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Georg Joachim de Porris RHETICUS

(*16. februar 1514, Feldkirchen —
t4. december 1574, Kosice)

Zname dielo Mikuldsa Kopernika vyslo v 16. storoCi. ESte pred vydanim De Revolutionibus v roku 1543 viaceri
uCenci poznali Kopernikovo ucenie. Podiel na vydani jeho diela mal i mlady profesor matematiky vo
Wittenbergu- Georg Joachim von Lauchen, zvany aj Rheticus, ktory zomrel v Kosiciach.

Rheticus bol sucasnikom Michaela Mdstlina, ktory bol neskor profesorom a priatel'om Johana Keplera. Mdstlin
a Rheticus vel'mi podporovali Kopernikovo nové ucenie. Aj z toho dovodu sa Rheticus rozhodol navstivit’ v roku
1539 Kopernika, ktory byval v meste Frombork (Frauenburg). Nielen katolicka cirkev, ale aj Luther
a Melanchton, ako zastancovia evanjelickej cirkvi sa stali odporcami Kopernikovo u¢enia. Rheticus u Kopernika
zostal namiesto planovanych dvoch tyzdnov dva roky. Vydal v roku 1540 este pred vydanim De Revolutionibus
spis, v ktorom informuje o Kopernikovom revolu¢nom uceni a rozobera i jeho sposob skiimania.

Georg Joachim de Porris, tiez znamy ako Rheticus, bol matematik, astronom, kartograf, vyrobca naviga¢nych
pristrojov, prakticky lekar a ucitel. Mozno je najzndmejsi pre svoje trigonometrické tabulky a ako jediny
ziak Mikulasa Kopernika. Sprostredkoval vydanie diela svojho priatela De revolutionibus orbium coelestim
(O pohybe nebeskych sfér).

Rheticus sa narodil vo Feldkirchu v rakuskom arcivojvodstve. Rodicia Georg Iserin a Thomasina de Porris boli
talianskeho povodu a vlastnili znacné bohatstvo. Otec bol mestskym lekarom a vladnym tGradnikom a vzdelaval
ho do veku 14 rokov, ked Georg (Iserin) okradol mnohych svojich pacientov a ukradol im z domovov veci a
peniaze. V roku 1528 bol za svoje zloCiny odstideny a popraveny a v dosledku toho bolo jeho rodine odobraté
priezvisko.

Rodina prijala rodné meno matky: de Porris. Neskor ako Student na univerzite vo Wittenbergu Georg Joachim
prijal toponymum Rheticus, teda formu latinského nazvu pre svoj rodny region Rhaetia, byvall rimsku provinciu.
V imatrikulacnej listine univerzity v Lipsku je zapisany ako von Lauchen. Po poprave Georga Iserina prevzal
jeho lekarsku prax Achilles Gasser, ktory pomahal Rhaeticovi pokracovat’ v stadiu a podporoval ho. Takisto mu
poskytol odporacajtci list Philippovi Melanchtonovi, teologovi, a pedagogovi, ktory sa stal jeho hlavnym
mecenasom. Philipp Melanchthon, ,,prava ruka Martina Luthera®, bol teolog a pedagog, ktory reorganizoval cely
vzdelavaci systém Nemecka, zalozil a zreformoval niekol’ko jeho univerzit. Melanchthon zohral vyznamnu ulohu
pri ziskavani vymenovania Rheticusa za vyucovanie matematiky a astronomie na univerzite vo Wittenbergu
vroku 1536. Toto vymenovanie, ktoré zahfiialo vyucovanie aritmetiky a geometrie, dalo Rheticusovi
plat 100 zlatych.

Melanchthon povolil Rheticovi dvojro¢nti dovolenku na Stadium s vyznamnymi astronomami. V oktobri 1538
opustil Wittenberg a najprv odisiel do Norimbergu, kde navstivil profesorov matematiky. Tu sa zoznamil s
tla¢iarom a vydavatel'om J. Petreiusom. Pocas svojej cesty v Norimbergu sa Rheticus dopocul o Kopernikovi a
rozhodol sa ho vyhladat’.

V maji 1539 prisiel Rheticus do Frauenburgu (Frombork), kde stravil dva roky s Kopernikom Kopernik este
nedokon¢il rukopis svojej prace, zrejme sa rozhodol neusilovat’ o publicitu, pravdepodobne kvoli problémom,
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ktoré zosuladili tieto zistenia s historicky zauzivanymi nadbozenskymi postojmi v tom case. Kopernik umoznil
Rheticusovi napisat’ abstrakt o svojom vyskume napriek tomu, Ze si bol dobre vedomy kritiky a kontroverzie,
ktora by to mohlo priniest’. Az po tomto dal Rheticusovi d’alSie povolenie na ipravu a publikovanie jeho diela v
plnom rozsahu. Len vdaka tomuto ich stretnutiu sa nakoniec dostala na svetlo sveta heliocentricka tedria,
koncept, ktory by aj tak nebol akceptovany v nasledujucich desatrociach.

Rheticus napisal:

Pocul som o slave majstra Mikulasa Kopernika v severnych krajinach. A hoci ma univerzita vo Wittenbergu
urobila verejnym profesorom v tychto umeniach, nemyslel som si, Ze by som mal byt spokojny, kym som sa
prostrednictvom vyucby nenaucil sa nieco viac. A tiez hovorim, Ze nelutujem ani financné vydavky, ani dlhu
cestu, ani zvysSné utrapy. Napriek tomu sa mi zdd, Ze za tieto problémy prisla velka odmena, totiz, Ze ja, dost
odvazny mlady muz, som prinutil tohto ctihodného muza, aby sa o svoje myslienky v tejto discipline podelil s
celym svetom.

V septembri 1539 odisiel Rheticus do Danzigu (Gdansk), aby navstivil starostu, ktory mu poskytol financn
pomoc na vydanie jeho Narratio Prima (Prva sprava) pripravovaného Kopernikovho pojednania. V Danzigu
vyS$lo Narratio Prima v roku 1540. Neocakavane obsahuje aj chvéalospev na Prusko. Rozobera sa v nej povod,
flora a fauna krajiny, ako aj opisy niekol'kych jej miest, pokial’ ide o ich obchod a historiu, co dokazuje, Ze jeho
cesty Casto sluzili dvojitému ucelu. V auguste 1541 predstavil Rheticus koépiu Chorographia (obsahuje
systematicky pristup k priprave map) a Tabulu chorographica auff Preussen und etliche umbliegende
lender (Mapa Pruska a susednych krajin) Albertovi, pruskému vojvodovi. Vd'aka tejto laskavosti od neho ziskal
odportcanie na to, aby mohol vydat’ De revolutionibus. Vojvoda poziadal Rheticusa, aby ukoncil svoje cesty a
vratil sa na svoje ucitel'ské miesto. Rheticus sa vratil na univerzitu vo Wittenbergu v oktobri 1541. Bol zvoleny
za dekana filozofickej fakulty a zdroven nastapil na teologicku fakultu. V maji 1542 odcestoval do Norimbergu,
aby dohliadal na tla¢ prvého vydania knihy De revolutionibus u Johannesa Petreia, do ktorej zahrnul tabul'ky
goniometrickych funkeii, ktoré vypocital na d’al$iu podporu Kopernikovho diela. Kopernik zveril hotovy rukopis
Rheticusovi, ktory ho odovzdal vydavatelovi v Norimbergu. Samotnd tla¢ bola vykonand vel'mi dobre. Prvé
vydanie z roku 1543 bolo vytlacené v Norimbergu u Johana Petreia s nazvom Nicolai Coprnici Torinensis De
revolutionibus orbium coelestum libri VI.

Rheticus zostal v Lipsku az do roku 1545, kedy mu opit’ zariadil dovolenku, aby mohol §tudovat’ v zahranici. Po
pociato¢nom navrate do rodného mesta Feldkirch stravil nejaky ¢as v Taliansku, kde navstivil kolegov v Mildne.
Rheticus pokracoval vo svojich cestach. V Lindau, meste v Bavorsku sa jeho zdravie zlomilo a v prvej
polovici roku 1547 mal vazne psychické problémy. Po zotaveni vyuc¢oval matematiku v Kostnici koncom roka
1547, potom Studoval medicinu v Ziirichu a vo februari 1548 vratil do Lipska. S Melanchtonovym vplyvom sa
Rheticus stal ¢lenom teologickej fakulty v Lipsku.

Rheticus, ako muz mnohych talentov vydal kalendar a efemeridy z roku 1550 a takisto aj v roku 1551. Skandal
ho vsak printtil opustit’ Lipsko v aprili 1551; bol obvineny z homosexualneho pomeru s jednym zo svojich
Studentov. Musel utiect’ a urobil to rychlo, stravil nejaky ¢as v Chemnitzi a d’alSie obdobie v Prahe. Sudili ho v
jeho nepritomnosti a jeho priatelia, ako napriklad Melanchthon, ho prestali podporovat: pravdepodobne nemali
vel’a moznosti, ak by si mali udrzat’ svoje vlastné pozicie. V nepritomnosti bol Rheticus odstideny na 101 rokov
vyhnanstva.

V rokoch 1551 - 1552 $tudoval medicinu na prazskej univerzite, ale jeho zdujem o medicinu sa bol vyuzivany
len na lieCenie pacientov a nikdy sa nevenoval vedeckému vyskumu. Jeho praca nepriniesla inovacie v medicine
tak, ako to bolo v matematike. V roku 1553 mu bolo poniknuté miesto profesora matematiky vo Viedni, kde aj
odisiel, ale nenastupil na ponuknuté miesto. V roku 1554 sa prestahoval do Krakova, kde pdsobil 20 rokov ako
prakticky lekar.

Svojho matematického zaujmu sa v Krakove nevzdal a pracoval na svojich slavnych trigonometrickych
tabul’kach, ako aj na vyrobe pristrojov, vykonavani astronomickych pozorovani a alchymistickych experimentov.
V tejto faze sa mu darilo celkom dobre, ked’ zamestnaval Siestich vyskumnych asistentov a bol financovany
cisarom Maximilidnom II. za jeho pracu na trigonometrickych tabulkéch. Rheticova dolezitd praca o
trigonometrii Opus Palatinum de triangulis vyuZziva vsetkych Sest’ goniometrickych funkcii. Uviedol tabulky
vSetkych tychto Siestich funkcii v diele, ktoré dokoncil a publikoval v roku 1596 Valentine Otho mnoho rokov
po Rheticusovej smrti. Valentinus Otho dohliadal na ru¢ny vypocet priblizne 100 000 pomerov s presnost'ou na
desat’ desatinnych miest. Po dokonceni v roku 1596 zaplnil zvézok Opus palatinum de triangulis takmer 1500
stran. Jeho tabul’ky boli dostato¢ne presné na to, aby sa dali pouzit’ v astronomickych vypoctoch az do zaciatku
dvadsiateho storocia.
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Dalsie Rheticusove diela zahfhiaji tvorbu mapy Pruska a prace o navigaénych pristrojoch. Navrhol mnoho
nastrojov, ako su namorné kompasy a nastroj na zobrazenie dlzky dia pocas roka.

Ako, kedy apreco sa dostal Rheticus do Kosic nie je celkom zname. Levocsky farar Joachim Leibitzer
zaznamenal, Ze lekar a matematik Georg Joachim Rheticus zomrel 4.12.1574 v Kosiciach na katar. Vyskumy
historika Matusa Kuceru vniesli trochu svetla do pobytu Rhetica v KoSiciach. Je zname, ze tu zil so svojim
ziakom Valentinom Othom, ktorému daroval i vzacny Kopernikov rukopis. Otho po smrti Rhetica z Kosic odisiel
a rukopis sa dostal do rak M .J. Christmanna, dekana artistickej fakulty v Heildelbergu. Po smrti Christmanna
presiel do rak J.A. Komenského a z jeho pozostalosti do kniznice grofa Nostica v Cechdch. Napokon vlada CSSR
darovala cenny rukopis Polskej [udovej republike v roku 1956.
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Rheticove diela:

De libris revolutionum coelestium N. Copernici narratio prima Gdansk, 1540.
Orationes de astronomia, geographia et physica, Norimberk, 1542.
Ephemeris ex fundamentis Copernici, Leipzig, 1550.

Canon doctrinae triangolorum, Basel, 1580.

posmrtne: Thesaurus mathematicus, Frankfurt, 1613.

Die Chorographie des Joach. Rheticus, Dresden, 1876.
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Studia laserového zvarania medenych zliatin
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Study of laser welding of copper alloys with emphasis on joint quality

Abstract: The article deals with the issue of laser welding of copper alloys and the analysis of the properties of the
welded joint. The study compared selected technological parameters of the process, the procedure for creating the
welded joint, and evaluated the technological properties of the welded material. The aim of the work is to contribute
to a more effective setting of laser welding parameters and to improve the quality of the resulting welds of copper

alloys.
Keywords: laser welding, mechanical properties, copper alloys.

UVOD

Laserové zvaranie patri medzi moderné a dynamicky
sa rozvijajuce technoldgie spajania kovovych
materialov. Oproti tradiénym zvaracim postupom
prindSa vyssiu presnost, rychlost a jednoduchsiu
integraciu do automatizovanych vyrobnych procesov
[1]. Prave tieto vlastnosti umoznili jeho Siroké
vyuzitie v automobilovom, leteckom = ¢i
elektrotechnickom priemysle, ako aj v dalsich
technickych oblastiach. Vyznam tejto metddy narasta
najmd pri spracovani materidlov so zhorSenou
zvaratel'nost'ou, napriklad medenych zliatin, ktoré sa
vyznacuju vysokou tepelnou vodivostou a nizkou
schopnostou pohlcovat laserové ziarenie. Pre
dosiahnutie kvalitného zvarového spoja je potrebné
presne nastavit a kontrolovat technologické
parametre procesu, medzi ktoré patri vykon lasera,
rychlost posuvu, poloha =zaostrenia lica, typ
ochranného plynu a d’alSie faktory. Tieto parametre
maji zasadny vplyv na kvalitu zvaru, jeho
mikro$truktiru i mechanické vlastnosti [1,2]. V
aplikdciach, kde je rozhodujica pevnost a
spolahlivost’ spoja, je preto optimalizacia procesnych
parametrov mimoriadne ddlezitad. Laserové zvaranie
je moderna technologia, ktora sa rychlo rozvija a ma
obrovsky potencial do buducnosti, je technologiou,
ktora prinasa mnoho vyhod, ale zaroven si vyzZaduje
dalSie inovacie a zlepSenia. Ma velky potencial
ovplyvnit budicnost’ vyroby, a to najmé v oblastiach,
kde je dolezita presnost’ a efektivnost’ [2, 3]. Tato
technolégia je vhodna pre rozne druhy materialov a v
porovnani s tradicnymi metdédami je rychlejsia,
presnejSia a nakladovo efektivna, Co umoziuje

vyrobu vo velkom mnozstve. Znamych je niekol'ko
roznych typov laserového zvarania.

1 LASEROVE ZVARANIE MEDI

Med’ sa pouziva v Sirokej skale aplikacii, pretoze je
tvarna, vyborny vodi¢ elektrického pradu aj tepla,
takisto silno odraza laserové svetlo, najmi
infracervené lasery. Preto je potrebné vel'ké mnozstvo
energie, aby sa dosiahlo spajanie medi. Avsak, ked’ sa
jej teplota zvySuje, zvySuje sa aj jej schopnost’
absorbovat’ teplo, a pri bode tavenia sa med stava
vysoko absorpénou, ¢im sa vyrazne zvysuje riziko
vytrysknutia roztaveného materialu. Vysoka tepelna
vodivost medi spOsobuje, ze sa velmi [lahko
deformuje a poskodi pri nadmernom tepelnom
posobeni. Spdsoby, ako tomu zabranit, zahfiiaju
pouzitie laserov s krat§imi vinovymi dizkami alebo
uréitymi farbami (zelend), ako aj pomalé zvySovanie
intenzity laserového vykonu [4]. Med’ ma taviacu sa
zonu s nizkou viskozitou (ovel'a nizsiu ako ocel alebo
hlinik) a je nachylna na zvlnenie a pohyb. Med’ tiez
rychlo tuhne, ¢o vedie k zvarovym spojom s
nepravidelnou morfolégiou v porovnani s inymi
materialmi, ako je ocel, a zZIému vyplneniu zvarovej
medzery. Pri medi spésobuje samotny laser viny a
prady v taviace] sa zone, ¢o nasledne vyvolava
turbulencie v celej zone. Dosiahnut’ idealne zvary je
naroné a vyzaduje vysoki presnost nastavenia
spravnych parametrov zvarania. Zvarové spoje z medi
si zvycajne médkké v porovnani so zakladnym
materidlom, pretoze med nie je alotropna, tak
nedochadza k fazovym transforméaciam [4, 5].



Zvéranie medi nachadza Siroké uplatnenie v réznych
priemyselnych odvetviach vdaka jej vynimocnej
elektrickej a tepelnej vodivosti.

Obr. 1. Zvary na experimentalnej stuciastke

V elektrotechnickom priemysle sa medené zvarané
konstrukcie Casto vyuzivaji pri vyrobe konektorov,
pripojnic ¢i Casti generatorov. Zvaranie medi ma svoje
miesto aj v automobilovom priemysle, najmi pri
vyrobe radidtorov a komponentov chladiacich
systémov. Tieto priklady poukazuju na vSestrannost’
medi a efektivitu zvaracich technologii pri
zabezpeceni spolahlivych a mechanicky pevnych
Spojov.

2 EXPERIMENTALNA CAST

Ako experimentalny material bola pouzitd valcovana
99,9 % med DIN 2.0060. Mechanické vlastnosti
experimentalneho materialu s v tab. 1. Tato med’ sa
vyuziva v automobilovom priemysle, stavebnych
zariadeniach, spojovacich materidloch, elektronike a
elektrickych zariadeniach. Sledovali sa dva typy
zvarov: §pirdlovy a obdiznikovy.

Tab. 1. Mechanické vlastnosti

zvérania pri Spirdle bol na hranici 70 mm-s"' a pri
obdizniku okolo 75 mm-s". Hibka prevarenia mala
dosahovat’ hibku az okolo 3 mm. Tieto parametre su
uvedené v tab. 2. Pre porovnanie bol zvoleny druhy
parameter zvarania s vykonom 8000 W. Vykon jadra
sa znizil pri §pirdlovom zvare na hranicu 60 % a pri
obdiznikovom bol na arovni 50%. Rychlost’ zvarania
bola vyrazne zvysSena, ¢o sa odzrkadlilo aj na
vizualnej strdnke zvaru. Rychlost pri S$pirale
dosahovala az 200 mm-s™ a pri obdizniku okolo 150
mm-s”'. ZvySenim rychlosti sa hibka prevarenia
znizila na 1 mm.

Tab. 2. Parametre zvarania

1 2
Vykon lasera 6000 W 8000 W
Vykon jadra 75 % 60 %
Rychlost’ zvarania 70 mm-s’! 200 mm-s’!
Hibka prevarenia cca 3 mm cca 1 mm

Stav R220 R240 R290
materialu (mikky) (1/2 tvrdy) (3/4 tvrdy)
Leber iy 0,1+5 0,10+ 10 0,10+ 10
[mm]

s 220+ 260 240 + 300 290 + 360
[MPa] ' ’ ’

Rpoz max. 140 min. 180 min. 250
[MPa] : : :
Tainost’ o 0 0

[%] 33 % 8 % 4 %

Cielom prace je analyzovat parametre laserového
zvarania pri dvoch réznych zvaroch. Vyhovujuce
parametre, teda zvary, ktoré  presli tahovymi
skaSkami a parametre, pri ktorych pevnost’ zvarov
nebola dostato¢na. Dolezity ukazovatel' je pevnost
a elektricka vodivost’ zvaru.

Zvaranie vykonavalo zariadenie TruDisk pre oba typy
tvaru zvaru. Vykon jadra pri Spirdlovom zvare a pri
obdlznikovom bol totozny, a to az 75 %. Rychlost’

Zvarové spoje je mozné vidiet' na obr. 2. a obr. 3.
Laserové zvaracie zariadenie bolo nastavené na
programy v dvoch tvaroch - §pirala a obdlznik.

SR _—
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Obr. 3. PozdiZne zvarové spoje



Pri vSetkych parametroch zvarania bola pracovna
vzdialenost medzi laserom a stciastkou 345 mm.
Ochranny plyn pri tejto technologii nebol pouzity.
Podmienka pevnosti zvarov bola, aby vydrzali
zatazenie 5000 N. Je vel'mi délezité, aby material,
ktory sa ma zvarat, bol Cisty a bez povrchovych
uhl'ovodikov a oxidov.

Pre dosiahnutie idealneho zvarového spoja je
potrebné venovat pozornost tiez spravnemu
obrabaniu,  Cisteniu, montdzi a  kazdému
zaobchadzaniu s materialom. Treba sa hlavne vyhnut’
obrabacim metédam, ktoré zanechavaju zbruseny
alebo pospineny povrch. Napriklad pasova pila
zanecha povrch nerovnomerny a nevhodny pre
zvaranie. Tento problém mozno riesit dodatocnym
obrabanim hrany spoja po reze. Brisenie a
pieskovanie su taktiez technologie, ktorym sa treba
vyhnit. Ked’ze je med’ veI'mi mikky material, tieto
technologie modzu spdsobit’ zarytie necistdt a roznych
prvkov do materidlu. Ak sa bruseniu vyhnut’ neda, tak
sa odporuca pouzit hruby koti¢. Pre odstranenie
necistot a uhlovodikovych zvySkov na medenych
dieloch mozno zvyc€ajne odstranit’ pomocou acetonu
alebo inych rozpustadiel. Rozpustadla obsahujiuce
chlér sa neodporacaji, pretoze pri zahrievani moézu
vytvarat’ toxické plyny [4, 5]. Vyber spravneho
laserového zariadenia na zvaranie medi je taktiez
klicové pre dosiahnutie kvalitného zvaru s
pozadovanymi vlastnostami. Kazdy typ laseru, v
zévislosti od jeho vlnovej dizky, rezimu (kontinualny
alebo pulzny) a nastavitelnych parametrov,
ovplyviiuje efektivitu zvéarania a hlavne vysledny zvar
pozadovanych vlastnosti a kvality. Lasery s vhodnou
vlnovou diZkou dosahuja lepsie spojenie s medou a
znizuju riziko defektov a praskania. Pouzitie
kontinuélneho laseru pomaha predchadzat’ praskaniu
spdsobenému cyklickym ohrevom a chladenim, ktory
je charakteristicky pre pulzny rezim. Spravny vyber
laseru tak priamo prispieva k dosiahnutiu stabilného,
homogénneho a pevného zvaru, o je v praxi pri
zvarani medi obzvlast dolezité [6]. A kedZe je
zvaranie medi a jej zliatin podstatne naro¢né, je
potrebné zvolit’ ¢o najidealnejSie parametre zvarania,
ktoré st zavislé od viacerych aspektov, ako je
napriklad zloZenie zliatiny, hribka zvaraného dielu
alebo prostredie, v ktorom zvaranie prebieha a mnoho
dalsich faktorov.

3 HODNOTENIE

Spiralova zvarové spoje vrezoch mali viaceré
nedostatky, ako je zvySena poérovitost a viacero
studenych spojov. Vysledky trhacich skuSok
potvrdili, Ze tieto zvary neboli ani zd’aleka dostato¢ne
pevné a bolo nutné doladit’ zakladné parametre
laserového zvarania. Zvar pri prvom pouzitom
parametri naru$oval vodivost’ materidlu a pevnost
limitovala funkciu suciastky. Obrazok 4 prezentuje
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zvarové spoje po skuske tahom, zZltym kriizkom je
oznaceny nevyhovujuci zvar, zelenym je oznaceny
vyhovujuci.

Obr. 4. Porovnanie zvarovych spojov

Po viacerych netspeSnych pokusoch pri zmene
parametrov laserového zvérania sa pristupilo aj ku
vicSej zmene v programe. Hlavne pri Spirdlovom
zvare nastali zasadné zmeny v tvare trajektorie
laserového 1uca a pribudlo viac $piral s ciel'om ziskat’
pevnejsi zvar. Zvar obdiznikového tvaru ostal takmer
nezmeneny.

Obr. 6. Mikro§truktira zvarového spoja - obdiZnikovy tvar

Pri detailnej mikrostrukturalnej analyze zvarového
spoja bolo pozorovanych viacero pérov a drobnych
nepravidelnosti, ktoré predstavuju vnutorné defekty



pravdepodobne vzniknuté v dosledku nedostato¢ného
odvadzania plynov pocas procesu tuhnutia kovu.
Napriek pritomnosti tychto chyb bola zistena
dostatocna pevnost’ zvaru. Mechanické vlastnosti boli
overené¢ meranim tvrdosti podla Vickersa, priCom
namerané hodnoty potvrdili homogénnu a uspokojiva
tvrdost’ v celom objeme spoja. Vysledky trhacich
skusok zaroven preukazali, Zze zvarené spoje vykazuju
primerani  pevnost pre pozadované technické
aplikdcie. Zistena porovitost’ a lokalne defekty vsak
modzu mat’ negativny vplyv na elektricka a tepelnti
vodivost’ materialu, o je potrebné zohladnit pri
hodnoteni ~ funkénych  vlastnosti  suciastky.
Zaujimavym javom je zvi¢Sovanie hibky pretavenej
oblasti smerom od stredu $pirdly. Tento jav mozno
vysvetlit akumulaciou tepla v materiali pocas
zvarania - ako sa zvySovala celkova teplota v okoli
zvarovej oblasti, dochadzalo k hlbsiemu pretaveniu
zékladného materialu. Tento efekt m6Ze mat vplyv na
tvar a rozmery tepelne ovplyvnenej oblasti (TOO) a

moéze byt vyhodny =z hladiska postupného
zlepsovania metalurgickej vizby.
Vysledky merania  tvrdosti pre vzorku s

obdiznikovym tvarom zvaru ukazali, Ze tvrdost
zékladného materialu sa pohybovala v rozmedzi 65 +
70 HV, zatial’ o tvrdost’ samotného zvarového spoja
dosahovala priblizne 55 HV. Z nameranych hodnét
vyplyva, ze s priblizovanim sa k zvarovému spoju
dochadzalo k postupnému poklesu tvrdosti. Naopak,
smerom od spoja do oblasti zdkladného materialu sa
hodnoty tvrdosti zvySovali, az nadobudli takmer
konstantnu troven. Pri vzorke so $pirdlovym tvarom
zvaru boli zistené odlisné vysledky oproti prvej
vzorke. Kym v prvom pripade boli spajané dva
medené plechy, v tomto pripade i§lo o spoj medzi
medenym plechom a medenym valcekom. Tvrdost’
plechu bola totozna s predchadzajiicou vzorkou,
ked’Ze islo o rovnaky material. Tvrdost’ val¢eka sa
pohybovala v rozmedzi 50 + 55 HV, zatial’ ¢o tvrdost’
v oblasti zvaru dosahovala 55 + 60 HV, ¢o naznacuje
postupny pokles tvrdosti v rdmci vzorky.

Rozdiely v hodnotach tvrdosti zvaranych materialov
mozno pripisat’ odliSnému typu tvarnenia. Plech bol
valcovany za studena, ¢im doslo k deformacnému
spevneniu a zvicSeniu hustoty dislokacii v krystalovej
mriezke, ¢o viedlo k zvySeniu tvrdosti. Naopak,
valéek bol vyrobeny tvarnenim zo zihanej tyce, ktora
vykazovala niz$i stupeit deformacného spevnenia.
Dal§im faktorom ovplyviiujucim vysledky mohla byt
rozdielna rychlost’ prehrievania a ochladzovania -
hrubsi valcek sa zahrieval a chladil pomalSie ako
tenky plech, o prediZilo posobenie teplot v oblasti
rekrystalizacie a viedlo k vzniku méksej Struktary.

Priemerné hodnoty tvrdosti zistené skuskou podla
Vickersa potvrdili tieto zavery. Pre Spirdlovy zvar
bola namerana priemerna tvrdost’ 57,96 HV, zatial’ ¢o
pre obdiznikovy zvar 60,56 HV. Napriek uréitym
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rozdielom medzi vzorkami, dosiahnuté hodnoty
tvrdosti potvrdili, Ze tvrdost’ zvarovych oblasti bola
postatujica a suciastka spliia poziadavky na jej
funkciu. Tvrdosti v oblasti zvarov aj zdkladnych
materialov svedcia o vhodnosti zvolenych zvaracich
parametroch, technologii a materialov navrhnutych
pre dané aplikacie.

ZAVER

V préci boli analyzované dva typy laserovych zvarov.
Optimalizaciou parametrov zvéarania sa podarilo
dosiahnut’ pozadovani pevnost nad 5000 N pri
vykone lasera 8000 W, vykone jadra 40 % a rychlosti
zvarania 150 ~ 180 mm-s™'. Hibka prevarenia dosiahla
priblizne 1 mm pri oboch zvaroch. Napriek vyskytu
menSich pérov a vnutornych chyb bola celkova
pevnost’ zvarov vyhovujica. Tvrdost’ sa pohybovala v
rozmedzi 50 = 60 HV v zavislosti od tvaru spoja.
Vysledky potvrdili, Ze oba typy zvarov su
technologicky realizovatelné a spifajii poziadavky
pre priemyselné vyuzitie, ¢im sa prispelo k
optimalizacii procesu laserového zvarania medenych
suciastok.
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UvVOoD
Zapustkové kovanie patri medzi najdolezitejSie
sposoby tvarnenia kovov za tepla. Ide o proces, pri
ktorom sa kovovy polotovar v plastickom stave vtlaca
do tvaru dutiny kovovej formy - zapustky. Tento
postup umoziiuje vyrabat' presné, pevné a tvarovo
zlozité suciastky.
Pri zapustkovom kovani sa ohriaty polotovar
(najcastejSie ocel alebo hlinikova ~zliatina) vlozi
medzi dve Casti zapustky - hornt a dolnt1. Tieto Casti
maji dutinu zodpovedajucu tvaru pozadovaného
vykovku. Po uzavreti zapustky pdsobi na material
vel'ka sila pomocou lisu alebo bucharu, ¢im sa kov
plasticky pretlaci do celej dutiny. Prebyto¢ny material
sa vytlaéi do vyronku. Po ochladeni sa vykovok
vyberie a odstrani sa vyronok. Tento sposob
umoziuje vyrabat' presné, pevné a tvarovo zlozité
suciastky s minimalnym odpadom materidlu a
pouziva sa hlavne pri hromadnej a sériovej vyrobe,
kde sa kladie doraz na pevnost’ a presnost’ vykovkov
[1-4].
Hlavné fazy zapustkoveho kovania:

1. Ohrev polotovaru na tvarnoplasticku teplotu (pre
ocel’ 1100 + 1250°C).
Vlozenie polotovaru do spodnej Casti zapustky.
Kovanie uderom alebo tlakom hornej zapustky.
Vytvorenie vykovku a vyronku.

wokw DN

Odstranenie vykovku, odstrihnutie vyronku a
tepelné spracovanie.

6. Tepelné spracovanie pre zlepSenie vlastnosti.
Typy zdpustkového kovania:

e otvorené zapustkové kovanie - zapustka nie je
uplne uzavreta, Cast materialu sa vytlaéa do
vyronkovej drazky. Pouziva sa pri vécsich
kusoch,
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e uzavreté zapustkové kovanie (presné kovanie) -
material je uzavrety v dutine, nevznika vyronok.
Tento sposob umoziuje vysSSiu presnost a
mensiu spotrebu materidlu, no vyzaduje velmi
presnu pripravu polotovaru.

Pouzivané stroje:
Zapustkové kovanie sa vykonava na:

e kovacskych lisoch (mechanické, hydraulicke,
skrutkové),

e kovacskych bucharoch,
e automatickych kovacich linkach.
Vyhody zapustkového kovania:
e vysoka pevnost’ a htizevnatost’ vykovkov,

e vyborné mechanické vlastnosti - vlakna

materialu sleduju tvar vykovku,
e moznost vyroby zlozitych tvarov,
e mensSia spotreba materialu ako pri obrabani,
e dobra rozmerova a tvarova presnost’,
e moznost sériovej vyroby.
Nevyhody zapustkového kovania:
¢ vysoké naklady na vyrobu zapustiek,
e obmedzena velkost’ vykovkov,
e presné davkovanie materidlu,

e menej vhodné pre kusovu
prototypy.
Pri vyrobe stciastok obrabanim je nevyhnutné dbat’
na presnost’ rozmerov, tvarov a kvalitu povrchu. Aby
sa dosiahla pozadovana presnost po vSetkych
operaciach obrabania, je na vykovku ponechana
vrstva materidlu - pridavok na opracovanie.

vyrobu alebo

Spravne stanovenie pridavkov je kluc¢ové pre
hospodéarnost’ vyroby, pretoze ovplyviiuje spotrebu



materialu, C¢as obrabania, opotrebenie nastrojov
a kone¢nu kvalitu vyrobku [5, 6].

1 POJEM A VYZNAM PRIDAVKU
NA OPRACOVANIE

Pridavok na opracovanie je vrstva materialu, ktoré sa
musi pri obrabani odstranit’ z povrchu polotovaru, aby
sa dosiahol pozadovany tvar, rozmer a drsnost
povrchu hotovej suciastky.

Hlavné ulohy pridavku:
e odstranenie vrstvy materidlu znehodnotenej

predchadzajucim tvarnenim (napr. zoxidovany
povrch po odlievani alebo okuje po kovani),

e vyrovnanie nepresnosti

polotovaru,

geometrickych

e dosiahnutie pozadovanej presnosti a kvality
povrchu,

e vytvorenie miesta pre ndsledné dokonCovacie
operacie.

1.1 Druhy pridavkov na opracovanie
Pridavky sa rozdel'uju:
a) Podla sposobu vyroby polovyrobku:

Typ Charakteristika Odporicany
polotovaru povrchu pridavok [mm]
Odliatok nerovny povrch, 26
(ocel, liatina) pory, oxidy '
Vyikovok zoxidovany poyrch, 15+ 4

nepresnosti
Valcovany relativne rovny )

z 0,5+2
polovyrobok povrch
b) Podla ucelu opracovania:
Druh Charakter Pridavok
opracovania ¢innosti [mml]
Odstranenie vacsej
Hrubovanie vrstvy materidlu, 0,5+3
tvarovanie
Polodokoncovanie Vyrovname tvaru pre d 0,2+1
findlnym opracovanim
Dosiahnutie presného
Dokoncovanie rozmeru a kvality 0,05+0,3
povrchu

1.2 Faktory ovplyviiujuce vel’kost’ pridavkov

Spravna vol'ba pridavku zavisi od viacerych
technologickych faktorov:

Faktor Vplyv na pridavok

Cim je polovyrobok
presnejsi, tym mensi
pridavok.

Presnost’ a kvalita
polotovaru

Tvrdé materialy vyzaduju
mensi pridavok kvoli
opotrebeniu nastroja.

Tvrdost’ a vlastnosti
materialu

14

Faktor

Sposob upnutia
a tuhost’ sustavy

Vplyv na pridavok

Pridavok kvoli moznym
vibraciam.

CNC stroje umoziuju
mensie pridavky vd’aka
vysSej presnosti.

Typ obrabacieho
stroja

Jemnejsi povrch =
mens$i pridavok na
finalne opracovanie.

Pozadovana drsnost’
povrchu

1.3 Stanovenie pridavkov
Pridavok sa urCuje podla vypoctu, empirickych

tabuliek alebo skusenosti technologa.
Zakladny vztah:
Z=2+Z,+Z,+..+Z,. (1)

kde Z - celkovy pridavok na opracovanie,
2\, 22, 7, ..., Z, - pridavky na jednotlivé operacie
(hrubovanie, polodokoncovanie, dokoncovanie).

1.3.1 Vyznam optimalneho pridavku
Nespravne stanoveny pridavok moze sposobit’:
o prilis velky pridavok — zvySena spotreba Casu,
nastrojov a energie,
o prilis maly pridavok — nedosiahnutie presnosti
alebo ponechanie chyb na povrchu.
Optimalny pridavok zarucuje:
e hospodadrne vyuZitie materialu,
e kratsi cas obrabania,
e mensSie opotrebenie ndstrojov,
e pozadovani presnost a kvalitu vyrobku.
Vseobecny priklad pouzitia v praxi
Pri vyrobe ojnice (zapustkovo kovany polotovar) sa
pouzivaju pridavky:
e celné plochy: 1,5 mm,
e diery pre ¢apy: 0,5 mm,
e vonkajsie obrysy: 1,0 mm.
Po dokonceni sa dosiahne presnost IT7 + IT8 a
drsnost’ povrchu Ra 1,6 + 0,8 um.

Podra pridavkov na obrabanie m6zu byt zapustkové
vykovky rozdelené do skupin podla pridavkov na
obrabanie:

e vykovky ktoré idi na montaz bez akéhokol'vek
obrabania povrchu,

e vykovky s minimalnymi
obrabanie (brusenie a lestenie)

e pridavky na obrabanie iba niektorych povrchov,

e obrabané zo vsetkych stran.

pridavkami na

Spojitost  medzi pridavkami a  presnostou
zapustkového kovania sa zisti rozborom pridavku.
Uplny pridavok P na polovyrobok pre strojné
obrabanie je suftom kovaéskeho pridavku Px



s celkovym medzioperatnym pridavkom P, pri
strojnom obrabani:

P=P.+P,. )

Uplny pridavok uvadzany na vykrese vykovku je
menovitym pridavkom P,. Vypocita sa ako polovi¢ny
rozdiel menovitého rozmeru polovyrobku R; a ¢istého
rozmeru stdiastky Ro. Uplny maximalny pridavok
Prax sa sklada z menovitého pridavku spocitaného
s hodnotou kladnej tolerancie A;. Celkovy minimalny
pridavok sa skladd z menovitého pridavku
zmenseného o hodnotu zapornej tolerancie Ao.
Zostrojenie hlavnych rozmerov polovyrobkov a
pridavkov na obrdbanie je znizornené na obr. 1
a obr. 2. Skuto¢ny pridavok Ps je vlastne polovicny
rozdiel skuto¢ného rozmeru polovyrobku Ry a ¢istého
rozmeru suciastky:

R

Py =R _70~ (3)
e Ry e ]
R e R~
:Pmm—l -—-AZ
L" Prn -.PKP- A1
"‘Pmax

Obr. 1. Struktira vykovku vyrobeného v zipustke
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Obr. 2 Struktira iplného pridavku na zipustkovy vykovok

Parametre na obr. 2 st nasledovné:

v - hibka vysekania,

or - okuje,

04y - oduhli¢enie,

t1 - tolerancia pri hrubovani,

p1 - minimalny pridavok pre jemné sustruzenie,
t; - tolerancia (jemné sustruzenie),
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p2 - minimalny pridavok na brusenie,
#; - tolerancia pri bruseni,
pi - kovacsky pridavok,

pm - celkovy medziopera¢ny pridavok na strojné
obrabanie,

R - maximalny rozmer zapustkového vykovku,
R - maximalny rozmer vyrobku,

R3 - minimalny rozmer vyrobku,

sustruzenie

r1 - maximalny rozmer

hrubovani),

(jemné po

r> - minimalny rozmer
hrubovani),

(jemné sustruzenie po

r3 - maximalny
sustruzenti),

rozmer (brisenie po jemnom

r4 - minimalny rozmer
sustruzeni.

pre brusenie po jemnom

ZAVER

Pridavky na opracovanie predstavuju dblezita sucast’
technologickej pripravy vyroby. Ich spravne urcenie
ma zasadny vplyv na kvalitu, presnost’ a ekonomiku
obrabania [7, 8]. V modernych vyrobnych procesoch,
najmd pri pouziti CNC strojov a presnych
polotovarov, sa pridavky minimalizuju, ¢im sa
dosahuje vysSia efektivita a Uspora materialu.
Zapustkové kovanie je efektivny spdsob vyroby
kovovych suciastok s vysokymi narokmi na pevnost,
presnost’ a kvalitu. Hoci vyzaduje zna¢né pociatocné
investicie do zapustiek a zariadeni, pri sériovej vyrobe
je ekonomicky velmi vyhodné. Vdaka svojim
vlastnostiam si tento proces dlhodobo udrzuje
dolezité miesto v strojarskej vyrobe.
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Abstract: This paper focuses on the critical role of data as a key asset in the modern enterprise. The proposed
approach involves the creation of an integrated data architecture that enables the collection, processing, analysis
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INTRODUCTION

Data is crucial for all industrial activities, procedures,
and business choices. Innovative manufacturers
leverage data for insights that fuel progress, but these
initiatives are often isolated and don't expand to
different company-wide uses. This is because
industrial data infrastructure is usually widespread,
disconnected, and intricate, with various datasets
scattered across repositories, databases, connected
devices, and local systems. Furthermore, the
equipment, sensors, and instruments in industrial

settings produce a large, complex stream of
performance, real-time, and other unstructured
information.

Additionally, separate /T and operational technology
datasets create not just technical difficulties but also
cultural and organizational issues, making integration
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challenging. Consequently, manufacturers find it
difficult to identify the location of all their data, how
to effectively connect and utilize it, and how to control
data access. A contemporary, all-encompassing
industrial data approach connects, integrates, and
facilitates access to the vast amounts and types of data
created in an industrial environment to speed up
engineering processes, improve operations, reshape
supply networks, and much more. It offers a managed,
data-oriented method that can be affordably extended
across company-wide applications to achieve
business results.

An industrial data approach not only eliminates data
divisions but also organizes data and improves
availability, enabling manufacturers to take advantage
of advanced, real-time, and predictive analysis or use
generative artificial intelligence (gen A7) [1] and ([9]



machine learning (ML) [2] to enhance operations.

1 INDUSTRIAL DATA FABRIC
SOLUTIONS

Without a well-defined plan for handling information,
many businesses in the manufacturing sector begin
with a specific application, like anticipating
equipment failures, at one of their facilities. They
often conduct a trial run, and if it goes well, they
choose to implement it at other locations. However,
because these locations have varying information
arrangements, different guidelines, and diverse
instruments, the solution that performed effectively in
the initial instance might not function in others—even
if the issue is precisely the same.

A more effective method for digital change is to
initially oversee all the information across the
company before starting a specific application. [3]
Companies that adopt this approach prepare
themselves to tackle numerous applications, with
significantly less time and resources and a much
higher likelihood of success [4].

Furthermore, implementing information management
on a large scale fosters increased creativity and
adaptability throughout the entire organization.
Descriptions of industrial data fabric solution (Figure
1) are:

e ingest: gathering and processing data from
different sources, whether it arrives in batches, as
a continuous stream, or sporadically,

e store: saving the data and keeping track of how
different pieces of information relate to each
other, even as the original data is updated,

o contextualize: refining the data through cleaning,
filtering, filling in missing values, and applying
other data preparation techniques, which may
involve using machine learning. This also
involves harmonizing various data types,
particularly by ensuring consistent timestamps,

e act: making the data available to users in the
formats they require. This often entails enabling
two-way communication between users and the
data system, allowing them to interact with the
underlying systems and applications.

Cloud computing solutions, widely utilized across
numerous sectors, have facilitated operational
transformations for a substantial number of industrial
organizations by harnessing data-driven insights to
enhance effectiveness, standards, and ecological
responsibility. This paper explores how a holistic
industrial data approach can enable superior asset data
oversight and yield beneficial outcomes for your
enterprise.

Leveraging cloud-based simulation, virtual desktop
environments offering secure and adaptable remote
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accessibility, and high-performance computing
(HPC) resources, design and engineering groups can
improve their responsiveness and foster greater
innovation. Consequently, product designs reach the
production phase more rapidly, shortening the overall
development cycle. Performing design and
assessment activities within a virtual environment
proves to be a quicker and more economical approach
compared to the creation of physical prototypes.
When implemented on cloud infrastructure, the
appropriate HPC capabilities empower product
developers and engineers to address intricate
challenges through the utilization of two-dimensional
and  three-dimensional = model-driven  design

methodologies and extensive, parallel simulations.

Fig. 1. The industrial data fabric solution [6]

This leads to a decrease, or even the complete
removal, of time invested in the creation of physical
prototypes. Product development teams gain the
capability to investigate manufacturable outcomes
early in the developmental procedure, allowing for
optimization across cost, materials, and optimal
production processes. Through the efficient execution
of substantial simulations and parameter variations,
HPC facilitates expedited advanced simulation,
thereby minimizing the time required to achieve
results and market entry. For generative design and
generative artificial intelligence, which enable
engineers to generate a vast range of design
possibilities by specifying parameters and limitations,
HPC can perform numerous simulations within a time
frame of hours as opposed to days. Furthermore, A WS
IoT streamlines the construction of digital replicas,
enhancing comprehension of new designs prior to the
prototyping stage.

2 IMPROVING SUPPLY CHAIN
VISIBILITY

Addressing supply chain transparency and robustness,
a collaborative effort between Carrier and Web
Services (WS) aims to minimize food wastage within
the temperature-controlled distribution network. WS
facilitates digital modernization to promote food
sustainability across the complete spectrum of
stakeholders, including suppliers, producers, logistics



providers, consumers, and related entities. As an
exemplar, Carrier and WS have partnered to create
Lynx, a digital platform designed to consolidate the
fragmented cold chain sector, reducing food spoilage,
enhancing complete visibility, and optimizing

efficiency throughout refrigerated storage and
transportation phases.
Acknowledging that multi-organizational supply

chains represent intricate networks characterized by
loosely integrated providers and  disparate
technological infrastructures with limited data or
system interoperability, the text highlights the
particular challenges of cold chains, where
interruptions can compromise perishable goods. Lynx
leverages WS's Internet of Things (loT), Machine
Learning (ML), and data analytics infrastructure to
offer clients a holistic perspective encompassing
cargo location, temperature regimes, and external
factors that might influence cold chain operations.
Carrier can also employ ML to detect potential risks
to food cargo and subsequently formulate proactive
recommendations to mitigate or avert those risks.

Considering the recent escalation of supply chain
instability due to resource scarcity, geopolitical
dynamics, and natural disasters, the text emphasizes
the imperative for manufacturing organizations to
anticipate supply chain vulnerabilities, rapidly adapt
to fluctuating consumer demand, and control costs.
Supply chain analytics are critical for organizations to
perceive, evaluate, and respond to substantial
disruptions. Utilizing WS data services, such as
Forecast and Managed Blockchain, organizations can
construct supply chains that deliver unified data
insights with comprehensive visibility, enabling
improved predictive capabilities for enhanced
decision-making [9].

WS Supply Chain assists in monitoring and tracing the
entire production lifecycle, enabling data-driven
decisions via ML, mitigating inventory risks, and
decreasing operational expenditure.

Elements of a resilient supply chain are shown in
Fig. 2.

Robust
Management

Supplier

Relationship Simulations

Visibility

. !

l l
I

I

Sustainability

Y

Communication

Adaptability Transparency

Fig. 2. Elements of a resilient supply chain [7]

Robust management - management’s crucial
understanding of their end-to-end workflow is the key
to driving their supply chain success. And for that, the
leadership needs to comprehend the potential
vulnerabilities in their process. All this constitutes in
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the form of an astute planning framework covering
challenges, capabilities, skillset, resource availability,
and financial prowess to minimize any potential
disruption impact. The smarter way to cover all these
pillars is through analysis on the back machine
learning algorithms and artificial intelligence
platforms [5].

Adaptability - in the face of anomalies, the biggest
virtue that keeps a resilient supply chain league above
the rest is its ability to adapt to changing dynamics
quickly. Qualities such as adjusting to the evolving
customers’ demands, economic fluctuations, global
disruptions, and more define how much flexibility is
coming to the fore from a workflow point of view.
However, in some organizations, the presence of
archaic methods, the presence of siloed data, the lack
of collaboration amongst internal teams, and the
absence of technological support dial the effort for
proactivity to nadir, leading resiliency to be a distant
dream [8].

Supplier relationship - the role of suppliers in
bolstering the robustness of the entire process cannot
be highlighted more. So, when an SCM invests in
transparent communication and efficient networking,
the collaboration finds more pace and results in a
more synced-up execution of an action plan in the face
of a value chain bottleneck. The best instance for one
is when the spiked-up demand from customers during
a holiday season turns up. It's during instances like
these that suppliers' capabilities come to the fore in
the form of scaling up their resourcefulness by
matching up increased raw materials supply while
keeping the quality intact - and contributing towards
supply chain performance.

Communication transparency - an organization's
turnaround time is very limited when a disruption
arises. At these crucial junctures, time is of the most
significant essence. It's at instances like these that
accurate communication should be passed on to every
stakeholder on board with the action plan. On the back
of clear communication, enterprises can navigate
potential aftereffects of a supply chain hurdle through
synced-up responses and intelligent decisions while
keeping the data security and compliance strategies
intact. These well-orchestrated efforts lead to better
brand value and ascension in market standing.

Simulations - it always helps when SCM has a clear
setup of action plans well known of their efficacy.
These simulations cover all possibilities for building
risk management capabilities that instil agility to react
seamlessly to fluctuating market scenarios. These
simulations contribute immensely to the long-term
resiliency game of the wvalue chain, helping
stakeholders cover almost every outcome attached to
different scenarios. This makes the process efficient,
purpose-driven, and productive, helping save time
and resources.


https://3scsolution.com/insight/supply-chain-resilience
https://3scsolution.com/insight/supply-chain-management

Sustainability - a well-known is fact that sustainability
forms an essential foundation for aresilience
roadmap. Companies that use sustainable resources
tend to have a more robust framework owing to
environmental-first packaging, optimized
transportation, and ethical sourcing practices. To add
further, since a sustainable framework requires a
considerable network of stakeholders, a vast supplier
network is employed to ensure diversity and
continuity in the process.

Visibility - having proper tabs on your workflow
paints the right picture for the subsequent action
ahead. Visibility of inventory levels and accurate
demand helps management plan judiciously
according to their financial requirements and the
resources required for seamless functioning. Even
from an operational point of view, visibility keeps in
check the supplier's performance to process’ efficacy
to detect any anomaly that might contribute to internal
disruption. All this catalyses to better contingency
planning, too.

CONCLUSIONS

The path towards groundbreaking advancements
commences with information, and the -effective
transformation into an organization guided by data
necessitates the adoption of a contemporary industrial
data approach that broadens access to information.
The Industrial Data Fabric (IDF) offerings on Web
Services (AWS) establish the essential groundwork for

manufacturing entities to structure information
comprehensively, consolidate information
administration,  guarantee  fluid  information

accessibility, harmonize oversight mechanisms.
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Abstract: The article presents an informative overview on the challenges of additive manufacturing technologies.
It highlights various methods and their practical applications. Additive manufacturing offers an innovative
approach to producing a wide range of objects by depositing material layer by layer according to a digital model.
The article describes the fundamental operating principles, commonly used materials, and key areas in which
additive manufacturing is implemented. We will describe the benefits of using this manufacturing method,
including product customization, reduced material waste, and shorter production times. Our aim is to acquaint
the reader with the technology of additive manufacturing and the principles underlying its operation.

Keywords: additive manufacturing, manufacturing, 3D printing.

INTRODUCTION

Additive manufacturing, commonly referred to as 3D
printing, is not a recent invention, however it
continues to gain significance due to its numerous
advantages [2].

It is used to create a wide range of objects based on a
digital model, which is possible to produce a solid
three-dimensional object [2].

We recognize several additive manufacturing
techniques, for example FDM technology, FFF and
others. FFF method is one of the most used additive
manufacturing techniques in the world [2].

Additive manufacturing includes the processes,
where thin printed layers of material are deposited
with a bottom-up application [1].

This technological advancement has gained
popularity and is often used by general public
regarding its advantages and  simplified
manufacturing process. For example, it can reduce
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costs due to budget when designing a new product or
producing new inventions and prototyping [1, 2].

1 HISTORICAL BACKGROUND

Additive manufacturing has progressed at a crucial
pace since its invention dating back to roughly 50
years ago. During this time and now it has had
significant impact on both commercial world and
industrial sector [3].

Back in the 80°s, additive manufacturing techniques
were considered suitable only for creation of
prototypes. At that time, these methods were referred
to as rapid prototyping. One of the first researchers
contributing to this field was Dr. Hideo Kodama.
The technology described by him was a UV-curable,
layer-based fabrication, which later became
important in the development of Stereolithography
(SLA) [3]. In years 1987 and 1988, two of many
additive manufacturing methods were developed,



such as Laser Sintering (SLS) and Fused Deposition
Modelling (FDM), both of which are still used
nowadays [4].

b)

Fig. 1. a) View of the SLA Additive manufacturing method
and its founder, b) worlds first commercial released SLA
machine (printer) [6]

In 2019 the quality, precision and material range of
these methods had increased to the point that
processes of this method are considered nowadays as
a key development in many fields, such as
mechanical engineering, electrical, medicine and
other fields. This method has been since then spread
among wide range of specialized fields and
applications [4].

2 GENERAL PRINCIPLES OF ADDITIVE
MANUFACTURING

The technique used for Additive manufacturing uses
processes, where fine printed layers based on
computer modelling are deposited following a
bottom- up approach [1].

This approach is based on an outcome of 3D CAD
data file. The following process described in the
upper section consist mainly of 2 steps, which are
repeated until the part is manufactured:

1.Formation of an individual layer, where the
geometry and thickness are prescribed by the
digital cross-section of the model.

2.Integration of each subsequent layer with the
preceding one, resulting in a continuously
accumulated structure [10].

This process is showing that with increasing the
layer thickness of the part, the stair step effect is
shown. This effect is typical for additive
manufacturing [10].

Standard thickness of a layer is around 0.1 mm and
can be reduced to approximately 0.016 mm,
regarding the process used. Reducing the thickness
means increasing the exactness of the parts and
number of layers, which are required, also the
manufacturing time, and the data volume [10].

Layer thickness of the product depends on used

material forming the stair step effect. Hard materials
such as metals and ceramics usually require more
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extensive finishing process than softer materials, like
Desired

plastics [10].
geometry P
»/

/ Individual
layers

Fig. 2. The comparison between designed object
and the outcome of the printed product using
stair- step approach in Additive manufacturing [14]

3 MOST COMMON ADDITIVE
MANUFACTURING TECHNOLOGIES

There are many technologies in additive
manufacturing. For the purpose of this article, we
outline only the following technologies, which are
the most commonly used upon this field, namely
FDM, FFF, SLA, DLP, SLS, Material jetting, Binder
jetting and DMLS, SLM, EBM. The methods are
described in the paragraphs below.

3D printing

FOM A SLS Material jotting Binder jetting
DoD

OMLS
SLM

Fig. 3. Types of additive manufacturing - simplified
scheme [7]

Material extrusion - Fused Deposition Modelling
(FDM) or Fused Filament Fabrication (FFF)
printing is a technology based on melting the
material, often using plastic string, which is named
filament. It is stored in the storage of an 3D printer
on a spool, from where the printer unwinds needed
material continuously until the end of printing
process. The material is then melted by a heating
extruder and layers the outcome product via bottom-
up approach as described in the previous chapter [2].

Polymerization - Stereolithography (SLA) and
Digital  light processing (DLP) rely on
photopolymerization of liquid resin, such as acrylate,
epoxy and vinyl ether type, which are initiated
through exposure to ultraviolet radiation. [10]

Powdered bed fusion (polymers) — Selective laser
sintering (SLS) is a method, which uses laser beam to
melt or selectively sinter a polymer powder into an
object. [10]

Material jetting - first technique is a continual ink-jet
printing, namely Continuous Inkjet Printing (CIP),
where a stream of droplets is extruded through a
nozzle continuously, where the Rayleigh principle of



instability is used to separate the jetted stream into
droplets. Second technique in material jetting is
Drop on demand (DOD). 1t is a technique in which
the droplets are regulated and dispensed only when it
is needed through heat-related or digital piezo-
electric signal [11].

Filament

Heated
Extruder

Printed Material

Fig. 4. Principle of function FDM [5]

Binder Jetting - this additive manufacturing
technology is characterized by high efficiency in
production and material utilization, also excellent
compatibility with multiple materials. BJ process
consists of depositing liquid binder droplets onto a
powder bed via printheads, which is followed by
spreading the powder layer by layer and selectively
binding it. When the part is formed, the binder is
thermally  removed, and  densification s
accomplished via sintering or infiltration. This
method is not reliable on laser, electron beams or
optical systems, which make it a cost-effective
method [12].

Powdered bed fusion (metals) is a group of AM,
where the energy source uses a selective bind or
melted powder to build an object. This technology
consists mostly of 3 methods. Direct metal laser
sintering (DMLS) is a metal AM method based on
powder-bed fusion, where a laser beam selectively
processes thin layers of metal powder. Selective laser
melting (SLM) is a process, which is used, when
there is need for complexly shaped, hollowed slender
objects with thin walls. This process is using a
power-dense laser to melt the metal powder in a
powder bed, to create a solid object. Electron beam
melting (EBM) is an AM technique used for metals,
using a high-energy electron beam, to melt the metal
powder (rather than a laser) in a controlled vacuum
chamber [13].

5 MATERIALS IN ADDITIVE
MANUFACTURING

From the invention of this technology, the most
common used materials among this manufacturing
method are mostly acrylic, plastic, polymers and
resin [1].
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With the development of material science AM has
been used for fabricating parts from composites of
polymer, polymer powders, granules, ceramics and
metals. [1]

The most used material among methods in Additive
manufacturing is polymer, used for in SLA,
powdered bed fusion processes such as SLS,
extrusion processes in FDM, material jetting
processes in poly jet printing and sheet lamination in
laminating object manufacturing. Polymer or
polymer  composites are  beneficial =~ when
manufacturing lightweight and complex geometries
with geometrical tolerances that are narrow or
observed closely for size. Polymer prints in
optimized processes benefit in improved accuracy,
surface texture and strength in the result printed
object. [1]

They are also resistant against UV light and suitable
for high temperature applications, and we also
benefit from their low price compared to other
methods in additive manufacturing. [1]

Fig. 5. Various shapes printed parts from Polymer [8]

Usage of metal powders in AM is increasing, but
comparing it to polymer materials, the metal is
slowly built and higher in cost. Also, the
disadvantage of the metal in this method is, that is
has not been so developed compared to polymers.
There is a limited number of metals that are printed
and depending on the machines used, the limiting
factor is also that the sizes of metal parts and
porosity are a limiting factor that affect strength of
printed objects [1].

Fig. 6. Printed metal parts [9]



CONCLUSION

Additive manufacturing represents a continuously
evolving group of production strategies that rely on
the controlled accumulation of material to generate
three-dimensional structures directly from digital
data. This paper has outlined the historical trajectory
that led to the establishment of modern AM systems,
clarified the operational principles that govern layer-
wise fabrication, and compared the primary
technological categories currently in use. The
discussion also addressed the material domains that
these technologies support and the implications of
material selection for the performance and integrity
of fabricated components. Overall, the article
summarized the most commonly used techniques
which are used in additive manufacturing, such as
FDM, FFF, SLA, SLS, DLP, CIP, DOD, binder and
material jetting and highlighted the materials
connected to those methods, providing a
comprehensive overview of the field.
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UVOoD

V modernom priemysle je spolahlivost’ vyrobnych
zariadeni klacova pre udrZanie
konkurencieschopnosti a efektivnosti. Neplanované

odstavky spdsobené poruchami moézu viest k
vyznamnym finanénym stratam a naruseniu
vyrobnych  pldnov. Preto je  nevyhnutné

implementovat’ metody, ktoré umoznuji predikciu a
prevenciu portch. Jednou z takychto metdd je FMEA,
ktora systematicky identifikuje potencialne poruchy a
hodnoti ich dopad na systém. Integracia umelej
inteligencie do FMEA prindSa moznost’ automatizacie
a zlepSenia presnosti predikcii, ¢o vedie k
efektivnejSiemu riadeniu udrzby.

FMEA je systematicky proces identifikacie a
hodnotenia potencidlnych sposobov zlyhania v
systéme, produkte alebo procese a urCenia ich
nasledkov. Cielom je identifikovat’ rizika, stanovit
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ich prioritu a navrhnat’ opatrenia na minimalizaciu
alebo eliminaciu tychto rizik. FMEA umoziuje
odhalit mozné problémy v ranych fazach vyvoja
alebo vyroby a prijat’ preventivne opatrenia na
eliminaciu alebo minimalizaciu rizik. Pouzitie FMEA
pomaha zlepsit' kvalitu produktu, zvysit’ spol'ahlivost’
a zaistit’ bezpecnost’ pred nasadenim do prevadzky.
Stidia venovani optimalizacii procesov na
pracovisku s vyuzitim umelej inteligencie sa
zameriava na FMEA, ktora sa riadi systematickym
pristupom, ktory zahfiia sedem hlavnych krokov:

1) Krok 1: planovanie a priprava. Stanovenie
rozsahu analyzy, definovanie cielov a
zhromazdenie potrebnych informacii (historické
data, technické Specifikacie, procesné diagramy).

2) Krok 2: Analyza Struktiry. Identifikacia a
rozdelenie procesu do hierarchickych urovni.



3) Krok 3: Analyza funkcii. Kazdému elementu
procesu sa priradia konkrétne funkcie, ktoré musi
spliiat’. Spravne formulovanie funkcii je kI'icové
pre naslednt analyzu moZznych poruch.

4) Krok 4: Analyza zlyhani. Identifikdcia moznych
zlyhani a ich dosledkov.

5) Krok 5: Analyza rizik.

Rizik4 sa hodnotia na zaklade troch hlavnych kritérii:

o S (Severity) - zavaznost’ chyby,

o O (Occurrence)
chyby,

- pravdepodobnost’ vyskytu

o D (Detection) - schopnost’ detekcie chyby.

Priradenie hodnot zévaznosti (S), vyskytu (O) a
detekcie (D) pre kazdy spdsob zlyhania a vypocet
Cisla priority rizika (RPN = SXOXxD).

6) Krok 6: optimalizacia. Na zaklade analyzy rizik
sa definuju preventivne a kontrolné opatrenia na
znizenie pravdepodobnosti zlyhania. Opatrenia
sa nasledne validuju a sleduje sa ich efektivita.

Krok 7:  dokumentacia vysledkov. Vsetky
vysledky analyzy FMFEA-P sa systematicky
zaznamendvaju do formdlnej spravy, ktorad
obsahuje podrobné informdcie 0
identifikovanych rizikach, prijatych opatreniach
a zaveroch analyzy.

7)

1 PREHLAD VYUZITIA UMELEJ
INTELIGENCIE PRE TVORBU
ANALYZY MOZNYCH SPOSOBOV
A DOSLEDKOV ZLYHANI

Al do FMEA predstavuje zasadny posun, ktory
zrychl'uje proces, zvySuje presnost a efektivitu
hodnotenia rizik. K uvedenej problematike bolo
publikovanych niekol’ko empirickych $tadii. Stadie
sa zameriavajl na Automatizované generovanie
dokumentacie = FMEA: Pouzitie generativnych
jazykovych modelov na tvorbu FMEA dokumentacie
umoziuje rychle a presnejSie zachytenie informacii o
zlozeni aktiv a ich zlyhaniach. Systém vyuzivajuci
velké jazykové modely bol schopny spravne
vygenerovat’ viac ako polovicu kl'ai¢ového obsahu, ¢o
potvrdili odbornici na spolahlivost’ [1].

Takato metoda umoziuje skratenie ¢asu potrebného
na vypracovanie dokumentacie a zaroven zlepsuje jej
kvalitu vdaka pristupu k rozsiahlym databazam
existujucich analyz zlyhani. Identifikaciu sposobov
poruch pomocou strojového ucenia: Kombinacia
aktivneho wucenia a NLP pomaha identifikovat
spOsoby portch z neStruktirovanych zaznamov o
udrzbe. Tento pristup vyzaduje anotaciu len 10 %
zadznamov, ¢o vyrazne redukuje potrebu manualnej
prace pri znackovani dat [2]. Okrem toho moéze A/
identifikovat’ vzory v datach a predikovat mozné
zlyhania na zéklade historickych informacii, ¢im
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pomaha pri planovani udrzby. ZlepSenie riadenia rizik
projektov v priemysle: Implementacia A/ do FMEA
zrychlila a zautomatizovala proces hodnotenia rizik.
Pouzitie regresnych modelov, ako napr. Random
Forest Regressor, viedlo k presnej§im predikciam
pravdepodobnosti zlyhani [ pripravit’ na na$ problém
vyroby/adrzby [3]. Tato metéda umoziuje podnikom
lepSie riadit’ bezpeCnostné rizika a predchadzat
oneskoreniam v projektoch. Optimalizacia FMEA pre
mechatronické produkty: Metoda rozkladu funkcie-
pohybu (FMA) spolu s alternativhymi metodami

vazen¢ho RPN  (IRPN) zabezpeCila lepsiu
identifikaciu a hodnotenie rizik v  oblasti
mechatroniky. Kombinacia A/ a analytického

hierarchického procesu (AHP) zlepsila klasifikaciu
kritickych portch [4]. Tato metodologia umoziuje
presnej$iu analyzu rizik v robotickych systémoch a
d’alsich komplexnych technologickych aplikaciach.
Integracia FMEA do priemyselnych procesov a
prediktivnej  udrzby: kombinacia FMEA s
monitorovanim stavu zariadeni v super-tepelnych
elektrarnach poskytuje presnejsie predikcie kritickych
poruch. Tento pristup minimalizuje prestoje a zvysuje
spolahlivost’ systémov [5]. 4] moze taktieZ pomoct
pri implementécii loT senzorov na kontinudlne
monitorovanie prevadzky zariadeni a v€asnu detekciu
anomalii. Optimalizacia FMEA pomocou genetickych
algoritmov a neurénovych sieti: Kombinacia FMEA,
metddy Taguchi, neurénovych sieti a genetickych
algoritmov  umoznila optimalizadciu  odolnosti
komponentov DRAM. Tento hybridny model znizoval
experimentalny zaber o faktor 85,3 [6].

Vyskumy ukazuju, ze genetické algoritmy mozu
pomoct’ optimalizovat’ vyrobny proces a predchadzat’
vyrobkovym defektom eSte v pociato¢nych fazach
vyvoja produktov. Automatizacia FMEA pre
bezpecnostne kritické systémy: Automatické nastroje
FMEA, integrujiice simulacie vstrekovania portch,
zjednodusili analyzu rizik a poskytli rychlejSiu
diagnostiku poruch v elektronickych systémoch [7].
Tento pristup mdze byt vyuzity aj v automobilovom
priemysle na zlepSenie bezpecnosti autonomnych
vozidiel. Aplikacia FMEA na robotické technologie v
logistike: FMEA v kombinacii so softvérovymi
nastrojmi (APIS, MS Excel) sa ukazala ako efektivna
pri zavadzani robotizovanych AGV/AMR technologii
do podnikovej logistiky, ¢o prispelo k zlepSeniu
riadenia rizik a efektivity [8].

ZniZenie chybovosti pri nasadzovani tychto
technologii vedie k vacsej prevadzkovej spolahlivosti
a niz§im nakladom na udrzbu. Strojové ucenie pre
automatizované¢ hodnotenie rizik:  Viactriedna
klasifikacia na  predpovedanie RPN hodnoti s
presnostou v rozmedzi 86,6 +~93,2 % zrychlila a

zlepsila analyzu FMEA v odvetvi
pol'nohospodarskych strojov [9]. 4/ umozhuje
nepretrzité  monitorovanie a  automatizované



rozhodovanie o prioritaich rizik, ¢im sa znizuje
potreba manualnych zasahov do procesu.

Vyuzitie umelej inteligencie v analyze FMEA sa
ukazalo ako efektivny nastroj na automatizéciu,
zrychlenie a zlepSenie presnosti hodnotenia rizik v
roznych odvetviach. Kombinacia A7 s metédami ako
NLP, strojové ucenie, genetické algoritmy a
neurénové siete ponuka inovativne pristupy na
predikciu a riadenie rizik.

2 HLAVNE VSTUPY POTREBNE PRE Al
ANALYZU FMEA

Al moze vyrazne pomdct s FMEA v rdznych fazach
analyzy, ¢im zefektivni proces identifikacie a rieSenia
potencialnych problémov. Vykonana S§tidia bola
realizovand vo vyrobnej spolo¢nosti za tcelom:

*  Automaticka identifikacia rizik - Al analyzuje
historické data o poruchach a chybach, identifikuje
vzory a navrhuje mozné sposoby zlyhania (Failure
Modes). Model strojového ucenia na zaklade
minulych udajov predpovedat, ktoré procesy
alebo komponenty maji vysSie riziko poruchy.

* Predikcia pravdepodobnosti vyskytu (Occurrence
- O) - Al hodnoti pravdepodobnost’ vyskytu chyb
na zaklade velkych datasetov zo senzorov,
vyrobnych zaznamov alebo udrzby. Na zaklade
zberu dat o vibracii alebo teploty stroja
predpoveda, kedy dojde k poruche.

* Automatické hodnotenie zavaznosti (Severity - S) -
Al analyzuje dopad chyby pomocou simulacii
alebo historickych 1udajov. Dopad poruchy
zariadenia na proces vyroby, kvalitu, efektivnost’
a priradenie zavaznosti.

» Detekcia chyb v redlnom case (Detection - D) - Al
monitorovat vyrobné linky a automaticky
upozorni na anomalie skor, ako spdsobia problém.
Pocitacové videnie odhal'uje vyrobné chyby na
zaklade obrazovej analyzy.

* Automatizované vypocitanie RPN (Risk Priority
Number) - Al dynamicky prepocitava RPN a
prioritizovat’ najkritickejSie problémy na zaklade
aktualnych udajov.

* Navrhy na napravné opatrenia - Al odporuéi kroky
na zmiernenie rizika na ziklade historickych
udajov a najlepSich postupov napr. navrh na
vymenu komponentov skor, ako dojde k poruche.

* Generovanie a automatizacia FMEA reportov - Al
automaticky generuje FMEA dokumentaciu a
odporucania na zaklade zisteni a tvorba grafov,
reportov a odporic¢ania pre manazérov kvality.

» Integrdcia do existujucich ERP a MES systémov -
Al pracuje s podnikovym softvérom na ziskavanie
aktualnych udajov o vyrobe a kvalite.
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Pre potreby pouzitia Al je potrebné ziskat relevantné
vstupy zo systému, ktoré umoznia automaticku
identifikaciu rizik, vypocet RPN a navrh opatreni.

2.1 Historické data o poruchach a zlyhaniach
Identifikovat’ vzory a predikovat’ buduce zlyhania.
e zoznam poruch, chyb a zlyhani (Failure Mode)
e pri¢ina poruchy (Root Cause)
e datum, Cas a trvanie incidentu

e typ zariadenia, dielu alebo procesu, kde k chybe
doslo
e frekvencia vyskytu danej chyby.

Vyrobné a procesné data (MES/SCADA/ERP) Al
moéze analyzovat aktudlne podmienky vyroby a
predikovat’, kedy dojde k chybe.

e parametre vyrobnych procesov (teplota, tlak,
vibracie, otacky, atd’.),
e udaje o vyrobnej linke (Cislo stroja, pracovny
krok),
e miera chybovosti na linke,
e planovana vs. skuto¢na vyroba.
Kvalitativne hodnotenia (od odbornikov a operatorov
Al modze analyzovat’ hodnotenia zamestnancov na
identifikaciu rizik.
e skusenosti operatorov s konkrétnymi chybami,
¢ hodnotenia pravdepodobnosti vyskytu a detekcie
chyb,
e navrhy na preventivne opatrenia.
Data z udrzby a oprav (CMMS - Computerized
Maintenance Management System) Prediktivna
udrzba zalozena na skuto¢nom stave zariadeni.
e pocet servisnych zasahov na konkrétnom stroji,
e typy oprav a naklady na udrzbu,
e predpokladana Zivotnost komponentov.
Predpisy, normy a limity kvality AI mdze porovnavat
namerané hodnoty so §tandardmi a urovat’ odchylky.

¢ interné Standardy kvality,
e [SO, IATF, FDA a iné normy.

3 VYSLEDKY ANALYZY FMEA
S PODPOROU Al

Implementacia A/ podporovan¢ho FMEA systému
bola overena na realnych datach z vyrobného
prostredia. Data zahfnali informacie o prevadzkovych
parametroch zariadeni, historii poruch a vykonanych
udrzbovych zasahoch. Na zaklade tychto udajov bol
natrénovany model neurénovej siete v TensorFlow na
predikciu hodnot RPN. Vysledky ukazali, ze model
dokaze s vysokou presnostou predikovat’ rizikové



komponenty, ¢o umoziuje efektivnejSie planovanie
udrzby a zniZenie neplanovanych odstavok [12].
e automaticky vypocitat RPN (Risk Priority
Number) na zéklade historickych a aktudlnych
dat ako je mozné pozorovat’ na obr. 1,
e predikovat, ktoré poruchy maju najvyssiu
pravdepodobnost’ vyskytu.

e odporu¢it napravné opatrenia na zaklade
historickych oprav a kvalitativnych hodnoteni.

e automaticky generovat’ FMEA tabul’ku a reporty.

e upozornit’ na kritické procesy a odporucit’ plan
udrzby.

4 ZHODNOTENIE

Integracia umelej inteligencie do FMEA prinasa nové
moznosti v predikcii a riadeni rizik. 4/ moze
analyzovat’ vel'ké mnoZzstvo dat a identifikovat’ vzory,
ktoré by inak mohli zostat nepovSimnuté. To
umozinuje presnejsie predikcie poruch a efektivnejsie
planovanie udrzby. Napriklad, algoritmy strojového
uCenia, ako su Random Forest, XGBoost alebo
neurénové siete implementované v TensorFlow,
moézu byt pouzité na predikciu hodndét RPN na
zaklade historickych dat.

Tymto spdsobom je mozné identifikovat’ komponenty
s vysokym rizikom zlyhania a prijat’ preventivne
opatrenia na zniZenie tohto rizika. Vysledky ukazali,
ze model dokaze s vysokou presnostou predikovat
rizikové komponenty, ¢o umoziuje efektivnejSie
planovanie Udrzby a znizenie neplanovanych
odstavok [12].

Priemerné hodnoty RPN na vyrobnych linkach
80

Priemerné RPN
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Obr. 1. Vysledky detailnej analyzy rizik RPN na linkach
(vlastné spracovanie)

ZAVER

Integracia umelej inteligencie do FMEA predstavuje
vyznamny krok vpred v oblasti idrzby. Inteligentna
FMEA umoziuje predikciu porich a proaktivne
riadenie rizik, ¢o vedie k zvySeniu spolahlivosti
zariadeni a znizeniu nakladov na udrzbu.
Implementacia takéhoto systému si vyZzaduje
investicie do zberu dat a vyvoja Al modelov, av§ak
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prinosy v podobe efektivnejSej udrzby a vyssej
produktivity tieto investicie ospravedliuju.

Tento C¢lanok predstavuje vyuzitie velkych
jazykovych modelov na rychlu a odbornu tvorbu
novych FMEA dokumentov pre kritické zariadenia .
Empirickd analyza ukazuje, Ze zdkladné modely mézu
spravne generovat viac ako polovicu kli€ového
obsahu FMEA. Vysledky z prieskumov medzi
odbornikmi na spolahlivost’ ukazuji pozitivny
pohl'ad na vyuzitie generativnej A/ pri tvorbe tychto
dokumentov.
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Design of a Compact PCB for Accurate Analog Input Measurement

Abstract: The article deals with the design and implementation of a measurement system intended for accurate
detection of linear displacement in the braking mechanism during brake lining testing. The measurement is carried
out using the analogue sensor Larm LS501, whose output, due to the mechanical design, utilizes 40% of the
available measurement range. The signal from the sensor is converted into digital form using a 16-bit ADS1115
analogue-to-digital converter, which allows obtaining approximately 13,107 measurement increments over a total
displacement of 400 mm. The resulting measurement resolution is approximately 0.0305 mm per increment. The
system is controlled by an ATmega328P processing unit implemented as an Arduino Nano module, which provides
data processing and communication via the 2C interface. The electronic part is realized on a two-layer printed
circuit board with dimensions of 90 X 45 mm, which, in addition to the processor and converter, includes power
and filtering components, input connectors, and four additional analogue channels available in 10-bit resolution.
The proposed solution provides a compact, easily serviceable, and cost-effective system for precise linear
displacement measurement in a brake inertia test stand.

Keywords: Analog, 2C interface, ATmega328P.

UVOoD

Presné meranie otocenia hriadela na skuSobnom
brzdovom stave je mimoriadne dolezité a predstavuje
klacovy prvok pri testovani brzdovych oblozeni. Len
spolahlivé a presné snimanie uhla otoCenia umoznuje
objektivne  vyhodnotit  spradvanie  brzdového
mechanizmu v réznych prevadzkovych podmienkach.
Na tento ucel je mozné vyuzit' senzor s analdgovym
vystupom, ktory poskytuje niekol’ko vyznamnych
vyhod. Analoégovy vystup umoziuje jednoduchsie a
rychlejSie monitorovanie meranych veli¢in a zaroven
nevyzaduje pouzitie softvéru na spracovanie dat, ¢o
predstavuje podstatny rozdiel oproti digitalnym
systémom.

Z uvedeného dévodu je pri merani pouzité zariadenie

typu Larm LS501, ktoré¢ho vystup ma analogovy
charakter. Aby bolo mozné s touto informaciou d’alej
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pracovat’ v elektronickom systéme a vyhodnocovat ju
pomocou riadiacej alebo meracej elektroniky, je
nevyhnutné¢ analégovy signal konvertovat na
digitalnu formu. Z tohto dévodu je potrebné navrhnut’
dosku plosnych spojov, ktora zabezpeci prevod
merané¢ho analdgového signalu na digitalny vystup
vhodny pre d’alSie spracovanie.

1 PROBLEMATIKA

Aktualny meraci systém vyuziva senzor Larm LS501,
ktorého vystupom je analogovy signal. Podla
technickych parametrov senzora je jeho maximalne
vystupné napatie pri napajani zo zdroja [1] 42 V. V
praktickej aplikacii sa v§ak vyuZziva len priblizne 40
% celého analdgového rozsahu vystupu senzora, €o je
sposobené konstrukénym usporiadanim a geometriou
brzdového mechanizmu, ktory je so senzorom pevne



spojeny. Na obr. 1 je zobrazeny pouzity snima¢ Larm
LS501.

b

4

4

¢

Obr. 1. Snima¢ Larm LS501

Systém meria posuv 400 mm a cielom je dosiahnut’
¢o najvyssiu presnost’ ziskanych tdajov. Presnost
merania v pripade analdogového snimaca suvisi s
parametrami  pouzitého  analdgovo-digitalneho
prevodnika (4DC), pricom rozliSenie prevodnika
priamo urcuje pocet dostupnych inkrementov. V praxi
sa pouzivaju rdzne rozliSenia ADC, napriklad 10-bit,
16-bit alebo 24-bit [2]. V tomto rieSeni je zvolené
rozlisenie 16 bitov, ktoré poskytuje celkovy pocet 32
767 hodndt. Ide o Sestnastu mocninu ¢isla dva minus
jedna, ked’Ze jedna hodnota je vyhradena pre troven
0.

Ako vhodny ADC bol zvoleny komponent ADS1115,
ktory je ureny na meranie analégového signalu do
5V [3]. Z tohto dévodu je potrebné prispdsobit

napajanie senzora tak, aby pracovné napitie
neprekro¢ilo 5V. Blokova schéma zapojenia

prevodnika ADS1115 je znazornena na obr. 2.

VDD

1
ADS1115 — ‘Comparator
Voltage ALERT/RDY

MUX. Reference

AINO -
ADDR

AN Z:\"c *bon 16-Bit AT rc L

T >l ADC Interface
AIN2 L oo SDA
AIN3 _E(C;ﬁ)* Oscillator

J

Obr. 2. Blokova schéma ADS1115

Analogovo-digitalny prevodnik nie je jedinym
prvkom systému. Stucastou rieSenia je aj procesor, v
tomto pripade ATmega328P, ktorého vykonové
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parametre si dostatoné na dané pouzitie. Procesor
podporuje komunikac¢ny protokol PC, ¢o umoznuje
jeho priame prepojenie s prevodnikom ADSI1115 a
prenos meranych udajov bez potreby dalSich
rozhrani. Alternativnym rieSenim by bolo vyuZitie
vykonnejsich mikrokontrolérov, napriklad z rady
STM32. Na obr. 3 je znazornena schéma procesora
ATmega328P.
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Obr. 3. Blokova schéma ATmega328p [4]
2 VYPOCET PRESNOSTI

2.1 Vypocet poctu inkrementov
Rozlisenie ADC 16 bitov maximalny pocet urovni:
2 —1=32767. (1)

Snimac vsak vyuziva len 40 % svojho rozsahu, preto
pocet vyuzitenych inkrementov:

32767-0,40=13106,8 =13107. 2)

2.2 Vypocet drahy

Celkovda  merand  drdha je 400  mm,

Hodnota 1 inkrementu:

n= _400__ 0,03052 mm. 3)
13106,8

To znamena, ze posuv 400 mm je rozdeleny na
priblizne 13107 inkrementov a kazdy inkrement
predstavuje 0,03 mm.



3 NAVRH DOSKY PLOSNYCH SPOJOV
Doska  plosnych  spojov  vyuziva  procesor
ATmega328P vo forme modulu Arduino Nano [5].
Pouzitie externého procesora na samostatnej doske
plosnych spojov prinasSa viaceré vyhody, medzi ktoré
patri jednoduchsia koncepcia navrhu,
Standardizované pripojenie a najmé moznost rychle;
vymeny procesorovej Casti v pripade poruchy alebo
potreby upgradu. Procesor 4Tmega328P je napajany
stabilizovanym napétim 5 V privadzanym priamo z
USB konektora. Toto napitie je nasledne
distribuované aj k senzoru a analdégovo-digitdlnemu
prevodniku, ktory pracuje na rovnakej urovni
napéjania.

Rozmery dosky plosnych spojov su 90x45 mm. Ide o
dvojvrstvova DPS  vyrabanu Standardnou
technoldgiou s hriibkou substratu 1,6 mm. Systém je

navrhnuty tak, aby umozioval meranie az Styroch
analogovych kanalov prostrednictvom konektorov
CN1 az CN4. Okrem toho je mozné sledovat’ Styri
d’alsie analogové signaly priamo cez vstupné piny
procesora ATmega328P v rozlisSeni 10 bitov,
konkrétne na vstupoch A0 az A3.

Odpory R1 a R2 s hodnotou 10 kQ sluzia ako pull-up
rezistory pre komunikacny protokol P2C, ¢im
zabezpecuju spravnu uroven signdlov na zbernici pri
komunikacii medzi procesorom a prevodnikom
ADS1115. PC je komunikaény protokol na prenos
spracovanych udajov z lokalnych senzorov do
jedného radi¢a. Komunika¢ny protokol /2C pouziva
dve zbernice na pripojenie podriadenych zariadeni k
zbernici, ¢o umoznuje hlavnému zariadeniu pingovat’
podriadené zariadenia podla ich konkrétnej adresy

[6].
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Obr. 4. 3D model dosky plosnych spojov
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V strede dosky plo$nych spojov je umiestneny hlavny
elektrolyticky kondenzator, ktory sluzi na stabilizaciu
napajania a eliminaciu poklesov napédtia pri
dynamickych zmenach odberu. Doska je navrhnutd
tak, aby bol odpor medzi kondenzatorom a
napajanymi prvkami - procesorom A47mega328P a
prevodnikom ADS1115 - ¢o najnizsi, ¢im sa zlepSuje
filtracia a znizuje rusenie.

Zemné prepojenie DPS je realizované formou
mriezkovej medenej plochy, ktord zabezpecCuje
kvalitné uzemnenie, znizuje parazitné impedancie a
zaroveit poskytuje lepSiu mechanicku fixaciu
vodivych ploch k substratu dosky. Na obr.4 je
zobrazeny 3D model navrhnutej dosky plosnych
Spojov.

Schéma dosky plosnych spojov, na ktorej je
znazornené zapojenie vSetkych  pouzitych
komponentov ~ vratane procesora, prevodnika,
napajacich vetiev a meracich vstupov, je uvedena na
obr. 5. Schéma zobrazuje priradenie jednotlivych
signalov k prislusnym konektorom, prepojenie
komunikaénych linieck PC, napdajacie rozvody a
pouzity filtrovaci hardvér, ktoré spolo¢ne tvoria
funk¢ny elektronicky celok meracieho systému.

||

o mnﬂfg#

Tevoeve

Obr. 4. 3D model dosky plosnych spojov

ZAVER

Navrhnuty meraci systém predstavuje efektivne
rieSenie pre presné snimanie posuvu brzdového stavu
pri testovani brzdovych oblozeni. Analégovy senzor
Larm LS501 v kombinacii so 16-bitovym
prevodnikom ADS1115 umoziuje dosiahnut’ vysoké
rozliSenie merania, ktoré pri vyuziti meracieho
rozsahu predstavuje priblizne 0,0305 mm na jeden
inkrement. Takato Groven presnosti je dostatocna pre
detailné  vyhodnotenie = dynamiky  brzdového
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mechanizmu pocas skusok. Pouzitie procesora
ATmega328P vo forme modulu Arduino Nano prinasa
jednoduchu  implementaciu, priaznivi cenu a
moznost’ rychlej vymeny v pripade potreby.
Elektronickd Cast’ je realizovand na dvojvrstvovej
doske plosnych spojov kompaktnych rozmerov
(90x45mm), ktora integruje napajacie vetvy, filtre,
komunika¢né vstupy a Styri doplnkové analdgové
vstupy s 10-bitovym rozliSenim.

Vysledny systém je konStrukéne servisovatelny,
ekonomicky vyhodny a vhodny na dalSie
rozsirovanie. Preukazalo sa, ze predstavuje
spolahlivy zaklad pre presné meranie linearneho
posuvu v brzdovom zotrvaénikovom skuSobnom
stave a moze byt d’alej vyuzity aj pri modernizacii.
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Abstract: This paper summarizes the key technological pillars that define the concept of Industry 4.0 (the fourth
industrial revolution) and analyzes their transformative potential for modern manufacturing and industrial
operations. Industry 4.0 is characterized by the fusion of digital and physical technologies, leading to the creation

of intelligent, fully connected and flexible manufacturing systems.

Keywords: Industry 4.0, new trends, industrial engineering.

INTRODUCTION

Significant progress in nascent technologies like the
Industrial Internet of Things (lloT), autonomous
mobile robots, additive manufacturing techniques,
industrial communication networks, and solutions
empowered by artificial intelligence are propelling
the evolution of industrial automation. The trends
within the realm of Industry 4.0 (Fig. 1) and the
startup landscape, as presented in this document,
represent only a preliminary overview of the patterns
discerned through our comprehensive investigation.
Other technologies, including but not limited to,
volumetric ~ visualization,  distributed  ledger
technology, and cloud-based computational
resources, are poised to fundamentally reshape the
industry.  Proactive identification of novel
opportunities and the integration of emerging
technologies into business operations at an early stage
can substantially contribute to the establishment of a
competitive edge.
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uman Augmentation
& Extended Reality
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& Cloud Computing
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Fig. 1. The trends in Industry 4.0 [6]
These digital representations provide crucial

intelligence pertaining to each phase of the production



workflow. Moreover, digital twins enable the
simulation of various scenarios and the refinement of
processes without jeopardizing physical resources,
thus fostering enhanced ingenuity and security.

1 THE IMPACT OF THE INDUSTRY 4.0
TECHNOLOGY TRENDS

A hierarchical visual representation highlights the ten
most prominent Industry 4.0 trends projected to
influence organizational operations by 2025. The
integration of artificial intelligence methodologies
across various technological assets and operational
workflows constitutes the foremost trend within this
industrial evolution. A growing number of innovative
enterprises are engineering portable technological
solutions  specifically tailored for industrial
environments, with the goal of enhancing
occupational safety and optimizing manufacturing
efficiency.

The acquisition of data through the implementation of
both cloud-based and edge-based computational
infrastructures, alongside the design and deployment
of robust cybersecurity protocols, enables businesses
to construct the foundational infrastructure required
for the establishment of intelligent manufacturing
facilities.  Furthermore, sophisticated robotic
technologies, encompassing autonomous mobile
units, collaborative robots (cobots), and distributed
robotic systems, as well as the advancement of robotic
software development, represent a significant facet of
the prevailing Industry 4.0 trends (Figure 2).

Artificial Intelligence Edge, Fog & Cloud Advanced Robotics. Internet of Everything
Computiny
16% Bt 10% 10%
N
Big Data
& Analytics
Network 9 »

& Connectivity

1%

Human Augmentation
& Extended Reality

13w

Fig. 2. The trends and innovations in Industry 4.0 [6]

Artificial Intelligence (A1) and Machine Learning are
catalyzing advancements across various sectors and
operational domains. The creation of specialized A/
hardware and innovative algorithmic approaches is
refining existing systems and providing solutions to
complex manufacturing issues. Industrial facilities are
increasingly integrating A/ into their production
workflows and systems. The emergence of
sophisticated A4/ has facilitated developments such as
predictive upkeep, cognitive computation, collective
intelligence, context-aware processing, intelligent
machinery, hardware acceleration, and generative
design. These technologies are guiding manufacturing
plants towards complete automation and unmanned
operations. Effective supply network management is
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now achievable, facilitated by Al-driven algorithms.
These algorithms excel at anticipating requirements
and automating stock control, thereby optimizing
processes.

ATG Artificial Intelligence Division is an Italian
startup, provides a solution for intelligent company
4.0. The startup's solution comprises three elements:
prediction, predictive upkeep, and categorization of
waste. The startup's prediction capability enables
manufacturers to discern patterns and tendencies in
industrial process information through the utilization
of machine learning.

Moreover, the startup employs A/ and the Internet of
Things (loT) to enable predictive maintenance of
industrial ~ resources. These elements allow
manufacturers to foresee unforeseen energy usage
surges and equipment malfunctions to diminish
downtime and execute environmentally conscious
measures. Its waste categorization solution also aids
in averting quality concerns and pinpointing defect
morphology.

Oqgton (Al-Powered Data Integration) is a US-based
startup, develops FuactoryOS, an Al-enhanced
platform for consolidating manufacturing system
information to optimize factory production and yield.
Machinery, systems, and information from
manufacturing  establishments are commonly
maintained as discrete information repositories,
rendering it challenging to extract tangible benefit
from them. The cloud-based platform assimilates and
leverages information from all phases of the industrial
ecosystem, encompassing design, production, and the
supply network. Progressively, the Al acquires
knowledge continuously from these data inputs to
generate crucial perspectives for enhancing overall
efficiency.

Human Augmentation & Extended Reality are
technological advancements are increasingly focused
on enhancing human performance through human
augmentation and extended reality (XR). Wearable
devices and exoskeletons, for example, are being
deployed to improve both physical and cognitive
functions. This represents a key development within
the broader context of the Fourth Industrial
Revolution. The increased availability of industrial
mobile computing, user-friendly interfaces, and
portable machine control solutions is facilitating
wider adoption of these technologies [1].

ULS Robotics (Exoskeleton Technology Platform) is a
nascent Chinese enterprise, is engaged in the creation
of an exoskeleton technological infrastructure. A
considerable segment of the manufacturing workforce
experiences lassitude, enervation, and diverse forms
of corporeal unease as a consequence of the recurrent
and standardized nature of their occupational duties
[1]. The deployment of exoskeletal devices in



manufacturing environments facilitates heightened
operational efficacy among personnel, concurrently
mitigating or precluding physical exertion. Generally,
these exoskeletons furnish support for the lumbar
region, the superior extremity (incorporating four
degrees of kinematic freedom), and the inferior
extremity (incorporating twelve degrees of kinematic
freedom). [3]

Arkellis Technologies, an emerging Indian enterprise,
provides a streamlined, low-code platform for
constructing industrial metaverse environments. This
platform facilitates the ready-made creation of
augmented and virtual reality applications suitable for
diverse commercial sectors. [4] The framework
encompasses a suite of development instruments,
catering to applications such as instruction,
rectification, upkeep, visualization, and employee
integration. By affording organizations the capability
to incorporate comprehensive digital replicas with
data synthesis, the framework expedites operational
processes. Consequently, it curtails the duration
required to introduce products to the market and
obviates the need for costly, bespoke in-house product
evolution. [5]

The substantial volume of data engendered by the
industrial Internet of Things (IloT) is driving the
incorporation of edge, fog, and cloud computing
within Industry 4.0. Bespoke hardware and software
resolutions, including interconnected clouds,
distributed cloud systems, distributed processing and
storage, and hybrid computing models, are
influencing this trajectory. Technological
advancements such as low-code development
interfaces, microservices architecture, portable
computing, and multi-access edge computing are
fostering the consolidation of edge, fog, and cloud
computing across a range of industries. This stratified
approach guarantees effective data management,
ranging from immediate processing at the network
periphery to comprehensive analysis in centralized
cloud infrastructure.

Network  infrastructure and interconnectedness
represent key catalysts in facilitating the realization of
Industry 4.0. Progress in technologies like edge-to-
cloud computing, high-bandwidth time-synchronized

networks, low-power  wide-area  networking
(LPWAN), fifth-generation wireless (5G), and

machine-to-machine (M2M) communication are
prompting manufacturing facilities to embrace the
Industrial Internet of Things (lloT), thereby
converting them into advanced Industry 4.0 sites [7].

These advancements are continuously improving
interaction between equipment and personnel, as well
as data conveyance. Developments in this domain are
augmenting velocity, strengthening safeguards and
efficacy, and diminishing network accessibility
expenditures. The combination of diverse
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connectivity options is fostering a unified, reactive,
and versatile industrial milieu. This assimilation
constitutes an essential element in the advancement of
intelligent production facilities. ~ Within  the
framework of the Fourth Industrial Revolution, the
extensive acquisition of production information
facilitates the evolution of industrial plants into
sophisticated establishments. The inherent challenge
associated with substantial datasets resides in their
utility, which is contingent upon expedient and
economical acquisition, storage, and scrutiny.

Progress in technology has enabled the exploitation of
this information for penetrative evaluations of
industrial ~ processes. = The  accessibility of
contemporaneous and immediate information has
created avenues for prescriptive and predictive
analysis across the hierarchical tiers of an
organization's fabrication infrastructure. Furthermore,
it equips enterprises with the capacity to utilize
expansive volumes of information for strategic
comprehension. These technologies methodically
process and analyze information derived from diverse
origins, encompassing sensors, machinery, and
platforms, thereby providing a comprehensive
perspective on operations and augmenting decisional
processes and operational efficacy.

Driven by the imperative to develop novel
technologies capable of satisfying escalating market
requirements, industrial producers have increasingly
adopted additive manufacturing methodologies.
Initially employed as a rapid prototyping
methodology, additive manufacturing is currently
undergoing a transformative evolution, fostering the
decentralization of production processes [6]. Hybrid
manufacturing, which seeks to integrate additive and
subtractive techniques, represents a key advancement
in this domain.

Concurrent advancements in materials science and the
refinement of techniques such as stereolithography
and metal-based three-dimensional printing have
significantly facilitated the construction of intricate
geometries and constituent elements. Additive
manufacturing 1is facilitating a transition towards
highly customized and ecologically conscious cloud-
distributed production models. Moreover, the
synergistic incorporation of additive manufacturing
with digital design paradigms and computational
simulations serves to enhance dimensional accuracy
and abbreviate product development cycles.

The inherent interconnectedness characteristic of
Industry 4.0 engenders a data exchange which
prompts anxieties regarding safety, explicitness, and
confidentiality. As  production methodologies
progress towards increased personalization and
individualization, data administration protocols, both
internal and external to the production environment,
substantially impact an organization's desirability.



Robust protection of sensitive industrial information
during transmission and processing is crucial to avert
digital incursions targeting vital infrastructure. [8,9]

Improvements in automated systems are accelerating,
improving, and securing operations within the fourth
industrial revolution. Self-governing automated
machines, cooperative  automated machines,
anthropomorphic automated machines, ambulatory
automated machines, network-connected automated
machines, application programming interfaces, object
manipulation automated machines, and collectives of
automated machines are prominent technological
contributors influencing production.

In the realm of industrial production,
contemporaneous interconnectedness constitutes the
fundamental infrastructure of the [Internet of
Everything (IoE). This pervasive connectivity extends
across automated systems, operator interfaces, and
interpersonal communication. It encompasses the
Industrial  Internet  of Things (lloT), the
interconnectedness of professional competencies, the
network of service provisions, the integration of
operational systems, and the comprehensive
connectivity of the production facility.

Digital twin technology leverages the convergence of
dynamic, real-time data acquisition and visual
representation to construct virtual instantiations of
industrial equipment. This approach demonstrates
considerable potential across various applications,
encompassing model-based engineering, simulated
prototyping,  simulated  system  verification,
production rate maximization, and incremental
improvement. The increasing integration of digital
twins is propelling advanced manufacturing towards
a highly automated paradigm.

3 CONCLUSIONS

The convergence of instantaneous
automated reasoning, and human capabilities
expedites fabrication procedures, resulting in
enhanced efficacy and economic viability. A
standardized architecture for the Internet of Things
({oT) and interoperability are indispensable for the
effective deployment of Industry 4.0. Furthermore,
IoFE facilitates immediate observation and regulation
of all integrated resources, leading to streamlined
allocation and thereby optimizing the performance of
manufacturing procedures.
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Abstract: A valvetrain is a necessary structural unit of every combustion engine with discontinued combustion
process. It ensures changing cylinder filling, allow low level of exhaust emissions and an optimal combustion
process. There are several types of valvetrains depending on their design solution. In principle, there are recognized
older valvetrain systems marked as OHV (overhead valve engine) and OHC (overhead camshaft engine).
Regardless of a type of valvetrain, they include several components, which are in mutual connection. As they are
exposed to dynamic effect during operational conditions, they should have suitable dynamical properties. A
valvetrain is a mechanical system. The essential dynamical properties of a mechanical system of a valvetrain of a
combustion engine include eigenfrequencies and eigenmodes. The article is focused on eigen analysis of a
valvetrain of a combustion engine. Equations of motion of a simplified dynamical model of a valvetrain are derived.
Eigen characteristics of a chosen type of a valvetrain are calculated. Matlab software and Simpack multibody

software were used for calculation of the derived equations.

Keywords: valvetrain, combustion engine, eigen analysis, equations of motion.

INTRODUCTION

A valvetrain of a combustion engine serves to change
cylinder filling. A process of changing cylinder
filling, it means, exhaust gas discharge from the
combustion chamber and compress space as well as
fresh filling supply should be ongoing in exactly
defined time intervals regarding to a cylinder position
(valvetrain timing) [2, 10].

Valvetrains are mainly installed in four-stroke
combustion engines. The most widely used
valvetrains in combustion engines are the valvetrains
types OHV, i.e. overhead valve engine and OHC, i.e.
overhead camshaft engine. In case of combustion
engines with larger dimensions, the OHV system is
usually applied (Fig. 1). It is because such engines
have divided engine head due to design reasons and
a camshaft cannot be located [4-6]. The OHC
valvetrain does not include a push rod, therefore it is
stiffer and lighter in comparison with the OHV
valvetrain. This is its advantage for high-speed
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engines. From a combustion chamber point of view,
both types of valvetrains equivalent, because valves
are located in the same way [].

Fig. 1. An example of the OHV valvetrain [1]

On the other hand, the OHC valvetrain includes
a camshaft located in an engine head, which leads to



problem to install additional components into it. In
principle, two types of OHC valvetrain are used in a
practice. The DOHC (or 2xOHC) valvetrain is
recognized as a dual overhead camshaft (Fig.2),
which includes two camshafts in the engine head. The
other type is the SOHC valvetrain as a single overhead
camshaft, which includes only one camshaft in the
engine head (Fig. 3) [7-9].

Fig. 3. An example of the SOHC valvetrain [1]

1 EIGEN ANALYSIS OF A VALVETRAIN

A problem of free oscillation is applied for calculation
of eigen frequencies of avalvetrain. They
characterized the dynamical properties and oscillation
characteristics of a valvetrain in a significant way.
Eigen frequencies of a valve train should be as high as
possible. This is achieved by a choice of suitable
parameters during its design process. The parameters
are such as material, stiffnesses, masses and others.
Considering that a valvetrain is a complicated
oscillating mechanical system, which composes of
elements with a character of continuum, it has in the
reality infinitely many eigenfrequencies. Therefore, a
method for discretization of continuum is applied for
eigenanalysis. There is accepted a rule to achieve a
sufficient calculation accuracy, that number of
discrete masses should be at least twice as high as the
number of eigen frequencies. Free oscillation of a
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valvetrain should be investigated in such a position of
a mechanism, in which a valve is open. It means, that
clearance between individual components of a
valvetrain does not exist. Damping is not considered
usually, which partially simplifies a dynamical model
of a valvetrain.

The research was solved in two software, namely in
Matlab and in a multibody software Simpack. The
results obtained from these software are compared.

Figure 4a depicts a simplified dynamical model of a
valvetrain for one cylinder. It includes three masses
with elastic couplings between them. Figure 4b shows
a multibody model of the considered simplified
valvetrain created in the Simpack multibody system.
%

ky
my
Zy
k2V .
m;
2
k21 i
m
k Z%

a) b)

Fig. 4. a) A simplified dynamical model of the solved
mechanical system of the valvetrain, b) a multibody model
in the Simpack software

As it can be seen, the considered mechanical system
has three degrees of freedom (3 DOF) with
considered generalized coordinates xi, x> and xy. Th
equations of motion are derived by means of the
method of the Lagrange's equations of the second
kind, which have the general form for undamped non-
forced oscillation as follows [3, 11]:

OF OE, OE
e n
de\ oq, ) 0q, 0q,
where FEk is kinetic energy,
Ep is potential energy,
qi, ¢, are generalized velocities and

deflections, respectively.

Kinetic energy Ex of the valvetrain simplified
mechanical system with 3 DOF is:
)

1 ) ) )
E, =5-(mV-ZV+m2-Z2 +m, -z ),

potential energy Ep is:



1
E, :5'(1‘;/ -z; +ky, (2 —z,,)2+

i , (3)
+k,, -(z] —22) +k, le)

where ky, ki, ka1, ki are stiffnesses of elastic
components in the system, respectively.

Kinetic end potential energies are derived based on
the equation (1). Then, the resulting equations of
motion are as follows:

m, -z, +(kV+k2V)~ZV—k2V -z,=0

mz'22+(k21/+k21)'22_k21'21_k2V'ZVZO’ (4)
m, -z +(k21 +k1)'Zl —ky -z,=0
or in a matrix form:
m, 0 0]]Z
0 m, O]z |+
0 0 m]|]|Z
, )
k, + kz,, —k,, 0 z, 0
+ _kzv kzv + kZI _k21 12| T 0
0 —k,, k21 +k, zZ, 0

The solution of the resulting system of equations of
motion is considered in a form:

it

Z, =2Z,,"€
_ it

— )
_ it

Z1=%,€

where zy, z20 and zio are amplitudes of eigenvectors
of individual masses on the mechanical
system of the simplified valvetrain shown in
Fig. 4, respectively,

Q is eigenfrequency of the system,
¢ is time.

When the supposed solution is substituted to the
equations of motion (eq. 4), the following system of
algebraic equations is get:

(kV +kyy - 'mV)'ZVo_kzv "2y, =0
—k,, "2y +(k21/ +ky, - 'mz)'zzo —kyy "Zyo =0,(7)
—ky -z, +(kyy + e, — 27 my )2, =0

Their matrix form is as follows:

k +k, —Q-m, —k, 0
—k,, kyy +hy — 27 m, —k,, .
0 K, ky +k — 2 m, | -(8)
Zyo 0
Zy, |=]0
z, 0

10

This system of algebraic equations has a non-trivial
solution, when a determinant of the system equals to

zero. It can be written as follows:
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D=
k, +k, — 2 -m,
= ~k,,
0 —k,,

~k,, 0
7k2|
ky+k -2 -m,

. (9)

=0

Lets return to the equations of motion in the matrix
form, i.e. to the eq. (5). This equation can be written
in a shorter form as follows:

M- i+K-7=0,

where M is mass matrix,

(10)

K is stiffness matrix,

z, %, 0 are vectors of generalized coordinates,
generalized velocities and vector of the right
side, respectively.

When the eq. 10 is multiplied form the left side by the
inverse matrix to the mass matrix M'!, we get the
following equation:

M'M-3+M"-K-7=0. 1D

Further, we consider a solution of the system of
equations of motion (eq. 10) in this form:

(12)

1.e.

0.
z:zi 'el t)

where z; is avector of amplitudes,
T
zi:[ZV’ZZ’Zl] .

After substituting the solution (eq. 12) and its
modification, we get the following equation:

MK+ E=0,

where € is a square of eigenfrequencies,

(13)

E is the identity matrix.

Now, we can apply a known mathematical approach
to the solution. It means, that calculation of
eigenfrequencies and eigenmodes is transmitted to
calculation of eigenvalues and eigenvectors of the
matrix M-K.

The following parameters of the valvetrain system are
considered: my = 0.47 kg, m> = 0.0054 kg, m; = 0.022
kg, ky = 100-10° N'm™!, k> = 1000-10° N'm™, kzy =
100-10° N'm™', k& = 120-10° N-m™". The task is to
calculate eigenfrequencies and eigenmodes of this
system. The calculation comes from the derived
mathematical model represented by the equation of
motion (eq. 4 or eq. 5). The calculation was performed
by means of the Matlab software. The used
calculation script for the task is presented in
Appendix.

The resulting eigenfrequencies form the Matlab
software as well as form the Simpack software are
listed in Tab. 1. The results for both software are very
similar, only minimal deviations are detected.
Therefore, it can be stated, that calculations of
eigenfrequencies in the Matlab software and in the
Simpack software are the same.



Further, eigenmodes are illustrated in Fig. 5. They are
Tab. 1. The resulting eigenfrequencies achieved from the Matlab and Simpack software

Eigenfrequencies f [Hz] Angular eigenfrequencies Q [rad-s™']

Matlab Simpack Matlab Simpack
1%t eigenmode 2.832:10° 2.83225-10° 1.780-10* 17.7956:103
2" eigenmode 15.643-103 15.6429-10° 9.829-10* 98.2874-10°
31 eigenmode 72.248:10° 72.2478-10° 45.395-10* 453.946:103

Tab. 2. Calculated values of eigenmodes amplitudes for individual bodies of the valvetrain mechanical system

my m2 nmi
1* eigenmode 0.6894 0.6557 0.3078
2" eigenmode -0.0217 0.0745 0.9970
34 eigenmode 0.0104 -0.9997 0.0232
@ - , ,, =
? 3 3t 3 o
m2 | | | ‘<
m, r
@ 1 02 03 o 05 B o e e 1 % o8 o5 04 02 02
a) b) ©) d)

Fig. 5. Illustration of eigenmodes calculated in the Matlab software: a) an original mechanical system in an equilibrium

position, b) the 1st eigenmode, c) the 2nd eigenmode, d) the 3rd eigenmode

2
fé - -

a) b) <)

Fig. 6. Illustration of eigenmodes calculated in the Simpack software: a) the 1st eigenmode, b) the 2nd eigenmode,
¢) the 3rd eigenmode
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obtained from the Matlab software. As it can be seen,
the 1% eigenmodes is without a node, the 2™
eigenmode has one node and the 3™ eigenmode has
two nodes. It means, that the mechanical system is in
these nudes without movement during oscillation.
Further, we can see, that in the 1% eigenmode, the
mass m; has the biggest deflection, in the 2™
eigenmode, the mass my has the biggest deflections
and for the 3" eigenmode, the mass m- has the biggest
eigenmode. The source commands for creating
eigenmodes are written in Appendix.

Figure 6 also shows the eigenmodes of the solved
mechanical system of the valvetrain, but they are
calculated the Simpack software. As it can be seen,
they also correspond to the previously calculated
eigenmodes.

CONCLUSION

The main goal of the presented research was to
calculate the essential dynamical properties of
a simplified model of a valvetrain of a combustion
engine. Equations of motion were derived by means
of the Lagrange's equations o the second kind. These
equations were written in a ;matrix form and based on
the obtained matrices, the eigenmodes and
eigenfrequencies were calculated. A multibody model
of the solved mechanical system was created in the
Simpack software. It served for calculation the same
dynamical characteristics, i.e. eigenmodes and
eigenfrequencies. The resulting numerical values of
the eigenfrequencies showed, that both results are
very similar. The graphical eigenmodes re also
included in the results. The source commands for the
Matlab software are included in Appendix of the
article.

APPENDIX

Source of commands for calculation of
eigenfrequencies and eigenmodes in the Matlab
software:

%% eigenanalysis of valvetrain:
clear all
clc

% input parameters:
mv=0.47;

m2=0.0054;
m1=0.022;
kV=100*10"6;
k2V=1000*10"6;
k21=100*10"6;
k1=120*10"6;

% mass matrix:
M=[mv,0,0;0,m2,0;0,0,m1];

%

s stiffness matrix:

K=[kV+k2V, -k2V,0; -k2V, k2V+k21, -k21;0, -
k21,k21+k1];

% inverse mass matrix:
MI=inv (M) ;

% calculation of eigenvalues and
eigenmodes:

[V,D]=eig(MI*K); % V - eigenvectors, D
- eigenvalues (spectral matrix)

Omega_square=sort([D(1,1);D(2,2);D(3,3)
], 'ascend');

% angular eigenfrequency:
Omega=sqrt(Omega_square); % [rad/s]

% eigenfrequency:
f=0Omega/ (2*pi); % [Hz]

Source of commands for creating eigenmodes in the
Matlab software:
al=Vv(:,2); % 1st eigenmode
a2=V(:,3); % 2nd eigenmode
3

a3=V(:,1); % 3rd eigenmode
y=0:1:4;

r=[0,0];

s=[0,4];

x1=[0,a1',0];
x2=[0,a2',0];
x3=[0,a3',01];

% 1st eignemode - graph

figure(1)

plot(x1,y,'-ob',r,s, " -

k', 'LineWidth',2, 'MarkerEdgeColor','b',
'MarkerFaceColor','b', 'MarkerSize',10)
title('1st eignemode')

grid

% 2nd eignemode - graph

figure(2)

plot(x2,y,"'-or',r,s, " -
k','LineWidth',2, 'MarkerEdgeColor','r',
‘MarkerFaceColor', 'r', 'MarkerSize',10)
title('2nd eignemode')

grid

% 3rd eignemode - graph

figure(3)

plOt(XB!y: I _OgIJPJSJ

k','LineWidth',2, '‘MarkerEdgeColor','qg’,
‘MarkerFaceColor','g', 'MarkerSize',10)
title('3rd eignemode')

grid
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Comparison of optimisation algorithms during the spectral tuning

of a mechanical system

Abstract: This article deals with a comparison of various, gradient-based optimisation algorithms in terms of their
accuracy and effectivity. The compared algorithms are the steepest descent method (SDM) and the most well-know
quasi-Newton methods. The presented methods were applied to the spectral tuning of a simple two degree of
freedom (DOF) mechanism, in order to evaluate their performance. The obtained results were statistically
processed and utilised to compare the algorithms, based on their accuracy and overall effectivity. The results show
that the quasi-Newton methods are superior to the SDM in terms of both the accuracy and computing time.
Moreover, the overall performance of these methods is also significantly less influenced by the selection of starting
point. Thus, the obtained results render the quasi-Newton methods as a significantly better choice, compared to

the standard SDM.
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UVOoD

Stroje a zariadenia st pocas prevadzky vystavené
zatazeniam, ktoré mozu vznikat bud v dosledku
chodu zariadenia alebo mézu predstavovat’ vplyvy
okolia. Tieto =zatazenia mdézu mat naviac aj
stochasticky charakter. Najmid pri dynamickom
zat'azeni je kI'i€ové poznat’ charakter posobiacich sil,
kedZze zasadnym sposobom ovplyviuju funkciu

zariadeni. Vyznamnym parametrom su prave
frekvencie zatazeni, ktoré vo velkej miere
ovplyviiuji  prevadzku, Zivotnost' a spolahlivost
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strojov a konstrukceii. Z hl'adiska vlastnych frekvencii
je mimoriadne nebezpeény stav rezonancie, ked’ st
budiace frekvencie prili§ blizke vlastnej frekvencii
stroja, ¢o mdze v extrémnych pripadoch viest az k
uplnej destrukceii zariadenia. Z tohto dovodu je preto
dolezité¢ vhodné nastavenie parametrov konstrukcie
tak, aby jej vlastné frekvencie neinterferovali
s frekvenciami budiacich sil [1, 2].

Jednou z moznych metod, ako modifikovat’ vlastné
frekvencie sustavy je pouzitie optimaliza¢nych
algoritmov. Pomocou procesu optimalizécie je mozné



nastavit’ parametre systému tak, aby sa jeho vlastné
frekvencie v dostatocnej miere priblizovali tym
pozadovanym [3]. V pripade inzinierskych aplikacii
je jednym znajcastejSie vyuzivanych algoritmov
modifikovany Simplex, znamy tiez ako algoritmus
Nelder-Mead. Jedna sa o pomerne jednoduchy,
efektivny arobustny algoritmus, schopny néjst
lokdlne minimum cielovej funkcie. Existuje tiez
skupina algoritmov vyuzivajucich hlbsie matematické
zaklady. Tieto algoritmy st zalozené na vypocte, resp.
aproximaciach gradientu cielovej funkcie. Cielova
funkcia predstavuje matematicky popis rieSenej
ulohy, pricom bod, v ktorom tato funkcia nadobuda
minimum zodpoveda optimalnemu stavu, ktorého
dosiahnutie je predmetom optimalizacie. Medzi
zakladné pristupy tu patri napr. metéda najvacsiecho
spadu (SDM), ktord vyuziva numericky vypocet
gradientu v prisluSnom bode cielovej funkcie,
v ktorého smere je nasledne hl'adané nové lokalne
minimum. Avs$ak, v komplexnych aplikaciach, ako
napriklad metoda konecnych prvkov (MKP), mdze
byt vypocet gradientu velmi neefektivny, pricom
naviac mézu mat tieto algoritmy problém
s konvergenciou, ked’ze presnost smeru urceného
gradientom je obmedzend len na blizke okolie
derivovaného bodu [2].

Za ucelom urychlenia konvergencie bola postupne
vyvinuta skupina modifikovanych algoritmov, ktoré
st zname aj ako quasi-Newtonove metody. Medzi tie
najzndmejsie patria algoritmy Davidon-Fletcher-
Powell (DFP) a Broyden-Fletcher-Goldfarb-Shanno
(BFGS). Tieto metddy predstavuju modifikaciu SDM,
ktord vyuziva aproximdcie inverzie Hessovej matice
(Hessidnu), t.j. matice druhych parcialnych derivacii
cielovej funkcie, ktora je pocitana v kazdom
iteratnom kroku. Inverzia Hessianu potom sliZzi na
spresnenie smeru vypocitaného gradientu. Tento
pristup spravidla vedie k vyraznému urychleniu
konvergencie [2, 4, 5].

Tato praca sa zaobera porovnanim efektivity metody
SDM a quasi-Newtonovych algoritmov, Specificky
metdd DFP a BFGS. Tieto algoritmy boli aplikované
pri optimalizacii vlastnych frekvencii jednoduchého
mechanizmu s dvoma stupiiami vol'nosti (°V), ktory
bol modelovany ako sustava hmotnych bodov.
Cielom optimalizacie bolo dosiahnut pozadované
vlastné frekvencie mechanizmu, sohladom na
obmedzujuce podmienky kladené na optimalizacné
premenné. Tymito premennymi si materidlovo-
geometrické charakteristiky vybranych komponentov
mechanizmu. V pripade vSetkych pouzitych metod
bola optimalizdcia vykonand opakovane, zo suboru
nahodne generovanych Startovacich bodov, ktoré boli
spolocné pre vSetky algoritmy. Jednotlivé
optimalizacné algoritmy boli naprogramované
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atestované v programe Matlab. Ziskané vysledky
boli nasledne Statisticky spracované a vyuzité pre
porovnanie uvedenych algoritmov.

1 POPIS RIESENEHO PROBLEMU

RieSeny mechanizmus pozostava z kyvadla, ktoré je
uchytené na horizontalnom oscilatore (obr. 1).
Systém je modelovany ako ststava dvoch hmotnych
bodov (P1, P»), s dvoma DOF. Jeho polohu je teda
mozné popisat pomocou dvoch zovSeobecnenych
suradnic, ktoré zodpovedaju posunutiu oscilatora y
avychylke kyvadla ¢. Vtu uvedenom pripade
uvazujeme len s malymi hodnotami zovSeobecnenych
suradnic. Systém teda moéZeme povazovat za
geometricky linearny. Vlastné frekvencie sustavy s
ovplyvnené hmotnost'ami bodov (m1 = 1,25 kg, m> =
2,25 kg), tuhostou pruziny k a dizkou kyvadla /.
Posledné dva parametre slizia ako optimalizacné
premenné, ktorych hodnoty mézu byt volené

vyhradne k €(40; 260) N-m"
ale(0,3;1,9) m. intervaly  definuju

obmedzujuce podmienky kladené na tieto premenné.
RieSeny systém je naviac ovplyvneny tiazovym
zrychlenim g = 9,81 m-s2,

K hUNNNY

z intervalov

Uvedené

Obr. 1. RieSena sustava

V tomto pripade je cielom optimalizacie dosiahnut’
pozadované vlastné frekvencie systému, pomocou
vhodne nastavenych hodndét optimaliza¢nych
premennych, ktoré musia spliat  definované
obmedzujuce podmienky. Vzhladom na to, Zze
mechanizmus je modelovany ako linearny a ma
dva °V, ma tiez prave dve vlastné uhlové frekvencie
w;. Cielom optimalizdcie je, aby boli

hodnoty tychto frekvencii o, =£2 = V10 rad-s' a

@, =0, =170 rad-s™".
Ak zavedieme substitu¢né funkcie X =3 a @ = ¢,

mozeme pohybové rovnice transformovat’ na systém
diferencialnych rovnic prvého radu, v maticovom
tvare:

f=Aaf
kde f =[x ¢ X ®]7, pricom pre maticu 4 plati:

(M



0 0 1 0

0 0 0 1
- — 0 0
A= m m (2)
k - + '
\ (my+my)- g 0 0/
mq -1 my -1

Vlastné uhlové frekvencie systému ziskame rieSenim
nasledujiceho determinantu:

|[A—2A;-1| =0, (3)

kde I oznacuje jednotkovu maticu a A; vlastné Cisla
matice systému (2). Vzhl'adom na to, Ze ide o systém
diferencialnych rovnic prvého radu, plati, ze 1; = w;.
Vdaka jednoduchosti rieSené¢ho systému dokazali
autori najst’ analytické rieSenie pre kvadraty vlastnych
uhlovych frekvencii v tvare:

M-g+k-1)
Y= T
+J(M-g+k-l)2—4-m1-gkz @
- 2-my-l ’
kde M =m; + m, oznaCuje celkova hmotnost

sustavy.

Parametre k, I, pre ktoré budu vlastné uhlové
frekvencie systému dosahovat” pozadované hodnoty
04, 0,, bolo taktiez mozné vyjadrit’ analyticky:

m1'g'(~(2%+9§)i\/5

li,=— . 5
L2 2 my - 0% 02 ®)
L2 0 Ly,+g '

kde:

Q = (my.g)* (9} +33)° - -

—4-my-M-(g- 0 0)%

To znamena, ze vlastné uhlové frekvencie

2, =+v10rad- s tafN, =+/170rad-s~! je mozné
dosiahnut pri [ = 0,853 m a k = 184.741 N-m™1.
Zvysny par rieSeni nie je v sulade s obmedzujicimi
podmienkami.

2 OPTIMALIZACNY PROCES
Cielova funkcia Fy, je na obr. 2 a je definovana, ako:

Fo = Si(@F — ) prei=1,2, ®)
kde w? oznaCuje kvadraty vlastnych uhlovych
frekvencii, zodpovedajucich hodnotam
optimalizacnych ~ premennych,  zvolenych

v danom itera¢nom kroku.

Obmedzujice podmienky boli implementované do
cielovej funkcie prostrednictvom kvadraticke;j
penalizacnej funkcie. Pouzitie kvadratického tvaru
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bolo zvolené na zabezpeCenie hladkej cielovej
funkcie, ¢o predstavuje nevyhnutnu podmienku pre
spravne fungovanie a konvergenciu pouzitych
optimaliza¢nych algoritmov. Tymi st metddy SDM,
DFP aBFGS, pricom metoda SDM sluzila ako
referencna.

Vzhl'adom na to, Ze poloha optima bola urcena
vopred, analyticky, je mozné posudit’ aj presnost
jednotlivych algoritmov. T4 bola posudzovana podla
dosiahnutej hodnoty cielovej funkcie v najdenom
optime (plati, Ze¢ min(F,) = 0). Okrem toho boli
algoritmy porovnané na zaklade poctu iterécit
a celkového casu potrebného pocas optimalizacie.
Kazdy algoritmus bol spusteny 500-krat, vzdy
z iného, ndhodne generovaného, Startovacieho bodu.
Stubor tychto 500 bodov bol spolo¢ny pre vsetky
algoritmy. Ziskané vysledky boli nasledne Statisticky
spracované v programe Matlab. Podarilo sa tak ziskat’
stredné hodnoty asmerodajné odchylky (SO)
sledovanych porovnavacich veli¢in. Ako uz bolo
uvedené, vysledky ziskané pouzitim metody SDM
sluzili ako referencné.

Cielova funkcia
Globalne minimum = 0 pre [0.85; 185]

Hodnoty cielovej funckie

. 15000
13000
11000
9000
7000
5000
3000
1000
9
3 VYSLEDKY

Presnost’ a efektivita skiimanych algoritmov boli
vyhodnocovand na zaklade priemernych hodn6t
cielovej funkcie v ndjdenom optime ana zaklade
poctu iteracii a celkového casu potrebného na
optimalizaciu. Tieto hodnoty, vratane prisluSnych
smerodajnych odchylok a minimalnych
a maximalnych hodnét, si uvedené v tab. 1, priCom
vysledky pre metédu SDM boli zvolené ako
referencné data.

0.3 0.5 0.7 0.8 1

I[m]

Obr. 2. Zobrazenie cielovej funkcie

Na zaklade ziskanych dat je mozné povedat’, Ze quasi-
Newtonove metddy dosahuji vyrazne lepSie vysledky
ako metdda SDM. Toto tvrdenie plati v pripade
rychlosti konvergencie a sucasne aj presnosti. Ako je
mozné vidiet, quasi-Newtonove metody vyzaduju
v priemere zhruba o 90 % menej itera¢nych krokov,
¢oho dosledkom je aj o zhruba 90 % mensi vypoctovy
¢as, v porovnani s metodou SDM. Stcasne je mozné



Tab. 1. Vysledky

Algoritmus SDM* DFP BFGS
Hodnota cieFovej priemer 5,526x10°¢ 6,518x107"! 4,186x1071!
. [(rad-s)*]
funkcie SO 5,892x10° 5,111x1071 1,151x10710
priemer 113,7 10,45 (-90,81 %)* 8,148 (-92,83 %)*
Pocet iteracii [-] max / min 895/5 173 /4 17/4
SO 167,7 15,88 2,495
priemer 160,2 19,54 (-87,80 %)* 15,46 (-90,35 %)*
Celkovy ¢as [ms] max / min 1251/7,189 286,9/6,761 33,50/ 6,324
SO 229,1 27,02 4,938
* Hodnoty pre SDM boli zvolené ako referencné
Najdené body pre SDM x10
184.78 - ]
O Minimum
+ Najdené body 15 -2
184.76 - =
b=
= )
E 10 2
Z 184.74 - s
x 2
o]
[ =
184.72 - 8
o
184.71 I 1 I I I 1 1
852.3 852.5 852.6 852.8 852.9 853.1 853.2 853.4
| [mm]
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184.78 - ]
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+ Najdené body 15 .2
184.76 - =
=
Z 184.74 - <
x >
=
184.72 - g
T
184.71 + ] ] i i I |
852.3 852.5 852.6 852.8 852.9 853.1 8563.2
| [mm]
Najdené body pre BFGS x10*
184.78 - I
O Minimum
+ Najdené body 15 o
184.76 - <
=
2
E 10 'g
Z 184.74 %
x S
g
2
184.72 e}
=

184.71 n T I
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Obr. 3. Vysledky

pozorovat,, Ze hodnoty smerodajnych odchylok poctu
iteracii a vypoétového casu sa pre metddu SDM
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pomerne velké, priCom prekracuju aj prislusné
stredné hodnoty. Tento jav naznaluje, Ze celkova



efektivita metody SDM je vo velkej miere ovplyvnena
vol'bou polohy Startovacieho bodu.

Aj v pripade hodnotenia presnosti dosiahli oba quasi-
Newtonove algoritmy lepSie vysledky ako metoda
SDM. Uvedené porovnanie presnosti je zndzornené na
obr. 3. Algoritmy DFP a BFGS sa pocas rieSenia
dokazali dostat’ blizSie k analyticky uréenému
minimu, ¢o okrem vysledkov uvedenych v tab. 1
dokumentuje aj obr. 3. Ten popisuje rozptyl bodov,
ktoré predstavuji minimé néajdené jednotlivymi
algoritmami, pricom kazdy z tychto bodov zodpoveda
jednému z 500 Startovacich bodov. Na obrazku su
uvedené vyseky cielovej funkcie v blizkom okoli
analyticky ur¢eného minima. Rozptyl bodov pri
quasi-Newtonovych ~ metodach  je v porovnani
s metddou SDM prakticky zanedbatelny. Avsak, aj v
pripade tohto algoritmu boli jednotlivé minima
najdené spomerne velkou presnostou, pricom
rozptyl ziskanych vysledkov nema zasadny vplyv na
vlastné frekvencie optimalizovaného systému.

Pri vzajomnom porovnani quasi-Newtonovych metdd
je mozné vidiet, Ze algoritmus BFGS je mierne
efektivnej$i, ako DFP, ¢o dokumentuje mensSia
stredna hodnota poctu iterdcii a vypoctového casu.
VyznamnejSie rozdiely vSak wvznikaji v pripade
smerodajnych odchylok, ktoré naznacuji mensiu
citlivostou na volbu polohy Startovacieho bodu
v pripade algoritmu BFGS. Z hl'adiska presnosti st
rozdiely medzi metodami DFP a BFGS prakticky
zanedbatelné.

Na zaklade celkovych vysledkov je mozné povedat,
ze quasi-Newtonove metddy umoznuji vyrazny narast
efektivity rieSenia optimalizdcie, v porovnani so
zakladnou metédou SDM.

ZAVER

Tato praca bola venovand porovnaniu efektivity
apresnosti metody SDM  a quasi-Newtonovych
algoritmov DFP a BFGS. Uvedené algoritmy boli
naprogramované v programe Matlab a aplikované pri
optimalizacii parametrov jednoduchého mechanizmu
s dvomi °V, za ucelom jeho spektralneho naladenia.
Pri uvedenych algoritmoch bol skimany pocet
potrebnych iteracii a celkovy vypocétovy cas, ako
parametre charakterizujuce efektivnost’ a
dosiahnuté minimalne hodnoty cielovej funkcie,
ktoré sluzili ako charakteristika presnosti algoritmov.
Uvedené data boli Statisticky spracované v programe
Matlab, pricom vysledné Statistické velic¢iny tvorili
zaklad pre vzajomné porovnanie skumanych
algoritmov.

Z porovnania jednotlivych algoritmov vyplyva, Ze
quasi-Newtonove metody v zasadnej miere presahuju

moznosti zékladnej metody SDM, pricom sa
vyznacuju najmd vysokou efektivitou. Ta je
charakterizovand  vyraznym  poklesom  poctu
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potrebnych iteracii a aj vypoc¢tového ¢asu, pri¢om sa
v priemere jedna o zhruba 90% pokles. DalSou
prednostou algoritmov DFP a BFGS, v porovnani
s metddou SDM, je ich vyrazne nizSia citlivost na
volbu Startovacicho bodu. Prejav nizsej citlivosti je
mozné zaznamenat na zaklade nizkych hodnot
smerodajnych odchylok sledovanych porovnavacich
veli¢in. Rozdiely medzi jednotlivymi algoritmami sa
pozorovatel'né aj pri dosahovanej presnosti, ktora je
viditeI'ne vysSia v pripade quasi-Newtonovych metod.
V tomto pripade vSak narast efektivity predstavuje
vyznamne;jsi jav.

Zo vzidjomného porovnania metdd DFP a BFGS
vychadza, ze druhy uvedeny algoritmus dosahuje
vyssiu efektivitu, avSak len vo velmi obmedzenej
miere. Metdda BFGS sa okrem toho vyznacuje
mensou citlivostou na volbu pociato¢ného bodu,
avsSak opat’ len v pomerne malej miere voc¢i metdde
DFP. 7 Hladiska presnosti su oba algoritmy
navzajom porovnatelné.

Vysledky ukazuju, ze v pripade rozhodovania medzi
gradientnymi  optimalizacnymi algoritmami su
modifikované, quasi-Newtonove metddy podstatne
lepSou volI'bou, nez zakladné metody, ktoré vyuzivaji
len vypocet gradientu, ato najmi vdaka vyrazne
vysSej efektivite, ktora dokdzu dosiahnut’.
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