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ABSTRACT

The idea of fuzzv feedforward control is
presented as a new approach to the control of
complex processes, particularly suitable when a
high degree of invariance has to be achived.

The fuzzy-linquistic models of the process
has been proved as a favorable base for feedfor-
ward control. The linquistic model of the process
is developed and a fuzzy feedforward controller
is designed. The quality of the fuzzy feedfor-
ward controller is evaluated through the quanti-
tative and qualitative measure.

Selected nonlinear process illustrates the
proposed idea.

KEYWORDS: feedforward control, fuzzy sets, lin-
gquistic modelling

1. INTRODUCTION

The conventional control of numerous indu-
strial processes has not given desired quality,
elther because of their complextty an of li-
mited knowledge to develop proper deterministic
model or because of the stohastic environment.
The manual control since these days has been
only possible solution. Recentrly, the use of
linquistic models of such processes have been
nroven as faworable approach to the solution of
automatic control oroblem [11. .

Feedforward control is much more efficient
then the feedback control when a high degree of
invariance to external disturbances has to be
achleved. External disturbances are undesirable
changes of process input variables. The feedfor-
ward control make possible effective reduction
of the upset caused by disturbances, even in
the cases when the approximative model of the
orocess is known [2!. During last two decades
it has been studied more intensively and app-
lied on numerous processes |2!. The determini-
stic models nas been used as the basis of con-
trol. Then the method of linguistic modelling
and fuzzv control are developed as the new basis
of feedforward control [3].

Two approaches to the application of lin-
quistic modelling in control are in use. In the
first aporoach the ability and experience of the
human overator in controlling the nrocess is
studied and the linquistic model which descri-
bes linguisticallyhow the operator controls
the process is developed [1l. Such a control
algorithm is the copy of the human-operator
control behaviour, and it can be imvroved only
by trial-and-error method. In the second appro-
ach the knowledge of the operator or an expe-
rimentator about the controlled nrocess is used
l4,5,6]. The control algorithm can be obtained
explicitly from the linquistic model bv the
method of linguistic svnthests [4|, from the

fuzzy model via satisfaction function of crite-

ria |5!, or via a performance index !6!. Mow the
trial-and-error method is transformed to a sort
of the identification procedure requied to pro-
duce adequate linguistic model of the process.
The quality of model depends on the tiral-and-
error method, but if the fuzzv identification
171 1s applied this dependance sholud be consi-
derablv overcome.

The new approacn to feeaforward control
presented in this paper is based.on the aopli-
cation of the linguistic model of the nrocess.
Particular attention is jyiven to the structure
of such a model and to the qgeneration of lin-
quistic rules for feedforward controller.

2. THE NEW APPROACH TO THE FEEDFORWARD CONTROL

The fuzzv feedforward control looo is de-
signed according to Fig. 1,
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The controller observes the disturbances ani
the output of the vrocess. Tn spite of such
comnosite structure it is reallv feedforward
controller. The output data are information on
the nonlinear properties of the process onlv,

The structure of the fuzzv feedforward
controller is agiven in Fig. 2.
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The fuzzy feedforward controller is conceived
as an assembly of units which performs the
interface functions, generation of the lingui-
stic rules and fuzzy control. It is necessary
to distinquish real (e.q. w, u,, 5), linguistic
(e.g. u,, w,,, "NEGATIV BIG") and fuzzv (e.q.
€*, u,{d)) variables and values.

The units for input and output interface
permit flow of information beetwen the process
and computer which control the process accord-
ing the fuzzy control algorithm. The representa-
tion of real physical variables must take the
values on the finite sets of integers, K_ =
={1,...,X }, (v can be any real variabl® e.q.
w, ¥, u) and therefore the discrete intervals
method is used . The fuzzy control algorithm
gives a non-fuzzv value of the manipulated input
variable, k , or its increment, k, .

The firSt step to the syntheség of the pro-
posed controller is the generation of the lin-
guistic rules. It is based on the linquistic
model of the controlled process.

3. LINGUISTIC MODEL FOR FEEDFORWARD CONTROL

Static or dynamic linguistic model may be
used.

In static linquistic model the relations
between variables are given in the form of the
conditional statements. For example:

"If the controlled variable is rositive biq,
manipulated variable is zero and disturbance is
negative small, the next steady-state value of
the controlled variable will be positive medium"

The conditional statement represents one
linguistic rule of the linguistic model. The can-
plete model consists of the set of such rules
R ={r i!i=1,...,N}. Each rule connects lingui-
stic %alues of the input and output linguistic
variable. Linguistic variables usually take
values on the finite sets of terms T , where v
can be any one linquistic variable.

e have supposed the representation of the
static linguistic model bv means of linguistic
equation. It is linguisticallv described static
characteristic of the process.

Yoy = Flrpe 8 wp) (1)
where y N’ Ypr 1 and w, are linguistic vectors
of the %ontrolle& variables, manipulated vari-
ables and disturbance variables resnectively,
and F is linguistic matrix function usually
expressed in tabular form.

The linguistic model (1) is the model of the
multi input-multi output system (MIMO), but it
may be decupled into M models of multi 1nput-
single outnut systems (MISO), where M is the
order of the linguistic vector and v.. We
shall deal only with MISO models ‘With ong mani-
pulated and one disturbance input, although the
results can be easily applied to the general
case. Static linguistic model may be also pre-
sented as

by = By, up e wp) (2)
where Ay is incremental form of controlled

variablel When the process is linear,equation
{2) can be reduced to

8y = Elup, wp) (3)
because AYLN does not depend about the outout
v

In dynamic linguistic models the rule de-
scribes the dvnamic behaviour of the process in
the continous or discrete form with the condi-
tional statement. For example:

"If the controlled variable is high, manipulated
variable small and disturbance medium, then the

controlled variable will decrease slowly"
or

"If at the instant, nT, the controlled variable
is verv big, the maninulated variable is small
and the disturbance medium, then at the instant,
(n+1)T, the controlled variable will be medium
to big".

The comnlet set of rules, R , gives the ling-
uistic descrintion of the low o% evolution of
the process output variahle.

The discrete dynamic linguistic model of the
process is generally represent by linquistic
equations

-~ -
= 4
X Flx, up s wp ) (4.a)
n+1 n n n
Yy, = Gxp oup . e ) (4.b)
n n n n
X, 1is the linguistic vector of the state-space
vgriables.
Simple class of model
X =F({x;, , u , w ) (5.a)
n+1 Ln Ln Ln
Yy T Glxp ) (5.b)
n n

is considered in this paper. This is the state
space dvnamic linguistic model of the process.It
is difficult to obtaine the linguistic model in
the form (5) if the process is of the higher
order. The linquistic identification procedure
becomes too complicated, and therefore the design
of feedforward controller bv means of transfer
dvnamic linguistic model of the nrocess is more
suitable. It has form

v =F(y. , u, , w. ) (6)
Ln+l Ln Ln Ln
Usually vrocess variable have normal opera-

tina values Y _, U and @ and then more con-~
vinient form 8? tthmodel Eg

Y1 = Fy

N+l Au Aw, ) (7)

r ’

Ly Ly I‘n
This equation gives the dependance of the con~
trolled variable and the manipulated and distur-
bance incremental variables in the vicinity of
the normal operating values.

The described models are the basis for the
generation of the linguistic rules for the fuzzyv
feedforward controller.

4. GENERATION OF LINGUISTIC RULES FOR THE
FUZZY FEEDFORWARD CONTROLLER

The rules have to contain the instructions
how to carrv on the control procedure. If the lin-
quistic reference value of the disturbance Innut,
wr,r is Qrp, the desired static linguistic model
of the process is

AYiy

and desired transfer dvnamic linguistic model in
discrete form is

= Elype e op = 0p0) (8]

= =-0 Q
E(yp ooty 4 wp ) (@)

v
“L
n+1 n n n

v = g(yLn, irp, Bw, = ZE) (10)

n+1l Ln be
where ZE means "zero". Equations (8), (9) and

(10) are reference linquistic models of the
undisturbed processed and trerefore the variables,
u, and AuL, were substituted with reference input
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manipulated variables, r. ang Ar_ .,

Althouqgh the problem of invaFiance is most
important in the feedforward control, the pur-
posed structure makes possible other control
goals. For example the desireq@ Process response.
It can be specified with linquistic equations of
the same form as (8), (9) and (10) with substi-
tuing F, instead F-F, is the linquistic function
which déscribes new, ‘desired characteristics of

process.
the et us start with the aeneration of lingu-

istic rules for the static fuzzv feedforward
controller. The linquistic equation of the con-
trol is

up = EC(Y R N mL) (11)

The procedure of linguistic svnthesis consists

of

(i} the solution of the equation (8) and

(ii) the linguistic inversion of the eauation
(2).

For specific values of y. and r. the eauation

(8) is solved and corresﬁonding value of Ay. is

found. Then for that value of AyL, and the spe-

cific value of . , the search of F(y.,u ,mL)

Jives the value U, that satisfv the equatidn

Ay =§(yL,u ,wL), so the value of F (yL,rL,w ) is

deEined. Tﬁen the procedure has to be repetéd for

all values of y_, r and wp .

The functiok EC’ obtained bv described pro-
cedure, is usually incomplete and multy-valued
and must be completed with the adequat criteria
for approximation (see section 5). In the case
of the single-valued form of F the specific
criteria should be defined, tog.

If the process is linear, then the linquis~-
tic equation of the control is

L= Eclrp,

and it can be obtained more easilv.,
Linquistic equation of the dvnanmic fpzzy
feedforward control is

u wp) (12)

=FElyp ooy ow ) (13)
L AR T N L

= Fnly, , Ar. , Aw, ) (14)
Ln+1 =C Ln Ln Ln
The procedure of the linouistic svnthesis of the
set of the rules is the same as for the static
controller.

The linguistic rules of the controller - (R
is the set of these rules) can not be directly
applied in control procedures. They have be
transformed into the fuzzy form and after that
fuzzy feedforward control algorithm can be de-
fined.

The transformation of the linguistic rules
into the fuzzv form requires definition of fuzzv
language that assigns meaning to the elements of
the set of terms !g8!. Our stand-point is that
for practical purposes the most convinient met-
hod for definition of the fuzzy language is the
standard form of fuzzy sets p, (i) ! 9 |. Then
€each rule can be represented with four nositive
numbers. Such a method permits easy modification
of the rules and implementation of the control
Algorithm in any computer system, even on small
micro-processor system.

Disturbances, reference input and the con-
trolled output are usually nonfuzzv. In such a
case the membershin function of the fuzzy set
"* or AU* of the manipulated variable can be
#a5illv determinated by the Andersen-Nielsen
fcthod 9], The nonfuzzy value of the manipu-
lated variable k. or k is obtained by one of
the interpretation metﬁgds (mean of maxima, mo-
Yitied mean of maxima etc.).

The nroposed fuzzv feedforwara controller
anact sucesfully only if the response of the

Erocess on the disturbance is equal or slower
hen the response of the process on the manipu-
lated action. The values of delay have to be
estimated, at least roughly, in advance, because
the controller must act in the moment t=t . +7,

where t, is the moment of the occurance o the
disturbance and 1 is the difference of dealy
times, thdm—tdu'

5. PERFORMANCE INDICES FOR THE FUZZY
FEEDFORWARD CONTROLLER

Various performance indices could e set as
a measure of behaviour of a fuzzy feedforward
controller. We have propose the guantitative and
the qualitative index of performance.

The first index is th measure of the contro-
ller incompletness. Let %  is the set of the con-
troller linquistic rules, 'r#, ich can not be
found by searchnig procedur& (g € R.). The rules
are approximated. The measure of con%roller in-
completness, M_, is then defiged as a ratio of
the cardinalit§ of the set, RL’ and the cardi-
nality of the set, RL.
card RL

card RL

M_ =

(15)

If controller is ideallv designed M_=0 (RE=¢),
vhile if the design is comnletelly éeficient
M=1 (R¥=R ).

Ano he% pverformance index is the linguistic
measure of controller behaviour. Let us supnose
that the equation (8) describes the desired model.
The linquistic substitution of the equation (11)
into the equation (2) qives
yL=§(YL,E(yL,rL,wL),mL)=£O(YL,rL:wL) (16)
where F_ is the obtained linguistic function. Let
the linguistic measure of controller hehaviour he
dpplted” as the performance index and defined with
the equations

Q= max; Q(YL'rL'wL) (17)

yLlrLle

O(yL,rL,wL)=dL(§(V

LT 0 e) B (v ey yup )

(18)

where max, is the linguistic operation of maximum,

and 4. is the linquistic conformitv function. dL
takes“values on the finite set of terms Td .The
set T has to be strictlv partialy ordereé in the

linguggtic sense, because the linouistic opera-
tion of maximum has to be performed on its ele-
ments.

If the linguistic maximum of g (F,F ) exists,
it will be easy to prove that it i% evaluated for
the values of Yy Iy and @_,which on the another
side define incomplé&t ruleg,r+, of the set rt.
Therefore the linguistic mini%ization of 3 (%,E )
may be completed when the approximative value o
u; is reached. For the ideal case (M_=0N) the set
rL is emoty and the maximal 0 will niot exist.
A1 Oy, ,r_,w.) are equal to the element of T
which e&prgss s the best behaviour of the cong%o—
ller.

Few factors has influence to the qualitv of
the fuzzy feedforward control action

(i) the behaviour of the fuzzy feedforward
controller,

the adequacy of the model of
and,

(iii) the measurability of the disturbances.

(1i) the oprocess,

The control action of the fuzzy feedforward con-
troller may be judged by means of the conventio-
nal indices (e.q. error, inteqgral sguare srror
etc.).
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6. THE EXAMPLE

The presented fuzzv feedforward control is
1llustrated with ths sirnle example.

Nonlinear first order process is supposed and
structured accordins Fic. 3.

=
wl |-y Wyl 2 Yooy
[ ~/L/;’Bw s+2 cy
| A
TR R ol T |

} f,\“ s+1 Ye ]
L= _ 1

Fig. 3. Block diagram of the nonlinear
first order process

The elements of the sets of terms T L’ T
and T are: negative big (NB), negatige meXEum
(MN), h€gative small (NS), zero (ZE), positive
small (PS), positive medium (PM) and positive big
(PB), and the elements of the set of terms T L
are: neqgative (N), zero (2ZE) and positive (PT.

Static linguistic model of this process re-
presents equation (2) nad is expressed by Tables
1., 2.and 3.

Let Table 2. express the desire linguistic
model of the process, and that u. is replaced
with r . The set of rules of the“static fuzzy
feedfo%ward controller is then obtained using the
linguistic synthesis method and the linguistic
equation of the controlle is expressed by Table
4., 5. and 6.

For the ekments denoted with "*" the search
gives more then one satisfactory value for u..
Single value is evaluated using the criteria
according which, the value ¢f u, has to be as
close as possible to the value Sf - Values in
parentheses are approximated values, because the
search does not give their exact values. For se-
lection of approximative values minimization of
linguistic measure of controller behaviour is
used as a criteria.

Y, v

L L

NM NS ZE PS PM P ‘\NEIHNSZEPS"H"B
ZENSNNNBNBNBNBNBZEISNNNEIBNBNS
ZENSNHNBNBNBNBm?SZENSI"NBNBNF
PSZENSMNBKBNENSW”SZERSMNBNB
PM PS ZE NS NM NB NB| ZE|PB PM PS ZE NS MM NB
FBPHPSZENS"!NBPS"B%PP"SZENSH
PBPBPHPSZENSNP"PHPEPBPBE!PSZEMS
PR P, P L) P

:mmmxmﬁf

able T.Zy "Yor w atTe

-2¥, Yo w=

YL YL
INB_NM NS 2F PS PM P51 feofNG N NS JE PS PM_PE)
NB NB'NB'&%‘NB'NB:NB' BINE WE NB W& NB NB NB
NS NS NS NS NH'NH.NH: NP NMONM W R NM N
ZE_ZE ZE ZE ZE NS°NS NS NS NS WS NS NS NS
PSIPS_PS PS PS PS ZE" 2E IE ZE TE IE IE IE
PS_PM_PM PM PM PM OM PS BS PS PS PS PS PSF
PMZPM®PB PB PB PB PB PP oM Pr BN Pi PH P io
~ppp” 2 23 P8 Pm on PR eaik
v for uL-N ::Ae 5.a, Zor UL-Z“

wmin

ko

abYe

The cardinality of the set £ is 147,
cardinality of the se+ &

and the
is 8. The measure of
controller incompletness™is ¥_=0.05.

A Let us no define the set of

. L
[NB NN RS 7 €5 pm rgy

P«Tvc & ~ B VE VB VR
N“ 6 VG A M B VB vR)

.

terms I . Its elements are
£n increédsing order) :very

BoNsIm R v e o« g vl ¢zod (VG), good (3), medium
e Sl e Il ™), bad (B) and very bad (VB)
v VI The linguistic function d. (A

VB MonovG G

PRI B is Cefined with the THb1E
—— L 77 Aporoximate values of up

are estimated by mini-izaticn of +his functionk:

For example

ur PB PM PS ZE NS NM NE
Q(yI,rL,m,) G M B UB TE Un ov=
is the dependance between N and u. for y,:ZE,rL:
=PB and @, =N. 0O has its minimal lfnquistic valie

’

for u, =PB. This value is used to anproximate y
in cofitroller function F _. L
In conclusion it can be pointed ait that the
measure of behaviour of the designed fuzzy feed-
forward controller is A=G (good) .
Fig. 4. shows the response of the process
under the control of fuzzy feedforward controller
for typical inputs. The results are obtained by
simulation.
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Fig. 4. Response of the process controlled

with the fuzzv feedforward controller
7. CONCLUSION

Up to present theoretical studies, simulations
and practical realisations of fuzzy logic contro-
llers have been aimed to their various apnlica-
tions of feedback control. With the proposed me-
thod the area of application of fuzzv logic con-~
troller is widened to the feedforward control
and the new field of research is opened. In this
research the linquistic modellinag of the process
is specially important, because the linguistic
model is considered as a base fo the desian of
the fuzzy feedforward controller.

The quantitative measure of the controller
incompletness ‘and qualitative linguistic measure
of the controller behaviour are proposed as the
measures of performances of the fuzzy feedfor-
ward controller.

Simple example illustrates the proposed me-
thod and its effectivness.
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