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RESUMO EXPANDIDO

Titulo: Realimentagido dindmica de saida de sistemas fuzzy Takagi-Sugeno sujeitos a correspon-
déncia inexata de varidveis premissas

Autor: Téassio Melo Linhares

Orientador: Prof. Dr. Eduardo Stockler Tognetti, ENE/UnB

Programa de Pos-Graduacao em Engenharia de Sistemas Eletronicos e de Automacao

Este trabalho apresenta novas condi¢oes de projeto de controladores de realimentacao dindmica
de saida de ordem completa para sistemas fuzzy Takagi-Sugeno (T-S) continuos e discretos no
tempo. O controlador de saida fuzzy pode ter uma quantidade de regras e um conjunto de fungoes
de pertinéncia diferente do modelo T-S da planta permitindo a selecio de varidvies premissas
usadas pelo controlador. Essa caracateristica permite lidar com cenarios importantes presentes
em muitas aplicagOes: varidveis premissas totalmente ou parcialmente ndo medidas ou medidas
com imprecisao. O principal aspecto da metodologia proposta é apresentar condi¢bes em que os
ganhos do controlador sdao independentes das varidveis premissas que nao podem ser medidas,
permitindo maior flexibilidade para o projetista em cendrios reais. As condigdes sao expressas
como inequagbes matriciais lineares combinadas com pardmetros escalares que fornecem graus
de liberdade extra. A metodologia de controle proposta também lida com incertezas de modelo,
saturacao da entrada e uso de fungées de Lyapunov fuzzy para sistemas T-S discretos na busca
de condicOes de estabilidade locais e estimagdo do dominio de atracdo da origem do sistema.
A efetividade e aplicabilidade das metodologias propostas sdo verificadas através de exemplos

numeéricos.

Palavras-chave: Fuzzy Takagi-Sugeno; Realimentacdo Dindmica de Saida, Desigualdades matri-

ciais lineares, Correspondéncia imperfeita de varidveis premissas.



ABSTRACT

This work presents new design conditions of full-order dynamic output feedback controllers
for continuous and discrete-time Takagi-Sugeno (T-S) fuzzy systems. The fuzzy output controller
can have a different number of fuzzy rules and a different set of membership functions from the
T-S model allowing the selection of the premise variables used by the controller. This feature
handles important scenarios present in many practical applications: immeasurable or imprecise
measurement of premise variables. The central aspect of the proposed methodology is to present
conditions where the control gains are independent of the premise variables that cannot be mea-
sured, allowing flexibility for the designer in a realistic output feedback context. The design
conditions are expressed as linear matrix inequality (LMI) relaxations combined with scalar pa-
rameters that provide extra degrees of freedom. The proposed control methodology also deals
with model uncertainties, input saturation, and fuzzy Lyapunov functions for discrete-time T-S
systems in search of local stability conditions and estimation of the domain of attraction of the

origin. Finally, numerical examples show the methodology’s effectiveness and applicability.

Keywords: Fuzzy Takagi-Sugeno; Dynamic Output Feedback, LMIs, Imperfect premise match-

ing.
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1 Introduction

1.1 Takagi-Sugeno fuzzy systems

The study of nonlinear systems is important in many areas, including control theory. The main
reason is that most physical phenomena are nonlinear, and the numerical and analytical analysis
becomes complex. The most common methodology to study nonlinear systems is the Lyapunov
theory, which is based on an energy function associated with the nonlinear system. However,
obtaining the energy function is challenging because there is no general procedure. An alternative
methodology is to linearize the nonlinear system in specific operation points, then analyze these
linear systems. This technique is called Lyapunov indirect method (Khalil, 2002). The main
advantage is to use established techniques developed for linear systems. However, the analysis is

only valid around the point of linearization.

In the past few decades, Takagi-Sugeno (T-S) fuzzy systems (Takagi and Sugeno, 1985) have
attracted great interest due to their ability to describe nonlinear systems as a compact set of
linear time-invariant models (Tanaka and Wang, 2001). Hence, the motivation to study T-S fuzzy
systems is to adapt methodologies of analysis and robust control developed for linear time-varying
(LTV) systems to study nonlinear systems. In this way, there exist many methods to design
control laws based on the Lyapunov direct method and linear matrix inequalities (LMIs) (see

Feng (2006) and references therein).

The so-called sector nonlinearity approach can obtain exact representations of nonlinear sys-
tems (Tanaka and Wang, 2001). In this approach, the premise variables, which represent the
nonlinear terms of the dynamical system, are used to generate the membership functions as a
convex combination of the vertex models (Sala, 2009). However, in this case, if the the nonlinear
terms of the model are not precisely known, then the premise variables will be inexact. More-
over, approximate fuzzy models obtained from identification methods may also provide imprecise

representations for the membership functions (Babuska and Verbruggen, 2003).

In general, there are two kinds of T-S fuzzy control schemes: the parallel distribution com-
pensation (PDC) (Tanaka et al., 1998) and non-PDC control. The PDC is the most employed
controller structure in T-S systems, where the controller shares the same premise membership
functions and the same number of rules from the T-S fuzzy system. The PDC approach requires
the measurement of all premise variables and the perfect knowledge of the membership functions

(Tanaka and Wang, 2001). In practice, these assumptions are rarely met, and realistic implemen-



tations should consider that the premise variables are usually immeasurable or measured with a
certain degree of uncertainty. For example, we can cite sensors with offsets, low resolutions, im-
precision due to calibration, weather changes, noise, and instrument quality, among other sources

of uncertainties (Lacerda et al., 2016).

Many works present sufficient LMI conditions for the analysis and synthesis of continuous and
discrete-time T-S fuzzy models. For example, in Tanaka and Wang (2001), the system stability
is given by a Lyapunov function common to all linear models. Less conservative results can be
obtained using fuzzy Lyapunov functions, which consist of the fuzzy combination of quadratic
Lyapunov functions. Fuzzy Lyapunov functions are more widely used in discrete-time T-S sys-
tems. In continuous-time models, dealing with the time derivative of the membership functions
in stability conditions is difficult. One way to circumvent this difficulty is to use upper bounds for

the time derivatives at the price of obtaining conservative approximations (Mozelli et al., 2009).

1.2 Output feedback

The design of state feedback controllers for T-S systems is largely developed in the literature
(Feng, 2006). State feedback methodologies assume that all states are measured and available for
controller implementation. However, this is true only in a few practical cases. Therefore, output
stabilization techniques through state observers (Tanaka et al., 1998; Mansouri et al., 2009), static
(Huang and Nguang, 2007; Lee and Kim, 2009; Bouarar et al., 2009) and dynamic output feedback
(DOF) controllers (Nguang and Shi, 2006; Dong and Yang, 2008; Razavi-Panah and Majd, 2008;
Yoneyama, 2009; Yang and Dong, 2010; Guelton et al., 2009; Liu et al., 2017) have been considered
in the literature of T-S systems. Quadratic (Nguang and Shi, 2006; Dong and Yang, 2008; Razavi-
Panah and Majd, 2008; Yoneyama, 2009; Yang and Dong, 2010) or fuzzy (Guelton et al., 2009;
Tognetti et al., 2012; Liu et al., 2017) Lyapunov functions have been considered to assess the

stability of the closed-loop system.

For DOF control design, a descriptor redundancy approach is used to obtain convex conditions
in Guelton et al. (2009) and, in Yang and Dong (2010), a switching strategy is applied, but the
output matrix must be the same for all the local models. Two-step design procedures are also
applied for the DOF problem, as in Tognetti et al. (2012), where a state feedback gain is first
designed. However, there is no methodology to guess the ideal state feedback gain used in the
design of the DOF controller. The work Razavi-Panah and Majd (2008) addresses the problem
of robust pole placement with H., performance criteria via DOF control for a class of uncertain
fuzzy systems. More recently, Liu et al. (2017) adopted a particular structure for the Lyapunov
matrix, as proposed in de Oliveira et al. (2000), by employing a linear fractional transformation

(LFT) mechanism requiring, however, the measurement of all premise variables.



1.3 Premise variables availability

In T-S models, the premise variables usually depend on the plant states. For this reason,
some or all of them may not be available for measurement, also known as the imperfect premise
matching design problem (Lam and Narimani, 2009). Therefore, the main convenience when
dealing with state feedback design is the possibility of using all premise variables in the control
law. However, this assumption does not hold for the output feedback design problem when, for
instance, the unmeasurable states are part of the membership functions. Additionally, a drawback
of control systems under perfect premise matching is that the design flexibility is restricted, and
the implementation complexity of the fuzzy controller increases when the fuzzy model has many

fuzzy rules with complex membership functions (Lam, 2016).

The problem of nonmeasurement of premise variables naturally arises in fuzzy observers when
the premise variables depend on the estimated state variables. Therefore, many solutions have
been proposed to design observer-based controllers (Guerra et al., 2006; Asemani and Majd, 2013;
Dong and Wang, 2017; Maalej et al., 2017; Guerra et al., 2018; Ichalal et al., 2018). In this context,
some approaches require the premise variables to be estimated (Guerra et al., 2006; Asemani and
Majd, 2013; Guerra et al., 2018), the use of Lipschitz constants (Dong and Wang, 2017), Input-
to-State Stability (ISS) framework (Maalej et al., 2017) and immersion techniques (Ichalal et al.,
2018).

The problem of control synthesis with partially or completely unmeasurable premise variables
becomes more involved in the design of dynamic output feedback (DOF) controllers. For this
reason, very few works have considered the design of DOF controllers that do not share the
same membership functions and the number of rules with T-S fuzzy systems, as Nguang and
Shi (2006); Tognetti et al. (2012); Zhao and Dian (2017) for continuous and Ueno et al. (2011)
for discrete-time systems. The works Nguang and Shi (2006); Zhao and Dian (2017) consider
different membership functions for the controller and the plant. In Nguang and Shi (2006), an
upper bound is used to deal with the difference between the membership functions of the plant and
the controller, yielding conservative results. The work Zhao and Dian (2017) claims to be the first
work that designs fuzzy DOF controllers under imperfect premise matching where the membership
functions can be chosen freely. However, there is no intuitive procedure to find the membership
functions that are subjected to many restrictions and depend on several scalar variables found as
a nonlinear optimization problem. Moreover, no uncertainties are allowed in the T-S model. A
linear fractional transformation approach is adopted in Liu et al. (2017). The solution presented
in Tognetti et al. (2012), based on the approach developed in Tognetti et al. (2011), selects the
available premise variables for the control law by choosing appropriate degrees for the polynomial
of the slack variables that synthesize the controller. However, as a drawback, the design problem
is solved in two stages. For discrete-time systems, Ueno et al. (2011) proposes an output feedback
controller whose premise variables are their estimates. Therefore, it is also necessary to include

an observer for this purpose.

Notation. R", R.y and R™*™ respectively denote sets of n-dimensional real vectors, positive

real numbers and n x m-dimensional real matrices. The identity matrix of order n is denoted by



I, and the null m x n matrix is denoted by 0, ,, (or simply I and 0 if no confusion arises); 1,,
denotes an m-by-n matrix with ones. For a matrix X, X’ denotes its transpose and He {X} is
a short notation for X + X’. The block-diagonal matrix is denoted by diag(---). The symbol *
denotes symmetric blocks in partitioned matrices, B stands for an element that has no influence

on the development and ® denotes the Kronecker product.

Thesis structure

e Chapter 2 presents a general description of T-S fuzzy models used in this thesis and a
strategy to obtain these models, which is an exact representation of a nonlinear system.
Moreover, auxiliary lemmas, classic results for stability analysis and state feedback control

design for T-S fuzzy systems using Lyapunov functions and LMI conditions are presented.

e Chapter 3 presents the synthesis of DOF controllers for continuous-time fuzzy systems with

imperfect premise matching subjected to norm-bounded uncertainties.

e Chapter 4 presents local synthesis conditions and estimation of the domain of attraction for
DOF controllers for discrete-time fuzzy systems with imperfect premise matching subjected

to saturation in the input signal.

e Chapter 5 presents conditions for the design of DOF controllers for continuous-time fuzzy

systems with inexact measurement of premise variables.

e Chapter 6 presents the final conclusion and future works.

Publications

E. S. Tognetti and T. M. Linhares, "Dynamic output feedback controller design for uncertain
Takagi-Sugeno fuzzy systems: a premise variable selection approach," in IEEE Transactions on
Fuzzy Systems, 26(6):1590-1600, 2021.

T. M. Linhares and E. S. Tognetti, "Realimentacdo dindmica de saida de sistemas fuzzy T-S
discretos no tempo com medicao parcial das varidveis premissas," in XXIV Congresso Brasileiro
de Automatica 2022 (CBA 2022), Fortaleza-CE, Brazil, October 2022.



2 Definitions and Preliminaries

This chapter presents a brief description of Takagi-Sugeno fuzzy model, some stability condi-

tions presented in literature and the definitions and notations used in the text.

2.1 Takagi-Sugeno fuzzy models

T-S fuzzy models (Takagi and Sugeno, 1985) are described by IF-THEN fuzzy rules that
represent, exactly or approximated, a wide class of nonlinear systems. The main feature of a T-S
fuzzy model is to express the local dynamic of each rule by a linear system. The ith rule of T-S

fuzzy model (Tanaka and Wang, 2001) is given by

Ri: IF 2 (t) is M} and ... and 2, (t) is 4}, THEN
§[z](t) = Az (t) + Byu(t
[2](t) = Asz(t) + Biu(t) 1)

where %; denotes the ith fuzzy rule, z(t) € R" is the state vector, u(t) € R™ is the control input
vector, y(t) € R™ is the measured output vector. A; € R"*" B; € R""™ and C; € R™*" are
the system matrices. The fuzzy set based at z;(t) for the ith rule is denoted by J%; and N is
the total number of fuzzy rules. The vector z(t) = [21(t),. .., z,(t)]RP gives the premise variables,
which can be functions of state variables, external disturbance or time. §[x](t) denotes a time-
derivative for continuous-time systems (§[z](t) = #(¢)) and displacement operator for discrete-time
systems (8[x](t) = x(t + 1)). Mi(z;(t)) is the membership degree of z;(t) in .. The normalized

membership function for each ith fuzzy rule is

with

wi(=(0) = [] MiCz(0).

The membership function h(z(t)) = (h1(2(t)),...,hn(2(t))) assumes values from the unit
simplex U, defined as



N
%Né{)\ERN:ZAizla)\izo,izlw'"N}'
i=1

The global fuzzy model is the fuzzy combination of the local linear models and can be described

in the following polytopic form

{5[:,;] (t) = A(h)z(t) + B(h)u(t) 02)
y(t) = C(h)x(t)
where N

=1

As presented in Rhee and Won (2006), a more suited notation for fuzzy sets is used to specify
which fuzzy set based on z;(t) is used at the ith rule in (2.1). Therefore, a Ith rule of (2.1) is

rewritten as

Ry IF z (t) is M and ... z;j (1) is /%]% ... and z, (t) is M, THEN
{cw (t) = Aoy, =(t) + Bayy...cp, u(t) -
Y(t) = Coyy...ap, 7 (1), l=1,...,N

€ R and C

Qpp---Qpp

with Aay, .a,, € R*", B

set based at z; is used in the ith fuzzy rule. For example, a1; = a21 = k means that the same

g .oup € R™>*", and «y; specifies which fuzzy

fuzzy set ¥ based in the premise variable 21 (t) is used in the rules 1 and 2.

Let r; be the number of fuzzy sets based in z;(t). Then,

P
N =] (2.5)
j=1
and r = (r1,...,r,). Consider that M;" (z;(t)) is the membership degree of z;(t) in ;" and,
therefore, the normalized membership function for each oy; = 1,...,r; = ¢ is given by
Mi(z(t))
1i(z(t) = = , j=1,...,p, i=1,...,7;, (2.6)
Y 2it1 Mj('zj (t)) ’
and
rj
0 < pji(z(1) <1, D mi(z(t) = 1. (2.7)
i=1

It is important to observe that each premise variable z; is uniquely associated with a mem-
bership function p;(z;(t)) = pj1(2j(t)), pya(2(t)), - - - pjr; (25(t)), 5 = 1,...,p belonging to a unit
simplex U, and, consequently, u(2(t)) = p1(21(t)), p2(z2(t)), - - -, p(2p(t)) belongs to the Carte-

sian product of simplexes %, also called multi-simplex, defined as follows (Oliveira et al., 2008).



Definition 2.1 (Multi-simplex) A multi-simplex U, is the Cartesian product of a finite number
of finite simplexes WUy, ...,U;,, i.c.,

Uy 2 Uy, X Upy X ... U (2.8)

T‘p'
The dimension of U, is defined as the index r = (r1,...,7p). To simplify the notation, R"
represents the space R™ " A given element p of U, is the composition of (ju1, f2, - .., fp),

subsequently, each yi; (belonging to AU, ) is the composition of (uj1, tj2, - - -, ijr;)-

The main advantage of the (2.4) representation is to provide a polytopic representation of the
fuzzy T-S system in the multi-simplex structure, which preserves the dependence in each premise

variable, as follows

o[z](t) = A x(t) + Byu(t) 2.9a
y(t) = Cza(t) (2.9b)

where
(Av B, C)Z = Zl s Zp H1dy (Zl (t)) - Mpiy (Zp(t)) X (Ail.--ipa Bi1-..ipa Ci1..-ip)7 (2-10)

=1 ip=1

u(=(t) € Ur,  pj(z(0) € Ury i =1,....p.

The following compact notation is adopted for (2.10)

(A,B,C). =Y wi(2)(A;, B, Cy), V€ U,. (2.11)

i€z,

where Z,, := {(i1,i2,...,4p) € NP1 iy € {1,...,r;}, j = 1,...,p}and pi(2) = pri, (21(8)) - - - fapi, (2p(2))
foriecZ,.

Observe that the systems matrices representation in (2.3) and (2.11) are equivalent. It can be
done by checking that h; = 14, ft2i, - - - fpi,, for i € {1,..., N} and (i1,...,ip) € {1,..., 71} x... X
{1,...,rp}. For example, for a continuous-time T-S fuzzy system case with two premise variables
(p = 2) and four rules (N =4,r = (2,2)),

4

2
> hiCz()Aia(t) = Y

2
=1 11=112=1

iy (21 () p2iy (22(8)) iy i,

.
—~
~
S—
Il

with
hi(z(t)) = par(z1(t))p21(22(t))  ha(2(t)) = p11(z1(8)) pe2(22(1))

h3(2(t)) = p2(21(t)) p21(22(t))  ha(z(t)) = p12(z1(t))pa2(22(2))
and A1 = 52411, AQ = 52112, A3 = ﬂgl and A4 = ﬂgg.



2.1.1 Nonlinear systems aproximated by T-S fuzzy systems

One of the most common techniques to obtain a T-S fuzzy model from a nonlinear model is
the sector nonlinearity approach (Tanaka and Wang, 2001), which allows to exact represent a
nonlinear system by a convex combination of linear time varying models in a compact sector of

the state space.

Let a nonlinear system 0[z](t) = f(z(t),u(t)), with f(0,0) = 0, where z(t) € R" is the state

variable and u(t) € R™ the control signal, which can be expressed as

olz] = &(z,u)x + y(z, u)u. (2.12)

The goal is to obtain an exact representation of the system (2.12) in a compact set © of state
space (including the equilibrium point = 0) for T-S fuzzy models. The strategy consists to look
for a global sector for the nonlinear system f(z) € [z z]z, Z, z € R, or a local sector where the
sector condition is valid for x; € [—d d]. Therefore, the nonlinear terms z;(x,u), j = 1,...,p,

where p is the number of nonlinearities in f(x(t),u(t)), can be expressed by sector nonlinearity as

zi(x,u) = zjun(x,u) +2Ziui2(x, w
(@, u) 7]#31( ) G2 (T, u) (2.13)
1= pji(x, u) + pja(2, u)
where f1;1(z,u) and pjo(x,u) are normalized membership functions and
Z; = max z;(x, u) zj = min z;(z, u).
Solving (2.13)
Zj — zj(z,u) .
Mj1($,u) =T = _ ,uj2($7u) :1—,Uj1(l‘,u), Jj=1...,p. (214)

Zj_ﬁ

By doing this process for the terms &(x, u) and ~y(x, u) of (2.12), the following T-S fuzzy model
can be written as (2.9a), where the linear subsystem matrices come from the functions £(x, u) and
v(z,u) calculated in the extreme points of the nonlinearities z;(x,u) in the © set, i.e., z;(x,u)
is written as (2.13) to build (2.9a). It is important to note that the representation (2.9a) is not

unique, because there are different ways to rewrite f(z(t),u(t)) using (2.13).

Ezxample 2.1 Consider the nonlinear system
1 = To, iy = —sin®(z1)x + u (2.15)

in the sector ® = {(x1,12) € R" : |z1| < 0.5}. Forallz € D, the nonlinear term z1(z1) = sin’(x1)



€ [0 5in%(0.5)], therefore, the system (2.15) can be exvactly described in ® by (2.9a) with

01 0 1
Ay = ;o A=
00 sin“(0.5) 0

By = By = [o 1]T,

/1,11(21) =1- sinQ(xl)/sinQ(Oﬁ), mg(zl) =1- un(zl).

2.1.2 Fuzzy Controllers

One of the most common controllers design for T-S fuzzy models is the Parallel Distributed
Compensation (PDC) where each controller rule is designed from the respective T-S fuzzy model
rule (Tanaka and Wang, 2001). Therefore, the designed fuzzy controller shares the same fuzzy
sets with the system model in the premise parts. From the fuzzy model rule (2.1), the following

rule for a state feedback fuzzy controller can be construct:

Rz IF 2z (t) is MT and ... z; (¢) is J%?“ ... and 2, () is M, THEN

u(t) = Kapyoay(t),  1=1,...,N (2.16)

The global fuzzy controller, which is nonlinear in general, is a combination of linear local

controllers and can be represented by

u(t) = K.a(t), K.=> m(2)Ki, Vu€uU,. (2.17)
i€z,

A non-PDC control law means that the fuzzy controller does not share the same fuzzy rules

with the T-S fuzzy model. For example, the following state feedback control law

-1
u(t) = (Z Mi(Z)Fi) (Z Mi(Z)Gi) 2(t) = F.G x(t)

ez, ez,
where Fj and Gj, i € 7, are matrices with appropriate dimensions to be determined by design

conditions.

2.2 Auxiliary lemmas

The following lemma is commonly used in the analysis of norm-bounded uncertain systems

Lemma 2.1 (see Petersen (1987)) Let ¥y = ¥, M, N, be matrices of appropriate dimensions.
For all 5 > 0,
Ug+ MN +N'M <¥y+ MM + B IN'N.



2.2.1 Linear Matrix Inequalities

A linear matrix inequality (LMI) can be represented by F'(z) > 0 with F(z) : R™ — R™*"
symmetric positive-definite and affine in the search variables x. Therefore, a LMI can be generically

represented as

Flx)=F+Y zF; >0, az=|:|, (2.18)
i=1 -
where F; = FI' € R™" §=0,...,m are given matrices and z;, i = 1,...,m are scalar variables

to be found by solving the LMI. If there is a solution x for F(z) > 0, the LMI is feasible. The
LMI (2.18) is equivalent to a set of n polynomial inequalities, because F'(x) > 0 implies that all

leading principal minors of F'(x) are positive.

LMIs conditions are convex and can be solved in polynomial time by interior point algorithms.
One of the advantages of using LMIs is the availability of softwares to solve these conditions, for
example, LMI Control Toolbox, SeDuMi and Mosek.

In general, stability analysis and controller design conditions are not originally LMIs. Some
tools are very useful to write the problem as a LMI, for example, the Schur complement is a

common property used in the manipulation of matrix inequalities.

Lemma 2.2 (Boyd et al. (1994)) Let x € R be the vector of decision variables and Mi(zx),
Ms(z) and Ms(x) be affine functions in x, where My(x) and Ms(x) are symmetric. Then, the

following are equivalent

a) Mi(x) — Ms(z) My(z) ' M3(z) > 0 with My(z) > 0,

. lMux) M(e)
M3(IE) MQ (m)

(2.19)
> 0.

Note that a) is not a LMI, because M (z) = Mi(x) — Ms(z) Ma(z) "1 M3(x) is not a affine
function in x. However, inequality b) is a LMI and both are equivalent. Also, note that in b)

M;i(x) > 0 and Ms(x) > 0 are necessary, but not sufficient conditions.

Next, the Finsler’s Lemma allows to eliminate or introduce slack variables in matrix positivity

conditions.

Lemma 2.3 (de Oliveira and Skelton (2001)) Let £ € R, D = D' € R¥% B € R"*? wjth
rank (B) < a, and B* a base for the null space of B (i.e. BB+ = 0). The following conditions

are equivalent:
1. &DE<0,VBE=0, £#0;
2. BY'DBL < 0;
3. JueR: D—uB'B<0;

4. 3X e R D+ XB+ B X' <0.

10



2.3 Stability and design conditions

In general, stability and controllers design conditions in T-S fuzzy systems come from Lyapunov
stability theory. Next, some LMI-based conditions for polytopic T-S fuzzy systems are presented.
Polytopic T-S fuzzy systems are described as

= > () A(t) + Y (= = A.x(t) + Bau(t), (2-20)

iz, =
with matrices A, and B, given as in (2.3).

Consider the state feedback controller (2.17), which gives the closed-loop system

=Y > mil=)ny(2) (A + BiKj) x(t)

i€z, jei,
=) (2)? (A + BiK) z(t) + Y > w(2)pi(2) (Ai + BiKj + Ay + ByiG) o(t)  (2.21)
i€z, i€, i<j

= (A, + B.K,) z(t),

where the relation i < j can be performed by associating i and j to scalar values in the following
form i = (i1,...,4p) = 1+ X5 (i — DraP7, with ray = max{ri,...,mp}

2.3.1 Continuous-time systems

Consider a quadratic Lyapunov function V(z) = z(¢)'Pz(t). A sufficient stability condition
for continuous-time closed-loop (2.21), with Qy; = A; + B;Kj, is given by

(Z > mi2)p5(2) gt ))le( ) + () (Z > mi(2) (t))

i€z, jei, i€Z, jei,
=> > ) (1) (P + POy x(2)
1€ZpJ€Zp
= ()% (t) (P + PQy) (t)
i€z,
+ 303 wi(z) (8) (P + Py + QP + POy ) (t) < 0,

i€, i<j

which can be verified by the following LMIs with the change of variables W = P~ and Z; = K;W,

I'y<0, ie Ip
(2.22)
Fij+Fji <0, 1i,j EIp i<j.
with
[y = AW + WA+ B;Z; + Z;B; (2.23)

11



where the controller gain is recovered by K; = Z;W =1, i € Z,. Note that LMIs (2.22) assure, for
all p €U,
.2 AW+WA,+B.Z,+ Z.B. < 0. (2.24)

Less conservative conditions in literature assure V() < 0, for example, adding slack variables
in right-hand side LMIs (2.22).
Lemma 2.4 (Xiaodong and Qingling (2003)) If there are matrices Z; € R™ ", W = W' >
0eR™™ Y= Yi/j e R™" 1i,j €I, i+#]j, satisfying the following LMIs
Fii < Yi,i; ie Ip

Fij+Fji<Yi,j+ ! i,jel, i<j

ij’
Yii1),a-1 o Y(11),(rmp)
: : <0,
Yorerp) ey o Yioemy), raery)

where T'y; is given by (2.23), then the state feedback (2.17) stabilizes a continuous-time T-S fuzzy
system given by (2.21) with K; = Z;W 1.

Using Lemma 2.3 (Finsler’s Lemma), other relaxation can be expressed.

Lemma 2.5 (Montagner et al. (2009)) If there exist matrices Z, € R™*" % € R2"™" and
W =W'>0eR"™™", where for all h(z) € Uy,

Q+XB+RB'Y <0, (2.25)
with

9 [BzZZ + 7B

W] and %:[A’z —I},
w 0

then the state feedback controller K, = Z, W™ stabilizes the continuous time T-S fuzzy system
given by (2.21).

/
Proof First, note that B+ = [I AZ} . By the equivalence between ii) and iv) of Lemma 2.3,
we have that (2.25) is equivalent to

/
/ I B.Z,+ Z.B! 1
0>B B = b W =TI\,
Al 1474 0| |4,

with T', given by (2.24). -

2.3.2 Discrete-time systems

Fuzzy Lyapunov functions have been extensively used in T-S discrete-time systems due to the
facility in dealing with the advanced time instant P = 3 iz pi(2(t + 1)) B, p € Uy

12



Consider the fuzzy Lyapunov function
V(x,2) = x(t) Px(t), (2.26)

we have that a sufficient condition for the stability of a discrete-time T-S fuzzy system given by
(2.21) is
AV (z,2) =2t + 1) Poyax(t +1) — z(t) Pa(t) < 0.

It is presented a condition using fuzzy Lyapunov function (2.26).

Theorem 2.1 The discrete-time T-S fuzzy system given by (2.20) with u = 0 is asymptotically
stable if exist P, = P, > 0 and if one of the following equivalent conditions is satisfied
i) AP, A,— P, <0,

3 lg Aﬂ%} (2.27)
1) > 0,
* PZ+

for all p € U,.
Theorem 2.2 If there exist P, = P} >0 € R"™", i € T, where the following LMIs are verified

[H AiFy

* P

]>O,ije%,
J

then conditions (2.27) hold.

Theorem 2.3 (Euntai Kim and Heejin Lee (2000)) If there exist matrices W = W' > 0,
Qi > 0, Q55 = Qj;, Si, where

I'i>Qu, i€l
Fij+Fji>Qij, i,jEIp, i<j

2Q1),1-1) oo Quua1),(rry)
: - : >0
Qerivry),(101) oo 2Q(rry),(r1my)
with
ry=| " *| ijex,
Ai + BiSj w

then, the discrete-time T-S fuzzy system (2.20) can be stabilized by PDC' control law

u(t) = (Z Mi(z)Ki) z(1), K= SwL

i€z,

13



2.4 Dynamic Output Feedback

This section presents the design of dynamic output feedback controllers (Scherer et al., 1997)
for T-S fuzzy system (2.9). Given the dynamic output feedback controller

{5[xc] = Acoxe(t) + Bezy(t) (2.28)

u(t) = Cerwe(t) + Dery(t)

where z. € R" is the controller states. The closed loop system is
lé[x]] _
JEA

The controller matrices A.,, B, C¢,, D¢, can be determined by applying on the closed-loop

A, + B,D..C, BZCCZ] [x]
BCZCZ ACZ

Aclz

Zel-

system analyses conditions and performance criteria.

2.4.1 Continuous-time Dynamic Output Feedback

A stabilizing controller for continuous time systems can be determined by the following lemma,

Lemma 2.6 The matriz A, is Hurwitz if and only if there exists matrizv W' = W > 0 € R?"x2"
such that
Acle + WA/ch < 0.

The resulting inequality is non linear due to the product between closed loop system’s dynamic
matrix and Lyapunov matrix W. In order to turn the inequality into a LMI, congruence transfor-
mation and change of variables are used, allowing to solve the product of variables between the

Lyapunov matrix and controller’s matrices. Consider the congruence transformation

T' (Ag,W + WAL )T < 0.

LMIs conditions can be obtained if it is possible to find a matrix 7' that writes term 7" Ay WT

as a affine expression of decision variables. For this purpose, the following matrix partitions are
defined
X U Y V 1Y
W = , wWl= , T = , (2.29)
U n Vo 0o Vv

where B means that these partitions are not important for the congruence transformation and the

change of variables.
Therefore,

- x 1

., TWT =
0 I'Y

14



A X + B, (C.,U + D..C,X)
VA,U+YA,X +VB..C.X +YB,C.,U +YB.D..C.X
AZ + BZDCZCZ
YA, + (VBe, +YB,D..)C,|

TAWT =

Consider the change of variables

A, =VALU+YAX+VB.,.C,X+YB,C.,U+YB,D_.C.X
%z = VBcz + YBZDCZ

(2.30)
(gz = CCZU + DczCzX
@z = Dcz
yielding
AZX Bz z Az BZ A4
T'AWT = + B¢ + B:9:C ,
A, YA, +%.C,
which is affine in the decision variables ., B,, 6., 9.
The change of variables of (2.30) can be written as
A, B, V YB,| |A.. Be.. U 0 Y
— + 1A [x ol (2.31)
6, 9D, 0 1 Ce. D | |C,X 1 0

If U and V are square (n. = n), the transformation is invertible if U and V' are non-singular,
giving

Ac: Bes V=t —VYB.| |d. -YAX B, u-! 0

- (2.32)

C.. D.| | 0 I 6. 9. |—c.xu-1 1|

Theorem 2.4 (Gahinet and Apkarian (1994)) Let n. = n. The matriz Ay, is Hurwitz if
and only if there exist matrices X = X' € R™", Y =Y’ € R™", o, € R™", B, € R,
6, € R™*" and 9, € R™*™ such that

A X+ XA+ B.€,+%6.B. A, +B.9.C, + 4. “0
* ALY + YA, +B,C. + C.B. ’
X I
> 0.
1Y

In this case,

A Be| | V7' —VTWWB| |d.-YAX B.|| U Onxn,
Ccz Dcz a (62 @z 7CZX_1 Iny ’

Onu Xn Inu

where U and V' are such that Y X +VU = 1.

15



2.4.2 Discrete-time Dynamic Output Feedback

A stabilizing controller for discrete-time systems can be determined by the following lemma.

Lemma 2.7 (de Oliveira et al. (2002)) The matriz Ay, is Schur stable if and only if there
exist matrices W' = W € R?"*2" gnd G € R?2" such that

W Ay.G
GA, G+G -W

> 0.

For discrete-time, note that the nonlinear terms are formed with the slack variable G and no
more with Lyapunov matrix W. Differently from continuous-time where the parametrized matrix
is the Lyapunov matrix, here the transformation matrix is defined by the partitions of the slack

variable and its inverse

G:lX .1, Glzlyl .], T:[I Y/], (2.33)
U n vV 0V

where it is necessary that G~! exists. The following steps are similar to the continuous-time case.

First, the congruence transformations

! /
TG+ G - WT = X+Xx' I1+87] [P J  wr— P J |
I+S Y+Y' J H J’
TAGT — A X +B,6. A, + B,9.C,
N o, YA, +%.C, |’

where S =YX + VU and o4, B, 6, and 9, are given by (2.30). The change of variables (2.30)

is the same of the continuous-time case, therefore (2.31) and (2.32) also apply.

Theorem 2.5 (de Oliveira et al. (2002)) Let n. = n. The matriz A, is Schur if and only
if there exist matrices P = P/ € R™", H = H € R"", X € R"™", Y € R"™", o, €¢ R"*",
B, e R @, ¢ RwuX @ ¢ R%W*M § e R"™™ gnd J € R"™™ such that

P J AX+B,S6, A +B.9.C,

* H oA, YA, +%.C, 0
*x * X+X -P I+8-J

* % * Y+Y' —H

In this case, the controllers’ matrices can be determined by (2.32) and U and V are given by
S=YX+VU.
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3 Continuous-time DOF with imperfect premise

matching

This chapter presents new design conditions of full-order dynamic output feedback controllers
for continuous-time Takagi-Sugeno (T-S) fuzzy systems allowing the selection of premise variables
to be used in the control law. The fuzzy output controller is allowed to have a different number
of fuzzy rules and a different set of membership functions from the T-S model. This includes the
cases of complete or partial immeasurable premise variables. The main aspect of the proposed
methodology is to present conditions where the control gains are independent of the premise vari-
ables that cannot be measured allowing flexibility for the designer in a realistic output feedback
context. For this purpose, the design conditions are expressed as linear matrix inequality relax-
ations combined with scalar parameters that provide extra degrees of freedom. The proposed
control methodology also deals with model uncertainties and the use of fuzzy Lyapunov functions.

The effectiveness and applicability of the methodology are shown through numerical examples.

3.1 Introduction

It is well known that almost all models describing physical systems present uncertainties. Un-
fortunately, most LMI-based techniques for designing DOF controllers are infeasible for uncertain
T-S systems because the standard technique of change of variables presented in Chilali and Gahinet
(1996); Scherer et al. (1997) results in crossing terms between the system’s and the controller’s
matrices in the closed-loop systems, with an intricate membership interconnection. Therefore, Li
et al. (2000); Dong and Yang (2009) are only suitable for a restrictive class of fuzzy systems with-
out uncertainties, with matched membership functions between the system and the controller and
PDC controller structure. The work Chang et al. (2016) proposes a solution for designing DOF
controllers for discrete-time T-S systems subjected to uncertainties and non-measurable premise
variables. However, the controller’s gains are fixed, taking no advantage if some premise variables

are available.

In this chapter, a LMI-based procedure is proposed to design non-PDC DOF controllers that
do not share the same set of premise variables and the number of rules of the uncertain continuous-
time T-S fuzzy system. Takagi-Sugeno models represented with a multi-simplex structure can be
written as the product of one-variable membership functions. Therefore, thanks to the modeling
of the membership functions in a space that is defined by the Cartesian product of simplexes,
also known as multi-simplex (Oliveira et al., 2008), the proposed technique provides an intuitive

approach that allows the selection of the membership functions for the control law that depends
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only on the measured premise variables. The designer can also discard the membership functions
that are too complex for numerical implementation or contain uncertain terms. This feature allows

flexibility for the designer in a realistic output feedback scenario.

The main contribution is to propose less conservative convex conditions for the design of DOF
controllers such that the gains of the controller do not depend on the unavailable premise variables.
For this, one proposes a systematic procedure to rewrite the dynamical matrices of the plant in
terms of the desirable membership functions. It is demonstrated that the best scenario is to select
a subset of membership functions of the plant. This procedure preserves the information of the
membership functions depending on the measured premise variables. It also minimizes the impact
of discarding the membership functions depending on the unmeasured premise variables. The
technique also works for the case where the premise variables or the membership functions of the
controller are entirely free, representing an opportunity for future developments. For this purpose,
the presented conditions require fewer restrictions for the membership functions of the controller
than Zhao and Dian (2017), no use of upper bounds as in Nguang and Shi (2006); Apkarian and
Noll (2006), and no need for multiple steps for the control design, as in Tognetti et al. (2012).
For simplicity, the conditions employ quadratic Lyapunov functions, but the results can be easily
extended, as shown in the chapter, by using fuzzy Lyapunov functions (Tanaka et al., 2003) and
requiring the treatment of the time derivatives of the membership functions. Finally, we also

consider norm-bounded uncertainties in the plant to design robust controllers.

The main contributions of the chapter are:

e Systematic procedure to select the premise variables and membership functions for the con-
trol law without the use of bounds to deal with the difference between the membership

functions of the plant and the controller;

e New LMI conditions with scalar parameters such that the controller gains do not depend on

the matrices of the plant;

o Extensions using fuzzy Lyapunov functions, polynomial relaxations, and models subject to

polytopic-type uncertainties are straightforward.

Numerical examples demonstrate the effectiveness of the proposed approach.

3.2 Preliminaries

3.2.1 Description of the system

Consider a class of uncertain T-S fuzzy system described by the following IF-THEN rules

adapted from (2.4) to consider the presence of uncertainties:
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Rule I: IF z; (t) is M and ... and 2, (t) is M,"* THEN

$(t) = (Aall~~-alp + AAall"'alp)x(t) + (Ball~~-alp + ABall"'alp)u(t)

(3.1)
y(t) :Call...alpm(t)7 E: 1,...,N.

The terms AAq,; ..o, € R™*™ and ABu, ..oy € R™ ™ are Lebesgue measurable uncertainties
defined by Zhou and Khargonekar (1988)

AAO[H...OCZP = Ha fa(t)Ngll...alp7

ap1---Ap

) ) ) (3.2)
A‘BOCll---ov’lp = Hall...alpf (t)Nall...alp7 .
where Hg, | o, and Ng, o, for s = a, b, are known real constant matrices and f*(t) are uncertain

matrices bounded satisfying f°(t)7 f*(t) < I Vt.

It is important to the development of the proposed approach dealing with non-measured
premise variables to observe that each premise variable z; is uniquely associated with a mem-
bership function! 1;(z;). More specifically, the use of the multi-simplex %, has an important
role in the proposed technique by allowing a specific treatment of the membership functions that

depend on the premise variables that are not measured.

3.2.2 Notation and definitions

Here, we detail an appropriate notation to deal with fuzzy summations with non-measured
premise variables. The following two cases are considered: fuzzy summations depending on all
premise variables or depending on a subset of the premise variables of the plant. To handle
the multi-dimensional fuzzy summations of matrices, the following notation is adopted based
on Sala and Arifio (2007): the set Qs = {(q1,...,¢s) : ¢j € N, j = 1,...,s} contains the
index of the s premise variables zq = (24, 2go,- - - %q,) represented in the summation; Z, =
{(ir,i2, ... i) € N° a5 € {1, v}, J =1, sk pi(za) = taris (1) aia (Zq0) * * Hasis (%4.),
q€ Qs i€z, withq:=(q,...,qs) and i:= (i1,42,...,is). Given vertices Q;,i,. i, the following

fuzzy summation is defined:

qu = Z Ni(zq)Qi

ieZs
with Qs = Qiyiy..i, and
r111 Tqs
Do ()@= D D fgis (20r) - Mg (20.) Qi
i€Zs 11=1 is=1

For example, the fuzzy summation

T1

Z o Zm 110, (21) - - - Himiy, (2m) @iy i

i1=1 im=1

'For simplicity of notation, the time-dependence in u(z(t)) and z(t) is omitted.
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is represented by

Qzg = Y 1i(2q) Qs (3.3)

i€,
where q = (1,...,m) € Qp,, 2g = (21, -, 2m), 1= (i1, -, im) € I, pi(2q) = p1iy (21) p2iy (22) - - -
P, (Zm)s Qi = Qiy..i,,- If m = p, that is, the summation contains all premise variables z =

(21,...,%p) of the fuzzy model, we will omit the index q, since zq = 2, and denote it simply by
Q- = Yier, (=)

For instance, suppose that we are interested to represent a fuzzy summation with the premise
variables zo, 24 and z5. Then, one has P,, = > iz, pi(zq) B with: q = (2,4,5) € Q3, s = 3,
2q = (22,24, 25), 1 = (i1,42,13) € I3, pi(2q) = pai, (22) fais (24) 1505 (25), Ps = Pijigiy, that is,

re T4 T

Poy = 030 iy (22) iy (24) i (25) Py -

i1=112=113=1

We may also rewrite a fuzzy summation with less premise variables by imposing constant values
for the premise functions that are not represented. For instance, consider the fuzzy summation
(3.3) with m = 2 and r; = 2, j = 1,2. The summation (3.3) represented only by the premise
variable z, is obtained by imposing a constant value z; in pi(z1) and replacing it by p1(z1). Then

the fuzzy summation (3.3) becomes

qu = Z Hi(zq)Qi7 q =4, i= il (34)

i€l

with vertices given by Qil = u11(21)Quiy + p12(21)Q2iy, 11 = 1,2

Handling the difference and the product of fuzzy summations will be of particular interest to
this work. For instance, consider again the fuzzy summation (3.3) withm =2 andr; =2, j = 1,2,
involving all premise variables z = (21, 22) and denoted by Q.. Consider also a summation qu,
as given in (3.4), obtained by assigning z; = z1, where z; is an arbitrary constant value. Observe

that qu is represented only by the subset zq = 22 (q = 2) of the premise variables. The difference
g =Q,— qu is given by

o= w()Q— > 11i(2q) Qi = Api(z1) > pi(2q)Qui + Apra(z1) D p1i(2q)Qai (3.5)

JEI> i€z i€l icZq

where j = (j1,72) € T2, i = i1 € Iy, Apqe(21) = p1e(z1) — p1e(21), £ = 1,2. Observe that, if we

consider (3.4), we can rewrite (3.5) as

Lo = Z 1 (2)Q5 — ( Z Mil(zl)) X Z tio (22) (111 (21) Q1iy + p12(21)Q2is)

J€T 11€1 i2€T

= D ()i (22) (Quiy— (111(21)Quiy — p12(21) Qi) -

(il ,ig)EIQ

Furthermore, if we consider z; such that p11(21) = p12(21) = 0.5, then the vertices of I'g are given
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by £0.5(Q1i, — Q2i,), %2 € Z1, and the norm ||Q; — Q1|| has a minimum upper bound for all j € Zo
and i € 7.

For the sake of conciseness, we will adopt the index z for the product or sum of fuzzy summa-
tions involving z and zq, and the index zq when only fuzzy summations that depend on zq are
involved. Finally, the homogenization of product of summations and the sum of matrices depend-
ing on different membership functions can be handled by using > ;-7 1i(2q) = 1. For more details,
please refer to Sala and Arino (2007) or to Tognetti et al. (2012), in the context of multi-simplex

manipulations.

3.2.3 Problem statement

The global T-S fuzzy system obtained from (3.1) can be rewritten as

{fc(t) = (As + AA)x(t) + (B: + AB.)u(t) 5.
y(t) = C.x(t)
with
(A,B,C). = pi(2)(A;, By, Ci) (3.7)
i€z,
and
AA, = HfY(t)N®, AB, = HYfP(t)N°,  VYueu,. (3.8)

We will consider that only a subset zq, q € Q, of the premise variables z are measurable and
available for the control law. Hereafter, Qs denotes the set of the index of the s premise variables
used by the controller and Q, the set of the index of the v premise variables that are not used
by the controller, that is, v = p — s. The aim is to design a full-order dynamic output feedback

(2.28), which can be written as

'ct :Acz et +Bcz t
o(t) = Acsgelt) + Besq(?) 59
U(t) = Ccquc(t) + Dczqy(t)a
with
(Aca Bca Cca Dc)zq = Z ,ui(zq)(Acia Bcia C’cia Dci) (310)

i€eZs

and z.(t) € R™ is the controller state. As a matter of fact, the control law depends on the output

y(t) and on some of the premise variables available from the measured outputs.

The closed-loop system can be represented as

Fa(t) = Aza(t) (3.11)
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!/
where z,(t) = [x(t)’ xc(t)/} denotes the augmented state and

(A.+AA) + (B: + AB;)D..,C. (B.+ AB;)Ce,

A, =
B czq Cz Aczq

The following problem is addressed in this work.

Problem 3.1 Let the T-S fuzzy system (3.6) subject to norm-bounded uncertainties given by (3.8)
and a subset zq, q € Qs, of the premise variables z that are measurable and available for the control
law. Determine a fuzzy dynamic output feedback controller as (3.9) such that the closed-loop system

(3.11) is asymptotically stable.

Remark 3.1 Problem 3.1 assumes that the premise variables are partially measurable. The pro-
posed technique can also be applied when all premise variables are available, motivated by the
scenario where the fuzzy model has a large number of fuzzy rules with complex membership func-
tions and the control law under perfect premise matching has high implementation complexity.
When none of the premise variables are measured, a constant gain controller (instead of fuzzy
combinations) may be obtained. It is straightforward to consider in the proposed approach con-
trollers depending on different membership functions or variables other than the premise variables.
For instance, zq could be the controller states or the estimated states of the plant. Although no
advantages have been observed compared to constant gain controllers, in the case of completely

immeasurable premise variables, the investigations of these possibilities are left for future works.

The following lemma will be useful for the main results.

Lemma 3.1 If there exists a continuously differentiable parameter-dependent symmetric matrix
W. € R?™¥2" sych that the following LMIs are satisfied for all pn € U,

W, >0

He{A,W,} — W, <0, (3.12)

where W, denotes the time-derivative of W, then the closed-loop system (3.11) is asymptotically
stable.

Proof The proof is based on the stability of (3.11) with the Lyapunov function V(x,) =
T ()W 2,(t) and from W1 = —W_ W, W L. .

The results presented in the next section provide sufficient conditions for the design of full

order dynamic output feedback controllers depending only on the available premise variables zg.

3.3 Main Results

Firstly, we will consider quadratic stability with W, = W and the parametrization adopted
in Chilali and Gahinet (1996); Scherer et al. (1997). Using (2.29) with U = U’ =Y, Y = Z and
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V =V' = —Z, we define the following matrices:

W:[X Y],W—lzlz _Zl,%:lln Z] (3.13)
vy B -Z n 0 —Z

where Y = X — Z~ ! and X, Z € R™*" are symmetric. From WW ™! = I and using the change of
variables presented in (2.30), the condition (3.12) is equivalent to

(A, +AA)X + (B, + AB,)%6,

&”/(He{AZW})Zf:He{ d.

(A, + AA,) + (B, + AB.)%.,C.
Z(A, +AA) +%B.C.

} <0 (3.14)

with B
A, =Z(A, + AA)X — ZAce.Y — ZBe O X+

Z(B.+ AB.)C..,Y + Z(B. + AB.)D..,,C. X
B, =Z(B, + AB,)De, — ZBes,,
(éz = Ccqu + DCZqCZXJ @Zq = -Dczq-

(3.15)

Observe that the controller gains cannot be recovered from (3.15) due to the presence of
the uncertain terms and the system matrices depending on the premise variables z that are not

available for feedback.

To allow the design of a controller depending only on the available premise variables zq, the

following approach is proposed. First, let us define

A

Fp=A4, - Azq, I'p=B, - EZq? e =0C,—-C, (3.16)

q

where flzq, qu and ézq are the matrices obtained from A, B, and C,, respectively, by represent-
ing the fuzzy summation (3.7) exclusively by the premise variables zq, used in (3.10), following

the same steps used to rewrite (3.3) as (3.4).

Remark 3.2 As pointed out in Remark 3.1, several scenarios can be taken into account in this
chapter. It is evident that, when all premise variables are available for feedback, T'y =T'p =T'¢c =
0. When one or more premise variables are not available, the matrices Azq, qu and ézq can be
constructed by assigning in A,, B, and C, fixed values for the premise variables that are not used by
the controller, denoted here by z,, where v € Q, is the index of the v premise variables not available
for the control law. Any value from the universe of discourse® for z, can be used. However, since
the conservativeness of the design conditions are related with the magnitude of the terms I'a, I'p
and U¢c, the best choice for a fixed value of zy is such that the norm of A,ung(zvj), j € Q.
C=1,...,ry, as defined in (3.5), is minimum. Thanks to the multi-simplex modeling, this can be
obtained by choosing zy such that pu;(2y;) = (0.5,...,0.5) which yields |Apiy0(2y;)] < 0.5.Observe

that, if one considers the controller’s premise variables different from the plant’s premise variables,

2Space of all possible values of the premise variables.
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as in Nguang and Shi (2006), one has |Ajiy¢(2y,;)| < 1 and the conservativeness of the conditions
increases. Finally, if the premise variables are estimated, as in Guerra et al. (2006); Asemani and
Majd (2013); Guerra et al. (2018); Dong and Wang (2017) in the context of observer-based state-
feedback controllers, Lipschitz conditions can improve the results, however it is not straightforward

to use Lipschitz conditions in the dynamic output feedback control problem.

Remark 3.3 [t is important to observe that a systematic procedure is proposed to construct /Alzq,
qu and ézq, as presented in Section 3.2.2, and, for that reason, no upper bounds are necessary
to evaluate I'y, T'p and Tc, as occur in some approaches (Nguang and Shi, 2006; Apkarian and
Noll, 2006).

Then, one can replace A,, B, and C, in (3.15) by flzq+FA, B’Zq+FB and C’Zq+Fc, respectively,
and rewrite (3.14)-(3.15) as

o A X + B.(6oy + D2yl 0 X) A, + B.92.,C, n
(&
Ay + P ZA, + (B + ZI'BD.,)C.
AAX + AB.(6., +D.,TcX) AA, +AB.%..C.,
ZAA.X + ZAB,(€., + D.,LcX) ZAA,+ ZAB.9.,C.

} <0 (3.17)

v Asy = ZAs X — ZAesY — ZBerCo i X + ZB.,Ces Y + ZB. Der Co i X
By = ZB. Desy — ZBesys (3.18)
62q = CozgY + DezgCeg X, Dy = Dezy,

and

O = Z0aX + (ZB. 9.y — ZBe:y)To X+
B
ZUp(CeeY +D.,Coo X) + ZT 5D, T X (3.19)

(62

q

— ZT4X + B, Lo X + ZT56., + ZT 5D, T X.

As can be observed, the change of variables (3.18) allows to recover the controller gains de-
pending only on zq:
Aveg = 27 ZA, X + ZB. 6.y — o,
—[2B:9:q B2, C XY

Besg = 271 (2B:49- — %-,) (3-20)
Corg = (6rq = Doy Cog X ) Y
Dczq = @zqa

Observe also that inequality (3.17) is nonlinear on the decision variables X, Z, ., 8., 6.,
and 9.,. The case with no uncertainty will be discussed first and then we will take into account

the uncertainties.
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3.3.1 System without uncertainties

Consider the T-S system (3.6) without uncertainties, that is, AA, = AB, = 0. Then, (3.17)

can be rewritten as
B.%.,I'cX 0

He{Y +
P Zl'9.,C.

} <0 (3.21)

with

Y= (3.22)

A.X 4+ B.6., A.+B.%.,C.
o ZA, +B.,C.

%q
and ¢ given by (3.19).

Observe that the second part of the above inequality, that contains the nonlinear terms, is

rewritten as

0 B.9,.Tc¢] [TaX +Ts6.. Tp2..0.]11 [X 0 0 X 0
He ol O [FAX FEpte TpPaCa) L * . (3.23)
Z B.Tc X 0 0 z||rs2.Tc 0] |0 Zz
—
M{ Mo Ms R

The following theorem proposes convex conditions for the design of (3.9).

Theorem 3.1 For given scalars \y € R, Ay € Rsg, if there exist symmetric positive definite
matrices X , Z € R™", and parametrically affine matrices sd,, € R™", 9B, € R, €, €
R™>" and 9., € R™*"  such that, for all p € U, the following LMIs are satisfied:

X I
"1 >0 (3.24)
I, Z
%
U l nox ] <0 (3.25)
Wy Woo
where
Wit ‘ *
Ty = NI, \oZ .
- 2

/\QFlcv@;qB; -\l + )\ercv%;q

TaX +Tp6. +X TpD.C.+7Z

W11 =Hed Y + A\
o { Y oTLeLBLYX TuBl +Z

}

NI MlaX T 56y Ml59:,C |

Ao X -
Vo =
M1+ XX 0 )
0 M1+ X7
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—2Xo | *
\1’22 = 0 72)\21 * s
I'59..Lc —2Xal

Y given by (3.22), and I'a, I'p and I'c as is (3.16), then the controller (3.9) whose state-space

matrices are given by (3.20), with Y = X —Z~1, makes the closed-loop system (3.11) asymptotically
stable with AA, = AB, = 0.

Proof First, from (3.24), it follows that X > 0, Z > 0and Y > 0, since by definition Y = X —Z~1.
Then, the gains (3.20) are well defined.

Thus, pre- and post-multiplying (3.25) by [Izn M] M Mé] and its transpose, respectively,

we obtain )
M| |0 I Of [M;
M=He{Y}+ |My| |I 0 0| |My| <O (3.26)
Ms| |0 0 R| |Msj

where My, M, Ms are given in (3.23). Consider the change of variables (3.18) and (3.16), then
the following inequality is obtained
} <0

He {
with Q = A, + B.D,.,C..

Therefore, the above inequality can be written as %’ (He {A,W})% < 0 as in (3.14) with the
definitions (3.13). One also observe that (3.24) is equivalent to 2T W%, then W > 0. Thus, from
Lemma 5.1, the closed-loop system (3.11) is asymptotically stable.

OX + B.C.Y Q
Z(Q = BeaC) X + Z (B.Cos — Aez) Y Z (R = B Cs)

Consider the particular case 'y # 0, I'g = 0 and I'c = 0. Then, one has the following

corollary.

Corollary 3.1 For given scalars \1 € R, \o € R, if there exist symmetric positive definite
matrices X , Z € R™", and parametrically affine matrices s, € R"", 9B, € R, €6, €
R™>" and 9., € R™>*"  such that (3.24) and the following LMI are satisfied for all p € U,

0 * *
diag(Y +Y',0) + | A\ ZT4 0 * <0 (3.27)
X — Ml NIWZ —2XI,

where Y and I' 4 are given by (3.22) and (3.16), respectively, then the controller (3.9) whose state-
space matrices are given by (3.20), with Y = X — Z~1 asymptotically stabilize the closed-loop
system (3.11) with AA, = AB, = 0.
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0 0

1
Proof By pre- and post-multiplying (3.27) by | "
I, ZT4

The above inequality is equivalent to %’ (He {A,W})% < 0 with the definitions (3.13). From
(3.24), one has W > 0, then the closed-loop system (3.11) is asymptotically stable.

] and its transpose, respectively,

one has

AX 4 B6oy At B:2:,Co| | _
Aoy + 204X ZA, +B.,C. '

3.3.2 System with Uncertainties

In this section, matrices A, and B, are subjected to uncertainties as in (3.6).

Observe that the second term of (3.17) that contains the uncertain terms can be rewritten as

He{[é] AHZF(ONS[X 1]+ 2

AHLP(ON? [€2g + DX D2,C:| } :

where AA, and AB, were replaced using (3.8).

Therefore, defining A = 6., + 9.,['cX, using Lemma 2.1 and the manipulations done in
(3.21)—(3.26), (3.17) is rewritten as

11+ He { u HEFONE[X 1]+

2 HYFP(HN? [A @chz]}<

I+ 5

By E

21 H?H?/ {I Z} -1-51—1 [)I(] Ng,fa(t),fa(t)Ng [X I} +

A/
CLY,

HtuY (1 z] 4+ 857 [ 1 NY P PPN A 92,0 < (3.28)

I + ;
A ZH® Ne

H ] [Hg’ Hg’Z} + Bt [XNSI] [NgX Ng} +

1 ATY

B l;;bb] (1Y mYZ)+ 6y lC,f; fVN b,} [N?A NP9 CL] <0,
z 4 Zq z

where II is defined in (3.26). The following theorem proposes convex conditions to synthesize
(3.9).

Theorem 3.2 For given scalars A1 € R, Ay € Rug, A3 € R, Ay € Ry, B1 € Ryg and B2 € Ry, if
there exist symmetric positive definite matrices X , Z € R™ "™ and parametrically affine matrices
A, € RV B, € R, 6, € R"*" and 9., € R™*™, such that, for all p € U, (3.24)
and the following LMI are satisfied:

T
[ o ] <0 (3.29)
Tor Tao
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where

v ‘ *
T = / /
HY HYZ 0 |-p7'I
NeX N 0 0
HY HYZ 0 0
Ton = NY(6.y+©O) Ton 1,6, ®0 )
(X —X3I)  —X3I L6, @M | =3l

YTo11 = N29D, (C. + \sT¢), ©=A\3N'D, T'c

diag(—p1, —B2_1I) *
Yoy = o o (© — Bal)

A3l —X3l  (MTp@L NY = Xsl) | —2M\1
where U is given by (3.25), then the controller (3.9) whose state-space matrices are given by (3.20),
with Y = X — Z~1, robustly stabilizes the closed-loop system (3.11).

Proof Pre- and post-multiplying (3.29) by diag(p, I5,), with ¢ = {Ign M; M M?”], and its
transpose, respectively, one has

11 * * * *
HY HYZ| BT « * *
NZX N¢ 0 Al % x| <0
HY HYZ 0 0 -5«
[V Noc.] o 0 0 —pr

with IT defined in (3.26) and A = 6., + %.,I'cX. Then, applying Schur successive times in the

above inequality and using (3.28), one has

11+ He { m HEfONE (X 1]+

; HY P ()N [A @chz}}<o.

Following the same lines of the proof of Theorem 3.1, we prove the asymptotically stability of the
closed-loop system (3.11). -

Remark 3.4 Theorem 3.2 depends on the choice of siz scalar parameters what can be a high
computational cost task. For the sake of computational time, some parameters can be set equal,
for instance, one may impose \j = X\, i = 1,...,4 and B; = B, j = 1,2, at a price of more
conservative results. In Section 3.4, the numerical examples found solution with A1 = A3 = 0,
Ay =M =1, and By = B2 = 1, and these values are suggested for an initial guess. We verify
that only in particular cases, where the stability of the closed-loop systems is a difficult task, there
is a need to search all scalar parameters, which can be seem as an extra degree of freedom for

challenging cases.
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Remark 3.5 It is worthy to mote that quadratic stability can be relaxed by the use of fuzzy
Lyapunov functions (Tanaka et al., 2003). For this, consider the Lyapunov function V(x,) =
xa(t)’Wzglxa(t) with

W, [qu Yzq] Cwo - [ Zq —qu]
Yzq Y;q _qu ‘/;q
where X, and Z., are symmetric positive definite matrices, Y., = X, — Zz_q1 and V., =

YZjXZqZZq.One can verify that W, = W, >0 and I/VZQVVZ;1 = I. Then, the condition (3.12) is
equivalent to

%' (He {A,W}) % +%'W. % <0

where, for % defined as (3.13),

X, *
/St S/

2q“~zq 2q

LW, % = l

Therefore, the conditions of Theorem 3.1, Corollary 3.1 and Theorem 3.2 are relaxed by replacing
the term Y in (3.22) by

A.X. + B.6., + 05X, A, + B.9.,C.
A, Z:yAs + B, Cs + 0.5,

with o, = Aoy — 2 Z_Y. The controller gains are given by (3.20) with X, Z and 9., replaced

~ #a q
by X.qs Zzq and 9, respectively.

Observe that matrices X,, and Z,, must depend on the available premise variables zq since
they appear in the expressions that recover the gains of the controller. If the upper-bounds of the
time-derivatives of the membership functions are known, then several techniques may be used to
deal with the time-derivative of X, and Z, in the design conditions, as shown in Mozelli et al.
(2009) and Tognetti et al. (2011). The main challenge for the implementation of the control law is
the necessity of computing in real-time the term qu. Since the premise variables zq are supposed
to be measured, zq could be evaluated. However, to circumvent numerically issues, one may impose
Zrq = Z, yielding

. X, *
%'qu% = | .
0 O
Remark 3.6 In the ideal case, where all premise variables are available, one gets Y + Y' < 0 in
Theorem 8.1 recovering the standard condition for the DOF design as presented in de Oliveira
et al. (2000). Finally, one may observe that is straightforward to incorporate the Hy, criteria in

the design conditions.

Remark 3.7 The measurement of the premise variables with no accuracy (Agulhari et al., 2013;
Sato and Peaucelle, 2013; Lacerda et al., 2016), in the case of noise or bias in the measurement,
can also be taken into account using the presented technique. See, for instance, Agulhari et al.
(2013); Lacerda et al. (2016) for further details of how to construct matrices flzq, qu and ézq,

in this case.
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Remark 3.8 The proposed technique can be also applied to T-S models subject to polytopic-type
uncertainties. In this case, the procedure to construct the matrices Az , B and CZ , used to
recover the controller gains, can be adapted such that these matrices are mdependent of the polytope

that describes the uncertain space.

Remark 3.9 The design conditions can be adapted to incorporate a decay rate specification given
by v > 0. Condition (3.12) becomes

He{A W} +29W <0 (3.30)

yielding
A X + BZ(@Zq +29X A, + B.%.,C. + 271

(3.31)
Ay + 291 ZA, + B C.+2vZ

n (3.22). Therefore, using (3.31) in Theorems 3.1 and 3.2, and Corollary 3.1, one gets ||x(t)|| <
Bl|z(0)||le™ for a given 3 > 0.

3.4 Numerical Examples

The computational routines were programmed in Matlab 7.10 (R2010a), using Yalmip (Lof-
berg, 2004), SeDuMi (Sturm, 1999) and Mosek (ApS, 2019) in a personal computer equipped
with an Intel Core i7 CPU (3.40GHz), 8GB RAM. To handle the infinite dimensional problem de-
scribed by the parameter-dependent conditions, the optimization variables are fixed as parameter-
dependent matrices and the negativity of the inequalities is verified by testing a finite set of LMIs
that are directly obtained by ROLMIP (Robust LMI Parser) toolbox (Agulhari et al., 2012).

The applicability of the proposed method is illustrated by numerical examples. The scalar
parameters that must be provided in Theorems 3.1-3.2 and Corollary 3.1 have been selected
following the suggestions presented in Remark 3.4. A line search algorithm could be used as well,

probably yielding improved results, at the expense of increasing the computational burden.

Ezxample 3.1 In this first example, the control design problem of the full-order dynamic output
feedback controller (3.9) for the Furuta Pendulum?® (Mori et al., 1976) subject to imperfect premise

matching in matriz A, is solved using Corollary 3.1.

3For the sake of computational burden, it is adopted the approximation sin(z2) = z2.

30



The nonlinear system dynamics is represented by*

1 =13
To = X4
T3 = (gm;lf,r) 212429 + (m%lf,r) 21792473
(3.32)
—mply (mplf, + Jp) (rzg + 2l,29) zaxs + (mplg + Jp) 24T

&g = mylyg (mpl§Z5 + mpr2 + Jarm) 240 + mplf7 (mplg,% + mpr2 + Jarm> 292473

272
—mylor (2lp 22 + r23) 212474 + Mplprz1 24T

where

1

5 zZ5 = sin2 9,
€1 — €2C08°T2

z1 = cos(xa), 2o = wgsinxgcoswe, z3 = x4sinzg, 24 =
2 2 4,2 2 2.2 2
€1 = JarmJp + Jpmpr® + Jarmlpmp + €, €= [lpmp + Jplpmp + lpmpr }

are used as premise variables in the T-S model yielding z = (21, z2, 23, 24, 25), p = (p1(21), p2(22),
p3(z3), ta(za), ps(z5)) € Uz2222. The nonlinear system is represented by the T-S model (3.6)
using the sector nonlinearity approach (Tanaka and Wang, 2001) in the domain xo € [—5°, 5°],
x3 € [—20, 20] and x4 € [—20, 20|, where x1 is horizontal arm angle, xo is the pendulum angle,
x3 1s the horizontal arm angular velocity and x4 is the pendulum angular velocity. The system’s

parameters adopted in the simulation are presented in Table 3.1.

Table 3.1: System’s parameters.

Symbol | Definition Value
lo horizontal arm length 0.216 m
l1 distance between pendulum mass center and arm 0.156 m
myp pendulum mass 0.127kg
Ja Inertia moment horizontal arm 0.002 kg.m?
Jp Inertia momentum pendulum 0.0012 kg.m?
B, Damping coefficient 0.0024 N.m.s.rad=!
B, Damping coefficient 0.0024 N.m.s.rad™?
g Gravity acceleration 9.71 m.s~2

It is considered that only states x1 and x2 are measured, that is,

1 0 0 O
Cz = )
01 0O

therefore the control design can only utilize the premises variables zq = (21, 24, 25).

/ !/
For the initial conditions x(0) = [0 0.1r 0 0} and x.(0) = [O 0 0 O} , the time-response

4For conciseness, the dependence of z(t) on t is omitted hereafter.
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of the states of the closed-loop system with the controller designed with Corollary 3.1 with Ay =0

and Ay =1 is shown in Figure 3.1.

-10
Time (sec)

Figure 3.1: Trajectory of the states of the closed-loop system for the initial conditions x(0) =
[0 0.17 0 0} and x.(0) =[0 0 0 0] using Corollary 3.1.

Figure 3.2 shows the trajectories for the controller designed by Corollary 3.1 using Remark 3.9

with decay rate v = 0.4. We observe a faster convergence compared to the trajectories in Figure 3.1.

10 T T T T
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-20
Time (sec)

Figure 3.2: Trajectory of the states of the closed-loop system for the initial conditions x(0) =
[0 0.17 0 0} and z.(0) =[0 0 0 0] using Corollary 3.1 with v = 0.4 from Remark 3.9.

Ezxample 3.2 This example is used to evaluate the cases of imperfect premise matching presented
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in Section 3.3.1. The nonlinear system is adapted from Tognetti et al. (2012) and given by

i =21 + 29 +sinzg — 0.1y + (23 + Vu
To =21 — 229 + 11U

T3 =21+ I%CL'Q — 0.3x3

(3.33)
T4 =sinxg — x4
y1 =22+ (@ + Dy + o2
Y2 = X1
where )
Y1 = Sll’ll’3’ Y2 = sinxs. (3.34)
T3
The system (3.33) is rewritten as & = A(z)x + B(2)u, y = C(2)z, with
11 oz —01 s+ 1
1 -2 0 0
A(z) = B =|
1 2 —-0,3 0 0
0 0 22 -1 0 (3.35)
0 1 1
C(Z) _ z9 zZ1+ '
100 o0

The premise variables are given by

9 __sinzg
21 = T, Z9 = .
x3

The matrices A,, B, and C, of the T-S fuzzy model (3.6) are obtained from (3.35) evaluated
in the extreme values of z1 and zy for the domain x1 € [—1.4, 1.4] and x3 € [—0.7, 0.7] using the

sector nonlinearity approach (Tanaka and Wang, 2001).

Supposing that only premise z1 is available for the controller by the measurement yo = x1.
Therefore, zq = 21 and the vertices of flzq, qu and C’Zq are obtained by considering zo = Zza,

where Zo is the mean value of zo. Theorem 3.1 could find solution with Ay =0 and Ao = 1.

The states trajectories of the closed-loop system for the initial conditions x(0) = {1 2 —06 —4]/
and z.(0) = {O 00 0}/ are illustrated by Figure 3.5.
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Figure 3.3: Trajectory of the states of the closed-loop system using Theorem 3.1.

Now, we would like to evaluate how the choice of flzq, qu and C’zq influence the stabilizability
of the proposed conditions. For this, the maximum value of b in 1 € [—b, b is evaluated such
that Theorem 8.1 is feasible for several choices of Zy. As showed in Table 3.2, the maximum
value of b is obtained with zo = 0.96 as expected since this value represents the mean value of
zp € [0.92, 1] considering x3 € [—0.7, 0.7]. We can also observe that the conservatism is related
with the magnitude of T4, U'p and U'c. To illustrate this, Table 3.2 shows the lower bounds of p
and v in ||Ai; — Ajl| < p and || Z(Ay; — A)X|| <7, i,5 = 1,2, respectively, for Z and X obtained
from Theorem 8.1. The smallest values of p and v occur for zz = 0.96 where the difference of
A(p) — A(p) is expected to be minimum.

Table 3.2: Maximum values of b in z; € [—b b] such that Theorem 3.1 is feasible and the lower
bounds of p and v in ||A;; — Ai|| < p and ||Z(Ai; — Ai) X|| <7, 1,5 = 1,2, respectively.

zn 0.5 0.6 0.7 0.8 0.9 0.96 1

b 091 1.2 1.35 143 148 149 149
p 0.707 0565 0424 0.282 0.414 0.056 0.112
v 0961 0.766 0.615 0.419 0.212 0.087 0.174

To illustrate the flexibility of the proposed technique, we suppose now that only zo is measured,
that is, the second row of matriz C(z) is modified to [0 0 1 0]. It is verified that Theorem 3.1 finds
a stabilizing controller for z1 € [—0.6 0.6] and z3 € [-1.65 1.65] considering z; = 0.18 (middle

value of z1), that is, a smaller set for x1 and a larger set for xs.

Ezxample 3.3 This example is used to evaluate the cases of imperfect premise matching with un-

certainties presented in Section 3.53.2. The nonlinear system is adapted from Guelton et al. (2009)
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and the vertices of the T-S fuzzy model (3.6) are given by

g e P e ]

1 -2 20 -2 10 3
2 -1 —3 2

S i R R R R
5 -1 7 -9 1 -1

Nf:[l 1],N;:[—1 1},Hf=[02],H§:lO]7

A

=

where only z1 € [—1, 1] is the premise variable.

Theorem 3.2 provided a controller (3.9) with Ay = A3 = 0, Aa = Ny = 1, 51 = [2
The closed-loop trajectories of the closed-loop system for the initial values x1(0) = 1, x9(0) =

21c(0) = 0, 22.(0) = 0 are shown in Figure 3.4.

1.2

0.8 I
0.6
0.4

0.2

-0.2 | | | | | | | | |
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time (sec)

Figure 3.4: Trajectory of the states of the closed-loop system using Theorem 3.2.

To compare Theorem 3.2 with (Guelton et al., 2009, Theorem 2) the feasibility is verified in
terms of z1. Theorem 3.2 was feasible for z; € [=3.1, 3.1], adopting \y = A3 =0, Ao =1, Ay =1,
B1 = B2 = 1, while (Guelton et al., 2009, Theorem 2) was feasible for a smaller interval, z; €
[—3.0, 3.0], considering sufficiently large variation rate (¢ = —200), as a matter of comparison.
To compare the computational burden, it is verified that Theorem 3.2 uses 30 variables and 92
rows in the LMI conditions while (Guelton et al., 2009, Theorem 2) uses 58 variables and 40 LMI

rows.
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3.5 Conclusion

This chapter contributes with new LMI conditions for the design of DOF controllers with the
selection of the membership functions implemented in the control law. Partial or total immea-
surable premise variables can be taken into account. The proposed conditions solve a common
problem in the DOF design, the dependence of the controller gains on the membership functions
of the plant. Allowing also, as an indirect result, robust controllers for systems with parameter
uncertainty. The use of fuzzy Lyapunov functions can be easily encompassed and systems with
norm-bounded uncertainties are also considered. The effectiveness and validity of the proposed
approach are illustrated through numerical examples and time simulations. For future works, the
choice of optimal membership functions for the controller in the case of no measurements of the

premise variables and efficient methods to deal with the local stability may be addressed.
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4 Discrete-time DOF with imperfect premise

matching

This chapter aims to investigate the problem of designing locally stabilizing dynamic output
feedback controllers and estimate the domain of attraction for discrete-time T-S fuzzy systems.
A realistic scenario is assumed where the control signal is subject to saturation, and the premise
variables are partially or completely unmeasured, that is, not available for the control law. As a
result, the fuzzy output controller can have a different number of fuzzy rules and a different set of
membership functions from the T-S model. To obtain locally stabilizable conditions, we propose
modeling the variation rate of the membership functions without using upper bounds, a new
contribution in the context of output control of discrete-time T-S systems. The design conditions
are expressed as linear matrix inequality relaxations based on fuzzy Lyapunov functions using slack
variables introduced by Finsler’s lemma. The effectiveness and applicability of the methodology

are shown through numerical examples.

4.1 Introduction

T-S models usually describe nonlinear dynamics in a compact region in the state space con-
taining the origin. Then, the stability is only assured for trajectories remaining in this region.
The simplest way to guarantee the convergence of all trajectories to the origin is to compute as
an estimate for the domain of attraction the largest Lyapunov level surface inside the region of
validity of the T-S model. However, this estimate may be conservative if quadratic Lyapunov
functions are considered. For continuous-time systems, some works proposed conditions using the
bounds (Pan et al., 2012) or manipulating (Gomes et al., 2020) the time derivatives of the mem-
bership functions. For discrete-time systems, the nonquadratic stabilization is facilitated (Guerra
and Vermeiren, 2004), but few works consider models for the advanced instant of the Lyapunov

matrix. Thus, the local nature of the evolution of the membership functions is disregarded.

An attempt to develop local conditions for the design of state-feedback laws for discrete-time
T-S systems is presented in Lee and Joo (2014). However, an upper bound for the variation of the
membership functions must be specified, impacting the estimation of the stability domain. Recent
techniques such as Tognetti et al. (2015) and Lendek and Lauber (2022), based on Lyapunov
functions depending on past samples, are still unable to take full advantage of the variation of
the membership functions inside the domain of validity of the T-S model. Moreover, there is no
method to choose the matrix structure that defines the set that contains the estimation of the

domain of attraction (Lendek and Lauber, 2022). If saturation is also considered, the domain of
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attraction is affected (Gomes da Silva Jr. and Tarbouriech, 2006). For instance, the design of
full-order DOF controllers assuming all premise variables are available for feedback is investigated

in Klug et al. (2015) but considering arbitrary variations of the membership functions.

Motivated by the lack of results for designing DOF controllers for discrete-time systems with
partially or completely unmeasurable premise variables, this chapter contributes to this problem
by proposing local design conditions. Very few papers have addressed this problem outside the
observer-based approach. The solution uses the mean value theorem in several variables (Buck,
1994), as presented in Lee and Joo (2014), but without using bounds on the variation of the
membership functions. We also consider saturation in the control signal, making modeling the
variation of the membership functions more challenging and intricate. Fuzzy Lyapunov functions
are applied to estimate the domain of attraction, and an LMI-based procedure is proposed to
design DOF controllers that do not share the same set of premise variables of the T-S system.
Thanks to the multi-simplex modeling (Cartesian product of simplexes) (Oliveira et al., 2008),
the dynamical matrices of the plant are rewritten in terms of the desirable membership functions.
We extend the approach presented in Chapter 3 to the discrete-time case, the main differences are
the development of local conditions due to the membership variation modeling and the presence
of saturation in the control signal. The use of the membership variation model in the output-
feedback design is a major innovation for discrete-time T-S fuzzy systems. Numerical examples

demonstrate the effectiveness of the proposed approach.

4.2 Preliminaries

4.2.1 System description

Let us consider a discrete-time nonlinear system
(4.1)

where z(t) € R" is the state vector, y(t) € R™ is the measured output, and u(t) € R™ is the
control input. The nonlinear functions f(-) : R — R™*", g(-) : R" — R™ "« h(:) : R — R™*"
are assumed to be bounded and smooth in a compact set Xy of the state-space containing the origin.
The standard decentralized saturation function sat(uq)) = sign(ugy)min(luyl, pa)), L =1,..., 7y,
describes the amplitude-bounded control input. We assume the origin is an equilibrium point of
(4.1) for u = 0.

Using the sector nonlinearity approach (Tanaka and Wang, 2001), the nonlinear system (4.1)
can be represented precisely in Ay through the T-S fuzzy system by a set of rules adapted from

(2.4) to consider the presence of the saturation in the control input, given by
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Rule ¢: If 2y (k) is M and ... and 2, (k) is 4,7, then

{IE('[: + 1) = Aagl...agpl‘(t) + Ba“...agpsat(u(t)) (4 2)
y(t) = Caﬂma[px(t), {=1,...,N.
The variation of the membership function is defined as!
Apj(z) = pi(z + 1) — pi(z),  j=1,....p

and

Apa (1)

Ap(z) = : =z +1) —p(z). (4.3)
Apn(zn)

To handle the multi-dimensional fuzzy summations of matrices, the same notation presented

in subsection 3.2.2 is adopted.

4.2.2 Problem statement

The global T-S fuzzy system obtained from (4.2) can be rewritten as

{x(t +1) = A,z(t) + B.sat(u(t)) (4.4)

y(t) = C.a(t)
with (A, B,C), given by (2.11).

The domain of validity of the T-S fuzzy model (4.4) is given by the following polyhedral set
Xo={zeR":bx<1, i=1,...,2¢} CR" (4.5)

where b; € R™*! are given vectors and ¢ is the number of states that the premise variables depend

on. Note that the linear constraints defining A guarantee 0 € A;. The set Ay can also be written

as:

Xy = co{h', W2, ... A"}, (4.6)
where the vectors h?, i = 1,...,ny, can be systematically obtained through the linear constraints
in (4.5).

Consider that a subset zq € R®, s < p, of the premise variables z € R? are measurable and
available for the control law. The aim is to design a full-order dynamic output feedback controller

given by

{mc(t +1) = Az e(t) + Bezgy(t) (4.7)

’U,(t) = Cczq-l‘c(t) + Dczqy(t>v

!The time dependency in p;(z;) is omitted for brevity, and then we adopt the notation p;(z; + 1) to denote
w;(z;) in the instant k + 1.
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with
(A07 B, Ce, Dc)zq = Z Hi(zq)(Acia B, Ceis Dci)
ieZs

and z.(t) € R™ are the controller states. As matter of fact, it is required the measurement of the

premise variables zq4 for the implementation of the control law.

Let us define the decentralized deadzone nonlinearity 1(u) = u — sat(u). The closed-loop

system can be represented as
xa(t + 1) = Azxa(t) - Bzd](u) (48)

where z,(t) = [:L‘(t)’ :cc(t)’]/ denotes the augmented state and

A, =

A, + B.D,. C. Bzcczq] B _ [B]
) zZ .
Bczqcz Aczq 0

The amplitude-limited control signal can be rewritten as u(t) = K,x,(t), with

K. = [DeyC: Cey - (4.9)

The domain of validity of closed-loop system described by (4.8) is the subset
X = {2, €R™ :bjw, <1, i=1,...,2¢} CR™, (4.10)

with ) = [0} 0] € R?",
The following problem is addressed.

Problem 4.1 Consider the T-S fuzzy system (4.4) with a subset zq of the premise variables z
that are measurable and available for the control law. Determine a dynamic output controller as
(4.7) and a region Qy C Xy, as large as possible, such that the trajectories of closed-loop system
(4.8) starting from any initial condition (x(0),z.(0)) € Qo x {0} converge exponentially towards
the origin.

Remark 4.1 Problem 4.1 assumes that the premise variables are partially measurable. The pro-
posed technique can also be applied when all premise variables are available, recovering the standard

case, or when none of them can be used, yielding a robust controller.

Remark 4.2 As a matter of simplicity, we will consider the dynamic controller (4.7) with zero
initial conditions. Then, our interest is to maximize the estimation of the region of initial con-
ditions x(0), denoted by Qo C R™, such that the trajectories x4(t) converge to the origin. As we

demonstrate later, we do not impose the estimate of the domain of attraction Qg to be invariant.

The following lemmas will be useful for the main results.
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Lemma 4.1 (Gomes da Silva Jr. and Tarbouriech (2006)) Consider a matriz Y, € R"«*?n
and the region defined by

II = {xa S RQTL : |(Kz(g) - Tz(g))l‘a’ < Py, (= 1, NN ,nu} > (411)

where p(y) determines the limit of the control effort, that is —py < iy < p). If @ C 11, then the
following relation holds:
D) () = Toza) <0 (4.12)

for any matriz ¥ € R™>*™ diagonal and positive definite.

Lemma 4.2 (Mean value theorem (Buck, 1994)) Let U € RP be a convex set, and suppose
f:U — R is continuously differentiable. Then, for any x, y € U, there is a real number ¢ € [0, 1]
such that

fo) — oy = PO gy (4.13)

Lemma 4.3 If there exists a symmetric positive definite matriz W, € R**?", matrices G €
R22 gnd M, € R*™* ™, and a diagonal positive definite matriz ¥ € R™*™ satisfying for all
p € Uy

W..  A.G | B
x G+G —W.|-M, | >0, (4.14)
* * ‘ 22
G+G —-w, G’l_)i
+ >0, i=1,...2q, (4.15)
*
G—l—G/—WZ G'K' _Mz
2(0) Ol >0, ¢=1,...n,, (4.16)
* Plo

then the origin of closed-loop system (4.8) is locally exponentially stable and the trajectories for

any initial conditions z,(0) belonging to the ellipsoid
Q= {xa eR*™: 2/ Wz, < 1}. (4.17)

exponentially converge toward the origin.

Proof The difference of the Lyapunov function V(z,) = z4(t)'W, '2,(t) along the solution of
(4.4) is negative definite if AV (z4) — 2¢(u)' S~ ((u) — Y.2,) < 0 due to (4.12) or, equivalently,

zo | (Wt —ris1 [Al] Ze
Lﬁ(u)l Q S ]_ LB;] Wi |4 BZ]) Lp(a)

Applying the Schur complement in the above condition and pre- and post-multiplying the

> 0.
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0 0 I
result by |G’ 0 0], one has

0 X 0
W.e  A.G B.Y
* G’Wz_lG -G'Y, | >0.
* * 2%
Observe that
Gwla>a+a -w, (4.18)

since

(G —-W)W, Y G -W,)>0.

Considering (4.18) and defining M, = G'Y’, one has that if (4.14) holds then there exists a
positive scalar e such that AV (z,) < €V (z,) and (4.8) is exponentially stable.

If (4.15) and (4.16) hold, then the same inequalities are verified replacing G + G’ — W, by
G'W;1G. Post- and pre-multiplying the resulting conditions by diag(G~!, I), one obtains, respec-
tively,

-1 7. -1 / o
[Wz bl] 207 [Wz KZ(E) Tz > 0.

* 1 * Pl

The first inequality assures 2 C X (Boyd et al., 1994) and the second 2 C II (Gomes da Silva Jr.
and Tarbouriech, 2006). .

The results presented in the next section provide sufficient conditions for the design of full

order dynamic output feedback controllers depending only on the available premise variables zq.

4.3 Main Results

4.3.1 Stabilizability of the T-S system without saturation

Before presenting stability conditions for the closed-loop (4.8), we first consider the design of
the DOF controller (4.7) for system (4.4) without the saturation in the control signal, that is,
z(t+ 1) = Ax(t) + Byu(t), y(t) = Cz(t). We focus on the design of controllers that do not

depend on all premise variables.

Using (2.33) with U =Y, Y’ = Z and V' = —Z, we can define the following matrices inspired
by the parametrization adopted in de Oliveira et al. (2002):

G:[X .],Glzlz .],z‘f:[]” Z] (4.19)
Y | —-Z i 0 —Z

where X,Z € R™" and the elements represented by M are such that GG~' = I, which yields
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X I
G% = lY 0] . Then, applying a congruence transformation in the inequality formed by the first

two block rows and columns in (4.14), one has

¥ o] [ we | A ¥ 0]
0 %| | GAL| G+G -W, | |0 %]

Per Jz+ AZX + Bzcéz Az + Bchzq Cz
H A Z'A,+%B.C
r e : =T PC | Lo (420
F— X+X' —-P, I,+5—J,
N * Z+7 —H,
where matrices P,, J,, H, and S are defined by
P, J
[ z Z] = %'W,%, S=7Z(X-Y) (4.21)
* H,

and
A, =74, X — Z’ACZqY — Z’BcquZX + Z’Bchqu + Z’BZDCZqCZX

%z = Z/BZDCZq - ZlBCZq) (422)

6. = CezqY + D¢ C. X.

Observe that expressions to recover A, Bc., and C,., from (4.22) will depend on A., B, and
C, and, therefore, the controller gains cannot be implemented since z is not available for feedback.
As in Chapter 3, (3.16) is used to allow the design of a controller depending only on the available

premise variables zq.

Then, one can replace A,, B, and C, in (4.22) by flzq—i—FA, B’Zq—i—I‘B and CZQ+FC, respectively,
and rewrite (4.20) as

Yo+ ¥r >0 (4.23)
where
Pz+ Jer AZX + Bz(gzq Az + Bchquz
g | ¥ e oA Z'A, + B, C, Cgp |0 ErHAT (4.24)
* * X+X —-P, I,+S —J, * 0
* * * Z+7 —H,
with

Ay =2 A X — Z'AcrY — Z'BesCoo X + Z'B.,Coz Y + Z'B, Do, C- X,
By = Z'B:yDesy — Z'Bezy (4.25)
(ézq = Ccqu + Dczqéqua
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and

0 B.D X 0 r, r 0 0
PO = FTCa\ , I'= A B , A= .
z' B 6.q DezgC- I'e O ZI'pDeI'cX 0

Zq Zq

Assumption 4.1 We assume that either I'p or I'c are zero or, in the case I'g # 0 and I'c # 0,

we impose D, = 0. As consequence, one has A = 0.

Observe that the change of variables (4.25) allows to recover the controller gains depending
only on zq:
Aczq = (Z/)—l {Z’flqu + Z’qucgzq _ ggzq + %Zqé«qu} Y_l,
B, = _(Z/>—1@,Zq + quDczq, (4.26)
Cczq = (ngq — Dczqéqu)Y_l.

Moreover, note that the inequality (4.23) is nonlinear due to the product of variables in term

®p. The following theorem proposes sufficient LMI conditions for (4.23).

Theorem 4.1 For a given scalar A € Rq, if there exist matrices X, Z, S, J, € R™", o, €
R™™, B, € R, 6., € R"™*" and D, € R™*"  symmetric positive definite matrices P,

and H, € R™ ™, such that, for all u € U,, the following LMI is satisfied:

Uy UL — AU
ot >0 (4.27)
* 201
where
0 B.D., 0 0
VA 0 0
Uy = o Uy = (4.28)
0 0 X6l
0 0 0 C.D,

and Vg given by (4.24). Then, the controller (4.7), whose state-space matrices are given by (4.26)
with Y = X — (Z')71S, makes closed-loop system xq(t + 1) = Az, (t) — B,u(t) asymptotically
stable.

Proof

First, note that inequality (4.27) can be written as condition (4) of Lemma 2.3 with X = A\[0 1],

D= l% \I”F] , B=[-w, 1.

* 0
Then, if (4.27) holds, condition (2) of Lemma 2.3 is verified with B/, = {I \I/’Z} and it can be
written as (4.23). If % is non-singular, then (4.23) and the left-hand side of (4.20) are equivalent.
By Lemma 4.3, considering only the inequality formed by the first two block rows and columns of
(4.14), the closed-loop system ,(t + 1) = A x,(t) — B,u(t) is asymptotically stable.
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To assure % full rank and (4.26) well defined, one requires Z and Y non-singular. If (4.27)

holds,
P, J,
> [ ] >0 (4.29)

X+X L,+9
* H,

* Z+ 7

which implies that X and Z are non-singular and, from (4.21), W, > 0. If we multiply (4.29) by
T'=[I —(Z')71] on the left and by T on the right one obtains He{(Z’X — S)'Z~1} > 0. From
the definition of S in (4.21), one has Z’X — S = Z'Y thus Y + Y’ > 0, implying Y non-singular. g

Consider the particular case 'y # 0, 'y = 0 and I'c = 0. Then, one has the following

corollary.

Corollary 4.1 For a given scalar A € Rxo, if there exist matrices X, Z, S, J, € R™", o, €
R™", B, € R, 6., € R"™*" and D, € R™"*"™, symmetric positive definite matrices P,
and H, € R™™, such that, for all p € U, (4.27) holds with

/! /
=0 %2z 00, W=[0o0 X 0,
then, the controller (4.7), whose state-space matrices are given by (4.26) with Y = X — (Z')~18,

asymptotically stabilizes the closed-loop system z4(t + 1) = A xq(t) — Bou(t)

4.3.2 Saturation and Local stabilization

In this section, we present a solution for Problem 4.1. We consider the following assumption.
Assumption 4.2 The output matriz C, of the T-S fuzzy model (4.4) depends on measurable
premise variables, that is, C’Zq =C, Tc=0).

First, we take into account in the design conditions some property of the variation of the
membership function Ay;(z). From the definition of (2), one has 3757 pi(2) = 1. Then, one
has the following hyperplane where Ap;(z) is contained:

Z Api(z) =1"Ap(z) = 0.

i€,
Any summation @, in the instant k£ + 1, denoted by @,, can be described by

Qv = Y (1i(2) + Api(2))Q; = Q= + Qa:,

iz,

where

Qa:z= Y Aui(2)Q;.

i€,
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The term Q. can be rewritten as

Qa:=QAu=)®L), Q=[Q1 - Qnl. (4.30)

If Q. is a symmetric matrix, we can also write Qa, = 0.5He {Q(A,u(z) ® In)}

Applying decomposition (4.30) in the first two block rows and columns of ¥, defined in (4.24),

one has -
PZ JZ PZ JZ P z J z
A = + B A (4.31)
*x  H,y *x  H| *x  Hp,
where 3 o
PAZ JAz H 0.5P J A/L(Z)@In 0
= He _
*  Ha, * 0.5H 0 Ap(z) ® I,

with P, J, and H described as in (4.30).

Note that, since the premise variables depend on the states, by Lemma 4.2, there exist real
numbers ¢; € [0, 1], i € Z,, such that, for each instant of time k, the variation of the membership

function can be describe as:

Ba(e) = e+ 1) = a(s) = POZDHAD LS ey 1y o). (aa)

V(x(t),x(t + 1),1) € Ay x Ay x Ip.

The condition z(t 4+ 1) € Ay can be reformulated as z(t) € R C R", where

R={zeR": (A, + B.D..,C.)x + B.C..yx. — B.(u) € Xy, Vz. € R", Vu € R™}. (4.33)

The set of all initial solutions x,(0) such that the trajectories x,(t) remain in the set (Xp N

R) x R™ can be estimated as the level set of the Lyapunov function € given in (4.17).

The term Op;(2(t))/0z(t) can be described in a polytope:

Y
Veu(z) = Jp =Y 0i(x)J; (4.34)
=1

where 0(x) € %y, and J; are vertices obtained using the sector nonlinearity approach (Tanaka

and Wang, 2001) over
O
[qu (z)L‘j — Ox(t)

for pi(z) defined in set Ap.

Then, using (4.4) and (4.32) in (4.34), Ap(z) can be rewritten as

Ap(z) = Vap(2)(Asz(t) + Baosat(u(t)) — o(t)) = Jo((As — Da(t) + Busat(u(t))).  (4.35)

Let v = sat(u), then, from the definition of the saturation function, one has v € V where
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V={veR"™: |yl <pp,f=1,...,n,}. Applying (4.35) in the representation of Pa., Ja.,
and Hp,, for all x € Xy and v € 9, in (4.31), one has

[PH JZ+] _ [Pz Jz] +He{[o.515 J ] (L ® (Jo((As — D)z, + Buvy)) ®In))} (4.36)

* H., * H, 0 05H
where
nhp ) 2" )
Ty = Z’yihz, v € Uy, , vy = Z(Siyl, d € Ugnu (4.37)
i=1 i=1
with vertices A given in (4.6) and
% . Ny !
V:Dip, 7,:1,...,2 y p:{p(l) p(nu)}
where D;, i = 1,...,2™ are diagonal matrices in R™>*™ constituted from all the combinations

formed with 1 and —1.

Theorem 4.2 For a given scalar A € Rsq, if there exist symmetric positive definite matrices
P, and H, € R™™", a diagonal positive definite matrix ¥ € R™*™  and matrices X, Z, S,
J. € R™", My, € R™"™, My, € R""™, o, € R™", B, € RV, €, € R"™*", and
Dz € R™*™ such that, for all p € U, the following LMIs are satisfied:

By B1T — A
* 201

1 >0, k=1,....,np, £=1,...,2"™, j=1,...,9, (4.38)

X+X -P, I,+8—J. X'b
* Z+7 —H, b |>0, i=1,...,2, (4.39)

* * 1

X+X' —P, I,+8 —J, —05Myq (A.X +B.6.)'b;

« 7+ 7! — HZ —0.5M22(g) (Az + BZ‘DCZQCZ),bi > 07 i = 17 ’2q7 (440)
% * M —EB;bl
* * * 1

X+ X =P I+ —J. 6, — M.y
. Z+2 —H. CLD, )~ Mao| 20, (=1, n, (4.41)

* * Ple
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\i/kﬂj = @0 =+ He{\ifgﬁkﬁj , Ekﬁj = [ IQ & <(J]((Az — I)hk + Bzy””)) X In) ‘ 0 } ,

NK‘H,_/

P, A X+ B,6,, A.+ B.D.,C. B.Y|
* H, Az Z'A, +B.,C. 0
Ug=|x x X+X —-P, L,+S8 —J, M|,
* % * Z+7Z' —H, M,
| x x * * 2% |
- ~ /
A \\
|

Uy and Vo defined in (4.28). Then the controller (4.7), whose state-space matrices are given by
(4.26) withY = X —(Z')~18, makes the origin of the closed-loop system (4.8) locally asymptotically
stable and the trajectories for any initial conditions x4(0) € Q exponentially converge toward the
origin. Moreover, when imposing a zero initial condition to the DOF controller (4.7), the set
Qo ={x e R" : (x,0) € Q} C R", that can be rewritten as

Q={zeR": &' [1, 0, W '[1, On]/x <1}, (4.42)

is an estimate of the basin of attraction of the origin related to the system (4.4), that is, Vr,(0) €
Qo x {0}, limg_y00 4 (t) = 0.

Proof

First, observe that according to (4.36), one has

np 2"uw 9
M= 030> w0eb Vhj = Vot
k=1kr=1j=1
0.5P J v B,
] 0
Hed | 0 05 | [ (1@ ((o((A:~ Dy + Baosh @ da)) [0 [ 1 = | " =0 |,
0 * 2%

with W given by (4.24). Therefore, inequality (4.38) is equivalent to condition (4) of Lemma 2.3
with

o T 0
D= 0 |, B:[—% o\[}, X=x|o|.
* 0 I

Thus, we can write condition (2) of Lemma 2.3 with

0
Bt=| 0 I
Uy 0
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yielding

—M. | >0, Up=He{¥ 'V},

By observing the equivalence between (4.23) and (4.20), one obtains (4.14).

Applying congruence transformation as in (4.20), condition (4.39) is equivalent to

(4.43)

Fc’”(G + G —W,)% &P’G’bi] .-
* 1 -

with % and G defined in (4.19). Then, pre- and post-multiplying (4.43) by diag((%’)~!,1) and

its transpose, respectively, and considering the relation (4.18), we get that (4.43) implies

! —
G o] [wol b
0 Il | » I

or, equivalently, Bigg < W1 Thus, (4.39) implies Q C X and, consequently, Qo C Xj.

> 0.

G 0
0 I

Similarly, using (4.18), (4.40) implies

F(GWIG)E  —05%'G'Y, %'G'A, + B.K,)b;
* )y —%B’b; >0, (4.44)

* * I

with K, given by (4.9) and the following definitions adopted

A. =4, 0], lMlZ] = %G/ (4.45)
2z

To obtain (4.44), observe that we used the definition of the product G%Z from (4.19), 6., in (4.25)

A

and Assumption 4.2 (C,, = C) yielding the relations

A.G% = [AX A.], K.GZ=[6., De.,C.|. (4.46)

Zq

By pre- and post-multiplying (4.44) by diag((%'G’)~!,%7!) and its transpose, respectively,

one has .
Wt 057,57 (A, + B.K,)'b;
* »! —B.b; > 0. (4.47)
* * I
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Now, using Schur’s complement and relation (4.12), (4.47) can be written as

[ JEZ)], [A.+ B.K. —B.|'bt)[A. + B.K. -B.] l w’éz)]

Lq,

B W(u)

zo | Wl —05T.2 !
Y(u)| [ * !

] = 2! W, ey + p(u) S (Y(u) — Toz,) < 1,

that is, b/ {flz + B.K, —Bz] [mfl ¢(u)’}/ <1,i=1,...,2q, which guarantees  C R x R". We

can also verify this relation by observing that the set R in (4.33) can be rewritten as
R={z(t): bixz(k+1) <1, i=1,...,2q},

with

x(k+1) = Ayx(t) + Bsat(u(t)) = (A, + B.K,)xq(t) — Byy(u).

Therefore, blz(k + 1) < 1 is equivalent to

v [A. + B.K. BZH

From (4.18), (4.45) and (4.46), if the LMI (4.41) holds, then

_’r/
) 2) > 0.

F(GWIG)E %G,
2

*

Ple)

If we pre- and post-multiply the above inequality by diag((%’'G’)~!,I) and its transpose, respec-
tively, one has

* 0

which guarantees 0 C IT (Gomes da Silva Jr. and Tarbouriech, 2006).

Remark 4.3 The maximization of the region of attraction ) is obtained by solving the following
optimization problem:
min  Trace(Z) (4.48)

subjected to relations of Theorem 4.2 and

(4.49)
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Observe that (4.49) is equivalent to

1 ol'fz 11[1 o
>0
0 %| |~ W,| |0 %
that is, = > W1, thus Z is an upper bound for W 1.
Remark 4.4 The Lyapunov matriz W, can be recovered from Theorem 4.2 by the relation pre-

sented in (4.21), that is, W, = 3 ez pi(2)Wi, with

Wi = T [Pi Ji] 1 _ [P P~ JiZ

*  Hj x P+ 72 THiZ7' — He{5Zz71}|

Remark 4.5 It should be emphasized in particular that Qg is not positively invariant. It is never-
theless interesting to notice that Qg and 2 are both obtained thanks to the same Lyapunov function
V.

Remark 4.6 The set Qy contains the intersection of ellipsoidal sets?,

Q2 () i Qu={reR": o[ 0wt 1, 0] z<1,
€T,

however, since p;i(z) depend on the states, this approach may yield a conservative region. As

alternative, a fine grid on x € X N'R can be performed to verify all points that satisfy x € .
Remark 4.7 Condition (4.39) can be incorporated in Theorem 4.1 to impose Q C X.

Remark 4.8 Dynamic robust controllers (constant gains) can be obtained quite straightforwardly
by constructing flzq, qu and C’Zq as constant matrices. This can be done, for instance, using the
average of the vertices given by [flzq qu C’Zq] =1/N Yiez,[4i Bi Cil.

Remark 4.9 The set Q is y—contractive for v € (0,1] with respect to the trajectories of system
(4.8) if (Blanchini and Miani, 2007)

AV (24(t)) = V(za(t)) — 7V (za(t)) <0 Vaq(t) € Q. (4.50)

Therefore, Theorems 4.1 and 4.2, and Corollary 4.1 can be adapted to guarantee the set ) to
be y—contractive by replacing ¥o and Wq, respectively by

Pz+ Jz+ AzX + Bz(gzq Az + Bchquz

H A Z'A,+ B, C

W= | © T @ TP (4.51)
* * X+X —~"P, I,+5—~"J,
* * * Z+7 —~y'H,

2The equality holds when z is a time-varying parameter independent of the states (Tingshu Hu and Zongli Lin,
2003; Jungers and Castelan, 2011).

o1



and

P, J. AX+B.6, A.+B.D.,C. B.Y]

* H, A Z'A, +%.,C. 0
Uop=|x *x X+X —~'P, I,+8—~"1J, M,
* % * Z+ 7 —~y'H, M,
[ x % * 2> |

4.4 Examples

In this section, the applicability of the proposed technique is illustrated by means of numerical
examples concerning the design of DOF controllers when some of the premise variables are not
available for the control law. The conditions proposed are presented in terms of parameter-
dependent LMIs. Finite dimension conditions can be obtained in terms of the vertices of the fuzzy
summations or by using the ROLMIP (Robust LMI Parser) (Agulhari et al., 2019).

Ezample 4.1 In this example, Theorem 4.1 is compared with Algorithm 1 of Dong and Yang (2017)

considering one premise variable unavailable for measurement. The discrete-time nonlinear system

B 0 1 1 0]\ [a:(t)
a (h [—0.01 —0.123(t) —11 " [0 1D L;z(t)] th

y(t)=[1 0] lwl(tﬂ .

xo(t)

is expressed as

Il(t —+ 1)
xo(t+1)

where 1 € [—a, al, x2 € [, ], a >0, 8 >0 and h = 0.001 by Euler’s discretization method

with a fixed step. The normalized membership functions are

pi(z1) = a® = z1/a®  pia(z1) = z1/a?

pio1(22) = B — 220/2B%  poa(z0) = B + 20/28°

with z1 = x%, 29 = w% and zs is unmeasurable. The matrices coefficients are

1 h 1 h
e [—o.oom 1 h] AT [—0.00111 —0.1a?h 1- h]

0
Bi1 = Bo1 = Big = By =
11 21 [h _ 0-1353h] 12 22

C11=C12=0C9 =Cp = {1 0}.

0
h+ 0.135%]

Table 4.1 shows the mazimum values of B in function of parameter a such that Theorem 4.1
with A = 1 and (Dong and Yang, 2017, Algorithm 1) are feasible. One can observe in Table 4.1
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that Theorem 4.1 presents, except for one case, a wider feasible area (a, ) than the Algorithm 1

of Dong and Yang (2017).

Table 4.1: Maximum values of 8 obtained in Example 4.1.

a 1 2 3 4 5 6 7 8 9 10
Theorem 4.1 28132(32(19(19(119]119]19]19]19
(Dong and Yang, 2017, Algorithm 1) | 2.7 | 2.7 [ 2.6 {26 | 1.9 | 1.7 | 1.5 | 1.5 | 1.5 | 1.4

Example 4.2 This example is used to evaluate the case of imperfect premise matching presented
in Section 4.3. The following nonlinear system is adapted from Estrada-Manzo et al. (2019) to
include the saturation in the control signal with p = 0.2: z(t+1) = A(z)z(t)+B(z)sat(u(t)), y(t) =
C(z)x(t), with

B(z) =

Ale) = 0.2 + 0.12 cos 1.6 1

0.1 +0.05cos
—0.8 2.1+ 0.1sinzy|’

—2 —0.4sinxo

C(z) = {0.2—1—0.1 COS T 0.2} , x| < w/2, x| < 1.

Defining the premise variables as zy = coszy € [0, 1] and z2 = sinzy € [—0.84, 0.84], the
membership functions u(z) = (p1(z1), u2(22)) are given by p11(z1) = 0.5(cosxy + 1), pi2(z1) =
1 — p11(21), po1(z2) = 0.5(sinxe + 1) and paa(z2) = 1 — pe1(z2). The matrices of the T-S fuzzy
model (4.4) are:

(032 1.60 ~[020 1.60
U 080 078 271080 0.78
032  1.60 020 1.60

A21: A22:
—0.80 0.78 —0.80 0.78

0.15 0.10
B = B =
H [—2.34] . [—2.34]

0.15 0.10
B = B =
2t [—1.66} - [—1.66]

Ch = Cpp = [0.3 0.2} Coy = Cyp = [0.2 0.2] .

Considering the saturation in the control signal, the controller gains are obtained by Theo-

rem 4.2 with A =1 and given by:
2
Acog = Y p1i(21)* Acii + pa1(21) 12 (21) Acia,
i=1

2
(Bczq; CCZq7 Dczq) - Z M4 (21)(Bci7 Cci7 Dcz)
i=1
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with

o [066 0.4 [-120 081 [-055 037
M7 014 —o14]” T o016 —025" T |o006 —o.10]
—0.44 _0.17

Do =0.05, D = —0.03.

B — [ 3.20 ] . Ba- l 3.80 ] . Ca=[-038 028, Co=[-037 025, (4.53)

For the closed-loop system with controller gains (4.53), the trajectories and the estimate of the
domain of attraction Qg C R? using Remark 4.4 are illustrated in Figures 4.1 and 4.2, respectively.

To obtain the largest Qy, we employ the optimization problem described in Remark 4.3.

Following Remark 4.5, we observe in Figure 4.2 that the set Qg is not invariant but for all
zq(0) € Qo x {0}, limyg_yo0 z4(t) = 0. This is illustrated in Figure 4.3 that shows the evolution
of the Lyapunov function V(x,) = xa(t)W;lz,(t) and V(x,0) = [z(t)" O)W_ z(t) 0], that
characterizes the set Qg, for the initial condition z,(0) = (0.37, 0.33, 0, 0). We observe that
V(xq) behaves as expected, whereas V(x,0) increases its value before converging to zero according

to the trajectories presented in Figure 4.2.

Using Remark 4.9 to evaluate the y—contractiveness of ) set, Figure 4.4 shows system and
controller states time-response and control signal. Comparing with Figure 4.1, we note a faster

state convergence in Figure 4.4, but as a drawback the control signal reaches a higher level before

06 T T T T T T T
_X1
0.4L|_ — -—=x2 |

stabilization.

x 0.2 1 9
1 - -
or F— f | e L T ——
i__J]---
02F : ¢ [R— | i i i i =
0 1 2 3 4 5 6 7 8 9 10
T T T T T T T
0.4r — ] i
- - -2
Q 0.2F 8
0 l.__l--1 _____ — 1
.02 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
T T T T T T T
O I %I
S —
0.1 u B
= = =ysat
-0.2¢ — I I I I I I I ]
0 1 2 3 4 5 6 7 8 9 10

Time(s)

Figure 4.1: Trajectories and control signal for initial condition z(0) = (0.37, 0.33) and z.(0) =
0, 0).
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x2
o

02}

04}
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08

Figure 4.2: Regions &p (blue and yellow region/ external dashed black line), IT defined in (4.11)
(yellow region/ internal dashed black line), the estimation of the region of attraction g (red

ellipsoid), and trajectories of the closed-loop system. The trajectory illustrated in Figure 4.1 is
the black dotted line.

3.5

25

05 1

Figure 4.3: Lyapunov function V(z,) = 2/, W, 12, (solid red line) and V (z,0) = [« O|W[z" 0]
(dashed blue line) associated to the trajectory illustrated in Figure 4.1 (initial condition z,(0) =
(0.37, 0.33, 0, 0)).

4.5 Conclusion

This chapter proposed new LMI synthesis conditions for dynamic output feedback controllers
for discrete-time Takagi-Sugeno fuzzy systems when the premise variables are partially or com-
pletely unavailable for the control law. The main idea is to rewrite the dynamics in terms of
the available premise variables and use them to recover the controller’s gains. The use of fuzzy
Lyapunov functions is facilitated by additional instrumental variables making the controller ma-

trices not functions of the Lyapunov matrix or the original system matrices, in opposition to the
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Figure 4.4: Trajectories and control signal for initial condition x(0) = (0.37, 0.33), z.(0) = (0, 0)
and v = 0.85.

classic approach in the design of full-order dynamic output feedback controllers. As a novelty, we
describe the variation rate of the membership functions using the system dynamics yielding local
design conditions. The control signal saturation is also taken into account to estimate the domain
of attraction of the origin. We show that for zero initial conditions of the controller, the domain

of attraction in the systems’ state space does not need to be invariant.
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5 Inexact measurements of premise variables

This chapter addresses the design of dynamic output feedback controllers for continuous-time
Takagi-Sugeno (T-S) fuzzy systems subjected to inexact measurements of premise variables. In
contrast to the common assumption that the premise variables are precisely available for the
controller, this work provides convex conditions as linear matrix inequalities (LMIs) to design
controller gains depending on premise variables with additive uncertainties. This uncertainty
models inexact measurements of the premise variables due to sensor devices or an approximate
representation in the T-S modeling, which can assume the form of absolute uncertainties in the

membership functions. Numerical examples validate the effectiveness of the approach.

5.1 Introduction

In the T-S literature, many works are devoted to the problem of immeasurable or partial
measurements of premise variables, especially when the states are not available for feedback.
However, even in the imperfect premise-matching design problem, one usually considers that the
available premise variables are measured with high precision (Gémez-Penate et al., 2020). Thus,
this chapter focuses on handling different sets of membership functions of the T-S fuzzy model and
the fuzzy controller due to imprecise measurement of premise variables. Among the few works
that explicitly handle the inaccurate measurement of the premise variables, the work Gémez-
Penate et al. (2020) designs a sliding mode controller and an unknown input observer for T-S

fuzzy systems.

The problem of control synthesis with inexact premise variables becomes intricate for designing
dynamic output feedback (DOF) controllers. Although the existence of some works considering
the design of DOF controllers that do not share the same membership functions and the number of
rules with T-S fuzzy systems (Nguang and Shi, 2006; Tognetti et al., 2012; Tognetti and Linhares,
2021), taking into account uncertainties in the measurement is practically unexplored in designing

fuzzy DOF controllers.

The problem of inaccurate measurement of premise variables is similar to the problem of inexact
scheduling parameters for linear parameter varying (LPV) systems (Daafouz et al., 2008; Sato and
Peaucelle, 2013; Lacerda et al., 2016). In Sato and Peaucelle (2013); Lacerda et al. (2016), the
scheduling parameters may be affected by uncertainties that are proportional to the values of the
actual parameters (proportional uncertainty), or they are supposed to lie within a priori defined
intervals that are independent of the actual values of scheduling parameters (absolute uncertainty).

Note, however, that techniques borrowed from the LPV literature (scheduling variables are free
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variables) can be conservative when applied in T-S systems by disregarding the nature of the fuzzy

modeling (premise variables model nonlinear terms or heuristic knowledge).

Motivated by the lack of controller design techniques for T-S systems considering inexact mea-
surements of premise variables, this chapter presents new results for designing DOF controllers
depending on premise variables subject to absolute uncertainties with known upper bounds. We
first propose a model to characterize the influence of the premise variables’ uncertainties in the
membership functions without introducing conservativeness. Then, we develop a fuzzy summa-
tion transformation that allows the recovery of the controller gains from the measured variables
that do not precisely fit the real ones - the main difficulty in the DOF controller design. By
establishing a relation between the real and the uncertain parameters in the fuzzy variables, this
approach also allows building design LMI conditions depending only on one parameter set. The
proposed approach also models uncertainties in the membership functions, an important feature

in implementations. Numerical examples demonstrate the effectiveness of the proposed approach.

5.2 Preliminaries and Problem definition

Consider a class of T-S fuzzy systems described by (2.9) with ¢[z](t) = & and the membership
functions u(z) obtained from the sector-nonlinearity modeling (Tanaka and Wang, 2001) yielding
ri = 2,1 =1,...,p. The functions p;(2;) = (pj1(25), pj2(24)), 5 = 1,...,p, belong to the unit
simplex U and p(z) = (p1(21), p2(22), .-, pp(2p)) € U == WUg X Uy X - -+ X Us.

The sector-nonlinearity approach is used to model nonlinear terms of a dynamic system, rep-
resented as the premise variables z;, as a convex combination of their upper and lower bounds, Z;
and z;, respectively, in a given domain:

2 — Z;

_ J
2= w2075 + pia(2)z mp(z) = —— miplz) = 1= p.
J =]

One important aspect of this approach is that each premise variable z; is uniquely associated with

a membership function p;(z;).

The aim is to design a full-order dynamic output feedback controller given by

Te(t) = Aczze(t) + Bezy(t)
u(t) = céljc(t) + Dcéy(t)a

(5.1)

with

(A,B,C,D)es = Y pi(2)(Aci, Bei, Cei, Do),
icZ,

where z.(t) € R™ is the controller state, and Z are the inexactly measured premise variables

modeled as
Zi=z +0;, (5.2)

where 0; is the additive uncertainty due to measurement errors satisfying |0;| < d;, with ¢; a known
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upper bound. In practice, the measured data contains measurement errors, noise, etc, yielding
different values from the actual value of the premise variable. In the case of T-S models obtained
from the sector-nonlinearity approach, (5.2) can also model uncertainties in the representation of

the nonlinear terms of the original system.

The closed-loop system is represented as
Eq(t) = A, s24() (5.3)
where z,(t) = [aj(t)’ a:c(t)’]/ denotes the augmented state and

A o Az + Bch,%Cz Bch,%
2,2 —
Bcécz Acé

)

(5.4)

The following problem is addressed.

Problem 5.1 Consider the T-S fuzzy system (2.9) and premise variables available for the control
law with uncertainty modeled by (5.2). Determine a fuzzy dynamic output feedback controller as
(5.1) such that the closed-loop system (5.3) is asymptotically stable.

The following lemma is standard in the literature and it will be useful for the main results.

Lemma 5.1 If there exists a symmetric positive definite matriz W € R?>™ 2" such that the fol-
lowing LMIs are satisfied for all u € U

He{A,;W} <0, (5.5)

then the closed-loop system (5.3) is asymptotically stable.

5.3 Main results

5.3.1 Uncertainty modeling

The membership functions depending on the inexact premise variables Z; are rewritten as

S\ 2T 5 5 5 0;
i1 (25) = ; — ; = uyi(z) + 05, py2(25) = pja(z) =05, 0= —— - — (5.6)
J =9 J =

Observe that p;1(2;) + pj2(25) = 1 but pj(2;) ¢ U2. Note also that the proposed approach for
modeling inexact premise variables can also be used to represent uncertainties in the membership
functions. This is justified in approximation-based fuzzy models, where membership functions are

estimated, or simply due to uncertainties in the nonlinear terms of the model.

To construct numerically implementable conditions to design (5.1) one needs parameter-

dependent conditions such that the parameters belong to % . Therefore, one needs to represent
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the controllers gains Az, Bez, C.; and D, as functions of u(z) instead of p(2). For this purpose,

we can rewrite the controller gains as

2 2
Z Z f1iy (21) 1)“_1‘91) T (Npip(zp) + (*1)1p_19p)A0i1...ip
i1=1 ip=1 (57)
=A Ta,.,

where I' 4, can be construct by a systematic procedure, and the same for Bz, C.; and D;.

For instance, if p = 2 one has

2 2
Pa.. =0 Z iy (21) CL11 - A0i12) +01 Z H2ig (22)(A01i2 - AC2i2)
1=1 i9=1
T (1) I (20)
+ élé? (AC11 - AC12 - AC21 + AC22) : (5'8)
r)

In the design, the controller gains must be recovered by functions that depend on (%) instead

of p(z). For this reason, we rewrite the system matrices as

Az == A,% +FA27
B,=B:;+ FBZ, (59)
C.=C:t T,

where 'y, I'p, and I'¢, follow the same structure as (5.8).

5.3.2 Controller design

As defined in Section 3.3, we consider quadratic stability with W, = W and the parametrization
adopted in Chilali and Gahinet (1996); Scherer et al. (1997). Using the matrices defined in (3.13),
where Y = X — Z~ ! and X, Z € R™*" are symmetric. From WW ™! = I and using the change of

variables presented in Scherer et al. (1997), the condition (5.5) is equivalent to

(5.10)

AX +B.H: A, + B.Du:C,
%’(He{AZ@W})Ef:He{[ T * ”<o

F ZA. + G:C.

with
o = ZA,X — ZAY — ZB.:C,X + ZB,C.;Y + ZB,D.:C. X,

G: = ZB.Des — ZB,:, (5.11)
_2 = Ccéy + Dcéch-

Observe that the controller gains cannot be recovered from (5.11) due to the presence of the

premise variable z, without uncertainty, that is not available for feedback.
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To allow the design of a controller depending only on the measured premise variables Z, the

following approach is proposed. First, we replace A,, B, and C, in (5.11) by the relations in (5.9)

yielding
A X+ B,(H; + DT, X A, + B,D.C,
He + Bo(H: + De:l'e. X) + <0 (5.12)
Fg—l—q)zj ZA, + (G2+ZFBZD02)CZ

with

F;=7A:X —ZAY — ZB:C: X + ZB:Co;Y + ZB: D .;:C: X

G; =ZB:;D.; — ZB¢s, (5.13)

H; = Co:Y + De:C: X,
and

D, =214, X+ (ZB;D.; — ZBcg)FCZX—i—
G:
ZFBZ (chY + chC'gX) + ZFBZDCEFCZX
H;
=Z2Ts, X +G:l'c, X+ 2ZI'p,H; + ZI'p, D3I, X.

As can be observed, the change of variables (5.13) allows to recover the controller gains de-

pending only on Z2:

Az =2 Y{ZA: X +ZB:H; — F: — [ZB:D.s — G:] C: X} Y1
Bes = Z7Y(ZB:De: — G3) (5.14)
Cops = (H; — DesC:X) YL

Observe also that inequality (5.12) depends on the parameters z, 2 and 6. The dependence
on £ can be removed by applying the equivalence (5.7), that is, replacing F3, G3, H; and D, in
(5.12) by F, +T'r,, G, +Tq,, H, + 'y, and D., + I'p_., respectively, yielding

He { lAZX +B.(H.+Ty. + (De. +Tp, )T, X)

F,+Tp + @,
A, + B.(D.. +Tp.)C
Zas s (Gt Ty ! T <L1753Zf-rpw>>cz } <0 615)
where
O, =2Z([TA, +Tp,(De. +Tp )L )X + (G, + T ). X + ZU'p, (H. 4+ Ty,). (5.16)

Observe also that inequality (5.15) is nonlinear on the decision variables X, Z, F,, G,, H,
and D.,. We rewrite (5.15) separating the linear and nonlinear terms in Y and A, respectively,
yielding

He{Y +A} <0 (5.17)
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with

v - A X+ B.(H,+Tpy,) A+ B.(De. +Tp,)C, (5.18)
a F, +Tg, ZA,+ (G, +T¢.)C. |’ '
B.(De: +T'p,.)Tc. X 0
A — ( +~ Dcz) Cz (519)
D, ZFBZ(Dcz+FDCZ)Cz
and ®, given by (5.16).
To deal with the product of variables in (5.19), one has
B.(D., +T'p, )T
A — He 0 ( + DCZ) CZ
Z (Gz + FGZ)FCZ
M
FBZ (HZ + PHZ) FBZ (‘Dcz + FDCZ)CZ 4
X 0
Mo
X 0 0 x| [ X 0
. (5.20)
0 Z FAZ+FBZ(D02+FDCz)FCZ 0 0 Z
———
M3 R

Now, we are ready to propose convex conditions to solve (5.17) and design the controller (5.1).

Theorem 5.1 For given scalars \y € R, Ay € Rsg, if there exist symmetric positive definite
matrices X , Z € R™", and affine matrices F, € R"™*", G, €¢ R"*™, H, € R™*" gnd D,, €
R™>M - such that, for all p € AU, the following LMIs are satisfied:

X I,
>0 (5.21)
I, Z
and
L
U= l nox ] <0 (5.22)
Uor Wao
where ;
Vi1 ‘ *
Uy = -1, Ao Z SWak
-2

AT (Dex +Tp, ) Bl —MI+ T (G, +T¢.)

Uiq :H(Z{Y-i-/\l

I (H.+Ty)+X Tp.(De.+Tp. )C.+ Z]
Iy (De:+Tp.)B.+X Ty (G.+Tq,)+Z2 ’

62



_)\11+)\2FBZ(H2+FHZ) )\2FBZ(D02+FDCZ)02 I

Ao X -\

Vo = )
M1+ XX 0 0
0 =Ml + X Z
and
~2Xo | *
Yoo = —2Xo1 * ,
22 0 2

FAZ + PBZ (DCZ + PDcz)PCz —2Xo1
with Y given by (5.18), then the controller (5.1) whose state-space matrices are given by (5.14),
with Y = X — Z~1, and makes the closed-loop system (5.4) asymptotically stable.
Proof First, from (5.21), it follows that X > 0, Z > 0 and Y > 0, since by definition Y = X —Z~1.
Then, the gains (5.14) are well defined.

Thus, pre- and post-multiplying (5.22) by |:Ign M{ M, Mé} and its transpose, respectively,

we obtain )
M| (0 I O] |M;
II:=He{Y}+ [My| |I 0 0| [My]| <O (5.23)
Ms| |0 0 R| |Ms;

where M, My, M3 are given in (5.20). Consider the change of variables (5.9) and (5.13), then
the following inequality is obtained
beo

Therefore, the above inequality can be written as %’ (He {A, ;W })% < 0 as in (5.10) with
the definitions (3.13). One also observe that (5.21) is equivalent to %7 W%, then W > 0. Thus,
from Lemma 5.1, the closed-loop system (5.3) is asymptotically stable. .

QX + B,C.;Y Q
He
Z(Q—B:Cy) X+Z (B,Cos — Aez) Y Z (22— Be:C»)

with Q = A, + B, D.:C..

Consider the particular case B, = B and C, = C implying I'p = 0 and I'c = 0, respectively.

Then, (5.19) becomes
0 0
A=
ZTAX 0

Corollary 5.1 For given scalars A1 € R, Ay € Ry, if there exist symmetric positive definite
matrices X , Z € R™™ ™ and affine matrices F, € R™" G, € R"*™ H, € R™*" gnd D,., €
R™*"y - such that (5.21) and the following LMI are satisfied for all p € U :

and one has the following corollary.

0 ‘ *
diag(Y + Y',0) + | M\ZTy4, 0 <0 (5.24)
—2Xo1o,
X =Ml NI Z

63



with Y given by (5.18), then the controller (5.1) whose state-space matrices are given by (5.14),
with Y = X — Z~', makes the closed-loop system (5.4) asymptotically stable.

Proof By pre- and post-multiplying (5.24) by

I, 0 0
0 I, ZUa,
and its transpose, respectively, one has

He{Y+

ZI?AZ] x o]} <o.

The above inequality is equivalent to
%' (He{A,;WH%* <0

with the definitions (3.13). From (5.21), one has W > 0, then the closed-loop system (5.4) is
asymptotically stable. .

Remark 5.1 Note that the terms Ty (2), M € {A,B,C,F,G,H, D.}, in the conditions of Theo-
rem 5.1 depend on 0, that are assumed to be unknown. To obtain finite dimension conditions, we

can represent 0; as conver combinations of their extreme values:
0;(7i) = i1 (—6:) + 7i20s,
where

v=(71,72) € U2 X U2, i = (Vi1,Vi2)-

The parameter §; represents an upper bound for 6 obtained from (5.6) as:

16| = — Ll <Y, (5.25)
Z; —éj\ |Z; —ij\

For instance, for p =2, one can rewrite (5.8) as

Tar(2) = 01 ()T (22) + Oa (32T (21) + 81 (1) B (7o) T

2
=33 iy ((“1)TF (20) + (~1)750 ) (1) + (—1) 615,17

with Fg\?(zl), Fgé)(ZQ) and Fg\‘}) defined in (5.8).

Remark 5.2 The terms I'yr,, M € {F,G,H,D.} have coefficients containing the vertices of the

variables F,, G,, H, and D., and, therefore, they do not introduce new variables in the LMIs.

Remark 5.3 In Section 5.4, the numerical examples found solution with Ay =0 and A2 =1, and

these values are suggested for an initial guess. We verify that only in particular cases, where the
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stability of the closed-loop systems is a difficult task, there is a need to perform a bisection search

on these parameters, which can be seen as an extra degree of freedom for challenging cases.

Remark 5.4 A decay rate specification given by ~v > 0 for the trajectories of the closed-loop
system is obtained by replacing Y defined in (5.18) with

v — A, X+ B,(H,+Ty,)+2vX A,+ B,(D., +Tp.)C, +2vI
F,+T'p, +2v1 ZAZ-F(GZ—FFGZ)CZ—FQ’}/Z

in the conditions of Theorem 5.1 and Corollary 5.1.

5.4 Numerical Examples

The applicability of the proposed method is illustrated by numerical examples. To handle the
infinite dimensional problem described by the parameter-dependent conditions, the optimization
variables are fixed as parameter-dependent matrices and the negativity of the inequalities is verified
by testing a finite set of LMIs that are directly obtained by ROLMIP (Robust LMI Parser)
toolbox (Agulhari et al., 2012). The scalar parameters that must be provided in Theorem 5.1 have
been selected following the suggestions presented in Remark 5.3. A line search algorithm could be
used as well, probably yielding improved results, at the expense of increasing the computational

burden.

Ezample 5.1 The nonlinear system is adapted from Tognetti et al. (2012) and given by

i3 =1 + 2320 — 0.323

(5.26)
j34 = sin T3 — T4
Y1 =22 + (23 + 1)z + @2
Y2=11T
where )
o1 = smmg’ P2 = sin z3. (5.27)
T3
The system (5.26) is rewritten as & = A(z)x + B(2)u, y = C(2)x, with
1 1 »  —01 2+ 1
1 -2 0 0
A(z) = BE)=| T
1 » =03 O
(5.28)

0 0 22 -1 0

_012’2 z1+1
100 0

65



_4; I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20

Time (sec)

Figure 5.1: Time response of system states.

The premise variables are given by

9 _ sinzg
21 = 17, 29 = .
x3

The matrices A,, B, and C, of the T-S fuzzy model (2.9) are obtained from (5.28) evaluated
in the extreme values of z1 and zy for the domain x1 € [—1.4, 1.4] and x3 € [—0.7, 0.7] using the
sector nonlinearity approach Tanaka and Wang (2001). Hence, z, € [0, 1.96] and z2 € [0.92, 1].

Considering the upper bound of additive uncertainties as 61 = 0.1 and 6o = 0.09, we have
0, € [-0.1, 0.1] and B9 € [-0.09, 0.09]. From (5.25) one has §; = 0.51 and o = 0.12, therefore
0; € [-0.51, 0.51] and 0y € [-0.12, 0.12].

Using Theorem 5.1, the closed loop system is stable and the time states response is shown in
Figure 5.1.

Ezample 5.2 Consider the following nonlinear system from Ichalal et al. (2011)

(1) = —ga;l(t) + Kméazg(t)Q _ C’f)
ia(t) = —Kmftxg(t)xl(t) _ Z@(t) _ UL(:’) (5.29)
Y1 = X2

where F' = 0.1N/(rad.s), J = 30.1N/(rad.s), K,, = 0.04329, L = 0.06H, C,(t) is the resisting
torque, U(t) is the motor voltage, Ly = L + 1, but as L >> 1, then Ly = L. R, = R+ r, where
R =0.01485Q and r = 0.00989¢2.

System (5.29) is rewritten as & = A(z)x(t) + Bu(t), y = Cx(t), with

Az l —0.003 0.0000862:1] |

—0.043z  —0.412
(5.30)

B:l—0.033 0 ]70:{0 1}’
0 16.667
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where premise variable z1 = 3.

The matriz A, of the T-S fuzzy model (2.9) is obtained from (5.30) evaluated in the extreme
values of z1 for the domain xo € [—100, 300] using the sector nonlinearity approach (Tanaka and
Wang, 2001). Hence, z; € [—100, 300].

Therefore, the vertices of A, are given by

A —0.003 0 _ [-0.003 0.035
b 0 —0412]7 TP 217317 —0412|’

and the membership functions are

zZ1— 21 . 400 — 1

=) = =—2 = 0=0
(z)_Zl—ﬁ_ 2:1—0
B = o T 400-0
Consider the upper bound of additive uncertainty as 61 = 100, then 1 = [—100, 100]. From

(5.25) one has 61 = 0.25, therefore §; = [—0.25, 0.25].

Figures 5.2 and 5.3 show the state trajectories and control signals, respectively, for the extreme

scenario 01 = 01.

150

100 7

_1 00 | | | | | | | | |
0 50 100 150 200 250 300 350 400 450 500

Time (sec)

Figure 5.2: Trajectories of system and controller states of Example 5.2 .

5.5 Conclusion

This chapter provides an answer to the problem of imprecise measurement of the premise
variables for the control law. As a contribution, new LMI conditions for the design of DOF
controllers when there are uncertainties on the premise variables and, consequently, absolute
uncertainties in the membership functions. The main appeal of the technique is to manipulate

the fuzzy summations to obtain design conditions that can take into account the relation between
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Figure 5.3: Control signals of Example 5.2 .

membership functions depending on the measured and the real premise variable, yielding less
conservative results than the ones that consider independent variables. The effectiveness and

validity of the proposed approach are illustrated through numerical examples and time simulations.
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6 Conclusions

This work presents new LMI conditions for designing full-order DOF controllers for continu-
ous or discrete-time T-S systems by selecting the membership functions used in the control law.
Systems with partial or inaccurate measurement of premise variables are considered in the design.
The proposed conditions solve a common problem in the standard technique of DOF design using
a change of variables, the dependence of the controller gains on the membership functions of the
plant on the dynamic output feedback design problem. With this approach, we avoid using alter-
native techniques, such as the two-stage approach, that result in the open problem of selecting an

optimal state feedback controller before finding the DOF gains.

As an indirect result, we can also design robust controllers for systems with norm-bounded
uncertainties or when no premise variable is available for the control law. The use of fuzzy
Lyapunov functions can be easily encompassed in continuous-time systems using upper bounds

on the derivative of the membership functions.

For discrete-time systems, we consider saturation on the control input. The novelty in the
context of output feedback control design is the model of the variation rate of the membership
functions that appears due to the use of fuzzy Lyapunov functions, thanks to the mean value
theorem. Then, an estimate of the domain of attraction of the origin is obtained that does not

need to be invariant if the controller has zero initial condition.

Finally, the problem of inaccurate measurement of the premise variables with addictive uncer-
tainty is considered using the tools developed for the partial measurement of premise variables.
The technique focuses on manipulating the fuzzy summations using the relation between member-
ship functions depending on the measured and the real premise variable, yielding less conservative
results than those considering independent variables. The proposed approach can also represent
uncertainties in the membership functions that arrive in approximation-based fuzzy models or

simply due to uncertainties in the nonlinear terms of the model.

6.1 Future works

The following ideas can be explored in future works:

e To consider T-S systems subjected to persistent and finite energy exogenous disturbances.

e The presence of multiplicative uncertainties in the measurement of the premise variables.
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e To explore less conservative models for uncertainties in the nonlinear terms described by the

premise variables in the sector nonliterary approach.

e The design of switched DOF controllers to deal with immeasurable premise variables.
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