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Preface

Fuzzy logic control has been studied and developed for decades. It is known
to be an effective control approach to some ill-defined and complex control
processes. Thanks to fuzzy logic, expert knowledge about the control pro-
cesses can be employed to heuristically design fuzzy controllers with some
linguistic IF-THEN rules. Practically, human knowledge can be represented
as linguistic statements and incorporated into the fuzzy logic controller. As
a result, the design of the control action can be understood easily, and the
fuzzy logic controller can operate with intelligence.

With years of investigation, the analysis and design of fuzzy logic control
systems have been developing into a broad paradigm of active research. In-
stead of following the conventional heuristic approach, the design of fuzzy
logic controllers can be realized by adopting a fuzzy-model-based (FMB)
approach with engineering concerns such as the system stability and per-
formance. The FMB control approach has received great attention of the
researchers in the fuzzy control community owing to the systematic math-
ematical platform it offers to carry out rigorous analysis on general non-
linear control systems. The Takagi-Sugeno/Takagi-Sugeno-Kang (TS/TSK)
fuzzy model is generally accepted as a powerful mathematical tool to rep-
resent/model/identify nonlinear plants in a systematic way to facilitate the
stability analysis and controller synthesis. Based on the Lyapunov stability
theory, the stability and performance of the FMB control systems can be
investigated. Stability and performance conditions in terms of linear matrix
inequalities (LMI) have been reached to aid the design of stable and well-
performed FMB control systems. Convex programming techniques can be
applied to find the solution of the LMI-based conditions numerically.

In this book, the state-of-the-art FMB based control approaches are cov-
ered. A comprehensive review about the stability analysis of type-1 and type-2
FMB control systems using the Lyapunov-based approach is given, present-
ing a clear picture to researchers who would like to work on this field. A wide
variety of continuous-time nonlinear control systems such as state-feedback,
switching, time-delay and sampled-data FMB control systems, are covered.
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In short, this book summarizes the recent contributions of the authors on the
stability analysis of the FMB control systems. It discusses advanced stability
analysis techniques for various FMB control systems, and founds a concrete
theoretical basis to support the investigation of FMB control systems at the
research level. The analysis results of this book offer various mathematical
approaches to designing stable and well-performed FMB control systems. Fur-
thermore, the results widen the applicability of the FMB control approach
and help put the fuzzy controller in practice. A wide range of advanced ana-
lytical and mathematical analysis techniques will be employed to investigate
the system stability and performance of FMB-based control systems in a rig-
orous manner. Detailed analysis and derivation steps are given to enhance the
readability, enabling the readers who are unfamiliar with the FMB control
systems to follow the materials easily. Simulation examples, with figures and
plots of system responses, are given to demonstrate the effectiveness of the
proposed FMB control approaches.

This book is organized in 10 chapters. Chapter 1 offers a review on the
state-of-the-art stability analysis techniques of FMB control systems. Various
techniques under the categories of adaptive, sampled-data, state-feedback,
switching, and time-delay fuzzy control schemes, are presented. The stability
of the FMB control systems under the different categories of fuzzy controllers
are discussed.

In in the first half of Chapter 2, the basic concept and mathematical back-
ground of the FMB control systems are given. The technical details of the T'S
fuzzy model that represents the nonlinear plant and facilitates the stability
analysis and controller synthesis are given. A state-feedback fuzzy controller is
used to control the nonlinear plant represented by the TS fuzzy model, form-
ing an FMB control system. Some published membership-function-shape-
independent (MFSI) stability conditions and performance conditions in terms
of LMIs are given in the second half of the chapter.

In chapter 3, the membership-function-shape-dependent (MFSD)-based
stability of FMB control systems with perfectly /imperfectly matched mem-
bership functions is investigated based on quadratic Lyapunov function. The
first approach employs the membership function boundary (MFB) informa-
tion of both the TS fuzzy model and the fuzzy controller to facilitate the
stability analysis. The MFB information is carried by some slack matrices in
the stability analysis for relaxing the stability conditions. LMI-based stability
and performance conditions are derived to realize a stable and well-performed
FMB control system. The second approach employs the staircase member-
ship functions (SMF) to approximate the membership functions of the TS
fuzzy model and fuzzy controller for conducting the stability analysis. Using
this approach, the membership functions of the TS fuzzy model and fuzzy
controller are able to help reaching the stability conditions. Consequently, the
LMI-based stability conditions are dedicated to the FMB control system un-
der consideration, which makes the approach to be more suitable for dealing
with practical control problems.
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In Chapter 4, a state-feedback fuzzy controller with time-varying feedback
gains are proposed to strengthen the feedback compensation capability. Based
on a quadratic Lyapunov function, stability conditions in terms of bilinear
matrix inequalities (BMIs) are derived. The BMI conditions demonstrate a
potential to further relax the stability conditions thanks to their nonlinear
nature. However, efficient numerical methods are lacked to look for the so-
lution. In this chapter, in order to make the proposed fuzzy control scheme
feasible, a genetic-algorithm (GA)-based convex programming technique is
developed to search for the solution to the BMI stability conditions. The
proposed fuzzy control scheme offers a mathematical analysis platform that
extends the LMI-based analysis approach in Chapter 2 to BMI-based ones
for the further relaxation of stability conditions.

In Chapter 5, a parameter-dependent Lyapunov function (PDLF) is em-
ployed to investigate the system stability of the FMB control systems. Com-
pared with the quadratic Lyapunov function, which is a kind of parameter-
independent Lyapunov function (PILF), the PDLF is a nonlinear function
that facilitates the stability analysis in different operating regions governed
by the membership functions. The results show that the PDLF offers a nice
property for the relaxation of stability conditions in some cases.

In Chapter 6, a regional switching fuzzy controller is proposed. The fuzzy
controllers described in Chapter 2 to Chapter 5 are for nonlinear plants work-
ing in full operating region. As the nonlinear plant demonstrates stronger non-
linearity when it works at the full operating region than the sub-operating
region, the idea of regional switching control is motivated. The full operating
region is divided into a number of sub-operating regions. Corresponding to
each sub-operating region, a regional fuzzy controller is designed. As the non-
linearity of the sub-operating regions is relatively weak, it is more likely to
come up with stable regional fuzzy controllers than a fuzzy controller for the
full operating region. According to the working conditions, the correspond-
ing regional fuzzy controller is employed to control the nonlinear plant. On
investigating the system stability, the regional information of the operating
domain is employed for the relaxation of stability conditions.

In Chapter 7, a fuzzy combination control technique is employed to com-
bine the state-feedback fuzzy controller and switching controller under the
consideration of the system stability. A local and global fuzzy models are
proposed to represent the nonlinear plant operating in local and full operat-
ing domains, respectively. A local fuzzy controller and global switching fuzzy
controller are then proposed to stabilize the nonlinear plant based on the lo-
cal and global fuzzy models. The nice properties of both types of controllers
are integrated by fuzzy logic to offer an effective control scheme. It forms a
theoretical background to support further research on fuzzy combination of
various types of controllers.

In Chapter 8, the system stability of time-delay FMB control systems
with system states subject to time delay is considered. Time delay is one
of the causes for system instability that can be found in most domestic and
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industrial ~ applications. Time-delay independent/dependent —analysis
approaches are adopted to investigate the system stability. It offers a sys-
tematic approach to study the nonlinear systems with time delay under the
consideration of the system stability. LMI-based stability conditions for both
analysis approaches are given.

In Chapter 9, the model reference tracking control for sampled-data FMB
control systems is considered. A sampled-data fuzzy controller is proposed to
drive the system states of the nonlinear plant to following those of a stable
reference model. As the sampled-data fuzzy controller can be implemented
by a microprocessor or a digital computer that is available at low cost, the
implementation cost and time can be reduced. However, due to the zero-
order-hold unit, control signal is kept constant during the sampling period.
It causes discontinuity introduced by the sampling activity that complicates
the system dynamics and thus makes the analysis difficult. A Lyapunov-
based analysis approach is proposed to handle the discontinuity under the
consideration of system stability. The tracking performance is guaranteed by
applying the H., control theory.

From Chapter 2 to Chapter 9, the system stability analyses reported are
for type-1 FMB control systems only. In Chapter 10, we extend the sta-
bility analysis approach to interval type-2 FMB control systems. By using
the interval type-2 fuzzy logic, the parameter uncertainties of the nonlinear
plant can be captured and the system dynamics can be described with some
simple fuzzy rules. An interval type-2 TS fuzzy model is then proposed to de-
scribe the system dynamics of the nonlinear plant. An interval type-2 fuzzy
controller is proposed to close the feedback loop. Some MFSI and MFSD
matrices are introduced to facilitate the stability analysis and controller syn-
thesis. LMI-based stability conditions are derived to guarantee the stability
of the interval type-2 FMB control system.

Hak-Keung Lam
Frank Hung-Fat Leung
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Chapter 1
Introduction

1.1 Introduction

Inspired by the fuzzy set theory established by Zadeh in 1965, Mamdani
proposed fuzzy controllers to tackle nonlinear systems @, @] Since then,
fuzzy control has become a promising research platform. Despite the lack of a
concrete theoretical basis, many successful applications of fuzzy control were
reported in various areas such as sludge wastewater treatment , control of
cement kiln @], etc. These successes show that fuzzy controllers are capable
of handling ill-defined plants with significant parameter uncertainties. As
pointed out by Mamdani, stability of fuzzy systems is an important issue, and
the remarked disadvantage of fuzzy control is the lack of appropriate tools
for the analysis of controller performance @] In the absence of an in-depth
analysis, fuzzy control systems may come with no guarantees of stability,
good robustness and satisfactory performance; even some guidelines or rules-
of-thumb for designing fuzzy controllers may not be available. In view of
these limitations, a lot of research work had been done during the past two
decades.

Fuzzy-model-based (FMB) control [27] is a powerful approach for tack-
ling mathematically ill-defined nonlinear systems. To investigate the system
stability, the Takagi-Sugeno (TS) fuzzy model (which is also known as Takagi-
Sugeno-Kang (TSK) model) ,] was proposed to provide a general and
systematic framework to represent the nonlinear plant as a weighted sum of
some linear sub-systems. Each linear sub-system effectively models the dy-
namics of the nonlinear plant in a local operating domain. As the linear and
nonlinear parts of the nonlinear plant are extracted, the TS fuzzy model ex-
hibits a semi-linear characteristic in favour of doing stability analysis and
controller synthesis. Based on the TS fuzzy model, a fuzzy controller can be
designed to close the feedback loop and form a FBM control system as shown
in Fig.1.1.

There are in general two approaches to obtain the TS fuzzy model. The
first approach is to construct the TS fuzzy model by using some system

H.-K. Lam and F.H.F. Leung: FMB Control Systems, STUDFUZZ 264, pp. 1
springerlink.com © Springer-Verlag Berlin Heidelberg 2011
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Control
Command Input ————» Signal Nonlinear Plant System/Output
Fuzzy Controller (represented by TS fuzzy > States
model)

-

Fig. 1.1 A block diagram of the FMB control system.

identification algorithms m, ] based on the input-output data. This
approach is suitable for nonlinear systems without mathematical models but
with input-output data available. The second approach assumes that the
mathematical model of the nonlinear system is available. The TS-fuzzy model
can be derived from the mathematical model using the concept of sector
nonlinearity or local approximation ﬂm, @]

This book mainly focuses on the stability analysis of continuous-time FMB
control systems. Various types of FMB control systems such as time-delay
and sampled-data FMB control systems are considered in the latter chap-
ters. Synthesis of various types of fuzzy controllers using LMI (linear matrix
inequality) or BMI (bilinear matrix inequality) approaches are covered. In
this chapter, a review of the previous work is given. Various approaches of
analyzing the stability of FMB control systems are described in the following
sections.

1.2 Review of FMB Control

In this section, some FMB control schemes are briefly reviewed. Figure
shows a general framework for various FMB control schemes.

Fuzzy-Model-Based (FMB) Control

| Adaptive Control |

State-Feedback Control

Sampled-Data Control

| Switching Control |

Time-Delay Control

I—I—I

Direct Adaptive Control

Indirect Adaptive Control

Sliding Mode Control

Control

Switching-Model-Based

Fuzzy-Combined Model-
Based Control

Observer-Base

d Control

Static/Dynamic State-
Feedback Control

Full State-Feedback
Control

Output State-Feedback
Control

Fig. 1.2 A diagram showing various fuzzy control approaches.

1.2.1 FMB Adaptive Control

FMB adaptive control is good at handling nonlinear systems subject to pa-
rameter uncertainties or disturbances which are assumed to be bounded. To
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facilitate the stability analysis and controller synthesis, the T'S fuzzy model is
employed to represent the nonlinear plant in which the values of the member-
ship grades or system parameters are uncertain or unknown. In some cases,
external disturbances are included in the TS fuzzy model. Based on the TS
fuzzy model, stability analysis and design of an adaptive fuzzy controller
can be carried out. The parameters of the adaptive fuzzy controller are then
updated by some online update laws.

In general, there are two classes of adaptive control schemes, namely in-
direct and direct adaptive control schemes ] The block diagrams of these
two adaptive fuzzy control schemes are shown in Fig. and Fig.[[4] respec-
tively. Referring to Fig. [[3] which shows the indirect adaptive fuzzy control
scheme ﬂ@], the adaptive fuzzy controller is characterized by the system pa-
rameters of the TS fuzzy model. As the values of the membership grades or
system parameters are uncertain or unknown, their values are online esti-
mated by a fuzzy estimator with some update laws. The estimated system
parameters are then employed by the fuzzy controller to generate the control
signal for the control process.

Figure [[.4] shows the direct adaptive fuzzy control scheme @, @, ] It
is assumed that there exists a stable and well-performed FMB control system
formed by the TS fuzzy plant model and an ideal fuzzy controller connected
in a closed loop. Under this assumption, the parameters of the TS fuzzy
model can be written in terms of the parameters of the fuzzy controller; e.g.
the feedback gains. The values of the controller parameters are then online

Wl Control -
* Adaptive Fuzzy | Sigmal Norﬂtnjs}fﬁslint _ System/Output
I ‘esente uzzy i
Command Input Controller (tepr model) States
Estimated System
Parameters System Parameter
. . D —
N Estimation
Fig. 1.3 Indirect adaptive fuzzy control.
Wk Control Nonli Plant
— Adaptive Fuzzy | Signa oninear r7an System/Output
(represented by TS fuzzy
Command Input Controller model) States
Estimated Controller
Parameters Controller Parameter
Estimation

Fig. 1.4 Direct adaptive fuzzy control.
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System/Output
States
Reference Model
al Cf)ntrol Nomk Bl System/Output  —
Adaptive Fuzzy | Sismal ontnear rian States 4
(represented by TS fuzzy > ED
Command Input Controller model) \Z
Estimated System /
Controller Parameters System/Controller [+ Error System/Output
Parameter Estimation States

Fig. 1.5 Indirect/Direct fuzzy model reference adaptive control.

estimated with some update laws. The estimated controller parameters are
directly applied to the fuzzy controller to perform the control process.

The indirect /direct adaptive fuzzy control schemes were extended to indi-
rect /direct fuzzy model reference adaptive control (MRAC) schemes [d, [94],
which can be represented by the block diagram in Fig. [[3l Under this con-
trol scheme, a stable reference model is included in the system. The adaptive
fuzzy controller is designed to drive the system/output states following those
of the reference model. The parameters of the fuzzy controller are online
updated according to the indirect or direct update laws.

1.2.2 State-Feedback FMB Control

On applying the state-feedback FMB control scheme, the fuzzy controller
generates the control signal based on the system states. Referring to Fig.
[[2 there are in general two categories of FMB control schemes that can
be found in the literature, namely fuzzy static/dynamic state-feedback fuzzy
control scheme HE, @, @, @, @, @, @, , @, @, @, @, @, @]
and fuzzy observer-based control scheme. The static/dynamic state-feedback
fuzzy control scheme can be further divided into full state-feedback and out-
put feedback fuzzy control schemes.

The FMB static/dynamic state-feedback control system can be depicted by
the block diagram in Fig. [LTl The state-feedback fuzzy controller is governed
by some fuzzy rules with the consequents being some linear static/dynamic
state-feedback sub-controllers. The firing strength of each rule (grade of mem-
bership) is governed by some membership functions. The state-feedback fuzzy
controller is thus a weighted sum of some linear static/dynamic state-feedback
sub-controllers, where the weight corresponding to each sub-controller is the
grade of membership. In the full state-feedback control scheme, all the sys-
tem states will be used by the state-feedback fuzzy controller to produce the
control signal for the control process. When only the output states of the
system are employed for the control process, it is called the output feedback
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fuzzy control ﬂﬂ, @, @, @, @} When a static state-feedback fuzzy control
scheme is considered, the values of the feedback gains are determined and
kept constant during the control process. When a dynamic state-feedback
fuzzy control scheme is considered, a dynamic compensator @] inside the
fuzzy controller adds dynamics, which is governed by a set of first-order
differential equations, to its output. Unlike the static state-feedback fuzzy
controller, the dynamic state-feedback fuzzy controller makes use of the sys-
tem states and the extra states from the dynamic compensator to realize
the control process. This type of fuzzy controller is good at dealing with the
reference tracking control and disturbance rejection problems. In case the
system states of the nonlinear plant are not measurable, an observer-based
control scheme B, , , @, @, , , , m] can be applied. A fuzzy
observer is employed to estimate the system states which will be used by the
fuzzy controller to perform the control process.

1.2.2.1 Stability Analysis of State-Feedback FMB Control
Systems

Lyapunov-based approach is the most popular approach to investigate the
system stability of the FMB control systems. There are different stability
analysis approaches as shown in Fig. that can be found in the literature
to investigate the stability of FMB control systems based on the Lyapunov
stability theory. In general, the stability analysis are based on two types of T'S
fuzzy models, namely type-1 m, ] and type-2 M, @, @] fuzzy models.
In the type-1 TS fuzzy model, the nonlinearity of the plant is described by
type-1 fuzzy sets. Type-2 fuzzy sets ﬂE, , @] are extended from the type-1
fuzzy sets, which are good at handling system uncertainties. Compared to
the type-1 TS fuzzy model, the type-2 TS fuzzy model is able to describe the
system dynamics of the nonlinear plant subject to parameter uncertainties
captured by the type-2 fuzzy sets. The type-2 TS fuzzy model can be regarded
as a model formed by an infinite number of type-1 TS fuzzy models. In this

State-Feedback Fuzzy
Control
Type-1 Fuzzy Control Type-2 Fuzzy Control
[

Mermbership-Funcion-
Shape-Dependent (MFSD)
Analysis

Mermbership-Function-
Shape-Independent (MFSI)
Analysis

Membership-Function-
Boundary (MFB) Analysis|

Staircase-Membership-
Function (SMF) Analysis

Parameter-Dependent
Lyapunov Function (PDLF)

I—I—I

Piecewise/Switching
Fuzzy Lyapunov Function Lyapunov Function (PLF/
(FLF) SLF)

Parameter-Independent
Lyapunov Function (PILF)

Sum-of-Squares (SOS)
Analysis

| Polya's Theorem |

Fig. 1.6 Stability analysis approaches for state-feedback FMB control systems.
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chapter, we will focus on the type-1 FMB control systems and the type-2
ones will be discussed in Chapter

For type-1 FMB control systems, referring to Fig. [[L6 there are in general
two streams of analysis approaches, namely the membership-function-shape-
independent (MFSI) and membership-function-shape-dependent (MFSD)
analysis approaches based on the Lyapunov stability theory. Under the MFSI
analysis approach, the shapes of the membership functions are not taken into
account in the stability analysis. Once the FMB control system is guaranteed
to be stable by some stability conditions, the stability is not affected by the
shapes of the membership functions.

MFSI Stability Analysis

Under the MFSI analysis approach, parameter-independent and parameter-
dependent Lyapunov functions (PILF and PDLF) can be employed to in-
vestigate the stability of the FMB control system. A PILF is a Lyapunov
function which is independent of the system parameters and/or states. In
ﬂﬁ, , , @, @, @, , , , ], a quadratic Lyapunov function
was employed. It was shown in , } that the FMB control system is
guaranteed to be asymptotically stable if there exists a common solution
to a set of linear matrix inequalities (LMI) [44]-[45], which are regarded as
the stability conditions. It was shown in ] that the stability conditions
can be relaxed by using the parallel distributed compensation (PDC) design
technique of which the fuzzy controller shares the same premise membership
functions as those of the TS fuzzy model. Under the PDC design, the sta-
bility conditions were further relaxed , 48, 81, [82, lo7, 104, [112, ]
based on the Polya’s theorem. In @7 111], a sum-of-squares (SOS) analysis
approach was proposed. The TS fuzzy model is modified to a polynomial TS
fuzzy model of which the system and input matrices (which are constant in
the traditional TS fuzzy model) are allowed to be polynomials in terms of the
system states. The polynomials are able to model the nonlinearity more ef-
fectively than some constants. Consequently, the polynomial TS fuzzy model
is able to alleviate some limitations of system modelling suffered from tra-
ditional TS fuzzy models. Unlike the quadratic Lyapunov function used in
HE, , , @, @, @, , , , ], which is a polynomial of degree
2 in terms of system states, the Lyapunov function in the SOS analysis ap-
proach depends on a sum of higher-degree monomials of the system states.
The stability of the polynomial FMB control system is guaranteed if there
exists a Lyapunov function which is an SOS.

Under the PDLF approach, a Lyapunov function that depends on the
system parameters is employed for conducting the stability analysis. Re-
ferring to Fig. [0, there are two types of Lyapunov functions, namely
fuzzy Lyapunov function (FLF) and piecewise/switching Lyapunov function
(PLF/SLF), found in the literature. A FLF is an average weighted sum of
some local quadratic Lyapunov functions @], where the weights are the
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grades of membership. The membership functions define the working domain
of the local Lyapunov functions. Hence, the time derivative of the FLF is pos-
sible to be negative (which implies the system stability) even if not all time
derivatives of the local Lyapunov functions are negative. In contrast, the time
derivative of the quadratic Lyapunov function in the PILF approach is re-
quired to be negative for the full working domain. Consequently, the PDLF
analysis approach has the potential to relax the stability conditions. It has
been shown in @, @, @, @, , ] by simulations that the stability con-
ditions derived based on the FLF are more relaxed than the PILF in some
cases. As the time derivatives of the membership functions are generated in
the stability analysis, in general, the PDLF approach are more complex than
the PILF approach to derive the stability conditions.

Apart from the FLF, PLF/SLF , , , , , @] were also proposed to
realize the PDLF approach for the stability analysis of FMB control systems.
PLF/SLF consists of some local Lyapunov functions. On using FLF, the
local Lyapunov functions are smoothly stepped over among themselves. The
transition is governed by the membership functions. On using PLF/SLF,
however, the local Lyapunov functions are switched among themselves and
only one single local Lyapunov function is activated at a time. Owing to
this hard switch property, it is required that the local Lyapunov functions
at the boundaries are continuous to make sure that the PLF/SLF is a valid
Lyapunov function. Some design methodologies for some valid PLFs/SLFs,
which guarantees that the local Lyapunov functions are continuous at the
boundaries, were discussed in }

In the aforementioned stability analysis approaches, the stability condi-
tions are in terms of LMIs, which can be solved by some convex programming
techniques. In @, @, @, @}, the stability conditions are cast into bilinear
matrix inequalities (BMIs). However, the solution to BMIs cannot be sim-
ply solved by the convex programming techniques. Considering that some
decision variables for each BMI term are kept constant, the BMI-based sta-
bility conditions become LMI-based ones. Taking advantage of this property,
a genetic-algorithm (GA) based convex programming technique was proposed
in [58, 161, 169] to find the solution to the BMIs.

A brief review for the MFSI stability analysis of FMB control systems is
given in Chapter 21

MFSD Stability Analysis

The membership-function-shape-dependent (MFSD) analysis approach, un-
like the MFSI analysis approach, is able to bring the information of the
membership functions to the stability analysis. Consequently, as more in-
formation is considered and included in the stability analysis, more relaxed
stability conditions can be obtained as compared to the MFSI analysis ap-
proach. In general, the MFSD stability analysis can be conducted in two
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ways, namely the membership-function-boundary (MFB) and the staircase-
membership-function (SMF) analysis approaches. On applying the MFB
analysis approach, the boundary information of the membership functions
ﬂj, @, @, @, @, @, @], such as the upper bounds of the membership func-
tions and/or their products, is utilized in the stability analysis. By proposing
membership-function inequalities and the S-procedure ﬂa, ], membership-
function-dependent and independent slack matrix variables can be introduced
to facilitate the stability analysis. In [@, }, stability analysis under the PDC
design that the TS fuzzy model and fuzzy controller share the same premise
membership was conducted. In E, @, @, @], FMB control systems under
the non-PDC design were considered that the fuzzy controller does not share
the membership functions of the TS fuzzy model.

On performing the MFB analysis, only the boundary information of the
membership functions is considered. In order to bring more information into
the stability analysis, some sample points of the membership functions (which
are approximated by some staircase membership functions) are taken into ac-
count in the SMF analysis approach. In this approach, the membership func-
tions of both the fuzzy model and the fuzzy controller are able to be absorbed
into the stability conditions. When the step size tends to zero, the staircase
membership functions tends to the original ones. Under the MFB analysis
approach, if a FMB control system is guaranteed to be stable for some given
membership functions, it is also stable for any shapes of membership func-
tions providing the same boundary information. The SMF analysis approach,
when the step size of the staircase membership functions is sufficiently small,
approximately deals with the specified membership functions (characterized
by the staircase membership functions) considered in the stability analysis.
Consequently, it has a potential to further relax the stability conditions by
considering a specific FMB control system as compared with the MFSI and
MFB analysis approaches.

The MFSD stability analysis of FMB control systems is discussed in
Chapter Bl In the first part of Chapter Bl the MFB information is employed
to facilitate the analysis for the FMB control systems subject to imperfectly
matched membership functions. Then, in the second part of Chapter B], the
SMF approach is employed to investigate the system stability. In Chapter @]
a time-varying state-feedback fuzzy controller is proposed. BMI-based sta-
bility conditions are derived to guarantee the system stability. In Chapter [
the stability of the FMB control systems based on a PDLF is investigated.
In Chapter [[0, the system stability of interval type-2 (IT2) FMB control
systems is investigated based on the MFSD stability analysis approach.

1.2.3 Switching Fuzzy Control

In switching FMB control systems, the fuzzy controller is designed based
on the TS fuzzy model, and it consists of some switching components. The
switching fuzzy controller is good at handling nonlinear plants with parameter
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uncertainties with known bounds. The boundary information of the parame-
ter uncertainties offers important information for the design of the switching
controller. By switching between the lower and upper bounds according to
some switching rules derived under the consideration of system stability, the
equivalent magnitudes of the parameter uncertainties can be obtained and
compensated. However, due to the existence of the switching components in
the systems, the control signals are high-frequency switching signals which
cause undesired chattering effect [@] in the system output. The chattering
effect can be alleviated by replacing the switching function with a saturation
function. However, it may cause some finite steady-state error in the system
output.

Referring to Fig. L2 in general, there are three types of switching FMB
control approaches found in the literature. The first type of switching fuzzy
controller is developed based on the sliding mode control theory M] and
a TS fuzzy model with unknown membership functions subject to unknown
system parameters. A switching fuzzy controller with switching membership
functions was then developed ﬂa, 63, @] The second type of switching fuzzy
controller is realized as a fuzzy combined switching fuzzy controller that
softly switched among some controllers. In [@—@], a fuzzy model consisting
of a local and a global TS fuzzy model was proposed. When the system is
operating globally, a switching/sliding-mode controller is employed to drive
the system states towards the origin. Once the system states are near the
local operating domain, a local state-feedback fuzzy controller gradually re-
place the switching/sliding-mode controller. In the local operating region,
the local state-feedback fuzzy controller determined by some fuzzy rules will
dominate the control process. Consequently, a good transient response can
be ensured by the switching/sliding-mode controller and the chattering ef-
fect can be eliminated by employing the local state-feedback fuzzy controller.
The third type of switching fuzzy controller is designed based on a switching
fuzzy model , , , @] The full operating domain is divided into some
operating sub-domains. A local TS fuzzy model is then constructed for each
operating sub-domain. Corresponding to each local TS fuzzy model, a local
fuzzy controller is designed. When the switching FMB control system is work-
ing in one operating sub-domain, the corresponding local fuzzy controller is
employed for the control process.

The switching FMB control approach is covered in Chapter [0 that the
regional information of membership functions is employed to facilitate the
stability analysis. The fuzzy combined fuzzy controller is discussed in
Chapter [7

1.2.4 Time-Delay Fuzzy Control

A time-delay nonlinear system is a dynamic system that depends on both the
current and time-delayed system states. The time delay can be constant or
time varying. To investigate the system stability of time-delay FMB control
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systems, two approaches can be found in the literature, namely the delay-
independent and delay-dependent approaches. Delay-independent stabilit,
conditions for time-delay fuzzy control systems were derived in ﬂj, ,
based on the Lyapunov-Krasovskii or Lyapunov-Razumikhin approaches. In
the delay-independent approach, the stability conditions are not related to
the time-delay information. Once the time-delay fuzzy control system is
guaranteed to be stable, it is stable for any value of time delay. Hence,
the delay-independent stability conditions are particularly useful for non-
linear systems subject to unknown or inestimable value of time delay. In
M, @, @, @, , , ], delay-dependent stability conditions were
derived based on the Lyapunov-Krasovskii approach. During the stability
analysis, the time-delay information is considered. To deal with the time-
delay information, various inequalities have been proposed. In ﬂ], the Leibniz-
Newton formula was employed to approximate the time-delay system states
with the current system states. To relax the conservativeness of the stabil-
ity analysis, other forms of inequalities were proposed in , . These
inequalities have been employed in IE@, @, @, @, , , | to in-
vestigate the stability of time-delay FMB control systems. It has been shown
in ﬂﬂ, @, @, , ] that relaxed inequalities have led to relaxed stability
analysis results. Furthermore, by introducing some slack matrices, the stabil-
ity conditions can be further relaxed. Compared with the delay-independent
approach, the analysis procedure of the delay-dependent approach is more
complicated. However, as the time-delay information is one of the elements
to determine the system stability in the delay-dependent approach, less con-
servative stability conditions may be produced. The delay-dependent stabil-
ity conditions are good for time-delay fuzzy control systems with known or
estimable values of time delay. Consequently, both delay-independent and
delay-dependent stability analysis results have their own advantages for dif-
ferent kinds of the time-delay nonlinear systems.

The time-delay FMB control approach is discussed in Chapter 8l Based on
the time-delay independent/dependent stability analysis approaches, LMI-
based conditions are derived to guarantee the system stability and synthesize
the fuzzy controller.

1.2.5 Sampled-Data Fuzzy Control

A sampled-data FMB control system is shown in Fig. [0 It consists of a
continuous-time nonlinear plant and a sampled-data fuzzy controller con-
nected in a closed loop. To realize the control process, the system state vec-
tor x(t) is first sampled by the sampler at every hg seconds. The sampled
state vector is then fed to the discrete-time fuzzy controller to produce the
discrete-time control signal u(t). After going through the zero-order-hold
(ZOH) unit, the discrete-time control signal is held constant during the sam-
pling period.
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Fig. 1.7 A block diagram of sampled-data FMB control system.

Because of the ZOH and the sampling activity, discontinuities are intro-
duced to the closed-loop control systems. The Lyapunov function for the
continuous-time state-feedback FBM systems cannot be directly applied to
investigate the system stability. Furthermore, as the system states can be
obtained only at the sampling instant, the current system states cannot be
obtained for feedback compensation. In @], the system stability of sampled-
data FMB control systems was investigated by casting the sampled-data
FMB control system as a time-varying delay FMB control system. By em-
ploying the Lyapunov-Krasovskii functional, LMI stability conditions were
provided to check for the system stability and facilitate the controller syn-
thesis. In @, @], a hybrid system approach, in which the fuzzy controller
contains both continuous-time and discrete-time components, was proposed.
In @, , }, an equivalent jump system was proposed to represent the
dynamics of the sampled-data FMB control systems at the sampling instant.
The system stability is guaranteed if both the sampled-data FMB control
system governing the system dynamics during the sampling period, and the
jump system governing the system dynamics at the sampling instant, are both
stable subject to a common time-varying Lyapunov function. In ﬂQ, @, @], an
intelligent digital redesign approach, which is to approximate the nonlinear
plant by a discrete-time fuzzy model, was proposed. Based on the discrete-
time fuzzy model, a discrete-time fuzzy controller is then proposed to close
the feedback loop. However, the discretization error may become a source to
causing system instability.

The stability of sampled-data FMB control systems is investigated in
Chapter @ LMI-based conditions are derived to guarantee the system sta-
bility and synthesize the sampled-data controller.






Chapter 2

Stability and Performance Conditions for
MFSI State-Feedback FMB Control
Systems

2.1 Introduction

Fuzzy-model-based (FMB) control approach ﬂﬂ] offers a systematic and ef-
fective way to handle the nonlinear control problems. With the powerful TS
fuzzy model ﬂﬁ, @]7 a nonlinear system can be generally represented as
a weighted sum of some local linear systems. The TS fuzzy model provides
a systematic and general framework that effectively separates the linear and
nonlinear dynamics of the nonlinear plant. This semi-linear property of the
TS fuzzy model allows some linear analysis and control approaches to be
applied to facilitate the stability analysis and controller synthesis.

Based on the TS fuzzy model, a fuzzy controller ﬂ@] was proposed to close
the feedback loop to form a FMB control system. The Lyapunov stability the-
ory provides one of the mathematical tools to investigate the stability of the
FMB control systems. It was shown in ﬂﬁ, ] that the FMB control system
is guaranteed to be asymptotically stable if a set of linear matrix inequalities
(LMIs) [6] are satisfied. The solution to the LMIs can be found numerically by
using convex programming techniques. As the stability analysis in HE, ]
did not consider the membership functions of both the TS fuzzy model and
the fuzzy controller, the stability conditions are very conservative. Neverthe-
less, there is not much restriction on the design of membership functions of
the fuzzy controller. As a result, the implementation cost of the fuzzy con-
troller can be reduced by using some simple membership functions. To relax
the stability conditions, a parallel compensation distribution (PDC) design
approach was proposed ] in which the TS fuzzy model and the fuzzy con-
troller share the same membership functions. Although the conservativeness
of the stability analysis can be reduced, the structural complexity of the fuzzy
controller may be increased when the membership functions of the TS fuzzy
model are complicated. Further relaxed stability conditions were achieved in

[24, 148, 181, 182, lo7, [105, [112, [125).

H.-K. Lam and F.H.F. Leung: FMB Control Systems, STUDFUZZ 264, pp. 13[22]
springerlink.com © Springer-Verlag Berlin Heidelberg 2011
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In this book, the stability conditions in m, @7 @, @, @, @7 @, @7
125] are classified as membership-function-shape-independent (MFSI) ones
as the stability analysis does not depend on the shapes of the membership
functions. The MFSI stability conditions can be applied to FMB control sys-
tems with membership functions of any shape. However, it was revealed in
E, @, @, @, ] that the shape information of the membership functions
play an import role for the relaxation of stability conditions. By bringing
the membership function information to the analysis, the stability condi-
tions applied only to the FMB control systems with some specified shapes of
membership functions. Yet, thanks to the additional information, the result-
ing membership-function-shape-dependent (MFSD) stability conditions are
more relaxed.

This chapter introduces the fundamental concepts and properties of the T'S
fuzzy model and fuzzy controller. Some developed LMI-based stability and
performance conditions, which guarantee the system stability and perfor-
mance of the MFSI state-feedback FMB control systems, are then presented.

2.2 TS Fuzzy Model

The TS fuzzy model offers a fixed framework to represent nonlinear systems
with a number of linguistic rules. The system dynamics of a nonlinear system
can be expressed as a weighted average of linear sub-systems. The linear and
nonlinear characteristics of the nonlinear plant are extracted and expressed
as the linear sub-systems and nonlinear weights, respectively. Consequently,
the TS fuzzy model exhibits a favourable semi-linear property that enables
some linear analysis and design methods to be applied for carrying out system
analysis.

Let p be the number of fuzzy rules describing the nonlinear plant. The i-th
rule is of the following format:

Rule i: IF f1(x(t)) is M{ AND --- AND fg(x(t)) is MY
THEN x(t) = A;x(t) + B,u(t) (2.1)
where M is a fuzzy set of rule i corresponding to the function f,(x(t)),
a=1,2,---, ¥;i=1,2 ---, p; ¥ is a positive integer; x(t) € R" is the
system state vector; A; € R"*" and B; € R™*™ are known system and input

matrices, respectively; u(t) € "™ is the input vector. The system dynamics
is described by the following equation:

() = > wilx(t) (Asx(t) + Bou() (2.2)

where
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wi(x(t)) =0V i,zwi(X(t)) =1, (2.3)

T sy (Fix(0)))

wi(x(t)) = == Vi, (2.4)
ST panr i)
k=11=1
w;i(x(t)), i =1, 2, -+ -, p, are the normalized grades of membership function,
par (fi(x(t))), 1 =1, 2, -+, ¥, are the membership functions corresponding

to the fuzzy set M.
In general, there are two methods to obtain the TS fuzzy model for a
nonlinear plant.

1. The TS fuzzy model can be obtained using the system identification
algorithms [49, [101, ] based on given input-output data pairs.

2. The TS fuzzy model can be obtained by directly deriving from the mathe-
matical equations of the nonlinear plants based on the sector nonlinearity
technique ﬂ@,

Remark 2.1. For the second method, the grades of the membership can be
uncertain if they are in terms of uncertain system parameters. As a result, a
nonlinear plant subject to parameter uncertainties can be represented by a
TS fuzzy model with uncertain grades of membership.

2.3 State-Feedback Fuzzy Controller

In the fuzzy control literature, the most popular fuzzy controller is the state-
feedback fuzzy controller, which is called the fuzzy controller hereafter. The
fuzzy controller, which shares a similar structure of the TS fuzzy model, is
a weighted sum of some linear state-feedback sub-controllers. The control
action is described by some linguistic rules.

Let ¢ be the number of fuzzy rules describing the fuzzy controller, the j-th
rule is of the following format:

Rule j: IF g1 (x(t)) is N{ AND ... AND ggo(x(t)) is N7,
THEN u(t) = G;x(t) (2.5)

where N} is a fuzzy set of rule j corresponding to the function gs(x(t)), 8 =
1,2,---,2,5=1,2,---, ¢; 2 is a positive integer; G; € R"*", j =1, 2,
-+, ¢, are the constant feedback gains to be determined. The fuzzy controller
is defined as follows,
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u(t) =Y my(x(1)Gyx(t) (2.6)
j=1
where .
m;(x(t) >0V 5, mi(x(t) =1, (2.7)
j=1
Q
[T rn (9u(x(2)))
m;(x(t) = —= v, (2.8)
1T e (90 (x(2)))
k=11=1
m;(x(t)), 7 = 1, 2, ---, ¢, are the normalized grades of membership,
,uNlj(gl(x(t))), I =1, 2, .-+, {2, are the membership functions

corresponding to the fuzzy set Nlj .

2.4 FMB Control Systems

An FMB control system consists of nonlinear plant represented by the TS
fuzzy model (Z2]) and the fuzzy controller (Z6]) connected in a closed loop.
Throughout this book, from (23) and (27, the following property will be
used during the system analysis.

Z wi(x(t)) = Z my(x() = D> wi(x()my(x(1)) = 1 (2.9)

i=1 j=1

From (Z2)), (236) and (Z3)), the FMB control system is obtained as follows.

= D03 i) (x()(A + BiG,)x(1) (210)

2.5 LMI-Based MFSI Stability Conditions

It was reported in ﬂﬁ, @] that the FMB control system of (2.I0]) is asymp-
totically stable if the LMI-based MFSI stability conditions in the following
theorems are satisfied.

Theorem 2.1. , / The FMB control system (2.10), formed by the
nonlinear plant represented by the fuzzy model (2.2) and the fuzzy controller
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(228) connected in a closed loop, is asymptotically stable if there exist matrices
N; € Rm*n j =1, 2, -+, c and X = XT € R™" such that the following
LMIs hold:

X > 0;

XA + A;X+N]B] + B,N; <0V, j;
and the feedback gains are designed as G; = N; X~ for all j.

Remark 2.2. Theorem 2] offers a great deal of design flexibility to the
fuzzy controller as the membership functions can be freely designed. This
favourable property leads to a simple controller structure which may lower
the computational demand and implementation cost. Furthermore, the fuzzy
controller designed based on Theorem 2] exhibits an inherent robustness
property. As the stability conditions are not related to the membership func-
tions of both the TS fuzzy model and the fuzzy controller, the fuzzy controller
can stabilize the nonlinear plant subject to parameter uncertainties which are
embedded in the membership functions of the TS fuzzy model. However, one
drawback of Theorem 2.1]is that it often leads to conservative stability result.
Hence, it is suggested to design the fuzzy controller using Theorem [Z1] as a
first trial to take advantage of the design flexibility and robustness property.
If the design fails, other relaxed stability conditions can then be applied.

In the following, the stability conditions based on the design criterion that
the TS fuzzy model and fuzzy controller share the same premise membership
functions, i.e., ¢ = p and m;(x(t)) = w;(x(t)), i = 1, 2, - - -, p, are presented.
This design criterion, generally known as the PDC design, leads to relaxed
stability conditions as the membership functions are taken into account in the
stability analysis. However, the sharing of premise membership functions will
lead to a complicated controller structure when the membership functions of
the TS fuzzy model is complicated.

Remark 2.3. Throughout this book, the design criterion that the TS fuzzy
model and fuzzy controller share the same premises, i.e. ¢ = p and m;(x(t)) =
w;(x(t)), ¢ =1, 2, ---, p, is referred to as the PDC design. Otherwise, it is
referred to as the non-PDC design.

In m, , |&_l|7 , @, @, m, @, @], the stability analysis based on
the PDC design approach was proposed. Different levels of relaxed stability
conditions were derived based on Polya’s theorem. Some published stability
analysis results are given below.

Theorem 2.2. m, @/ The FMB control system (ZI0), formed by the
nonlinear plant represented by the fuzzy model (Z2) and the fuzzy controller
(Z4) under the PDC design technique, i.e., with ¢ = p and m;(x(t)) =
w;(x(t)) for all i, connected in a closed loop, is asymptotically stable if there
exist matrices N; € R™*" j =1, 2, -+, p, and X = XT € R™*" such that
the following LMIs hold:
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X > 0;
XA + AX+NIBT + BN, <0V 3;
XAT +AX+N]B] +B;N;+ XAT + A;X+N/B] +B;N; <0V j,i < j;
and the feedback gains are designed as G; = N; X~ for all j.

Theorem 2.3. [84): The FMB control system (ZI0), formed by the nonlin-
ear plant represented by the fuzzy model (Z2) and the fuzzy controller (2.4)
under the PDC' design technique, i.e., with ¢ = p and m;(x(t)) = w;(x(t)) for
all i connected in a closed loop, is asymptotically stable if there exist matrices
N; e R, X = X" € R and Xy = XJ, e RV, 0, j =1, 2, -+, p
such that the following LMIs hold:

X > 0;

XA,ZT + A X+ NZTBlT + B;N; < X; V i

XAl + A, X+ N/B] + B)N; + XAT + A;X
+N/B] +B;N; < X;; + X, Vj,i < j;

X1 X2 - Xyp
_ X1 Xag -+ Xgp
X=1 . . . . |<0
X;nl Xp2 pr
and the feedback gains are designed as G; = NjX_1 for all j.

Theorem 2.4. [2)]: The FMB control system (ZI0), formed by the nonlin-
ear plant represented by the fuzzy model (Z2) and the fuzzy controller (2.4)
under the PDC design technique, i.e., with ¢ = p and m;(x(t)) = w;(x(t)) for
all i connected in a closed loop, is asymptotically stable if there exist matrices
Nj € RmXn, j = 1,2 .o, p, X = XT € R Yy = YT, € Roxn, j =
Z; 27 o, D Yuj - YJT” S ?Rnxn’ Y’L]Z - Yz;z S ?Rnxn’ i7 .7 = 17 27 o, Py
i# 3§, Yige =YL, € RV, Y = Y5, € RV and Yju, = Yi,; € R,

kji ki j
i =1,2 -, p-2;j =i+1, i+2, -+, p-1; k = j+1, j+2, ---, p such that
the following LMIs hold:
X > 0;

XAT + A, X +NIBY + B,N; < Yy Vi

2XA] + XAT +2A,X + A;X + (N; + N;)"B] + N/ B
+Bi(N; + Nj) + B;N; < Yoy + Y + Y5, Vi, j; j#i;
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2X(A; + Aj + Ap)T + (N; + N) "B + (N; + N) "B + (N; + N;)"B{
+2(A; + Aj 4+ Ap)X 4 By(N; 4+ Ny) + Bj(N; + Ny) + Bi(N; + Nj)

<Y+ Yig + Y -FYZ-Tj,C +Y;‘7€j +Yj7-;k7i: 1,2,--,p—2;

j:Z+1a2”p71727k:]+1327apv

Yiin Yig - Yigp
Yoi1 Yoo -+ Yo

;=
Yot Ypio - Ypip
where the feedback gains are designed as G; = N; X1 for all j.

Remark 2.4. It was shown in ﬂﬂ] that the stability conditions in Theorem
and Theorem [Z.3] are particular cases of those in Theorem 2.4l The anal-
ysis approach in M] can be generalized by the Polya’s theorem M] It was
reported that the stability conditions in |§_yﬂ] covers all stability conditions in

[24, 148, 181, 82, [105, 119, [122, [125).

Denote I, = {i= (i1,i2,- - ,ig) E N1 <i; <pVj=12,---,q}, I] =
{i € Lylix <ipgr,k=1,2,---,¢—1} as a subset of Iy, > ;) wi(x(t)) =

AIRD D IPREE quzl wi, (x(t))wi, (x(t)) - - - w;, (x(t)), and the set of permu-
tations as P(i) C I; where i € I;. The stability conditions for the FMB con-
trol system (ZI0) with two-dimensional fuzzy summations based on Polya’s

theorem are given in the theorem below.

Theorem 2.5. ,@] The FMB control system (210), formed by the nonlin-
ear plant represented by the fuzzy model (22) and the fuzzy controller (2.4)
under the PDC design technique, i.e., with ¢ = p and m;(x(t)) = w;(x(t))
for all © connected in a closed loop, is asymptotically stable if the following
LMIs given in the following h steps are satisfied, where h = 0, 1, 2, ---,
hmaz = floor (%) and d > 2. The dimension of the multi-indices in the
iteration step h is denoted by dp = d — 2h.

1. (Initialization) Choose the degree of the fuzzy summation as d > 2 and set
Qi[o] = Qiyiyiy fori € Ij and h = 0. Define matrices Qj[o] = Qj[O]T €
R forje P(i), i€ Idt.

2. (Recursive procedure) In the iterative step h, when h < hpqaq, the following
inequality is included as the LMI condition:

Z Qj[h] < % Z (Xj[h] -‘r—Xj[h]T) Vie I;rh,
Jer(i) JeP(i)

and set
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[h] [h] [h]
Xaern) Xier2) " Xy
X[h] X[h] .
Qk[h+1] _ (k.,2,1) (k.,2,2) . (k.,2,p) Vkelj ,
[h] B el
X(k,p,l) X(k,p,z) X(k,p,p)
T
where XE}li],id_l,id) = Elll(},id/id—l) € R™*" when iq_1 = iqg Vk € Id+h_2,

itg—1 =1, 2, ---, p. It should be noted that dp4+1 = dp, — 2.

.Seth=h+1. If h < hypaz, go to step 2, otherwise, go to next step.

4. (Termination) When dy,,,. = 1, the stability conditions in Theorem [2.2
are included as the LMI conditions in this theorem. When dy,,,.. = 2, the
stability conditions in Theorem [2.3 are included as the LMI conditions in
this theorem.

Co

Remark 2.5. The stability conditions in Theorem and Theorem 2.4 are
special cases of Theorem B5 with d = 2 and d = 3, respectively.

Ezxample 2.1. In this simulation example, a 3-rule fuzzy model in the form
of [22) is considered and a 3-rule fuzzy controller in the form of (Z4]) is
employed to close the feedback loop. The membership functions of the TS
fuzzy model and the fuzzy controller are assumed to be the same and can take
any shapes satisfying the membership function properties ([Z3]) and .

The 3-rule TS fuzzy model is chosen as the one in ] with
1.59 —7.29 0.02 —4.64 —a —4.33 1
A1 = [0.01 0 ] Az = [0.35 0.21 } As = [ 0 —0.05}’ B, = [0}
8 —b+6
B; = ol Bs = . where a and b are constant parameters.

The stability conditions in Theorem [2Z1] to Theorem (d = 4 for
Theorem 2.5) are employed to check for the stability region characterized
by the system parameters 2 < a < 12 and 2 < b < 12 at the interval of
1. With the help of the MATLAB LMI toolbox, the stability regions given
by different theorems are shown in Fig. [Z] indicated by different symbols.
An empty point means that no feasible solution is found. It should be noted
that there is no feasible solution found based on the stability conditions in
Theorem 2] and Theorem It can also be seen from Fig. [Z1] that the
stability conditions in M] offer the most relaxed result demonstrated by the
largest size of the stability region.

It is shown in this example that the more slack matrices introduced to the
stability conditions, the more relaxed result indicated by a larger stability
region can be obtained. However, the introduction of more slack matrices to
the stability conditions will increase the computational demand on searching
for the solution to the stability conditions.
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Fig. 2.1 Stability regions given by Theorem (‘d"), Theorem 24 (‘I and ‘0”)
and Theorem 2] (‘00", ‘o’ and ‘e’).

2.6 LMI-Based Performance Conditions

On tackling control problems, apart from the system stability, the system
performance is an essential issue to be considered. The stability conditions
introduced in Theorem 2] to Theorem 4] govern the system stability only
but tell nothing about the system performance such as the transient responses
and control requirements. In this section, some LMI-based performance con-
ditions are introduced, which have to be applied simultaneously with the
stability conditions to realize the final design of the fuzzy controller.

Two LMI-based conditions are introduced in the following to constrain the
system states, x(¢) and control input, u(t). The system state constraint is to
suppress the energy of the system states such that it satisfies x(¢)X " 1x(t) <
p2 where p1,, is a non-zero scalar. By satisfying this constraint, the energy the
system states will never be beyond the level of .. Similarly, the constraint
of u(t)Tu(t) < p2, where ju, is a non-zero scalar, is considered to limit the
control energy. By satisfaction of this constraint, the energy of the control
input will never be beyond the level of u,. Imposing these constraints on the
stability conditions will limit the feasible domain of the solution such that the
feasible solution will satisfy both the stability and performance conditions.
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2.6.1 System State Constraint

Theorem 2.6. [110): The system state constraint x(t)X'x(t) < p2, where
Ly @S a pre-defined mon-zero positive scalar, is achieved at all time t > 0 if
there exists a matric X = XT € R"X", such that the following LMIs are
satisfied:

X > 0;

2 nT
py 0 .
{0 x]>0’

2.6.2 Control Input Constraint

Theorem 2.7. [110]: The control input constraint u(t)Tu(t) < p2, where (i,
s a predefined non-zero positive scalar, is achieved at all time t > 0 if there
exists matrices X = XT € R™" and N; € R™*", j = 1, 2, ..., ¢, such that
the following LMIs are satisfied:

X > 0;

107
B4EC

X N7
il >o0:
{Na‘ MZI] =0

Remark 2.6. The LMI-based system state and control input constraints can
be applied simultaneously.

2.7 Conclusion

The fundamental concepts and properties of the TS fuzzy models and fuzzy
controllers have been presented. An FMB control system which is formed by
a nonlinear plant represented by the TS fuzzy model and a fuzzy controller
connected in a closed loop has been introduced. Some published LMI-based
stability and performance conditions have been introduced that help design
a stable and well-performed MFSI state-feedback FMB control system.



Chapter 3

Stability Analysis of FMB Control
Systems under MFSD Approach

3.1 Introduction

Stability analysis on FMB control systems has been investigated extensively
in the past decades. Flourish stability analysis results have been obtained to
facilitate the design of stable FMB control systems. Some published LMI-
based MFSI stability conditions are presented in Chapter 2] under the PDC
design technique.

The PDC design technique leads to an FMB control system with perfectly
matched premise membership functions of which both the TS fuzzy model
and the fuzzy controller share the same premise membership functions. The
perfectly matched premise membership functions are able to produce less
conservative stability analysis result by grouping the cross terms of the mem-
bership functions. However, in general, there are two main drawbacks com-
ing with the PDC design technique. First, as the fuzzy controller shares the
premise membership functions of the fuzzy model, the design flexibility of
the controller membership functions vanishes. Furthermore, if the member-
ship functions of the TS fuzzy model are complex, the implementation cost of
the fuzzy controller will increase. Second, the membership functions of the TS
fuzzy model must be uncertainty free. Thus, the inherent robustness property
of the fuzzy controller vanishes. This drawback makes the non-PDC design
technique (of which the TS fuzzy model and fuzzy controller do not share the
same premise membership functions) attractive. The non-PDC design tech-
nique can enhance the design flexibility and robustness property of the fuzzy
controller. However, under the non-PDC design technique, the imperfectly
matched membership functions lead to conservative stability analysis results.
Yet, it is possible to widen the applicability of the FMB control approach by
integrating the advantages of the PDC and non-PDC design techniques.

In this chapter, the membership-function-shape-dependent (MFSD) anal-
ysis approach is employed to facilitate the stability analysis and controller
synthesis. The shape information of the membership functions is taken into

H.-K. Lam and F.H.F. Leung: FMB Control Systems, STUDFUZZ 264, pp. 23[5]
springerlink.com © Springer-Verlag Berlin Heidelberg 2011
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consideration in the stability analysis for relaxing the stability conditions.
Under the MFSD analysis, two approaches, namely membership-function-
boundary (MFB) and staircase-membership-function (SMF) approaches, are
considered. The MFB approach considers the lower and upper bounds of the
membership functions in the stability analysis. Through the S-procedure ﬂa],
some slack matrices are introduced to the stability conditions. In order to
bring more information to the stability analysis, the SMF approach approx-
imates the membership functions with the staircase membership functions.
Under this approach, the SMFs are considered in the stability anslysis and
brought to the stability conditions. Consequently, as the SMFs carries much
more information of the nonlinearities of the plant as compared with the MFB
approach, the SMF-based stability conditions are more dedicated to the non-
linear plant, which considers the specified SMF's rather than any shapes. The
MFSD relaxed stability conditions offer an effective tool to achieve a stable
FMB control systems with imperfectly matched membership functions.

3.2 Membership-Function-Boundary Approach

Consider the FMB control system of ([ZI0)), which is formed by a nonlinear
plant represented by a TS fuzzy model (Z2) and a fuzzy controller of ([Z4]). In
this section, the system stability of the FMB control systems subject to im-
perfectly matched membership functions is investigated using the Lyapunov
stability theory. MFB information is considered for the relaxation of stabil-
ity conditions in terms of LMIs. LMI-based performance conditions are also
derived to govern the system performance.

3.2.1 Stability Analysis

Consider the following quadratic Lyapunov function for investigating the
system stability of the FMB control system of (Z10]).

V(t) = x(t)TPx(t) (3.1)

where 0 < P =P7T ¢ Rx",

In the following, for brevity, w;(x(t)) and m;(x(t)) are denoted as w; and
m;, respectively. The property of the membership functions (Z9)) is utilized
in the following stability analysis. From (ZI0) and (3I), denoting X = P!
and z(t) = X 1x(t) and defining the feedback gains of the fuzzy controller
as Gj = N; X! where Nj € R™*" j =1,2 ---, ¢, we have,
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V(t) = x(t)TPx(t) 4+ x(t)'Px(t)

Zwlmj T((A; + B;G,)TP + P(A; + B;G;))x(t)

Zwlmj X(A; +BiG;)" + (A; + B;G;)X)z(t)

Il
|\M~a HM*@ \|M~s B

szmy ng z(t) (3.2)

where Qij = AzX + XAZT + BZNJ + N?BZT

Remark 3.1. Based on the Lyapunov stability theory m, it can be con-
cluded that the FMB control system (Z.I0) is asymptotically stable if V' (¢) >
0 and V(t) < 0 (excluding x(t) = 0) can be achieved. Throughout the stabil-
ity analysis in this book, the primary objective is to obtain some conditions
(stability conditions) such that V(¢) > 0 and V(t) < 0 are achieved.

Remark 3.2. Under the MFSI stability analysis approach, it was reported in
ﬂﬁ, ] that the FMB control system (210) is guaranteed to be asymptoti-
cally stable if the stability conditions in Theorem 2.1] are satisfied. Referring
to Theorem -1 on satisfying the stability conditions, V'(t) > 0 and V(t) < 0
are achieved. As it is only required in Theorem 1] that Q;; < 0, the mem-
bership functions are not considered in the stability analysis and/or stability
conditions. It is anticipated that the stability conditions in Theorem 2] are
very conservative, motivating the investigation of the MFSD stability analysis
approach considered in this chapter.

Under the proposed MFB approach in this section, it is required the fuzzy
model and fuzzy controller share the same number of fuzzy rules, i.e. ¢ = p. To
relax the stability conditions, some slack matrix variables are introduced by
considering the following equations given by the property of the membership
functions.

p

ZZwi(wjfm =

2w i = ) mA
i=1 j=1 =1 =1 =
2

wi(1—=1)A;
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where 0 < A; = Al e R, Vi, = VE e R i, j =1,2, -+, p, are
arbitrary matrices. From [B.2]), 33]) and ([B4), we have,
PP PP
V(t) = ZZwimjz(t)TQijz(t) + ZZ wi(wj — mj)z(t)TAiz(t)
i=1 j=1 i=1 j=1

wimjz(t)TQijz(t)

I
M-
M’ﬁ

-
I
—
<.
I
—

wiw; —m; + pjw; — pjw;)a(t)” Aia(t)

4
M-
NE

i=1 j—=1
p P p p
= > wimya() Quya(t) + > Y wi(w; — pywy)a(t)” Aia(t)
i=1j=1 i=1j=1

wi(mj — pjw;)z(t)” Aia(t)

-
M-

i=1 j=1
p c
+ > wipjwiat)” (Vij — Vij)z(t) (3:5)
i=1 j=1
where the scalars p; > 0 and 65, j = 1, 2, ---, p, are designed such that

mj — pjw; + 6; > 0 for all j and x(¢) (w; and m; are function of x(¢)) 67].
These additional matrices and conditions are introduced to further reduce
the conservativeness of the stability analysis.

From (B3]), we have,
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V(t) = Z > a(t) wi(my + pjw; — pjw;)z(t)Quyz(t)

+ Z; ;wi(wj — pjw;)z(t)T Az (t)
—i;wz(m pjw;)z(t)” Aiz(t)
+2;2:w1pjwj 2(t)"Vija(t) ééw’”w]
=iiwiw z(t)" pj(Qij — Ai — Vij)z(t)
+i;wi(m piw;)z(t)" (Qij — Ai)z(t)
+§;;wiwﬂ() (A; + p;Vij)z(t)
+iiwz(&—6) ()" (Qij — Ai)z(t)
Ziiwzij(t)T(pj(Qu Ai— Vi) — g:l

Consider the following LMIs and m; — pjw; 4+ 0; > 0 for all j and x(t),

Qi —Ai<0Vi,j

From (B.6) and ([B.1), we have,

27

(3.6)

(3.7)
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NE

6k (Qir — Ay))z(t)

I M*@

Z T(pi(Qij = Ai = Vij) —
ZZ A +p;Vij)z(t)

- Z ( ) (pv(Qm - i - Vm) - Z 6k(Qik - A7))Z(t)

=1 k=1
p

+ Z szw] p] ng A; — Vij) - Z 0k (Qir — Ay)

j=11i<j k=1

p
+pi(Qi — Ay — Vi) = Y 0k(Qjk — Aj))z(t)
k=1

+Zw z(t)T(A; + piVii)z(t)
+ Z > wiwz(t)" (i + p;Vij + Aj + piVji)z(t). (3.8)

=113

Introducing matrices R;; = R}; e ™ and S;; = ST e R 45 =1, 2,
-+, p, we consider

Mw

Rii > pi(Qii — Ai — Vii) = > 0u(Qix — Ay) Vi (3.9)

k=1

p
Rij + R > pj(Qij — A = Vi) = Y 0x(Qix — A)
k=1

P
+pi(Qji — Aj — Z (Qjx —Aj) Vji<ij; (3.10)
Sij + 85 = Ai+pVij + Aj+piVji V jii < . (3.12)

From [B38) to B12)), B8] can be written in the folowing compact form.

V(t) < Z(t)T (R + S)Z(1) (3.13)
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w1z(t) Ri Riz -+ Ry Si1 S12 -+ Sip

w2z (1) R21 Ra2 -+ Ry So1 S22 --- Sap
whereZ(t) = . R=| . . lamas=| . . .

wyz(t) Ry1 Rp2 - Ry Sp1 Sp2 -+ Spp

From BI) and 3I3)), based on the the Lyapunov stability theory, V(t) > 0
and V(t) < 0 for z(t) # 0 (x(t) # 0) imply the asymptotic stability of the
FMB control system (ZI0), i.e., x(¢) — 0 when time ¢ — oo, can be achieved
if the stability conditions summarized in the following theorem are satisfied.

Theorem 3.1. The FMB control system (Z10), formed by the nonlinear
plant represented by the fuzzy model (Z2) and the fuzzy controller (2.8) con-
nected in a closed loop, is asymptotically stable if there exist predefined con-
stant scalars pj and 05, j =1, 2, - - -, p, satisfying m;(x(t))—p,;w; (x(t))+d; >
0 for all j and x(t) and there exist matrices N; € R™*", R;; = RT, € R"*",
Sij = SjTi € RV = ViTj € R, X = XT € RV and A; = A]T €
RX™ such that the following LMIs are satisfied.

X >0

LMIs in (37); (33); (310); (Z11); (Z12);

R <0;
S <0
and the feedback gains are designed as G; = N; X~ for all j.

Remark 8.3. Consider the inequalities m;(x(t)) — p;w; (x(t)) +3d; > 0 for all j
and x(t). It can be seen that the parameters p; and §; carry the information
of the membership functions. The parameter §; is the upper bound of the
difference of the scaled membership functions by p; of the TS fuzzy model and
the membership functions of the fuzzy controller. Through the parameters p;
and ¢, the boundary information of the membership functions is brought to
the stability conditions. As a result, the stability conditions in Theorem B1]
are applicable to FMB control systems with membership functions satisfying
the boundary conditions but not any requirement for the shapes. Various
MFB information can be employed to further relax the stability conditions

55, 91, o8, lod).

3.2.2 LMI-Based Performance Conditions

Other than the system stability, system performance is an important issue
to be considered in the FMB control systems. To measure the system per-
formance quantitatively, a commonly used scalar performance index ﬂ] J
defined as follows can be employed.
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o0 T
x(6) | [da x(t)
J = dt 3.14
[00) o a1 (314
where J; > 0 and Jo > 0 are predefined weighting matrices governing the

contribution of the system states and control signal to the performance index.
Based on the fuzzy controller (2.6]) and the performance index ([B.I4]), we have,

LT B S T8 e P [
(3.15)

Let the performance index J satisfy the following condition.

< TIx)]" [X~! 0 ][x()
A T
where 7 is a non-zero positive scalar to attenuate the scalar performance
index J to a prescribed level.

In the following, the LMI-based performance conditions are derived such
that the inequality ([BI6]) is satisfied. It can be seen that the term on the
right hand side can be regarded as the upper bound of the cost function J.
By satisfying the inequality (3I6) with a smaller value of 7, it implies that
a better performance can be achieved as a lower value of J can be achieved.

Combining 3I5) and @BI0), recalling the feedback gains of the fuzzy
controller as G; = N; X!, we have,

*Tx)]" [X~! 0 X-1 0 ][x()
/0 [x(t) 0 X! w 0 X1 |x(t) <0 (3.17)
where
T
X 0 J:1 0 X 0 X0
W= {0 2 5= MmN J [0 JJ [0 ZZ—1ijk] o {0 X]' (3.18)
To make sure that the inequality [BI7) is satisfied, it is required that W < 0.
It should be noted that the inequali’cﬂﬁy < 0 cannot be formulated as an

LMI problem. By Schur complement ], W < 0 is equivalent to the follow
inequality.

p
W= ijWj <0 (319)
j=1
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-nX 0 X 0

0 —»X 0 N7T

X o0 -J' oo

0o N, o -J;!
0 for all j (guaranteeing W < 0) are regarded as the LMI-based performance
conditions which have to be applied with the stability conditions in Theorem

BTl to realize the system performance with pre-defined weighting matrices J;
and Js.

Wherer: ,j:1,2,~-~,p.TheLMIsoij<

Theorem 3.2. The system performance of a stable FMB control system
(Z10), formed by the nonlinear plant represented by the fuzzy model (23
and the fuzzy controller (Z4) connected in a closed loop, satisfies the per-
formance index J defined in (FI6) characterized by pre-defined weighting
matrices J1 > 0 and Jo > 0 that is attenuated to the level n > 0 if any
stability conditions reported in this book and the LMIs Wj < 0 for all j are
satisfied.

Remark 3.4. It can be seen from (B.I9) that the information of the mem-
bership functions is not considered to achieve the performance conditions in
Theorem By following the MFSD analysis approach, the performance
conditions can be relaxed by considering the information of the membership
functions.

Remark 3.5. There are different approaches reported in some published work
to considering the system performance. For example, a decay-rate design
was given in @] that the decaying rate of the Lyapunov function can be
controlled. A faster decaying rate will offer a better performed FMB control
system in terms of faster transient response. Some LMI-based constraints
@] introduced in Section can be imposed on the feasible set of the
solutions to the stability conditions to restrain the system state energy and/or
control power. A guaranteed-cost approach M] can also be applied that,
similar to the decay-rate design, the Lyapunov function is bounded by a cost
function related to the system states and control signal. These approaches
can also be applied to achieve the system performance.

Example 3.1. Consider the same FMB control system in Example 211 Under
the MFSD approach, we have to know the membership functions to obtain
the parameters p; and d;. The membership functions for the T'S fuzzy model
and fuzzy controller, which are shown graphically in Fig. [3] are defined as
follows

1 for z1(t) < —10
wi(z1(t)) = pas (z1(t)) = # for —10<z1(t) <2
0 for x1(t) > 2

w(z1(1)) = pasz (z1(1)) = 1 — wi(21(t)) — ws(21(2)),
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Fig. 3.1 Membership functions of the fuzzy model: w1 (x1(¢)) (left triangle in solid
line), wa(z1(¢)) (trapezoid in dotted line) and ws(z1(t)) (right triangle in dash line).
Membership functions of the fuzzy controller: mi(z1(¢)) (left z shape in solid line),
ma(z1(t)) (bell shape in dotted line) and ms(z1(¢)) (right s shape in dash line).

0 for z1(t) < —2
wy(21(t) = pagz (21 (1) = { 2EE2 for —2 < ay(t) <10,
1 for z1(t) > 10

mi(z1(t)) = pn(z1(t) = 1 - m’ ma(21(t)) = pnz(z1(t) = 1 —
my(z1(t)) — ma(@1(t), ma(@1(t) = pns (1) = fo=mrm=-

Based on the chosen membership functions, it can be seen that the inequal-
ities of m;(z1(t)) — pjw;j(z1(t)) + 6; > 0 for all j and z(t) are satisfied
for py = p2 = p3 = 1, 6; = 6.9182 x 1072, 6y = 7.4195 x 10~2 and
03 = 6.9182 x 10~2. By using the MATLAB LMI toolbox, the stability region
for the system parameters of the TS fuzzy model in the ranges 2 < a < 9
and —8 < b < —4.5 is shown in Fig. B.2] indicated by ‘o’.

It should be noted that the stability conditions in Theorem[2.2]to Theorem
under the PDC design technique, which require that both the TS fuzzy
model and the fuzzy controller share the same premise membership functions,
cannot be applied in this example.
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Fig. 3.2 Stability region indicated by ‘o’ given by the stability conditions in The-
orem [3.1]

Ezxample 3.2. An inverted pendulum on a cart is employed to illustrate
the design flexibility of the proposed fuzzy controller. In this example, mem-
bership functions of the fuzzy controller are designed different from those
of the TS fuzzy model. Simple membership functions with lower structural
complexity are employed to lower the implementation cost. Under this design,
the published stability conditions in Theorem [2:2] to Theorem [Z25] for perfect
premise matching cannot be applied to guarantee the system stability. The
proposed LMI-based stability conditions in Theorem B-I]and the performance
conditions in Theorem [B:2 show an effective approach to help design a stable
and well-performed FMB control system under imperfect premise matching
in this simulation example.

Step I) The dynamic equations of the inverted pendulum on a cart ] is
given by,

o hi(x(1))

Ta(t) = (M. +mp)(Jo + mpl?) — m212 cos?(z1(t)) (3.21)
Fa(t) = 2a(t) (3.22)
dalt) = ha(x()) (3.23)

(M¢ +myp)(Jo + mpl?) — m212 cos?(x1(t))
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where 21 (t) and z2(t) denote the angular displacement (rad) and the angu-
lar velocity (rad/s) of the pendulum from vertical, respectively, z3(t) and
x4(t) denote the displacement (m) and the velocity (m/s) of the cart, re-
spectively, hy(x(t)) = —F1 (M, +my)xo(t) —m2l2a5(t) sin(zy (t)) cos(x (t)) +
Fomplza(t) cos(zy(t))+(Mc+mp)mpgl sin(zy (t))—mypl cos(z1 (t))u(t), he(x(t))
= Fimyplza(t) cos(x1 (b)) +(Jo+mpl?)mplzs (t)? sin(zq () — Fo (Jo+mpl?)za(t)
—mZ2gl?sin(z1(t)) cos(z1(t)) + (Jo + mpl®)u(t), g = 9.8 m/s* is the accelera-
tion due to gravity, m, = 0.22 kg is the mass of the pendulum, M, = 1.3282kg
is the mass of the cart, [ = 0.304m is the length from the center of mass of
the pendulum to the shaft axis, Jo = m,l?/3 kgm? is the moment of in-
ertia of the pendulum around the center of mass, Fy = 22.915N/m/s and
Fy =0.007056 N/rad/s are the friction factors of the cart and the pendulum
respectively, and wu(t) is the force (N) applied to the cart. The nonlinear plant
can be represented by a fuzzy model with two fuzzy rules @] The ¢-th rule
is given by,

Rule i: IF fy(x1(t)) is M
THEN x(t) = A;x(t) + Bju(t),i = 1,2. (3.24)

The system dynamics is described by,

2

X(t) =) wi(Aix(t) + Biu(t)). (3.25)
i=1
where .
x(t) = [@1(t) 2(t) 23(t) za(t) ]
ar = (M, +my)(Jo + mpl?) — milg;
ag = (M, +myp)(Jo + myl?) — mil2 COSQ(%);
0 1 0 0
Al — (M. +mp)mpgl/ar —F1 (M. +mp)/a1 0 Fompl/as .
' 0 0 0 1 ’
—mIQ,gZQ/al Fimpl/aq 0 —Fo(Jo + mpl?)/ar
0 1 0 0
A, — %(MC +mp)mpgl/as —F1(M. +my)/az 0 Fomplcos(3)/az |
T 0 0 0 1 ’
—%gmgglz cos(%) /a1 Fimplcos(E)/az 0 —Fy(Jo +mpl?)/ay
0
— —mpl/ay .
B, = 0 ;

(J[) + mplz)/al
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0

—myl cos(3)/az
0

(Jo +myl*)/az

B; =

The membership functions are defined as wi(z1(t)) = pan (z1(t)) = (1-

1+e—7<w}<t>—w/e> ) 1+e—7<m1<t>+w/6> and wa(21(t)) = ppgz(v1(t)) = 1 —wi(21(t))
that are shown graphically in Fig.

Step II) A 2-rule fuzzy controller is employed to close the feedback loop
to achieve the control objective, i.e. x(t) — 0 as t — oo. The j-th rule of the
fuzzy controller is given by,

Rule j: IF g1 (z1(t)) is N7
THEN u(t) = G;x(t),j =1,2. (3.26)

The fuzzy controller is defined by,
2
u(t) =Y miG;x(t). (3.27)
j=1

The membership functions are designed as mi(z1(t)) = ppni(21(t)) =

xq (t
0.925¢ 2157 and ma(z1(t)) = pyz(21(t)) = 1 —ma(21(t)), which are shown
graphically in Fig.

Step III) The inequalities of m;(x1(t)) — pjw;(z1(t)) +J; > 0 for all j
and z1(t) are satisfied for p; = ps = 0.82; §; = 6.6581 x 1072 and & =
4.0061 x 1072, By solving the stability conditions in Theorem B.] and the
LMI-based performance conditions in Theorem[3.2] i.e., Wj < 0 for all j using
the MATLAB LMI toolbox, the feedback gains of three fuzzy controllers,
referred to as fuzzy controllers 1 to 3, are obtained and listed in Table Bl

The fuzzy controllers 1 to 3 are employed to stabilize the inverted pen-
dulum described in [320) to B323]). The system state responses and control
signals under the initial system state condition [ ?—g 00 0] are shown in Fig.
B4l and Fig. B.Al respectively. It can be seen from this figure that fuzzy con-
trollers 1 to 3 are able to stabilize the inverted pendulum. The fuzzy controller
1 offers the fastest transient response at the cost of a large control signal. With
the LMI-based performance conditions, Js is employed to constrain the con-
trol signals of fuzzy controllers 2 and 3 during the design. Referring to Fig.
B the magnitudes of the control signals offered by the fuzzy controllers 2
and 3 are smaller than that of the fuzzy controller 1. Furthermore, comparing
1000
0100
0050
0001

fuzzy controllers 2 and 3, J; = of fuzzy controller 3 has a heavier
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Fig. 3.3 Membership functions of the TS fuzzy model and fuzzy controller in
Example [3.2]
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Table 3.1 Feedback gains for fuzzy controllers 1 to 3 in Example

Feedback Gains n, J1 and Ja

FC' 1 Gy = [1495.8418 102.2374 11.3099 87.3309] NAT'!
G = [1993.1825 134.8019 14.9267 107.8680]
FC' 2 G, = [330.4341 31.4571 0.1883 36.0413J n=0.1

G, = [615.4812 46.3514 0.1960 36.6065 Jo=1
(10007
0100
Ji=10010
(10001
FC' 3 G, = [426.3628 39.1925 0.7414 43.2931 n=0.1
G, = [781.1192 59.2399 0.8995 47.7560 Jo=1
(10007
0100
J1=10050
10001 |

T FC stands for Fuzzy Controller.
1 LMI performance conditions are not considered.

weight on z3(t) in the performance index to suppress its magnitude. Conse-
quently, the system state response of x3(t) with the fuzzy controller 3 offers
better system performance than that with the fuzzy controller 2 in terms of
transient response and settling time.

For comparison purposes, the fuzzy controller [B.27) is designed based on
the decay-rate design approach M] such that the performance condition
of V(t) < —2aV(t), where a > 0, is achieved. This performance condition
is incorporated into Theorem Bl and replaces the proposed LMI-based per-
formance conditions in Theorem Choosing the value of « arbitrarily as
0.01, 0.1 and 0.5, and with the MATLAB LMI toolbox, we obtain 3 decay-
rate fuzzy controllers 1 to 3, respectively with the feedback gains shown in
Table

The system responses of the control signals offered by the decay-rate fuzzy
controllers 1 to 3 are shown in Fig. and Fig. B respectively. All decay-
rate fuzzy controllers are able to stabilize the inverted pendulum. A larger
value of « leads to better system performance with larger values of feedback
gains. Comparing to the simulation results in Fig. B4 and Fig. 3.5 the decay-
rate fuzzy controllers 1 to 3 can only improve the system responses in terms
of a faster rising time and settling time at the cost of a large magnitude of
control signal. However, unlike the proposed LMI-based performance condi-
tions, the decay-rate performance condition is for tackling the overall system
performance without specifically considering the system states or control sig-
nals. With the LMI-based performance conditions in Theorem [3.2] a more
flexible way for realizing the system performance by specifying the weighting
to each system state and control signal using J; and J2 can be offered.
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Fig. 3.4 System state responses and control signals of the inverted pendulum with
fuzzy controllers 1 (solid lines), 2 (dotted lines) and 3 (dash lines).



3.2 Membership-Function-Boundary Approach

x,(f) (rad/s)

x2(t) (rad/s)

_15,

20 40 60 80 100 120 140 160 180
Time (sec)

(c) 2(t).

200

-35
0

Il
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (sec)

(d) z2(t) for 0s <t < 1s.

Fig. 3.4 (continued)

39



40 3 Stability Analysis of FMB Control Systems under MFSD Approach

35

x(0) (m)

0 20 40 60 80 100 120 140 160 180 200
Time (sec)

(€) a(t).

35

X0 (m)

Time (sec)

(f) z3(¢t) for 0s <t < 50s.

Fig. 3.4 (continued)
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Fig. 3.5 Control signals of the inverted pendulum with fuzzy controllers 1 (solid
lines), 2 (dotted lines) and 3 (dash lines).
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Fig. 3.6 System state responses and control signals of the inverted pendulum with
decay-rate fuzzy controllers 1 (solid lines), 2 (dotted lines) and 3 (dash lines).
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Fig. 3.7 Control signals of the inverted pendulum with decay-rate fuzzy controllers
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Table 3.2 Feedback gains for decay-rate fuzzy controllers 1 to 3 in Example

Feedback Gains «@

DRFC' 1 Gy = [1985.1149 121.5018 38.6393 91.9798] o =0.01
G = [2007.1015 122.7442 39.0031 92.6289)

DRFC' 2 G, = [2828.6308 179.1381 102.4027 138.0461] o= 0.1
G = [2863.6978 181.2361 103.5343 139.3103

DRFC' 3 Gy = [3494.2023 224.6229 220.5881 179.6569] o = 0.5
G = [3537.8243 227.3355 223.1618 181.4586]

T DRFC stands for Decay-Rate Fuzzy Controller.

3.3 Staircase-Membership-Function Approach

The Lyapunov stability theory is one of the mathematical tools to investigate
the system stability of FMB control systems. It was shown in ﬂﬁ, @] that the
FMB control system is guaranteed to be asymptotically stable if the solution
to a set of LMIs can be found numerically by using some convex programming
techniques. Considering the quadratic Lyapunov function candidate ([3.1]) and
its time derivative ([32]), the system stability of the FMB control system is
guaranteed by the satisfaction of Zle Z?:l w;m;Qs; < 0. It was reported
in ﬂﬁ, @] that the sufficient stability conditions are Q;; < 0 for all ¢ and j.

When the PDC design technique is applied, the membership functions
are designed such that m; = w,; for all 7. The stability conditions become

1 2 wiw; Qi = 5 300 20 wiw;(Qij + Qji) < 0 by grouping the
common cross terms of w;w;. The sufficient stability conditions become
Qi; + Qi < 0. Comparatively, these sufficient stability conditions are more
relaxed than the previous ones as the property of the membership functions
is considered. However, it can be seen that if either set of sufficient stability
conditions, i.e., Q;; < 0 or Q; + Qj; < 0 for all ¢ and j, is satisfied, it is
satisfied for all grades of membership w; and w;. In this regard, it can be seen
that the published stability conditions in Theorem 2.I] to Theorem 2.5 do not
include the membership functions in the stability conditions (i.e. only Q;; ap-
pear in the stability conditions). However, when the membership functions
are brought into the stability conditions, we have the sufficient and necessary
condition of 337 >7F_, w;m;Q,; < 0 for V(t) < 0 excluding x() = 0 (un-
der the quadratic Lyapunov function candidate (B1])) that is required to be
satisfied for every single value of w; and m;. As both w; and m; are governed
by continuous membership functions, consequently, the number of stability
conditions to ensure -7 >°"_; wim;Qi; < 0 is infinity. It is thus impossible
to investigate >7_, Z§:1 w;m;Q; < 0 directly, and researchers thus turn to
the MFSI stability analysis approaches presented in Chapter 2l to circumvent
the difficulty.

It was revealed in @, @, @, @, @, @, @} that the information of member-
ship functions play an import role for the relaxation of stability conditions.
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However, bringing the membership function into the stability conditions is
difficult mainly because of the continuity of the membership functions. In
this section, in order to consider the membership functions in the stability
analysis for the relaxation of stability conditions, SMF's @] are proposed to
approximate the continuous membership functions of the TS fuzzy model and
fuzzy controller. It is worth mentioning that the SMFs are for the stability
analysis only and not necessarily implemented physically. As the SMFs have
finite numbers of levels, they effectively circumvent the difficulty by approx-
imating the infinite number of LMIs into a finite one. To make the stability
analysis possible using the SMF's, some slack matrix variables are introduced
using the property of the membership functions. Stability conditions in terms
of LMIs are derived to achieve a stable FMB control system based on the
Lyapunov stability theory. The SMF-based FMB control approach offers the
following advantages over some published work based the MFSI and MFSD
stability analysis.

1. The SMFs approximating the original ones of the TS fuzzy model and
fuzzy controller that carry the information of the system nonlinearities are
allowed to be brought to the stability conditions. Consequently, the sta-
bility conditions are applied to a dedicated nonlinear plant (characterized
by the SMFs) but not a family of FMB control systems with any shapes
of membership functions as considered in the work of MFSI analysis.

2. It does not require that the TS fuzzy model and fuzzy controller share the
same membership functions. Consequently, it offers larger design flexibility
for choosing the membership functions of the fuzzy controller. By employ-
ing some simple membership functions and/or less number of fuzzy control
rules, the implementation cost of the fuzzy controller can be reduced.

3. Unlike the MFSI analysis, the SMF-based approach does not require the
membership functions of the TS fuzzy controller to be exactly known. Con-
sequently, by embedding the parameter uncertainties (with know bounds)
to the membership functions of the TS fuzzy model, the SMF-based con-
troller is robust to parameter uncertainties to a certain extent.

3.3.1 Stability Analysis Using Staircase Membership
Functions

In the previous section, we consider the MFB stability analysis that requires
the fuzzy model and fuzzy controller share the same number of fuzzy rules,
i.e. ¢ = p. Under the SMF approach, this limitation can be eliminated. Define
the staircase membership function w;(x(t)) and 77;(x(¢)) approximating the
original membership functions w; and m;, respectively. For brevity, w;(x(t))
and 77;(x(t)) are denoted by w; and 7;, respectively. Examples of the con-
tinuous and staircase membership functions are shown in Fig. It can be
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seen that the continuous membership function is approximated by a staircase
membership function with finite number of levels. The approximation error
will become smaller when the step size of the SMF's is reduced.

Remark 3.6. The SMFs are designed to satisfy the properties of the member-
ship functions in (23) and ([27), respectively, i.e.,

p c P c
> owi =) m; ZZme—l (3.28)
i=1 j=1 =1j

09}

08}

06}

05}

04t

Grade of Membership

03}

01}

1

X0

Fig. 3.8 Continuous (dotted line) and staircase (solid line) membership functions.

To investigate the system stability of the FMB control systems (Z.10), we
consider the quadratic Lyapunov function (3.II). From 2.I0) and (B.I), we
have V (¢) in (3:2) and it follows that

V(t) = Zzwzmj z(t ) Qijz(t)
= szzmjz(t)TQ”z(t) + ZZ(wsz w;m;)z(t)" Qijz(t)
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Referring to ([B29)), there are two terms on the right hand side. A possible
way to achieve V(t) > 0, V(t) < 0 (excluding z(¢) = 0) implying the asymp-
totically stability of the FMB control system (2I0) is to ensure that these
two terms are negative definite. The first term >0, 37, w;7;Qy; can be
determined if it is negative definite by checking all the combinations of w;m;
using the nice property of the SMFs w; and m; that have finite numbers of
levels. However, the second term containing the original membership func-
tions will make it impossible to determine if > 7, Z;Zl(wimj — w;m; ) Qi
is negative definite for every signal value of w;m;.

In order to proceed further, some slack matrices and inequalities are intro-
duced in the following. Based on the property of the membership functions
in (Z3) and [B28), introducing the slack matrix variables M = M € R"**™
to facilitate the stability analysis, we have

> > (wimy —wm;)M = 0. (3.30)

i=1 j=1

Furthermore, considering the slack matrices 0 < W;; = WZ; € R it is
obvious that the following inequality holds.

P c

ZZwimjwij 2 0 (331)
i=1 j=1

We further consider the following inequalities.

WM — WM — Yij >0V, 7, X(t) (332)

where v;; are constant scalars to be determined.

From ([B3.29) to (332]), we have
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V(t) < Z ZE m;z Qw )+ ZZ (wim; —wim;)z (t)TQijZ(t)

i=1 j=1 i=1 j=1

—l—ZZ(wimj —w;m;)z(t +ZZwlmJ W, ;2(t)

i=1 j=1 =1 j=1

+ D2 > (wimy —wim)a(t)" (Qu; + Wi + M)a(t)
30 (1 — i)z (Qij + Wiy + M)a(t)
i=1 j=1

+ Z (wimj —w;m; — 'yij)z(t)T(Qij + Wij + M)Z(t). (3.33)

From B1) and 333)), based on the the Lyapunov stability theory, V(¢) > 0
and V (t) < 0 for z(t) # 0 (x(t) # 0) implying the asymptotic stability of the
FMB control system (ZI0)), i.e., x(f) — 0 when time ¢ — oo can be achieved
if the stability conditions summarized in the following theorem are satisfied.

Theorem 3.3. The FMB control system (210), formed by the nonlinear
plant represented by the fuzzy model (Z3) and the fuzzy controller (2.6) con-
nected in a closed loop, is asymptotically stable if there exist predefined con-
stant scalars v;; satisfying w;(x(t))m; (x(t)) —w;(x(t))m; (x(t)) —vi; > 0 for
all i, j and x(t) and there exist matrices M = MT € R"*" N, € R™*",
W;; = WT R and X = XT' € R™ " such that the following LMIs are
satisfied.
X > 0;

Wi; =20V, 7;
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p ¢
Z Z ((Wim; + 7i5) (Qij + Wij) + 73 M) <0V 4, j and valid values of wim;;

i=1 j=1
Qij+Wij+M <0Vi, j;
and the feedback gains are designed as G; = N; X~ for all j.

Remark 3.7. The LMIs 37, 370 (@i + i) (Qij + Wij) +7i5M) < 0in
Theorem B3linclude the SMF's of @; and 77; (which are the approximations of
original membership functions w; and m;, respectively). Through the SMFs,
the information of the membership functions of both the fuzzy model and
fuzzy controller can be taken into the stability analysis for the relaxation of
the stability conditions. With the slack variable matrices M and W,;, the
information of the membership functions can be transferred to the last LMIs
in Theorem B3] i.e., Q;; + W;; + M < 0, to make the stability conditions to
be satisfied more easily.

Remark 3.8. It can be shown that the solution X and N; in Theorem 2]
ﬂﬁ, 122] is also the solution of the stability conditions in Theorem B3 It was
reported in ﬂﬁ, ] that the FMB control system is asymptotically stable if
there exist X and N; such that X > 0 and Q;; = XAT + A; X + Nfo +
B;N; < 0 for all 4 and j (Theorem 2.1) under the case that the fuzzy model
and fuzzy controller do not share the same premise membership functions.
From Theorem B3] choosing W;; = 0 for all i and j and M = —¢I < 0 where
€ > 0 is a scalar, the LMIs in Theorem become Zle 25:1 w;m; Qi +

— 2521 7ij(Qi; —el) < 0 and Q;; — el < 0 for all 4 and j. As Q;; <0
for all 7 and j, the second LMI is satisfied and there must exist a sufficiently
small value of v;; such that the first LMI is satisfied. As the SMFs w; and m;
can be chosen arbitrarily, they can be chosen such that w;m; —w;m; > v;;
are satisfied for sufficiently small values of 7;;. Hence, it can be seen that
the solutions of the stability conditions in ﬂﬁ, @] are particular cases of
Theorem B3

Remark 3.9. Consider the MFB stability conditions in E, @, @] and The-
orem [3.I] which require that ¢ = p. It can be shown that the solu-
tions in E, @, @} and Theorem B] are also covered by the solution
of Theorem If there exists a solution to the stability conditions in
12, 155, 167] and Theorem Bl it implies that 37, > j= wimiQi; < 0. In
this case, considering the stability conditions in Theorem [3.3] it is obvious
that >°7_; >20_, Wm;Qi; < 0 as w; and 7, can be regarded as the sam-
pled points of w; and m;, respectively. Choosing W;; = 0 for all ¢ and j,
and M = —¢I < 0 where € > 0 is a scalar, the LMI in Theorem 1 becomes

b 25 Wi Qg+ 30 D05 i (Qij — €I) < 0, which is satisfied for
sufficiently small values of ~;; subject to 337, 327 W;m;Qi; < 0. As the
SMFs w; and m; can be chosen arbitrarily, they can be chosen such that
wymj —w;m; > y;; are satisfied for sufficiently small values of +;;. Similarly,
the LMIs Q;; + W;; + M < 0 in Theorem becomes Q;; — eI < 0 for
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all 7 and j, which is satisfied by choosing a sufficiently large positive value
of . Hence, it can be seen that the solutions of the stability conditions in
E, @, @] and Theorem [BI] are particular cases of Theorem B3]

In the following, we consider the PDC design ], i.e., c=pand m; = w;
for all i, for the SMF-based stability analysis. To investigate the system
stability of the FMB control system (Z.I0) under the PDC design approach,
we proceed from ([B.33) with 0 < W;; = Wﬁ and ;5 = y;; for all ¢ and j.
Rewrite (3.33)) as follows.

V(t) < Z > 2" (@) +7i5)(Qig + Wij) + 75, M) z(t)

i=1 j=1
P p
+ 3 D (wiw; = W5 — 55)2()" (Qug + Wiy + M)z (t)
i=1 j=1
p
- Z Zz(t) (@05 + 7i;)(Qij + Wij) + 7, M) z(t)
=1 j=1
1] p P
T3 Z Z(wiwj —wiw; —vi;)a(t)" (Qij + Qi
i=1 j=1

+ Wij + Wji + QM)Z(t)

(3.34)
It is required that the inequality Y27, Y7, wiw;W;; > 0 holds that can
T
wil w1 Wi Wi - Wy,
wol wal Wi Woy oo Wy,
be written as . AYY% . > (0 where W = . . . .
wpI wpI Wpl ng s pr

It can be seen that W > 0 implies >37_; >°%_; wiw;W;; > 0. Consequently,
the stability conditions under the PDC design can be summarized in the

following theorem.

Theorem 3.4. The FMB control system (Z10), formed by the nonlinear
plant represented by the fuzzy model (Z22) and the fuzzy controller (2.6) under
the PDC' design technique (i.e., ¢ = p, m;(x(t)) = w;(x(t)) for all i) con-
nected in a closed loop, is asymptotically stable if there exist predefined con-
stant scalars v;j = vji satisfying w; (x(t))w; (x(t))—w, (x(¢))w; (x(t))—vi; >0
for alli, j and x(t), and there exist matrices M = MT € R N; € Rmxn,
W;; = W}; € R and X = X7 € R™™"™ such that the following LMIs are
satisfied.
X > 0;
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Wi Wi - Wy,

Wi Wy -+ Wy,
W = ) .
Wit Wpa - Wy,
p ¢

Z Z (Wiw; + i) (Qi; + Wiz) +7i;M) < 0V 4, j and valid values of W:w;;

i=1 j=1
Qij—FQ]‘i—FWij +Wji+2M<OV’L', 7;
and the feedback gains are designed as G; = N; X7 for all j.

Remark 3.10. It can be shown that the solution of some published sta-
bility conditions under PDC design with MFSI analysis (Theorem to
Theorem[Z1]) and MFSD analysis @,,@,@,@,@@, ,,,]
are also covered by Theorem B4l If there exists a solution for the stability
conditions in m, , @, @, |§l|, @@, @, m, @, @], it implies that

- 25:1 w;w;Q;; < 0. As w; can be regarded as the sampled points of wj,
it is obvious that Y7, 37, @;w;Qi; < 0. We choose Wi; = 0 for all i and j,
and M = —eI < 0 where ¢ > 0 is a scalar, and w; such that w;w; —w;w; > 7;;
with a sufficiently small value of 7;;. It can be seen that the LMIs in
Theorem Bl become 7 375 wiw; Qij + d7—; 25— 7ij(Qij —I) < 0
and Q;; + Qi — 2¢I < 0 which are satisfied for sufficiently small values
of 7;; and sufficiently large value of e subject to >°7 ) >~ ww;Qi; <
0. Hence, it can be seen that the solutions of the stability conditions
with MFSI analysis (Theorem to Theorem 2.5) and MFSD analysis
ﬂﬂ, 48, [81, 182, lo1l, . [105, 112, [122, m} are particular cases of

Theorem [3.41

Remark 8.11. The LMI-based performance conditions given in Theorem
can be applied with the stability conditions in Theorem [3.3] and Theorem [3.4]
to realize the performance design.

Ezample 3.3. Consider the example FMB control system in Example 2T with
the system parameters 2 < a <9 and 2 < b < 22. The membership functions
in Example Bl as shown in Fig. Bl are used in this example. The SMFs
are chosen as w;(x1(t)) = w;(hd) and m;(x1(t)) = m;(hd) for (h —0.5)6 <
x1(t) < (h+0.5)6 wherei, j =1,2,3and h = —o0, -+, —10,-9,...10,- - - | 00.
As the grades of membership keep constant for x;(¢) > 10 or z1(f) < —10,
we have wi(z1(t)) = wyi(10) for z1(¢t) > 10 and wy(x1(t)) = w1(—10) for
x1(t) < —10, and we only need to consider h = —10,—9,---, 10.

The system stability of the FMB control system is examined by using
the stability conditions in Theorem with the MATLAB LMI toolbox.
For demonstration purposes, we choose 6 = 0.1 and § = 0.05 to demon-
strate the effect of the value of § to the stability conditions. Table
lists the values of +;; which satisfies the inequalities of w; (x1(t))m;(z1(t)) —
wi(xl(t))mj(lj(t)) — Yij Z 0 for all 7 and ]
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Table 3.3 Values of § and ~;; for Example B3]

§ =01 ~1 = —0.006327, y12 = —0.003277, 713 = —0.001006,
o1 = —0.003955, Y22 = —0.005526, v23 = —0.003955,
31 = —0.001060, v32 = —0.003279, 33 = —0.006326.
8 = 0.05 y11 = —0.003164, y12 = —0.001642, 713 = —0.000545,
Y21 = —0.001981, a2 = —0.002763, ~23 = —0.001966,
31 = —0.000545, v32 = —0.001642, 33 = —0.003164.

The stability regions are shown in Fig. B9 indicated by ‘x’ and ‘o’, respec-
tively. It can be seen from Fig. that a smaller value of § is able to produce
a larger stability region as the SMFs are able to better approximate their cor-
responding original membership functions with smaller approximation error.
For comparison purposes, the non-PDC stability conditions in Theorem 2.1
are also applied to the FMB control systems. However, there is no stability
region found.

22 T T T T T T

20} 4
18t 4
16} 4
14+ 4
o 12

10

P ®®O0OO0O00O0

®» ® ® ® OO 0O

P ®®® OO0 000
®®®V® 000000

® ®® ® 000000
®®®V® O O0OO0O0O0O0
»®®® 0000000
®O®® O0OO0OO0O0O00O0
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O®®V®OO0OO0OO0O0O0O0
®PO®® 00000000
®O®®O0OO0OO0OO0OO0OO00O0

NP ® ® ® OO 00O

a

Fig. 3.9 Stability regions given by the stability conditions in Theorem B3] with §
= 0.1 (‘x’) and 6 = 0.05 (‘0’) for Example B3]

Ezxample 3.4. We continue from Example and consider the situation that
¢ = p and m; = w; for the TS fuzzy model and the fuzzy controller (both of
them share the same premise membership functions). The SMFs are chosen
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Table 3.4 Values of § and ~;; for Example 341

0 =0.1 711 = —0.008177, y12 = 21 = —0.004115,
Y13 = Y31 = —0.001337, Y22 = —0.0055387
Y23 = Y32 = —0.004115, Y33 = —0.008247.
0 = 0.05 y11 = —0.004145, 12 = 21 = —0.002070,
Y13 = Y31 = —0.000681, 22 = —0.002773,
Y23 = Y32 = —0.002018, Y33 = —0.004162.

as w;(z1(t)) = w;(hd) for (h —0.5)5 < z1(t) < (h+0.5)5 wherei =1, 2,3
and h = —o0,---,—10,-9,...10,-- -, co.

Similarly, choosing § = 0.1 and 0 = 0.05, we have the values of ~;;
listed in Table B4 which satisfies the inequalities of w;(z1(¢))w;(z1(t)) —
E,;(xl(t))wj(xl(t)) — Yij Z 0 for all 7 and j

The stability regions given by the stability conditions in Theorem [3.4] are
shown in Fig. B0, indicated by ‘X’ and ‘o’, respectively. For comparison
purposes, the stability conditions in Theorem to Theorem (2.5, where
Theorem is applied with the dimension of fuzzy summation d = 4, are
employed and the corresponding stability regions are shown in Fig.[Zl It can
be seen from these figures that the proposed stability conditions in Theorem
3.4 are able to produce a larger stability region.

22
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Fig. 3.10 Stability regions given by the stability conditions in Theorem B.4] with
§=0.1(x’) and § = 0.05 (‘0’) for Example [3.4]
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3.4 Conclusion

The stability analysis of FMB control systems with imperfectly matched
premise membership functions have been investigated under the MFSD ap-
proaches. Two approaches, namely the MFB and the SMF approaches, have
been proposed. In the MFB approach, the boundary information of the mem-
bership functions has been utilized to conduct stability analysis. Based on
the Lyapunov stability theory, LMI stability and performance conditions have
been derived to guarantee the system stability and performance. In the SMF
approach, staircase membership functions have been employed to approxi-
mate the continuous membership functions of the TS fuzzy model and fuzzy
controller. Through SMFs, the nonlinearity of membership functions can be
brought into the stability conditions. Consequently, the stability conditions
are more dedicated to the FMB control systems as compared with the MFSI-
based ones. Unlike the MFSI analysis approach, the shape information of the
membership functions is able to be brought into the stability conditions in
the MFSD analysis approach for relaxing the stability conditions. The SMF
approach has also been extended to the PDC design (with perfectly matched
premise membership functions). The SMF approach has also been extended
to the PDC design (with perfectly matched premise membership functions.)
Simulation and comparison examples have been presented to illustrate the
effectiveness of the proposed MFSD-based stability conditions.



Chapter 4

BMI Stability Conditions for FMB
Control Systems

4.1 Introduction

In general, two classes of FMB control systems, namely with imperfectly and
perfectly matched premise membership functions, have been investigated in
the past decades. The first class of FMB control systems with imperfectly
matched premise membership functions has the TS fuzzy model and the fuzzy
controller not sharing the same premise membership functions. This class
of FMB control systems has been extensively investigated recently. Based
on the Lyapunov stability theory, LMI-based stability conditions were de-
rived to guarantee the system stability and facilitate the synthesis of the
fuzzy controller. With the imperfectly matched premise membership func-
tions E, @, @, , the fuzzy controller exhibits two favourable features.
One, the premise membership functions of the fuzzy controller can be freely
chosen to enhance the design flexibility. Some simple and commonly-used
membership functions can be employed to lower the structural complex-
ity, computational demand and implementation cost of the fuzzy controller.
Two, the fuzzy controller displays an inherent robustness property to han-
dle parameter uncertainties of the nonlinear plant. As the stability anal-
ysis and the fuzzy controller do not involve the membership functions of
the TS fuzzy plant model, the fuzzy controller designed with imperfectly
matched premise membership functions is able to stabilize nonlinear plant
with its fuzzy model subject to uncertain grades of membership owing to the
presence of plant parameter uncertainties. However, it will lead to conser-
vative stability conditions as the membership functions of the fuzzy model
are not considered in the stability analysis. This problem is partially al-
leviated by the second class of FMB control systems design. This class of
FMB control systems is designed with perfectly matched premise member-
ship functions in which the fuzzy controller shares the same premise mem-
bership functions as those of the TS fuzzy model for relaxing the stability

conditions ﬂﬂ, , @, @, @, , , , ] However, as the grades of

H.-K. Lam and F.H.F. Leung: FMB Control Systems, STUDFUZZ 264, pp. 59[84]
springerlink.com © Springer-Verlag Berlin Heidelberg 2011
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membership function are required to be known, the TS fuzzy model in the
form of ([22) must be uncertainty free. Hence, with the perfectly matched
premise membership functions, the stability conditions are relaxed by sacri-
ficing the inherent robustness property of the fuzzy controller. Both fuzzy
controllers, designed with the imperfectly and perfectly matched premise
membership functions, have their own advantages to various applications.

In this chapter, the stability of FMB control systems with imperfectly
matched premise membership functions is investigated. To facilitate the sta-
bility analysis, the information of the membership functions of both the TS
fuzzy model and fuzzy controller are employed. In order to further relax
the stability conditions, a fuzzy controller with time-varying state-feedback
gains HE, @, @] is proposed. Based on the Lyapunov-based approach and
the knowledge on the membership functions of the fuzzy model, stability
conditions in bilinear matrix inequalities (BMI) with imperfectly matched
premise membership functions are derived to guarantee the system stability.
As the stability conditions are in terms of BMIs, convex programming tech-
niques cannot be applied directly to find the solution. Taking advantage of
the powerful global searching ability of the genetic algorithm (GA) @], a
GA-based convex programming technique is proposed to search for the so-
lution of the BMI-based stability conditions. Some simulation examples are
given to illustrate the effectiveness of the proposed BMI-based fuzzy control
scheme.

4.2 Fuzzy Controller with Time-Varying Feedback
Gains

A p-rule fuzzy controller with time-varying feedback gains is employed to
control the nonlinear plant represented by the TS fuzzy model ([Z2]). The
j-th rule of the fuzzy controller is of the following format:

Rule j: IF g1 (x(t)) is N{ AND --. AND ggo(x(t)) is N7,
THEN u(t) = F;(x(t))x(t) (4.1)

where F;(x(t)) e R™*", j =1, 2, ---, ¢, are time-varying feedback gains to
be determined and the rest variables are defined in Section 23l
The fuzzy controller with time-varying feedback gains is defined as follows,

u(t) = m(x(t)F; (x(t))x(t) (4.2)

where the membership functions exhibit the property in (7).

The feedback gains are defined as F;(x(t)) = m for all j,
k=1 ¢ v

where G; € R™*™ are some constant feedback gains to be determined. The
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time-varying feedback gains F;(x(t)) are used to enhance the nonlinearity
compensation of the nonlinear feedback plant dynamics. From ([&2]), we have,

G—1m; (x(£))Gyx(t)

k1 T (%)) ax

u(t) =

(4.3)

where ay, k=1, 2, -+, p, are scalars to be designed that satisfy the inequality
of 35—y mak(x(t))ax > 0.

Remark 4.1. The proposed fuzzy controller of (3] is equivalent to that in
[36] when m;(x(t)) = w;(x(t)) for all i. It is reduced to the traditional fuzzy
controller ([2.6)) | when the constant scalars a; = 1 for all k.

4.3 BMI-Based Stability Analysis

Consider the nonlinear plant represented by the TS fuzzy model (Z2]) and the
fuzzy controller (3] connected in a closed loop. The FMB control system is
obtained as follows.

= zp: w;(x(t)) (Aix(t) +B; Z? ;}mi (x(t))ij(t)>

p—1 Mk (X(t))ay

TS me(x Zsz (x())(arA; + B;G;)x(t) (4.4)

lel

In the following, for brevity, w;(x(¢)) and m;(x(t)) are denoted as w; and
m;. To investigate the stability of the FMB control system (4], with the
membership function property ([29), we consider the quadratic Lyapunov

function BJ). From B1)) and ([&4]), we have
V(t) = %(t)"Px(t) + x(t)"Px(t)

P T
- (Zk 1 Mk Z Zwimj(ain + BiGj)X(t)> Px(t)

=1 j=1

m ZZmeJ Z(t) (45)

where Qij = G,inX + anAzT + BiNj + N]TBZT

Remark 4.2. Compared with V (t) in (32, Q,; defined in this chapter has the
variables a; that effectively increases the dimension of the feasible solution
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and thus possibly leads to more relaxed stability analysis result. However,
the terms a;A; X and a;XAT are not in the form of LMIs but BMIs. Convex
programming techniques cannot be applied to obtain numerically the solution
to the BMIs. In the following, a GA-based convex programming technique is
proposed to search for the solution to the BMIs.

In order to proceed with the stability analysis, a number of slack matrix
variables are introduced to (LI based on the S-procedure ﬂa ]. Introducing
slack matrices A; = AT € RV, = VI e gm0 < J; ij = JT € Rjnxn,
0 <K; = K” e R0 < My; = Mw € R™™ and 0 < Wy, = W”

X" g5 =1,2,---, p, we consider the following equations and inequalities.

P P
Z Z —m;)A; =0 (4.6)
p P
i=1 j=1

P p
ZZwi(wj—mj +O'j)Jij >0 (48)

p p
Z Z mi(vj — Wy + mj)Kij 2 0 (49)

P P

ZZ(wle —wym; — mw; +mym; + 6;;)M;; >0 (4.10)

p P
ZZ(p” wiw; + wim; + miw; —mm;)Wi; >0 (4.11)

where 0, v;, ;5 and p;; are scalars to be determined such that the following
inequalities hold for all 4, j and x(¢).

"/j—’LUj—l-ijOVj (413)
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WiW; — WM — Mw; + mym; + (51‘]‘ >0Vi, g (414)

Pij — Wiw; + wymj + myw; — mym; > 0Vi, j (415)

Remark 4.3. A; and V; in ([£6]) and (41), respectively, are referred to as
MFSI slack matrices as they do not depend on the membership functions.
As a result, ([@0) and ([£71) are satisfied for any shapes of membership func-
tion. These two equations serve an important purpose that they introduce
free matrix variables transferring and compensating some unstable compo-
nents between LMI terms to make the stability conditions to be satisfied
more easily. In order words, the free matrix variables increase the dimension
of the feasible solution. Conversely, J;;, K;;, M;; and M;; in the inequalities
[E3) to [II), respectively, are refereed to as MFSD slack matrices as they
depend on the shapes of the membership functions. It is required that the
membership functions satisfy the inequalities (ZI12) to (IH). The scalars
of 0, 74, 65 and p;; provide the boundary information of the membership
functions and their multiplications. The slack matrix variables and the mem-
bership function boundary information offer useful information to facilitate
the stability analysis for relaxing the stability conditions.

Remark 4.4. It was reported that further relaxed stability conditions can
be achieved by considering some polynomial inequality of membership
functions. The higher the degree of the polynomial inequality, the more the
number of slack matrices can be introduced. More slack variables can be in-
troduced to the stability analysis based on the Polya’s theorem ﬂﬂ_ﬂ] that the
boundary information of the higher order of multiplications of membership
functions is considered. However, it should be noted that a larger number of
slack matrices will lead to higher computational demand on searching for the
solution of the stability conditions.

From {@5) to [@II), recalling that > .7_, myay > 0 and defining X = P~1,
z(t) = X~ !x(t) and G; = N; X! where N, j = 1,2, -+, p; it follows that
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. 1 p p o p
V() < sr——a®) (30D wim;Qyy + > wilw; — my)A
D k=1 MKk i=1 j=1 j=1
p p
+ Zmz(w] m;)Vi + sz(wj m; +0;)Ji;
j=1 j=1
p p
+ ZZ mi(7; — wj +m;)Ki;
i=1 j=1

p P
+ Z Z(wiwj —w;m; — myw; + m;m; + 5ij)Mz’j

P P
)0 (pij — wiw; + wimy + maw; — mimj)wij)z(t) (4.16)

Rearranging the terms in (£I6]), it can be written as follows.

. 1 o P
V(t) SZ mz(t (ZszmJ QZJ A7,+V Jl] ji — MZJ
=l 5=l

PP
—M;i + Wi + W) + Zzwiwj (Mij — Wij + Ai + Ty

i=1 j=1

P P
ordik + Z Z Okt Mpr + Z Z Pt W)

k=11=1 k=1 1=1

M@

P

£
Il
-

p
m;m; (Mij -W;; =V, +K;; + Z’yszkaz(t). (4.17)
1 k=1

s
Il
_

M=

_|_

J

Introducing matrices R;; = R?; € RSy = ST R and Ty = TT
X145 =1,2, -+, p; we consider

p
Ri;>M;; — W,;; —V, +K;; + Z'ykKik Y 1; (4.18)
k=1

p
Ri; + R}, > M;; - W;; -V, + K;; + Z e Kik
k=1

p
+ My = Wy = Vi + K+ Y K Vi < i (4.19)
k=1
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Sij +Sg;‘ 261‘3‘ —A+V; =T — Ky — My
= Mji + Wij + Wi Vi, j; (4.20)

Ty > My — Wy + A+ Ty

P P
+ZU;€J2]€ +ZZ(SMMM +ZZ/}MWM V1 (4.21)

k=11=1 k=11=1

p
Ti; + T, > My; _Wij+Ai+Jij+Mji_Wji+Aj+in+ZakJik

k=1
P p P p P
+de~]jk +2ZZ5MMM +QZZPMWM Vi<
k=1 k=1 1=1 k=1 1=1
(4.22)
From ([@I7) to [@22]), we have
. 1
V(t) < =5—z(t)" wim; Sl—i—SlT»
WS ST (LXQ; (Sos)
+ szT“ + Z > wiw; (T + TF)
J=11i<yj
+ Z m2RT + Z Z mqim; (RU + Rg)>z(t)
j=1i<j
B 1 r(t)]" [RST] [r(t) (4.23)
mlz(t) wlz(t) R11 R12 e Rlp
mgz(t) ’LUQZ(t) R21 R22 e Rgp
where r(t) = ) , 8(t) = ) S R=1 . . . . |,8=
mypz(t) wpz(t) Ryt Rz -+ Ryp
Si1 Si2 --- Sip Tqi1 Tig -+ Ty
So1 Soz -+ Sy To1 Tog -+ Ty
. . . . jlandT={| . . .
Spl Sp2 Spp Tpl Tp2 Tpp

From (&I and (BI3), based on the the Lyapunov stability theory, V(¢) > 0
and V (t) < 0 for z(t) # 0 (x(t) # 0) implying the asymptotic stability of the
FMB control system (4], i.e., x(¢) — 0 when time ¢ — 0o, can be achieved
if the stability conditions summarized in the following theorem are satisfied.
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Theorem 4.1. The FMB control system ({{.4)), formed by the nonlinear plant
represented by the fuzzy model (Z3) and the fuzzy controller [{.4) connected
i a closed loop, is asymptotically stable if there exist predefined constant
scalars o, v, 65 and pij, i, j =1, 2, ---, p, satisfying the inequalities (4.8)
to [{.11) for all i, j and x(t), and there exist matrices J;; = I}, € R,
K;; = Kz; e MM, = Mz; € ®™" Ny € R, Ryj = R}; € jRrxn
Sij = S;; S %nxn} Tij = T;; S %nxn} Vv, = VZT S §Rn><n7 Wij = WZ; €
grxn X =XT € R and A; = AT € R™™ such that the following BMIs
and LMIs are satisfied.
X > 0;

Ji; >0V j;
Ki; >0V, j;
M;; >0V, j;
W,; >0V, j;
BMIs/LMIs in {{.18) to {{-22);

R ST
ST

] < 0
and the feedback gains are designed as G; = N; X~ for all j.

Remark 4.5. The BMI-based stability conditions in Theorem EI] apply to
the FMB control system with imperfectly matched membership functions. It
can be shown that the solution of the stability conditions in Theorem 2] is
a particular case of the proposed BMI-based stability conditions. Consider-
ing there exists a solution X to the stability conditions in Theorem 21l we
have Q;; = A;X + XAT + B,N; + N;TFB;TF < 0 for all ¢ and j. Choosing
the same X as the solution and a; = 1 for all j for the stability condi-
tions in Theorem BT} we have Q;; = Qg; < 0 for all i and j. Then, we
choose the slack matrices J;; = K;; = M;; = W;; = 0 for all ¢ and j.
As a result, (£I8) and (#I9) become R;; > —V;, ¢ =1, 2, .-+, p, and
Rj; —|—R£ >-V;,-V,,5=12,---,p,%<j. By choosing Rj; = —7I and
V,; =<1 for all i where ¢ > 7 > 0, the inequalities R;; > —V; for all i become
—7I > —cI and are satisfied. Choosing R;; = 0 for all i # j, the inequalities
of Ry; —&—Rg} > —V,;—Vj aresatisfied for j = 1,2, ---, p,% < j. Hence, we have

7T 0 --- 0
0 —7I--- 0
R=| . . . . < 0. Similarly, (@21]) and [£22) become T;; > A,
0 0 --- —7I

1=1,2,---,p,and Tij—i—T;fZ- >A+Aj,j=1,2,---,p, i< j,respectively.
Choosing T;; = —7I and A; = —I for all 4, and T;; = 0 for all ¢ # j, the
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inequalities Tj; > A; becoming —71 > —¢I and T; —|—T§Fj > A;+A; becoming

- 0 --- 0
0 —7I--- 0
0 > —2I are both satisfied. Hence, we have T = . L < 0. As
0o 0 - —71

Q,; = Qij <0 for all 7 and j, it can be seen from ([20) that the inequalities
become S;; + S;[j > Qij —A; +V,; =Q;; +2I for all ¢ and j. Recalling that
Qi; < 0 and choosing S;; = 0 for all 7 and j, there must exist a sufficiently
small value of ¢ such that 0 > Q;; + 2¢I are satisfied. Consequently, we have

RST] [RO
STl-lor
control system (2I0) and shows that the solution of the stability conditions
in Theorem 2.1l is a particular of Theorem [Tl

} < 0, which implies the asymptotic stability of the FMB

4.3.1 GA-Based Convex Programming Technique

The stability conditions in Theorem [] are in terms of BMIs or LMIs. As
a result, convex programming techniques cannot be employed to find the
solution of the stability conditions. A BMI becomes an LMI if one of the
variables of the BMI is fixed. This nice property enables the solution of the
BMIs to be found numerically by combining the genetic algorithm (GA)
and the convex programming techniques. Denote the BMI-based stability

conditions as L(Pm, Ps) 4+ 2I > 0, where Ps = [a1 a2 -+ ap] and Py, =
[X My Mgz -+ M, Ny No -+ Np Ju Jio - Jpp
Ki Ki2 - Ky R Riz - Ry St Siz - Sy T
T --- Tpp Wi Wy - pr Vi Vy .. Vp A1 Ao

A, |. If there exist Pg and Py, that satisfy L(Ppy, Ps) + 2I > 0 with a
negative value of z, Ps and Py, are the solution of the BMI.
A GA-based convex programming technique as shown in Fig. 1] is
proposed to solve the solution of the BMIs and is summarized as follows.

1. GA generates the potential solution of Pg. It should be noted that when the
value of Py is kept constant, the BMI-based stability conditions become
LMIs which can be solved using the convex programming technique. In
general, the initial value of Py is randomly generated.

2. The LMI solver searches for the solution P,, to the LMI condition of
L(Pm,Ps) + 2I > 0 (which becomes an LMI when Pg generated by GA
in Step 1 is kept constant). The initial value of Py, is randomly generated
or determined by the LMI solver.

3. If there exists a negative z such that L(Pmy,Ps) 4+ 2I > 0, it implies that
both Py, and Pg are the solutions of the BMI stability conditions.

4. If the stopping criterion is not met, return to Step 1.
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Genetic Algorithm

Py

v

LML L(P,, Py)+zI>0

k.
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l

No Stop criterion
reached?

l Yes

END

Fig. 4.1 Procedure of the GA-based convex programming technique.

Remark 4.6. For the GA-based convex programming process, z is taken as a
fitness function to indicate the degree of satisfaction of both Py, and Pg to
the BMI problem. A more negative value of z indicates a better solution P,
and Pgs. Consequently, the finding of solution is realized as a minimization
problem (minimizing the fitness value of z). A stopping criterion should be
set to stop the process, e.g. a pre-defined number of iterations or a feasible
solution has been reached.

Ezxample 4.1. Consider the same FMB control system in Example BTl The
membership functions in Example Bl shown in Fig. B are used in this
example. Based on the membership functions, it can be found that the values

Table 4.1 Vaues of 0;, v;, d;; and p;; for Example BT1

o1 = 0.069182, o2 = 0.094927, o3 = 0.069182.

1 = 0.069182, 7o = 0.074195, ~3 = 0.069182.

611 = 0.000000, 12 = d21 = 0.005459, 13 = d31 = 0.003054,
d22 = 0.000000, d23 = 32 = 0.005459, 33 = 0.000000.

P11 — 0.004:7867 P12 = P21 — 0.0011377 P13 = (531 = 0.002253,
paz = 0.009011, p23 = p3a = 0.001137, p3z = 0.004786.
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of oj, 7, 6;5 and p;j, 1, j = 1, 2, 3, listed in Table Al satisfy the inequalities
of (12 to [EIH).

The stability conditions in Theorem E1] are employed to check for the
system stability for the T'S fuzzy model parameters of 2 < a < 9and 0 < b <
8. The real-coded GA with arithmetic crossover and non-uniform mutation
@] working with the MATLAB LMI toolbox is employed to search for the
solution of the BMI stability conditions in Theorem 4]l The lower and upper
bounds of a;, are chosen to be 1073 and 5, respectively. With the chosen lower
and upper bounds, the inequality of > 1 _, my(z1(t))ar > 0 is satisfied. The
parameters a;, j = 1, 2, 3, form the chromosomes of the GA process and
their initial values are randomly generated. The control parameters of the
real-coded GA are tabulated in Table

Table 4.2 Control parameters of the real-coded GA with arithmetic crossover and
non-uniform mutation for Example 11

Population size: 40
Number of iterations: 500
Probability of crossover: 0.8
Probability mutation: 0.5
Shape parameter: 1

The stability region is shown in Fig. denoted by ‘o’. To show the
effectiveness of the parameter a;, we choose a; = 1 for j = 1, 2, 3 which
make the stability conditions in Theorem 1] become LMIs. In this case, the
proposed fuzzy controller is reduced to a traditional fuzzy controller (Z.0])
122] with constant feedback gains. The stability region under a; = 1 is
shown in Fig. denoted by ‘x’. It can be seen from Fig. that the
stability region given by the BMI-based stability conditions is larger. For
comparison purposes, the stability conditions in Theorem 2] @] applying
to the FMB control systems with imperfectly matched membership functions
are employed to check for the stability region for this example. However, no
feasible solution is found. It is worth nothing that the stability conditions in
Theorem [2.2]to Theorem 2.5]for FMB control systems with perfectly matched
membership functions cannot be applied in this example.

Comparing with the traditional fuzzy controller (24, the proposed one
[#2) will increase the implementation cost owing to the time-varying non-
linear feedback gains that complicate the structure of the fuzzy controller.
As a result, it is suggested to employ the LMI-based stability conditions in
Theorem Bl with a; = 1 for all j (that is reduced to Theorem 2] as the
initial design. If a stable design cannot be achieved, the BMI-based stability
conditions can then be employed.
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Fig. 4.2 Stability regions given by stability conditions in Theorem EJ] with a;
determined by the GA-based convex programming technique (‘o’) and with a; = 1
(“x’) for all j for Example ET1

4.4 BMI-Based Performance Conditions

Performance conditions in terms of BMIs are derived to guarantee the system
performance under the consideration of system stability in this section. We
consider the scalar performance index (B.I4). From the performance index
(BI4) and the fuzzy controller (£3)), and with the property of the membership
functions ([2.9), we have,

=[] [ogpie] [50]
o e ol ] M P M P
x {“jI 0 } [X(t)} dt. (4.24)

I 0 x<(t
0 Z§17TLjGj] l:X( ):| dt

P
1=1 Muar

0 Gj X(t)

Let the performance index J satisfy the following condition.

s Tt Zfz?mkmzakaz /OOO [iggr [Xo_l XO_I] ng] d - (425)
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where 7 is a non-zero positive scalar to be chosen. It can be seen that if the
inequality (23] is satisfied, the scalar performance index J is attenuated
to a prescribed level governed by the value of 7. From (£24) and (E23),
recalling that z(¢) = X~x(¢) and the feedback gains of the fuzzy controller
as G; =N;X"! j=1,2 -, p, we have,

1 /OOO [Z(t)rw [z(ﬂ dt <0 (4.26)

p p
el D i1 MEMAKAL

where

w3 S ([0 [ ) 0] [E8)

i=1 j=1

To make sure that the inequality (£20) is satisfied, the condition W < 0 is
required. It should be noted that the inequality W < 0 cannot be formulated
as an LMI problem with constant a;. By Schur complement @], W <0is
equivalent to the follow inequality.

W=> mW; <0 (4.28)

where Wj = o, j=1,2,---, p. The inequalities

0 N, o -J;!
Wj < 0 for all j (guaranteeing W < 0) are regarded as the BMI-based
performance conditions which have to be applied with the stability conditions
in Theorem [£.]] to realize the system performance with pre-defined weighting
matrices J; and Js.

Theorem 4.2. The system performance of a stable FMB control system
Z4), formed by the nonlinear plant represented by the fuzzy model (22)
and the fuzzy controller [{-3) connected in a closed loop, satisfies the perfor-
mance index J defined in [[.24) characterized by the pre-defined weighting
matrices J1 > 0 and Jo > 0 that is attenuated to the level n > 0, if any
stability conditions reported in this book and the LMIs Wj < 0 for all j are
satisfied.

Remark 4.7. The BMI-based stability and performance analysis can be fur-
ther relaxed by adopting the SMF technique in Section B3] that incorporates
the SMF's to the stability and performance conditions.

Remark 4.8. The BMI-based performance conditions in Theorem [£.2] are re-
duced to those in Theorem 3.2 with a; = 1 for all j.
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Ezxample 4.2. The inverted pendulum on a cart shown in Example 3.2 is
considered as the nonlinear plant. In this example, the stability condition
in Theorem 1] and the performance conditions W < 0 for all j in Theorem
are employed to achieve a stable and well-performed FMB control system.
The real-coded GA with arithmetic crossover and non-uniform mutation [@]
working with the MATLAB LMI toolbox is employed to search for the so-
lution of the BMI stability conditions in Theorem Il The lower and upper
bounds of aj, are chosen to be 1073 and 1, respectively. The parameters a;,
j =1, 2, 3, form the chromosomes of the GA process and their initial val-
ues are randomly generated. The control parameters of the real-coded GA
are the same as those in Table except that the number of iterations is
chosen to be 200. Based on these conditions, we obtain the feedback gains
for the proposed fuzzy controllers ([£3]) with different values of the weighting
matrices J; and Jo, which are given in Table

Table 4.3 Feedback gains for fuzzy controllers 1 to 3 in Example

Feedback Gains 1, a;, J1 and J2

FCT 1 Gy = [2064.8162 150.9920 28.5666 134.2425] NATT
G2 = [2655.0591 191.2585 36.2692 164.1681]

a; = 1
a2 = 1
FC' 2 G, = [188.8736 20.5537 0.2143 27.3657 n=0.1
G, = [453.2808 34.6134 0.4298 28.8520 Jo=1
1000
0100
Bi=10010
0001
a1 = 0.7900
az = 0.4400

FC' 3 Gy = [201.3708 21.6676 0.5061 28.5817] n=0.1
G2 = [473.1369 36.2498 0.9967 30.4797] Ja=1

1000
0100
Ji=10050
0001
a1 = 0.8100
as = 0.4500

T FC stands for Fuzzy Controller.
1 LMI performance conditions are not considered.

The system responses and control signals of the inverted pendulum with
fuzzy controllers 1 to 3 are shown in Fig. E3land Fig.[L4] respectively. It can
be seen that fuzzy controller 1 designed without the performance conditions
offers the best system performance in terms of rise and settling times at
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the cost of a large magnitude of control signal. By employing the weighting
matrices of J; and Js, the system responses and the control signals change
accordingly. By employing Jo = 1, the control signal can be suppressed as
shown in Fig. £4l The responses of the system states can be changed by
specifying different values of weighting matrix J;. Referring to Fig. 3] the
weighting matrix J; with a higher weighting for x3(¢) improves the system
responses of x3(t) in terms of rise and settling times.

For comparison purposes, the traditional fuzzy controllers (with a; = 1)
are employed to control the inverted pendulum. By setting a; = 1 for all j, the
stability conditions in Theorem 1] and performance conditions in Theorem
become LMIs. With the MATLAB LMI toolbox, the feedback gains of
the traditional fuzzy controllers subject to different values of the weighting
matrices J; and J, are found and given in Table 2] It should be noted that
no solution can be found for n = 0.1; hence, we choose 1 =0.2 to design the
traditional fuzzy controllers in this example. It can be seen that the BMI-
based stability and performance conditions are able to offer solution subject
to some tightened design conditions. The system responses and control signals
given by the traditional fuzzy controllers are shown in Fig. and Fig. [£.4]
respectively. It can be seen that J; and J, influence the system responses in
a similar way. However, the proposed BMI-based fuzzy controllers are able to
perform better in terms of rise and settling times because the feedback gains
are achieved with a smaller value of 7.

Table 4.4 Feedback gains for traditional fuzzy controllers 1 to 3 (with a; = 1 for
all j) in Example

Feedback Gains n, J1 and Jo

FC' 1 Gy = [2064.8162 150.9920 28.5666 134.2425] NAT

G = [2655.0591 191.2585 36.2692 164.1681]
FC' 2 Gy = [363.6643 34.5143 0.2650 39.5054] n=0.2

G2 = [766.9431 57.6057 0.3615 45.5768] Jo=1
(10007
0100
0010

Ja

FC' 3 Gy = [365.2711 34.6056 0.5969 39.5254] n=0.2
G, = [769.7314 57.7860 0.8160 45.6857) Ja=1

t FC stands for Fuzzy Controller.
' LMI performance conditions are not considered.
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Fig. 4.3 System state responses and control signals of the inverted pendulum with
fuzzy controllers 1 (solid lines), 2 (dotted lines) and 3 (dash lines).
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Fig. 4.4 Control signals of the inverted pendulum with fuzzy controllers 1 (solid
lines), 2 (dotted lines) and 3 (dash lines).
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Fig. 4.6 Control signals of the inverted pendulum with traditional fuzzy controllers
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4.5 Conclusion

The system stability of FMB control systems subject to imperfectly matched
premise membership functions has been investigated. A fuzzy controller with
nonlinear state feedback gains has been proposed to deal with the nonlinear
plants. Comparing to the traditional fuzzy controller, the proposed one, with
enhanced nonlinearity, exhibits stronger stabilizability for nonlinear control
processes. Based on the Lyapunov stability theory, stability conditions in
terms of BMIs have been derived to guarantee the system stability. Further-
more, based on a scalar performance index function, performance conditions
in terms of BMIs have been derived. A GA-based convex programming tech-
nique has been proposed to search for the numerical solution of the BMI-based
stability and performance conditions. Simulation examples have been given
to show that the proposed BMI-based stability conditions are able to offer
larger stability regions and the proposed BMI-based performance conditions
can be applied to realize a well-performed FMB control system.



Chapter 5

Stability Analysis of FMB Control
Systems Using PDLF

5.1 Introduction

The FMB control approach offers a systematic way to control nonlinear sys-
tems. Based on the TS fuzzy model, a nonlinear plant can be represented
as a weighted sum of linear systems. This particular form offers a general
and systematic framework to represent the nonlinear plant and provides an
effective platform to facilitate stability analysis and controller synthesis. In
the past two decades, FMB control systems have been extensively investi-
gated, and flourish analysis results, particularly on the stability issue, have
been obtained. Some relaxed LMI-based stability conditions were derived and
introduced in Chapter

The most popular tool for investigating the stability of FMB control sys-
tems is based on the Lyapunov stability theory. In general, FMB control
systems are mainly investigated with parameter-independent and parameter-
dependent Lyapunov functions. In Chapter 2 the analysis was conducted
with a quadratic Lyapunov function candidate. As the matrix of the quadratic
Lyapunov function does not depend on the system parameters/system states,
it is referred to as parameter-independent Lyapunov function (PILF) in this
book.

In @], a fuzzy Lyapunov function (FLF), which is a kind of parameter-
dependent Lyapunov function (PDLF), was proposed. As further information
about the membership functions is considered and nonlinearity is introduced
in the Lyapunov function, the FLF demonstrated a great potential to fur-
ther relax the stability conditions as compared to PILF. However, for the
continuous-time case, the FLF will produce the time derivatives of member-
ship functions that complicate the stability analysis. (It was shown that the
time derivatives of membership functions will disappear under a particular
type of fuzzy models @]) Furthermore, when the PDC fuzzy controller is
considered @, @], the stability conditions cannot be formulated in terms
of LMIs. As a result, the solution of the stability conditions cannot be found
numerically by some convex programming techniques such as the MATLAB

H.-K. Lam and F.H.F. Leung: FMB Control Systems, STUDFUZZ 264, pp. 85
springerlink.com © Springer-Verlag Berlin Heidelberg 2011
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LMI toolbox. To hurdle the difficulty, a completing square technique was
proposed in M] to formulate the stability conditions in terms of LMIs.
However, as redundant matrix terms are introduced in the stability analysis,
conservative stability conditions are obtained.

In @, }, to further utilize the advantages of the FLF, a non-PDC
fuzzy controller was proposed. Comparing to the PDC fuzzy controller, the
non-PDC fuzzy controller @, ] offers greater design flexibility and shows
greater potential to relax the stability conditions. Moreover, with the non-
PDC fuzzy controller, the stability conditions can be formulated in terms
of LMIs. The FLF was also employed to investigate the system stability of
discrete-time FMB control systems [19, [36].

In general, the PDLF approach is good for general applications while the
PILF approach is particularly good for some applications of which the bounds
of the time derivatives of membership functions are known. As more infor-
mation is included in the non-PDC fuzzy controller with PDLF, it has been
reported in @, ] that the PDLF analysis approach is superior to the PILF
approach in relaxing the stability conditions. As graphically illustrated in
Fig. 51 the PDC fuzzy controller with PILF and non-PDC fuzzy controller
with PDLF approaches are suitable for different classes of applications. It
can be seen that the PDC fuzzy controller with PILF is a subset of the
non-PDC fuzzy controller with PDLF. The latter approach is able to handle
applications with time derivatives of membership functions available.

In this chapter, we further extend our fundamental PDLF work in @] to
investigate the FMB control systems subject to perfectly matched member-
ship functions. By taking advantage of the PDLF, relaxed stability condi-
tions are achieved by considering the characteristic of the fuzzy model. An
improved non-PDC fuzzy controller is proposed to close the feedback loop.
As the information about the time derivatives of membership functions is
considered by the non-PDC fuzzy controller, it allows the introduction of
slack matrices to facilitate the stability analysis. Based on the PDLF, stabil-
ity conditions in terms of LMIs are derived to guarantee the system stability
of the FMB control systems. It will be shown by simulation examples that
when the time derivatives of membership functions are considered, the non-
PDC stability conditions are more relaxed than the PDC ones. The proposed

Applications with
derivatives of membership
function available

Applications with
derivatives of membership
function not available

PDC+PILF

Fig. 5.1 A diagram illustrating the coexistence of PDC+PILF and Non-
PDC+PDLF approaches.
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non-PDC fuzzy controller provides an alternative solution to applications of
which time derivatives of membership functions are available.

5.2 Non-PDC Fuzzy Controller

Consider the nonlinear plant represented by the TS fuzzy model [22). A non-
PDC fuzzy controller @, ] with p rules is proposed to close the feedback
loop and is described by the fuzzy rules of the following format:

Rule j: IF f1(x(t)) is M} AND --- AND fy(x(t)) is M},
THEN u(t) = (F; + G(x()))P(x(t)) " 'x(t),j = 1,2,---,p (5.1)

where G(x(t)) = ?:1 wi(x(t)Gy, F; € R G € R =1, 2,

-+, p, are constant feedback gains to be determined; w;(x(t)) = Lw;(x(t));
0 < P(x(t)) = P(x(t))T € R™™" to be determined. The rest variables are
defined in Sections 2] and 23

The inferred non-PDC fuzzy controller is defined as follows.

Il
.Mﬁ
g

5 (x(6)FP(x(1)) "' x(t) + Z u; (x(8)) G, P (x(1) " x(t) (5.2)

It should be noted that the non-PDC fuzzy controller (5.2)) is only applica-
ble for a class of applications of which the time derivatives of membership
functions are available @7 @] Comparing to the traditional PDC-fuzzy
controller (Z4]), the non-PDC fuzzy controller (52) contains additional in-
formation (time derivatives of the membership functions) to facilitate the
stability analysis.

Remark 5.1. Tt should be noted that the non-PDC fuzzy controller proposed
in this chapter shares the same premises with the fuzzy model.

Remark 5.2. The non-PDC fuzzy controller (5.2) is reduced to the traditional
one (2.6) when we choose P(x(t)) as a constant matrix and G; = 0 for all j.

5.3 Stability Analysis Based on PDLF

The system stability of the FMB control system with perfectly matched
premise membership functions is investigated using a PDLF. Two non-PDC
fuzzy controllers are proposed to handle the nonlinear plants in the form
of [Z2). For brevity, w;(x(t)) and w;(x(t)) are denoted as w; and w;, re-
spectively. The property of the membership functions ([2.9]) is utilized in the
system analysis.
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In the following, the MFSD analysis technique in Chapter [3] is employed
to investigate the system stability. The relationship between the membership
functions of the fuzzy model and fuzzy controllers is used to introduce some
slack matrix variables in stability analysis through the S-procedure ﬂa] The
boundary information of the membership functions is brought to the stability
conditions and thus offers some relaxed stability conditions.

5.3.1 Non-PDC Fuzzy Controller

To facilitate the stability analysis, we consider the scalars p and o; that satisfy
the inequalities of w; = w; + pw; +0; > 0 for all j and the operating domain
of x(t). The scalars p and o; can be found numerically when the form of w;
and w; are known; otherwise, the proposed non-PDC fuzzy control approach
cannot be applied. Based on the proposed inequalities, the non-PDC fuzzy
controller (5.2)) is rewritten as the following form.

u(t) =Y wFP(x() " 'x(t) + > w,GP(x(1) " x(t) (5.3)
j=1

Jj=1

where F; € R™*™ and G; € R"™*" are constant feedback gains to be de-
termined. Reshuffling the terms of the non-PDC fuzzy controller (53], it
becomes

u(t) = ijFjP(X(f))flx(t) + (wj + pivj + ;)G P(x(t)) " x(t)
=> w;(Fj +G; + > 0xGi)P(x(t)"x(t)
Jj=1 k=1
+ Y i pGyP(x(t) ' x(t). (5.4)
j=1

Comparing (£.2) and (54) term by term, the non-PDC fuzzy controllers in
the form of (B.2)), (5.3) and (5.4) are equivalent by choosing F; = F; + G; +
Y1 0:Gr and G; = pG; for all j.

Remark 5.3. Comparing to the traditional PDC-fuzzy controller (26, the
non-PDC fuzzy controller (53] has an enhanced nonlinear feedback com-
pensation ability because of P(x(t))~!, which makes the non-PDC fuzzy
controller be more capable of compensating the nonlinearity of the plant.
Furthermore, the inequalities of w; >= 0 for all j relate the membership
functions and their time derivatives by the scalars p and o; that offer further
information of the nonlinear plant to facilitate the stability analysis.
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5.3.1.1 Stability Analysis of FMB Control Systems with
Non-PDC Fuzzy Controller

Considering the fuzzy model [2.2)) and the non-PDC fuzzy controller (G.3])
connected in a closed loop, the FMB control system is obtained as follows.

x(t) =3 w; (Aix(t) + B, ( > wy By P(e(t) (1)

i=1 =1
+ TG P(0) () )
j=1
= 2> wiw (A + BFPx(1)7)x(1)
i=1 j=1
22w BiGP(x(1) T x(1) (5.5)

To investigate the system stability of the FMB control system (&.5l), we
consider the following PDLF candidate.

V() = x(t)"P(x(t)) " x() (5.6)

where P (x(t)) P( ( ))T =3 S wywPr; > 0 and Py, = Pl:fk €
1,

ROk =1, 2,

Remark 5.4. 1t is required that P(x(¢)) > 0 which implies non-singularity.
Based on the matrix property, P(x(t)) > 0 implies that the inverse of P (x(t))
exists and P(x(¢))~t > 0.

Remark 5.5. The proposed PDLF is reduced to P(x(t)) = P(x(t)T =
Eizl wi P > 0 used in M} when Py, = Py ; are considered for all [.

Before proceeding further, the following lemma is introduced to facilitate the
stability analysis.

Lemma 5.1. For any invertible matriz P(x(t)), the time derivative of
P(x(t)) is given by,

P(x(t)) = —P(x(t))P(x(t)) " P(x(t))

Proof. Considering P(x(t))P(x(t))~! = I, we have 4P (x(t))P(x(t))~' =

P(x(1))P(x(t))"! + P(x(t))P(x(t))~! = 0 Reshuffling the terms in the last
equation, Lemma [5.1] is achieved.

Denote z(t) = P(x(t)) " *x(¢). From (53], (5.6) and Lemma Bl we have
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V() = %(t) P (x(t)) " x(t) +x(t) P (x(t) " k(1) +x(t)" jP( (1) "x(t)

t

T(Zszwj (A; + B.F;P(x(t))")
i=1 j=1

+Z;Z_;W%B iGP(x(1)” 1)TP(x(t))_1x(t)

x(H)"P(x()) (Z wiw (A, +BE,P(x(t) )

=1 j=1

—z(t)T ZZ w;P; j + wiw; Py ;)z(t). (5.7)

i=1 j=1

Using the fact that w;w; = wjw; for all i and j, we have Y°7_) >0 wyw,
P, =>", Zp cwjw Py =3P S w;w;P; ;. which will be used in
the following analysm Expandmg P(x(t 5) B2 becomes
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p p p
V)= >3 wiwjwpa(t)” (P x Al + APy + F] Bl + B,F;)z(t)

i=1 j=1k=1
p
+y > wwat) (GIBY +B,G,)z(1)
i=1 j=1
p p
— ZZ’Uh([)U}] + ’U)j — ’LUj + U'j — O'J)Z(t)T—(PZ‘J‘ + Pj,i)z(t)
i=1 j=1

i=1 j=1k=1
P
+3 > wamat)” (G BY + B.G;)z(t)
i=1 j=1
PP 1
— Z Z wiwjz(t)T— (Pi,j + Pjﬂ')Z(t)
i=1 j=1
P P
+ Z Z w,»wjz(t)T (Pw + Pm)z(t)
i=1 j=1
P L.
+ szz(t)T Z ?T (Pz,r + Pm)z(t)
i=1 r=1
P
=33 wiwwa)” (Pox(As+ -1 + (A + 1Py,
i=1 j=1 k=1

p

r=1

Considering arbitrary matrices of A; = AT € R"*" i =1,2,--, p, and based

on the property of the membership functions of (Z3)), we have >0, w; =1

and 327, w; = 0 which lead to 337, - wiw;A; = 0. It can be written

as Yo7 Doy wilpy 4wy —wj oy —0y) g Ay =300 YE wi(@) — wy —
1 —1 1

o) g i = 30_q D witly A = 3T 3 wi(wi o) g A =300 30

wimj%Ai DDA wiwj(% + > h—1 %)A; = 0. Adding the last equation

to (B8), we have,
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i=1 j=1 k=1
. 1 P o
FIBI +BiF; + > 2Py, +Pp) = (- + > Z) A )a(t)
r=1 p r=1 p
1 1
+ Z Z UJIIUJ (GTBT + B G (P'L',j + Pjﬂ') + —Ai)Z(t)
i=1 j=1 P P
(5.9)
Denote 2 =2 > S¥_ wywjwpE;j; where
= 1 1 TRT
Bije = Pji(Ai + ’ )+ (Ai+- p DP;: +F;B; +B,F;
P or 1 ’ o
Z— P, +Pi)— (4> —Z)A; Vi, j, k. (5.10)
—_ P L
By following the analysis procedure in M], we have,
P P P
E=) wiBu+Y Y. wiwi(Eis+Eyi + )
i=1 i=1 j=1,j#i
p—2
+ Z wiijk(Eijk + Bk +Ejik + By +Ejri + Eka‘)-
i=1 j=i+1 k=j+1
(5.11)

Deﬁne Yiii = Y% € §Rn><n7 i=1,2,-,p, Yii] Y;];z € §Rn><n7 iji —

i1
zgz %nxn .7 .] - 1a 2a ey, P { # ja ijk = ijz §Rn><n7 ikj — YJJ;W
R and Y, = Y5, € RO = 1,2, oo, p2; j = i1, i42, -+, pls k
Let

Y >

[I]

a Vi (5.12)

Yiij + Yiji + Yjii 2 Bij +Biji + Ejia Vi, ji1# ] (5.13)

Yijke + Yikj + Yjie + Yiij + Y + Yiji 2 Bije + Bikj + Ejir + Bkij
(5.14)

From (B12) to (5I4]), we have
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2<

HM\ “Mﬁ

SY”'L + Z Z w 'IUJ Y“] + Y’L]Z -+ Y]n)
=1 j=1,j#i

K2

- P
Z Z ww; Wi (Yije + Yins + Yiie + Y + Y + Yii).
1 k=j+1
(5.15)

From (59) to (EI5), considering GT B} + B;G; (P” +Pji) + A <0
for all 4 and j, we have

p
V(t) < waz(t)TYiiiZ(t) + Z Z w?w] (t ) (Yiij + Yigi + Yjii)z(t)
i=1 i=1 j=1,ji
-2 p—1 P
Z Z Z wiw;wiz(t)” (Yijr + Yirg + Y + Yiij
i=1 j=i+1 k=j+1
+ Yni + Yyj)z(t)

P
=> wer(t)"Yyr(t) (5.16)
k=1
{wﬂ(t)-l [Ylkl Yipe - Ylkp-|
woz(t) Yor1 Yoro -+ Yopp
where r(t) = ) Y = .

wyz(t) Yprt Ypre -0 Ypkp

Remark 5.0. Referring to the PDLF (&), it is required that P(x(t)) =
1> -1 Pry >0, which can be written as

T
wlz(t) P171 PLQ e PLP wlz(t)
wgz(t) P271 P272 e P27p wgz(t)

> 0.
wpz(t) PyiPpo--- Ppyp wyz(t)
Pii1Pip P,
) ) Py Pyy--- Py
Thus, P(x(t)) > 0 is achieved by ) . > 0.

Pp,l Pp,2 Pp,p

From (50 and (5I6), based on the the Lyapunov stability theory, V (¢) > 0
and V (t) < 0 for z(t) # 0 (x(t) # 0) implying the asymptotic stability of the
FMB control system (4], i.e., x(¢) — 0 when time ¢ — 0o, can be achieved
if the stability conditions summarized in the following theorem are satisfied.
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Theorem 5.1. The FMB control system {5.5), formed by the nonlinear plant
represented by the fuzzy model (Z3) and the fuzzy controller [5.3) connected
in a closed loop, is asymptotically stable if there exist pre-defined scalars p
and and o;,1 = 1, 2, -+ -, p, satisfying w;(x(t)) + pw; (x(t)) +o; > 0 and there
exist matrices F; € R™*", G, e R™", j =1,2,---,p, P = PIT,c € jnxn
kol=1,2,p Yii —YlT” ?R"X", i=1,2 -, p Y =YL e R,
Yijz Yz;l € §Rn><n i 1 2 Ty Dit ‘ 7é j7 ijk = ngz € §Rn><n,
Yirj = Y, € RV, Yﬁk Yi, €RVT 0 =1, 2, p-2 § =i+, 042,
ceyp-l k=541, 542, -, pand Ay = A, € RV 0 =1, 2, -+, p, such
that the following LMIs are satisfied.

LMIs of (512) to (5.13);

PiiPis-- Py
Pyi1 Pys--- Py
. L > 0;

Pp,l Pp,2 Pp,p

1 1 o
G'B! +B:G, - I—J(Pm +P;;) + /—)Ai <0Vi, j.

5.3.2 An Improved Non-PDC Fuzzy Controller

It is found that the stability analysis can be improved by including the mem-
bership function wy in the second term of the non-PDC fuzzy controller of
(B3). Hence, we propose an improved non-PDC fuzzy controller in the fol-
lowing form:

p P
ijF P(x )+ wwHP(x(t) T x(t)  (5.17)

j=1k=1
where Hj, € R*", j, k=1, 2, ---, p, are feedback gains to be determined.

Remark 5.7. Comparing to the non-PDC fuzzy controller (B.3]), the extra
membership functions wy in the second term of (BIT) is able to further
enhance the nonlinearity for feedback compensation. However, it complicates
the controller structure that may increases the implementation cost. It is thus
suggested that the non-PDC fuzzy controller (5.3]) is employed for initial de-
sign. If no feasible design is achieved, the one in (EI7) can be employed.

In the following, we consider the FMB control system formed by connecting
the fuzzy model (22]) and the improved non-PDC fuzzy controller (517) in
a closed loop that is shown as follows.
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x(t) =

wi (Aax(t) + By (Y w;FP(x(t) (1)

j=1

+ ’ bS]
5. 1
NE

2

@ P (x(1) 'x(1)) )

1 k=1

J

M@

waj (A; + B;F;P(x(t))"1)x(t)

=17

+30 D> wiwjwBHP(x(1) T x(t) (5.18)

k=1

=

=1 j=

We consider the PDLF candidate (5.0) to investigate the system stability
of (BI]). By introducing the slack matrices Ay = Ag; € R™*™, we have

i1 2k Wiwe Ak 305y by = 3T DT DTk withjwpAge = 0. From
the (5.6) and (G.IX), recalling that z(t) = P(x(t))"'x(t) and following the
same line of derivation procedure as in the previous section, we have

. P D P 1 1
V(t) = Z Zwiijkz(t)T (Pj’k (AZ + —I)T + (AZ + —I)Pj’k
i=1 j=1 k=1 P P
L. 1 L.
+FIBT 4 B, + 3 T (Piy +Pr) — (= + 3 ) Au)a(t)
r=1 p P r=1 p
P P P 1
+D DD wiwjwpa(t) (HJTkB + BiHjjk ;(Pm +Pj)
i=1 j=1 k=1
+ %Aik>z(t). (5.19)
Denote

P
+y° %) W Vi, g,k (5.20)

which satisfy (12) to (B14). Introducing matrices S;ji = S € R"*", we
consider the following inequalities.

1 1
Sz]z > HTBT —+ BzH]z — ;(Pi,j + P]"i) + ;A“ A ’i, j (521)
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1 1
S”kJrSUk >H BT+B H i — ;(Pi’jJer,i) + ;Aik
1 1 .
+H],B} +B,H;; — ;(Pk,j +Pjr) + ;Aki Vi, ki i<k
(5.22)
From (&12) to (&14), (21) to (22), (E19) becomes
P p P
Z O TYr(t) + Z ijw?z(t)TSijiz(t)
k=1 i=1j=1
+ Z ijwlwkz (S”k + Sz;-k)z(t)
j=1 i<k
P P
= wer(t) Yer(t) + > wer(t)"Sr(t) (5.23)
i=1 k=1
Sik1 Sik2 -+ Sikp
Sor1 Sor2 -+ Sakp
where Sy, = ) e
Spkl Spk2 e Spkp

From (50 and (5:23), based on the the Lyapunov stability theory, V (¢) > 0
and V (t) < 0 for z(t) # 0 (x(t) # 0) implying the asymptotic stability of the
FMB control system (51)), i.e., x(¢) — 0 when time ¢ — 0o, can be achieved
if the stability conditions summarized in the following theorem are satisfied.

Theorem 5.2. The FMB control system (5.4), formed by the nonlinear plant
represented by the fuzzy model (222) and the fuzzy controller (5.17) connected
in a closed loop, is asymptotically stable if there exist pre-defined scalars p and
ando;, i =1,2,---, p, satisfying w;(x(t))+ pw; (x(t))+o; > 0 and there exist

matrices Fj € R™M*", Hy, e R™*", 4, k=1, 2, -+, p, Py = P;‘Fk IS e
kol=1,2 - p Yu =YL e R0 4 = 1,2 p, Yu _Y;;Z € Rnxn,
Yiji = Y, € RV i, j = 1 2, -, pii # 4, Yyu = Y[, € R
Yo =Y, € RO Y = YE, € RV i =1, 2, 0, p-2 j =41, 42,

ceop-1; k=441, j+2, -+, poand Ay, = Ay € §R"><”7 i,k=1,2 --,p,
such that the following LMIs are satisfied.

LMIs of (512) to (5.13), (5.20), B.22);

Yi<0;
S, <0Vi;
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PiiPiy- Py
Pyi Poy- - Py

Pp,l Pp72 Pp,p

Remark 5.8. The proposed PDLF-based non-PDC fuzzy control approach can
be applied subject to the following conditions.

1. The FMB control systems are subject to perfectly matched premised mem-
bership functions. It means the fuzzy controller has to share the same
membership functions as those of the TS fuzzy model.

2. The forms of the membership functions and their time derivatives have to
be known and do not depend on the control input, u(t), in order to find
the scalars p and o; that provide information of the membership functions
to facilitate the stability analysis.

Remark 5.9. In this chapter, the stability analysis requires the inequalities of
w;i(x(t)) + pw;(x(t)) +0; > 0,4 =1, 2, ---, p, to be satisfied. The scalars
of p and o; bring the MFB information to the stability analysis. Hence, the
stability analysis is considered as an MFSD analysis approach.

The solution of the stability conditions in Theorem [2.4]is a particular case of
the solution of the proposed stability conditions in Theorem[5.1] and Theorem
It can be shown that if we choose P; ; = P for all j (where P is a constant
symmetric positive definite matrix), P; = 0 for all j # k, G; = 0 for all j,
and A; = 0 for all ¢ (for Theorem [5]) or A;; = 0 for all ¢ and j (for Theorem
[B2); the stability conditions in Theorem [5] and Theorem [5.2] are reduced to
the stability conditions in Theorem 24 Tt was reported that Theorem 2] to
Theorem 2.3] are particular cases of Theorem .41 Hence, it can be concluded
that the solutions of the particular cases of Theorem 2.1l to Theorem 2.3 are
also the solutions of the proposed stability conditions in Theorem [B.1] and
Theorem Further relaxed stability conditions can be achieved by using
the analysis procedure with the Polya’s Theorem @]

Ezample 5.1. Consider the TS fuzzy plant model in the form of [22) with

1.59 =7.290 0.02 —4.64 0
x(t) = [@1(t) 2a(t) z35(t)]", Ay = [0.01 0 0|, Ay = |0.35 0.21 0],
0 —-0.170 0 —-0.780
—a—433 0 1 8 —b+6
A3 = 0 —0.05 0 s B1 = 0 s B2 =10 s B3 = -1 s where
0 0 -0.21 0 0 0
2 <a<12and 2 < b < 24 are constant parameters.
The membership functions are defined as wi(z3(t)) = ppn(z3(t)) =
1 - ﬁ NG wa(z3(t) = paz(ws(t)) = 1 — wi(zs(t)) — wslas(t)),
wz(23(t)) = pars(23(t)) = ﬁ Based on the membership functions
de 0.8
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and the operating region of the TS fuzzy model, the time derivatives of
_aa()+1
_ 1.25¢7 08 (b

the membership functions are obtained as w;(x3(t)) = = (t)ﬂ)g ,
+e T 0.8

. . . . 1256%@3@)
wa(z3(t)) = —wi(x3(t)) — ws(zs(t)) and ws(xs(t)) = W where
+e 0.8

ig(t) = (= 017wy (w3(t)) — 0.78wq(3(t)))w2(t) — 0.21ws(xs(t))ws(t) as
given by the TS fuzzy model. It can be seen that the time derivatives of
the membership functions are independent of the control signal u(t) as re-
quired by the conditions stated in Remark Based on the membership
functions and their derivatives, it can be found numerically that p = 1,
o1 = —0.012993, 05 = —0.093097 and o3 = —0.001244 satisfy the inequali-
ties of w;(x3(t)) + pwi(xs(t)) +0; >0,4i=1,2, 3.

In this example, the proposed non-PDC fuzzy controllers (B.3]) and (&.17)
are employed to close the feedback loop of the TS fuzzy model. The stability
conditions in Theorem [5.J] and Theorem are employed respectively to
check for the stability regions. The stability regions corresponding to the
non-PDC fuzzy controllers (53) and (BI7) are shown in Fig. 5.2 denoted
by ‘x’ and ‘o’, respectively. It can be seen that the stability conditions in
Theorem offer a larger stability region. However, the non-PDC fuzzy
controller (5I7) has a more complex structure than the one of (3]). Hence,
in the overlapping stability region in Fig. 5.2 it is suggested to employ the
non-PDC fuzzy controller (5.3)) for the control process to lower the structural
complexity of the controller.

For comparison purposes, the stability conditions in @, ] are employed
to check for the stability regions, which are shown in Fig. denoted by
‘x” and ‘o’ respectively. Furthermore, the published stability conditions in
Theorem [Z4] and Theorem 2] (the degree of fuzzy summation M] is chosen
as d = 4) are also employed to check for the stability regions which are shown
in Fig. B4l As the stability conditions in Theorem 2] to Theorem are
particular cases of those in Theorem 2.4 hence, the stability regions offered
by them are not shown. It can be seen that the proposed stability conditions
in this chapter offer larger stability regions than the published ones.

Remark 5.10. It has been shown in Fig. to Fig. B4 that the proposed
stability conditions in Theorem [5.1] and Theorem are more relaxed than
the published ones. However, the proposed non-PDC controllers have com-
paratively more complicated structures. Hence, it is recommended that the
published stability conditions under the PDC design and PILF analysis
approach should be employed first to design the fuzzy controller for sim-
pler structure and lower implementation cost. If a feasible design cannot be
realized, the proposed stability conditions can then be employed.
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Fig. 5.3 Stability regions given by stability conditions in M] (‘x7) and @] (‘0”).
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Fig. 5.4 Stability regions given by Theorem [Z4] (‘x’) and Theorem (‘o).

5.4 Conclusion

The system stability of FMB control systems subject to perfectly matched
premised membership functions has been investigated under the PDLF ap-
proach. Two types of non-PDC fuzzy controllers have been proposed to con-
trol the nonlinear plants. The proposed controllers employ both the mem-
bership functions and their derivatives for the feedback compensation of the
plant nonlinearity. Furthermore, the information of the membership function
boundary has been utilized to facilitate the stability analysis. LMI-based sta-
bility conditions have been obtained to achieve stable FMB control systems.
It has been shown that the solution of the stability conditions under the
PDC design and MFSI analysis approach discussed in Chapter [2is a partic-
ular case of the proposed ones in this chapter. Through simulation examples,
it has been demonstrated that the proposed stability conditions under the
non-PDC design and PDLF analysis approach are more relaxed than some
published ones.



Chapter 6
Regional Switching FMB Control Systems

6.1 Introduction

In the previous chapters, the stability analysis of FMB control systems sub-
ject to perfectly and imperfectly matched premise membership functions was
investigated. Various techniques, such as the MFSI and MFSD approaches
with PILF/PDLF, were introduced for relaxing the stability conditions. Un-
der these approaches, a single fuzzy controller is employed for the control
process.

However, if the nonlinearity of the plant is strong enough, it is possible that
a single fuzzy controller is not able to compensate the nonlinearity and sta-
bilize the plant. In this chapter, a regional switching fuzzy control technique
was proposed @, ] to handle nonlinear plants with strong nonlinearity.
The basic idea is illustrated in Fig. The operating region of the nonlinear
plant is divided into a number of operating sub-regions. Referring to Fig. [6.1]
it is assumed that the system has 2 system states, namely z1(t) and z2(t).
The operating region is denoted by the dash square, which contains 4 sub-
regions denoted as Ry to R4. Corresponding to each sub-region, a local TS
fuzzy model is employed to describe the system dynamics of the plant. Based
on each local TS fuzzy model, a local fuzzy controller is designed accordingly.
As the nonlinearity for each operating sub-region is weaker than that for the
full operating region, it is more likely to come up with a stable design in each
sub-region. When the FMB control system is working in R;, i = 1, 2, 3, 4,
the ¢-th local fuzzy controller is employed to control the system. The result-
ing switching FMB control approach offers a potential to further relax the
stability conditions. The switching FMB control approach was investigated
in ﬂﬂ, @, @] By using the fuzzy combination technique @], the abrupt
change of the control signal due to the switching activity is smoothed out.
Some other switching fuzzy control techniques can be found in @, @, @]

In , , @, @,m, @], the stability analysis is subject to the follow-
ing limitations: 1) it is required that a switching TS fuzzy model is needed
for the stability analysis and controller synthesis. In some situations, it is

H.-K. Lam and F.H.F. Leung: FMB Control Systems, STUDFUZZ 264, pp. 101
springerlink.com © Springer-Verlag Berlin Heidelberg 2011
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Fig. 6.1 A diagram illustrating the concept of regional switching FMB control
approach.

inconvenient or difficult to obtain the switching TS fuzzy model. For exam-
ple, when input-output data are needed for constructing the TS fuzzy model,
it may be difficult to obtain the data for the nonlinear plant that works in
a particular region, especially when a large number of small operating sub-
regions are considered. 2) The stability analysis is conducted under perfectly
matched premise membership functions. Hence, the regional switching FMB
control approach ﬂ2_1|, @, @, @, @, @] cannot be applied for nonlinear
plants subject to parameter uncertainties appearing in the premise member-
ship functions of the fuzzy model. In this chapter, another regional switching
FMB control approach is proposed to deal with nonlinear plants with strong
nonlinearity. The proposed approach is able to circumvent the aforementioned
limitations by using the regional information together with the consideration
of membership functions.

6.2 Regional Switching Fuzzy Controller

Considering that the operating domain is divided to ¢ operating sub-regions,
a fuzzy controller for the operating sub-region j is proposed to control the
nonlinear plant represented by the fuzzy model ([2.2]). The k-th rule for the
j-th regional fuzzy controller is of the following form:

Rule k: IF g;1(x(t)) is N/* AND --. AND g0 (x(t)) is N2
THEN u;(t) = Gjrx(t),j =1,2,...,k=1,2,...,p (6.1)

where Ngk is the fuzzy set of rule k corresponding to the function g;3(x(t)),
6=1,2,---, 2; Gji € R™*", is the constant feedback gain of rule k for
the j-th regional fuzzy controller; u;(t) € R™*™ is the input vector for the
j-th sub-operating domain. The rest variables are defined in Section 2.3l The
inferred j-th regional switching (RS) fuzzy controller is defined as follows.
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=D mn(x(t) Gjrx(t) (6.2)

where
mji(X(t)) > 0V j, k, ijk (t)=1V7 (6.3)
k=1
Q
[T (x0))
mjr(x(t)) = - Q Y 7, (6.4)
ZH’UN]k gﬂ ))
k=11=1
mjr(x(t)), j =1,2,---, ¢,k =1,2,---, p, are the normalized grades of
membership function, BN (g8(x(t)), =1,2,---, 2, k=1,2,---, p, are

the membership functions corresponding to the fuzzy set N ék.

The j-th regional fuzzy controller defined in (G.2]) is applied when the non-
linear plant is working in the j-th operating sub-region, which is characterized
by the constraints b, < he(x(t)) < h., where ¢ = 1, 2, ---, &; & is an integer
denoting the number of constraints in each operating sub-region; h_ and he
being scalar constants are the boundaries of the j-th operating sub-region.
For example, referring to Fig. [61], we choose hi(x(t)) as z1(¢t) and ha(x(t))
as wo(t). The 2 constraints of x11 < z1(t) < 212 and z21 < 22(t) < x99
characterize the sub-region R;, where x11, x12, 21 and x9o are defined in
Fig.

Define a scalar function v;(x(t)) which takes the value of 1 if hc(x(?))
indicates that the system states are inside the j-th operating sub-region;
otherwise, vj(x(¢)) = 0. As there is no overlapping between operating sub-
regions, it exhibits the property of Z;Zl vj(x(t)) = 1. With this concept,
from ([G.2)), the overall regional switching fuzzy controller is defined as follows.

)= 3 s 0

=3 el (x(0) Gex() (6.5)

Jj=1 k=1

Remark 6.1. With the function v;(x(¢)), when the system is working in the
j-th operating sub-region, the corresponding j-th regional fuzzy controller
will be activated to perform the control process.

Remark 6.2. The regional switching fuzzy controller is reduced to the tra-
ditional fuzzy controller ([2:6) when we choose ¢ = 1 (i.e. the full operat-
ing region is considered). Consequently, comparing (2.6) with (6.5, we have
my(x(t)) = m;x(x(t)) and Gy = Gy, for all j.
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Fig. 6.2 A diagram illustrating the concept of regional switching FMB control
approach.

A block diagram illustrating the regional switching fuzzy control scheme
is shown in Fig.

6.3 Stability Analysis of Regional Switching FMB
Control Systems

Considering the fuzzy model ([22)) and the RS fuzzy controller (6.3]) connected
in a closed loop, the RS FMB control system is obtained as follows.

X(t) = wilx(t)) (Aax(t) +Bi Y > v (x(t))myr (x(£)) Grx(t))

1 =1 k=1

> wi(x(t))v; (x(1))ym (x(1) (Ai + BGyr)x(t)  (6.6)

For brevity, w;(x(t)), v;(x(t)) and m;x(x(t)) are denoted as w;, v; and mjy,
respectively. In the following analysis, as given by the property of these vari-
ables, the equality Y7, wi(x(t)) = Y7, vi(x(t)) = Yp_y mk(x(t)) =
D ST wi(x(t)vy (x(t))mk (x(t) = 1 will be utilized. To inves-
tigate the system stability of the regional switching FMB control system
[66]), we consider the quadratic Lyapunov function candidate (B.I). Define
X =P~ z(t) = X 'x(¢) and the feedback gains of the fuzzy controller as
Gip=NX1 =12 ,¢k=1,2 -, p where Nj, € R™*".

From BJ) and (G.6]), we have
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V(1) = %(t)"Px(t) + x(t)"Px(t)
3N wivympx(t)” ((Ai + BiGjr) P + P(A; + BiGji))x(t)
k=1

»
»

C

Zzw”’ﬂmakz )T Qijnz(t) (6.7)

where Qijr = A; X + XAZT +B;Nj, + N;‘FkB? for all 7, j and k.

Remark 6.3. When ¢ = 1, the RS FMB control system is reduced to (ZI0).
Then, two cases have been investigated. Case 1 (Imperfectly matched premise
membership functions): when the number of rules of the fuzzy model and the
fuzzy controller are different, the system stability of the RS FMB control
system (6.6) is guaranteed by the stability conditions in Theorem 21 Case
2 (Perfectly matched premise membership functions): when the fuzzy model
and the fuzzy controller share the same set of premise rules and member-
ship functions, the stability conditions in Theorem 2.2 to Theorem [2.5] were
derived to examine the system stability and facilitate the controller synthesis.

In the following, we will investigate the stability of the RS FMB control sys-
tems (G.6) based on the Lyapunov stability theory for the cases of imperfectly
and perfectly matched premise membership functions.

6.3.1 Imperfectly Matched Premise Membership
Functions Based Inequalities

It should be noted that we cannot produce relaxed stability conditions by
directly following the stability analysis approach for Theorem to Theo-
rem [2.7] as the regional information is not considered. To bring the regional
information into the stability analysis, we propose some MFSI and MFSD
inequalities to introduce some slack matrices.

Based on the property of the membership functions that ZQ:I w, =
S _ i mjr = 1, we have > 7 _, (wx — my) = 0 for all j. Introducing slack
matrices A;; = A;frj € ™" and Vj, = ka € R™*" we have the following
MFSI inequalities.

p P
Z Zwl (wr, —mjk)Ai; =0 (6.8)

i=1 k=1

p p
3> (wi —myi)mp Vi =0 (6.9)

i=1 k=1

As shown in Chapter B the boundary information of the membership func-
tions plays an important role for the stability analysis. Introducing slack
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matrices 0 < M”k = M;;Fjl- € " and 0 < Wy, = W{ﬁ e RN Gk =

1,2,---,p;j=1,2, , ¢, we consider the following MFSD inequalities for
the j-th operating sub region.

p p
Z Z (wiwy, — WMje — MjiWg + My Mk — Pijk)Mijk >0Vy (6.10)
=1 k=1

(O'ijk — (wywy — WMk — My Wk + mjimjk))WUk >0Vy (6.11)

M=
NE

i=1

=~
Il

1

where p;;, and o;;;, are constant scalars to be determined and satisfy the
inequalities w;wy, — wim i — mj;wy +mjimjk — piji > 0 and o455 — (Wiwy, —
WM — Mj;w, + mjm;)) > 0, respectively, for all 4, j and k.

Furthermore, for the j-th operating sub-region, it is assumed that the
membership functions satisfy the following inequalities.

dji Swi(x(t) < e Vi, j (6.12)

Nk < mje(x(t)) < vjp V4, k (6.13)

where the scalar constants of d;;, €5i, njx and ;. are the lower or upper
membership-function boundaries. Consequently, introducing slack matrices
0 < Hj =H, € RV 0 < Ty = I, € RV, 0 < Ky = K € R
and 0 < Ly, = L;fgk € R™*™ for all i, j and k, we can construct the following
regional MFSD inequalities for the j-th operating sub-region.

(wi — 5ji)(wk — 5jk)Hijk >0VYjy (6.14)

M-
NE

s
Il
—
=~
I
—

NE
NE

(5ji - wi)(sjk - wk)Jijk >0Vjy (6.15)
=1 k=1
P p
DD (mygi —mji) (mgk — 0jg)Kigr >0V j (6.16)
1=1 k=1

p
Z Yji — mi) (Vi — myr)Ligr > 0V j (6.17)
1 k=1

M@

7
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Remark 6.4. The matrix and scalar variables in (610) to (EIT) contain the
regional and boundary information of the FMB control system to facilitate
the stability analysis. It should be noted that there must exist the lower and
upper bounds (psjk, Tijk, 0ji, €ji; Nji and 7;;) such that the inequalities of
(6I0) to (6IT) are satisfied. As the form of the membership functions of
w;(x(t)) and m;x(x(t)) is known, the lower and upper bounds can be found
analytically or numerically.

6.3.2 Stability Analysis with Imperfectly Matched
Premise Membership Functions

Adding the inequalities of ([GI0) and (GIT]) to ([GIT]), we have the follows.

P
Zwlujm]kz Q”kz( )
i=1 j=1 k=1
v (Wiwy — wimk — Myiwk + myimg, — pii)z(t) T Mijez(t)
0;(0ijr — (Wiwk — wimyk — myiwy + myimge))z(t)” Winz(t)
wiv; (we — myr)z(t) " Aijz(t)
(wi — mga)vymz(t) " Vea(t)
P
Zwivjmjkz(t)T(Qijk — M — Myji + Wi + Wy,
P c p
— Aij + ij)z(t) =+ Z Z Z wijkz(t)T(Mijk — Wijk
i=1 j=1 k=1
P P
+ Aij + Z Z(U'rjswrjs - prjsMrjs))Z(t)

p
> mgivymgea(t)” (Mg — Wik — Vi) a(t) (6.18)

Furthermore, reshuffling the terms in (6I8]) and considering the inequalities

of (GI4) to (6I7), (EI8) becomes the following.
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C

S22
— Aij + ij)Z(t) + Z

i—1 7

wiv;mirz(t)T (Qujr — Mijk — Myji + Wi + Wy

TTM»S

(&

wivjwpz(t)’ (Mijk - Wik

(O'rjswrjs - prjsMrjs + 6jr6jerjs

p
1
+ Aij + Hije + Jijr +
s=1

s

r=
P

+ Ejrgjs']rjs + njrnjsKrjs + 'yjr'Yjs T]G Z r 7]7’ + Hrji)

r=1

p
Z mjivjmjkz(t)T (Mijk — Wijk
k=1

C

+ e (Jijr + Jrji))>z(t) + Zp:
=17

— =
P
— Vi + Kiji + Lij— > (mjr (Kijr + Krji) +70 (Lijr + Lrji)))z(t)
r=1

(6.19)
Introducing matrices R, = R,W € ™", Siji € R™™ and Ty = Tfji €

R>*" for all 4, j and k, we consider the following inequalities.

Riji > Miji = Wiji — Vi + Kiji + Lijs
P

= (e (Kijr + Koji) + 0 (Lijr + Lji)) Vi, j (6.20)

Rijr + Rz;k > Mijr — Wik — Vi + Kijr + Liji
p
- Z (nr Kijr + Krji) + vjr (Lijr + Liji))
+ Mypji — Wy — Vi + Kyji + Ligji

p
=" (0 (Kjr + Krji) + e (L + L)) V5 b5 i < k
r=1

(6.21)

Sijr + SiTjk > Quijr — Mijre — Myji + Wi + Wy — A + Vi Vi, g, k
(6.22)
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p p
Tiji > Miji — Wiji + Agj + Hiji + Jiji + Z Z(Urjswrjs
r=1s=1

- prjsMrjs + 5jr5jerjs + 5jr5jerjs + njrnjsKrjs + "Yj’r’)/strjs)

P
- Z (00 (Hijr + Hyji) + €50 (Jijr + Irji)) Vi, j (6.23)

r=1

p P
Tk + Tgk > Mijr — Wik + Ay + Hyj + Ty + 2 Z Z(Urjswrjs

r=1s=1
- prjsMrjs + 5j7‘5jsH7‘js + 5j'r5js']7'js + njr'r]jsKrjs
P
+ s Lirgs) = O (60 (Hijr + Hygi) + 50 (Jijr + i)
r=1

+ Myji — Wi + Agj + Hygi + Jiji

P
- Z (650 (Hpjr + Heji) + €0 (Tgr + i) Vi by i < k

r=1

(6.24)
From (G.19) to ([€.24), it follows that,
P C P c
V() <D0 miiva(t) Rijiz(t) + Y myivymia(t)” (Rije + Rije)a(t)
i=1 j=1 k=1j=1 i<k
P c p
+30 D> wivyma(t)” (Sigk + Sie)a(t)
=1 j=1 k=1
P C P c
+ D D wivgat) Tuiz(t) + Y Y wavjwea(t)” (Tije + Tiji)a(t)
i=1j=1 k=1j=1 i<k

. [n®]7 Ry ST [rs(t)

_;UJ {S(t)} [sj T, | st) |- (6.25)
m;12(t) w1z (t) Rij1 Rijo -+ Rajp
mjoz(t) woz(t) Roj1 Raojo -+ Ryj

where r;(t) = ! . , s(t) = . R, = .J .J . .Jp
mjpz(t) wpz(t) Rypj1 Rpjo -+ Ryjp
S1j1 S1j2 -+ Sijp T1j1 Tijo -+ Tijp
e P L

Sp1 Spj2 +** Spjp Tpj1 Tpjo -+ Tpjp
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From (31) and (625), based on the the Lyapunov stability theory, V(¢) > 0
and V (t) < 0 for z(t) # 0 (x(t) # 0) implying the asymptotic stability of the
FMB control system (6.6) with imperfectly matched membership functions,
i.e., x(t) — 0 when time ¢t — oo, can be achieved if the stability conditions
summarized in the following theorem are satisfied.

Theorem 6.1. The RS FMB control system (6.0) with imperfectly matched
premise membership functions, formed by the nonlinear plant represented by
the fuzzy model (Z3) and the RS fuzzy controller (67) connected in a closed
loop, is asymptotically stable if there exist predefined constant scalars piji,
Tijk, Oji, €5is Nyi and Vi, 4, k =1, 2, ---, p, j =1, 2, ---, ¢, satisfying
the inequalities w; (x())wp (<(£)) — w; (x(£))mip (x(£)) — s (x() i (x(1)) +
g 1)) (3(0)) s = 0, 01— (0 (1) ((£) 0 Cx(6) e (1) —
() (x(2)) + sy (D)) > O, 85 < wi(x(t) < e and
ik < myp(x(t)) < ij for all i, j, k and x(t), and there exist matrices
H”k = Hz;k S §Rn><n! ijk = ij;k € §Rn><n’ Kijk: = ng € %”’X", L”k =
LTk € Rnxn s Mz’jk = ngz S %nxn Njk = N?k S %mxn, Rijk = R,];JZ
§Rn><n S’L]k e §Rn><'n, lek» Tka %nxn; jk; — V}’I‘C E §Rn><n WZJ’C —
W{Z e 7. X = XT ¢ X" and Ay = AT € R™*™ such that the
followmg LMIs are satisfied.
X >0

H;. >0V4, j, k;
Jijk >0V 14, 4, k;
Kijr >20Vi, j, k;
Lijr >0V, j, k;
M >0V, j, k;
Wi >0V4, j, k;
LMIs of (620) to (6-23);
[Rj ST

J ;.
S, TJ <0V j;

and the feedback gains are designed as G = N, Xt for all j and k.

Remark 6.5. When only one operating region is considered, the RS FMB
control system (&.8) is reduced to x(t) = >°7_) >0, wim;(A; + B;G;)x(1).
The time derivative of the quadratic Lyapunov function (67) becomes V (t) =

11;1 22:1 wimkz(t)TQikz(t) where Qik = AZX + XAlT + BZNk + NgBZT
From the stability conditions in Theorem 2.1l the FMB control system with
imperfectly matched premise membership functions is asymptotically stable
if Q;x < 0 for all ¢ and k. It can be shown that the solution of the stability
conditions in Theorem 2] (i.e., Q;x < 0 for all 4 and k) is also the solution
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of the proposed stability conditions in Theorem Considering only one
operating region, the subscript j is omitted in the following. Choosing H;, =
J'L’k = Kik = L'L’k = Mik = W,’k = 0 and V,’ = —Ai = 71 where 7 is a
non-zero positive scalar, ([G.20) to ([G.24) are reduced to R;; > —7I; Ry +
Rg,; > =2tLi, k=1,2,---,p; 1 < k; Sik—l—Sg,; > Qi + 271 i, k= 1,
2, Ty >—1Li=1,2 Ty +Th > -2t k=1,2, -+, p; i <k,
respectively. As Qi < 0 for all i and k, by choosing S;; + S}, = 0 and a
sufficiently small value of 7, we have 0 > Qi + 271. Furthermore, we choose
Sik+S%E =0 > —27T and Ti, +T% = 0 > —271. As a result, ([G25) becomes

o< e T2 - e T2 ] - o

(t
Ry 0 --- 0 Ty, 0 --- 0
0 Rop--- 0 0 Ty --- O
s(t)TTs(t) whereR = | . | andT=1| . . . . |[.It
0 0 - Ry 0 0 ---T,

can be seen that R = T < 0 can be achieved by properly choosing R;; > —71
and T;; > —71 for all i, which leads to V(t) < 0 for z(t) # 0 (x(t) # 0) that
further implies the asymptotic stability of the FMB control system. Hence,
the stability conditions in Theorem [2.]] are covered by the proposed stability
conditions in Theorem [6.11

Ezample 6.1. Consider the same TS fuzzy model in Example 2.1l The mem-
bership functions of the TS fuzzy model are defined in Example Bl which
are shown graphically in Fig.

To design the RS fuzzy controller, the operating region is divided into 3
sub-regions as shown in Fig. Corresponding to the j-th sub-region, a
sub-region j fuzzy controller is proposed with the following three rules.

Rule k: TF 2 (t) is N7*
THEN u(t) = Gjx(t),j,k =1,2,3 (6.26)

where ka is a fuzzy set of rule k corresponding to the system state x1(t) in
the j-th sub-region; Gji € R™*", j, k =1, 2, 3, are constant feedback gains
to be determined.

The membership functions of the fuzzy controller in the sub-region j are
defined in Example B.J] which are shown graphically in Fig. In this ex-
ample, for simplicity, the membership functions for all sub-regional fuzzy
controllers are the same. In general, different membership functions can be
applied in practice. Based on the chosen membership functions, it can be
found that the values of psji, 0ijk, 0ji, €ji, nji and 7y;; listed in Table
satisfy the inequalities of (G.I0) to (GI3]). Based on the parameters in Table
[G.1] the stability conditions in Theorem are employed to check for the
stability region of the RS FMB fuzzy control system by using the MATLAB
LMI toolbox. The stability region is shown in Fig. indicated by ‘o’ for
the system parameters of the TS fuzzy model in the range of 2 < a < 9,
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Region 1
0.9+ 9

0.8
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Grade of Membership
o
[$)]

0.31
0.2r

01k

Fig. 6.3 Membership functions of the fuzzy model: w1 (z1(t)) (left triangle in solid
line), wa(x1(t)) (trapezoid in dotted line) and ws(z1(¢)) (right triangle in dash line).
Membership functions of the fuzzy controller: mji(x1(t)) (left z shape in solid line),
mj2(x1(t)) (bell shape in dotted line) and m;s(x1(¢)) (right s shape in dash line),
j=1,23.

2 < b < 62. For comparison purposes, the stability conditions in Theorem
211 and Theorem B3] E, @] are employed to check for the stability region.
However, no stability region can be found. It should be noted that the stabil-
ity conditions in Theorem [Z.2] to Theorem 5] for perfectly matched premise
membership functions cannot be applied in this example.

Furthermore, we consider the case that all regional fuzzy controllers shar-
ing the same feedback gains and membership functions in Example 3] as a
result of the design in this example. From Remark [62] the regional switch-
ing fuzzy controller is reduced to the traditional fuzzy controller. Under this
case, the stability region is shown in Fig. indicated by ‘x’. It can be seen
that the proposed stability conditions are able to produce a stable design
for the FMB system in a large domain. In the overlapping stability region
(indicated by both ‘o’ and ‘x’ simultaneously at each point) in Fig. [64], it
is recommended to apply the traditional fuzzy controller in order to lower
the implementation cost. For the stability region indicated by ‘o’ only, the
regional switching fuzzy controller can be employed to realize a stable FMB
control system.



6.3 Stability Analysis of Regional Switching FMB Control Systems 113

Table 6.1 Information of operating sub-regions for Example

Operating sub-region Pijky Tijks 0jiy Ejiy Nyi and vji

Region 1: .’E1(t) < —4 p111 = 0.0000; p112 = pP211 = —0.0051;
p212 = 0.0000; p113 = ps11 = 0.0000;
p312 = p213 = —0.0006; p313 = 0.0000;
0111 = 0.0048; 0112 = 0211 = 0.0000;
o212 = 0.0055; 0113 = 0311 = 0.0005;
0312 = 0213 = 0.0000; 0313 = 0.0003;
511 = 0.5000; 11 — 1.0000; (512 = 0.0000;
E12 = 0.5000; 513 = 0.0000; €13 = 0.0000;
1 = 0.5000; v11 = 0.9536; 712 = 0.0465;
Y12 = 0.04820; 713 = 0.0009; y13 = 0.0180;

Region 2: —4 < ZBl(t) <4 p121 = 0.0000; pP122 = P221 = —0.0055;
pP222 = 0.0000; pP123 = P321 — —0.0031;
pP322 = P223 = —0.0055; P323 = 0.0000;
o121 = 0.0048; o122 = 0221 = 0.0011;
o222 = 0.0090; 0123 = 0321 = 0.0023;
0322 = 0223 = 0.0011; 0323 = 0.0048;
d21 = 0.0000; £21 = 0.5000; d22 = 0.5000;
€22 = 0.6667; (523 = 0.0000; €23 = 0.5000;
21 = 0.0180; v21 = 0.5000; 122 = 0.4820;
Y22 = 0.7616; 123 = 0.0180; 23 = 0.5000;

Region 3: z1(t) > 4 p131 = 0.0000; p132 = p231 = —0.0006;
p232 = 0.0000; p133 = p331 = 0.0000;
P332 = P233 = —0.0051; P333 = 0.0000;
J131 = 0.0003; 0132 = 0231 = 0.0000;
0232 = 0.0055; 0133 = 0331 = 0.0005;
0332 =— 0233 = 0.0000; 0333 = 0.0048;
631 = 0.0000; €31 = 0.0000; 632 = 0.0000;
€32 = 0.5000; 633 = 0.5000; £33 = 1.0000;
131 = 0.0009; v31 = 0.0180; 732 = 0.0465;
v32 = 0.4820; 133 = 0.5000; 33 = 0.9526;

6.3.3 Perfectly Matched Premise Membership
Functions Based Inequalities

In this section, we consider the RS FMB control system with perfectly
matched premise membership functions of which w; = my; for all 4 and j.
Similar to the analysis approach for the RS FMB control system with imper-
fectly matched premise membership functions, some MFSD inequalities are
introduced. Removing all terms with m;; and/or mj; in (@I0) and (G611,
we have the following MFSD inequalities.
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Fig. 6.4 Stability region indicated by ‘o’ given by the stability conditions in The-
orem for Example

p P
Z (wiwy — pijr) Mg > 0V j (6.27)
i=1 k=1

p P
Z Z (0ijr — wiwg)Wijp >0V j (6.28)

1 k=

—

7

where p;;i, and oy, are constant scalars to be determined and satisfy w;wy, —
pijk > 0 and o5, — w;wy > 0, respectively, for all 4, 7 and k.

6.3.4 Stability Analysis with Perfectly Matched
Premise Membership Functions

From (614), (615)), (627) and ([628), with mj; = w; for all j and &, it follows
from (G7)) that
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c p
<22 Z wivswa(t)” Quna(t)
i=1j=1k
p c P
+ 300D wwiwe = pige)2(t) Migia(t)
i=1 j=1 k=1
P c P
T ZZZUJ ik — wiwg)z(t)T W ijpa(t)
i=1j=1 k=1
p c P
YD D (wiwn — widje — diw + 85i85k)z(t) Hijpa(t)
i=1 j=1 k=1
p c P
YYD (wiwk — wig — ejiwp + gjig50)2 () Tijrz(D)
=1 j—1 k=1
p c P
- Z Z wivjwyz(t)” (Qijk + M — Wi + Hije + Jijk
i=1 j=1 k=1

(_prjsMrjs + UTjSWT‘jS + 5jr6jerjs + 5j7'€jerjs)

+
M*ﬁ
NE

Il
—

s s=1

M*ﬁ

(8r (Hijr + Hyji) + €50 (Jijr + I rji)))z(b‘) (6.29)

Il
—

T

Introducing matrices R, = R;{ji € R™*" for all 4, j and k, we consider the
following inequalities.

Riji > Qiji + Miji = Wiji + Hiji + Jiji

+ Z Z prjsMrjs + Urjswrjs + 6jr6jerjs + Ejrgjs']rjs)

r=1s=1

- Z (6;r(Hijr + Hyji) + €50 (Jijr + J050)) Vi, j (6.30)

r=1

bS]

Riji + R?}k > Qi + My — Wi + Hyjr + Jij
+ Quji + Myji — Wi + Hyji + Jiji

p P
+ 2 Z Z(_prjsMrjs + Urjswrjs + 5jr(Sjerjs + Ejrgjs']rjs)
r=1s=1

P
- Z (65r (Hyjr + Hyji + Hyjr + Hyjg)
r=1

+ Ejr(Jijr + Jrjk + kar + Jrji)) Vik; i<k (6.31)
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From (@30) and (E31)), it follows that,

V() <D whiva(t) Rjz(t)

i=1 j=1

p
+ Z Z Z ’LUjinw]'kZ(t)T(Rijk + Rz;k)z(t)
=1 =1 i<k

= us(t) Rys(t). (6.32)
j=1

From (&) and (632), based on the the Lyapunov stability theory, V (¢) > 0
and V(t) < 0 for z(t) # 0 (x(t) # 0) implies the asymptotic stability of the
FMB control system (6.6]) with perfectly matched membership functions, i.e.,
x(t) — 0 when time ¢ — oo, if the stability conditions summarized in the
following theorem are satisfied.

Theorem 6.2. The RS FMB control system (6.0 with perfectly matched
premise membership functions (i.e., mj; = w; for all i), formed by the non-
linear plant represented by the fuzzy model (2.2) and the RS fuzzy controller
(63) connected in a closed loop, is asymptotically stable if there exist prede-
fined constant scalars piji, 0ijk, 05 and €5, i, k = 1, 2, ---, p, satisfying
the inequalities w;(x(t))wr(x(t)) — pijr > 0, o4 — wi(x(t))we(x(t)) > 0
and 0j; < wi(x(t)) < €5 for all i, j, k and x(t), and there exist matri-
ces Hijk = ij;k S %nxn’ Jijk = Jz;k € Rxn, Mijk = Mgﬂ € %nxn,
Njk = N;rk S §Rm><n; Rijk = joz S §Rn><n7 Wijk = ngz € R and
X = XT € R"*" such that the following LMIs are satisfied.

X > 0;
H;, >0V4, 7, k;
Jijk >0V 14, 4, k;
M. >0V, 4, k;
Wi >0V, j, k;
LMIs of (630) and (6-31);

R; <0Vj;
and the feedback gains are designed as G = N, Xt for all j and k.

Remark 6.6. The stability conditions in Theorem is a particular case of
Theorem[6.2] It can be shown easily that by choosing G; = Gy, for all j and
k, Hyji = Jiji = My = Wy, = 0, the stability conditions in Theorem [6.2]
is reduced to those in Theorem 2.3l The stability conditions in Theorem
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can be further relaxed by considering the analysis approach using the Polya’s
Theorem briefly discussed in Chapter [2

Remark 6.7. When the traditional fuzzy controller in Remark is consid-
ered, it can be deduced from Remark that the stability conditions in
Theorem [6.2] potentially are more relaxed than the published stability condi-
tions in Theorem[2.3], as the regional information of the membership functions
is considered.

Remark 6.8. Different membership functions constraints will produce differ-
ent stability analysis results by bringing different level of membership func-
tion information to the stability analysis. Some polynomial constraints were
investigated in @] which can also be employed in the stability analysis for
relaxing the stability conditions in this chapter.

Ezample 6.2. Consider the same RS FMB control system in Example In
this example, the RS fuzzy controller shares the same membership functions
of the TS fuzzy model. The membership functions of the TS fuzzy model
are defined in Bl and divided into 3 regions which are shown graphically in
Fig. Based on the membership functions, it can be found that the values
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Fig. 6.5 Stability region indicated by ‘o’ given by the stability conditions in
Theorem [6.2] for Example [G.21
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Table 6.2 Information of operating sub-regions for Example

Operating sub-region Pijky Oijk, 05 and €5;

Region 1: z1(t) < —4 p111 = 0.2500; p112 = p211 = 0.0000;
p212 = 0.0000; pP113 = P311 — 0.0000;
pP312 = P213 = 0.0000; P313 = 0.0000;
o111 = 1.0000; o112 = o211 = 0.2500;
o212 = 0.2500; 0113 = o311 = 0.0000;
0312 = 0213 = 0.0000; 0313 = 0.0000;
511 = 0.5000; €11 = 1.0000; 612 = 0.0000;
e12 = 0.5000; 413 = 0.0000; €13 = 0.0000;

Region 2: —4 < z1(t) < 4 p121 = 0.0000; p122 = p221 = 0.0000;
p222 = 0.2500; p123 = ps21 = 0.0000;
pP322 = P223 = 0.0000; pP323 = 0.0000;
g121 = 0.2500; 0122 = 0221 = 0.2500;
0222 = 0.4444; 0123 = 0321 = 0.0278;
0322 = 0223 = 0.2500; 0323 = 0.2500;
521 = 0.0000; E921 = 0.5000; 522 = 0.5000;
€22 = 0.6667; (523 = 0.0000; €23 = 0.5000;

Region 3: z1(t) > 4 p131 = 0.0000; pi32 = p231 = 0.0000;
p232 = 0.0000; p133 = p331 = 0.0025;
P332 = P233 — 0.000; P333 = 0.2500;
J131 = 0.0000; 0132 = 0231 = 0.0000;
o232 = 0.2500; o133 = 0331 = 0.0000;
0332 = 0233 = 0.2500; 0333 = 1.0000;
531 = 0.0000; €31 = 0.0000; 532 = 0.0000;
€32 = 0.5000; 533 = 0.5000; £33 = 1.0000;

of pijk, 0ijk, 0;; and €j; listed in Table satisfy the inequalities of (G.27)
to .

The system stability of the FMB control system is checked with the sta-
bility conditions in Theorem The stability region is shown in Fig.
indicated by ‘o’ for the system parameters of 2 < a <9, 2 < b < 62. Com-
paring Fig. with Fig. [63 it can be seen that the RS FMB control system
with perfectly matched premise membership functions has a larger stabil-
ity region. However, the RS FMB control systems with imperfectly matched
premise membership functions allow greater design flexibility on the mem-
bership functions of the fuzzy controller, which can be different from those
of the fuzzy model.



6.3 Stability Analysis of Regional Switching FMB Control Systems 119

Table 6.3 Feedback gains of the regional switching and traditional fuzzy controllers
for Example [6.2] with a = 9 and b = 58.

RS Fuzzy Controller Traditional Fuzzy Controller

= [-2.315270 5.099520]; G11 = Go1 = Ga1 = [—3.293223  3.700048];
G12 =[—0.905459 — 12.241911]; G12 = G2z = G32 = [—4.653888  — 10.749927];
Gi3 =[—0.930921 —3.264101]; Gi3 = Gas = G33 = [36.253629 61.707869]
G21 = [—0.718189 0.859555];
G2z =[—0.135919 — 0.087910];
Go3z = [—0.137327  0.398319];
Gs1 = [—0.004901 0.156980];
Gs2 = [—0.020936  0.437946];

[

Gaz = [0.240529 0.766671]

Table 6.4 Minimum and maximum amplitudes of control signal u(¢) for RS and
traditional fuzzy controllers for Example [6.2] with a = 9 and b = 58.

Initial Condition = Min/Max u(t) Min/Max u(t)
for RS Fuzzy controller for Traditional Fuzzy controller

x(0) = [10 —10]" -5.2614/0.3051 -254.5424/0.1578

x(0) =[5 —5]T -2.4906/0.3055 -61.5415/0.1578

x(0)=[-5 5]T -1.9911/13.1114 -0.5542/9.4089

x(0) = [-1010]" -0.1608/110.0355 -0.5438,/102.2530

x(0) = [10 O}T -0.5472/2.4053 -0.0000/362.5363
x(0)=[525]"  -2.3552/5.7293 -5.6704/174.8370

x(0)=1[-5 —2.5]T -1.1366/15.3709 -16.5867/25.1028

x(0) = [-100]"  -0.2869/23.1527 -0.8929/32.9322

For comparison purposes, we apply the traditional fuzzy controller (Z.])
to the same system. It is stated in Remark [6.2] that the proposed RS fuzzy
controller becomes the traditional one when all fuzzy controllers in different
regions share the same sets of feedback gains and membership functions. The
stability conditions in Theorem are employed to check for the system
stability. In this example, the traditional fuzzy controller produces exactly
the same stability region as shown in Fig. However, it can be shown in the
following that the feedback gains given by the RS fuzzy controller are smaller
in values than those of the traditional fuzzy controller. It is mainly because
the regional fuzzy controller only deals with the nonlinear plant operating
in a small operating region; the effect of the nonlinearity is less significant
than that under the full operating region. Hence, by employing the regional
switching fuzzy controller, potentially less energy is required to perform the
control process.
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(b) Phase plot of z1(¢) and z2(t) with traditional fuzzy controller.

Fig. 6.6 Phase portraits of the FMB control system with ¢ = 9 and b = 58 for

Example
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Fig. 6.7 Stability region indicated by ‘o’ given by stability conditions in @] for
Example

Considering the system parameters of @ = 9 and b = 58, the feedback
gains of the regional switching and traditional fuzzy controllers are ob-
tained with the MATLAB LMI toolbox based on Theorem [£.2, and listed in
Table[63l It can be seen that the feedback gains of the traditional fuzzy con-
troller are larger in values as compared with those of the regional switching
fuzzy controller. The phase portraits of the FMB control system subject to
different initial conditions are shown in Fig. It can be seen that both the
regional switching and traditional fuzzy controllers are able to stabilize the
nonlinear plant successfully. The minimum and maximum amplitudes of the
control signal u(t) subject to different initial conditions are listed in Table
It can be seen that, in general, the minimum/maximum amplitudes of
control signal u(t) provided by the RS fuzzy controller are much lower than
those of the traditional fuzzy controller.

We also consider the stability conditions in @], which include the infor-
mation of the membership function boundaries for the relaxation of stability
conditions of FMB control systems subject to perfectly matched premise
membership functions. The stability region given by the stability conditions
in [98] for our example is shown in Fig. It can be seen that the regional
switching fuzzy controller outperforms the published one as it offers a larger
stability region. Furthermore, comparing with the stability regions shown in
Fig. 21 given by some published stability conditions, it can be seen that the
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stability region given by the proposed stability conditions in Theorem
is also larger. The effectiveness of the proposed stability conditions and the
importance of the regional information are well demonstrated.

As mentioned early, the RS FMB control system with perfectly matched
membership functions is able to produce a larger stability region. However, as
the membership functions of the TS fuzzy model are required for the realiza-
tion of the fuzzy controller, the plant parameter uncertainties cannot be han-
dled simply by embedding them in the membership functions. Furthermore,
a complex nonlinear plant may lead to complex membership functions, which
will increase the implementation cost of the fuzzy controller. Hence, it is sug-
gested to employ the fuzzy controller with imperfectly matched membership
functions for the control process. When a feasible design cannot be achieved,
the RS fuzzy control approach with perfectly matched premise membership
functions can be employed to implement the fuzzy controller.

6.4 Conclusion

The stability of FMB control systems with imperfectly /perfectly matched
premise membership functions and the RS fuzzy control technique has been
investigated. A RS fuzzy controller, which consists of a number of regional
fuzzy controllers, has been proposed to control the nonlinear plant. During
the control process, one of the regional fuzzy controllers is employed at a
time according to the current operating sub-region. Based on the regional
information, the stability analysis and controller synthesis can be facilitated.
LMI-based stability conditions have been derived to check for the system
stability. Some simulation examples have been presented and the results
show that the proposed stability conditions are able to produce more relaxed
stability results.



Chapter 7

Fuzzy Combined Controller for Nonlinear
Systems

7.1 Introduction

Lyapunov approach is the most common approach to investigate the system
stability of fuzzy control systems based on the TS fuzzy model. The stabil-
ity of the FMB control systems with imperfectly/perfectly matched premise
membership functions are reviewed in Chapter[2l In general, the stability con-
ditions for the FMB based control systems with perfectly matched premise
membership functions are more relaxed. However, it is required that the TS
fuzzy model in the form of ([22)) is uncertainty free. As discussed in Chapter
2l the fuzzy controller (2.6 demonstrates an inherent robustness property on
dealing with nonlinear plant subject to a certain level of parameter uncertain-
ties by presenting the parameter uncertainties to the membership functions
of the fuzzy model. To deal with the parameter uncertainties, in this chapter,
a TS fuzzy model subject to parameter uncertainties is proposed for doing
the stability analysis. Stability conditions for this class of nonlinear systems
were investigated in [74, [104].

In @7 @7 @, |, a switching fuzzy model was employed to describe
the nonlinear plant with/without parameter uncertainties and to support the
design of a switching fuzzy controller. The switching elements of the switching
controller are able to approximate effectively the uncertain parameters to
facilitate the control process. Hence, the switching control scheme is very
robust to the parameter uncertainties and able to offer a consistent system
performance. However, an undesirable chattering effect M] occurs in the
control signal caused by the high-frequency switching activities during the
control process. Although the chattering effect can be alleviated by replacing
the switching function with a saturation functionﬂ@], a steady-state error
may be introduced in the system states.

In some published work, fuzzy logic was employed to combine various
traditional controllers to merge their advantages together. In @], a fuzzy
sliding-mode controller used the sliding-surface function as the input of the

H.-K. Lam and F.H.F. Leung: FMB Control Systems, STUDFUZZ 264, pp. 123
springerlink.com © Springer-Verlag Berlin Heidelberg 2011
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fuzzy system, the number of fuzzy rules can be greatly reduced. In ﬂﬁ, m, a
fuzzy system was employed to estimate the values of the gains of the sliding-
mode controller. Adaptive laws were derived to update the rules of the fuzzy
systems. As the switching function of the sliding-mode controller is approx-
imated by a continuous function, the chattering effect can be alleviated. In
ﬂﬁ], an adaptive fuzzy controller was proposed to generate the control signals
by estimating the values of the unknown parameters of the system. Based on
these estimated parameter values, tracking control can be achieved by using
the sliding-mode control approach. However, in these approaches, the way to
determine the fuzzy rules is still an open question. Furthermore, the approx-
imation error of the fuzzy systems will introduce steady-state errors to the
system states or even cause the system to become unstable. In }, switch-
ing elements were used in the controller for compensating the approximation
error of the fuzzy system.

In this chapter, a fuzzy combined control scheme @, @, is pro-
posed to handle nonlinear plants subject to parameter uncertainties. The
block diagram of the proposed fuzzy combined control scheme is shown in
Fig.[[.Il A fuzzy combined model, which consists of the global and local fuzzy
models, is proposed to represent a nonlinear system subject to parameter un-
certainties. The global fuzzy model is employed to model the dynamics of the
nonlinear plant in the full operating domain while the local fuzzy model is
employed to model the dynamics in a small operating domain near the origin
of the state space. Two fuzzy rules are proposed to combine the local and
global fuzzy models to form the fuzzy combined model. Denote the grades of
membership given by the two rules as mq(g(x(¢))) > 0 and ma(g(x(t))) > 0
(, which will be explained in detail later on). The values of mq(g(x(t))) and
ma(q(x(¢))) indicates the contribution of the global and local fuzzy models
respectively for the system modelling. Based on the fuzzy combined model, a
fuzzy combined controller that integrates the advantages of a global switch-
ing controller and a local fuzzy controller (both of them are state-feedback
controllers) is proposed. Stability conditions and switching laws are derived
based on the Lyapunov stability theory , , .

The switching fuzzy controller is responsible for driving the system state
towards the origin using its outstanding robustness property. When the sys-
tem states are approaching the origin, the local fuzzy controller will gradually
dominate the control process. The contribution of the switching fuzzy con-
troller and local fuzzy controller to the control process is determined by the
values of mq(q(x(t))) and ma(q(x(t))). By properly designing the member-
ship functions of the fuzzy combined model and fuzzy combined controller,
the chattering effect can be removed when the system operates near the
origin. To alleviate the chattering effect in the transient period, a satura-
tion function can be employed to replace the switching function of the global
switching state-feedback controller. A simulation example will be presented to
demonstrate the effectiveness of the proposed fuzzy combined control scheme.
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Fuzzy Combined State-Feedback Controller

m(q(x(t))) ——
Global Switching State-
Rule Base of —{ Feedback Controller u(t
g:m':bl:rz]?é z Nonlinear Plant x(t)
Model +—  Local Fuzzy State-
Feedback Controller
. ma(q(x(f))
[

Fig. 7.1 Block diagram of the FMB Control system.

7.2 Fuzzy Combined Model

Consider a nonlinear plant operating in a domain characterized by the system
states of 2 (t) € [Zypins Tymaw |» ¥ = 1, 2, -+, n, where z,,,,, and @.,,,,
are scalars that representing the lower and upper bounds of the system state
x(t). By using the TS fuzzy model, the nonlinear plant can be represented in
the form of ([22)), which is named as the global TS fuzzy model in this chap-
ter as it describes the dynamics of the nonlinear plant in the full operating
domain.

We further consider a small operating domain of the nonlinear plant around
the origin characterized by - (t) € [&+,.,, Ty, | Where &, and Z.,,,,
are scalars representing the lower and upper bounds of the x.(t) satisfying
Tmin < Typin < Tyae < Typaw » ¥ = 1,2, --+, n. A local TS fuzzy model
can be constructed for the small operating domain. Similar to the TS fuzzy
model in Chapter 2 the rules of the local TS fuzzy model is described by p
fuzzy rules of following format.

Rule i: IF fi(x(t)) is M{ AND ... AND fy(x(t)) is M},

THEN x(t) = A;x(t) + Bu(t) (7.1)
where M is a fuzzy set of rule i corresponding to the function fu(x(t)),
a=1,2 -, ¥;i=1,2,---, p; ¥is a positive integer; x(t) € R" is the
system state vector; A; € R"*" and B; € R™*" are known system and input

matrices, respectively; u(t) € "™ is the input vector. The system dynamics
is described by,

X(t) = wi(x(t)) (Aix(t) + Byu(t)) (7.2)
i=1

where
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T s (ix(0))

;i (x(t)) = fl Vi, (7.4)
o 1T e (A (1))
k=11=1
w;(x(t)), i = 1, 2, ---, p, are the normalized grades of membership, e
(fl (x(t))), 1 = 1,2, -+, ¥, are the membership functions corresponding to

the fuzzy set M.
The proposed fuzzy combined model, which is a fuzzy combination of the
global and local TS fuzzy models, has two rules in the following format.

Rule 1: IF ¢(x(t)) is ZFE

THEN x(t) = Y 1 (x(t))(Aix(t) + Byu(t)) (7.5)
i=1

Rule 2: IF ¢(x(t)) is NZ

THEN x(t) = Z w; (x(t))(Ayx(t) + Byu(t)) (7.6)

where rule 1 is for the local TS fuzzy model and rule 2 is for the global TS
fuzzy model in the form of 22); ZF (zero) and NZ (non-zero) are fuzzy
sets.

Remark 7.1. It should be noted that the global and local fuzzy models are of
the same form with the same number of rules in this chapter. By considering
the same operating domain, i.e., z,,.,. = Z,,.,, and ., =z, for all v,
the two models will become one. However, in general, the global and local
fuzzy models are not limited by these constraints and can be constructed
using sector nonlinearity technique

The function ¢(x(t)), which determines if the system is operating inside the
small operating region, is defined as,

Tp(t) — Tn
T (t)

z1(t) —501’ ‘352(75) _572‘
() Ul To(t)

a(x(t)) = max (|

) >0 (7.7)

b

Zimar Timin

where Z; = 5 , Ty = Hmes Plmin =1 2 ... n;|-| and max(-) de-
note absolute-value and maximum operators, respectively. ¢(x(¢)) < 1 implies
that the system is working inside the small operating domain characterized
bY Ty < Ty < Ty(t) < Ty, < @4, for all ;5 otherwise, it is outside
the small operating domain. The inferred fuzzy combined model is defined
as,
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1=1
P
+ma(x(t) D wi(x(t))(Aix(t) + Bu(t)) (7.8)
=1
where )
ma(x(1)) > 0913 my(x(t) = 1. (79)
k=1
_ (a(x(£))) _ (a(x(t))) .
ma(X(t)) = )tz ey Ad m2(xX() = rmadn ) Funs @@

pze(q(x(t))) and pnz(g(x(t))) are the membership functions corresponding
to the fuzzy terms of ZF and NZ, respectively. The membership function
prze(q(x(t))) is designed to cover the operating region of 0 < ¢(x(¢)) < 1,
while the membership function puxz(g(x(t))) covers the operating region of
a(x(t)) > 1.

It should be noted that the fuzzy combined model (8] is equivalent to
the TS fuzzy model [2.2) for any values of mq(x(t)) and mo(x(¢)). The fuzzy
combined model has the property that the local TS fuzzy model is equivalent
to the global T'S fuzzy model for both m4(x(t)) # 0 and ma(x(t)) # 0, i.e.,

i (x() (Ax(t) + Byu(t))

NE

X(t) =

<.

M~

w; (x(2)) (Ax(t) + Byu(t)) if mq(x(t)) # 0 and mo(x(t)) # 0.
1

.
I

(7.10)
The proof of (CI0]) is given in the following.

Proof. The proof is simple and straightforward. It is assumed that the global
and local fuzzy models are the exact models for the nonlinear plant. For
example, based on the sector nonlinearity technique }, an exact fuzzy
model can be constructed and it is equivalent to the mathematical model.
The local model is valid for the local operating domain while the global fuzzy
model is for the full operating domain. Considering the local operating do-
main, both global and local fuzzy models are valid and equivalent to the
mathematical model, i.e., (ZI0) is true. It is obvious that the global and
local fuzzy models are equivalent in the local operating domain character-
ized by 0 < my(x(t)) < 1 for all ma(x(t)). Consequently, we can draw the
same conclusion that ([ZI0) is true for a tighter condition m4(x(t)) # 0 and
ma(x(t)) # 0. This completes the proof.
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7.3 Local, Global and Fuzzy Combined Controllers

A fuzzy combined controller, formed by a local fuzzy controller and a global
switching controller, is proposed to control the nonlinear plant. The local
fuzzy controller is a state-feedback fuzzy controller and the global one is a
switching fuzzy controller. Their contribution to the control process depends
on the membership functions of uzg(q(x(t))) and unz(g(x(t))). The global
switching controller has a stronger robustness property to handle parameter
uncertainties by using the switching control technique. However, the switch-
ing activity will produce an undesired chattering effect, which can be removed
thanks to the local state-feedback fuzzy controller. Based on the property of
the local and global controllers, the membership functions pzg(g(x(t))) and
unz(q(x(t))) are designed in a way that when the system is working in the
defined small operating region, the local fuzzy controller is employed; other-
wise, the global switching controller is employed to drive the system states
towards the small operating region. As a result, the local and global con-
trollers are combined by the membership functions to form a fuzzy combined
controller that integrates their advantages for the control process.

7.3.1 Local Fuzzy Controller

The local fuzzy controller has the same form of ([2:6) and is described by ¢
fuzzy rules of the following format:

Rule j: IF g1 (x(t)) is N{ AND --. AND ggo(x(t)) is N7,
THEN u(t) = G;x(t) (7.11)

where f}j e Rm>*n 5 =1,2,---, ¢, are constant feedback gains to be deter-
mined. The rest variables are defined in Section The fuzzy controller is
defined as follows,

u(t) = 3 vy (x(1))Gx(t) (7.12)
j=1

where

o (1) = 0% 3,3 vy (x(t)) = 1. (7.13)
j=1

2
[T (an(x(2)))
=1

c 2
N OO

k=11=1

0j(x(t)) =

v j, (7.14)
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vj(x(t)), j = 1,2, ---, ¢, are the normalized grades of membership, j (g
l

(x(t))), L =1,2,---, 2, are the membership functions corresponding to the
fuzzy set Nj .

Remark 7.2. The local fuzzy controller is a state-feedback fuzzy controller.
Various LMIs based stability conditions have been given in Chapter 2] for
FMB control systems with this class of fuzzy controller. It has the advantage
that the structure of the fuzzy controller is simple, particularly when it has
some simple form of membership functions. However, it is not effective as
compared with other fuzzy control techniques, such as fuzzy sliding-mode
control @] and adaptive fuzzy control ﬂa, 95,123, @], to deal with nonlinear
plants with parameter uncertainties.

7.3.2 Global Switching Controller

The global switching state-feedback controller is defined as follows.
P
u(t) = 3 n, (x(6) G, x(1) (7.15)
j=1

where G; € R™*", j =1, 2, ---, p, are constant feedback gains to be de-

termined; n;(x(t)) takes the value of either ——£— or —£— according to a

switching scheme to be derived later; o, > 0 and K > 1 are scalars.
Remark 7.3. The global fuzzy controller is a switching controller that the
switching components offer a strong robustness property to handle the pa-
rameter uncertainties. However, due to the switching activity, an undesirable
chattering effect is introduced to the output of the system. Moreover, com-
paring with the local fuzzy controller, it is more complicated to implement
the global fuzzy controller owing to the switching components.

7.3.3 Fuzzy Combined Controller

As discussed above, the global and local fuzzy controllers have their own ad-
vantages and disadvantages. In this section, we apply the fuzzy combination
technique to combine these two types of fuzzy controllers such that the overall
fuzzy controller, named fuzzy combined controller, integrates the advantages
of the two types of fuzzy controllers but with their weaknesses removed. The
proposed fuzzy combined controller is shown in Fig. [[Iland has the following
two rules to combine the global and local fuzzy controllers.

Rule 1: IF ¢(x(t)) is ZF

THEN u(t) = zc: i (x(t))G;x(t) (7.16)
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Rule 2: IF ¢(x(t)) is NZ

THEN u Z nj(x x(t) (7.17)

where rule 1 is for the local fuzzy controller and rule 2 is for the global
switching state-feedback controller. The inferred fuzzy combined controller is
given by,

x(t) Zv] t) + ma(x Z NG;x(t). (7.18)

The fuzzy combined controller [T.I8) is employed to control the nonlinear
plant.

Remark 7.4. It can be seen from (TI8) that the contribution of each con-
troller is determined by the normalized membership functions m;(x(t)) and
ma(x(¢)). The global switching controller (ZI5) dominates the control pro-
cess when ma(x(t)) > mq(x(t)) to drive the system states towards the ori-
gin. The local fuzzy controller ([.I2)) becomes dominant when the values of
m1(x(t)) > ma(x(t)), which implies that the system is working in the oper-
ating domain near the origin. In this small operating domain, the chattering
effect introduced by the global switching controller is reduced and then van-
ishes when ma(x(t)) = 0. When ms(x(t)) = 0, only the local fuzzy controller
is responsible for the control process.

7.4 Stability Analysis

The stability of the FMB control system formed by the nonlinear plant rep-
resented in the form of (C8) and the fuzzy combined controller (TI]) is
investigated. The block diagram of the FMB control system is shown in
Fig. [[1l For brevity, w;(x(t)), w;(x(t)), vj(x(t)), nj(x(t)) and my(x(t)) are
denoted as w;, w;, v, n; and my, respectively. It follows from (Z.8) and

([CI8), with the equality of D20, w; = Y0 0 = 235, v; = Sy =

- ?:1 et Zle w;w;vepmy = 1 given by the property of the member-

ship functions, the FMB control system can be obtained as follows.



7.4 Stability Analysis 131

x(t)

p
my Z A +B; leU]G —l—mQZnJ
i=1
4+ Mo Zwi (AZ- + B;(my Z vjéj + Mo Z n;G;))x(t)
i=1 j=1 j=1
p c
=mimi Z IZ]Z(A7 + BZ Z vjéj)x(t)

+m1m22wl +B Zn]
—+ momy ZwZ(Az + B; Z vjéj)x(t)
i=1 j=1

P P
—|—m2m22wi(Ai —&—BianGj)x(t) (719)
i—1 j=1

It can be seen from (TI9) that the second and the third terms vanish for
either m; = 0 or my = 0. Under the case of m; # 0 or mg # 0, from the
property of (ZI0) which states that the local and global fuzzy model are
equivalent in the overlapping region of m; and ms, we have,

2wk

sz
M"@

n;G;)x(t) = Z wi(A; +B; Y n;Gyx(t)  (7.20)

1 j=1

.
Il

Z wi(A; + B; Z v;G;)x(t) = Z wi(A; +B; Y v;G)x(t)  (T.21)

It follows from (ZI9) to (ZZI)) that the FMB control system (7.17) can be
written as follows.
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p c
X(t) = mim Z w; (Al + Bl Z v Gj)X(t)
i=1 j=1
P P
+ mims Z w;(A; + B; Z n;G;)x(t)
i=1 j=1

P C
+ maomy Z Wi (A; + B; Z v;G;)x(t)
i=1 j=1

+my Yy wi(Ai +Bi > n;Gy)x(t) (7.22)

Remark 7.5. By using the property of (ZI0), the cross terms in (ZI9) can be
removed to facilitate the stability analysis. It can be seen from (22 that
the system consists of only the global and local FMB control systems with
the contribution determined by m; and ms.

Assumed that the input matrix exhibits the following property:

p

B(x(t) = > wi(x(t))B; = a(x(t))Bn, (7.23)

i=1
where B,,, € R"*™ is a constant matrix.

Remark 7.6. It is assumed that «(x(t)) is a scalar nonlinear function that is
bounded, unknown (because w;(x(t)) is unknown), non-zero and single-signed
but with a known form. As the form of a(x(t)) is assumed to be known and
it is in terms of the system states and parameters, the sign of a(x(t)) can
be determined. Its bounds (|a(x(t))| € [amm, ozm,w] where amin < Qmax)
can be estimated analytically or numerically. Furthermore, it should be noted
that a(x(t)) # 0 is required (otherwise it leads to an uncontrollable system
with B(x(¢)) = 0) for the stability analysis below.

From (7.22) and (7.23)), we have,
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i=1j=1
P
—|—m2(2sz +B,Gi) + Y (alx(t))n; — w;)By, G) (t)
i=1 j=1
p c
=m Z Z ’lI)iU]H,]X
i=1 j=1
P
+ ma ( Z w;H; + Z(a(x(t))nj - wj)BmGj)x(t). (7.24)
i=1 j=1
where
Hj; = A +B,G; Vi, j, (7.25)
H,=A,+B,,G; V. (7.26)

Consider the quadratic Lyapunov function B to investigate the stability
of the FMB control system (Z24). From B1]) and (T24]), we have

V(t) = x(t )TPX( t) +x(t)" Px(t)

_mlzzwwj THEP + PH;)x(1)

—|—m22w1 THTP + PH,)x(t)
+2mzz n; — w;)x(t)TPB,, G,x(t). (7.27)

We choose the switching law as

Ksgn(a(x(t)))sgn(x(t)" PB,, G,x(t))

Qmyin

n;(x(t)) = — v j. (7.28)

where K > 1.

From (ZZ1) to (C28), we have
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<mlszlv] T(HLP + PH;;)x(t)

lel

+m22wx I (HIP + PH,)x(t)

+2m22( Ka(x )‘+wj)\x(t)TPBmij<t)\. (7.29)

amzn

Considering the last term in (Z29), as K > 1 and thus W > 1, it is

Kla(X(t))\

obvious that — < —1. Based on the property of the membership

functions, i.e., w; € [ , ] for all j, we have W + w; < 0. Conse-
quently, it follows from (29]) that we have,

<m122wzuj T(HLP +PH;;)x(t)

7,1]1

+my Z wix(t)T (HI'P + PH,)x(t). (7.30)

From 3I) and (Z30), with the support of Remark [T.6] based on the the
Lyapunov stability theory, V(¢) > 0 and V (t) < 0 for x(t) # 0 implying the
asymptotic stability of the FMB control system (ZI9), i.e., x(t) — 0 when
time ¢ — oo, can be achieved if the stability conditions summarized in the
following theorem are satisfied.

Theorem 7.1. The FMB control system (7.19), formed by the nonlinear
plant represented by the fuzzy combined model (7.8) and the fuzzy combined
controller (7.1§) connected in a closed loop, is asymptotically stable if there
exist matriz P = PT € R7*" such that the following LMIs are satisfied.

P > 0;
H]P +PH,; <0Vi, j;
H'P +PH; <0V

and the feedback gains Gj and G; for all i and j are predefined; and the
switching law of the global switching controller is chosen as n;(x(t)) =
ngn(oz(x(t)))sgn(x(t)TPB G;x(t)) fO?” all .7

la(x(t))| € [amm, amaw} where
Amin < Cmaz - The membership function of the fuzzy combined controller cor-
responding to ZE is designed to cover the region of 0 < q(x(t)) < 1, while
that corresponding to NZ s required to cover the region q(x(t)) > 0, with

q(x(t)) defined in (77).
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Remark 7.7. Tt can be seen from (Z30) that V(t) < 0 for x(t) # 0, which
implies the the asymptotic stability of the FMB control system (ZI9) if the
inequalities I:IE;P +PH;; <0 and H'P + PH; < 0 are satisfied simultane-
ously. Considering P as the decision variables, these two inequalities are not
linear in the feedback gains Gj and G;. Thus, convex programming tech-
niques cannot be applied to find numerically the solution. By following the
approach in the previous chapters, by changing of matrix variables, both
inequalities can be transformed to LMIs. Denote X = P! and design the
feedback gains as G; = N; X! and G; = N; X! where N; € 7" and
N; € R™*" for all j. Pre- and post-multiplying X to I:IZP + PI:Il'j <0, we
have X(HLP+PH;;)X = X(HL X1 +X1H;;)X = XAT+A,X+NTBT +
B;N; < 0. Similarly, from H'P + PH; < 0, we have X(H/P + PH;)X =
XHIX1+X"'H;)X = XAT + AX +N!'B?” +B,,N; < 0. Consequently,
these inequalities becomes LMI conditions and that can be summarized in
the following theory.

Theorem 7.2. The FMB control system (7.19), formed by the nonlinear
plant represented by the fuzzy combined model (7.8) and the fuzzy combined
controller m connected in a closed loop, is asymptotically stable if there
exist matrices Ny € R™ ", j =1, 2, -+, ¢, N, e R™*", i =1, 2,---, p and
X = XT € R"*" such that the following LMIs are satisfied.

X > 0;
XAT + A, X +NTBT + B,N; <0V, j;

and the feedback gains are chosen as Gj = NjX*1 and G; = N; X1 for

all i and j; and the switching law of the global switching controller is cho-
T

sen as n;(x(t)) = — LGN PBGD) for ql] j; a(x(t))] €

AXmin

[ozmm, ozm,w} where Qmin < Qmaz- The membership function of the fuzzy
combined controller corresponding to ZE is designed to cover the region of
0 < q(x(t)) < 1, while corresponding to NZ is required to cover the region

q(x(t)) > 0, with q(x(t)) defined in (7.7).

Remark 7.8. Tt can be seen from the switching law (28] that the switching
element will cause undesired chattering effect. In order to alleviate the chat-
tering effect, the switching function can be replaced by a saturation function

[100]. Then, (T2R) is replaced by
_ngn(a(x(t)))sat(x(t)TPBmij(t))

Qmyin

Vi (7.31)

n;(x(t)) =

where
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1 for 7 >1
sat(z) = ¢ =1 for % < —1 (7.32)
% otherwise

and T is a non-zero positive scalar to be designed.

Remark 7.9. Tt should be noted that «(x(t)) is a single-signed scalar function;
hence, sgn(a(x(t))) is not a switching signal. Consequently, it is not necessary
to replace it by a saturation function.

Remark 7.10. The saturation function employed to replace the switching
function for the alleviation of chattering effect may introduce steady-state
error. The magnitude of the steady-state error is related to the value of T.
A higher value of T' will lead to a larger steady-state error. Hence, when the
saturation function is employed, it is possible that the steady-state error is
so large that the system states cannot be driven to the pre-defined operat-
ing domain. Consequently, the local fuzzy controller will never be activated
to drive the system states to the origin. Hence, the value of T should be
designed such that the system states can be driven into the valid operating
domain of the local fuzzy model. Once the system states are inside the valid
operating domain of the local fuzzy model, the local fuzzy controller will
gradually replace the global switching controller. As a result, the chattering
effect and the steady-state error will be eliminated eventually when the local
fuzzy controller completely dominates the control process.

Remark 7.11. To achieve the stability conditions in Theorem [Z.1] we employ
the MFSI stability analysis approach. The stability conditions can be relaxed
by considering the MFSD analysis approach. For example, the boundary
and/or regional information of the membership functions can be considered
in the stability analysis.

Example 7.1. A cart-pole typed inverted pendulum [@] subject to parameter
uncertainties is considered in this example. The dynamic equation for the
inverted pendulum is given by,

_ gsin(0(t)) — am,yl0(t)? sin(20(t))/2 — a cos(6(t))u(t)

i) 4073 — amyl cos?(6(0))

(7.33)

where 0(t) is the angular displacement of the pendulum, g = 9.8m/s? is the
acceleration due to gravity, m, € [my, . my...| = [2 5lkg is the mass
of the pendulum, M. € [Mpin Mpmaz] = [8 10]kg is the mass of the cart,
a=1/(mp+M.), 2l = Im is the length of the pendulum, and w(¢) is the force
(N) applied to the cart. The proposed fuzzy combined controller is employed
to balance the pole, i.e., 8(t) — 0 as time ¢ — oo.

First, the fuzzy combined model is constructed to facilitate the design of
the fuzzy combined controller. The inverted pendulum can be represented by
the global fuzzy model @] with the following four fuzzy rules:
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Rule i: IF f;(x(t)) is M{ AND fo(x(t)) is Ma
THEN %(t) = A;x(t) + Biu(t),i = 1,2,3,4 (7.34)

The global fuzzy model is defined as follows.
4
X(t) = Y wi(x(t))(Aix(t) + Biu(t))
i=1

= Z wi (x(1))(Aix(t) + a1 (t))Bru(t)) (7.35)

T A T —amplxs 2 cos 1
where x(t) = [21(8) 22(1)]" = [0(1) 6(5)]"; Fi(x(1)) = Lipetzell cntmalt)

x S and fo(w1(1)) = alai(t)) = — gy i Ar =
1 0

0 1 0
A. - N B = B =
? [flmm 0 P 0}’ T ]
B, = [ f 0 } and B,, = [(1) . The inverted pendulum is considered working
2maw
in the operating domain characterized by z1(t) = 0(t) € [—%F, 2] and
xa(t) = H(t) € [—5, 5] Consequently, we have fi . = 9.4047 and f; =

20.6595, fo.. = —0.1765 and fo, _ = —0.0034. The normalized membership
functions are defined as w;(x(t))

:|andA3—A4—|: BQZ

min max

- HM{'(fl(x(t)))XMMé (f2(z1(1)))
B ZL(MM{ (F1(e(0)) X ppgy (F2(21(8))))

with s (fi(x(t)) = =GO ee for 6 — 1, 2; s (fi(x(t) = 1 =

Jimae = flmin

pa (fL(x(2))) for 6 = 3, 4 pagg (fo(ar () = “20 O omas - — 3,

F2maz =F2min
pagg (F2(21(8)) = 1 = pagy (fo(21(2))) for ¢ = 2, 4.

Consider a small operating domain near the origin that is characterized
by z1(t) € [Z1,> T1,00, ] = [—0.5,0.5] and xo(t) € [Fa,,,, T2,,, | =
[—2.5, 2.5] . The dynamical behaviour of the inverted pendulum in this small
operating domain can be described by a local fuzzy model with the following
four rules:

for all ¢

Rule i: IF fi(x(t)) is M{ AND fo(x,(t)) is M3
THEN x(t) = A;x(t) + Biu(t),i = 1,2,3,4 (7.36)

The local fuzzy model is given as follows.

x(t) = Z @i (x(1)) (Asx(t) + Byul(t)) (7.37)
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where fi(x(t)) = fi(x(t)) and fo(a1(6)) = fala (8)) AFAQ:[ 0 1}

flmin 0
d Ay = A= [~0 1]]3 = Bs = {~0 }andB - B, —
3 4 Aol 1 3 P ) .
L?O ]; flm,i,n = 14.8691 and flmw = 20.6595, mem — 01765 and
2’771(1(1)
f2mam = —0.1086. The normalized membership functions are defined as

- L g a0 X (e ()
(X)) = S G 00 it g (o (01
B s for § = 1, % g (AGx(t) = 1= gy (Fi(x(®) for 8

fl7n(lm _fl'min

= 3, & g (ol (1) = RO wae e — 103 (o (1) =

~ fomaz —f2min
1= pygs (f2(21(2))) for ¢ = 2, 4.
Based on the global and local fuzzy models, the fuzzy combined model
with the following two rules is employed to represent the inverted pendulum

@33).

for all ¢ with Hrs (fl(X(t))) =

Rule 1: IF ¢(x(t)) is ZE

4
THEN x(t) = Y 1;(x(t))(Aix(t) + Byu(t)) (7.38)
i=1

Rule 2: IF ¢(x(t)) is NZ
THEN x(t) = Z w; (x(t))(Asx(t) + Bu(t)) (7.39)

The nonlinear function ¢(x(t)) is defined as,

$1<t) — .fl
T (t)

2 2 (;) T2 D >0 (7.40)

q(x(t)) = max (‘

)

Zimae TTi Timaz —

~ . — X . .
where 7; = Himin T = - min =1, 2.
The fuzzy combined model is given by,

4
X(t) = ma(x(t)) Z @i (x(1))(Aix(t) + Byul(t))

4

+ma(x(t) Y wi(x(t)) (Ayx(t) + Biu(t)). (7.41)

=1

The membership functions corresponding to the fuzzy terms ZFE and N Z are
defined as follows and shown in Fig.
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~ Jax(t)) for0<q(x(t) <1
nze(q(x(t))) = {0 for g(x(t)) > 1 (7.42)
0 for q(x(t)) < 0.5
pnz(g(x(t))) = < q(x(t)) — 0.5 for 0.5 < g(x(t)) < 1.5 (7.43)
1 for q(x(t)) > 1.5

o o
(2] [es]

Grade of Membership
o
~

02

Fig. 7.2 Membership functions of uzg(q(x(t))) and unz(q(x(t))).

A fuzzy combined controller is designed to balance the inverted pendulum.
Based on the local fuzzy model (C31), a local fuzzy controller is designed with
four rules of the following format.

Rule j: IF z(t) is N{ AND x5(t) is NJ
THEN u(t) = G,x(t),j = 1,2,3,4 (7.44)

The local fuzzy controller is given as follows.

4
u(t) = 3 vy (x() G x(1) (7.45)
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(b) w2(t).

Fig. 7.3 System responses with the fuzzy combined controller (Z49) for m, = 2kg
and M. = 8kg.
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Fig. 7.4 Control signal of the fuzzy combined controller (Z49) with x(0) =

[242; O]T for mp, = 2kg and M. = 8kg.

where jiyo (21 (t)) = FOE was for § = 1, 2; g (@1(1)) = 1— g (21(1))

for § = 3, 45 png(wa(t)) = S Pmae 0 — 135 1 (aa(t) = 1 -
iy (22(t)) for ¢ = 2, 4; The normalized membership functions are defined

Fopgd (@1 (0) X p g (22(1))
Zle(ﬂN{ (901(2))><MN5(902(
chosen as Gi = [265.5473 67.9887], Go = [431.5755110.4972], G3 =
[298.3541 67.9887] and G4 = [484.8941 110.4972] such that the eigenvalues
of Hy,i=1,2 3 and 4 are —4 and —8.

Based on the global fuzzy model of (Z41]), the global switching controller
is designed as follows.

as v;(x(1) =

) for all j. The feedback gains are

u(t) = >y (x(t) Gy x(1) (7.46)

where the switching function n;(x(t)) is given in (Z28) and K = 1.5,
Amin = |f2,,..] = 0.0034. The feedback gains are chosen as G; = Gg =
[~18.8691 —4.0000] and G3 = G4 = [—24.6595 —4.0000] such that the
eigenvalues of H;, i = 1, 2, 3 and 4 are all —2.
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(b) w2(t).

Fig. 7.5 System responses with the fuzzy combined controller (Z49) for m, = 5kg
and M. = 10kg.
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Fig. 7.6 Control signal of the fuzzy combined controller (Z49) with x(0) =

[242; O]T for m, = bkg and M. = 10kg.

Based on the fuzzy combined model (Z41]), the fuzzy combined controller
is designed with the following two rules:

Rule 1: IF ¢(x(t)) is ZE

THEN u(t) =Y v;(x(t))G,x(t) (7.47)

Rule 2: IF ¢(x(t)) is NZ

THEN u(t) = Y n;(x(t)G;x(t) (7.48)

The fuzzy combined controller is given as follows.

4 4

X(t) = ma(x(t)) Y vy (x(1))Gyx(t) +ma(x(1)) Y nj(x(t))Gyx(t) (7.49)

j=1 j=1
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Fig. 7.7 System responses and control signals with the fuzzy combined controller
using the saturation function for m, = 2kg and M. = 8kg.
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(c) u(t).

Fig. 7.7 (continued)

To check for the system stability, the stability conditions in Theorem [l
are employed. With the MATLAB LMI toolbox, it is found that P =
{(5)41&35 8;1(1)2;} satisfies all LMIs in Theorem [[Il Hence, the FMB control
system is guaranteed to be asymptotically stable.

The fuzzy combined controller (Z49) is employed to control the inverted
pendulum ([Z33)) subject to parameter uncertainties. The system responses of
the FMB control system with the initial state conditions of x(0) = [ 242—5“ O]T,
x(0) = [4= O}T, x(0) = [-LZ O]T and x(0) = [ ZF O]T for m, = 2kg
and M, = 8kg are shown in Fig. [[.3] The control signal for x(0) = [ 22 O]T
is shown in Fig. [.4]

We change the system parameters to m, = 5kg and M. = 10kg to test
the robustness property of the fuzzy combined controller. The same fuzzy
combined controller ([7.49)) is employed to control the inverted pendulum with
the same initial state conditions. The system responses of the FMB control
system are shown in Fig. The control signal for the fuzzy combined
controller (ZA9) with x(0) = [ 2 O]T is shown in Fig. It can be seen
that the proposed fuzzy combined controller is able to stabilize successfully
the inverted pendulum subject to parameter uncertainties. From the figures,
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(b) z2(t).

Fig. 7.8 System responses and control signals with the fuzzy combined controller
using the saturation function for m, = 5kg and M. = 10kg.
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Fig. 7.8 (continued)

it can be seen that the chattering effect happens during the transient state
when the global switching controller dominates the control process. When the
system states are near the origin, the chattering effect reduces and eventually
vanishes as the local fuzzy controller dominates the control process.

As discussed in Remark [T.8 the saturated function can be employed to
replace the switching function ([Z31)) to alleviate the chattering effect. By
choosing T' = 1, the fuzzy combined controller with the switching law (31])
using the saturation function is employed to stabilize the inverted pendulum.
Under this setup, the system responses and control signal of the FMB control
system for m, = 2kg and M. = 8kg, and m, = 5kg and M. = 10kg, under
various initial state conditions are shown in Fig.[Z.7 and Fig[T.8 respectively.
It can be seen from these figures that the fuzzy combined controller with
the saturation function can also stabilize the inverted pendulum successfully.
Moreover, the chattering effect is significantly reduced and no steady-state
error is found.

For comparison purposes, the traditional fuzzy controller (Z.4]) rewritten
as follows is employed to control the inverted pendulum.
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Fig. 7.9 System responses with the traditional fuzzy controller (T50) for m, = 2kg
and M. = 8kg.
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u(t) =Y m;(x(t)G,x(t) (7.50)
j=1

where the normalized membership functions are defined as m;(x(t)) =

Hvli(wl(t))xuvi(wz(t)) L. e ()| +F 1,0
STl n @)y Gy 07 Al E wWith (2 (8)) = 0 P55 e for 3

= 1, 2; g (e1(1) = 1= pys (@1 (1)) for & = 3, 4; puvp (wa(t)) = 2 tmar,

T2max ~L2min

k=13 piyo(22(t) = 1= pyp (22(t)) for ¢ = 2, 4 21(t) € [21,,,,, P10 | =

[_242_57(’ 242_571-] and IQ(t) € [‘anzin’ x27naz] = [_57 5]

By applying the PDC design technique, and designing the feedback gains
Ej under the same design criterion as that of the global switching state-
feedback controller, i.e. the eigenvalues of H;; are both assigned to be —2
for all i, we have G; = [75.9474 22.6629], Gy = [3942.5647 1176.4735],
Gy = [139.7140 22.66% and Gy = [7252.8000 1176.4735]. From the
stability conditions in |, the FMB control system is guaranteed to be
asymptotically stable if there exists a solution P > 0 to the LMIs of
H,P+PH,; <0,i=1,2 3 4 where Hy = A, + B,G, for all i and
j. By using the MATLAB LMI toolbox, it can be shown that no feasible
solution of P can be found. The system responses and control signal given
by the traditional fuzzy controller (C50) for m, = 2kg and M, = 8kg under
various initial state conditions are shown in Fig. Referring to this fig-
ure, it can be seen that the inverted pendulum cannot be stabilized by the
traditional fuzzy controller (Z50]).

It should be noted that in this example, the feedback gains are determined
by the pole placement technique before applying the stability conditions in
Theorem [1l By using the stability conditions in Theorem [[2 the feedback
gains can be obtained numerically with convex programming techniques. It
can be shown that the fuzzy controller (28] with the feedback gains obtained
by the stability conditions in Theorem 1] is able to stabilize the inverted
pendulum.

7.5 Conclusion

A fuzzy combined model, which consists of the global and local fuzzy models,
has been proposed to represent nonlinear plants subject to parameter uncer-
tainties. A fuzzy combined controller, which consists of a global switching
controller and a local fuzzy controller, has been designed based on the fuzzy
combined model. The global switching controller is responsible for driving the
system states towards the origin. When the FMB control system is operating
near the origin, the local fuzzy controller takes over gradually to control the
process. The contribution of both controllers to the control process is deter-
mined by the fuzzy combination rules. As the nonlinearity of the local fuzzy
model is not so strong as compared with that of the global fuzzy model, the
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local fuzzy controller is easier to be obtained. Stability conditions in terms
of LMIs have been derived based on the Lyapunov stability theory. Owing
to the properties of the proposed fuzzy combined model and fuzzy combined
controller, the cross terms of the FMB control system vanish such that the
stability conditions contain only the system matrices of the local and global
FMB systems individually. Furthermore, the chattering effect (because of
the switching function) and the steady-state error introduced by the global
switching controller (because of the saturation function) will gradually van-
ish when the system states are inside the valid operating domain of the local
fuzzy model. A simulation example has been given to illustrate the design
procedure and the merits of the proposed fuzzy combined control scheme.



Chapter 8
Time-Delay FMB Control Systems

8.1 Introduction

Time-delay nonlinear systems can be found in many real-life engineering pro-
cesses. As the time delay is one of the sources to cause system instability, it
is important to extend the FMB control techniques to this class of nonlinear
systems to put the fuzzy controllers into practice.

To deal with the time-delay nonlinear systems using fuzzy control tech-
niques, in general, two stability analysis approaches can be found in the
literature, namely delay-independent and delay-dependent stability analysis
approaches. Delay-independent stability conditions for time-delay FMB con-
trol systems were derived in ﬂﬂ, g, @] based on Lyapunov-Krasovskii or
Lyapunov-Razumikhin based approaches.

In the delay-independent stability analysis approach, the time delay is not
considered in the stability analysis and thus the stability conditions are not
related to the time-delay information. As a result, once the time-delay FMB
control system is guaranteed to be stable, it is stable for any value of time
delay. Hence, delay-independent stability conditions are particularly useful
for nonlinear systems subject to unknown or inestimable value of time delay.

In M, @, , , , , @], delay-dependent stability conditions
were derived based on the Lyapunov-Krasovskii based approach with the
time-delay information is considered in the stability analysis. To facilitate
the stability analysis, some inequalities have been proposed to approximate
the upper bound of some terms related to the time delay. Other forms of
inequalities were proposed in , ] to serve the same purpose to reduce
the conservativeness of the stability analysis. These inequalities have been
employed in M, @, @, @, , , ] to investigate the stability
of time-delay FMB control systems. It was shown in ﬂﬁ, @, @, , @]
that some inequalities are able to achieve relaxed stability analysis results.
Furthermore, by introducing some slack matrices, the stability conditions
can be further relaxed. In the delay-dependent stability conditions, the time-
delay information is one of the elements to determine the system stability. As

H.-K. Lam and F.H.F. Leung: FMB Control Systems, STUDFUZZ 264, pp. 151 .
springerlink.com © Springer-Verlag Berlin Heidelberg 20
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a result, less conservative stability conditions can be achieved with time-delay
information being considered. The delay-dependent stability conditions are
good for time-delay FMB control systems with known or estimable values of
time delays.

In general, both the delay-independent and delay-dependent stability anal-
ysis results have their own advantages for different classes of time-delay non-
linear systems.

8.2 Time-Delay Fuzzy Model and Fuzzy Controller

Let p be the number of fuzzy rules describing the time-delay nonlinear plant.
The i-th rule is of the following format.

Rule 4: TF fy(x(t)) is M AND --- AND fg(x(t)) is MY,
THEN x(t) = Aix(t) + Agix(t — 74) + Bju(t) (8.1)

where x(t — 74) € R" is the delayed system state vector; Ay, € R**" are
constant system matrices for all ¢ and 74 > 0 denotes a constant time delay.
The rest variables are defined in Section

The system dynamics of the time-delay nonlinear plant is described as
follows.

-

x(t) = S wi(x(1) (Aix(t) + Agx(t — m4) + Biu(t))

; x(t)
= Z wz(X(t)) [Az Adz Bl] X(t Z)Td) (82)
i=1 u(t

It is assumed that x(t) = ¢(t) for t € [—74 0] where ¢(t) denotes the initial
condition of x(t).

Based on the time-delay fuzzy model ([82), the fuzzy controller in the
form of ([2.6]) sharing the same premise membership functions of the time-
delay fuzzy model is employed to perform the control process, i.e. drive the
system states x(¢) to the origin as time ¢ tends to infinity.

8.2.1 Stability Analysis and Performance Design

In this section, the system stability of the time-delay FMB control systems
formed by ([82) and (26) connected in a closed loop is investigated. Two
stability analysis approaches, namely delay-independent and delay-dependent
approaches, are employed for the investigation of system stability. Based on
the Lyapunov stability theory @, @, @}, LMI-based stability conditions
are derived to guarantee the system stability.
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For brevity, the normalized membership functions of w;(x(t)) is denoted
as w; in the following analysis. Furthermore, the property of > 7 w; =

=1 27— wyw; = 1 given by the membership functions is used.

8.2.2 Delay-Independent Approach

The system stability of the time-delay FMB system based on the time-delay
independent approach is investigated. As its name tells, the stability analysis
is carried out without considering the time delay. Hence, once the time-delay
FMB control system is guaranteed to be stable, it is stable for any value of
time delay. To investigate the system stability of the time-delay FMB control
system, the following Lyapunov functional candidate is considered.

Va(t) = x(t)"Pyx(t) + / x(¢)TSx(p)dip (8.3)

t*Td

where 0 < P; = PT € 7" and 0 < S = ST € R"*". It can be seen that
Vi(t) > 0 for all x(¢).

In the following, it will be shown that Vi (t) < 0 (for both x(t) # 0 and
x(t — 74) # 0) which implies the asymptotic stability of the time-delay FMB
control system.

It follows from ([82) and (83) that we have

P x(t) A; Ay B;
= w; | x(t —74) (PT 0 0 0
i=1 u(t) 0 0 O
[A; Ay B " S 00 x(t)
+/0 0 0| P+|0-S0 ) x(t — 74) (8.4)
|0 0 0 000 u(t)
P, 0 0
where P = | Py P3 0 | € REHm)xCnim) py c prxn pg c R P, ¢
P4 P5 PG

RMAn Pg € RMX" and Pg € RMX™,
From the fuzzy controller ([2.0), it is obvious that we have >_0_ w;G;x(t)—

000 x(t) 0
u(t) = 0. Thus, we have >-¥ ;w; | 0 0 0 x(t—714)| = | 0| which
Gi 0-1I u(t) 0

leads to the following property to facilitate the stability analysis.
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P x(t) 000 ]
wi | x(t —74) (PT 000
i=1 u(t) G; 01|
oool” x(t) (0]
+/ 000 P) (t—71a)| =10 (8.5)
Gi 0-1I u(t) _0_
Adding 3] to (B4l), we have
T -
. p X(t) Az Adi B,
V(i)=Y w; | x(t—r14) (PT 0 0 O
i=1 u(t) G; 0 —I]
A Ay B 1" S 00 x(t)
+/10 0 O P+]0-So ) x(t —74) (8.6)
G, 0 -1 000 u(t)

We choose a particular form of P~! for mathematical development of the
LMI-based stability conditions in the following analysis. Denote X = P~ =

X; 00
X1 X1 0 |,X; =X =P e R, Xy € R4 X3 € R™X and
Xa X3 Xy
X4 e éR/IYLXm.
Denote the feedback gains as G; = N¢Xf1 where N; € R™*™ for all 1,
x(t)
Y = X;SX; and z(t) = X! | x(t — 74) |. From (B6), we have
u(t)
A; Ay By
sz TXT< 0 0 0
G, 0 -I
A Ay B 17 S 00
+/0 0 o] P+|o-so0 )Xz(t)
G, 0 —I 00O
P
= Z )T Qiz(t (8.7)
lel) * *
where Q; = |X,AT +XIBY - Y —-Y x , QM = (A +
N, — X5 + XZBT —X3 —Xy4 — XZ;

Ag)Xy + X (A + Ag)T

the symbol “x” denotes the

transposed element in the corresponding position of the matrix.
From 83) and ([87), based on the the Lyapunov stability theory, V' (t) > 0

and V(t) < 0 for z(t) # 0 (x(t)

# 0 and x(t — 74) # 0) implying the
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asymptotic stability of the time-delay FMB control system, i.e., x(¢t) — 0 and
x(t — 74) — 0 when time ¢ — oo, can be achieved if the stability conditions
summarized in the following theorem are satisfied.

Theorem 8.1. (Delay-Independent Approach): The time-delay FMB control
system, formed by the monlinear plant represented by the time-delay fuzzy
model (82) and the fuzzy controller (2.6) with m;(x(t)) = w;(x(t)) and
c = p connected in a closed loop is asymptotically stable if there exist matrices
N, eRm*™ ¢ =1,2 ---,p, X1 = X? € jRxn Xy € XN X3 € R
X, e RMXm Y =YT € X" such that the following LMIs are satisfied.

X1 > 0;

Y > 0;
Qi <0V %
and the feedback gains are designed as G; = Ninl for all i.

Remark 8.1. The number of LMI stability conditions are reduced to p + 2
compared with that of the stability conditions in ﬂ, , m—lﬁ, @, ﬁ, @, m,
, , ] Consequently, the computational demand on searching for
the solution to the stability conditions can be alleviated. The computational
advantage is obvious when the time-delay FMB control system has a large
number of rules.

Remark 8.2. The stability conditions can be relaxed by considering the fol-
lowing modifications.

X4 0 O
1. Choose X = | e1X4 e2X1 0 | where €1 is a scalar and &5 is a nonzero
Xo X3 Xy

positive scalar. The scalars of €1 and g5 offer higher degrees of freedom on
searching for the solution. However, the stability conditions become BMIs
which cannot be solved directly using convex programming techniques.
The GA-convex programming technique introduced in Chapter d can be
employed in this case to find the solution numerically.

2. Choose X}, = Ele w; X, k = 2, 3, 4. Consequently, more slack matrices
are introduced to the stability conditions, which increase the degrees of
freedom on searching for the solution of the stability conditions. However,
the number of stability conditions will be increased.

Remark 8.3. The system performance of the time-delay FMB control systems
can be realized by considering the performance index in ([BI4]), Section
As the fuzzy controller considered in this chapter is the same as the one
in Chapter Bl The LMI-based performance conditions Wj < 0 for all j in
Theorem given in Section can be used together with the stability
conditions in Theorem for the realization of a stable and well-performed
time-delay FMB control system subject to the weighting matrices J; and Js.
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Remark 8.4. The stability analysis is based on the assumption that P is in-
vertible. If there exists a solution to the stability conditions in Theorem [B1]
it implies that X; > 0 and —X4 — X' < 0. As X; and X, are both non-
singular matrices and they are the diagonal elements in X, these are the
sufficient conditions to ensure that X is a non-singular matrix. Hence, the
existence of X = P! is ensured.

Example 8.1. Consider a time-delay TS fuzzy model with the following rules.

Rule i: IF x4 (t) is M}
THEN %(t) = A;x(t) + Agix(t — 74) + Byu(t),i = 1,2 (8.8)

~2.1 0.1 ~1.9 0 ~1.1 0.1
where Ay = [—0.2 —0.9]’ Az = [—0.2 —1.1}’ Aa = {—0.8 —0.9}’ Aa =

—-1.1-1.2 1
as wi(z1(t)) = parp (21(t)) = o= and wa(z1(t) = pyz(21(8) = 1 -
w1 (331 (t) )

Considering the open-loop fuzzy system (i.e., setting B; = 0), the delay-
independent stability conditions in Theorem [B]is employed to check for the
system stability. It can be found that a feasible solution can be obtained with
the MATLAB LMI toolbox. However, no feasible solution can be found for
the stability conditions in ﬂﬂ, m

To illustrate the effectiveness of the LMI-based performance conditions in
Theorem [3.2] presented in Section B.2.2] we consider the stability conditions
in Theorem with the performance conditions Wj < 0 for all j given in
Section Considering 7 = 1071 and J, = 1, the feedback gains with
different weighting matrices, Jq, for the performance conditions are given in
Table[Bl It can be seen that different J; put different weights on the system
100 0

01
BI4), the weight of 100 is put on z1(t). The physical meaning is to suppress
the integral of energy contributed by the system state x;(¢) 100 times more
than those contributed by the rest, i.e., x2(t).

The system state responses with 7; = 1s and the control signals of the time-
delay FMB control system under the initial state condition of x(¢) = [1 O]T
are shown in Fig. The initial system state function is defined as p(t) =
[1 O] fort € [—Td, O]. Referring to this figure, it can be seen that the fuzzy

controllers with different sets of feedback gains are able to stabilize the time-

delay nonlinear system. The fuzzy controller with J; = 100 0} offers better

[_0'9 0 } By = {1} , By = [_21} . The membership functions are chosen

states. Take J; = { as an example and refer to the performance index

01
system response on z1(t) in terms of rising time and overshoot/undershoot
magnitude as the heaviest weight is put on x1(¢) in J;. For the feedback gains
10
0 100

corresponding to J; = [ } , as the heaviest weight is put on x2(t) in Jq,
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Table 8.1 Feedback gains under delay-dependent stability approach with different
J; for Example

NEl Feedback Gains
10

Ji = {0 1} Gy = [1.0349 —10.0025 |, G = [0.9584 —8.9833 |
100 0

Ji=|" | G =[24915 —38.8894], G2 = [9.2812 —52.5048 |
10

Ji = {o 100} G1 = [0.4619 —19.9519 |, G = [0.3537 —18.7751 ]

this fuzzy controller offers better system response on x2(t) in terms of rising
time and overshoot/undershoot magnitude.

To test the delay-independent stability conditions in Theorem Bl we
choose a larger time delay, i.e., 7y = 5s for the simulation example. The
system state responses with 7, = 5s and the control signals of the time-delay
FMB control system under the same initial conditions are shown in Fig.
It can be seen from the figures that the time-delay FMB control system is
stable. Based on the delay-independent stability conditions in Theorem [8.1]
the time-delay FMB control system is asymptotically stable for any values of
time delay.

8.3 Delay-Dependent Approach

In this section, the system stability of the time-delay FMB control systems
based on the delay-dependent approach is investigated that the time de-
lay is taken into consideration in stability analysis. As a result, the system
stability is related to the value of the time delay, which is brought to the
stability conditions. Compared to the delay-independent analysis approach
in the previous section, the time delay provides additional information for
the stability analysis. Consequently, a more relaxed stability analysis result
can be achieved.

The following Lyapunov functional candidate E] is considered to investi-
gate the system stability.

V(t) = Vi(t) + Va(t) (8.9)

where V;(t) is defined in (83)) and

0 t
no -/ f () Rx(p)dedo (8.10)

Denote the upper bound of 74 as hy, i.e., 7¢ < hy. From (82]), (810), and using
the property that R > 0 and (a; —a;)"R(a; —a;) > 0 = alTRai—Fa?Raj >
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afRaj + a;*-FRaZ- where a; € R, i, j =1, 2, ---, p, are arbitrary vectors, the
time derivative of V5(t) is obtained as follows.

Va(t) = hak(t) TR (1) — / () Rx(o)dp

x(t) 1" [AT Ag Tox@)
=hdZZwle x(t — 74) AT |R | AT x(t — 74)
= o u(t) B! B! u(t)
t
- / () Rx (o)
t—hgq
x(t) 1" [AT AT x(1)
<hdsz x(t — 74) AT |R | AT x(t — 74)
u(t) BT BT u(t)
t
- [ ko) Rx(o)d (8.11)
t—hg

Before proceeding further, the following Lemma is introduced to facilitate
the stability analysis.

Lemma 8.1. ] The following integral inequality holds for any arbitrary
matrices T; € R™*7, Ty € R, 0 < R =RT € R™*" and a scalar hq > 0.

_/tihd %()" Rix(p)dp < L{(tx Et)hd)]T [fT’Il‘1++T£§ :Ej ;ﬂ L{(tx Et)hd)}

il ] [t (2] [

where x(t) € N™ with continuous first derivative.

From (8T and Lemma BT}, we have

p xt) 17 AT AT T7 41"
<> wi | x(t—7a) (hd AL |R|AL | +ha| T3 | R TS
i=1 u(t) BY BT 0 0
T+ T, —TL +T2 0 x(t)
+ | =T+ T3, —T2 — T3, 0 ) x(t — 74) (8.12)
0 0 0 u(t)
where Tq; € R**" and To; € R™*™ for all 7.
x(t)
From (86) and (8IZ), recalling that z(t) = X~ | x(t — 74) |, ) can
u(t)

be written as the following compact form.
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P xty 17 [ x)
Vt) < Z w; [ x(t—7q) | Q; | x(t —74)
i=1 u(t) u(t)
p —
= wiz(t)" XTQ,Xaz(t) (8.13)
=1
where
o A; Ay By _Aj, Ay B; T S 00O
Q=P'|0 0 0|+|0 0 0| P+|[0-S0O
G, 0 —I G, 0 -1 000
- T _ T
AT1 [AT T, T,
+ha |AL | R|AL | +hg | TS | R TS
B! B! | 0 |0
Ty + T{l —T{i + T 0
+ | =T+ T3 —Ty —T3, 0] . (8.14)
0 0 0

It can be seen that V(t) < 0 when the stability conditions X7Q,X” < 0
for all 4, which imply the asymptotic stability of the time-delay FMB control
system. In order to turn the stability conditions into LMIs, we consider M =
R e %”X”, G, = NiXI_l, N; € %mxn7 Uy = XF{Thxl € %nxn’ U,y =
X1y, X, € R*" and Y = X;SX;. Furthermore, with the property R =
RT > 0, we consider the inequality (X; —¢(R™1)TR(X;—(R™!) = XTRX; -
¢(XT — (X1 + >R~ > 0 that leads to

XTRX; > (XT +(X; - PR =2(X; — R (8.15)

where ( is an arbitrary scalar. .
By Schur complement and with (815), X7 Q,X < 0 for all i are implied
by the following inequalities.

i ) * * * *
e Y - Uy - UT, x %
0, = el X3 X, —-XT o« % | <0
0" hy(AuXi+BiX3) hgBXy —hgM o«
ha(Uy; + Uy;) haUs; 0 0o e
(8.16)

where 91(-11) = (Ai+ Au)X1 + X1 (A; + Ay)" + B, X, + XITBT, (9521) =
X;AL + XIB; — Y — Uy; — Uy, @Z(-M) = N; - X, + XIBT, @Z(.‘“) —
ha((Ai + Agi) Xy + BiXy), 9255) = —hg(2¢X; — C2M).
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Table 8.2 Upper bounds of time delay given by various stability conditions for
Example

Stability Conditions Maximum time delay hq (Sec.)

Theorem 2.3767
[10] 1.2246
[34] 1.0124
[11] 0.7171
[12] 0.0343

From ([839]) and (8I3]), based on the the Lyapunov stability theory, V () >
0 and V(t) < 0 for z(t) # 0 (x(t) # 0 and x(t — 74) # 0) implying the
asymptotic stability of the time-delay FMB control system, i.e., x(¢t) — 0 and
x(t — 74) — 0 when time ¢ — oo, can be achieved if the stability conditions
summarized in the following theorem are satisfied.

Theorem 8.2. (Delay-Dependent Approach): The time-delay FMB control
system, formed by the nonlinear plant represented by the time-delay fuzzy
model (823) and the fuzzy controller (2.0) with m;(x(t)) = w;(x(t)) andc=p
connected in a closed loop is asymptotically stable if there exist pre-defined
scalars hq > 0 and ¢ and there exist matrices M = MT € R N, € gmxn,
Uy e R, U e R0 =1, 2, -+, p, X3 = X? e R, Xy € RMXT,
X3 € RMX1 Xy € RMXMY = YT € R such that the following LMIs
are satisfied.

X; > 0;
M > 0;
Y > 0;
0, <0V
and the feedback gains are designed as G; = Nijl for all i.

Table 8.3 Feedback gains under delay-dependent stability approach with different
J; for Example

Ji Feedback Gains
10

= {0 1} G1 = [-0.0728 ~0.9403 ], G2 = [ —0.0779 —0.8023 ]
100 0

Ji= | | G =[-04058 —0.9449 ], Go = [ ~0.4883 —0.8045 ]
10

Ji = {0 100} G1 = [-0.0392 —9.9649], G2 = [ ~0.0286 —6.9614]
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Remark 8.5. The MFSD stability analysis approach introduced in Chapter
to Chapter [l can be employed to both delay-dependent/independent sta-
bility analysis approaches to relax the stability analysis results by using the
information of membership functions.

Ezample 8.2. Consider a fuzzy model with the following rules ]

Rule i: IF x4 (t) is Mj
THEN X(t) = AiX(t) + Adix(t — Td) + Biu(t),i =1,2 (817)

-2 0 —10.5 -1 0
where Ay = | _0.9}, Ay, = [0 _1}; Ay = [_1 _1], Agp =

{—_0%1 _01]; B, = (1) , By = {100]' The membership functions are cho-
sen as the ones in Example

Considering an opening-loop system by setting B; = 0, the upper bounds
of time delay given by some existing approaches and Theorem are listed
in Table[B2l It can be seen that Theorem B2 offers the largest upper bound
of time delay, i.e., 2.3767s with ( = 0.5.

LMI-based stability conditions in Theorem R.2]and performance conditions
W, < 0 for all j in Theorem given in Section are employed to
obtain the feedback gains of the fuzzy controller for the time-delay fuzzy
system (BIT). With the MATLAB LMI toolbox, choosing 74 = 2s, ¢ = 0.5,
n = 107'° and J; = 1 and corresponding to various weighting matrices
J1, the feedback gains are tabulated in Table Fig. shows the system
state responses with 74 = 2s and the control signals of the time-delay FMB
control systems under the initial state condition of x(t) = [1 O] " The initial
system state function is defined as ¢(t) = [1 0] for t € [ —74, 0]. Referring
to this figure, it can be seen that the fuzzy controllers with different sets of
feedback gains can stabilize the time-delay fuzzy system. Furthermore, the
100 0

01
terms of rising time and overshoot/undershoot magnitude as more weight is
10 .
0 100], it can be
seen that the overshoot/undershoot of x2(t) is suppressed effectively.

fuzzy controller with J; = offers better system response on x4 (t) in

put on z1(t) in Jy. For the fuzzy controller with J; =

8.4 Conclusion

The stability of the time-delay FMB control systems has been investigated un-
der the delay-independent and delay-independent stability approaches. The
time-delay FMB control system is represented as a descriptor system to facil-
itate the stability analysis and controller synthesis. Based on the Lyapunov
stability theory, delay-independent and delay-dependent LMI-based stability
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conditions have been derived to guarantee the system stability. As the delay-
dependent stability conditions do not require the information of the time
delay, it is more suitable to nonlinear plants with unknown or inestimable
time delay. However, if the time delay is known or estimable, the delay-
dependent stability conditions are more favourable as it usually offers less
conservative result. Simulation examples have been given to show the merits
of the proposed approach. Furthermore, LMI-based performance conditions
given in Chapter [3] have been employed to realize the system performance.






Chapter 9

Sampled-Data FMB Model Reference
Control Systems

9.1 Introduction

Fuzzy-model-based control approach is a promising approach dealing with
nonlinear systems. By taking advantage of the TS fuzzy model, which repre-
sents the dynamics of the nonlinear plant in a favourable form, the system
analysis and controller synthesis can be facilitated. Flouring stability analy-
sis results and LMI-based controller synthesis techniques for continuous-time
FMB control systems have been achieved and briefly discussed in Chapter
In the previous chapters, the stabilization control problem that the system
states are driven to the origin is considered. The tracking control problem
is another one that has drawn a great deal of research interest in the con-
trol community. The objective of the tracking control problem is to drive
the system states of the nonlinear plant to follow some pre-defined trajecto-
ries. Compared with the stabilization control problem, the tracking control
problem is relatively difficult to be handled.

Tracking control problem for continuous-time and discrete-time FMB sys-
tems was investigated in , , , ] However, the study on the
sampled-data FMB control system is seldom found. The sampled-data FMB
control systems are mixed continuous-time and discrete-time systems. The
nonlinear plant to be handled is a continuous-time system while the sampled-
data controller is a discrete-time one. The control signals of the sampled-data
controller will be held constant during the sampling period. As a result, due
to the sampling activity, discontinuity is introduced to the closed-loop system
that complicates the system dynamics and makes the stability analysis dif-
ficult. Although the sampling activity exhibits undesirable characteristics to
the system analysis, the sampled-data controllers can be implemented by mi-
crocontrollers or digital computers to enhance the design flexibility and lower
the implementation cost. Hence, it is worthwhile investigating the sampled-
data FMB control systems to put the sampled-data FMB control approach
into practice.

H.-K. Lam and F.H.F. Leung: FMB Control Systems, STUDFUZZ 264, pp. 173
springerlink.com © Springer-Verlag Berlin Heidelberg 2011
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As discontinuity is introduced by the sampling activity, the Lyapunov func-
tion candidates proposed for pure continuous-time or discrete-time FMB con-
trol systems cannot be applied. A descriptor transformation technique was
proposed in @] to investigate the stability of the linear sampled-data con-
trol systems. In @, @, @], the linear analysis approach was employed and
extended to analyze the stability of nonlinear sampled-data control system
using the descriptor representation. The descriptor approach was adopted to
investigate the system stability of the time-delay and/or sampled-data fuzzy
control systems @] Furthermore, the tracking control problem handled by
a sampled-data FMB controller can also be found in ﬂﬂ] In @], the effect
of the analogue-to-digital and digital-to-analogue converters to the system
stability were considered.

In this chapter, a sampled-data FMB model reference tracking control
systems is considered. A sampled-data fuzzy controller is proposed to drive
the system states of the continuous-time nonlinear system to follow those of a
stable reference model. A Lyapunov function is employed to study the system
stability. LMI-based stability conditions are derived to design the sampled-
data fuzzy controllers, of which the tracking performance is governed by an
H, tracking performance function.

9.2 Reference Model and Sampled-Data Fuzzy
Controller

A sampled-data FMB control system is formed by a continuous-time nonlin-
ear plant represented by a TS fuzzy model [22]) and a sampled-data fuzzy
controller connected in a closed loop. The tracking control problem is con-
sidered in this chapter. A sampled-data fuzzy controller is employed to drive
the system states to follow those of a stable linear reference model.

9.2.1 Reference Model
The stable linear reference model is defined as follows.
x(t) = Ax(t) + Br(t) (9.1)

where x(t) € R" is the system state vector of the reference model; A € R"*"
and B € R™*™ are the constant system and input matrices, r(¢) € R™ is the
external input vector.

Remark 9.1. The reference model can also be a stable nonlinear system.
In this case, the system and input matrices become A(x(t)) € R"*" and
B(x(t)) € ®™*™ respectively.



9.3 Stability Analysis of Sampled-Data 175

9.2.2 Sampled-Data Fuzzy Controller

A sampled-data fuzzy controller with p fuzzy rules is proposed based on the
TS fuzzy model (22) representing the nonlinear plant. The j-th rule of the
sampled-data fuzzy controller is of the following format.

Rule j: IF g1 (x(t,)) is N/ AND --- AND gq(x(t,)) is N7,
THEN u(t) = Gje(t,),t, <t <t i1 (9.2)

where Ng is a fuzzy set of rule j corresponding to the function gg(x(t+)), 8
=1,2,---, 45 =1,2,---, p; £2is a positive integer; G; € R™*", j =
1, 2, ---, p, are constant feedback gains to be determined; x(t) € R" is the
system states of the nonlinear plant represented by the TS fuzzy model ([2.2));
e(ty) = x(ty) — %(ty); ty = vhs, v =0, 1, 2, ---, 00, denotes a sampling
instant; hs = t,, 1 — ¢y denotes the constant sampling period. The inferred
sampled-data fuzzy controller is defined as follows.

u(t) = m;(x(ty))Gje(ty)

M@

<.
I
—

I
M’U

my (x(t))Ge(t — 7u(t)),ty <t < Ly (9.3)

<.
Il
—

where 75(t) =t —ty < hy for t, <t < ty41,

p
m;(x(ty)) > 0V 4,y m;(x(ty)) = 1, (9.4)
j=1
Q
[T s an(x(8,)))
m(x(t)) = =2 vj (9.5)
T e (n(x(24)))
k=11=1
mj(x(ty)), j = 1, 2, ---, p, are the normalized grades of membership,
kg (95(x(ty))), B =1,2,---, {2, are the membership functions correspond-

ing to the fuzzy set Ng;. It can be seen from ([@3) that u(t) = u(t,), which
holds constant value for t, <t <t 4.

9.3 Stability Analysis of Sampled-Data FMB Model
Reference Control Systems

In this section, the stability of the sampled-data FMB model reference track-
ing control system formed by the nonlinear plant represented by the TS fuzzy
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model (22), the reference model (@) and the sampled-data fuzzy controller
of [@3) is investigated. The block diagram of the model reference control
system is shown in Fig.

, | Stable Reference | X(?)
r® Model

| Continuous-Time | x(?)
Nonlinear Plant

o8

u® Sampled-Data Fuzzy Controller

e(t) Sampler with
< Sampling Period
hy

Zero-Order :l(ty) Discrete-Time
Hold N Fuzzy Controller

A

Fig. 9.1 Block diagram of the sampled-data FMB model reference tracking control
system.

Referring to Fig. @1l the reference model and the continuous nonlinear
plant offer the system state vector x(t) and x(t), respectively. The sampled-
data fuzzy controller will take %(¢) and x(t) at every hs seconds (sampling
period) as the input. Based on the sampled system state vectors, a control
signal u(t) will be generated and kept constant by the zero order hold (ZOH)
for every sampling period. The sampled-data fuzzy controller will be designed
such that the the system state x(t) approaches %(t) when time t tends to
infinity.

9.3.1 Sampled-Data FMB Model Reference Control
Systems

Consider the TS fuzzy model [22) and the reference model ([@1). With the
inequality of Y°¥_, w;(x(t)) = 1, we have the error system defined as follows.

e(t) = x(t) — x(t)

wi(x(t))(Aqe(t) + Biu(t)) + me(t) (9.6)

i=1

where m.(t) = D8 w;(x(t))(A; — A)x(t) — Br(t).

Remark 9.2. Tt should be noted that m.(t) is bounded due to the properties
of the membership functions and the stable reference model, i.e., w;(x(t)),
%x(t) and r(t) are bounded.
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Consider the sampled-data fuzzy controller (@3] and the error system
(@), with the property of the membership functions, i.e., Y 0, w;(x(t)) =

b imy(x(ty)) = 20, Y8, wi(x(t))my(x(t,)) = 1, the error system can
be rewritten as follows.

e(t) =Y wi(x(t))(Aie(t) + B; ij )Gje(t —7s(t))) + me ()

= 373 wi(x(t))my (x(t,))(Ave(t) + BiGe(t — (1)) + me(t) (9.7)

i=1 j=1

9.3.2 Stability Analysis
The stability of the error system (@.7) is investigated in this system. In the

following analysis, for brevity, w;(x(t)) and m;(x(t,)) are denoted as w; and
m, respectively. Consider the following Lyapunov functional candidate.

V(t) =e(t)TPe(t) / /+U )T Reé(p)dpdo (9.8)

where 0 < Py = P¥ € %" and 0 < R = RT € R"*". From ([@7) and (@),

we have,
V(t) = e(t)"Pre(t) + e(t)TPré(t)

+hae)Re() ~ [ sl Re(o)dy

S | (7[5

1j=1

[ ) ]

0 et — (1))

- /t_h &(p) " Re(p)dy + e(t) Pim(t) + me(t) Pre(t)  (9.9)

where P = Py 0 € R2nx2n P, € RPX™ and Py € RX™.
P, P3
Considering the fact that Ts(t) = t —ty < hs, we have
j; n. €(p) Re(p ft ) © YTRé(p)dyp. Hence, it follows from

@) that we have
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A; B;G; r e(t) P P P
' [ 0 0 ] P) [e(t—Ts(t))} +hs;;;§wzm7wkml
o) 1'[ Al AT 17T e
X |:e(t - Ts(t)) GfBZT R GZTBE e(t — 7 (t))
me(t) I 1 me(t)

- /tt ) &(p) " Re(p)dip + e(t) Prme(t) + me(t) Pre(t)  (9.10)

In order to deal with the integral terms in (@.I0), we consider the Newton-
Leibniz rule that we have ftt_TS(t) é(p)dp = e(t) — e(t — 75(t)). As a result,
the following equality is achieved to facilitate the stability analysis.

33w, [ Hiia»f [37}

i=1 j=1 K
t
><<7/ &(p)dyp + e(t) fe(ths(t))) =0 (9.11)
t—7s(t)
where T;; € R"*™ and V;; € 8" for all 7 and j.

T
Denote Yj; = Y0, >0, wim; {‘T]Zﬂ {e(t e(j-)g(t))] Considering the

integral terms in ([@I0), we have
t
Az [ e Re(
t—7s5(t)

- [ e(p) Re(p dw?Zszmﬂ{ t—(j-)q(t))]T{\TfZ]

t—7s(t) i=1 j=1

( _ /ttr‘(t) é(p)dy +e(t) —e(t — n(ﬂ))

=233 [ iy | 3] (0ot

t
+ 75 (t)'r,T,Rfl’rkl — / (‘rij + Re(go))TRfl (Tkl + Re(gp))dgo
t—7s(t)
(9.12)

X

It is obvious that the last term of (@I2)) is negative definite. Based on fact
that 7,(t) =t — ty, < hs, we have
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p P T
e(t) T, 1 ([T
< . . 1) 17 _
Afzgz:lwlmg [e(th(t))] {Vij] ({V”} [I I]
i=1 j=

+ [ II] [T ViTj}) L(t f(?s(t))} FRYIRTIY,. (9.13)

From (@I0) and (@I3), we have

= ;gwm [ea ﬁ(t»r @ [e(t ﬁ(?s@))]

T

P p P D e(t) AT
+hSZZZZwimjwkml e(t — 74(1)) GJTBiT R
i=1 j=1k=11=1 m.(t) 1
AT 1" e(t)
x | GI'B{ e(t — 74(t))
I m,(t)
+e(t) " Pime(t) + me(t) Pre(t) + h, YLR ™ T (9.14)
T
o pT | By i Dila; ij _
WhereQ”—P[O 0}—&-{0 O}P—F[V”}[I I]-i—
1
EAa!
X; 0

Denote X = P! = [ } € NI X, = £,X; € RV, X3 =

Xo X3
exXy € RN, a(t) = {28} =X {eu e<2(t))] and 50 = {rrzl(t(i)]

where g5 and €3 > 0 are scalars.

Furthermore, consider the terms of 37, >0 wim;e(t)"Pi(Ry —
R;j)Pie(t) = 0 and of 37, > wimym,(t)" (Rij — Rij)me(t) = 0 where
o1 # 0 is a scalar to be determined and R;; = RiTj € ™" Adding these

two terms to (@I4]), we have,
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=1 j=1 i=1 j=1k=11=1
[ AT AT 17
X0 i k X0
x((t)T[OI} GTBT | R | GIBY [0 I]s(t)
I I
T Tw]"
+2(t)"XT { ]Xl 'RIX[ X {V’”} X (t))
ij kl
P p p P
— ZZme]zl R,]zl( ) + %Z Zwimjme(t)TRijme(t)
i=1 j=1 i=1 j=1
p p Rij 0 I
+3 > wims)” | 00 0 | s(t). (9.15)
i=1j=1 10 *O'%RZ]

Denote Uij = XlTinl € R™"*™ and Wij = XlVin1 € R™*"™ for all 7 and
J. Design the feedback gains as G; = Nijl where N; € ™" for all j.
Tt follows from (@.I5]) that we have

P

ZZw E--s(t Zzzzwim]’wkml

i=1 1

—

<.
—
.

xs(t)" (OLRO, + @LXTR'X] ®1)s(t)

P P
+ 0 wimi(—z1 () Rijza(t) + ofme () Rijme(t)  (9.16)
Jj=1

=1

T
H(H) = H(H) Ry ’ ’ (11)
where Ej; = Eg” —SBWy+WEH x| By =
I 0 —O’%Rij

AXq + EQBiNj + (1 — EQ)U,;j + 52(1 — EQ)W”, _.Z(Jl) = €3N?BZT — EgUg;- +
€3W7;j — EQEg(WZ‘j + W;";), eij = [A1X1 + e2B; N €3B1'Nj I] and (I)ij =
[Ug; + ngg;- €3WZ-T]- 0].

Consider that the following inequality holds:

p p p p
D) WTIIRNE ) 95 9) LIS
i=1 j=1 =1 j=1 k=1 1=1
X (O ROy + ¢ . XTR'X]®)y) <0 (9.17)

It follows from (@.I6) and ([@.IT), we have,
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p

V(t) < Z > wim;(—z1 ()" Rijz (t) + ofme(t) " Rijme (). (9.18)

j=1

Considering the termination time of control ¢ ]7 we take integration on
both sides of ([@.I])) to achieve the following H,, performance.

/0 ' V(t)dt < /0 ' Z Zwimj(—zl(t)TRijzl(t) + o?m,(t)TRym,(t))

i=1 j=1

s o Vi) = V(O0) + o' S0 Xy wimz () Riyza ()

g1 =
(ff f:l Z§:1 wimjme(t)TRijl’ne (t)

(9.19)

If the inequality of (@17 is satisfied, the sampled-data FMB model reference
control system (@) is guaranteed to be asymptotically stable subject to the
H, performance (@I9). It can be seen that a good performance is ensured
by a lower value of o7.

By Schur complement, the inequality (@I7) is equivalent to the one in the
following.

p p
Q=) > wim;Q; <0 (9.20)
i=1 j=1
o Eij X *
where Qij = | hs®;; —h,M * and M = R~L. It can be seen

hs(I)ij 0 —hsle_lxl
that Qij < 0 for all 4 and j, the inequality of (@.20) is satisfied. As there
exists the term of X;M~1X; in Qij, the condition of Qij < 0 is not an LMI
of which the solution cannot be solved by convex programming techniques.
To circumvent this difficulty, we consider the inequality (81%]). Consequently,
the holding of the following inequality implies the holding of Q < 0.

p p P
i=1 j=1 i=1 j=1
. Eij * *
where Q;; = | hs®;; —h, M * and ( is a scalar.

hs®;; 0 —hy(2(X; —(*M)

It can be seen that Qij < 0 implies the holding of the inequality (@.20)
and guarantees the stability of the error system (@.17). However, it offers a
conservative result if we do not consider the information of membership func-
tions. To alleviate the conservativeness of the stability analysis, we consider
the membership function satisfying m; —w; +9; > 0 for all ¢, x(¢) and x(¢,)
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where §; are scalars. With these inequalities, some free matrices are intro-
duced to relax the stability conditions. Rewrite (@21]) as follows.

wi(my — w; + 8 +w; —6;)Q

M-
M=

@
Il
—
<.
Il
—

Q

I
M-
M=

wz( '_5 ng+zwz w]—’_é)QU

i=1 j=1 Jj=1
p p p

=D D wiwi(Qyy - Z5szk Z > wilmy —wj +6;)Qi. (9.22)
i=1 j=1 i=1 j=1

Furthermore considering the property of the membership functions, we have
S > wilmy —w;)A; = 0 where A; = AT € R™*™ for all i. It can be
ertten as P Zj Lwi(mj — wj +0; = o)A = =300 DN widi Ay +
P EJ L wi(mj —w; 4+ 8;)A; = 0. Adding these inequalities to ([@.22), we
have

Z Z wiw; (Qij — Z 56 (Qik + Ay))
i=1j=1 k=1
+ZP:Z J— w5 +0;)(Quy + As). (9.23)

Introducing matrices S;; = ST e RM*" 4,5 =1,2,---, p, we consider the
following inequalities.

P
Ry > Qi — Z5k(Qz’k +A) Vi (9.24)

k=1

P P
Rij + R > Qi — > 0u(Qur + Ai) + Qi — Y 0x(Qyk + Aj) V jsi < j
k=1 k=1
(9.25)

From ([@.23) to ([@.23]), we have
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p P
Q< Zw?Sii + Z Zwiwj(sij + Sz;)

i=1 J=1 i<y
p p R

+ DY wilmy —w; +6;)(Qij + Ay)
=1 j=1

’ p P .
= I‘(t)TSI'<t) + Z Z w; (mj —w; + (5])<Q” + A7) (926)

i=1 j=1

w1 S11 812 -+ Syp
wol So1 Sa2 -+ Sy
where r(t) = . |,S= o .
wpl Sp1 Sp2 -+ Spp
It can be seen from (@.20) that if the LMIs of S < 0 and Q” + A; <0 for
all ¢ and j are satisfied, Q < 0 is achieved. As a result, the error system (Q.6)

is guaranteed to be asymptotically stable subject to the H., performance
([@I9). The analysis result is summarized in the following theorem.

Theorem 9.1. The erorr system (94), formed by the nonlinear plant rep-
resented by the fuzzy model (Z2), the stable reference model (1) and the
sampled-data fuzzy controller (I3), is asymptotically stable subject to the
H, performance [(@19) if there exist predefined constant scalars hg > 0, (,
o1, €2, €3 > 0 and §; that satisfy m;(x(t,)) — wi(x(t)) + 6 > 0 for all i,
x(ty) and x(t), and there exist matrices M = MT € R™" N; € R™*",
R;; = RiTj € RSy = S;‘»PZ- e RM*" Uy € R™", Wy € R7, 6 =1, 2,
op, Xy =XT epmn Y = YT € R™X™ such that the following LMIs are
satisfied.
X; > 0;

M > 0;
S > 0;
Qij + Ay <0V, js
and the feedback gains are designed as G; = N; X1 for all j.
Remark 9.3. It should be noted that the stability analysis is valid if X =
P! = [Ez;l 52(;(1} is invertible. Referring to Theorem [0l €3 is a non-
zero positive scalar and if there exists solution to the stability conditions,

we have X; = X?' > 0 which is the sufficient condition to ensure that X is
invertible.

Example 9.1. Consider the inverted pendulum on a cart in Example as
the nonlinear plant. It is assumed that the inverted pendulum is working
in the operating domain of z1(t) € [—%, 3] (rad) and z1(t) € [—15,15]
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(rad/s). There are no limitations on 2:3(¢) and 24(t). The proposed sampled-
data fuzzy controller (@3)) is employed to control the inverted pendulum to
track the system states of a stable linear reference model defined as follows.

0 1 0 O 0

2 —600 —60 —2 —20 | . 0

=" o o 1 |XO+]s]r® (9.27)
380 30 0 10 1

where r(t) = sin(t/5).
A sampled-data fuzzy controller with two rules of the following format is
employed for the control process.
Rule j: IF 21 (t,) is N{
THEN u(t) = Gje(t,),t, <t <ty (9.28)

The inferred sampled-data fuzzy controller is defined as follows.

2

u(t) = 3 my(a1(t,))Gyelt,) (9.20)

j=1
The membership functions of the sampled-data fuzzy controller are chosen to

be ma(@1(t,)) = vy (1(t)) = ¢ 2257 and ma(aa(t,)) = e (a1 (8)) =
1-— wl(acl (try)).

Based on Theorem [l choosing the sample period hs = 0.015s
(sampling frequency =~ 66.6667Hz), o1 = 001 and ¢ = 2,
we obtain G; = [692.2467 54.9574 5.2048 52.1226] and Gy =

[726.9190 57.1806 5.4344 53.5087 | with the MATLAB LMI toolbox. The
sampled-data fuzzy controller (@29) is employed to control the inverted
pendulum.

In this example, the nonlinear plant is operating in the domain character-
ized by @1(t) = 22(t) € [—15,15]. With this information and considering
ty <t <ty+ hs, we have z1(t) = z1(ty) + ft: x2(t)dt which offers the lower
and upper bounds as x1(ty) — 15 ft”Jrhs dt = x1(ty) — 15hs = x1(ty) — 0.225

t’Y
and xq(t,) + 15 fttj+hs dt = z1(ty) + 15hs = z1(t,) + 0.225, respectively.
Consequently, for any sampling instant t., the value of x(¢) on or before
the next sampling instant is in the range of z1(¢,) — 0.225 < z1(¢) <
z1(ty) +0.225 for t, < t < t, + hs. With the defined membership func-
tions, it is found that §; = 0.3420 and Jo = 0.3380 satisfy the inequalities of
m;(x1(ty)) — w;(z1(t)) + 0; > 0 for all 7.

The fuzzy controller ([@29) is employed to control the inverted pendu-
lum. The system state responses and control signal of the sampled-data
FMB model reference tracking control system under the initial system state
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(b) z1(t) for 50s <t < 250s.

Fig. 9.2 System state responses of the inverted pendulum with sampled-data fuzzy

controller (Solid lines). Systems state responses of the linear reference model (Dot-
ted lines).
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Fig. 9.2 (continued)
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Fig. 9.2 (continued)
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Fig. 9.2 (continued)
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Fig. 9.3 Control signal of the sampled-data fuzzy controller.
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conditions of x(0) = [Z 00 O]T and %(0) = [000 O}T for t € x(0) =
[—hs O] are shown in Fig. and Fig. @3] respectively. It can be seen that
the system states of the inverted pendulum are driven to following those of
the reference model of (@.27). It can be seen from Fig. [0.3] that control signal
is a stepwise signal with its value being held constant during the sampling
period.

9.4 Conclusion

The stability of the sampled-data FMB model reference tracking control sys-
tems has been investigated. A sampled-data fuzzy controller has been pro-
posed to drive the system states of the nonlinear plant to follow those of a
stable reference model. The sampled-data fuzzy controller can be realized by
a microcontroller or digital computer to lower the implementation complex-
ity and time. The information of the membership functions of both the TS
fuzzy model and sampled-data controller has been employed to facilitate the
stability analysis based on the Lyapunov stability theory. LMI-based stabil-
ity conditions have been derived to design of the sampled-data FMB model
reference tracking control systems. A simulation example has been given to
illustrate the effectiveness of the proposed approach.



Chapter 10
IT2 FMB Control Systems

10.1 Introduction

Type-1 FMB control systems have drawn the attention of fuzzy control re-
searchers for many years. The type-1 TS fuzzy model (2.2)) offers a general
framework for system analysis and controller synthesis. However, as the mem-
bership functions for the type-1 fuzzy sets have limited capability of capturing
uncertainty information, the control problem cannot be handled directly if
the nonlinear plant is subject to parameter uncertainties. In HE, @, ], a
type-2 fuzzy logic system (FLS) was proposed to deal with uncertain grades
of membership with type-2 fuzzy sets. The type-2 FLS can be regarded as a
collection of theoretically infinite number of type-1 FLSs. As a result, addi-
tional information, including system parameter uncertainty, can be captured
by the type-2 FLS HE, @, @] Defuzzication and type reduction for gen-
eral type-2 FLS are computational expensive. Instead, interval type-2 fuzzy
(IT2) sets are employed to lower the computational demand that the grades
of membership for the secondary membership functions are all one. Some
theories of I'T2 fuzzy sets ﬂE, , @] were developed to theoretically support
the design and implementation of type-2 FLSs. The superiority of IT2 fuzzy
sets over type-1 fuzzy sets on dealing with uncertain grades of membership
for various applications have been shown in @, @, , @, ] The applica-
tions include adaptive filtering ﬂﬁ], autonomous mobile robots @], DC-DC
power converter [8(0], intelligent fuzzy agent [20] and video streaming [42] etc.

The outstanding feature of the type-2 FLS on handling uncertainty offers
a potential vehicle for carrying out stability analysis of FMB control systems
subject to parameter uncertainties. In this chapter, we generalize and ex-
tend our preliminary analysis result in @] to IT2 FMB control systems HE]
An IT2 fuzzy model is proposed to represent the nonlinear plant subject to
parameter uncertainties captured by the lower and upper membership func-
tions of the interval type-2 fuzzy sets. With the IT2 fuzzy sets, the IT2 TS
fuzzy model can be regarded as a collection of a number of type-1 TS fuzzy
models. This explains why the IT2 TS fuzzy model is superior to the type-1

H.-K. Lam and F.H.F. Leung: FMB Control Systems, STUDFUZZ 264, pp. 191
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one. Although the IT2 TS fuzzy model demonstrates a stronger capability of
capturing parameter uncertainties in the footprint of uncertainty (FOU), it
eliminates the favourable property of the type-1 FMB analysis approach for
stability analysis and thus leads to conservative stability analysis results. To
facilitate the stability analysis, the lower and upper membership functions
are employed to implement the proposed IT2 fuzzy controller @] and their
boundary information are considered. With such information, slack matri-
ces are introduced to alleviate the conservativeness of the stability analysis
results. Based on the Lyapunov stability theory , , , stability con-
ditions in terms of LMIs are derived to achieve a stable IT2 FMB control
system.

10.2 IT2 TS Fuzzy Model and Fuzzy Controller

An IT2 TS fuzzy model is employed to represent a nonlinear plant subject
to parameter uncertainties to facilitate the stability analysis and controller
synthesis. Based on the IT2 TS fuzzy model, an IT2 fuzzy controller is then
proposed to close the feedback loop to form an IT2 FMB control system.

10.2.1 IT2 TS Fuzzy Model

Consider an IT2 TS fuzzy model @] with p rules of the following format of
which each rule the antecedent contains IT2 fuzzy sets and the consequent is
a linear dynamical system.

Rule i: IF fi(x(t)) is Mi AND --- AND fy(x(t)) is MY
THEN x(t) = A;x(t) + Bu(t) (10.1)

where M? is an IT2 fuzzy set of rule i corresponding to the function fo(x(t)),
a=1,2,---, U;i=1,2 ---, p; ¥ is a positive integer; x(t) € R" is the
system state vector; A; € R™™ and B; € R are the known system
and input matrices, respectively; u(t) € R™ is the input vector. The firing
strength of the i-th rule is the following interval sets.

(x(t), wi (x(®)],i=1,2,---p (10.2)

STy

w;(x(t)) = [w

where

'
wf(x(t) = [] s Fax(1))) > 0, (10.3)

v
w (x(t) = [] fy: (fa(x(1))) = 0, (10.4)
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in which w! (x(t)) and w! (x(t)) denote the lower and upper grades of mem-
bership, respectively; By (fa(x(t))) > 0 and Tz (fa(x(t))) > 0 denote the
lower and upper membership functions, respectively. It exhibits the property
that 72, (fa(x(1))) > B (fa(x(t))) which leads to wY (x(t)) > wF(x(t)) for
all 4. The inferred IT2 TS fuzzy model is defined as follows.

X(t) =Y wi (x(t))y; (x() (Aix(t) + Byu(t))
i=1
+ Y wi (x())i(x(1)) (Aix(t) + Biu(t))

i=1

= > wi(x(t))(Aix(t) + Biu(t)) (10.5)

i=1

where

wi(x(8)) = wh (x(O)(x(8) + 0 (<O x(0) 2 0V .Y wi(x(t)) = 1,

(10.6)
in which v,(x(¢)) > 0 and T;(x(¢)) > 0 are nonlinear functions and exhibit the
property of v, (x(t)) + Ti(x(t)) = 1 for all 3. In [7§], the functions of v, (x(t))
and U;(x(t)) are both defined as 0.5.

Remark 10.1. As the nonlinear plant is subject to parameter uncertainties,
v;(x(t)) and 7;(x(t)) may be dependent on the parameter uncertainties. How-
ever, they are not necessarily known in this investigation.

Remark 10.2. It should be noted that the IT2 TS fuzzy model serves as a
mathematical tool to facilitate the design of the IT2 fuzzy controller, and is
not necessarily implemented.

Remark 10.5. Referring to the IT2 TS fuzzy model ([I0.EH), the unknown
functions of v,(x(t)) and v;(x(¢)) will lead to uncertain w;(x(t)). Conse-
quently, the stability analysis for FMB control system subject to perfectly
matched premise membership functions presented in Chapter Bl which re-
quires w;(x(t)) to be known for all ¢, cannot be applied to investigate the
system stability.

Example 10.1. A simple example is given below to illustrate the construc-
tion of IT2 TS fuzzy model for a nonlinear plant subject to parameter un-
certainty. Considering the following simple scalar dynamical system subject
to unknown/uncertain parameter of a(z(t)) with known lower and upper
bounds,

i(t) = sin (a(z(t)z(t))z(t) (10.7)
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where x(t) € [—2, 2] is the system state. For demonstration purposes, it is
assumed that a(x(t)) = % and b(t) € [0, 1] is an unknown function.
Hence, it can be seen that a < a(x(t)) <@ where @ = 0.1 and @ = 0.5 are the
constant lower and upper bounds of a(z(t)), respectively.

We set the lower and upper bounds of sin (a(z(t))z(t)) to be 1 and —1,
respectively, for constructing the type-1 TS fuzzy model using the sector
nonlinearity technique [122]. Referring to the variables in Section and
denoting the membership functions as

fagy ((t), a(x(t))) = L sin (a;l'(t))z(t))

and

parz (2(t), a(x(1))) = 1 — pagy (2(t), a(a(t))) = R (a(;(t))x(t)) :

the system ([I0.7) can be written as

i(t) = (ary (2(8), a(@(1) (<1) + gz (2(2), a((®))) (1) ) a(0).

When a(z(t)) is considered as a constant, the following type-1 fuzzy rule is
employed to describe the nonlinear system of (I0.7]).

Rule 4: IF x(t) is M
THEN (t) = A;x(t),i = 1,2 (10.8)

where Mll and M12 are type-1 fuzzy sets; A1 = —1 and As = 1. The type-1
TS fuzzy model is defined as follows.

2
B(t) = ai(w(t)) As(t) (10.9)

i=1
where the normalized grades of membership are defined as w;(x(t)) =

Hori (2(1)) . .
v (x(t)§+uM12(x(t)), i =1, 2. It should be noted that a(z(t)) is assumed to be

a constant; hence, it is not a variable parameter of the type-1 membership

functions. The type-1 membership functions of yips (x(t)) = M
with a(z(t)) taking various constant values are shown in Fig. [10.1(a)|

Now, a(x(t)) is considered as an uncertain function with a value in the
range of a to @ Consequently, py(z(t)) is no longer a crisp membership
function but characterized by the lower and upper memberships of x4 e (z(t))

and 71 N2 (z(t)), respectively. With the information of the type-1 membership
functions, the lower and upper membership functions satisfying p -, (z(t) <
_ 1

fart (z(t)) < Ty (z(t)) are obtained as follows.



10.2 IT2 TS Fuzzy Model and Fuzzy Controller

195

a(x(f)) = 0.5
0.9k a(x(f) = 0.45 -
a(x(h) = 0.4
0.8F a(x(h) = 0.35 .
. a(x() = 0.3
0.7k b
© 06F—. _ E
o -
£ T TR
2 osf TN g
5 ax() =025 N SR
8 04} a(x() = 0.2 ~
g a(x(f)) = 0.15
0.3} a(x() = 0.1 =
0.2 N
0.1 R
Il Il Il Il Il Il Il
-2 -1.5 -1 -0.5 0 0.5 1 15
x(®)
(a) Hoari (m(t)) with various values of a(x(t)).
1 T T
09 - E
0.8408" .. alx() = 0.5
0.8 n B
0.7 B
2 .
= :
@ 06— . © Footprint of Uncertainty (FOU)
£ 0.5747- N~ ~- -
2050 N TN
5 NS T
Lo04F 1 ax®=01 S e
E
O
0.3f
0.2} ,
\'\'
0.1 R
0 : L L | | | |
-2 -1.5 -1 -0.5 0 0.5 1 15
X9

(b) Lower membership function p -, (2(t)) (dash-dot line), upper member-
1
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Fig. 10.1 Plot of pi,1 (z(t) = M

with various values of a(z(t)), and

illustration of footprint of uncertainty, lower and upper membership functions.
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1—sin( O 1—sin(0.1z(t)) for I(t) <0

10.10
1—sin( O 1—sin(0.5z(t)) for I(t) >0 ( )

{1 sin( o 5e®) for z(t) < 0 (10.11)

1—sin( 0 1lz(t)) for I(t) >0

Similarly, we have p M2( z(t)) < p <Tiy ( (t)) where

(10.12)

1+sm(0 5z(t)) for IL’(t) <0
:U’M2

1+sm(0 1z(t)) for IL’(t) >0

1+sm(0 lz(t)) f t) <0
. { or x(t) (10.13)

1+sln(0 5z(t)) for I(t) >0

The following rules for the I'T2 TS fuzzy model are employed to describe the
nonlinear system ([[0.7]).

Rule i: IF z(t) is M}
THEN i(t) = A;x(t),i = 1,2 (10.14)

From ([I0.3), the IT2 TS fuzzy model for the nonlinear plant (I0.7) is defined
as follows.

t) = (wf (@(t))v; (@(t)) +wi (@(t)vi((t))) Aiz(?) (10.15)

i=1

where wZL(x(t)) = Ky (z(t)) and sz (z(t)) = ﬁj\;f} (z(t)) for all 4.

In this example, with the type-1 membership function fips (2(t)) for
a(x(t)) taking a constant value of 0.35, the lower and upper membership
functions (HM;' (z(t)) and ﬁMli (x(¢)), i =1, 2) are shown in Fig. The
area in between the lower and upper membership functions is defined as the
FOU.

Based on the lower and upper membership functions, any type-1 mem-
bership functions in between can be reconstructed with the unknown non-
linear functions of v;(z(t)) and T;(x(t)). Referring to Fig. taking
x(t) = —1.5 for example, the grades of membership at points A, B and C are
0.8408, 0.7506 and 0.5747, respectively. The grade of membership at point B
(0.7506) can be reconstructed by using the grades of lower and upper member-
ship functions, i.e., 0.7506 = 0.5747(0.3390) + 0.8408(0.6610). By the same
line of logic, every point of the membership function with a(t) = 0.35 can be
determined based on the lower and upper membership functions. In general,
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the in-between membership functions can be reconstructed and represented
in the form of a linear combination of the lower and upper membership func-
tions, i.e., wf (2(t))v;(x(t)) +wi (x(8))Ti(x(t)) where v;(2(t)) +T;(2(t)) = 1
for any 0.1 < a(z(t)) < 0.5. In the above example, it can be seen that v, (xz(t))
= 0.3390 and 7;(z(t)) = 0.6610 at a(t) = 0.35.

With the IT2 fuzzy sets, the parameter uncertainties can be captured by
the lower and upper membership functions. Consequently, an I'T2 TS fuzzy
model of (I0.I5) can be used to describe the nonlinear system (I0.7) subject
to the uncertain parameter of a(x(t)). The IT2 TS fuzzy model (I0IH) can
be regarded as a collection of type-1 TS fuzzy models with a(z(t)) taking
various constant values.

Remark 10.4. Tt should be noted that the exact values of v, (x(t)) and T;(z(t))
are unknown as they depend on parameter uncertainty a(z(t)). However, it
can be seen that the functions of v,(x(t)) and v;(x(t)) exist and not neces-
sarily known in the stability analysis.

Remark 10.5. The lower and upper membership functions for an IT2 TS fuzzy
model is not unique. Referring to Fig. the footprint of uncertainty
can be obtained by the area bounded by the lower and upper membership
functions of p e (x(t)) and oy (2(t)), respectively. With the nonlinear func-
tions of v, (x(t)) and v;(x(t)), any in-between membership functions can be
reproduced. Based on this concept, by considering any arbitrary lower and
upper membership functions denoted by 7 e (x(t)) and Zlve! (x(t)) satisfying
the conditions of Ny (z(t)) < By (x(t)) and 7y (x(t)) = Ly (x(t)), re-
spectively, the actual membership functions can be reconstructed with the
nonlinear functions of v, (x(t)) and T;(x(t)) in other forms. There is still little
understanding on choosing appropriate lower and upper membership func-
tions and more effort should be put on this topic to make the IT2 fuzzy
control a powerful fuzzy control approach on handling nonlinear plants sub-
ject to parameter uncertainties.

10.2.2 IT2 Fuzzy Controller

An IT2 fuzzy controller with the following fuzzy rules is proposed to stabilize
the nonlinear plant represented by the IT2 TS fuzzy model (I0.3).

Rule j: IF fi(x(t)) is M AND --- AND fy(x(t)) is M7,
THEN u(t) = G;x(t) (10.16)

where G; € R™*", j =1, 2, ---, p, are the feedback gains to be determined.
The inferred IT2 fuzzy controller is defined as,

u(t) =Y (w;(x(t)) +7; (x(t)) Gx(t) (10.17)

j=1
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where
) = — 2O 5
> (wh (x(1) +w (x(1)))
k=1
and
W (x(t)) = — wy (x(t) >0
> (wi (x(t) + wf (x(t)))
k=1

which exhibits the property that »77_, (w;(x(t)) + @;(x(t))) = 1. It can
be seen from (IO.I7) that the type reduction for the proposed IT2 fuzzy
controller is characterized by the average normalized membership grades of
the lower and upper membership functions.

10.2.3 Stability Analysis of IT2 FMB Control
Systems

The stability of the I'T2 FMB control systems is investigated based on Lya-
punov stability theory , , ] in this section. The IT2 FMB control
system formed by the nonlinear plant represented by the IT2 TS fuzzy model
(I0E) and the type-2 fuzzy controller of (I0I7) connected in a closed loop
is defined as follows.

wi(x(t)) (Aix(t) + By Y (w; (x(1)) + 75 (x(1))) Gyx(t))

1

.M“
|

ﬁ
Il
-

<

X(t) =

I
M’E

s
Il
—

<
Il

Y wilx(®)(w; (x(8) +;(x(t)))(Ai + BiG;)x(t))  (10.18)

denoted as w;, w; and wj, respectively. Given by the property of the
membership functions, the equality of Y 7  w; = ?Zl(wj + wj) =

i1 25— wi(w; +W;) = 1 is employed to facilitate the stability analy-
sis. To investigate the system stability of IT2 FMB control system ([I0.1S),
we consider the quadratic Lyapunov function candidate (B.1I).

From ([B1) and (I0.I8), we have,
V(t) = x(t)TPx(t) + x(t)TPx(t)

p

In the following analysis, for brevity, w;(x(t)), w;(x(t)) and w;(x(t)) are

wi(w; +w;)x(t)" (As + BiG;) P+ P(A; + B;G;))x(1).
1

i=1j
(10.19)
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Denote X = P~! and z(t) = X~ 'x(t). Design the feedback gains as G; =
N,; X! where N; € R™*" for all j. From ([I0.I9), we have,

M”d
NE

V(t) = wi(w; +;)2(t)" Quyz(t)
i=1 j=1
=z(t)7 @z(t) (10.20)
where
p p
0 =>"> wi(w; +T;)Q; (10.21)
i=1 j=1

In the following, we derive the stability conditions that V (t) < 0 for z(t) #
0 (x(¢) # 0), which implies the asymptotic stability of the IT2 FMB control
system of (IILIR). It can be seen from [IT20) that V(¢) < 0 is satisfied for
© < 0 that can be simply achieved by Q;; < 0 for all 7 and j. It is expected
that such set of stability conditions is very conservative as the membership
functions are not considered in stability analysis. For relaxing the stability
analysis result, we consider the equality Y ", (w; —w; —w;) = 0 given by the
property of the membership functions that > 0 w; = >0 (w, + w;) = 1.
By considering MFSI slack matrices, M; = Mf € jRnxn V = VT R
and A; = A;»F € R™*™ for all j, we have the following MFSI equality.

P
E= ZZ(W —w, — @z’)(ijj + ngj + EjAj) =0 (10.22)

i=1 j=1

Remark 10.6. The slack matrices M;, V;, and A; in (I0.22) are MFSI as they
are independent of the membership functions of the IT2 TS fuzzy model or
fuzzy controller.

Expanding the terms in the right hand side of (I0:222), we have,

]
M=
M=

(wzij + w;w (V - M) + w,w;(A; — M)

I
=

-
Il

1J

—ww;V; — ww; (A + Vi) — 0w, Ay) (10.23)

8
[S

T

Similar to the MFSD analysis approach in Chapter Bl we further introduce
some MFSD slack matrices in the stability analysis. Consider the scalars p;1,
Oil, Vi1, Pi2s Ti2, Yiz such that the membership functions satisfy the following
inequalities for all ¢ and x().

—w; + ppw; +opw; +vi1 >0 (10.24)
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W; — PipW; — 0;W; + Y2 2> 0 (10.25)

Introduce the MFSD slack matrices R;; = Rl € R"*" satisfying R;; > 0;

]
from ([0:24) and (027), we have,

P

P = Z Z(_wi + pinw; + onW; + i1 )(w; — pjow; — oW, + vj2)Rij >0
i=1j—1

(10.26)

Remark 10.7. The slack matrices R;; in (I0.26) are MFSD as they depend
on both the membership functions of the IT2 TS fuzzy model and the fuzzy
controller.

Expanding the terms in the right hand side of [I0.28]), we have,
p p
¢ = Z (—wiwj + pjpww; + 0j2wiW; — wiYj2
i=1 j=1
+ P W Wy — Pil PjeW W, — Pil 0j2W; W5 + Pl Y2
+ OnWw; — 0 PjeWW,; — 0320 2WWj + 0 WiYj2
+ Yirwj — Vi1 pjew; — Yi102W; + Vi1 vie)Rij

p p p p p
==> Y ww; (Rij + ) (meRik — v Ri) = D> ’Yk1’ank;z)
i=1 j=1 k=1 k=1 1=1
p p p p
Y wawpappRi - > Y Wiwon0mR;
i=1 j=1 i=1 j=1
p p p
+ Z Z ww; (pj2Rij + pj1Ryi — Z(PjﬂmRkj - Pj1’)’k2Rjk))
i=1 j=1 k=1
p p p
+ Z Z Wi (O’jQRij +oRji — Z(UjZ'Yklej - Ujl’Yszjk))
i=1 j=1 k=1
PP
— Z Z W, W, (pilanRij + O'jlpiszi) . (10.27)

o
Il
—

<.
Il
_

From (I0ZT)), (I023) and (I027), we have
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P P p
=- Z Z wiw; (Rij + Z(%zRik — v Ryj) — Z Z%wlngl )
i=1 j=1 k=1 k=1 1=1
p p p
- Z szwj (lepngzj +V, ) - Z Zm@j (Jildngij + Aj)
i=1 j=1 i=1 j=1

-
—_

P p
+ Z Z wiw; (Pj2Rij +pi1Rji — Z(ij'Yklej — pitve2Rjk)
i=1 j=1 k=1
P P
+ QZJ + V]‘ — ML) + Z Z W;W (O’ngij + O'leji

i=1 j=1

p
Z(UJQ'Ykle] - U]l’yk‘QRjk) + Q7] + A —M; )

-y

P
=1 j=

W, W; (pﬂO’jQRij + UjlpiQRji + Aj + Vl) (1028)
1

N
Il

Introduce the slack matrices S;; = SJTZ» € R Ty € RV, Uy € R
W;; € M"Y, = Y;‘-’;- e ™™ and Z;; = Z}; € R™*" for all i and j. We
consider the following LMIs:

p p p
Sii <Ry + Z(’Yszik — viiRuyi) — Z Z’Ykl'YlQRkl —M; Vi; (10.29)
k=1 k=1 1=1

PP
Sij + 8 <Ry + Z oRik = WaRiy) =2 > vy Ru —
k=1 k=1 1=1
D
+Ryi + > (m2Ryk — yaRi) — My V jsi < j (10.30)
k=1
P
Ty + T?; > pi2Ri; + pj1 Ry — Z(sz’Yklej — pi1ve2Rjk)
k=1
+Qij +V; —Mi Vi, j; (10.31)
P
Uy + U}, > 0joRi; + 01 Ryi — Z(UjZ’Yklej
k=1

—ojiveRye) + Qi + Ay — M; Vi, j (10.32)
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Wi + W < piojaRij + oj1peRji + A+ Vi Vi, j; (10.33)
Y. < PilijRii +V,; Vi, (10.34)
Y + Y” < pirpjeRij + Vi + pjipieRji + V, V i < j; (10.35)
Z;; <oinopRy+ A Vi (10.36)
Zij +Z]; < 0i10jaRij + Aj + 0j100R; + AV jii < j; (10.37)
From (I0:29) to (I0.3T), we have
P
V(t) < — waz t)7'S;iz(t) ZZwle TSy + S;fpj)z(t)
=1 Jj=11i<yj
P
- ZQ?Z 1Y i(t) Z Zw w;z(t Ty + YiTj)z(t)
=1 j=11i<jg
P
- Zw?z () Zyiz(t) Z Zw wz(t)T (Zi; + Zg})z(t)
i=1 J=1li<g
P
+ 375 w2 () (T + T5)a(t)
i=1 j=1
P
33wt (U + UL ()
i=1 j=1
PP
S0 ) (Wi + Wl
i=1 j=1
T
r(t) -S T U r(t)
= |s(t) ™ - Y -W | |s(t)|. (10.38)
t(t) Ul —-W7T -7 | |t(t)
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w1 z(t) w,z(t) w1z (t) ]
waz(t) woz(t) Waz(t)
where r(f) = SO s = Lt = S,
wpz(t) w,z(t) wyz(t) |
S11 812 -+ Syp T11 Tig -+ Ty Uy U - Uy, |
S21 S22 -+ Sz T Tao -+ Top Uy Ugy -+ Uy,
= . . . . T= . . . LU= . . . |
Spl Sp2 e S;D;D Tpl Tp2 e Tpp Upl Up2 s Upp_
Wi Wiz - Wy, Yi1 Yoo oo Y
Wa1 Way - Wy, Y21 Yoo -+ Yo
W = : . Y = . . and
Wi Wy - Wy, Yy Yp2 - Yy
Zy1 Zys - Zyy
Zoy Loy -+ Loy
Z=\ . . . .

Zpl Zp? pr
From (3]) and (I0:38)), based on the the Lyapunov stability theory, V () >
0 and V() < 0 for z(t) # 0 (x(t) # 0) implying the asymptotic stability of
the FMB control system (I0.IJ), i.e., x(t) — 0 when time ¢ — o0, can be
achieved if the stability conditions summarized in the following theorem are
satisfied.

Theorem 10.1. The IT2 FMB control system (I018), formed by the non-
linear plant represented by the IT2 fuzzy model (I07) and the IT2 TS fuzzy
controller (I017) connected in a closed loop, is asymptotically stable if there
exist predefined constant scalars p;1, oi1, Vi1, Piz, iz, Viz &, jJ = 1, 2, -+,

p, satisfying the inequalities to [IZ28) for all i, j and x(t), and
there exist matrices M; = M;F € R"*" N; € M ™ Ry; = R;f’; e Rrnx"

Sij — S;; c §Rn><n7 Tij c %nxn; Uij c %nxn} VvV, = VzT c %nxn}
Wi € R, X = XT e R, Yy = Y, € RV, Zyy = 2], € RV
and A; = AT € R™¥™ such that the following LMIs are satisfied.
X > 0;
Ri; >0V, j;
{229 to (10-57);

S T U
7 Y -W| <0;
U’ -WT -7

and the feedback gains are designed as G; = N; X~ for all j.
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Example 10.2. Consider an IT2 TS fuzzy model with 3 fuzzy rules in the
following format.

Rule i: IF 2, (t) is M}
THEN %(t) = A;x(t) + Biu(t),i = 1,2,3 (10.39)

T 2.78 —5.63 0.2 —3.22
where x(t) = [21(t) 22(t) ] A1 = [0.01 0.33 ]’A2 = {0.35 0.12 ]’A?’ -

—a —6.63] , [2 8] . [-b+6
{0.45 0.15 }’Bl - {_1]’]32 [0}]33 [ 1 } where 22 < a < 30

and 20 < b < 25 are constant parameters.

It is assumed that the IT2 TS fuzzy model is working in the operating
domain x4 (t) € [—10, 10] The lower and upper membership functions are
given in Table IOl The actual membership functions subject to parameter
uncertainties are inside the region (footprint of uncertainty) bounded by the
lower and upper membership functions.

Table 10.1 Lower and upper membership functions for Example 0.2l

Lower Membership Functions Upper Membership Functions
wi (z1(t)) = 0.95 - —L90—— wy (z1(t)) = 0.95 - —L28
1+e 8 1+e 8
wg (z1(t)) = 1 — wi (21(1)) — wi (21 (1)) wh (z1(t)) = 1 — wi (21(t)) — wi (21(t))
wi (z1(t)) = 0.025 + —228—— wy (x1(t)) = 0.025 + —228——
T4e” 8 I4e” 8

For demonstration purposes, with the IT2 fuzzy controller defined in
({013, it is assumed that p; = 051 = 2, pi2 = o2 = 0.01, v;1 = —0.025
and ;0 = —0.024 satisfy the inequalities of ([024]) to (I0.23). The stability
conditions in Theorem [I0.1] are employed to check for the stability region us-
ing the MATLAB LMI toolbox. The stability region is shown in Fig. [10.2(a)|
indicated by ‘o’. To investigate the influence of the slack matrices, M;, V;
and A;, to the stability conditions, we remove them from Theorem [[0.1} The
stability region without these slack matrices is shown in Fig.[10.2(a)lindicated
by ‘x’. Referring to Fig.[10.2(a)} it can be seen that the stability conditions
can be relaxed with these slack matrices as evidenced by a larger stability
region.

To investigate the influence of the bounding coefficients of the inequalities
of (I024) to (023 to the stability region, we choose ;1 as —0.048 and
—0.012 with other coefficients unchanged. The stability region is shown in Fig.
It can be seen that different bounding coefficients (due to different
lower and upper membership functions) will lead to different sizes of stability
regions.
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25 ©
2451 O O O ¢4
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(a) Stability regions with (‘o’) and without (‘x’) M;, V; and Aj.
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2056p O O O O ® ® ® ® ® ® ® ® ® @ ©® ¢

(b) Stability region with different bounding coefficients of v;1 = —0.048
(‘0”) and ;1 = —0.012 (‘x7).

Fig. 10.2 Stability regions for the stability conditions in Theorem [I0.11
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Exzample 10.3. Consider the inverted pendulum in Example [Tl subject to
parameter uncertainty as the nonlinear plant in this example. We consider
the mass of the pole m,, and the mass of the cart M, are uncertain. An IT2 T'S
fuzzy model is first constructed to represent the inverted pendulum. Different
sets of lower and upper membership functions are considered to capture the
parameter uncertainties. The proposed IT2 fuzzy controller is then employed
to stabilize the inverted pendulum.

The dynamics of the inverted pendulum is described by the dynami-
cal equations ([Z33). Tt is considered that the mass of the inverted pen-
dulum m, € [mpmm, mpmaz} = [2, 3] and the mass of the cart M, €
[Mcmm, Mcmm] = [8, 16} are uncertain. It was reported in @] that the
uncertainty-free inverted pendulum, of which m, and M, take constant val-
ues, can be exactly represented by the type-1 TS fuzzy model (Z358). The
fuzzy model is restated as follows.

4
x(t) = 3 s (x(1))(Ax(t) + Byu(t)) (10.40)

i=1

The inverted pendulum is considered working in the operating domain
z1(t) =0(t) € [—25, 35 | and 25(t) = o(t) e [—5, 5]. Consequently, we have
fi,.., =10.0078 and f1,,,, = 18.4800, f5, ., = —0.1765and f5, . = —0.0261.
The rest variables are defined in Example [Z.11

It can be seen from the type-1 TS fuzzy model (I040) that the grades
of membership become uncertain in value when m, and M. are uncertain.
Consequently, the stability conditions subject to perfectly matched premise
membership functions in Chapter 2lcannot be applied to design a stable fuzzy
controller. An IT2 TS fuzzy model with 4 rules of the following format is em-
ployed to describe the inverted pendulum subject to parameter uncertainties.

min

Rule i: IF 2, (t) is M} AND z(t) is M3
THEN x(t) = A;x(t) + Byu(t),i = 1,2,3,4 (10.41)

The IT2 TS fuzzy model is defined as follows.
4
x(1) = 3 (wi (@1 (0)e; (x(1)) + wf (@1 ()5 (x(1))) (Ax(t) + B u(t))

4
=2 @i(x(t) (Ax(t) + Byu()) (10.42)

where ; (x(t)) = wk (w1 (6)); (x(1)) + wf (w1 (6))T(x(1)).
The lower and upper membership functions are required to satisfy the
following inequalities.
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HM{ (ml(t)) < Hori (fl (X(t)) < Tigr 1($1 (t))ﬂ’. =1,2,3,4 (10'43)

1

HM; (331 (t)) < Hoarg (fQ(xl (t)) < E]\}I% (xl(t))vi =1,2,3,4 (1044)

Tt can be seen from (I0.43)) and (I0-44) that the lower and upper membership
functions form the FOU that captures the parameter uncertainties m, and
M. Any type-1 membership functions in between can be reconstructed based
on the lower and upper membership functions. As a result, the I'T2 TS fuzzy
model is equivalent to have infinite number of type-1 fuzzy models in the
form of (I040) where each one of them takes different constant values of m,,
and M, within the predefined lower and upper bounds.

By taking x2(t), m, and M. as constant values in their operating ranges
of f1(x(t)) and fo(x1(t)) and considering all combinations of them, we can
determine the lower and upper bounds of iy (f1(x(t)) and gy (f2(21(¢))
that they are taken as the lower and upper membership functions of the IT2
TS fuzzy model. The lower and upper membership functions are defined in

Table and Table [0.3] respectively. It should be noted that p it (z1(1))

for all ¢ depend on z1(t) only due to x2(t) is taken as a constant value. The
lower and upper normalized grades of membership for each rule are defined as
wi (@1 (1) = pgs (01 (0) g, (01()) and w) (@1(8)) = Ty (01 (8)) g (21 (1)),
respectively, for all . It can be shown that w’ (z1(¢)) < @;(x(t)) < w¥ (z1(t)).
The plots of the lower and upper normalized membership functions of the I'T2
TS fuzzy model are shown in Fig.

Table 10.2 Lower membership functions for Example (0.3}

H1\_411 (271(1‘/)) = W with l’z(t) = O’ Mp = Mpmaq, M. = Mcmm
gz (@1(0)) = =2 s with 25(t) = 0, mp = Mppaes Me = M.,
J1x()—f min 3 — —
H]\'}[fv (xl(t)) = m with x2( ) T2mazs Mp = Mpmaaws MC - Mcm,i,n
t )
s (@1(8)) = ZEDRmin with (1) = @200, My = My Me = Mo,
—f )+ f max 3 —
Ladv! (z1(2)) = % with mp = Mmp,., Me = Mey, o,
t
E]\;{% (:I:l(t)) = % Wlth Mp = Mpin> MC = Mc'm'in
HMS (z1(1) = W with mp = myp,ee, Me = Mepa,
t .
gy (1 (8)) = B with my, =y, Me = Me,,,,

Based on the IT2 TS fuzzy model, an IT2 fuzzy controller with four rules
of the following format is employed to stabilize the inverted pendulum ([733),
i.e., x(t) — 0 as time t — oc.
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Table 10.3 Upper membership functions for Example [0.3}

gt (z1(t)) = WM with 2(t) = 2,00, Mp = Mppan, Me = Me, ;.
ﬁ]\?[l? (z1(t)) = w with T2(t) = Z2,00, Mp = Mppaw, Me = M,
Ve (z1(t)) = w with a2(t) = 0, mp = mp,,,., Me = M., .

ﬁM{l (z1(t)) = % with x2(t) =0, mp = Mp,0e, Me = M., ..,

Ty (21(t)) = W with mp =myp, ., M. = M,,, .

Tz (01 (1)) = B0 Buin ith my, = my,,.,,., Me = Mo,

Tiygg (21(t)) = M with my, = myp,...., Mec = M.,

Fyga (x1(1)) = % with m, = mp,,.., Mc = Me,,,.

1

s
< 08
N
D}, 0.6
c
S 04
S
X 0.2
N
oLz S v 0 o
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15
x,(f) (rad) x,(f) (rad)
1 1
s s
< 08 < 08
™ <
:5 0.6 :E 0.6
C C
S 04 S 04
S5 S
%: 0.2 :;; 0.2 /\J\
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15
x,(t) (rad) x,(f) (rad)

Fig. 10.3 Lower membership functions wj (m (t)) (dotted lines) and upper mem-
bership functions w! (x1(t)) (solid lines), i = 1, 2, 3, 4 for Example [03]

Rule j: IF y(t) is M] AND z,(t) is M},
THEN u(t) = G;x(t),j = 1,2,3,4 (10.45)
Referring to (I0I7), the inferred IT2 fuzzy controller is defined as,

u(t) = 5 1(w (xl(t))+’LU§-]($1(t)))ij(t)
et (W (21(8)) + wi (21(t))

(10.46)
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Considering the chosen lower and upper membership functions, it can be
shown numerically that p;; = 1, o, = 0.001, y11 = 0.441, 91 = 0.191, v31 =
0.525, v41 = 0.2, 7,0 = 0.001,¢ = 1, 2, 3, 4; k = 1, 2, satisfy the inequalities
([I024)) and ([I0.23]). Based on the stability conditions in Theorem [[0.1] with
the MATLAB LMI toolbox, the feedback gains are found numerically and
shown in Table M0.4l

Table 10.4 Feedback gains G; for Example 03]

G = [934.7822 238.7590 |
G, = [ 1027.3843 260.9691
Gs = [1000.4873 254.0293
G4 = | 1138.3668 289.6253 |

The IT2 fuzzy controller (I0.46) with the feedback gains in Table T0.4]
is employed to control the inverted pendulum ([Z.33]). Considering the initial
system states x(0) = [ 32 O]T, x(0) = [-52 O]T, x(0)=[% O]T and x(0) =
[—% ]T, the system state responses and control signals of the IT2 FMB
control system with m, = m,, ., and M, = M., ,, areshown in Fig.[I0.4 To
check for the robustness of the IT2 fuzzy controller, we choose m, =m,, .
and M. = M., .. It can be seen from Fig.[[0.4that the IT2 fuzzy controller is
able to stabilize the inverted pendulum with the chosen values of m, and M..

As discussed in Remark [T0.5], any functions in the range of 0 to 1 satisfy-
ing the inequalities (I0.43]) and (I0.44]) can be taken as the lower and upper
membership functions. As a result, the I'T2 TS fuzzy model for a nonlinear
system is not unique and it offers a design flexibility to the IT2 fuzzy con-
troller. However, different sets of lower and upper membership functions will
lead to different values of p;1, oy1, Vi1, pi2, Oi2, Vie- As shown in Example
[I011 it will lead to different stability result.

For demonstration purposes, another set of lower and upper membership
functions for the IT2 TS fuzzy model with the rules in (I0.41]) are chosen and
shown in Table[[0.Al The plots of the lower and upper membership functions
are shown in Fig. It can be shown that the normalized membership
functions satisfy the inequality of w’ (1 (t)) < w;(x(t)) < w¥ (z1(t)) for all i.

With other membership functions in simple forms being employed for the
construction of the IT2 TS fuzzy model, it is able to lower the structural
complexity of the IT2 fuzzy controller (I0.40) and reduce the implementa-
tion cost. Considering the lower and upper membership functions in Table
[[0F it can be shown numerically that p;z = 1, o = 0.001, 17 = 0.456,
Y1 = 0.27, 31 = 0.565, 741 = 0.195, 32 = 0.001, 4 = 1, 2, 3, 4; k = 1, 2,
satisfy the inequalities (I0:24)) and ([I0.25)). It should be noted that different
coefficients for the inequalities (I0:24) and (I025) will give different feed-
back gains for the IT2 fuzzy controller (I0.46). Hence, different IT2 fuzzy
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Fig. 10.4 System state responses and control signals for the inverted pendulum
in Example [[0.3] Solid lines: m, = my,,,, and M. = M, Dotted lines: m, =
Mpna, and M. = M,
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Fig. 10.4 (continued)

Table 10.5 Another set of lower and upper membership functions for the I'T2 TS
fuzzy model for Example [0.3]

Lower membership functions Upper membership functions

Hz\}fll (z1(t)) =1—e" ”(tf ﬁMll (@1(t)) = 1 — 0.23¢~ 1)
g (w10 = 1= N5 g (i) = 1 - 093¢
Eyps (z1(t)) = 0.23¢~ YOk s (01(8) = ¢ 21 ()?

e (e (0) = 023 B i (1) = e

By (x1(t)) = 0.5¢~ 20 gy (@1(1) = € e ()

Ladve (x1(t))=1—e i 0? Tygs (@1(t) = 1 — 0.5¢ S10)
EMS (z1(t)) = 0.5e~ 3,(2{3,2 ﬁMg (@1 () = e ”1(.?2

ﬂM; (z1(t) =1—e" 111(.?2 Tixi (@1(t) = 1 — 0.5~ 2101)
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Fig. 10.5 Another set of lower membership functions w? (x1(t)) (dotted lines) and

)
upper membership functions w! (z1(t)) (solid lines), i = 1, 2, 3, 4 for Example [[0:3

controllers designed based on different IT2 TS fuzzy models will offer differ-
ent system performance. The performance analysis given in Chapter (] can
be considered to realize the system performance.

Based on the stability conditions in Theorem [0.1l with the MATLAB
LMI toolbox, we have the feedback gains listed in Table

Table 10.6 Another set of feedback gains G; for Example [[0.3}

G, = [885.2658 227.9417 ]
G2 = [951.8250 243.5480 |
Gs = [942.8617 241.3597 |
G4 = [1072.0733 275.0160 ]

The IT2 fuzzy controller with the lower and upper membership functions
in Table I0.5] and the feedback gains in Table [I0.6lis employed to control the
inverted pendulum. Considering the same initial system states as above, the
system state responses and control signals for the IT2 FMB control system
with my, = m,, .. and M, = M, and m, =m,, ... and M. = M, are

shown in Fig. Referring to Fig. [[0.6] it can be seen that the inverted
pendulum subject to different parameter values can be stabilized by the IT2

min?
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Fig. 10.6 System state responses and control signals for the inverted pendulum
in Example [[0.3] with another set of feedback gains. Solid lines: my, = my,, and

M. = M.
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Dotted lines: mp, = myp,,,, and M. = M.

max *
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fuzzy controller of (I0.40). Comparing with the IT2 fuzzy controllers taking
different sets of membership functions and feedback gains, it can be seen from
Fig. [0 and Fig. 0.0 that both IT2 fuzzy controller are able to stabilize
the inverted pendulum subject to different values of system parameters.

10.3 Conclusion

An IT2 TS fuzzy model has been proposed to represent the nonlinear plant
subject to parameter uncertainties. The parameter uncertainties of the non-
linear plant are captured by the IT2 fuzzy sets characterized by the lower and
upper membership functions to facilitate the stability analysis and controller
synthesis. An IT2 fuzzy controller has been proposed to close the feedback
loop to form an IT2 FMB control system. As the actual grades of the mem-
bership are uncertain in value due to the parameter uncertainties, the MFSI
stability analysis approach in Chapter [3 will lead to very conservative stabil-
ity conditions. To circumvent the difficulty, the nice property of the lower and
upper membership functions offering the boundary information of uncertain
parameters is utilized to introduce some MFSI and MFSD slack matrices to
the stability analysis. By considering the MFSI and MFSD slack matrices,
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the stability of the IT2 FMB control systems has been investigated using the
Lyapunov stability theory. LMI-based stability conditions have been derived
to guarantee the system stability and design the IT2 fuzzy controller. Some
simulation examples have been given to illustrate the effectiveness of the
proposed IT2 FMB control approach.
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