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Abstract

This paper defines Fuzzy Logic Units(FLUs) which are piece wise finite elements in multi-
dimension Fuclidean space, and redefines triangular membership functions which are different from
those defined in traditional literature!*). By analyzing FLUs, this paper gives a constructive method of
fuzzy rules in fuzzy logic systems based on finite element method. The simulation results of single-
machine to infinite bus system show the effectiveness of the proposed method in this paper.
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1. Introduction

Fuzzy controller whose kernel 1s fuzzy rules
plays a decisive role in fuzzy control systems,
therefore, how to gencrate fuzzy rules, from
experiment data and information given by the
skilled workers, is a kev problem concerned by
engineers in fuzzy control field. A lot of authors
have made contribution to fuzzy
rules! NIBIAIGICUTIY 161 puts forward fuzzy
rules with one modified factor, [7] fuzzy rules
with two modified factors. [8] fuzzy rules with
self-tuning. [4] proposed a promising and
creative method gencrating fuzzy rules from the
given data and information about the studied
plant. However, the algorithm needs long
training or learning time and the obtained
results have bad accuracv. Especially, for some
specified problem, the number of fuzzy rules,
the type of membership function, the partition of
fuzzy interval and so on, have little fundamental
theory, are still problems to be solved. This
paper gives a constructive method of fuzzy rules
in fuzzy logic systems based on finite element
method. The of single-
machine to svstem shows the
effectiveness of the proposed method in this

paper.

simulation results

infinite  bus

2 Basic Concepts

2.1 Basic Definition

Support, Center, and Fuzzy Singleton: The
support of a fuzzy set F is the crisp set of all
points u € U such that g p(u)>0. The center of a
tuzzy set I' 1s the points(s) u € U at which g s(u)
achieves its maximum value. If the support of a
single pomnt in UJ at which g¢ = 1. the I 1s
called a fuzzy singleton.

Regular Fuzzy set : a Fuzzy set with only
one sigleton 1s called regular fuzzy set, that s,
one-humped fuzzy set.

Let A= { A }i-01.  n beaclassof regular
fuzzy sets defined on X, Their singletons: x ,
(1=0,1,.. ., n)(that is the points of A ; (x)= 1),
A 1s called fuzzy partition , 1f A satisfies the
condition: (1){(V 1, )(x; #x;)(2)(VxeX)
(37, A.(x) = 1), then every A, is called a

basic element of A, A is called basic element
A is called a two-phase

if for any given x € X,
there exists a pair of two neighbor basic
clements A, and A.y of A suchthat A (x) # 0
A LX),

group. Fspecially .
basic element group .,

2.2 The Method of Fuzzy Interval Partition
and Membership Function Selection

Fuzzy interval partition for one mput should
satisfies the following conditions :

(1) For a given close interval [a,b], the
given data are arranged in the order of a = x; <
X2 < ... <X, =b, Xg Xj. X2, ..., Xn forms the
centers corresponding to the conventional fuzzy
sets
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(2) Two fuzzy sets, whose membership
functions are triangular, forming a pair of two-
phase basic elements, are dcfined 1 every
mterval of [a,b} as shown in Fig.1. Note that
triangular membership function here 1s different
from one in almost all ordinary literature.

Triangular membership functions arce defined
in traditional method; the first A a.x¢.xj, the
second A x0.b.x2 , the third Axicxa . ..
Triangular membership functions are defined in
the méthod in this paper: the first A a.xo x; .,
the second A xo.b.x, , the third Ax, bxy, .

The regular fuzzy sets satistving the above
conditions can guarantee simple defuzzification
as shown in the following section

3 The Construction of Fuzzy Rules

3.1 The Construction of FLU Fuzzy Rules of
One-dimension input System

FL.Us are defined as shown in Fig.1 in the
case of single-input and single-output svstem,
here, we analyze a FLU, which obtained from
the partition in Fig. 1, as shown in Fig.2. Given
two points: (xo. fo) and (xi fy). Lagrange
interpolation formula of the segment between
points Xp and X, 1s expressed as tollows :

x~x1 x=x0
t = fo + I = Ap(x
x0 - xl 0 x1 - x0 1T A (Ax))
fg“*‘,u(A[(X))ﬁ =Fy (X)+F1 (x) (@8]

Ao and A; are two fuzzy subsets, g (Ag(x))
and u (A(x)) are membership function of fuzzy
subsets Ag and A, respectively . thus two fuzzy

rules can be obtained according to Equ.(1):

R'. if x=Ap then =1,
R, if x=A, then =1, (2)

We have defuzzification formula (3) in terms
of the gravity method :

F={u(Ae(xNlo+ p (AX)) 1) 7 (g1 (An(X))
+ 1 (A(X))) (3)

Because Ap andA; are two-phase basic
elements . that 1s : g (Ao(X))+ g (A(x))= 1,
Equ. (1} 1s the same equation as Lqu. (3).

3.2 The Construction of FLU Fuzzy Rules of
Two-dimension Inputs System

For f=F ( x,y), given four points (Xo, Yo, foo)~
(Xo, ¥15 for)+ (X1, yo; fi0) and (x1, y1; f11),
Lagrange interpolation formula within the
rectangular as shown in Fig.3 is expressed as
follows :

x—x1  y-yl x—-x1  y-3y0
f= —_ foo + EANT AN
x0-x1  y0-yl x0-x1 yl-)0
fo + x—x0  y-l x—-x0 y-30 £,
x1-x0 y0-yl xl-x0 yl-30 _
=F(x,y.xy)+Fa(x, v, xy )+ Fa(Xx,y, xy)
“)

According to fuzzy partition in Fig.3 and
interpolation calculation of Equ. (4), we can
obtain the following 4 tuzzy rules :

R': ifxis A¢andy is Bothen f = fgo

R?: if x is Ao and y is B, then f = fy,

R*: ifxis A, andy is Bgthen f = fio

R*: ifxis A;andyis B, then f = f,

)
Defuzzification results of Equ.(5) are the
same equation as LEqu.(4) in terms of the gravity
method, because for any x, y defined in the

rectangular nfﬂ y- ! + xoxl yo )0
20-x1 30—yl x0-x1 yl-y0
+ x-x0 y-yl x-x0 y-30 = 1 always

xI-x0 y0-yl xl-x0 yl-y0

exists.

3.3 The Construction of FLU Fuzzy Rules of
Three-dimension Inputs System

For f=F ( x, y. z ), given eight points (Xo, Yo,
2o; fo00)~ (X0, Yo, 213 foo1) (Xo, Y1, Zo; for0) (Xo,
vi. zi; for) (X0, Yo, 2ot fio0)~ (X1, Yo, 215 fi01)-
(X), Y1, Zo, f|1o)\ and (.\'1, Yi, Z21% flll)- Lagrange
interpolation formula m the defined hyper
rectangular is

[= x—xl y-vl z -zl fono + x - xl

x0-x1  yO-yl 2021 x0 - x1
v-yl z-~-2z0 x—xl y-30
— —— fon *
¥0 -yl zl-20 x0~-x1 yl1-30
z—-2z1 - x] v-30  z-20
— foio ud . fonn +
z0 - z1 x0-x1  yl-30 z1-20
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r=-x0 y-yvl z-2zl x-x0 y-yl

—_ 10

X-x0 y0-vl 20-z1 0 xl-x0 y0-yl
~20 . - — 0 -

z-z oy + 2 x0  y- ) z-z1 f110 +

zl-20 x1-x0 yl-30 2z0-z1

x-x0 y-v0 z-20

xI=x0 vl-3v0 z1-2z20 fon =Fo(x, v, 2, xy, xz.

vz, xyz )Fi(x. v, 7. Ny, xZ, ¥z, Xyz )+ Fa (X, y. 2,
XY, XZ, vz, X\vz2 )+ Fa (X, y, z, Xy, Xz, YZ, XyZ ) +F4
(X, ¥, 2 Xy.xz, vz, xyz )+ Fs (X, y, Z, Xy, Xz, yz,
xyz )+ Fe (N. V. 7, Ny, Xz, ¥z, xyz ) + F7 (X, ¥y, 2.
XYy, XZ. ¥7. \X\V7 )

(6)

According to fuzzy partition in Fig.4 and
interpolation calculation of Equ. (5), we can
obtain the following 8 fuzzy rules :

R': ifxis Agandyis Boandzis Co
then {= fooo
R°: ifxisAgandyis Beand zis C;
then I = fyo;
R*: ifxis Apandyis B;andzis Co
then f: f()]o
R*: irxis AgandyisBjandzis C,
then f = fo1,
R*: ifxisA andyis Bpandzis Co
then { = fg
R°: ifxis Ayand yis Boand z is C;
then [ = fig;
R’: ifxisA;andyis Byandzis Co
then = fyg ' '
R¥: ifxis A and yis By and z is C;
then { = £y,
(6)
Defuzzitication results of Equ.(6) are the
sanie equation as Equ.(3) in terms of the gravity
method, because for any x, y, z defined in hyper
x-x1 y-yl z-z1 L 5o x]

rectangular,
x0-x1 v0O-yl 20-2z1 x0— x1
y-ov o oz-z0 P xl y-y0  z-2z1
yvO-vl  zl-z0 x0-x1 yl-30 z0-=z1
x-xl v-y  z-2z0 x—-x0 vyl
-xl vl-v) z1-20 xl-x0  v0- vl
z-z] . - X0 y-yl z-20 x—x0
z() - z1 xI-x0 v0-vl 21-20 xl - x0
yv-W  z-zl x-x0 y-)0 z-20

yl-3yv0 z0-zl xl-x0 yl-y0 z1-20 -

always exists .

For multi-dimenston inputs hyper rectangular.
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fuzzy rules is constructed according to above
same method, here it is omitted .

3.4 The Number of Fuzzy Rulés

The fuzzy rues obtained from one, two and
three-dimension inputs system show that the
essence of the fuzzy rules in the fuzzy system is
picce wise interpolation. For a specified
problem, the first step is to form many FLUs
finite element according to the given data; the
second step is to construct fuzzy rules by the
triangular membership functions defined in this
paper for every FLU; the last step is to defuzzy a
fuzzy rules obtained above. We¢ have the
following discussion about the number of fuzzy
rules of a studied system :

3.4.1 Single-input and singlc-output system

y = f(x), for x € [a,b], singletons are: xq, x;,
X2, ..., Xn , the number of FLU contained in a
given systemisn, every FLU contains 2 fuzzy
sets, so, the number of tuzzy rules generated
from the given data is 2' X n .

3.4.2 Two-input and single-output svstem :

vy = f(x, y), the number of singletons of x is
n+! . the number of singletons of v is m+1 ,
the number of fuzzy rules generated from the
eivendata: 22X nX m.

3.4.3 Three-input and
system :

single-output

the number of singletons of x is n+1, the
number of singletons of y is m+1 , the number
of singletons of z is k+1 , the number of fuzzy
rules generated from the given data : 2% X n X
m X K.

3.4.4. Multi-input and single-output system :

v = {(xXy, N2, ..., Xn) the number of singlctons
of x;1sm+1 , the number of singletons of x7 is

my+1 , the number of singletons of x, is

muy+ti . the number of fuzzy rules generated
from the given data is 2" X m; X my X -+ X
Mp .
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Fig.3 Dynamic response comparison of two excitation controller
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4 The Simulation Example

This paper employs single-machine infinite

bus system to simulate the fuzzy excitation
controller, 48 FLUs and 192 fuzzy rules are
constructed using Table-1 1
obtained in terms of optimal control theory. The
stmulation of fuzzy controller is compared with
those of optimal controller 1 two kinds of

sample data

operation conditions, that is. sample condition
and no sample condition. The results show that
two kinds of controller are same on the sample
condition, and optimal controller 1s better than
or close to fuzzy controller as shown in Iig.5.

5 conclusions

The constructive method of fuzzv rules of a
class of data based on finite clement method has
the following advantages: (1) tuzzy model don't
loss any
defuzziticaon, (2) contradiction f{fuzzy rules
don’t appear; (3) the fuzzy rules arc uniqueness
and the number of fuzzy rules 1s constant for the
fuzzyv partition of the given dats mn term of
Polynomal Interpolation Theorem

mformation i the process of

The generalization abilitv of turzy rule-based
mcthod 1s determined by the given data and
their partition method.

The example of single-machine to infinite bus
system shows the proposed method constructing
fuzzy rules in this paper 1s effective.
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