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Abstract.This article reports on laboratory experiments that were developed to com­
plement students' theoretical basis on Fuzzy LOGIC techniques acquired in a course 
on linear and nonlinear controller design. A first application example is concerned 
with an" advanced cruise control system" for automobiles. Described in the second ex­
ample is a laboratory experiment" magnetically levitated mass" during which various 
types of FUZZY controllers are developed and tested . Both experiments let students 
gain a deeper understanding of procedures, expenditures and performance linked to 
fundamentally different controller design techniques. For convenient experimentation 
FUZZY- software tools were developed which are also briefly described in this paper. 
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1. INTRODUCTION 

To familiarize control engineering ~tudents with 
the potential and limitations of the I UZZY LOGIC 

control approach a balanced wlllbil ation of theo­
retical instruction and practical hallds -on experi­
ence seems to be in place. For t.his reason our ex­
isting rich structure of laborat.ory set. -ups was ex­
tended by adding a few real -world Fuzzy LOGIC 

control experiments which are both challenging 
and simple enough for a student t.o understand in 
limited time. To avoid t.he need for every student 
to write his own code for Fuzzy LOGIC control, a 
precompiler was developed that accepts high-level 
FUZZY control specifications and generates legal 
C-code. The precompiler synt.ax is discussed III 

the appendix. 

2. ADVANCED CRUISE CONTROL 

2.1. Control Task 

The first laboratory experiment is COIICI'rIIcd wiLlI 
an advanced cr:Jise control systelll, i.('. t.he com­
bined control of a follower's car v('locit.y and it.s 
distance to a leader car. A realistic vC'hirle lIIodel 
provides the basis of the car simulation. [t in­
cludes among other nonlinearities an automatic 
transmission (hydrodynamic convert('f / aut.omat.ic 
gear- box) with hysteresis and the trlotion resis­
tance. Fig. 1 shows the control concept. consist.­
ing of two cascaded controllers. The inner loop 
takes care of the follower car velocity while the 
outer loop controls the distance between follower 
and leader car. Without a leader the outer loop 
is opened (switch ill position I), f('SIJitillg ill pure 
velocit.y cuntrol. [f it car I'nll 'rs t.he field of vil'w of 
the range sensor , t.he olltn loop is rios('d (switch 
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in position 2). To avoid switching between both 
control modes a hysteresis- type switching law is 
formulated. The desired distance is a constant 
C = (0.5 . III . h)/krn t.imes the velocity of the 
controlled follower car. The velocity signal gen­
Prated by the distance controller is limited to 1.1 
times the velocity given by the driver. The mea­
sured distance is corrupted by uncorrelated gaus­
sian noise and a signal t.hat simulates erronous 
measurements of the range sensor. These errors 
typically appear when the sensor misses the leader 
car. For both the leader and the follower car the 
same dynamic model is used. It is also possible to 
simulate on and off turning cars. Sampling inter­
vals are 10 ms for car simulation and 100 ms for 
evaluation of control algorithms. 

2.2. Linear Contr'oller 

Convelltional cont.rollers for this problem have 
been designed based 011 a linearized car model , 
where parameters 1"'- and l' of the linear model 

F(5) = ~ = K(Vo) 
/).gas l+T(Vo)s 

depend on current velocity Vo. For both velocity 
alld distance control we assume PI controllers. 
Minimization of it quadratic performance index 
yields analytic expressions for the parameters of 
the velocity controller and their dependency on 
Vo. Since the velocity control loop Iinearizes the 
car's behaviour, it suffices to choose a set of con­
stant parameters for t.he distance controller in or­
der to shift the riosed loop poles into a desired 
regioll. Bot h linear cont.roll('rs provide a reference 
for silllilar ('xpcrilllenls performed with Fuzzy 
LOGIC controllers. 
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Fig. 1: Block diagram of cascaded control system. 

2.3. Laboratory task 

A team of students is supposed to design a veloc­
ity and a distance controller one aft.er th e other 
with Fuzzy LOGIC techniques and to compare 
their performance against results obtained with 
the optimal cont rollers. The structures of the 
Fuzzy LOGIC controllers are identical. T heir in­
put variables are the error in velocit.y / distance 
and their rate of change between consecut ive sam­
ples. Out.put variables are the change in gas / ve­
locity. For comparison purposes energy consump­
tion , driving comfort and integral performance in­
dices are used. 

2.4. Results 

At the beginning of the laboratory session stu­
dents have a doubting attitude if Fuzzy LOGIC 

theory will work in pract ice. They first try to fa­
miliarize themselves with the dynamics of the car 
model and start reasoning about a rul e base for 
a velocity controller. Two design strategies are 
typically used: In the first st rategy students as­
sign app ropriate act ions to typical situ ations. In 
the second they list all actions and define trig­
gering situat ions. The first controller design gen­
erally works but does not behave satisfactorily. 
The students discuss the problems by means of 
g raph icall y presented membership functions and 
contro l surfaces. They a lter shape/overl ap of the 
membership functions and change the rule base . 
After typically two or three iterations the con­
troller works as des ired. Its performance is com­
parable to the reference PI contro ll er . However, 
the Fuzzy LOGIC controller shows less overshoot 
and is more tolerant to measurement noise and 
plant parameter changes . Fig. 2 shows the actual 
and desired velocity of the foll ower car for clas­
sical and Fuzzy LOGIC control for an add itional 
load of GOO kg. A typ ical rule base for the velo­
city controll er is shown in th e appendix. Similar 
experi ence is co ll ected during distance controller 
design. At this stage students a re a bit nlo re ex­
perienced , so t he design process needs less time. 
In g~ncra l , the resulting contro ller shows compa-
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Fig. 2: Typical plot of act. ua l a nd d('s ir(,d vdoc ity 
of the follower nU' for classical alld Fuzzy LOGIC 

control. (Cars add it.ionalload is s<,!, t.o liOO kg.) 
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Fig. 3: A typical plot. of cla;;sical alld Fuzzy 
LOGIC distancc co lltro l. 

rable perforlllance to t1w ref('re IlCl ~ hut it. is more 
robust. It even llIast(' rs sit.uatiolls wlwre t.h e ref­
erence contro ll e r produces a c/'ash. A t.ypi cal plot 
of classical and Fuzzy LOGI C dista ll ce contro l is 
shown in Fig. 3. Pea ks ar< ~ dll(' t.o s illlul a.t( ~ d t.ar­
get misses of the range s('nsor. Th(' convent. ion a l 
controller almost produces a crash in this situa­
tion. The labo rat.ory ('xpcrill\(~ nt. is performed by 
80 st.udents per SCIllest.<'r. DOC UIII( ' lIt,s for t.he ex­
periIllents are provided I)('for<'il<llld. The Iahora­
tory session is lilllit.ed t.o fo ur ho urs, Wit.hill this 
time students af<' supposed to desigll bot.h con­
trollers and test. t.heIl1 with resped t.o perfOrIllallCe 
a.nd robustness. They a rc ('X I)('ct.cd t.o SUhlllit. it re­
port exp la ining t heir desigll st.rat.egy alld to give 
a criti cal assessmcnt of t.he r( 'sult,s ;lc hicv('d. 

3. CONTRO L OF A LEVITATED MASS 

3.1. Conh'ol Task 

The second exalIlple IS COllc( ' l'Il<'d wit.h a. real 
physical setup . All iron rllass is to 1)(' held frce­
fl ying at a variabl(~ sd poi lit. '" frollt t.he lI o rlllal 
operat. ing point hy llW;U IS of a. Illagll d. ic fi e ld . The 
co rrespond ing coil is drivell hy a curn'Ilt, 1. 'I'll<' 
plant is unstahle a lld nOlllill <'aI'. A se ll sor IlI ca­
:mres the actual dist. a ll ce ;)' o f 1.1](' hody frOIll t he 
normal op(~ r at in g POi llt,. 'I'll<' plant. is cO Ill]('('\.ed 
to a PC/XT eq uipped wit.ll a pprop ri at.e ill te rfac-
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Fig. 4: Look up t. a bl( ' for FL cO llt.roll(' r. 

ing. The cOIlt.rol algorit.hllls ;tr< ~ illlplelllcllted III 

softwa re and work wit.h a S<llllplillg illt.('J'val of 1 
ms . Around t.he lIorlllal Ol)( ~ rat.ing poillt. t.he plallt. 
may be lineari~wd leading t.o 

i-cl X = {'~ i, ('I 

T he plant. may successfu IIy 1)(' st.abi I izcd by con­
ventional PI) or PID collt.ro llcrs . 

3.2. PT'Oj('c/ Task 

At t.he beginning of t.his pro.i( 'c t. t.1l<' st.udent. st.ud­
ied this syst.cnl in dda il ill o rder t.o ulld('J'st.and 
its dynalllics alld t.11(' hdraviour of differellt. lillear 
cont. rol laws. II< ~ ohserv('d t.hat. fo r large devi a­
tions x from t.he operat. ing po illt. a lld fast. changes 
of t.he set. point. l' linea r ('() nt.ro ll( ' rs do not. work 
adeq uate ly. Tll<'y oft.( ' 1I tend t.o loose t.he iron 
mass in t.hesc cases (Fig. 7 a) since a. linear de­
s ign is on ly valid around t.he lI orlll a l operat.illg 
point. For st.abilizillg t.he 1I 0nlill<'ar sYSt.('1I1 it is 
useful t.o note that t.he silllPlcst s t.a bilizillg linear 
cont.roller is of PI) t.ype. This leads t.o t.h(~ con­
clusion t.hat. appropriat.(' input variables for t.he 
simplest st.abilizing F UZZY cO lltroll er should h(~ 

t.he positional error a nd cha ng( ' in ('1'1'01'. Con­
sequently the o h.i ect ive is now to gelwrate wit.h 
Fuzzy LOGI C techniques a nonlincar controllcr 
m apping frol'll C and ~(' t.o i. For t.his purpose t.h( ~ 

student. desc ribed ling ui st. icall y hi s id('as of how 
a stab ilizing <:0 1It.ro lkr should work. This prot.o­
col is fed int.o t.he Ill'('('onlpil('r , whi('h produ('( 's 
a C-rout.inc t.hat. irnplclll<'nt.s t.he d( 's ired cont.rol 
act ions. Since it. was illdispensahle t.o rull t.hc 
Fuzzy LOGIC collt.rolkr in t.h(~ S,UII( ~ ellvirolllllcnt 
(PC/XT) as t.he c1 a.ss ical co nt.ro ll ers , FUZZY con­
t rol rules could 1I 0t. he ('valuat.('d at. runt.illl('. A 
table with 2!)(j t.illl<'S 2!)(j ('nt.ries had t.o he pro­
du ced beforehand and was looked lip at. runtilll c. 
The t.able is visualized in Fig . 4. This is t.he 
fast.est. way t.o illlpl<'lIl<'lIt. t.h os(' t.ypes of F uzzy 
LOGI C cont.rolkrs wl\('J'( ' t.Iw I'Ilk base rClll a ins 
fixed . The result.ing cont.roll cr works highly sat.­
isfacto ry. It. ('v( 'n allows larg(' r sd. point. changes 
than t.he lin ear cont.roller dOt's (Fig. 7 h). 1I0w­
ever , it shows lilllit. cycks a round t.he 1I0rmal op­
erat. ing poin t. To avoid t.his prohlclll t.he st.udf'lIt. 
used the facts t.hat. a low gaill lill<'ar PI) controllcr 
( /\'}' ~ :WO~) d(ws 1I0t. osc ill;t1.e ,HOlllld t.11f' 11 01'-Hun 
m a l operatillg po illt. hilt. d(ws 1I 0t. allow larpp sd. 
point challg( 's. 011 1.h(' 01.11<'1' hand , a high-gaill 
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Fig. !): St.ructurc of the FUZZY adap1.ed PI) con­
t.roll( ~ r fo r a magnct.i cally levit.at.ed ll1ass. 

Fig. (j: Look 11 p 1.ahlc for /\'1" 

Pl) cont roll er (/\'1' ~ :3000 ;;:~) lirnitcyr/es around 
1.I1f' operat. ing poillt. bll(. a llows son1('w hat. large r 
jllmps of 1.he set. point. . This ex peri ence led t.o t.he 
cOllclusion t.hat. PI) co n1.roll er para.llleters should 
hc a ppropriately adapt.ed by Fuzzy LOGI C t.ech­
lIiques. The easiest way to halldl e t.his problelll is 
by ad.iusting /\'}' dqH'llding 0 11 J : a lld ~x . A hlock 
di ag ram of t.his cOlltroll er is shown in Fig. 5. The 
out.put value of t1H' Fuzzy LOGIC: pa rt has to he 
scaled t.o t.he ra.IW (~ :IOO~ .. :\OO()~. A 1I10der-

n nun 1HtI! 

(Lk /\'1' is lI eeded a.round t. he operat ing po int. such 
t.hat noise is not a mplified while it la rge I\'}, is ap­
plied if Ixl a.nd I~ x l a rc la rge. This idea is eas il y 
translated int.o a linguist. ic prot.ocol for a n adap­
t.ion law. /\'}' becomes a fun ct. ion of 3: a nd ~x as 
show n in Fig. G. The result.illg controll er a llows 
t.o con llllall(llarg(' set. point. jumps (Fig. 7 c) and 
it. produ ct'S ollly very small limit cycle a lllplitudes 
around t.he operat.illg point. The steady- state er­
ror ex hibited by this FUZZY adapted PD cont.roller 
is lIluch smaller than t.hat of a const.ant gain PI) 
cO ll tro l/cl'. Skady -staj,e (, I'ro l's we re compldely 
e1illlina 1.<'d by adding a ll ill tegral act. ioll . 

:1.3. Res ults 

The o b.i ect ive of this project. was to des igll a lld 
illlplcment it sta.hili zillg cO ll tro ller for it lIoll1in­
car, IIl1stabl<' real phys ica l plan!. wi1.h F uzzy 
LOGI C tcchlliques . It was pcrfo rlll ed during a 
100 hours studellt. pro.i ect ove r a period of t.wo 
months. While fam ili a ri zing with 1.h e ex ist.ing 
pl a nt t.he st. udellt. gailled ('x peri ence on the pl ant's 
Iwhaviour . Fuzzy LOGIC t.echlliques a.llowed hilll 
to cast this ex peri ell ce into various t.ypes of Fuzzy 
a nd hybrid F uzzy/class ical control a lgor it.hllls 
t.hat. o llt.pcrfoJ'llH'd ('x ist. illg linear st. ru ct ures. 
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Fig. 7: Plot of current and distance for the mag­
netically levitated mass with a set point change 
from 5 mm to -5 mm and from -5 mm to 0 mm . 

4. CONCLUSIONS 

The experiments described in this paper make 
students understand Fuzzy LOGIC as an inter­
esting extension of the great variety of well­
established approaches used in control. They ex­
perience the user-benefits of the Fuzzy LOGIC 
approach as well as the value of a strong back­
ground in classical control theory and practice for 
the design of high-performance FUZZY controllers 
for real-world applications. They learn that the 
often heard assertion that Fuzzy LOGIC design 
does not require a process model is misleading. 
Obviously, the Fuzzy LOGIC designtr needs cer­
tain model knowledge, however in a non-standard 
representation. This fact limits the application 
of Fuzzy LOGIC control techniques to those plO­
cesses where causalities and dynamics are suffi­
ciently well understood. 
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5. APPENDIX 

The syntax of the developed precompiler will be 
explained via the rule base for the velocity con­
troller of section 2.4. 
CONTROLLER Tempo; 
IMPLICATION MINIMPLY; 
DEFUZZYFICATION COG; 
IN Vd RANGE -10.0 ... 10.0 

MEMBER positive TRIANGLE 0.0 10.0 10.0 
MEMBER zero TRIANGLE -1.0 0.0 1.0 
MEMBER negative TRIANGLE -10.0 -10.0 0.0; 

IN DVd RANGE -1.0 ... 1.0 
MEMBER positive TRIANGLE 0.0 1.0 1.0 
MEMBER zero TRIANGLE -0.1 0.0 0.1 
MEMBER negative TRIANGLE -1.0 -1.0 0.0; 

OUT Gas RANGE -1.0 ... 1.0 
MEMBER muchmore TRIANGLE 0.5 1.0 1.0 
MEMBER more TRIANGLE 0.0 0.5 1.0 
MEMBER equal TRIANGLE -0.1 0.0 0.1 
MEMBER less TRIANGLE -1.0 -0.5 0.0 
MEMBER muchless TRIANGLE -1.0 -1.0 -0.5; 

RULE 1 Vd positive AND DVd zero 

RULE 2 

OR Vd zero AND DVd positive 
-) Gas more; 

Vd zero AND DVd zero 
OR Vd positive AND DVd negative 
OR Vd negative AND DVd positive 
-) Gas equal; 

RULE 3 Vd negative AND DVd zero 
OR Vd zero AND DVd negative 
-) Gas less; 

RULE 4 Vd positive AND DVd positive 
-) Gas muchmore; 

RULE 5 Vd negative AND DVd negative 
-) Gas muchless; 

Keywords are written in capitals. A # instructs 
the precompiler to ignore the rest of the line. A 
comment may be marked with /* */ as in the C 
language. The following order of instructions has 
to be maintained: 

1. controller's name 

2. implication used : MINIMPLY minimum impli­
cation, PROD IMPLY product implication. 

3. defuzzyfication used: COG center of gravity, 
MOM mean of maxima. 

4. linguistic input- and output variables with 
ranges and various types of membership func­
tions, for instance TRIANGLE a b c yields 

1 
~=~, a < x < b 

1.t{X) = ~:::~, b<x<c 

0, else 

Input values that are not in the predefined 
ranges will be mapped to the edge values. 

5. the rulebase with precedence of AND over OR. 

This protocol is translated into C-code by the 
precompiler. The C-routine evaluates the Fuzzy 
LOGIC control rules with a precision of 8 bits. 


