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Preface

Many problems in decision making, monitoring, fault detection, and control
rely on the knowledge of state variables and time-varying parameters that are
not directly measured by sensors. In such situations, observers, or estimators,
can be employed that use the measured input and output signals along with
a dynamic model of the system in order to estimate the unknown states or
parameters. An essential requirement in designing an observer is to guarantee
the convergence of the estimates to the true values or at least to a small
neighborhood of the true values. For linear models, a wide array of estimation
techniques are available, such as the Kalman filter and its variants. However,
no general method exists for the design of estimators for nonlinear systems.
The design and tuning of a nonlinear observer is generally complicated and
involves large computational costs.

This book provides a range of methods and tools to design observers for
nonlinear systems represented by a special type of a dynamic nonlinear model
— the Takagi—Sugeno (TS) fuzzy model. The TS model is a convex combina-
tion of affine linear models. This structure facilitates stability analysis and
observer design by using effective algorithms based on Lyapunov functions
and linear matrix inequalities. T'S models are known to be universal approx-
imators and, in addition, a broad class of nonlinear systems can be exactly
represented as a TS system.

In the fuzzy systems literature, observer design is typically considered as a
dual problem to control design, and as such it has not received much attention
yet. This books aims at filling this gap by addressing observer design for T'S
systems in its own right, with a special attention to large-scale, decentralized
systems. To this end, three particular structures of large-scale TS models
are considered: cascaded systems, distributed systems, and systems affected
by unknown disturbances. The reader will find in-depth theoretical analysis
accompanied by illustrative examples and simulations of real-world systems.
Stability analysis of TS models is also addressed in detail.



VI Preface

The intended audience are graduate students and researchers both from
academia and industry. For newcomers to the field, the book provides a con-
cise introduction dynamic TS fuzzy models along with two methods to con-
struct TS models for a given nonlinear system.

While this monograph focusses mainly on the theory and methodology of
state and parameter estimation in nonlinear distributed dynamic systems, the
methods presented can readily be used in applications such as industrial pro-
cesses, traffic systems, environmental systems, energy and water distribution
networks, and so on.

Supplementary information relevant to this book is available at the
website:

http://www.dcsc.tudelft.nl/fuzzybook/

Comments, suggestions, or questions concerning the book or the website
are welcome. Interested readers are encouraged to get in touch with the au-
thors using the contact information on the website.

We thank Janusz Kacprzyk, the series editor, for giving us the opportunity
to publish our book with Springer, and the editorial and production team at
Springer, especially Thomas Ditzinger, for their valuable help. We gratefully
acknowledge the financial support of the BSIK-ICIS project Interactive Col-
laborative Information Systems (grant no. BSIK03024 of Senter, Ministry of
Economic Affairs of the Netherlands), as well as of the International Cam-
pus on Safety and Intermodality in Transportation, the Nord-Pas-de-Calais
Region, the European Community, the Regional Delegation for Research and
Technology, the French Ministry of Higher Education and Research.

Finally, we thank our families for their continual understanding, patience,
and support.

July 2010 Zséfia Lendek
Thierry Marie Guerra
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Chapter 1
Introduction

1.1 Observer Design for TS Fuzzy Systems

In order to understand how a system works, one needs to have information on cer-
tain important quantities associated with the system. Many problems in decision
making, monitoring, and control require the knowledge of the variables, i.e., states
and parameters of the system involved. In practical situations, measuring all these
variables may not be possible due to technical or economical reasons. Therefore,
the estimation of states and parameters in dynamic systems is an important pre-
requisite for safe and economical operation. Hence, estimation is an integral part
in applications such as process monitoring, fault detection, and process optimiza-
tion. Moreover, any state feedback control design requires the knowledge of state
variables.

Observers in general use the input and output signals of a system, together
with a system’s model. They generate an estimate of the system’s state, which
may then be further employed, in control, monitoring, fault detection, etc. Ob-
servers were first proposed and developed by Luenberger in the sixties (Luenberger,
1966). Since the early developments, observers for linear and nonlinear systems
with both known and unknown inputs have been developed (Saif and Guan, 1992;
Ruiz Vargas and Hemerly, 2001; Bergsten et al., 2001; Welch and Bishop, 2002;
Huang and Dey, 2005; Hyun et al., 2006; Besancon, 2006; Priscoli et al., 2006).

In this book, dynamic systems are modeled in the state space framework, using
a state transition model, which describes the evolution of the states over time, and a
measurement model, which relates the measurement to the states. The mathematical
description of the system used is

(1.1)

where f is the state transition function, describing the evolution of the states over
time, h is the measurement function, relating the measurements to the states, « is

Zs. Lendek et al.: Stability and Observer Design Using TS Models, STUDFUZZ 262, pp. 1
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2 1 Introduction

the vector of the state variables, w is the vector of the input or control variables, 0
and ¢ are (unknown/uncertain) parameters, and y denotes the measurement vector.

Given the state space model (I.I)), the problem of state estimation arises as soon
as the measured output does not coincide with the whole state, i.e., y # x. Unlike
for linear systems, there is no systematic procedure to design a state observer for a
given nonlinear model. The problem becomes more difficult when some parameters
in the model are not exactly known.

In order to design observers, in this book we represent nonlinear systems by
Takagi-Sugeno (TS) fuzzy models of the form

z(t) = Zwi(z(t))(Aix(t) + Biu(t) + a;)
— (1.2)
y(t) = Z wi(2(1))(Cix(t) + ci)

where m is the number of local models, A;, B;, C;, are the matrices and a; and ¢; are
the biases of the ith local model, z(t) is the vector of the scheduling variables, which
may depend on the states, inputs, measurements, or other exogenous variables, and
w;(2)(t), s =1, 2, ..., m are normalized membership functions, i.e., w;(z(t)) >
Oand X", w;(z(t)) = 1, Vt € R. Note that throughout the remainder of the book,
the explicit time-dependence of the variables is omitted.

Such a model presents several advantages. The TS model is a universal approx-
imator (Fantuzzi and Rovatti, 1996), and many nonlinear systems can be exactly
represented in a compact set of state variables as TS systems (Ohtake et al., 2001).
Moreover, (I2)) is the convex combination of local affine models, which facilitates
the stability analysis and controller and observer design for such systems. In ad-
dition, many already available stability and design conditions for TS system can
be formulated as linear matrix inequalities (Boyd et al., 1994; Scherer and Weiland,
2005; Tanaka and Wang, 1997; Tanaka et al., 1998), for which efficient algorithms
exist that test their feasibility.

This book presents stability analysis and observer design methods for nonlinear
systems, represented by TS fuzzy models. For a large-scale or time-varying sys-
tem, the analysis of the system and the design and tuning of an observer may be
complicated and involve large computational costs. Therefore, to decrease the com-
putational costs, before analyzing the system or designing an observer for it, we
consider the structure of the system. Three classes of TS fuzzy systems are inves-
tigated: systems in a cascaded form, distributed systems, and systems affected by
unknown disturbances.

Looking at the research concerning control and observer design for TS systems in
the last decades, one can see that while control design for TS systems has gained an
increased interest, observer design is generally considered the dual problem of con-
troller design, and is therefore assumed to be a side-issue. Even in output-feedback
control, where observers are frequently used, the design usually relies on the separa-
tion principle (Jiang, 2000; Uang and Chen, 2000; Jiang et al., 2001; Tseng, 2008;
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Guelton et al., 2009; Huang et al., 2009), which, since nonlinear systems are con-
cerned, is valid only in restricted cases and under strong assumptions on the model.
However, as argued in the beginning of this section, estimation of the unmeasured
variables in dynamic systems is an essential part in process monitoring, fault detec-
tion, process optimization, and control. This books therefore aims to address this
issue.

1.2 Outline

The book is organized into 7 chapters, as follows.

Chapter 2 is used to introduce the necessary notations and background. In partic-
ular, the dynamic Takagi-Sugeno fuzzy system that is used further on is introduced,
together with two methods that can be used to construct TS models based on a given
nonlinear system of the form (II). The first method presented, the sector nonlin-
earity approach, can be used to obtain an exact fuzzy representation of the non-
linear system considered, in a compact set of the state-space. By using the second
method, Taylor series expansion in several operating points, an approximate model
is obtained.

Chapter 3 reviews methods and algorithms that can be used to analyze the stabil-
ity of TS fuzzy systems. These methods are in general derived from analysis using
a Lyapunov function, and are therefore stated as sufficient conditions. These con-
ditions are formulated such that their feasibility can be verified by solving linear
matrix inequalities (LMIs).

Chapter 4 introduces observers and reviews methods for designing observers for
TS systems, and briefly describes observer-based control. Since the design methods
actually rely on determining the observer gains such that the resulting estimation
error dynamics are stable, the methods presented in this chapter can be seen as
extensions of the methods in Chapter 3.

Chapter 5 presents techniques for the stability analysis and observer design of
a special type of distributed systems, cascaded systems. An important class of dis-
tributed systems can be represented as a cascade of subsystems. For general nonlin-
ear systems, the stability of the individual subsystems does not imply the stability
of the cascaded system. In this chapter, results are presented for the cascade of TS
fuzzy models, as the stability analysis of a cascaded TS system may be performed
by analyzing the individual subsystems. The cascaded approach is also described
for observer design. A stable observer can be obtained by designing observers inde-
pendently for the subsystems. Moreover, we show that the cascaded design does not
lead to a loss of performance in the terms of the estimation error decay-rate.

Chapter 6 concerns general distributed systems. Many physical systems, such as
power systems, material processing systems, and communication and transportation
networks are composed of interconnected lower-dimensional subsystems. In many
cases, large-scale systems are not cascaded, but distributed, i.e., the influence among
the subsystems is not in one way only. In Chapter 6 we consider such systems, where
each subsystem is represented by a TS fuzzy model and we present results for the
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stability analysis and observer design of distributed TS systems. In addition, we also
consider systems whose structure is not fixed, and where subsystems may be added
to or removed from the system.

Finally, Chapter 7 considers TS systems that change over time or that are in-
fluenced by unknown inputs, for which adaptive observers can be designed. Such
observers simultaneously estimate the states and unknown inputs or parameters of a
system. The design of observers in the presence of unknown inputs is an important
problem, since in many cases not all inputs are known, and the unknown inputs may
represent effects of actuator or plant component failures. The observer is designed
based on the known part of the fuzzy model. These observers guarantee either the
asymptotic convergence to zero or the boundedness of the estimation error.



Chapter 2
Takagi-Sugeno Fuzzy Models

In this chapter we first introduce the continuous-time Takagi-Sugeno (TS) fuzzy
systems that are employed throughout the book. In the second part of the chapter, we
present methods to construct TS models that represent or approximate a nonlinear
dynamic system starting from a given model of this system.

2.1 TS Fuzzy Models

Traditionally, the class of linear, time-invariant systems has dominated the systems
and control field (Kailath, 1980; Franklin et al., 1990; Astrom and Wittenmark,
1990). Thanks to their linearity and time-invariance these systems are easy to an-
alyze and well-established methods and algorithms exist to design observers and
controllers for them. The disadvantage of such models is that they fail to describe
nonlinear systems globally. An accurate approximation of a nonlinear system can
only be expected in the vicinity of an equilibrium point.

In this book, we consider continuous-time dynamic TS fuzzy systems
(Takagi and Sugeno, 1985). These systems, as used in this book, are mathematical
models of a special form, with the property that they are able to exactly represent or
to approximate to an arbitrary degree of accuracy a large class of nonlinear systems
in a compact st of the state space.

The TS fuzzy model, originally proposed by Takagi and Sugeno (1985), consists
of an if-then rule base. The rule antecedents partition a subset of the model variables
into fuzzy sets. The consequent of each rule is a simple functional expression. The
ith rule is described as

Model rule i:
Ifz1is Z} and ... and z, is Z), then y = Fy(z)

where the vector z has p components, z;, j = 1, 2, ..., p, and stands for the vector
of antecedent variables; these variables are also called scheduling variables, as their
values determine the degree to which rules are active. The sets Z]?, i=12,...,p,
1=1, 2, ..., m, where m is the number of rules, are the antecedent fuzzy sets. The

Zs. Lendek et al.: Stability and Observer Design Using TS Models, STUDFUZZ 262, pp. skl
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6 2 Takagi-Sugeno Fuzzy Models

value of a scheduling variable z; belongs to a fuzzy set ij with a truth value given
by the membership function w;; : R — [0, 1]. The truth value for an entire rule is
determined based on the individual premise variables, using a conjunction operator

(Kruse et al., 1994) such as the minimum
pi(2) = min{wi;(z;)}
or the algebraic product
P
i(z) = [ [ wis(z) 2.1
j=1
The obtained truth value is normalized

vi(2)
Z?LZ1 v;(2)

assuming that Z;Zl @;(z) # 0, ie., that for any allowed combination of the
scheduling variables at least one rule has a truth value greater than zero. In what
follows, the expression w;(z) is referred to as the normalized membership function.

The output of a rule ¢ is the value given by the consequent vector function F;, and
usually depends on the scheduling variables; y is the output of the model, computed
as the weighted combination of the output of the rules. Using w;(z), the output of
the model is expressed as a function of z as

w;i(z) = (2.2)

m

y = Zm(z)Fi(z) (2.3)

In general, the consequents of the rules (the functions F;) may also depend on ex-
ogenous variables, i.e., on variables that do not appear in the scheduling vector. In
such a case, the output of the fuzzy model is given as

Y= Z w;(2)F;(z,0)

where 6 denotes the vector of exogenous variables and py denotes the number of
these variables. This model is a fuzzy model, since each rule can be rewritten as

Model rule i:
Ifzyis Z{ and ... and z, is Z}, and
and 0y is Zj | and . .. and Oy, is Z; , theny = F;(z,0)

where the antecedent fuzzy sets Zg’j,j =1,2,...,p9,i=1, 2, ..., mare deter-
mined such that they cover the whole space where the variables 6; are defined, i.e.,
the membership functions wg ;;(6;) =1, =1,2, ..., ps, i =1, 2, ..., m.
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Example 2.1. Consider the function y(x,a) = abs(x) + az?, with z € R, and
a € [—1, 1]. This function can be expressed as the two-rule fuzzy model

Model rule 1:
Ifris Z and ais Ay theny = —x + ax?

Model rule 2:
Ifvis Z3 and a is Ay then y = © + ax?

where A; = Ay = A = [~1,1], Z] denotes the set of negative real numbers and
7% denotes the set of non-negative real numbers. In the description above, we have
two scheduling variables, = and a. However, we also have A; = A,, and the truth
value of a is A is always 1. To simplify the rules, the above model is written as

Model rule 1:
Ifvis Zt then y = —x + ax?

Model rule 2:
Ifwvis Z2 theny = x + ax?

i.e., only x is explicitly given as a scheduling variable, although the consequent
functions also depend on a. O

2.2 Dynamic TS Fuzzy Models

In this book we consider TS models that represent nonlinear dynamic systems.
Therefore let a dynamic system be given as

T = f(a:,u,@)
y = h(z,()

where f and h are smooth nonlinear functions, with f representing the state model
and with h representing the measurement model, x € R"= is the state vector, u €
R™= is the input vector, y € R™¥ is the measurement vector, and 8 and ¢ represent
vectors of constant parameters or other exogenous variables that act on the system.
A TS fuzzy system that represents or approximates the nonlinear system (2.4) is
expressed as a set of m fuzzy rules of the following form

Model rule i:
Ifz1is Z} and ... and 2, is Z}, then

2.4

&= f,(x,u,0)

where z;, j = 1, 2,..., p, represent the scheduling variables, and ?2 and EZ are the
consequent functions of the ith rule. The scheduling variables are usually chosen as
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a subset of the state, input, output, or other exogenous variables in the system, or
they are functions of the states, inputs, outputs, or exogenous variables.

The membership functions w;;(z;) are chosen such that their truth values are in
[0, 1], and for any allowed value of z at least one of the rules is active. Then, the
truth values of the rules are computed using (2.1)), and normalized.

Using (2.3), the rules are combined into

The consequent functions ?l and h; are usually less complex than the original non-
linear functions f and h, and are in general chosen as constant, linear, or affine
functions. Since these consequents are typically valid only locally, i.e., where the
value of the corresponding normalized membership function is nonzero, in the se-
quel they will also be referred to as “local models”.

In this book, we use TS fuzzy systems with linear or affine local models. There-
fore, the rules have the following fornd]

Model rule i:
If z1is Z{ and ... and zy is Z}, then
y=Cw

for linear models, and

Model rule i:

If z1is Z} and ... and 2 is Z; then

y =0z + ¢

for affine models. In the expressions above, A;, B;, C; are the matrices and a;, ¢; are

the biases of the ith local model. The final outputs of the TS system are computed
as

! Note that & and y in the consequent parts are interpreted as linguistic variables, and the
output of each rule is given only by the expressions A;x + B;u and C;x. The notation

= A;,x + Bi;u
y:C,m

for the consequent part is common in the literature, and is therefore also used in this book.
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(2.5)

(2.6)
Yy = Z wl(z)(C’lcc + Ci)

i=1

for models with affine consequents. In the sequel, we only use the notation (2.3)
for linear and (2.6) for affine TS models, respectively, with the understanding that
the membership functions w;(z), ¢ = 1, 2, ..., m are normalized, i.e., w;(z) > 0
and >, w;(z) = 1. Thanks to the normalized membership functions, the linear
(affine) dynamic TS model is in fact a convex combination of local linear (affine)
models. This property facilitates the stability analysis of the fuzzy system (see
Chapter 3).

Example 2.2. Consider the nonlinear dynamic system

5%1 = —x1 + 2172 y=mx1 27
To = X1 — 3T9

with 21,29 € [—1,1]. This system can be exactly represented (using the sector
nonlinearity approach, see Section Z.3.1) by the following TS fuzzy system with
linear consequents

Model rule 1:
If z1 is around —1 then

Yy=1x
Model rule 2:
If z1 is around 1 then
T = 00 T
—\1-3
Yy=x

In the model above, the scheduling variable z; is chosen as w2, the fuzzy sets are
Z} = ‘around —1°, Z? = ‘around 1°, and the corresponding membership functions
are wi; = (1 — 21)/2 and wey = (1 4 21)/2, respectively. It can be easily seen that
with these membership functions, we have
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-z (=2 0 AN 1422 (0 0 x\ [~z + 2122
2 1 -3) \ao 2 1-3)\2o)  \ 1 — 329

i.e., the fuzzy model is an exact representation of the nonlinear system (2.7)) in the
compact set S = {1,z € [—1, 1]}.
Consider now the nonlinear system

i’1:7$1+i)2’1$2+1 Yy=12a

i‘QZIIJl—Q.’Eg—l

with z1, o € [—1, 1]. This system can be approximated by a TS system with linear
consequents, or can be exactly represented, similarly to (2.7), by the following TS
fuzzy system with affine consequents

Model rule 1:
If 21 is around —1 then
. -2 0 1
o= (0 5) ()

Model rule 2:
If z1 is around 1 then

where the scheduling variable is z; = 2, and the antecedent fuzzy sets and the
corresponding membership functions are defined as Z{ = ‘around —1°, Z? =
‘around 1, and w11 = (1 — 21)/2, wa1 = (1 + 21)/2, respectively. O

The variables of TS fuzzy models are usually defined on a compact set. On
such a compact set, models of the form (2.3) and (2.6) have been proven to be
able to approximate any nonlinear function to an arbitrary degree of accuracy
(Wang and Mendel, 1992; Kosko, 1994; Ying, 1994; Fantuzzi and Rovatti, 1996).

For stability analysis, in general, TS fuzzy models with linear consequents are
used. Exploiting the fact that in the case of linear consequents, all the local models
have the same equilibrium point, zero, Lyapunov stability analysis can naturally be
employed. The stability analysis of affine TS models is in general more involved.
Results for the stability analysis of both linear and affine TS models are presented
in Chapter 3.

For observer design, in this book, we employ affine TS models, since a TS model
with affine consequents can represent a larger class of nonlinear systems than those
with linear consequents.
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Regarding the form of the TS fuzzy models, two differences between the models
used for observer and controller design have to be mentioned. The first difference is
that affine local models are rarely used for controller design. This is because, using
most current control design methods, the affine terms have to be compensated for in
each rule, that is possible only in special cases. However, for observer design, affine
local models do not present a problem.

The second difference is that while in fuzzy control design it is assumed that the
membership functions do not depend on the control input, so as to avoid having
to solve implicit equations, in observer design this does not represent a problem.
For observer design, the input is considered as a known (measured) variable, and
therefore the membership functions may depend on it.

2.3 Constructing TS Models

Two main approaches can be used to obtain TS fuzzy models: 1) identifying the
model using measured or simulated data and 2) analytic construction of a TS model
that exactly represents or approximates a given nonlinear dynamic system.

Of the two classes above, identification has so far only been applied to the
construction of discrete-time TS models. Since in this book we consider continuous-
time TS systems, methods for the identification of TS systems are not pre-
sented, but the interested reader is referred to (Driankov et al., 1993; Abonyi et al.,
2002; Babuska et al., 2002; Johansen and Babuska, 2003; Kukolj and Levi, 2004;
Kaymak and van den Berg, 2004; Angelov and Filev, 2004a).

Several methods exist that construct a fuzzy representation or an approxima-
tion of a given nonlinear system. Among these, the sector nonlinearity approach
(Ohtake et al., 2001) can be employed to obtain a TS model that is an exact fuzzy
representation of a given nonlinear system. Using the method described in Chap-
ter 14 of (Tanaka and Wang, 2001) a TS fuzzy model can be constructed such that
both the nonlinear system and its derivative are approximated. Other methods that
approximate a given nonlinear system are dynamic linearization (Johansen et al.,
2000), which is in fact a Taylor series expansion in several operating points, or the
method developed by Kiriakidis (2007).

In this section, two of the above methods are presented in detail: 1) the sector
nonlinearity approach and 2) linearization.

2.3.1 The Sector Nonlinearity Approach

The sector nonlinearity approach has first been described by Ohtake et al. (2001).
This approach is one of the most frequently used approaches for constructing TS
models for fuzzy control design, as it can obtain an exact fuzzy representation of a
given nonlinear system in a compact set of the state space.

The method has originally been developed for nonlinear systems of the form

z=f"(z,u)xr+ g™ (xz,u)u
y=h"(z,u)x (28)
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In the expression above, f™, g™, and h™ are smooth nonlinear matrix functions,
x € R™= is the state vector, u € R™* is the input vector, and y € R™v the measure-
ment vector. The elements of the matrix functions f™, g™, and h™, are assumed to
be bounded. Furthermore, in general, all variables are assumed to be defined on a
compact set.

However, since in this book we consider also affine TS models, the sector non-
linearity approach is presented for more general nonlinear systems of the form

z=f"(z,u)z + g"(z,w)u + a(x,u) ’ 9

y=h"(z,u)x + c(z,u) (29)
with the same assumptions on ™, g™, and h™, and the variables as for (Z.8), and,
furthermore, with @ and ¢ smooth nonlinear vector functions, with all their cle-
ments bounded. Note that (Z.9)) is more general than (2.8), which is commonly used
to obtain TS fuzzy models with linear consequents. In fact, any nonlinear dynamic
system can be written in the form (2.9). However, since most methods for stabil-
ity analysis of TS models concern models with linear consequents, to facilitate the
analysis and the design, whenever possible, a representation of the form .8, i.e.,
without the affine terms is preferred.

With the assumptions above, the terms of the matrix functions f™, g™, and h™,
and of the vector functions a and c are either constants or bounded.

The scheduling variables are chosen as z;(-) € [nl;, nl;], j =1, 2,..., p, where
z;j denote the non-constant terms in f™, g™, h™, a, and ¢, and nl; and nl; are the
minimum and max1mun'E respectively, of z;. Then, for each z;, two weighting
functions can be constructed as

, nli — z:(- . , '
mo="0"" 1m0 =120
nl; —nl;
These two weighting functions are normalized, i.e., 7j(-) > 0, 7}(-) > 0, and
770—1—171 = 1, for any value of z;. Moreover, z; can be expressed as z; = nl; no(z])+

nl;n] (z;), i.e., the weighted sum of the two extrema.

The fuzzy sets corresponding to both weighting functions are defined on
[nl;, nl;], i.e., the domain where 2; takes its values. These fuzzy sets are denoted in
the sequel by ZJ and Z7.

The rules of the TS system are constructed such that all the terms z;, j =
1, 2,..., p, are taken into account, i.e., the rules have the form

Model rule ¢:
Ifz1is Z} and ... and 2, is Z}, then

*=A;x+ Biu+ a;
y=Ciz +¢

2 A differentiable function defined on a compact set attains its minimum and maximum.



2.3 Constructing TS Models 13

where ZJ’:, 1=1,2,...,m,5=1,2,..., p,canbe either Zg or Z{. Consequently,
the TS system consists of m = 2P rules.

The membership function of rule 7 is computed as the product of the weighting
functions that correspond to the fuzzy sets in the rule, i.e.,

p
wi(z) = [Jwij(z) (2.10)
j=1

where wy; (2;) is either 1, (2;) or 7] (2;), depending on which weighting function is
used in the rule. Thanks to the construction of the weighting functions, the resulting
membership functions are normal, i.e., w;(z) > 0and >_\", w;(z) = 1.

The matrices A;, B;, C;, and the vectors a; and ¢; are constructed by substituting
the elements corresponding to the weighting functions used in rule i, i.e., nl; for

ng, and nl; for 77{, respectively, into the matrix and vector functions f™, g™, h™, a,
and c.

Then, using the membership functions given by (2.10), the nonlinear system (2.9)
is exactly represented by the TS fuzzy model given by

m
T = Z w;(2)(Aix + Biu + a;)
=1 Q.11)

m

Yy = sz(z)(Clas + C,‘)

Note that (2.9)) is not unique and therefore the TS representation of the nonlinear
system obtained by the sector nonlinearity approach is not unique.

To illustrate how the sector nonlinearity approach can be employed to construct
an exact TS representation of a given nonlinear dynamic system, consider the fol-
lowing example.

Example 2.3. Consider the nonlinear dynamic system with two states, x; and x3,
one input u, and one measurement y given as

T1 =T1T9 — 335‘;’ + 229 + ¥y
To =21 + xlxg +u (2.12)
Y :21‘% + T2

with the variables defined on the compact set C' = {x, y, u|u,y € R, |z;| < 1,i =
1, 2}. This system can be rewritten in the form (2.9), as

. To — 31‘% 2 el
€Tr = T + U
1 T1T2 1 (213)

Y= (2x1 1)3:

witha = 0, and ¢ = 0.
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The scheduling variables, i.e., the non-constant elements in the matrix functions
2 T
n T2 — 327 2 n e’t d pm 2
= = = (2 1 = — 35
f < 1 erzs )’ g | )-an ( T ) are z; = T2 — 327,
Zo = T1T2, 23 = €', and z4 = 2x;. For each of these four terms the two weighting
functions and the corresponding matrix elements are computed as follows:

1. 21 = 19 — 322 € [—4, 1]. The first weighting function is

y 1—(z2—321) 1—ao+3a}

=gy T 5
and nl; = —4. The second weighting function is
44 9 — 322
m=1—mg(z1,22) = 5 !

and nl; = 1. Then, the scheduling variable z; is represented as the weighted sum
21 = —4ng(21) + Lopi (21)
2. z9 = x129 € [—1, 1]. The first weighting function is

2: 1—371.’11‘2 _ 1—371.’172
= 2

and nl, = —1. The second weighting function is

1+ z120

nt=1-ng(a1,22) = 5

and nly = 1. The scheduling variable 25 is represented as
_ 2 2
z2 = —1ng(22) + 10y (22)
3. 23 = e® € [e1, ¢€]. The first weighting function is

e — el

3
’[7 =
0O e—e1

and nl; = e~ 1. The second weighting function is

T 1

3 3 et —en
ny=1-—mp(z1) = o— e—1

and nl3 = e. The scheduling variable z3 is represented as

z3 = e 'n(z3) + enf (23)
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4. z4 = 2x1 € [—2, 2]. The first weighting function is

1-— T
4 _
7]0 - 2
and nl; = —2. The second weighting function is
1 + X
m=1-m) ="

and nly = 2. The scheduling variable z4 is represented as
24 = =215 (24) + 20 (2)

For each weighting function, denote the corresponding fuzzy set by Zf , ] =
1,...,4,i = 0, 1. For instance, the fuzzy set corresponding to 7} is denoted by
Z}, etc. With these fuzzy sets, the following TS fuzzy model having 2* = 16 rules
can be written:

Model rule 1: - - -
Ifz1is Z} and 29 is 22 and 23 is Z3 and 24 is Z§ then

T :A1w+Blu
yzC’la:

a=(Ma)=(2)
- (1))

Cy = (nly 1) = (—2 1)

with

and the membership function of the rule computed as wy (z) = ninénang.

Model rule 2: - - -
If z1is Z} and 2y is Z2 and z3 is Z3 and z4 is 7 then

T = Asx + Bou
y:C’Q:c

with

Cy=(nly 1) =(21)

and the membership function of the rule computed as w2 (z) = ninanini.
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Model rule 3: B B -
If z1is Z} and 2o is Z3 and z3 is Z3} and z4 is Z§ then

T = Asx + Bzu
y:C3£C

a= ()= (32)
z=(")=(3)

Cs=(nly 1) =(-21)

with

and the membership function of the rule computed as w3 (z) = ninaning.

Model rule 4: B B -
If z1is ZL and 2o is Z2 and z3 is Z3 and zy is Z+ then

T = Asx + Bau
y =Cyx

a=(tr )= (712)
(%))

Cy=(nlg1)=(21)

with

and the membership function of the rule computed as w4 (z) = ninanini.

The remaining rules are defined in a similar manner, corresponding to all 16
combinations.

As already stated, the TS model obtained by the sector nonlinearity approach is
in general not a unique fuzzy representation of the nonlinear system. For instance,
the nonlinear system (2.12) can be written instead of (Z.13)) as

. =32% 241y e
m_<1+x§ o )F 1)
Y= (21:1 1) x
in which case a TS model with different 16 rules can be constructed. O

Note that if the assumption that the terms in ™, g™, h™, a, and ¢ are bounded, is
used, it is no longer necessary for the variables to be defined on a compact set to use
the sector nonlinearity approach. However, in such a case, instead of the minimum
and maximum, the infimum and supremum of the non-constant terms in the matrix
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and vector functions have to be used. This case is illustrated using the following
example.

Example 2.4. Consider the nonlinear system

1

T = T
1+e®

(2.14)

with z € [0, co]. As can be seen, f(z) =
not defined on a compact set.

L Jé,m is bounded, but the variable z is

The scheduling variable z; is defined as z; = | +i,1 € [%, 1) , and the member-

ship functions as

1 2¢7
1
oo )=
o 14+e® 14+e®
1—e®
1 1
=1— =
771 ,'70 1 + e— T
It can easily be seen that ,njz+1njx = |, !, x, ie., the fuzzy model is equivalent
to the nonlinear system (2.14). O

The main advantage of the sector nonlinearity approach is that the obtained TS
model is an exact representation of the nonlinear system based on which the TS
model has been constructed. However, the approach has two important shortcom-
ings. A first shortcoming is that the obtained consequent linear or affine models are
not guaranteed to be stable or observable (detectable), even if the nonlinear system
is. Most methods to investigate stability of TS systems require that the linear local
models are stable (see Chapter 3). Likewise, the methods for observer design require
that the local models are observable or detectable (see Chapter 4). Depending on the
nonlinear system considered, instability or unobservability of the local models may
be avoided by choosing another representation of the nonlinear system. Otherwise,
methods that obtain an approximate fuzzy model, whose local models have the same
properties as the nonlinear system, such as the one presented in the next section, can
be used.

The second shortcoming is that the number of rules, i.e., the number of local
models in the TS model obtained is exponential in the number of nonlinearities. In
practical applications, a large number of local models may lead to design problems
that are intractable due to either the computational costs or due to the limitations
of current algorithms. Therefore, unless instability or unobservability of the local
models is an issue, a fuzzy representation with a minimum number of rules should
be chosen.

2.3.2 Linearization

One method to obtain a TS fuzzy approximation of a given nonlinear model is lo-
cal linearization (Johansen et al., 2000). This linearization is in fact a Taylor series
expansion in different representative points, which may or may not be equilibria.
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Consider the dynamic nonlinear system

& =Ff(x,u)
y =h(z)

where x € R™ is the vector of state variables, y € R™v is the vector of mea-
surements, u € R™ is the input vector, and f and h are smooth nonlinear vector
functions.

The goal is to obtain an approximation of the nonlinear system (2Z.13) as a set of
m rules of the form

Model rule i:
If z1is Z{ and ... and zy is Z}, then

(2.15)

y=Ciz+¢

or, equivalently, a TS model of the form

T = Z w;(z)(Aix + Biu + a;)
Yy = Z wl(z)(C’lcc + Ci)
=1

where A;, B;, a;, C;, and ¢; are the matrices and biases of the local linear models,
z is the scheduling vector that determines which of the rules are active at a certain
moment, and w;(z),4 = 1, 2, ..., m are the normalized membership functions.

First, one has to decide which variables describe the nonlinearities, i.e., which
variables should be the scheduling variables. This means deciding on z as a selection
of inputs, states, and measurements.

Second, a sufficient number m of linearization points z¢,, ¢ = 1,2, ..., m
have to be chosen, together with a partition of the space where the variables are
defined, and the corresponding membership functions w;;(z;), i = 1,2, ..., m.

By increasing the number of well-chosen approximation points, the approximation
accuracy of the fuzzy model increases. However, by increasing the number of the
linearization points, the computational costs of the controller or observer design also
increase.

Finally, the consequent matrices are obtained as

- of _of
Ai= Ox T du

_ oh

B, _
ox

Ci

20,i,0 20,i,0 20,i,0

where |, , o denotes the evaluation of the expression on the left in the value corre-
sponding to zg ; for those state and input variables that are scheduling variables and
0 for those states and inputs that are not in z.
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Since generally the linearization is not done in equilibria, affine terms must also
be added
a; = f(@,u)lzy,.0 = (Ai®)]z .0 = (Biw) |z, 0

Ci = h(x)‘zo,i70 - (C’iw)‘zovi’o

To obtain the TS system of the form (2.16)), the membership functions of each rule
are computed using (Z.I)) and normalized using (Z.2)). With the normalized member-
ship functions, the TS fuzzy model is expressed as (2.16). The method is illustrated
on the following example.

Example 2.5. Consider the nonlinear system (2.12) from Example2.3] repeated here
for convenience
(T2 — 3x‘;’ + 229 + e¥lu

< 1+ 723 +u >
Y :2x% + 29

with the variables defined on C' = {x, y, u|u, y € R, |x;| < 1,7 =1, 2}.
T1To — 335? + 219 + e*tu
r1 + 21 x% +u
the input v and nonlinear in the state variables x; and x, the scheduling vector is

chosen as z = (71, 22)7

For this example, we choose the linearization points as {(z1, x2) |21, 22 €
{-1,0,1}}. A common choice of membership functions is normalized triangular
or trapezoidal membership functions that attain their maximum in the linearization
points, for each scheduling variable. These functions are easily represented, and for
each variable at most two are activated.

In this example, the membership functions chosen are shown in Figure 2.1l Here
we denote the corresponding fuzzy sets as around 0, around —1, and around 1.

Since the state transition function f = is affine in

1F, _ 0
around -1 /\ around 0 around 1
0.8
0.6
o
=
0.4r
0.2
91 -0.5 0

%

Fig. 2.1 Membership functions for the scheduling variable z;.
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These membership functions for z; are defined as
( ) —Z1, if 1 S 0
w Z21) = .
H 0, otherwise

C()Ql(Zl) =1- ‘Zl|

UJ31(Z1) _ 21, ifZ1 Z 0
0, otherwise

Similar functions are defined as membership functions for z,

( ) —ZzZ2, if Z9 S 0
w z =
122 0, otherwise

(UQQ(ZQ) =1- ‘22|

( ) 22, lf zZ9 Z O
ws3a(z2) =
2 0, otherwise

The partial derivatives of the state equation with respect to the scheduling vector are

of _ <x2 — 922 +e%lu 11 +2) of _ (e“"l) Oh

ox 1+ a3 27172 ou 1 or (421 1)

These matrices are evaluated in the selected linearization points to obtain the ma-
trices of the local models. The affine terms are obtained from the evaluation in the
linearization points of the expressions

of of  (6x3 — x139 — 216" 1
Fla,u) - R ( — 2273
Oh
h(x) — 9= —21?

Then, the approximate TS fuzzy model is given by the following 3 x 3 = 9 rules:
Model rule 1:
If 21 is around —1 and z5 is around —1 then
d::A1w+B1u+a1
y=Cix+c
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_(-101
(20,1,0) o 2 2
-(3)

(20,1,0) 2

with
To — 935% +ePty x4+ 2
A1 == 2
1+ 5 21129

<
= ()= (1)
<

63:“;' —x1x2 — xle“"lu)

“= —2x173
Ci= (4z1 1 =(—-41
v= (o] =040
c1 = —295% = -2
(z0,170)

where zp,1 = (—1, —1), and the membership function of the rule is computed as
wl(z) = W11W12.

Model rule 2:
If z1 is around —1 and zs is around O then

= Asx + Bou + as

y=Cox+c2
(91
(20,2,0) N 10

- (%)
(20,2,0) 0

with

(xz — 9x —|— ety x + 2)

1+ :E2 21110
o1
(1) (1)
. GZ —x1x9 — 215U
B —2z103

= (-41)

43}1 1)

(20,2,0)

= -2

Cco = —2x
(20,2,0)

where zg2 = (—1, 0), and the membership function of the rule is computed as
wg(z) = W11W22.

Model rule 3:

If z1 is around —1 and z5 is around 1 then
x = Asx + Bsu + as
y=C3z+c3
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(81
(20,3,0) o 2 _2
-(¥)

(20,3,0) 2

with
rg — 92?2 + elu a1 + 2)

< 1+x§ 2x129
e”1
5= (7)

6_1
(20,3,0) - ( 1 >

63:“;' —T1T9 — 215U
2
—2x175

=(-41)

(20,3,0)

= -2
(20,3,0)

where zg3 = (—1, 1), and the membership function of the rule is computed as
w3(2) = wiiwsa.

Model rule 4:
If z1 is around 0 and z5 is around —1 then

= Asx + Bau + ay

y=0Cix+cy
with
. J:Q—Qx +eflu x+2 (12
1 +x2 22172 ) |(20.4,0) 20
- 1
o 1 (Zo 4, 0 1
. Gx —x1x9 — 215U (0
—2901952 (20.4,0) 0
495 1 01
)i @D
cy = —2x =
(zo, 470)
where 294 = (0, —1) and the membership function of the rule is computed as

w4(z) = W21W1i2.

The remaining rules are constructed in a similar manner.

Note that since the individual membership functions for z; and z9, respectively,
are normal, the obtained, combined membership functions w; are also normal. [

Using this method, a good approximation can be obtained for nonlinear functions
that are analytic in the neighborhood of the chosen linearization points, i.e., func-
tions for which the Taylor series expansion converges to the value of the function.
For analytic functions, if the membership functions are chosen such that their value
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is 1 in the corresponding linearization point, the values of both the nonlinear system
and its derivative are equal to that of the fuzzy model and its derivative in the lin-
earization points. To see this, consider an analytic vector function f(x), def ned on
a compact set Cz, and a set of points xo;, ¢ = 1, 2, ..., m, in C. Then, for any
point x in the neighborhood of one of the points ¢ ;, one can use the Taylor series
expansion

of
F(@) ~ f(xo,) + O mO(CC —xo,)
1e.,
of of
f(SC) =~ ox wo,z:x + f(xO,z) - oz wO,ixO7l
where A; = g:’: 2o and a; = f(xo,) — gg; . wz
Now, consider normalized membership functions w;(x), i = 1, 2, ..., m, such

that w; (zo;) = 1, wi(xo,;) = 0, Vi # j. Then, f(x) can be written as

f@) =Y wi@)(@)

of

w;(x) (83: x+ f(xo,) — of

Xo,qi a.’I}

12
&MS

350,1‘)
1 o,

3

12
.ME

=1

that is, the nonlinear function f can be approximated by the fuzzy model.

The advantage of constructing TS models using linearization is that although
the fuzzy system is only an approximation of the original nonlinear system, the
consequents retain important properties of the nonlinear system in the linearization
points. For instance, if the nonlinear system is locally observable in a neighbor-
hood of the linearization point, then the corresponding local model is observable
or detectable. A disadvantage of the method is that there are no general guide-
lines on how to chose the linearization points, or how many linearization points
should be chosen. Depending on the nonlinearity, a large number of points may
be necessary for an accurate approximation, which implies large computational
costs.

Since the linearization in general will not be performed in the equilibrium points,
with this method, affine TS models will be obtained. This means that stability analy-
sis and controller design become harder to perform. However, as already mentioned,
affine models do not present a problem in observer design.
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2.4 Summary

This chapter has introduced Takagi-Sugeno (TS) fuzzy models that are used in the
sequel. Dynamic TS fuzzy models have been presented, and two methods to con-
struct dynamic TS models given a nonlinear dynamic system have been discussed.
The first method, the sector nonlinearity approach can be used to construct exact
fuzzy representations of the nonlinear system. Using the second method, lineariza-
tion, a TS model that approximates the nonlinear system is obtained. This method
has the advantage that the local properties of the nonlinear system are retained in
the TS model.



Chapter 3
Stability Analysis of TS Fuzzy Systems

3.1 Introduction

The purpose of this chapter is to review various results concerning the stability anal-
ysis and control design of Takagi-Sugeno (TS) models. To analyze the stability and
to design observers and controllers for TS systems, in general Linear Matrix In-
equality (LMI) constraints are used. Therefore, the first part of the chapter presents
a brief overview of LMIs and their useful properties. Moreover, many problems
encountered can be turned in a multiple-sum co-positivity problem. This is a well-
known problem and some results are given for a double-sum co-positivity problem
with several possible relaxations.

Generally speaking, Lyapunov’s direct method is used to derive stability and sta-
bilization results of TS models. In the literature, for sake of simplicity and in the
view of writing the problems in an LMI form, mainly a quadratic Lyapunov func-
tion is considered, thus reducing the notion of stability to the notion of quadratic
stability. Nevertheless, we also present results that leave the quadratic framework.

Among the numerous possible choices of results (state feedback, output feed-
back, with uncertainties, Hy, H., performance, delays, etc.) we present works to
give the main ideas to the reader of the different possibilities that TS models offer.
In particular for state feedback, results for performance through H,, attenuation,
and robust control of TS models with uncertainties are given as well as the Input-
to-State Stability (ISS) property for exogenous signals. The results presented are
illustrated on several examples.

3.2 Preliminaries

3.2.1 Notation

Let F = FT € R™ " be a symmetric matrix. In the sequel, ' > 0 (resp. F <
0) stands for positive (resp. negative)-definiteness, i.c., every eigenvalue of F' is
strictly positive (resp. negative). The notation £ > 0 (resp. F© < 0) stands for

Zs. Lendek et al.: Stability and Observer Design Using TS Models, STUDFUZZ 262, pp. 25
springerlink.com © Springer-Verlag Berlin Heidelberg 2010
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semi-positive (resp. negative), i.e., the eigenvalues can be positive (resp. negative)
or zero. Moreover, whenever an expression is written as F' > 0, it is assumed that
the expression is symmetric, i.e., F' = FT > 0, even if the explicit notation is
omitted.

With A, B € R"™*" being two symmetric matrices A > B is equivalent to
A—-B>0.

A star () in a matrix indicates a transposed quantity in the symmetric position.

AP AP
The notation co stands for the convex hull, i.e., the convex envelope of some
vertices: C' = co{ay,...,an}.

T
For instance, <P (T)> < 0 is equivalent to <P A > < 0.

3.2.2 Linear Matrix I nequalities

In the sequel, stability and design conditions are presented mainly in the form of
LMIs. This section is therefore a very brief introduction to the LMI framework.
More details can be found in (Boyd et al., 1994; Scherer and Weiland, 2005).

Overview

In a broad sense an LMI is a set of expressions whose variables are linearly-related
matrices. A formal definition of an LMI is (Boyd et al., 1994)

F(z)=Fy+ Y z.F,>0 (3.1)

i=1

where € R™ is the vector of decision variables and F; = F € R"™*", i =
0,...,m, are given constant symmetric matrices. As any matrix variable can be
decomposed into a base of symmetric matrices, the definition (3.I)) involving scalars
is easily extended to matrices.

The set of solutions of the LMI (B.I)), or the so-called feasibility set, denoted
by S = {x|x € R™, F(x) > 0} is a convex subset of R™. Finding a solution
to (3.I) is a convex optimization problem avoiding local minima and guaranteeing
finite feasibility tests. When no solution exists, the problem is said to be infeasi-
ble. The following well-known convex or quasi-convex optimization problems are
relevant for the analysis and the synthesis of control systems (Boyd et al., 1994;
Scherer and Weiland, 2005).

1. Finding a solution & € R™ to the LMI system (3.I)) or determining that there is
no solution is called the feasibility problem (FP). This problem is equivalent to
minimizing the convex function f : @ — A\pin (F'(x)), where A\, denotes the
smallest eigenvalue, and then deciding whether the solution is positive (strictly
feasible solution), zero (feasible solution), or negative (unfeasible case).
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2. Minimizing a linear combination of the decision variables b & subject to (3.1}
is called the eigenvalue problem (EVP), also known as an LMI optimization
problem.

3. Minimizing the eigenvalues of a pair of matrices that depend affinely on a vari-
able, subject to a set of LMI constraints or determining that the problem is infea-
sible, i.e., solving the problem: minimize A subject to

AB(x) — A(x) > 0
B(x) >0
C(x)>0

where A(x), B(x) and C(x) are symmetric and affine with respect to x, is called
a generalized eigenvalue problem (GEVP).

Numerous solvers handle these various optimization problems, such as LMILAB,
SeDuMi, SDPT3, VSDP, or LMIRank. In this book, unless otherwise stated, to solve
LMI problems, the SeDuMi solver within the Yalmip toolbox (Lofberg, 2004) is
used.

Properties

LMI constraints do not appear “naturally” in control problems. Thanks to the avail-
able optimization solutions, one of the goals when encountering control problems is
to recast them as LMI expressions. This is done by making use of the properties of
LMIs. Some of these properties are enumerated below.

Property 3.1. (Congruence) Given a matrix P = P7 and a full column rank matrix
Q it holds that

P>0 = QPQRT >0
M, Mo,

Property 3.2. (Schur complement) Consider a matrix M = M7 = (MH M12>,

with M7, and Moy being square matrices. Then

M<0<:>{M11<0 <:>{]\4'22<0

Moy — MM Mys <0 My — Mya Myt M, < 0

Property 3.3. (S-procedure) Consider matrices F; = F! € R™ ", x € R", such
that x” Fy > 0,7 = 1,..., p, and the quadratic inequality condition

' Fyx >0 (3.2)

x # 0. A sufficient condition for (3.2) to hold is: there exist 7; > 0,7 = 1,...,p,
such that Fy — >0, 7, F; > 0.
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Property 3.4. (Completion of squares) Given two matrices X and Y of proper size
and Q = Q7 > 0, the following inequality holds

Xy +YTX < XTQX +YTQ 'y

Several of these properties can be useful to recast an expression into LMI con-
straints; the following example is given as illustration.

Example 3.1. Consider the following problem with P(x) and S () affine functions
of x € R" find x such that
P(xz) >0
trace (S(z)" P~ (z)S(z)) < 1
A first step is to replace the condition trace (S(z)” P~!(x)S(x)) < 1 using an
auxiliary variable ) with
trace (Q) < 1
S(x)' P~ (x)S(x) < Q

Then, using Property 3.2] (Schur complement) gives:
Find x and Q) such that

trace (Q) < 1

(sfi) %2;) 0

Note that P(z) > 0 can be omitted as the second condition above holds only if
P(x) is positive definite. O

Relaxations

Many control and estimation problems can be summarized as a double sum nega-
tivity problem

Zzwi(z)wj(z)Fij(m) <0, (3.3)

with the symmetric matrices I';;(x) being affinely dependent on the unknown vari-
ables € R™» and the functions w;(z) being nonlinear functions that observe the
convex sum property, i.e., > .-, w;(z) = 1 and w; (z) > 0. The goal is to find
the least conservative conditions on [7;; such that (33) holds, using only the con-
vex sum property for the nonlinear functions w; (z). The trivial LMI solution of the
problem 33) is: I;(x) < 0,4,j = 1, ..., m. These conditions can be relaxed by
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considering that with w;(z) > 0 and w; (2)w;(z) = w;(2)w;(z), a basic sufficient
solution is (Wang et al., 1996)

r; <0
(3.4)
Iy +1;,<0
fori=1,2,...,mj=i+1,i+2, ..., m

The variable € R"= is omitted in (3.4) for convenience. A refinement of the
conditions (3.4)) that does not require auxiliary variables has been proposed and it is
recalled below.

Lemma 3.1. (Tuan et al., 2001) Equation (3.3) is satisfied provided that the follow-
ing conditions hold
I, <0
(3.5)
o Lt I+ 1 <0

fori=1,2,....m,j=1,2, ..., m, i j.

Adding auxiliary variables, such as in Example 3.1, can also be useful in order to
reduce the conservatism of the conditions. Among all the possible relaxations, the
next one can be viewed as a good compromise between the number of additional
slack variables and the quality of the solutions.

Lemma 3.2. (Liu and Zhang, 2003) Condition (3.3) is satisfied provided that the
following conditions hold: there exist matrices Q);; > 0,1 = 1,2, ..., m, and

Qij:Q};,izl,z,,,,m,j:i+1,i+2,...,msuchthat

Qll Ql? le (36)

Q21 Q22 ... Qom
. . . >0

le QmQ Qmm
fori=1,2,....m j=i+1,i+2 ..., m.

Note that the conditions of Lemmas [3.1] and are only sufficient. Nevertheless,
some relaxations exist that also become necessary when the number of terms in the
summations tends to infinity; Sala and Arifio (2007) proposed conditions that are
based on Polya’s theorems, whereas Kruszewski et al. (2009) proposed conditions
that are based on triangulation. Other works use more properties of the nonlinear
functions w;(z), 7 =1, 2, ..., m, such as bounds (Sala and Arifio, 2007) or mem-
bership function dependent approaches (Bernal et al., 2009). The main drawback of
these results is that the complexity of the LMI problems increases, and they quickly
become intractable for the actual LMI solvers.
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The following two sections present stability analysis and stabilization of Takagi-
Sugeno models using LMI constraints. The TS model used is

T = Zwl(z) (A;x + Bju)

- (3.7)
Y= Z w;(2)Cx

i=1

3.3 Stability Analysis of TS Systems

This section reviews methods for the stability analysis of TS fuzzy systems.

3.3.1 Quadratic Stability

The stability of TS models is investigated using the direct Lyapunov method. The
Lyapunov functior] commonly used is the quadratic one,

Vie) = T Px (3.8)

with P = PT > 0.

When using this Lyapunov function, we speak of “quadratic stability”. Note that
when a system is quadratically stable it implies that it is stable. However, the re-
verse is not necessarily true. Therefore, conditions obtained using the Lyapunov
function (B.8)) are only sufficient, i.e., if the LMI conditions fail, nothing can be
directly said about stability or instability of the TS model.

The unforced (u = 0) TS model (3.7) is quadratically stable if the Lyapunov
function (3.8) decreases and tends to zero when ¢ — oo for all trajectories (). The
derivative of (3.8)) along the trajectories of the unforced model (3.7) is

V= (i wi(z)AZ-a:) Pz +a"P (i wi(z)Aiw>

i=1
o 3.9)
=Y wi(z)z” (AT P+ PA;)x
i=1
Remembering that w;(z) > 0,7 = 1, 2, ..., m the following theorem is straight-

forwardly obtained.

Theorem 3.1. (Wang et al., 1996) The unforced model & = ", w;(z)A;x is
globally asymptotically stable if there exist a matrix P = P such that the fol-
lowing LMI problem is feasible

! In the sequel, whenever it is evident, the explicit dependence of the Lyapunov function and
its derivative on the state variables is omitted.
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H(PA;) <0 (3.10)

fori = 1,2, ..., m, where the symbol 'H denotes the symmetric part, that is
H(X)=X+XT.

Remark: Notice that the result is strictly equivalent to stability of linear parameter
varying (LPV) models, i.e., & = A (§) x, A () € co{Ay, ..., Ap}, & € R,

Theorem 3.1l expresses that it is not enough to have all the vertices globally asymp-
totically stable (GAS) to ensure the stability of the TS model. The reason for this is
that the domain of Hurwitz matrices — matrices whose every eigenvalue has strictly
negative real part — is non-convex. To illustrate this, consider the following example.

-1 4 -10
0 —1>’ A=y
matrices are Hurwitz, as they have all eigenvalues at —1. Consider now the convex

combination: A = 0.5 x A; +0.5 x Ay = (21 _21

Example 3.2. Consider the matrices A; = > These

> , whose eigenvalues are 1 and

—3, thus being non-Hurwitz.

A test of existence of a common matrix P = P7 is described by Johansson et al.
(1999) and recalled in what follows.

Property 3.5. Ifthere exist positive definite matrices RZ-:RlT >0,0=1,2,...,m,
such that .
i=1

then there is no matrix P = PT > ( such that conditions (3.10) hold.

Example 3.3. For example with the two matrices A; and A5 defined in Example 3.2,

aresult of the LMI problem 3.I1)) is R = (Z g) ,Ro= (i 3) ,and 2?21 (ATR;+

R;A;) = j 100 100> > 0. Therefore, there is no matrix P = PT > 0 such that

conditions hold. O

3.3.2 D-Stability

Quadratic stability also ensures an exponential decay rate. Effectively, consider @GI).
If V' < 0 then there always exists an € > 0 such that

> wi(z) (AT P+ PA;) +eP <0 (3.12)
=1

Thus forall ¢t € Rand w;(z) > 0,i=1,2, ..., m,
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VeV =a | wiz) (AT P+ PA;) +eP|a <0 (3.13)
=1

and integrating (313) over [to, t] yields that V() has an exponential decay
V(@(t) < V(2 (o)) e ")

Since for a positive definite matrix P it holds that Apnin (P) |||
2
Amax (P) ||x||”, we have

Auin (P) 2] <V (2(1) < V (2 (to)) e ") < Aax (P) [|2o]|* =)

which means that || (¢)|| has an exponential decay

>\max (P)
)\min (P)

7€(t7t0)

2 2
(B[ < [[o]|” e

Thus, tlim x(t) = 0 with exponential decay rate /2 irrespective of the initial con-
— 00

dition x¢ (to) forall w;(z) > 0,i=1,2, ..., m.

A way to introduce some performance together with quadratic stability is there-
fore to ensure a certain exponential decay rate, i.e., ask for & > 0 such that ||z (?)|| <
M ||| e*(**0), In this way, stability can be influenced by defining a region D in
the complex plane such that D(s) < a. More generally, LMI regions can be defined
(Gahinet et al., 1995).

Definition 3.1. A subset D of the complex plane is called an LMI region if there
exists a symmetric matrix X € R™*™ and a matrix Y € R™*" such that

D ={z|z €C, fp(z) < 0}

where
fo(z) =X +2Y + 277"

is called the characteristic function of the LMI region.

One can easily see that, because of the form of the function fp(z), LMI regions
are convex and symmetric with respect to the real axis. Useful LMI regions include
a vertical strip [d, d,,] and a conic sector centered in the origin with inner angle ¢
(Figure B.T). If all the eigenvalues of a matrix A are located in a region D, then the
matrix A is called D-stable.

A theorem to ensure D-stability of a matrix A is given by Chilali and Gahinet
(1996):

Theorem 3.2. The matrix A is D-stable if and only if there exists P = PT > 0 so
that
XoP+Y®AP+Y" @ (AP)T <0

where ® is the Kronecker product (Kailath et al., 2000).
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In the context of stability, using LMI regions to ensure the specific D-stability of the
system effectively means adding constraints to the LMI problems, more specifically

Fig. 3.1 LMI regions.

(Xju P+ YjrPAi + Yi jAT P) <0
J k=12, ..., m
Here, X ;, and Y} , denote the (j, k)th element of the corresponding matrices.

Remark: Note that the upper limit of the vertical strip, d,,, corresponds to the decay
rate.

3.3.3 Leaving the Quadratic Stability Framework

As previously mentioned, the conditions presented in the previous section are only
sufficient conditions. Sources of conservatism are:

1. using only the knowledge of the convex sum property for w; (z);
2. the conditions that are used to ensure the negativeness of the double sum;
3. reducing the stability issue to quadratic stability.

To illustrate this latter case, consider the very simple example inspired by
Johansson and Rantzer (1998).

Example 3.4. Consider the model

:b:{ANL ifzy <0 (3.14)

Agw, 1fxl Z 0
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with A; = (i) ;l), Ay = (23 g) Quadratic stability reduces to find P > 0

such that
ATP+PA <0

ATP + PA, <0

Itis easy to show that with Ry = <_9%35 _725) and Ry = (g? ?Z) , Z?Zl (ATR;+

4 0.7

R;A;) = 07 4 > 0, which proves, according to Property B3]

equation (3.1, that no such P exists. Therefore quadratic stability fails to demon-
strate the stability of (3.14).
Now consider the piecewise Lyapunov function:

V(w) = zT Px, ifz1 <0 (3.15)
2T Px 4 n2?, ifz, >0 '

With C = (1 0), it is straightforward to show that the LMI problem for stability is
find P = PT > 0 andn such that

P+nCTC >0
H(PA;) <0
H((P+nCTC)Ay) <0

10
03

ey = (75 )

(P + 004 = (0 )

where H(X) = X + XT. With P = (
Effectively,

> and 7 = 9 a solution is obtained.

with both matrices being negative definite. Thus, the system (3.14) is asymptotically
stable. O

Whereas quadratic stability cannot be proven for this simple example, it shows that
introducing some “knowledge” in the Lyapunov function can eliminate some draw-
backs. Therefore, pursuing this idea, several ideas can be used. In a sense, a TS
model induces a state space partition according to the scheduling variables. The
main ideas rely on introducing this partition into the Lyapunov function. This can
be done in two ways.

The first way relies on using piecewise quadratic Lyapunov functions
(Johansson and Rantzer, 1998; Johansson et al., 1999; Feng, 2003, 2006). The state
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space is partitioned according to the activation of the linear models, allowing the
Lyapunov function to change from one region to another, for instance

V(z,z)=xTP(z)x P(z)=P >0 ifzeS;

where S; are given sets such that | J, S; covers the state space. For example, “natu-
ral” regions for TS models are: S; = {z|w;(2) > w;(z), j=1,2,...,m, j #
i}, i=1,2,..., m.

The above partition is natural for those TS models that do not have all their lin-
ear models activated at once. Unfortunately, this assumption does not hold for TS
models built by using the sector nonlinearity approach.

The second way is to use the Lyapunov function (Blancoetal., 2001;
Tanaka et al., 2003)

Viz,z)= wTZwi(z)PZ-w (3.16)
i=1
with P, > 0,7 =1, 2, ..., m, thus introducing the nonlinear functions w; (z). Nev-

ertheless, the results concerning this approach face the following problem. Taking
the derivative of (3.16)) gives

m m d’u},L (Z ) -

V(II?,Z) = ZZ’LUI(Z)UJJ (Z) wT(AJTPL +PLAJ>SC+Z dt xr PL‘SC

i=1 j=1 i=1
Therefore it involves the derivative of the nonlinear functions w;(z) and

dwi(z) Ow(z) . ow;(z) .
= t) =
dt oz 2= g, 1@
where Z = ¢ (&) represents the linear or nonlinear mapping between the scheduling
and the state vector. Although the quantities a“gz(z) can easily be derived and thus
bounded, ¢ (&) is a priori unknown. Some works (Tanaka et al., 2003; Mozelli et al.,

dw[}fz) ’ < ¢;. Nevertheless, the main draw-

back is they need to verify a posteriori that the future trajectory does not escape
from the boundaries.

Nowadays, two results seem of real interest that use the Lyapunov function (3.16)
or a slightly different one:

2009) propose to use some bounds as ’

m -1
V(z,z)=a" (Z wi(z)P,) x (3.17)
=1

with P, > 0,47 = 1, 2, ..., m. The first one reduces to a restrictive class of TS
models, invoking path independency (Rhee and Won, 2006). The second reduces
the problem of global stability to a problem of local stability (Bernal and Guerra,
2010).
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Remark: Surprisingly, for the discrete case, very interesting results
(Guerra and Vermeiren, 2004; Kruszewski et al., 2008) can be found for Lya-
punov functions in the form of (B.16) or (B317) that seem not to have their
counterpart for continuous-time models.

3.4 State Feedback Stabilization

To stabilize a TS system using state feedback, several control laws can be used,
among which the linear feedback w = —Lax. A more general solution is a Paral-
lel Distributed Compensation (PDC) scheme (Wang et al., 1996). The PDC is com-
posed of linear state feedbacks blended together using the nonlinear functions w; (-)
of the model

w=—Y wi(z)Lix (3.18)
i=1

Therefore, introducing (3.18) in the TS model (B.7) gives the closed loop

T = Zwl(z) A; — B; Zw](z)Lj T
i=1 j=1
= ZU}Z(Z) ij(z) Az 7BZZMJ(Z)LJ €T
i=1 j=1 j=1
=1

and finally, the closed loop is composed of m? linear models

&= > wi(2)w;(2) (A — B;Lj) @ (3.19)

i=1 j=1

Going on with quadratic stability (3.8) gives for the derivative of the Lyapunov
function along the trajectories of (3.19)

V= ;;wi(z)wj (z)z" ((A,» —B,L)T P+ P (4 — B,»Lj)) x

Therefore V' < 0 is ensured if the double sum negativity problem (33) is satisfied,
which in this case can be written as

>3 wi(z)w;(2) (AT P+ PA; — PB;L; — LT B/'P) < 0 (3.20)
i=1 j=1
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Note also that due to the quantity PB;L;, this expression is not an LMI. To ex-
press it with LMI conditions, the following change of variables can be performed:
X =P ' M;=L;X,i=1,2,..., mand with the property of congruence with
full rank matrix X (3.20) is equivalent to

m m
ZZ z)w;(z) (XA] + A;X — B;M; — M B]') <0

The result is summarized in the following theorem.

Theorem 3.3. The continuous TS model (B.7) with the PDC control law B.1J) is

GAS if there exist matrices X > 0, and M;, i = 1,2, ..., m, such that with
I 2 XAT + A;X - MjTBlT — B;M; conditions (33)) or (3.6) hold. Moreover, if
the conditions are satisfied the PDC gains are: L; = M; X', i=1,2, ..., m.

Remark: With conditions (3.4)), this result can be found in (Tanaka et al., 1998),
with (3.3) it corresponds to (Tuan et al., 2001), and with (3.8) to (Liu and Zhang,
2005).

The application of Theorem [3.3]is illustrated on the following example.

Example 3.5. Consider the continuous TS model (3.7) composed of 2 linear models,

with matrices A; = (_01 _110>, Ay = <01 __10> B = <?>, By = (§>,

Cy = (—1 O) and Cy = (—1 1). Note that A; has an unstable pole located at 1. For
simulation purpose the membership functions are chosen as w; = )2 and
Wy = 1— wi.

Using Theorem B3] with conditions (33) gives the solutiold: P =

2.60 —0.37 L\  [(—-0.437.08 . .
<0.37 117'33>, (Lz) = (0.38 715). Figure [.2(a) presents a resulfl with
initial conditions x(0) = (1 —2)T. Notice that without additional constraints the

performance is rather poor, especially for the state variable x;. In a second round a
decay rate o« = 4 is added to the constraints. The maximum possible decay rate is

o < 11. The result is now P — < 11.16 —35.03>, <L1) _ (—12.62 46.04)

1
1+(z1 42

—35.03 125.85 Ly —3.49 13.23
and the results are presented in Figure Obviously, better performance is
obtained. O

The classical nonlinear TS model (38.7) represents the simplest case of TS repre-
sentation. More general forms can be found: uncertain systems (parametric and/or
stochastic) (Xu et al., 2007; Tanaka and Wang, 2001) with or without Hs, H, spec-
ifications (Tanaka and Wang, 2001; Liu and Zhang, 2003; Delmotte et al., 2007,
Wu, 2007), delayed systems (Yoneyama, 2007; Liu et al., 2010), systems with
bounded external disturbances (Tanaka and Wang, 2001; Zhou and Feng, 2006),

2 Throughout the chapter, all variables are rounded to two decimal places.
3 For numerical integration, the ode45 Matlab function is used throughout the chapter.
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---X

States
States

= 05 1 15 2 2 05 1 15 2
Time [s] Time [s]
(a) Stabilization without constraints. (b) Stabilization with decay rate o = 4.

Fig. 3.2 Simulation results for Example 3.5.

systems in a descriptor form (Taniguchi et al., 2001; Xu et al., 2007; Guelton et al.,
2008a,b), periodic systems (Kruszewski and Guerra, 2007), and switching systems
(Dong and Yang, 2009; Wang and Qu, 2007; Choi and Park, 2004). For overviews,
the reader can refer to (Tanaka and Wang, 2001; Feng, 2006; Sala et al., 2005). For
example, consider an uncertain TS model with external disturbances

m

c::—z:w2 ((A; + AA) x + (B; + AB;) u + By, d)
(3.21)

m

y = Zwl ((C; + AC;) x + Dy;d)

where d(t) € R™ is the disturbance input and A4;, B;, C;, Ba;, and Dg;, i =
1, 2, ..., m, are matrices with appropriate dimensions. The parameter uncertainties
are usually written as (Tanaka and Wang, 2001): AA;, = H,Aa(t)E,;, AB; =
HyAb(t)Ey;, AC; = H.Ac(t)E.; where the matrices H,, Hy,, H., E,;, E;, and
E.; are constants, and Aa(t), Ab(t), Ac(t) satisfy the conditions

Adt (t)Aa(t) < T AT (1)Ab(t) < T Act(t)Ac(t) < T (3.22)

Therefore, according to what parts of the model (3.22) are considered and what the
desired goals are (robustness, performances, etc.) numerous results exist. Among
them, in order to show the main principles of proofs for these results we consider
two particular examples: a first one for H, attenuation of input signals, the second
one for robust stabilization conditions according to uncertainties.

34.1 H_ Attenuation

As previously said, performance-related criteria can be added by using extra LMI
constraints. In a more general way, it is possible to cope with Hs or H, criteria. In
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this latter case consider model (3.21)) without uncertainties, Dg; = 0 and with initial
conditions x (0) = 0, i.e.,

m

i=1

o (3.23)
Y= Z w;(z)Cix
i=1
The goal is to find the best L, — Lo gain, i.e., to minimize the worst case
t

atyzo [d(®)]l; —

Theorem 3.4. The continuous TS model (3.23) with the PDC control law (B.18)) is
GAS and the attenuation of the disturbance d is at least vy, if there exist matrices
X >0,and M;, i =1, 2, ..., m, such that with

XAT + A;X — MTBT — B;M; By XCF
BT, —42I 0
C: X 0 I

I

conditions (3.3) or B.8) hold. Moreover; if the conditions are satisfied, then the PDC
gainsare Ly = M; X', i=1,2,..., m.
Proof: Consider a quadratic Lyapunov function V' such that

V+yTy—~2d"d <0

Thus, integrating this expression leads to V (z(o0)) — V(x(0)) <
I ('deTd—yTy) dt. Since the TS is assumed to be GAS, z(c0) = 0
and with initial conditions such that = (0) = 0, we obtain

0< /000 (nyde — yTy) dt

which is equivalent to

/ yTydt < 72 / d'ddt & |yll, <~ Ildll,
0 0
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and +y satisfies (3.24). Now, the stability conditions are obtained as

Viyly—o’d'd=

QwTZZwZ P ((A; — B;Lj)  + Bad))
1= 1] 1

Jra:TZZwZ 2)CICix —~?d"d
=1 j=1

-(5) (e )< ae Y ) (@)

with Y = H(P (A; — B;L;)), where H(X) = X + XT. Using the Schur comple-
ment, V + y7y — v2d"d < 0 is equivalent to

ity oy wi(z)w (2)H (P (Ai — BiLy)) (%) (%)
S wi(z)BLP 21 0 | <0
X00
Using the property of congruence with full rank matrix | 0 I 0 | gives with X =
001

Pland M; =L;X,i=1,2,...,m,

DY wilz)w;(2) BL 21 0 | <0
i=1 j=1 CiX 0 —I

thereby recovering the expressions I5; of the theorem and concluding the proof. [

Remark: Several results based on this approach exist (L1u and Zhang, 2005;
Delmotte et al., 2007). For example, replacing y = >/, w; (z) C;x of (3.23) with

Zwl ) (Csx + Dg;d)

leads to a similar result by replacing I';; with:
XAT + A, X — M]TBZT — B;M; By XCF
BL. —~%I DI
X Dy -1
The design of a controller with disturbance attenuation is illustrated by using the
following example.

IS

Example 3.6. Consider the TS fuzzy system of the form (.23), with two lo-

cal models and the matrices given as in Example 3.5, i.e,, 41 = (_01 _11 O>,
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Fig. 3.3 Simulation results for Example[3.6l
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Fig. 3.4 Control and disturbance signals for Example 3.6

_ <01 110>, B, = G) B, = @) Oy = (-10), Cy = (-11),

Bg = (0(.)1> and By = <_0011>, and membership functions w; = 1+(x11+w2)2

and wy = 1 — wy.

The highest H, attenuation, i.e., the smallest v, is Ymin = 0.0342. For example,
with a fixed v = 0.05 the results are presented in Figure[3.3(a)} while Figures[3.4(a)
and [3.4(b) present the control signal and the generated disturbance signal d (band-
limited white noise with power 0.1 and sample time 1). For the sake of compari-
son, Figure[3:3(b) presents the results without considering H , attenuation, with the
same gains as those computed in Example 3.5 without the decay rate. (]

A

]

3.4.2 Robust Control

Several results concerning robust control can be found in the literature. In order to
show the main principle we will consider the very basic norm-bounded uncertain
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TS model (Tanaka and Wang, 2001), (3.21)) without external signals, i.e., Bg; = 0
and Dy; = 0:

' (3.25)
Y= sz ) (Cs + AC) x

and the uncertainties described as in (3.22)). The goal is to derive stability conditions
for the closed-loop system for every variation of the uncertainties in their domain of
variation. Considering again the PDC law (3.18) the state feedback closed-loop is

m m

=3 Y wi(z)w;(2) (A — BiL; + AA; — AB;L;) x

i=1 j=1

Theorem 3.5. The continuous TS model (3.23) with the PDC control law (B.18) is
robustly GAS, i.e., is GAS whenever the uncertainties satisfy the boundary condi-
tions 322, if there exist matrices X > 0, and M;, i = 1,2, ..., m, and scalars
Tq > 0 and 7, > 0, such that with

H(AX — B;M)) + 7. H,HY + 7, H,H] XEY, ~M!E];
Fij é EM'X 77—0‘[ 0
*EbiMj 0 —71pl

the conditions (B.3) or (B.0) hold. Moreover, if the conditions are satisfied, then the
PDC gainsare Ly = M; X' i=1,2, ..., m.

Proof: Using the quadratic Lyapunov function (B.8)) gives directly

i=1 j=1

Therefore V < 0 if and only if

zm:i H(PA; — PB,L; + PAA; — PAB;L;) <0

Using the property of congruence with full a rank matrix X = P~! and using the
change of variables M; = L; X, j =1, 2, ..., m, gives:

ZZ H(A; X — B;M; + AA;X — AB;M;) <0 (3.26)
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Consider

(iw AA>X+X (sz AL>T

i=1 i=1

§ m m T
—&-(sz AB)M + M7 (Zw AB)
i=1 =1

with the uncertainties described as
A, O X
©; = (Ho ) ( 0 Ab) Zwi(z) <—EbiMj)
m
AT 0 HT
T T T a a
#omte (et -y en) (5 ) ()
Using Property 3.4] (completion of squares) with Q = (T‘a TO I) gives the bound
b
m
A, O Tal 0 AT 0 HT
9= (. Hb><o 5) (5 ) (5 ) (i)

Z Z wi(z)w;(z) (XEL, —MTEF)

i=1 j=1
Eu X

-(T%”TH 22wt (L5 )

i=1 j=1

Together with conditions (3.22)), we have
1ol 0 HaT
> w10 < (1. ) ( i) (i)
(S5 wenyo) ez g

i=1 j=1
E, X

' “) 22wt (L5

i=1 j=1
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and (3.20) is satisfied if
m m
Tod 0O HaT
ZZwi(z)wj(z)’H(A,»X — BiM;) + (Ha Hy) ( 0 - I> (HT>
i=1 j=1 b b
+ 13D wilz)w;(2) (XEL —MTEL)
i=1j=1
.0 - E.i X
. ( ; Tb_1[> SO wi(z)wy (2) (_EbiMj) <0

i=1 j=1

Using the Schur complement, we obtain

m m

D> wi(z)w;(2)

i=1 j=1
H(AiX — BiM;) + 1eHH! + n,HyH} XE}, —M]E; (3.27)
Eoi X —Tal 0 <0
—Ewi M; 0 —7I
which completes the proof. 0

Remark: The conservativeness of the result above can be reduced by using addi-
tional slack variables suchas Q = Y- | 377" | w; (2) w;(2) (Tag[ - 0 I> , which
bij

introduces extra degrees of freedom in (3.27).

Example 3.7. Consider the TS fuzzy system of the form (3.23), with two local mod-
els and the matrices given as A; = (1 10), Ay = (1 10), B = (2>,

0 1 0 -1 1
2 . . 0
By = E C = (—1 0), Ch = (—1 1),and the uncertainty matrices H, = 1)

Hy =1, By = (005), Epp = (~0.50.5) and By = Ep = (00.5)7, and
membership functions w; = 1+(x11+£2)2 and wy = 1 — wy.

. . (0017 —014\ (L)
Using Theorem 3.3 the solution obtained is P = (014 167 ), (L2> =
—10.28 112.4
—8.23 91.97 /)

Consider also the uncertainty signals Aa(t) and Ab(t), with Aa(t) = Ab(t), as
a band-limited white noise of power 0.1 with sample time 1s, given in Figure[3-3(a)}
The simulation results are presented in Figure[3.5(b)} The initial states were (0 0)7.
In order to the simulation to exhibit a good behavior (i.e., not all signals to converge
to zero), the control law includes an external constant signal. In fact, we replace the
PDC law (3:18) with w = Hy, — > .-, w;(z)L;x, where H = 10, y, = —1. Such
input signals are discussed in Section[3.6 O
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Fig. 3.5 Simulation results for Example[3.7]

3.5 Output Feedback Stabilization

The state vector is rarely entirely measured and extra work is needed to go from
state feedback to output feedback. Two ways are possible: 1) by adding an observer
or 2) by considering a static or a dynamic output feedback directly. The former will
be described in Chapter 4, the latter is briefly outlined in what follows.

A static output feedback can be written as (Kau et al., 2007; Lo and Lin, 2003)

m

u=— Z w;(z) Ly (3.28)
i=1
with L; € R™*"_§ =1, 2, ..., m the control gains. Introducing (3.28) into the

simplest model (3.7) leads to the closed-loop:
T = Z Z Z wi(z)wj(z)wk(z)(Ai - BiLjCk).’I}

Therefore, a triple sum occurs. Several authors relax the problem considering a com-
mon output matrix (Lo and Lin, 2003),ie.C; = C,i=1,2, ..., m.
A dynamic output feedback controller can be written as (Ding, 2009)

m m m
e =) Y wi(z)w;(2) Ay + Y wi(2)Buy
i=1 j=1 P
m (3.29)
u=3 wi(z)Ceize + Dey
i=1
with . € R™, Acij, Bei, Ceiy i,j = 1, 2, ..., m, and D, matrices of appropriate

dimension to be designed.
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Then, for example substituting (3.29) in the general model (3.21)) without uncer-
tainties leads to the closed-loop

(5)- SO (e (2)

i=1 j=1
) A; + BZ'DCCJ' BiCCj €T n BiDCde + By d
Bcjci Acij Lc Bchdi

Note that the matrices are affine in the variables A¢;j, Bei, Cei, D, and that the con-
trol law is written in a way that the closed-loop has only m? models, thus avoiding
a triple sum. Several other possibilities exist (Guelton et al., 2009).

The main problem encountered when using these approaches is that an equiva-
lent LMI formulation is very hard, if not impossible to derive, except for restricted
classes of TS models (without uncertainties and delays). Some results using a de-
scriptor redundancy approach exist (Guelton et al., 2009) but they are generally over
conservative. Moreover, the scheduling vector z is assumed to be measurable, oth-
erwise the problem would be harder.

3.6 Input-to-State Stability

Generally speaking, Lyapunov stability gives a result regarding the response to ini-
tial conditions. Of course, when dealing with exogenous inputs, input-to-state stabil-
ity (ISS) should be considered (Sontag and Wang, 1995). Fortunately, when dealing
with TS models, the vector field > | w;(z)B; is bounded and the ISS property
holds for systems that are GAS in the sense of Lyapunov. We recall the ISS prop-
erty, which also requires the following definition.

Definition 3.2. A continuous function o : R™ — R belongs to class K if and only
if it is strictly increasing and «(0) = 0. If, in addition, a(s) — oo when s — o0
then « is said to be of class K. O

Property 3.6. (Input-to-state stability) (Sontag, 1995) Consider a nonlinear model
z = f(x) + g™(x)u, and a Lyapunov function candidate V, i.e., V : R"* — R,
V(0) = 0,and V(x) > 0, Va # 0). If there exist two > functions, « (-) and 0 (+)
such that V (z) < 0 (||u||) — o (||||) forall z € R and u € R"+, then the model
is input-to-state stable.

Consider again the uncertain model (3.23) and a control law including an exogenous
input y,

w=>"w(z) (Hiy, — Lix) (3.30)

and assume that there exists a quadratic Lyapunov function V' showing that the
model without the exogenous input is GAS, i.e., for y. = 0 we have

V<0e IA>0, V<=M
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Then for y,(t) # 0 we have

m

V(@) < -Allz|l” +2wTZZwL P (B;i + AB;) Hjy.
i=1 j=1
< = Al +2 Zzw P (Bi+ABi) Hj | [ly| |||
=1 j=1

2
—M2l” + 20 [yl ]

(3.31)
The constant § is bounded by the definition of TS models, and therefore (3.31) can
be written as

2
. A A 2 252
V() —2||:c||2<\/ el -5y |yc||> + 50 lwel?

A 5 262 5
=5 el + 71 el

IA

IN

Finally, with o (||z||) = |z||* and 0 (||y. ) = 252 ly.||?, the model has the ISS
property.

Remark: The result above implies that finding a solution using a standard LMI
problem for TS models will guarantee the ISS stability.

At last, the necessity of adding integrators for steady-state purposes can lead to a
more general scheme, such as the one presented in Figure 3.6l Consider the general
TS model (3.21). The integral part corresponds to

m

Introducing the extended vector & = (g) together with control law
I

8

m m
- x
S wiake = -3 (1) (7)
i=1 i=1
it is straightforward to write the extended state representation as

m

Y= sz‘(z) ((C; + AC;)x + Dy;d)
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X
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;W;(Z)L, TS model 4 >
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Sw(F,

Fig. 3.6 PDC control with an integrator.

. . - A; 0 - AA; 0\ 5 _ (B 5
with matrices A4; = <_Ci 0), AA;, = (—AC’i 0), B, = (0>, AB; =

(Afi)’ By — (gj;), B- (g) G, = (C, 0), and AC; = (AC; 0).

Therefore, all the previous robustness and performance results apply to this
extended representation, including the ISS stability according to the exogenous
output y...

3.7 Summary

The aim of this chapter was to show the interest of using Takagi-Sugeno fuzzy mod-
els for control. In order to make it short and easily readable, this chapter focused on
the stability analysis and state feedback control for particular classes of TS mod-
els. Nevertheless, the proofs given along the chapter for H,, performance or robust
control are generic ones and most of the time they can be easily extended to a more
general class of TS models (mixing uncertainties and exogenous signals, introduc-
ing delays on the state, the inputs, etc.).

Additional properties such as D-stability, and input-to-state stability were also
presented. Natural limitations of the approach, such as quadratic stability and the
LMI conditions being independent of the membership functions w;(z) have been
discussed. A very important point to achieve the control objectives is therefore to
estimate the state vector, thus going from state feedback to output feedback schemes.
Therefore, the next chapters focus on the design of observers based on TS models.



Chapter 4
Observers for TS Fuzzy Systems

In practical situations, not all state variables of a given system can be measured. In
such cases, an observer has to be designed to estimate the unmeasured states based
on the system model and the available input-output data. This chapter introduces the
concept of observers used for TS fuzzy systems and reviews methods for designing
observers such that the estimation error asymptotically converges to zero. We also
briefly describe observer-based stabilization.

4.1 Observer Design for TS Systems

When the whole state information is needed, an observer that is able to estimate the
unmeasured variables has to be designed. Once an estimate of the states is available,
they can be further used, for instance for control, fault detection, etc.

In this section we review observer design methods for TS fuzzy systems. The
observer considered uses the system model and the available input and output mea-
surements. Consider the affine fuzzy system

=l (4.1)
Yy = Zwl(z)(C’Zw + Ci)
=1

where @ denotes the state vector, y the measurement vector, and w the input vector,
which is known (measured). The observer design problem arises as soon as the mea-
surement vector does not coincide with the state vector, i.e., ¥ # . For the model
(@), several types of observers have been considered, including linear observers,
fuzzy Luenberger observers (Palm and Driankov, 1999; Bergsten and Palm, 2000),
sliding-mode observers (Palm and Bergsten, 2000; Oudghiri et al., 2007), etc.

Zs. Lendek et al.: Stability and Observer Design Using TS Models, STUDFUZZ 262, pp. 49@
springerlink.com © Springer-Verlag Berlin Heidelberg 2010



50 4 Observers for TS Fuzzy Systems
The observer used in this book is of the form

x

M-

w;(2)(AiZ + Biu+a; + Li(y — 9))

.
Il
_

(4.2)
w; (TZ\)(Clﬁ -+ 07;).

<)
Il
.MS

Il
—

K2

where Z denotes the estimated state vector, i denotes the estimated measurement
vector, z is the vector of the estimated scheduling variables (in the case when the
scheduling vector also has to be estimated), and L,;, 7 = 1, 2, ..., m, are the ob-
server gains that have to be designed. Note that the observer itself is a TS fuzzy sys-
tem. When designing an observer, it is generally required that the estimated states
converge asymptotically to the true ones, i.e., T — @, as t — oo. This requirement
is equivalent to the dynamics of the estimation error e = @ — & being asymptot-
ically stable, and therefore many design conditions are formulated in terms of the
asymptotic stability of the estimation error.

The observability (and similarly controllability) of TS systems is rarely discussed
in the literature. TS systems are nonlinear systems, and therefore it does seem
straightforward to use the observability criteria for nonlinear systems. However,
since the observers are designed such that each rule has a local gain, it is required
that the local models are observable or detectable instead of the full nonlinear sys-
tem. Note that in general this requirement is neither sufficient nor necessary for the
nonlinear system to be observable or detectable. However, due to the form of the
observer ([.2), it is required and for the design it is implicitly assumed that the local
models, i.e., the pairs (4;,C;), i =1, 2, ..., m, are observable.

The observer (#2) can be seen as a generalization of the classical Luen-
berger observer (Luenberger, 1966) to fuzzy systems, and is referred to as a
“fuzzy-Luenberger observer” in several publications (Palm and Driankov, 1999;
Bergsten and Palm, 2000). In what follows, we refer to it simply as a fuzzy observer.

The dynamics of the estimation error when using observer ([d.2) for system (@.1))
can be derived as

e=T—
=Y wi(z)(Aiw+ Biu+a;) = Y wi(2)(A@ + Biu+a; + Li(y — §))
=1 =1
=Y wi@)(Aiz + Biu+a;) - Y wi(Z)(Aiw + Biu + a;)
=1 1=1

i=1 i=1
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= Zwi(g)(Aie - Lily-y)) + Z(wi(Z) —wi(2))(Aix + Biu + a;)
=Y wi(@)(Ae (ij N+ ej) = Y wy (3O +¢y)))
+i (wi(z) —w;(2))(Aix + Biu + a;)

—iwl (Ae— (Zw] )(Cix +¢j) —

m

—&-ij WCjz +dj) i Cw—&—c])))

w;(2)(Cjx + ;)

Ms

1

<.
Il

+ Z wi(z) — w;(2))(A;xz + Biu + a;)
_Zw (A1 (i cwzwj wy(D)Crz+ )
-s—f:wl ) —w;i(2))(A;x + Biu + a;)

LiCj)e

I
g
g
||M3

Z Z (2)(Cjz + ¢;)
+ Z(wi(z> —w;(2))(Aiz + Biu + a;)

The expression above represents the general (and complex) case, when all the
scheduling variables depend on unmeasured state variables, and the measurement
is nonlinear. For observer design under such conditions, the interested reader is re-
ferred to (Lendek et al., 2010a). In what follows, two cases will be distinguished: 1)
the scheduling vector does not depend on unmeasured states, i.c., in the observer the
known (measured) scheduling variables can be used; and 2) the scheduling vector
depends on states that are not measured. However, for this second case, for the sim-
plicity of the computations, we consider that the measurement matrix is common
for all the rules, i.e., the measurements are linear in the states.
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Note that the design conditions presented in the sequel are only sufficient con-
ditions. Similarly to the stability analysis, a major advantage of these conditions is
that they are cast into an LMI form, and therefore easily solvable. However, this can
also be considered a shortcoming of the approaches, since if the LMIs are infeasible,
no conclusive result is obtained. Moreover, the dimension of the LMI problem may
be exponential in the number of the rules, and therefore computationally involved
to solve.

Although the observer ([@.2)) is most often used for TS fuzzy systems, in particular
for output-feedback control, other observers, such as fuzzy sliding mode observers
have also been used. For details on sliding mode observers, the interested reader
is referred to (Palm and Driankov, 1999; Palm and Bergsten, 2000; Oudghiri et al.,
2007).

4.2 Observer Design: Measured Scheduling Vector

Consider first the case when the scheduling vector depends only on measured vari-
ables, i.e., it does not depend on states that have to be estimated. In this case, the
scheduling vector itself (instead of its estimate) can be used in the observer, and the
observer becomes

= wi(2)(AZ + Biu+a; + Li(y — 9))
' (4.3)

e = Z sz(z)wj(z)(Al — LZ‘C]'>€ (44)

For this error dynamics several sufficient stability conditions have been formulated,
with the large majority derived from the use of the candidate Lyapunov function
V = el Pe, with P = PT > (. In fact, note that the error dynamics (#3) is itself a
fuzzy system. Therefore, the conditions derived for observer design are extensions
of the stability conditions presented in Chapter 3. Moreover, this case is the dual of
the stabilization problem described in Chapter 3, and therefore the conditions are
again formulated as LMIs.

A first result for establishing the stability of (£4) has been formulated by
Wang et al. (1996) as follows:
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Theorem 4.1. (Wang et al., 1996) The estimation error dynamics (4) are asymp-
totically stable, if there exist P = PT > 0,and L;, i =1, 2, ..., m, so that

4.5
H(P(Al — Ll'Cj + Aj — LJCZ)) <0 ( )

fori=1,2,....m,j =i+ 1,i+ 2, ..., m, provided that two rules that are
simultaneously activdl i.e, ¥V i < Jj€{1, 2, ..., m} for which there exists z € C,
such that w;(z)w;(z) # 0, where H denotes the symmetric part of a matrix, i.e.
H(X)=X+XT.

Although the conditions (£.3)) are conservative, they have the advantage that they are
simple and that they can easily be formulated as linear matrix inequalities (LMIs),
using the change of variables M; = PL;,i =1, 2, ..., m. Then, the design of the
observer (£3) is reduced to solving the LMI feasibility problem find P = PT > 0,
and M;, 1 =1, 2, ..., m, such that

H(PAL — MLCL) <0
H(PAZ -+ PAJ — MZCJ — MjCl) <0

fori=1,2,...,mVi<j: 3z: wi(z)w;j(z)#0.
The design of an observer using the conditions of Theorem .1l is illustrated on
the following example.

Example 4.1. Consider the nonlinear dynamic system
.2
- () (),
TiT2 — T2 1
_( T
v=(utz)

with 21, 3 € [-1,1],u € R.
This system can be expressed as

. <—$1 1 > (.’L‘l) (1‘1372)
€Tr = -+ U
X1T2 -1 i) 1

o 10 T
L 0 I X9

and can be exactly represented (using the sector nonlinearity approach) by a 4-rule
fuzzy system with the local matrices

(4.6)

'In what follows, for the ease of the notation, this condition will be denoted as Vi < j :
Jz: wi(z)w;(z) #0.
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w=(LY) m=-(7) a-(1)
we(l) me() e-(h)
hae (:i Y)om=() e=(0Y)

w=(1) m=() =3

and membership functions w; = nin2, we = Nin?, ws = nin2, wy = nin?, where
ne =" =102, nl =1—nb, and n? = 1 — nd. Note that the scheduling
variables are z; = x1 and z9 = 129, which are both measured, and thus can be
used in the observer.

To design the observer, the conditions (&3] are transformed into LMIs using
the change of variables M; = PL;, ¢ = 1, 2, ..., m. Then, the following LMI

feasibility problem is solvecﬂ:ﬁndP =PT >0 M;,i= 1, 2, ..., m, such that

H(PAL — MLCL) <0
H(PAZ + PAJ — MZCJ — MjCl) <0

foll i = 1,2,3,4,j =i+ 1, ..., 4. The observer gains are recovered as L; =
P=1M;, i =1, 2,3, 4, and are found ad}

I 6.56 0.38 I 5.40 1.95
' \4.95 —0.27 27 (5,18 0.84
I 2.40 0.44 I — 1.42 1.93
37 \1.68 0.60 7 \2.031.58
A trajectoryﬁ of the estimation error using the observer gains above is presented in
Figure[d1] For this particular trajectory, the true initial states were (0.1 0.3)7, and

the estimated initial states were (—0.2 0.1)7, and the input u = 0. As can be seen,
the estimation error converges to zero. O

Similarly to the conditions described in Chapter 3, several results exist, which, by
manipulating the convex sum

Z Z w;(2)w;(2)H(P(A; — LiCj))

% For solving the LMIs in this chapter, the SeDuMi solver within the Yalmip toolbox was
used.

3 When the TS model is obtained using the sector nonlinearity approach, all the rules are
simultaneously active.

4 All numerical results are given rounded to two decimal places.

5 In this chapter, for numerical integration the ode45 Matlab function was used.
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Fig. 4.1 Simulation results for Example 4.1.

aim to reduce the conservativeness of conditions (£.3)) for (a class of) systems. For
instance, both Kim and Lee (2000) and Bergsten (2001) proposed the following
conditions:

Theorem 4.2. (Bergsten, 2001) The estimation error dynamics (&.4) are asymptoti-
cally stable, if there exist P = PT > 0,and L;, i =1, 2, ..., m, so that

Hyy Hip ... Hip
Hyy Hap ... Hoaypy

<0
Hml Hm2 e Hmm
where
Y\ H(P(A; — LiCy + Aj — L;Cy))/2  otherwise

fori=1,2,....m,j3=12 ..., m

Similarly to the conditions of Theorem 1] the conditions of Theorem E.2] can be
transformed into LMI conditions with the change of variables M; = PL;, i =
1,2, ..., m.

The observer design using the conditions of Theorem [4.2] are illustrated on the
following example.

Example 4.2. Consider the nonlinear system and its fuzzy representation in Exam-
ple 4.1. Using the conditions of Theorem for the observer design one has to
solve the LMI: find P = PT >0, M;, i = 1, 2, 3, 4, so that

Hyy Hip Hiz Hyy
H{, Hsy Hy3 Hoy
Hljg)’ Hg;, Hss Hsy
H{, H3y H3y Huy

<0
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where
H;; = H(PA, — M;C; + PA; — M;C;)/2

fori,7 =1, 2, 3, 4.
The observer gains are recovered as L; = P 'M;, i = 1,2, 3, 4, and are

found to be
I — 3.01 1.42 I, — 3.76 1.91
' 148 —0.27 >~ \2.00 -0.73
I.— 0.68 0.35 .- 0.63 1.41
# 7 10.330.28 +~ 119037
A trajectory of the estimation error using the observer gains above is presented in
Figure This particular trajectory has been obtained with the true initial states

being (0.1 0.3)7, the estimated initial states being (—0.2 0.1)”, and the input u = 0.
As can be seen, the estimation error converges to zero. O
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Fig. 4.2 Simulation results for Example 4.2.

A result similar to Theorem [£.2] can be obtained using the relaxation developed by
Liu and Zhang (2003). This result requires the introduction of additional decision
variables and is formulated as:

Theorem 4.3. (Liu and Zhang, 2003) The estimation error dynamics &4) are
asymptotically stable, if there exist P = PT >0 L, Qiyi=1,2,...,m, and
Qij:QjTi,izl, 2, ....m j=1+1,94+2, ..., m, so that

H(P(A; — L;Cy)) + H(P(A; — L;Cy)) + Qi + Qi <0

forv=1,2,....,m,j=14i+1,i+2, ..., m, and, furthermore
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Qu Qiz ... Qim
Q21 Qa2 ... Qom
Q1 Qoo - Qo

Similarly to the previously presented results, the conditions of Theorem [4.3] can be
formulated as LMIs using the change of variables M; = PL;,t =1, 2, ..., m. The
observer design using the conditions of Theorem [43]is illustrated on the following
example.

Example 4.3. Consider the nonlinear system and its fuzzy representation in Exam-
ple 4.1. Using the conditions of Theorem [£.3] for the observer design one has to
solve the LMIs: find P = PT > 0, My, Qui, Qij, i =1,2,3,4,j=i+1,..., 4,
so that

H(PA; — M;Ci) + Qi <0

H(PA; — M;Cj + PAj — M;C;) + Qij + QL < 0

Q11 Q12 Q13 Qua
QY5 Q22 Q23 Q24
Q13 Q73 Q33 Q34

T T T
14 Q24 Q34 Q44

fori=1,2,3,4,j=i+1,...,4.
The observer gains are recovered as L; = P~'M;, i = 1, 2, 3, 4 and are found

oo (31T 057 (323 151
153 —0.48 >\ 243 —047
I.— 0.78 0.45 .- 0.49 1.48
3 7\0.47 0.62 t 7131084
A trajectory of the estimation error using the observer gains above is presented in
Figure [£3] This particular trajectory has been obtained with the true initial states

being (0.1 0.3)7, the estimated initial states being (—0.2 0.1)”, and the input u = 0.
As can be seen, the estimation error converges to zero. O

<0

as

Depending on how the fuzzy model (@I has been obtained (e.g., using the meth-
ods described in Chapter 2), not all the rules may be active at the same time. This
property has been used by Tanaka et al. (1998) to reduce the conservativeness of the
design as follows.

Theorem 4.4. (Tanaka et al., 1998) Consider the estimation error dynamics (&4),
and let s, 1 < s < m, be the maximum number of rules that are simultaneously
active. Then, the error dynamics @4) are asymptotically stable, if there exist P =
PT >0 L;,i=1,2,....,mandQ = QT >0, so that:

H(P(Gij +Gji)) —2Q <0
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Fig. 4.3 Simulation results for Example 4.3.

fori=1,2,....mVWVi<j: dz:
where GlJ :Az —LZ‘C]‘.

wi(z2)wj(z) #0,j=i+1,i+2,...,m,

This result is useful if triangular or trapezoidal membership functions are used,
i.e., when only a relatively small number of rules are active at the same time.
Moreover, the conservativeness is reduced in the second condition. The conditions
above can also be formulated as LMIs, using the change of variables M; = PL;,
i=1,2, ..., m. The observer design using the conditions of Theorem .4 is illus-
trated on the following example.

Example 4.4. Consider the nonlinear dynamic system

i = —T1 + 21’2 —1 _ I
T \zixe — 310+ 1 Y= 12,
with 21, 2 € [—1,1].
Using =1 as a (measured) scheduling variable, and choosing the linearization

points {—1, 0, 1}, this system can be approximated by a three-rule fuzzy system
using the method from Section 2.3.2. The local matrices are obtained as

—1 2
= (0 2)
-1 2
= (0 %)
~1 2
w=('3)

B =

=)
»=(1)
»=(1)

o
o
e

0, ¢ = 1, 2,3, and the triangular membership functions presented in

10
0-1
10
00
10
01

Figure 4] are used. Note that using these membership functions, for any value of
x1 at most two rules are activated simultaneously, i.e., only two of the membership
functions are non-zero.
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Fig. 4.4 Membership functions used for Example 4.4.

To design the observer, the conditions of Theorem 4] are transformed into LMIs
using the change of variables M; = PL;, ¢ = 1, 2, ..., m. Then, the following
LMI feasibility problem is solved: find P = PT >, Q = QT > 0, and M;,
1=1,2, ..., m, such that

H(PA; + PA; — M;C; — M;C;) —2Q < 0

i=1,2,3,Vi<j: 3Jz: w(zwj(z)#0,j=i+1,i+2,...,m. The
observer gains are recovered as L; = P~'M;, i = 1, 2, 3 and are found as

I —2.08 0.46 I —2.06 0.06 I —2.02 —0.33
U351 —0.05 27\ 345 092 370336 1.91
A trajectory of the estimation error using the observer gains above is presented in
Figure .3l For this particular trajectory, the true initial states were (0.1 0.3)7, and

the estimated initial states were (—0.2 0.1)7. As can be seen, the estimation error
converges to zero. O

A similar relaxation for the case when all rules may be simultaneously active was
given by Tuan et al. (2001), see Lemma 3.1. Using this relaxation, the observer de-
sign problem can be formulated as follows.

Corollary 4.1. (Tuan et al., 2001) The estimation error dynamics (&4), are asymp-

totically stable, if there exist P = PT >0,and L;, i = 1,2, ..., m, so that
Fn‘ <0
1 “4.7)
m,]_Fii—i_FijJeri <0

fOl’iZl, 2, ...7m,j:1, 2, ...,m,i#j, wherel}j :H(P(AL—LLC]))
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Fig. 4.5 Simulation results for Example 4.4.

The observer design using Corollary . 1]is illustrated on the following example.

Example 4.5. Consider the nonlinear system and its fuzzy representation in Exam-
ple 4.1. Using the conditions of Corollary 1] to design the observer, the condi-
tions (&.7) are transformed into LMIs, using the change of variables M; = PL;,
1 =1, 2, 3, 4, and solved.

The observer gains are recovered as L; = P~'M,;, i = 1,2, 3, 4 and are

found to be
oo (235 057, (2.64 192
' 10.85 -0.15 7 \2.22 —0.57
7. (028012) - (019119
37 10.130.21 * 7 \1.12 040
A trajectory of the estimation error using the observer gains above is presented in
Figure This particular trajectory has been obtained with the true initial states

being (0.1 0.3)7, the estimated initial states being (—0.2 0.1)”, and the input u = 0.
As can be seen, the estimation error converges to zero. (]

Note that all the conditions presented above require that an observer is designed for
each local model, such that the local error dynamics are asymptotically stable (first
conditions in Theorems 1] 4.4l and .1l respectively). Furthermore, the observers
have to satisfy a “fuzzy condition”, resulting from the fact that several rules are
activated at the same time.

The results presented can be modified such that not only the asymptotic stability
is ensured, but also performance measures are satisfied, by using the stability con-
cepts presented in Chapter 3. Of the performance measures, the most well-known
concerns the convergence rate of the observer, or, conversely, the decay rate of the
estimation error. For instance, the observer design conditions such that a desired
decay rate of the estimation error is guaranteed using the conditions of Theorem[4.1]
can be formulated as follows:
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Fig. 4.6 Simulation results for Example 4.5.

Corollary 4.2. (Wang et al., 1996) The decay rate of the error system @4) is at
least o, if there exist P = PT >0,and L;, i = 1,2, ..., m, so that

4.8
H(P(A; — L;Cy)) + H(P(A; — L,;C;)) +4aP <0 48)
Jori=1,2,....om j=i+1,i+2, ..., mVi<j: Jz: wi(z)w;(z)#0.

The observer design such that a desired convergence rate is obtained is illustrated
on the following example.

Example 4.6. Consider the fuzzy system from Example 4.1. The observer may be
designed so that the error system has a desired decay rate o by solving the LMIs:
find P = PT >0, M, i= 1, 2, 3, 4, so that

Solving the above LMIs for a desired decay rate = b5, the observer gains are

found as
;o (2530 012) (2493 017
17 1191.09 0.28 271189.38 0.71
1. (1792 058\ (17.54 0.64
37 \137.34 4.96 47 1135.63 5.33

A trajectory of the estimation error using the observer gains above is presented in
Figure[d.7]l For this particular trajectory, the true initial states were (0.1 0.3)7, and
the estimated initial states were (—0.2 0.1)7, and the input « = 0. As can be seen,
the estimation error converges to zero much quicker than in the previous example,
however, the overshoot also becomes larger. (]
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Fig. 4.7 Simulation results for Example 4.6.

Note that if the scheduling vector is known, the (known) input w, and the input
matrices B;, i = 1, 2, ..., m, respectively, do not influence the observer design
conditions. Moreover, for this case, non-quadratic stability conditions, such as those
presented in Chapter 3, can also be relatively easily extended to observer design.
For instance, the results of Bernal et al. (2009) are the dual conditions for control
design, while the extension of the results of Guerra and Bernal (2009) to observer
design has been reported in (Lendek et al., 2010b).

4.3 Observer Design: Estimated Scheduling Vector

In this section, we consider the observer design problem when the scheduling vector
depends on the states to be estimated. Note that in this case the true scheduling vari-
ables cannot be used in the observer, and instead their estimated values have to be
used. For the simplicity of the notation, only the case with common measurement
matrices, i.e., C; = C, 7 = 1,2, ..., m, will be considered. If the measurement
matrix is different for each rule, the observer gains may be designed similarly, al-
though the design conditions are more complex. For the complete derivation, the
interested reader is referred to (Lendek et al., 2010a).
For common measurement matrices, the observer (d.2) becomes

= wi(2)(AZ+ Biu+a; + Li(y — 9))
- (4.9)
y=Ca

and the error dynamics can be expressed as

m

i=1
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Clearly, there is a time-varying difference between the true and estimated states,
Yot (wi(2) — wi(Z))(Aix + Biu + a;), which, since the variables are defined in
a compact set, goes to zero if Z — z. In order for the estimated states to converge
to the real ones, the observer has to be robust enough to deal with this difference.
For the system (@.10)), sufficient stability conditions were given by Bergsten (2001),
based on the conditions of Theorem .1l Note that similar conditions can be incor-
porated into any of the theorems presented in Section .3l For simplicity, only the
simple case of Theorem.T]is presented.

Theorem 4.5. (Bergsten, 2001) Consider the error system (&10), and assume that

HZ(wi(z) —wi(®)(Aiz + Biu+ a3)|| < pel .11
=1

where ;v > 0 is a known constant. Then, the error system 1Q) is exponentially
stable, if there exist P = PT >0, Q=Q" >0,and L;, i =1, 2, ..., m, so that

H(P(A; — LiC)) < -Q
Q— I P (4.12)
( i 1> =0
fori=1,2,...,m.

Remark: Note that as long as the membership functions are smooth and the vari-
ables are defined on a compact set, there exists 4 > 0 so that (Z.I1)) holds. The
bounding constant x4 in general can be found by solving the optimization prob-
lem (Khalil, 2002)

The observer design when the scheduling vector depends on states that have to be
estimated is illustrated using the following example.

I(wi(z) — wi(2))(Adiz + Biu + a;)
de

Example 4.7. Consider the nonlinear dynamic system

P (xl + 21’%1’2 + x2> I

2
T1T2 — X2

with 21, 2 € [—1,1].
This system can be expressed as

. (—1 233%—&—1) <x1)
€Xr =
rire —1 T2
_ L1
00 ()
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and can be exactly represented (using the sector nonlinearity approach) by a 4-rule
fuzzy system with the local matrices

11 11
w=(Gh) ()

-1 3 -1 3
we(G3) e (0)

and membership functions w; = nin3, we = ngni, ws = nind, wy = nin?, where
ng =1-—a3,n¢=""%"nl =1-n}, andnf = 1 —n. Note that the scheduling
variables are z; = x1 and zo = 129, of which only z; is measured, z5 depending
on unmeasured states. Therefore, the estimate od the scheduling variable, Z5 has to

be used in the observer. The equation

H Z w;(z) — ))A; a:H < pllell

is satisfied with p = 1.

To design the observer, the conditions (@.12) are transformed into LMIs using the
change of variables M; = PL;,i = 1, 2, ..., m. Then, the following LMI feasi-
bility problem is solved: find P = P > 0, and M;, i = 1,2, ..., m, such that

H(PAZ — MZCZ) < *Q

(Q *PMQI 1}’) 50

fori =1, 2, 3, 4. The observer gains are found as

3.42 3.42 4.39 4.39
b= (1.23) La= (3.23> Ls = (2.91) L= (4.91>
A trajectory of the estimation error using the observer gains above is presented in
Figure @8 For this particular trajectory, the true initial states were (0.1 0.3)7, and
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Fig. 4.8 Simulation results for Example 4.7.
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the estimated initial states were (—0.2 0.1)7. As can be seen, the estimation error
converges to zero. (I

Since the fuzzy models are in general defined on a compact set and the membership
functions are smooth, an upper bound on the Lipschitz constant x can in general be
determined. However, the conditions of Theorem .3 are conservative, due to the
worst-case assumption of an unstructured, bounded disturbance. In many cases, an
observer will work even though the second condition of Theorem[.3lis not satisfied
by the computed bound. Such a case is illustrated on the following example.

Example 4.8. Consider the nonlinear dynamic system

_ 72, ;
0= ( 1 + 22129 +x2>

Qm%xg — 9 Y

with 21, 2 € [—1,1].

Note that this system is not asymptotically stable. Similarly to the system in
Example 4.7, this model can be exactly represented (using the sector nonlinearity
approach) by a 4-rule fuzzy system with the local matrices

11 11
ve(Bh) (G

-1 3 -1 3
w=(Bh) ()

and with the same membership functions as those used in Example 4.7. However,
the equation

| Zm]wi(z) —wi(2)Aia|| < pule]

is satisfied with p = 2.
With this p, the LMIs

H(PA; — M;C;) < —Q
(Q —Pu21 1;) . (4.13)

fori = 1, 2, 3, 4 are not feasible. The maximum p for which .13)) are feasible is
1 = /2. Solving @I3) with ;« = /2, the observer gains are found as

8.18 8.18 13.67 13.67
= (7.18) L= (11.18) Ls = (15.82> Le= (19.82)
Note that the estimate given by the observer found in this way is not guaranteed to
converge to the true states. However, simulation results indicate that the estimate

does converge, as can be seen in Figure For this particular trajectory, the true
initial states were (0.1 0.3)7, and the estimated initial states were (—0.2 0.1)7. O
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In many cases, only some of the scheduling variables depend on states that have
to be estimated. In such a case, those scheduling variables that are measured, can be
used in the observer. If this means that a structured uncertainty can be constructed as

m

> (wi(z) — wi(2))(Aix + Biu + a;) = pE,AF,e (4.14)

i=1

with E,, and F,, structure matrices of appropriate dimensions, and ATA < I, one
can use (£.14) instead of (@II) to reduce the conservativeness of the approach.
Using (@.14), the design conditions can be formulated as follows.

Theorem 4.6. (Bergsten, 2001) Consider the error system (&10), and assume that

Z(wl(z) —w;(2))(A;x + Biu + a;) = uE,AF,e
i=1
ATA<T
where p > 0 is a known constant, and E,, and F,, are known structure matrices.

Then, the error system [@I0Q) is exponentially stable, if there exist P = PT > 0,
Q=Q" >0,andL; i=1,2,..., m, sothat

H(P(A; — L,C)) < —Q

(Q — *FT'F, PEu> - (4.15)
ETP I

foriv=1,2,...,m.

The observer design when a structured uncertainty can be used is illustrated using
the following example.
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Example 4.9. Consider the nonlinear dynamic system and its fuzzy representation
in Example .8 Recall that z; = x; is measured (and therefore can be used in the
observer), while zo = x1x2 is not measured, and therefore its estimated value has
to be used in the observer. As already stated in Example£.8] the equation

H §<wi<z> — wi(®)Asa|| < el

is satisfied with ¢ = 2, a value for which the LMIs used to design the observer are
unfeasible. However, this equation can also be written as

m

Z(wi(z) —w;(2))A;x =

B -1 22741\ [ -1 22741 1
- 21’11’2 -1 21’15%2 -1 To

=200 () (07)

e, u =2, F, = <8 (1)>, F, =1I,and A = <8 xof)’ with ATA < I, since
T € [—1, 1}.
Solving the LMI problem: find P = PT, Q = QT > 0, and M;, i =
1,2, ..., m, sothat
H(PA; — M;C) < —-Q

Q- p’F'F, PE, >0 (4.16)
ETp I
for i = 1,2, ..., m, the observer gains are obtained as L, = P~ 'M;, i =

1,2,3,4
4.24 4.24 11.52 11.52
Li= (16.09) L= <20.09> Ls= <46.67> La= (50.67)
A trajectory of the estimation error using the observer gains above is presented in
Figure For this particular trajectory, the true initial states were (0.1 0.3)7,

and the estimated initial states were (—0.2 0.1)7. As expected, the estimation error
converges to zero. O
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Fig. 4.10 Simulation results for Example

Although the remainder of this book is not concerned with controller design, it
has to be mentioned that observers for TS fuzzy systems are used extensively in

output-feedback controller design. A brief description of observer-based stabiliza-
tion is given in the following section.

4.4 Observer-Based Stabilization

Several authors have considered the case of joint design of the observer and of
the linear state-feedback controller and have developed relaxed stability conditions
for the augmented system. The conditions usually lead to (generalized) eigenvalue
problems that can be solved using LMIs (Taniguchi et al., 1999b; Tanaka et al.,
1998; Taniguchi et al., 1999a), if the scheduling variables are known and the sep-
aration principle holds. In the case when the scheduling variables depend on the
estimated states, the observer and the controller cannot be designed separately
(Tanaka and Sano, 1994; Tanaka and Wang, 2001), and in general a two-step proce-
dure is employed (Uang and Chen, 2000; Tanaka and Wang, 2001; Tseng, 2008). In

what follows, we briefly describe observer-based stabilization for the case when the

scheduling vector is measured. For the general case when the scheduling vector de-
pends on states to be estimated, the interested reader is referred to (Uang and Chen,
2000; Tanaka and Wang, 2001; Yoneyama et al., 2001; Guerra et al., 2006; Tseng,
2008).

For observer-based stabilization, consider the TS fuzzy model

T = Z w;(z)(A;x + Biu)

- (4.17)
y = Z w;(2)Cix
i=1
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where x is the state vector, w is the input vector, y is the measurement vector,

z is the vector of scheduling variables, which depends only on known (measured)

variables. Similarly to stabilization of TS systems (see Section 3.4), the local models

are considered linear and the scheduling vector does not depend on the input u.
The observer considered is of the form

I
NE

z w;(2)(Ai® + Biu + Li(y — y))
- (4.18)
i=1
similarly to the observer presented in Section[4.2] and the controller used is
m
> wi(2)K@ (4.19)
i=1

Note that since the state vector is not measured, in the controller, the estimated
values are used.
The estimation error is obtained as (4.4), repeated here for convenience:

m m

=33 wilz)wy(2)(4; — LiC))e.

i=1 j=1
The closed-loop dynamics using the estimate-based control law is:

m m

zic—Zwl Aw—BZwJ

= Z Zwl(z)w](z)((Al - BLKJ)iL' - B,‘Kj&)

i=1 j=1

(4.20)

Combining the dynamics of the estimation error and the state, we obtain

(m) = iiiwmaw]( Y (2) (ABLKC . ij) <m>

(4.21)
Then, the combined observer and control design problem consists in finding the
gains L; and K;, i = 1,2, ..., m, such that the system (£2]) is asymptoti-
cally stable. For the system (@.2])), the separation principle holds (Ma et al., 1998;
Yoneyama et al., 2000), which means that it is possible to design separately the
observer and the controller, and therefore one can make use of the results and re-
laxations presented in Sections 3.2.2, 3.4, and[£.2] For instance, using Theorem 3.3
with conditions (3.4) for controller design and Theorem 3.1 for observer design, the
following results can be formulated (Tanaka and Wang, 2001):
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Theorem 4.7. The closed-loop dynamics (£21)) is asymptotically stable, if there ex-
istX=XT>0Y;, P=PT >0and M;,i=1,2, ..., m, such that

H(AZX — B; l) <0

H(A,X — B;M; + A; X — B;M;) <0
( + J J .7) (422)
(

H(PA; + PA; — M;Cj — M;C;) <0

Jori=1,2,....mj=i+1,i+2, ..., mVi<j: Fz: wi(z)wij(z)#0
hold. Moreover, if the conditions @E22) are satisfied, then the controller gains are
K; =Y; X', and the observer gains are Ly = P~ 'M;, i =1,2, ..., m.

The following example illustrates observer-based control design:

Example 4.10. Consider the nonlinear system

: 1 2?+1 1
= 2 T+ u

T — 2w -2 0 (4.23)
y=(1;0)z

with z1, 29 € [-1, 1].
This system can be exactly represented (using the sector nonlinearity approach)
by a 4-rule fuzzy system with the local matrices

11 1 2 11 1 2
a=(bh) w-(B2) a-(hh) a-(42)
1 ‘
Bi<0> C;=(10) i=1,2,34

and membership functions w; = 7§03, we = ngni, ws = nind, wy = nin?, where
ng =" m3 =1—a%, 0l =1—n}, andn? =1 — n¢. Note that the scheduling
variables are 21 = z1 and z9 = x%, which depend on x; which is measured, and
thus can be used in the observer.

To design the observer, the conditions (£.22)) are solved. Note that since both
the input matrix and the measurement matrix is common for all the rules, the LMI
problem is reduced to

findP=PT >0 X=X">0Y;,andM;, i=1,2, ..., m, so that

H(ALX — B; l) <0
7'{(f)14Z — MLCL) <0

fortr=1,2,..., m.
The observer gains are recovered as L; = P~ 'M;, i = 1, 2, 3, 4, and are found

to be
4.61 5.29 4.61 5.29
b= (0.25) L= (2.01> Ls= (2.25) L= (4.01>
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Fig. 4.11 Simulation results for Example [4.10

and the controller gains as K; = Y; X 1,5 =1, 2, 3, 4, with the values

Ky = (10.65 —33.56) K, = (10.14 —30.17)
K3 = (588 —11.04) K4 = (5.37 —7.66)

A trajectory of the estimation error and of the states of the closed-loop system using
the observer and controller gains above is presented in Figures[#.11(a) and[#.11(b)
For this particular trajectory, the true initial states were (0.1 0.3)7, and the esti-
mated initial states were (—0.2 0.1). As can be seen, all the variables converge to
Zero. (]

4.5 Summary

For TS systems, several types of observers have been developed in the literature. In
this chapter, the Luenberger type fuzzy observer has been discussed, together with
the design conditions that are used in the following chapters. Regarding the observer
design, two cases can be distinguished, depending on whether or not the schedul-
ing vector is a function of the states to be estimated. When the scheduling vector
depends on the states to be estimated, an observer that can handle the mismatch be-
tween the true and estimated value of the membership functions, has to be designed.
We have also briefly described observer-based stabilization of TS systems for the
case when the scheduling vector depends only on measured variables.

The presented design conditions are only sufficient conditions. A major advan-
tage of these conditions is that they are cast into an LMI form, which is easily solv-
able. However, this can also be considered a shortcoming of the approaches, since
if the LMIs are infeasible, no conclusive result is obtained.






Chapter 5
Cascaded TS Systems and Observers

Many physical systems are distributed, i.e., they are composed of lower dimen-
sional, interacting subsystems. In this chapter, a special class of distributed systems
is considered: cascaded systems. Systems can either be naturally cascaded, or can
be transformed into a cascade of submodels by a suitable reordering of the state
variables. It is assumed that both the whole system, and also the subsystems are
represented by TS fuzzy models, i.c., the systems are cascaded TS fuzzy systems.

This chapter consists of three parts. First, an algorithm to partition a general
nonlinear system into the cascade of two subsystems is presented, together with
stability conditions for cascaded nonlinear systems. In the second part, we consider
the cascaded stability analysis of cascaded TS systems. Finally, cascaded observer
design for TS systems is studied.

5.1 Introduction

Many physical systems, such as power systems, communication networks, eco-
nomic systems, and traffic networks are interconnections of lower-dimensional sub-
systems. An important class of these systems, such as material processing systems or
chemical processes, can be represented as cascaded subsystems (Seibert and Suarez,
1990; Jankovic et al., 1996; Arcak et al., 2002). It has since long been investigated
whether based solely on the analysis of the subsystems conclusions referring to
the whole system can be drawn or under which conditions such conclusions can
be drawn. For instance, for linear systems, the stability of the subsystems implies
the stability of the cascaded system (Loria and Panteley, 2005). For nonlinear, or
time-varying systems, however, this property does not hold in general. Even global
asymptotic stability of the individual subsystems does not always imply the stability
of the cascade.

The stability of several types of cascaded systems has already been studied
in the literature. Conditions to ensure the overall stability of general cascades,
in which both subsystems are nonlinear, have been derived by Sontag (1989b);
Seibert and Suarez (1990); Loria and Panteley (2005). Some of these conditions

Zs. Lendek et al.: Stability and Observer Design Using TS Models, STUDFUZZ 262, pp. 73
springerlink.com © Springer-Verlag Berlin Heidelberg 2010
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represent the basis for the stability analysis of cascaded TS systems and are pre-
sented in the next section. In addition, an algorithm is given to determine whether
a nonlinear system is the cascade of observable subsystems. The chapter continues
with the presentation of stability conditions for cascaded TS systems. Finally, ob-
server design is considered, i.e., conditions for the cascaded design of observers for
cascaded TS systems are presented.

5.2 Stability of Cascaded Dynamic Systems

The stability and design conditions for cascaded TS systems presented in this
chapter are based on results obtained for general nonlinear dynamical systems.
The first motivation to consider cascaded dynamical systems came from the anal-
ysis of the models obtained after input-output linearization (Arcak et al., 2002;
Loria and Panteley, 2005). Following this, stability conditions have been derived for
different types of subsystems. In this section, stability conditions for cascaded non-
linear systems are presented, together with an algorithm for partitioning a system
into cascaded subsystems. For the ease of notation and without loss of generality,
only two subsystems are considered.

5.2.1 Cascaded Dynamic Systems

Consider the following general nonlinear system:

1= fi(z,u) y1 = hi(x)
&y = fo(x,u) Y2 = ha(x)
(5.1)
fbnm = fnl (CC, u) Yn, = hny (.’I))

where © = (1, ..., 2,,)7 is the state vector, u = (u1, ..., u,, )’ is the input vector,
Yy = Y1,y yny)T is the measurement vector, f = (f1, ..., fn,)? is the vector of
state equations, and h = (hq, ..., hny)T is the vector of measurement equations.
This system is the cascade of two subsystems, if it can be written as

T = fl(x17u>

Yy, = hi(z1) 62

and )
o = fo(x1, 22,0
2 = falas, 22,0 .
Yy = ha(z1,22)
where z = R, (z )T,y = R, (yT yI)T, with R, and R, being suitable per-

mutation matrices. In this setting, ; can also be considered an input for the second
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subsystem (3.3)). In general, such a partition of the model does not necessarily exist,
and if it exists, the partition might not be unique. Note that if it is not possible to
determine a partition by reordering the variables, it may still be possible to partition
the system by a transformation of the state variables. However, in this book such a
transformation is not considered.

When partitioning a nonlinear system, two cases can be distinguished, depend-
ing on whether stability analysis or observer design is considered. If one considers
partitioning the system in order to facilitate stability analysis, only the state tran-
sition functions have to be partitioned. Such a cascaded structure is illustrated in
Figure 5.1l for the case of two subsystems.

)'cz X

Fig. 5.1 A block diagram of two cascaded subsystems.

On the other hand, if the goal is to design cascaded observers, both the state and
measurement equations have to be partitioned, and, furthermore, two conditions
have to be satisfied. First of all, the nonlinear system (&) has to be observable,
and must have at least two measurement equations. Second, the system (3.1)) should
be partitioned into (3.2) and (3.3)), such that (5.2) is observable. In this case, since
both (3.1)) and (B.2)) are observable, the subsystem (3.3)) is also observable, given 1.
The cascaded structure for two subsystems together with the measurement equations
is presented in Figure

After a partition has been determined, cascaded observer design can be per-
formed. This means that the observers are designed for the individual subsystems,
with some observers using the estimates obtained by other observers. For two sub-
systems, the cascaded observer structure is depicted in Figure[3.3l

» h1 y;’»
x] . ».
> X X R = B2
L’_» f, : f ! | x, [} X, N h, >

Fig. 5.2 Cascaded subsystems with measurement equations.
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Observer 1

u > A
xZ

) Observer2 —»
2

A\

A 4

Fig. 5.3 Cascaded observers.

5.2.2 Partitioning a Nonlinear System

Before performing the cascaded analysis or design, one has to determine whether
the system considered can be written as the cascade of at least two subsystems.
In what follows, partitioning a system for cascaded observer design is considered.
Therefore, it is assumed that the nonlinear system (3.1]) is observable, and n, > 2,
i.e., there are at least two different measurement equations. Since the given state
variables should be preserved, no coordinate change is allowed.

In what follows, an algorithm that determines whether a system is the cascade
of two subsystems is presented. Given the nonlinear system (5.1)), for each mea-
surement function, one can determine the variables observable from the respective
measurement, thereby constructing sets of observable variables. After these sets are
constructed, the problem of determining whether the system is cascaded is reduced
to that of partitioning the variable sets. The algorithm can be given as follows:

Algorithm 5.1

1. Construct the variable table presented in Table[S.]) where vy ;, i =1, 2, ..., ny
is the set of state variables that appear in the expression of h;, va;, i =
1,2, ..., ny is the set of state variables that appear in the expression of h; and
Lyh;, etc., where Lgh; denotes the derivativemp of h; with respect to f.

Table 5.1 Variable table

hi hs ... ha,

h V1,1 V1,2 ... U1,ny
th V2,1 V2,2 ... U2,n,
L?ch V3,1 V3,2 ... ’Ug,ny

After a maximum of ny steps, these sets cannot expand anymore, vy, i = Ung+1,i-
The “worst” case is an ngth-order integrator, in which case at each step a new
variable appears and the expansion stops at exactly the nth step.

! The derivative of h; with respect to f is defined as: Lyh; = %};j f. The second-order
derivative is L3h; = Lyg(Lyhs), etc.
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2. Denote with ¢; the set of state variables corresponding to h;, i = 1,2, ..., m,
ie, ¢; = U}ﬁlvm. It can be easily seen that, since the system (&1) is ob-
servable, U?ﬁl i = D, where @ corresponds to the set of all state variables,
D= {xla T2, ..., xnl}

3. Group together those measurement equations, which have or include the same
set of variables: h' = {hy|ér C ¢:} and delete the doubles. If only one pair
(hi, ¢;) remains, the system cannot be partitioned using this algorithm.

4. For each pair (h*, ¢;) for which ¢; # @ construct the subsystem

-7 7 1

w_*f,(w_’u) (5.4)
y'=h'(z')

where x' is the vector of the variables in &;, ' is the set of the corresponding

functions, h" is obtained at Step 3, and y' are the measurements given by h'.

If any of the systems (5.4) is observable, then it can be considered as one of the

subsystems, and the remaining variables and functions form a second subsystem.

Otherwise, the system cannot be partitioned using this algorithm.

The procedure is illustrated on the following example.

Example 5.1. Consider the nonlinear system

& = x? — 29 + 323 Y1 =a1 +x3

To = 229 + 2122 — 3x§ Y2 = X3+ T4 (5.5)
T3 = 3x3 + 514 Y3 = T4

T4 = —bxs3

This system is observable. The derivatives of h with respect to f are computed as

T+ 23
h=|z3+ x4
T4
x% — 2o + 623 4+ by
Lsh = —3lx3 — 10x4 (5.6)
*5$3
290? — 3x1x9 + 62123 — 210 + 395% — Tx3 + 3024
Lih = —16a5 + 1574
715$3 — 25$4

Applying the Algorithm[5.1] the following results are obtained.

1. Based on (5.6)), the variable table presented in Table [5.2] can be constructed for
system (3.3)).
Note that it is not necessary to compute L?}h, as the sets of variables are no
longer changing.
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Table 5.2 Variable table for system (5.3)

h1 ho hs
h {w1, zs}  {ws, s} {wa}
th {1'1, T2, T3, 1'4} {1'4, wg} {$4, 1'3}
L?h {1'1, T2, T3, 1'4} {1'4, wg} {$4, 1'3}

2. The sets of variables are obtained as ¢1 = {x1, @2, 3, x4}, P2 = {x3, T4},
and ¢3 = {x3, v4}.
3. The measurement equations are grouped together as: h' = {h1, ha, h3} with
the corresponding ¢ and h? = {hy, h3} with the corresponding ¢s.
4. Finally, the system is partitioned as
First subsystem:

T3 = 3r3 + dx =x3+T
.3 3 4 Y2 3 4 (5.7)
T4 = —513 Y3 = Ty

Second subsystem:
& = 2% — 29 + 313 Y1 =1 + T3
To = 229 + 129 — 3373

It can easily be verified that the subsystem (5.7)) is observable, and therefore this
partition is valid.

Note that this is not the only possible partition. Since the subsystem
T3 = 3T3 + dxy
i4 = 75$3

is observable both from the measurement equation yo = x3 + x4 and from y3 = x4,
the partitions
First subsystem:

T3 = 3x3 + dxy Yo = T3 + X4

i4 = 755&3
Second subsystem:

. 2

T1 = x] — T2 + 33 Y1 =21 + a3
. 2

To = 2x9 + 2122 — 375 Y3 = T4

or
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First subsystem:

T3 = 3w3 + 514 Yo = T4

i‘4 = —5373
Second subsystem:

. 2
&1 =] —x2 + 3w3 Y1 =21 + 23

. 2
To = 222 + T1T2 — 3735 Ys = T3 + T4

are also possible.

However, the latter two partitions do not use all available information: the mea-
surement equations y3 = x4 and yo = x3 + x4, when used in the second subsystem
do not add new information. In order to use all available information, the mea-
surement equations corresponding to the same set of variables have to be grouped
together, as it is done in the algorithm. |

Note that the partitioning of a system, even without loss of information, is in general
not unique, as illustrated in the following example.

Example 5.2. Consider the system

I =x1 + 23 Y1 =T
To = T2 + X3 Yo = T3
at‘g:u

This system is observable, and there are two possible ways to divide it: by using as
first subsystem

T1 = x1 + @3 Y=o

.’il‘g =Uu

or, by using as first subsystem

To = x2 + X3 Y1 = T2

.’il‘g =Uu
both being observable. The corresponding variable sets are ¢1 = {x1, 23} and
¢2 = {x2, x3}. O

Remark: The partitioning of a general nonlinear dynamics system into two observ-
able subsystems does not guarantee that observers can be designed for the subsys-
tems by using a given method. Moreover, the cascade of the observers designed for
the individual subsystems is in general not a valid observer for the cascaded system.
That is why we study the special case of cascaded TS fuzzy systems.

Remark: Algorithm[5.]] can also be used to partition a system for stability analysis,
by using instead of the measurement equations h the state vector x. In this case, in
Step 4, the observability of the first subsystem does not have to be verified.
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5.2.3 Stability of Cascaded Systems

It is well-known that the cascade of stable linear systems is stable
(Loria and Panteley, 2005), since the eigenvalues of the joint system are determined
only by the eigenvalues of the individual subsystems. Therefore, the stability of the
joint, cascaded system is directly implied by the stability of the subsystems. How-
ever, the same reasoning does not necessarily hold for nonlinear or time-varying
systems. Even global asymptotic stability (GAS) of the individual subsystems does
not necessarily imply the stability of the cascade.

General cascades, in which both subsystems are nonlinear, were studied and con-
ditions to ensure overall stability were derived in (Loria and Panteley, 2005). A se-
lection of relevant results is presented below. These results rely on the ISS property
(see Property 3.6).

Consider the nonlinear, cascaded, autonomous system

1 = f(x1) (5.8)
T2 = fo(x1,x2) (5.9)

Without loss of generality, = 0 is considered to be the equilibrium point. Condi-
tions for the stability of this system have been derived by Sontag (1989a).

Theorem 5.1. Consider the nonlinear system (5.8)—~B.9). If

s the functions f, and f, are sufficiently smooth in their arguments,
o system (3.9) is input-to-state-stable with regard to the input x1, and

o systems (5.8) and
&y = f5(0,22) (5.10)

are globally asymptotically stable (GAS),
then the cascade (3.8)-(3.9) is GAS.

An equivalent sufficient stability condition is presented by Seibert and Suarez
(1990): the cascaded system is GAS, if both subsystems (3.8) and (3.10) are GAS
and all trajectories are bounded. The main difficulty with this approach is that in
general, boundedness of all the solutions is not easy to determine and the conditions
that ensure boundedness may be very conservative.

More relaxed sufficient stability conditions have been derived for systems of the

form )
Ty = f1($1)

5.11
s = Fo(@2) + glar,@2) e-1h

assuming that the individual subsystems are GAS and, additionally, certain restric-
tions related to the continuity and/or slope, apply for the interconnection term
g(x1,x2) (Jankovic et al., 1996; Arcak et al., 2002; Chaillet and Loria, 2006). A
theorem for ensuring that the cascaded system (5.11)) is uniformly GAS (UGAS)
(Loria and Panteley, 2005) is presented below. This result is valid under the follow-
ing assumptions:
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Assumption 5.1. System

i‘g == fQ(SCQ) (512)
is UGAS.
Assumption 5.2. There exist constants v, 72, 4 > 0 and a Lyapunov function

V (t,x5) for (510) such that V" is positive definite, radially unbounded, V (¢, z2) <
0 and

ov
w122l < mven) el >

axj (5.13)
low ] < o - ] <

T2

Assumption 5.3. There exist two continuous functions 61, 62 : R™ — R¥ such
that g(x1, x2) satisfies

lg(@r, z2)|| < Or(l|21]]) + O2(l|21 ) [|2]| (5.14)

Assumption 5.4. There exists a class K function «(-) so that for all 5 > 0, the
trajectories of the system

1 = fy(x1)
satisfy

/too 1 (#)[ldt < e[|z (to)]) (5.15)

Using the assumptions above, the following theorem has been formulated
(Loria and Panteley, 2005):

Theorem 5.2. Let Assumption [3.1] hold and suppose that the trajectories of (5.8)
are uniformly globally bounded. If, in addition, Assumptions are satisfied,
then the solutions of system (&.11) are uniformly globally bounded. If furthermore,
system (B.8) is UGAS, then so is the cascaded system (Z.11).

Proposition 5.1. If in addition to the above assumptions systems (3.8) and (5.12)
are exponentially stable, then the cascaded system (B11) is also exponentially
stable.

Different cases of interconnection terms have been studied in (Loria and Panteley,
2005; Arcak et al., 2002). Stabilizability conditions for cascaded systems have been
derived by Bacciotti et al. (1993); Chaillet and Loria (2006); Roebenack and Lynch
(20006).
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5.3 Cascaded TS Fuzzy Systems

In this section, the stability and convergence rate of cascaded TS systems are ana-
lyzed, and sufficient conditions that are based on the stability of the subsystems are
presented. The idea behind this type of stability analysis is that many systems are
cascaded (e.g., hierarchical large-scale systems, flow processes), while others may
be represented as a cascaded system that is less complex than the original system.
Since the dimensions of the subsystems of a cascaded system are smaller than that
of the whole system, a cascaded analysis involves LMI problems of smaller dimen-
sions, thereby reducing the computational costs.

5.3.1 Stability Analysis of Cascaded TS Systems

First, the stability analysis of cascaded TS systems is considered. The results pre-
sented in this section make use of the stability conditions of Section[3.2.3] Consider
a general, nonlinear autonomous dynamical system given as

& = f(z)
that is the cascade of two subsystems

1 = f(x1)

5.16
&2 = fo(x1, x2) -10)

Using the methods for constructing TS models presented in Chapter 2, for a cas-
caded nonlinear system, it is always possible to determine a fuzzy representation or
approximation that is also cascaded. This means that it is possible to determine a
fuzzy representation or approximation of the form

m
=) wi(z)Aix (5.17)
i=1
where the system matrices for each rule ¢ = 1, 2, ..., m can be written as

AM 0
A =
(Azu AZi)

Hence, the system (5.16) can be expressed or approximated as
mi
T = Z wii(z1) A1
i=1

Ty = Z wgi(ZQ)(AQMCCl + A2im2)

i=1

(5.18)
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with normalized membership functions wy; and ws;. Note that system (3.18) can
always be written using lower block-triangular local matricedd:

mi1
Zwu(Zl)AMm

T = ;ﬁzzl ma
Z w2i(z2)A21i331 + Z w2i(z2)A2i332
i=1 i=1

ma ma2

E wi;(z1) E wa;(z2) A1, 0

i=1 j=1 T
mo ma mo w2

Zwu(z1) Zw2j(z2)A21j Zwli(zl) Zw2j(z2)A2j
i=1 j=1 i=1 j=1
mi ma Ali O >
= w14 (2 wao;(z T
Z; 13 ( 1); 2j(22) (A21j As;
(5.19)

Since z5 may contain functions of the states of the first subsystem, or even schedul-
ing variables of the first subsystem, the number of rules in (5.19) is larger than the
number of rules in a fuzzy system obtained directly from (3.16). The construction
of a cascaded TS system is illustrated using the following example.

Example 5.3. Consider the nonlinear system

i‘l = —2373

To = :ﬂlx% — 1

5.20
T3 = 211 + 3?3.’11‘% + 214 ( )

. 3
Ty = 3T2 + T3 — x5 + T324

with z; € [—1, 1]. This system can be written as the cascade of the two subsystems:
j’:l o 0 —237% X1
To S\ 1 €2
T

.’il‘g o 201‘% 2 T
.’il‘4 o 031 (x3—$4) T3

T4

and

To write the TS fuzzy models for this example, the sector nonlinearity approach is
employed. The first subsystem is represented using four rules. The scheduling vector
is 21 = (22, z1)7, the membership functions are computed as the products of the

? Recall that 37 wi(z1) = Land Y172 wai(22) = 1, V21, 2o
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weighting functions iy = 1—23, nf; = 1—nip, niy = (1—x1)/2, 97, = 1—niy,
and the local matrices are

0 0 00 0 -2 0 -2
a=(50) ae=(01) aa=(400) a=(47)

The second subsystem is again represented using four rules. The scheduling vector
for this subsystem is 2o = (22, z3 — 1), the membership functions are computed
as the products of the weighting functions i, = 1 — 22, nd; = 1 — 1y, 13y =
(2 — 23 +24) /4,13, = 1 — 1y, and the local matrices are

02 02 12 12
an=(12) an=(13) an=(13) Au=(13)

. . N 20 )
The interconnection term is linear, therefore we have As; = (O 3), j =

1,2, 3, 4. The term z3 is a scheduling variable both for the first and the second
subsystem. Due to this, writing the overall system as (3.19) results in a TS system
with 4 x 4 = 16 rules, while by using the sector nonlinearity approach directly for
the system (5.20) results in a cascaded TS system with only 8 rules. Nevertheless,
both systems are exact fuzzy representations of the nonlinear system (3.20). (]

As shown in the example above, in general it is computationally more efficient to
use a system description of the form (5.1J), instead of (317) with the matrices
having a cascaded form. Therefore, the system (3.18) is considered in the remainder
of this section. Using the results presented in Section [5.2.3] and assuming that the

subsystems
m

Cbl = Zwu(zl)Auwl (521)

i=1

and .
Cbg = Z 'LUQi(ZQ)AQZ'wQ (522)

i=1

are uniformly globally asymptotically stable (UGAS), the following basic result can
be formulated.

Theorem 5.3. If there exist two Lyapunov functions of the form Vi (z1) = T Pz,
and Vo (o) = xl Pyxy so that the subsystems (5.21) and (522) are UGAS, then
the cascaded system (B18) is also UGAS.

Proof: The Lyapunov functions Vi (z1) = x{ Piz1 and Va(z2) = xd Pyxs for
the subsystems (5.21)) and (3.22) satisfy Assumption[5.1] They also ensure that As-
sumption 5.4 is satisfied. Note that although (3.18) is not of the form (Z.11)), as the
fuzzy term corresponding to f,(x2) also contains x, the common quadratic Lya-
punov function Va(xz2) = 1 Py, ensures the global asymptotic stability (5.22),
irrespective of the value and the dynamics of ;.
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Assumption[3.2]is satisfied as: Vo : ||z2|| > p,

oVa
o | 2l = 21 W P2l < APl < Vo)
for any vy, > 2;‘ "{"‘"((Iizz)). For the second condition of Assumption we have

Vg |22l < p,

oV5
H 21| _ 2w Py < 2wl | Pal] < 24t (Pe) = 2

(9332

The interconnection term g (1, €2) is a nonlinear combination of local linear mod-

els, g(x1,x2) = Y% woi(z2)Aray. To satisfy Assumption 53] consider con-

tinuous, positive functions 0 (||z1]|) = max || A21(2)]/||x1] and O2(||z1|]) = O,
z

where Aa1(z) = Y12 wo;i(z2)A21;. By selecting these functions, it is ensured that
lg(z1, @2)|| = || 2572, wi(z2)Azrsz1|| < O1([|@1]]) + O2(||21]])]|22 ] and there-
fore Assumption[3.3]is satisfied.

Since the conditions of Theorem[5.2] are satisfied, the cascaded system is UGAS.
Furthermore, if these Lyapunov functions ensure exponential stability of the subsys-
tems, based on Proposition[3.1] the cascaded system is also exponentially stable. [

Although the stability of the cascaded system is ensured by the above conditions,
finding a Lyapunov function valid for the cascaded system is not trivial. In gen-
eral, the sum of the Lyapunov functions of the individual subsystems is not a valid
Lyapunov function for the whole system. A global Lyapunov function of the form

V()(Ccl, mg) = Vl(:cl) -+ VQ(CCQ) -+ @(:cl,mg) (523)

has been proposed by Jankovic et al. (1996), with V; and V5 being Lyapunov func-
tions for the systems (2.21) and (5.22)), respectively.

For the case when the first subsystem is linear and time-invariant, it has been
proven by Jankovic et al. (1996) that the cross-term ¥ (x1, 2) exists and is con-
tinuous, and V; is positive definite and radially unbounded. Moreover, if (3.21)) is
globally exponentially stable, the result can be extended to the system (Z.18)). The
cross-term ¥ has been formally proven to be

Vs, -

U(xy,x2) = 9 (Z2(5))A21(z2(s))Z1(s)ds
0 T2

where 21 and &, are the trajectories of systems (3.21) and (3.22)), respectively, and

A21(z2) = E;yfl in(ZQ)AQIi-

The cascaded approach can also be used when the TS system is subject to vanish-
ing disturbances, i.e., disturbances that go to zero as @ — 0 (see (Bergsten, 2001))
or the local models are affine (Johansson et al., 1999). The resulting stability condi-
tions are presented below.
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To formulate stability conditions in the cascaded setting when the system is sub-
ject to vanishing disturbances, consider the cascaded TS system:

mi
jgl :Z’u}li(21)A1ix1 + Dl(wl)

= (5.24)
To = Z U}QZ'(ZQ)(AQlZ'wl + A2im2) + D21(CC1) + D2(m2)

=1

where D1 (1), D21 (1), and Do (x2) denote disturbance terms that are bounded as

[D1(z1)| < pals]]
[ D21 (1) < pon [z ||
[ D2(z2)[| < pa|l||

where pi1, 21, and uo are known non-negative finite constants.
Then, the stability conditions can be stated as:

Theorem 5.4. The system (5.24) is UGAS, if there exist P, = Pl > 0, P, = P >
0, Q1 = QT >0, and Q2 = QL > 050 that

H(PIAM)<7Q1 Z:]-a 23 sy
Q1 — il Py

( p 1)7°

H(PQAQZ') < —Q2 1=1,2, ..., mo

Q2 — 31 P
( /) S0

Proof: The Lyapunov functions V; = 7 Pyz; and Vo = x Pyxs prove the UGAS
of the subsystems with the corresponding disturbance term

ma

T = Zwu(Zl)Auwl + Di(x1)

=1

and
m2

To = ZU)Qi(ZQ)AinQ + D3 (x2)

i=1
The rest of the proof'is similar to that of Theorem 5.3 O

The cascaded approach can also be used for affine TS systems, by using the ap-
proach of Johansson et al. (1999). For this, consider the affine cascaded fuzzy model
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my
T = Z wii(z1) (A1 + a1y)
=1 (5.25)

ma
Ty = Z wa;i(22) (A21521 + Ao + a;)
i=1

Similarly to the result of Johansson et al. (1999), the analysis relies on dividing the
state-space of each individual subsystem into polyhedral partitions. Let K and K5
be the number of operating and interpolation regions (see Johansson et al. (1999))
for the individual subsystems, with K? and K7 the index sets corresponding to the
local models of the subsystems active in the regions X? and XQj . In general, the
number of regions generated in such a way is smaller than the number of regions
for the global system, i.e., K1 + K2 < K and therefore, the number of LMIs to be
solved is smaller. Then, the conditions can be expressed as:

Proposition 5.2. The system (3.18) is UGAS, if there exist matrices P{ = (P{)T >
0, P =(P))T >0, H = H >0, Hy = HI >0, F}, and F}, so that:

P = (F))" H,F]
P} = (F})" H2F}

Flay = Fla Vo, € XN X
1 e (5.26)
Fjxo = Fiaxy Vay € X3 N X}
H(P{A) <0 Vk € K
H(P] As) <0 Vk € K

forallit=1,2, ..., K1, j,l=1,2, ..., Ko.

The conditions above are still only sufficient conditions for the stability of cascaded
fuzzy systems. Nevertheless, by taking advantage of the special form of the sys-
tem, i.e., by considering the subsystems instead of the overall fuzzy system, the
dimension of the associated LMI problem is reduced with respect to a centralized
approach, as illustrated by the following example.

Example 5.4. Consider the nonlinear system:

.’kl = Z% - 3%1
a3t 3

. 93

i) 9 + 2 Ty X9
where 1, x5 € [—1, 1]. This system has a locally asymptotically stable equilibrium
point in & = 0, provable e.g., by using the Lyapunov function V = % /2 + 22 /2.

A fuzzy representation of this system can be obtained by using the sector nonlin-

earity approach. In total, 8 rules are obtained, with the state matrices being:
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40 40 40 40
=) () ae(Gh) (V)

20 20 20 20
(G5 (P =G (Y

i.e., there are 8 local linear models. Using Theorem 3.1, this means that 8 LMIs
have to be solved. Using the cascaded approach, the problem is reduced to finding
P; > 0,and P, > 0, such that

—4P) + Pl(—4) <0
—2P; + P1(*2) <0

—3P; +P2(—3) <0
—1P + Pg(—l) <0

As can be seen, by analyzing the subsystems instead of the global fuzzy system,
both the number of LMIs and their size can be reduced. O

5.3.2 Convergence Rate of Cascaded Systems

In this section, the convergence rate of the system (3.18) compared to the conver-
gence rate of the individual subsystems (3.21)) and (3.22) is studied.

For this, consider that both subsystems are exponentially stable, i.e., there exist
ki, ko, aq, ap > 0 so that

21| < killiofle (5.27)
22| < koo e 2" (5.28)

Since a Lyapunov function of the form V(x) = Vi (x1) + Va(x2), where V; and
V4 are Lyapunov functions for the individual subsystems is not a Lyapunov function
for the cascaded system, other approaches to determine the convergence rate of the
cascaded system have to be considered.

The convergence rate of the system (3.18)) is at least v/ if there exists a Lya-
punov function V = &? Pz, P = PT > 0, and vy > 0, so that:

allz|®* <V < g|=|?
V< —q|z|?
In terms of the subsystems, the above conditions are satisfied, if there exist two

Lyapunov functions V; = wlTPlccl and V, = wngmg that ensure the stability of
the subsystems, and, furthermore

o a < min(Apin(P1), Amin(P2)),
* (> max(Amax(P1), Amax(P2)), and
Amax (diag[H(P1 A1), H(P2Azj)]) < —v
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However, the above condition can be relaxed, and the convergence rate of the joint
system can be expressed as follows.

Theorem 5.5. The convergence rate of the system @IR) is at least
max{—ay, —a2} + € for an arbitrary ¢ > 0 if

1. system (B.21)) is exponentially stable, with convergence rate —a,
2. system (5.22)) is exponentially stable, with convergence rate —aw, and
3. the matrices Az1; are bounded, i.e., there exists M € R, so that

| A21;]| < M, i=1,2,..., mg

Proof: Condition [I] above can be written as ||x1(t)|| < ki||x1g]le” !, for some
k1 > 0, 1.e.,as (R27). The solution of the system (3.22)) is the homogeneous solution
@y (t) of the system

mo

Ty = szi(zz)(z‘lzum + Agixa) (5.29)
i1

and therefore it satisfies ||xay, (t)|| < ka||@2g]le 2!, for some k2 > 0. The particu-
lar solution of equation (3.29) can be expressed as

To, = / oy, (t — 8)Ao1(z2(s))x1(8)ds

to

with Aoy (z2) = 312 wai(z2) Aot
Hence,

|2p|| = H /t: xop (t — 8)A21(Z(8))w1(s)dsH
< /tt [@2n(t — )[l[[A21(2(s))[[[|1(s)[[ds

: / kzl|@a0lle™ 2™ Mk |@1ole™**ds

to
t
< k1]€2M||$10||||w20||€—a2t/ elaz—a1)s g
to
If s # a1, we have

222, ]| < kikoM [ 1glll|@2olllz — a7 - em 2 [elrzm )t — elazman)to|

< knka M|z 2ol — o[ 7M™ — e

where 7, = el@2—a)to,
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So in this case, a bound on the general solution of (5.29) is

[&2]] < |zl + |22l
< koo lle™ 2 + kyka M|y |ll|@2oll - oz — x| e — 57|

max{—a1,—as}t

< e

where 7o =max{ks||z 0| (L+k1 M ||z 10| |aa—c1| '), kika||zioll[|220 | M |az—
ai|1}, i.e., the convergence rate of (5.29) is at least max{—aq, —az}.
For vy = a9 = v, we have
l2p |l < Frka M ||@1]ll|220lle ™ (t — to)
[@2|] < 2l + (2, |
< ka|@aolle™" + kika M ||z ol||220]le™ " (¢ — to)
S ’}/3670& + ’7415670”

(5.30)

with Y3 = ko HSEQQ || andy4 = k1ko ||£L'1o || HSEQQ HM For the bound Wge_at +’y4t€_at
on (3.30) it has been shown in (Baddou et al., 2006) that the convergence rate is at
least —a + ¢, for an arbitrary € > 0, i.e., the one stated in Theorem[3.3

This means that the convergence rate of the system (3.29), and, therefore, of the
system (3.18) is determined by the convergencerate of the individual subsystems. [J

5.4 Cascaded TS Fuzzy Observers

This section presents the cascaded approach applied to observer design for TS fuzzy
systems, i.e., for cascaded TS systems observers are designed in a cascaded manner.
The benefit of this type of estimation is that separate observers can be designed
for the individual subsystems, which makes their tuning easier. Moreover, different
types of observers can be combined, depending on the subsystem considered.

For observer design, consider the fuzzy system with normalized membership
functions:

m_ZwZ )(Aix + Biu + a;)
(5.31)
Y= sz )(Cix + ¢;)

with the system matrices for each rule ¢ = 1, 2, ..., m having the lower block-

triangular form
Ay O
A= !
<A21¢ A2i>

017; 0
C; =
(Czu C2i>
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or, consider the equivalent cascaded TS system, with the first subsystem being
ma
T = Z wii(21) (AT + Briu + ai;)
i=1
ma
Y, = Zwli(zl)(cliwl + c14)

i=1

(5.32)

and the second subsystem

ma
o = Z wai(22)(A21:%1 + Aia + Boju + ag;)
i=1

-~ (5.33)
Yy = ngi(zQ)(mel + Cosza + c2;)

i=1

For system (3.31)), a fuzzy observer of the form

z w;(2)(AiZ + Biu+ a; + Li(y — 9))

.

s
Il
—

(5.34)

<)
Il
.MS

s
Il
—

is considered, with the overall observer gain having the form L; = (Loh LO >,
2i

where ¢ denotes the rule number. Such an observer is equivalent to the cascaded
observer

mi
T = Z w1i(21)(A1:21 + Bryuw+ a1, + Lii(y, — Yq))
i=1

: (5.35)
my
Yy, = Zwu(%)(cuil + c15)
i=1
for the first subsystem (5.32)), and
ma
Ty = Z woi(Z2)(A21:T1 + A2 T2 + Baju + agi + Loi(ys — Ys))
- (5.36)
Yy = Z w2 (Z2)(Co1:@1 + Cai®a + c2;)
i=1

for the second subsystem, (3.33).

For the design two cases are distinguished: 1) the scheduling vector depends only
on measured variables and 2) the scheduling vector depends on states that have to
be estimated.
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54.1 Measured Scheduling Vector

If the weights do not depend on the states to be estimated, one can use the known
scheduling variables in the observer. Then, the error dynamics can be written as

m

ZZwZ z —L,‘Cj)e

lljl

Ay — L1;04, 0
= Z > wiz e
A217, - L22021] A2’L L2iC2j

i=1 j=1

(5.37)

or, in the cascaded form

€1 = Zwli(zl) Zwlj(zl)(Ali — L1;C1j)er

mo

szz 2 Z’wzj Z2 [(Azu — L9;iCarj)er + (Agi — L2i02j)e2]
=1 J=1
(5.38)
This system is of the form (3.18)), for which the stability conditions from Section[5.3]
can be used. If the C matrix is common for all the rules, then the theorems of
Section[3.3] can be directly applied, and the following theorem can be formulated:

Theorem 5.6. Consider the system (338), with C1; = Cy, i = 1,2, ..., my,
Cy15 = Co1, and Cy; = Cy, i = 1, 2, , Ma. Ifthere exist P = PlT > 0,
Li;,i=1,2,...,mq1, P, = P2 > 0, and Lgl, 1=1, 2, , Ma, So that

H(P1(A1; — L1;,C1)) <0 (5.39)
forv=1,2,..., my, and

H(Pa2(Az; — L2;C2)) <0 (5.40)
fori=1,2, ..., my, respectively, then the cascaded system

ma

él = Zwli(2«'1)(A1i - LliCI)el

i=1

ey = Zwm(zz)[(/bli — L2;Co1)er + (Ag; — La;C)es]

i=1

(5.41)

is UGAS.

If the measurement matrices are different for each rule, relaxed conditions, such
as those of Theorem 4.1 or of Corollary 4.1 can be combined with those of Theo-
rem[3.3] Using the conditions of Theorem 4.1 we have
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Theorem 5.7. If there exist P, = Pl >0, Ly;,i=1,2, ..., my, P, = P >0,
and Lo;, 1 =1, 2, ..., ma, so that

H(Pl(Ah‘ — LhCh)) <0 1=1,2,...,m
H(P1(A1; — L1;Chj) + Pi(Ay; — L1;C13)) <0

. . (5.42)
1=1,2,....,m1 jJg=1+1,....,m
Vi < VE dzq : wu(zl)wlj(zl) 7é 0
and
H(PQ(AQZ‘ — LQZCQL)) <0 1=1,2,..., mo
H(PQ(AQZ' — LQZ'CQJ') + PQ(AQj — LQjCQi)) <0 (5.43)
i=1,2,....,my j=i+1,...,mo '
Vi<j: dzg: ’LUZi(ZQ)UJQj(ZQ) #0
respectively, then the cascaded error system (3.39)) is UGAS.
If Corollary 4.1 is used, the following result can be formulated.
Theorem 5.8. If there exist P, = Pl >0, Ly;,i =1,2, ..., my, Po = P >0,
and Lo;, 1 =1, 2, ..., ma, so that
H(Pl(Ah — LhCh)) <0 7= 1, 2, oo, My
2
H(m 1P1(A1i — L1;,C1;) + Pi(A1; — L1;Chj) + Pi(Ay; — Ly;Cy)) <0
|-
i=1,2,...,m1 j=1,....m1 i#]
(5.44)
and
H(PQ(AQ»L' — LQZ-CQi)) <0 2= 1, 2, ceey, Mo
2
H(m2 B 1P2(A2i — L9;Cy;) 4+ Py(Ag; — L9iCoj) + Pa(Ag; — LgjC;)) <0
i=1,2,...,ms j=1,....m0 i#]
(5.45)

respectively, then the cascaded error system (3.38)) is UGAS.

In the case when the scheduling vector does not depend on the states to be estimated,
Theorem[5.3 can also be applied to the design of observers with a guaranteed con-
vergence rate, using the following conditions.

Theorem 5.9. The decay rate of the error system (3.37) is at least «, if there exist
P, :PlT >0, Ly, 1=1,2,..., my, PQZPQT >0,and Ly, 1 =1, 2, ..., mo,
so that
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H(P1(Ar; — L1;C1))) + 2P, <0 i=1,2, ..., my

H(P2(Ag; — Lo;Coy)) +2aP2 <0 i=1,2,..., mo

H(Py(A1; — L1;Chj) + Pi(A; — L1;C)) + 4aP <0

1=1,2,....m1 j=i+1,...,m

Vi<j: Jz1: wi(z1)wij(z1) #0

H(Py(Ag; — L2iCaj) + Pa(Agj — L2jC)) + 4aP2 <0

1=1,2,...,mg j=i+1,..., mg

Vi <j: Jzg: wa(z2)wej(z2) #0
The above conditions explicitly state that in order to design a global observer with a
desired convergence rate, it is sufficient to design observers for the subsystems with
the same convergence rate.

The cascaded observer design for systems where the scheduling vector does not
depend on states to be estimated is illustrated using the following example.

Example 5.5. Consider the following cascaded system

I = —2x2 Y1 = T2

ig =21+ 3()32 Yo = I3
o ’ (5.46)
T3 = x5 + dxo + 63 — TT374

T4 = 72:&% +x§ —2x3 — T4

with z; € [—1, 1], for which an observer has to be designed.
This system is the cascade of two observable subsystems, with the first subsystem
being
3"}1 = —2(1,‘2 Y1 = T2
ig =21+ 3JZ§

and the second subsystem

i3 = 23 + 5ry + 623 — Tw3wy Y2 =3

iy = —2x2 +x§ — 223 — T4

An exact fuzzy fuzzy representation of the subsystems can be obtained using the
sector nonlinearity approach as follows. For the first subsystem, there is one nonlin-
earity, and therefore one scheduling variable, z-. Note that the state x5 is measured,
in fact y; = x2. Then, the weighting functions, and also the membership functions,
are (see Section 2.3.1)
wiy = b = L—z 1-m
2 2
14+

wm:ﬁ%: 9
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and the corresponding matrices are

0 -2 0-2
m=(173) 4e=(07)

In the second subsystem there are three nonlinear terms: x5 (note that x5 + 5 and
—x2 lead to the same weighting functions and therefore they are not considered
separately), x3, and :ﬂ% However, of these, x3 is measured (and consequently x§
is also known) and zo is part of the interconnection term, not of the individual
second subsystem. Therefore, the scheduling vector of the second subsystems is
z9 = (3, 3)T, and the individual second subsystem can be represented using the
weighting functions

1:1—3,‘3:1—:1]2 1:1+y2
770 2 2 ,'71 2
m=1-y3 = vs

Then, the membership functions and the corresponding matrices are
war = NomH A9 = (_62 _I)
R )
waz = 117G Agz = (62 71>
wag = M7} Agg = (_61 _71>

The observer gains are found by solving the conditions of Theorem The ob-
server gainﬂ of the first subsystem are

2.63 2.6
Iu= <6.43> L = <0.43>
and the gains of the second subsystem are
7.82 7.82 7.82 7.82
Ln = (1.25> Lo = (2.25> Lo = <—4.25> Lo = <5.25>
A trajector}ﬂ of the estimation error is presented in Figure[3.4l This trajectory has

been obtained with the initial states being [0.25, 0.25, 0.25, 0.25]7, and the esti-
mated initial states being zero. As expected, the estimation error converges to zero.

3 All values are given rounded to two decimal places.
4 Unless otherwise stated, for numerical integration in this chapter the ode45 Matlab func-
tion was used.
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Fig. 5.4 Estimation error trajectory using the cascaded observer in Example 5.5.

Using Theorem 4.1 for a TS model of the centralized system (3.48)), the observer

gains for the centralized observer are

177 0.05 176 —0.07
| 322 012 o | 322 015
Lo=10"1 17 050 | T2=107 1 017 060
—0.77 0.02 —0.77 0.03

174 —0.06 173 —0.05

| 321 —01a | 320 —013
Ls =107 1 517 066 | =10 | 016 067
—0.77 0.05 —0.77 0.05

179 —0.05 179 —0.09

| 330 —011 | 330 —0a8
Ls =10 —0.16 0.63 Le =10 —0.18 0.63
—0.78 0.03 ~0.79 0.04

1.69 —0.06 171 —0.07

| 313 —015 | 317 —0a6
L7 =10 —0.16 0.67 Lg =10 —0.17 0.67
—0.74 0.05 —0.75 0.06

The trajectory of the estimation error using the centralized observer and the same
initial conditions as for the cascaded observer is presented in Figure[5.3l Due to the
large gains, for numerical integrations the odel5s Matlab function has been used. [

5.4.2 Estimated Scheduling Vector

Now, consider the case when the parameters z depend on the states to be estimated,
i.e., in the observer, the estimated values of the scheduling variables have to be used.
For the simplicity of the computations, only the case with common measurement
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Fig. 5.5 Estimation error trajectory using a centralized observer for Example 5.5.

matrix is considered. For different measurement matrices, similar, although more
complex conditions are obtained. Consider the fuzzy system expressed as

T = Z w;(z)(Aix + Biu + a;)
i=1

(5.47)
y=Cx+c,
Using cascaded observers, with gains L1;,7 = 1, 2, ..., mq, for the first observer
and Lo;, 7 =1, 2, ..., mg, for the second observer, the error system can be written
as:
.= [ A - LGy 0
é= w; (Z e
Zl () <A21i — L2;iCa1 Agi — Lo;iC
= (5.48)

+, (wi(z) — wi(2))(Aix + Biu + a;)

or, considering the individual subsystems

mi
er =y wi(Z1)(An — LiCh)er

i=1

mi
+ Z(wli(zl) —w1(Z1)) (A1 + Briw + a1;)
i=1
m2
ey = Z w2i(32)[(1421¢ - L2¢021¢)€1 + (Azz' - L2iC2i)e2]
i=1
mo

+ Z(w%(zZ) — w2, (Z2))((A21i21 + A2 + Boju + as;)
i=1
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Using the cascaded approach for this error system, Theorem 53] can be combined
with the conditions of Theorem 4.5 and the following result can be stated:

Theorem 5.10. The cascaded error system (3.48) is UGAS, if there exist a Lyapunov
function Vi(x1), P, = P{ > 0 and two continuous functions 01, 65 : Rt — R+
such that:

1. The Lyapunov function Vi ensures exponential stability of the error system

él = 'LUll(/Z\l)(Alz - LliCIi)el+
; (5.49)

+ (w1i(2z1) — w14(Z1)) (Arie1 + Briw + ai1,)

2. Py satisfies H(PyAg;) <0,i=1,2, ..., m, and
3 (wai(22) — wa(Z2))(A21i®r + Agia + Boju + as;)|| < 61(]lex]]) +
O2(llexllle]l-

Proof: The proof follows the same line of thought as that of Theorem[5.3]and makes
use of Assumptions 5. 1H5.4] as follows.
Since H(P2Az;) < 0,i=1,2, ..., m, Vs is a Lyapunov function for

éQ = Z wWa; (22)(1421 — LQZ‘CQZ‘)CQ (550)
i=1
and this system is UGAS (Assumption[3.1)). Lety; = 2 ’;‘:a:(( gj)) 72 = 2N Amax (P2).

With these constants, Assumption[5.2]is satisfied. The Lyapunov function V; satis-
fies Assumption[5.4]
Now, the interconnection term in the second subsystem can be written as

m
gler,ea) =Y wa(Za)(Aar; — LoiCaj)er+
=1
m

+ Z(in(ZQ) — wo;(22))(A21;@1 + A2;@2 + Bayu + ag;)
i—1

lg(er, e2)l| < llwai(Za) || Az1; — LaiCaillller]| + b1 ([lenl]) + O2([lex]]) ezl

=1
lg(er, e2)l| <7llex|| + Or([lel]) + O=(l|exl])l ez
lg(er, e2)ll <0, ([[exl]) + b2(llex[])]|ez]]

where 0, (||e1]|) = 7|le1|| + 01(||es]|). With this, Assumption 53] (see (3.14)) is
satisfied, and based on Theorem[3.2] the cascaded system is UGAS. Moreover, since
the first subsystem is exponentially stable, the cascaded system is also exponentially
stable (see Proposition[3.1)). |
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Fig. 5.6 Cascaded tanks system.

For real-world systems, the membership functions, and therefore the scheduling
variables will in general be dependent on the states. The observer design for such a
case is illustrated in the following example (Waurajitti et al., 2000).

Example 5.6. Consider the three tanks connected in a cascade as shown in
Figure Water is pumped from a reservoir into the upper tank (3). From this
tank, the water flows to the middle tank (2) and to the lower tank (1) and from the
lower tank back to the reservoir. The system has one control input u, which is the
voltage applied to the motor of the pump and two measured outputs: the water levels
hs in the upper tank and h, in the lowest tank. The flow rate Fi,, provided by the
pump, and the water level ho in the middle tank need to be estimated, and therefore,
an observer has to be designed. The differential equations describing the dynamics
of this system are the following (Waurajitti et al., 2000):

7—F’in:*F‘in+Qs’7-L

. F s53v/2ghs3
=47 a
3 3
i s3v2ghs  s21/2ghs (5.51)
2T A Ay
iL _ 82\/2gh2 _ 81\/29h1
! A A

The parameter values are listed in Table[5.3]

It is assumed that the tanks have the same height, h,.x = 2m, and if a tank is
full the overflowing water does not affect the level of the water in the other tanks.
Therefore, all levels are bounded, h; € [0, Amax]. We construct an approximate TS
model using linearization.
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Table 5.3 Parameter values used.

Parameter Symbol Value Units

Acceleration due to gravity g 9.81 m/ s
Cross-sectional area of tank 1~ A; 12 m?>
Cross-sectional area of tank 2 As 10 m?
Cross-sectional area of tank 3~ Ag 15 m?
Outlet area of tank 1 s1 0.1 m?>
Outlet area of tank 2 So 0.5 m?
Outlet area of tank 3 S3 0.3 m?

Input to flow gain Qs 03 m?/s/V
Motor time constant T 3 S

To obtain a good coverage of the levels, for each level h;, four points h; €
{0.1, 0.55, 1.05, 1.6} are choserﬁ, together with the w-shaped membership func-
tions depicted in Figure[3.7} These membership functions are defined as

2
2(4e) ifa<h< g
2
h—b £ a+b
1-2(i) ifet <n<h
1 ifb < h <
w(h;a,b,qd) = 2 1 - =
1-2(lhe) ifesh< ey
2
h—d e ct+d
2t ifetd <h<d
0 otherwise

The scheduling vector consists of the levels hy, ho, and hs, which are the states to
be estimated.

The system (Z.3]) is linearized (see Section 2.3.2) for each combination of the
chosen points. Since the linearization is not done in equilibria, the consequents are
affine. For instance, the rule obtained by linearizing in h; = 0.55, hg = 0.1 and
hs = 0.55 is:

If hy is approximately 0.55 and hg is approximately 0.1 and hs is approximately
0.55, then © = Ax + Bu + a, with

—0.3333 0 0 0 0.1120
A— 0.1111 —0.0995 0 0 B— 0
0 0.1120 —0.1751 0 0
0 0 0.1401 —0.0747 0

a=(0 —0.0547 0.0441 —0.0271)"

where © = (Fj,, hs h2 hi)T. The membership degree of the scheduling vector is
computed as the product of the individual membership degrees of the variables.

3 The value h; = 0.1 is chosen because the system is not linearizable in h; = 0,7 = 1, 2, 3.
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Fig. 5.7 Membership functions for the heights.
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Fig. 5.8 Estimation errors using cascaded observers for Example 5.6.
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Fig. 5.9 Estimation errors using a centralized observer for Example 5.6.
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The system is cascaded, with 1 = (F}, h3)? and x5 = (hy hy)T. Therefore,
observers can be designed separately for the individual subsystems. The observers
are designed both for the whole system and for the individual subsystems using the
same conditions. Both observers have the form

z w; (2)(AiZ + Biu+a; + Li(y — 9))

.

s
Il
—

<)
I
7z

Il
_

3

When simulating the system, the estimated values given by the fuzzy model and
those given by the observer were saturated at 0 and hp,.x. A piecewise constant
input has been used. The initial conditions were (0.25 0.25 0.25 0.25)7, while the
estimated initial states were (0.5 0.5 0.5 0.5)”". Due to the larger number of LMIs
to be solved to obtain the centralized observer (64 4-by-4 LMIs), the CPU time
needed to solve the LMIs for the centralized observer was 5 times larger than the
time needed to design the cascaded observer.

The estimation errors obtained by the cascaded and centralized observers, are
presented in Figures [5.8] and respectively. In both cases, the estimation error
converges to zero, as expected. (]

5.5 Summary

In many real-life applications, a complex process model can be decomposed into
simpler, cascaded subsystems. This partitioning of a process leads to increased mod-
ularity and a reduced complexity of the problem, while also making the analysis
easier.

In this chapter, a cascaded approach for the stability analysis and observer de-
sign for TS fuzzy systems has been presented. First, an algorithm for partitioning
a nonlinear system and stability conditions for cascaded nonlinear systems have
been introduced. Next, cascaded TS fuzzy systems were considered. Based on the
stability conditions for general nonlinear systems, stability conditions for cascaded
TS systems have been presented. It has been shown that, similarly to linear sys-
tems, the exponential stability of the individual subsystems implies the stability of
the cascaded system. Moreover, the convergence rate of the cascaded TS system is
the maximum of the convergence rates of the individual subsystems. In addition, the
cascaded stability analysis reduces the dimension of the LMI problems to be solved.

Observer design has also been performed in the cascaded setting. If the system
under consideration can be represented as a cascade of TS fuzzy systems, observers
can be designed in a cascaded fashion. This partitioning of a process and observer
leads to increased modularity and reduced complexity of the problem, which results
in reduced computational costs.



Chapter 6
Distributed TS Systems and Observers

The previous chapter has presented stability analysis and observer design for the
special case of distributed systems that can be represented as a cascade of sub-
systems. In this chapter, a more general case is considered, namely when the sub-
systems are coupled. We present methods for the distributed stability analysis and
observer design for TS fuzzy systems. The results presented in general rely on com-
mon quadratic Lyapunov functions, and LMI conditions are derived that are easy
to solve. For large-scale or distributed systems, such an approach presents several
advantages compared to the centralized approach, among which flexibility and re-
duced computational costs.

6.1 Introduction

Large-scale or distributed systems are composed of a number of subsystems that
influence each other. In addition, in many cases, the structure of the overall system
is not fixed, i.e., subsystems may be added online, and therefore a centralized anal-
ysis and/or design may be computationally intractable. For such systems, decentral-
ized analysis and control design has received much attention (Akar and Ozgiiner,
2000; Krishnamurthy and Khorrami, 2003; Wang and Luoh, 2004; Liu and Zhang,
2005; Haijun et al., 2006; Zhang et al., 2006; Liu et al., 2007). In general, con-
ditions developed for distributed stability analysis and controller or observer de-
sign are more conservative than those developed for centralized analysis or design
(Bavafa-Toosi et al., 2006), but have the benefit of a reduced computational com-
plexity. For control purposes, the decentralized design presents several advantages:
flexibility, fault tolerance, simplified design, and easier tuning.

Decentralized control has been successfully employed in economic sys-
tems, power systems, large space-structures, traffic control, and process con-
trol. Although decentralized control has received much attention (Sandell et al.,
1978; Akar and Ozgiiner, 2000; Jiang, 2000; Krishnamurthy and Khorrami, 2003;
Wang and Chai, 2005; Zhang et al., 2006; Bavafa-Toosi et al., 2006) in this con-
text, decentralized state estimation has not been addressed as much. Moreover, de-
centralized state estimation has rarely been addressed for TS systems, although

Zs. Lendek et al.: Stability and Observer Design Using TS Models, STUDFUZZ 262, pp. 103
springerlink.com © Springer-Verlag Berlin Heidelberg 2010
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numerous results exist for linear and stochastic systems. In case of linear or
stochastic systems, in general sensor fusion is considered, with a network archi-
tecture of sensor nodes (Lopez-Orozco et al., 2000; Roumeliotis and Bekey, 2002;
Schmitt et al., 2002), such that each node shares information with other nodes and
computes a local estimate. Observers used include, but are not limited to linear
observers (Sundareshan and Elbanna, 1990; Saif and Guan, 1992; Hou and Miiller,
1994), Kalman filter variants (Durrant-Whyte et al., 1990; Benigni et al., 2008), and
particle filters (Bolic et al., 2004; Coates, 2004).

In this chapter we consider the distributed stability analysis and observer de-
sign for a system composed of interconnected subsystems. Each subsystem is rep-
resented by a TS fuzzy model. The coupling between the subsystems is realized
through their states, i.e., the states of a subsystem may influence the dynamics of
another subsystem. Note that we do not treat the issue of decomposing a given
system into subsystems. This is because in many systems, the decomposition is
given, i.e., the system considered is naturally composed of interacting subsystems.
When this is not the case, decomposition techniques such as the ones presented by
Gegov and Frank (1995) or Michel et al. (1978) can be used. Of these techniques,
the one developed by Gegov and Frank (1995) specifically treats fuzzy systems,
while the method given by Michel et al. (1978) relies on the transformation of the
system into lower-block triangular form, effectively a transformation into a cascaded
system.

Consider a distributed system consisting of n interacting subsystems, with each
subsystem [ represented by the TS model

x = Zwli(Zz) (Aliwl + Z f”j(:cj)) 6.1)
i=1

J=1,#l
for stability analysis and
my Ns
T = Zwli(zl)(Alixl + Biiug + ag; + Z flij(wj))
i=1 J=1,#
y . (6.2)
Yy, = th(zl) (Cliicl + e+ Z hh‘j(wj))
i=1 J=1,#
for observer design, where x;, u;, and z;, 1 = 1, 2, ..., ns denote the state, input,

and scheduling vectors of the /th subsystem, m; is the number of rules in the fuzzy
representation of the /th subsystem, A;;, By;, C;, ai;, and ¢;; are the corresponding
local matrices and biases, and f;; and h;;; denote the interconnection from the jth
subsystem to the ith rule of the [th subsystem, and can be nonlinear functions. A
general assumption is that these interconnection terms are Lipschitz in the states,
i.e., there exist u{ij > 0 and ,uﬁ-j > 0 such that || f;;(z;)|| < ,ufinij, and
[haij ()1 < sl

Current approaches to decentralized stability analysis and controller or observer
design for distributed TS systems can be classified as perturbation methods (see
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Sandell et al. (1978); Bakule (2008), and the references therein), i.e., the intercon-
nection between the subsystems is treated as a perturbation. The stability analysis
and the design are in general performed according to the following steps:

1. The distributed system considered consists of interconnected subsystems. De-
pending on the approach, the description of these subsystems may be available
a priori or become available during the analysis or design. In this book, we refer
to the case when the description of all the subsystems is available a priori as
parallel analysis and design. If subsystem may be added to an existing system,
we use the term sequential analysis or design.

2. It is assumed that each individual subsystem (i.e., without the interconnection
terms) is stable. Moreover, some measure of stability, in general, a bound on the
derivative of the Lyapunov function, is available.

3. Given that the individual subsystems are stable, a measure on their stability is
available, and that the strength of the interconnection terms is known, determine
the conditions under which the interconnected system is stable.

Both in stability analysis and in controller or observer design the most common
case considered is weak coupling between the subsystems, that is the case when
the bound on the interconnection terms is sufficiently small to not influence the
stability of the subsystems. In this case, the stability analysis is actually reduced to
the robust stability analysis of the subsystems. In state feedback controller design
this translates into robust stabilization.

While controller and observer design are generally considered dual problems,
note that for decentralized design this is not the case due to the “knowledge” con-
straints: a well-designed distributed stabilizing controller is able to stabilize the
whole system without taking into account the influence between the subsystems, as-
suming that the influence is small enough, but if the system is not stabilized to zero,
without knowing (at least) the estimates of the influencing subsystems, the estimate
given by the observer will never converge to the true values. Although in observer
design for centralized TS systems approaches that decouple unknown inputs exist —
which, for distributed TS systems would translate to decoupling the influence of
other subsystems — these approaches have not yet been extended to distributed sys-
tems. Moreover, complete decoupling of the unknown input is cumbersome when
the measurement matrices differ for each rule. This is one of the reasons why, in the
context of distributed TS systems, decentralized state estimation, without the con-
trol counterpart, has rarely been addressed. Observers have been used in the context
of observer-based control. However, in case of observer-based control, the observer
and controller design are coupled: in most cases, the observer cannot be used with-
out the controller (Uang and Chen, 2000; Tseng and Chen, 2001; Tseng, 2008).

This chapter first presents current results for the stability analysis of distributed
TS system, and afterwards results for observer design for distributed TS fuzzy sys-
tems. These results in general rely on the stability of the independent subsystems
and the “sufficient weakness” of the interconnection terms. Results are presented
both for parallel and sequential analysis.
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Note that although in the literature the term “large-scale fuzzy system” is often
used, we refer to the TS systems used here as “distributed TS systems”.

6.2 Distributed Stability Analysis of TS Systems

To study the stability of a decentralized system, consider a continuous-time dis-
tributed TS system composed of ns subsystems, with each subsystem given as

my N

Sbl:Z’U)li(Zl)(Al,‘xl—l— 3 f”j(:cj)) (6.3)
=1

j=1,j#l

where «; is the state vector and z; is the vector of scheduling parameters of the
[th subsystem, m; denotes the number of rules, A;; are the local matrices of the /th
subsystem, and f;;(;) are the interconnection terms between the ith rule of the
[th subsystem and the jth subsystem.

While in centralized stability analysis of TS fuzzy systems, several types of Lya-
punov functions have been employed, stability analysis of distributed TS systems
mainly relies on the existence of a common quadratic Lyapunov function for each
subsystem. Most results make use of the assumption that the number of subsystems
and some bounds on the interconnection terms are known a priori. Although such
an assumption restricts the class of systems considered, in the sense that new sub-
systems cannot be added, it allows for a parallel analysis of the subsystems. Some
of these results are presented in what follows.

6.2.1 Parallel Stability Analysis

An early result that relies on the existence of an M-matrix] or positive definite matri-
ces has been formulated as follows (Akar and Ozgiiner, 2000; Wang and Lin, 2005).
Let each subsystem of the decentralized system be given as (6.3)), and the intercon-
nection terms be bounded as || fi;;(x;)| < ,ufjHa:jH, with p{j, lLj=1,2,..., ng
1 =1, 2, ..., my, known positive constants. Then,

Theorem 6.1. (Akar and Ozgiiner, 2000) The distributed system, with each sub-
system given by (&3) is asymptotically stable, if there exist P, = PZT > 0, and
Q=QF >0,1=1,2, ..., ng, such that

H(PlAlz) < 7@1 i= 17 23 sy MY (64)
where H(X) = X + X7, and, furthermore, the matrix M defined as
e — { A (@) =20 IR, i =

—2uf,[| P2 ifl#i

' A square matrix M is an M-matrix if the off-diagonal elements are all negative and all the
eigenvalues of M have non-negative real part.

(6.5)
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is an M-matrix, where Anin denotes the eigenvalue with the smallest absolute
magnitude.

A similar result has been given by Wang and Lin (2003), where it is required
that the matrix M is positive definite instead of being an M-matrix. Requiring
that M is positive definite is less restrictive than requiring that it is an M-matrix
(Wang and Lin, 2003). For discrete-time TS systems, a similar result has been pre-
sented by Hsiao and Hwang (2002).

Note that the conditions of Theorem are in fact not distributed. Although a
distributed system is considered and (&.4) can be solved in parallel for all the sub-
systems, the stability of the interconnected system is established only after testing
the matrix M. The application of Theorem is illustrated using the following
example.

Example 6.1. Consider a distributed system composed of two subsystems and the
corresponding interconnection terms, as follows:

& = Aj(x1)x) + flo(T, @)X

. L (6.6)
&y = Az (x2)2 + f3 (21, 22)x1
where
x1 = (z1 20)7 @y = (w3 24)"
B [ -4 24242
Av(e) = < 1 —5—1—2x2> Aa(ws) = (—Qxi -1 >

fla(xr, @) = < 0 1/5> For(z1, @) = (_11//55 223)
el-1,1] i=1,2 3,4

This interconnected system has an asymptotically stable equilibrium point in 0, as
it can be proven using a centralized common quadratic Lyapunov function.

To obtain a TS system of the form (6.3)), the sector nonlinearity approach can be
used on the two individual subsystems. For each subsystem (without the intercon-
nection terms), 4 local models are obtained, with the matrices of the first subsystem:

-1-1 -1-1 -1 1 -1 1
m=(075) Ae=(05) an=(T1Y) au-(50)

and the matrices of the second subsystems:

-4 2 -4 2 -4 14 -4 14
pa=(52) ae=(12) an=(50) 4= (500
The interconnection terms are bounded, as || fT (@1, xo)@s|| < plyl|xs]|, and

| F5 (@1, @)z || < pdy ||z ||, for z; € [<1,1]),4 = 1, 2, 3, 4, with 115 = 0.136
and po; = 0.133. Moreover 11 = 0 and ps2 = 0, as the rules of the subsystems
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are known without uncertainties (there are no “interconnection” terms from the first
subsystem to the first subsystem, and from the second subsystem to the second sub-
system, respectively).

. . 0.85 —0.02
Solvingd the LMIs (6.4), one obtainfl Q; = Q. = I, P, = (_0.02 0.80 >,
0.32 —0.02
| P1]l =0.85, P, = 002 1.03 )’ | P2|| = 1.03.
Using the above computed values, the elements of the matrix M are M =
<_1(')085 _10(')%4), and it is an M-matrix, having the eigenvalues 1.57 and 0.43.

Therefore, the stability of the distributed system (6.6) has been established. O

Hybrid linear-fuzzy systems have also been considered in the literature. For in-
stance, the approach by Xu et al. (2006) concerns stability of distributed systems
with n; subsystems of the form

n+ng
x; = Ajx; + fl(wl) + Z (Dh:cl + fh(CCZ)) (67)
i=1,i#l
withl =1, ..., n; and n; subsystems of the form
my np+nt
T = szi(zz)(Azm + Z Apijzy) (6.8)
i=1 J=1,j#1
wherel =n;+1, ..., ng+n, Aj, Ais, Agij, and Dy; are matrices with appropriate

dimensions, and f; and f;, are nonlinear functions satisfying || f;(z;)|| < p{ A
and || f,;(x:)|| < pl.||l2:]|, respectively. As can be seen, the first 7; subsystems
are linear, with Lipschitz nonlinearities, while the following n; subsystems are of
TS type. For such hybrid systems, the following theorem has been formulated by
Xu et al. (2006):

Theorem 6.2. (Xu et al., 2006) The system described by (©.2) and (&.8) is asymp-
totically stable if there exist P, = P > 0, such that

H(PAY + (] 2T+ (i = DT+ (it ne = DI B _
-1
P —M,
(6.9)
M= > (I+DuDf)
i=1,i#l

2 For solving the LMI problems in this chapter, the SeDuMi solver within the Yalmip tool-
box (Lofberg, 2004) was used.

3 All values are given rounded to two decimal places.

* Since the nonlinear system is exactly represented by the fuzzy model on a compact set, in
order to estimate the domain of attraction, the outermost level of the Lyapunov function
has to be computed.
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forl=1,...,n,t=1,2,..., my, and, furthermore, there exist P, = PZT >0
such that

(H(PZAM) ()21 + (ng +ny — VI Mz) <0
M I

M, = P (A Auz -+ Aig—1) A - Alignitne))

(6.10)

forl=n;+1,....n4+n,i=12,..., my.

The approach of Xu et al. (2006) is useful when one has to establish the stability of a
nonlinear system that can be well approximated by a linear model, and also reduces
the computational complexity that would be needed to establish the stability of TS
systems. A shortcoming of the method is that it is assumed that the state variables
of the independent subsystems can be separated in the linear model, i.e., in the
linear model, one cannot have multiplications between states belonging to different
subsystems. The method is illustrated on the following example.

Example 6.2. Consider a distributed system composed of two subsystems and the
corresponding interconnection terms, as follows:

dil = A1£C1 + fl(wl) + D12£C2

6.11
To = AQ(CCQ)CCQ + frgnl(mla mZ)ml ( )
where
x1 = (z1 22)7 @ = (23 24)"
/1 (a4 a2 (015
A = <_1 _5> Ji(@) = <5x2 +x§) Dis = <0 0
—4 24223\ m /50

AQ(.’BQ) = <—2$Z 1 3) f21(581,.’132) - <_1//5 2(1,‘%)

v e[-1,1] i=1,23,4

This interconnected system is asymptotically stable, provable with a centralized
common quadratic Lyapunov function.

The first subsystem is linear, the second one is nonlinear. To obtain a TS system
of the form (&.8), the sector nonlinearity approach is used for the second subsystem.
Four local models are obtained, with the matrices being

-4 2 -4 2 -4 14 -4 14
Ao = <_2 _1> Ao = < 0 _1> Aoz = (_2 _1> Aoy = ( 0 _1>
The interconnection terms are bounded, as || 5 (22)|| = 0, and consequently 1/, =

0, [ f1(@0)]| < pf |2, with p] = 2.83, and || 5, (@1, @2)a[| < pd, [a1]], for
2 € [=1,1],i=1,2, 3, 4, with y10; = 0.133.
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Solving the LMIs (6.9) and (&I0), one obtains P, = (13 81 6%21 ) and

0.47 —0.09 - s .
P, = ( 0.09 1.44 >, and thereby the stability of the distributed system is es-
tablished. (I

The results presented so far have been derived for TS systems where the individual
subsystems have linear consequents, and the conditions have been established using
common quadratic Lyapunov functions. An approach for distributed TS systems
with affine consequents, based on piecewise Lyapunov functions (Johansson et al.,
1999) has been developed by Zhang et al. (2006).

To present this result, consider a distributed system consisting of ng intercon-
nected subsystems, where each subsystem [, [ = 1, ..., ng, is represented by the
affine TS system and the interconnection term as

my Ns
T = Zw”(zl)(A”wl + ali) —+ Z DleCj (612)
i=1 J=1,j#1

This approach is an extension of the result by Johansson et al. (1999) to distributed
TS systems. Similarly to the result of Johansson et al. (1999), the analysis relies on
dividing the state-space of each individual subsystem into polyhedral partitions. Let
Lo denote the set of indices of the partitions of the /-th subsystem that contain the
origin, L;; the set of indices of the partitions that do not contain it, X; the region
corresponding to L;;, and M;; the index set of the rules of the /th subsystem that are
active in the region X;.

For each subsystem, a piecewise quadratic Lyapunov function is used, such that
each part of the Lyapunov function is valid only in one region. In order to parameter-
ize the piecewise Lyapunov function, matrices Fj;, F; and Ej;, E); are constructed
(see (Johansson et al., 1999)) that characterize the boundaries across the regions.
Then, the following result has been formulated by Zhang et al. (2006).

Theorem 6.3. (Zhang et al., 2006) The distributed fuzzy system (6.12) is asymptot-
igally stable, if there exist T} = TlT > 0, ¢ > 0, symmetric matrices Py;, i € Ly,
Py, i€ L, l=1, ..., ns, and symmetric matrices Uy;, i € L1, and Wi;5, 1 € Ly,
l=1,..., ngs j € My, with positive entries, such that
Py = FIT;F; i€ Ly
Py =FITiF; i€Ln
Py — ELURE; >0 i€ Ly

H(PuAiy) + EfWiij Bi 4 35— gz €kmus DY Dia \/ZZ;M# Ny Pl

\/ZZ;LI«;H NPy —el

1€ Ly
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P — ELU4E; >0 i€ Ly
H(PyAij) + EfWii; Eii + 341 sy €6tk Dy Dia \/2221,1@61 N Pli
\/22;1,1«7&1 nki P —al
1€ Lp

1, ifDp #0

where ny; = ]
0, otherwise

A shortcoming of this method is that only linear interconnection terms among the
subsystems are considered. Moreover, the analysis itself, although it concerns dis-
tributed systems, is not distributed, as it has to be performed at the same time in
parallel for all the subsystems. The method is illustrated on the following example.

Example 6.3. Consider the following distributed system composed of two subsys-
tems and the corresponding interconnection terms:

&1 = Ai(x1)x1 + Disxo

. (6.13)
o = As(x2)xa + Dory
where
x = (21 22)7 @y = (3 24)"
! T (-4 2+223
A(zy) = (1 —5+ 2x§) Az(®2) = <2x§ -1

~ (01/5 ~(1/50
D12<1 0 > D”(—1/50>
x, €[-1,1 i=1,2,3,4
This interconnected system is asymptotically stable, provable with a centralized

common quadratic Lyapunov function.

To obtain TS models of the subsystems, the sector nonlinearity approach is used
on the two individual subsystems. For each subsystem, 4 local models are obtained,
with the matrices of the first subsystem:

—-1-1 —-1-1 -11 -11
m=(00) = (00) an=(0) an=(5Y)
and the matrices of the second subsystems:

—4 2 —4 2 —4 4 —4 4
A9 = <_2 _1> Ago = < 0 _1> Agg = (_2 _1> Ay = ( 0 _1>

Since the fuzzy model is obtained using the sector nonlinearity approach, there is
only one region for each subsystem, where all the rules of the subsystem are active.
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Thus, the conditions of Theorem[6.3]are reduced to finding P, = PlT >0,l=1, 2,
so that

H(PlAll) + Zk:l,k;ﬁl Ek-nk-ngle.l \/Zzil,k;ﬁl ni P
<
\/ZZ;M# n By —el (6.14)
l=1,2 1=1,2,3,4

1, ifD 0
where ny; =< Akl #
0, otherwise
Solving for the two subsystems yields

0.66 0 0.48 —0.03
b= ( 0 0.34) P = (0.03 1.20)
€1 = 1.4, e = 2.52, and with this the stability of the interconnected system is
established. O

One particular type of TS systems that have been extensively investigated both in
stability analysis and in (robust) control are uncertain TS fuzzy systems. In case of
a distributed uncertain TS system, each subsystem is described as

my Ns
T = Z wii(z1) (A + AAg)x + Z (B + ABp)x; (6.15)
i=1 i=1,il

with AAy; = Dy Fi(t) B, ABii = DyiFli, By, where Ay, Big, Dii, Epi, Dy, and
Ej; are known constant matrices and Fj; and Fj; are time-varying matrices with
bounded norms Fy; F;T' < pu; 1 and Fy; FiF < iy 1.

Similarly to the previously presented results, the interconnection terms are as-
sumed linear, with a Lipschitz nonlinearity. For such uncertain distributed TS sys-
tems, the following result have been formulated by Liu and Zhang (2005):

Theorem 6.4. The distributed system (©123) is asymptotically stable if there exist

common positive definite matrices P, and positive constants a;, | = 1, ..., ng,
such that
Xy Vi P Dy Y,
Vmimi D Py —ail 01]<0 i=1,2,...,my
vt 0 I

MNs

X = H(PAu) + aymy B Eq + Z (nu By PiBra + i Pr + g Ejy )
k=1 k£l

i=1,2, ... m
Y, = P[VinfnDy ... jig—1nu—1Dy—1

Vis1ius1Dugr <o \/fun, fin, Din,]
(6.16)
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where

1, if By #0
Ngp = .
0, otherwise

1, if there exists t > 0 such that Dy; Fj;(t)E;; # 0
mi; =
: 0, otherwise

B 1, if there exists ¢ > 0 such that Dy Fix(t)Ey, # 0
N =
M 0, otherwise

The conditions of Theorem similarly to those of Theorem are not dis-
tributed, in the sense that in order to establish the stability of the distributed system,
the conditions have to be verified for all the subsystems at the same time, in parallel.
The method is illustrated on the following example.

Example 6.4. Consider a distributed system composed of two subsystems and the
corresponding interconnection terms, as follows:

1 = Ai(x1)x1 + flo(x1, T2) 2

6.17
Ty = Ag(xo)xs + fo(T1,x2) Ty ©.17)

where

x1 = (z1 29)7 @y = (w3 24)"

-1 x —4 2+ 223
Av(@) = (—1 -5 +22m§> As(wz) = (—Qxﬁ -1 3)

iz, x2) = (xg/lf) 1(/)5) foi(xr, @o) = (11//55 2x30/15>
zie[-1,1] i=1,234

The TS models of the subsystems are obtained by using the sector nonlinearity
approach and the matrices of the first subsystem are

-1-1 -1-1 -1 1 -1 1
a=(075) Ae=(05) an=(T1Y) au-(50)

while the matrices of the second subsystems are

—4 2 —4 2 —4 4 —4 4
Ao = <_2 _1> Ag = < 0 _1> Agz = (_2 _1> Aoy = ( 0 _1>

The interconnection terms are nonlinear and they can be expressed as

, 01/5 0 0
Fra(@1, 22)as = (Bia+AB12)@a, with Biy = <0 é )’AB”’ - (—x%/w 0)’
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with |[ABaf| < 1/15, and foy (21, ®2)T1 = (B21 + ABap)xa, with By =
( 1/5 0) ABoy, = (0 0 > with [|ABa || < 2/15.

~1/50)° 0224/15)
With these values, the conditions (6.16) are feasible, and therefore the stability
of the distributed system is established. O

Results for stability analysis of distributed TS systems have been extended
to stabilization and control of distributed TS systems (Akar and Ozgiiner,
2000; Tseng and Chen, 2001; Hsiao and Hwang, 2002; Wangetal.,, 2005;
Tong and Zhang, 2008), including robust control (Tsengand Chen, 2001;
Hsiao et al., 2005b; Wang and Tong, 2006; Liu et al., 2008; Dhbaibi et al., 2009),
control of TS systems with time delays due to the interconnections (Hsiao et al.,
2005a; Huaetal., 2005), and decentralized adaptive control (Chiang and Kuo,
2002; Chiang and Wang, 2003; Huaetal., 2005; Chiang, 2006; Chien and Er,
2006; Chiang and Lu, 2007; Wang et al., 2009). However, since all these results
concern control design, they are not presented here. The interested reader is referred
to the appropriate references.

The results that have been presented so far concern distributed systems where the
structure of the system is fixed and known. Next, a method is presented for sequen-
tial analysis of distributed TS systems whose structure is not fixed, i.e., subsystems
may be added or removed. A sequential analysis has the advantage that subsystems
may be added to or removed from the distributed system on-line. This is not possible
in case of the methods presented so far.

6.2.2 Sequential Stability Analysis

For sequential analysis, without loss of generality, two subsystems are considered,
which are coupled through their states. It is assumed that one subsystem has already
been proven stable, and a bound on the derivative of the Lyapunov function is avail-
able. In this way, the stability of the interconnected system is determined by the
stability of the other subsystem and the interconnection term. After the stability of
the interconnected system is established, the whole system can be considered as a
stable subsystem, to which new subsystems can again be connected.
Consider a TS system (in fact one subsystem) given as:

’
m

@y = Y wj(2')(Agis) (6.18)
=1

Due to the addition of a new subsystem, in general both the membership functions
and the local matrices change. In this chapter, we consider only the case when the
membership functions change, assuming that the local matrices remain the same.
Such an assumption holds for material flow systems, traffic networks, etc., where the
addition of a new subsystem does not change the individual dynamics of the existing
subsystems. This assumption is not required if a parallel analysis is performed, as
the whole interconnected system is given prior to the analysis.
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Assumption 6.1. The state matrices of the existing subsystem, As;, do not change
by the addition of the new subsystem.

The restrictiveness of Assumption largely depends on how the fuzzy model is
obtained. For instance, consider the original system (&.18). If, after adding the new
subsystem, the dynamics changes to

Ty = Zw J(A2iz) + A(xy, T2) Xy

with A a smooth nonlinear matrix function that may depend on both x; and -, then
using the sector nonlinearity approach (see Section 2.3.1), the local models of the
original subsystem will remain the same (in fact they are repeated in several rules of
the centralized system), although the membership functions will change, as shown
in what follows. Using the sector nonlinearity approach, the interconnection term
A(xy,x2)x, can be represented by the TS fuzzy system Zm“l w;(zn)(Az5i21),
with normalized membership functions w;, j = 1, 2, , My. Then,

Ty = Zw V(Agix2) + Az, o)y

m Mn

= Zw ( )(AQ!SEQ) + Z hj(zn A21]w1)
i=1 j=1
m’ M

= Z hj(zn)(Aziza + Azijx1)
=1 7=1
m' my

I
Ny
]
£
N
=
3
F

+
:
<

8

= Z w;(z)(Agiza + A21iy)

If the local models are obtained using Taylor series expansion (see Section 2.3.2),
then this assumption becomes more restrictive.

If the global system is known prior to the analysis, and no new subsystems are
added, then Assumption|[6.1]is not needed.

Example 6.5. Consider the distributed system described in Example 6.1. If both sub-
systems are given, together with the interconnection terms, the fuzzy models can be
derived as in Example 6.1, and Assumption[6.1]is not needed.

However, depending on how the distributed system is constructed, it is possible
that at a certain moment only the second subsystem exists, i.e., the system is simply

] —4 2+ 2}
&y = Ag(m2)w2  Az(T2) = <2x2 +1x3>
4
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for which a fuzzy model can be written as

4
. !
Lo = Z ’U)%(ZQ)AQZ{L'Q

i=1
with As; being the matrices given in Example 6.1.
To this subsystem, the new subsystem given by

IjC1 = A1 (501)331

is added. The connections between the subsystems are realized by the interconnec-
tion terms f1,(x1,x2)x2 and 3 (@1, 2)x1 such that the interconnected system
can be described as

@y = Ay (@1)@1 + flo(@1, T2) T2

@y = As(2)m2 + f31(T1, T2)T1
Since in the interconnection term f5; (1, 2)x; there is one nonlinearity, the new

fuzzy model
&2 = As(z2)z2 + f3)(T1, T2)T1

i.e., the second subsystem together with the interconnection term, can be written as

4 2
Ty = Z w;i(zz)A2i$2 + Zw/zlj(@l)A?ljxl

i=1 j=1
4 2
! !
=Y wi(z2)way(201) (Aziws + Azij@a)
i=1 j=1

As can be seen, in this case the already available matrices Ao; do not change: they
are repeated in the interconnected system for each nonlinearity in the interconnec-
tion term f5) (@1, x2)xo. O

When the new subsystem is added, and Assumption[6.1]is satisfied, the whole sys-
tem, i.e., the subsystem added (with states x;), the existing subsystem (with states
x2), and the interconnection terms are expressed together as

& = Zwi(z)(AU:cl + Ar2iz2)
Ty = Zwi(z)(Ag,»asg + As1iz)
i=1

The structure of system (6.19)) is then presented in Figure[6.1]
For this system, the following stability conditions have been formu-
lated (Lendek et al., 2008):
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S1 >

X,

Fig. 6.1 Two subsystems coupled through their states.

Theorem 6.5. The system (6.19) is asymptotically stable, if there exist P, = Pl >
0, P, =P >0 Q1 =QF >0,and Q2 = QY > 0, so thatfori =1, 2, ..., m,

H(P1A) < —2Qq
H(PQAQZ) < 72Q2
Amin(Q1) > max | Py A

Amin(H(P1 A + Q1)) < max; || A3, P2 ||
max; || Py Ao || Amin (Q2) Amin (H(P2A2; + Q2))

where Amin(.) denotes the eigenvalue with the smallest absolute magnitude.

Proof: System (6.19) can be seen as the cascaded system

E wz Alzml

sz A22m2 +A211m1)

(6.20)

with an extra feedback term given by > | w; (2)A12;%2. As it has been established
in Chapter 5, according to Theorem 5.3, system (6.20) is exponentially stable, if
there exist P, = P > 0, P, = P{ > 0,Q1 = QT > 0,and Q2 = Q¥ > 0, so
that fori =1, 2, ..., m, it holds that

H(P1A) < —2Qq

H(PQAQZ) < _2Q2 (621)

In order to make the step from the stable cascaded system to the analysis
of the distributed system, a Lyapunov function is needed. One way of con-
structing the Lyapunov function using P; and P, is by considering the function
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Ve = a’diag(aPy, Py)z. This choice allows one to determine @ € R so that
Ve < =227 Qz, with Q = diag(aQ1, Q2):

S “ ) T O[H(PlAM) AgliPQ
V=2 wilz)e (TR sithiaey) =

Then, V, < —2z2TQux, if

(aH(PlAM) Anlp > - (an o)
PyAsi;  H(PAy)

fortr=1,2,..., m,or

<aH(P1Ali + Q1) Aol Py > <0
PyAs; H(PyAz + Q2)

fori =1, 2, ..., m. Using the Schur complement, one has

OzH(PlAM + Q1) — (Aglng)(H(PgAzl -+ Q2))71P2A2” <0

fori =1, 2, ..., m, which is true if « is chosen such that
1 || AL P2
a > . max; || 214 2” (622)

Amin(H(P1A1 + Q1)) Amin(H(P2A2 + Q2))

fori =1, 2, ..., m, where A\pnin(.) denotes the eigenvalue with the smallest abso-
lute magnitude. Now, consider the full system (6.19). Using the above constructed
V. as a candidate Lyapunov function for (6.19), one obtains

N~ oyt | (eH(PLAY) AT P 0 aPiAm
Ve = ;wz(z)w [( Podor: - H(PyAs) + QAL P 0 T
< =227 <a821 Cg > x + 2z amax || Py Ao || I
2 i
o1 Q1 — max; || Py Ay ||T) 0
< < 0 Q2 — amax; | Py Ao || 1 r

which leads to the conditions

Amin(Ql) > max; ||P1A121|| (623)
)\min(QQ) > aymax; ||P1A127,|| (624)
fori=1,2,..., m.

Combining (6.22)) and (6.24)), such an « exists, and V, is a Lyapunov function for
the whole system if
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Amin(Q2) - max; | A2, Py||?
max; [[P1A12i]| = Amin(H(P1AL + Q1)) Amin (H(P2 Az + Q2))
or
Amin (H(P1A1 + Q1)) max; || A3;; Po|?
max; || P Ayl Amin(@2) Amin (H(P2A2; + Q2))
fori =1, 2, ..., m. With this, Theorem[6.3]is proven. O
Remark: If A15; =0,fori =1,2, ..., m,or Asy; =0,fori =1, 2, ..., m, then

based on Theorem 5.3, the system (6.19) is stable if the individual subsystems are
stable, and the last two conditions are not required.

A shortcoming of Theorem[6.3lis that the conditions are not LMIs. However, LMI
conditions, which, when satisfied ensure the conditions of Theorem[6.3] can be for-
mulated using the following two-step procedure. Note that the following conditions
are more conservative than those of Theorem[6.3]

Algorithm 6.1. Sequential stability analysis

1. Assume that the existing system
m
Ii?Q = Z wi(z)Ain
i=1

is already proven to be stable using a quadratic Lyapunov function and there-
fore P, and Q2 such that H(PyAs;) < —2@Q)2, have been computed. Thanks to
this, when adding the new subsystem, with the interconnection terms, one can
compute

max; ||Aglip2||2 )
Amin (Q2) min; (Amin(H(PeA2; + Q2))

2. Now, for the added subsystem and the corresponding interconnection terms the

’y:

conditions:
H(PlAh) < 72Q1
Amin(Q1) > max | Py A ]|
)\min(H(PlAli -+ Q1)) > ’VIH?X ||P1A12¢||
fori =1, 2, ..., m, are satisfied if the LMIs

H(P1A + Q1) < —th]
Q1 > tol

tQI max; ||A127,||P1
>0 (6.25)
<1’I18,Xi ||A121||P1 tQI

t1] Y max; ||A121||P1 > 0
Y max; ||A127,||P1 tl.[

for: =1, 2, ..., m are feasible.
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Moreover, if one takes into consideration that new subsystems will be added
to the whole system (6.19), the analysis of the new subsystems can be facilitated
by minimizing the expression:

| Py
Amin (Q1) min; (Amin (H(P1 A1 + Q1)))

which will in turn minimize the bound ~ computed for the system (&.19).

This can be achieved by solving the LMI-based convex problem: find P, =
P >0, Q1 = QT > 0, and maximize ty, to, t3 subject to (6€23) and P, <
tsl. O

The application of Theorem[6.3] using Algorithm[6.1lis illustrated on the following
example.

Example 6.6. Consider the distributed system in Example 6.1, constructed as in Ex-
ample 6.5. First the system available is the second subsystem

. —4 24 222
Ty = As(x2)T As(xo) = < + x3>

—2z% -1

For this system a fuzzy model is written as

4
Cbg = Z wlgi(ZQ)AinQ

=1

with

-4 2 —4 2 —4 4 —4 4
ta= (0 0) A= (G10) an=(50) an=(31)

The stability of this system is verified by solving the LMI problem: find P, =
P§ > 0,and Q2 = QF > 0 such that H(P,As;) < —2Q5. One obtains P, =
(Lo o ) @2 = 02071

Now, the new subsystem is added, with the interconnection terms f3, (x1, x2)x1
and f1,(x1, x2)T2. The new subsystem is also written as a fuzzy model, with the
matrices

-1-1 -1-1 -1 1 -1 1
an=(075) Ae=(05) an=(T1Y) au=(50)

The interconnection terms can also be expressed as fuzzy models, both hav-
. . . _ 1/5 0 _ 1/5 0
ing two rules, with the matrices Ao;; = (1/5 O)’ As1g = (1/5 2/5>,
0 1/5 01/5

Az ={ /50 00
Algorithm[6.]] can be computed as v = 0.66.

,and Aj90 = > . With these values, v from Step 1 of
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In the second step of Algorithm[6.1] the stability of the interconnected system

& = Aj(z1)x) + flo(mr, @)X
&y = Ag(ma)xs + fo) (21, T2) X1
0.68 —0.07

007 032 )> W@ =
0.221. With this, the stability of the interconnected system is established. O

is analyzed, by solving (6.23). One obtains P; =

A shortcoming of the approach at this point is that although the stability analysis
OéP1 0 .

0 P2> is used as a
Lyapunov function, all that is known is that V. < 0, i.e., a bound on the derivative of
the Lyapunov function is not yet available. To continue the reasoning when the next
subsystem will be added, it is desired that V, < —2zT Q, for some Q = QT > 0.
To obtain such a @), consider the derivative of VC,

of the second subsystem has been performed, and V, = (

o oo ((Q1 — max; || Py Ay ||T) 0
V; < 2z < 0 Qg — amax; ||P1A121||I x
By imposing that
Oé(Ql — max; ||P1A121||I) 0 > ﬂ OZQl 0
0 Q2 — max; ||P1A122||I 0 Q2
wherei =1, 2, ..., m, for some arbitrary 3 € (0, 1), the following conditions are
obtained
Q1 — max | PrAw2i |1 > BQ1
Q2 — amax | PLA1i|[T > Qo
ie.,
(1 — ﬂ)Ql > IHE%X ||P1A127,||I
‘ (6.26)

(1 — ﬂ)QQ > O[HllaX ||P1A127,||I

where i = 1, 2, ..., m. Combining (&26) and the conditions of Theorem[6.3] the
following corollary can be formulated.

Corollary 6.1. V = (z] =) abi 0 (@ is a Lyapunov function for (6.19)
0 PQ Lo

and V. < 3 (a:lT :cg) (04821 52) (i;) Jor an arbitrary § € (0, 1) if, for i =

, 2, o, me
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H(PlAh) < 72Q1
H(PyAzi) < —2Q2

(1= 8)Amin(Q1) > max (| P Av2i| 6.27)
Amin (H(P1 A1 + Q1)) max; || A3, P |
max; || Py Aia;l| (1 = B)Amin(Q2) Amin (H (P2 A2; + Q2))

The application of the conditions of Corollary 6.1 are illustrated using the following
example.

Example 6.7. Consider the distributed system in Example 6.6, where the stability
of the interconnected system has been established, but a bound on the derivative of
the Lyapunov function has not yet been found. This bound is needed for analyzing
the stability if again a new subsystem is added. To obtain this bound, one has to
solve ([6.27) instead of ([6.23).

Since the conditions (&.27) are nonlinear, with a fixed 5 € [0, 1], sufficient LMI
conditions, similar to (&.23)) are formulated as

H(PlAh‘ + Ql) < —ti1

Q1 > tal
(1 — ﬂ)tz[ max; ||A127,||P1)
-0 (6.28)
(maXi [Av2il| Py (1= B)tal

(1=p)t1l  ymax; |[|[Ar]| P <0
ymax; ||A12:]|Pr (1 — Bl

fori =1, 2, ..., m. In fact the LMIs (&.23) are a special case obtained for 3 = 1
of the conditions ([6.28).

Conditions (6.28) may not be feasible for any 3. For the distributed system in
Example 6.6, we obtain that (€.28) is feasible for 3 = 0.1, but it is not feasible for
instance for § = 0.9. Since the goal is to determine [ as large as possible to facili-
tate the analysis of possible subsystems that will be added, one can consider (6.28))
a BMI problem, with both 3 and P; decision variables. Solving (6.28) as a BMI

. 0.23 —0.03
problenﬁ yields P, = (0.03 0.77 ), 0 =0.42,and Q; = 0.251. O

Recall that it was assumed that the interconnection terms or bounds on them are
not known before adding a new subsystem. However, if v, = max;; || Ag;, i.c., a
bound on the interconnection terms is known beforehand, the analysis of the sub-
systems can be decoupled and the following result can be stated:

Theorem 6.6. Given y; = max; ||Aj2;|| and v2 = max; ||As1il|, i =1, 2, ..., m,
the distributed system (6.19) is exponentially stable, if there exist P, = P{ > 0,
Po=Pf>00, =0T >0, Qs =QF >0, so that

5 For solving BMI problems, Penbmi (Kotvara and Stingl, 2008) has been used.
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H
H

PiAy) < =201
PyAs;) < —2Q2
Amin(H(P1 AL + Q1)) > Amin(Q1)
Amin(H(P2Az; + Q2)) > Amin(Q2)
)‘mln(Ql) > ’YlHPlH
)‘mln(QQ) > ’YQHP?H

(
(

(6.29)

min

Jori = 1,2, ..., m, where Amin(.) is the eigenvalue with the smallest absolute
magnitude.

Proof: The last condition of Theorem[6.3]is

Amin(H(P1A1 + Q1)) - max; || A3;; P
max; ||P1A122|| mm(QZ) mln( (P2A27, + Q2))
fori =1, 2, ..., m, which can be rewritten as

Amin(H(PlAli + Ql)) mm(Q2) mm( (P2A2i + Q2)) >

max [Py Ay max A% Pa ?

fori = 1,2, ..., m. The third condition of Theorem [6.3] already states that for
i=1,2,...,m
Amin(Q1) > max | Pr A2l (6.30)

If Q- is similarly restricted, i.e., the condition
Amin(Q2) > max || P2 A2yl (6.31)
i=1,2, ..., misimposed, then the last condition of Theorem[6.3]becomes

/\min(H(PlAli + Ql)) (Q2) mln( (P2A2i + QZ)) > )\min(Q ) mln(QZ)
)\min(H(PlAlz + Ql)) (H(P2A22 + Q2)) > )\min(Ql)Amin(QZ)

fori =1, 2, ..., m, which is satisfied if

Amin (H(P1 A1 + Q1)) > Amin(Q1)
Amin (H(P2Az; + Q2)) > Amin(Q2)

fori =1, 2, ..., m. However, since only the bounds on the interconnection terms
~1 and 7, are known, instead of (&30) and (&.37)) one has to use

)\min(Ql) > 71||P1||
)\min(QQ) 2 rYQHPQ”

Together with the restrictions on @1 and Q», and (6.32), the conditions expressed in
Theorem|[6.6] are obtained. O

(6.32)
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Example 6.8. Consider again the distributed system of Example 6.6. To apply The-
orem one can bound the interconnection terms as v2 = max; ||Az21;|| = 0.46
and y1 = max; ||A12:]] = 0.2, =1, 2, ..., m. However, similarly to the result in
Example 6.4, the conditions (6.29) are not feasible. In this case, the unfeasibility of
the conditions is due to the “too large” interconnection term f,,, in fact ~o. If this
interconnection term would be such that this bound has the value 72 /2, the stability
of the interconnected system can be established using (6.29). (]

The conditions of Theorem are similar to those reported by Wang and Lin
(2005). As it has already been stated, the parallel analysis has the advantage that
it is less conservative when for each subsystem the strength of the interconnec-
tion terms is approximately the same and are weak in both directions, i.e., there is
a weak coupling (Sandell et al., 1978) between the subsystems. A shortcoming of
such approaches is that the result can only be obtained if bounds on the intercon-
nection terms that are introduced to the system by the addition of a new subsystem
are known beforehand. This condition is not needed for Theorem as, thanks
to the sequential analysis, the interconnection terms only need to be known when
the subsystem that introduces them is analyzed. In fact, Theorem and the re-
sulting Algorithm are comparable to methods developed for strong coupling,
i.e., only one of the subsystems has to converge quickly enough so that stability is
preserved. The sequential approach can also be thought of as an asymmetrical weak
coupling, i.e., only one of the influences has to be weak enough for stability to be
preserved.

One of the assumptions that restricts the applicability of the presented methods
is that they require the stability of the individual subsystems. Since no restrictions
are assumed on the structure of the interconnected system (e.g., conditions such
as only the neighboring subsystems are interconnected), this is a reasonable as-
sumption. Moreover, this shortcoming can be alleviated for instance for sequential
stability analysis (Theorem [6.3]) by using a full Lyapunov matrix instead of the
block-diagonal one when deriving the stability conditions. However, such an ap-
proach results in even more complex nonlinear conditions. Note that this is a disad-
vantage mainly of interconnected systems where subsystems are added on-line. If
the whole interconnected system is known prior to the analysis, this disadvantage
may disappear, for instance because the addition of new subsystems changes the dy-
namics of the individual subsystems (e.g., two inverted pendulums connected with a
spring).

On the other hand, if subsystems can be added and removed over time, for estab-
lishing the stability of the interconnected system, it is necessary that the individual
subsystems are stable. If no subsystem is removed, this assumption is no longer
necessary, i.c., theoretically it is allowed that some subsystems are unstable as long
as the other subsystems stabilize it. Results for such systems exist for special cases
of linear systems, but, in the context of TS fuzzy systems, this issue has not been
addressed.
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6.3 Distributed Observer Design for TS Systems

Distributed observer design has been early recognized as an important problem and
attracted research interest since the 1970s. However, most of the obtained results
concern linear systems.

The general approach is that first one constructs a set of observers for the indepen-
dent subsystems. However, unless there is no interconnection between the subsys-
tems, the set of local observers does not guarantee the convergence of the estimation
error to zero for the interconnected system. Therefore, one either has to incorporate
an appropriate compensation to account for the influence of other subsystems or de-
termine conditions under which the collection of the individual observers is a valid
observer for the distributed system. In this section, we consider distributed observer
design for TS systems, and present conditions that ensure that the estimation error
converges to zero.

6.3.1 General Framework

For observer design, we consider a system consisting of ng subsystems, with each
subsystem [ represented by the TS model

N

sz <Alzml + Blzul + ap; + Z flzg w]))

j=1,3#1

(6.33)
sz <Clzwl + ¢ + Z hlu SC_,))
J=1,5#1
where x;, and u;, I = 1, 2, ..., ns denote the state and input vectors of the /th

subsystem, m; is the number of rules in the fuzzy representation of the /th sub-
system, Ay;, By;, Ci, ai;, and ¢y; are the corresponding local matrices and biases,
and f;; and hy;; denote the (usually nonlinear) interconnection terms from other
subsystems. A general assumption, similarly to stability analysis is that these inter-
connection terms are Lipschitz in the states, i.e., there exist sz ; and . ; such that
1515 @) | < pafs ], and (R, (@] < gl ]|

We start with presenting a result for the linear case. Observer design for TS sys-
tems in general follows the same line of reasoning.

For linear systems, in general, two main approaches have been considered. The
first approach considers the case when, for some reason, the estimated values can-
not be communicated. In such a case, the interconnection term is usually treated
as an unknown input, and is either decoupled or estimated. While unknown input
observers have attracted research interest for linear systems (Xiong and Saif, 2003;
Pertew et al., 2005; Hsieh, 2009), and for centralized TS systems with linear mea-
surements (Marx et al., 2007) to the authors’ best knowledge, this setting has not
been considered in the context of distributed TS systems.
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For distributed linear systems, Saif and Guan (1992) proposed a decentralized
observer scheme based on this approach. In the approach of Saif and Guan (1992),
a local observer is designed for each subsystem that treats the influence from other
subsystems as an unknown input and effectively decouples them. A similar method
has been employed by Hou and Miiller (1994). Note, however, that designing such
an observer is not possible in all cases, even less in the case of TS systems with a
nonlinear measurement model.

The second approach is when the measured or estimated variables are communi-
cated between the subsystems that directly influence each other. Although in prac-
tice such an assumption can lead to a communication overhead, or may be even
impossible to realize, in theoretical developments this is a common assumption.

For the linear case, consider the distributed system where each subsystem [, | =
1, ..., ng,is described as

x; =Aix; + Bru; + Z Dyz;
i=1,i#l (6.34)

y, =Cix,

For this system, the following observer can be used, see (Sundareshan and Elbanna,
1990) and the references therein:

T = (A - LIC)& + Liy + B + Y, Dy
i=1,i%£l

If the subsystems are independent, i.e., D;; = 0, L; can be determined as for in-
stance L; = PlClT, where P, = PlT > 0 is the solution of the Riccati equation

H(PA) — PCICP+ Q=0

with Q; = Q;‘F > 0.
Otherwise, the error dynamics for the overall distributed system can be written
as
e=(A+D—-LC)e (6.35)

with A = diag(Ay, ..., A,,),C =diag(Cy, ..., Cy.), L =diag(Ly, ..., Ly.),
0 Dig -+ Din,

Dy 0 - Dy,
and D = . . . . The observer design problem is then reduced

D nsl D ng2 " 0
to finding L such that the error system (6.33) is stable.
The assumption that the estimate of the variables is communicated is used for
instance by Sundareshan and Elbanna (1990) for linear systems. The result ob-
tained relies on block-diagonal Lyapunov functions and establishes that the matrix
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block-diagonal terms in the derivative of the Lyapunov function are dominant.
Although the method presented by (Sundareshan and Elbanna, 1990) requires the
transformation of each subsystem into observer canonical form, it is in effect equiv-
alent to the extension of Theorem[6.1]to observer design, under the assumption that
the estimates of the states are communicated between the subsystems.

In fact, the results presented in Section can be directly extended for ob-
server design under the assumptions that 1) the scheduling vector depends only on
measured variables and 2) the estimated states are communicated between the sub-
systems that influence each other.

Under these assumptions, consider the distributed TS fuzzy system where each

subsystem [ = 1, 2, ..., ny is described as
my Ns
x = Zwli(zl)(AhCCl + Biw +a; + Z Avijxj)
Z;II J=Li#l (6.36)
y=> wi(z)(Crimi + cii)
i=1
For each subsystem [ = 1, 2, ..., ng, the following observer can be used
. my Ns
z = Zwli(zl) (Az@l + Buu + a; + Z A
i=1 J=1,#
+ Lii(y, — @z)) (6.37)
my
Yy = Zwli(zz)(cl@l + cii)
i=1

and the estimation error dynamics of subsystem [ are expressed as

my My Ng
e = Z Z wii (z1)wi;(Z1) ((Ali — LiCyj)e; + Z A“kek) (6.38)
=1 j=1 k=1,k#l

System (6.38)) is equivalent to system (6.3). Depending on the interconnection terms
Ay, the conditions presented in Section namely Theorems can be
used.

However, the extension of the results regarding stability analysis of distributed
TS systems to observer design has not been reported in the literature. Instead, paral-
lel observer-based control design (Chiang and Kuo, 2002; Chiang and Wang, 2003;
Hua et al., 2005; Chien and Er, 2006; Huang and Ho, 2007; Tseng, 2008) has been
addressed.

In general, for centralized TS systems, in observer-based control, the observer
and controller gains are designed using the separation principle. However, the
separation principle only holds if the scheduling variables do not depend on states
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that are not measured. Furthermore, if a subsystem is influenced by the states of
other subsystems that are not known (communicated), the separation principle can-
not be used. Therefore, results for observer-based control design usually employ a
two-step procedure. Another issue that in general is not taken into account is that the
measurements of one subsystem may depend on the states of the other subsystems.

For distributed uncertain TS systems with time delay due to the the commu-
nication, a robust observer-based control design method has been proposed by
Tong et al. (2007). In this approach the observer and controller design cannot be
separated, due to the uncertainty in the system matrices. The same is valid in the case
of the result by Tseng (2008): the observer and the controller have to be designed
simultaneously. Without a stabilizing state-feedback controller, the convergence to
zero of the estimation error cannot be guaranteed.

Distributed observer-based control design has been considered in several set-
tings, such as tracking control (Tseng, 2008), adaptive control (Chiang and Wang,
2003; Chien and Er, 2006; Huang and Ho, 2007), robust control (Chiang and Kuo,
2002; Chiang and Wang, 2003; Chiang, 2006), control in the presence of time delay
(Hua et al., 2005; Chiang, 2006; Chiang and Lu, 2007), and their combinations.

Results for discrete-time controller and observer-based controller design include,
but are not limited to (Akar and Ozgiiner, 2000; Hsiao and Hwang, 2002). Also for
discrete-time systems the observer design problem is not considered separately.

In the next two sections we present the extension of the results of Section[6.2.2]to
observer design. Consider a distributed system where each subsystem is represented
by a TS fuzzy model, to which new subsystems may be added online. The goal is to
design an asymptotically stable observer for the whole system. Sequential design is
considered, where an observer is designed for each newly added subsystem, without
modifying the already existing observers, so that the overall observer is stable.

Note that it is not assumed that the subsystems are stabilized or controlled at a
known value (i.e., the states are not at some known constant value). However, the
estimated states are communicated among the subsystems that influence each other.

For the ease of notation and without loss of generality, similarly to Sec-
tion [6.2.2] only two subsystems are considered. The observer structure is depicted
in Figure

Y1 ) 3?1
o1 >
u
AN
X,
Y 02 >
5

Fig. 6.2 Distributed observer for two subsystems.
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Then, the fuzzy system consists of two subsystems:

T = sz )(Ariz1 + Biiu + A2 2 + a1,)

Y, = sz )(Criizr + Craixa + c14)

(6.39)
x2 - sz A22m2 +B21’U,+A211£C1 +CL21)
Yy = Z w;(2)(Caziza + Cori1 + ¢2;)
and the observer is of the form:
T = sz )(A1i&1 + Briu + A12i%2 + a1 + L1i(y, — Yy))
Yy, = sz )(Cr1:%1 + Cr2i2 + c14)
(6.40)
x2 — Z wz A22m2 + B2zu + A211m1 + az; + LQZ( - @2))
Yy = Z w;(2)(Ca2i%2 + Co1:%1 + c2i)
The goal is to design the observer gains L1;, i = 1, 2, ..., m, for each rule of the
subsystem with states 1 so that (6.40)) guarantees the convergence of the estimation
error © — X to zero, given that the gains Lo;, 2 = 1, 2, ..., m, have already been

designed such that the observer

m

Ty = Z w;(2) (A2 T2 + Baju + az; + Loi(yy — Ys))

m

Yy = sz )(Cazi T + c2;)

guarantees the convergence to zero of the estimation error for the second subsystem
without the interconnection terms:
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m2 - Z wz A21w2 + BZzu + a27,)

Z wz C227,w2 + dCZZ)

The system structure considered is characterized by coupling both in the states and
the measurements, and is presented in Figure[6.3l In what follows, two cases are dis-
tinguished: 1) the scheduling vector depends only on measured or known variables
and 2) the scheduling variables depend on states that have to be estimated.

s1 o, Y

xl >
ct —»
u ><

% c2 —2
X2

S2 d
Fig. 6.3 Two subsystems coupled through their states and measurements.

6.3.2 Sequential Design: Measured Scheduling Vector

Assuming that the scheduling vector depends only on measured variables, and that
the estimated states are communicated among the subsystems, the error systems can
be expressed as:

m o m

él = Z Zwi(z)wj(z)(Auel -+ A127;€2 — LMC’lje)
. (6.41)
ég = Z Z wi(z)wj(z)(Agieg + A217;€1 — inczje)
i=1 j=1
where C'; = (0111‘ 0121‘) and Cy; = (0211‘ sz), or
. Alz - Lllcllj A122 L12012j
= i 6.42
€= Zz; ; Wi <A211 — L2;Co15 Agj — LoiCaaj (6.42)
Since Ly;, ¢ = 1,2,..., m, need to be designed, a simple special case is

when there exist P, = Pl > 0 and Ly;, so that H(Pi(A1; — L1;C115)) < 0
andAlgi—LMClgj:O,i:1727...,m,j:1,2,...,m,Vi7éj: dz
w;(z)w;(z) # 0. In this case the error system (6.42) is cascaded, further restrictions
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are not necessary, and the stability conditions for the estimation error dynamics can
be summarized as the consequence of Theorem 5.3:

Corollary 6.2. The error system (6.42)) is asymptotically stable if there exist P, =
PlT >0, Pg :PQT > 0, Lli,andLgi,i: 1, 2, ey m,sothat

H(Pl(Ah — LuCllj)) <0
H(PQ(AQZ‘ — LQZ‘CQQJ')) <0
Avr2i — L1;C125 =0

Jori=1,2,...,m j=1,2,...,mVi#j: 3z: wi(z)w;j(z)#0.

Note that the third condition of Corollary 6.2 can rarely be satisfied if the system is
not cascaded, i.e., in general it is not possible to find L1; such that A;9; — L1;C12; =
0,i=1,2,...,m,j=1,2,....mVi#j: 3z: wi(z)w;(z)#0.

Therefore, the results from Section [6.2.2] in particular Theorem [6.3] are appro-
priately modified:

Corollary 6.3. The error system (6.42) is exponentially stable, if there exist L1,
Loy i =1,2,....,m, P =Pl >0, P, =P] >0 0, = QF >0, and
Q2 = QT >0, so that

H(P1G1ij) < —2Q1
H(P2Gaij) < —2Q2

Amin(Q1) > mgx | P1 G245l (6.43)
Amin(H(P1G14j + Q1)) max;; || P2G214j2
max;; | P1 G124 Amin (Q2) Amin (H(P2Gaij + Q2))

Jori=1,2,....m j=12,...,m Vi # j: 3z: w(z)wj(z) #0,
where Glij = Ay — Llicllj; G2ij = Ag;i — L2iC22j; G12ij = A1 — LuClzj,
Ga1ij = A21i—L2;Co1j, and Ain denotes the eigenvalue with the smallest absolute
magnitude.

Similarly to Algorithm sufficient LMI conditions can be formulated, which,
although more conservative than the conditions of Corollary[6.3] when satisfied, en-
sure that the conditions of Corollary[6.3] are satisfied. These LMI conditions lead to
a sequential implementation, as follows. Assume that an observer has been designed
for the subsystem

To = Z 'LU,L'(Z)(AQZ'wQ + Boju + a2i)
1=1

Yy = Z w;i(2)(Cagixa + c2;)
i=1
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the matrices P, (J2, and the gains Lo;, ¢ = 1, 2, ..., m are known, and there-
fore, G'g;; can be computed. After adding the interconnection terms, G155, © =
1,2,...,m,j=1,2,..., m,also the ratio

_ max;; ||P2G21Z'j ||2
Amin (Q2) Amin (H(P2Gaij + Q2))
can be computed. The conditions of Corollary [6.3] are then reduced to finding Lo;,

i=1,2,...,m P =P >0,Q =QF >0,sothatfori =1,2,...,m,
j=1,2,...,m

v

H(P1G1ij) < —2Qq
Amin(Q1) > max [ P1 G124 |

Amin(H(P1G14ij + Q1)) > ’YIHZ?X | P G244l

which are satisfied if
H(P1G1ij + Ql) <0
Q1> H;?X | PG 125 || T
H(PlGlij + Q1) < —’yrr}i?x ||P1G122'j||.[
These conditions, in turn are satisfied if the following LMIs are feasible, with the
change of variables M; = PiLy;, ¢ = 1,2, ..., m: fad Lo;, 1 = 1,2, ..., m,
P=P'>0,Q1=QT >0,t; >0,ty >0,and M;,i = 1,2, ..., m, so that
fori=1,2,...,m,j=1,2, ..., mitholds that
H(P1A — M;Cri + Q1) < —t1]
Q1 > tal

tol PirA12; — M;Chaj <0
(P1Ajg; — M;Choj)T tol

t11 PiyAig; — MiyCha; <0
(P1yAi2; — MiyCizj)T ti1

The steps are summarized as follows:

Algorithm 6.2. Sequential observer design.

1. For the existing observer of the subsystem
m
Ty = Z w;(z)(A2ixe + Baju + az;)
i=1

Yy = Z w;i(2)(Cagixa + c2;)
i=1
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compute
P22

Amin (Q2) Amin (H(P2G2ij + Q2))

2. When the new subsystem and corresponding interconnection terms are added,
compute v = ymax;; ||Ga17||?. To design the observer for this subsystem,
solve the LMI problem: find Lo;, ¢ = 1,2, ..., m, P = PlT > 0,Q =
QT >0,t; >0,tg >0 M;,i=1,2,..., m,sothatfori = 1,2, ..., m,
i=1,2,....,m

7=

H(P1 Ay, — M;Cri + Q1) < —t11
Q1 > tal

tal PirA2; — M;Chaj <0
(P1A12; — M;Cha5)T tal

I PiyAig; — MiyChaj >0
(PiyAi2i — MiyChaj)T t11

The application of Algorithm[6.2]is illustrated on the following example.

Example 6.9. Consider a distributed system consisting of two subsystems as
follows:

. —z; 1 1 3 01
w= (3 )l () ()

=(10)x
! 2)21+3 3 1 0 (644)
. [ 273 xs3 1
o= (50 e (1) () (51) =
y2 = (1 0) )

where &1 = (v1 22)7, o = (w3 24)T, 2, € [-1,1],i = 1,2, 3,4, us, uz € R.
Our goal is to design an observer observer for this distributed system.

An exact TS fuzzy representation of this system is obtained using the sector non-
linearity approach. The scheduling variables are chosen as z; and % for the first
subsystem and z 1, x3, :vg for the second subsystem. Since x; and x3 are measured,
the scheduling vectors of the subsystems do not depend on states that have to be
estimated.

Note that in the actual computation of the observer gains only the local state
matrices take part, i.e., the input matrices and the affine terms do not influence the
computation of the gains. Then, for the second independent subsystem (i.e., the sec-
ond subsystem without the interconnection terms), four distinct local state matrices
can be determined:

3 -1 31 1 -1 11
pa= (5 00) Aan=(5 1) an=(50) an=(50)
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For this subsystem, the observer designed has the gains

684.41 684.41 679.85 679.85
L = (3.00) Lz = (1.00) Lo = (3.00) Las = (1.00)
the Lyapunov matrix is P, = 0.11, and Q)2 = 0.051. The value of 4 from the first
step of Algorithm[6.2]is obtained as ¥ = 1.0612.

Now, the new subsystem, i.e., the subsystem with state variables x; and x5 is
considered. Again, four distinct state matrices are obtained:

11 11 -1 1 -1 1
m=(y k) = (1) an= () au= (1)
The interconnection term from this subsystem to the existing subsystem is

10
measurements of each subsystem concern only its own states, max;; [|Ga14;[|* =
max;; || A2145]|* = 1, and consequently v = 1.0612.

Solving the LMIs from the second step of Algorithm[6.2] we obtain

4.81 4.81 4.61 4.61
Iu = (0.10> Lha = (0.20> L = (0.10> L= (o.20>

and with this, all the observer gains have been computed. O

Similarly to Theorem[6.3] and Algorithm[6.]] the shortcoming of the conditions at
this point is that the Lyapunov function for both subsystems and a bound on its
derivative have not yet been determined. To overcome this, the following corollary
can be formulated, similarly to Corollary 6.1:

Corollary 6.4. V = (el e]) (a(};l }()) ) (21> is a Lyapunov function for (6.42))
2 2

1 . . L . .
<0 > 2. Since the interconnection is realized only through the states, i.e., the

and V. < (ef eg) 8 (Oé?l ng) <2> Sor an arbitrary § € (0, 1) if there exist
Ll’i’LQ’i’i: 1727"'7m:P1 :PlT >0,P2 :P2T >0,Q1 :Q{ >0,and
Q2 = QT >0, so that

H(P1G1,‘j) < —2@1
H(PQGQZ‘]') < _2Q2
(1= B)Amin(Q1) > max | P1G 1244 (6.45)
Amin(H(P1G1ij + Q1)) max;; || P2Gaiy|?
max;; || P1G1aij|| (1 = ) Amin (Q2) Amin (H(P2Gaij + Q2))
Jori=1,2,....m j=12,...,m Vi #j: 3z: w(z)wj(z) #0,
where G135 = Ay — L1;C11j, Gaij = Agq — L2iCogj, Graij = Arzi — L1;C12j,

Ga1ij = A21i—L2;Co1j, and Ain denotes the eigenvalue with the smallest absolute
magnitude.
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The application of the conditions of Corollary are illustrated on the following
example.

Example 6.10. Consider the distributed system in Example 6.9. In Example 6.9, the
observers have been designed for the interconnected system, but a bound on the
the derivative of the Lyapunov function has not yet been found. To determine this

bound, ([6.43) is solved instead of (&.43).

Since the conditions (6.43)) are nonlinear, they are transformed into conditions

similar to (6.28)):
H(PlGMj -+ Ql) < —t11

Q1 >t
(1 — ﬁ)tg[ max; ||G12,‘j||P1
>0 6.46
(maxi HGl?inPl (1 — B)tg[ ( )

(=Bl ymax; [|Gral| P _
ymax; [|Gi2ij]| P1 (1 =Bt 1

fori=1,2,...,m,j=1,2,..., m,with 8 € [0, 1] arbitrarily chosen. However,
since (&.28)) may not be feasible for any 3, and the goal is to determine 3 as large as
possible to facilitate the analysis of possible subsystems that will be added, (6.46))
is considered a BMI problem, with both 3 and P; decision variables. Solving (6.46))
yields the observer gains

1280.2 1280.2 1280.0 1280.0
L“:( 0.1 > L12:< 0.2 > Ll?’:( 0.1 ) L14:< 0.2 >
with P, = 0.5, 3 =0.29,and Q; = 1.5 - 10°1. O

Algorithm [6.2] is useful if no bound on the interconnection terms is known before
the subsystem is added. If a bound on Ai9;, As14, Co14, Cros, 0 = 1,2, ..., m is
known beforehand, the design can be decoupled starting with the first subsystem, by
analyzing the last condition of Corollary[6.3] Although LMI conditions are obtained,
the following manipulations introduce conservativeness.

Imposing a condition similar to that of the third condition of Corollary[6.3]to the
second subsystem, i.e., fori = 1,2, ...,m,j7=1,2,....m, Vi # j: dz:
wi(z)w;(z) # 0

Amin(Q2) > Hli?X | P2Gayij|

one obtains

max;; || P2Gayij||? max;; || P2G21ij|
Amin (Q2) Amin (H(P2G2i5 + Q2)) — Amin(H(P2G2i5 + Q2))

where  Amin(H(P2G2;; + Q2)) denotes the eigenvalue with the min-
imum absolute magnitude of all the matrices (H(P2G2ij + Q2)),
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1=1,2,...,m,7=1,2 ..., m. This expression is similar to that of the recip-
rocal of the first part of the fourth condition of Corollary[6.3] i.e.,

Amin(H(P1G1ij + Q1))
max;; || P1 G125l

By imposing for both subsystems

Amin (H(PxGrij + Qk))

>1
max;; || PxThpij|

where Typi5, k = 1,2, p=1,2,k#p, i =1,2,...,m,j =1,2,...,m,is
the interconnection term from subsystem p influencing the subsystem k, T},i; =
Appi — L1iCrpj, the conditions are decoupled. This result can be summarized as:

Corollary 6.5. The error system (642) is exponentially stable, if there exist Ly;;,
k=1,2i=1,2,....om j=1,2,....m P, =Pl >0,and Q;, = QL >0
so that

H(Pkaij) < —2Qp

Amin(Qk) > max | Pk Trpis | (6.47)
Amin(H(PeGrij + Qr)) > n%%x | P Tpis ||

fori =12 ....mj=12...mk=12p=12%k#0pVi#j:
dz : wi(z)wj(z) # 0, where Gij = Ari — LiiClrj, Thpij = Arkpi — LiiClpj is
the interconnection term that influences the subsystem k, Ly;, i = 1, 2, ..., m are
the observer gains of the kth subsystem, and A\ni, denotes the eigenvalue with the
smallest absolute magnitude.

The above conditions are not LMIs. By imposing that

)\min(H(Pkaij + Qk:)) > )\min(Qk)

fori=1,2,....,m 7 =1,2 ..., m k= 1,2 and that tjm] < Qp < timl,
conditions (6.47) are satisfied if

tem! < Qp < timl
H(PrGrij + Qr) < —trml (6.48)
teml > max | P Thepis |

fori =1,2,...,m,j=1,2,...,m,k=1,2,p =1, 2, k # p. Note that
conditions (6.48)) are only sufficient, and therefore more conservative than (6.47).
Recall, that the interconnection term Ty, is in fact Thpij = Awpi — LiiChrypj,
k=1,2,p=1, 2,k # p,ie., the interconnection term in the error dynamics. How-
ever, only the bounds on the interconnection terms in the subsystems are known,
i.e., par = maxy,; || Agpi|| and por = maxy,; ||Crpill, where k is the number of the
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current subsystem, k = 1,2. To be able to use these bounds, let Q; be the sum of
two positive definite matrices, Qr = Qra + Qrc that satisfy

Qra > pak| PellI
Qrc > pok max | PxLiil| I

The above conditions may be expressed as LMIs:

Qra >t l
Qrc > tial

teid  pakPy
>0
(MAkPk tinl ) —

teal  por My >0
perMl  tiel ) =

where My; = Py Lp;.
With the decoupled LMI conditions, the result is summarized as:

Theorem 6.7. The error system (@.42) is exponentially stable, if there exist My,
1=1,2,...,m, P, = P,;F >0, Qr = Qz, tpr > 0, tee > 0, tenme > 0, and
tem > 0, k =1, 2, so that

tem! < Qr < tpm!

H(PrGrij + Qr) < —teml

tkmI > Qra + Qrc

Qra > tial

Qrc > tral (6.49)
ti1id tarP

(,U:kpk Mtkifk> =0

tkol  porMpi
porME  tpel

Y

0

Jori=1,2,....m j=1,2,...,m Vi #j: 3z: w(z)wj(z) #0,
k=12

Note that this result can only be used if a bound on the interconnection terms is
known a priori. Also, the conditions of Theorem [6.7] are more conservative than
those of Corollary[6.3]

The observer design using the conditions of Theorem is illustrated on the
following example.

Example 6.11. Consider again the distributed system in Example 6.9, with the TS
fuzzy representation obtained in Example 6.9. For both subsystems, we have p 41 =
pas = 1, and uc1 = peo = 0. Therefore, the last condition of (6.49) is satisfied
for any t;o > 0, and the LMI problem that has to be solved is fo find My;,
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iil,?,...,m,Pk:PkT>O,Qk:QZ,tk1>O,tk2>0,tkM>O,tkm>0,
k=1, 2, so that
tem! < Qp < tpml

H(PrGrij + Qr) < —teml
tkm! > Qra + Qe
Qra > tial
Qrc > tpal
terd  par P
>0
(IUAkPk (759 ) -

fori =1,2,...,m,j =1,2,...,m Vi # j: 3z: w(z)wi(z) #0,
k=1, 2.

Solving conditions (6.49) for the subsystem with state variables 21 and x> yields
the observer gains

0.88 0.88 0.68 0.68
In = (0.14> Lz = (0.24> L = (0.14> D= (0.23>
However, the LMI referring to the other subsystem, with state variables x5 and x4, is

infeasible for ;1421 = 1, and can only be solved, if the bound on the interconnection
term is lower. For the bound 4o = 0.5, the observer gains are obtained as

7.42 7.42 5.42 5.42
I = (2.27) L = (1.72) L = (2.27> Lo = (1.72) H

6.3.3 Sequential Design: Estimated Scheduling Vector

Consider now the case when the scheduling vector depends on the states to be esti-
mated. For the simplicity of notation, only the case when the measurement matrices
are common for all the rules of a subsystem is presented. If the measurement ma-
trices are different for each rule, the observers can be designed in a similar fashion,
although the conditions become more complex.

The error dynamics (similarly to Section[6.3.2)) are expressed as:

m

sz J(Ar;e1 + Aigies — L1;Cre)
+ Z(wz(z> —w;i(2))(A1z1 + Briu + A1)
=t (6.50)

ey = sz )(Aziea + Asiser — Lo Cae)

+ Z wi(z) — w;i(2))(Agixa + Boju + Aziixy)
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or

e *Zw A — L1;Ci1 Ari — L1;Ch2 e
! A1 — LoiCo1 Ag; — LgiCao

(6.51)

Ay + Bru + Ajgixo
+ Z wi(z) —wi() (Azzwz + Baju + Azpixy

In case of a centralized observer design in general it is assumed that
. - o [Ariz1 + Briu+ Ao
A= ;(wl(z) —wi(2) <A21‘w2 + Baju + Az1;21

is Lipschitz in e, i.e., ||A|| < plle]|, for some x> 0. This condition can also be

formulated as A = F'e, with F' an uncertainty, such that || F'|| < p. In distributed
observer design, the estimation error for the already existing subsystem is

w;(z)(Aziez — Lo;Cazes)

€y =

I

©
I
—

(6.52)

+ ) (wi(2) —wi(2))(Agiza + Baiu)

IR

=1

where z depends only on the states of this subsystem. For this subsystem, there
already exists a condition on the model-observer mismatch, i.e.,

m

A= | Z w;(2) — wi(2))(Agiez + Basu)|| < poflez]|

When a new subsystem is introduced, both z and A change. In order to keep the
symmetry and to have condition similar to that of centralized observer design, one
can require that A is expressed as

m
(A + Buu + Ao\ [ F1 Fio
Z;(wl(z> - wI(Z)) (A2im2 + Boju + Azjixy ) \Far Fo € (6.53)
and that the uncertainties are bounded

| Fiz]| < p12

[ F]| <

| Ptll < pins
1P < iz

(6.54)

With the considerations above, the following Proposition is formulated:
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Proposition 6.1. The error system (&.31)) is asymptotically stable, if there exist P, =
P1T>O,P2:P2T >0,Q1 =Q1T>O,Q2:Q§F>O,L1¢,andL2¢,i:
1,2, ..., mso that (&33) and (&.34) are satisfied and

H(P2(Gai + F2)) < —2Q2
H(PlGh) < 72Q1
Amin(H(Q1 + P1FY)) > max | P1(G12: + Fi2)|

Amin(H(P1G1: + Q1)) - max; || P> (Ga1i + For)||?
max; || P1(Gi2i + F12)|] ~ Amin(Q2) Amin (H(P2(Gai + F2) + Q2))

fori = 1, 2, ceey, MM, where GM = AM - LUCH, GQZ' = AQZ' - LQiCQL G12i =
Aqo; — L1;Cho, Go15 = A1y — LoiCo1, and Amin denotes the eigenvalue with the
smallest absolute magnitude.

Proof: Similarly to the proof of Theorem one can see system (G.31) as the
cascaded system

.« s (A1; — L1iCr1)eic
Ce = ; wi(Z) <A2i62c + Asrier. — LoiCaec

- ~ 0
i ;(wl(z) —wi(2) <A2i332 + Boju + A21i331>

and an extra feedback term. System (6.33)) is asymptotically stable, if the conditions
of Theorem 5.10 are satisfied. Moreover, exponential stability can also be ensured
by using somewhat more conservative conditions: if there exist P, = P{ > 0,
Py :PQT > 0,Q1 :Q{ > O,QQ :Qg > 0, ug > 0, o1 > 0, Fy, and F51 so
that

(6.55)

H(PlGh) <-2Q; i=1,2,...,m
Z(wi(z) — w;(2))(A2ixa + Basu 4 Ag1iw1) = (Fo1 Fa) ec
i=1

|1 Fo1 | < pon

12| < peo

H(PQ(GQi + Fz)) <=2Q2 i=1,2,....m
with G, = Ay — L1;C11 and Gay = Aoy — LgiCoy.

The condition H (P (G2; + F»)) < —2Q)- ensures that the already existing error
system is exponentially stable. Moreover, when the new (error) subsystem is con-
nected, the bound on F5 should not change, i.c., although the new subsystem may
influence the membership functions, it should not influence the model-observer mis-
match of the second subsystem.

The conditions above also ensure that there exists & € RT so that

V. = ezjdiaug(aPl7 Py)e.
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is a Lyapunov function for (6.33) and V, < —2e! Qe., with Q = diag(aQ1, Q)

and Go1; = As1; — Lo;Ca1. To show this, consider the Lyapunov function

T O[Plo
Ve=¢€; ( 0 P2>ec

The derivative is:

;o - LT aP1 Gy 0
Ve= ;wz(z)ec H (PQ(GQM = F) Po(Gas + F2)> ec
Then, VC < erCTQeC if

( oH(P1G1i) (G +F21)TP2> <9 (CYQ1 0 >
Py(Ga1i + Fo1) H(P2(Ga; + F»)) 0 Q2

for: =1, 2, ..., m, which amounts to

<aH(P1G1i +Q1)  (Ga1i + Fo1) TPy > <0
Py(Ga1i + Fo1) H(P2(Gai + F2) + Q2)

fori=1,2,..., m.
Using the Schur complement, one obtains

aH(PiG1; + Q)

— (Ga15 + Fo)) T Py(H(Po(Gas + Fo) 4+ Q2)) ' Po(Gayy + Fay) <

which is satisfied by any « chosen such that fori =1, 2, ..., m

. 1  max; [[P(Gari + Fa) |12
)\min(H(PlGli + Ql)) )\mln(H(PQ(GQL + FQ) + QQ))

Now, consider the full error system (&.31)), together with the assumptions

m

Z(wi(z) — wl(’z\))(AM:cl + Bi;u + Auiwl) = (Fl Fm) e

i=1
1 Fiz|| < p12
1) <

These assumptions, combined with the assumption that

Z(wi(z) — w;i(2))(A2i2 + Basu + Asi1) = (Fo1 Fa) ec
i=1
[F21|| < pioa

[F2]] < po

0

(6.56)

(6.57)

(6.58)
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are effectively equivalent to those that would be used in the centralized design (see
Theorem 4.5).

By using the above constructed V' = V. as a candidate Lyapunov function
for (&.31)), one obtains:

y - (2T aH(P1G;) GQTMP? 0 oP1Gho;
VfZ;wz(z)e <( PaGors . H(PGa)) T\aGT P 0 e

T aH(PlFl) OzPlFlg
te <a(P1F12)T 0o )€

< —e™H (O‘(Ql BPIF” £2> e + 2¢7 (amax | Py Gz + Fia) ) Ie
< —€T O[H(Q1+P1F1 — max; ||P1(G127,+F12)HI) 0
0 H(QQ — max; ||P1(G127,+F12)HI)
leading to the conditions

Amin(H(Ql + PlFl)) > max; ||P1(G12¢ + F12)|| (6.59)
)\min(Qg) > amax; ||P1(G12i + F12)|| (660)

fori =1, 2, ..., m. Combining (6&.36) and (&.60), we get that such an « exists, and
V = V. is a Lyapunov function if

Amin(Q@2) S max; | Pa(Ga1i + For)|?
max; || P1(Gi2i + F12)]| Amin(H(P1G1i + Q1)) Amin(H(P2(G2i + F2) + Q2))
fortr=1,2,..., m,or
Amin(H(P1G1i + Q1)) max; || P2 (Ga1i + Fo1)||?
max; [Py (Gi2i + Fi2)|| = Amin(Q2) Amin(H(P2(G2i + F5) + Q2))
fori =1, 2, ..., m. With this, the proofis concluded. O

If the scheduling vector depends on states to be estimated, a cascaded error sys-
tem can only be obtained in special cases. As in Section [6.32] the conditions of
Proposition 6.1 can be implemented in a two-step algorithm, similarly to Algo-
rithm[&.2] A decoupled design, similar to that given in Theorem[6.7]is also possible,
if bounds on the interconnection terms are known in advance.

The decentralized observer design for the case when the scheduling vector de-
pends on the unmeasured state variables is illustrated on the following example.

Example 6.12. Consider a decentralized system, composed of four subsystems, with
their interconnection terms as presented in Figure[6.4]

The order in which the subsystems are added to the distributed system is as fol-
lows: first only Subsystem 1 exists, to which Subsystem 2 is added, then Subsystem
3 is connected to the system composed of Subsystem 1 and Subsystem 2, and finally,
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A,

Fig. 6.4 Four subsystems with their interconnections.

Subsystem 4 is connected to the existing system. The individual subsystems and the
interconnections are described as:

1. Subsystem 1: The scheduling variable z; is a measured variable, with the mem-
bership functions presented in Figure

small——> <—bhig

Fig. 6.5 Membership functions of z;.

Model rule 1:
If z; is small then

. (—11 1
€Tr = 23w1+2u

y1=(1 0)x;

(23 1
€Tr, = 0_4w1+2u

Y1 = (1 O)a:l

Model rule 2:
If z1 is big then
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1
around zero—>
0.8F
<-not zero
not zero~”
~ 0.6
N
5
0.4+
0.21
0 .
-2 -1 0 1 2

Fig. 6.6 Membership function of z5.

2. Subsystem 2: The scheduling variable zo is x99, a state to be estimated, with
the membership functions presented in Figure The states are bounded,
To1,T22 € [*2, 2}.

Model rule 1:
If z5 1s not zero then

. —-0.51.5 0.1
®2 = < 0 —1> T2t <o.1>
(110
Y2=1010 )"
Model rule 2:

If 25 is around zero then

. 0.53 0
m_(o 1)x2+(0.1)
(110
Y2=1010)*
The interconnection terms are as follows:

If 27 is small and 295 is around zero then: A5 = (8; Od8> , Ao = (8? Od3> .

If z; is big and x9y is around zero then: Ajp = <_0023 8;), Ay =
—-0.2 -0.3
01 O
Otherwise there is no direct connection between the subsystems 1 and 2.
3. Subsystem 3: The scheduling variable z3 is an exogenous measured variable,
with the same membership functions as z;.
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Model rule 1:
If z3 is small then

(12 L (3
£L'3—373£L'3 4u

Yz = (1 2)583

Model rule 2:

If z3 is big then
. -20 3
wn=(37) e (1)
ys = (1 2)z3

The interconnection terms are as follows:

If 23 is big then: A;5 = (8;L 063 |

If 21 is big and z3 is small then: A3y = (0'2 0'3>.

0.1 O
if 29 is around zero then: A3y = 78'2 —O(.)ll .

Otherwise, there is no connection between the subsystems 1 and 3 and between
2 and 3, respectively.

4. Subsystem 4: The scheduling variable z4 depends on x4, 24 = x41 +x42+4, and
the membership functions are wy (z4) = 0.125(241 + 242 + 4) (corresponding to
“z4 is small”), and wa(z4) = 1 — w1 (24) (“z4 is big”). The states are bounded,
T41, T41 € [—2, 2| and the input is bounded, u € [—0.5,0.5].

Model rule 1:
If z4 is small then
Ty = <2 O)x4+(3>u
2 =3 2

ys=(1 0)xs
Model rule 2:
If 24 is big then
. (—-13 n 1
=2 —1)* " \o)"
ya= (1 0)zs
The interconnection terms are as follows:
. . 0.1 0.5
If rule 1 is active then: Ao = 08 1)
. . 0.2 0.5
If rule 2 is active then: A3 = <0.5 0 )

Otherwise, there is no connection between the subsystems 1 and 4, 2 and 4, and
3 and 4, respectively.

The observers are designed sequentially, as the subsystems are added, based on
the conditions of Corollary [6.3] and Proposition 6.1. First, an observer is designed
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Fig. 6.7 Estimation error for the subsystems using distributed observers.

for Subsystem 1, without further conditions. Second, an observer is designed for
Subsystem 2, taking into account the interconnection terms with Subsystem 1.
Third, an observer is designed for Subsystem 3, considering the interconnection
terms with Subsystems 1 and 2. Finally, an observer is designed for Subsystem 4.
Note that the group of subsystems 1-2-3 and subsystem 4 are in cascade, and there-
fore, based on stability conditions for cascaded systems, it is sufficient that the in-
dependent observers are stable.

A typical error trajectory can be seen in Figure The system was simulated
using the ode23tbh method (trapezoidal rule with second order backward difference
formula) for solving ordinary differential equations of Matlab. This particular trajec-
tory was computed for a randomly generated input and (where applicable) a random
scheduling vector, with the true initial state being (1 2 —1 3 —1 1 1 —1)7
and the estimated initial states being zero. As expected, the error converges asymp-
totically to zero. Note that the error for the second subsystem converges very fast.
This is because of two reasons: 1) the scheduling variable of this subsystem is a
state to be estimated, and the observer has to be robust enough to handle the model
mismatch and 2) at the same time the observer has to comply with the restrictions
imposed by the interconnections to the first subsystem.

If the subsystems are added sequentially, and a bound on the interconnection
terms is not known before the subsystem is added, one has to redesign a centralized
observer each time a subsystem is added. A model of the centralized system can
be obtained by taking all possible combinations of the interconnected subsystems
and an observer can be designed for this system. This means that both the number
of rules and the dimension of the LMI problem to be solved increase in every step:
for the first subsystem, 2 LMIs of dimension 2 have to be solved, when the second
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subsystem is added, 4 LMIs of dimension 4, for the third subsystem 8 LMIs of
dimension 6, and finally, when the fourth is added, 16 LMIs of dimension 8 need to
be solved. ]

6.4 Summary

Many physical systems, such as power systems, communication networks, eco-
nomic systems, and traffic networks are composed of lower-dimensional subsystems
that are interconnected. In this chapter, the stability of such decentralized systems
has been studied for the case when the subsystems are represented as TS fuzzy sys-
tems. We have reviewed parallel and sequential methods for analyzing the stability
of and design observers for TS fuzzy subsystems. The presented approaches reduce
the dimension of the problem to be solved, by analyzing the stability of the overall
system based on the individual subsystems and the strength of the interconnection
terms. The same holds for observer design. Observers can be designed for the indi-
vidual subsystems in parallel or sequentially. Such a design has the advantage that
the observer does not need to be redesigned every time a subsystem is added or
removed.

A shortcoming of the methods presented is that they rely on the existence of a
common quadratic Lyapunov function. Moreover, the derivation of LMI conditions,
although facilitating the easier design, introduce conservativeness.






Chapter 7
Adaptive Observers for TS Systems

Many processes change over time or due to the influence of unknown inputs that
cannot be measured. In some cases, the change is considerable and may be due to
the degradation of parts of the system, actuator faults, or disturbances that should
be detected as soon as possible. Therefore, this change has to be considered when
designing observers and controllers. In this chapter, methods to design adaptive ob-
servers that simultaneously estimate the states and unknown inputs of systems rep-
resented by TS fuzzy models are presented.

7.1 Introduction

Adaptive observers are in general defined as observers that simultaneously estimate
the states and unknown parameters of a dynamic system, by processing the mea-
surements online. Adaptive parameter estimators or observers in general fall into
two categories (Sheikholeslam, 1995): 1) input-output identification methods and
2) model-based algorithms that use an observer. In this chapter, we address the sec-
ond category, that is, model-based adaptive observers.

Although in general the application of adaptive observers concerns the estimation
of states and parameters, in this book we also refer to unknown input observers as
being adaptive observers. In fact, in this context, the unknown inputs are considered
to be time-varying parameters. In what follows, we briefly review adaptive observers
for linear and nonlinear dynamic systems.

Starting from the 1970s, the problem of state estimation in the presence of
unknown inputs or unknown parameters has attracted significant research inter-
est (Landau, 1979; Narendra and Annaswamy, 1989; Sastry and Bodson, 1989).
However, these early results concern mainly linear time-invariant, single-input
single-output systems, and their application for nonlinear dynamic systems is
not straightforward. When applying adaptive state and input observers designed
for linear systems to a nonlinear system, such as the approach proposed in
(Xiong and Saif, 2003), the observer can only be used in a small neighborhood of
the linearization point. In general, observers designed for linear systems are rarely
able to estimate the states and the inputs of the nonlinear system.

Zs. Lendek et al.: Stability and Observer Design Using TS Models, STUDFUZZ 262, pp. 149
springerlink.com © Springer-Verlag Berlin Heidelberg 2010
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For nonlinear systems, a general approach, both in adaptive controller and ob-
server design is to assume that the system is SISO and is in or can be trans-
formed into observer canonical form (Marino and Tomei, 1995; Marino et al., 2001;
Park et al., 2001; Park and Park, 2003; Wang and Luoh, 2004; Tong et al., 2004;
Wang and Chai, 2005; Park et al., 2005; Ho et al., 2005; Hyun et al., 2006). Al-
though by this transformation the physical meaning of the state variables is lost,
it facilitates the observer design. By using a quadratic Lyapunov function, ensur-
ing strictly positive real conditions, the Kalman-Yakubovic-Popov lemma can be
applied and the adaptive laws are deduced from the Lyapunov synthesis. A short-
coming of these observers is that they do not incorporate prior information and
cannot be used when physical states have to be estimated, or when a model is
not in a canonical form. Robust versions of these adaptive observers have also
been derived for systems affected by a bounded disturbance, by adding a robust-
ness term (Park et al., 2001; Park and Park, 2003; Park et al., 2005; Wang and Chai,
2005; Labiod and Guerra, 2007). In many cases, when using both an observer and a
controller, the robustness term is incorporated in the controller instead, to deal with
the approximation error and disturbances (Tong et al., 2004; Ho et al., 2005).

A special class of adaptive TS models that can be considered is the class of so-
called evolving fuzzy models (Angelov and Filev, 2004b). However, these models
are in general identified from data, and result in an input-output description, not
a state-space formulation. The interested reader is referred to (Angelov and Filev,
2003, 2004b,a; Angelov et al., 2008; Angelov and Zhou, 2008).

Results for MIMO systems include high-gain observers (Zhang and Xu,
2001), special observer canonical forms of the system (Zhu and Pagilla,
2003;  Wang and Luoh, 2004), linearly  parameterized neural net-
works (Ruiz Vargas and Hemerly, 2001; Hovakimyan et al., 2002), and observers
based on a known linear part of the model (Ha and Trinh, 2004).

Several methods (Marino et al., 2001; Pertew et al., 2005, 2006) exist that es-
timate the states and parameters of nonlinear systems composed of a known lin-
ear part and a Lipschitz nonlinearity affected by unknown inputs. For instance,
(Ha and Trinh, 2004) provided an estimation method for a class of nonlinear sys-
tems, where the known part of the nonlinearity is Lipschitz in the states and inputs.
This method relies on an assumption related to a rank condition on a matrix com-
posed of the direct feedthrough term and of a distribution matrix of the unknown
nonlinear terms affected by the unknown inputs.

The design of observers in the presence of unknown inputs is an important
problem, since in many cases not all the inputs are known (Xiong and Saif, 2003;
Pertew et al., 2005, 2006). For instance, in machine tool and manipulator appli-
cations, the cutting force exerted by the tool or the exerting force/torque of the
robot is needed, but it is very difficult or expensive to measure (Corless and Tu,
1998; Ha and Trinh, 2004). Load estimation in e.g., electricity distribution networks
(Sheldrake, 2005), or wind turbines (Li and Chen, 2005) is necessary for proper
planning and operation. In biomechanics, the myoskeletal system can be regarded
as a dynamic system, where segment positions and trajectories are the system out-
puts and joint torques are the non-measurable inputs (Guelton et al., 2008b). In
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traffic control, time-varying parameters have to be tracked, which can be regarded
as unknown inputs (Wang and Papageorgiou, 2005). In chaotic systems, for chaos
synchronization and secure communication, one has to estimate not only the state,
but also the input signal (Liao and Huang, 1999).

Adaptive input observers have also been used for fault detection, even when all
inputs are known (see (Frank, 1990) and the references therein). In fact, the class
of adaptive observers has received considerable interest in fault detection and iden-
tification, where the unknown inputs represent the effect of actuator faults or plant
components and its presence has to be detected as soon as possible. However, these
methods usually concern linear systems (Zhang et al., 2005) and only detect the
fault, but do not estimate it (Marx et al., 2007). A method for TS systems in de-
scriptor form has been proposed by Marx et al. (2007) to estimate the states in the
presence of unknown inputs. This method is based either on decoupling the un-
known inputs, or on attenuating their effects on the states. If decoupling is possible,
the states are correctly estimated, and single faults can be isolated by using a bank
of observers. However, the faults (unknown inputs) cannot be reconstructed. For
the case when the decoupling of all the unknown inputs is not possible, Marx et al.
(2007) also proposed a method to attenuate their effect on the states.

In this chapter, methods to design observers that estimate the states and the un-
known inputs of TS fuzzy systems are presented. First, the general framework is
introduced, starting from adaptive observers for linear systems. Afterwards, adap-
tive observers for TS fuzzy systems are considered. Two types of unknown inputs
are considered. First, inputs that are or can be approximated by polynomial func-
tions of time, are studied. Such inputs can be, for instance, biases in the model or
ramp inputs acting on the model. This approach is in fact a generalization of several
results that consider (approximately) constant unknown inputs. The second type of
input considered is uncertainty in the model dynamics.

7.2  Unknown Input Estimation

Adaptive observers have already been investigated in the 1970s, for linear systems

influenced by unknown inputs, with the goal that both the states of the system and

the unknown inputs are estimated. A complete analysis of input observability and

input reconstruction for linear systems has been provided by Hou and Patton (1998).
The early results concern linear systems of the form

* =Ax + Bd
y=Czx + Dd

where d denotes the unknown input, and A, B, C, and D are the system matrices.
For such systems, Hostetter and Meditch (1973) proposed the observer

§=F¢+ Gy
x =Ly + Mg
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~

where y = R < &> , 1.e., it is the estimate of a linear transformation of the states un-

known inputs, and the matrices F, G, L, and M are determined (see
Hostetter and Meditch (1973)) such that the estimation error e = x — & converges
to zero.

Although the method of Hostetter and Meditch (1973) can only be used for SISO
systems in canonical forms, they also proposed that the observer should be extended
with the derivatives of the unknown input. That is, if the unknown input is not con-
stant, but time-varying, its derivatives can be included in the vector y, and a so-
called ‘k-observer’, in fact a Luenberger observer for this augmented system can be
used. With this observer both the states and the unknown inputs can are estimated.

For nonlinear systems, the problem of estimating both the states and the unknown
inputs of the system is motivated in part by machine tool and manipulator applica-
tions. There are many situations when an observer is required to estimate the cutting
force of a machine tool or the exerting force/torque of a robotic manipulator. This
problem has been addressed by Corless and Tu (1998), where the nonlinear part, a
state-dependent and time-varying function, is also the unknown input.

Corless and Tu (1998) considered systems described by

xz =Ax + Bf(t,x)

y=Czx
where f(t, ) is considered an unknown input, i.e., d = f(¢, ), and rank(CB) =
rank(B), i.e., the number of measurements is necessarily greater than or equal to the
number of inputs. Moreover, an initial estimate f (¢, x) of f(¢, x) is assumed to be
available. The goal is to estimate both the state vector « and the unknown input d.

Under the condition that rank(B) = ng, i.e., B has full column rank, where ng4
denotes the number of unknown inputs, and d is such that
ld = folt;®)[| < b1 + mlle -z

Hdd afo ¢ & dfo

)= @] < B+ kaille — &) + & - 3

holds, Vt, x, &, where 31, (2, K1, k21, and Koo are known non-negative constants,
Corless and Tu (1998) proposed the observer

T =AZ + Bd+ L(CZ —y)
d=Fo(t,&) —1G(CZ ~y)
where the matrices L, G, and P = PT > 0 are determined such that
H(P(A+LC)) <0
BTP =GC

hold.



7.2 Unknown Input Estimation 153

The estimator proposed by Corless and Tu (1998) is actually a high-gain ob-
server, and it exists only under very strict conditions. Although it does not achieve
asymptotic stability, the unknown inputs can be estimated to any degree of accuracy,
by increasing . Moreover, this estimator does not require differentiation of the mea-
sured output, which would be problematic when the measurements are corrupted by
noise.

The result of Corless and Tu (1998) has been extended and the conditions relaxed
by Xiong and Saif (2003), by showing that the bound on the derivative of the un-
known input is not necessary. Xiong and Saif (2003) consider the dynamic system

* =Ax + Bu+ Gd
y=Cux

with the G and C matrices having full (column) rank, where u is a known input and
d is an unknown input. The proposed observer is

t=Fz+ Ly +TBu+TGd
d=y(Wy - Nz)

and guarantees that lim; . (z — T'x) < ¢, for an arbitrary ¢ > 0, under the condi-
tions, that

FI -TA+LC=0

N =(TG)'P

NT =G"T"PT =WC

rank(TG) = rank(G) = ng
where F is a stable matrix, and PF + FTP = —Q, Q = Q7 > 0. Moreover, if d
is constant, then the estimates converge asymptotically to the true values.

A class of systems that has been extensively investigated comprises systems of

the form
& =Ax + ¢(x,u) + Bf(z,u)0

y=Cux
where B € R"=*™4_and @ are unknown parameters to be estimated.
For such systems, under the conditions that there exists a matrix P = PT > 0
such that BT P = C, with C; being a linear combination of the rows of C, that the

nonlinear functions ¢ and f are Lipschitz continuous in the states, i.e., there exist
~1 and 79 such that

[6(x, u) = o(Z, u)|| < nlz -z
[f (@ u) = f(@ v < 2lle -z

that the parameter vector @ is bounded, i.e., ||@|| < -3, for some v3 > 0,
Rajamani and Hedrick (1995) proposed the observer
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T =A% + ¢(@,u) + Bf(@,u)0 + L(y — C%)

Then, the estimated states converge asymptotically to the true values, if the gain L
is chosen such that
/\min (Q)

2Amax (P)
H(P(A-LC)) =-Q

1 + 72731 B <

where Q = Q7 > 0 and ¢ > 0 are arbitrarily chosen, and A, and Apax denote
the smallest and largest eigenvalue, respectively.

A consequence of the results of Rajamani and Hedrick (1995) is, that in a similar
way, adaptive observers can be designed for systems of the form

& =Az + ¢(y,u) + Bf(y,u)0
y =Cx

a type of systems that have been extensively investigated by Marino
(1990); Marino and Tomei (1995); Zhang and Xu (2001). For such systems,
Marino and Tomei (1995) proposed an observer that guarantees an arbitrary rate
of exponential convergence provided that the system is persistently excited, while
Zhang and Xu (2001) proposed high-gain observers.

Ha and Trinh (2004) considered the dynamic system

& =Ax + Bd + f(z,d,y)
y=Czx + Dd

where d is an unknown input (of dimension n4) and the vector function f is com-
posed of an unknown vector function f, and a known vector function f;, i.e., it
can be written as

f(maday) = fL(wvday) + qu(ic,d, y)

where W has full column rank n ¢ that is the dimension of f . It is assumed that 1)
the function f is Lipschitz in « and d, i.e., there exists v > 0 so that

1f (@ dy) ~ £ @ dy)l <] %H

Va,z € R" and Vd, de R™, and furthermore, 2)
rank(D CW) = ng +ny
In order to design the observer, the system is written as

EE=ME+ fi(&y)+WE,(6y)
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with &€ = (27 d")", E = (I 0), M = (A B), H = (C D). The observer proposed
is

X=Nx+Ly+RfL(§y)

E=x+Uy
For this observer, Ha and Trinh (2004) formulated the following result.

(7.1)

Theorem 7.1. (Ha and Trinh, 2004) The estimation error dynamics obtained by us-
ing the observer (1) are asymptotically stable, if there exist P = PT >0, X, Y,
01 > 0, and d2 > 0 such that

H(Pé+ YW — XH) +~+2(61 + 6)] PJ YG

JTp 561 0 | <0 (7.2)
GTyT 0 6,1
where
R=J+2G Z =Py
U=V +ZK
N=¢+2¥—-FH F=pP'X
L=F+NU
¢=JM J=1[10STr0"
sz(ggv 6=GM
G=(I-5"9)[10]" V =[10]ST0 11"
K =(I-S'S)[on” St = (sTg)~1sT

where the superscript T denotes the Moore-Penrose pseudoinverse.

To increase the possibility that (Z2)) is feasible, the Lipschitz constant v should be
as small as possible.

For TS fuzzy systems, unknown input observers have been developed for sys-
tems in descriptor form. One of these, developed by Marx et al. (2007), involves the
estimation of the states by decoupling or when decoupling is not possible, attenuat-
ing the unknown inputs. However, this observer is not able to estimate the unknown
input, and therefore is not presented here.

An unknown input observer that is able to estimate both the states and the
unknown input for TS fuzzy systems in descriptor form has been developed by
Guelton et al. (2008b). Consider the TS system in the descriptor form

Zuk Ek:c72w2 )(A;x + M;d)

Y= Zwi(z)C x

(7.3)
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where d is the vector of unknown inputs, Fj are regular matrices, and vy, k =
1, 2, ..., me, are normalized membership functions.

By considering the unknown inputs as states, and under the assumption that d =
0, the system (Z.3) can be reformulated as

m

fuk(z)EZd)e = sz VASx®
k=1

Y= Z w;(z)Cia’

i=1

(7.4)

withz® = (z d)7, S = (Eok ?),A; . (‘3 ]‘g’),and s = (C; 0). Now, (D)

can be written as

E'd =) ) u(z)wi(z)(Afa")

k=1 i=1 (7.5)
Y= Z w;(z)Cfx*

o . . (I0\ .. 0 I .
witha* = (2 &), E" = (| 0)’ A= ag gy ) €7 = (C10).
The observer proposed by Guelton et al. (2008b) for (Z3)) is
R D WACIIBIETELRS 9) SIAETAEI AR
kmlz 1 k=1 i=1 (7.6)

Y= Zwi(z)C’ z
i=1

For this observer, the following result has been formulated:

Theorem 7.2. (Guelton et al., 2008b) The estimation error obtained by using the
observer (L8) converges to zero, if there exist matrices P3 and Py, P = P > 0,
Kii, k=1,2,...,me, i =1,2, ..., m, such that
k<o
k k

where
ko <AiTP3 +PTA; - CTKT — PYK .Gy ng )
j o B[P, PTE
fori=1,2,....om j=1+1,14+2,....mk=12,..., mg with X5, =

Py — ETPy+ PI A, — PTK;.C,.
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In (Guelton et al., 2008b), the observer (Z.6) has been applied to the estimation of
joint torques in a human stance. However, this observer has two shortcomings. First,
it is assumed that the unknown inputs are constants, or slowly varying, that is, d ~ 0.
Second, it is implicitly assumed that the scheduling vectors are known (measured),
as they can be used in the observer.

In the sequel, we consider similar adaptive unknown input observers, for un-
known inputs that are polynomial functions of time, for TS fuzzy systems in the
classical (non-descriptor) form. The observers are designed, similarly to the results
presented so far, based on the already identified model, such that, together with an
appropriate update law for estimating the unknown inputs, they ensure the conver-
gence of the estimation error.

The TS fuzzy system considered is of the form

i=1

o (7.7)
y= Z w; (2)(Cix + ¢;)
i=1
where A;, B;, M;, a;, C;, ¢;, i = 1, 2, ..., m, are the known matrices and biases

of the ith local model, and the vector d is an unknown input. This input can repre-
sent disturbances acting on the process, effects of uncertain dynamics, or actuator
faults. Two types of unknown inputs are distinguished. The first type of unknown
input considered is an unstructured input that can be approximated by a polyno-
mial function that varies over time. The second type of unknown input considered
is unmodelled dynamics. In both cases, the goal is to design an observer that simul-
taneously estimates both the state vector & and the unknown input d. To ensure the
observability of the unknown inputs from the available measurements, in the sequel,
it is assumed that

Assumption 7.1. The matrices M;, i = 1, 2, ..., m have full column rank, and
rank(CM;) = rank(M;), i =1,2, ..., m.

Given that our goal is to estimate both the states and the unknown inputs, this as-
sumption is not restrictive.
The observer considered is of the form:

&= wi(Z) (A& + Biu+a; + Mid + Li(y — 3))

(7.8)
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where L;, i = 1, 2, ..., m, are the gain matrices to be designed for each rule, and
f*, the update law for d, should be determined so that the estimation errors  — =
andd — d converge asymptotically to zero, or to a neighborhood of zero.

Next to the two types of unknown inputs considered, two cases, depending on
whether or not the scheduling vector depends on the states to be estimated are dis-
tinguished. The observer design is considered in both cases.

7.3 Estimation of Unknown Polynomial Inputs

In this section we consider the case when the unknown input is or can be approxi-
mated by a polynomial function in time. Such inputs may represent biases in the
model, time-varying disturbances acting on the process, degradation in time, or
even failure of actuators. In what follows, conditions to design a fuzzy observer
and bounds on the estimation error are presented.

To design the observer, consider the TS fuzzy system of the form (Z.7), where
d is an unknown input that is a function of time so that there exists p € N so that
d?) =0, or ||d(”) || < pa, for some pg > 0, i.e., the unknown input is p— 1-th order
polynomial function or can be approximated by a p-th order polynomial function of
time. It is assumed that the states, the unknown input d, and the derivatives of d are
observable from y.

7.3.1 Measured Scheduling Vector

First, consider the case when the scheduling variables are known (measured), and
therefore their values can be directly used in the observer. Moreover, assume that
the unknown input is indeed a (p — 1)th order polynomial function of time, i.e.,
d®) = 0. For this case, the following result holds.

Theorem 7.3. The estimation error € = x — T obtained by using the observer

w;(2)[AiZ + Biu+ Li(y — y) + Mia + a;]

8)
I
NE

1

.
I

m
y= Zwi(z)(cﬁ + ci)
i=1
~0) _ (7.9)
d =) wi(z)A(y -y
i=1
) Ak
d =) wi(z)Af(y-g)+d )
i=1
for k=1,...,p—1
is exponentially stable if there exist P = PT > 0, L;, Aif 1 =1,2,...,m,

k=1,2,...,p, sothat
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AifLiCj+AjijCiMi+Mj0"'

—AlC; —AJI-CZ- 0 2I ---

H|P : : o

ATy — AP 0o 0--

—Aij—/lgGi 0 0 -
fori=1,2,....mj=i+1,i+2, ..., mVi<j:

159
<0 (1.10)
w;(z)w;(z) # 0.

Proof: An extended error system, containing both the state error and the derivatives

of the input errord = d — d, can be expressed as:

e A — LiC; M; 0 -
gi m -Alc; 0 T---
€q = d = w;(z)w;(2) : Do
: i=1 —Af_lCi 00---
d(p) —APC; 0 0
m m
+ Y wi(z) ) w;(2)
i=1 j=1
j>i
AL—L,‘C]'—"—A]'—L]'CZ‘ MZ‘—FM]' 0 ---
—A}Cj — AC; 0 21
R : oo
—A7C = AT 0 0 -
—APC; —AfC’i 0 0 -

o

e
0 d
I (p—1)
o) \d
O e
0 d
21 1)
o) \d

Using a quadratic Lyapunov function V = el Pe, for the extended error vector &,,

its derivative is expressed as:

Ai = LiC; M;0--- 0
N “AC; 0 10
V:Zwi(z)wl( e,H| P _ Dol €,
i=1 —APT'C 0 0. T
—APC; 0 0+ 0
m
—|—sz ij
=t j>L
AifLiCj+AjijCi MZ+M] 0---0
—A}Cj—A;Ci 0 200
elH | P : : D €q
— AP 10 AETC 0 0.2l
S arc - e 0 0.0
which is negative definite if condition (Z.10Q) is satisfied. O
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Note that for simplicity, Theorem [Z3] has been formulated using the conditions of
Wang et al. (1996). More relaxed conditions can be formulated using Lemmas 3.1
and 3.2.

Although the conditions of Theorem [Z.3] are not LMIs, they can be transformed
into LMIs using the change of variables X; = P (—L; —A} ... —AP"" —Af)T.
The observer design using the conditions of Theorem [73] is illustrated using the
following example.

Example 7.1. Consider the nonlinear dynamic system
—x% 1 0 T 10 d
0 -1 1 ||a|+]01 ( dl)
1 2 -3/ \a3 00/ \™?

C(100\ [
Y=1{o10) | ™

with @1, @2, x3 € [—5,5], where d = (dy dQ)T is an unknown input.
This system can be exactly represented (using the sector nonlinearity approach)
by a 4-rule fuzzy system with the local matrices

8-
I

(7.11)

—25 1 0 —25 1 0
A= 0 -11 A= 0 -1 1

1 -5-3 1 5 -3

01 0 01 0
Ay=10-11 Ag=[0-1 1

1-5-3 15 -3

10
M =101 C,-(é?S) i=1,2,34

00

and membership functions wy = nin2, we = Nin?, ws = nin2, wy = nin?, where
2

ng = st.mg = "3, ni = 1—mn}, and n? = 1 — n. Note that the scheduling

variables are z; = x1 and 29 = x9, which are both measured.

For this example the input d is assumed to be a second order polynomial function
of time. To design the observer, the conditions (Z.10) are transformed into LMIs
. . _ T .
using the change of variables X; = P (—L,» —Ab AP ! —Aﬁ’) . Then, taking
into account that the measurement matrix C; is common for all the rules, the LMIs

to be solved are
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ﬁndP:PT>O, X, i=1,2,...,4, such that

A M; 0+ 0
0070
H|P : | -X;(Co---0) | <0
0001
0 000

fori=1,2,...,4.
The observer gains are found ad]

0.21 0.03 0.25 0.04
0.00 0.07 0.017 0.03
0.00 —0.01 —0.00 0.01
1.60 0.20 1.93 0.26
—0.01 0.42 0.08 0.22
Ly =10%| 454 0.51 Ly =10%| 5.46 0.70
—0.07 1.13 0.16 0.60
5.93 0.53 7.11 0.84
—0.12 1.45 0.16 0.77
3.01 0.20 3.58 0.39
—0.05 0.73 0.09 0.39
0.07 0.03 0.08 0.02
0.01 0.07 0.01 0.03
0.00 —0.01 0.00 0.00
0.49 0.23 0.55 0.10
0.02 0.42 0.03 0.19
Ls=10%]1.39 0.61 Ly=10%]1.550.25
0.05 1.13 0.08 0.52
1.81 0.67 2.02 0.26
0.06 1.45 0.09 0.67
0.91 0.27 1.02 0.10
0.03 0.73 0.05 0.34

To illustrate the estimation, a trajectory@ of the estimation error using the above
observer gains is presented in Figure The corresponding true and estimated
unknown inputs are given in Figure[7.I(b)} The true input vector is the second order
polynomial
de <0.6t2 + 0.6t + 0.3>
T \0.3t2+ 1.2t 4+ 0.6

! Throughout the chapter, all numerical values are rounded to two decimal places.
% Throughout this chapter, for numerical integration, the ode45 Matlab function was used.
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(a) Estimation error for the states. (b) The unknown inputs (thin line) and their

estimate (thick line).

Fig. 7.1 Simulation results for Example 7.1.

The true initial state vector was (0.5 0.1 — 0.3)7, and the estimated initial states
were (0 0 0)T. As can be seen, both the state and the input estimates converge to
the true values. (I

Remark: In order to design observers with a desired convergence rate «, Corol-
lary 4.2 can be combined with Theorem [Z3] Then, the following result can be for-
mulated.

Corollary 7.1. The estimation error of the observer [I.9) converges with a rate at
least « if there exists P = PT >0 L, Af, i=1,2,....mk=1,2,...,p, 50
that

AifLiCj+AjijC¢Mi+Mj 0---0

—ALC; - ALC 0 2[---0

H|P : : oot | +4aP <0
AT Oy — ARG 0  0---2I
—APCy — APC; 0 0--0

(7.12)
Jori=1,2,....omj=i+1,i+2, ..., mVi<j: Jz: wi(z)w;(z)#0.

The design of an observer with a desired error convergence rate is illustrated using
the following example.

Example 7.2. Consider the nonlinear system of Example 7.1. To maximize the con-
vergence rate of the observer, the following general eigenvalue problem has to be
solved:

maximize «, such that the following LMI is feasible: find P = PT > 0, X,
1=1, 2, 3, 4, so that
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0) | +2aP <0

0.09
0.00
-0.01
2.01
0.04
16.86
0.13
70.63
0.11
118.06

A; M; 0--- 0
0 0171---0
H|P : =X (COo---
0 00---1
0 00---0
fori =1, 2, 3, 4.
The observer gains are obtained as
0.09 —0.00
0.00 0.02
—0.01 0.04
2.02 —0.04
0.05 0.32
Ly =10°| 1691 —0.38 | Lo =10°
0.22 3.45
70.85 —1.59
0.49 14.70
118.42 —2.66
—1.15 31.21
0.02 1-0.00
0.00 0.02
0.00 0.04
0.35 —0.07
0.02 0.32
Ly =10°] 3.02 —0.65 Ly=103
0.23 3.44
12.69 —2.72
0.90 14.68
21.26 —4.53
1.52 31.21

—1.95

0.02
0.00
0.00
0.35
0.03
3.02
0.26
12.71
1.05
21.29
1.83

—0.00
0.02
0.05

—0.08
0.32

-0.71
3.45

—2.98
14.70

—4.98

31.26

—0.00
0.02
0.05

—0.08
0.32

—0.72
3.44

-3.01
14.68

-5.01

31.21
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and o = 4.02. A trajectory of the estimation error and the true and estimated un-
known inputs, for the same setting as in Example 7.1 is given in Figures [7.2(a)
and As can be seen, the estimates converge faster than in Example 7.1, but

the overshoot is also larger.

O

In many cases, the unknown input acting on the system is not polynomial. However,
the input is in general bounded or it is possible to determine a bound on some deriva-
tive of it. Therefore, assume that there exists p € N so that d® the p-th derivative,
is bounded by a known constant, i.e., ||d(p) I < wa, and dv, j=1,2,..., pare
observable from y. In this case, although the estimation error does not converge to
zero, it is bounded, and an upper bound can be computed as follows.

In the case when the scheduling vector does not depend on unmeasured states,
the error system can be written as:
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_el

- 92

e
B 5
s 2
8 s
© o
£ ]
g 5

-4
1 1.5 2 0 0.5 1 1.5 2
Time [s] Time [s]
(a) Estimation errors for the states. (b) The unknown inputs (thin line) and their

estimate (thick line).

Fig. 7.2 Simulation results for Example 7.2.

Aj — LiCy M; 0 --- 0 0
. —AlC; 0 T---0 0
€a =y wi(z)wi(z) SR Y
=t —AP G 0 0 T ;
~APC; 0 0--- 0 d»
m m
+) wi(2) Y wi(z) (7.13)
=3
A —LiCj+A; — LiC; My +M; 0 --- 0
—ALC; — ALC; 0 2I--- 0
—APoy — A?ilCZ- 0 0 --- 21
—AVC; — ARC; 0 00

For the error dynamics above, the following result can be stated.

Theorem 7.4. The error described by T13), with ||d™|| < pa, where g > 0 is a
known constant, is ultimately bounded by a ball with radius

L \/ Amasx (P) Amax (P)jta (7.14)

Amin(P) UAmin(Q)

where o € (0, 1), if there exist P = PT > 0,Q = QT > 0, L;, and A¥, i =
1,2,...,mk=1,2,...,p, so that



7.3 Estimation of Unknown Polynomial Inputs 165

AifLiCj+AjijCi M7;+Mj 0---0

—ALC; — ALC; 0 2I---0
H|P : : Do < —4Q  (7.15)

ATy — AP 0 0.2

—APCy — AEC; 0 0---0

Jori=1,2,... omj=i+1,i+2,....mVi<j: Jz: wi(z)w;j(z)#0,
where \min and Amax denote the eigenvalues with the smallest and largest absolute
magnitude, respectively.

Proof: Consider a quadratic Lyapunov function V = el Pe, for the extended error

vector, and Q = Q7 is a positive definite matrix such that (Z13) is satisfied. We
have

Ai = LiCi M; 0 -+ 0

" —AC; 0T 0
V:Zwi(z)wi(z)eSH P : ol €,
i=1 —APT'C 0 0 T
—APC; 0 0.+ 0
m m
+D wi(2) Y wy(2)
i=1 =1
j>i
—ALC; — Al 0 2[-- 0
egH P . . .o €q
—ATTICy — ARG 0 0 ---2I
— APy — APC, 0 0.0

m T
+) wi(z)2el P (0 00 d(”)T)
i=1
<- 2/\min(Q)Hea”2 + 2Xmax(P)eal| tta
< =21 = 0)Amin (@) €all” = 2(0Amin (@)l €all” = Amax(P)|lealla)

where o € (0, 1) is arbitrarily chosen. Then, V is negative definite if

o Amin(Q)lleall* = Amax(P)| €alla > 0
or
Amax(P>,U/d
O—)\min(Q)

Since Amin(P)]lea]|? <V < Anax(P)]|€q]|?, using Theorem 4.18 of (Khalil, 2002)
it can be concluded that ||e,|| converges exponentially to a ball with radius

leall >
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o )\max(P) )\max(P>,U/d
T \/Amin(P) UAmin(Q) (716)

which is a global uniform ultimate bound on the estimation error (Khalil, 2002). [J

Remark: The bound (Z.16)) can be minimized by using the relaxation in (Tuan et al.,
2001) and solving the following optimization problem:

maximize a1, s, g so that there exist P = PT >0, L, Af, i=1,2,...,m,
k=1,2,..., p, subject to

A; — LiC; M; 0 --- 0
—AXC; T 0T 0

Lj=H|F : oo
—AP7'C; 00 T
—APC; 0 0.2 0
(7.17)
I >0
71Fii—|—Fij+Fj,»<—a3]
— P> —asl
P>l
fori=1,2,....m,j=1,2,...,m,1#j.

Note however, that the obtained bound is only an upper bound on the estimation
error, and in general it is very conservative. The observer design when the unknown
input is approximated by a polynomial function of time is illustrated on the follow-
ing example.

Example 7.3. Consider the nonlinear system in Example 7.1, and let the unknown
input be given by d = (sin(0.5¢) cos(0.5¢))”". This input is not polynomial, but it
is bounded, and its derivatives are bounded. For instance, ||[d® || < 0.35.

To design the observer, the unknown input is approximated by a first order (linear
in time) polynomial. Solving (Z17), the ultimate bound is obtained as v = 63.02. A
trajectory of the estimation error and the true and estimated unknown inputs, for the

same setting as in Example 7.1 are given in Figures [7.2(a)and[7.2(b)] As can be seen
in the figures, the computed bound on the estimation errors is very conservative. [

The results presented so far can be considered a generalization of the design pro-
posed by Guelton et al. (2008b) to higher order inputs for classical TS fuzzy models.
In the next section, this result is extended to the case when the scheduling vector de-
pends on states that are not measured.

7.3.2 Estimated Scheduling Vector

In this section, we consider the case when the scheduling vector depends on states
that are not measured, and therefore an estimate of the scheduling vector has to be
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Fig. 7.3 Simulation results for Example 7.3.

used in the observer. For simplicity of notation, only the case when the measurement
matrix is common for all rules is presented. Note, however, that if the measurement
matrices are different, the observer can be designed similarly, although the condi-
tions become more conservative.

The observer considered now is of the form

m

(D)

" =3 wi(@) Ay - 9) (7.18)
d" =Y wE Uy -9)+d

)

for j=1,....,p—1

The extended error system becomes:

A —LiC M;0--- 0 o
. —AlC 0T 0 d
o=y wi(2) : Do :
= ~AC 0 0 I\ ey (7.19)
—APC 0 0---0
+ > (wi(z) —wi(R)I 0 ... 0)7 - (Aiw + Biu+ Mid + a;)
1=1

If the condition || Y"1, (w;(2) — wi(2))(Aix + Biu + M;d + a;)|| < plel], for
some p > 0 is satisfied, then || > | (w;(2) — wi(2))(Aix + Byu + M;d + a;)||
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is also Lipschitz continuous in e,, with the same Lipschitz constant y. In this
case, combining Theorem [Z3] and Theorem 4.5, the following conditions can be
formulated.

Corollary 7.2. The error system [[19), under the assumption that

< plell

H i(wz(z) —w;(2))(Asx + Biu + M;d + a;)

where (1 > 0 is a known constant, is asymptotically stable, if there exist P = PT >
0,Q=QT >0, Li,and Al,i=1,2,....,m, j=1,2,...,p sothat

A —LiCM;0---0
Al 0 1---0
H|P ; SR I IR
fA,’flC 00---1 (7.20)
—APC 0 0--- 0
2
(Q P“I§>>0

fori=1,2,...,m.

The conditions (Z20) are not LMIs, but they can easily be transformed into LMIs
using the change of variables X; = P (—L; —A! ... —AP! —Af)T. The design
of an observer when the scheduling vector has to be estimated is illustrated on the
following example.

Example 7.4. Consider the nonlinear dynamic system

—z3 1 2 T 10\ /.,
z=( 1 -2 1 x|+ (01 (d1>
0.1 1 -3/ \a3 00 2
(7.21)
_(roo0y (!
Y=1o10 2
x3

with 21, @3 € [~1,1], 3 € [-0.2, 0.2], where d = (dy dg)T is an unknown input
that is a first order polynomial function of time.

This system can be exactly represented (using the sector nonlinearity approach)
by a 4-rule fuzzy system with the local matrices
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—0.04 1 2 —0.04 1 2
A= 1 -21 A= 1 -21
01 1 -3 01 —1-3
0 1 2 0 1 2
Ay=| 1 —2 1 A= 1 -2 1
011 -3 0.1-1-3
10
M;= (01 ci:<(1)(1)8) i=1,2 3,4
00

The weighting functions (see Section 2.3.1) for the nonlinearities —x3 and 1 are
= g m = 1—mni, andn3 = 17;”(1), n? = 1 — n2, respectively. Note that
the weighting functions for the first nonlinearity depend on x3, a state that has to be
estimated. The condition || Y/~ | (w;(2) —w;(2))(A;x+M;d)|| < ulle]|is satisfied
with p = 0.4.

To design the observer, conditions (Z.20) are transformed into LMIs using the
change of variables X; = P (—Li —Al .. —Aﬁ’_l —Af). Solving the LMIs, the
observer gains are obtained as

3.23  0.93 3.23  0.93
0.91 1.83 0.92 1.83
—16.12 —8.08 —16.12 —8.10
Ly =10% | 226.60 100.82 | L, = 10% | 226.64 100.69
100.15 76.34 100.21 76.30
187.97 82.12 188.00 82.01
81.55 65.58 81.60 65.54
3.23  0.92 3.23  0.92
0.92 1.83 0.92 1.83
—16.12 —8.07 —16.13 —8.08
L =10%] 226.68 100.57 | L4 =10%] 226.70 100.50
100.27 76.25 100.30 76.23
188.03 81.91 188.05 81.86
81.66 65.51 81.69 65.49

A trajectory of the estimation error of the states using the observer gains above is
presented in Figure The corresponding true and estimated unknown inputs
are given in Figure The input vector was the first order polynomial d =
(—0.3t+0.2 0.2t + 0.5)T. The true initial states were (0.5 0.1 — 0.1)7, and the

estimated initial states were (0 0 0)7. As can be seen, both the states and the input
are correctly estimated. (I

. Q- I P . . .
Note that the condition r 1) 0 is very conservative. In fact, if the

estimated initial states are close enough to the true initial states, the estimates may
converge even if this condition is not satisfied. Such an example is presented next.
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Fig. 7.4 Simulation results for Example 7.4.

Example 7.5. Consider the nonlinear dynamic system

—z3 1 2 T 10\ /.,
z=| 1 -2 1 z2 |+ (01 (dl)
0.1 z; -3/ \a3 00 2
(7.22)
_(100\ ("
Y¥={o10) | ™
3

with 1, xo, x5 € [—1, 1], where d = (d1 dg)T is an unknown first order polyno-
mial input.

Similarly to Example 7.4, this system can be exactly represented (using the sector
nonlinearity approach) by a 4-rule fuzzy system with the local matrices

-1 1 2 -1 1 2
Ai=11-21 A= 1 -2 1
0.1 1 -3 0.1-1-3
0 1 2 0 1 2
A= 1 -2 1 As=|1 -2 1
0.1 1 -3 0.1-1-3
10
M;=101 Cl:((l)(1)8> 1=1,2 3,4
00
The weighting functions (see Section 2.3.1) for the nonlinearities —x3 and z; are
ng =3, nt = 1—nt, and nf = 1_32”(1), n? = 1 — n3, respectively. Note that

the weighting functions for the first nonlinearity depend on x3, a state that has to be
estimated.
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The term Y. | (w;(2) — w;(2))(Asx + Byu + M,;d + a;), is bounded, and

m

| Ywiz) - wi@) A+ B+ Mid + a)| < e

i.e., u = 1. However, for this value of u, the conditions (Z20Q) are not feasible, in
Q- W’IP

P 1
An observer (which does not guarantee that the estimation error will converge to

. . . . Q— I P
zero) has been designed without using the condition > 0, and the

particular, the condition > 0 cannot be satisfied.

P I
observer gains are

18.65 0.71 18.50 2.64
142 17.46 —0.28 17.60
2.62  2.28 2.66 0.20
Ly, =]153.74 10.15 Lo = | 152.45 23.54
14.97 134.11 3.52 135.40
339.09 43.73 334.43 73.37
53.88 263.04 31.24 267.71
19.77 —0.36 19.63 1.56
2.38 1741 0.67 17.56
2.59 232 2.63 0.24
Ly = | 154.78 2.66 Ly = | 153.49 16.05
21.43 133.65 9.98 134.94
342.39 27.20 337.73 56.84
66.69 260.95 44.06 265.61

A trajectory of the estimation error of the states using the observer gains above is
presented in Figure The corresponding true and estimated unknown inputs
are given in Figure The input was the first order polynomial vector d =
(—0.3t+0.2 0.2t + 0.5)T. The true initial states were (0.5 0.1 — 0.1)7, and the
estimated initial states were (0 0 0)7. As can be seen, both the states and the input
are correctly estimated. (]

Consider now the case when the unknown input is not a polynomial function, but its
derivative is bounded, that is, ||d®|| < j14. A bound similar to, although even more
conservative than (Z16) can be computed in this case. For simplicity of notation,
the computation is presented only for the case when the measurement matrices are
common for all the rules. Then, the error dynamics are those in (7.19), and assume
that

m

H Z(wz(z) —w;(2))(A;x + Biu + M;d + a;)

< pllell

with > 0 a known constant. Let the condition



172 7 Adaptive Observers for TS Systems
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Unknown input
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(a) Estimation errors for the states. (b) The unknown inputs (thin line) and their

estimates (thick line).

Fig. 7.5 Simulation results for Example 7.5.

A, —L,CM;0---0
—-Alc 010
P | <20
~AC 00 T
—-A7C 000 (7.23)
P=P">0
Q=Q">0
2
(Q pu”;)>0
fori = 1,2, ..., m, hold. Using a quadratic Lyapunov function V = el Pe, for

the extended error vector e, we have

Ai = LiC M;0--- 0
. —AlC 0T 0
V=Y wiz)efH|P : Do
=1 —AP'C 00T
—APC 0 0--- 0

+ iwi(z)QefP (() 00--- d(P)T)T
i=1

+2e7P i((wi(z) —w; )0 - 0 (A + Biu + M;d)

i=1
*2>‘min(Q)”ea”2 + 2>‘maX(P),uHea”2 + 2 Amax(P) || €al ta
—2(1 = 0)(Amin(Q) — NAmaX(P))”ea”2
—2(0(Amin(Q) = pAmax(P))l|€all” = Amax(P)|leal|a)

IN A
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where o € (0, 1) is arbitrarily chosen and @ = QT is a positive definite matrix
such that (Z23)) is satisfied. Then, V' is negative definite if

J(Amin(Q) - /u')‘max(P))Hea”2 - AmaX(P)“ell”Md >0
Amax(P)/u‘d
O'()\min(Q> - ,U)\rnaX(P>>

Since Amin(P)[leal|? <V < Amax(P)|l€ql|?, using Theorem 4.18 of (Khalil, 2002)
it can be concluded that ||e,|| converges exponentially to stay within a ball with
radius

leall >

Amin (P) 0(Amin (@) — tAmax(P)) (7.24)

This bound can also be minimized using the conditions (Z.17)), together with the
condition Apin (@) > pAmax(P).

N = \/Amax(P) )\max(P>,U/d

Example 7.6. Consider the nonlinear system in Example 7.4, with the fuzzy repre-
sentation developed in Example 7.4. For the current example, the true unknown in-
putis d = (—sin(0.1¢) cos(0.1¢))T. This input is approximated by a second order
polynomial, i.e., in the observer, a second order polynomial function was assumed.
The second order derivative of d is bounded, with [|d‘® || < 0.14.

To design the observer, conditions (Z.23) were solved and the bound on the esti-
mation error was obtained as 369.94. Naturally, this bound is extremely conserva-
tive, as it is confirmed by the simulation results. A trajectory of the estimation error
of the states using the observer gains above is presented in Figure The cor-
responding true and estimated unknown inputs are given in Figure The true
initial states were (0.5 0.1 — 0.1)7, and the estimated initial states were (0 0 0)7.
As can be seen, both the estimated states and the estimated input converge close to
the true values. O

0.5

—_
0.4 ---e,
_ 03 %
2 5
5 g, 2
£ 01 £
a 5
0
“01} \L
-0.2
0 0.5 1 1.5 2 .
Time [s] Time [s]
(a) Estimation errors for the states. (b) The unknown inputs (thin line) and their

estimates (thick line).

Fig. 7.6 Simulation results for Example 7.6.
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7.4 Estimation of Unmodelled Dynamics

In this section, we consider unknown inputs that are not polynomial, but that are due
to unmodelled dynamics. This means that the fuzzy system is of the form

m

i=1

(7.25)

y=Cz
where A;, B;,i = 1, 2, ..., m are the known local models, and the matrices As;,
Byg; and the vectors 0;, i = 1, 2, ..., m are unknown, but As;, i = 1,2, ..., m

are bounded by a known bound fimax, max || As;|| < pimax. This corresponds to
the situation when part of the true dynamics is unmodeled. The goal is to determine
sufficient conditions and to design an observer that estimates & and also the constant
matrices As;, Bs; and the vector 0;, i = 1, 2, ..., m. Therefore, our goal is to
estimate the unknown dynamics.

For the simplicity of the derivations, we present only the case when the mea-
surement matrix is common for all rules of the model. If the measurement matrices
are different, similar results can be derived. In what follows, two cases are distin-
guished: 1) the scheduling vector is known and 2) the scheduling vector depends on
states that have to be estimated.

7.4.1 Measured Scheduling Vector

Consider first the case when the scheduling vector does not depend on states to be
estimated. For system (Z.23), the following observer is considered:

z = Z w;(2)(A;iZ + Biu+ Li(y — y) + M; (A5 + Bsiu + é\i))

i=1
y=Cx
~ R 7.26
s = £ A w(2).3,9) 720
-/B\M = Q;‘(EM ’lU(Z), ﬁv Yy, ’l,l,)
0; = hi(6;, w(=),2,y)
where L;, i = 1, 2, ..., m are the gain matrices for each rule, and the update laws
g8, b, i = 1,2,..., m should be determined so that the estimation errors
x — x, As; — Asi, Bsi — Bs;, and 0; — 0; converge asymptotically to zero.
The error dynamics when using the observer (Z26) can be expressed as:
i=1 .

e, =Ce

~

with As; = As; — Asi, Bsi = Bs; — By, 0; = 0; — 0.
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Consider first the following part of the error expressed in (Z.27):

€= wi(2)(Ai - LiC + M;As)e (7.28)
i=1
Since abound on Ag;,7 =1, 2, ..., misknown, i.e., max || As;|| < fmax, stability
conditions for perturbed fuzzy systems (Bergsten, 2001) can be used to render (Z.28)
stable and to design the gain matrices L;,i =1, 2, ..., m:
findP=PT >0Q=Q" >0,andL;,i=1,2, ..., m, sothat
Amin(Q)
| M| prmax <
Amax(P) (7.29)

H(P(A; - LiC)) < —2Q

for: =1, 2, ..., m. Note that this means that the error dynamics is robustly stable.
Consider now a Lyapunov function of the form

m m m
V =e"Pe+ ) tr(AfAs;) + > tr(Bf;Bsi) + Y _(0]6:)
i=1 1=1 1=1

for the error system (Z.27)), where P satisfies (7.29). We have

V = Z wi(z)eT[(Ai — L;,C + MiA&)TP + P(Al — L;C + MiA&)]e
=1

m m
+ 26TPZ wl(z)leLg,fi + 2€TPZ wl(z)MZB(;,u
i=1

=1

m _ m ;\T _
+2e"P Z w;(2)M;0; — 2 Z tr(As; Asi)

i=1 1=1

ks T _ moT
—2) tr(BsiBsi) — 2 _(0; 0:)
1=1 i=1

n m _ ;\T _
=> wi(z)e" Gie +2) (tr(@e” PMywi(2)As) — tr(As Asy))
i=1

=1

_ T _
(tr(ue” PM;wi(2)Bs;) — tr(Bs; Bs:))

NE

+ 2

Il
-

i

=T _
(eTPMiwi(z)éi — 91 91)

-

Il
—

+2

K3

n m /\T _
=Y wi(z)e’ Gie +2)_ tr((@e" PMiwi(2) — As;) Asi)
i=1

i=1

+2 Z tr((ue” PM;w;(z) — Bs;)Bsi) + 2 Z(GTPwi(z) —0:)0:
=1 i=1
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Since V > 0 and from (Z29) G; < 0, fori = 1,2, ..., m, V < 0 is rendered
PV
negative definite if tr((Ze? PMw;(z) — Ay;)Asi) = 0, tr((uel PMw;(z) —
. T

=T BN
Bg;)Bsi), and e PM;w;(z) —0

; =0,fore =1, 2, ..., m. These conditions lead
to the update laws:

Z&i = w;(z)M] Pez"
Bysi = w;(z2) M Peu™ (7.30)
é\,‘ == wi(z)MiTPe

In general e is not directly available. However, given Assumption [Z] there exist
matrices A;, i = 1,2, ..., m, so that 4;C = MIP, A; = MI PCt, where CT
denotes the Moore-Penrose pseudoinverse of C.

Therefore, the update laws can be expressed as:

251 = wi(Z)M?PC’TeyiT
Byi = w;(z2)MI PCTe,u” (7.31)
0; = w;(z)MI PCle,

If all the rules are sufficiently excited, both the error system and the estimation
error of the unknown matrices are asymptotically stable. It can easily be seen that,
assuming nonzero and varying x, u, the only invariant set of the error system (Z.27))
ise=0,As5 =0,Bs; =0and §; = 0. Ifw;(z),i =1, 2, ..., m ,are sufficiently
smooth and the fuzzy model is defined on a compact set of variables, then based on
Barbalat’s lemma and LaSalle’s invariance principle — see Lemma 8.2 and Theorem
4.4 of (Khalil, 2002) —, the dynamics (Z.27), together with the update laws above
are asymptotically stable.
The results can be summarized as follows:

Theorem 7.5. The error dynamics (L21) are asymptotically stable, if the update
laws (Z31) are used, the membership functions w;, i = 1, 2, ..., m are smooth,
all rules are sufficiently excited, and, furthermore, there exist P = PT > 0, Q =
QT >0,and L;,i=1,2, ..., mso that

P>0

H(P(A; — LiC)) < —Q (7.32)
) Amin(Q)

||Ml||/’[/max S )\max(P)

fori=1,2,...,m.
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Example 7.7. Consider the four-rule TS fuzzy system

4
T = Z w;(2)A;x
i=1

y=Cz
with the local matrices
-2-21 -2-21
Ay =|-1-41 Ay=1|1 -4 1
1 1 -2 1 1 -2
2 -2 1 2-21
As=|-1-4 1 As=(1-4 1
1 1 -2 11 -2

100
C_(om)

with z = (21, 22)T measured scheduling vector and membership functions

wi(z)=(2+21—22)(1 —21)/8 wa(z) =(2+ 21 —22)(1+21)/8
w3(z) =(=1—21+22)(1 —21)/8 wa(z) = (=1 =21+ 22)(1 + 21)/8

All the variables are assumed to be bounded, z; € [—1, 1],i =1, 2, ; € [-1, 1],
i=1,2,3.

For this system, a four-rule approximate TS model is available, with the same
scheduling vector and membership functions, but with the local models being

-3 -2. 1 -3 -2 1
Aj=[-1-351 A= 1 =35 1

1 1 -2 1 1 -2

1 -2 1 1 -2 1
As=[-1-351 Ay=(1-351

1 1 -2 1 1 -2

100
C‘(om)

that is, the dynamics of the first two states are not modeled correctly. The distribution
10

matrix of the unmodeled dynamicsis M; = | 01 |,i =1, 2, 3, 4, and the matrix
00

of the unmodeled dynamics is bounded, with fi;ax = 1.
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For the approximate system, an observer has been designed by solving the con-
ditions (Z32). The observer gains are

7.65 0.36 7.48 1.42
Ly =10.387.30 Lo =|1.33747
3.22 3.36 3.07 3.51
10.90 —0.03 10.73 1.02
Ly =1 0.53 647 Ly= | 147 6.63
3.156 3.21 3.00 3.36

A trajectory of the estimation error using the observer gains above is presented in
Figure[Z7 The true initial states were (0.5 0.1 — 0.1)7, and the estimated initial
states were (0 0 0)7. The scheduling variables were randomly generated. As can be

seen, the estimated states converge to the true values. O
03
—C
0.2 -8
N ®s
8
5]
c
S
g
£
G
w
01
_0.2 L L L
0 5 10 15 20

Time [s]

Fig. 7.7 Simulation results for Example 7.7.

Remark: Note that if the measurement matrix is different for each rule of the fuzzy
model, the update laws for the matrices of the unknown dynamics can still be ex-
pressed as (Z.30). Update laws similar to (Z31) can be derived if (3, w;(2)C;)T,
is defined Vz. In this case, the update laws are

Asi = wi(z)MT P( i wi(z)Ci)TeyﬁT
=1

m

E&- = wi(z)MiTP(Zwi(z)Ci)TeyuT (7.33)
i=1

m

é\i = wi(z)MZTP(Z:wi(z)Ci)Tey
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and the observer gains are given by (Z.32). However, to have a unique solution,
Assumption[ZT has to be modified to rank (37", w;(2)C;M;) = rank(M;), i =
1,2,...,m,Vz.

Remark: If the unknown matrices are not constant, but slowly varying, such that
As; =~ 0, etc., the results above can still be applied.

7.4.2 Estimated Scheduling Vector

Consider now the case when the scheduling vector depends on state variables to be
estimated, that is, in the observer, the estimated state vector has to be used. Then,
instead of (Z.28), the observer

2= wi(2)(A& + Biu+ Li(y — §) + Mi(As5;® + Bsiu + 6;))

=1
y=Cxz
~ o~ 7.34
A5L - fZ(A(SZ‘,’LU(Z),SC,y) ( )
Bsi = g}(Bsi,w(2), 2, y. u)
97, = hz (0“ w(?), Z, y)
has to be used, and the error system (Z27) becomes
e=> wi(2)[(Ai — LiC + M;As;)e + M;(As;Z + Bsiu + 6;)]
i=1
m (7.35)

+ ) (wi(z) —wi(2)) - (Aiw + Bju+ M;(Asiw + Bsiu +6;))
=1
e, =Ce

Under the assumption that || Y i | (w;(2) —w;(2))(A;x+ Bju+M;(Asix+ Bsiu+
0:))|| < plle|l, and by combining the conditions in Theorems 4.5 and [Z3] the fol-
lowing result is obtained:

Corollary 7.3. Assuming that
H > (wi(z) — wi(2))(Aiw + Bu + M;(Asiw + Byiu + 91))H < pllel|
i=1

holds with i > 0 a known constant, the error system (Z.33), together with the update
laws

1;4\51' = wi(E)M?PC’TeyiT
By = w; (Z)MI PCle,u” (7.36)
0, = w;(Z)M} PCle,
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is asymptotically stable, if the membership functions are smooth, all rules are suf-
ficiently excited, and, furthermore, if there exist P = PT > 0, Q = Q7 > 0, L;,
1=1,2,..., mso that

P>0
H(P(A; — LiC)) < -Q

7.37
(Q - (H“Q + ”MZ”QH“IQHaX)I P) ( )
P 7 >0

fori=1,2,...,m.

Remark: Similarly to the case when the scheduling vector does not depend on the
states, if the measurement matrix is different for each rule of the fuzzy model, update
laws for the matrices of the unknown dynamics can be derived if (3", w;(2)C;)T,
is defined Vz. In this case, the update laws become

Z&::wxzﬁwfp(fiwxzxz)n@aT

=1
Eﬁzlw@ﬁwfp(ijxacQT%uT (7.38)
@::wAENW?P(ﬁéwAEXEYey

=1

and the observer gains are given by (Z.37).

Example 7.8. Consider the four-rule TS fuzzy system

4
T = Z w;(2)A;x
i=1

y=Cz
with the local matrices
1 -2 1 -1-21
Ai=|-1-41 A= 1 —4 1
1 1 -2 1 1 -2
-1-21 -1-21
Az =|-1-4 1 A= 1 -4 1
1 1 -2 1 1 -2

100
C‘Ql@
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with z = (a1, xg)T the scheduling vector, with x; measured, and membership
functions

wi(z) = (1—a3)(1—z1)/4  wa(z) =1 —=z3)(1+21)/4
wy(z) = (L4 aa)(1—21)/4  walz) = (1+a5)(1+21)/8
all variables assumed to be bounded, x; € [-1, 1], =1, 2, 3.

For this system, a four-rule approximate TS model is available, with the same
scheduling vector and membership functions, but with the local models being

3 -2, 1 3 -2 1
A =|-1-351 Ay=[1-35 1
1 1 -2 11 -2
1 -2 1 1 -2 1
A;=|-1-351 Ag=[1-35 1
1 1 -2 11 -2

100
C‘(mo)

that is, the dynamics of the first two states are not modeled correctly. The distribution
10

matrix of the unmodeled dynamicsis M; = | 01 |,: =1, 2, 3, 4, and the matrix
00

of the unmodeled dynamics is bounded, with piyax = 2.

Note that the membership functions depend on 3, a state that has to be estimated.
The term Y. | (w; (2) — wi(Z)) - (A;x + M; As;z) is bounded, || Y% (wi(z) —
w;(2)) - (Aix + M;Asix)|| < pllel], with p = 2. Moreover | M;As;|| < 2,7 =
1,2, 3, 4.

For the approximate system, an observer has been designed by solving the con-
ditions (Z37). The observer gains are

8.06 —1.37 8.03 —0.36
Ly =1-130 1.49 Ly =1-0.31 1.51
2.19 2.23 2.12 2.30
6.02 —1.36 6.01 —0.35
Ls=1-131 149 Ly=1-032 151
2.18 2.23 2.12 2.30

A trajectory of the estimation error using the observer gains above is presented in
Figure[Z8l The true initial states were (0.5 0.1 — 0.1)7, and the estimated initial
states were (0 0 0)7. The scheduling variables were randomly generated. As can be
seen, the estimated states converge to the true values. (]
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Fig. 7.8 Simulation results for Example 7.8.

7.5 Summary

In this chapter a method for designing observers that estimate the state and unknown
inputs of TS fuzzy systems has been presented. The design of unknown input ob-
servers is important in practice, since in many cases not all the inputs are known.
These unknown inputs can represent disturbances acting on the process, effects of
unmodelled dynamics, or actuator faults. The observers presented in this chapter are
designed based on a known part of the dynamic model, and the observer gains are
computed by solving a system of LMIs. When the unknown inputs are represented
or approximated by polynomial functions of time, sufficient conditions that guaran-
tee the exponential convergence of the error and also an ultimate bound on the error
signal have been presented. In the case of estimating unmodelled dynamics, suffi-
cient conditions have been given for the asymptotic convergence of the observer.
Two shortcomings of the presented approach for the estimation of unmodelled
dynamics has to be noted. First, a prerequisite of the approach is that an upper
bound on the state matrix of the unmodelled dynamics is known, and that a robust
observer can be designed. Second, the presented method only guarantees asymptotic
stability, not exponential stability. Moreover, the methods rely on the existence of a
common quadratic Lyapunov function, which introduces conservativeness in itself.



Glossary

Conventions

The following conventions are used throughout the book:

» The standard control-theoretic conventions are used. For instance, the state is
denoted by «, the control action by u, the process dynamics by f, the measure-
ments by y, and the measurement function by h.

» All the vectors used in this thesis are column vectors. The transpose of a vector
is denoted by the superscript 7'. For instance, the transpose of x is ” .

» Boldface notation is used for vector or matrix functions, e.g., f is a vector

function.

List of Symbols and Notations

General Notations

1 Identity matrix.

0 Zero matrix.

H Hermitian of a matrix H(A) = A + AT.

A>0 A is positive definite matrix.

s Estimated value of the signal s.

$ Derivative of the signal s.

Cax Domain where the variable x is defined.

-l Euclidian norm of a vector or induced norm of a matrix.
v, Positive constants used as bounds.

i, 7, k, I Indices.

Fuzzy Sets and Systems

Zi ith scheduling variable.

Z; Fuzzy set corresponding to the jth variable in the ith rule.
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wij
Pi

wj

Membership value of z; in the fuzzy set Z J’
(Non-normalized) membership function of rule i.
Normalized membership function of rule .

Dynamic Systems

SHSQ.@:S

Ame Tz 33

G ko 2

State vector.

Input vector.

Output vector.

Disturbance/unknown input.

Dimension of the state vector.

Dimension of the input vector.

Dimension of the output vector.

Dimension of the unknown input.

Number of subsystems.

State transition function; general nonlinear vector function.
Measurement function; general nonlinear vector function.
State transition matrix (linear systems).

Input matrix (linear systems).

Measurement matrix (linear systems).

Affine term in the state equation (linear systems).

Affine term in the output equation (linear systems).

Time.

™ h™, h™Matrix functions.

TS Fuzzy Systems

3L

SN

.

Bs;

Weighting function of the jth term obtained by the sector
nonlinearity approach, i € {0,1}.

Indices for local linear models.

Number of rules.

Vector of scheduling variables.

Error vector.

State matrix of the ith local model.

Input matrix of the ith local model.

Measurement matrix of the ¢th local model.

Affine term in the ith state model.

Affine term in the ith measurement model.

Lyapunov matrix.

Lyapunov function.

Observer gain of the ith local model.

Matrix function.

Uncertainty in the state matrix of the ith local model.
Uncertainty in the input matrix of the ith local model.

%, h", " Update laws (matrix functions).

Glossary
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