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ABSTRACT

The concept of fuzzy feedforward-feedback con—
trol is presented as a new approach to the control
of processes with the factor of uncertainty,parti-
wlazysuitablevkmahighdegreeofpmaessm—
variance to disturbances has to be achieved.

Few methods for formulation fuzzy feedforward
and feedback control actions are discused, and
special attention is given to the problem of eva -
lvation of composite, feedforward-feedback control
actions,

Selected nurerical example illustrates the pro-
posed idea.

SCOPE

T™wo rain classes of processes with the factor
of uncertainty can be distingquished, depending how
the wncertainty is treated. If the factor of .
uncertainty appears only in the exoression of imput
and state data, while the model of the vrocess is
gimasaﬁmctjm,wamspeakingaboutpmo&c-
ses with external factor of uncertainty. Otherwise,
ifthei:._mtardstatedatamnbepredsalydes-
cirbed, but there is wncertainty and dowbt in )
irput-outout relationship, for exarple due to the
corplexity of the process, we are speaking about
processes with internal factor of meertainty,

In both cases the application of conventional
control did not give desired quality. In recent
years the use of lincuistic rodelling and ap-
proxdrete reasoning, based on the fuzzy set theory
hasbeenprovedasafavorableappmadxtomutml
of such orocesses. Many papers dealing with the
cnstuction, modification and analvsis of the fuz-
Zy logic cntrollers and their apolication to the
feecback control have been published (1], We have
stadied e feedforward tasks and we use the methods
ofllnqﬂsticnodehingaxﬁfazyax:mlasam
basis of the feedforward-feedback contral. Namely,
\v‘henthecmtmlgoalistoadd\eahl@deqme
of process invariance to disturbances*, the feed-
forward control has been proved as better soluticn
then the feedback one (2]. But the Seedforward
amtrol based on the fuzzy model of the process
could not ensure the highest pessible decree of
the process invariance to disturbances, nct only
because of the fuzzy model imrerfection, but also
because of the influence of the unchservable
disturbances. To overcame this problem and to
hxprcvethedegmeofmepmossimurimce,me
fea:badamtrollerisalsoadded, and corposite
(feedforward-feedback) control is obtained.

Bistincuishing the space of d{sturbance input,
€, manipulated input,U,and the space of controlled
output,Y, the process can be defined as a ocrplex:

¥ Under term disturbances we maan the undesirable
chances of process input variables,

M=1{Q, U, ¥, R (1)

where R is a relation beetwen the sequence of
controlled outout, éisturbance input, meni pulated
imput and actual oontrolled output.

Far processes with external factcr of uncerta-
inty, R is a functicn, and (1) represents the
deterministic process, but the actual values of
the sequence of controlled output, disturbance
input and manipulated irput are fuzzy sets defined
on the spaces Y, 2 and U.

Otherwise, for the processes with internal
factor of uncertainty R is a fuzzy relation, and
(1) represents the nondeterministic trocess.The
achnlvalmsoft‘xemoeofcxzxtzolledmm
disturbance input and renipulated fwput are uswaly
the single elerents belonging to Y, © and U.

There exist the cases when the process has
external and internal factor of tncertainty,e.q.
it is a nondeterministic, relational process and
actual values of irout and outout variables are
fuzzy sets defined on the aporcoriate spaces,

In this paper an approach *¢ fuzzy feedSorward-
~feechack comouter control of such mrocess  is
presented and the control procedures are Geveloped.
After the presentation of the theoretical bacqrard
the rethods have been 1llustrated bv simulation of
the control of sirple industrial process.

ONCLTSION AND SIGNIFICANCE

There are many real situations in process in-
dustry where comventicnal control tecmiques did
not cive desired quality, mostly because of in-
adequate knowledce, doubt and wmcertainty in the
expression of input and state data and/or in the
{rput-output relaticenships. Bowever, even a crude
knowledge of the values of imput and  state
variables and/or of the process behaviour ‘s suf-
ficient to apply the principles of fuzzy control,
wiich has been troved as a efficlent cmtmol
technique for such processes.

Since the #rst work of Mamdani in 1974,
there are manv theoretical and exverimental
stulles and oractical applications of fuzzy
cntrel, but they have been crimarily concerned
with various feedback crntrol tasks.

'B*.ispagerpmentsaneﬂndofﬁ::ym\ing
for feedforward-feechack corputer control and
shows how to derive control acitons when as a
control criterion the trocess invariance to distur-
bances is considered. Using the proposed methods
adequate control results can be obtained even,
when only a rouch and subjectively interpretated
information on the valves of process variables
and process behaviour is attainable.

The aim of this work is not to emulate conven-
ticeal feedforward-feadback ceterministic or
stohastic control, but to extend the area of ap-
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plication of autometic control to these situations
where corvetional methods fail.
FUZZY FEEDFORWARD - FEEIBACK OOWTROL SYSTEM

The fuzzy feedforward-feedback control system,
structured according to Fig.l.
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Fig.l. Fuzzy feedforward-feedback control system

is conceived as an assembly of three units:

- fuzzy feedforward unit
- fuzzy feedback unit, and
- feedforward-feedback interface umit.

The feedforward and feedback part of fuzzy com-
trol system acts indeperdently and its internal
structire deperds of the feedforward-feedback im—
terface wnit. Two approaches can be distinguished:

a) feedforward-feedback interface unit perferm
convetional addition, and

b) feedforward-feedback interface unit perform
fuzzy addition.

In the first case, both, the fuzzv feedforward
and the fuzzv feedback controllers can be desiqned

according to Fig.2.
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Flg.2. The internal structure of fuzzy feedforward
and fuzzy feedback control unit

The units for input ard output interface permit
the flow of information beetwen the process and
the carputer which controls the process according
to the fuzzy control algorithms.

The process input irterface consists of measu-
ring devices, but when the variables are scarcelly
measurable, the ability of an operator to dbeerve
ard express linquistically the actual values of
veriables may be considered.

In the fuzzy imput interface these data are
represented, according to fuzzy discretisation
mﬂnd[B]orneﬂbdofdimteintervals {4] by
fuzzy vectors.

The fuzzy output interface corverts an output
fuzzy vector into a single value which presents
the control action of each controller, For example
the “mean value method™ can be used by mesns of
which the output is calculated as a mean value of
the elements in the output fuzzy vector.

The process output inmterface associates this con-
trol action with a real valve, which is the adequ-
ate feedforward, ,
cccmarxi,soun %mhnzti.:gmatimof
the feedforward-feedback interface unit.

In the second case, the feedforward and fe-
ecback part of the fuzzy contml system are
designed without output interfaces, and the irput
information of the feedforward-feedback interface
mitareﬁmzysefsu;?ami%

FORMILATION OF FUZZY FEEDFORWARD AND FUZZY
TEEENX OONTROL KCTIO%E

Two methods for formulation of fuzzy feedforward
control actions can be distinquished, In the first
net‘ndtheﬁ:zzycmtrolacdcn,ug?,iscalmlated
fram the fuzzy model of the process.

The fuzzy model of the process suitable for
application in feedforward control can be defined
as a caplex (5] ¢

M={Q, U Y, R} ) (2)

where {1, U and Y are real spacies Gefined {n (1)
and R* is a fuzzy relation which describes the
relationship beetwen process input and outout
variables.

If we concentrate ourselves, for the sake of
sirplicity, on the first order systems, supocsing
that process input and cutput variables have no-
minal operating values (Fig.l), and that &, U and
Y are discrets real spaces, the fuzzv relaticm is
a discrete furzy relations R*(Aw,M1,v,Av),and the
process can be described with fuzzy difference
relational equation:

5% Ao Moy oF @
where 0 {s max-min composition operatar.

The fuzzy feedfarward control actiom in each
h‘stmtoftine:ﬁ‘,_\xgsn , 1s dbtained as a solu-
tion of the equation (3), %n-g_%, hhexeéza cor-
responds to the real valuve 0, or linguistic value
"zero".

Various methods can be used for the exact cr ap-
proximate solution of the equation (3) [6].

For the processes with internal factor of uncer-
tainty, Av‘ Aw' and v‘ will be decenerated furzy

sets, and R" will be the fuzzy relation, and <oe
verea fnr'r}\epmcessesuimextenl factor of
uncertainty, Ay*, &* and v* will be real fuzzv
sets, and R* be ean relation.

According to the second methad, the fuzzy




omml&:tim,_l_xktf, is calculated fran the equa-
tion: n

e v o %o G @
n

where is the fuzzy qain discrete relation of

the fuz%y feedforward control for a given goal

(the achivement of process invariance to distur-
bazmoas).gn,istlnfxzzzyuodnlofaﬁeedfcmrd

controller fulfilling the same role as a comtrol-
ler in a multivariate linear system {7].

mﬁxzzymlztim%ism]mlamdofflm
a8 a solution of the set of equations:-

o= (&), o[(&h) 0 (1), 0Gplolyt) joR*,
i=1,...,I (5)

where Ay* corresponds to the real value 0, or
linguistic value "zero”, and ((Aw‘)i} and
{éx')%,zi-l,...,I are a priori defined adequate sets
o Zy vectors.

For example the set {(Mw*)} } could correspond to
the set of linguistic values { NB,NM4,NS,ZE,PS,P™,PB}
where NB means "negative big", N*-"negative medium?
NS-"neqative small”, ZE-"zero", and the the same
for positive values.

Pedrycz approximative method [8] can be used
ﬁzrtl’nczlmlatimoftherel&ticng*w.

Inboﬂxcasmwemedfmzzymlatimg*midx
describes the relationship between process input
and output variables. R* can be chtained by various
identification methods [5] using either formal or
linquistic approach, Input information to the iden—
tification procedure may be real (but imprecise)
date, or linquistic description of imput-output
relationships in the form of causal statements,as
for examle:
'Itinﬂmenmmtxfr,buis"negativesmll", M is
"positive big" and y is "very big", then the outmut
increment Ay will be "positive small",

'mefuzzyfmdbadccmtmlactim,%,is
calculated by the equation: n

wp "gotsod ®

where e* and je* are fuzzy vectors of the control-
led errof and its increment, cbtained edther
by the operator’s cbservation ar by calculation and
fuzzification from the actual values of the control-
led output, its previous and desidered valu&sgD
is the fuzzy matrix of the fizzy feedback control-
ler obtained by any one of the existing synthesis
methods for the fuzzy feedback controllers (for
example [9,10]).

FEEDFORYARD-FEETBACK  INTERFACE UNIT

Feadforward-feedback interface wnit may be
desiqned as a unit with:

a) conventional addition, or
b) fuzzy addition.

In the first case, the input information to the

interface wnit are yet interpretated real values
of feedforward and feedback control commands

UFT,
and ,sotheonlyp\n:poseofmeuutiso:nem-
1 addition of these values

o T 7
n n n

In the second case, input information to the fe-
edforward-feadback interface unit are fuzzy sets
%m\dugbn.mP\mposeofmismitismﬁ\e
calculation of the fuzzy set, “ﬁn

@ =y ey ®

n n

n

eli

immmrpretntimmﬂamdmwimaml
m,%,mm&mmmm
proces. @ is the operator of the exterded additiom.
In this paper we shall giwe more attention to
this second case.
The Zadeh extension principle [11] allows us
to calculate the sum of two fuzzy sets, In prac-
tical application the finite and discrete supports
of fuzzy sets are considered, so fuzzy sets mey
be expressed with fuzzy vectors

2y - [uﬂ,i], t=1,...,1
n
%y

n

w o= [uck], k=l K

n

- [“FDj]’ J "l d

The calculation procedure depends about the
)d.ndofinteractimhe'tweenf:"szzyvectxm;1_1;_'.F ard
U - In our case, we may supose that fuzzy D

* *
m%nm%ﬂummmw,
becase feedforward and feedback wits act inde—
perriently,so_lénmbecalmlatedwiﬁxequaﬂm

= mn (o, , u Yok=1,...8 (9)
uck sfp uFFi Lm(k-i)

Dubois and Prade (11] proposed a gemeral algoritim
for the comutation of extended additicn, but be-
cause of its redundancy, it is not applicable for
or purpese. We have developed more efficient and
nonredundant algorithm based on the equatian (9 ),
and its principles are given in Appendix.

The final result of extended addition is the
fuzzy vector u* . After the interpretation proce-
dure,tot‘legingl.evalmwhidlpresems&emzzy
vectormg,adequaterealvaluehastobeassoda-
ted, “'chatj_sthecmtmlcammﬂ,ucﬂ,to
the process.

NOMERICAL EXAMELIE

Pig.3. illustrates a hot-water heater that
mixes cold water with steam to produce hot water,
’mehotwatertaperat:reiscmtmllsimrt,
steam flow manipulated input and cold water flow
distirbance input. The deterministic representa-
tion of considered process is also given, because
the process was similated on digital corputer.

Let us suprose that nominal operating valuves
of process variables are FV-lO,mQYKE, and that
instead of deterministic mddel \'% set of
cause—effect mmeric data are known:

%8‘{ (4Q,47) }={(-4.5,0.18), (~2.1,0.051), (~0.9,0.015),
/0),(1.3,0.08),(3,-0.14),(5,-.21) } 'PeFy

Sy~ (AF,AT) }={ (-4.5,-0.42) , (-2,~0.22) , {~1,~0.15)
(0,0),(0.5,0.1),(3,0.26), (4.7,0.43) }I'I‘-II‘N.

Each pair can be lincuisticly interpretatsd
with conditional statement, for exanple statement
for pair (AQ,4T)=(3,-0.14) is:

“If steam flow {s on nominal valve and cald water
flow increase 3 units above nominal value, then
the hot water terperature will decrease 0.14 wnits
0.5 minutes later™.

The process behaviour can be described with two
simple fuzzydifemnceeqmtiuxsb_'r*-ég*o%mﬁ

@@ox,mmmmmimt}m
principle of superposition can be applied.
Defining aporooriate basic fuzzy sets for fuxzy
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Fig.3.a) The hot-water heater

b) The deterministic represent of the consi-

dered process (time constants in mimtes)

Fig.4.
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Input-output data,basic fuzzy sets of fuzzy

discretisation with its linquistic labels
and definition of fuzzy sets for variables

e, de and A

of the fuzzy feedback con-

troller (NB- negative big, NM-neqative
mecium, NS-neqative small, ZE-zero,PS-posi-
tive small, PM-positive madium, PB-positive

big)

discretisation by Fig.4. and using formal approach
in {dentification procedure, from the sets Sp ad
Sy fuzzy metrices RY and Rf can be calculated [5].

The furzy feedformard control action
obtained as a solution of the equation

KoR gmok

l_L:,mis

(10}

R = [0 0 a 0 0 0 0 ]
2 o 0 0 0 0 0 0.204
q 0 0 0 0.3 1 0.796
0 0 0.6951 0.1620.162 0
1 1 0.03 0 0 0 0
0.0780 0 0 0 0 0
0 0 0 0 0 0 0
B = f0.52 0 0 0 0 0 0
0.48 1 O© 0 0 0 0
0 0 068 0 0 0 0
0 0 0 0.4 0 0 0
0 0 0 0 1 0 0
0 0 0 0 0 0.68 0.42
0 0 0 0 0 0 0.58

For fuzzy feedback control the Andersen—Nielsen
rethod {12] in non adaptive form is used. Table 1.
gives the set of lincuistic rules of the applied
fuzzy feedback controller,

L PB P PS ZE NS MM NB
AeL
PM INB NM NB NM ZE ZE PS
PS NB B NS ZE PS PS PM
ZE N8B N NS ZE PS PM PB
NS M NS NS ZE PS PB PB
N INS ZZ ZE PM PB PM B
NB IE I= ZE PS MM PM PB
Table 1. fuz

sets are given on Tig.4.

The output of the fwzzy feedback controller is
thecxmtmlacticnmmz&uymorA' , 90

armulative action have to be calculated, For
axnventional addition the fizzy feedforward-feechack
control action is cbtained by the equation

U Tt dug (11)
n ‘n -1 n
and for fuzzy addition by the equation
35 = % 9 (g,o 9 Alq‘D" ) (12)
n n -1

n

Fig.5. shows the respmse of the process under
the control of fizry feedforward-feedback comtrol-
ler with conventional and fuzzy addition in interface
nit. The disturbance input was AQ=-5-sin 0.002 t.
For the finite time interval of 100 minmutes (sam-
pling interval 0.5 =imites) the inteqral of
squared errors for conventional addition was 0.5
and for fuzzy additien 9.8,

The results are corparable, but the conventional
axiition has a little advantace.

In arder to corpare the fizzy control aporvach
with conventional amtrol approach a linear regres-
sion model for the same input—output data (setsSD
mﬁs)ismide_mdinthefeedforwaxdpart,
and Dhlin DOC alecrithm based on the exact model
of the process in the feadback part of the con-
ventional controller.

Fig.6. shows the process response for fuzzy
and conventional amntrol,

mrthesmfimtatimmtexval,t}nintegml
of squared errors was for fuzzy control 0.5
and for conventional control 4.2, 1t {g evident
ﬁmtmintmsmethefuzzyappmdmgi\m
bettar results then the conventional approach.




Pig.5, Process response for conventional (a) and
fuzzy (B) addition in feedforward-feedback
interface wnit for sine disturbance

4.9 |

Fig.6. Process response when fuzzy (a) and conven—
tional (b) feedforward-feedback control is
arolied

At the end it {s important to emphasize that
the real worth of the fuzzy control is in those
situations when the exact mathematical model is
not known and when it is impossible to define any
kind of deterministic modal.
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piiedtanid PPENDIX

Alaorithm for addi‘on of noninteractive fuzzy
numbers with finite and discrete supoorts

=1,...,1

= [bj] R T I UUUh

be two noninteractive fuzzy numbers with finite
arxidiscretesmrts!\mds The Zadeh extensicn

orinciple allows us to calculate the sum of these
fuzzy nunbers

C=rept=[q], k=1,...K

where
G = sxip min (&, b )

The consistency of the representation of the real
values has to be preserved, so the supoart of the
ﬁxzwxectorC*md*ﬁenmberofitselmentsK
my nct be arbitrarv chosen.

Let us suppose that the supports of the fuzzy
vecturA"andB'a:esetsofinteqers

A= {a‘“,‘..,av ad 5= {b ,...,b } The suprort

ofﬂxeﬁxzzywctorcﬂlmtobethesetofinte-
ge.rsx.-(c,...,c\1 00, where cwhjb and

Gy Dy For example if A=B=<{-n,...,n}, then

C={-2n,...,2n}, ar 4f a={1,...,7} and B={-3,...,3}
then O={-2,...,10}.

'Ibenmberofelenmtsoftheﬁxzzy\ectorg
has tobe K=1I +J- 1,

The algorithm for addition of noninteractive
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fuzzy nunbers with finite, discrete supports con-
sists of two steps:

a) calculation of fuzzy matrix _v!'-[wji] where

= min (a,b,), i=l,...,I, $=l,ee.d

j)'

b) calculation of elements of the resulting fuzzy
vector C*=[q]:

wji

= mx wm, (k-m+1) '

k=1,...,K

where m 1is the index, and it takes values on
the finite index set M. Cardinality of M,for ap-
propriate k,is equal to the murber of elements cn
-the reverse diagonals of the matrix W,

Three situations mey occur:

a) I=J
K=2l-1=2T7~1

m=1,...,k , forlck<I

m = k~I+l,...,% , for I <k <K
b)I<J

K=I+J-1

m= 1,0k , far 1<k <1

m=1,...,1, ; forI<kc<yd

m = k-J+1,...,I , far J <k <K
c)I>J

KR=I+J-1

m=1l,...,k ; for 1<k <y

m = k-J+I,...,k , forJ<k <1

m = k=J+1,...,I , forI<k <K

m={0 0 0.5 1 0.3
B*=[0 0 0 0.

wv
-
—

oo oo
oo oo
coocoocoo
QOO0 OO

Ct=a*@B*=[0 0 0 0 0 0,5 0.5 1 0.5]
For exarple for k=7, M={3,4,5}, and

c, = mex (w35,w44,w53) = max(0,0.5,0.5) = 0.5

If A =B ={~2,-1,0,1,2} it follows that
C={~4,...,0,...,4). A* correspards to the fizzy
mumber 1*, B* to the fuzzy number 2*, and C*
to the fuzzy mwber 3* = 1* @ 2%, -

N.B. The similar algorithm can be used for the
subtraction of fuzzy mubers C*=a* o B*
with following exceotions: -

a) The bounds of the support C of C* are
cm’%n-b.‘& ‘mch’aM_bm’ and
b) G = max w(J“k-itn),m' k=1,...,K
m

m is the same, so this mean that for
each k, we take the maximm value of the
elements on the rain diaconals.



