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Editorial

Kako v prihodnje?
Where do We Go from Here?

Poèitni�ki èas se bli�a koncu. Pred nami so
vpisi na univerzi. Tehni�ke fakultete so �e vrsto let
sooèene z zmanj�anim vpisom. Slovenska strojna
industrija se bori za pre�ivetje. Vlaganja M�� v
pedago�ke laboratorije na tehniki so bila v zadnjem
desetletju minimalna. Ali bomo lahko zdr�ali tekmo s
tujino? Pedago�ko osebje se poèasi pomlajuje, vendar
smo prièa le skromnemu poveèanju �tevila pedago�kega
osebja. Ali bo novi minister prof.dr. Pavle Zgaga dojel
usodnost zaostajanja vlaganj v pedago�ke laboratorije
na tehni�kih fakultetah za ekonomski razvoj slovenske
dru�be. Ni moderne industrije, niti izvoza znanja, brez
dobro izobra�enih in�enirjev. �ivimo v stoletju tehnike
in desetletju informatike, zato je pomembno, kako bomo
izobra�evali vodilno osebje za proizvodnjo in
intelektualne storitve. Novo vrednost v Sloveniji, razen
majhnega dele�a kmetijstva, ustvarja �e vedno industrija.
Zaradi napaènih predpostavk o dru�benem razvoju se
vsi hvalijo z visokim BDP. Malokdo pa ve, da se je ob
manj�i proizvodnji v Sloveniji, kakor je bila leta 1985
(ko je bil BDP okoli 4000 USD), zveèal v letu 1998 na
11500 USD po zaslugi trgovine. Medtem ko smo imeli
leta 1990 le 1,5 milijarde USD zunanjega dolga ali 750
USD/preb., smo ga v letu 1999 (junij) pridelali �e 5,4
milijarde USD ali 2700 USD/preb. Ker je izvozni dele�
kmetijstva, turizma in znanja relativno majhen (skupaj
manj ko 30 %), bo morala za vraèanje dolga poskrbeti
industrija z ustvarjanjem nove vrednosti.

Vstop v EU nam bo sicer poveèal mo�nosti
za bolj enakopravno prodajo, toda ob tem bomo morali
poskrbeti za tehnolo�ko, oblikovno in cenovno
konkurenènost na�ih izdelkov. Zato je nujno treba
omogoèiti, ne samo fakultetam za strojni�tvo, ampak
celotni �tehniki� modernizacijo pouka. To �e posebej
velja za visoke strokovne �ole, ki v Nemèiji pomenijo
glavno oporo pri tehnolo�kem napredku v proizvodnji.
Na univerzitetnem �tudiju, kjer se oblikujejo ustvarjalci
novih tehnologij, izdelkov in znanja, pa moramo
�tudentom omogoèiti dostop do sodobnih orodij ter
obnoviti celotno informacijsko infrastrukturo.

Zakaj to poudarjamo. Zato, ker vemo, da je
sredstev malo. Zato jih moramo vlagati tja, kjer je doba
njihovega vraèanja najkraj�a. Da je to primer pri
izobra�evanju in�enirjev, menda ni treba dopovedovati
nikomur. Upam, da bo te vrstice bral tudi kdo od
odgovornih in ustrezno ukrepal. Seveda bi pa morale
tehni�ke fakultete obeh univerz sestaviti svoj program
razvoja in vlaganja ter ga prek univerz posredovati v
dr�avni zbor. M�� ima preveè obveznosti in premalo
moèi, da bi negativni tok vlaganj obrnilo navzgor.

Prof. dr. Peter Novak

This year�s holidays are coming to a close. We
are coming up to enrolment time at the universities. The
engineering faculties have seen reductions in the number
of new students for several years now. The Slovenian en-
gineering industry is fighting for survival. The Ministry of
Education and Sport investment into pedagogical labora-
tories in the engineering field have been minimal over the
past decade. Will we be able to keep pace with competi-
tors abroad? Our pedagogical personnel are slowly being
renewed but the increase in their numbers has been ex-
tremely modest. Will the new Minister, Prof. Dr. Pavle
Zgaga, see the fatal effects of lagging behind in invest-
ment into pedagogic laboratories at engineering faculties
for the economic development of Slovenian society as a
whole? No modern industry or export of knowledge can
exist without well-educated engineers. We are living in a
century of technology and a decade of Informatics, so it is
important how we educate our leading personnel in pro-
duction companies and intellectual services. New wealth
in Slovenia (apart from a small share of agriculture) is still
created by industry. Due to incorrect assumptions regard-
ing social development, everyone boasts of a high GNP,
but few know that in 1998, with lower production in
Slovenia than that of 1985 (when GNP was about 4000
USD), GNP increased to 11500 USD thanks to trade. While
in 1990 Slovenia had only 1.5 billion USD of foreign debt
or 750 USD per capita, it increased to 5.4 billion USD or
2700 USD per capita by June 1999. Since the export share
of Slovenian agriculture, tourism and knowledge is rela-
tively low (together less than 30%), industry will need to
ensure the repayment of the debt by creating new wealth.

Accession to the EU will increase Slovenia�s
opportunities for more equal sales, but we will have to
ensure the competitiveness of our products in terms of tech-
nology, design and price. It is therefore essential that we
enable not only mechanical engineering faculties but also
the entire engineering field to modernise education. This
applies especially to higher professional education which,
for example, is the main pillar of technological advances
in the field of production in Germany. University study,
which educates the creators of new technologies, products
and knowledge, should enable students access to modern
tools and renew the entire information infrastructure.

Why am I emphasising this point? Because it is
well known that funds are scarce. And so they need to be
invested in places where the return period is the shortest. I�m
sure that nobody needs to be told that this is the case in the
education of engineers. I hope people in responsible posi-
tions will read these points and act accordingly. Naturally,
engineering faculties from both universities should prepare
their own programs for development and investment and
pass it to the National Assembly via the universities. Minis-
try of Education and Sport has too many obligations and too
little power to turn round the negative flow of investments.

Prof. Dr. Peter Novak
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Da bi dosegli kakovostnej�e in bolj prilagodljivo izvajanje postopka indukcijskega kaljenja, je potrebna
raèunalni�ko podprta priprava in krmiljenje procesa. Prispevek opisuje in doloèi model procesa indukcijskega
kaljenja, s katerim, ob zahtevanih parametrih postopka, dose�emo predpisano kakovost zakaljenega sloja.
Nadalje obravnava vplivne dejavnike, ki opredelijo in uvajajo krmilni sistem, s katerim vodimo proces
indukcijskega kaljenja v prilagodljivi delovni enoti.
© 1999 Strojni�ki vestnik. Vse pravice pridr�ane.
(Kljuène besede: kaljenje induktivno, modeliranje procesov, sistemi krmilni, celice fleksibilne)

In order to achieve higher quality and a more flexible execution of the induction hardening process, a
computer assisted program for undertaking and controlling of this process is needed. This paper proposes and
describes a model for the induction hardening process, the application of which achieves a specified quality of
the hardened layer, within all the parameters of the process. All the influencing factors, which define and
implement the control environment used in the application of the process within the flexible working cell, are
systematically analyzed.
© 1999 Journal of Mechanical Engineering. All rights reserved.
(Keywords: induction hardening, process modelling, control systems, flexible cell)

0  INTRODUCTION

Induction hardening is a process by which thin
surface layers, at specified areas of the steel workpiece,
are heated rapidly to an austenitization temperature by
electromagnetic induction, and the desired hardness and
the martensitic structure is achieved by quenching. Thus,
at the workpiece�s contact surfaces the wear resistance
is achieved while allowing the rest of the material to be
unaffected by the process ([1] to [3]).

To achieve these properties the hardened
surface layer has to be of a predefined shape, pre-
defined depth of quench hardening and predefined
surface hardness. To meet these requirements and
produce quality results, it is necessary to develop [4]:
- computational models for the optimal shape of

inductors and for the simulation of the process,
- appropriate database systems for observing the

properties of the material and the working char-
acteristics of the machinery,

- control algorithms for the application of the pro-
cess to a given material, to the geometric shape
of the workpiece and to the monofrequency ( re-
spectively dualfrequency ) treatment, which will
result in the desired quality of the hardened layer.

0 UVOD

Indukcijsko kaljenje je postopek
povr�inske toplotne obdelave, med katerim se,
zaradi elektromagnetne indukcije, tanek povr�inski
sloj na doloèenih povr�inah jeklenega obdelovanca
hitro segreva do temperature avstenitizacije, nato
pa se z ga�enjem dose�eta �eleni martenzitna
mikrostruktura in trdota. S tem se zagotovi obrabna
odpornost torno obremenjenih povr�in obdelovanca
brez strukturnih sprememb v jedru obdelovanca ([1]
do [3]).

Da bi dosegli �elene lastnosti, mora biti
povr�inski sloj predpisane oblike, predpisana pa sta
tudi globina kaljenja in povr�inska trdota. Pri tem ne
sme priti do sprememb izmer in oblike obdelovanca.
Za dosego teh zahtev je treba razviti  [4]:
- matematièni model za optimizacijo oblike

induktorjev in simuliranje procesa,
- ustrezno bazo podatkov za spremljanje lastnosti

materiala in delovnih karakteristik opreme,
- krmilne algoritme procesa za doloèen material,

geometrijsko obliko obdelovanca in
enofrekvenèno (ali dvofrekvenèno) obdelavo, ki
omogoèa �eleno kakovost zakaljenega sloja.
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V èlanku so prikazana naèela in osnutek
bodoèe programske podpore projektiranju
tehnologije indukcijskega kaljenja, posebej za
obdelovance zahtevnej�ih oblik. Podan je prikaz
nadzornega in diagnostiènega algoritma, ki omogoèa
povezavo z generatorjem, obdelovalnim sistemom,
sistemom za ga�enje in krmilnim sistemom za
prilagodljivo delovno enoto.

1 OSNUTEK RAZVOJA PROGRAMA ZA
SIMULIRANJE IN OPTIMIZACIJO

INDUKCIJSKEGA KALJENJA

Podatke o materialu in izmerah obdelovanca
ter podatke o induktivni delovni enoti je najbolje
organizirati v modularno povezane operativne in
povezovalne baze podatkov.  Raèunalni�ki programi,
ki se uporabljajo za obdelavo tovrstnih podatkov, �e
obstajajo in so lahko dostopni. Za uporabo
simulirnega programa indukcijskega kaljenja in
programa za optimizacijo oblike induktorja so
potrebne tri operativne baze podatkov:
1. baza podatkov o tehniènih znaèilnostih in

vzdr�evanju indukcijske delovne enote;
2. baza podatkov o lastnostih materiala;
3. izhodi�èna tehnolo�ka baza, tj. uspe�no izvedenih

in preverjenih optimizacij za posamezne materiale
in obdelovance.

Izvedensko znanje o procesu
indukcijskega kaljenja in re�enih tehnolo�kih
primerih je shranjeno v izhodi�èni tehnolo�ki bazi.
V njo se po uspe�ni optimizaciji induktorja ter
simuliranja indukcijskega kaljenja shranijo podatki
o obliki in izmerah induktorja, parametrih
segrevanja in ohlajanja ter rezultati metalografske
analize presku�anca. S tem se ob vsakem re�evanju
problemov pri indukcijskem kaljenju raz�iri in
poglobi znanje, kar vpliva na proces uèenja in
pridobivanje izku�enj.

Algoritem za numerièno simuliranje
indukcijskega kaljenja in optimizacijo induktorja (sl.
1), je definiran na podlagi vpogleda v poroèila in
rezultate uporabe posameznih komercialnih in
raziskovalnih simuliranj programa ([3] do [5]).

Kakovost indukcijsko zakaljenega sloja -
zaradi katere se izvaja simuliranje procesa in
optimizacija induktorja - je definirana z obliko
zakaljene cone, globino kaljenja in s povr�insko
trdoto.

Vhodne velièine simulirnega programa
morajo zbirati najpomembnej�e vplive, ki odloèajo
o kakovosti zakaljenega sloja. Popis vplivov in njihov
uèinek na posamezne lastnosti sloja je prikazan v
preglednici 1. Optimizacijski algoritmi, ki naj bi bili
vgrajeni v omenjeni program, bodo upo�tevali
vplivnost navedenih dejavnikov in opozarjali
uporabnika na njihovo ustrezno uporabo.

This paper describes the principles and the con-
cept for a future system support program for the design of
induction quench hardening technology. It focuses in par-
ticular on the hardening of complex shapes. Furthermore,
it illustrates the control and the diagnostic algorithm that
enables linking of the power supply, the workhandling
system, the quenching system and the process control and
monitoring system in the flexible work cell.

1 THE CONCEPT OF PROGRAM DEVELOP-
MENT FOR THE SIMULATION AND OPTIMI-

ZATION OF INDUCTION HARDENING

It is important to organize all the data relating
to the material, about the dimensions of the workpiece
to be treated and the induction work cell, into a modu-
lar and operationally  related database. Readily avail-
able computer programs already exist for the design of
such data. To use the induction hardening simulation
program as well as the inductor shape optimizing pro-
gram, three operational databases are necessary.
1. A database relating to the technical characteris-

tics and maintenance of the induction work cell.
2. A database of material properties.
3. A technological initialization base, i.e. of success-

fully carried out and verified optimization for
single materials and workpieces.

Expert knowledge about the induction harden-
ing process and case by case technical solutions are stored
in the technological initialization base. After successfully
completing the optimizing of the inductors, and the simu-
lation of induction hardening, the following data are then
fed in to the technological base: details about the shape
and the dimensions of the inductor, the heating and cool-
ing parameters, and the results of the metallographic
analysis of the experimental sample. Thus, with each so-
lution to problems that relate to the induction hardening,
the knowledge system grows and improves and acquires
more elements of technical expertise.

The algorithm for a numerical simulation
of the induction hardening and the optimization of
the inductor is defined on the basis of information
received from individual research and commercial
simulation programs ([3] to [5]) (Fig. 1).

The quality of the induction hardened layer -
the assurance of which is the reason for undertaking the
simulation of the process and the optimization of the in-
ductor- is defined by the shape, the depth and the surface
hardness of the quench hardened zone.

The initial scope of the simulation program must
include the factors which most influence  the quality of the
quench-hardened layer. These factors and their significance
with respect to individual cases are listed in Table 1. Dur-
ing the development, optimizing algorithms will be in-
cluded into the above mentioned program and will take
into consideration the influence of the specified factors, so
the user will be well informed about their adequate use.
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Ob zaèetku izvajanja simuliranja je treba
doloèiti porazdelitev vira toplote (spremenljivo v èasu
in prostoru) z re�evanjem elektrodinamiènih enaèb
magnetnega polja pri podanih robnih pogojih.
Postavljeni model obsega obdelovanec, induktor in
zraèno re�o med njima.

Zaèetna porazdelitev polja toplotnega vira
pomeni vhodno spremenljivko za izraèun neustaljenega
temperaturnega polja in z njim povezanih faznih pre-
men v èasu pregrevanja. Spremenljive fizikalne lastnosti
materiala, ki so odvisne od temperature, so v modelu
popisane z ustreznimi interpolacijskimi temperaturno
odvisnimi zlepki, ki izhajajo iz rezultatov prej�njih
preskusov ali iz literature. Omenjena odvisnost lastnosti
od temperature vna�a nelinearnost v magnetno-
termodinamièen proces, kar terja iterativno
izraèunavanje razvite moèi z uporabo numeriènih metod
(npr. metodo konènih elementov, metodo robnih
elementov) ([3] do [7]).

At the start of the simulation procedure the
heat source distribution (variable according to time
and place) should be determined by solving the electro-
dynamic magnetic field equations for the established
boundary conditions. The corresponding model in-
cludes the workpiece, the coil and the air gap.

The initial distribution of heat sources rep-
resents the input variable for the computation of the
nonstationary temperature field and the interacting
phase transformation during heating. The changeable
physical properties of the material which depend on
temperature are included in the model via correspond-
ing spline temperature dependent functions, derived
from experiments or literature sources. The depen-
dence of properties on temperature produces nonlin-
ear data in the magneto-thermal procedure, thus ne-
cessitating iterative calculations of the dissipated
power using numerical methods (i.e. Finite Element
method, Boundary Element Method etc.) ([3] to [7]).

Preglednica 1. Velièine, ki vplivajo na obliko zakaljenega sloja, globino kaljenja in potek trdot po zakaljenem
sloju in jih popisujejo vhodni parametri simulacijsko optimizacijskega modela
Table 1. Influencing factors on the appearance of the quench-hardened area, the depth and hardness of the
hardened area included in the initial scope of the simulation optimizing model

VPLIVNE VELIÈINE
kot

VHODNI PARAMETRI MODELA

PARAMETRI, KI OPREDELJUJEJO
KAKOVOST ZAKALJENEGA SLOJA
CHECK MARKS OF THE QUENCH-

HARDENED ZONE

INFLUENCING FACTORS
as

THE INITIAL SCOPE OF THE  MODEL

Oblika
zakaljenega sloja

Shape of the zone

Globina
kaljenja

Depth of
hardness

Trdota
povr�ine

Surface
hardness

Oblika in izmere obdelovanca
The shape and dimensions of the workpiece

X

Kemijska sestava materiala
Chemical composition of the material

X X

Toplotne lastnosti materiala obdelovanca
Thermal properties of the workpiece material

X X

Elektriène in magnetne lastnosti materiala
Electrical and magnetic properties of the material

X X

Temperatura avstenitizacije pri hitrem segrevanju
Austenitizing temperature due to rapid heating
Zgornja kritièna hitrost ga�enja
Upper critical quenching speed

X X

Poprej�nja toplotna obdelava in izhodi�èna mikrostruktura
Previous heat treatment and initial microstructure

X X X

Postopek indukcijskega kaljenja
Method of induction hardening

X

Lega induktorja glede na obdelovanec
Workpiece to induction coil location

X X

Izhodna oblika, izmere in material induktorja
The initial shape, dimensions and material of the inductor

X X

Delovna frekvenca
Working frequency

X X

Moè, napetost in tok induktorske tuljave
Power, voltage or current of the induction coil

X X

Èas segrevanja ali premik obdelovanca
Heating time or the scan speed of the workpiece

X X

Podatki o ga�enju (sredstvo, temperatura, èistost in
koncentracija)
Quench data (media, temperature, purity, concentration)

X X

Pretok ali tlak sredstva za ga�enje
Flow or pressure of the quench media
Koeficient toplotne prestopnosti
Heat transfer coefficient

X X
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Sl.1. Algoritem simuliranja indukcijskega kaljenja
Fig. 1. Induction hardening simulation algorithm
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Da bi doloèili dose�eno globino
avstenitizacije, izraèunamo temperaturno polje z
upo�tevanjem faznih premen pri hitrem segrevanju
v èasovno-temperaturnem diagramu avstenitizacije
(TTS) pri podanem  izhodi�ènem  mikrostrukturnem
stanju.  Èe je dose�ena globina pregretja neustrezna,
se znotraj doloèenih meja najprej spremenijo
parametri segrevanja (delovna moè induktorja,
trajanje, pomik), �ele nato spremenimo velikost in
obliko induktorja.

Z upo�tevanjem temperaturne porazdelitve
po procesu segrevanja, se izvedeta simuliranje in
optimizacija ga�enja. Za natanènej�e doloèanje hitrosti
ohlajanja je treba poprej razre�iti inverzni
termodinamièni problem [6] in izraèunati spremembo
koeficienta prestopa toplote a (W/m2K) v odvisnosti
od temperature. Z uporabo faznih diagramov TTT in
enaèb fazne kinetike se izraèunajo krivulje ohlajanja
in po njih  nastala  mikrostruktura in njena trdota. Ta
postopek je uporaben v primeru enojnega induk-
cijskega kaljenja. Za simuliranje je treba hkrati
analizirati indukcijsko kaljenje, segrevanje in hlajenje.

Zaradi napak v izraèunavanju lastnosti
materiala in nenatanènosti matematiènega modela
procesa, je potrebna eksperimentalna potrditev
modela. Izvedemo jo s snemanjem èasovnega
spreminjanja temperatur med procesom in z
merjenjem dose�ene mikrostrukture in trdot po
kaljenju. Pred podrobno raziskavo in optimizacijo
postopka za novo obliko obdelovanca in induktorja
je priporoèljivo potrditi model  [7]. Overitev ni
potrebna, èe uporabimo podoben induktor ali
obdelovanec.  Modeliranje in simuliranje je
priporoèljivo izvajati s posebnim programom, ki ga
lahko raz�irimo z lastnimi moduli.

Za vsakdanjo tehnièno uporabo in
preliminarne raziskave zadostujejo enodimenzionalni
raèunalni�ki programi (samo za re�evanje
elektromagnetnih in termodinamiènih problemov).
Drugi korak simuliranja se izvaja z dvodimen-
zionalnimi in tridimenzionalnimi programi, ki so
natanènej�i  pri naèrtovanju in simuliranju  [7]. Uporaba
raèunalni�kih programov ne izkljuèuje sodelovanja  s
tehnologom  za indukcijsko kaljenje, ki mora uporabljati
lastne izku�nje in intuicijo med izvajanjem kritiènih
progamskih korakov (posamezni izbor po ustrezni
analizi). Na ta naèin dose�emo optimalno temperaturno
in mikrostrukturno porazdelitev v najkraj�em èasu in z
najmanj�o potrebno moèjo. Po doloèitvi geometrijske
oblike induktorja, vrste sredstva za ga�enje in intenzitete
ga�enja, se parametri indukcijskega kaljenja shranijo v
bazo podatkov za krmiljenje procesa in izhodi�èno
tehnolo�ko bazo.

Izstopne velièine simulacijsko-optimi-
zacijskega programa, ki se hkrati postavljajo kot
referenène velièine krmiljenja, so prikazane v
preglednici 2.

In order to determine the achieved depth of
austenitization, the temperature field must be calcu-
lated. All the phase transformations, according to the
Time-Temperature-Austenitizing diagrams, for a given
initial microstructure must also be taken into account.
Should an unsatisfactory depth of austenitisation be
reached, initially the parameters which relate to heat-
ing (the power, voltage or current of the induction coil,
the heating time, or scan speed) would be modified,
within their boundaries. Should these modifications
prove inadequate, the size and the shape of the induc-
tor must be altered.

Starting from the temperature distribution
after heating, the quenching phase is simulated and
optimized. In order to exactly establish the rate of
cooling, after solving the inverse thermodynamic
problem first, the alteration of the heat transfer coef-
ficient a (W/m2 K) which depends on the tempera-
ture has to be calculated [6]. The cooling curves are
calculated using the phase transformation and the
phase kinetics Time-Temperature-Transformation
diagrams. This procedure is suitable in the case of
single-shot induction hardening. For simulation the
scanning induction hardening, heating and cooling
must be analyzed simultaneously.

Because of errors in the calculation of the
properties of the material and a faulty mathematical
model of the process, an experimental confirmation
of the model, by recording the time-sequence tempera-
tures during the process as well as the obtained micro-
structure and hardness after treatment, becomes nec-
essary. It is advisable to verify the model before any
detailed research and optimization of the procedure
for a new shape of workpiece or inductor is under-
taken [7]. This is not necessary for a similar inductor
or workpiece. To execute a new model or simulation
it is advisable to use a special software program which
is expanded with self-development modules.

For everyday technical use and preliminary
research 1-D computer programs are adequate (for
solving only electromagnetic-thermodynamic prob-
lems). The next simulation step is done via 2-D and 3-
D programs for better predictability and a more accu-
rate simulation. The use of computer programs does
not, however, exclude the induction hardening tech-
nician, who must rely on his experience and  intuition
(making choices after adequate analysis), in the criti-
cal programming steps, to achieve the optimal tem-
perature field and microstructure distribution at the
surface layer, in the shortest time with the minimum
consumption of power. After the inductor geometry
has been determined, the parameters of the induction
quench hardening are stored into the process control
database and the technological initialization base data.

The application range of the simulation-op-
timization program, which is also used as the refer-
ence range for the controller, is illustrated in Table 2.

Razvoj modela krmilnega sistema - The Development of a Control System
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2  KRMILNI SISTEM DELOVNE ENOTE ZA
INDUKCIJSKO KALJENJE

Raèunalni�ko podprt krmilni sistem je
zasnovan  na merjenju krmiljenih parametrov procesa
in primerjavi z referenènimi parametri. To je osnutek
krmiljenja procesa s t.im. �zapisom procesnih
parametrov� (procesni diagrami) optimalno
izvedenega procesa. Èe kateri od opazovanih
parametrov  izstopi iz toleranènega polja, krmilnik
signalizira stanje procesa in zahteva njegovo
prilagoditev referenènemu procesu. Znotraj
toleranènega polja krmilnik sam usklajuje potrebne
parametre procesa  [8].

Pri indukcijskem kaljenju se dandanes, tako
kakor pri drugih obièajnih postopkih kaljenja, za
krmiljenje moèi induktorja, premik obdelovanca (ali
induktorja) in parametre ga�enja, uporabljajo
programljivi logièni krmilniki (PLK). Obièajno se
opremi za indukcijsko kaljenje doda veèji
mikroprocesor. Referenèni (krmilni) parametri in
preostali podatki, potrebni za delovanje enote za

2 THE OPERATING SYSTEM OF THE INDUC-
TION HARDENING CELL

The computer driven control system is based
on the comparison between the range of tolerances
of the process and the size of the frame of references.
This is the process conducting concept according to
the so called �recorded process range� (process dia-
grams) of the optimally conducted procedure. As
soon as one of the elements of the observed range
steps out of the field of tolerances, a controller sig-
nals the status of the procedure and instructs its ad-
aptation to the process frame of references [8].

The execution of induction as well as con-
ventional hardening processes use programmable
logical controls (PLC) for the operation of the power
of inductor, the mobility of the workpiece and the
parameters of quenching. It is customary to add to
the induction hardening equipment a host-micropro-
cessor. The operating range and other information
for the functioning of the system are programmed
into the operation database. They are programmed

F. Cajner - J. Grilec - D. Landek

Preglednica 2. Izstopni parametri optimizacijsko simulacijskega programa, ki so hkrati krmiljene velièine med
izvajanjem procesa indukcijskega kaljenja in mesta merjenja teh parametrov
Table 2. Application range of the simulation-optimization program also used as the range of control in the
induction hardening process and their measuring points

IZSTOPNE KRMILJENE
VELIÈINE

APPLICATION CONTROL
SCOPE

Generator in
induktorska

tuljava

Power supply
and inductor coil

Vpenjalni in
pomièni sistem

Workhandling
system

Sistem za
ga�enje

Quenching
system

Obdelovanec

Workpiece

Lega obdelovanca v induktorski tuljavi
Position of workpiece within the
induction coil

X

Vhodna moè induktorske tuljave
Induction coil input power

X

Tok in napetost induktorske tuljave
Coil current or voltage

X

Èas segrevanja
Heating time

X

Hitrost pomika obdelovanca
Workpiece scanning speed

X

Koncentracija in èistost sredstva za
ga�enje
Concentration and purity of the
quench media

X

Tlak in pretok sredstva za ga�enje
Quench media flow and pressure

X

Temperatura sredstva za ga�enje
Quench media temperature

X

Povr�inska temperatura obdelovanca
po postopku gretja
Workpiece surface temperature after
heating process

X

Globina zakaljenega sloja, ki jo
izmerimo z vrtinènimi tokovi
Depth of workpiece surface
hardening verified by eddy current
testing

X
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indukcijsko kaljenje, so shranjeni v operacijski bazi
podatkov, iz katere jih v realnem èasu in po potrebah
nadziranja procesa razbira enota PLK. Zaradi
obdelave signala na digitalnem raèunalniku morajo
biti analogni parametri poprej spremenjeni v digitalne
z uporabo A/D pretvornikov na kartici PLK.

2.1 Diagnostika procesa

Pred zaèetkom delovnega kroga je treba
overiti stanje in delovne parametre vseh podsestavov
delovne enote. V primeru manj�ih in starej�ih
delovnih enot diagnostiko procesa izvaja operater
enote. Ob izvajanju poprej raèunalni�ko simuliranega
indukcijskega kaljenja je nujno potrebno avtomatsko
krmiljenje delovnega kroga ob spremljanju
minimalnega �tevila delovnih parametrov na zaslonu
(video display terminal - VDT). Primer tipiènega
avtomatskega diagnostiènega algoritma delovne
enote za indukcijsko kaljenje za delo v avtomatski
proizvodni liniji prikazuje (slika 2) ([8] in [9]).

into the PLC according to the real time needed for
the execution of the procedure. Because of the com-
putation of the signal on a digital computer (measur-
able information in the feedback), analog signals have
to be first converted into digital via an analog/digital
converter-card on a PLC.

2.1 Process diagnostic

Before the start of the work cycle, it is nec-
essary to verify the condition and the functionality
of all the supporting parts of the work cell. In the
case of smaller and older work cells the diagnostic
work is performed by the operator of the cell. To first
conduct a computer simulation of the induction hard-
ening process, an automated work cycle has to be
initiated observing the minimal number of operating
functions on a VDT (video display terminal). A typi-
cal diagnostic algorithm for an induction hardening
work cell, designed for an automated production line,
is shown in Fig. 2 ([8] and [9]).

Razvoj modela krmilnega sistema - The Development of a Control System

Sl. 2. Diagnostièni algoritem za indukcijsko delovno enoto
Fig. 2. Representation of the diagnostic algorithm for the induction work cell
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Napaèno
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Verification of the status
 of the work cell

Pravilno

Correct

: zaèeti proces 
ali nadaljevati delo
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KRMILNI SISTEM:

CONTROL SYSTEM:

- doloèitev parametrov moèi induktorja 
   med delovnim ciklusom,
- doloèitev hitrosti pomika,
- doloèitev pretoka, tlaka in temperature 
   izbranega sredstva za ga�enje,
- doloèitev dovoljenega odstopanja 
   povr�inske temperature obdelovanca 
   med segrevanjem.

- establishing induction coil power,
- establishing scan speed cycle parameters,
- establishing quench flow, pressure and 
   temperature of the chosen media
- establishing the workpiece surface 
   temperature tolerances during heating.

Preverjanje delovnih 
parametrov

Verification of given 
work parameters

Izvajanje delovnega procesa
Execution of the work cycle

PREVERJANJE STANJA:

STATUS CHECKING:

- nastavitev premika,
- nastavitev hitrosti vrtenja obdelovanca,
- pregled delovanja èrpalk,
- pregled mazalnega sistema,
- temperatura sredstva za ga�enje,
- izbira �elenega indukcijskega gretja,
- prepustnost vhodnega in izhodnega 
  tekoèega traku,
- druge delovne karakteristike.

- setting the scanner limit switches,
- setting the rotation speed of workpiece,
- the proper functioning of pumps,
- the proper functioning of lubrication,
- the quench media temperature,
- choosing desired induction cycle,
- congestion at the entrance and exit of the 
  conveyor belt,
- other work characteristics.
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Pred zaèetkom delovnega kroga diagnostièni
sistem preveri stanje delovne enote in izvede primerjavo
znanih parametrov z vnesenimi. Primerjava se izvaja tudi
med procesom kaljenja. Èe odstopanja parametrov prese�ejo
vnaprej doloèene meje, sistem obvesti operaterja in zahteva
njegovo posredovanje pri re�evanju nastalega problema.

2.2 Krmilni algoritem

V veèini delovnih enot za indukcijsko
kaljenje nadzorujemo dva parametra: relativni premik
med induktorjem in obdelovancem ter moè
indukcijskega generatorja. Drugi parametri enote
ostanejo nespremenjeni oziroma jih sku�amo
ohranjati nespremenjene. Krmiljenje lahko izvajamo
roèno (z nastavljanjem ustreznih potenciometrov) ali
avtomatsko (spreminjanje krmilne napetosti,
dovedene z raèunalnika prek D/A pretvornika na
kartici PLK). Krmilne napetosti, podane z
raèunalnikom, obièajno pripravljamo s prosto izbiro
krmilnih operacij ali pa jih pripravljamo kot vhodne
podatke, pridobljene iz datotek simulirnih programov
po doloèenem operacijskem zaporedju.

Pri enostavni krmilni zanki se razbiranje
vhodnih podatkov iz A/D pretvornika izvaja
diskretno. Po izvedbi krmilnega algoritma se na
D/A pretvorniku pojavijo novi podatki. V ozadju teh
dejavnosti lahko raèunalnik izvaja druge opravke,
npr. prenos in obdelavo podatkov. Diskretizacija
omogoèa ustavitev glavnega uporabni�kega
programa s skokom na postopek za ustavitev
krmilnega algoritma. Princip dela za ustavitev je
shematsko podan na sliki 3.

Before the start of the work cycle, the diag-
nostic system verifies the status of the work cell, and
compares the existing parameters with the new ones.
In the where case the new parameters exceed the de-
fined parameters, the operator is called and asked to
solve the problem.

2.2. Control algorithm

In most conventional work cells for induc-
tion hardening the operation is based on two vari-
ables: the scan speed of the intake mechanism and
the power of the induction generators. Other aspects
of the work cell are made unalterable or are main-
tained as such. The operation can be manual (an ad-
justment of corresponding potentiometers) or auto-
matic (altering the control voltage via computer
through the D/A converter on the PLC card). Con-
trolled voltages fed by the computer are usually pro-
gram generated with a free choice in a controlled
operation, or generated through the input of data
obtained from databases of simulation programs in
sequential operation.

In a basic control loop the input of data from
the A/D channel is performed during selectivity, and
after the execution of the control algorithm new infor-
mation is fed into the A/D channels. In the background
during these operations, the computer can perform other
tasks such as the transfer and organization of data. Se-
lectivity enables the interruption of the main running
program in order to leap to the routine executing of the
control algorithm. The principle of performing the rou-
tine interruption is illustrated in Fig. 3.

F. Cajner - J. Grilec - D. Landek

Sl. 3. Diagram poteka programa z uporabo prekinjevalnega postopka
Fig. 3. Program flowchart with interruption routine
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Med programiranjem krmilnih aplikacij
je treba posebno pozornost posvetiti vodenju
sistema v realnem èasu, zbiranju podatkov z
vhodov A/D pretvornika, njihovi obdelavi in na
podlagi tega krmiljenja krmilnih parametrov prek
izhodnih kanalov D/A pretvornika.

Krmilne aplikacije je priporoèljivo izdelati
v programskem jeziku, ki je soroden zbirnemu jeziku
(assembler) in ki hkrati vsebuje tudi lastnosti vi�jih
programskih jezikov (programski jezik C in njegove
nadgradnje). Tak�ni programi so prenosljivi, njihove
izvirne kode pa se brez sprememb lahko izvajajo na
razliènih raèunalnikih in z razliènimi operacijskimi
sistemi. Re�evanje problemov pri krmiljenju se izvaja
z uporabo podprogramov, ki jih lahko logièno
poenotimo pri gradnji krmilnih programov.
Poenostavljena shema digitalnega krmiljenja procesa
(izhodna moè indukcijskega generatorja in premik
obdelovanca) je prikazana na sliki 4.

2.3 Problemi uvajanja digitalnega krmilnega
sistema

Digitalni krmilni sistemi so diskretni sistemi
v pogledu amplitude in èasa. Vhodno izhodni
parametri digitalnega krmilnega sistema lahko
zajemajo le doloèene celo�tevilène vrednosti, katerih
razpon je doloèen z A/D in D/A pretvorniki. Te
pretvornike je treba izbrati tako, da njihove
karakteristike (hitrost, loèljivost) omogoèajo
krmiljenje procesa v realnem èasu.

Z namenom, da bi omogoèili krmiljenje z
uporabo raèunalnika, je eden od prednostnih problemov
povezava raèunalnika z realnim indukcijskim procesom.
Ker raèunalnik deluje pod nizkim energetskim nivojem
(istosmerna napetost do 12 V), ga moramo z izoliranimi
ojaèevalniki galvansko loèiti od indukcijskega procesa
(napetosti anode visokofrekvenènega generatorja
zna�ajo tudi do 12 kV).

During the programming of control appli-
cations special attention should be paid to the con-
trol of running the system in real time, to gathering
information from the A/D input, its treatment and on
the basis of this perform the control scope through
the output D/A channels.

It is recommended that the control applica-
tions should be performed using a program language
which is close to that of the assembler which has the
ability of many languages, similar to human lan-
guages (e.g. program language C, or C++). Such pro-
grams have a very high degree of  transferability and
the resultant codes can be used with various com-
puters under different operational systems. The con-
trol program is produced by the use of subprograms
and their logical unification. For the simplification
of the digital process control (e.g. the outgoing in-
duction generator power and the workpiece scanning
speed) see Fig. 4.

2.3. Problems in the implementation of the digital
control system

Digital control systems are discrete in terms
of time and amplitude. The input/output power of a
digitally controlled system can accept only integers
whose support is defined by the A/D and D/A con-
verters. The converters should be chosen based on
their ability to perform the control process (speed,
resolution) in real time.

In order to make the computer control
possible, the problem of the link-up between the
computer and the real induction hardening pro-
cess becomes a priority. Since the computer func-
tions only at low energy levels (direct current of
up to 12V) it has to be completely insulated and
well separated from the induction process (the
power of a HF generator anode can reach levels
of 12 kV).

Sl. 4. Poenostavljena shema digitalnega krmiljenja procesa
Fig. 4. The simplification of the digital process control diagram
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Pri diskretizaciji signalov moramo veliko
pozornosti posvetiti hitrosti vzorèenja merjenih
parametrov z namenom, da bi diskretizirani signal
ustrezno ponazoril stalni signal. Pogosto je treba
prilagoditi krmilni signal (z ojaèitvijo na potreben
energijski nivo), da bi lahko vplivali na objekt
krmiljenja v skladu z algoritmom krmiljenja in
vektorjem referenènih parametrov.

3 SKLEP

Za kvalitetno indukcijsko kaljenje je treba
analizirati procese segrevanja in ohladitve z
raèunalni�kim simuliranjem in zagotoviti avtomatsko
krmiljenje celotnega procesa.

Zaradi pospe�itve tehnolo�ke priprave pri
oblikovanju induktorja  zado�èa simuliranje
segrevanja obdelovanca  z eno od uporabnih
numeriènih metod s  komercialno razvitimi
enodimenzionalnimi raèunalni�kimi programi. Za
napovedovanje povr�inske trdote in porazdelitve
zaostalih napetosti po kaljenju je treba simulirati
nastale fazne premene in mehanske napetosti pri
ga�enju, kar pomeni zapleteno nalogo in terja veliko
raèunalni�kega èasa ter uporabo dvo- in tridimen-
zionalnih programov.

Simulirni programi se izka�ejo za koristne
pri uporabi oblikovno podobnih ali enakih
obdelovancev, za katere je potrebno popolno
razumevanje fizikalnih pojavov v procesu in pravilno
izvedbo simuliranja. Pomemben prvi pogoj za
natanènost simuliranja je tudi pravilna izbira robnih
pogojev in dobro poznavanje lastnosti materialov
obdelovancev.

Za simulirne programe je treba
organizirati operativne podatkovne baze, ki se
uporabljajo med izvajanjem programov in za
shranjevanje rezultatov izraèunov. Dobro
organizirane podatkovne baze rabijo kot vir znanja
in pridobljenih izku�enj pri vsakem novem
re�evanju problemov indukcijskega kaljenja. Z
uporabo raèunalni�kih simuliranj je èas
projektiranja postopka indukcijskega kaljenja
znatno kraj�i. Induktor, oblikovan za doloèen
obdelovanec, ima lahko, poleg specifiène oblike
indukcijske zanke, tudi koncentrirana mesta
magnetnega pretoka, kar zahteva razvoj posebnih
diagramov sprememb procesnih parametrov in
ustrezni krmilni algoritem delovne enote.

Izhodni parametri simulirnega programa, ki
definirajo procesne diagrame (npr.  spremembe
delovne moèi generatorja in spremembe premikov
obdelovanca med delovnim krogom) zahtevajo
avtomatsko krmiljenje z uporabo PLK. Za
diagnostiko delovanja indukcijske enote in za
spremljanje parametrov procesa je koristno krmilne
parametre prikazati na zaslonu.

When selecting of the signal, special attention
has to be paid to the speed induced pattern of the mea-
sured volume so that the selected signal matches closely
the continuous signal. It is often necessary to approxi-
mate the controlling signals (amplifying them to reach
the required energy level) in order to affect the con-
trolled system so that it conforms with the algorithm of
control and the vector of the reference parameters.

3 CONCLUSION

For quality quench hardening induction, it
is necessary to analyze the heating and quenching
operations by means of a computer and insure the
automatic control of the entire process.

To speed up technical preparations for the
shaping of the inductor, it is sufficient to simulate
the heating of the sample workpiece with one of the
available numerical methods and with the help of
some commercially developed 1-D computer pro-
grams. To predict the surface hardness and the pro-
file of residual stresses after hardening, a simulation
of  the resulting phase transformations and mechani-
cal stresses at the quenching stage become neces-
sary. This is a complex task requiring considerable
computer time and 2-D and 3-D programs.

Simulation programs are usually well suited
for a selected group of similar or identical tasks. It
is, however, necessary to completely understand the
physical outcomes of the process in order to design
and conduct a successful operation. The important
preconditions for an accurate simulation are the set-
ting up of an adequate framework and knowledge of
the material properties of the sample.

For simulation programs, the operative data-
base must be organized for the servicing of the pro-
gram and storing of the results of the calculations. By
organizing a database it is possible to classify a sys-
tem of knowledge with each solution to an induction
hardening problem, that provides the simulation pro-
gram with elements of learning. Using computer simu-
lation, the time for the design of the induction harden-
ing operation can be significantly shortened. The in-
ductor, formed for a concrete task other than the spe-
cific induction angle shape, could have concentrators
and magnetic flow screens that demand specifically
developed diagrams, changed processing parameters
and a compatible work cell control algorithm.

The application scope of simulation programs
that define process diagrams (e.g. the change in the
working power of the generators and the changes in
the mobility of the sample during the work cycle) re-
quire an automatic control and a PLC driven process.
For the diagnosis of the work of the induction cell, as
well as for the observation of the process parameters,
it is useful to show the control parameters and the me-
tering scope with a VDT diagram.

F. Cajner - J. Grilec - D. Landek
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Krmiljenje znanih indukcijskih sistemov
starej�e izvedbe z roènim in polavtomatskim
krmiljem je mogoèe posodobiti  z uporabo
ustreznih krmilnih algoritmov. Pri novih in
sodobnih indukcijskih sistemih se bodo simulirni
programi uporabljali  predvsem za hitro
dimenzioniranje induktorjev in za definiranje
optimalnih procesnih parametrov indukcijskega
segrevanja oz. kaljenja.

The existing induction hardening equipment
of an older generation with  manual or semi-automatic
controls could be made more reliable by adapting ap-
plicable control parameters and by designing an ad-
equate control algorithm. When purchasing new and
contemporary induction equipment, future state of the
art programs could be built-in for a successful and quick
sizing of the inductors and for defining the optimal pro-
cessing parameters for high frequency hardening.

Razvoj modela krmilnega sistema - The Development of a Control System
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Modeliranje in simuliranje sistemov so vse pogosteje uporabljani postopki, ponujajo cenej�e, hitrej�e
in za okolje manj obremenjujoèe poti do analize in naèrtovanja sistemov. Z razvojem raèunalni�tva so se
razvile tudi nekatere nove metode. Mednje sodi tudi modeliranje sistemov s povezovalnimi grafi. V prispevku
je predstavljen paket BONK, ki skupaj z grafiènim vmesnikom omogoèa hitro in raznovrstno analizo dinamiènih
sistemov.
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The modelling and simulation of systems is receiving increasing attention as it offers a cheaper, faster,
and environmentally freendly method for the analysis and design of systems. In parallel with the development
of computers some new methods of modelling and simulation, such as bond-graphs, have also been developed.
In this paper we present the program BONK, which together with a graphical interface offers a quick and
manifold analysis of dynamic systems.
© 1999 Journal of Mechanical Engineering. All rights reserved.
(Keywords: dynamic systems, systems modelling, bond graphs, software packages)

0 UVOD

Trenutne razmere v poslovnem svetu
terjajo hitro ukrepanje, hitro izrabo novih mo�nosti
in hiter razvoj. Tako je npr. tudi  pri proizvodnji
avtomobilov. Konèni proizvajalci i�èejo
najugodnej�e, najcenej�e in najhitrej�e izdelovalce
podsklopov. Po oceni avtomobilske industrije
skraj�anje roka postavitve novega modela
avtomobila na trg za en dan prihrani dva milijona
ameri�kih dolarjev [1]. Zaradi takih razmi�ljanj
nastajajo avtomatizirane proizvodne linije in se
gradijo informacijski sistemi, ki naj po eni strani
pove�ejo vse faze izdelave avtomobila, od zamisli,
naèrtovanja podsklopov, preskusov, naèrtovanja
izdelovalnih postopkov in podobno, po drugi strani
pa dajejo ustrezno logistièno podporo
soizdelovalcem in nazadnje sestavo po �elji kupcev
in samo prodajo.

Avtomatizacija je vedno bolj opazna tudi
pri naèrtovanju, ne samo na proizvodnih linijah.
Uporabljajo razne programske pakete, ki naj
pospe�ijo in pocenijo izraèune in preverjanja s
simuliranjem. Eno od podroèij pri naèrtovanju
avtomobilov je analiza dinamiènih lastnosti. V tem

0 INTRODUCTION

The present day demands of manufacturing
industry require swift reaction, the ability to take
advantage of new opportunities and rapid
development. This is particularly true of the car
manufacturing sector. End producers are seeking the
best, the quickest, the cheapest producers of
subassemblies. The car industry estimates that reducing
the lead-time to market of a new car model by one day
saves 2 million US dollars. This kind of thinking results
in the introduction of automated production lines and
the construction of information systems connecting
all phases of car production. Systems play a vital role
in linking initial ideas with development, testing,
production planning and production and to the
logistics, connecting producers of subassemblies with
the final producers of the cars according to the demands
of buyers and sales departments.

Automation receives more attention not only
on the production lines but also in the development
and design stages. Different program packages are
used to speed up and reduce costs of calculations and
testing through simulation. Designing a new car
requires analysis of its dynamic properties, of
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okviru so zanimivi pospe�ki in pojemki, na udobnost
in varnost vo�nje pa zelo vpliva vzmetenje
avtomobila. Lahko se posvetimo tudi pogonskim
podsklopom avtomobila, npr. motorju. V zadnjem
èasu pospe�eno re�ujejo, z razvojem ustreznih
elektronskih krmilnikov, problem najprimernej�ega
v�iga goriva v valjih, da bi zmanj�ali vibracije
motorja. Z izbiro trenutka v�iga in/ali z oblikovanjem
najprimernej�ih sesalnih in izpu�nih cevi sku�ajo
vplivati na porabo goriva za dano moè motorja. Ali s
porazdelitvijo navora motorja in zavor na posamièna
kolesa vplivati na varnost in udobnost vo�nje, tu velja
omeniti domaè prispevek na tem podroèju [2].

V nadaljevanju bomo najprej kratko orisali
program BONK, ki omogoèa preprosto analizo
dinamiènih sistemov, modeliranih oziroma opisanih
z povezovalnimi grafi. Sledi opis grafiènega
vmesnika, ki �e dodatno poenostavi uporabo
programa oz. pripravo podatkov. Uporabo programa
ponazorimo z analizo dinamiènih lastnosti
preprostega modela vzmetenja avtomobila. Sledita
povzetek in literatura.

1 PROGRAM  BONK

Dinamiène sisteme matematièno opisujemo
z linearnimi ali nelinearnimi navadnimi
diferencialnimi enaèbami ali parcialnimi
diferencialnimi enaèbami. Èe �elimo analizirati
obna�anje takih sistemov, je na voljo veè poti. Ena
od njih je izvedba ustreznih preskusov na stvarnih
sistemih. Preskusi na stvarnem sistemu so vèasih
dragi, vèasih jih je nemogoèe izvesti, vèasih pa sistem
sploh �e ni zgrajen in �ele i�èemo najprimernej�o
izvedbo, ki naj bi jo s poprej�njo analizo obna�anja
sistema doloèili.

V primerih, ko se moramo odreèi presku�anju
stvarnega sistema, sku�amo doloèiti obna�anje
sistema z uporabo opisov sistema, ki so na voljo. Èe
je to matematièni model sistema (opis z diferencialno
enaèbo ali s sistemom diferencialnih enaèb prvega
reda), sku�amo poiskati re�itev te oziroma teh
diferencialnih enaèb pri pogojih, pri katerih lahko v
zadovoljivi meri sklepamo o obna�anju dejanskega
sistema v stvarnih razmerah.

Re�evanje diferencialnih enaèb je rutinsko samo
v preprostih primerih. Pogosto moramo posegati po
numeriènih postopkih. Pri linearnih diferencialnih
enaèbah vèasih uporabljamo razliène transformacijske
postopke, npr. iz èasovnega prostora se z Laplaceovo
transformacijo prestavimo v prostor kompleksne
spremenljivke s oziroma v frekvenèni postor.

Èe �elimo re�evati diferencialne enaèbe, jih
moramo najprej zapisati, kar tudi ni vedno preprosto
in hitro. Tako kakor pri numeriènem re�evanju
diferencialnih enaèb uporabljamo orodja,
raèunalnike, lahko tudi za sam zapis diferencialnih
enaèb uporabljamo orodja, tudi raèunalnike, z

particular interest are acceleration and
deceleration; comfort and safety depend very much
on the suspension. However, power-train
subsystems are also of interest, the engine for
example. Electronic controllers for the optimum
timing of fuel ignition in the cylinders are studied
to reduce the motor vibrations and, in connection
with the most appropriate intake and exhaust
manifolds, to reduce the fuel consumption for a
given engine power. The torque distribution of the
engine and the wheel braking system are studied,
in order to improve comfort and promote safe
driving conditions.  Here, a Slovenian contribution
should be mentioned [2].

In the next section the BONK program is
described. The program attempts to simplify the
analysis of dynamic systems, described or modelled
by bond graphs. There follows a description of a
graphical interface, which simplifies additional data
preparation and the use of the program, which is
illustrated by the analysis of a car suspension model.
Conclusion and references end the article.

1 PROGRAM BONK

Dynamic systems are mathematically
described by differential equations, linear or
nonlinear, ordinary or partial. There are several ways
to analyze the dynamic properties of such systems.
Making appropriate tests on real systems is one
method, however making tests on a real system can
be expensive and in some situations, impossible. In
other cases the real system does not yet exist and we
just require a thorough preliminary analysis in order
to determine the most appropriate realization.

In situations when testing of real systems is
not possible, we try to draw conclusions from the
descriptions available. If it happens that a
mathematical model of the system (first order
differential equation or system of equations) is
available, we try solving it under conditions that allow
a reliable guess as to what can happen to the system
in the real world.

Solving differential equations is a routine
procedure only in simple cases. Usually numerical
procedures may be used. When we have linear
differential equations, transformation procedures like
Laplace transforms are sometimes used, switching
from the time (or some other variable) domain to the
space of a complex variable s or to the frequency
space respectively.

If a solution to the differential equations is
required, we first have to write them down, which is
not always a simple and quick process. In the same
way as various tools, like computers, are used to
obtain numerical solutions to differential equations,
computers with suitable programs can also be used
to obtain differential equations. However, for the

Analiza dinami~nih sistemov - Analysis of Dynamic Systems
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ustreznimi programi. Vendar moramo sistem, ki mu
�elimo doloèiti matematièni model, opis z
diferencialnimi enaèbami, poznati oziroma ga tako
opisati, da je iz opisa mogoèe izlu�èiti diferencialne
enaèbe z uporabo raèunalni�kega programa. To
poèetje je primerno tedaj, èe lahko preprosteje in/ali
hitreje doloèimo opis sistema, iz katerega doloèimo
diferencialne enaèbe, kakor pa sam opis z
diferencialnimi enaèbami.

Tak opis sistemov so npr. povezovalni grafi
([3], [4], [9] in [10]). Omogoèajo opis strukture
sistemov. Sisteme opi�emo kot skupek povezanih
preprostih elementov, za vsak element sta znaèilni
napetostna in pretoèna spremenljivka. Povezave med
elementi ponazarjajo pretakanja moèi med elementi.
Povezovalni grafi so zlasti primerni za podroèje
strojni�tva, ker lahko na enovit naèin prika�emo
oziroma opi�emo sisteme, ki zdru�ujejo razliène
podsisteme, npr. mehanske, hidravliène, elektriène itn.

Osnovni pojmi o povezovalnih grafih in
ob�irni seznam dodatne literature so bili podani v [3].
Tam sta tudi dva zgleda doloèevanja diferencialnih
enaèb iz povezovalnega grafa.

Za doloèevanje in kasneje re�evanje
diferencialnih enaèb je avtor sestavil program BONK.
Poglejmo, kako pripravimo podatke, kako ga
uporabljamo in kaj omogoèa.

Uporaba programa BONK je doslej
zahtevala pripravo podatkov v besedni datoteki, ki
jo zapi�emo na podlagi narisanega povezovalnega
grafa ([4] in [5]). Datoteka ima veè blokov:
- komentar, ki besedno opi�e obravnavani primer,
- seznam elementov povezovalnega grafa, kolik�ne

so vrednosti posameznih elementov in preko
katere (èe je samo ena) oz. katerih povezav je
povezan z drugimi elementi povezovalnega grafa
(opis strukture),

- seznam aktivnih povezav,
- seznam povezav, ki imajo vnaprej predpisano

smer pretoka moèi,
- seznam povezav, ki imajo vnaprej predpisano

vzroènost,
- seznam izhodov,
- dol�ino koraka neodvisne spremenljivke

(najpogosteje èasa), èe �elimo npr. doloèiti
èasovne odzive oziroma diskretne modele,

- opis funkcij, ali vhodnih ali nelinearnosti ali
obojih.

Vsi bloki niso potrebni, nujno potreben je
blok z elementi in povezavami, drugi so odvisni od
posebnosti problema, ki ga obravnavamo in vrste
analize, ki jo �elimo izvesti. BONK omogoèa doloèiti:
- zvezni in diskretni matematièni model sistema

(sistem linearnih diferencialnih oz. diferenènih
enaèb prvega reda),

- prenosne funkcije (zvezne in diskretne),
- nièle in pole prenosnih funkcij,
- Nyquistov in Bodejev diagram prenosnih funkcij,

system we are studying we have to have an
appropriate description, from which we can obtain
the differential equations with the aid of computers.
All this makes sense only in the case when it is easier
and/or quicker to get a description from which
differential equations are obtained, rather than to get
differential equations directly.

Bond-graphs ([3], [4], [9] and [10]) are such
a description of systems, which enable to describe
the structure of the systems. The structure is described
as an assembly of connected simple elements with
each element having a characteristic effort and flow
variable. Bonds between the elements represent the
flow of the power between elements. Bond-graphs
are a particularly suitable modelling tool in
mechanical engineering, where all the subsystems
(for example mechanical, hydraulic or electrical)
incorporated in the systems, are modelled in some
uniform way.

The basic ideas relating to bond-graphs and
an extensive list of references are given in [3]. There
are also two examples showing how differential
equations are obtained from the bond-graphs.

To obtain differential equations from bond-
graphs and then to solve them the author has written
the program BONK. We will look at how data for it
is prepared, how it is used and what it offers.

Until now it was necessary for the program
BONK to prepare data in a text file, based on the
drawn bond-graph ([4] and [5]). The file has several
blocks:
- comment, describing the problem we have to

deal with,
- list of elements of the bond-graph, their values

and their bonds to the other elements (description
of the structure),

- list of active bonds,
- list of bonds with an in advance ascribed

direction of power flow,
- list of bonds with an in advance ascribed

causality,
- list of outputs,
- length of the step of the independent variable

(mostly time),  if time responses or discrete
models are desired, for example,

- description of either input functions or
nonlinearities or both.

All of these blocks are not necessary, what
is required is the block with elements and bonds,
others are included depending on the problem and
the kind(s) of analysis we want to do. With BONK
we can determine:
- the continuous or discrete mathematical model

of the system (system of differential or difference
equations of the first order),

- transfer functions (continuous and discrete),
- zeros and poles of transfer functions,
- Nyquist and Bode plots of transfer functions,
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- odzive na izbrane vstopne funkcije,
- korenske krivulje in
- obèutjivost sistema na vrednosti parametrov.

Èe imamo opraviti z nelinearnimi sistemi,
za katere ne moremo doloèiti primernih linearnih
modelov, ostane samo doloèitev in analiza odzivov
[5].

Uporaba programa BONK zahteva, da za
sistem, ki ga �elimo analizirati, nari�emo povezovalni
graf. V grafu o�tevilèimo elemente in povezave in
podatke iz grafa zapi�emo v datoteko kot blok
elementov in povezav. Dodati moramo vrednosti
posameznih elementov. Doloèimo izhode (napetostne
in/ali tokovne spremenljivke na izbranih elementih).
Vhodi so �e vnaprej podani z napetostnimi in/ali
tokovnimi viri, ki so upo�tevani v modelu. Doloèitev
smeri pretoka moèi in vzroènosti na posameznih
povezavah lahko doloèimo sami in opi�emo v
posebnem bloku datoteke, lahko pa prepustimo
programu BONK, da jih doloèi namesto nas. Vèasih,
v izjemnih primerih, je potreben popravek  doloèitve.
Na podlagi pripravljenih podatkov BONK doloèi
matematièni model sistema, ki je osnova za nadaljnje
izbrane vrste analize.

Analizo pogosto uporabljamo kot sestavni
del naèrtovanja sistemov, ki obièajno poteka
iterativno. Najprej si zamislimo sistem, analiziramo
delovanje, po rezultatih analize spremenimo oziroma
izbolj�amo sistem, ponovno analiziramo, izbolj�amo
itn., dokler ne najdemo ustrezne re�itve, ali pa za
nadaljevanje zmanjka denarja, èasa ali èesa drugega.
Lahko da iskane oziroma �elene re�itve sploh ni.

Program BONK zahteva opis sistema v
datoteki, ki jo dobimo iz povezovalnega grafa
sistema. Imamo dva opisa sistema, narisan
povezovalni graf sistema in datoteko na podlagi
povezovalnega grafa. Èe spreminjamo sistem,
moramo spremeniti povezovalni graf in preglednico.
Spremembe moramo spremljati in dokumentirati v
vseh opisih sistema, da ni neskladnosti med opisi.

Za la�jo uporabo programa BONK je bil
zami�ljen grafièni vmesnik ([6] in [7]) za neposredni,
grafièni vnos podatkov. Na njegovi podlagi je bil
napisan vmesni�ki program, ki omogoèa preprostej�e
in hitrej�e delo pri analizi sistemov in preprostej�o
in bolj usklajeno dokumentacijo. Usklajevanje
podatkov pri spreminjanju strukture ali vrednosti
parametrov ni veè potrebno.

2 GRAFIÈNI VMESNIK
PROGRAMA  BONK

Grafièni vmesnik omogoèa preprostej�o in
preglednej�o pripravo podatkov. Povezovalni graf
sistema, brez vmesnih datotek, zado�èa kot ustrezen
opis sistema, iz katerega BONK doloèi diferencialne
enaèbe sistema in jih kasneje obdela. Ker je BONK
dokaj zapleten in bi posegi vanj terjali preveè èasa,

- responses to selected input functions
- root-locus plots
- sensitivity of the system to the parameter

values.
If we have a nonlinear system and we are

not able to get a suitable linear model for it, then
studying the response of the system is the only
possible analysis [5].

Before analyzing a system with BONK,
we have to draw the bond-graph of the system.
Elements and bonds have to be uniquely
numbered. The data with the values for the
elements are then written to the file. Outputs
(effort and/or flow variables on selected bonds)
are added. Inputs are given in advance as effort
and/or flow sources in the model. Direction of
power flow and causality on bonds can be given
in advance or determined by BONK. Sometimes,
in exceptional cases, corrections have to be made.
Based on the data supplied, BONK determines
the mathematical model of the system that is later
on used as the basis for the selected analysis of
the system.

The analysis is often used as part of the
system design, which is mostly done in an iterative
way. An initial concept of the system is first made,
it is analyzed, based on the results of the analysis
an improvement is made, the system is analyzed
again, improved upon, analyzed, improved upon
and so on, until we find a good solution, or we
exhaust available resources. It can happen that the
desired solution does not exist or that there is no
solution.

BONK uses data written in a file. Data for
the file are taken from the bond-graph. So we have
at least two descriptions of the system. If changes
are made to the system, everything has to be updated
otherwise inconsistencies between descriptions are
possible.

To ease the use of the program BONK a
graphical interface was conceived ([6] and [7]),
for direct graphical input of the data. On this
basis a program was written for simpler and
quicker analysis and easier and consistent
documentation. There is no need to update
different sorts of documentation when the
structure or  values of  the parameters are
changed.

2 GRAPHICAL INTERFACE TO THE
PROGRAM BONK

Graphical interface offers an easier and more
transparent preparation of data. The bond-graph,
without any intermediate files, represents the input
data, from which differential equations are
determined by BONK and later worked on. As
BONK is a complicated program, changing its

Analiza dinami~nih sistemov - Analysis of Dynamic Systems
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od grafiènega vmesnika zahtevamo:
- da omogoèa risanje povezovalnih grafov,

doloèitev vrednosti elementov, funkcij, oznaèitev,
aktiviranja in vsega drugega, kar je potrebno pri
opisu sistemov s povezovalnimi grafi in
avtomatizira nekatere postopke,

- da po konèanem risanju pripravi ustrezno
datoteko za uporabo programa BONK.

Popoln opis nekega sistema s povezovalnim
grafom zahteva  oznaèitev smeri pretoka moèi,
vzroènosti in morebitnih aktiviranj povezav. Te opise
�elimo imeti v povezovalnem grafu, doloèajo jih pa
postopki znotraj programa BONK. Da odpravimo
nujno potrebno povratno zvezo med grafiènim
vmesnikom in programom BONK, so postopki za
doloèevanje smeri pretokov moèi in vzroènosti
dodani tudi v sam grafièni vmesnik. Aktivne
povezave moramo vedno sami oznaèiti.

Oba programa, BONK in grafièni vmesnik
sta povezana v celoto prek datoteke s podatki, ki za
uporabnika programa ni nujno potrebna. Je pa
ohranjena kot razlièica besednega opisa problema
oziroma povezovalnega grafa.

Za ponazoritev uporabe grafiènega
vmesnika je na sliki 1 prikazano okno, ki je na voljo
uporabniku za risanje povezovalnega grafa. Narisani
povezovalni graf je opis problema, ki ga
obravnavamo v naslednji toèki.

Orodjarna obsega tri skupine gumbov, z leve
strani so najprej gumbi za delo z datotekami, za
shranjevanje slik, izpis, brisanje,  sledijo elementi
povezovalnih grafov, od napetostnega vira do povezave,
zadnja skupina so gumbi za urejanje (spreminjanje)
opisov elementov, premike in brisanje posameznih
elementov. Obièajna uporaba je taka, da nazadnje

workings was deemed not appropriate. So for the
graphical interface we have the following
requirements:
- to enable drawing of bond-graphs, inserting

values, functions, assignments, activations and
everything else which is necessary to describe a
system with a bond-graph and to automate
certain procedures,

- when the bond-graph is completed to write the
file with data for the program BONK.

For a full description of a system with a
bond-graph, power directions and causality on bonds
have to be specified. These are determined by
procedures inside BONK. But we want them also in
bond-graphs. To make the feedback from BONK to
the graphical interface unnecessary, routines for
power directions and causality are also included in
the graphical interface. Activation of bonds we
always do ourselves.

Both programs, BONK and the graphical
interface, are connected through the data file, which
for the user is not essential, however it is kept
available as a textual version of the bond-graph.

To illustrate the use of the graphical
interface, Figure 1 represents the window a user has
at his disposal for drawing bond-graphs. The drawn
bond-graph is connected with the problem we will
look into in the next section.

The toolbar has three sets of buttons, the
first set on the left is for working with files, storing
and recalling them, storing bond-graphs as
pictures, printing them, erasing them. Next follows
the elements of bond-graphs, from sources to the
bonds. The last set is for editing, moving, deleting
and help. When drawing, bonds are drawn between

Sl. 1. Okno z orodjarno za risanje povezovalnih grafov in povezovalni graf èetrtinskega modela avtomobila
za analizo vzmetenja

Fig. 1. Window with toolbar for drawing bond graphs with a bond graph of a quarter car model for analysis
of car�s suspension
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vstavljamo povezave med �e name�èene druge elemente
povezovalnega grafa. Èe neki element zbri�emo, hkrati
zbri�emo tudi njegove povezave.

3 ANALIZA VZMETENJA AVTOMOBILA

Vzmetenje je poleg vrste sistemov eden od
pomembnej�ih dinamiènih sistemov v avtomobilu.
Mora biti dovolj mehko, da je vo�nja udobna in hkrati
dovolj trdo, da ne pride do  nihanj vozila in
morebitnih udarcev vozila ob vozno povr�ino,  ali da
bi kolesa izgubila stik z  njo. Zahteve si pogosto
nasprotujejo, iskanje najprimernej�e re�itve je
te�avno. Izbiro si olaj�amo z uporabo orodij, npr.
programov za simuliranje vzmetenja. Program
BONK je �e tak�no orodje.

Problem vzmetenja ni preprost. Vozna
povr�ina obièajno ni idealna ravnina, zato moramo
upo�tevati gibanje avtomobila v treh koordinatnih
smereh in �e vrtenje okoli treh osi. Da so problemi
obvladljivi, jih poenostavljajo. Pri avtomobilu je tak
preprost model èetrtinski model avtomobila:
- obravnavamo samo eno kolo in èetrtino mase

avtomobila,
- dovoljeno gibanje  je samo v navpièni smeri,
- obravnavano kolo je povezano s èetrtinko

avtomobila z vzmetjo in du�ilnim elementom,
- pnevmatiko ponazorimo z vzmetjo (bolj�i modeli

dodajo �e du�ilni element).
Na sliki 2 je skica obravnavanega sistema

vzmetenja  z oznaèbami elementov. Vrednosti
elementov smo povzeli po literaturi [8] in so:
M = 267 kg
m = 36,6 kg
K = 18700 N/m
k = 184000 N/m
B = 1398 Ns/m

already placed elements. If an element is deleted,
bonds that are connected to the deleted element
are also deleted.

3 ANALYSIS OF A CAR SUSPENSION

Suspension is one of the most important
dynamic systems on a car. It has to be soft enough so
that the driving is comfortable, but it has to be stiff
enough to prevent oscillations and contact with the
driving surface or tires loosing contact with the driving
surface. These requirements are often in contradiction,
searching for a good solution is not easy. Progress is
easier, if tools such as the program BONK are used.

As has already been stated, dealing with
suspension is not an easy problem. The driving
surface is not ideal, so moving of a vehicle in 3D
space and rotation around three axes must be taken
into account. To make problems manageable, they
are simplified. A simple model of a car�s suspension
is a so-called quarter car model:
- only one wheel is considered and 1/4 of the car�s

mass,
- movements only in the vertical direction are

allowed,
- the wheel is connected with 1/4 of the car through

a spring and a damper,
- the tire is approximated with a spring (better

models add a damper).
A schematic model of the simple suspension

is shown in Figure 2. The values of elements taken
from [8] are:
M = 267kg
m = 36.6 kg
K = 18700 N/m
k = 184000 N/m
B = 1398 Ns/m

Sl. 2. Èetrtinski model vzmetenja avtomobila
Fig. 2. Quarter car model of car�s suspension
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Po skici sistema in po postopkih,
obravnavanih v [3], [4], [9] in [10], lahko nari�emo
povezovalni graf sistema vzmetenja. Vidimo ga na
sliki 1. Oznaèene so tudi smeri toka moèi in
vzroènosti. Izbran je en sam izhod (y1 na povezavi
4). Iz lege oznaèbe izhoda glede na  oznaèbo
povezave lahko sklepamo, ali nas zanima napetostna
spremenljivka ali tokovna (ali obe).  Napetostni
izhodi so nad oznaèbo povezav, tokovni pod. Kot
izhod nas torej zanima pretoèna spremenljivka na
povezavi 4, to je hitrost mase M (=I1), v2(t). Kje so
vhodi? V grafu niso posebej oznaèeni, so pa vidni.
To so viri. V na�em primeru imamo en sam vir,
tokovni, hitrost spreminjanja vi�ine vozne povr�ine,
v0(t).

Vsak element ima lahko oznaèbo, kaj
pomeni, ime, razlièni elementi istega tipa se
razlikujejo v indeksih, ki jih lahko poljubno
definiramo (v okviru tromestnih �tevil), pod oznaèbo
tipa in indeksa je vrednost elementa ali pa ime
funkcije, èe je element nelinearen. Funkcije so
definirane v posebnem oknu.

Ko je povezovalni graf narisan in opremljen
s potrebnimi podatki (smer toka moèi in vzroènost
na povezavah ni treba oznaèiti, to stori program,
vendar nari�e v graf, da lahko preverimo pravilnost
oznaèitve in spremenimo, èe je potrebno), lahko
aktiviramo program BONK, da izdela  matematièni
model, nakar lahko izberemo eno ali veè vrst analize.
Kaj bi lahko bilo zanimivo? Èe je sistem linearen,
na� poenostavljeni model je, nas najpogosteje
zanimajo prenosne funkcije. Za ponazoritev uporabe
programa si oglejmo frekvenèni potek oziroma
Bodejev diagram prenosne funkcije:

 G s
V s

V s
( )

( )

( )
=

2

0

With the described mechanical model and
by following the procedures in [3], [4], [9] and [10],
a bond-graph of the suspension system is drawn,
see Figure 1. Power directions and causality are
given as well. Only one output is selected (y1 on
bond 4). The position of the output symbol relative
to the bond index tells whether the effort or flow
variable is of interest (or both). The effort output
variables are above the labels, the flow output
variables below. So we are interested in the flow
variable on bond 4, which is the velocity v2(t) of
the mass M (=I1). Where are the inputs? They are
not explicitly given but still visible. They are sources
and in our case there is only one source, the source
of flow, the velocity v0(t) of the driving surface in
the vertical direction.

Each element can be assigned a label, a
name, elements of the same type differ in indices
limited to numbers with at most three places.
Under the type symbol is either the value of the
element or the function name, if the element is
nonlinear. Functions are defined in a separate
window.

With the bond-graph drawn, power
directions and causality assigned (either by the user
or preferably by the program, changes, if necessary,
are possible), BONK can be activated. After the
mathematical model is computed, desired analysis,
either one or more is selected. What can be of interest?
If the system is linear and this is the case with our
simplified model, transfer functions are most often
of interest. In order to illustrate we can have a look
at the frequency response or Bode chart of the transfer
function:

 G s
V s

V s
( )

( )

( )
=

2

0

Sl. 3. Amplitudni in fazni potek prenosne funkcije G(s)
Fig. 3. Amplitude and phase diagrams of the transfer function G(s)
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na sliki 3, korene imenovalca prenosne funkcije v s
ravnini na sliki 4 in na sliki 5 èasovni odziv na
koraèno spremembo v0(t). Iz frekvenènega diagrama
ali iz lege korenov ali iz odziva  lahko ugotovimo,
da sistem nima dobrih lastnosti, da je premalo du�en.
Potrebna bi bila poprava sistema, izbrati bi morali
druge, primernej�e vrednosti elementov, da bi dobili
zadovoljive razmere. To bi lahko naredili, orodje je
na voljo. Omejili smo se na eno samo prenosno
funkcijo. Za podrobnej�o analizo bi morali upo�tevati
�e druge, npr. stik pnevmatike s cesti�èem, s kak�no
silo pritiska kolo na cesti�èe. Koraèna funkcija kot
vhod  je za doloèitev prehodnih pojavov zelo koristna,
za bolj�o oceno delovanja v stvarnih razmerah pa bi
morali  imeti tudi bolj stvarne vhodne funkcije.

V [8], [9] in [11] do [14] lahko najdemo
dodatne zglede za uporabo povezovalnih grafov na
podroèju vozil in motorjev.

in Figure 3, or at the poles of the transfer function in the
s-plane in Figure 4 and the time response to a step change
in v0(t) in Figure 5. Either from the frequency diagram
or plot of the roots or from the time response a conclusion
can be drawn that there is not enough damping in the
system. A correction of the system is necessary with a
more suitable set of parameters for the suspension system
to show a better response. This correction can be achieved
since the tool is available, however it will not be described
here. In this example we have chosen only one transfer
function, it is much better to take into account others as
well, for example the contact of the tire with the driving
surface. The step function is a very useful testing function,
but for a good assesement of the car in real conditions,
more real input functions are needed.

In [8], [9] and [11] to [14] there are more
examples of bond-graph usage in connection with
vehicles and engines.

Sl. 4. Poli prenosne funkcije G(s) in njihova lega v s-ravnini
Fig. 4. Poles of the transfer function G(s) and their location in s-plane

Sl.  5. Èasovni odziv prenosne funkcije G(s) na koraèno spremembo 1m/s ob èasu t = 0 s hitrosti v0(t)
Fig. 5. Time response of the transfer function G(s) to the step change of 1m/s at t = 0 s of the velocity v0(t)
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4 SKLEP

Predstavljen je program BONK, ki z
grafiènim vmesnikom za neposredni vnos
povezovalnih grafov omogoèa preprosto in hitro
modeliranje in simuliranje linearnih in nelinearnih
sistemov. Kot zgled in prikaz nekaterih zmogljivosti
programa je bil obdelan preprost èetrtinski model
vzmetenja avtomobila.

Delo na programskem paketu nadaljujemo,
poveèati �elimo izbiro novih elementov v
povezovalnih grafih in olaj�ati primerjave analiz.

4 CONCLUSION

The program BONK and its graphical
interface for entering bond-graphs directly as input
data was presented. Through it, quick and simple
modelling and simulation of linear and nonlinear
systems is possible. As an example and to show some
of the program�s capabilities a simple quarter car
model of the car�s suspension was described.

Work on the program is continuing, it is
planned to include greater selection of bond-graph
elements and easier comparison of analysis results.
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V èlanku je najprej prikazan pregled modeliranja vibracij pralnikov Gorenje. Sledi prikaz
eksperimentalne metode doloèanja zvoène moèi in potek zni�evanja hrupa pralnika z uporabo du�ilnih
materialov.
© 1999 Strojni�ki vestnik. Vse pravice pridr�ane.
(Kljuène besede: stroji pralni, modeliranje vibracij, hrupnost strojev, materiali du�ilni)

This paper begins with an overview of the modelling of the dynamical behaviour of Gorenje washing
machines. Subsequently there is a presentation of the experimental method of defining sound intensity and the
procedure for the reduction of washing machine noise by the use of muffling materials.
© 1999 Journal of Mechanical Engineering. All rights reserved.
(Keywords: washing machine, vibration modells, machine noise, muffling materials)

0 INTRODUCTION

In recent years one of the trends in the
development of large household appliances is the
reduction of noise. In 1996 the Directive of European
Community 92/75/EWG came into force, according
to which the noise levels of individual washing
machines have to be declared, and customers have
to be informed by means of an appropriate label
containing information about the level of sound
power during washing as well as during spinning.

The world market demands quieter and
more economical washing machines with higher
rotation speed of the drum during spinning. Dynamic
loading is increased by the square of the rotation
speed which can cause vibration of the washing
machine and higher noise levels. The present
recommendations for the level of sound power define
the total level to be lower than 65 dB during spinning,
regardless of the rotation speed of the machine.

The methods for measuring the sound power
are standardised (ISO 3745), as well as the way in
which the appliance is operated, which for washing
machines is IEC 704-2-4.

It should be pointed out that tumbling and
spinning are, as far as the problem of noise reduction
is concerned, mutually exclusive. While the

0 UVOD

Razvoj velikih gospodinjskih aparatov
se v zadnjih let ih vedno bolj  usmerja k
zmanj�evanju hrupnosti strojev. Od leta 1996 je
v veljavi priporoèilo evropskega zdru�enja 92/
75/EWG, ki predpisuje razglasitev emisijske
ravni hrupa pralnih strojev in informiranje
porabnikov z ustrezno nalepko, ki vsebuje
podatek o ravni zvoène moèi pri pranju in
o�emanju.

Svetovni trg terja mirnej�e, ti�je in
varènej�e pralne stroje z veèjo vrtilno frekvenco
bobna pri o�emanju. Dinamiène obremenitve se
veèajo s kvadratom vrtilne frekvence, kar se ka�e
v manj�i mirnosti teka pralnika in v vi�ji ravni
hrupnosti. Sedanja priporoèila za raven zvoène
moèi predpisujejo celotno raven manj�o od 65 dB
pri o�emanju, ne glede na vrtilno frekvenco
o�emanja.

Metode za merjenje zvoène moèi so
standardizirane (ISO 3745), prav tako je predpisan
naèin delovanja naprave, ki jo merimo (IEC 704-2-4
za pralne stroje).

Poudariti je treba, da se mencanje in
centrifuga glede problematike zmanj�anja
hrupnosti povsem izkljuèujeta. Medtem ko na
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hrupnost pri mencanju vpliva predvsem
elektromotor, vpliva pri centrifugi, zaradi
problemov z neuravnote�enostjo perila, na hrupnost
konstrukcija pralnega stroja in elastièni deli, ki
bla�ijo vibracije in udarce.

V prispevku je v nadaljevanju najprej na
kratko prikazan potek modeliranja vibracij pralne
skupine v domaèem strokovnem okolju.

1 PREGLED MODELIRANJA VIBRACIJ

Modeliranje dinamiènega obna�anja
pralnika ter predvsem njegove pralne skupine se
je odvijalo v okviru Laboratorija za dinamiko
strojev in konstrukcij Fakultete za strojni�tvo v
Ljubljani.

Na zaèetku je bil postavljen osnovni
ravninski model pralne skupine s tremi prostostnimi
stopnjami. Pri preuèevanju zagona smo uporabljali
izmerjeni èasovni potek vrtilne frekvence bobna pri
o�emanju. V nadaljevanju smo preuèevali ujetje
sistema v resonanènem podroèju ter vpliv sile te�e
rotorja na dinamièno obna�anje pralnika. Sledila je
raz�iritev modela z vkljuèitvijo gibanja okrova
pralnika, kar je pomenilo upo�tevanje sedem
prostostnih stopenj. Izkazalo se je, da so prednosti
tako raz�irjenega modela premajhne glede na
obse�nost dela.

Nato je sledila poglobitev teoretiènega
postopka modeliranja z uporabo modernih metod
iz teorije nelinearnih dinamskih sistemov.
Obravnavo dinamiènega obna�anja pralne skupine
smo raz�irili na fazni prostor, tako na pravi fazni
prostor na podlagi integracije gibalnih diferencialnih
enaèb kakor tudi na rekonstruirani na podlagi
meritve ene same spremenljivke. Dobili smo dobro
ujemanje pri oceni korelacijske dimenzije med
modelom in preskusom.

electromotor influences the noise during tumbling,
the design of the washing machine and the elastic
parts, which reduce vibrations and strokes, due to
problems with unbalanced laundry, influence the
noise level during spinning.

In this paper, first of all, a short overview
describing the modelling of the dynamical behaviour of
the  washing machine in Slovenian institutions is given.

1 AN OVERVIEW OF MODELLING VIBRATIONS

The modelling of the vibrational behaviour
of the washing machine was conducted in the
Laboratory for Dynamics of Machines and Structures,
Faculty of Mechanical Engineering in Ljubljana.

Initially, the basic planar model that
consisted of three degrees of freedom was set up.
Startup behaviour was studied by employing the
measured drum angular velocity. The next step
introduced the study of spin-up through resonance
including the influence of the drum weight. The basic
planar model was also extended into a system of two
planar rigid bodies with seven degrees of freedom.
However, the benefit from such an extension was not
sufficient when compared to the increased level of
complexity.

The next important step in theoretical
modelling was orientated towards modern methods
from the theory of non-linear dynamical systems. The
description of the dynamical behaviour of the
washing complex was expanded into the phase space
of the system. The real phase space was based on the
integration of the governing differential equations of
motion while the reconstructed one was based on a
single measured time history, employing the
embedding theorem. In the estimation of the
correlation dimension, good agreement between the
model and the experiment was found.
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Sl. 1. Model pralne skupine
Fig. 1. Model of washing group
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Just recently, the bispectral analysis of the
vibrational responses of the washing complex at
spinning was performed. The values of bicoherence
squared showed some quadratic phase coupling
between spectral components and thus confirmed the
non-linearity of the system.

The major part of the described theoretical
modelling is shown in [1] to [3]. The model itself is
shown in Fig. 1.

Irrespective of the extent of vibrational
modelling as well as their control on a real washing
machine, the vibrations cannot be avoided.
Consequently, the noise as a result of the remaining
vibrations must be tackled also in a passive way. In
the following, the use of insulating materials in order
to reduce structure-born noise is described.

2 ACOUSTIC MEASUREMENTS

The method of measuring sound intensity
was used. Sound intensity provides information about
the sound direction as well as its value:

                                                                                                           (1).

Unlike noise pressure measurements (it is
measured directly by microphones), noise intensity
is determined in real time by measuring the sound
pressure and the speed of the particles. The receiver,
which simultaneously measures sound pressure and
the speed of the particles, is the probe for intensity.
The probe has two microphones for sound pressure
which are placed opposite each other. The distance
between the microphones is Dr (Fig.2) [4].

2.1 Measuring the speed of particles on the basis
of pressure difference

If the average sound pressure is p
p p

=
+1 2

2
, the

intensity along the measuring probe is [5] to [7]:

                                                                              (2).

V zadnjem èasu je bila izvedena tudi
bispektralna analiza dinamiènih odzivov pralne
skupine pri o�emanju. Vrednosti kvadratiène
bikoherence so dokazale kvadratièno sklapljanje faz
med posameznimi frekvenènimi komponentami
dinamike pralne skupine ter s tem povezano
nelinearnostjo sistema.

Glavnina povzetega dela pri modeliranju
dinamike pralnika je opisana v [1] do [3], sam model
pa je prikazan na sliki 1.

Ne glede na obseg modeliranja vibracij ter
na njihov nadzor pri realnem pralniku se vibracijam
ne da izogniti. Zato pri praktiènem zmanj�evanju
hrupnosti pralnika uporabimo tudi du�enje
strukturnega hrupa z dodajanjem izolacijskih
materialov.

2 AKUSTIÈNE MERITVE

Pri meritvah smo uporabljali metodo
merjenja zvoène moèi. Zvoèna moè da informacijo
o zvoku tako po smeri kakor po vrednosti:

I
W

A

F

A
v p v= = × = ×

V nasprotju z meritvami zvoènega tlaka
(merimo ga neposredno z mikrofoni), zvoèno moè
doloèamo v dejanskem èasu z merjenjem zvoènega
tlaka in hitrosti delcev. Odjemnik, ki hkrati meri
zvoèni tlak in hitrost delcev, je sonda za jakost.
Sonda ima dva nasprotno si le�eèa mikrofona za
zvoèni tlak. Mikrofona sta na razdalji Dr (sl. 2)
[4].

Sl. 2. Sonda za merjenje zvoène jakosti
Fig. 2. Probe for measuring sound intensity

2.1 Merjenje hitrosti delcev na podlagi razlike
tlakov

Èe je povpreèni zvoèni tlak p
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2
, je jakost

vzdol� merilne sonde [5] do [7]:
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2.2 Probe for measuring sound intensity

The probe has two microphones placed
opposite each other and phase adjusted. There is an
appropriate interface built between the microphones,
according to the frequency range which is being
measured. For the range from 50 Hz to 6300 Hz a
0.5 inch microphone is used, whereas 0.25 inch
microphones are more suitable for higher frequencies.

The signal is fed from the measuring probe
into the sound intensity analyser. Phase adjustment
of the microphones and an appropriate interface play
an important role in precise measurements [6].

3 NOISE REDUCTION

The noise of a washing machine depends on:
the design of the washing machine, the electromotor,
rubber parts for absorbing vibrations, and sound insulation
of the washing machine itself. Each of the mentioned parts
has its own characteristics which contribute to the increase
or reduction in noise. Although noise reduction during its
transfer is technically the most effective (use of muffling
materials or materials which muffle transfer of vibrations -
composite sheet metal), our efforts have been directed also
to the reduction of noise at its origin, which is the most
justified from the energy and ecology point of view.

Insulation is certainly the most important method
for noise reduction and this is why  most research has been
dedicated to it. As we also took into account cost limitations
it was necessary to reach our target value with the cheapest
insulation possible. Numerous measurements were done
in the half deaf chamber of the laboratory for acoustics and
vibrations. By measuring sound intensity along all five
radiation surfaces the places of the highest radiation were
localised and insulation was created according to this. We
have tested the following as potential insulation materials:
- composite sheet metal,
- polyurethane foam (smooth and pyramid),
- frayed waste textile cotton fibres,
- heavy masses.

N. Hole~ek

2.2  Sonda za merjenje zvoène jakosti

Sonda ima dva nasprotno si le�eèa
mikrofona, ki sta fazno prilagojena. Med
mikrofonoma je vgrajen ustrezen vmesnik, glede
na frekvenèno obmoèje, ki ga merimo. Za podroèje
50 Hz do 6300 Hz se uporablja 0,5 palèni mikrofon,
za vi�je frekvence so bolj primerni 0,25 palèni
mikrofoni.

Iz merilne sonde vodimo signal na analizator
zvoène jakosti. Pomembno vlogo za natanènost
meritev ima fazna prilagojenost mikrofonov in
ustrezni vmesnik [6].

Sl. 3. Shema izraèuna zvoène jakosti
Fig. 3. Scheme of calculation of sound intensity

3 ZMANJ�ANJE HRUPA

Hrupnost pralnega stroja je odvisna od:
konstrukcije, elektromotorja, gumijastih delov, ki
bla�ijo vibracije, ter od zvoène izolacije. Vsak od
navedenih delov ima svoje lastnosti, ki prispevajo k
zmanj�anju ali poveèanju hrupnosti. Èeprav je
zmanj�evanje hrupa na poti njegovega �irjenja tehnièno
najbolj uèinkovito (uporaba du�ilnih materialov ali
materialov, ki du�ijo prena�anje vibracij - kompozitna
ploèevina), smo svoja prizadevanja usmerjali tudi na
zmanj�evanje hrupa na izvoru, ker je to z energetskega
in ekolo�kega vidika najbolj upravièeno.

Po dele�u seveda k zmanj�anju hrupnosti
najveè prispeva izolacija. Zato smo ji tudi posvetili
najveè raziskav. Ker smo si zadali tudi cenovno omejitev,
je bilo potrebno s èim manj izolacije in s èim cenej�o
izolacijo doseèi na�o ciljno vrednost. Opravljena je bila
mno�ica meritev v polgluhi komori laboratorija za
akustiko in vibracije. Z merjenjem zvoène moèi po vseh
petih sevalnih povr�inah smo doloèili mesta najveèjih
sevanj in se je temu primerno oblikovala tudi izolacija.
Kot izolacijske materiale smo presku�ali:
- kompozitno ploèevino,
- poliuretansko peno (gladko in piramidno),
- cefrana odpadna tekstilna vlakna bomba�a,
- te�ke mase.

1/3-oktavni
digitalni filter

tlak          jakost

eksponentno ali
linearno povpreèenje

exponential or
linear averaging

ADP
ADC

ADP
ADC



99-7/8
stran 291

The comparison between measurements of
the partly and totally insulated machine in tumbling
as well as during spinning show that we have
succeeded in reducing the noise at all critical places.
Additional insulation BORGERS has a much larger
effect on the reduction of sound power of the
appliance during tumbling - by 7.7 dB - than during
spinning - by 2.5 dB. It seems that an essential
element during spinning is a good insulation of the
front wall. Special attention should be paid to the
edges at the bottom of the appliance. All the sides of
the appliance may be significant in terms of the origin
of noise, so it is important that the whole appliance
is insulated. This is true also for the back wall, which
is not subject to such large vibrations as the front
and side walls, but it can emit a high sound power.
During measurements of the sound intensity of a
partly insulated appliance the least insulated was the
back wall (only the bottom edge near the cover).
Comparison of the sound power from the sides during
spinning has shown that the back wall is the loudest.

Zmanj{anje hrupa pralnih strojev - The Reduction of Washing Machine Noise

Sl. 4. O�emanje - delno izoliran stroj - zorni kot spredaj-levo
Fig. 4. Spinning - partly insulated machine - angle of sight front-left

Sl. 5. O�emanje - v celoti izoliran stroj - zorni kot spredaj-levo
Fig. 5. Spinning - totally insulated machine - angle of sight front-left

Primerjava med meritvijo delno in v
celoti izoliranega stroja tako pri mencanju kakor
o�emanju ka�e, da nam je z izolacijo uspelo
zni�ati hrup na vseh kritiènih mestih. Dodatna
izolacija BORGERS (cefrana odpadna tekstilna
vlakna bomba�a) ima veliko veèji uèinek na
zmanj�anje zvoène moèi stroja pri mencanju - za
7,7 dB - kakor pri o�emanju - za 2,5 dB. Pri
o�emanju je bistveni element dobro izolirana
prednja stena. Posebno pozornost velja posvetiti
tudi robovom na dnu stroja. Vse stranice na stroju
so lahko znaten vir hrupa, zato je pomembno, da
je izolirana celotna naprava. To velja tudi za
zadnjo steno, katera sicer ni izpostavljena velikim
vibracijam kakor sprednja ali boène stene, vendar
lahko kljub temu oddaja veliko zvoèno moè. Pri
meritvi zvoène moèi delno izoliranega stroja je
bila zadnja stena najmanj izolirana od vseh (samo
spodnji rob ob pokrovu). Primerjava po zvoèni
moèi med stranicami je pri o�emanju pokazala,
da je zadnja stena najglasnej�a.

zgoraj/up

nad/above 64

pod/below 50

levo/left spredaj/front

magnituda jakosti v dB
intensity mag. in dB
frekv./freq. 100-10.0kHz

nad/above 64

pod/below 50

levo/left
spredaj/front

zgoraj/up
magnituda jakosti v dB
intensity mag. in dB
frekv./freq. 100-10.0kHz
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4 CONCLUSION

Vibration control alone is not sufficient to
reduce the noise of washing machines to the level that
is required by the demanding world markets of today.
In this paper first a short overview of the theoretical
vibrational modelling was given. During practical
noise reduction a detailed acoustic analysis of the
washing machine was conducted before and after the
change, which is enabled by the method of measuring
sound intensity. Sound intensity (active component of
the density of the energy flow of the sound wave) is a
vector delivering information about the value and
direction of sound energy spreading [7].

Subsequently noise at critical points was
being reduced by insulation and we reached the
recommended values. Today we are proud to claim
that our SUPER SILENT washing machines are
among the quietest on the market.

N. Hole~ek

Sl. 6. O�emanje - delno izoliran stroj: zvoèna moè
po posameznih stranicah

Fig. 6. Spinning - partly insulated appliance:
sound power by individual sides

Sl. 7. O�emanje - v celoti izoliran stroj: zvoèna
moè po posameznih stranicah

Fig. 7. Spinning -totally insulated appliance: sound
power by individual sides

Razpredelnica 1. Zvoèna moè naprave po posameznih spremembah
Table 1. Sound power of the appliance by individual changes

izolacija

insulation

zvoèna moè pri

mencanju v

dB(A)

sound power in

tumbling in

dB(A)

zvoèna moè pri

o�emanju v

dB(A)

sound power in

spinning in

dB(A)

BORGERS debeline 15mm: delovna plo�èa in dno
BORGES 15 mm thick: working panel and bottom 57,3 70,3

dodatno: izolacija na levi in desni stranici povi�ana do 600mm
additional: insulation on the left and the right side raised to 600 mm 52,6 69,9

dodatno: leva in desna stran izolirana v celoti na dnu dodatno izolirani robovi
additional: left and right side insulated in total and at the bottom additionally

insulated edges
49,6 67,8

4 SKLEP

Hrupnosti pralnikov se samo z nadzorom
vibracij ne da zni�ati do meje, ki jo dandanes terjajo
zahtevni svetovni trgi. V èlanku smo najprej na
kratko podali pregled teoretiènega modeliranja
vibracij. Pri praktiènem zmanj�evanju hrupnosti
smo pred spremembo in po njej naredili podrobnej�o
akustièno analizo pralnika. To omogoèa metoda
meritve zvoène moèi. Zvoèna moè (aktivna
komponenta gostote energijskega toka zvoènega
valovanja) je vektor in z njim lahko dobimo
informacijo o velikosti in smeri �irjenja zvoène
energije [7].

V nadaljevanju smo z izolacijo zni�evali
hrup na kritiènih mestih in smo se priporoèenim
vrednostim povsem pribli�ali.  Tako se lahko
pohvalimo, da so na�i pralni stroji SUPER SILENT
med najti�jimi na tr�i�èu.

A-vrednoteno/A-weighted
frekv./freq.: 100-10,0k Hz

zadaj/back
spredaj/front
desno/right
levo/left
zgoraj/up

63,3 dB+
60,3 dB+
59,2 dB+
58,9 dB+
55,3 dB+

zadaj/back
spredaj/front
desno/right
levo/left
zgoraj/up

59,2 dB+
58,7 dB+
56,2 dB+
55,9 dB+
51,8 dB+
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5 SEZNAM  SPREMENLJIVK
5 NOMENCLATURE

zvoèni tlak
zvoèna moè
moè
sila
gostota
hitrost

sound pressure
sound intensity
power
force
density
velocity

p Pa, dB
I W/m2, dB
W W, dB
F N
r kg/m3

v m/s

Zahvala

Avtor se zahvaljuje doc. dr. Mihu Bolte�arju
iz Laboratorija za dinamiko strojev in konstrukcij
Fakultete za strojni�tvo Univerze v Ljubljani za
pomoè pri pisanju èlanka.

6 LITERATURA
6 REFERENCE

[1] Bolte�ar M., N. Jak�iæ, A. Kuhelj (1998) Quantitative phase space analysis of the nonlinear planar oscil-
latory system. Zeitschrift für Angewandte Mathematik und Mechanik, 78(S1), 287-288.

[2] Jak�iæ N., Bolte�ar, M., Simonovski, I., A. Kuhelj (1999) Dynamical behaviour of the planar non-linear
mechanical system � Part I: Theoretical Modelling. Journal of Sound and Vibration. (sprejeto v objavo/
accepted for publication).

[3] Bolte�ar, M.,  Jak�iæ, N., Simonovski, I., A. Kuhelj (1999) Dynamical behaviour of the planar non-linear
mechanical system � Part II: Experiment. Journal of Sound and Vibration. (sprejeto v objavo/accepted for
publication).

[4] Fahy, Frank J. (1989) Sound Intensity, Elsevier Science Publisher Ltd., London.
[5] Beranek, L. (1988) Noise and Vibration Control, Institute of noise control engineering, Washington.
[6] Sound Power measurements (1992) Application Note 1230 Hewlett Packard.
[7] Holeèek, N. (1992) Identifikacija virov hrupa in doloèanje zvoène moèi, seminar podiplomskega �tudija,

Fakulteta za strojni�tvo, Ljubljana.

Naslov avtorja: Nikola Holeèek
Gorenje d.d.
Laboratorij za akustiko
3503 Velenje

Author�s  Address: Nikola Holeèek
Gorenje Ltd.
Laboratory for Acoustics
3503 Velenje, Slovenia

Prejeto: Sprejeto:
Received:  

11.1.1999
Accepted: 

 15.9.1999

Acknowledgement

Thanks are due to Doc.Dr. Miha Bolte�ar
from Laboratory for Dynamics of Machines and Struc-
tures, Faculty of Mechanical Engineering, University
of Ljubljana for the help in writing this paper.



99-7/8
stran 294

Parametri optimizacije varjenja za novo
str`ensko `ico tipa RD 971
Optimisation of Welding Parameters for the New Tubular
Cored Electrode Type RD 971

Jozef Me{ko - Viliam Le`dík - Milo{ Mi~ian

© Strojni{ki vestnik 45(1999)7/8,294-300
ISSN 0039-2480
UDK 621.791:621.791.04
Strokovni ~lanek (1.04)

© Journal of Mechanical Engineering 45(1999)7/8,294-300
 ISSN 0039-2480

UDC 621.791:621.791.04
Speciality paper (1.04)

Namen èlanka je pokazati mo�nosti optimiranja varilnih parametrov za novo str�ensko �ico tipa RD
971, ki je izvedena z matematièno - statistiènim vrednotenjem varilnega toka in napetosti. Vsi preskusi so bili
narejeni z novim dodajnim materialom - s str�ensko �ico tipa RD 971, ki je bila razvita na Tehnolo�ki fakulteti,
Univerze v �ilni, v sodelovanju z Institutom za varjenje v Bratislavi
© 1999 Strojni�ki vestnik. Vse pravice pridr�ane.
(Kljuène besede: �ice str�enske, optimiranje varjenja, stabilnost procesov, kriteriji stabilnosti)

The aim of this paper is to show how the parameters can be optimised using a mathematical - statis-
tical evaluation of the time dependence of  the electric current and voltage with the new tubular cored wire type
RD 971. This contribution demonstrates the abilities of the  new filler material - tubular cored wire type  RD
971, that was developed at the Department of Technological Engineering, University of �ilina in co-operation
with VÚZ - Bratislava.
© 1999 Journal of Mechanical Engineering. All rights reserved.
(Keywords: cored wire electrodes, optimum welding conditions, stability of process, stability criterion)

0 INTRODUCTION

The arc welding method with shielding
gas has large losses due to splashing, similar to
other arc welding methods. The arc welding with
shielding gas is more appropriate to keep the weld
process  in the optimum area of stability. The evalu-
ation of  stability arcing is based on optimum work-
ing areas.  We can find optimum working areas in
different weld metal transmittal modes. The weld-
ing areas chosen from the working process are
characterised by minimum splashing and weld joint
quality. The optimum parameters are determined
from working areas, more specifically the weld-
ing source of current, filler metal and shielding
gas ([1] and [7]).

1 THE SHORT CIRCUIT
PROCESS ANALYSIS

It is a common rule that for a stable welding
processes,  the wire melting speed must be  balanced
with the speed of the feed in the base material direction.
If the electrode feed speed is higher than the melting speed,
then the melt metal drop at the end of electrode is in the
welding bath during the short circuit. After the short cir-
cuit process starts (the short circuit process is realized in
large-scale welding parameter areas), lower melting
speeds or lowering of the values of the voltage occur [4].

0 UVOD

Podobno kakor pri drugih postopkih
obloènega varjenja, se, zaradi brizganja, pojavljajo
velike izgube dodajnega materiala tudi pri varjenju
v za�èitnih atmosferah. Ta naèin varjenja je
zahtevnej�i glede vzdr�evanja procesa v okviru
pogojev optimalne stabilnosti. Vrednotenje stabilnosti
varilnega obloka je zasnovano na optimizaciji
delovnih podroèij. Optimalna delovna podroèja je
mogoèe ugotoviti pri razliènih naèinih prehajanja
dodajnega materiala. Za optimalna delovna podroèja
je znaèilno, da ni brizganja in da je zvarni spoj
kakovosten. Delovna podroèja optimalnih varilnih
parametrov so vezana na doloèen vir  varilnega toka,
doloèen dodajni material in za�èitni plin ([1] in [7]).

1 ANALIZA KRATKOSTIÈNEGA
PREHAJANJA MATERIALA

Za stabilnost varilnih procesov velja
obièajno pravilo, da mora biti hitrost odtaljevanja
enaka hitrosti dovajanja dodajnega materiala. Èe
je hitrost dovajanja dodajnega materiala veèja od
hitrosti odtaljevanja, potem se kapljice potapljajo
v zvarno kopel. Ob pojavu kratkega stika med
elektrodo in talino se zaène zmanj�evati hitrost
odtaljevanja in pride do zni�anja varilne napetosti
[4].
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Proces kratkostiènega prehajanja se lahko
razdeli v kratkostièno fazo x

s
 in fazo gorenja obloka x

o

(ki vèasih izostane - faza izostajanja x
a
). Za interval

kratkega stika je znaèilno zni�anje varilne napetosti
na vsega nekaj voltov. Èas zni�ane varilne napetosti
je sorazmerno odvisen od velikosti nastale kapljice. V
èasu trajanja kratkega stika z uporovnim segrevanjem
prostega konca elektrode se napetost postopno zvi�uje.
Tok ne more slediti spremembi napetosti kratkega
stika, ker je odvisen od èasovne konstante vira in od
induktivnosti varilnega tokokroga. Ob pojavu kratkega
stika se priène tok eksponentno zveèevati in dose�e
najveèjo vrednost na koncu tega obdobja.

Pojav najveèje jakosti kratkostiènega toka
povzroèi, da pride ob ponovni vzpostavitvi obloka do
brizganja taline. Ob v�igu obloka dose�ena jakost
kratkostiènega toka ni odvisna samo od njegovega
zveèevanja, pomembno je odvisna tudi od dinamiènih
lastnosti vira toka in obenem od najveèje vrednosti
varilnega toka. Po prekinitvi kratkega stika se jakost
toka zmanj�a na srednjo vrednost varilnega toka.

Ob prekinitvi kratkega stika se pojavi tudi
kratkotrajno povi�anje varilne napetosti ([5] in [6]).
Potek kratkostiènega obdobja s fazami prehajanja
materiala prikazuje slika 1.

The short circuit process can by divided in-
to the short circuit phase x

s 
, and the arcing phase x

o

(sometimes the phase absence x
a
). The short circuit

section is defined as the decrease of the voltage to a
value of a few volts. The time of the voltage decrease
during the short circuit is proportional to the size of
the drop causing the short circuit. During the short
circuit the voltage slowly rises up to a value equal to
the heating-up resistance . The current can not fol-
low the course of voltage because it is influenced by
the time welding constant of the source and the cir-
cuit. As the short circuit begins, the current starts to
rise exponentially and at the end of the short circuit
it reaches its maximum intensity.

These phenomena cause splashing of the
metal during the short circuit phase, where not only
the ratio of current increase is of importance (it is a
function of the welding source dynamic properties),
but also the maximum value of the welding current.
At the end of the short circuit process the welding
current decreases to the average value.

The phenomenon causes the short-time ris-
ing of the voltage after the finish of the short circuit
process ([5] and [6]). The short circuit phase of metal
transfer is demonstrated in Fig. 1.

Sl. 1. Shematski prikaz varilnega kroga s potekom jakosti toka in napetosti ter fazami prehajanja materiala
med kratkim stikom in gorenjem obloka

Fig. 1. A schematic diagram showing the cycle of current and voltage continuance with metal transfer at the
short circuit phase and arcing phase
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1.1 Kriteriji stabilnosti pri kratkostiènem
varilnem procesu

Pogosto se presoja stabilnost varilnega
procesa samo na temelju vidnih in zvoènih pojavov
v obloku in v skladu z obliko zvara. Za to metodo
ocenjevanja optimalnih nastavitev so potrebne bogate
praktiène izku�nje in strokovna kritiènost
ocenjevalca. Zato je bilo razvitih veè naèinov
statistiènega vrednotenja varilnih parametrov, ki se
spreminjajo okoli srednje vrednosti, npr.: varilne
napetosti ali varilnega toka [1].

Podrobno matematièno-statistièno vredno-
tenje toka in napetosti omogoèa, da za razliène varilne
razmere te vrednosti ponazorimo s histogrami. Ti
histogrami ponazarjajo relativno pojavljanje v èasu,
ko se vrednosti toka in napetosti pojavljajo na
razliènih ravneh ([1] in [2]).

Za vrednotenje stabilnosti varilnega
procesa se lahko uporabijo razliène metode in
kriteriji. Pogosto se izka�e, da izbor kriterija izhaja
iz relativne �irine histograma. Eden od kriterijev
stabilnosti je ocenjen s sekundarnimi parametri;
zlasti s èasom gorenja obloka x

o
 in èasom kratkega

stika x
s
. Kriteriji pomenijo za te parametre izaèunana

odstopanja S. Varilni proces z majhno vrednostjo S
je stabilen. Kratkostièni proces se ka�e kot niz
povezanih pojavov kratkih stikov obloka in
pekinitev obloka.

Kriterij stabilnosti kratkostiènega varilnega
procesa je mogoèe definirati z indeksom stabilnosti
W, ki je sestavljen iz vrste èasovnih variacijskih
koeficientov posameznih faz procesa:

V
i
 - koeficient variiranja, izraèunan iz èasa trajanja

posamezne faze,
o - faza gorenja obloka,
s - faza kratkega stika,
a - faza prekinitve,

t
i
- relativni dele� posamezne faze v varilnem procesu:

kjer je:
åX

i
 - vsota dejansko konèanih faz [s],

t
c
 - celotni èas opazovanja varilnega procesa [s].

Variacijski koeficient je doloèen z izrazom:

kjer sta:
d

i
 - standardna deviacija parametrov,

x
i
 - povpreèna vrednost velièine.

1.1 The stability criterion for the short circuit
welding process

The stability of the welding process can of-
ten be judged only with the help of visual and acous-
tic demonstration of the arc and according to the form
of the weld. The present method of evaluation of the
optimum settings requires plenty of practical experi-
ence. As a result several workers have used statisti-
cal evaluation of the values of welding parameter de-
composition around their average values, for example
voltage or current [1].

A detailed mathematical - statistical evalua-
tion of the variation of current and voltage allows the
creation of histograms of decomposition of these quan-
tities under different welding conditions. These histo-
grams demonstrate the percentile distribution of now,
these quantities are affected  with time ([1] and [2]).

Different methods and criteria can be used
to asses the stability of the welding process. The choice
of criterion often comes from investigating the rela-
tive width of the histogram. One important assessment
of stability requires is evaluation of the secondary pa-
rameters. In particular the parameter types: time arc-
ing x

0
 and time short circuit x

s
. The criterion is posi-

tion at the calculations decisive aberration S these pa-
rameters. The process with a low value of S is shown
as stable. The short circuit process is shown as a series
of casual actions, short circuits of arcing and absences.

The stability criteria short circuit welding
process can be defined by the index of stability W,
which are constituted from the summary time varia-
tions coefficient of individual phases:

   (1),

V
i
 -  is the variation coefficient for the times of exist-

ence for individual phases,
o - phase of arc,
s - phase of short circuit,
a - phase of interruption,
t

i
- phase relative share in the welding process:

(2),

when:
åX

i
- the summary of existent phase elapsed [s],

t
c
 - the global  read cycle time of existing quantity [s].

The variation coefficient is determined from the formula:

    (3),

when:
d

i
- standard deviation of parameters,

x
i
- average parameters of quantity.

W = t
s 
V

s
 + t

o
V

o
 + t

a
V

a
          %

t
i 
= 

c

i

t

×å

Vi =                            %100
i

i ×
x

d
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Èe upo�tevamo definicijo kriterija
stabilnosti, je razumljivo, da se z nizanjem
vrednosti varilnih parametrov zaène veèati
dele� ustavitev v skupnem èasu varjenja.
Te�ave z v�iganjem obloka ob kratkem stiku
se izra�ajo z nepravilnostmi pri nastajanju
zvara. Varilni proces je èasovno stabilen ob
pravilnem prehajanju dodajnega materiala v
talino zvara, ko ima kriterij  stabilnosti W
najmanj�o  vrednost.

2 EKSPERIMENTALNI DEL

Za statistièno obdelavo izmerjenih
vrednosti varilne napetosti v podroèju
kratkostiènega prehajanja materiala je bil uporabljen
indeks stabilnosti W. Merilni sistem je prikazan na
sliki 2.

Preskusni varjenci dimenzij 60 × 15 × 160
mm iz jeklene perlitne litine so bili predgrevani na
temperaturo T

p 
= 650°C. Preskusi so bili narejeni s

tremi vrednostmi jakosti varilnih tokov: I
z 
= 210, 250

in 280 A.
Varilna napetost se je spreminjala v podroèju

U
z
=18 do 30 V,  tako da je potekal varilni proces v

podroèju kratkostiènega prehajanja materiala.
Naslednji varilni parametri so bili konstantni:
- dol�ina prostega konca �ice: l = 25 mm, premer:

f 2 mm
- v

z 
= 50 mm/s

- induktivnost varilnega tokokroga: L = 4,25 mH,
- pretok za�èitnega plina: Q = 15 l/min, Argon 4,6

(99,996% Ar),

If the stability criterion for the welding pro-
cess is taken into consideration, it becomes clear that
with lower values of the welding parameters the ab-
sence portion of the summary welding time begins to
grow. There are problems with the ignition of the arc
after a phase of short circuit the consequence of wich is
the observed anomaly in the formation of the welding
bead. The welding process is time stable and requires
regular transition filler metal in the welding bath if the
stability criterion W takes its minimum values [2].

2 EXPERIMENTAL PART

The index stability W was applied to show
how the criterion for an area short circuit transfer
metal could be stated from the voltage measurement
course using statistical interpretation. The appertain-
ing schema is showed in Fig.2.

For the experimental test we used casting
slabs of size 60 × 15 × 160 mm produced from fer-
rite-pearlite ductile iron and preheated to the tem-
perature T

p
 = 650 0C. Three levels of welding current

were used:  I
z
 = 210, 250 and 280 A.

The voltage ranged from U
z
=18 to 30 V

when the welding process ran in the short circuit area
transfer. The following welding parameters were con-
stant:
- the push outing of electrode: l= 25 mm, rightward

welding technique, electrode diameter: f 2 mm
- the welding rate: v

z 
= 50 mm/s,

- the induction of welding circuit: L = 4,25 mH,
- the shielding gas - Argon 4,6 (99,996% Ar), quan-

tity gas: Q = 15 l/min,
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Sl. 2. Shema merilne naprave za odbiranje varilne napetosti in toka
Fig. 2. A schematic of the measuring equipment for reading of voltage and current in the welding process
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Kot delovno podroèje je bil uporabljen
proces, pri katerem je bila frekvenca kratkih stikov
vi�ja od 10 s-1.. Ta omejitev je bila v skladu z
disertacijo [5].

Indeks stabilnosti W je odvisen od varilne
napetosti [5]. Ta funkcija ima svoj minimum v
podroèju najveèje stabilnosti. Za vse nastavitve
varilnih parametrov je bil odbran potek varilne
napetosti in analiziran èas gorenja obloka in èas
kratkega stika (faza ustavitve - odsotnosti procesa je
bila zelo neizrazita, zato ni bila upo�tevana). Te
vrednosti so v skladu z ravnijo varilne napetosti, ki
je najpogosteje uporabljana za izdelavo histograma.
Histogram relativne pogostosti pojavljanja razliènih
ravni napetosti in toka za prikazana èasovna poteka
obeh parametrov, za str�ensko elektrodo tipa RD 971,
prikazuje slika 3.

Na sliki 3 prikazan potek varilne napetosti
je bil posnet v optimalnih varilnih razmerah, ker
je bila tedaj vrednost indeksa stabilnosti
minimalna. Takrat je dejansko varilni proces
èasovno stabilen in je prehajanje materiala v talino
zvara normalno.

In the working area a process was main-
tained with short circuit frequency attaining values
as high as 10 s-1. This boundary was specified ac-
cording to the thesis [5].

The index stability W is dependent on the
welding voltage, according to [5]. The function has
a minimum which determines the area with the high-
est stability. For all setting values the welding volt-
age course displaying the arcing time x

o
 and the short

circuit time x
s
 was recorded (the absence phase had

been few expressive, therefore it was not included).
These values corresponded to the level of voltage
which has been mostly used for drawing a histo-
gram. The histogram depending on the distribution
time P for different levels of current and voltage
for the tubular cored electrode RD 971 is showed
in Fig. 3.

The welding voltage in Fig.3 is optimised
for the existing welding conditions, because processes
at these voltages have minimum value index stabil-
ity W. It was proved, that the welding process is time
stable and the transition of the filler metal into the
welding bath is normal.
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Sl. 3. Potek napetosti, toka in histograma relativne pogostosti P za razliène ravni toka in napetosti za
str�ensko elektrodo tipa RD 971, varjene z U

z
 = 27V in I

z
 = 210 A

Fig. 3. The continuance of voltage, current and histograms - percentage distribution time P with different
levels of current and voltage for tubular cored electrode type RD 971, U

z
=27 V and I

z
=210 A
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Na sliki 4 je prikazana krivulja indeksa
sabilnosti W za razliène vrednosti napetosti U

z
, pri

varilnem toku I
z
 = 250 A. Dodajni material je bil

str�enska elektroda tipa RD 971. Krivulja indeksa
stabilnosti W je bila doloèena z regresijsko analizo
drugega reda. Uporabljena je bila varilna napetost,
ki je ustrezala ekstremnemu indeksu stabilnosti, to
je pri njegovi najmanj�i vrednosti.

V preglednici 1 so prikazani optimalni varilni
parametri in vrednosti brizganja Y za varjenje s str�ensko
elektrodo tipa RD 971. V preglednici prikazane kolièine
brizganja so bile izraèunane iz izmerjenih vrednosti
kolièine dovedenega dodajnega materiala v var in kolièine
raztaljene elektrode v istem èasu.

3 SKLEP

Vrednotenje stabilnosti v�iganja obloka, pri
varjenju s kratkim oblokom z novo str�ensko
elektrodo, tipa RD 971, je bilo izvedeno z indeksom
stabilnosti W, pri  konstantni vrednosti varilne
napeosti U

z
 in pri razliènih jakostih tokov I

z
 (z

nastavljanjem induktivnosti varilnega tokokroga) v
razmerah, za katere je znaèilno, da imajo najmanj�o
vrednost indeksa stabilnosti W. Indeks stabilnosti W
pri varjenju s str�ensko elektrodo tipa RD 971 je W
= 66 %, kar pomeni, da gori oblok v teh razmerah

In Fig. 4 values for the index of stability
W for different welding voltage U

z
 and welding

current I
z
 = 250 A are shown. The filler metal

was tubular cored electrode type RD 971. The 2nd
order method regression analysis was used. The
welding voltage used corresponded to the extreme
value of the stability index which was a mini-
mum.

In Table 1 optimum parameters and the
value of splash Y for the tubular cored electrode
type RD 971 are shown. The shown splash val-
ues were calculated from measured values of
weld deposit metal mass and melted electrode
mass.

3 CONCLUSION

The evaluation of stability arcing for a newly
developed tubular cored electrode type RD 971 by
the index stability W short circuit process was
obtained using values of welding voltage U

z
 for

different levels of current (in settings inductance
of welding circuit) which are characterised by a
minimal value of index stability W. The index
stability W at the tubular cored electrode type RD
971 is W = 66 % which means, that the existing
values of the burning electric arc are stable. From

Sl.  4.  Indeks stabilnosti v odvisnosti od varilne napetosti U
z
 pri varjenju s str�ensko elektrodo tipa RD 971

s tokom I
z
 = 250 A

Fig. 4. The index stability W dependence at welding voltage U
z
 for tubular cored electrode type RD 971 and

current  I
z
 = 250 A

Preglednica 1. Optimalne vrednosti varilne napetosti U
z
 pri varjenju z jakostmi tokov I

z
 = 210, 250 in 280 A.

Uporabljen je bil dodajni material: str�enska elektroda tipa RD 971
Tabel 1. The optimum values of welding voltage U

z
 for welding current I

z
 = 210, 250 and 280 A. The filler

material used was the tubular cored electrode type RD 971

Iz [A] Uz [V] Wmin [%] YY [%]

210 26 74 13,05

250 23 66 9,76

280 28 67 12,75

Parametri optimizacije varjenja - Optimisation of Welding Parameters
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Uz V

%

W
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these values the following welding parameters for
the tubular cored electrode type RD 971 are
determined:

These welding parameters were measured
at the smallest values of splash Y = 9.76 %.

Based on these results it is clear, that the
tubular cored electrode type RD 971 burning stable
has a normal transfer of metal to the welding bath.
If we used tubular cored electrode type RD 971 for
normal designs, good coverage weld bead by slag
took place.

U
z
 = 23 V,      I = 250 A,      L = 4,25 mH, sx = 0,00355 s

4 LITERATURA
4 REFERENCES

[1] Le�dík, V. (1997) Plnená elektróda na zváranie grafitických liatin. Dizertaèná práca. �U v �iline, �ilina, 113.
[2] Kim, W. (1995) A study on the effect of contact tube-to-workpiece distance on weld pool shape in gas

metal arc welding. Welding Journal, 141 - 151.
[3] Senèák, V. (1994) Metodika hodnotenia stability oblúkových bezskratových procesov. Zváranie, 43, è.3, 58.
[4] Ondrejèek, P., P. Chovanec (1995) Vplyv chemického zlo�enia na stabilitu horenia oblúka. Zváranie, 44,

è.5, 103 -106.
[5] Ondrejèek, P. (1991) Vz�ah fyzikálnych a metalurgických faktorov pri zváraní v CO

2
 skratovým procesom.

Dizertaèná práca. Bratislava , 276.
[6] Ondrejèek, P. (1992) Metalurgický význam parametrov zvárania v CO

2 
skratovým    procesom. Zváraèské

správy, 2, 25 -31.
[7] Me�ko, J., L. Bechný (1997) Welding and repairs of castings from cast irons. Livarski vestnik, Slovenija

� Ljubljana, 44, è.3, 84-91.

Author�s Address: Ass.Prof.Dr. Jozef Me�ko
Dr. Viliam Le�dík
Dr. Milo� Mièian
Faculty of Mechanical
Engineering
University of �ilina
Ve¾ký Diel
010 26 �ilina, Slovak Republic

Naslov avtorjev: doc.dr. Jozef Me�ko
dr. Viliam Le�dík
dr. Milo� Mièian
Fakulteta za strojni�tvo
Univerze v �ilini
Ve¾ký Diel
010 26 �ilina, Slova�ka

Prejeto: Sprejeto:
Received:  

25.3.1999
Accepted:   

15.9.1999

stabilno. Na podlagi teh vrednosti so bili nazadnje
ugotovljeni optimalni varilni parametri za varjenje s
str�ensko elektrodo tipa RD 971 naslednji:

Pri teh varilnih parametrih je bilo ugoto-
vljeno minimalno brizganje kapljic Y = 9,76 %

Na temelju teh dose�enih rezultatov izhaja, da
presku�ana str�enska elektroda dogoreva stabilno in ima
normalno prehajanje materiala v talino zvara. Èe se za
varjenje uporabi str�enska elektroda tipa RD 971, se oblikuje
normalen zvar in je talina zvara dobro za�èitena z �lindro,
nastalo iz mineralnega polnjenja str�enske elektrode.
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Obseg: format 15 × 21 cm.

Prvo dopolnilo januar 99 prina�a poleg
novega stvarnega kazala obse�na navodila in
pojasnila za izvajanje 25. èlena zakona o
odpadkih, vkljuèno z dovoljenji za transport.
Navodila so zelo izèrpna, vsebujejo tudi
preglednice in omogoèajo uradnikom enoznaèno
uporabo doloèil zakona. �al v na�i praksi tak�na
strokovna navodila niso obièaj. Nato sledi izvirni
prispevek avtorjev Luyten-Naujoksa in
Dumbecka o uporabi komposta v kmetijstvu in
rekultivaciji rudarskih dnevnih kopov v renskem
premogokopnem bazenu.

Dopolnilo �t. 2 (februar 1999) prina�a odlok
o biolo�kih odpadkih in tehnièna pravila skupnosti
LAGA za snovno predelavo mineralnih ostankov/
odpadkov.

Poleg tega je �e dodano izvirno delo
Kohla  in soavtorjev o zahtevah pri predelavi in
uporabi prsti oziroma zemljin, primernih za
kultiviranje.

Dopolnilo �t. 3 (marec 1999) vsebuje
definicije enotnega zveznega principa za izmenjavo
podatkov na podroèju odpadkov. V bistvu gre za
enotno raèunalni�ko tehnologijo spremljanja
odpadkov. Navodilo je zelo praktièno, premi�ljeno
in bi ga bilo (ker velja tudi v EZ) pametno prevesti
in uporabiti tudi pri nas.

Dopolnilo �t. 4 (april 1999) vsebuje disketo
z vsebino priroènika, odlok o talni vodi, zakon o
okoljskih pregledih, �tiri predpise zveznih de�el
(Hamburg: Zakon o posebnih odpadkih, Hessen:
Odlok o odgovornosti nosilcev pri ravnanju z
odpadki, Saar: Zakon o  gospodarjenju z odpadki,
Sachsen-Anhalt: Odlok o pristojnostih pri ravnanju
z odpadki) in LAGA izkustveno poroèilo o
mineralnih odpadkih.

Na koncu je �e izvirno delo avtorja Meyer-
Falcke o evropski za�èiti pri delu v ZRN.

P. Novak

M. Zlokarnik: Rührtechnik, Theorie und Praxis

Zal.: Springer-Verlag, Berlin/Heidelberg 1999.
Obseg: format 16 × 24 cm, 335 strani, 174 slik,

25 preglednic, 650 virov.
Cena je 49 DEM.

Knjiga z naslovom �Tehnika me�anja� sodi v
serijo knjig iz kemijske in procesne tehnike. Prvo poglavje
govori o me�anju v splo�nem in obsega precej�nji del
knjige. Sistematièno so navedeni glavni pojmi, opisane
pomembnej�e vrste me�al in posod ter njihove
obremenitve, podani so osnovni pojmi o reologiji, osnove
dimenzijske analize ter prenos rezultatov iz modela v
izvedbo. V poglavju me�alna moè je opisana potrebna
mehanska moè za me�anje homogenih tekoèin in za
me�anje tekoèin, ki jim je dodana plinska faza, loèeno za
newtonske in za nenewtonske tekoèine. Sledi poglavje o
homogenizaciji v katerem so obravnavane stopnje me�anja,
doloèanje me�alnega èasa in najmanj�ega potrebnega dela,
posebej za newtonske in posebej za nenewtonske tekoèine.
Zelo ob�irno je obravnavano poglavje, ki je namenjeno
dodajanju plinske faze vsem vrstam homogenih in
nehomogenih zmesi z namenom, da se poveèa fazna
povr�ina med tekoèino in plinom in s tem izbolj�a prenos
toplote in snovi. Poglavje vrtinèenje opisuje me�anje
disperzne trdne faze s tekoèo. Obravnavani so kriteriji,
potrebna mehanska moè in prenos rezultatov iz modela v
industrijsko izvedbo. V poglavju disperzija v zmesi tekoèe
- tekoèe je opisan vpliv geometrijske oblike in èasa, teorija
in porazdelitev kapljic ter prenos toplote in snovi. Sledi
poglavje o mo�nostih izbolj�anja prenosa toplote zaradi
me�anja: obdelane so teoretiène osnove za kombinacije
sistemov trdno, tekoèe in plinasto. Zadnje poglavje je
namenjeno me�anju v cevovodih.

Knjigo odlikuje preglednost in smiselna
urejenost obravnavane snovi. Poglavja so bogato
opremljena z rezultati dejanskih meritev, skoraj vse
enaèbe so pisane v brezdimenzijski obliki in zato
splo�no uporabne. Na koncu knjige je zbrana prava
zakladnica virov vse do konca leta 1997.

Avtor knjige prof.dr. Marko Zlokarnik je
do�tudiral v Ljubljani tehnièno kemijo, veèino
�ivljenja pa pre�ivel v Nemèiji. Deloval je v podjetju
BASF - Ludwigshafen, sedaj je upokojen.

M. Tuma
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Personal Events

Doktorati, magisteriji, diplome

DOKTORATI

Na Fakulteti za strojni�tvo Univerze v
Ljubljani sta z uspehom zagovarjala svoji doktorski
disertaciji, in sicer:

dne 15. junija 1999: mag. Janez Ku�ar,
dipl.in�., disertacijo z naslovom: �Integrirani
raèunalni�ko podprti model planiranja in vodenja
proizvodnje�;

dne 1. julija 1999: mag. Marjan Dovè,
dipl.in�., disertacijo z naslovom: �Optodinamska
deformacija kovinske plo�èe pri osvetlitvi z
laserskim bliskom�.

Na Fakulteti za strojni�tvo Univerze v
Mariboru je dne 1. julija 1999 mag. Gorazd
Vreèer, dipl.in�., z uspehom zagovarjal doktorsko
disertacijo z naslovom: �Sistem strate�kega
odloèanja distribucije orodij za pogoje fleksibilne
proizvodnje�.

S tem so navedeni kandidati dosegli
akademsko stopnjo doktorja tehniènih znanosti.

MAGISTERIJI

Na Fakulteti za strojni�tvo Univerze v
Ljubljani so z uspehom zagovarjali svoje
magistrske naloge, in sicer:

dne 1. julija 1999: Drago Braèun ,
dipl.in�., magistrsko nalogo z naslovom:
�Veèkratna laserska odklonska sonda�;

dne 5. julija 1999: Andrej Le�njak,
dipl.in�., magistrsko nalogo z naslovom:
�Plazemsko toèkovno varjenje nerjavnih feritnih
materialov�;

dne 7. julija 1999: Igor Lavriè, dipl.in�.,
magistrsko nalogo z naslovom: �Prenos toplote v
nizkotemperaturnih gorivnih celicah� in Uro�
Rotnik, dipl.in�., magistrsko nalogo z naslovom:
�Spremljanje dobe trajanja parnih kotlov�.

dne 8. julija 1999: Ale� Kralj, dipl.in�.,
magistrsko nalogo z naslovom: �Naprava za �tudij
vpliva tlaka in temperature na vedenje èasovno
odvisnih materialov�;

dne 22. julija 1999: Bla� Nardin ,
dipl.in�., magistrsko nalogo z naslovom:
�Naèrtovanje preoblikovalnih tehnologij in orodij
v malih in srednje velikih podjetjih�.

Na Fakulteti za strojni�tvo Univerze v
Mariboru je dne 29. junija 1999 Toma� Vuherer,
dipl.in�., z uspehom zagovarjal svojo magistrsko
nalogo z naslovom: �Analiza zaostalih notranjih
napetosti s posebnim poudarkom na ponovnem
vnosu toplote in njih meritve v soèelnih zvarnih
spojih�.

S tem so navedeni kandidati dosegli
akademsko stopnjo magistra tehniènih znanosti.

DIPLOMIRALI SO

Na Fakulteti za strojni�tvo Univerze v
Ljubljani so diplomirali za univerzitetnega
diplomiranega in�enirja strojni�tva:

dne 23. junija 1999: Boris KALAN, Rado
KUNAVAR, Ale� �KOFLEK, Ale� �POLJAR,
Dejan ULE;

dne 24. junija 1999: Tom BAJCAR,
Marko BOLJTE�AR, Uro� GRO�ELJ, Janez
PERKO, Andreja VEHAR-JERMAN;

dne 28. junija 1999: Miha BLOKAR,
Marko BO�IÈ, Peter IVANÈIÈ, Dejan �IHER;

dne 29. junija 1999: Primo� GRBIÆ,
Andrej MEGU�AR, Ale� PEÈNIK, Gregor
PISKAR, Marko �VERKO.

Na Fakulteti za strojni�tvo Univerze v
Mariboru so diplomirali za univerzitetnega
diplomiranega in�enirja strojni�tva:

dne 24. junija 1999: Goran BUDIMIR,
Franjo CURANOVIÆ, Bojan DRAME, Tomislav
FRATNIK, Andrej KRESNIK, �tefan MAVREK,
Toma�  SEKULIÆ, Bo�tjan TOMA�IÈ, Samo
VONÈINA, Ale� ZUPANC, Bo�tjan �IGON;

dne 28. junija 1999: Jo�e HOVNIK,
Bojan KROPF, Robert RO�ER.

*

Na Fakulteti za strojni�tvo Univerze v
Ljubljani so diplomirali za diplomiranega in�enirja
strojni�tva:

dne 10. junija 1999: Stanislav ADAMIÈ,
Bojan BURGER, Lojze DOV�AN, Leon
FAGANEL, Marjan JAKULIN, Peter JAN�A,
Robert JURÈEK, Andrej KIRM, Mitja MAJZELJ,
Darko MOZETIÈ, Jo�ef PEÈAN, Ale�
POTOÈNIK, Bojan SKRT, Peter STRA�I�AR,
Anton ZUPANÈIÈ;
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dne 11. junija 1999: Bojan GA�PERIN,
Metod KONCILIJA, Leon MLAKAR, Darko
PAV�IÈ, Franko �U�MELJ, Tomo ZADNIKAR,
Franc ZAMRNIK;

dne 14. junija 1999: Zdenko IPAVEC, Ivan
PI�LAR, Anton REPOV�, Rado SABOTIÈ, Anton
UMEK;

dne 30. junija 1999: Robert ÈADONIÈ,
Du�ko GONÈIN, Miran KOPAÈ, Andrej LIKOVIÈ,
Toma� SUHADOLNIK, Jo�e TURK;

dne 1. julija 1999: Robert BIZJAK
OVIDONI, Zoran KOGOJ, Ale� LOGAR, Silvo
�TIH;

dne 2. julija 1999: Matija ABSEC, Andrej
KRAMAR, Janez LENARÈIÈ, Darko TU�AR, Ale�
VRTIN, Janez �AGAR;

dne 5. julija 1999: Vinko MRZLIKAR,
David �ULIGOJ, Viljem URBANÈIÈ.

Na Fakulteti za strojni�tvo Univerze v
Mariboru so diplomirali za diplomiranega in�enirja
strojni�tva:

dne 24. junija 1999: Boris BLA�EK, Igor
FALETIÈ, Franjo FRI�ÈIÈ, Miran FUJS, Zdenko
JANÈAR, Ervin KO�TOMAJ, Matja� MUNDA,
Zlatko NOVAK, Tadej PLIBER�EK, Iztok
PRAÈEK, Radoslav SVETIÈ, Jernej TURK, Sreèko
VIDOVIÈ, Zoran ZABRET;

dne 28. junija 1999: Zlatko DVOR�AK,
Matev� PODVIN�EK, Ale� SEMPRIMO�NIK, Igor
STROPNIK.

*

Na Fakulteti za strojni�tvo Univerze v
Ljubljani so diplomirali za in�enirja strojni�tva:

dne 10. junija 1999: Primo� BAJT, Anton
FORTUNAT;

dne 11. junija 1999: Domen MIKULEC,
Matej PEGAN, Mitja PETRIÈ, Borut
PODGOR�EK, Sreèko �AGAR;

dne 14. junija 1999: Miran OBLAK;
dne 30. junija 1999: Franc CVELBAR,

Boris ELER, Matja� MARETIÈ;
dne 2. julija 1999: Alma ÈEKIÆ, Milan

ÈUKLJEK.

Na Fakulteti za strojni�tvo Univerze v
Mariboru so diplomirali za in�enirja strojni�tva:

dne 24. junija 1999: Toma� BERGANT,
Ale� BEZOV�EK, Janko GOROPEV�EK, Bo�tjan
JAKOP, Ale� JANK�E, Bo�tjan KONEÈNIK, Rob-
ert KRALJ, Andreja PRELO�NIK, Ivan �ÈAP, Ale�
VALAD�IJA, Marko ZUPANC;

dne 28. junija 1999: Toma� BELE, Toma�
MARZIDOV�EK, Andrej VALEK.
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Instructions for Authors

Celoten rokopis èlanka obsega: besedilo èlanka v
slovenskem in angle�kem jeziku, preglednice, slike (risbe ali
fotografije), podpise k slikam, pregled literature, povzetek (v
sloven�èini in angle�èini), kljuène besede, podatke o avtorju.

Èlanek naj bi bil èim kraj�i in naj bi obsegal v
povpreèju 8 tiskanih strani.

Strojni�ki vestnik izhaja od leta 1992 v dveh jezikih,
tj. v sloven�èini in angle�èini, zato je obvezen prevod v
angle�èino. Obe besedili morata biti strokovno in jezikovno
med seboj usklajeni.

Izjemoma so strokovni èlanki, na �eljo avtorja,
lahko tudi samo v sloven�èini.

Besedilo èlanka

Besedilo naj smiselno povezuje uvod v razpravo,
opis pripravljalnih del, glavno vsebino in sklepe. Izra�anje
naj bo kratko in jedrnato, preglednost pa èim bolj�a.

Za poimenovanje tehniènih pojmov naj rabijo izrazi
iz Splo�nega tehni�kega slovarja (ki ga je pripravila Tehni�ka
sekcija Terminolo�ke komisije SAZU 1978/81).

Obvezna je raba merskih enot in oznaèevanja, ki
jih doloèa zakon o merskih enotah in merilih (Ur.l. RS 1/1995),
tj. enot mednarodnega sistema SI in nekaterih dodatno �e
dovoljenih enot (ISO 31:1992). Praviloma je treba uporabljati
samo velièinske enaèbe. Èe se, v posebnih primerih, ne bi
bilo mogoèe izogniti �tevilski enaèbi, je pri navedbi velièin
obvezno treba oznaèiti tudi zanje uporabljene merske enote
in obmoèje veljavnosti.

Enaèbe se oznaèujejo ob desni strani besedila s
tekoèo �tevilko v okroglih oklepajih. Enaèbe so del besedila,
zato za  �tevilko v oklepaju pi�emo vejice ali pike.

Simbole fizikalnih velièin v tisku, odvisno od vrste èrk
in okolnega besedila, pi�emo le�eèe (kurzivno), (npr. v, T, n, ...).

Simboli mer, ki sestojijo iz èrk, so v tisku pokonèni
(npr. m/s, K, min-1, mm ...). Èe so uporabljeni simboli z indeksi,
slednje pi�emo po�evno, èe pomenijo simbole fizikalnih
velièin, drugaèe pa pokonèno (ISO 31 1992).

Fizikalne velièine, ki imajo merski zmno�ek z
merskimi eksponenti niè, so velièine z merskim zmno�kom 1
(ali mero 1, npr. dim e  = 1, dim a  = 1, dim Re = 1; po
standardu ISO 31:1992). Vèasih se je za to uporabljalo
neustrezno poimenovanje "brez-dimenzijska velièina".

Enote, ki so izpeljane iz osnovnih enot in tvorijo
zmno�ek, je treba pisati s presledkom ali s poldvignjeno piko,
ki pomeni zmno�ek, npr.: N m = N . m.

Besedilo naj bo pisano na listih formata A4, z
dvojnim presledkom med vrstami, ob levi strani pa s 3 cm
�irokim praznim robom (da je mogoèe vna�ati popravke
lektorjev), in sicer v enem izmed bolj raz�irjenih urejevalnikov
besedil, npr. Word for Windows in Word Perfect. Èe uporabljate
kak�en drug urejevalnik besedil, posnemite ali konvertirajte
konèni izdelek v navaden ASCII (tekstni) format.

Ne uporabljajte urejevalnika LaTeX, saj program,
s katerim pripravljamo Strojni�ki vestnik, ne uporablja
njegovega formata. V urejevalniku LaTeX oblikujte
grafe,preglednice in enaèbe in jih stiskajte na kakovostnem
laserskem tiskalniku, da jih bomo lahko presneli.

Opombo pod èrto pi�emo tako, da v besedilu s
�tevilko oznaèimo besedo (pojem), ki jo pod èrto ponovimo
in napi�emo opombo.

Preglednice

V preglednicah naj se praviloma ne uporabljajo
izpisana imena velièin, ampak samo ustrezni simboli.

V glavah preglednic je treba poleg fizikalne velièine,
npr. t (pisano po�evno), pripisati �e mero, npr. v min (pisano
pokonci). Nikakor pa je ne smemo podajati v oglatem oklepaju.

Vsi napisi morajo biti dvojezièni.

Slike

Slike naj bodo narisane in posnete v kak�nem od bolj
podprtih formatov, npr. BMP, GIF, JPG. Èe imate na voljo, uporabite

Manuscripts of papers submitted for publication should
comprise: texts in Slovene and English, tables, figures (drawings or
photographs), captions, review of references, abstracts in Slovene
and English, key words, information on the author.

Papers should be as short as possible and should on
average comprise 8 printed pages.

Since 1992, the Journal of Mechanical Engineering
has been published in two languages, Slovene and English. The
two texts must be compatible both professionally and linguisti-
cally.

In exceptional cases, speciality papers may be writ-
ten only in Slovene at the request of the author.

Text

Texts must sensibly link the introduction to discus-
sion, description of preparatory work, the main content of the
paper and conclusions. Expression should be short and to the
point, with maximum clarity.

Units of measurement and marking used should com-
ply with the Law on Units of Measurement and Measures (Of-
ficial Gazette of the Republic of Slovenia 1/1995), i.e. interna-
tional IS units and certain other permissible units (ISO 31:1992).
As a rule, only nonnumerical equations should be used. In spe-
cial cases, where the use of numerical equations cannot be
avoided, corresponding units of measurement and domains of
validity must be indicated.

Equations should be marked on the right-hand side
of the text with numbers in round brackets. Equations form
part of the text, so numbers of equations in round brackets should
be followed by a comma or a full stop.

Symbols of physical quantities in the text should be
written in italics (e.g. v, T, n, etc.), depending on the font used
and the surrounding text.

Symbols of units which consist of letters should be
normal (not in italics) (e.g. m/s, K,  min-1, mm, etc.) If symbols
with indices are used, indices should be written in italics if
they represent symbols of physical quantities, otherwise they
should be normal (ISO 31 1992).

Physical quantities where the product of the mea-
sure and the measure exponent is zero are quantities with a
measure product of 1 (or a measure of 1, e.g. dim e = 1, dim a
= 1, dim Re = 1; in accordance with ISO 31:1992 standard). In
the past, an inappropriate term, "dimensionless quantity" was
used for this.

Units derived from basic units which form a prod-
uct should be written with a space or semi-raised full stop to
indicate a product: e.g. N m = N . m.

Texts should be written in A4 format, with double
spacing and an empty edge of 3 cm on the left-hand side (to
enable editors to write in their corrections) in one of the widely
used word processors, such as Word for Windows or Word Per-
fect. If you use any other word processor, please convert the
final product into normal ASCII (text) format.

Please do not use the LaTeX text editor, since the
program used to prepare the Journal of Mechanical Engineer-
ing does not use its format. However, you may design graphs,
tables and equations in LaTeX and then print them on a high-
quality laser printer, so that they can be copied.

Footnotes should be indicated by marking the word
(term) with a number; this number is then repeated in the foot-
notes together with the note.

Tables

Written names of quantities should not be used in
tables, only corresponding symbols.

In addition to the physical quantity, e.g. t (in italics),
units e.g. in min  (normal text), should be added at the
square brackets.

All captions should be bilingual.

Figures

Figures should be drawn and saved in any supported
format, e.g. BMP, GIF, JPG. Use CorelDraw if available, since
figures in this program are vector images and may be reduced
or enlarged during final processing of the paper.
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za risanje program CorelDraw, saj so slike v njem vektorske in
jih lahko pri konèni obdelavi poveèujemo ali pomanj�ujemo.

Razdelitev abscise in ordinate je treba o�tevilèiti s
�tevilskimi vrednostmi, ki morajo biti berljive, ne da bi vrteli sliko.
Nièli�èi abscise in ordinate oznaèimo z nièlama, tudi èe obe nièli�èi
sovpadata. �tevilke pi�emo podobno. Navpièno napisani meri, ki
pripadata �tevilskim vrednostim, stojita na desnem koncu abscise
in na zgornjem koncu ordinate med zadnjima �tevilkama razdelbe.
Pri pomanjkanju prostora lahko predzadnje, mogoèe tudi
predpredzadnje, �tevilo opustimo, èe ta ne oznaèuje nièli�èa. Mere
nikakor  ne smemo vstaviti v oglati oklepaj.

Èe je �tevilo manj�e kakor 1, mora biti napisana
nièla (0) in nato decimalna vejica. V dokumentih ISO je vejica
edini decimalni znak.

Pri oznaèevanju osi naj bi se uporabljale oznaèbe
velièin (pisane morajo biti po�evno). To ima prednost, da lahko
diagrame pri vkljuèevanju angle�kega besedila uporabljamo brez
prevajanja in nam ni treba vrteti lista tudi pri razbiranju ordinate.

Èe diagram nima samo ene krivulje, temveè veè
krivulj, je treba na vsako krivuljo niza napisati njen param-
eter, oziroma je treba vsako krivuljo opremiti s po�evnimi
napotilnimi �tevilkami ali pokonènimi napotilnimi èrkami,
katerih pomen je treba pojasniti, najbolje  v podnapisu slike.

V diagramih oznaèite merilne toèke (ki so dobljene
z meritvami) z naslednjimi znamenji:
    ,    ,     ,     ,     ,     ,    ,     ,×, +.

Za vse slike po fotografskih posnetkih je treba prilo�iti
izvirne fotografije, ki so ostre, kontrastne in primerno velike.

Pregled literature

V pregledu literature naj bo vsak vir o�tevilèen s
tekoèo �tevilko v oglatih oklepajih, ki jih uporabljamo tudi med
besedilom, kadar se �elimo sklicevati na doloèen literaturni vir.

Vsak vir mora biti opremljen s podatki, ki
omogoèajo bralcu, da ga lahko poi�èe. Pri knjigah navajamo:
avtorja (priimek, ime), naslov knjige, izdajo, ime zalo�be in
kraj ter leto izdaje. Èe je avtorjev veè, jih loèimo z vejico; pri
veèjem �tevilu avtorjev pa navedemo prvega z dodatkom [et
al.].  Pri èlankih in revijah navajamo: avtorja (priimek in ime),
naslov èlanka, ime revije in kraj izhajanja, letnik (volumen),
�tevilko (revije), leto ter strani.

Povzetek (sinopsis)

Avtorji naj na zaèetku èlanka prilo�e povzetek v
omejenem obsegu 10 do 15 vrstic ter kljuène besede, in sicer
v sloven�èini in angle�èini.

Podatki o avtorju

Rokopisu morajo biti dodani tudi podatki o avtorju:
ime in priimek, akademski naslov in poklic, ime delovne
organizacije, v kateri dela, telefonska �tevilka in naslov stanovanja.

Avtorske pravice

Avtor mora prilo�iti pisno izjavo, da je besedilo
njegovo izvirno delo in ni bilo v dani obliki �e nikjer
objavljeno. Deli èlanka so lahko �e bili podani kot referati.
Prav tako mora avtor pisno izjaviti, da besedilo ne vsebuje
�aljivih in nezakonitih sporoèil, kakor tudi da ne posega v
pravice drugih oseb.

Uredni�tvo SV si pridr�uje pravico do: odloèanja
o sprejemu èlanka za objavo, strokovne ocene in morebitnega
predloga za kraj�anje ali izpopolnitev, terminolo�ke in
jezikovne korekture.

Z objavo preidejo avtorske pravice na Strojni�ki
vestnik. Pri morebitnih kasnej�ih objavah mora biti SV
naveden kot vir.

Rokopisi èlankov ostanejo v arhivu SV. Vsa
nadaljnja pojasnila daje:

Uredni�tvo STROJNI�KEGA VESTNIKA
A�kerèeva 6

L J U B L J A N A
Pisma: 1001 Ljubljana, p.p. 197/IV

Telefon: (061) 1771-428
Telefaks: (061) 218-567

E-mail: strojniski.vestnik@fs.uni-lj.si

Scales on the abscissa and  ordinate  must be marked
with numbers which can be read without turning the figure around.
The zero points of the abscissa and ordinate should be marked with
two zero points even if the zeros coincide. Numbers should be writ-
ten in the same way. Vertical units which apply to numerical values
should be on the right side of the abscissa and at the upper end of the
ordinate between the last two numbers on the scale. In the event of a
lack of space, the last or even the penultimate number may be left
out if they do not indicate a zero. Units may not be given in square
brackets.

If numbers are less than 1, they should be written with a
zero (0) and a decimal point.

In labeling axes, quantity markings should be used (they
must be written in italics). The advantage of this is that when adding
the English translation, diagrams may be used without translation
and there is no need to turn the journal around to read what is written
on the ordinate.

If the diagram contains more than one curve, each curve
should be marked with its parameter; alternatively, reference num-
bers in italics or normal text should be written by each curve, and
their meaning should be explained, which is best done in the cap-
tion.

Indicate measurement points in diagrams with the fol-
lowing signs:
     ,    ,     ,     ,     ,     ,    ,     ,×, +.

Original photographs which should be in sharp focus, of
good contrast and of appropriate size should be enclosed for all
pictures in the paper based on photographs.

Review of references

Each source should be numbered with a number in square
brackets which should also be used thereafter in the text to refer to
that source of reference.

Each source must come with data to enable the reader to
find  it. Please state the following. For books: the author (full name),
title, issue, name of the publisher and place and year of publication. If
there are several authors, they should be separated by commas; if
there are many authors, state the first one and add [et al.]. For papers in
journals: the author (full name), title, name of the journal and place of
publication, year (volume), number (of the journal), year and pages.

Abstract (Summary)

At the beginning, all papers should have abstracts lim-
ited to 10 to 15 lines, with key words in Slovene and English.

Author information

The following information on authors should be enclosed
with manuscripts: full name, academic title and profession, name of
organisation in which he/she is employed, telephone number and
home address.

Copyright

Along with their papers, authors must also enclose a
written statement that the paper is his/her original work and has not
been published in that form anywhere else. However, parts of the
paper may have been given in the form of reports. Authors must
also state in writing that the text of the paper does not contain any
insulting or illegal messages and that it does not infringe upon the
rights of third parties.

The Editorial Committee of the Journal of Mechanical
Engineering reserves the right to: decide whether to accept a paper
for publication, obtain professional reviews for papers and possibly
propose that the authors shorten or complete them, correct terminol-
ogy and edit language.

On publication, copyright for the paper shall pass to the
Journal of Mechanical Engineering. The Journal of Mechanical En-
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