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Krmilnikl z mehko logiko
Fuzzy Controllers

ALOJZ HUSSU

0. UVOD

— Aha, konéno zefo zanimiv &lanek!

— Ali ne mores voziti bolj hitro? -Bi, pa so
gume precej lzrabljene In cesta tudl ni ¢isto suha.
bova pal malo zamudila,

— Ze, toda ta stranka je zelo leve (desno),
mislim, da bi bila malo bolf desna (leval usmeritev
bolj primerna.

Tale ¢lanek o uporabi mehke logike je pa malo
nejazen, se tl ne zdi?

V zgornjih stavkih je veliko pridevnikov In
prislovov, s katerimi lahko opisujemo lastnosti
dolotene stvarl ali osebe, pa tudi Koli¢ino netesa
(ni nujno potrebno, da je tiso snovno, npr.: zani-
mivo, bolj zanimivo, najbolj zanimivel. Keligino
povemo £ stopnjevanjem pridevnika all prislova
all z drugiml besedami. V splofnem je znatllno, da
Clovek nerad uporablja Stevilke za opisovanje ko=
licine, raje to opravi bolj oplsno, kakor v zgornjih
primerih. Pri tem so. vsaj slovnitno gledano, ¢e
pogledamo pridevnik all prislov In njuno stopnje-
vanje, moZnestl bolj skromne, saj poznamo samo
tri stopnje: osnovnik, primernik in preseznlk, ce
pa dopustimo 3e stopnjevanje v nasprotni smeri,
dobimo skupaj pet stopenj. Seveda si clovek. ce
zell natantneje locevati, omisli & kaksno drugo
lastnost, ki v povezavi s preidnjo poveta 3tevilo
kombinaclj (za dve lastnosti s po 5 stopnjami je
3 x5 =25 kombinacij).

Cemu taksen uvod? V zadnjem tasu je veliko
govorjenja o nevronskih sistemih In o sistemih z
mehko logiko. Ne eni ne drugi se niso pojavili v
zadnjemn ¢asu; o nevronskih sistemih lahko sprem-
ljamo literaturo vsaj od &tiridesetlh let naprej (de-
finiranje ¢asa s prvo all drugo vojno je zaradl do-
podkov pri nas v zadnjem ¢asu postalo nekoliko
smehkos o sistemih 2 mehko logiko pa od sredine
sestdesetih let naprej, ko je Zadeh definiral osnov-
ne pojme in postavil temelje teorije mehkih mnoZic
[11, 121, [3). Ce za zatetni razvoj sistemov z meh-
ko logiko lahke trdime, da niso bili vezani na teh-
nologl jo, pa je bil kasnejsl razvaoj tesneje povezan z
uporabo In 8 tem tudl = tehnologljo. ki v zadnjem
&asu omogofa cenene reditve in iroko uporabo.

Za nevronske sisteme pa lahko trdime. da so
bill ¥ glavnem vedno misljenl kot neke vrste ra-
¢unalniki, bodisl kot model delovanja ¢loveskih
moZganov oziroma Zivénih celle, all kot sistemi,

0. INTRODUCTION

— Oh, finally a very Interesting article!

— Can't you drive a little faster? —I would,
but the tires are rather worn out and the road Is
alzo not quite dry. We'll come a little later, no
problem.

— But, this party is very much on the left
{right), | think, a little more right (left) position
would be more appropriate.

— This article about fuzzy control Is a little
fuzzy, don't you think so?

There are a lot of adjectives and adverbs in
the above gentences, used to describe properties of
a certain thing, person, or the gquantity of somet-
hing (not necessarily material, for example Inte-
resting, more interesting, most Interesting). The
quantlty we express with comparlson of adjectives
and adverbs or with other words. As a general ru-
le, man is uncomfortable with numbers; when he
has to tell the quantity, he prefers describing It
with words, as in the sentences above. And there
are not many possibilities, when we look at the
problem grammatically, there are only three com-
parisons of adjectives and adverbs, positive, com-
parative and superlative, If comparison in the other,
negative direction is taken account of, then we ha-
ve five steps in total. There are of course more
possibilities to obtaln or discern more steps. If we
take two properties, each with five steps, there are
then 25 steps or combnationg in total (5 x 5 = 25),

Why such an introduction? There has been a
lot of talking about neural systems and fuzzy sys-
tems recently. Neither neural nor fuzzy systems
are new phenomena. We can follow the literature
on neural systems from the forties on (defining
time with the first or the second war is petting
a little fuzzy, because of recent events In our
country), and on fuzzy systems from the midst of
the sixties on, when L. Zadeh Introduced the first
notions and formulated the theory of fuzzy sets
(11, [2], [3]. Although the starting period of fuzzy
systems was not connected with technology, later
development was more strongly connected with
applications and for that very reason with techno-
logy, which In the last period has enabled cheap
solutions and therefore a wide application
spectrum.

Neural systems were always Intended as so-
me kind of computers, either to model the working
of the braln or neurons, or as systems, bullt to
execute certain operations, and for this reason,
always strongly connected with technology. The
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ki naj opravljajo eno ali vet operacij, In zaradi
tega tesno povezani s tehnologijo. ¥V nadaljevanju
se omejlmo na sisteme z mehko logike, In e to
samo na krmilne. Najprej nekoliko splo&no, potem
ob podrobnejsem zgledu. V zgledu bomo ebravnavali
krmiljenje mobllnega robota na kolesih (WMR).
Zgled je povzet po literaturl [8], povzemamo tudi
reiltev, da Jo lahko primerjamo z resltvijo. ki jo
dobimo po postopku mehke logike.

1. SISTEMI Z MEHKO LOGIKO

V [4] je podan pregled ¢lankov o sistemih z
mehko logiko do leta 1955, Zajema 430 referenc, ki
so klasificlrane po naslednjih podrocjih uporabe:

— avtomatsko uprav|janje

— blologlja in medicina

— odlodan je

— ekonomija

= InZenirstvo

— akolje

— operacl jske raziskave

— razpoznavanje vzorcev/klasifikaclja

— psihologi ja

— zanes|jivost

— Znanost.

Dandanes je uporaba kvedjemu e bolj raz-
firjena: od znanih primerov, predvsem japonskih,
o vodenju vilakov, upravljanju pralnih strojev,
videokamer, risalnikov itn. [5], do razporejanja
ljudi na delovna mesta [6].

Zakaj sisteml z mehko logiko? Veliko je dejav-
nosti oziroma sistemov. Ki zahtevajo avtomatsko
upravl janje. Za ¢imuspejsnejse upravl janje moramo
¢imbaolje poznatl objekt upravljanja. To terja njego-
vo padrobno analize. Tu se lahko In se tudl pojav-
ljajo problemi, ker ne poznamo dovolj dobro ozad)ja
0z. temeljev, na katerih objekti upravljanja deluje-
jo. Kljub temu lahko véasih nek objekt, ki ga v po-
drobnostih slabo  poznamo, dobro  upravljamo, te
imamo s sistemom kak3ne lzkusnje in vemo, kako
se obnata oziroma kako se odziva na dolotene zuna-
nje vplive, Temu dandanes pogosto pravimoe lzveden-
sko znanje. Upravljanje takih objektov, katerih po-
drobnega delovanja ne poznamo, je eden od razlogov
za uporabo sistamov £ mehko logiko. Drugi razlog
je, da je ta pot snovanja sistemov upravljanja véa-
gih hitrejsa, ne zahteva zelo kompleksnih pripo-
motkov, zlasti ¢e so sistemi nelinearni. all kako
drugate zapleteni, in obicajna linearna obdelava ni
preprosta. Kot tretji razlog lahko sprejmemo re-
snico, da je tak natin dela (kakrsnega bomo spo-
znali) blizji naravi ¢loveka oz. njegovemu nacinu
razmlZljanja (zato tudi taksni uwvednl stavkil,
Pravijo, da ¢loveski mokgani uspeineje obdeluje-
jo vzorce [7], digitalni ratunalniki pa stevilke.

paper deals with fuzzy systems only as used In
control syvstems design. They are first treated
penerally, followed by more detailed discussion of
an example. The example is the problem of gulding
a wheeled mobile robot (WMR), taken from li-
terature [8]. The solution given in [8] 1s also
summarized, to be able to compare It with that
obtained by a fuzzy procedure.

. FUZZY SYSTEMS

In [4] there iz a review of the literature on
fuzzy systems up to the year 1953. It covers 430
references, grouped into the following fields of
applications:

— automatic control

— blology and medicine
decizlon making

— BCONOMY

— engineering

— environment

= literature

— operations researches
— pattern recognition/classification
— pavchology

= reliability

— sclence,

Today, there are even more applications,
notably from Japan, such as train guidance, con-
trol of washing machines, video cameras, plotters
etc. [3), and even the optimal placement of people
to increase job effectiveness [6].

Why fuzzy systems? There are many activi-
ties or systems, requiring guldance, regulation,
automatic control. For the best control of a sys-
tem, we should have the best possible knowledge
of it. This requires a detailed analysis of the con-
trolled system. Here problems can and do arise
when we do not thoroughly understand the inner
workings of the system. In spite of this, there
are occaslons when we can control the system
satisfactorily if we have some experience with it
and know how it behavies, 1. e., how It reacts to
certain external inputs. This |s nowadays often
called expert knowledge. Controlling such sys-
tems, whose Inner working is not known In detail
is one of the reasons for applying fuzzy systems.
Another reason for applying this method of con-
trol systems design lles In the fact that It Is so-
metimes faster, and does not require sophlsticated
support, especially when the controlled system
Is nonlinear or complex in some other way, and
the usual linear treatment unsuitable. A third
reason is that this kind of work (to be explained)
is in some sense closer to the way people think.
It has been found that the human brain Is more
suitable for pattern processing [71, while digi-
tal computers are comfortable with numbers.
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Ceprav so obravnavani postopkl blizji ¢lovekovemu
nacéinu razmisljanja, si prizadevamo, da s primerno
aparaturno in programsko opremo postopke avto-
matiziramo na digitalnih oz. specializiranih radu-
nalnikih.

Kaj je bistvo sistemov z mehko logiko? Zateli
bome z mnoXicami. Zadeh je za nasprotje od ostre-
ga lotevanja pripadnost] nekega elementa neki
mnoZici vpeljal mehko, postopno prehajanje ele-
menta v mnoZico. Tako npr. bi se najbrZ brez veli-
Kih tezav odle¢ill, all ima neko vozilo trl all man)
koles ali ved ko trl kolesa. S celimi &tevili je stvar
preprosta, prehod je oster. meja je Stevilo 3. Ali je
ob osmih zveder dan ali not, je pa e tefja adlodl-
tev. Prehod iz dneva v not si zlahka predstav] jamo
kot zvezen prehod, ne oster. Podobno je z mnogimi
stvarmi, sladkostjo, hitrostjo, gladkostjo povréine
itn. Odvisnost oziroma pripadnost lahko ponazori-
mo z diagramom na sliki 1.

However, though the treated procedures are closer
to the human way of reasoning, we still try with
sultable hardware and sofware to automate the
procedures on digital or specialized computers.
What 1s the essence of fuzzy systems? We
will start with the sets. Zadeh introduced a soft
membership function, in contrast to the usual
sharp one. So, for example, we can easily decide
whether a vehicle has three or less wheels or
more than three. There Is an easy way with
Integers, the distinctlon Is sharp, the limit Is
number 3. We have far more trouble in deciding
whether there is day or night at § o'clock in the
evening. There is a soft, not a sharp transition
between day and night. With many other things
like sweetness, speed, surface smoothness and so
on we have similar problems. The transition or
membership function is illustrated in figure 1.

pripadnost
membership

1 00y

lastmost
|H'1IFH'rt Y

Slika 1 — Figure 1

Imamo nekaj elementov, ki jih 2elimo, glede
na neko lastnost. ki ima lahko razlitne &teviléne
vrednosti, lociti v dve skupini; na tiste, katerlh
steviléna vrednost obravnavane lastnosti je vedja
all enaka nekl predpisani vrednosti, in tiste, ka-
terih teviléna vrednost lastnosti je manjta. Na
vodoravni osi =1 predstavljamo nanesene Steviltne
vrednosti. Obléajno lefijo velje vrednosti bolj
proti desni. Mejo obeh skupin predstavlja vradnost
b Ce Je vrednost lastnostl elementa veija od b
potem element pripada eni od skupin. in sicer iz-
brani mno2ici, sicer pa ne. Tako lotevanje pomeni
oster prehod, kajtli obravnavanl element Je all pa
ni v lzbrani skupinl. lz prakse vemo, da meritve
obitajno dajo le nekaj zanesljivih decimalk. Ce
smo zelo blizu meje vrednostl b, je vpraganje, kje
v resnici smo, desno all levo od nje. Zato je viasih
primerno, da ne napravimo ostre lotnice, prehod
izpel jemo zvezno, elementi blizu meje deloma pri-
padajo izbrani mnoticl. deloma pa ne. Govorimo
torej o funkelji pripadnosti. Nekaj takanih funkei]
z razliéno hitrimi prehodi prikazuje diagram na
sl. 1. Ce Izberemo najbolj polozno odvisnost, potem

Let us have a number of elements. A certain
property of elements expressed as a real number
is used to divide them Into two groups. Elements,
whose property number is greater or equal to a
certaln predefined value, belong to one group,
while those whose number is less belong to the
other. We can plot the property numbers on a
horizontal axis. with larger values placed more to
the right. The dividing number is marked with b.
If the property value of the chosen element is
greater than b, then the element belongs to the
set, otherwise not. This method of division re-
presents a sharp distinction. We know from
practice that measurements give results with
only a few reliable decimals. If the results of the
measurements are close to the number that marks
the dividing line, we cannot be sure to which
side they belong, to the left or to the right.

Thus, it is sometimes better not to make a
sharp division, but a soft, continuous one. The
elements near the dividing line belong partly to
the set, partly they do not. In this case we talk
about a membership function. A few of them are
displayed on the graph (Fig. 1). If we select the
curve with the least slope, then we can say for
an element which has a property value around a,
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lahko retemo za element, katerega lastnost, ki jo
opazujemo, Ima vrednost okoll & da je pripadnost
tega elementa mnoZici priblizne 0,17 In pripadnost
elementomn. ki niso v mnoZici, priblizno 0583
(1-0.17). Pripadnost izrazimo = Stevilko, ki Ima
vedno vrednost med 0 in 1.

Kot funkcljo pripadnost]l si lahke glede na
merilo marsika] lzmizslimo, da Ima le vrednost
med 0 in 1. Kljub temu, da operiramo z razliénimi
pogojnimi stavki in, kakor bomo kasneje videll, z
besednimi spremenljivkami, so %e vedno potrebne
dolotene ratunske operacije. Njlhovo 1zvajanje bl
biloe pri zelo neprimerno Izbranith funkcljah pripad-
nosti tetavno. zato je pametno izbrati preproste
odvisnostl. Torej. e oster prehod ni dober, napra-
vimo prehod zvezen, preprost zvezen prehod pa
pomeni linearno funkcijo (matemati¢no jo je pre-
prosto opisati). Primer take je tudi na diagramu
(sl. 1). Ce je npr. vrednost lastnosti elementa
manjsa od & element ne pripada izbrani mnoZicl
(pripadnost je D). Ce je vrednost lastnosti ele-
menta vedja ali enaka ¢, je pripadnost 1, vrednosti
med & in ¢ pa dajo pripadnosti med 0 in 1, pri b je
pripadnost 0,5.

that it belongs to the set with a grade of member-
ship equal to 0.17 and that It belongs to the ele-
ments not In the set with a grade of membership
equal to 0.63 (1 — 0.17). Grade of membership Is
always glven by a number between 0 and 1.

According to different criterla, we can in-
vent quite different membership functions, the
only limitation being that the function has to
have values between 0 and 1. However, In spite of
the fact that we work with different conditional
statements and so called linguistic varlables we
still have to perform some computations. For
some strange membership functions the computa-
tions can be very complicated, and so, to simplify
matters, it is advisable to select simple member-
ship functlons. Thus, when a sharp transition s
not satisfactory, we introduce a soft, continuous
trangition. A simple continuous transition repre-
sents a linear function (simple te define mathe-
matically). One such function is plotted on the
diagram (Fig. 1). It says that an element whose
value 15 less than a, does not belong to the set
(its grade of membership Is 0), If the value Is
greater than ¢ the grade of membership Is 1, the
values between a and ¢ give grades between 0 and

1, at bit is 0.5.

pripadnost
membership

lasinost
property

Slika 2
Figure 2

Podobno velja. ¢e mnozico definiramo z dvema
vrednostma, s spodnjo In zgornjo mejo (sl. 2). Mejo
lahko postavimo ostro ali postopno. Elementi, ki
imajo vrednost obravnavane lastnostl okoli b, pri-
padajo mnozicl. Bolj ko se oddaljujemo od vred-
nostl b (levo all desno, proti manj&im all ve&jim
vrednostim), se pripadnost zmanjsuje. Za funkcijo
pripadnosti lahke vzamemo gladke krivuljo, lahko
izberemo trapez, trikotnik, all kaj drugega. Kakor
smo 2e omenili, ima linearna odvisnost prednostl,
zato Izberemo za nadaljnjo obravnave trikotnik
(podobno kaker triketnik je tudi trapez sestavljen
iz po odsekih linearnih funkelj, vendar je trikotnik
preprostej&1). Tu bomo konéali splodno obravnavo,
ob zgledu bomo obdelali podrobnosti.

The same can be sald when the set Is de-
fined by an upper and lower limit (Fig. 2). The
transition can be sharp or gradual. Elements
with wvalues around b belong to the set, the
greater the distance from b (on either zide), the
less Is the grade. As a membership function,
we can choose a smooth surve, a trapeze, a
triangle or something else. As mentioned abave,
a linear relationship has some advantages, so
we choose a triangle for further treatment. A
trapeze also has segments which are linear
functions, but a triangle is obviously simpler.
Here we will stop the general discussion, detalls
will be given in a case problem.
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2. PROBLEM KRMILJENJA MOBILNECA
ROBOTA

W [8] je opisan problem krmiljenja mobilnega
robota na treh kolesih leno spredaj In dve zadaj).
Sprednjemu kolesu lahko spreminjamo smer in &
tern usmerjamo vozilo. Gnanl sta zadnjl Kolesi,
hitrost gibanja vozila v smerl vzdoline osl vozila
je konstantna. Problem, zastavljen v [5], je na-
slednji:

Mobilni robot se mora gibati po vnaprej pred=
pisani trajektorijl. Usmerjamo ga s Kremiljenjem
sprednjega kolesa, In sicer spreminjamo kot wit);
to je kot, ki ga oklepa vzdolina os vozila in rav-
nina, v katerl se vrtl prednje kolo lall kot rmed
pravokotnico na vzdelzno os vozila in osjo spred-
njega kolesa). Os vrtenja sprednjega kolesa je
vedno vzporedna z vodoravno ravnino, po Katerl se
robot giblje. Zelimo, da je odstopanje od zahtevane
trajektorije ¢immanjse. Odstopanje od trajektorije
sprotl merimo In opldemo 2z dvema spremenljiv-
kama, ep(t) In es(£), tu eplt) pomeni napako lege
vozila (kollkrina Je v trenutku ¢ razdal)a med sre-
distem vozlla — za srediite vozila je Izbrano nje-
govo teXiife — In najbliZjo tolko na Zelenl trajek-
torlji; &e je vozilo desno od trajektorije, je ep(t)
pozitiven, as(f) pa pomenl napake smerl vozila
(kollkrgen Je v trenutku ¢ kot med vzdolZno osjo
vozila In tangento na trajektorijo v najbliZzjl toéki
trajektorije; ¢e je vozilo usmerjeno desno je es(f)
pozitiven). Dolotiti je treba ult) kot funkel jo epl(t)
in esi(t) tako, da bodo izpolnjene vnaprej izbrane
zahteve.

2.1 Realtev problema krmiljenja moblinega
robota po postopku linearnega
kvadrati¢nega upravljanja

Maloga je v [8] resena po postopku linearnega
kvadratitnega upravljanja. Krmilnik oziroma u(t)
dolo¢imo tako, da ima integral (pod Integralom je
kvadratna funkcljal:

oo

l-fl'q!-epltl"'*q:-

(1]

za primerno izbrane uteine faktorje q, q, In R
(pozitivna Stevila) minimalno vrednost. Seveda
moramo za sistem, ki ga upravljamo, poznati po-
vezave med w(t) in eplt) In es(t) oziroma tiste
spremenljivke sistema. ki dolotajo obe napaki. V
(8] s0 te povezave dolocene z matematicnim mode-
lom vozila. Model Je sicer nelinearen, vendar ga
pod dolotenimi pogoji lahko lineariziramo. Za iz-
brane parametre vozila so bile dolotene naslednje
Stiri diferencialne ena¢be prvega reda, Ki jih zapi-
temo v matriéni obliki:

2. THE PROBLEM OF GUIDING A
MOBILE ROBOT

The problem of guiding a maoblle robot with
three wheels, one steering wheel In front and
two driving wheels behind iz given In [8]. The
speed of the vehicle in a longitudinal direction is
constant. The problem as posed in [8] Is the fol-
lowing: the mobile robot has to move on a prede-
fined trajectory. It Is guided by the front wheel,
by changing the angle w(t), the angle between the
longitudinal axis of the vehicle and the plane In
which the wheel rotates (the angle between the
lateral axis of the wvehilcle and the axis of the
front wheel). The axis of the front wheel Is
always parallel with the horizontal plane on
which the robot moves. It I1s desirable to ensure
the least possible deviation from the required
trajectory. Deviation is measured continuously and
given by two variables, ep(t) and es(£). The eplt)
Is the position error (the distance between the
centre of the vehicle and the nearest point on the
trajectory, the mass centre of the vehicle Is selec-
ted as Its center; If the position of the centre ls on
the right hand side of the trajectory, then ap Is
positivel. The es(t) is the orientation error (the
angle between the longitudinal axis and the tangent
to the trajectory at its nearest point, at time & If
the vehicle Is oriented to the right, then es Is po-
sitivel. The ulf) has to be determined as a fune-
tion of eplt) and es(¢) in such a way that some
predefined requirements are fulfilled.

2.1 Solving the problem of gulding a
moblle robot by linear quadratic control

The task in [8] Is solved In the realms of
linear quadratic control. The controller or the
slgnal w(t) 12 determined in such a way that the
Integral (of a quadratic function):

es(B)® + R - ul#)?) de

has a minimal value for some suitably selected
factors q,. q, and R [positive numbers). Evidently,
we have to know the relationships among w(t)
and ep(t) and es(¢), or those variables which de-
termine the two errors. In [8] the relationships
are given as a mathematical model of the system.
The model is nonlinear but can be linearized under
certain conditions. The following four linear diffe-
rential equations written in matrix form were
determined for the selected parameters of the
vehicle:
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x(t)=A-x(t)+ b-ule),

kjer pomeni X¥(f) vektor stanja, ki ga sestavljajo
Atiri komponente, in sicer ep(t), vplf), @(f) in
esl(t), kjer ep(t) in es(t) %e poznamo. Vozilo se
giblje z neko hitrostjo, ki jo razstavimo na dve
komponenti, v smerl vzdolZne osi vozila vv(t) in
v smerl pravokotno na vzdolino os vozila vpltf).
Kakor je bllo 2e refeno, je vedolZna hitrost vel(f)
konstantna In je vv =04 m/s, tako da je v modelu
zamo hitrost vplt). Kotna hitrost @(t) je hitrost,
8 katero se vozllo vrtl okoll osl, kil gre skozl sre-
diste vozila In je pravokotna na vodoravno podlago,
po kateri se giblje.

Matrika A in vektor b v zgornjl enacbl Imata
naslednje vrednosti:

04 0,004 -0,0016

| o -0m38 067

A 0 09908 07538
0 -001  -00018

Anallza lastnih vrednostl sistema pokale, da
ima sistem dve lastnl vrednost! v koordinatnem
izhedizéu A = A, = 0 in dve precej odmaknjeni od
koordinatnega lzhodis¢a A, = -96.5 In A = -4185,
ustreznl komponentl sta mofno duseni, take da
njun vpliv na dinamike =istema lahko zanemarimo.
Ce to storimo, lahko model tetrtega reda z odpra-
vo spremenljivk vplt) In w(f) iz vektorja stanja
poenostavimo v model drugega reda, Ki ima Kot
vektor stanja komponent! epl¢)/ vy in es(t). Nova
matrika A in vektor b sta:

Diivl
g5 [ﬂ u]

Za ta sistemn In zgoraj] deliniran integralski
kriterij, #& so wvse trl ute?i enake 1, dobimo po
ustreznem lzratunu optimalni krmilnik z nasled-
njim krmilnim zakonom:

ult) = eplt)

Podrobnejsa lzvajanja in poenostavljanje mo-
dela najdemo v [8].

2.2 Metoda dolo¢itve u (¢) z mehko logiko

Upravljanje z mehko logiko lahko razdelimo
v trl faze:

— ugotavljanje stanja ohjekta,

— doloitev Zelenih ukrepov,

— lzvajanje ukrepov.

Prl tej metodl natrtovanja sistemov upravlja-
nja moramo torej dolofiti postopke, ki naj se iz-
vajajo v posamezni fazi. Pojdimo po vrsti.

*

where X(f) Is the four dimensional state vector,
with components eplt), vpli), wit) and es(t).
gpli) and es(t) we already know. The wehicle
moves with some speed, which we decompose Into
two components, one vv(t) In the direction of the
longitudinal axis, the other vp(t) in the direction
perpendicular to the longitudinal axiz. As already
stated, the longitudinal speed 15 constant, vvif) =
= 0.4 m/s, so only the speed vp(t) occurs In the
model. The anpular speed w(t] 1= the speed of
rotation of the vehicle around the axis, poing
through the centre of the vehicle and perpendi-
cular to the horizontal plane, on which it moves.,

Matrix A and vector b in the equation above
have the following values:

]
a0

b= 1534
0

ot = I = —1

Eigenvalue analysis of the systern shows
there are two elgenvalues In the coordinate orlgin
A, = A, =0 and two quite far from the origin,
Ay =-965 and A, = -4185. The corresponding
components are strongly damped, so thelr influen-
ce on the dynamics of the system can be neglect-
ed. If this I1s done, then leaving out the variables
vplt) and w(t) from the state vector, the model
is simplified to the second order, with components
ep(t)/vv and es(t) In the state vector. The new
matrix A and the new vector b are now:

0,05
b- [ 7 ]
For this system and the integral criterion
defined above, when all weights are equal to 1,

following the usual procedures we get the optimal
contreller performing the following control law:

1.3 esl t)

Details and model simplification can be Found
in [5].

2.2 Fuzzy method of determining u(t)

Fuzzy control can be divided into three
phases:
= determination of the state of the system,
= determination of the required or desired
actions,
— execution of actions.
So a fuzzy method of control has to supply

the procedures that have to be executed in parti-
cular phases. Let us follow the phases in turn.
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2.2.1 Prva faza

Ta faza zahteva, da s opravijo meritve stanja
objekta. Ce poznamo stanje in vemo, ka) hotemo,
potem lahko ukrepamo. Pri tem pa se pojavi pro-
blem, ker imame v splognem zelo velike 2tevilo
razliénih stanj objekta. Ker je stanj veliko, se je
tezko odlogitl, kaj v dolotenem stanju storiti, kako
ukrepati. (e Imamo zvezne signale, je ofitno &te-
vile mogotih stan] neskonfno vellko, pri 10-bltnem
analogno-digitalnem pretvorniku imamo fe vedno
1024 razli¢nih vrednostl. Take primere &lovek teZ-
ko obvladuje. Rez je, da v primeru, ko je objekt
linearen In pametno izberemo merila za ocenjeva-
nje sistema upravljanja, lahke dobimo linearno
upravljanje, tako kakor v zgornjem primeru, ko je
upravljanje wlt) doloéeno preprosto £ mnoZenjem
odstopanja sistema od 2elene vrednosti ep(t) In
es(t), ki sta kar stanje objekta. s konstanto
{krmilni signal je sorazmeren odstopanju objekta
od Zelenega stanjal.

Spomnime se uvodnih stavkov. Manipuliranje
5 Stevill ljudem ne lezl (misljeno Je rutinsko,
vsakodnevno: ¢e nl vsakodnevno, je seveda lahko
zelo zanimlve); saj ¢e spremljamo razvo] racu-
nalnikev, wvedno lahke najdemo v ozadju 2eljo
skonstrulrat! stroj, ki bl namesto éloveka lzvajal
ratunske operacije. Razpoznavanje vzorcev, de
njlhove stevilo nl prevelike. pa je bolj zanimiva
dejavnost. In to je bistve prve faze oziroma splos-
no uporabe mehke logike. Kako ugotoviti stanje?
Res je, da ga izmerimo, toda kombinacij je preved.
Kako zmanjsati stevilo mogotih stanj? Obmoéja
vrednosti pasameznih spremenl jivk, ki jih merimo,
razdelimo na konéno stevilo lin to majhna) pod-
intervalov (ki so enaki ali razli¢ni). in potem samo
pogledamo, na katerem od podintervalov je tre-
nutna vrednost posamezne spremenljivke. Ce ima-
mo dve spremenljivikl in ehmotje veake razdelimo
na pet podintervalov, imamo vsega 25 razliénlh
stan]. Ce pa so spremenljivke zvezno spremenlji-
ve, Je &tevilo mogoéih stanj neskonéno. V prime-
ru, da imamo malo mogotih stanj, je problem
snovanja upravljanja laze ohvladljiv.

Predpostavimo uporabo racunalnikov in s tem
analogno-digitalnih pretvornikov, npr. 10-bitnih,
pri pretvorbl zveznih vhodnih spremenljivk v dvo-
jltka 10-mestna stevila. Ce odrezemo od dvajiskih
stevil spodnjih 8 bitov, ostaneta samo dva. Ce gle-
damo samo ta dva bita., imamo vsega stiri razliéne
kombinaci je. Celotno podroéje vrednostl spremen-
livke smo razdelili na 4 podpodrotja. Kombinaci ja
dveh bitov, ki sta ostala, pove. na katerem podpo-
dro¢ju je trenutna vrednost spremenljivike. Kom-
binacijo bitov lahko uporahimo za oznathbo podpo-
drotja (kembinacije so 00, 01, 10. 11}, Vendar
gremo obi¢ajno %e dlje, za oznatho posameznega

2.2.1 First phase

This phase requires measurement of the state
of the controlled system. If we know Its state
and know what we want, then we can act. The
problem that generally arises in such cases is that
we are dealing with a large number of different
states. Consequently it is difficult to decide what
to do in a particular state. With continuous va-
riables, there Is obviously an infinite number of
poszible states, with a 10-bit analog to digital
converter we stlll have 1024 different values.
Problems of this kind are not to man's measure.
If the system Is linear and suitable evaluation
criteria have been chosen we can get linear con-
trol, as was the case In the problem above, where
ult) was simply determined by multiplving the
deviation of the system ep(t) and es(t) (which
equals the state of the system In our case) from
the desired value by a constant vector (the control
signal Is proportlonal to the devlation of the sy-
stem from the desired state).

Let us recall the Introductory sentences.
Manipulating numbers Is not man's strong side
(we mean routine, everyday work; if It Is not
every day, it can even be entertaining). If we look
into the history of computer development, we can
always find In the background a wish to construct
a machine to perform calculations instead of a
man. But pattern recognition, if their number |s
not too great, Is a more Interesting activity. This
is the essence of the first phase and generally of
the fuzzy method. How to determine the state?
We can measure it, but there are too many
combinations. How to reduce their number? The
allowable regions for particular variables, which
are measured, are divided into a finite number
la small onel of subreglons or subintervals
lequal or different), and then we determine on
which subinterval the instantaneous value of a
particular variable lies. If we have two variables,
and we have five subintervals for each wvariablg,
then in total we have 25 different combinations.
If we have a small number of states the problem
Is easler to manage.

Let us assume the use of digital computers
and therefore the usze of analog-digital converters,
say 10-bit, converting a continuous Input signal
into a stream of 10-bit binary numbers. Cutting
the lower 8 bits from binary numbers away, there
remalin only 2 bits. With 2 bits we have at most
4 different combinations. That way we have divi-
ded the whole reglon for a particular input vari-
able into 4 subreglons. The combination of the re-
maining 2 bits tells us in which of the subreglons
the instantaneous value of the variable lies. We
can use the combinations of two bits as labels for
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podpodrocja ne uporabljamo Stevilk, ampak imena,
besedne spremenljivke, Pravzaprav je tudi Stevilka
ime, bolj smo pa vajeni imen, ki jih sestavljamo s
eérkami. Po tej razlagl bi seveda lahko sklepali, da
morajo bitl podpodroéja enaka, lahke =o. nl pa nuj-
no potrebno. Lahke so poljubno lzbrana, dobro pa je,
te Imamo razloge za delitev, kakrino napravimo.

Lotimo se torej problema dolocitve ult). ki ga
moramo refitl. Prva faza pomen! meritev stanja
objekta, ki je v natem primeru podan z epli) In
es(t) ter dolotitev polokaja, usmeritve in ustrez-
nih funkelj pripadnosti.

pzl

pl

subreglons (combinations are 00, 01, 10, 11). Howe-
ver, we often employ names (linguistic variables)
instead of numbers.. Certainly a number Is also a
name, but we are more used to write namas with
letters. Following this discussion, one might assu-
me that the subintervals have to be equal. They
can be, but need not necessarily be s0. We can cho-
ose them dellberately, but it Is good to have some
reason for the division we make, whatever It Is.
Let us start with the problem we have to
solve. The first phase represents measurement of
the systems state, the variables ep(t) and es(t)

polota)

pd pzd position

zd ep[m]
Smer

szd orientation

zl ]

k

z2d

es|rad]

upravijanje

kzd control
|

zl |

DD

7d ul[rad]

Slika 3 — Figure 3

Ma sliki 3 so trije diagrami. Na zgornjem
diagramu obravnavamo polo2aj vozila, Vodoravna
o5 je obmocje vrednostl za spremenljivke eplt).
Glede na to, kaksen je ep(t), sklepamo, kaksen je
polozaj vozlla. Vozllo je lahke desno ali leve od
trajektorije, blizu all dale¢. Vse to povemo z ep(t),
kil ima neko vrednost in predznak. Vendar, kakor
smo 2e rekll, nam &tevilke véasih niso viet. Zato
se odlodimo, da bomo loili samo pet razliénih po-
loZajev, polo2aj zelo levo (pzl), polotaj leve (pl),
poloZaj pravilno (pp), palo2aj desno (pd) in polozaj
zelo desno (pzd).

V danem primeru bomo postavilli meje oz.
srednje vrednostl Intervalov takole: vozilo je v
pravilnem poloZaju. ¢e je na trajektorijl, ée je od-
daljenost od trajektorije 0 m: vozilo je desno od
trajektorije. ¢e je od nje oddaljeno 0.1 m; vozilo je
zelo desno, ée je oddaljeno od trajektorije 0.2 m ali
vet. Za levo stran velja enak opis, le da so pred-
znaki oddal jenosti negativnl. Kaj pa vmesne vred-
nostl? Kaj bomo rekli, ¢e je vozilo 0,00 m desno
od trajektorije, ko je vines med pravilnim poloa-
Jem in poloZajemn desno? Zamislime sl funkelje
pripadnosti za razli¢ne poloZaje vozila. Za funkclje
pripadnosti smo izbrali trikotnike, razen za skraj-
ni vrednosti, za poloZaj zelo desno (pzd) In poloZaj

in our case, that is finding the actual positlon and
orientation, and finding the corresponding mem-
bership grades. There are three diagrams on fig.
3. The upper Is for position. The horizontal axis
represents values of epl(¢). From epl(t) we can
conclude the position of the vehicle. The vehicle
can be on the right or on the left side of the de-
sired trajectory, near or far. All s said with ep(¢),
which has a value and a sign. But, as the Intro-
ductory statements sald, we do not like numbers,
so we declde to distinguish only five different po-
sitions (lingulstic varlables!), a very left position
(pzl), left position (pl), correct position (pp) right
position (pd) and very right position (pzd).

In our case we will set the limits or medium
values of subintervals In this way: the vehicle 1s
in the correct position If it is on the (desired) tra-
jectory, and If the distance from the trajectory
is 0 m; the vehicle Is on the right slde of the
trajectory, If the distance Iz 0.1 m; the vehicle iz
very right If the distance is 0.2 m or more. We
have negative signs for the left side. What about
values in between? What shall we say If the ve-
hicle I1s 0.05 m on the right side, when it Is bet-
ween the correct and right position? Imagine the
membership function for position. We selected
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zelo levo (pzl). Ce je eplt) > = zd, potem je funk-
cija pripadnostl pzd = 1. Podobno velja za zelo levi
polozaj. Sicer velja, da je funkelja pripadnosti za
ustrezno srednjo vrednost enaka 1, levo in desno
od grednje vrednestl pa linearno pada, za vrednostl
ap, ki ze razlikujejo za vet ko za 0,1 m absolutno
od srednje vrednostl, je enaka 0.

Na sredini diagrama je ep = 0, poloZa] vozila
je pravilen, funkeija pripadnosti pp je 1. Sredi&tne
vrednoestl posameznih intervalov oziroma funkelj
pripadnostl so oznafene z z/ (zelo levo), / (level,
p (pravilne, ni odstopanja), d (desno) In zd (zelo
desno), torej je p=00m, d=0.1 m, zd = 0.2 m,
I=-00min 2/ = -0,2 m. Za vmesno vrednost
torej, npr. eplt) = d/2 = 0,05 m, sta razliénl od 0
samo funkcijl pripadnosti pp in pd, obe sta enakl,
pp =05 In pd = 0,5. Vozilo je torej hkrati v pra-
vilnem poloZaju in poloZaju desno. Ker Imata funk-
cijl pripadnostl enaki vrednosti In ker sta funkecijl
pripadnostl simetriénl glede na trenutno vrednost
gp, lahko sklepamo, da je vozilo prav v sredinl med
pravilnim poloZzajem in polozajern desno. Za gplt) =
= 3d/4 Je pp= 0.23 In pd = 0.75; vozilo je torej
hkratl v pravilnem poloZaju in poloZaju desno, ven-
dar bolj desno kakor v pravilnem poloZaju, kar se
vidi Iz tega, da je pripadnost pd veéja od pp. Glede
na narisane funkclje pripadnosti vidimo, da sta
vedno samo dve razliéni od ni¢, razen te zavzame
epl i) eno od sredizénih vrednosti, tedaj je samo ena
funkclja pripadnost] razli¢na od ni¢ In je enaka 1.

Ce Je ep = -d/2. sta pp In pl enakl 0.5, druge
0 (pripadnost Je vedno pozitivna!').

Analogno velja za e=s({) In smer, razmere so
prikazane na drugem diagramu na sliki 3. Za dani
primer velja, da je zd = 0,25 radiana. d je polovica
tega, torej d = 0,125 radiana. Definiranith je 5
funkcl) pripadnostl za smer, In sicer smer zelo
levo (szf), smer leve (s/). smer pravilna (sp),
amer desno (sd), smer zelo desno (szd).

Bistvo prve faze je tore] ugotovitl stanje si-
stema In ga diskretiziratl & funkeljami pripadnosti,
tako da samo ugotovimo, na katerem Intervalu je
posamezna spremenljivka. Za na% problem, ko me-
rimo dve spremenljivki in imamo za vsako 5 funk-
clj pripadnosti, imamo 25 razliénih kombinacl). Da
dolotimo, na Katerem podintervalu je posamezna
spremenljivka, moramo dolo¢eno informacljo opu-
stitl (prej smo v primeru 10-bitnega pretvornika
predpostavili, da odrezemo spodnjih 8 bitov in
chranimo samo 2). Vendar ta informacija nl lz-
gubljena, ohranjena je v vrednostih funkelj pripad-
nostl. Dolofeno Infermacijo smo opustill samo za-
to, da smo dobili konéno, omejeno stevilo mogocih
stanj, tako da se lahko za vsako od teh stanj ozi-
roma kombinaclj odlogimo, kako ukrepati. Delno
pri drugl fazi, delno pri zadnji fazl pa potem to
trenutno opusteno informacijo zopet uporabimo.

triangles, except for the extreme positions, for
the very left (pz/) and the very right posltlon
(pad). If eplt) = = zd, then the membership
function gives a value pzd = 1. Similar conclusiens
hold for the very left position. Otherwise, the
membership functions give a value of 1 for the
medium values of the argument, for values left
or right froam the medium values, function values
go linearly to 0 and reach 0 when 0.1 m off
(absolutely) from the medium values.

In the middle of the diagram is ep = 0, the
position of the vehicle is correct, the value of the
membership function pp Is 1. The medium values
of intervals (membership functions respectively)
are denoted with zf (very left), [ (left), p (correct,
no deviation), d (right) and zd (very right), or in
other words p=00m, d =01 m, zd = 0.2 m,
[==0.1m, and z/ = -0.2 m. For an Intermediate
value of ep, for example ep(t) = d/2 = 0.00 m,
only membership functions pp and pd are different
from 0. Both are equal, pp = 0.5 and pd = 05.
The vehicle 1s In the correct position and In the
right position at the same time. Since both mem-
bershilp functions have the same value and as the
membership functions are symmetric with re-
spect to the actual value of ep, we can deduce that
the vehicle Is just In the middle between the
correct position and the right position. For ep(t) =
= 3d/4 Is pp = 0.25 and pd = 0.75; the vehicle Is
both in the correct position and in the right po-
sitlon, but It Is more in the right position than In
the correct one, which follows from pd being
greater than pp. We see from membership func-
tions drawn that only two of them are different
from 0 at the same time, except In the case when
eplt) Is equal to one of the middle values of a
particular membership function, when only this
function is different from 0 and equl to 1.

If ep =-d/z, then pp and pl are equal to 0.5,
and all other membership function are 0 (values
of membership functions are always positive!).

The same holds for e=(t) and the orientation,
shown on the second disgram on fig. 3. In our
case, zd = 0.25 radians, d is half of that, d = 0.125
radians. Five membership functions for orientati-
on are defined, for orlentation very left (sz/), orl-
entation left (s/), correct orientation (sp) orien-
tation right (=d) and orlentation very right (szd).

The essence of the first phase is finding out
the state of the system and discretizing it with
the help of membership functions so that only
the interval on which a particular variable lieg, Is
determined. For our problem, where two variables
are measured, each with five membership functi-
ong, there are 25 combinations. To determine on
which subinterval a particular variable is, we
have to leave out some Information (formerly
with a 10-bit converter we assumed we cut off
the lower § bits, and keep 2 only). However, this
information is not lost, it remains In the values
of the membership functions. A certaln part of
the Information has been discarded only to get a
finite, limited number of states, so that we can
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Za primer postavimo, da je poloZaj vozila
0,05 m na desnl (ep(t) = 0,05 m) in da je smer
vozlla glede na trajektorijo es(t) = - 0,025 radiana.
Ugotovimo, da sta za ta poloZa] samo funkcljl
pripadnost! pp In pd razliénl od 0, In slcer sta
pp =035 In pd = 0,5. Prl smerl sta funkcljl pri-
padnosti sp In s/ razliénl od 0 In sta sp= 0.5 in
sl = 0,2. Sklepamo, da je poloZzaj po eni strani
pravilen, po drugl desno., smer pa tudi po enl
stranl pravilna, po drugi pa levo. S to informaci jo
oziroma vrednostmi funkcl pripadnostl (pp = 0.5,
pd =035, sp= 08, s/ =0.2) gremo v drugo fazo.

2.2.2 Druga faza

V tej fazl na podlagl nabora pravil in Infor-
macl) Iz prve faze doloimo, kako ukrepatl. Pravila
so pogojnl (IF) stavki, kakrine poznamo Iz pro-
gramskih jezikov. Npr.: ¢e je poloZaj tak in smer
taka, potemn naj bo krmilni signal tak. Enako raz-
misljanje, kakor pri vstopnih signalih oz. stanju
uporabimo tudi za krmilni slgnal. Prav tako si ne
zelimo imeti opravka z veliko mnoZico njegovih
vrednostl, ker je v takinem primeru izbira teZka.
MoZnosti naj bo raje malo, da se lahko odlodimo.
Tako kakor pri ép in es Izberemo tudi tu 5 (lahko
bl jih vet all manj) razli¢nih vrednostl za lego
krmila (zasuka prednjega kolesa u(t)), in sicer teh
pet vrednostl polmenujemo krmilo zelo levo (kz/)),
krmilo leve (k/), krmilo naravnost (kn). krmilo
desno (kd) In krmilo zelo desno (kzd). V nasem
primeru velja, da so sredis¢ne vrednosti posamez-
nth leg krmila z/ = -0,8 radlana (pri kz/ = 1).
[ = =04 radiana (pri &/ = 1), n = 0,0 radianov (pri
kn=1). d= 04 radiana (pri kd = 1) in 2d = 0,5
radiana (pri kzd = 1), Razmere so ponazorjene s
tretjim diagramom na sliki 3.

Potem si Izmislimo pravila. Npr.: ¢e je polo-
zaj pravilen in smer pravilna, naj bo krmilo v
obi¢ajni legi oziroma legi naravnost. Ali npr.: ¢e
je poloZaj desno In smer levo, naj bo krmilo v
obi¢ajni legi. All: ¢e je poloaj desno In smer
desno, naj bo krmilo zelo leve. In tako naprej za
vse mogole kombinacije vstopnih signalov (sobde-
lanih« s funkeijami pripadnosti). Najbolje je to
slstemati®no urediti, da ¢esa ne spregledamo. V
nagem primeru Imamo pet razllénlh poloZajev in
pet razliénth smerl, zato sestavimo odlo¢ilno
preglednico s 25 lokacl jami:

decide what to do for each of the states. Later,
partly in the second and partly In the third phase,
we make use of thls temnporarily discarded Infor-
matlion again.

As an example, assume the position of the
vehicle to be 0L05 m to the right lep(t) = LDG m)
and that the orientation of the vehicle with respect
to the trajectory is es(t) = -0.025 radians. We
find for this position only membership functions
pr and pd different from 0. they are pp = 0.5 and
pd = 0.3, For orientatlon only functions sp and s/
are different from 0 and are sp = 0.8 and s/ = 0.2.
We conclude that the position is correct and right,
the orlentation correct and left at the same time.
With these values of membership functions (pp =
=03, pd = 0.3, sp = 0.8, s/ = 0.2) we enter the

second phase.
2.2.2 Second phase

In this phase, we decide from a collection of
rules and from the Information obtained in the
first phase what should be done. The rules are IF
statements, as known from programming langua-
ges. For example, if the position Is such and ori-
entation is such, then the control has tobe such.
The same kind of thinking as with input signals
or states is valid for control signals. We want a
small number of options to simplify decizions, As
with ep and es we select five (it could be more
or less) different values for the position of the
steering wheel w(t), we call these 5 values
steering wheel very left (kzf), steering wheel
left (K1), steering wheel stralght ahead or normal
position (kn), steering wheel right (kd) and
steering wheel very right (kzd). In our case the
numerical values for these steering wheel posi-
tions are zf = -0.8 rad (at kzf = 1), [ = -0.4 rad
(at kI = 1), n =00 rad (at kn = 1), d = 0.4 rad
(at kd = 1) and 2zd = 0.8 rad (at kzd = 1). The re-
lations are illustrated in fig. 3, bottom diagram.

We must then invent the rules. For example:
If the position 1s correct and the orlentation iz
correct, then the steering wheel should be in the
stralght ahead position. Or: if the position 1s right
and the orientation left, the steering wheel should
be in the straight ahead position. Or: il the positi-
on is right and the orientation is right, the steer-
Ing wheel should be in the very left position: and
so forth for all possible combinations of input sig-
nals (after making uze of the membership functl-
ons). We have [ive possible positions and five
possible orientations in our case, so we make a
decision table with 25 places:

Fil.: FL.; PP PN "FPID
SIL | KID KID KID KD KN
SL | KiD KID KD KN KL
SP | KID KD KN KL KIL
SD | KD KN KL KIL KIL
SIDI KN KL KZL. KIL KZL
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V' prvi vrsticl preglednice so oznatbe posa-
meznlh poloZajev, kollker jih lo¢ime, v prvem
stolpcu pa oznatbe smeri. Znotraj preglednice
najdemo ustrezno odlofitev. Seveda je taka pre-
glednica mogota le v primeru, fe so pogojl pre-
prostl, v nagem primeru obravnavamo hkratl
vedno le dve spremenljivkl, poloZaj In smer; v
splotnem so lahko pravila bolj zapletena In jih ne
moremo prikazatl tako pregledno s preglednico.
Namesto preglednice bl lahko zapisali 25 pravil:

1. &e pzf In sz! potem kzd,

2. ¢a pl In szl potem kzd,

3. e pp In szl potem kzd

4. ¢e pd In szl potem Kd.

5. ¢e ped in szl potem kn,
in tako naprej e za druge 3tiri vrstice.

Vidimo, da se pojavlja v zgornjih pravilih lo-
giena operacija IN. Uveljavimo Jo kot konjunkcljo
all kako drugate. Obi¢ajno uporabljamo za lzvedbo
operacije IN minlmalnl operator, ker je preprost.
Ta ustreza operatorju konjunkclje, ¢e ga lzvedemo
npr. z diodnimi vrati. Skratka, najpoposteje lz-
vedemo operacijo IN takole:

alN b = minimum (a, b).

Zgornjih 5 pravil lahko potem napifemo takole:

1. kzd = minimum (pzf, =zl],

2. kzd = minlmum (pf, ==2l),

3. kzd = minimum (pp, s2f),

4, kd = minimum (pd, =z/),

3. kn = minimum (pzd, szf).

Za danl primer In predpostavljene vrednostl
epl(t) = 0,05 m In es(t) = -0,025 rad, smo’ dobili
pp=05 pd=05 sp=08In sl =02

Vezakemu polotaju pripada stolpec preglednice,
vsakl smerl vrstica v preglednicl. Ker Imamo dve
funkeciji pripadnosti polozaja razliéni od 0 In dve
funkeiji pripadnost! smerl razliénl od 0, so 8 tem
definirani stirje kvadratk! v preglednict, ki ustre-
zajo Stirim pravilom, Ki jih moramo upoitevati:

l. ¢e (pp In sl), potemn kd

oziroma kd = minimum (pp, s/,

2. te (pd in sl), potem Kkn

oziroma kn = minimum (pd. s/),

d. & (pp In sp), potem kn

oziroma kn = minimum (pp, sp),

4. te (pd In sp), potem KJ

oziroma kI = minimum (pd, sp).

Velja poudariti, da so kd, kn, in kI (ter kz/ in
kezd, ki jih ni v teh pravilih) funkcije pripadnosti,
2 vrednostml med 0 in 1.

Govorimo o pravilih, videti pa so kot zme&nja-
va, Prvo pravilo zahteva, da krmilo obrnemo des-
no, ¢etrto pa, da ga obrnemo levo. Kaj napraviti?
Morda je najbolje pustiti vse skupaj pri miru. In to
se tudi zares lahko zgodi, da se ni¢ ne zgodi in vo-
zilo pelje naprej kar z enako usmerjenosto krmila.
Ta problem bomo resili v tretji fazi. Trenutno se

In the first row of the table are labels for
particular positions and labels for orientations in
the first column. We read the table thus: If the
position Is very left (pz/) and the orientation Is
very left [sz/), then turn the steering wheel to
the very right (kzd). Or: If the position Is correct
(pp) and the orlentation is right (sd) turn the
steering wheel to the left. Such a table Is, of
course, possible only in simple cases. In our case,
we have only two variables, but In general the
rules are much more complicated and cannot be
shown so clearly with a table. Instead of a tahle
we could have written 23 rules:

1. If pz! a&nd sz! then kzd

2.1 pl and =2/ then kazd

3.0f pp and szl then kzd

4, if pd and sz/ then kd

9. If pzd and sz! then kn
and so forth for the remaining four rows.

We see the operator AND In the conditions.
This Is achleved as a conjuction or In some other
way. Usually, the operator minlmum Is employed
to achieve AMD, which corresponds to a conjuncti-
on realized with a diode gate. In short, the opera-
tor AND Iz most often realized in the following

way:
ayﬂ AND b= minimum (a, b).
Then the above 3 rules can be rewritten:

l. kzgd = minimum (pzl, sl

2. kzd = minlmum (pl, sz/)

3. kzd = minlmum (pp, =z

4. kd = minimum (pd, szl)

5. kn = minimum (pzd, szl).

For the assumed values of eplf) = 0.05 m
and es(t) = -0.025 rad In our case we obtalned
pe = 05, pd = 05, sp = 0.8 and s/ = 0.2. Each
particular poslition has a corresponding column In
the table, each orientation a row. Az we have 2
membership function for position different from
0 and 2 membership functions for orientation dif-
ferent from 0, these functions define two rows
and two columns in the table, which correspond
to 4 placez in the table which again correspond to
4 rules which have to be considered. The rules
which have to be obeyed are:

1. if (pp and s/) then kd or

kd = minimum (pp. s/)

2. if (pd and =f) then kn or

kn = minimum (pd. =/}

3. If lpp and sp) then kn ar

kn = minimum (pp, sp)

4. if [pd and =p) then k! or

Kl = minimum (pd, sp)

Let us stress that kd, kn and Ekl (also kz! and
kzd, which are not present in these rules) are
values of membership function and so in the range
between 0 and 1.

We talk about rules but It looks like a mess.
The first rule requires us to turn the wheel to
the right, the fourth rule to turn it to the left.
What to do? Probably the best thing is to let the
vehicle and the steering wheel take their course.
Indeed, it can often occur, that nothing happens,
that the vehicle keeps the old direction.
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pomudimo pri drugem in tretjem pravilu, obe zah-
tevata, da je krmilo usmerjeno naravnost oziroma,
da je v obifajnem poloZaju. Glede na to, kako kn
dolotamao, je vrednost An, doloéena po drugem pra-
vilu, lahko razlitna od vrednosti &n, doloéens po
tretjemn pravilu. Odlo¢imo se, da Izberemo lzmed
njiju maksimalno vrednost. kar ustreza operatorju
disjunkeije, ¢e ga realiziramo z diodniml vratl.

Ce je v nekem trenutku zahtevan Isti poloza)
krmila z vet pravill, potern za kon¢no vrednost
funkelje pripadnost] tega poloZaja izberemo maksl-
malno vrednost (ali ukrepamo kako drugace, izbira
maksimuma je samo ena od moZnosti, preprosta
za lzvedbo). Torej:

kn = maksimum (kn (po 2. pravilu), kn (po
3. pravilu) ).

Ce upostevamo pravila in dolofimo ki kn in
kd 2 uporabo minimuma In maksimuma, dobimo
kot rezultat naslednje vrednosti funkcij pripad-
nostl za krmilno spremenljivko ult):

kl=05

kn = maks (0,2, 0,3) = 0,5

kd = 0,2

2.2.3 Tretja faza

Ostala je e zadnja, tretja faza. V drugl fazi
smo se odloélll, kaj bomo storill. Izbrani ukrepi
sl lahko med sebo] nasprotujejo. Problem Isto-
vrstnih zahtev, a z razlitno teo, smo Ze resill,
ostane e uskladitev razliénih zehtev. Krmille je
namrec¢ lahko le v enem polozaju, ne more bitl v
dveh ali treh ali 38 ve¢ hkrati. Ce smo na primer
kot rezultat upostevanja pravil dobili zahtevi kd =
=1 in kI =1, je otitno, da obe zahtevl hkratl naj-
bolje upostevamo tako, da damo krmilo v normalnl
polozaj, natanéno med oba zahtevana polozaja.
Lahko re¢emo, da smo naredill povpretje obeh zah-
tev. In to tudi delamo. Ce Imamo zahtevl npr.
kn =05 In kd = 0,5, jJe ustrezni poloZaj krmila
ult) = d/2, na sredini med normalnim poloZajem
in polozajem desno. Kako pa, ¢e funkciji pripadno-
sti nista enakl? Ce je npr. kn = 08 in kd = 0,3.
Tako kakor prej naredimo povpretje. Prej je bilo
to preprosto, sedaj je nekollko bol) zapleteno. Pre-
prosta pot do dolotanja povpreénih vrednosti je
dolo¢itev skupnega tezidta povrsin, ki jih definirajo
funkeije pripadnost za wlt). Na =likl 4 vidimo, da
vrednostl kn = 0.6 priredimo trapez, simetri¢no
narisan glede na srediZéno vrednost n. Narisan je
z debelejéo érto. Fodobne lahko vrednosti kd = 0,3
priredimo trapez. narisan simetri¢no na srediitno
vrednost d. Trapeza se ujemata po obliki s funkeci-
jama pripadnostl, njuna viZina pa je kar enaka
ustrezni funkcijl pripadnosti. Osnovna geometrija
zadoséa, da najdemo skupno teziite obeh likov,
teziice je v totkl v = 0,377 d.

This problem will be solved in the third phase.
Mow we will take a closer look at the second and
the third rule. Both require the steering wheel to
be in the normal position, stralght ahead. Following
the described procedures for determining kn, It can
happen that the value of kn, as determined by the
second rule is different from kn as determined by
the third rule. We choose the maximum value of
both, which corresponds to the disjunction opera-
tor, If realized with a diode gate.

If several rules require the same position of
the steering wheel at a certain moment, then for
the final value of the membership function for
this particular steering wheel position the maxl-
mum value is chosen (or some other value, the
maximum iz only one of the possibilities, simple
to realize). That Is:

kn = maximum (kn (obtalned by rule 2), kn
(ebtained by rule 3))

If rules are taken care of and we determine
ki, kn and kd with minimum and maximum ope-
rators, we finally get the following values for
membership functions for the control variable
ult) (steering weel position):

kf = 0.5

kn = max (0.2, 0.3) = 0.5

kd=0.2

2.2.3 Third phase

The last, third phase, remains. In the second
phase, we decided what to do. But the decisions
made can oppose each other. The problem of the
same requirements but with different welghts has
already been solved, what remains are different re-
quirements. The steering wheel can be In one po-
gltlon only, not in two, three or even more posi-
tions at the same time. If with the rules we got
the requirements kd = 1 and &/ = 1 1t 1s clear that
both requirements are best fulfilled in such a way
that we put the steering wheel in the normal po-
sition, halfway between the two required positions.
We can say that we averaged the two require-
ments. If we have requirements kn = 0.5 and kd =
= 0.5, then the position of the steering wheel is
ult) = d/2, halfway between the normal position
and the right position. But what then, when the
membership functlons are not equal, have diffe-
rent values, If say kn = 0.6 and kd = 0.37 As before
we average. To get the average before was atrivial
procedure, now it Is a little more complicated. An
easy way to average Is to determine the centroid
or common scenter of gravitye«of the surfaces,
defined by membership functions for u(t). On fi-
gure 4, we see, how a trapezold Is determined to a
value of kn =06, drawn symmetrically with re-
gard to the value n. It is drawn with a thicker line.
Similarly can we arrange to the value kd = 0.3 a
trapezoid, draw symetrically with regard to the
value d. Both trapezoids conform to the member-
ship functions, their heights are simply the cor-
responding values of the membership functions.
Basic geometry suffices to find the common center
of gravity of the two Figures or surfaces, the
centroid is in the point u= 0,377 d.
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Za naso nalogo, ko smo dolectll kI = 03,
kn=05In kd = 0.2, imamo razmere, kakrine so
narisane na drugem diagramu slike 4. Absclsa te-
zista debelo izvletenih likov je v todkl u = =0,21 d
V obeh primerih sta totkl dolodeni z navpiéne érto.

S temn Je tret]a faza sklenjena. Potem se vse
ponovi: meritev stanja, dolofitev funkelj pripad-
nostl za merjene spremenl Jivke, upoitevanje pra-
vil, dolo¢itev krmilne spremenljivke itn.

Vidimo, da informacijo, kakine je dejansko
stanje sistema, skuiamo uporabiti v celoti, saj
lahko na dolotevanje wit) gledamoe kot na neke
¥vrste Interpolacl jo. .5 funkcljaml pripadnostl samo
za krajsl cas, da se laze odlotimo, napravimo sliko
bolj grobo, potem, po odlocitvi, pa jo zopet skusamo
upoEtevatl v vseh podrobnostih.

In our case, with k/ = 0.5, kn = 0.5 and
kd = 0.2, we have a situation as presented on the
second chart of Figure 4. The ahscissa of the cen-
ter of gravity or centroid of the shapes drawn In
thick lines Is at the point v = —-0,21 4 In both
cases, the polnts are marked with a vertical line.

This is the end of the third phase. Then
everything |s repeated, the measurement of the
state, the values for membership functions of the
measured variables are caleulated, then the rules,
then the control variables, and =so on.

Wa try to use the whole Information on the
state of the system, and we can view the deter-
mination of ult) as some kind of Interpolation.
With the membership functions, some bits of in-
formation were left out only temporarily to get a
coarser picture. Now, in the third phase, after the
rules, we try to use them again.

upravljanje

kzl kl kn kd kzd control

i ]

| sl e ,.f'l:"“-.

| e, ;

I s

zl 1 n d zd wfrad]
upravljanje

kzl kl kn kd kzd control

zl ! n

2.3 Primerjava In razlaga

Da bl acenlll kakovost krmilnika, dolofenega

z uporabo mehke logike, smo simulirali obnasanje
voZzila in krmilnega sistema. v enakih rezmerah
kakor v [8].

Ma slikah 5, 6, 7 in 8 vidimo odzive sistemoy,
¢e so zaletne razmere takine, kakor je oplsano
na slikah. Polno lzvletene krivulje so potekl, ki
ustrezajo optimalnemu krmilniku, értkani odzivi

0.4 ~-
ep{m] iy
ex|rad ] fiti

u [rad] _.i 1

0.0

1
d zd

Slika 4 — Figure 4

ul[rad]

2.3 Comparlgon and comments

To estimate the quality of the controller as
determined with the fuzzy method, we simulated
the behavior of the vehicle and the controller
under the same conditlons as In [8).

In Figures 5, 6, 7 and 8 we have systems
responses for different initial conditions as given
in the figures. Full lines correspond to the opti-
mal controller, dashed lines to the fuzzy control-
ler with the maximum wvalue of ult) limited to
0.5 radians. It is also necessary to select interval

epll)i=02 m
es{0)=-pi/8 rad

Slika 5 — Figure 5
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Slika 7 — Figure 7
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es(0)=pi/ 8 rad

() B B 10
t[s]

Slika 5 — Figure 8

ustrezajo krmilniku z mehko logiko. pri temer je
bila maksimalna vrednost u(t) omejena na 0.5 ra-
diana. lzbrati je treba tudi mejne oziroma srediséne
vrednosti funkcij pripadnosti za poloZaj in za smer.

limits and medium values for the membership
functions of position and of orlentation. We have
selected equal intervals, for position zd = 0.2 m
and for orientation 2zd = 0.25 rad. With these
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Sprejeta je delitev na enake intervale, za poloZa]
velja, da je zd = 0,2 m, za smer pa je zd = 0,25 ra-
diana. S temi vrednostmi so potem dolotene tudi
druge (d = 2d/2, I = —d, 2l = -2d), te bl pa bill In-
tervall neenakl,. bl morall definiratl ve¢ vrednosti.

Na slikah so po trl krivulje, ep(f), es({]) In
ult). Katera krivulja ustreza kakemu signalu,
lahko ugotovimo Iz ustreznih zafetnih pogojev,
tista krivulja, ki ne zatne na nobenem od zacetnih
pogajev za eplf) in es(f) ustreza poteku wit).

Kaj upotovimo? Tudi Krmilnik z mehko logiko
se Izkare kot primerna resitev. Ce spreminjamo
Zd za polozaj in smer, lahko dobimo tudi zelo hitre
odzlve. Parametr! krmllnlka z mehko logiko so
bili tako izbrani, da so hitrostl odzivov priblizno
primerljive 2 odzivom optimalnega krmilnika,
dobljenega po postopku linearnega Kvadraticnega
upravljanja. Tudi optimalnl krmilnik ima lahko
drugatne, tudl hitrejse poteke, te spremenimo
utezl v integralskem kriteriju. Za vrednostl okoli
ravnoteznega stanja vidimo, da so potekl podobni
(zato je tudi na slikl 5 merilo na navpiéni osl po
3 sekundah 10-krat zmanjsanc. da so potekl odzl-
vov v blizinl ravnoteznih vrednosti bolj vidni).

Pri vetjlh odstopanjih pa povzrota krmilnik z
mehko logike nekolikoe drugacne poteke, do lzraza
pride njegova nelinearnost. NI nujno potrebno, da
je krmilnlk z mehko loglko nelinearen, lahko je
linearen. Ce bl Imell eno samo podrofje In eno
gamo funkeijo pripadnosti in ne 3, take kakor smo
storili, bi dobili v bistvu proporcionaini Krmilnik.
kar bi Ze poenostavilo jzvedbo in odzivi bi bili bolj
gladki (tudi ult)).

Krmilniki z mehko logiko so primerni pred-
vezem pri nelinearnostih. pri zapletenih ohjektih.
Tam je treba predpisati tudi ved in bolj zapletenih
pravil.

Primer je bil take izbran, da so bili postopki
preprostl In so prigle do lzraza bistvene lastnosti
natrtovanja krmilntkov z mehko logiko.

Pripomniti velja, da bliznjic ni (pravijo, da je
bliznjica najdaljga pot), da uporaba mehke logike
sicer omogota drugatno. tudi hitrejso razlidico
natrrovanja, da pa vseano terja veliko prelzkusanja
in analiz, da dobimo dobro. zanesljive In poceni
resitav,

In ¢isto za Konec, ¢e za ta Cclanek o uporabi
mehke logike ravno ne velja prvi stavek, potem
upam, da tudi ¢etrti ne velja, da pisanje ni praved
meglene oziroma zabrisano,

values, other are determined (d = zd/2, | = -4,
{ = —zd). For unequal intervals, more values have
to be defined.

Three curves are given In each figure, epl ),
es(t) and u(¢). Which Is which can be found out
from the initial conditions. The curve which does
not correspond to either initial condition is w(t).

What conclusion can we draw? The fuzzy
controller is also a sultable solutlon for gulding a
mobile robot. If zd for position and orientation is
varied, very fast responses can be obtained also.
Parameters of the fuzzy controller were chosen
in such a way that the responses are comparable
with the responses of the linear quadratic optimal
controller. The linear quadratic optimal controller
can also have faster responses, If weights in the
integral criterion are changed. Near the steady
state we find similar responses for the two
controllers. To make this clearer, the vertical
scale (after the 3 secs mark) on flgure 5 was
reduced 10 times.

With large deviations, the fuzzy controller
differs more from the optimal controller, the
nonlinear nature of the former Is more evident.
It Is not necessary for the fuzzy controlto be
nonlinear. With only one interval and only one
membership function and not 5 as In our problem,
we can get a proportional controller (l.e. a linear
one), which would have simplified the realization
and the responses would have been smoother
(also ult)).

It is with nonlinear systems and complicated
systems that fuzzy control comes Into its own.
There, many more rules are required.

However, the case example was so chosen
that, on the one hand, the procedures were simple
enough and, on the other, it was possible to de-
monstrate all the necessary steps of a fuzzy
method.

It is perhaps worth remarking, that there are
no short-cuts (some say a short-cut is the longest
path). Fuzzy procedures offer a different, some-
times faster way of deslgn, but a lot of experi-
menting and analyzis is In any tase required befo-
re we get a reliable and cheap solution.

Finally, if one finds the first statement In
this article a little untrue then one hopes the forth
statement to be also false, that this talking about
fuzzy was not also fussy,
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