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Abstract The robust static output feedback (SOF) control for continuous-time Takagi-
Sugeno systems subject to actuator saturation is solved here, including H.. perfor-
mance guarantees. Based on a polytopic model of the saturation, sufficient condi-
tions are proposed for designing these controllers in terms of Linear Matrix Inequali-
ties (LMIs). With the aid of some special derivations, bilinear matrix inequalities are
converted into a set of linear matrix inequalities which can be solved easily without
requiring iterative algorithms or equality constraints, moreover, the output matrix of
the considered system does not require to be full row rank. Finally, some examples
are presented to show the validity of the proposed methodology.

Keywords Takagi-Sugeno (T-S) fuzzy systems - Static Output Feedback (SOF) -
Actuator saturation - Linear matrix inequalities (LMIs).

1 INTRODUCTION

In recent years, a large number of researchers are studying Takagi-Sugeno (T-S) sys-
tems because, although most physical and systems are nonlinear, they can be ade-
quately represented by this class of fuzzy systems. In fact, it has been demonstrated
[1] that T-S fuzzy models can represent exactly some non-linearities of systems, by
using fuzzy IF-THEN rules. Thus, these T-S fuzzy models provide a simple and ef-
fective method to complement other nonlinear control strategies (such as Mamdani
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fuzzy logic control [2]) by using mathematical nonlinear models. In fact, some sig-
nificant results have already been proposed using this formalism, most of them using
the linear matrix inequality (LMI) formalism. For example, the stability and stabi-
lization problems of nonlinear systems described by T-S fuzzy systems can be found
in [3-7], where results are mostly based on the quadratic Lyapunov function (LF)
approach. Since uncertainty often leads to instability, robust stability of uncertain
T-S fuzzy systems is regarded as an important issue. Robust control of T-S fuzzy
systems with uncertainties was studied in [9-12]. Sufficient LMI conditions guaran-
teeing the existence of H. controllers for T-S fuzzy dynamic systems was presented
in [8]. These results were found to be conservative, so effort concentrated on de-
riving less conservative results, for example, in [13—15]. It must be pointed out that
most of these references focused on state feedback. However, in most real-life ap-
plications, state variables are not always completely measurable. Hence, researchers
are now paying attention to output feedback. More precisely, as dynamic output feed-
back increases the complexity of the controller, efforts concentrate on static output
feedback (SOF): See [20] and references therein. SOF control of T-S fuzzy systems
is already attracting a lot of attention [16—19]. Design of SOF controllers is chal-
lenging, as it is linked with solving Bilinear Matrix Inequalities (BMI), which are
numerically complex. Many results concerning SOF design were developed. In [21]
and [22], the SOF controllers have been proposed by using two-step method, where
a state feedback controller design was obtained from the first step, whereas the sec-
ond one is the solution of the LMI problem. Thus, the design depends on the state
feedback controller gain obtained in the first step. For T-S fuzzy models, there are
some results for SOF design: based on a quadratic Lyapunov function and some ma-
trix transformations, a procedure to calculate SOF controller was given in [23]. In
[24], a cone complementary algorithm was studied. [25] proposed an iterative algo-
rithm based on the common quadratic Lyapunov function. In these last works, the
conditions are bi-linear in the decision variables, so iterative algorithms were used
to numerically solve the stabilization problem, which represents a weakness of the
approaches. In other studies [10,26-28] the BMI problem for SOF controls has been
solved by inserting an equality constraint condition for the Lyapunov matrix, which
makes the numerical solution more complex. To overcome this, a sufficient condition
which does not require equality constraints was proposed in [40] and [41], for ro-
bust static output feedback H.. controller problem for linear systems with polytopic
uncertainties and uncertain fuzzy systems respectively.

None of the previous cited works deals with saturation in the control signal, which
is inherent to most real-life applications. If these saturations are not taken into ac-
count, stability tests and performance measures are not valid. Several methodologies
have been suggested for dealing with systems with actuator saturation. For instance,
stability of saturated linear systems was investigated in [29]. Saturated output feed-
back was considered in [30-32]. With time-varying delay, the problems of descriptor
systems and nonlinear systems have been investigated, in [34] and [35], respectively.
[36] has studied the stabilization of discrete-time systems with actuator saturation
based on multiple Lyapunov function and slack variable matrices. It is worth noting
that there are still few contributions addressing SOF H.. control subject to actuator
saturation: one may refer to [30,37,33]. In particular, the singular value decompo-
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sition approach was proposed in [30,37] to design SOF H.. controller with actuator
saturation in terms of eigenvalue problem for both, linear discrete-time and linear
continuous-time systems, respectively. In [31] the robust observer-based output feed-
back controller design of uncertain time delay systems subject to actuator saturation
was obtained, although based on an iterative LMI optimization.

Other results related to the current proposal are the following. In [47,50], a state feed-
back controller was designed to guarantee asymptotic stability of systems of neutral
type, but the H,, norm performance is not considered. More recently, in [48] and
[49], a state feedback controller has been designed to stabilize the system and guar-
antee an H., norm disturbance attenuation performance. All this previous results for
saturated systems assumed the plant to be linear. For nonlinear systems that can be
described as T-S fuzzy systems, the adaptive sliding mode control was investigated in
[45] by using the singular value decomposition of system input matrix. [46] proposed
a descriptor formulation, which avoids the coupling terms between the feedback gains
and the Lyapunov matrices, in order to obtain more relaxed conditions. Note that both
[45] and [46] did not investigate the performance. To overcome this, in the present
contribution, guarantees of H. performance are explicitly considered in the design
of a robust SOF controller. It must be pointed out that although [33] investigated
the robust H., SOF of T-S fuzzy systems under actuator saturation, this was done by
inserting equality constraint conditions, and the output matrix of the considered sys-
tem is required to be of full row rank. With the later constraint, a particular class of
matrices is imposed. In this paper, with the aid of some special derivations, all com-
plex couplings between Lyapunov matrices and feedback gain matrices are avoided.
Hence, the proposed method leads to less conservative results than previous works in
the literature, but it can also be applied to a larger class of systems.

Thus, in this paper, we propose a new approach for the robust SOF H.. control for
continuous-time T-S fuzzy systems subject to actuator saturation. Based on the use
of the concept of decay rate in the quadratic Lyapunov function, sufficient condi-
tion for this problem is formulated in the form of LMIs. More precisely, the design
of robust SOF H., control subject to actuator saturation is solved, where the value
of the decay-rate is imposed. In comparison with the above mentioned LMI design
methods, the proposed method requires neither equality constraints as in [33] nor
transformation matrices which are hard to be satisfied. Moreover, this method can
handle T-S fuzzy systems with multiple output matrices of subsystems and these ma-
trices are not explicitly required to be of full row rank as in most of existing works
[33,27], which overcomes the drawback induced by the previous approaches. Hence,
the proposed method not only guarantees the asymptotic stability of the closed-loop
system in presence of actuator saturation, but also can be applied to a larger class of
T-S fuzzy systems. This paper is organized as follows: All the preliminaries and nota-
tions used throughout this document are introduced in Section 2. The SOF H., design
methodology is described in Section 3, while in Section 4 the proposed methodology
is demonstrated by numerical and practical examples. Some conclusions are given in
Section 5.
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2 Problem formulations

Consider the following T-S fuzzy model that represents continuous-time systems with
actuator saturation and parametric uncertainties [33]:

Plant Rule i: IF ¢ (¢) is M;j; AND ... AND ¢(¢) is M;; THEN

#(t) = Ai(t)x(t) + Bai(t) o (t) + Bri(t) (1)
2(t) = Cri(t)x(t) + Dai(t) o (t) + Dyi(t) w(t) (1)
y(t) C21 (t)
where i = 1,2,...,r, and r represent the rule number, 6(¢) = [61(¢)G2(2) ... Gs(¢)] are
known premise variables, M;; are fuzzy sets, x(¢) € R" denotes the state vector, o () €

R™ is the saturated control input, y(z) € R™2 is the measurement output, z(r) € R™
is the controlled output, ®(z) € R™ is the disturbance, that belongs to .%5[0,0) :=

{o(r) : ||o(1)]|.2 = \/W < oo}. The uncertain matrices A;(), By(t),
Byi(t), C1i(t), Dyi(t), Dy;(t) and Cy; are decomposed as follows:
Ai(t) = A+ AA (1), Bi(t) = B1j+ ABy;(1)
B i(t) = Bai + ABy(1), Cii(t) = Cii+ACi(1)
Dyi(t) = Dy; + ADy;(1), Dyi(t) = Dai + ADqi(1)
Coi =Gy

2

in order to avoid complexity in designing the output feedback control law, we assume
that there is no uncertainties on the measured output. where A;, By;, Bo;, C1i, D1i, Da;
and Cy; are constant matrices of compatible dimensions, AA;(r), ABy;(t), ABai(t),
AC(t), ADy;(t), and AD»;(t) are time-varying parametric uncertainties described
by:

AA,'([) :Mi@i(t)NAh ABli(l) :Mi®i(t)N31i,
AByi(t) = M;iO;(t)Npai, ACi(t) = My;®;(t)Ncii, 3)
ADy(t) = M;i0;(t)Np1i, AD»(t) = M,O;(t)Npai,

where M;, M;;, Na;, Np1i, Npoi, Nci1i, Np1i and Npo;, i = 1,2, ...r, are known real
constant matrices, and ©;(¢) are unknown time-varying matrix functions satisfying:
O,(1)7ei(t) <1

The defuzzification process of the T-S system (1) provides the equivalent repre-
sentation [33]:

Mi(§ (1) [Ai(0)x(1) + Bai(t)o (1) + Bui(t) o(1)]

=
=
I
™-

Il
-

(1)) [Cri(t)x(t) + Dai(t) o (1) + Dui(t) (1)) @)

N
B
=
=
I
1~

Il
-

Mi(s(1))[Caix(1)]

~
=
=

I
01~
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in which ()
wi(s(2)) -
,wig(2)) = | | Mij(g;(t
Z{:l Wi(g(t)) l( ( )) /I;I] l]( J( ))
where M;;(¢;(t)) is the grade of membership of ¢;(¢) in M;;, and w;(g(¢)) represents
the weight of the i rule. In this paper, we assume that w;(g(¢)) >0, fori=1,2,...,r,
and Y7_; wi(g(¢)) > O for all t. Therefore, we get 0;(g(¢)) > 0, fori =1,2,...,r and

Yo ni(g(t))=1forallt.

ni(s(t)) =

A difference from [17,18,25,27], is that this paper considers explicitly the effect
of actuators saturation, in addition to uncertainties and H., performance. The satura-
tion function sat[.] is defined as follows:

o(t) = sat(u(t),i)

= [sat(uy (t), i), sat(uz(t),ii2), ..., sat (y (1), )]

®)

i if w(t) >
Sal(btl(l‘),ﬁl)z w() if —a <u(t) < (6)
—iy if w(r) <i

where i € R™ denotes the saturation level, u(¢) € R™ is the control input, i, and
U, denote the " element of i and u, respectively.

The SOF controller for the system (4) used here is based on the concept of paral-
lel distributed compensation (PDC) [27]. Thus, the controller is composed by 7 rules
of the following form:

Controller Rule i : IF ¢ (¢) is M;; AND ... AND g(¢) is M;; THEN

u(t) = Fy(r) @)

where i = 1,2...,r and F; are the feedback gain matrices that will be calculated
to provide robust performance. The overall SOF controller is then inferred as follows:

u(t) = ) ni(s(1))Fiy(r) (8)

-

i=1

In order to facilitate the design of the controller, the saturations are modelled
using the equivalent polytopic representation in [38,42]. For this, the following defi-
nitions and lemmas are needed:

Let E be the set of m x m diagonal matrices whose diagonal elements are 1 or 0.
There are 2" elements in E and we denote its elements as Es, s = 1,...2", and denote
E-=I1—EItiseasytoseethat E; c Eif E; € E.

Lemma 1 [43] Let u, it € R™ withu= [uy ua,...,un)" and u = [ty W, ..., )" . Sup-
pose that || < i fori=1,2,...m. If x € (\j—; I(H;) for x € R", then:

I(H)) = {x e R": |hjx| < i} ©)
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sat(u,i) € co{Equ+E; p:se[1,2"]} (10)

where co denotes the convex hull.
where H; is m x n matrix and h is the i row of H;. J(H;) is a polyhedral set.
Consequently, sat(u, i) can be rewritten as

om
sat(u,ﬂ) = Z CT(EYM+Es_IJ')a

s=1
2m
Y&=1, o<g<t
s=1
For x(tp) = xo € R", denote the state trajectory of system (4) as y(t,xo). The
domain of attraction of the origin is given as
S:={xeR": lle y(t,x9) =0} (11)
where S is an invariant set, which means that all the trajectories starting from within it

will remain in it forever. Furthermore, we are interested in getting an estimate 5 C S
of the domain of attraction, where

Es ={xo € R" : max|xo| < 8}
where 6 > 0 denote a scalar to be maximized.

Definition 1 [42] Let € be a compact set, and let W (x(t)) be a positive scalar func-
tion, defined by:
ePp)={xcR": x(t) Px(t) < p}.

and
W(x(t)) = x(t)TPx(t)

where P € R denotes a symmetric positive definite matrix. The ellipsoid €(P,p) is
said to be contractively invariant set if W(x(t)) <0, Vx € €(P,p) \ {0}. Thus, if an
ellipsoid € is contractively invariant for a system, it is inside its domain of attraction.

Lemma 2 [39,42,43] An ellipsoid €(P, p) is inside (\;—, I(H;) if and only if
i(P - N « =2 .
| = (h)" < i=1,....m (12)
P

where h! is the i'" row of the matrix H 2

Lemma 3 [41] For matrices T, Q, V, and W and a non-zero scalar &, the inequality

T+wTo" + 0w <0, (13)
is fulfilled if the following condition holds:
T *

gof tvw —ev—eyt | <O
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Lemma 4 [10] Given constant matrices X, Y and an unknown constant matrix A
satisfying the constraint AT A < I, for any scalar € > 0 the following inequality holds:

XAY +YTATXT <exx"+e'yTy
Remark 1 The robust SOF H.., stabilization of T-S fuzzy systems under actuator sat-

uration addressed in [33] was obtained by using p =Y., 1;H;x(t) and the polyhe-
dral set defined by (9). However, in this paper we use

¥ (t)

=
Il
-
=
~
=
<

(14)

|
-
-

N MH;[Cyux(t)]

j=1i=1
Iy(Hj, i) = {x € R" |y y(r)| <ty }
By some routine manipulations, €(P,p) can be proven to be inside (\;_, Iy(H,, i) if
and only if
A p\ ! .
) Ca (p) Cym)' <a  A=1,...m, jl=1,.r (15)

so the proposed sets are really appropriate for controller design. Note that compared
with method based on (12) used in [33], the equation (15) involves more inequalities
which results in a greater number of LMIs. Moreover, our results will be expressed
directly in terms of LMIs, avoiding the equality constraints or the use of transfor-
mation matrices, unlike the SOF in [33]. This simplifies the design procedure, and
widens the set of systems that can be stabilized by SOF.

By applying Lemma 1 and Remark 1, if x € (\j_, J(H}, i) then:

2m r r

sat (u ZQZ’?J Z )EsF;+E; Hjly(t) (16)

From (4) and (16), the closed-loop fuzzy system can equivalently be expressed as
follows:

2m r

-yoyy

s=1 i=1j=11

77171]711 Sljlx( )""_Bli(t)w(t)}

M\

Il
-

a7

r

ZCsZ

:1]

™-
M\

nzn]nl szjlx( ) +Dli(t)w(t)]

1

=
I

where

Aiji = Ai(t) + Bai(t) [EsFiCo + E; HiCy]

Cyiji = Cii(t) + Dai(1) [EsFiCo + E; HiCy
ni=ni(5(1)), nj=n;(s@)), m=m(s{)).
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The objective of the proposed controller design is then to find gains F;,i=1,...,r
of the control law (8), such that the closed-loop system (17) satisfies the following
two conditions in the presence of actuators saturation:

(1) SOF stability: The T-S fuzzy system (17) is asymptotically stable when @(¢) = 0.
(2) H. Performance: Subject to zero initial conditions, the controlled output z(r)
satisfies, for square integrable disturbance input @(z),

/w L (0)z(t)dt <y /w o’ (Ho(r)dr. (18)
0 0

3 Main results

In this section, the objective is to design a SOF H.. controller subject to actuator
saturation, that stabilizes the T-S fuzzy system (17), and yields a maximum size of
the estimated domain of attraction.

Theorem 1 The closed-loop system (17) is asymptotically stable with H. perfor-
mance Y, such that, €(P,p) is inside (\;_ J(H;, ), if, given a scalar & > 0, there
exist a symmetric positive definite matrix X, matrices Y;, Z;, V, and positive scalars
e, &andP, fori,j=1,2,...,rands=1,...,2" satisfying the following conditions:

Ihj;<0

(19)
A=12,....m; j=12,...r
I, ;+1I1,;,;, <0
Ajl Alj (20)
A=1,2,....om; j=12,...r—1; Il=j+1,..,r
¢Siii<0a i:1727"'ar (21)
¢siij+¢si{i+?sjii <0 22)
1<i#j<r
Osiji + Bsitj+Osj1i + Psjit + Osiij + Psti <O (23)
1<i#j#lI<r
where
—ﬁﬁ * *
M = | C(z)" -X * (24)

E(zp)" Cux—vCy —Ev—¢&vT

zj, is the A" row of the matrices Z;.

| Y *
¢sijl - |:1—;i;l éVéVT] (25)
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Wi * * * *
le —yI * * *
Yy = Yu}z Dy —I+eMM} *  * (26)
Y;zl Npi; 0 —el  x
le NDli 0 0 —&l
Y.}, = CuiX + DuEY;Cy + DyiEy ZiCoy

X ][ = NaiX + NpoiEsYjCo1 + NpoiEg ZiCoy
Y3} = NeuiX + NpoESY; iCo +NpoiEg Z;Cy

sijl —
i1 = XA! +AX + By[EY;Cy +E; Z;Cy] + [CZT,YJTES + CQZ}E;T]BQ
+BX + e MM!
and
Eiﬂ = [I_;lljll 0 1211]3 1211]4 I_;zljs] 27
nl=&(YTEr +2TE; )BZ, (CuX —VCy)

Lh=¢ (YTET+ZTE )Dgl.

4

Sij YTET ZTE;T>N§21’
I = & (VBT + 27BNy
Moreover, the controller gains F;, for the SOF controller (8) can be obtained from
F; =Y;,V~! Matrices H; can be obtained from H; =Z;V~!,i=1,...,r

Proof Convex sum property and the SOF conditions (19) and (20) imply that

m r r—1 r
Y m Zn,Hx,ﬂLZ Y nim(I+ ;) ZmZanzHM
A=1 j=1 j=ll=j+1 A=1 j=1l=
and, from (19) and (20), one concludes that
—ai * *
M= | Ch(zy)" -X * <0 (28)

é(zi)T CyX —VCy —§V—3§VT

If the LMI conditions in (28) hold, then the feasible solution of these conditions
satisfies —EV — EVT < 0, which implies that matrix V' is non-singular.

Using Lemma 3 with

- A % —y-! X —
Y [Cy( iy X},Qm [O]M VI0GuX-VCa], (29
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the LMI constraint (28) is equivalent to

T +W 0}, +0aWi <0

(30)
defining Z; = H;V, the inequality (30) can be rewrite as
Tl./‘l"'{ T 2 (i T*]SO- (3D
(XCy = CyVT)(h3)" 0
Substituting 7} j; in (29) into (31), we get
=2
FEAR

Defining X = (EP)_l, constraint (32) can be written by Schur complement as the in-
equality (15).
Since (21)-(23) hold, we can write that

om

Lo,

r

n; Gsiii + Y Y nin; <¢siij + siji + ¢sjii)
i=1 j=1iA)

r

[38)
~
_ =

_|_
™

Y. nimm (‘Psijz + Gsitj + Bsjit + Osjti + Ostij + ¢slji)}
= =it 1= +1

&Y Y Y nmimidsn <0

1 i=1j=1i=1

1%

S

which is satisfied if

| g *

¢Sljl - |:I;ijl _gV —éVT <0. (33)
where 1j;;; and I;;; are defined in (26)

By Lemma 3 with

Boi(E\Y; +E; Zj)
0
Qsij= | Du(EY;+E;Z) |, W=V ' [CyuX—-VC;0000],
Np2i(EsYj+ Eg Zj)
NDQI'(ESY]' —I—ES_ZJ)

the inequality (33) implies that,

Psiji = Yyiji + QsijWi + W Qf; < 0. (34)
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(34) can be rewritten as:

_Sli}l X %k k sk
0 0% %%
Qjt = Lij+ | b7 00 | <0, (35)
ik 000 x
=51
sijl 0000
where
qS_ji}, = Byi(E\Y; +E; Z)V  (CuX —VCy) + (XCy — oV WV T (Y El + 2T E; 7B,
bkt = Doi(EsY; + E; Zj)V™ ! (CyX —VCy)
Ouiit = No2i(EYj + E; Z))V ™ (CyX —VCy)
)

qsssl;l = Npoi(EsY; +E; Z;)V ™1 (CyX —VCy)

Using the change of variable F; =Y;V~!, H; = Z;V~! and substituting (26) into (35)
we get:

Wi * * * *
BlTi —2] * * *
Q= | Py D —I+eMMy x| <0 (36)
(p;‘l;, Npi; 0 —&l *
@5 Noii 0 0 —el

where

Wiji = XAl + AiX + By[EFiCyX + E; HiCyX] + [XC3,F] Eg+ XC3H] E; T|BY; + BX + et MiM]
(PS,-}I = C1iX + Dy EsF;Cy X + Do E; HiCy X,

(P;‘,-}z = NpiX + Np2i EgFjCy X + Npoi E; HiCy X,

(sti}l = Nc1iX + Npoi EgFiCy X + Npp, E; HiCy X,

Pre-and post-multiplying the inequality (36) by diag(X~',1,1,1,1) gives

Wi * * * *
BITI.P —72I * * *
Osiji = (pgi}l Dy —I+eMM}; * * | <0 (37)
([_)i}l Npi; 0 —&l *
@ Noii 0 0 —&l

where

W,;ji = A P+ PA; + PBy[EgF;Cy + E; HiCy) + [CyF] Eg+ CyH] E; "|BL,P+ BP + &, PM;M] P
@351 = Cri+ DoyEgFiCy + DoiE; HiCy

@it = Nai+ Np2iEsFjCo + NpoiE HiCoy

(Pssi}z = Nc1i+ NpoiEsFiCyy + Npoi Eg HiCy,
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we can write,
Psiji = o +APsiji

where
fog, * ¥
(/_)Osij/ - Bgilp _721 * (38)
(Posi T -1

oy, = PIAi+Boi(EsFiCo + E; ' HiCop) + (AT + (EFiCy + E; 'HiCy)" BY;]P + BP
(I_’&l,._,., = C1i+ Dy[EsFiCy + E; ' HiCyl]

and

M) [em " 0 01"
A q_)sijl =& 0 0 +& | 0 0
0 0 M;; M

1 (Nai + Ng2i(EsFiCoy + E; VH;Coy))T ] [ (Nai + Nigoi(EsFiCoy + Ey U H;Cyp))T ’
+£ Nii; Niy; (39
0 0

D1i

_ N T
(Nc1i + Npoi(EsFiCy +Ey VHiCyp )T | [ (Nevi + Npoi(EsFiCy + E; " HiCy))T
+e! Nbii Np
0

using Lemma 4, we obtain
AQsiji > AQgiji

PM; (Nai + Np2i(EsFiCy + E; ' HiCy)) T !
AQsiji=| 0 | 6(r) N1
0 0
[ (Nai + Npoi(EsF;Co + E; YH;Cy))T pm; "
+ Ny e/ t)| o
0 0
- r (40)
0 (Nc1i + Npoi(EsFiCy + E; T HCyp))T
+1 0 | 6i() Np;
M 0
[ (Nc1i + Npoi(EsFiCy + E; 'H;Cyp))T 07"
+ Npy; e | o
L 0 Mzi
A(f)sli}l * *
A‘Psijl = Ngli@iT(t)MiTP 0 * “1n
AGSl Mu®i(1)Npii 0

Ayl = PM;O;(t)[Nai + Npoi(EsFjCoy + E; ' HiCoy)] + [N4; + (EsFiCoy + E; ' HiCop) Ny 1O (1) M] P
A (Pfi}l = M;0;(t)[Ne1i + Npoi (EsFiCo + E; ' HiCyp)]
So that
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Bsiji = Qo +APsiji < Psiji < 0.

Let

_(p;i}l *oX

¢sji = | BL.(t)P _—y21 x | <0 (42)
fpfi}-; Dli(t) =1

@11}1 = PAi(1) + Bai(t) (EsFiCo + Eg ' HiCy) |+ BP + [A] (1) + (EsF;Cor + E ' HiCoy)" B3 (1)]P
@3t = [Cii(t) + Dai(1) (EsFiCo + E; ' HiCoy)]
using the system matrices in (17),

A5j1P+PAsiﬂ+ﬁP * *

Psiji = Bl()P -7 x| <O0. 43)
Csiji Dy;(t) =1
Let us consider the Lyapunov function
Vi(t) =x" (1)Px(t). (44)
For the decay rate control design, the condition is defined as follows
Vi(t) < —BVi(t). 45)
Taking the time derivative of LF (44) we get
Vi(t) = x(0)T Px(t) +x(t)T Px(¢). (46)
From (45) and (46) we have that
V(t)=Vi(t)+ BVi(t) <O0. 47)
Thus if (43) holds, by Schur complement it can be easily verified that
V() +z(1)z(1) — Yol (1) o(r) < O0. (48)

Integrating both sides of the inequality (48) from O to oo yields

/ th+/ )2(t) — Yo (1) w(r))d:

=V (x(e0) +/ —7o’ (H)o(t))dt <0

For zero initial condition, we obtain

/ (@ (1)2r)dt < 7 / "ol (No(r))dt
0 0

This completes the proof.
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Remark 2 The SOF control of discrete-time T-S fuzzy systems with time-delays was
investigated in [44], where the values of the disturbance attenuation and decay rate
B were imposed. However, decay rates are used here as parameters: this makes pos-
sible to figure out the best attenuation possible, by finding the minimum value of y
that gives a feasible solution. Hence, the introduction of the scalar parameter 3 is not
necessary to derive our results, but the selection of B provides extra free dimensions
in the solution space for the design condition.

Remark 3 In [25] and [31], an iterative LMI approach has been developed to solve
numerically the stabilization problem. However, in [25], the SOF control of continuous-
time T-S fuzzy models is considered without the input saturation. In [31], the robust
output feedback controller design of uncertain time-delay systems subject to actuator
saturation was obtained. Moreover, the iterative LMI approach depends on the ini-
tial values. However, how to select the initial values is still an open problem. Thus,
to avoid such drawback, an LMI design method is provided in this work without the
need to any initial conditions, so our results are more suitable.

Remark 4 In the case where Lemma 3 is not used and the parameter § = 0, the
inequality (43) is reduced to the inequality (16) in [33]. This explains theoretically,
that our results are more general than that of [33] and can leads to less conservative
results than the results of [33], and it can also be applied to a larger class of systems.

We now study the estimation of the largest region inside £(P, p) = {x € R"|x(¢)T Px(t) <
p}, with respect to the convex set Zy.
For this, we define

oy (e(P,p)) = sup{a > O[(aZn) C e(P,p)}-

where o is a scalar. Clearly if oy (€(P,p)) > 1 then Zx C (€(P,p)).
The convex set Zy has two main forms [42]:
In the first case, 2 is an ellipsoid:

Iy = {x e R"|x(t) " Nx(t) < 1}. (49)

where N is a positive definite matrix.
In the other case, Zy is a polyhedron:

Iy = co{x},x3,....x}. (50)

where x(l),x(z), . ,x6 are a priori given points in R”.
If Zy is given by (49), o (€(P,p)) is equivalent to (%) —X~! > 0; then, by Schur
complement this last inequality can be written as:

nN 1 >
{ I X] >0 (51)
withn=a2, (§)=x""

If 2y is given by (50), ay(€(P,p)) is equivalent to az(xé)T(g)xé <1LVi=1,...,1,
using Schur complement this last inequality can be equivalently written as:
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i\T
L’% (";’2 ] > 0. (52)

If we aim to design a controller with H., performance such that the domain of at-
traction of the closed-loop system is as large as possible, we need to establish a com-
promise between the maximization of the estimated size of the domain of attraction
o and the minimization of the H., attenuation level y. We unify this by minimizing
a2+p2.

Theorem 2 The closed-loop system (17) is asymptotically stable if for a given & > 0
there exist a symmetric positive definite matrix X, and matrices Y;, Z; and V, that
satisfy the following optimization:

min(a 2+ 9?) s.t.

LMI (19) — (23), and

nN 1
ke

or (53)
n ()"

Lé o) >0
i=1,...,1

Moreover, the attenuation level is guaranteed to be less than y and the domain of
attraction is maximized, with its size represented by «.

Remark 5 There exist several convex methods for designing SOF controllers in the
literature. For example, sufficient conditions with equality constraints were used in
[27] and [28] for T-S fuzzy systems. Moreover, some methods for robust SOF H.
control that do not require constraints on system matrices have been proposed for
polytopic linear systems and discrete-time T-S fuzzy systems, respectively, in [40]
and [41]. Besides, based on a judicious use of Finsler’s lemma in a T-S fuzzy Lya-
punov control framework, SOF controllers subject to both control input and state
constraints for discrete T-S fuzzy systems have been proposed in [32]. In compari-
son with the above-mentioned LMI design methods, this study proposes the robust
SOF H., control for continuous-time T-S fuzzy systems subject to actuator saturation,
without any constraints on system matrices.

4 Computer simulations

In this section, we provide numerical and a practical examples in order to highlight
the effectiveness and the advantages of the proposed approach.
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Example 1 To show the merit of the proposed method we consider the following
nonlinear system, borrowed from [33] and [27].

x1(t) =x1(1)
() =x1(t) —2x2(2)
%3(1) = x1 (1) +x3x2(1) — 0.3x3(¢)
X4(t) = sinxz (1) — x4 ()
2(t) =2 ()
y(t) = x1(¢) + sin(x3(7))

(54)

Assuming that x1(t) € [-a a], x3(t) € [-b b] with a > 0 and b > 0, the nonlinear
system (54) can be equivalently represented by the following T-S fuzzy system:

1
1
Al = |
_0
(1
1
Av= 1,
10
1
0
By = 0
_0

3A3:

11 1 =01
1-2 0 0
10 -03 0 |’
00 1 -1

, Boa = B3, By = B3

1 1 -0.1 11 sk o]
-2 0 0 A= 1-2 0 O

@ -03 0 |7 |14 -03 0

0 1 -1 | 00 st

1 sie 0.1 1+a* 1
-2 0 0 0 0

0-03 0 |"Ba=| o |'Bn=])

inb
0 b _p | 0 0
, Dii=0.1,D5=03, C;;=[1010],Cio=[10312 0],

Ci3=C11,Ciu=Cr2, Cy=[1010], Cn=[102 0], Ci3=Cy1, Cou =Cp2

where the premise membership functions are taken the same as those used in [27]:

2
1 .x
Mj (x1) a%

M7 (x1) =1—M{(x))

bsinx3—x3sinb

My (x3) = {1

x3(b—sinb)

M3 (x3) = 1 — M (x1)

X3750
X3=0

For comparison, we assume M; € R"™" and M,; € R"=*"z are identity matrices, Ngi; =
NDli = ND2,' =0and

00010
00 00
001 00
00010

Na;

0.1

, Npoi

T

0
0
0

, Ncii =

0 T

0.1

0
0
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Fig. 1 Trajectories of the the open-loop system of (54).

Table 1 H.. attenuation bounds of Example (1), compared with [33]

Methods \ i 1 2 3 4
[33], Qnax Infeasible 0.72 1.0576  1.3397
[33], v Infeasible  1.2965  0.8624  0.6517
Theorem 2, Qyax 0.43 0.93 1.35 1.62
Theorem 2, y 1.6131 0.8862 0.6599  0.4137

Fig. 1 shows the trajectories of the nonlinear system with u(t) = 0. The nonlinear
system is unstable.

Fora=1,b=0.1,and 2y ={[1 0 0 0]}, the optimization problem of Theorem
2 will be solved for different saturation levels. The SOF H.. controllers is designed
such that vy is minimized, and the domain of attraction is maximized. The obtained
minimum values of 'y and the maximum values of @ are shown in Table 1. From Ta-
ble 1, it is clear that increasing the value of saturation level decreases the level of
guaranteed performance y and the stability region expands. We can also see that the
obtained attenuation level Yy, is smaller than those in [33], providing better perfor-
mance. Moreover, in comparison with the results in [33], the SOF H., control design
is proposed without requiring equality constraints, which could make the numerical
optimization more involved.

Some simulations are now presented: the solution of Theorem 2, with the satura-
tion level i = 2, and & = 1073, gives Ouuax = 0.93, Vnin = 0.8862 and the following
results:

F1 =—-1.9301, F, =—-1.9309, F; =—4.3995, F; =—4.3745,
Hy=-1.7193, Hy, = —1.7204, Hz = —4.3995, Hy = —4.3768.
Figures 2-5 show comparative evolution of the trajectories for the closed-loop

nonlinear system (54) which are compared with those corresponding to the SOF with
actuator saturation proposed in [33]. Initial conditions for the simulations are x(0) =
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[0.72 0 0 0] and the external disturbance is ®(t) = 0. The saturated control signal
is displayed in Figure 6.

0.8

- — xl(t) Theorem 2 [33]
x, (t) Theorem 2

0.7

x,®

Time(sec)

Fig. 2 Response of x; (¢) for the nonlinear system (54) with the designed controller.

01l

- — xz(t) Theorem 2 [33]
X, (t) Theorem 2

0.08

0 0.5 1 15 2 25 3 35 4 4.5 5
Time(sec)

Fig. 3 Response of x,(¢) for the nonlinear system (54) with the designed controller.

For a =35 and b = 4, there is no feasible solution using [33], but Theorem 2
provides a feasible solution: with it =2, & = 1073, we obtain 04, = 0.83, Yinin =
1.1219 and the following gain matrices:

Fi=—1.8928, F, = —2.8531, F; = —4.3099, F; = —8.3440,
Hi = —1.8913, H, = —2.8385, Hy = —4.3102, Hy = —8.3432.
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0.14 r

- — xz(t) Theorem 2 [33]
X,(t) Theorem 2

%,

.0.02 I I I I I
0 0.5 1 15 2 2.5 3 3.5 4 4.5 5
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Fig. 4 Response of x3(¢) for the nonlinear system (54) with the designed controller.

0.08 -

- — x4(1) Theorem 2 [33]

xd(l) Theorem 2

X,

Time(sec)

Fig. 5 Response of x4 (¢) for the nonlinear system (54) with the designed controller.

Some simulations are presented for the closed-loop system from the initial con-
dition x(0) = [0.5, —0.5, 0, 0.7]7 and o(t) = 0: the states evolution are shown in
Fig 7, whereas the saturated control inputs sat(u(t))) and the (unsaturated) control
inputs u(t) are shown in Fig.8. The plot of ratio is shown in Fig. 9 under the initial
condition x(0) = [0 0 0 0] when o(t) = 0.25cos(10t). It is clear that this ratio
tends to a constant value, which is less than the prescribed value of Y = 1.1219.
From these simulation results, we can see that the designed robust SOF H.. presented
in this paper is effective.
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051
or
/ — — sat(u(t)) Theorem 2 [33]
sat(u(t)) Theorem 2
05 1 (u(t)
-1
-1.5
-2
25 . . . . . . . . I

0 05 1 15 2 25 3 35 4 4.5 5
Time (sec)

Fig. 6 The saturated input saz(u(t)) for the nonlinear system (54) with the designed controller.
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Fig. 7 Trajectories of the nonlinear system of (54).

Example 2 In this example, we consider the control of a Permanent Magnet Syn-
chronous Motor (PMSM) [33] with the following nonlinear model:

(1) =~ ia(0) 4 i (OO (1) 4 val)
iy (1) = R (0) + i (O (6) — T W (1) 4 vq(0) (55)
b4

. T

W(t) = —i,(t)— jW(t) +2w0(1)

where iy4(t) and iq(t), vy(t) and v4(t) are the quadrature and direct input currents
and voltages, respectively, W(t) is the motor angular velocity, n, is the number of

pole-pairs, ¥ is the permanent-magnet flux, L is the direct quadrature-axis stator
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sat(u(t)) Theorem 2
— — —u(t) Theorem 2

45 L L L L L L
0 0.5 1 15 2 2.5 3 35 4

Time (sec)

Fig. 8 The system control inputs (unsaturated and saturated) inputs for the nonlinear system of (54).
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Fig. 9 The ratio y(¢) = {/ = (O0) gor the nonlinear system (54).

ol (1)o(r)

inductance, R is the stator winding resistance, J is the moment of inertia and 7 is the
viscous damping coefficient.
In the nominal case the controlled outputs are as follows:

21(1) = 2(1+p)ia(r) +4iy (1) +4W (1)
+i (W () =W (1)* +0.1(r)
() =W()

with p an uncertain parameter, in this paper we assume p =0
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Table 2 H.. attenuation bounds of Example (2), compared with [33]

[33] Theorem 2
Clnax 1.5 1.85
Y 0.5 0.2760

As the nonlinear terms satisfy the conditions W (t) € [0y, 62], a TS fuzzy model has
been proposed in [33 ] using a two-rule TS fuzzy model with the following parameters:

—R 6, 0 —& n,0, 0 10
Ay = | —np6 *;Lj -2\, Aa=| —np6s *ﬁ —% |, Bu=Bn=|01],
U 0 T -7 00
0
235 253 0.1
By =Bp = g aCll—{001}7C12_|:001]aDII_DIZ—{O}a
00
Dy =Dy = {00}

This result is obtained as M; is the identity matrix, M;, Na;, Np1i, Np2i, Np1; and
Npa; are zero matrices and

0200
Nci1 = { 0 00}

The membership functions are the following:

mov) = 220 wo) = 1-m o) 56)

x(t) = [ig (1), ig (1), W ()] and u(t) = [vg (1), vg (1)]".
If iy(t) and W (t) are the measurable variables, and the measurable outputs are the

following:

then
_[oe0 _[060
Cﬂ_[oo 1} C”_{oo 1]

The following parameters have been used in the design and simulations: n, = 1,
¥ =0.031Nm/A, L=0.01425H, R =0.9Q, J = 4.5 x 10 kgm?, T = 0.0162N/rad/s.
For comparison with previous results in [33], we choose the same data (6) = —1,
6, =1, and N = 1) and the ellipsoid case. Solving the optimization problem of Theo-
rem 2, Table 2 shows the results comparing with [33] when & = 0.01. From this Table
2, it can be seen that, by using the method in this paper, the values of v and & can be
greatly improved, thus providing better attenuation of disturbances.

The gain matrices corresponding to these results are:
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5o [ 53836 —11.5986] [ ~3.9980 —6.2608
'= ] 6.4850 —13.8292 | "2~ | —32.4893 —19.5988 |’

b — [ 00029 0.0133 b, — [ 02135 —0.0281
=1 -0.0066 0.0308 |’ 271 -0.4871 —0.0638 |-

Some simulation results are shown in Figs. 10-12, from the initial state x(0) =
[1, =1, —0.5]" and (t) = 0. Fig.10 presents the state responses of the closed-loop
system (17) using the designed Hw. controller, with saturations defined by sat(vy4(t)) =
1, sat(vy(t)) = 2. Figs. 11-12 illustrate the evolution of the direct and quadrature
input voltages v,(t) and v,(t), respectively. According to the simulation results, the
proposed method stabilizes the permanent magnetic synchronous motor. This shows
that the proposed method is effective to control practical systems with guaranteed
attenuation levels.

1y
——x,0
08 — = %,
\ X,(t)
06F 2
‘\
KN
0.4 .
N
02Ff -
ot /:::':':':':‘::'::':—:—————
02+ — -
-
-
041 <
/
Y
061
08/
L

. . . . . . . . . |
0 0.01 0.02 0.03 0.04 005 006 0.07 0.08 0.09 0.1
Time (sec)

Fig. 10 Trajectories for the PMSM Example (55).

5 CONCLUSIONS

This paper has focused on designing Static Output Feedback controllers with guaran-
teed attenuation levels, for a class of nonlinear systems with input saturation. More
precisely, a new method has been established for SOF H., controller design where
the controller gains can be obtain from LMI terms, and the resulting closed-loop sys-
tem is asymptotically stable satisfying a prescribed level of H. performance. The
proposed approach is applicable for systems without disturbances in the measured
output. On the other hand, the output matrices are not required to be full row rank.
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sat( Yy ()

f

L L L L L L L L L

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time (sec)

0

Fig. 11 Trajectory of direct input voltage v,(¢) of Example (55).
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0

Fig. 12 Trajectory of quadrature input voltage v,(r) of Example (55).

In particular, it has been proved that the new proposed conditions are more relaxed
than the existing ones with equality constraints between output matrix and Lyapunov
matrix. It should be pointed out that compared with [33], Theorem 1 increases the

number of LMI from (m+r+2" 5 (r+1)) to (5(r+ 1)m+2" Z(r+ 1)) while

increasing the size of each LMI. With the increases of IF—then rules the merit of
the paper will be more apparent. Some examples are presented to demonstrate the
validity and effectiveness of proposed approach. This result will be extended to fi-

nite frequency H.. control for a class of fuzzy delayed systems with input saturation
systems in future research.
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