(QOM™H(OC(C) + (C)
W(Ona T
"2 2 2 O Pis =Tz = FT(Q)+YT(Q), Tua = —QL(C)BOU(Q).
N-2N-1 N N Ty = QL(C¢1) (A(QQ) + BIOK (M HO)C(O)RQ(C)) ,
+ oS QO (Ong(Ome(¢)Ts <0, (23) Ty = QL(C, ) (GOAC) + BCF(C)),
T and i 51 = A(QQ(C) + BIOK QM ()C(O)Q),
with Is2 = B(QU(C), T's3 =G(QOA(C) + B(OF(Q).
T, = Tiigh + Yigik + Yguik, Pre- and postmultiplying inequality (26) by the block-diagl
YQ = Tiqqk + Tqiqk + quilm matrix dlag(Q_l(<)7 U_l(C)v A_1(<)7 A_1(<+)7 I) erIdS
Y3 = Yijor + Yigik + Liigr + Ligie + Taiji + Lojin- Q(¢) * * * *
Condition (23) can be rewritten in the following compactfor Egl 2U232(<) Ajl((g) : : =0, (27)
N N N N —Xn —Ya2 —Y AN *
T =33 3w O On(Ome(C) T <0, 24) L Zs1 BEO - ¥ 0 Q)
i=1 j=1qg=1 k=1 where

Note that inequality (24) can be, in turn, represented as

So1 = —UTHQ) (K(OMHO)CQ) + H(OQ™(C))

-Q(¢) * * x ok ok N2 = —ATHO) (FT Q)+ YT () U (),
T WG w ko a1 = ATH(C)QLCH) Aa(©),
faR R L0, 29) B = AT NG)RLG)B),

T51 T52 T53 0 T55 * E43 = A_I(C+)QL(C+)G01(<)7
Te1 Te2 0 Tes To5 Yoo Y51 = —A(C) — B(OK(Q)M~()C(C),
with S53 = —G(¢) — B(OF(OA(Q).

By Schur complement lemma [4], we prove that inequality

Tor = K(QO)C(Q) +H(C), Tao=F () +Y'(¢), (27) is equivalent to

Tar = QL) (AQ)Q(C) + B(OK(G)C(Q))

Tar = —QLEABOU).  Tas = ~A(Gy), A
Tis = QL(GH) (G(OAQ) + BOF (), 0 we AN s | TPE0@
T51 = A(Q)QQ) + B(OK(Q)C(C), TYs2=—-B(QU(¢), —Xu —X42 —243 (¢

_ with P =WTQ (¢ )W andW = [£51 B(() 53 0].
Tss = GIOAC) + BIOF(C),  Tss = Q(TCJF)’ Let us denotes(z4.) i o(z(k+1)). FLreE)-land postmaftiply}ing
To1r = C(OQ(C) = M(OC(C), Yoz = €K (Q), (28) with [z7 ¥(u)T ¢(2)T (24+)T] and its transpose
Yes =K (O)BT(OLT((1)Q, Ygs=eK (OB (C), together with the use of expressions (8) and (10), we obtain
Yoo = _6( ©)+MT(¢ )) the following inequality after simple manipulations:
Note that inequality (25) implies/(¢) + M (¢) > 0. This 0KV + 24(u) ' UTHO) [u = v (u) + B(, 2)]
guarantees thad/(¢) is nonsingular thus the existence of = 20(21) TATH (G p(z4) — QL(G1)24] <0, (29)

M~1(¢). Multiplying inequality (25) by wheres,V is defined in (16)

I 00 00O 0 Sincen(¢) € =, then condition (20) implies that
01 000 K(QM~'(C)

T=10 0100 0 , QO e -
00 0 I 0 QLC)BOKQM () O x| =0, leIlln. (30
00 0 o [ B(C)K(C)M_I(C) H(O(l) Y(O(l) u;
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Pre- and postmultiplying inequality (30) by the block-diagl transformation to obtain (26), this feature enables an LMI-
matrix diag(Q~1(¢), A=1(¢),I) leads to based formulation to design a SOF controller (8) for the N-TS
fuzzy system (3) where all the matrix decision variables can

Q¢ * * ] i
0 A-L(O) <=0 @ be MF-dependent to reduce the conservatism.
H(()(l)Q‘l(C) Y(C)(l)A‘l(() u? Remark 6. Theorem 1 is @eneralizationof the SOF control

. result using linear matrix equalities to convexify the desi
_fo_r I € I[1,n,]. Applying Schur complement lemma to (31)’conditions [40]. This result is formulated in Corollary 1.
it is easy to show that

[Q‘;(O A‘T(C)]

1 Corollary 1. Consider the N-TS fuzzy system (3) with the
— TQRTR >0, (32) validity domain®, defined in (5), and’; = C, Vi € Z[1, N],

Y whereC' is a matrix of full row rank. If there exist symmetric
with R = [H(g)(l)Q‘l(C) Y(Q)(Z)A‘l(g“)], I € I[1,n4). positive definite matrice€§);, @ € R"=*"=_diagonal positive
Pre- and postmultiplying (32) withz" (2)"] and its definite matriced/; € R"«*", A; € R"=*"+, and matrices
transpose, we obtain the following condition: H; € ReX"=, K; € R, Fy € R™>m=, M; € RMvX",

- Y; € R™*"= for i € Z[1,N], such that the optimization
V(z, ¢(2),¢) > _iz [ z T} RTR { x ] , (33) problem (1) is feasible. Then, the SOF controller (8) solves
ui [¢(2) v(2) Problem 1 with the guaranteed contractively invariant et
for VI € Z[1,n,], Vx € R™, andVy(z) satisfying (2). For Of the closed-loop fuzzy system (10).
Ve € %, it follows from (33) thatx € ©, defined in log det(O
(17), namely.#, C @, sinceV(z,¢) < 1, for ¥5(¢) € =. i et B et(Q)
Follom_nng the same !lne, we can prove that (21) implies the s.t. inequalities (19), (20), (21), (37), (38)
inclusion %, C ©, with ©, defined in (5).

Sincexz € D,, by Lemma 1 and the sector property (2wherey; = (Q;,Q,U;, A;, Hi, K;, F;, M;,Y;) and
it follows from (29) thatd,V < 0, for Vo € % \ {0}, and

VYn(¢) € Z. Thus, we can conclude that inequalities (20), (21) CQ: = M;C (37)
and (22) guarantee tha¥y, is a contractively invariant set T <0 i=i=gq
with respect to the closed-loop system (10) a#fd C ©,. i”k ’* . T
Furthermore, inequality (19) implies that Thige + Vigiw + Yo <0, i=17, 7 <4q
Q * * T:jqk + T:qjk + T;iqk (38)
Q B Q) * } = 0. (34) +T;qik + TZijk + TZjik <0, i<j,j<g
QeEe 0 AQ) Yok + Tiige + Togar <0, i<, i=4¢

By Schur complement lemma, followed by a congruen
transformation withdiag(Q—1,A=1(¢)), we can prove that
(34) is equivalent to

$6r Yi,j,q,k € Z[1, N], andVl € Z[1,n,]. The quantityY;; .
in (38) is defined as

Q' -Q7'(¢Q) ] -Q;  x * *
= 0. 35 21

{Al«mcm AN (o)) B (39) Tl o, . .
o= 0 12 —A; * *

_Pre-_ and p(_)stmultiplying (35) WitlflzT (p(z)T], the fol_low- ijqk ] Tf42] wa] N
ing inequality can be obtained after some manipulations: ijqk ijk ijk e

T A1 TE?;] —Bin G'lA7 + BiFj 0 —Qr
T Q7+ 25C(p(2), AC) = V(z,9,¢),  (36) ' ' '

; - Remark 7. In contrast to Theorem 1, Corollary 1 requires
whereSC(p(z), A(€)) andV(z, ¢, () are respectively defined . o : -
in (2) and (11). SinceSC(y(2), A(C)) < 0, it follows from two additional restrictions: (i’; = C, Vi € Z[1, N], and (ii)

(36) thatz " Q2 > V(z, ¢, ¢). This, in turn, guarantees thatC must be of full row rank. Restriction (i) is imposed since

-1y ¢ % Note that th titvoo det (O ts in generalC()Q(¢) = M(¢)C(¢) cannot be verified when
£(Q) < Zy. Note that the quantitjog det(() represents C; # Cy, for i,j € I[1,N] and: # j, see [37]. Note that

the volume of the ellipsoid (Q 1) [4]. Then, the optimization itV (37) irmolies th
problem (18) implicitly maximizes the volume of the s&f, equality (37) implies that
included inside® .. This concludes the proof. O

CQ(¢) = M(¢)C. (39)
Remark 4. Several relaxation results with different degrees of _ o o
design conservatism and/or numerical complexity [57] can Bhen, withQ(¢) > 0, restriction (ii) aims to guarantee the

directly applied to convert the MF-based inequality (24pin honsingularity ofAM(¢). The design conditions in Theorem 1

a finite set of LMI-based constraints. allow avoiding not only these restrictions but also LME con-
) i dition (37), which may induce numerical difficulties. Retar

Remark 5. The nonlinear SOF control law (8) is constructeghat the SOF control approaches in [36], [38]-[41], [56] for

using the slack variabl@/(¢), which isindependento the ¢jassical TS fuzzy systems lead to the same drawbacks.
Lyapunov matrix@(¢). Together with the specific congruence
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Remark 8. Sincen(¢(k)),n(¢(k + 1)) € E, for Vk € Z., Now we state the following result on nonlinear robust SOF
then condition (38) implies that control design for saturated TS fuzzy system (42).
-Q(() * * * * Theorem 2. Consider the N-TS fuzzy system (42) with the
To1  —2U(¢) * * * validity domain®, defined in (5). If there exist symmetric
T = 0 Ts3o —A()  * * | < 0. (40) positive definite matriceg);, Q € R™=*"=, diagonal positive
T Ty Tz Ty * definite matricesU; € R™ X"« A, € R"™*": matrices
Ts51 Ts2 Ts3 0 Tss H; € RmwXn= K, € R"X™  F;, € R™X"= M, € RWwX",
Applying Schur complement lemma to (25) in the proof ofi € R™*", for i € 7[1,N], and positive scalars, i,
Theorem 1 while considering equality (39) yields v; such that the optimization problem (43) is feasible. Then,
. the SOF controller (8) solves Problem 1 with the guaranteed
T +eZ" (M) +MT(() Z<0, (41) contractively invariant set?y of the closed-loop system (42).
whereZ = [TGI Yoo 0 Yeu T65}. It is clear that (41) max log det(Q) (43)
is equivalent to (40) for a sufficiently small scalar> 0. o3, 1€L[1,N] _ N
Then, for this case, it is expected that Theorem 1 provides s.t. inequalities (19), (20), (21), (44)
less conservative results than those of Corollary 1. whereo; = (e, i, vi, Qs O, Us, Ay, Hy, K, Fy, M;, Y;) and
Remark 9. The design ofstructured controllers can be C_
\Ilzuk‘<07 t=J=4q

reformulated as a SOF control problem. Indeed, the exmmessi T

A () = K(OM~(¢) enables us to design a structured gain Viigh + Yigie + Vaiir <0, i=7, j<¢q

2 (¢) by imposing M (¢) as a block-diagonal matrix and Wijgk + Wigik + Yjigk (44)

K (¢) with the same structure desired et (¢). For example, F Wik + Ugige + Uyjin <0, <4, j<gq

if we are interested in obtaining? (¢) with Wiggh + Ugigh + Vg <0, i<jij=gq

riﬁ(l)(C) ﬁ/ﬁzgg 8 ] for Vi, j, ¢, k € Z[1, N], andVl € Z[1, n,]. The quantity®, ;..
2 ' in (44) is defined as

)0 HlO) @

Then, it suffices to include the additional constraints G.O; G .
1=k —
M(¢) = diag(Mi1(C), Maa(C), Mss(C)), Wige 0 —Gi
Eu(Q) Ki2(¢) 0 } with T;;4, defined in Theorem 1G; = p;1, and

H(C) =

Wijgk = (45)

Tijqk * * ]
Y

K=] 0 K»n 0

Ks(¢) 0 Ks3(0) Q.= 0 0 pTrfo" DT o
into the design conditions of Theorem 1 and Corollary 1. AWijgr = [Lijg —EBiU; Nijr 0 0 7EpKj|,

similar remark can be reported for the control gaf(¢) = Lijq = EaiQ; + Ep;K;Cy, Nijx = Egi\, + EpiF}.
F(O)A~1(¢), whereA(¢) is already a block-diagonal matrix. ‘ ‘ ‘

Proof. As in Theorem 1, it follows from (44) that

IV. EXTENSION TOROBUST SOF GONTROL DESIGN FOR N N N N
CONSTRAINED UNCERTAIN N-TS FUzzY SYSTEMS =333 m(Omi (Oma(Omu(C) Wijqr < 0, (46)

This section extends the proposed control approach to N- =15=1 q. = 1 . _
TS fuzzy systems (3) including structured uncertainties. With Wi, defined in (45). Applying successively the Schur
this end, let us consider the following uncertain system: ~complement lemma, we can prove that (46) is equivalent to

) N 4 . T+9GT + WG 'w <o, (47)
i i isat
* ZU ( )+ Giplz(k)) + Bisat(u( ))) whereY defined in (24) and
N N
k) = Zm@)m Zm , (42) Q=Y m(¢)% G=D m(),
=1 k=1 =1

Where/L = AZ + AAZ(]{I), Bl = B; + ABZ(IC) and Gl = NN NN
Gi+AG;(k), for i € Z[1, N]. The structural uncertainties are "V = Z Z DD (O (na(Om(Co)Wijr.

described as

_ _ _ _ _ _ 1 DenoteA(k) = diag(A(k), A(k)). SinceAT (k)A(k) < I,
[Adi(k) ABi(k) AGi(k)] = DAGK) [Bai Epi Eai] using the following well-known matrix property [50]:
where theknownconstant matrices of appropriate dimensions - - T Ty
D, Ey;, Ep; and Eg;, with ¢ € Z[1, N], characterize how the 2 Y+Y X2 GX+Y G,
nominal state-space matrices are affected by the uncsrtaivith 2 = Q" and% = A(k) - W, it follows from (47) that
The unknownmatrix-functionA(-) is with Lebesgue measur-

able elements and satisfiegk) T A(k) < I, for Vk € Z,.. T+ QAW +WIAT(K)Q' <0. (48)
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Following similar arguments as in the proof of Theorem 1, widgether with the sector nonlinearity approach [1] to carctt

show that (48) implies (29) with respect to system (42). Thethe following uncertain N-TS fuzzy model (42) of system (50)
by the results of Theorem 1, the proof can be concludéd.

A— a4, |1 035 A— 4, _ |08 —035
Remark 10. Note that the fuzzy output feedback control prob-*1 = 2= g4 0.6 |’ 3T = o4 06 |
lem with unmeasurablgremise variables is very challenging . .
. By = B3 = diag(0.5,1 By = By = diag(2.967, 1
[58], especially for SOF control schemes [13], [37]. Theustb ' 3 = diag(05, 1), > 1 = diag( 1),

control result in Theorem 2 may be useful to deal with not only™1 = C3 = diag(1,0), Cz = (4 = diag(1, 2.467),
the norm-bounded uncertainty but also partially measerably, = G, = D = [0 1f7 G =Gy = [o _0,2}T7

premise vectoc. To this end, the set of premise variables can; _y Eo=1T10 02 icTl.4
be divided into two following subsets: o= 5 = 2, eIt 4]
M={G €C: ¢ is measurablei € Z[1, ]} , The corresponding fuzzy MFs are given by
U={¢ €¢: ¢ is unmeasurable; € Z[p,, + 1,p]}, Fi(Gi(k) =1 —sin®z1(k), For(¢i(k)) = sin®zq (k),

pm € Zy andp, < p. Then, only premise variables F,((y (k) =1 — L Faa(Ga(k)) = —
belonging toM are used to construct the nonlinear control ™ i
law (8). Each unmeasurable premise variable belongirlg toNote that for the case of'(¢(k)) = C; = Cs, the second
can be rewritten in the form sensor cannot be used to measure the output variables. Since

. C1 andCj are not of full row rank, the nonlinear output matrix
(k) = Cim (k)i Zpm + 1,p], 49 .
G (k) = Gim +0;(k)Gyr ¥ € Zlpm + 1] (49) C(C(k)) = S0, mi(¢(k))C; is not always of full row rank.
whereé; (k) € [-1,1], for Vk € Z,, and Hence, Corollary 1 and the SOF control approaches in [36],
¢ G i ¢ —Ci i [39], [41], [56] cannot be applied to system (50). However,
ij — J max J min er — J max J min )

5 by Theorem 2, a SOF control solution can be found with

0.0421. This shows that the proposed SOF control approach

Sincez € D, defined in (5), the upper and lower bound3,p he applied to a larger class of nonlinear systems than
of each premise variabld,e., (j(k) € [(jmin,Cimax)y 0T numerous existing results,

Vj € Ilpm + 1,p], Vk € Z4., can be easily computed. Substi- Fig. 1 depicts the estimate of the DoA and the phase

tuting (49) i.nto the original nonlinear sys.tem, we can deriv ortrait for the nonlinear system (50) in feedback with ti@FS
the u_ncerta|_n N-TS fuzzy system (42) with only me_asurab ntroller (8) designed with Theorem 2. Observe that the DoA
premise variables and Theorem 2 can be then applied. estimation given by the set, (solid blue line) isnonconvex
Remark 11. The optimization problems in Theorems 1 and 2nd disconnectedwhich is included insideD, and®,,. To

are expressed in terms of LMIs with a linear search parametétstrate the inclusion in (15), the lower and upper boungdi

¢ > 0. A gridding method can be performed to search fallipsoids respectively denoted I8(2(¢)) and€& (Q~1(¢)),

e. To this end, we define a new parameter= 5, thus are also depicted (dotted-dashed line). Moreover, the ephas
e = Z—. Note thate > 0 if and only if 7 € (0,1). Then, the portrait points out the stabilizing property of the desigdi®OF
optimization problem (18) or (43) can be effectively solveg@ontroller with respect to the closed-loop system.

with YALMIP toolbox and SDPT3 solver [59] performing a

linear search for the new parameter scalaf (0, 1).

2 3

FoCE=INi177:::.9Y D, ——F
1 o NN A A A <
V. ILLUSTRATIVE EXAMPLES e NI A A A
1~ ~ o\ R
Numerical simulations are presented hereafter to demc e e S S I A
. 0.5 — - i \ A e
strate the effectiveness of the proposed SOF control des = AHrr>s it/ 222
for constrained N-TS fuzzy systems in the form (1). = HEE = =2 R —
-05 (L1 A . = =
Example 1. Consider the following nonlinear system: 1 SRR REEY ViV e .
[x1<k+1>} [1—0.2<1<k> —0.35 } [m(k)] 15 FRARRAAN f /\ Cr o SQTOISES
= i //;///;/A/;;T;‘;;;\‘\\\\\
IQ(IC + 1) 0.4 Og —é—k())lgg(k) (IQ((IZ))) 2_1 I o5 0 05 1 1o
0 0.5+ ( 0| [sat(uy T
[1_Lxgm]@@@”+[ 0 1}Lm@ﬂ@)
T Fig. 1. Estimation of the DoA and phase portrait for the nogdir system
2(k) = z1(k), y(k)= [zl(k) Ga(k)z2 (kﬂ ) (50) (50) in feedback with the control law (8). The DoA estimatigiven by the
. . _ _ set.%y is in solid line and the lower and upper bounding ellipsdds2(¢))
with |21 (k)] < F, |z2(k)] < 2, U = 1, Gi(k) = and& (Q~1(¢)) are in dotted-dashed lines.

M)

= u2
sin(21(k)) € [0,1], Ca(k) = 23(k) € [0, %], and Cs(k)
xa(k) € [—2,2!. The nonlinearity p(z(k)) is defined as  The proposed SOF control results enable designing feed-
o(z(k)) = Q2RUxeosG0k)) ¢ ¢6{0, 22(k)}, 2 = 2. Note back gains with particular structures as stated in Remafio 9.
that the premise variablé; (k) is not directly available for illustrate this feature, assume that we search for dedersda
measurement. Hence, the procedure in Remark 10 can be Usediback gains with diagonal structure constraints on the




IEEE TRANSACTIONS ON CYBERNETICS (ACCEPTED) 9

matrices K (¢{) and M(¢). Then, solving the optimization the validity of the considered TS fuzzy nonlinear model,
problem in Theorem 2, the control gains are obtained as and the control input saturation are not take into account in

K, = —diag(1.494,0.312), K, = —diag(0.680,0.347),
K3 = —diag(1.232,0.727), K4 = —diag(0.507,0.390),
M; = diag(1.239,1.414), M, = diag(2.654, 1.400),
M; = diag(1.410,1.433), My = diag(2.659, 1.393),

with € = 0.042, and the following Lyapunov matrices:

0 = 1.253  0.03 Qs = 2.467 0.08
171003 1.395)° 271008 14/’
0 1.448 0.03 s = 2.467 0.06
371003 14| 47 10.06 1.396]|°

A1 =3.404, Ay =2.609, As=3.498, A, =3.514.

Note thatA;, i € Z[1,4], are different, and\=*(¢) —» 0.

This numerically confirms that compared to the classical
nonquadratic Lyapunov function (12), the new function (11)

the design performed in [16]. Note also that the numerical
complexity of LMI-based optimizations can be evaluated by
the number of scalar decision variablgs, and the number of
rows of involved LMI conditionsV;ey. The results concerning
the design conservatism and the numerical complexity are
reported in Table I. Remark that sin€g # Cs, Corollary 1
cannot provide a control solution for any value @f This
numerically confirms the statements in Remark 7.

TABLE |
LARGEST VALUE OFa WITH THE RELATED NUMERICAL COMPLEXITY.
Control design Theorem 1  Corollary 1
a* 11 Infeasible
Decision variables A/var) 58
LMI rows (Nrow) 186 -
Numerical complexity /3 Nrow) 36290832 -

provides more degrees of freedom to reduce the conservatism

Example 2. Consider the following nonlinear system [16]:

w1 (k4 1) = (L Than (k) + T (k) + "o T k)

—0.1Tx4(k) + T(1 + 23 (k))sat(u(k)) + Tp(z(k))
l‘g(k + 1) = T,Tl (k) + (1 - QT),TQ(k)
r3(k+1) = Ta1(k) + (1 — 0.37)z3(k) + T2 (k)2 (k)

sin b

za(k+1)=(1—=T)za(k) + TTIg(k) + Tp(z(k))
y1(k) = z2(k) + (1 + @i (k))za(k),  y2(k) = 21(k)
z(k) = w3 (k), (51)

wherer; € [~a,a], 3 € [-b,b], b = § and p(z(k)) =

sin(zs (k) — 2225 (k), with p(2(k)) € co{0, 1 — by (k)}.

The control input is constrained hy= 1.2 and the sampling °

time is T = 0.5s. Selecting((k) 22(k), the nonlinear

system (51) can be represented as a N-TS fuzzy system o2
with the following local matrices and membership functions o

[1+T T smbp 017
4| T 1-2r 0 0
YT @ 1-037 0 |’
0 0 smb 1T |
1+T T smbp 017
4 T 1-2T 0 0
S 0 1-037 0 |’
0 0 smb 1T |

Bi=[(1+a®)T 0 0 0", B,=[T 0 0 0],
Gi=Go=[T 0 0 T)', Li=L=1[0 0 1 0],

o1 0 1+ o101
Cl_L 00 0 }’02_[1 ooo]’

X1 (k)z

m(C(k)) = 2 n2(C(k)) =1 —m(x(k)).
As in [16], we find the largest value af, denoted by *, for

For illustration purposes, we consider system (51) with
a = a* = 1.1. Solving the optimization problem in Theorem 1,
a nonlinear SOF controller (8) can be found with- 0.1379.
The closed-loop trajectories and the control input sigoates
sponding to the initial conditior(0) = [0.5 1 0 —0.3}T
are depicted in Fig. 2. Observe that the closed-loop system i
asymptotically stabilized despite the input saturationtheg
beginning of the simulation.

(&)

0.7

—ui(k)
--ya(k)

—u(k)
- -sat(u(k))

--a

0.6 -0.2

-0.4

0.5

-0.6
-0.8

-1.2

0.2
S -1.4

-1.6

-1.8

100 0 20 40 60 80 100

Fig. 2. Closed-loop behaviors of the nonlinear system innipla 2 with
a = 1.1. (a) Output. (b) Control input.

Example 3. Consider the following physically motivated two-
tank system borrowed from [50]:

hn(t) = 7 (Ro(t) — a1v/29 (D)~ 1a0))
ha(t) = % (al\/2g (1 (2) — ha(D)) — ag\/2gh2(t)) . (52)

whereh, (t) andhz(t) denote the water level of the two tanks,
v(t) is the flow rate of the pumpd = 100cn? is the horizontal
sectionk = 0.01 is a constanty; = 1cm? is the section of the
valve connecting the tankay = 0.7cn? is the section of the
outlet valve,g = 981cm/s’ is the gravitational acceleration

which a SOF controller can be found for system (51). Note the@nstant. The control goal is to keep the water level of the

the state constraints; (k)| < a and|xz3(k)| < b, guaranteeing

two tanks in the operating poirt. hge]T =19 G}Tcm.
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It follows from the equilibrium equations of system (52) thais stabilized in the desired setpoint using only the outmra
in the SOF control law (8) designed with Theorem 2. Note

1 /-
0=+~ (/ﬂ/e —a1v/2g (hie — hze)) ; that the fuzzy dynamic output feedback control approaches
proposed in [34], [45], [52], [53] cannot be applied to this
1 .
=1 (@1 2g (h1e — hae) — azy/ 29hze) : uncertainN-TS fuzzy system.
By definingx; = hy — hie, 2 = hg — hoe @and Av = v — v, (@) ) ©
the following incremental model is obtained [50]: 9 6 7680
— (k) —hs (k)
. a 2 a 2 7.
L1 _ vy .f(Il?Iz) Y .f(Il?Iz) ! % A - > 7660
P a1 2g ay 39 r + 0 v
2 A f(z1,x2) A f(z1,z2) 2 8 5 .
+ || o) 53 ¢
TA 7 2 7620
where f(21, 22) = \/2g(x1 — 2 + h1e — hae) + /29(h1e — hae),

andp(xq) = té—i‘), with t(x3) = \/2g(z2 + hoe) + vV2ghoe.  °° 20 20 60 80100 °° 20 40 60 80100 0 20 40 60 80 100
Assume thafz:| < 8 and |z2| < 5, then¢i = 77155 k k k

[0'0054’ 0'0130] and@(@_) € ?0{0'0039172(]{)’ 0'0065I2(l€)}' Fig. 3. Closed-loop behaviors of the nonlinear system innipda 3. (a) and

After a loop-transformation, it follows that(za) = @(x2) —  (b) States. (c) Control input.

0.0039z2. Note thaty(zz) € co{0,Qx2} with Q = 0.0026.

We considedAv(t)| = [sat(u(t))] < @ with @ = 50. Hence,

system (53) can be rewritten in the form VI. CONCLUDING REMARKS

i1 —%% %% 1 A new solution for SOF control of constrained N-TS fuzzy
do| | @20 _a 29 2900 |5 systems has been proposed. The regional control design is
A f(z1,22) A f(z1,72) A

Z established through an effective treatment of the nontinea
+ [Z} sat(u) + { 2%%] o(22). (54) effects introduced by the input saturation and the nontinea
0 A consequents of the fuzzy systems in the closed loop. To eeduc

A continuous-time two-rule N-TS fuzzy model can be easilfrther the design conservatism, we propose a new type of non
derived from the nonlinear system (54). Then, performing gpadratic Lyapunov functions including the informationtbe
discretization with the sampling peridl = 0.5s and a zero- nonlinear consequents in their construction. Using Lyapun
order hold with no delay, its discrete-time counterpartqap Pased arguments, the SOF control design is reformulated as a

be obtained with the following local matrices: LMI-ba§§d pptimization with a linear search parameter. The
convexification procedure is based on some special congeuen
_ |0.7343  0.2308 _ |0.426 -3 transformations which are specific to the new structuresef t
Al s Bl x 10 s . .
0.2308 0.5738 0.067 proposed SOF controller and nonquadratic Lyapunov functio
A, — 0.5692 0.3671 B, — 0.364 < 10-3 Therefore, the proposed control approach requires neither
27103671 0.4634]° 27 10.123 * explicit matrix-rank constraints nor LMEs, inducing nurcef
T difficulties. Especially, in terms of design conservatisng
= [—13.2833 —74.3406 = =11 -1 - .
G = }T’ =0 = I can theoretically prove that the new approach includes the
Gy = [-24.2390 —64.4727] , Li=Ly=[0 1]. LME-based SOF control results. Three numerical exampkes ar

Since C; — C,, both Theorem 1 and Corollary 1 can be‘provided to demonstrate the effectiveness of the new cbntro
applied to this system. However, only the design conditio@®Proach. For futu_re works, we will focus on observer-based
in Theorem 1 are feasible with — 0.01. This numerically control and dynamic output feedback control for fuzzy syste

reconfirms that Theorem 1 provides less conservative gesdifider multiple state and input constraints [54], [60], esqley
than Corollary 1, see Remark 8. in the presence of unmeasurable premise variables.

Furthermore, assume now that the state-state matrices are
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