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ABSTRACT

This paper discusses stability analysis of Takagi-Sugeno (TS)
fuzzy systems based on stability indices. A TS model represents
the process and a feedback fuzzy controller defines the system.
The paper extends previously defined stability and robusiness
indices to TS models. The analysis is based on the computation
of the Jacobian of the TS system identified using input-output
data. Then, the conventional differential equation model of the
process to be controlled is not required for the stability analy-
sis.

Keywords: Stability, fuzzy systems, robust control and intelli-
gent control.

1. INTRODUCTION

It is well known that many fuzzy control system have been
designed from the expert control knowledge expressed as a set
of fuzzy rules. However, this approach is difficult when the
human operator only can verbalise few trivial rules or when the
process is too complex.

In many applications it is more practical try to learn automati-
cally the fuzzy rules from experiments. This approach has
demonstrated to be useful in many industrial applications [1].
The control systems designed using this approach are known as
Takagi-Sugeno (TS) fuzzy control system. An usual technique
to implement this approach is to divide the control system
design into two steps: 1) Identification of a fuzzy model of the
process to be controlled from input-output samples of the proc-
ess, and 2) Design the fuzzy controller based on the fuzzy
model.

Stability is a fundamental property of every closed loop system.
Many researches have estudied the stability of fuzzy contro!
systems in the last years [2](4])[5]. Several stability analysis
techniques have been applied including Lyapunov methods and
Input-Output stability techniques [6][7].

The Lyapunov approach is probably today the most extended
method to analyse the stability of TS fuzzy control systems.
The problem has been solved by determining a common defi-
nite matrix for all the linear or affine systems given in the con-
sequent part of the rules. That can be done by using efficient
numerical procedures to solve Linear Matrix Inequalities
(LMI). However, this approach could be conservative. That
means that in many cases it is not possible to find any
Lyapunov function even if the system is stable.

The application of concepts from the qualitative theory of
nonlinear dynamic systems can be used to obtain conclusions
about the stability in all the control system space. Stability and
robustness indices were formulated to analyze conventional
fuzzy control systems with rules defining linguistic control

actions obtained from the process heuristic knowledge. The
indices [2)[9] quantify how far the system is from the stability
loss. There are local stability indices and also a more general
stability index that give how far the system is from the appear-
ance of other equilibria. This approach is based on the avail-
ability of the Jacobian of the process to be controlled. Thus, a
model of the process is required to compute this Jacobian.

In this paper the above indices are extended for the analysis
of TS fuzzy systems. In the next section the one-dimensional
problem is considered and both local and global indices are
defined. The third section deals with the extension to process
with dimension of the state vector greater than one (multidi-
mensional case). The formulation of the indices is based on the
Jacobian of the TS closed loop system. The expressions to
obtain this Jacobian are given in the Appendix. It should be
noted that the conventional differential equations of the process
to be controlled is not required for the stability analysis.

2. THE ONE-DIMENSIONAL CASE

Consider a fuzzy control system with a mathematical model of
the following form:

x=f(x)+bu 1)
u =¢(x)

where f(x) is a nonlinear function. The equilibrium point of a
closed-loop system using TS fuzzy system can be written as:

x=f(x,$(x)=0 (b3

If the TS fuzzy system satisfies £(0,$(0)) = 0, then it is clear
that system (1) has an equilibrium point at the origin. For this
equilibrium point to be stable, a sufficient condition is:

_IW | )

d
;[f(xm(x»] A

<0 3)
x=0

x=0

That is, the eigenvalues at the origin has a negative real part.
The stability index I, measures the robustness of the equilib-
rium x=0. This index can be defined as:

I,--(g—;ﬁ+%(:—) ] (4)

Note that larger values of /, outcome more robust stability at
the origin.
A new index is defined to prevent the appearance of other







