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SUMMARY

The modifications required to obtain a front end programming

unit for a Programmable Fuzzy controller (PFC) from a front end

programming unit of a Programmable Logic Controller (PLC) are

discussed. This is done by considering PLC units using ladder

logic diagrams and by restricting attention to a spécial class of

PFCs. A simple example illustrâtes main concepts and procédures.



Chapter l

INTRODUCTION

In a number of industrial applications the usage of logic

controllers [1,2] is often complemented with that of fuzzy logic

controllers [1,3]. In analogy to the by now well established

Programmble Logic Controllers (PLC), it appears then natural to

consider the development of général purpose Programmable Fuzzy

Controllers (PFC). As a first step in this direction, in what

follows we discuss the modifications which are required to make a

PLC front end progranming unit suitable to serve as a PFC front end

unit.

In view of the large variety of both fuzzy controllers and PLC

units available, this will be done by restricting attention to

fuzzy controllers of a spécial class (to be defired in the next

section) and to PLC front end programming units based on ladder

logic diagrams. With this fonnalism, inputs to the controllers are

represented in terms of energized/dienergized state of coils; the

working of the controller is represented in tenus of a diagram of

contacts and coils. The progranuning of a given logic controller

is then implemented by interpreting its function in terms of such

a diagram and by communicating the result to the PLC front end

unit. While for detailed discussion on ladder logic diagrams the



reader is referred to [1,2], for the purposes of the présent

development it is sufficient to illustrate the passage from the

logic description of a logic controller to a ladder logic diagram

by considering a simple example. With référence to figure l:

a) gives the boolean scheme of the logic controller; b) the

représentation of the physical inputs of the controller; e) the

output of the controller; d) gives the program coding of the logic

controller using ladder diagram language.

One observes the présence of three blocks; the first block

assigna a memory location to every physical input; the second

représenta the logic function of the controller in tenus of the

ladder diagram language; the third indicates the memory locations

where the outputs of the function are stored.
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Chapter 2.

A SPECIAL CLASS 0F FUZZY CONTROLLERS.

2.1 Introduction

The fuzzy controllers of interest in what follows put into

correspondance real valued vector inputs with real valued vector

outputs. To describe thèse controllers, one needs to first introduce

the concept of fuzzy value, fuzzy rule, truth and output value of a

fuzzy rule.

2.2 Fuzzy value.

To define the fuzzy value of a real valued vector we consider the

following éléments (fuzzy scheme):

a) a set of attribute names:

ZM}^è (Zi, Z2............. Zi

b) a set of attributes domains:

5 ê (DI, DZ.............. DM}

with:

Di = {•sim} i ss l'M'* » s= l'Pi

where the éléments S^ denote the attributes of the domain 0^.



e) a set of membership functions:

5im('): R—-[0,1]

Thèse éléments allow us to put in correspondence with a real valued

vector:

Z = {Z^, Z^,................ ZM}

a fuzzy value:

Z~ = (Z]L, Z^,. .............. Zy}

where:

zî = lsi-m> •îim(zi)]

In linguistic terms, the fuzzy value z* of the real valued vector z^

is reported by saying that:

"Z^ is &im with degree of membership ^in(ZjL)"

m = l,Pi; i = l,M

In what follows real valued vectors will represent inputs and

outputs to and from a fuzzy controller.

In the case of input représentation, the fuzzy scheme will use

the notation:

^ = XÊ (Xi) i = l,n

s Aè (Ai)
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with:

Ai = <aim) i = l'n'' m = l'Pi

Ta the attributes a^ correspond the membership functions:

<W) : R—[0,1]

Given as input a real valued vector:

x. = (xi, X2.............. Xn)

we then define the fuzzy value of the input:

X" = {X^, X^,..........., X^}

where:

^i. aa [°im' <Wi)]

In the case of outputs représentation, the fuzzy scheme will use the

following notation:

<? = y û (Yh) h =1,H

J) = B e w
with:

Bh = t^hl) h = l,H; l =l,.ph

To the attributes p^ correspond the mçmbership functions:

^hl(') '• R-^[0,l]

The output is given by a real valued vector:

y = (yi» yz......•...., YH}
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2.3 Fuzzy rule.

To define a fuzzy rule we firstly introduce the concept of WFF

(Well Formed Formula).

Given:

- a set of names = {Z^, Z^,........, Zy)

- a set of attributes domain « (DI, D^,............ Dy)

- the set of connectives C< = { ~1, A , ^}

a WFF defineâ over of lt ^ is recursively defined as:

- The pair (Z^, S^) , with S^ attribute of the domain

D^, is a(n atomic) WFF.

- if rl and 13 are WFF, then:

- (-^ ri) is a WFF.

- ( TI A r^) is a WFF.

- ( TI V TZ) is a WFF.

With this concept a fuzzy rule is defined as a pair;

(Premise, Conséquence)

where Preaise is an élément of the WFF defined over -^ )t -/l and

Conséquence is an élément of the atomic WFF defined over •3 * 0.
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2.4 Truth value and output value of a fuzzy rule.

Given:

- the fuzzy value of the input x

- the Promise of the fuzzy rule, T, élément of

WFF defined over X >< A

the Truth value of the fuzzy rule, fJt, is recursively defined as

follows:

- if r is an atomic WFF of the fera ( Ap o^ij), then the

value ij, of r is r(x ) = CTIJ(Xi).

- if r^ and r^ are WFF defined over X'<^ then:

- if r <= (~iTi) then the value ^ of r is

r(x*) = l - ri($*).

- if r = (TI A r2) then the value ^ of r is

r(x*) = min(ri(se*), rzt^*))-

- if r •= (TI V r^) then the value /x of r is

r(x*) = nax(ri(x*), rzî^*)).

The fuzzy value of a fuzzy rule is given by y = [^3. tt}, ; where

0 is the attribute of the demain taken in considération in the

Conséquence of the rule and p, is the Truth value of the rùle.

The output value of a fuzzy rule is given by y = ^~l(/t), where

P~l(') denotes the pseudo-inverse of /3(-).



1^

2.5 Fuzzy controller.

A fuzzy controller is described in terms of the following three

éléments :

-an ENCODER, which associâtes to a real valued vector x. of the

input a fuzzy value x*, according with a given fuzzy schéma•

-a SET 0F FUZZY RULES Rhj (J = l,N; h '=1,H)), which associâtes to ^*

the fuzzy value of the output:

y* = (yLi. yîi2......... ,^N} h = I,H

where y^j is the fuzzy value [^j i Uhj 3 of the cuis Rhj

(j = l. N; h = l.H); ^j is the attribute of the domain taken in

considération in the Conséquence and ^j is the T^uth value of the

rule R^.

-a DECODER, which associâtes to a fuzzy value y* of the output the

output value y. This is usually done by applying the formula:

^ -1

Ç/hj \j) *P^.
Yh = —:^— h - ^H

i^'fal



Chapter 3.

AN EXAMPLE.

15

3.1 Introduction.

In what follows we vill illustrate the concepts introduced in

Chapter 2 by applying them to a fuzzy controller for a wam water

plant (See [6] for further détails). Figure 2 shows the scheme of

the process: the cold water enters the tank with a fixed flow F; it

is heated by a heat exchange unit in which hot water at 90 C flows

with a variable flow FI. The goal is to control the température TQ of

the heated water produced by the plant by adjusting Pl. The strategy

adopted by the fuzzy controller is based on the strategy which is

usually utilized by the human operator: it uses error and change in

error of the température to aff cet a change of flow FI.

ïl

L^

Ft Fl
Figure 2: Schéma of a wann water plant.
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3.2 Fuzzy values.

- set of input names:

^ = {Xi, X2)

where:

4
- X^ = error of température

-A
- X^ = change in error of température

- set of attributes domains:

A = (AI, AZ)

The attributes domain A^ associated to X^ is characterized by the

attributes:

an = small-negative

&12 '= very-small-negative

<Tl3 !s small-positive

CT14 = very-small-positive

The attributes âomain A^ associated ta X^ is characterized by the

attributes:

(721 = small-positive

0^2 sa mçdium-positive

023 a= big-positive
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024 = small-negative

CT25 = medium-negative

a^6 as big-negative

To each one of thèse attributes corresponds a membership function;

in this example we have:

ATTRIBUTE CORRESPONDING MEMBERSHIP FUNCTION

ffll

al2

al3

°14

Oll(X) =

Ol2(x) =

&13(x) a

CTl4(x) =

smallE(x)

0

verysmallE(x)

0

smallgtse)

0

verysmallE(x)

0

X<0

X>0

x<o

x>o

x>o

x<o

X>0

X<0
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CT21

°22

a23

°24

°25

026

a2lW =

(722 (x) =

023(X) =

^24(x) =

°25 W =

°26W =

smallc;E(x)

0

inediuncE(x)

0

bigcE(x)

0

smallc;E(x)

0

mediumcE(x)

0

.bigcE(x)

0

X>0

X<0

X>0.5

x<0.5

X>2

x<2

X<0

x>0

X<-0.5

x>-0.5

X<-2

X>-2

where we have used the notation:

smallE(x) = (l+0.5|x|)~1

very-smallE(x) = (l+x4)"1

smallcE(x) = (1+(3|x|)2)-1

mediumcE(x) = (1+(3(|x|-0.5))2)-l

bigcEW » (1+(3(M-2))2)-1
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Thèse functions are all of the form:

f(x) = (l+(a(|x|-c))b)-1

Figure 3.a shows the fonn of f(x) for x<-c, while in figure 3.b is

given the fonn qf f(x) for x>c; e alters the position of the points

in which f(x) =1, a changes the spread and b the contrast.

t-<*

a) b)

Figure 3: Form of the membership functions taken into considération

in the presented front end.

The real valued vector of the input is constituted by the .éléments:

- Xi = E

- X2 = CE
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It is then possible to define the fuzzy value of the output as;

^ = (Xi, X2)

where:

- xl \lall' orll(xl)]

\{0l2> CT12(X1)]

[al3' CT13(X1}]

L[ffl4' ffl4(xl)]

^2

In the case of the output we have:

- a real scalar value:

y A en

EP21' P2l(x2)]

1^22' CT22(X2)]

[023' 023(X2)3

[°24' ff24(x2)3

[CT25» cr25(x2)]

ECT26' a26(x2)3

- an output name:

e
y = change in flow Fl

- an attributes domain B.

Note: in this example the output value is scalar; with référence

to the given 'fuzzy controller scheme this means that H = l;

for simplicity in what follows we thus will not use the

index h (h= l,H).
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The attributes domain B associated to Y is characterized by.the set

of attributes:

P^ = very-big-positive

^2 = very-small-positive

/?3 = small-negative

P^ = medium-negative

/?5 = big-negative

Pc = very-big-negative

Pl = very-small-negative

PQ = small-positive

PQ = medium-positive

P^Q = big-positive

To each one of thèse attributes corresponds a membership function;

we thus have:

ATTRIBUTE NAME

Pl

?2

P3

P4

P5

CORRESPONDING MEMBERSHIP FUNCTION

PlW =

P2W =

P3W =

?4W =

PsW =

very-higcFi(x)

0

very-smallcpi(x)

0

smallcFi(x)

0

mediumcFi(x)

0

bigcn(x)

0

X>12

X<12

X>0

x<o

x<-0.2

X>-0.2

X<-1

X>-1

X<-3

X>-3
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PQ PçW = very-bigcpi(x) x>12

0 X<12

P-l PjW =s very-smallcpi(x) x>0

0 X<0

PS PsW - smallcFi(x) x>0.2

0 X<0.2

,3g P^W = mediumcFi(x) x>l

0 X<1

^10 PloW = bigcpi(x) x>3

0 Sî<3

where:

very-bigcFl(x) = (1+(2(|x|-12))2)-l

very-smallcFi(x) = (l+2se2)~1

smallcFi(x) = (1+(2(|x|-0.2))2)-1

mediumcFi(x) = (1+(2(|x|-l))2)-1

bigcplW = (l+(|îc|-3)2)-l

3.3 Fuzzy rules.

The set of rules is given by:

RI : To this rule corresponds the linguistic expression;
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IF (error of température, not small-negative)

THEN (change of flow, very-big-positive)

Premise : (-1X1, CTH)

Conséquence: (Y, P^)

RZ s IF (error of température, sma11-négative)

THEN (change of flow, very-small-positive)

Premise : (Xi, CTH)

Conséquence: (Y, p^)

R3 '• IF (error of température, small-negative)

AND (change in error of température, small-positive)

THEN (change of flow, small-negative)

Premise : ((Xi, a^) A ^2' (J2l) )

Conséquence: (Y, ^3)

R4 î IF (error of température, very-small-négative)

AND (change in error of température, medium-positive)

THEN (change of flow, medium-negative)

Premise : ((Xi, a^) ^ (Xz, 022))

Conséquence: (Y, ^4)

R5 '• IF (error of température, very-small-negative)

AND (change in error of température, big-positive)

THEN (change of flow, big-negative)

Premise : ((Xi, a^) \ (Xz, 023))

Conséquence: (Y, ^5)

Rg '• IF (error of température, very-small-negative)

AND (change in error of température, small-negative)

THEN (change of flow, small-positive)
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Premise : ((Xi, 012) \ (X2' °24))

Conséquence: (Y, ^3)

R7 : IF (error of température, very-small-negative)

AND (change in error of température, meâium-negative)

THEN (change of flow, medium-positive)

Preroise : ((Xi, a^) \ (Xz, or25) )

Conséquence: (Y, jSg)

Rg : IF (error of température, very-small-negative)

AND (change in error of température, big-negative)

THEN (change of flow, big-positive)

Premise : ((Xi, a^) ^ {^, a^ç))

Conséquence: (Y, /S^o)

Rg : IF (error of température, not sroall-positive)

THEN (change of flow, very-big-negative)

Premise : ("' X^, o^)

Conséquence: (Y, jSg)

RIO : IF (error of température, small-positive)

THEN (change of flow, very-small-negative)

Premise : (Xi, 0-13)

Conséquence: (Y, ^87)

RU : IF (error of température, very-small-positive)

AND (change in error of température, small-negative)

THEN (change of flow, small-positive)

Premise : ((Xi, 014) -\ (.X^, 035))

Conséquence: (Y, /3g)

Rl2 : IF (error of température, very-small-positive)
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AND (change in error of température, meâium-negative)

THEN (change of flow, medium-positive)

Premise : ((Xi, a^) \ {^, a^ç,})

Conséquence: (Y, /3g)

Rl3 '• IF (error of température, very-small-positive)

AND (change in error of température, big-negative)

THEN (change of flow, big-positive)

Premise : ((Xi, 014) A (Xz, 025))

Conséquence: (Y, P^Q)

Rl4 '• IF (error of température, very-small-positive)

AND (change in error of température, small-positive)

THEN (change of flow, small-negative)

Premise : ((Xi, 014) A (Xz, 021))

Conséquence: (Y, ,33)

RIS s IF (error of température, veçy-small-positive)

AND (change in error of température, medium-positive)

THEN (change of flow, medium-negative)

Premise : ((Xi, 014) A (Xz, 022))

Conséquence: (Y, ^84 )

RIS ; IF (error of température, very-small-positive)

AND (change in error of température, big-positive)

THEN (change of flow, big-negative)

Premise : ((Xi, 014) A (Xz, 033))

Conséquence: (Y, ^5)
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3.4 Output value and Truth value of the rules.

In this example y = [y*] (j = 1,16) where:

y* = ifti

y,* = IP2

y,* s c/33

Ï4* = ^4

y; = [P5

y,* = [/ÎB

Ï7* = [^9

y? = [^10

y? = ^6

y;o= ^

y.*= ^Q

<= ^9

»^l]

»^2]

»^3l

,M4]

,^5]

.V-&}

,M?]

,Ms3

»^9]

'Mio]

'^llî

'^12]

y,*3 = [^10' ,^13]

y1*4.=.[/33 '^14]

y,*g = [^4 ^i5]

y^ = [^5 ^i6]

and:

/Xl = l - CTII(XI)

V'ï = <TH((XI)

M3 = min(oi2(xl)' °2l(x2^
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ju4 = min((7i2(s<l) ' 022(X2))

Ms = min((7i2(xl)' <^23(X2))

^6 = min(CTi2(xl)' CT24(X2))

^ = min(0i2(xl)' CT25(X2))

{IQ = min(oi2(xi), CT26(X2))

Hg = l - CTl3(Xi)

^10 = al3((xl)

/xn = min(oi4(xi), &24(X2))

A<i2 = min(oi4(Xi), 035(^z))

/il3 = min(CTi4(xi), ozsCxz))

^14 = min(cri4(xl)' 02i(x2))

Ais = min(oi4(xi), 032(xz))

^16 = min(0i4(xl)' P23(X2))

The pseudo-inverse of the functions ^ = ^i(y) (i = 1,10) are defined

as:

/rl(M) = 12 /x = o

12 +J(l - ft)/(2p.) for other values of y.

jS-l(/i) =0 p. = 0

1(1 - p,)/^, for other values of ^

P~I(IJ.) = -0.2 {l » 0

-(0.5 /(l - ^)/M + 0.2) for other values of /i

j3-l(M) = -l il = 0

}'i~(0.5/(1 - JLI)/A/ + l) for other values of /i
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rlw = -3 u = o

-(0.5 /(l - /x)//i + 3) for other values of fi

P~1(P,} = -12 ^ = 0

-(12 + /(l - /i)/(2ju)) for other values of ju

p~l(n.) =o ii = o

-(l - ^)/ju for other values of ju

j3-l(M) =0.2 H = 0

0.2 + 0.5/(1 - p,)/^ for other values of /i

/T1(M) =1 M = 0

l + 0.5 /(l -/x)/ju for other values of y,

P-1W =3 M = 0

3 + /(l - ^t)/Ai for other values of p.
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Chapter 4.

FRONT END PROGRAMMING UNIT FOR A

PROGRAMMABLE FUZZY CONTROLLER.

The task of a front enâ programming unit for a PFC is to

communicate structure and function of a fuzzy controller. To do this

it is necessary to give the description of the membership functions

and the description of the fuzzy rules. A simple solution to describe

membership functions is given in the case where the membership

functions belong to a certain class and are specified in tenus of a

limited number of parameters; in this case one describes them by

giving the spécifie values assumed by this parameters.

In the example of the previous chapter, for instance, membership

functions have the fonns

M(x)

(l+(a(x-c))D)̂-1 x>c

sc<c

(p=l)

f(l+(a(|x|-c))b)-1 x<-c

ju(x) = \ (p=0)

10 x>-c

Therefore they are completly defined by assigning values a, b, e and

p. The following figures usa this example to illustrate the type of

interface which is required to do this.
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INPUT

-NAME:

-CODE:
Error of température

Xl

ATTRIBUTES

NAME: saall-negative
CODE: li

PARAHETERS

A| B| C| P

0.5| l | 0

NAME: very-small-negative

CODE: 12 l 1

NAME: small-positive
CODE: 13

NAME: very-small-positive
CODE: 14

4 0

0.5| l | 0

l 4 0

0

0

l

l

-NAME:

l-CODE:
Change in error of température

ATTRIBUTES

NAME!
CODE;

snall-positive

21

PARAMETERS

A l B | C | P

3 l 2 | 0 | l

NAME; nedium-positive
CODE: 22

NAME: big-positive
CODE: 23

NAHE: snall-negative

CODE; 24

3

l

3

2

2

2

0.5| l

2

0

l

0

NAME: nediun-negative
CODE: 25

NAME: big-negative
CODE: 26

3

l

2 |0.5

2 | 2

0

0

Figure 4: Table to introduce the parameters characterizing the

parameters of the input.
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OUTPUT

-NAME:

-CODE:
Change in flow FI

NAHE:
CODE!

big-positive

10

ATTRIBUTSS

NAME: very-big-positive
CODE: i

NAHE: very-saall-positive
CODE: 2

NAME: saall-negative
CODE: 3

NAME: nediua-negative
CODE: 4

NAME: big-negative
CODE: 5

NAME: very-big-negative
CODEî g

NAME: very-snall-negative

CODE: 7

NAME: saan-positive
CODE: s

NAME: nediun-positive
CODE: 9

PARAMETER

A

2

2

2

2

l

2

2

2

2

B

2

2

2

2

2

2

2

2

2

e

12

0

0.2

l

3

12

0

0.2

l

p

l

l

0

0

0

0

0

l

l

l l 2

Figure 5: Table to introduce the parameters characterizing the

parameters of the output.
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To communicate the fuzzy rules we notice t:hat the formalism used

to express them is iâentical to that used to express logic rules

for standard PLC; we may therefore describe them in tenus of the

same laâder logic diagrams used for the PLC. Figure 5 gives the

ladder diagram représentation of the sets of fuzzy rules used in

the example of Chapter 3 .
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Chapter 5.

CLOSURE.

The interest of the PFC front end programaing unit that we have

presented is that it allows to transfer into the contest of fuzzy

controllers the portability, familiarity and portability which

characterize the we.11 established Programmable Logic Controllers.

An additional interesting feature is in its potential of easily

accomoâate fuzzy controllers with a structure considerably more

complex the that illustrated by our simple example. This includes for

istance a fuzzy controller based on a compositional rule of inference

[5, 9], multilevel rules Systems [9, 10], fuzzy controllers of the

predictive fonn [7, 8].
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