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Marek BETIUK !
Zbigniew LATA §2

MODYFIKACJAWEWN ETRZNYCH
POWIERZCHNI LUF MO ZDZIERZA METOD A
MAGNETRONOW A

W publikacji przedstawiono wyniki baddechnologi prézniowo-plazmovg CMS
PVD (ang.Cylindrical Magnetron Sputtering Physical Vapour Deposition) z wyko-
rzystaniem magnetronu cylindrycznego — liniowegesewnatrz przewodu lufy. In-
spiracy rozpoczcia bada przy udziale Huty Stalowa Wola jest proba ragania
problemu zwgkszenia trwatéci eksploatacyjnej konstrukcji ola¢onych zmien-
nym polem dinienia w warunkach silnego oddziatywania chemicanegnalizo-
wana technologia nie stanowé alternatywve dla bardzo ugizliwych ekologicznie

i zdrowotnie technik galwanicznych wytwarzania pokvthromu technicznego. Po-
wierzchniami modyfikowanymigssciany wewrtrzne rur stalowych ferrytycznych
o $rednicach od 45 do 100 mm, w tym lufy fdaierza 98 mm, udaginionej przez
Hute Stalowa Wola. W pracy przedstawiono zarys procgtiechnologicznej wy-
twarzania powtok TiN, CrN, TiCN na stali lufowej 3813MFA.

Stowa kluczowe magnetron cylindryczny, plazma, lufa, powtoka

1. Wprowadzenie

Prace nad zastosowaniem nowych technologii maberiadh, w tym tech-
niki magnetronowej do modyfikacji powierzchni lufrzeleckich, byly prowa-
dzone w Stanach Zjednoczonych w laboratorium fiBapet. Projekt [1] zaktadat
rozpoznanie i opracowanie alternatywnych czystsajatiogicznie technologii
w stosunku do obecnie stosowanego procesu chron@walwanicznego po-
wierzchni wewwtrznych luf matosrednio i wysoko kalibrowych z nowymi ma-
teriatami powtokowymi. W ramach projektu analizowaachnologie: modyfika-
Cji procesu galwanicznego przez stosowanie niskgtit zwhzkdéw organicz-
nych eliminujcych oddziatywanigrodowiskowe Ci [2], chemiczne i plazmo-
chemiczne procesy CVD, CVD-UV, PA-CVD-rf opiegeg st na syntezie po-
wioki Ta [3], platerowanie detonacyjne wkladikurowg ze stopu Ta90W10 [4],
magnetronowe osadzanie powilok na bazie Ta, W, &r,oNgrubdéciach do
200 um w lufach diych kalibréw z zastosowaniem cylindrycznegmdia

1 Autor do korespondencji/corresponding author: ékaBetiuk, Instutut Mechaniki Precyzyjnej,
ul. Duchnicka 3, 01-796 Warszawa, tel.: (22) 56@R@&3mail:betiuk@imp.edu.pl
2 Zbigniew tat4, Instutut Mechaniki Precyzyjnej w Warszawie, edmaitas@imp.edu.pl
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plazmy i autonomicznego systemu czyszczenia jonovegetu i podiga [3, 5,
6]. Wymogiem jakéciowym nowych materiatbw powtokowych byto uzyskanie
lepszych cech eksploatacyjnych z zastosowaniem jrgemeracii tadunkow pro-
chowych i materiatdw ptaszcza pocisku, w stosurkpalvszechnie stosowanego
chromu technicznego, posiagizggo ju w fazie wytwarzania siagdicznych gk-
nie¢ kohezyjnych. Istnienie pierwotnej siatkikmic¢ chromu ledacych wynikiem
procesu galwanicznego nawodorowania i niekorzystnyapezen w powtoce
ulegapcych samoistnej relaksacji w trakcie jej wzrostiprébki cieplnej (odwo-
dorowania) jestrédtem inicjacji i narastaniaddow balistycznych w czasieryt-
kowania broni. Narastgie gkniecia i odwarstwienia powtoki chromu w trakcie
eksploatacji bronigspowodem utraty jej wkziwosci ochronnych oraz narasiaj
cej degradacji struktury materiatowej i geometuiiyl doprowadzajcych do za-
burzen kinetyki ruchu pocisku i ostatecznego jej znisniag7-9].

Wynikiem prac badawczych prowadzonych w IMP w [at2612-2017 nad
technology magnetronow, dedykowan powtokom azotkowym i wgloazotko-
wym chromu i tytanu, bylo opracowanie i wykonanietptypowej konstrukcji
diugiego magnetronu cylindrycznego [10, 11]. Zebrdgwiadczenia badawcze
zZwigzane z zaptonem i stabilizaginagnetronowego wytadowania jarzeniowego
pozwolity na opracowanie i wykonanie nowej konstjuknagnetronu cylin-
drycznego przeznaczonego do pracy w standardowyoiotach préniowych.
Rozwigzanie to objto procedus ochrony patentowej [12-16]. Prowadzone w la-
tach 2016-2017 prace badawczo-konstrukcyjneAlimidy budowe prototypowej
konstrukcji poziomej komory pediowej stosowanej w technologii syntezy po-
wilok PVD na powierzchnie wewirzne dtugich do 1600 przewoddw rurowych
0 masie do 60 kgsrednicy do 150 mm. Wraz z komyporaprojektowano i zbudo-
wano magnetron cylindryczny o diugd 2000 mm. Praca ta stanowi kontyngacj
bada rozpocztych w latach 90. XX w. przez Miernika [17]. Badanée prowa-
dzono w Instytucie Technologii Eksploatacji w Radlom

2. Technologia magnetronowa — magnetron cylindrycan

Magnetron cylindryczny z wewirznym uktadem dynamicznego pola ma-
gnetycznego jegsrodiem plazmy stanowtejsrodowisko technologiczne syntezy
materiatdow powlokowych, w tym faz wysokotopliwychreglikowych i zatoko-
wych. Ceck znamieng tego typuzrédia stanowi toze plama jarzeniowa jest
generowana jednocgge w wielu zamknjtych obszarach powierzchni katody.
Plama przybiera ksztatt licznych pieieni, okalagcych katod (rys. 1a).

Cechy praktyczm magnetronéw cylindrycznych z toroidalgeometra pla-
zmy jest zastosowanie wielu sekcji magnetycznychwayzapcych serg pier-
scieni plazmowych, w ktérych zachagdpodstawowe procesy fizykochemiczne
wytwarzaniasrodowiska plazmy reaktywnej (rys. 1b). Didgaobocza magne-
tronu jest limitowana liczbsekcji magnetycznych i sprawdoy zastosowanego
systemu chtodzeniaddta plazmy. W prowadzonych badaniach wariadukcji
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magnetycznej byta zmienna w zakresie 25-250 mTlezat od konstrukcji
systemu magnetycznego oraz cech fizycznych i gagomtych katody magne-
tronowej.

Kontrola zmian intensywrigi emisyjnego widma spektralnego plazmy
w zdefiniowanych zakresach diugofalowych wzbudz&i jonizacji atomow: Ar,
Ti, Cr, molekut: N2, H, G:Hz, w powigzaniu z danymi eksperymentalnymi i lite-
raturowymi odnénie do typu materiatu wytwarzanej powtoki (budoveadwa,
morfologiczna) oraz wkgiwosci fizycznych, chemicznych i mechanicznych po-
zwalap w precyzyjny sposob sterowayntez nowych materiatdbw powtokowych
PVD.

a) b)

Proznia Putapka
10+ 0.01Pa magnetyczna
<@ »\%)—-\ -

& \

e @, T,
O-18 & # B0
4—@ -« / =
Oy / <O

Prad Halla

O @ e

czasteczki jony elektrony

Rys. 1. Plazma na powierzchni magnetronu rurowegmeanicy 12 mm: torusy plazmowe na
powierzchni katody magnetronowej w otoczeniu ansidgkowej ferrytycznej (a), model poje-
dynczego torusa plazmowego, schemat zjawisk fizydziib)

Fig. 1. Plasma on a tubular magnetron surface efdtameter of 12 mm: plasma torus on the
surface of a magnetron cathode in the vicinity #bkanic anode (a), model of a single plasma
torus, physical phenomena scheme (b)

3. Zakres prac badawczych nad modyfikagj lufy mozdzierza

Celem pracy byly badania syntezy powitok metB¥D wewrytrz tulei rur
ze stali ferrytycznych z zastosowaniem magnetrgtindrycznego. Zakres pracy
obejmowat:

1. Badania eksploatacyjne magnetronéw rurowych z katbdomowy i ty-

tanows.

2. Prace projektowe i konstrukcyjne zwane z konstrukgjuktadow ba-
dawczych, w tym nowej, poziomej komory pniowej z wysuwnym
trzonem.

3. Badania technologiczne nad synt@pwiok typu TiN, TiCN, CrN.
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4. Badania technologiczne nad synt@owiok PVD w lufie HSW.

5. Badania materiatowe powtok otrzymanych na matestatdostarczonych

przez HSW.

Wynikiem prac badawczych nad technolpgiagnetronow byto opracowa-
nie i wykonanie prototypowej konstrukcji diugiegagmetronu cylindrycznego,
dostosowanego do gabarytow lufy xdaierza z uwzgidnieniem zateonych pa-
rametrow technologicznych (pndi, temperatury, chtodzenia, parametrovy-pr
dowo-napg¢ciowych, pomiaru parametrow oraz ich sterowanig.itfonstrukcja
umazliwita przeprowadzenie badgpodstawowych nad technolagyntezy ma-
teriatbw powtokowych na wewitrznych powierzchniach rur érednicach od
> 50 mm. Schemat koncepcji konstrukcji badanegone@gnu i obraz plazmy
na powierzchni magnetronu przedstawiono na ry®aPametry eksploatacyjne
magnetrondéw cylindrycznych zestawiono w tab. 1 cBsmanoszenia powtok na
wewretrzne powierzchnie stalowych rurscednicach do 100 mm i diugd od
200 do 1500 mm prowadzono w komorach do procesowPMB. Stanowiska
badawcze swyposaone w uklady pompowe sktadag sé z pompy rotacyjnej
i dyfuzyjnej (rys. 3.). Zastosowane uktady pomp@merantug uzyskanie ainie-
nia roboczego do 4 x 1OPa. Parametry eksploatacyjne stanowisk techndegic
nych zestawiono w tab. 2. Na rysunku 4. pokazaanastisko CMS PVD-IMP
2000 do osadzania warstw zzngch materiatdbw na wewtrznych powierzch-
niach cylindrycznych z widocanufa mozdzierza przeznaczardo obrobki oraz
schemat ogoélny stanowiska.

a) b)

Rys. 2. Cylindryczne magnetronoweddto plazmy — technologia MS
PVD (a), wyghd toruséw plazmy na powierzchni katody cylindryqgz(n¢

Fig. 2. Cylindrical magnetite plasma source — MS PtéEhnology (a),
plasma torus on the surface of a cylindrical cagh(ig
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Tabela 1. Podstawowe parametry techniczne uktadd@awczych technologii PVD
Table 1. Basic technical parameters of PVD technotegearch systems

Parametr, cecha

Mag 33/800 IMP

Mag 33/2000 IMR

Wymiary magnetronu $ 33 x 800 mm ¢ 33 x 1200 mm
Gruba¢ targetu 3 mm 2 mm
Strefa rozpylania 500 mm 1700 mm
Materiat targetu Cu; Ti; Cr; 1H18 Cu; Ti; 1H18, Al
Cisnienie gazu roboczego 3x10-4 Pa 3x10-3Pa

natzenie pola magnetycznego

Zrédlo toroidalnego pola magnetycznego, Magnes neodymowy

B-180 mT, dynamiczne

Magnes neodymowy
B-100 mT, dynamiczne

Prad
Napicie
Moc

1-20 A
250-800 V
do 10 kW

1-30 A
250-800 V
do 20 kW

Rys. 3. Magnetron cylindryczny pionowy33 x 100 mm w komorze ku-
bicznej 550 x 550 x 450 (a), magnetron cylindrycpoyiomy$ 33 x 1200

mm w komorze cylindryczndj 400 x 2000 (b)

Fig. 3. Vertical cylindrical magnetrof 33 x 100 mm in a cubic chamber
550 x 550 x 450 (a), horizontal cylindrical magoetd 33 x 1200 mm in
a cylindrical chamber 400 x 2000 (b)

Ar—p

320 v-+--950V

ZasilaczAC
Zasilacz DC

Proznia
310 pa=6pa |

Wziernik

1A+30A

L

. /

W

Polaryzacia
-50 £ -1200V

Rys. 4. Stanowisko CMS PVD-IMP 2000 do osadzaniatwaz réznych materiatdw na wewetrz-
nych powierzchniach cylindrycznych z4duhazdzierza przeznaczgmlo obrébki PA PVD (a), sche-

mat stanowiska (b)

Fig. 4. CMS PVD-IMP 2000 stand for depositing layefsarious materials on internal cylindrical
surfaces with a mortar barrel intended for PA P\@&atmgs (a), position diagram (b)
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Tabela 2. Parametry technologiczno-konstrukcyjnadobadawczych
Table 2. Technological and structural parametetssifchambers

Stanowiska badawcze
Parametr, cecha

WU-1B

CMS PVD-IMP 2000

Wymiary komory

Kubiczna — 550 x 550 x 450 m

mCylindryczna —$ 400 x 2000
mm

Uktad pompowy

Pompa rotacyjna; Pompa
dyfuzyjna — wydajnéc 1200 I/s

Pompa rotacyjna; Pompa
dyfuzyjna — wydajnéc 2000 I/5

Cisnienie 4 x 164 Pa 4 x 16°Pa
Czas osjgniecia cinienia 20 min 40 min
roboczego

Uktad grzewczy 1200 W 6000 W

Magnetond 33 x 800 mm
2 xzrédta ARC$ 65 mm
Zrodio jonéw typu Kaufmanna
Ti; Cr; Nb; Cu; Al; 1H18
Ti; Cr; V; TiAl; FeAl; Al
DC 1200

AC 100 kHz do 800 V
AC 100 kHz, impulsowy;
AC regulowany 1-100 kHz

Zrodta plazmy Magnetrony 33 x 2000 mm

Materiatkatody magnetror

Materiat katodyzrodta ARG Ti; Cr; Nb; Cu; Al; 1H18

Zasilacz pol. podiza (bias) AC 100 kHz do 800 V

AC 100 kHz, impulsowy;
AC regulowany 1-100 kHz

Zasilacz magnetronowy

4. Badania wsgpne technologiczne nanoszenia powtok

W zakresie badawstpnych przeprowadzono procesy osadzania powtok
azotku chromu i azotku tytanu. Na rysunku 5a pokazgruktue powtoki CrN
uzyskam w procesie magnetronowym na stanowisku z kankoibiczry, a na
rys. 5b — wygld powierzchni targetu z powtglchromu wytworzoa w procesie
galwanicznym, po procesie osadzania. Proces namasgewioki CrN realizo-
wano w atmosferze azotu przy statyréngéniu 4 Pa. Jak wida powtoka CrN
ujawniona przy #yciu kulotestera, kal o srednicy 30 mm, jest ggta i jedno-
rodna. Na granicy powtoki z podiem nie ujawniono nieggptosci, wykrusze, co
swiadczy o bardzo dobrej przyczepobpowtoki do podiga. Grubd¢ powtoki
ujawnionej na zgtadzie wynosii8n, tward@¢ mierzona na powierzchni ptaskiej
probki wynosi 1800 HV0.02, co odpowiada twaitiavytworzonej powtoki.

Na rysunku 6a przedstawiono struktyowtoki TiN uzyskan w procesie
magnetronowym na stanowisku z komkubiczry, a na rys. 6b — wygll targetu
tytanowego po procesie osadzania. Proces nanogzentaki TiN realizowano
w atmosferze Ar + Blprzy statym cinieniu 4 Pa. Powtoka TiN ujawniona przy
uzyciu kulotestera, kiglo srednicy 30 mm, jest ggta, ale w odrénieniu od po-
wloki azotku chromu wysgpuja w niej niejednorodnizi. Na granicy powioki
z podi@zem nie ujawniono nieggtosci, wykruszé, coswiadczy o bardzo dobrej
przyczepnéci powtoki do podtga. Grubd¢ powtoki ujawnionej na zgtadzie
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wynosi 2um, a twardé¢ mierzona na powierzchni ptaskiej probki — ok. 1800
HV0.02, co odpowiada twarda wytworzonej powtoki.

a)

Rys. 5. Struktura powtoki CrN na powierzchni zgtafarycznego, gruldé powtoki 3 pm,
czas procesu nanoszenia 20 min (a), wyglowierzchni targetu chromowego nanoszenia po-
wioki (b)

Fig. 5. The structure of CrN coating on the sphéruoetallographic surface area, the coating
thickness of 3um, time of coating 20 min (a), appearance of thating application chromium
surface (b)

Radius = 266,75 pm

Radius = 115,00 pm

Rys. 6. Struktura powtoki TiN na powierzchni zgtasfierycznego, grul$é powtoki 2 um, czas
nanoszenia powtoki 20 min (a), wygdltytanowego targetu magnetronu po procesie nanizspe-
wioki w atmosferze b+ Ar (b)

Fig. 6. The structure of TiN coating on the sphadrioetallographic surface area, coating thickness
2 um, coating time 20 min (a), the appearance ofitaeitm magnetron target after the process of
coating application with the N+ Ar atmosphere (b)

W badaniach technologicznych analizowano czynnédydupce o jakdci
powtoki nanoszonej na wewtnzne powierzchnie dtugich przewodéw rurowych.
Analizie poddano m.in. nagiujace parametry:

* generacji i utrzymywania stabilnego wytadowaniagamiowego w prze-

wodzie lufy madzierza przy zakeniu,ze magnetron cylindryczny jest
katod,
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» pracy zasilaczy pdowych polaryzacji magnetronu i polaryzacji pogtp
na ktére jest nanoszona powtoka,

« cisnienie i sktad atmosfery gazowej,

* pola magnetycznego.

Na podstawie analizy opracowano ygste zatéenia, wytyczne technolo-
giczne i procedury obejmage:

1. Przygotowanidufy doprocesu nanoszenia powtoki technologiS PVD.

2. Przygotowanie powierzchni wewtnznej lufy w procesie trawienia jono-

wego.
3. Przygotowanie powierzchni targetu magnetronu w gsitrawienia jo-
nowego.

. Konfiguracg uktadu w cyklu syntezy powtoki.
. Nanoszenie powtoki.
. Zakaaczenie procesu.
rzygotowanie lufy do procesu technologicznego robgg kontro¢ wzro-
kowa powierzchni wewetrznej lufy. Powierzchnia wewitrzna powinna by me-
taliczna blyszcgca. Przed zatadunkiem lufy do wdzenia wewstrzne po-
wierzchnie nalgy umy, np. alkoholem. Proces nanoszenia warstwy popazedz
etap trawienia jonowego wewtnznej powierzchni lufy w celu jej oczyszczenia
i aktywacji. Trawienie jonowe prowadziesiv ukfadzie diodowym, w ktérym
powierzchnia trawiona jest katpda elektroda dodatkowa wprowadzona w prze-
strzen rury — anod. Odpowiednia konfiguracja pola elektrycznego i metgcz-
nego umaliwia stworzenie warunkdéw, w ktérych wytadowaniezaniowe wy-
stepuje wewntrz lufy, co intensyfikuje etap trawienia i aktywiawewngtrznej
powierzchni lufy. Przygotowanie powierzchni magoatr odbywa si w komo-
rze pr@niowej lub procesowej. Celem procesu trawienia gordghni magnetronu
jest usungcie zanieczyszcze nich produktow syntezy powstatych we waziej-
szych procesach. Etap nanoszenia powtoki jest pipavey zgodnie z procedur
technologii MS PVD. Rodzaj materialu powlokowegaeaidminuje sktad che-
miczny magnetronu i rodzaj gazow reaktywnych. Swac@m grub&é powiok
typu MeN, MeMeN, MeCN, MeMeCN powinna wynédi-4 um. Po zakezeniu
nanoszenia powitoki i ochtodzeniu wsadu do tempeye(’C mazna zapowie-
trzy¢ komor, a po wygciu wsadu i magnetronu nale odpompowa komoe
procesow. Wyjety magnetron nalgy umieici¢c w komorze przygotowawczej
0 ciénieniu 3 x 16* Pa.

4
5
6
P

5. WhnioskKi

Badania technologiczne uidovity weryfikacje wiasciwosci i cech uytko-
wych wytwarzanych powtok na wewtnznej powierzchni lufy. Zastosowanie ma-
gnetronu cylindrycznego z przemieszarajsic katody umazliwia wytwarzanie
powtok na powierzchniach wewtnznych przewodow ze stali ferrytycznej. Uzys-
kanie rownomiernéci reaktywnego rozpylania katody wymaga optymaljizac
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geometrii pola magnetycznego. Udoskonalenie koksjirmagnetronu rurowego
wymaga dalszych badadechnologicznych zwrzanych z wytwarzaniem materia-
tow powtokowych, np. Cr, CrN, CrC, Ti, TiN, na pavzchniach wewgtrznych
przewodow ze stali ferrytycznej nagrzewanej radiaeydo temperatury ok.
350°C, docelowo do gruldoi powtoki 3-15 pm.

Wynikiem bada s ustalone parametry techniczne konstrukcji demanstr
tora technologicznego, urdoviajgcego realizagj pilotowych proceséw produk-
cyjnych.
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MODIFICATION OF MORTAR BARREL INTERIOR SURFACE
BY MAGNETRON METHOD

Summary

The publication presents the results of CMS PVDi(@yical Magnetron Sputtering Physical
Vapor Deposition) research with the use of a cyloal — linear magnetron inside barrel's conductor.
The initiation of research with participation of tditStalowa Wola is an attempt to solve the problem
of increasing service life of chemical and pressaegled components of chemical installations and
utilities, containing cylindrical surfaces in theiesign. The analyzed technology can be an alterna-
tive to highly ecologically and healthily harmfgklvanic techniques for the production of technical
chromium coatings. Modified surfaces are internallsvof ferritic steel pipes with diameters from
45 to 100 mm, including a barrel of a 98 mm monaade available by Huta Stalowa Wola. The
paper presents an outline of the technological gaore for the preparation of TiN, CrN, TiCN
coatings on 38HN3MFA barrel steel.
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DESIGN AND IMPLEMENTING POSSIBILITIES
OF COMPOSITE PONTOON BRIDGE

This work focuses on the analysis of actions cotetlby the Military Institute of
Engineer Technology and Wroclaw University of Sceemand Technology regard-
ing the production and testing (on proving grouafitomposite pontoon bridge.
The starting point for this work was the experiegaged from the project named
.Light, resistant to environmental hazards, alumircomposite hybrid pontoon
used in constructing floating bridges of MLC 70/1d8@ss”. Each one of the three
V-shaped outriggers was designed using differettrtelogy. The middle part was
constructed mostly of aluminum by company PREMO thesmaller outrigger and
all parts of the bow were made at Wroclaw Univgrsit Science and Technology
from composite material reinforced with glass, achamd carbon fibers. The inside
was filled with multiple types of foam. During sessful tests on proving grounds,
conducted by Military Institute of Engineer Techogy, elements were connected
with PP-64 pontoons. It was proven that Wroclavestfic society is capable of
designing and manufacturing of a prototype pontmdtge park.

Keywords: pontoon bridge, composite material, prototype

1. Introduction

Floating bridges are used for temporary transveiseiding military trans-
verses). The oldest object of this kind in Polaras$a pontoon bridge built spe-
cifically for the march of Polish-Lithuanian armyrihg the Battle of Grunwald
preparations. This bridge was constructed of 1%Q<and had the total length of
approx. 500 m. Built on the edge of Kozienieckagstyrit was rafted to Czeningk

1 Corresponding author/autor do korespondencii: Woit Btazejewski, Wroclaw University of
Science and Technology, Faculty of Mechanical Eegiing, 25 M. Smoluchowskiego Ave.,
50-370 Wroclaw, Poland, tel.: (71) 3202765, e-madjciech.blazejewski@pwr.edu.pl

2 Wroclaw University of Science and Technology, Bgcof Mechanical Engineering

3 Military Institute of Engineer Technology, Wroclaw
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and set up in half a day. It allowed for 3 day langrch. Floating bridges were
built during many following military expeditions iyears: 1414 in Zakroczym,
1419 and 1422 in Czensk [1]. These bridges had essential attributesrtizate
them more resistant. These bridges were mobilg, teaix and disassembly in
case of spates. Moreover, these objects did nat ceestruction of expensive
foundations. Due to these reasons they were luuilydars in big trade centers.
The most popular structures include four bridge#t by the Swedish in 1756 in
Warsaw [2], the floating bridge built by the ImmdrRussian Army in 1815 in
Plock (it existed in the original form until 189&hd 637,48 meter long bridge in
Wiloclawek (built in 1865) constructed for civiliaagd used until 1914 (Fig. 1).

Fig. 1. Bascule pontoon bridge on the Vistula in #ldwek (photo made before
1914) [3]

The largest modern bridges were built in the USA dapan, and newest
designs include 845 meter long Bergsoysund Flo&idge (Kristiansund) from
1992 and 1246 meter long Nordhordland Floating gidSalhus) from 1994,
both built in Norway [4, 5].

2. New bridges and materials

Composite bridges have been built for about 30 sye@he first objects
of this type include the bridge made from polymemeposites in China in 1982
(Miyun), the foot-bridge in Scotland from 1992 (Afedy) and the Bonds Mill
Lock Bridge in England built in 1994. The usagdibér reinforced materials is
becoming useful in a wide range of applicationsgprasen by [6-8]. Along with
civilian structures, there are numerous bridge#t fiully from composite materi-
als for military use (mostly for American and Caiaadarmies) [9-12]. Funda-
mental advantages of fiber reinforced compositeenals in comparison to tradi-
tional materials include superior specific resissmmuch higher fatigue limit,
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high chemical resistance (to corrosion), resistao@nvironmental hazards (in-
cluding UV rays), programmable structure and mamwyenThese attributes are
decisive when considering suitability of compositaterials in bridge design.

In Poland first bridges made from composite male@ae also being built;
these include the foot-bridge over the sewage phahodz from 2002, the foot-
bridge over the S11 express road in Gadki from 20i8the bridge in Bimwa
(Rzeszbéw) form 2015. The latest project, initiatgdthe Military Institute of
Engineer Technology and Wroclaw University of Sceeland Technology, aims
at developing a technology and a manufacturing epinaf a light pontoon, used
for building temporary bridges. This project haeatly been implemented and
tested, and so far its hypotheses have been pooresct.

3. Composite pontoon bridge

Mobile bridges must comply with multiple critertzat adapt them to require-
ments set for both bridges and cargo that carelpspiorted using multiple means.
The expected attributes include low weight, higsigtance, simplicity of assem-
bly and compatibility with popular, but legal sysi® Due to these reasons, the
modern pontoon bridge is designed to maximize fa®e of composite materials
while maintaining classic structure compliant whike Polish PP-64 type pontoon,
as a part of the innovation project no. 030039@@ed ,Light, resistant to envi-
ronmental hazards, aluminum-composite hybrid pamtased in constructing
floating bridges of MLC 70/110 class”. This firBght segment of the bridge con-
sists of 3 parts forming the so-called ,V-shapdieTprototype block was made
using 3 parts (Fig. 2), and each of them was matwfed using different tech-
nologies to learn and study these innovative smhsti Geometry of the object
enables folding and unfolding two wings connectedhe central part using
a hinge. The folded formation is used for transgarh by a trailer attached to
a tractor unit (Fig. 3).

3000

| L

6000

1100

Fig. 2. Concept of three-part ,V-shaped” pontoon



414 W. Btazejewski et al.

3000

4000

Fig. 3. Concept of pontoon transportation

Hulls of the central part and one of the wingsraemufactured using welded
aluminum sheets. Inner space is filled with an nkedble material with closed
pores (e.g. Styrofoam). Bow and stern of thesespagre made from glass fiber
reinforced composite materials with epoxy resinrmmaPontoons are connected
using pins, as defined by PP-64 ,Ribbon” systene tird part was designed to
be produced fully from composite materials (Fig.l#onsists of glass, aramid
and carbon fibers reinforced composite, filled vatimstruction foam. Such struc-
ture assures proper stiffness and resistance tagneel is made of sandwich
material and is removable, as expected of this eittnecause of heavy wear.

Fig. 4. Two pontoons, PP-64 at the
bottom and the prototype made
from composites at the top

The structure of a composite pontoon is a spatiattre of sandwich lam-
inate and various types of ribbing as well as fddlings. The durability of this
element has been selected to the nature of the mamlirring during operation in
the MLC 70/110 class. The top layer was made ofmalum ribbed plate to
achieve adequate grip of vehicle wheels and torerregistance to abrasion. This
surface is an integral part of the pontoon, theeefaboratory tests of its samples
(Fig. 5) were carried out on a fragment of its ieecf13].
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Fig. 5. The original station for testing the elemsenf a block pontoon

Dry tests were also carried out. Dry strength testssisted in loading the
middle float, which was suspended on external §lodhe outer ones were based
on sand. Measurements of displacements of contintgwere carried out using
two structural light scanners, with an accuracgmgrox. 0.1 mm.

4. Technical parameters of the pontoon

Requirements for pontoon bridges are complex.rmdef operational loads,
it is necessary to adapt the design to both mili(BWiATO [14]) and civil (Polish
Standard [15]) requirements. In terms of militavgds, the pontoon should meet
the requirements of the recommended MLC 70/11Gclés name indicates the
weight of a vehicle moving on the bridge: 70 t g. @ tracked vehicle, 110 t —
a wheeled vehicle (semi-trailer tractor). The nataf the interactions of both
types of vehicles is different. Considering thebglloload of the object, it can be
concluded that tracked vehicles are heavy but haleege pressure area. In the
case of wheeled vehicles, the suitability of tite & the local resilience of the
surface. The MLC 70/110 class determines the add bf 309.7 kN. Platform
elements are loaded with a force of 90.7 kN peratfea of 0.4 x 0.5 m. In turn,
the load on a tracked vehicle is generated byeefof 317.5 kN spread over the
area of 4.57 x 0.79 m [6]. A prototype pontoon wasigned and made for such
loads based on the requirements of the orderirty (APZ MON) and the defense
standard [16].

The durability of the pontoon, according to thendterd assumptions, should
be 30 years. Over this period, there may be 5,000 M0/110 vehicles passing.
The maximum number of individual tractor and tnaigheels in each of them
is 10. For this reason, the pontoon surface sheitttstand 25,000. fatigue load
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cycles, so its strength can be considered low-cyidie durability of the pontoon
bridge will also be determined by the simplicitydahe method of its assembly.
A positive feature of the composite constructionomparison to the standard PP-
64 segment is the maintenance of its buoyancydrcéise of even significant un-
sealing of the skin (piercing or breaking the fragim) An additional benefit is
the possibility of repairing damage using handhedds.

5. Polish prototype composite pontoon

The presented composite pontoon was made withbasliéion of the Mili-
tary Institute of Engineering Technology (WITI) androclaw University of
Technology. During the tests of the finished prgpet in 2012 the pontoon seg-
ments were launched and connected to the pontddhe @olish military bridge
PP-64 (Fig. 6). The military belt of various massesluding Star 266, the proto-
type demounting vehicle and the prototype Wheeh3part Engineer Reconnais-
sance weighing over 25 tons, passed through thmmil{Fig. 7). The bridge
successfully withstood the passage of the abovéomsut vehicles, meeting the
operational requirements.

Fig. 6. Segment transport and construction of thesing in com-
bination with PP-64 segments
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Fig. 7. Water trials

Tests of operational loads were also performed bgsuring the displace-
ment of the row of points for the central segmectted on the edge and on the
axis of the road (Fig. 8 and Fig. 9). For measutfiregdisplacements, during bridge
loading, a structural light scanner was used. €bedbject was loaded with vehi-
cles of various weights: Star 266 (7.5 tons) @p tons). Table 1 shows the value
of averaged vertical displacement and the increabaoyancy depending on the
loading vehicle. Please observe that the buoyancsease is lower than the
weight of the vehicle as some of that weight istaklso by neighboring, linked
pontoons in the bridge.

Fig. 8. Vertical displacements of the central seginoé the bridge

Table 1. Results of tests of operational loads &ious vehicles

Vehicle Averaged vertical displacement, m IncrezfdBuoyancy, Mg

Star 266 (7.5 tons) 0.16 6.29
Rys (25 tons) 0.48 18.57
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Fig. 9. Displacements of marker points: a) the estaaxis of the road, b) on the edge of the road

6. Summary

During the cross-border inspections, potential dgmaas monitored using
fiber optic sensors. The bridge successfully matiageass the abovementioned
tests. No damage to the spans or exceeding theabogpyeserve was found. The
tests of displacement of bridge elements undetdahe of the abovementioned
vehicles with the use of a spatial scanner were edsried out. As a part of the
work on the pontoon, many other tests have beeredaout, e.g. measurement of
strains using strain gauges during tests on syidped sand heaps, numerous
tests of the technology of making further elemesttength tests of internal nodes,
etc. The presented research has shown that isssipe to use polymer composites
in construction of military bridges and mobile camsjie bridge structures. The
use of composites in bridges, both military andlciyives unique advantages
resulting from the specific strength of these matercompared to steel and
aluminum, as well as the best corrosion resistanoesistance to atmospheric
exposure during storage. Therefore, polymer cong®siave a bright future in
bridge engineering.

The presented Polish pontoon bridge is a structbe¢ shows unique
advantages of durability and safety of use regyiinly from the use of modern
composite materials that ensure corrosion resistdmgh strength and low weight
while maintaining a reasonable cost of performafdee example of a new
pontoon confirms the suitability of the applicaoaf polymer composites in
bridge engineering. It is also a proof of the pesitmpact of technical university
cooperation with the Polish army's design and reseanit.
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MO ZLIWO SCI PROJEKTOWE | WYKONAWCZE
KOMPOZYTOWEGO MOSTU PONTONOWEGO

Streszczenie

W ramach projektu rozwojowego nr 03003906 zespdbyskowego Instytutu Techniki hy-
nieryjnej i Politechniki Wroctawskiej zaprojektowat wykonaty pierwszy wéwiecie, catkowicie
kompozytowy ponton przeznaczony do budowy mostgmwahcych. Kompletny prototypowy ze-
sp6t pontonowy sktadaesk trzech cztonéw zespolonych w uktadzie ,V” — s#éego cztonu cen-
tralnego i dwdch dwukrotnie giszych cztondéw bocznych. Cztony boczne do transpsktadaj
sie¢ zawiasowo na wierzch cztonu centralnegozd§az trzech cztondéw wykonano wedtugzn@j
technologii. Jeden z nich — catkowicie kompozytevwwykonano, wykorzystgg wtdkna szklane,
weglowe, aramidowe oraz wielezidego typu pianek. Ponton jest lekki, niezatapiampodwyz-
szonej odpornei na uszkodzenia mechaniczne, w tym odtamki i girzelenie, a tade na ogié.
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W ostatnim etapie prac pontonaezono w przepragi testowano przez najézanie kolejno gjz-
szymi pojazdami wojskowymi. Udowodniono stusghkoncepcji wykorzystania materiatdw kom-
pozytowych do budowy pontonéw.

Stowa kluczowe:most pontonowy, materiat kompozytowy, prototyp
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COMPOSITE BODY CONSTRUCTION
OPTIMIZATION AND TECHNOLOGICAL DESIGN
OF AN ELECTRICALLY POWERED RACE CAR

The paper discusses the ways of structural opttioizaof composite automotive
bodies, such as in race cars using electric andchgbwer sources. To reach these
goals we were using CFD aerodynamic design chedkin@anto account all the
above mentioned issues, the integrated 3D-CAD ratiddbbody model prototype
was designed, based on the concept of NACA profitesl in surface positive and
negative curvatures generation to ensure bettevaiflow, stability, drag coeffi-
cient, downforce etc. The result of the integra8dCAD race bolide body model
is also presented as a real scale composite aut@nmidy. This paper also dis-
cusses technological methods as well as problechstages of real-life designing
(from mould to ready composite part). The resudtis lse useful for such considera-
tion and on such issues as production and develapoheomplex shape composite
bodies, using readily obtainable and justified logteeffectiveness materials and
software.

Keywords: aerodynamics, automotive, composite, parts tecigyol

1. Introduction

In modern automotive industry, designing all kiredsvehicles is not any-
more imaginable without using 3D-CAD processingwafe [1]. The processes
that are involved in modern car production in alté® percent consist of com-
puter aided processes (Fig. 1).

In this paper we are taking into account procetisgsare more commonly
associated with project race car (bolide) consimacin the race car industry one
of the main aspects that regulates the prospeatitteok are legislation bounda-
ries. In our case, these are IET Formula 24 andTathnical and Sporting Reg-
ulations [2]. The goal is to ensure bolide longastiurance among competitors

1 Corresponding author/autor do korespondencji: Rafadtys, Kielce University of Technology,
al. 1000-lecia P.P. 7, 25-345 Kielce, tel.: (4128321, e-mail: chatys@tu.kielce.pl

2 Kacper Kuta, Kielce University of Technology, eimKacper.Kuta@student.tu.kielce.pl

3 Alexander Panich, Riga Technical University, Lapd@amail: aleksandrs.panichs@gmail.com
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during up to 2 hour race using 12 volt batteries T do this, we can use
knowledge and practices in 3D designing, as it bélishown later in this paper.
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Fig. 1. The visualization of interrelation process# 3D-CAD integration into automotive
design state

Novelty of this work is determined by the alteimatuse of composite mate-
rial cost effective combination in comparison withbmmon face sheet construc-
tion of epoxy/carbon high cost fabrication methaugntioned in literature [4]
relevant chapter. The main goal was to create maeposite automotive sheet
body, using economically efficient combination difefrglass, carbon and hybrid
and polyester resin in specific construction. g teason the final product con-
sists 90% of fiberglass lightweight 160 g/nlayers and 450 sandwich fiberglass
mat core sandwich. Other 10% were used to imprtffeess and strength and
impact resistance of the structure, like driverirmgsusing unidirectional carbon
280 g/m, and front part nose, using impact resistant aaikewlar (hybrid). As
the reinforcement/matrix, low cost polyester resims choosed. The cost effi-
ciency of material and technology used in this wistkumerically proven.

2. Materials and equipment

Definite bolide required basic materials are presgas examples in Fig. 2.
The selection of required materials and equipmatddato plan the budget and
effectiveness of the project. Effectiveness isittaén criterion to present not only
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the profitability, but it also let us clearly und&nd which method of designing is
more useful and qualitative. The problem is thatetis no actual information in
different sources about how to measure effectivenés technological method.
In our case the only way to do it was the real tiemperience using current
materials and equipment selection. In result we ggative, but reliable
technological method results based on experiengiehvean be used as a starting
point for next similar projects to avoid organipathl mistakes and prospective
stage obstacles, described further.

Fig. 2. Basic equipment required, 9ét 4 of 4. 1 —measuring equipmer

2 — resin mixing cup 50 | 8 bar, 3mechanical connections for bolide pa

4 — chemical protective gloves, 5 — latex glovespéotective glasses, protect
clothes and clean wipes, 7 — heating fan, 8 — guet, 9 — pliers, 10 manua
screwdriver, 11 -dust particle protective mask FFP1 type and Moldéy®e
chemical, 12 — pneumatic grinding machine and basachments, 13 — pneu-
matic grinding machine specific round cutting abmagor steel, 14 pneumatic
elliptical grinding machine, 15 — electric jig sad% — standard blades fi
jig saw, 17 — abrasive blades for jig saw

To evaluate total effectiveness of the produgtimtess or overall equipment
effectiveness [5] and to get numerical result weawesing the total effectiveness
evaluation procedure, for the coefficient of tagquipment effectivene$See:

— R\unerica] (1)
EOEE SOOS

where:Rumerica — SOme numerically expressed value we got aftepbeting pro-
duction process (includes gquality, time etc.),
Sos — cash investment amount into project.
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Total effectiveness of the production process cawnldscribed numerically
by the equation (4) in percentages, if we multiply 100 formulae (1). The
formulae (1) result give us clear evidence of theduequipment effectiveness in
accordance with the invested amount of budget usurgent bolide building
technological method. The results of the currenthoe compared with other
known one are presented further.

3. 3D-CAD design of the bolide

Utilizing CAD drawings as a modelling tool is onktlee most popular engi-
neering methods. Still, however, designers sufl@nfinconsistency of software
and are vastly limited by possibilities of standaainputing power of typical
hardware. To get actual calculations CAD drawingsawveverse engineered from
dimensionless surfaces, surfaces recreated asappérg, knitted and filled to
obtain structure similar to what was expected taiokin real-life production, with
the main goal of keeping the outside shell as dosiee design intent as possible.
A similar algorithm of behavior can be used in thse of 3D scanning as shown
in Fig. 3. The only difference is in preparing iad elements to feed Solid-
Works Flow Simulation add-in. In our case we scaniirst the prototype of bo-
lide using 3D smart SCAN C2 2MP scanner to obtagtoad of points (around
17 million points) that later was rebuild into ts¢ format and subsequently into
parasolid in GeoMagic Design. Modelling in GeoMagias partially similar to
what was done to the theoretical model in Solid M¥pas we created volumes,
from them cross sections, and we used scanned dmdyurs as guidelines for
the loft.

Fig. 3. States of creating solid body after 3D s@ag (closed surfaces and parasolid creation)

We can install such air control surface deviceg.(&) to make research con-
cerning Venturi effect [6] study etc., that appeander the body and ends at the
diffuser zone, as well as to study other commortofaclike laminar air flow,
Reynolds number [7] etc. For these kind of expentwieve can use airflow
simulation software. However, it requires much tgeéinancial, time, intellec-
tual work demands, as well as much greater compuotdtprocessing powers and
resources.
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Front Spoiler

Wheels’ caps
Side molding assembly

Rear diffuser

Rigid air intakes for motor (top) &
batteries (down sides) cooling

Fig. 4. Probabilistic aerodynamical set of air cohsurface devices in the case
of further bolide modifications

4. Specific bolide composite body building technology

As a designing idea to make the overall body conttin look like the Naca
4412 profile (Fig. 5) coordinate data [8] were usHue 3D designing allowed us
not only design the complex shapes, but also totcthe initial material needed
with good accuracy. The production of specific ndoebnsists of 5 main stages:

» gluing two sides of the mould and covering the arethe required body

part shape boundaries,

 applying industrial transparent foil on two sidpagaovered areas,

» waxing foil covered areas for better mould to repdst further release,

 laminating composite material directly on to prefiary prepared surface,

* releasing body parts.

Fig. 5. P version body design

We used this method, in view of effectivenessabse surface perfect fin-
ishing is not required in comparison with a methke vacuum infusion. Surface
can be not very smooth because the tension oftinalusansparent foil and ade-
quate tape installation prevents excessive air lesldnd delamination.

Before the lamination process, we performed thémirgary analysis of the
future construction and took into account the diogrs of forces acting during the
object (bolide) exploitation. Since the lay-up @borientation straightly affects
mechanical properties of laminate or future corsion, it is obvious to orient
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most layers to the direction of load to be carrié. were using a balanced lami-
nate fibre orientation map everywhere in bolideybodnstruction laminates fol-
lowing the guide routes (fibre orientation direasd by the scheme of 0°, +45°,
—45°, and 90° degrees directions, as mentionedeearlquasi-isotropic lami-
nate [9].

We used custom designed fasteners sets as thednetttomposite body
parts connection in a specific case (Fig. 6), ugilng connection, rivets, custom
duraluminium. Each set of fasteners accomplished twn task during explo-
itation. For example the rubber inside coating gamould ensure soft and good
grip connection with stainless frame, as well asvigle absorption of vibrations
and momentum shocks, during the ride on rough so&@ces. Tangent mounted
clamps were providing tangential position of suefaat the point of bolide body
parts edge connection areas. Also we preparedbarcdirame to add additional
stiffness to the middle bolide body part, as welita 50 mm elongation around
perimeter, which was providing connection and eastalling with front and
rear parts. We used special vinyl ester based hgngaste to provide best
connection between the carbon polyester frame ahgegter body laminates,
accordingly to this product technical specificatard abilities [10].

= Unidirectional Carbon frame applying with
Rubber inside coating S Norpol® FI-184 bonding paste type structural glue
clamps with movable 5 \ 1Y)
and fixed hinges & fixed Pl
with set of M8 screw
and nut

4 ) Tangent-mounted
’).' clamps

- laminated into

composite body
M8 structure or:
screw .
and -rivet-fixed
nut

Movable and fixed hinges

. . . B Rubber
- laminated into composite < inside
body structure or: coating
-rivet-fixed J clamps

Fig. 6. Bolide body parts custom connection usktg sf purpose-oriented fasteners

5. Research methodology and results analysis

Taking into account methodologies used in bolidedyba@onstruction
production we can mention the technology of moulkimg using 3D to 2D as
well as the composite fabric fibre orientation noetland the method of composite
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body parts connection. Values of aerodynamical dxtig for bolide are obtained
using finite volumes method calculation. The comfiohal fluid dynamics
module of SolidWorks 2017 software, called FluithSlation, was used. Surfaces
were knitted and filled to obtain a structure santb what was expected in further
production, and finally solid bodies were formech is stage real thickness of
bolide shell was ignored and the body was assurseijid one when subjected
to incoming airflow with speed below 20 m/s. Onheh bodies were meshed
(Fig. 7). Considering crudeness of tests approxnet283 226 cells total and
64 360 fluid cells containing solids were used,rapjnation (up to 1 mrd) of
frontal area found as 316746 rhmWith ambient pressure at 101325 Pa,
temperature 293.2 K and incoming, along main akisotide, airflow of 20 m/s
calculations were held.

BT 111
il

Ry
T ptt

Fig. 7. Global mesh as seen in i
SolidWorks Flow Simulation
with 280k fluid cells

Streamlines and cut plots are used to determinshhpe of airflow around
bolides body. Understanding of fluid behavior isiatal to determine whether
simplified calculated methods are sufficient to dice real force acting on
surfaces.

To integrate the aerodynamical coefficient of tasise (drag coefficient)
into the flow simulation analysis and to get drggation goal we were using the
drag equation procedure, for the coefficient ofbdZa

F
C, = 1—d (2)
2
— A
2 ad
where:Fq — drag force constituent in the direction of tlemfvelocity,
p — density of the ambient environment,
V —velocity of flow in relation to the object,
A — cross reference area.

The drag coefficient is obtained as the so-cadigdation goal where drag
equation procedure is written in.

Speed isolines on cut plots along the main bolide are used to visualise
fluid flow, especially around parts suspected feing possible obstacles for



428 R. Chatys et al.

smooth transition. The visualisation above, shawhig. 8 and Fig. 9, allowed to
show that such a problem exists with windshields tlits shape acting effec-
tively as an aerodynamic break.

i

I

A 1,

\

I

Fig. 8. Flow speed from the front side (on lefeamlines, on right cut plots)

21,516
19,126
16,735
14,344
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9,583
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4,781

2301
Velocity RRF [m/s]; Cut Plot 1: contours 0

Fig. 9. Flow behavior along the main axis

Comparative analysis of specific technological diniy methods is repre-
sented in Fig. 10 and Fig. 11. According to Figda€a analysis the most expenses
are in the method using 3D mould printing and thecuum bagging. It's for the
reason of high 3D material amount and glue (to eoh8D printed surface parts)
cost. TEME factor is the highest for this methout, ibs a relative value because
it's calculated proportionally to TEU, by the rédat to calculate specific effec-
tiveness of each unit equipment, using the formofamaximal one unit effec-
tiveness (MOUE):

TEME

MOUE = (3)
TEU
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Economical comparison of bolide body building
technologies

Total equipment and material
effectiveness (TEME)

Total bolide body and seat building
cost (TC), EUR

Total Kilowatts of electrical
equipment usage (TKwE), KWh

Proffesional level production total
hours (PLH)

Total hours (TH)

Equipment cost (EC), EUR

|

Material cost (MC), EUR

0 500 1000 1500 2000 2500 3000 3500
® 3D Mould Printing method and after infusion vacuum bagging
B CNC Mould forming method and after infusion vacuum bagging
u Specific Method

Fig. 10. Economic comparison analysis histogratecdfinological building methods

Effectiveness comparison of bolide body building
technologies

3D Mould Printing method and — 4556. ..
after infusion vacuum bagging
CNC Mould forming method and — 493. ..
after infusion vacuum bagging

Specific Method 45,3 ..

0 10 20 30 40 50 60
® Overall Equipment and project Effectiveness ratio (OEE), %
u Total equipment units (TEU)

Fig. 11. Effectiveness comparative analysis histogr
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The TEME actually never can reach TC or amount 1,d886ause all equip-
ment cannot be working without faults, includingian factor. More demonstra-
tive parameter is overall equipment and proje@aifeness ratio (OOE), repre-
sented in Fig. 11. It includes all the mentionethpeeters, by relation, using the
formulae of overall equipment and project effeatiess:

_ TEME[PLH

OEE [100% 4)

where:% — is professional level production total level ho@-to-1 ratio to

total real working hours.

The highest OOE is assigned to the CNC mould fogmiethod and further
vacuum bagging (Fig. 11). That is obvious and pndwethe attached calculations
of this work.

Other explanations are ideal symmetry and lineéloai, as well as ignoring
induced drag which may lead to the increase of @& more believable values
around 0,19-0,20 (Tab. 1).

Table 1. Comparison of some production and con@agtdrag
coefficient [11]

Drag Year of
coefficient Model name <
production
value
0.19 Alfa R(lmeo B.AT.7 1954
Concept
General Motors
0.19 Ultralite 1992
0.1768 KUT Bolide 2018
Pininfarina Fiat 124
0.17 concept (Morelli shape) 1978

6. Conclusions

The results, experience and knowledge gained wiiteng this publication,
prove the necessity of planning and organizatiowardk to put into effect such
methods of composite parts production. This atéitprbvides us with predictable
vision of future projects and results which carob&ined and analysed further.
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METODY OPTYMALIZACJI KONSTRUKCJI KAROSERII
KOMPOZYTOWEJ ORAZ PROJEKT TECHNOLOGII
DLA SAMOCHODOW Z SILNIKIEM ELEKTRYCZNYM

Streszczenie

W artykule oméwiono sposoby optymalizacji strukinej kompozytowych nadwozi samo-
chodowych, takich jak samochody §gigowe wykorzystujce elektryczne i hybrydowerédet
energii. Aby osigna¢ te cele, korzystano z kontroli aerodynamicznejgkinn CFD. Opracowano
zintegrowany prototyp modelu nadwozia typu 3D-CADaxp na koncepcji profili NACA, stoso-
wany w generowaniu dodatnich i uiemnych krzywizmigszchni, aby zapewaiepsze parametry:
stabilng¢, wspotczynnik oporu, sitdocisku itd. Rezultat zintegrowanego modelu nadavagpu
3D-CAD z nadwoziem wicigowym jest take prezentowany jako nadwozie kompozytowe w skali
rzeczywistej. W artykule omoéwiono réwaienetody technologiczne oraz problemy i etapy projek
towania rzeczywistego (od formy do gotowegizi kompozytowej). Uzyskane wyniki madyé
przydatne do produkcji zkonych bryt kompozytowych, przyzyciu tatwo dosgpnych i optacal-
nych materiatbw oraz oprogramowania.
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ANALIZA STOSOWANYCH TECHNOLOGII
OBROBKI POWIERZCHNI ZAMKA TARCZY
SPREZARKI | TURBINY GAZOWEJ

Powierzchnie elementéw pgizen zamkowych w turbinie i spzarce g jednymi

Z najbardziej obgzonych powierzchni podczas pracy silnika turbinoweQbec-
nos¢ agresywnegérodowiska (gogcy gaz z popiotem i domieszkami znajgityjmi
sie w paliwie), wysoka temperatura pracy§nienie, obcizenia od dziatania sit od-
srodkowych, gazodynamicznych oraz powstajdrgania wywotaj wiele procesow
prowadacych czsto do uszkodzenia pmizenia zamkowego, a w efekcie nawet
awarii lub zniszczenia silnika turbinowego. Wymiamé czynniki wplywajce na
powierzchnie pajczeh zamkowych prowadgzdo wzrostu nageen i napie¢ kontak-
towych, aktywizacji proceséw 2zycia frettingowego, powodajrowniez erozg

i pekanie zmngczeniowe. Najogciej stosowanym typem pgidzenia topatki z tarez
wirnikéw sprzarki jest zamek trapezowy lub tzw. ,jaskétczy ogodia turbiny
z& — jodetkowe pajczenie zamkowe. W procesie projektowania i wytwaiza
zamka nalgy szczegolnie uwzgtini¢ stabily prac zespotu wirnikowego sprarki

i turbiny orazzywotnai¢ catego silnika oraz wgt pod uwag: wysokie wymagania
dotyczce sktadu oraz jakeoi materiatdw tarczy i topatek, niglobrabialné¢ tych
materiatéw, skomplikowany ksztatt i wysokie wymagadotyczce doktadnéci,

a takke wzajemnego polenia powierzchni oraz jaké warstwy powierzchniowe;j
zamka. Takie wymagania rawa spetnt za pomog réznych metod obrobki skra-
waniem (przeciganie, frezowanie), obrobki elektrochemicznej (ECG) elektro-
erozyjnej (EDM). Metoda obrébki elektrochemicznajikka ma wiele zalet w sto-
sunku do obrobki skrawaniem, m.in.: Aiwos¢ obrobki materiatdéw przewodz
cych pyd z r&znymi wtasciwosciami mechanicznymi, zapewnienie wysokiej jgtio
warstwy powierzchniowej, dig produktywnd¢ przy diugim okresie eksploatacii
elektrody. Doktadn& obrobki zamkéw metad ECM jest jednak bardzo niska.
Metoda przecigania pozostaje wt jedry z najczsciej wywanych, a na etapie
wykanczania — jedys mozliwg metody tworzenia doktadnego zamka z wysgok
jakoscia warstwy powierzchniowej.

Stowa kluczowe:potaczenia zamkowe, doktadfioksztattu, jaké¢ warstwy po-
wierzchniowej, przeaganie tarczyzywotnai¢ silnika turbinowego

1. Wprowadzenie

Rozwoj brany okretowej, lotniczej, energetycznej i innych begarzemystu
maszynowego jescisle zwigzany z wprowadzaniem nowoczesnych technologii

1 Autor do korespondencji/corresponding author:eObvirna, Akademia Morska w Gdyni, ul.
Morska 81-87, 81-225 Gdynia, tel.: +4860881616mad: o.dvirna@wm.am.gdynia.pl
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obrabiania gtéwnych elementow silnikow, do ktoryrbdukcji stosuje gimate-
riaty o ulepszonych wikziwosciach fizycznych i mechanicznych.

Silnik turbinowy jakozrodto lub przetwornik energii jest ¢zto stosowany
w cieptownictwie, okgtownictwie, lotnictwie, a take w transporcie naziemnym.
Gtéwnym elementem silnika determigaym jego parametry pracy jest turbina
gazowa. Im wysza robocza temperatura gazu w turbinie, tym na logi@ziej
ekonomiczna praca silnika, gdwraz z jej wzrostem zmniejsza $ednostkowe
zuzycie paliwa i powietrza na jednostknocy. W zwazku z tym, do produkcji
gtéwnych elementow turbiny nalg zastosowé& nowe zaroodporne materiaty
oraz nowe metody i technologie ich obrébki.

Obecnie najagciej stosowane w przypadku pozen topatek z ohycza tar-
czy @ zamki typu ,jaskotczy ogon”. Wytdniajg sie one prostat konstrukcji
i stosunkowo niewielk wysokacig zamka, co umdiwia stosowanie tarczy ze
zmniejszon grubdciag obreczy. Z kolei taka konstrukcja tarczy ushisvia roz-
mieszczenie optymalnej liczby topatek na qulazly w celu stworzenia kratki
0 wymaganej estasci. Pohczenia te majjednak nisk zdolng¢ ttumienia drga.
Doswiadczenie wynikajce z eksploatacii silnikow wskazujes zasadnicza ¢zt
uszkodzé catkowitych i czsciowych powstaje wskutek zjawiska zozenia przy
drganiach roboczych topatek, ktore twpragniska pknie¢ zmegczeniowych
i stajg sie przyczyry uszkodzenia trzonu topatki i wygtu tarczy. Badania dyna-
micznych witaciwosci polaczer zamkowych pokazuaj ze wiaciwie dla wszyst-
kich typow topatek drgania, bez wedlu na ich form, nie zanikaj u stopy to-
patki, lecz rozprzestrzenigpic w glab pohczenia zamkowego (niezatée od
sity zacisku nie mana wygast drgaa w zamku), co ostatecznie prowadzi do po-
jawienia s¢ zjawiska frettingu [1].

Pohczenia jodetkowegsw znacznie mniejszym stopniu podatne na takie ne-
gatywne procesy jak opisane powj, co wynika z rownomiernego podziatu ob-
cigzenia elementow profilu zamka. Pragone poprawnie w przypadku gdy jest
zapewniony wisciwy kontakt powierzchni zamkowej topatki i tarczZlednym
Z najwaniejszych parametrow kontaktowego wspotdziatanigqaen zamko-
wych jest wielkdé¢ zblizenia powierzchnigczacych sk elementdéw. Kontaktowe
zblizenie powierzchni odbywagsprzez elastyczno-plastyczne deformacje wierz-
chotkdw chropowatéti oraz lezgcych ponkej warstw. Na proces przeja od de-
formaciji elastycznych do plastycznych przy takimngen materiale ma znagzy
wpltyw jakos¢ warstwy powierzchniowej (uszkodzenia powierzcluhiropowa-
tos¢, znak i warté¢ napezen resztkowych, stopfeumocnienia powierzchni itp.),
zaleznej od technologicznych metod obrébki powierzchmitiaktowych.

2. Technologiczne metody obrobki paiczea zamkowych

Typ zamka wybiera siw zaleznosci od jego przeznaczenia, miejsca roz-
mieszczenia, stopnia turbiny i gparki oraz warunkéw pracy tarczy. Przy wybo-
rze metody obrobki zamkow naleuwzgkdni¢ wiasciwosci uzywanychzarowy-
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trzymatych materiatow, ich obrabial§tooraz doktadn& wzajemnego poleenia
powierzchni paiczea zamkowych o skomplikowanym profilu. Obecnie stesu;j
sie kilka metod obrobki pakczen zamkowych, wrdd ktérych mana wyr&nié
metody: obrébki skrawaniem (przeganie, frezowanie), obrobki elektroche-
micznej (ECM) i elektroerozyjnej (EDM).

Spasrdd metod obrdbki skrawaniem poken zamkowych najegciej stosuje
sie metoa@ przecigania. Przegganie jest to proces obrébki mechanicznej, w kto-
rej caly naddatek obrébkowy usuwa @i czasie jednego przeja narzdzia na-
zywanego przeggaczem (stosowanego w produkcji wielkoseryjnej saveej).
Proces ten jest realizowany wedtug dwoch schemasiwwania naddatku (gene-
ratorowego i profilowego) na poziomych oraz pionetvypbrabiarkach tdych
rodzajow i o odmiennej konstrukcji. Parametry slaaia przy przegganiu §
wybierane w zalnosci od wiaciwosci obrabianego materiatu i wykonywanej
operaciji, a take technicznej charakterystyki obrabiarki. Kolgi®asuwania nad-
datku zaley od typu obrabianego zamka (rys. 1.).
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Rys. 1. Kolejné¢ usuwania naddatku przy przgganiu
Fig. 1. Removal sequence of broaching operation

W ramach umowy o technicznej wspétpracy z NaukowadBkcyjnym Ze-
spotem Budowy Turbin Gazowych ,Zoria-MaszprojektUkfaina) przeprowa-
dzono wiele badadotyczcych zastosowania metod obrébki skrawaniem zam-
kow tarcz wytwarzanychzarowytrzymatej stalbI1517111 [2, 3]. Mikrostruktug
kutych wzorcéw z tego materiatu w stanie hartowaoidpuszczania w wysokiej
temperaturze jest sorbit w charakterze martenzyt @.). Chemiczny skiad tej
stali przedstawiono w tab. 1., a édawosci mechaniczne w tab. 2.
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Rys. 2. Mikrostruktura wzorca ze stalil517111
Fig. 2.01151711I steel sample microstructure

Tabela 1. Sktad chemiczny stali1517111
Table 1. Chemical composition 811517111 steel

S(f/a" clor|Ni| Mo|lw|l v /| Nb NFeSI|M.n|.S.‘P
0 nie wiecej

9M1517411|0,13) 11,0| 1,7 | 1,35 0,65 0,18 | 0,20 |0,02
0,18/ 12,5/ 2,1| 1,65 | 1,0| 0,30 | 0,35 |0,08

osn.[05| 0,5| 0,0150,03

Tabela 2. Wiéciwosci mechaniczne stabI1517111
Table 2. Mechanical properties®f1517111 steel

Wiasciwosci mechaniczne
Obrdbka cieplna wytrzymalagié, granica plastyczniui, udarnag,
MPa MPa Jien?
Hartowanie 1120 + 15°C 1090 935 128
Odpuszczanie 680 + 16° 1075 875 113

Stal3I1517111 ma dobre wigciwosci eksploatacyjne, jest o wielentza od
istniejgcych odpowiednikéw, posiada jednak wiele specyfycinwvtasciwosci fi-
zyczno-mechanicznych, ktére obaj jej obrabialné¢ i utrudniap zastosowanie
tradycyjnych metod obrobki. Podczas badaniagakpowierzchniowej warstwy
pofaczen zamkowych tarcz turbin i kompresoréw ze stdli517411 (obrobionych
metod, przeciagania) zostaty ujawnione liczne uszkodzenia powienz zamko-

wych (rys. 3.).
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Rys. 3. Uszkodzenia obrabianej powierzchni
Fig. 3. Defects of the treated surface
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Rys. 4. Kolejné¢ uzywania frezéw
Fig. 4. Sequence of mills use
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W przypadku produkcji krétkich serii zamkow z sder gamy obrabianych
powierzchni mana zastosowafrezowanie jako alternatywynmetod obrobki po-
taczen zamkowych tarcz turbiny gazowej. Realizacja tetbgiofrezowania zam-
kow typu ,jaskoélczy ogon” i ,jodta” we wzorcach atali 911517111 polegata na
wyznaczeniu warunkoéw otrzymania zamkéw o rozmiaragkosci odpowia-
dajagcych wymaganiom technologicznym oraz zasadom rysuekhnicznego.
W wyniku tego ustalono:

» schemat i kolejn& obrébki,

* tryby skrawania,

» chropowaté¢ obrabianych powierzchni,

» czas obrobki zamka.

Do wykonywania zamka byt zaprojektowany i wytwangdkomplet frezéw
palcowych o okrdonym ksztaicie i okrdonej geometrii cgsci skrawagcych
(rys. 4.15.). Frezowanie zamkéw typu jodetkowegalizowano przez dwie ope-
racje: najpierw wycinanie zamka trapezowego, agpagt nadanie mu wymaga-
nej formy (rys. 6.).
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Rys. 5. Ksztalt ostatecznego frezu
Fig. 5. The shape of the finished mill

Rys. 6. Kolejné¢ usuwania naddatku przy fre-
zowaniu

7 Fig. 6. Removal sequence of milling operation
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Oprécz metod obrébki skrawaniem znager®wvniez metody formowania
zamkow w tarczach zgodnie ze schematem obrébkirelslozyjnej (EDM). 8
one realizowane w dwdéch wariantach: prostego odazr@tnego kopiowania. Ze
wzgledu na matecieranie elektrody i zadowalgp energochtonné (na pozio-
mie frezowania), obrékkelektroerozyja w trybie elektroimpulsowym nima
rekomendowa jako alternatyw dla frezowania diych powierzchni o skompli-
kowanym ksztalcie.

3. Whnioski

W celu ws¢pnej obrébki zamkdéwv wielkogabarytowych tarczach stosuje
sic metod elektrochemiczp (ECM). Metoda obrobki ECM zamka pozwala
znacznie zmniejsgyliczbe przechgaczy w zestawie i ma wiele zalet w stosunku
do obrobki skrawaniem:

» mozliwos¢ obrébki materiatéw przewodeych pad z r&nymi wiasciwo-

sciami mechanicznymi,

» zapewnienie wysokiej jakoi warstwy powierzchniowej,

* duzg produktywndaé,

» duwzy okres eksploatacji elektrody,

» umiarkowan wartas¢ elektrody.

Wad; tego rodzaju obrébki jest bardzo mata doktadno

Metode obrébki EDM mana zastosowaw przypadkach, gdy mechaniczna
obrobka nie pozwala egjna¢ wysokiej wydajnéci oraz przy utrudnionym do-
stepie narzdzia do strefy skrawania. Powierzchniowa warstwakeatarczy po
obrobce elektroerozyjnej nabiera zkgzonej twardéci, przy czymsrodek za-
chowuje m¢kkosé, co pozytywnie wplywa na eksploatacyjne $eiavosci tarcz.
Na powierzchni magjednak wysgpowa peknigcia, wywotane przez nagrenia
rozciggajgce. Bardzo trudno jest zapewmnvymaga chropowaté¢ powierzchni.
Taki rodzaj obrébki jest zalecany podczas openasjepnych i ksztattujcych
w procesie usuwania wkszaci naddatku. Zastosowanie metody przgania
pozostaje zatem jedmz najczsciej wywanych, a na etapie wykezania — jedys
mozliwg metod tworzenia dokladnego zamka z wyggkkascia warstwy po-
wierzchniowej [4].
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ANALYSIS OF APPLIED TECHNOLOGIES OF SURFACE
TREATMENT LOCKS GRAPE COMPRESSOR AND TURBINE

Summary

The surfaces of the lock connection elements intingine and compressor are one of the
most stressed surfaces during operation of thénteidngine. The aggressive environment (hot gas
with ashes and additives in fuel), high working pemature and pressure, loads caused by the exist-
ing centrifugal forces and forces of gas flow, wifiwns — all these factors cause increase of variab
loads and surface stresses, activation of frettiegr processes, fatigue cracking, erosion and other
dangerous processes which often lead to destruatilmtk connection, and even to fault of turbine
motor. The most commonly used connection of turbiaele with the compressor rotors disc is the
trapezoid lock, also called the dovetail, whilélirbines the herring-bone lock connections are com-
monly applied. In course of the design and prodwatif such a lock, and aiming to ensure faultless
operation of the compressor and turbine rotor @sitwell as long service life of the whole motor,
the following items shall be considered: high reguoients to the composition and quality of the
disc lock and blades, low workability of these miafle, complicated shape and high requirements
of precision and mutual arrangement of surfacesgalvith the quality of lock surface. Such re-
quirements may be met through the application abua machining methods (draw-out, milling),
methods of electro-chemical (ECM) or electro-erogi®M) processing. The method of lock elec-
tro-chemical processing has a number of advantagesmparison to machining: the possibility to
process the conductive materials with various meiciah features, ensuring high-quality surface
layer, high productivity with a long electrode seevlife and its moderate cost. However, ECM
processing precision is very low. Therefore, agtian of the draw-out method remains one of the
most commonly used, and at the finishing stage é@vien the only possible method to obtain hi-
precision lock with a high quality surface layer.

Keywords: lock connections, form precision, surface layerliggjadisc draw-out, turbine motor
service life
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SELECTED PROPERTIES OF BIOCOMPOSITES
ON THE BASIS OF PHBV WITH CELLULOSE
FILLERS

The paper presents selected properties of the a@elbiocomposites based on
PHBYV poly (3-hydroxybutyric co-3-hydroxyvaleric aibiopolymer. The PHBV
biopolymer is obtained by the copolymerization ehy&iroxybutyric acid and
3-hydroxyvaleric acid. The biopolymer used for tests contained 8% of poly
(3-hydroxyvaleric acid). For the preparation of toenposite, three types of fillers:
wood flour, hemp fiber and flax fiber were usedsearch for the best possible
mechanical properties of composite. During the ctiele of filler types, the
availability and price in the geographical areaPaland as well as mechanical
properties were taken into account. Fillers wetalaled and fiber modification
parameters were determined. The following massepgsges of fillers in the tests:
15%, 30%, 45%, 50% and various fiber lengths weegluTo produce the biocom-
posites the single- and twin screw extruders madamak Company were used.
The initial processing parameters were determisgtglDSC thermogram analyses.
The technological parameters depended on the tfgi#les and its percentage
content. The best mechanical properties, compargérerally available polymers
like PP, PE, PVC or PS were obtained for the contpasith hemp fiber. The
developed composite is completely biodegradableeBatechanical properties of
produced composite in relation to e.g. PE or P&allsing it for the production of
parts that are used in various branches of thecaopn

Keywords: PHBV, natural fibers, composites, biopolymers, itiggt moulding

1. Introduction

Management of plastic waste is a significant pnobikat is increasing year
by year. Considering these problems and biodegi#giadf polymers, and also
the source of its production, polymers can be iladsas follows [1]:

» non-biodegradable and manufactured from petroctamagy materials,

» biodegradable and produced from petrochemical raterals,

* non-biodegradable and produced from renewable ratgnals,

1 Corresponding author/autor do korespondenciji: e$rcz, Rzeszow University of Techno-
logy, 8 Powstacow Warszawy Ave., 35-959 Rzeszow, tel.: (17) 8681 éimail: wi@prz.edu.pl
2 Grzegorz Janowski, Rzeszow University of Technglegmail: gjan@prz.edu.pl
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* biodegradable and produced from renewable raw maefso-called

~.double green”).

Apart from the first group, the other three carclied ,bioplastics” because
they are materials that are biodegradable or theyfanatural origin. Today, bi-
oplastics comprise only 1% of the total annual padin of plastics, but the group
of these materials is constantly growing and theatel for such materials is in-
creasing. The data developed by the European Bitigdan cooperation with the
Nova-Institute research institute shows that gldidaplastic production capaci-
ties are supposed to increase from approx. 2.d®mtbnnes in 2017 to approx.
2.44 million tonnes in 2022 [2]. The greatest higoseen in the development of
the group of double green bioplastics, which ar@atfiral origin and are fully
biodegradable. The main reason for slow developmedtcommercialization of
this type of polymers are quite high productiontsos

An interesting group of double green polymers alyhpydroxyalkanoates
(PHAs), which are produced by microorganisms as amkip material.
Microorganisms are able to synthesize various tygeRBHA depending on the
availability of carbon sources and biochemical tieas in cells. The production
of PHA takes place in the cytoplasm of a bacter&ll, while the process of
producing this biopolymer takes place in two staffethe first stage, the bacterial
inoculum is introduced into a sterile solution aftments, a carbon source and
traces of metals. In the second stage, essentidbmis like N, C and Q are
deliberately limited, which results in accumulatiohPHA as a backup material
[3]. One of the polymers belonging to the PHA grasipoly (3-hydroxybutyric
acid) (PHB). Despite similar physical properties polypropylene, it is
characterized by fairly high brittleness [4], whigsults from formation of large
crystalline domains in the form of spherulites a@h be associated with the
exceptional purity of the obtained biopolymer. Tdigove feature makes PHB
microbiologically an ideal system for spherulitegdstigation [5], but it is also
a serious disadvantage of the commercial use sfitbmopolymer [6, 7]. The
possibility of improving mechanical properties dfi® is insertion of a second
monomer, i.e. poly (3-hydroxyvaleric acid) (HV dd¥) to the PHB chain, which
allows to obtain poly (3-hydroxybutyric acid-3-hgavaleric acid) (PHBV).
Copolymerization leads to reducing the crystapir8-10]. In comparison to
PHB, PHBV is characterized by reduced stiffness dmittleness, higher
elongation at fracture and increased tensile sthef@epending on the amount of
HV in the polymer chain, a significant drop in timelting point can be obtained,
increasing the difference between the melting pand the onset of the thermal
decomposition, thus expanding the processing winddy Wider commercial
use of this biopolymer is still difficult due todahigh production costs as well as
small difference between the melting temperatudthe degradation temperature
of this polymer, as well as low flexibility and fgi high brittleness [12-15]. For
this reason, further plans in the research of $istsnare to improve the
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mechanical properties and processing windows eflilipolymer, as well as the
possibility of producing composites with a PHBV maf16, 17].

In recent years there has been a significant isergethe use of natural fibres
as fillers in the polymer matrix in order to createw types of environmen-
tally friendly composites. These fibres are chamared by low density while
maintaining high strength, renewability and futbééegradability, with production
requiring low energy. It should be noted, howetteat these materials have lower
durability than synthetic fibres, are characterifmdquite high variability of
properties and have a tendency for quite high vedisorption [18-21]. The tensile
strength as well as the Young's modulus of nafiilveés are usually lower than
for glass fibres used in composites production. ek, the density of glass fibre
is significantly higher (about 2500 kgfjthan natural plant-derived fibres (about
1500 kg/m), which is especially important for the weightoofmponents made of
composites, where the mass must be significanttiuaed [22, 23]. Higher
mechanical properties are noticeable for fibresdwaithigh content of cellulose
and cellulose microfiber arranged in the directibreinforcement - this situation
is often found in bast fibres, which have higheadural requirements to ensure
adequate scaffolding for the stem of the plant. Jitoperties of natural fibres are
significantly diversified — this is due to growirgpnditions, harvesting time,
processing and storage [24-26].

The possibility of commercialization of double gnegolymers (PHBV in
particular) may be the use of natural fibre fillers biopolymer matrix. This may
enable to improve mechanical properties of the rantured biocomposites
while maintaining full biodegradability at reducpobduction costs in relation to
the pure biopolymer. The aim of the work is to présselected properties of
PHBV-cellulosic fibre biocomposites.

2. Manufacture of biocomposites

The composites were produced using a twin screvudet RES-2P12A
made by Zamak company using adjustable temperatlues in heating zones,
in the range from 148 to 160C (Tab. 1). The fibres at this stage of the redearc
were not surface modified. The extruded composaes granulated on a stand
equipped with a water cooling bath and a granul&wirusion was carried out at
the screw speed of 50 rpm. In the case of higHeritg, the process was unstable,
i.e. the fibres were accumulated in the area bdafweextruder head. Moreover,
the extrudate was characterized by very low viggaghen leaving the extrusion
head. In turn, lowering the rotational speed of sheew below 50 rpm caused
degradation of the biocomposite in the plastifmatiinit due to too long heating
time. These phenomena were particularly visiblectimposites with flax fibre.
This was the cause of significant pressure fluatnaton the screw's forehead,
which made it difficult to maintain the stability the technological process. The
obtained granulate was used for the productiorsifdpecimens by means of the
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injection moulding process. The stages of comp@saduction are shown in Fig.
1. The configurations of produced PHBV biocompas#ee presented in Tab. 2.
SEM investigations were performed for each batchcahposites produced.
Selected images of composite areas fractures avensin Fig. 2.

Table 1. The temperature of extruder heating zones

Feed
Zone | Zone Zone Zone Zone Zone
Head Adapter 6 5 4 3 > 1 hopper
zone
160°C 160C 160C | 160C 160C 160C 158C 143C 50C

The
choice of
PHBV. fibers
e
solution

The
choice of
fiber
content

PHBV COMPOSITE

- Cellulose fibers with
specific properties

The
extruder
selection

Fig. 1. The production stages of PHBV biocomposites.

Table 2. Configurations of manufactured biocompeditased on PHBV matrix

Composite Type of Extrusion Mass filler Length of I\g;ei(r)%e(r)lfz
designation fibre method content fibre )
fibres
K15masO0rrlmmDwu hemp concurren 15% 1 mm ng
L15mas0rrlmmDwu flax concurrent 15% 1 mm no
D15masOrrimmDwu wood concurrent 15% 1 mm no

In order to determine the processing window, amaoimgrs, DSC analysis
using TA Instruments Q2000 microcalorimeter was enadhe recorded
thermograms (Fig. 3) indicate that composites witigh degree of fibre adhesion
to the matrix were produced — this is evidenceligi peaks on the thermograms.
Glass transition and melting temperature of PHBM d@3 composites was
observed, which shows semicrystalline materialsadidition, in the case of
PHBV, the so-called ,cold crystallization” was obsed. Based on the obtained
results, it was estimated that the glass transitesnperature (J) of unfilled
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PHBYV is 6.4°C, and the change in specific ha&tj is equal to 0.094 J/g°C. The
onset temperature {J of the polymer is 164.95°C. Estimated paramearghe
composites produced are listed in Tab. 3. No st changes in melting
temperature were observed in relation to PHBV.

Fig. 2. Examples of SEM images of fracture areas & composites filled with hemp fibres,
b) pure PHBV biopolymer

Table 3. Comparison of thermal parameters of bioawitgs for a variable type of filler and for
a pure biopolymer

Type of material ACp, J-g-1-°C-1 a4 °C Tm, °C Te, °C
L15masOrrimmDwu 0.077 6.40 164.30 101.10
K15masOrrlmmDwu 0.067 3.60 164.2Q 106.60
D15masOrrimmDwu 0.080 5.58 163.2( 101.70

PHBV 0.094 6.40 164.95 75.05




446 W. Fragcz, G. Janowski

0,0

0,6+

-1,04

Heat flow [W/g]

1,5

-2,0 T : y r T !
-100 -50 0 50 100 150 200

Exo Up Temperature [UC] Universal V3.9A TA Instruments

Fig. 3. Dependence of heat flow on temperatureifditted PHBV (--) and its com-
posites: with unmodified fillers: L15masOrrlmmDw), (K15masOrrlmmbDwu-(),
D15masOrrimmDwu (---)

3. Selected properties of produced biocompositegpreliminary

tests

The Dr Boy 55E injection moulding machine was usegroduce test pieces
(Fig. 4). The tests of mechanical properties wexeied out by means of the
Zwick Roell Z030 testing machine and the Ceast 98f@ct hammer. The results

of the performed tests are presented in Fig. 5-10.

Fig. 4. The moulded piece made of composite PHBWhébres (fibre content:
15% by weight)
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Fig. 5. Water absorption for a variable type défiland for pure PHBV biopolymer
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Fig. 7. The impact tensile strength results for posites with variable type of filler and for pure
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Fig. 8. The hardness test results for a varialge tf filler and for the pure PHBV biopolymer
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a variable type of filler and for a pure PHBV bityoer
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4.
1.

Conclusion

As a part of the study double green compositéh good mechanical

properties, comparable to popular polyolefin's graaf plastics and much

better than pure PHBV biopolymer, were producec ddst of producing the

material based on fully biodegradable PHBV has breednced thanks to the
use of natural fibres.

When analysing the results of research, it lshba noted that mechanical
properties, as well as the quality of the PHBV bimposites, improved when
using flax and hemp fibres already by a small paage of them (15% by

mass).

In the case of wood fibres, despite correctrébal treatment applied by the
manufacturer, poor results of mechanical propesiese obtained, even in
relation to the PHBV biopolymer.

For all the produced composites filled withuelse fibres, greater adsorption
of water, compared to pure PHBYV is noticeable, Whgevident due to the

presence of polar OH groups in the structures lbilose fibres.

The results obtained for PHBV composites filkgth the flax and hemp fibre

are the basis for further research. In the casgoo fibre — the subsequent
stages of testing with the use of this filler wiit be continued.

Higher mechanical properties of the producedpmsite in relation to, e.g. PE
or PP, allow to use it for the production of motgable packaging, containers,
and disposable transport pallets, elements of imesd road infrastructure as
well as for gardening, for example as covers ofjueitrees in parks and
forests. Application in other areas of economy daditioned by economic

factors and the required durability of products.
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WYBRANE WLA SCIWO SCI BIOKOMPOZYTOW O OSNOWIE PHBV
Z NAPELNIACZAMI CELULOZOWYMI

Streszczenie

W pracy przedstawiono wybrane égavosci wytworzonego biokompozytu w osnowie bio-
polimeru PHBV — polikwas 3-hydroksymastowy-co-3-hydroksywaleriangyitory otrzymuije si
przez kopolimeryzagj poli(kwasu 3-hydroksymastowego) i poli(kwasu 3-tokbsywa-leriano-
wego). Biopolimer stosowany w badaniach zawierat@%(kwasu 3-hydroksywa-lerianowego).
Do wytworzenia kompozytéwayto trzech rodzajéw napetniaczy w formie wiokiemzelvnych,
Inianych i konopnych w celu otrzymania najlepszyelasciwosci mechanicznych kompozytu.
Podczas doboru rodzajéw napetniaczy uwagiono dosfpnai¢ i koszt w obszarze geograficznym
Polski, a take wiasciwosci mechaniczne. Napetniacze poddano zabiegowi meraeii oraz okre-
slono parametry modyfikacji widkien. W badaniachsstwano nagpujgce zawartéci masowe
napetniaczy: 15%, 30%, 45%, 50% orazme® dtugdci widkien. Do produkcji biokompozytow
wykorzystano wyttaczakkjedno- i dwdlimakowg firmy Zamak. Pocgtkowe parametry przetwa-
rzania zostaty okéone za pomaganalizy DSC. Parametry technologiczne dobrano ezaedci
od rodzaju napetniacza i jego zawadigprocentowej. Najlepsze wieiwosci mechaniczne w po-
réwnaniu z ogoélnie dogbnymi polimerami, takimi jak PP, PE, PVC lub PSzgtnano dla kom-
pozytu z wibknem konopnym. Opracowany kompozyt fEkowicie biodegradowalny. Lepsze
wiasciwosci mechaniczne wytwarzanego kompozytu w stosunkm@oPE lub PP pozwatgpa
wykorzystanie go do produkcji wyrobow znajgeych zastosowanie w zdych obszarach gospo-
darki.

Stowa kluczowe:PHBV, wtdkna naturalne, kompozyty, biopolimeryrrfmwanie wtryskowe
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EFFICIENCY OF MICRO COMBINED HEAT
AND POWER UNIT IN REAL CONDITIONS

The article presents the results of short-term goerhnce of small AISIN
GECCG60A2N cogeneration heat and po\f@HP) unit classified to the micro-co-
generation. Electric and heat generation efficidmay been assumed as parameters
characterizing the operation of the CHP unit. Urtdst electrical efficiency reach
about 23% and thermal efficiency about 44%. Overféitiency reached about 67%.
Article also includes a brief description of thedhgulic and electrical system of
CHP unit.

Keywords: nCHP system, performance, AISIN, cogeneration

1. Introduction

The depletion of fossil fuels resources traditibnaked in power industry
coupled with the constantly growing consumptionetdctricity — both in the
developed and the developing countries — tendsdk for new technological,
system and organizational solutions. One of thedlgmactices resulting in high
energy efficiency is combined production of head aower (CHP). In addition
distributed power generation results in reductiberergy losses in power grid.
Another good practice is using renewable energycgsufor heat and/or power
generation. Both renewable energy resources andisant opportunities for in-
crease in energy efficiency exists over wide geglgjal areas, in contrast to
other energy sources, which are concentrated imal siumber of countries.
Rapid deployment of using renewable energy, impream of energy efficiency,
and technological diversification of energy soureesults in economic benefits
and significant rise of energy security. Usageeoiewable energy and CHP units
reduce environmental pollution and improve pubbalth also.
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Cogeneration heat and power unit generates eliégimied useful heat at the
same time. Cogeneration is a very efficient useeiffrom thermodynamic point
of view. In separate production of electricity, soamount of energy must be
discarded as waste heat, but in cogeneration sgsgeme amount of this wasted
thermal energy is put to use. Micro combined heat ower (CHP) units are
intended to be used as distributed energy soufbesiCHP installations are usu-
ally less than 5 kW electrical power and they aterided primarily for houses or
small businesses. Instead of burning fuel to menebt space or water, some of
the energy is converted to electricity in addittorheat. This electricity can be
used within the house or business or, if permittgdhe grid management, sold
back into the electric power grid. A detailed expental investigation of instan-
taneous performance of micro CHP unit was preseintgdl, 2]. Although the
degree of dissemination of the CHP technology gatiepending on the country,
the industrial and district CHP plants have an irtgoet and well-established role
in the power systems of many countries [3].

Cogeneration heat and power units consist of fasidoelements: a prime
mover (engine or drive system), an electricity gatar, a heat recovery system,
and a control system. The prime mover, while dgvihe electricity generator,
creates usable heat that can be recovered. Irrieiautput terms, CHP units
sizes range from 1 kWe (kilowatt electric) to 04600 MWe (megawatt electric).
Micro CHP @CHP) installations use five different technologiesicroturbines,
internal combustion engines, Stirling engines, &tbsycle steam engines and fuel
cells. Theoretically, almost any fuel is suitalde rhicro and mini CHP for exam-
ple diesel, LPG or biogas, although for new systemasural gas currently pre-
dominates.

The aim of the article is presentation of the penfance of micro cogenera-
tion unit under the real working conditions.

2. Experimental setup

Investigated micro CHP unit is part of a systemsisting moreover pho-
tothermal and photovoltaic solar system, two heatgs: compressor and absorp-
tion type and mid-term heat accumulator operatetiénSolar and Environment
Thermal Energy Laboratory in Department of Thermmyics in Rzeszow Uni-
versity of Technology. The way each device prodge@lectrical and/or thermal
energy works is related to determinants resultiognfthe structure of the heat
sinks and their characteristics. System is comtdaly the master control system
automatically implementing the tasks of acquisiteord presentation of a meas-
urement data. A CHP AISIN GECC60A2N with nominadatfic power of 6 kW
and a thermal output of 11.7 kW (Fig. 1a), is usethe system. It is equipped
with three-cylinder internal combustion engine wathlV timing with a capacity
of 952 cni burning natural gas. Main parameters of CHP WFig.(1b) are pre-
sented in Tab. 1.
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a)

Fig. 1. CHP AISIN GECC60A2N (a) unit installed on ro8HP heat sinks (b)

Table 1. Cogenerating unit AISIN GECC60A2N [4]

Company AISIN

Type GECC60A2N
Rated electrical output 6 kW

Heat Recovery 11.7 kW
Output hot water temperature 60— 65°C
Fuel gas consumption rate 20.8 kW
Noise level 54 dB

Fuel gas type Natural gas
Internal combustion engine — Water cooled, Vertidatycle, 3 cylinders, Lean-burn
Displacement 952 cnd
Rated revolution rate 1600-1800 rev/min
Permanent magnet type, 16 poles, synchronous genera

Efficiency of electricity generation 28.8%
Efficiency of heat generation 56.2% (6065°C)
EUF 85%

Combustion engine used iCHP unit drives three-phase synchronous gen-
erator. The electrical current is then rectified anbsequently led to the inverter
adjusting the parameters of the generated eldgtticthe requirements of the grid
and synchronizing itself with the grid. This allotiie connection of cogenerating
unit to the building electrical installation. Atettoutput of CHP electricity has
parameters used in the Japanese standard low eohlagvork, which is
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100/200 V supplied with 3 wires. This dictates tle=d for additional external
transformer. An integrated control system and aaler allow the CHP unit pro-
duction of the electricity independently from therent heat demand and working
with a fraction of the nominal power matching theeds of consumers in a sepa-
rated circuit. Second mode of operation allows mgCHP on heat demand —
generated electricity is transmitted to commonding electric network. Heat is
recovered from engine and transported to hot watges. The working fluid is
propylene glycol solution.

Diagram of the hydraulic system transferring heanfthe CHP unit to heat
sinks is presented in Fig. 2. Cogeneration heapameér unit can transfer heat to
heating system of the building — this is the masdalg- or to domestic hot water
tank with a capacity of 500 dnfFig. 1b). Glycol solution heated in the cogener-
ator passes first through the plate heat exchakiger2). Transmission of heat in
a plate heat exchanger (W) to the boiler wateutatoon is switched on by setting
the three-way valve (Z) in the open position wisdaiblish flow of water through
it. Heat transfer to the domestic hot water tardoise through two coils connected
in series. Boiler water entering the plate heaharger is pre-heated by the ab-
sorption heat pump to the temperature of 40-45n@il&ly, domestic water sup-
ply tank is pre-heated by solar collectors and aesgor heat pump. This solution
allows obtaining the nominal temperature paramdtagr€HP unit which are re-
spectively 65°C and 60°C (Tab. 1). Cogeneratorasimed on the building roof
(Fig. 1a), as it is designed to work under atmosploanditions.

Electrical connection to the building installatias performed by a trans-
former and junction box containing the fuses ancuii breakers. Two electricity
meters PAFAL 12EA5gr have also been used to meaerwicity flows. One of
them measures the energy delivered by the cogendcathe network while the
second one measures energy necessary to drivérechtation pumps. Mode of
cogenerator operation is established on heat deaands it is not possible to
adjust the thermal power of the cogenerating uinitas a binary character. Co-
generator can be on — works all the time with ainahpower — or off. The deci-
sion to start CHP unit is taken on the basis oft#meperatures in the hot water
tank (T5), in the domestic water tank and at therrepipe of heating system in
the building. Priority of domestic hot water forlwea (Z) is implemented. At such
control mode cogenerator works all the time wittoeninal electrical power equal
to 6 kW, and all generated electricity is transaditto the building electric net-
work and consumed in situ.

Switching on/off the CHP unit and controlling thede-way valve is done
via relay output cards placed in Keithley 3706 measient system acting a role
of both the multimeter and the controller. KeithB#06 measurement system sup-
ports totally tens of inputs (mainly resistancerth@meters) and several outputs
to control pumps and valves in the laboratory @ngumeasurement and control
of all connected energy subsystems. It is conneittesl computer through the
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USB bus. Computer runs the control program respéa&r acquisitioning meas-
urement data, making decisions on the basis ahthés, controlling outputs, and
the acquisition and presenting the results.

— - — domestic hot water
- —— - water for heating
propylene glycol
-------- natural gas

Storage |
water heater.

- l |

\
UL,

T—t® |
T — Th -

Fig. 2. Diagram of the hydraulic system, G — gasemd 1 — glycol solution temperature at the
CHP outlet, T2 — temperature at the inlet to thewatier tank coils, T3 — temperature at the outlet
of the hot water tank coils, T4 — ambient tempatd’5 — temperature in the hot water tank,
V — heat meter, W — plate heat exchanger, Z — mixalve, P1 — force pump, P2 — suction pump

3. Measurements

For the acquisition and presentation of data orb#tss of which the charac-
teristic parameters of the cogenerator were detenthe system composed of
Keithley 3706 measurement system and LabView bapptication was used.
Glycol solution temperature (T1), ambient tempeaeat{l’4), and the temperature
of the coolant in the internal circuit of CHP unit®re measured by the CHP
integrated electronic controller connected to amater via RS-232 serial port.
Temperature at the inlet and outlet of the domdsitcwater tank coils (T2 and
T3) and the volume flow of a glycol solution weeeeived from the heat meter
Kamstrup MULTICAL 402. The hot water tank temperat(T5) was measured
by Keithley multimeter 3706 using a silicon thertoisKTY-81. All these read-
ings were recorded automatically with one minuterival. Readings of electricity
meters and gas meter PAFAL 12EA5gr INTERGAZ BK-Géigre made manu-
ally every 10 minutes.



458 R. Gatek et al.

The total thermal power of the CHP was calculatgdgithe supply and re-
turn temperature (T1) and (T3), but unfortunatdlye to the lack of a temperature
sensor near the connecting pipe at return to cogtare CHP power calculated
this way is slightly less than the actual powerisTdisagreement in CHP thermal
power is equal to the thermal loses on the pipiatyvben the CHP connecting
pipe and the temperature sensor (T3) but hydraipies connecting the cogene-
rator with the domestic hot water tank are thermailkulated so it can be ne-
glected. For the power calculations specific héat086 glycol solution at mean
temperature equal to the arithmetic mean (T1) aByl\yere taken [5]. The value
of glycol solution density was determined for tle¢urn temperature (T3). The
amount of heat delivered to the domestic hot wiatek was calculated similarly
using values of temperature (T2) and (T3).

Electrical efficiency was determined based on th&aintaneous electric
power cogenerator (gross) and the power actualiyatted to the building electric
network (net). To calculate the efficiency of trevite following formulas were
used [3]:

« electrical (electric generation) efficiency:

Ma =% % ®

h

» thermal (heat generation) efficiency:

Q
=, % 2
M= g 2% )

« total efficiency (energy utilization factor):

EUF:L'FQ'% 3)

ch

where: Ny — electrical power, kW,
E., — flux of chemical energy of fuel, kW,
Q —thermal power, kW.

Flux of the chemical energy of fuel was calculatesing the gas meter
INTERGAZ BK-G4M and the lower heating value of natu gas
LHV = 35.75 MJ/Nni (value given by the PGNIG Laboratory).

The measurements were carried out within a fewshoarthe day when the
full load of the cogenerator had been expectedwarty hours of continuous work
of CHP unit had been anticipated. For the purpésemparison, the parameters
of the system control were set so that on the iapdtoutput pipe of the cogene-
rator values of the temperatures similar to the inatnvalues given by the pro-
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ducer in Tab. 2 were established for the time agdo as possible. The variation
of major temperatures characterizing the work cb-@enerator during the day is
shown in Fig. 3.
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Fig. 3. The course of variability of significantiperatures

The temperature course is fundamentally determiyatie morning start of
heating the domestic hot water tank which had leeeted down during the night
and switching position of the three-way valve (Zhe changes in total thermal
power generated by CHP unit and thermal powerferdomestic hot water stor-
age tank are shown in Fig. 4. Due to the spegifafithe hydraulic system forcing
the serial flow though plate heat exchanger (speeting) and coils in the do-
mestic hot water tank, it can be noticed that thtewater tank temporarily works
as a heat storage transferring part of stored tlexnergy through the cogenerator
circuit to the heating system of the building.

Electrical efficiency value does not exhibit sigedint volatility due to the
continuous operation with a nominal power. The poswgput of the inverter was
maintained at 6 kW, and this value was used toraéte the gross electrical
efficiency, which amounted to approx. 26.3%. Thev@odelivered to the grid,
however, was significantly lower and amounted tdy 332 kW and in con-
sequence net electrical efficiency was lower asvshim Fig. 5. This difference
resulted from the need to power circulation pung0(W — the result of mea-
surement), internal automation systems and elecgdntegrated inside cogene-
rator (210 W — manufacturer's data).
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Fig. 4. The course of total thermal power generated by ChtPtlaermal power transferred to the
domestic hot water tank

The electric energy balance closes the unavoidasées of the transformer
whose efficiency on the basis of the above datdbeatetermined at about 95.5%.
On the basis of the power returned to the grid,nieelectrical efficiency was
calculated — approx. 23.3%. The calculated gramsrat efficiency is lower than
the value specified by the manufacturer of 28.8%tdwslightly higher than nom-
inal actual stream of chemical energy of fuel.

Changes of the thermal efficiency are determinethbycourse of the total
heat power generated by CHP unit and its valueeslscd5% only for a very short
period. The actual thermal efficiency values areblow the manufacturer's de-
clared value of 56%. The average value of the athaamal efficiency is about
23% lower than the declared one. Considering tlag¢ively constant consumption
of fuel and almost constant electric power, thersewf total efficiency (EUF) is
determined by the course of heat power variabfiig. 5). The above reasons
cause that also the chemical energy use factormiutegach the declared by the
manufacturer value of 85%.

A summary of the basic performance indicators éesal cogeneration units
in the 5 kW electric power class is presented m Bi It should be noticed that
for devices other than the tested co-generatoddkecome from the promotional
materials of the producers, therefore they probablyespond to the maximum
values achieved only in favorable conditions. Hogreeven in this case, the ac-
tual value of the AISIN GECC60A2N cogeneration me ®f the best in its class.
Significantly lower value of thermal efficiency aomparison to other units can
be explained by profiling of the device for elecitst generation (even for nominal
temperatures the thermal efficiency is only 56%g aanditions of work during
the experiment deviating from nominal values.
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4. Summary

Gross electrical efficiency equal to 26.3% showddtbnsidered satisfactory,
as it is higher than the corresponding parametiensost similar units commer-
cially available [6-8] but in real operating conalits without special adjustment
of operating parameters is clearly lower than tiee 28.8% given by the manu-
facturer, Table 1. The electrical efficiency caolgably be increased by adjusting
the fuel consumption closer to level declared leyrttanufacturer.

The value of thermal efficiency depends largelyttmncharacteristics of the
system of heat sink#$n spite of adjusting the operating parametersefinstal-
lation in such a way that actual installation skoa good as possible establish
the assumed temperatures on the CHP supply anuh igipne the thermal effi-
ciency value slightly lower than 43% is clearly lwthan the value given by the
manufacturer — 56%. It can be clearly seen thatnhaufacturer presents the
value that is possible to achieve only in laboratmnditions. In every actual in-
stallation, this parameter will be lower and thagiclusion probably applies to all
manufacturers. The main way for future modificatioorder to increase thermal
efficiency is increasing the flow rate of glycolgion in circulation. For the sta-
bility of the installation work and to avoid unwadtheat removal from the do-
mestic hot water tank, the temperature set inatikhbe as close as possible to
the temperature in the boiler water tank.
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SPRAWNOSC MALEGO UKEADU KOGENERACYJNEGO
PRACUJACEGO W RZECZYWISTYCH WARUNKACH

Streszczenie

W artykule przedstawiono krétkookresowe wyniki paraw sprawnéci matej jednostki
kogeneracyjnej AISIN GECC60A2N zaklasyfikowanej ddkmokogeneracji {CHP). Sprawngt
wytwarzania energii elektrycznej i ciepta zostatayjta jako parametry charakteryaog prae
uktadu kogeneracyjnego. Rzeczywista spraidradektryczna ogga wartdé okoto 23%, a spraw-
nos¢ cieplna — wartéc okoto 44%. Sprawnig catkowita osigneta 67%. Artykut zawiera krotki opis
uktadu hydraulicznego i elektrycznego jednostkidweracyjne;.
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SINGULARITY ROBUST TRAJECTORY
GENERATOR FOR ROBOTIC MANIPULATOR
BASED ON GENETIC ALGORITHM WITH
DYNAMIC ENCODING OF SOLUTIONS

In this paper a singularity robust trajectory ganer for robotic manipulators is pre-
sented. The generator contains the procedurevifigadhe inverse kinematics prob-
lem. This issue is defined as an optimization prohlwhere a genetic algorithm is
used for optimizing the fitness function. In orderavoid singularity problem, the
generator is based on the direct kinematics praobléra trajectory generator allows
to obtain generalized coordinates, velocities araklgrations. Simulation results
show that the procedure generates a trajectoryasfipnlator even in kinematics
singularities.

Keywords: inverse kinematics, genetic algorithm, singulanibhotic manipulator,
trajectory generator

1. Introduction

One of the basic problems of robotics is generagirdgsired trajectory of
manipulators’ motion. The desired trajectory getmraontains a procedure of
solving the inverse kinematics problem (IKP), whatables to calculate gener-
alized coordinates, velocities and acceleratiorisémmanipulator joint space. All
the variables are necessary to control manipuldtecause they are the desired
trajectory of the control system (Fig. 1). Howevathors of many publications
which deal with IKP often consider only the motioom an initial point to a final
point [1, 2] and do not deal with generation of g@tized velocity and accelera-
tion of motion. Some algorithms allow to obtainodusion to the singular IKP [3]
but they are very complex and applicable to spestiaictures of manipulators
only. Moreover, the authors are concerned withpttodlem of generalized coor-
dinates but they do not consider the problem otgaized velocities and accel-
erations. In the articles [4, 5] the authors présgmethods based on artificial
intelligence which allow to obtain generalized ainates and velocities even in
singularities. However, a solution to the probldngeneralized accelerations has
not been found due to too large computational ceriy of the method.

1 Corresponding author/autor do korespondencii: rP@ierlak, Politechnika Rzeszowska, 12
Powstacow Warszawy Ave., 35-959 RzeszOw, tel.: (17) 868185mail: pgierlak@prz.edu.pl
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Fig. 1. Schema of manipulator control system wi trajectory generator

Kinematics’ equation of manipulator may be writtera general form as fol-
lows:

x = f(q) (1)

where:x € R"— a vector of position and orientation of manipoitat end-
effector in a frame of reference, whictt@nected with task
space,
q € R™ — a vector of generalized coordinates,
f € R™ — a vector function, usually non-linear, the stuoe and parame-
ters of which are known.

The IKP may be symbolically written as:

q=1"( (2)

Becaus¢(q) is non-linear many give the same, so the equation (2) may
have more than one solution. Moreover, the invefsihe functionf may not
exist. Typical disadvantages in the IKP solutioe aresented graphically in
Fig. 2.



Singularity robust trajectory generator... 467

a) 1% solution ) ) . .
XZA XZA link 1 is parallel to link 2
. end-effector en/d—effector
joint 2|2 ¢ | k2
) T~ + 2" solution joint 2 )
link 1. & link 1 end of
o i . L the workspace area
joint 1 joint 1 / X
. e 1

Fig. 2. Typical disadvantages in the IKP solutiond two-link manipulator: a) ambiguous so-
lution, b) singular configuration

There is a classical method used to solve IKP,hitiwthe inverse of a Ja-
cobian matrix is used. Jacobian matrix is defined a

_ @
J(@) = L2 3)

and depending on the dimensions of the joint spacktask space it may be a
square or rectangular matrix. The IKP solutiondsdd on the numerical solution
of the equation

q=J"'% @)

While solving IKP by inversion of the Jacobian mat problem of singu-
larity may occur. This is strictly a mathematiceblplem which occurs in config-
urationg, in which an order of the Jacobian decreasesnids formal definition
of singular configuration is as follows [3]: a canfration q in which a rank of the
geometric Jacobian is less than the dimensioneofabtk spac&, which can be
written as

rank(J(q)) < dimT (5)

and is called a singular configuration.

In literature there are many publications whichlde#h the application
of adaptive systems [6, 7] or genetic algorithm §G&\ 9] for solving the IKP.
Especially the second category of methods alloves/tad the problem of singu-
larities. In a very interesting work [10] the authased continuous GA for trajec-
tory generating. The procedure is singularity rotoug only the problem of gen-
eralized coordinates is considered. Renner and EK&rpresented the review of
applying GA in path planning. Some of the algorighane singularity robust but
in the articles only the problem of generalizedrdiotates generation is presented.
In recent years, there has been an increase mutneer of publications devoted
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to the IKP. This conclusion is based on the anglgsthe number of articles de-
voted to IKP topics in the five-year period of 198006 in one of major bases of
scientific journals. In the last five years the memnof articles has increased by
about 30%. This is probably due to the fact thapide many attempts, we have
failed to find general robust methods for soluing IKP for different manipulator
structures.

In this paper the singularity robust trajectory @extor for robotic manipula-
tors is presented. It is singularity robust becatisdased on the direct kinematics
problem (DKP). In this method there is no overbmfiation about singularities.
This trajectory generator allows to obtain geneealicoordinates, velocities and
accelerations.

2. Optimizing problem formulation

Let us assume that the manipulator will be non-nednt andx describes
only the position of the end-effector in the tapkeex, x,x3 (Fig. 3).

end-effector

Iinky

" jointm

. a4 o
/»’ """" Fig. 3. Schema of manipulator

Projecting the equation (1) onto the axis of tiage of reference yields sys-
tem of equations which describes the position afimaator's end-effector. Cal-
culating itsit" time derivatives yields the following descriptiofithe kinematics:

x® =f£(q,..,qV), i=01,..,p, p=3 (6)

Equation (6) constitutes a mathematical model oPDK

The IKP consists in calculating generalized coatiing, velocitiesqg and
accelerationgj for the desired path and desired velocity of malaifor's end-
effector in the task space. For this trajectoryagidcity in the task space we may
calculate coordinates® = x = [x;, x,, x3]7, projections of velocity® =
=k = [%;, X,, %3]7, accelerationx® = ¥ = [¥,, %,, ¥3]” and acceleration’s
time derivativex®® = ¥ = [¥;, ¥,, ¥3]7 onto the axis of the frame of reference
that isx(®. These variables are connected with by equation (6).
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The IKP is defined as an optimization problem, vehefitness function (er-
ror function) for each trajectory point defined @@y is optimized:

E =S owilx® 20| )

where: (¥ — approximation ok®,
||. || = Euclidean norm of a given vector,
w; — unit value weight.

By using (5) we finally obtain the fitness functim the following form

£@4.84) =20 ,wilx® - £@...a0)|’ (®)
where:g® — approximation ofy®.

The optimization is carried out by a procedure dasethe GA [11-15]. The
GA searches for a minimum of the fitness functiowardsg® and values of
£(@,..,q®) are calculated from DKP. The presence of tegmg andg in the
fitness function is natural because the solutiotheflKP consists of generalized
coordinates, velocities and accelerations. The ﬁerimthe fitness function makes
that acceleratiofj is smooth.

The idea of solving the problem results from th#ofeing reason. It is
a well-known fact that if the desired trajectoryjtaisk space is a continuous func-
tion of time, the IKP has a solution for each motr@rtime but it may be ambig-
uous or non-continuous (Fig. 4). However, it is\wndhat in the physical system
continuous changes of coordinates, velocities aedlarations in task space are
associated with continuous changes of coordinagdgcities and accelerations in
joint space. A physical point cannot have two orentifferent coordinates, ve-
locities and accelerations at the same time. Furtbee, coordinates, velocities or
accelerations of a physical object belong to a dedrset. In other words, non-
continuous solutions are caused by a mathematisalrghtion, not by specificity
of a real object.

According to the above reasoning, there are prabtinot very large changes
(Fig. 4b) of generalized coordinates, velocitied accelerations even in singular-
ities, and solutions of IKP in neighbouring momeoit§ime are similar (Fig. 4a).
Therefore, we can assume the highest changes efajized coordinates, veloc-
ities, accelerations and acceleration’s time déxies, i.e.:Aqjmax, AGjmax,
Adjmax andAg;yax respectively, wherg = 1,2,...,m denotes manipulator’s
joint. Their value may be associated with propsroéémanipulator or with con-
straints imposed by the user. Therefore, the GA beaysed for searching a solu-
tion in a certain neighbourhood of the previousisoh only. The neighbourhood
is defined by the highest changes in parametersadion. In the centre of this
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region there is the previous solution. It ensuhes the trajectory of manipulator
will be continuous even in singularities becausesthiution is constrained (in this
method there are not singularities, the expresgimgularities” is used symboli-
cally to define a region in which the singularitedsts in classical methods). In
other words, the GA searches the solution in aaresgmall region of search, and
the region is changing in time and, in a way, mgvimthe space over the curve
that is the appropriate solution. The current eimgpdf the population of solu-
tions along the trajectory has been referred tthbyauthor agynamic encoding.
Compared tastatic encoding performed for the whole task space, the dynamic
approach allows for greater accuracy and smoothofefge solutions. This ap-
proach allows to obtain the applicable desirecettajry of the manipulator. It
should be added that the procedure requires ttial iodbndition forq. The initial
conditions forg, § andq will practically be zero. For each trajectory poin
a trajectory erroep (k) and a velocity errog, (k) in task space are defined as:

ep(k) = llx — x| 9)
ey (k) = |lxIl — ||| (10)

wherek — a number of path points.

) Correct solution
1% soltion - o
Jod_ ~ N
solution o
1% solution '511
2 nd solution \/
Incorrect selution
) 1St 1 :
solution A2 -
nd : - ] '
27" solution Impossthle 2
velooty change
ya AN 1% sohution /C.ll
e
an solution |- o~ -~ P /

Fig. 4. The idea of IKP solution: a) physically lizable solution, b) physically unrealistic solutio
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Moreover, quality ratings are defined as:

Ep = hy/X[ep (k)] (11)
Ey = hyXiley (K)]? (12)

where: k — a number of path points,
h — the time step.
This allows to evaluate quality of the solution.

3. Genetic algorithm implementation

In the optimizing problem the GA is used, which tams the following op-
erations: encoding, initialization, evaluation,es¢ion, crossover and mutation.
The GA carries out operations on population of olesomes which consist of
genes. For a given path poltencoding, initialization and evaluation should be
carried out. After that, it should be checked whketihe fitness is acceptable. If
the fitness is sufficient, the result for a giveitppoint is generated. If the fitness
is unsatisfactory, selection, crossover and muiaiie carried out. Next the eval-
uation is carried out and the cycle is repeatedeBan the numerical tests one
change was made in the basic GA., namely, if ttheevaf the fitness function of
the best chromosome was larger than the presdtipeshold valué and it did
not decrease during the optimization the mutatiabability is temporarily in-
creased. It improves optimization results.

In the first operation i.e. encoding, permissil&gons are encoded in the

form of vectorsQ]"- which store values of variablq]g). For example, if the varia-

bleq; € {(q1min, 91max), @ given set will be digitized with a constantpséed the
vector will store discrete values from the set.ulvtber of discrete values depends
on the number of genes in the chromosome whiclidtteal to encoding values
of a variable. For example, if a number of gen&stted to encoding; is equal

to g?, the vector will stor@9? digitized value ofy;. Values of variables are en-
coded in chromosomes. The binary system is usedrfooding; therefore, each
gene may store values 0 or 1. It is shown in Fig. 5

~

611 (im q] (’.‘lm | qu I q21
110l 1[.fol1]..Jof 1[.] of.f1[.]1.{1]..] 1. ]2 [..]1

0 > e 0 - 1 ; <_|’I p

gﬂ g m g1 g m gj g m

Fig. 5. Manner of encoding
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In genes from 1 tg? the discrete value of a generalized coordimgtés
encoded. In the following genes discrete valuegeokralized coordinates, veloc-
ities, accelerations and accelerations’ time déxiea are encoded. Therefore,
a chromosome is a vector which is a candidatedprasentation solution of the
IKP. For example, if a chain of genes which ist#dld to encoding; has a form
of [1|0]|0|1|1]|, then the part of chromosome iscéessadl with the value which is
stored in the vecta? on positionl - 2° + 021+ 022 +1-23 + 1-2% = 25.

A number of genes depends on the desired preai$isalution and manip-
ulator's degrees of freedom. Each chromosome hasmeer of genes descri-
bed as:

g=%0 S g (13)

Where:g;'- — a number of genes allotted to encodiffgtime derivatives oft"
generalized coordinates.

During initialization an initial population withven number of the chromo-
someH is generated. Values 0 or lare randomly geneeatddstored in genes.

In the next operation i.e. evaluation, the degrfeadaptation to problem is
checked. Information about them is taken from ttres functiorE(ﬁ, q, 66)
If a value of fitness function for a given chromosois lower, then the degree of
chromosome adaptation to minimization fitness fiomcts larger. With the aim
of calculating the value of fitness function, vadu generalized coordinates, ve-
locities, accelerations and acceleration’s timeivdérves should be decoded.
Then, these values first should be used for detengif (g, ..., §¥) from the

DKP, and next the value of fithness functiﬁﬁﬁ,fiﬁ,ﬁ) for each chromosome
should be calculated. A chromosome for which ttreefis function has the lowest
value is the best chromosome in a given group.

In order to create a new generation of chromosomgmrental pool is se-
lected from the current population. In order tatloiat, the tournament selection is
used. In this method a sub-group of chromosomesnidomly chosen (with rep-
etition) from population. In the articles [12, 14\b-groups have 2 or 3 chromo-
somes, but results of numerical tests show thaptbeedure converges much
faster if the size of the sub-groups dependent on the size of populatinn
this way:

r= round(0.6\/ﬁ + 0.4) (24)

Then the chromosomes from the sub-group are ewalw@atd next one chro-
mosome is selected and added to the parental Poisl selection should be per-
formed H times. Then, the chromosomes from the parental @@ randomly
coupled.
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New chromosomes are created by using one-poinsaves with the proba-
bility P(c) = 1. A crossover point for each pair of parents isegated randomly.
New chromosomes have features like their parentause offsprings are their
combination. In this way, the next generation abomosomes is created from the
parental pool. After that, an old population islaegd by a new population. Fi-
nally, mutation is carried out. In this operatiadues stored in the genes change
from 1 to O or from 0O to 1. The mutation occurshatte probabilitym.

4. Simulation results

In this chapter kinematics of a two-degrees-ofdm®a planar manipulator
with rotational joints, which is schematically peesed in Fig. 6, is considered. It
is assumed that movement took place indp@lane.

Ye

Fig. 6. The two-degrees-of-freedom planar manipulatith rota- A

tional joints

Point C is chosen as the particular manipulatooistp It is also referred to
as an end-effector. Its coordinates are descripetebsystem of equations:

{xc = lycosqq + l,c0sq,

Ve = lisingy + 1;sing, (15)

where: x., y. — coordinates of the point C,
[, =0.22 m,l, = 0.22 m — lengths of manipulator’s link 1 and 2,
q1, 9> —joint angles of link 1 and 2 (generalized cooaties).

By calculating time derivatives (15), we obtainuations of velocities,
accelerations and accelerations’ time derivatives:

{xc = —l14,5inq, — lq;sing, (16)
Ve = liqic05q; + 134,054,

{55'6 = —l,§ysing, — 115112005(11 — l,G,sing, — leZZCOSCIZ 17)
Ve = liGicosqy — l1‘?%5infh + [;Gzc08q; — leZZSinQZ
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X¢ = Lig3sing; — 31,G1Gycosqy — LGy sing; +

+1,G3sing, — 31,G3G,c08q, — 1,4, sing, 1
Lo ehs dac0s (18)
V¢ = —ligicosqy — 311414, Sing, + ;G cosqq +
—1,45c05q; — 313G, G,Sing, + 1,G,c08q;
For this manipulator Jacobian of velocity hasftren:
_[~lysing, —l;sing,
J= [ 1€0sq;  lcosq, (19)
whose determinant has the form:
det(J) = lilysin(qy — q2) (20)

Therefore, singularity occurs whep = g, + nm, but practicallyn = 0.

The highest changes of generalized coordinatescitiels, accelerations and
accelerations’ time derivatives are supposed adqjyax = +£0.005 rad,
AGjmax = +0.005 rad/sAGjyax = +£0.01rad/$, Agjy4x = £0.05 rad/s. Num-
bers of genes for encoding values of variablessapposed ag}’ =3, g} =4,
g7 = g} = 5. We set the value of the population sizéfas 600, E; = 5- 107,
and the value of the mutation probabilityras= 0.05, which is temporarily in-
creased ten times if fitness function did not daseeduring the optimization.

In order to test the method, simulation is perfatm&e assume generalized
coordinateg; (t) andg, (t) so generalized velocities, accelerations and exzel
tions’ time derivatives are known. Generalized domates are selected in such
a way that the case of singularity in the IKR € g, — regions marked by circles
in Fig. 7) occurs several times.

0 5 10 15 20 26 30 35 40 4 S0

Fig. 7. Generalized coordinates and regions in kwthiere occurs the cage = g,

Based on the relations (15)-(1&f? is calculated, which means that map-
ping of the trajectories in the joint space inte ttajectory in the task space is well
known. Thus, the ideal solution to which the santobtained by the proposed
method is compared is known. Then, the IKP wasesblin Fig. 8 corresponding
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supposed generalized movement parameters andaghmioximation calculated
by the singularity robust trajectory generator @nesented.

a)

9, q, Irad)

b)

9z, q, [rad]

4,, G, [radss]

., G, [radss]

G,, G, [rads?] §,, G, [rad/s?

S . S
0 5 10 15 20 25 30 35 40 45 50

Fig. 8. The supposed generalized movement parasnatel their approximation
calculated by a trajectory generator

Particularly interesting are approximations of gafized movement param-
eters in cases whep = q,. In singularities 1, 2 and 3 the approximations ar
very smooth. In singularities 4, 5 and %6-86 s,43 s,50 s) approximations of
generalized accelerations are oscillating. It issea by very small values of
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generalized velocities. When =~ q, and generalized velocities are nearly zero,
then two possible solutions of IKP are very simikamnd the procedure generates
the trajectory with small oscillations.

In order to evaluate the solution of IKP, path eex(k) (Fig. 9) and velocity
errorey (k) (Fig. 10) are calculated. Path error defined Byg8maller than 0.001
m, and velocity error defined by (10) always bekmgthe range (-0.001; 0.001)
m/s. The quality ratings foih = 0.01 have values:Ep = 1.59-10"* m,

E, = 1.14-10~* m/s. Such errors and the quality of solution ax@eptable and
this given trajectory may be used in the movementrol of manipulator.

In the case of practical applications of a trajacgenerator, a slightly dif-
ferent approach than the one presented in subchdpteTest of trajectory
generator is required In practice, a characteristic point C which bekong the
manipulator end-effector is chosen and it is defihew it should move within
the workspace. For this purpose, the trajectohefpoint and its velocity in the
workspace is determined. Then, with the use ofrketéec equations, the coordi-
nates of the point C with regard to the frame &énence and its subsequent de-
rivatives, that isx., yc, X¢, Ve, Xc, Ve, Xc andy. are set. The final stage is to
produce the IKP solution with the use of a trajectgenerator.

Let us assume the path of the point C for the maaipr shown in Fig. 7 be

fe(xe,ye) =0 (21)
The velocity of the point C in they reference frame put in vector nota-

tionis

ve =y @

whereas its value is defined by the equation:

ve =/ (Hc)? + (¥e)? (23)

E

0.

[h]

0 5 10 15 20 25 30 35 40 45 50
Fig. 9. Path error of the point C
@ A
‘e 0.001-
L et
0.0 +—+rrrrrrrrrr e

0 5 10 15 20 25 30 35 40 45 50

Fig. 10. Velocity error of the point C
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In order to fulfil the velocity of the point C, theslocity vector must be tan-
gent to the trajectory, thus the following equatmuast be satisfied:

gradfcve =0 (24)

Upon taking into consideration the equations @1id (22), it shall have the
form of:

afc dfc)[*c] _
[5xc aJ/c] [yc] =0 (25)
By determiningf, = % i fy = Z—Jf/c the equation:
C c
feXc + fyyC =0 (26)

was obtained. By solving the equation systems §28)(26), the equation:

fyve

fZ+fy

. fxVc
ye=1%

l /f;?+fy2
was obtained. Solving the system of differentialagtpns (27) enables to deter-
mine how velocity vector components and the coartdis of the point C change.
Moreover, it enables to determine how higher déikrea of motion parameters

for the defined path and velocity values of thijnpohange.
In the following example, a trajectory in the foahan ellipse is assumed:

A
=
(9}
I
-+

(27)

o= (52 (52 -1 @

a

for which let f, = 27€% and f,, = 22€2%, and it is assumed tha, = 0,

Vo = 0.22,a = 0.16, b = 0.22. The velocity value was determined as:

— Vcmax _ Vemax
T 1+exp[-c(t-5)]  1+exp[-c(t—25)] (29)

Ve

where: venqr = 0.3 m/s — the maximum motion velocity,
¢ = 3 s — constant responsible for the velocity curve gmaidduring
accelerating and stopping

Having assumed the initial conditions of the trapey asx-(0) = 0.16 m
and y-(0) = 0.22 m, the equation system (27) was solved, consigeitie
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equations (28) and (29). As a result, the kinematation parameters of the
point C, that isx¢, yc, X¢, V¢, X¢, Ve, Xc andy, (Fig. 11a-d) were obtained.
Then, by using the afore-discussed trajectory ggogrwhich uses the kinematic
equations (15)-(18), the IKP solution was obtaiffed. 11f-h).

a) e) A movement direction
—_ 0549
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5 E 03-
> o 0.2
> > 044
x i s 0
0.2 G e oM 0 F——1——
0 5 10 15 20 25 30 t[s] 03 0 03 x [m]
b) @ o1 . N T .4 »
E o005 Ye X¢ ] - Q2
(8] 0- o~ Q1
- Sm <o 2
5 -0.05 = 0+
X 01 S — LT LP e
0 5 10 15 20 25 30 t[s] 0 5 10 15 20 25 30 t[s]
-l %)
C) 9 3 0et -
£ Z o4’ N
o |
> ~ 027
: et e A
X 0,04 e Preerreer e <-O"- 0.2 trrerprrerprere e e
0 5 10 15 20 25 30 t[s] 0 5 10 15 20 25 30 t[s]

[}

Ko o lmis?]
o
o
5

=
—

0 5 10 15 20 25 30 tls] 0 5 10 15 20 25 30 t[s]

A

A
d,.d, [rad/s?
o o
—-— 0
e IR
10>
ER o
3 s

Fig. 11. The IKP solution with the use of a trapggtgenerator: a-d) kinematic motion parameters
of the point C, e) point C path, f-h) the IKP sobuti

The chart in Fig. 11f shows that around 10 s weelsituation when the an-
gles of rotation of the manipulator joints are dgqlihis means that in the case of
the classical approach, kinematic singularities ldb@ccur, whereas due to the
trajectory generator which is free from singulastiarriving at the IKP solution
became possible.

5. Conclusions

In this paper a trajectory generator for robotiapalators is presented. This
generator does not need the inverse of a Jacolaixnso it is singularity robust.
Continuity of trajectory is assured by limiting ciges of generalized coordinates,
velocities, accelerations and accelerations’ tirmgvdtives. The IPK is formu-
lated as an optimization problem because in thisagrh we may use the DKP
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only. By limiting the region in which the optimizan is carried out, the time of
solving the IKP decreases.

The theoretical discussion is confirmed by an eXarpwhich generalized
coordinates, velocities and accelerations of adegrees-of-freedom manipula-
tor are generated correctly even in singularifiesthe authors’ knowledge, it is
the first singularity robust trajectory generatalgorithm that can be applied to
determine generalized coordinates, velocities andlarations of the manipulator
in singularities.

This algorithm may easily be applied to IKP of athenipulators, also re-
dundant manipulators. In such cases the fitnessitmshould be appropriately
defined.
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ODPORNY NA OSOBLIWO SCI GENERATOR TRAJEKTORII
ROBOTA MANIPULACYJNEGO OPIERAJ ACY SIE

NA ALGORYTMIE GENETYCZNYM Z DYNAMICZNYM
KODOWANIEM ROZWI AZAN

Streszczenie

W niniejszym artykule przedstawiono generator k@gi robota manipulacyjnego odporny
na osobliwdci kinematyki. Generator zawiera procegtmzwigzywania zadania odwrotnego kine-
matyki. Problem ten jest zdefiniowany jako probleptymalizacyjny, w ktérym algorytm gene-
tyczny shiy do optymalizacji funkcji dopasowania opieiagj st na btdzie rozwizania zadania.
Aby wyeliminowa& problem osobliwéci, generator wykorzystuje zadanie proste kinematyk
Generator trajektorii unidiwia uzyskanie uogolnionych wspotnych, pedkosci i przyspiesze
manipulatora. Wyniki symulacji wskazyjze opracowana procedura generuje trajektoranipu-
latora nawet w przypadku wysgtienia osobliwéci kinematyki.
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lacyjny, generator trajektorii
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WYZNACZANIE LUZU OBWODOWEGO
W ZAZ EBIENIU KOt PRZEKLADNI FALOWEJ

W pracy przedstawiono meteoevyznaczania luzu obwodowego dla petgpo za-
rysu ewolwentowego kota podatnego i sztywnego paziek falowej. W pierwszej
czesci pracy scharakteryzowano parametry geometryczmekfadni. Nasipnie
dla wspoétpracujcych két zbatych zdefiniowano luz obwodowy, przedstawiono
zalazenia do modelu matematycznego wyznaczania luzu dbwego, oméwiono
algorytm metody rozwiania réwna modelu matematycznego. We wnioskach
zawarto wyniki bad& symulacyjnych. Opracowana metoda zostanie wyktamgs

w dalszych badaniach do oklenia w strefie kontaktu zahkiajacych s¢ kot roz-
ktadu naciskow i odksztatae

Stowa kluczowe:przektadnia falowa, zahienie, kolo sztywne, koto podatne, luz
obwodowy

1. Wprowadzenie

Przektadnie falowe ze wzglu na specyfik pracy stanow dla konstrukto-
réw ztazone zagadnienie do realizacji [1]. Jednym z proBlenv zapewnieniu
poprawnej pracy pary zelziajacych s¢ kot podatnego i sztywnego jest dobor
geometrii wiicOw wraz z odpowiadagymi im luzami. W niniejszej publikaciji
przedstawiono metedwyznaczania luzu obwodowego. Do bagazyjcto kota
z¢bate o zarysie ewolwentowym. Koto podatne ma zamysukty, koto sztywne
natomiast — zarys wigty.

2. Droga wzgédna zeba kota podatnego

W pierwszym etapie wyznaczania luzu obwodowegdwhze jest ustalenie
wzglednego potaenia wspoétpracarych wiencow kota sztywnego i podatnego.
W pracy przygto, ze wspomniane poienia okrélaja trajektorie dwoch punktow
wyznaczajcych 6 zgba. Punkty te liy kolejno na przegciu osi zba z okggami

1 Autor do korespondencji/corresponding author: md#alina, Politechnika Rzeszowska,
al. Powstacow Warszawy 8, 35-959 Rzeszdw, tel.: (17) 7432898ail: akalina@prz.edu.pl

2 Aleksander Mazurkow, Politechnika Rzeszowska, é:maaz@prz.edu.pl

3 Stanistaw Warchot, Politechnika Rzeszowska, e:maifchols@prz.edu.pl
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stop i gtow. Doktadny opis ich wyznaczania w zal&ci od konstrukcji prze-
ktadni przedstawiono w pracach [2, 3]. Pania zba wzgtdem webu okrdla

sie, obracajc i przesuwajc punkty wyznaczage & zeba. Wyznaczanie trajekto-
rii omawianych punktéw opisano szczego6towo w artghd]. Z kolei w publika-

cji [5] omowiono zasady modyfikacji trajektorii pmieszczania gikota podat-
nego przez zmianparametru w— maksymalnego odksztalcenia promieniowego.
Na rysunku 1. pokazano jegla mazliwych do uzyskania drég wzgdnych poto-
zen z¢ba kota podatnego przektadni falowej watgm nieruchomego kota sztyw-
nego.

kat obrotu generatora
%
—=—— __ o$ wrebu kota sztywnego
pokrywajgca sie z osig zeba
_kota podatnego

#,=0
kat obrétu kota sztywnego -

wieniec sztywny ‘."
|
. {0

] /’2\
!
-7 i)

4=f [
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kat obrétu kota podatnego

0$ zeba kota
podatnego

tajektoria skrajnego punktu wierzchotka, lezgcego na osi zeba
———— tajektoria skrajnego punktu stopy, lezgcego na osi zeba

Rys. 1. Droga wzghina zba kota podatnego
Fig. 1. Trajectory of flex spline tooth

3. Definicja i metoda wyznaczania luzu obwodowego

Podczas wspotpracy z glrem kota sztywnegoab kota podatnego obraca
Si¢ oraz przemieszcza na kierunku promieniowym. Wzzadei od obcyzenia
przektadni, ksztaltu zarysu oraz trajektorii zaaog¢ do wspétpracy lewego bo-
ku zba kota podatnego tylko z lewym bokiemghu kota sztywnego lub lewego
boku zba kota podatnego z lewym bokiemghvu kota sztywnego i prawego boku
Zeba kota podatnego z prawym bokienetan kota sztywnego (rys. 1.).

Dla kazdego lyta obrotu generatokgs oraz potaenia zba wzgkdem webu
konieczne jest zatem zapewnienie odpowiedniej Weirfazu obwodowegg,
po obu stronach oseba (rys. 2.). W przypadku przektadni niecfzoinej wartdc¢
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luzu powinna by zawsze dodatnia. Dla przektadni afdoinej luz mae by

rowny zeru lub wikszy. W pracy przyjto, ze luz obwodowy lewostronng,;

bedzie tukiem opisanym przez promiey, i kat Ag;, = 2(A;, 04, B.). PunktA.

lezy na przegjciu okregu 0 promieniury, z lewym zarysem wbu kota sztyw-
nego,B. — na przeciciu okregu o0 promieniuy, z lewym zarysemeba kota po-
datnego (rys. 3.). Analogicznie jest definiowany pwawostronnyy; .

zab kota podatnego skrajnym poloZeniu
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Rys. 2. Luzy obwodowe
Fig. 2. Side Backlashes

W celu zbadania wspotpracylma kota podatnego z wlvsem kota sztywnego
nalezy na catej czynnej wysokoi zgba kota sztywnegarg = ra-ryomay) Wyzna-
czy¢ luzy obwodowse, w kazdym potazeniu generatora. W kolejnym etapie ba-
daa dla kadego potgenia generatora ze zbioru waxtbluzéw obwodowych wy-
znaczono wart@ minimalrg.

Na rysunku 4. pokazano algorytm metody oblichezOw obwodowych:
JoL — lewostronnegoji,» — prawostronnego. Luzy obwodowg i j,p obliczano
ze wzoréw (1)-(4).

JoL = Q¢ "1y (1)

Jop = Acp - Ty2 (2)
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gdzie:

®3)
(4)

Rys. 3. Obliczanie luzévi,; i jop,
gdziee — kat zawarty m¢dzy prosi
przechodzca przez punkt zarysu
zeba (1) i webu (2) po lewej (L) lub
prawej (P) stronie; dty ¢ wyrazone
w radianach

Fig. 3. Calculation of side back-
lashes, where: — the angle between
the line passing through the point of
profile of flexspline’s (1) and circu-
lar spline’s tooth (2) from left (L) or
right (P) side; anglesare expressed
in radians

Czy dowolny punkt zarysu zeba kota

Czy sprawdzono wszystkie punkty zarysu w
danym polozeniu generatora ?

Wyznacz minimalne warto$ci IuzOw joimin(i) 1 jopmin(i)
w danym potoZeniu generatora

podatnego znajduje si¢ powyzej promisni okregu
gtow wien

w wierca kola sztywnego ?

Przeprowadz przez j-te punkty zarysu boku wrebu
kota sztywnego A, (i,)) i Ag(i,j), okrag o promieniu ry,(i,j)

i

Wyznacz punkty przecigcia okregu o promieniu ryz(x.j)
z lewym i prawym bokiem kota podatnego B, (i,j) i Bg(i,j)

i

Wyznacz katy £4.(ij), £2(00), E1p(i). £2p(0), Se(if) i Aee(inf)

i

Wyznacz wartosci luzéw lewo i prawo stronnych jo (i) i joe(i.j)

Czy sprawdzono wszystkie potozenia zgba kota
podatnego w funkcji kata obrotu generatora ?

Wyswietl wyniki

Rys. 4. Algorytm metody obliczania watd luzéw obwodowych
Fig. 4. Algorithm of the calculation method of silacklashes
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4. Analiza wynikow badan

W tabeli 1. przedstawiono podstawowe parametryiedes zbatych badanej
przektadni falowej z generatorem krzywkowym. Doicdi przyjeto nasgpujace
zalazenia:

* wieniec kotfa sztywnego jest nieruchomy,

» w chwili pocaitkowej dla lgta obrotu generatoras = 0°, zb kota podat-
nego znajduje giwe wrbie kota sztywnego w skrajnym patniu, ¢
wrebu pokrywa s z osi zgba,

 kat obrotu generatora zmienig sv zakresiers = <90, 0°> — ujemna war-
tos¢ kata wynika z tegoze generator obracagsiv przeciwnym kierunku
do kierunku obrotu wigca podatnego,

* w przypadku gdy @ kota podatnego znajduje¢sponize] srednicy
Oa2 = 2rap, wartas¢ luzu przyjmuje wartée j, = 1,

 obliczenia przeprowadzono dla 100 pa®dgeneratora,

» do bada przyjeto tylko punkty legce na bokacheba i wiebu. Nie anali-
zowano punktoéw opisagych tuk wierzchotka oraz dno ebu,

» kazdy bok (webu i zba) podzielono na 110 punktow.

W wyniku przeprowadzonych batlatrzymano warteci luzow j,; i jop

w funkcji kata obrotu generatorac oraz promieniay,. Wartgci tych luzow
przedstawiono na rys. 5. i 6. Na rysunku 7. przegisho w powgkszeniu
uzyskane wartiei luzéw lewostronnych dla gka obrotu generatorac =
= 36,3636°. Na rysunku 8. przedstawiono waniteninimalnych luzéw obwodo-
wych lewo- i prawostronnycfy; min | Jop min W funkcji obrotu generatorac.

Tabela 1. Parametry geometrycznefmi@v zbatych o zarysie ewolwentowym
Table 1. Geometrical parameters of gear rims witiolute outline

Wieniec Parametr Oznaczenie WA4éto
Promiei okregu podziatowego r 39,6 mm
% Promiex okregu stop re 40,824 mm
_g % Promier okregu gtow a1 41,858 mm
X Wspotczynnik przesugtia zarysu X1 3,39
e Maksymalne odksztatcenie promieniowe korpusu  wo 0,64 mm
Promier nieodksztalconej warstwy olutijej R 40,412 mm
S Promiei okregu podziatowego ra 40,2 mm
g % Promiex okregu stép re2 42,7681 mm
X E Promier okregu gtow ra2 41,658 mm
o Wspoiczynnik przesugtia zarysu X2 3,55
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Rys. 5. Wartéci luzu obwodowego lewostronneggy w funkcji kata obrotu
generatorggc i promieniaryz

Fig. 5. Side backlash from the left side in thection of angle of rotation of
wave generatopc and radiusyz
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Rys. 6. Wartéci luzu obwodowego prawostronnefj w funkcji kata obrotu
generatorgg i promieniaryz

Fig. 6. Side backlash from the right side in thection of angle of rotation of
wave generatopc and radiusyz
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Fig. 7. Side backlash from the left sigig in the selected position of wave
generator and minimum value of side backlash froerleft sideg,; ., for this
position of wave generator
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5. Wnioski koncowe i podsumowanie

Przeprowadzone symulacje komputerowe pozwailaj sformutowanie na-
stepujacych wnioskow:

Zab kota podatnego wychodzi z przestrzentlwr midzyzbnego przy
kacie pc ~ —-53,5°. Warto jednak zauwg, ze lewy bok zba wyjdzie
z tej przestrzeni wczaiej ze wzgtdu na pochyleniegba kota podatnego
w kierunku ruchu,

najmniejsze wartzi luzy obwodowe przyjmuyjdla katow gg = <—2C, 0°,
Uz jop min ros$nie wraz ze wzrostem wasm bezwzgtdnej kata obrotu
generatorae,

luz j,1 min Ma przebieg zhiony do sinusoidy, przyjmgg swoje maksi-
mum max{j,; min} = 0,1183 mm dla gc~-43°, z kolei minimum
min{j,; min} = 0,01639 mm dla ktapc = —3,64°,

wartas¢ luzu mazna modyfikowa, zmieniajc ksztalt zarysugbéw lub
ksztalt krzywki. Zmienia siw tym przypadku wartg parametrung lub
funkcja opisugca geomett krzyweki.
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CALCULATION METHOD OF SIDE BACKLASH IN MESHING GEAR S
OF A HARMONIC GEAR

Summary

The article contains information about the caltatamethod of side backlash for harmonic
gear with involute profile. The first part of theger contains a description of main geometric pa-
rameters of this kind of gear. After that a deforitof side backlashes was defined with the main
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foundations of mathematical model of the methodhwaigorithm. The summary contains conclu-
sions. The presented method will be used in futbeearch of tooth contact.

Keywords: wave transmission, meshing, rigid wheel, flexivleeel, circumferential play
DOI: 10.7862/rm.2018.41

Otrzymano/received: 27.03.2018
Zaakceptowano/accepted: 25.10.2018






ZESZYTY NAUKOWE POLITECHNIKI RZESZOWSKIEJ 298, Mech anika 90

RUTMech, t. XXXV, z. 90 (4/18), pddziernik-grudzien 2018, s. 491-504

Stanistaw NOGA!

DRGANIA GI ETNE W PLASZCZY ZNIE KOL
MODELOWANYCH UKLADAMI
PIERSCIENIOWYMI Z WARSTW A SPREZYSTA

W pracy omoéwiono drgania ghe w ptaszczinie két modelowanych uktadami
pierscieniowymi z podtgem spezystym typu Winklera. Zaprezentowano réwnania
drgar witasnych modeli pidcieni Timoshenki i Bernoulliego z warsiveprzysty
typu Winklera. W réwnaniach uwzginiono zaproponowany trzyparametrowy mo-
del warstwy spgzystej. Nasgpnie wyprowadzono réwnaniegstasci wkasnych wy-
mienionych modeli oraz podano réwnanie form wlasnytasadnicza ¢ pracy
dotyczy oceny wptywu gbokadsci pierscienia na wyniki rozwjzah analitycznych
otrzymanych z proponowanych modeli. W procesie rdg@stia wspétczynnikdéw
modeli analitycznych wykorzystano wyniki rozmen numerycznych opartych
na metodzie elementéw skezonych. Otrzymane wyniki symulacji zweryfikowano
doswiadczalnie na wybranych obiektach. Ustalono prayppiercieni, dla ktérych
korzystne jest stosowanie zaproponowanych modalitgoznych.

Stowa kluczowe:drgania gitne w ptaszczinie, podiae spezyste Winklera

1. Wprowadzenie

Problematyka modelowania dfgaikladow kotowo-symetrycznych ukia-
dami pieécieniowymi z warsty sprzysty jest przedmiotem zainteresowania
wielu badaczy i frodkéw badawczo-rozwojowych [1-7]. Wynika to z fakte
w przypadku analizy zagadmidrgai gigtnych w ptaszczsnie uktadéw typu kota
kolejowe i zbate korzystnie jest stosotvarymienione analityczne modele pier-
scieniowe z warstw sprzysty [2, 4]. Podstawy teoretyczne dotyce analizy
i pomiaréw drgé uktadéw cagtych z uwzgtdnieniem metody elementow sko
czonych (MES) oméwiono w pracy [8]. W publikacjdéh 7] rozwaano przy-
datng¢ zaproponowanych modeli analitycznych w symulacfjad gietnych
w ptaszczynie két kolejowych i két z ogumieniem petnym. Artyi{1] dotyczy
z kolei analizy drga gictnych két samochodowych. W pracach [2, 4] omowiono
drgania gitne w ptaszczinie kot zbatych, stosac modele analityczne i nume-
ryczne MES. W publikacji [3] analizowano przydat@onodelu analitycznego
pierscienia cienkiego z trzyparametrgwarstwy spezysts w procesie symulacji

1 Autor do korespondencji/corresponding author: Staw Noga, Politechnika Rzeszowska, al. Po-
wstaicow Warszawy 12, 35-959 Rzeszéw, Polska, tel.: 8681639, e-mail: noga@prz.edu.pl
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drgah uktadéw kotowo-symetrycznych. Podobny problem,as#cy si do mo-
delu tzw. piefcienia grubego, dyskutowano w referacie [6]. W pcc([2, 4],
omowiono podstawy teoretyczne dotyce réwna drga gietnych w plaszczi
nie ukladéw pieicieni cienkich (teoria Bernoulliego) i grubych (tieo Ti-
moshenki) z trzyparametrgwwarstwy spezysty typu Winklera. W niniejszej
pracy oméwiono drganiagihe w ptaszczinie kdt modelowanych uktadami pier-
scieniowymi z podiaem spezystym. Zasadnicza e& pracy dotyczy oceny
wplywu gkbokasci piericienia na wyniki rozwjzan otrzymanych z proponowa-
nych modeli analitycznych. W procesie badawczym avgistano rezultaty ba-
dax daswiadczalnych i wyniki rozwjzan MES.

2. Sformutowanie zagadnienia

Model mechaniczny rozwanych ukladéw zawiera ptaski pdeien kotowo-
-symetryczny wspotpracagy z trzyparametrowym podiem spezystym typu
Winklera [2, 4]. W rozwaaniach teoretycznych zaiono prostoltny jednorodny
przekréj poprzeczny piggienia i podiga. Przyjmuje i, ze piekcien i podiaze
stanowj uktad doskonale spiysty, aR to promie linii srodkowej piefcienia.

R M;+dM;

pierscien

podfaze

Rys. 1. Model ukfadu piécienia z warstw sprzysts Winklera
Fig. 1. Physical model of a ring with Winkler folattbn

Zaklada s, ze nieskaczenie maty element piaienia (rys. 1.) wyznaczony
przez lgt 6 przemieszcza siw kierunku promieniowyrnu(é, t) i obwodowym
w(d, t). W modelu matematycznym podé uwzgtdnia s¢ dodatkowo prze-
mieszczenie &owe w plaszczinie wynikagce z obrotu w ptaszczgie prze-
kroju poprzecznego pigienia podczas deformacji [2, 4]. Przyjmuje shate
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przemieszczenia na wymienionych kierunkach. W pnop@anym modelu mate-
matycznym podiga wspotczynnikiks i k, reprezentyj sztywng¢ promieniove

i obwodowy podiaza, a trzeci wspétczynniks uwzgkdnia sztywnéé obrotov
poditaza, ze wzgldu na wspomniany obroét przekrojow poprzecznychspienia

w czasie drgagictnych w ptaszczinie. W przypadku gdy rozpatrywany jest tzw.
piercien gruby stosuje giteori Timoshenki [2], a rGwnanie driatasnych git-
nych w ptaszczgnie uktadu, w funkcji przemieszczenia promienioweypyj-
muje forng [2, 4]:
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Y "KAG 06 KAG El, KAGEI,

4 2 2 4 4 2 2 6,
fR_ O_L;_ kSR_+kka R +kpiu_ R +pR 64u2+
El, )o@ El, kAGEL El, E kG )o@t
P R* 0 PR? PR ,oR2 PR* ,oAR4 d%u

s T 72 +K +ks 27:2
kGE 06t E kAGE kG kGEI 080t

_ PR 0% _ ,oR2+k PR K PR* ,oAR4
KGE ot* | E  PkAGE °IGEl, El,

F‘O

(1)

gdzie: E - modut Younga,
G — modut Kirchhoffa,
1 — geometryczny moment bezwiadoioprzekroju poprzecznego pier-
scienia,
p — GeStas¢ masy piegcienia,
A — pole przekroju poprzecznego g@enia,
k — wspotczynnik ksztattu przekroju.

W przypadku tzw. pidcienia cienkiego stosujegdieoric Bernoulliego i row-
nanie (1) przyjmuje postd2, 4]:

6 4 2 4 2 2u
J°u 26u o°u k 6u+26u u+ka——kuR+
aaﬁ 00* 06°) R\09* 06? 062
9% ( a°u
+pAR¥[ﬁ_U\J:O (2)

Warto zauway¢, ze rownanie (2) ma znacznie progtposta niz zaleznosé
(1). Wynika to z faktuze w przypadku pidgcieni cienkich, przy formutowaniu
réwnan drgai gietnych w ptaszczinie pomija s¢ wpltyw odksztatcenia postacio-
wego Kk = 0) i bezwtadnéci obrotowej piefcienia [2].
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3. Rozwhzania teoretyczne drga witasnych
Rozwigzania ogdlnego rowma(1) i (2) poszukuje giw postaci:
u(e,t)=u(6)e« ®3)

gdzie: o — czstaé¢ whasna,
i=+/-1 — jednostka urojona.

Po podstawieniu rozgizania (3) do rownania (1) otrzymuje gialeznosé:

36; (2 bk, —ks andAU (1+h)k — 2k a°+kk x

dg*
R U I N
—+k = ks—=5 + KKs +k U +(c,+d
x,0|1 faO dez Rz ,0|1 paO (CO 0)><
xa)ziti+cod0w4d—2u2—codow4u— —200+kfho+do+kSM+
de de .
hA _
+ pAy) W ——5 +| G+ Kby + ks = PAG, «’U =0 4)
1
gdzie:
R“ R? PR? PR? oR*
= = , = , d,= , = 5
2TE PTae T E - %The Migas @

W przypadku podstawienia rownania (3) do wzoru (2)

dU d'u

2
s tle-n) +-2h+a) 5 (e +h)u
dU _
gdzie:
alzkf R* blszR“ kR* ks R?

El, ' B, el n= El, (7)
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Rozwizanie ogolne rowna(4) i (6) jest przewidywane w postaci [2, 8]:
3 .

u(g)= chnS'n(n9+¢jn), n=123,... 8)
j=1

gdzie:Cin, pjn — State.

Po podstawieniu réwnania (8) do rowin@) i (6) otrzymuje si tzw. réwna-
nia czstasci. W przypadku rownania (4) rownaniegsici przyjmuje forng:

1

~ Gd(r? +1)w:+{(co+do)n“+(—2co+ kfho+do+ks¥*+pAaoJx

S RNLYI P S
1

—[1+ bk, - 2k3% " kfkspii+ |<fai)]n2 —(kS% "

1

+ kpkspiil + kpaoJ =0 (9)

Rownanie (9) jest rownaniem kwadratowym ze wdglnaaﬁ. Oznaczato,
ze kademun odpowiada dwie wartdci czestasci wlasnych. Nisze wartéci
odnosz sie do czstasci whkasnych drga gietnych w ptaszczinie [2, 4]. W przy-
padku réwnania (6) rownaniegstasci przyjmuje post&

6 _ _ 4 _ 2
aﬁ=n (2 h.l.)n +(1, 22h.l.-"-a1)n +(C.L+h.l.)’ n=213,_“ (10)
bl(n +1)
Istnieje szczegolny przypadek rozwania rowna (9) i (10). Mianowicie po
podstawieniu do wymienionych rowfa = 1, otrzymuje s oscylacje zwgzane
tylko z przemieszczeniem w ptaszémie piekcienia, bez jego deformaciji (defor-

muje sé tylko warstwa sprzysta). Dla dowolnegm > 1 pieécien (gruby lub
cienki) odksztatca sizgodnie z rownaniem [2, 4]:

u,(6,t)=C,,sin(ng+g,, )¢ (11)

przy czym stat€Ci, i gjn Wwyznacza si z warunkéw pocgkowych uktadu.
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4. Modele MES uktadow piescieniowych

W biezacym rozdziale zostanomowione modele MES rozwanych ukia-
dow piekcieniowych. Modele te otrzymujeest dyskretyzaciji modelu gjtego
uktadu rzeczywistego. Analizie poddano obiekty orgetrii pokazanej na rys. 2.
Rozwaono szé¢ przypadkéw uktadow piécieniowych. W tabeli 1. zamiesz-
czono dane techniczne badanych uktadow, przy dayim grubdé¢ pierscienia
wzdtuwz promienia, av — wspotczynnik Poissona. Pozostale wiétkazdefinio-
wano na rys. 2. duz w zalenosci (1). Kazdy rozwaany ukfad skiada si
z obrzea modelowanego pigieniem spgzystym oraz tarczy traktowanej jako
masowe podize spezyste.

a) | b)

=]
Q

8 mocowanie

Rys. 2. Model geometryczny rozwanych ukltadéw: a) wymiary geometryczne,
b) widok modelu

Fig. 2. Geometrical model of a discussed systemgieametric dimensions,
b) view of the model

ad,

Réwnania drgawtasnych uktadu dyskretnego korzystnie jest za&pis@o-
staci macierzowej [2, 8]:

Mu+Ku=0 (12)

gdzie: M — macierz bezwladsoi w uktadzie globalnym,
K — macierz sztywnii w uktadzie globalnym,
U — wektor przyspiestewgztowych,
u — wektor przemieszcaengztowych.

Czestasci drgaxr wkasnych w tym przypadku otrzymuje: stozwigzujac za-
gadnienie wtasne:

(k -wM)u=0 (13)

gdzie: o —wspomniana wczaiej czstas¢ drgar wkasnych,
U — wektor wkasny (postadrgah wtasnych).
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Tabela 1. Dane techniczne analizowanych uktadéw
Table 1. Parameters characterizing discussed sgstem

L dz, dw, h, 2 R, dy, Ir, lw, E,
Pl m m m kg/m? m m m m Pa

0,179| 0,171 0,004
0,180| 0,17Q 0,005
0,181| 0,169 0,006
0,183| 0,167 0,008
0,187| 0,163 0,012
0,191| 0,159 0,016

7,85-16 | 0,0875| 0,02 0,008 0,002 2,1*10 0,28

DA (W|N|F

a)

d)

Rys. 3. Modele MES uktadéw po rozwgniu: a) model obiektu nr 1, b) model obiektu nr 2,
¢) model obiektu nr 3, d) model obiektu nr 4, e)deloobiektu nr 5, f) model obiektu nr 6

Fig. 3. FE models of the systems after evaluagdmodel of the object no. 1, b) model of the objec
no. 2, ¢c) model of the object no. 3, d) model efdibject no. 4, ) model of the object no. 5, fielo
of the object no. 6

W obliczeniach humerycznych do rozgénia zagadnienia wlasnego (11)
stosuje si metod blokowg Lanczosa [2, 8]. W pierwszej kolegtd poréwnano
wyniki rozwigzan analitycznych z rozwizaniami numerycznymi MES. Naghie
dla wybranych przypadkéw obiektéw wyniki z modeiaditycznych i numerycz-
nych odniesiono do rezultatow badioswiadczalnych. Jakd zaproponowanych
modeli analitycznych i numerycznych MES ustalg svyznaczajc tzw. bhd
wzgledny czstasci, okreslony zalenoscia [2]:
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£=(w' - )/ @100, % (14)

gdzie: °®- referencyjna warté czestosci wkasnej drga gictnych,
o' — wart@¢ czestdici wlasnej drga z modelu.

Dla kazdego rozwaanego przypadku opracowano model MESradowi-
sku ANSYS APDL. W procesie nakladania siatki stozow element czworo-
scienny dziesjciowgztowy (solid187) o trzech stopniach swobody wsdgan
wezle. Przygto, ze diugd¢ krawedzi elementu nie przekracza grgbidarczy mo-
delujgcej podtae spezyste w danym uktadzie [2, 8]. Przy opracowywaniudeio
MES wykorzystano wigiwosci cyklicznej symetrii rozwzanych obiektow.
Kazdy model MES stanowi jedrszésy modelowanych uktadéw. Na rysunku 3.
pokazano modele MES analizowanych obiektéw po mizeiu do procesu wi-
zualizacji wynikéw oblicza.

5. Analiza numeryczna

W niniejszym rozdziale omowiono wyniki rozyzian analitycznych i nume-
rycznych dla modeli analizowanych uktadow. Dladego przypadku modelu
wyznaczono siedem pierwszyclestéci drgar wiasnych gitnych w ptaszczi
nie i odpowiadacych im form wtasnych. Ze wzglu na to,ze modele anali-
tyczne nie uwzgdniajg masy warstwy speystej, zadowalage rezultaty uzy-
skuje st przy zmianie masy piécieni w modelach analitycznych ukfadéw.
W tabeli 2. podano warfoi wspotczynnikow zagpczej gstasci materialowej
pierscieni modeli analitycznych rozwanych obiektéw, przy ktérych uzyskano
zadowalajce wyniki. Wartdci te wyznaczono w symulacji numerycznej dla mo-
deli Timoshenki, a nagbnie wykorzystywano w modelach Bernoulliego. Podob-
nie, wartdci wspoétczynnikowks, k, i ks wyznaczono w symulacji numerycznej,
przy czym aby uzysKasatysfakcjonujcy wynik, dla kadego modelu analitycz-
nego naleato wyznaczy osobny zbiér wartai wspotczynnikow.

Tabela 2. Wspotczynnik zagiczej gstosci materiatowej pigicieni
Table 2. Ring substitute mass density

Zy

Lp- K/

94.16
95.16
95.16
93.16
885.10
835.18

O WIN|F
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W tabeli 3. podano wardoi czestotliwosci drgai wikasnych ggtnych w ptasz-
czyznie, uzyskane z modeli MES analizowanych obiektBezultaty te wyko-
rzystano jako dane referencyjne do wyznaczenia Mspdnikow p;, ki, ky i ks
modeli analitycznych obiektow. W tabeli 4. pokazamartaici czestotliwosci
drgar wlasnych gjtnych rozwaanych uktadéw oraz waroi wspoétczynnikow
ki, Ko, ks Otrzymane z modeli Timoshenki (pierenie grube).

Tabela 3. Cgstotliwosci whasne rozwzanych uktadowon, Hz (rozwikzanie MES)
Table 3. Natural frequencies of the consideredesystn, Hz (FE solutions)

Lp. ke, ko ks n
N/m? N/m N/m 2 3 4 5 6 7 8
1 - - - 11135| 17854 22886 27355 31489 35385 39105
2 - - - 10792| 1719% 21963 26186 30098 33808 37387
3 - - - 10475 16603 21156 25195 28962 32573 36104
4 - - - 9916 | 155971 19834 23645 27280 30863 34472
5 - - - 9038 | 14141 18091 21833 25607 29518 33611
6 - - - 8393 | 13199 17141 21084 25218 29%94 34207
Tabela 4. Cgstotliwosci whasne rozwzanych uktadowon, Hz (model Timoshenki)
Table 4. Natural frequencies of the considerecesystn, Hz (thick ring solution)
Lp. ke, ko ks n
N/ N/m N/m 2 3 4 5 6 7 8
1 15-10 6-1¢ | 175-16 | 11997| 16304 | 20819| 25454| 30161 | 34911| 39691
2 17-168 6-1¢ | 13-1G | 11520| 15851 20378| 25010| 29702 | 34431| 39183
3 | 185-10 | 6-1¢ | 112-16| 11132| 15510| 20072| 24723 | 29424 | 34155| 38904
4 | 224-18 | 6-1¢ | 18-1G | 10561 | 14530| 18681| 22932| 27243| 31593| 35972
5 | 228-10 | 6-1¢ | 18-10 | 9390 | 13469 17698| 21996 26340| 30722| 35140
6 | 223-16 | 6-1¢ | 16-10 | 8602 | 12684 16916| 21227| 25613| 30072| 34605

Tabela 5. zawiera wyniki (wao czestotliwosci drgar wkasnych gitnych
oraz wspotczynnikowvk;, kp, ks) otrzymane z modeli Bernoulliego (pierenie
cienkie).
Kolejne tabele zawiergjbtedy czstasci (12) wynikagce z poréwnania
otrzymanych rozwjzan analitycznych z rezultatami uzyskanymi z modeli $1E
uktadow, przy czym — jak wspomniano wéaziej — wyniki rozwzan MES trak-
towano jako dane referencyjne. W tabeli 6. zamieszoc stosowne wardoi
btedu czstaici wynikajgce z porébwnania wynikow z modeli Timoshenki z wyni-
kami z modeli MES. Otrzymane wastd bledow g dla rozwaanych przypadkéw
obiektow zadowalafe (dla kadej czstasci bezwzgtdne wartdci bieddéw poni-
zej 91%). Jedynie w odniesieniu do pierwszego obigkiuwaa st dla dwoch
czestasci blad powyzej 8%.
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Tabela 5. Cegstotliwosci wkasne rozwzanych uktadéwon, Hz (model Bernoulliego)
Table 5. Natural frequencies of the consideredesystn, Hz (thin ring solution)

Lp. ke, kp ks, n
N/m? N/m N/m 2 3 4 5 6 7 8

1405-18 | 6-1¢ | 235-16 | 11890| 16514| 21359| 26335| 31404 | 36552| 41774
17-16 6-1¢ | 264-16 | 11501| 15824| 20380| 25092| 29926| 34870| 39924
195-18 | 6-1¢ | 292-16 | 11183| 15322| 19709 24277| 29000| 33869 38888
244-18 | 6-1C | 309-16 | 10696| 14367| 18333| 22565| 27051 | 31792| 36802
301-10 | 6-1¢ | 314-16 | 9733 | 12889 16503| 20624 | 25275| 30483| 36275
323-18 | 6:1C | 228-16 | 8697 | 11289 14648| 18931| 24176| 30393| 37582

OO |W|IN|F-

Tabela 6. Bid czstaici en, % (poréwnanie rozwean z modeli Timoshenki z wynikami MES)
Table 6. Frequency errex, % (comparison of the thick ring solution with thE solutions)

Lp. ke, ko ks n
N/m? N/m N/m 2 3 4 5 6 7 8

15-10 6-16¢ | 17516 | 774 | -868 | —903 | —695 | —421| -134 15
17-168 6-10 13-16 674 | —782| 722 -449 13| 184 4
185-18 | 6-1¢ | 11216 | 627 | —-659| -513 -187 16 486 77
224-18 | 6-1¢ | 18-1G 651 | 684 -582 -302 014 23} 43
228-10 | 6-16 18-10 389 | -475| -217 075 284 408 45
223-18 | 6-1¢ | 16-1G 248 | -389| -131] 068 156 161. 11

olo|hlw|N|R
oy OT g1 O ®

W tabeli 7. zamieszczono wastd bledu czstasci wynikajgce z poréwnania
rezultatbw z modeli Bernoulliego ze stosownymi roganiami MES. W tym
przypadku zauwaa st gorsze dopasowanie modeli obiektéw nr 5 i 6. Wiydiik
obiektu nr 5 8 dopuszczalne (dla dwochestasci bezwzgédna warté¢ biedu
czestasci miesci sie w przedziale 8-9%). W przypadku obiektu nr 6 disech
czestasci obserwuje si blad (wart@¢ bezwzgédna) powyej 10%, a dla jednej
powyzej 9%, co nie jest do zaakceptowania.

Tabela 7. Bid czstaici en, % (poréwnanie rozwezan z modeli Bernoulliego z wynikami MES)
Table 7. Frequency errex, % (comparison of the thin ring solution with fRE solutions)

Lp. ke, ke ks n

N/m? N/m N/m 2 3 4 5 6 7 8
1 | 1405-18| 6-1¢ | 235-16 678 | -751| -667|, -373 -02) 33 683
2 17-10 6-16 | 264-16 657 | —797| -721 -418 05/ 314 679
3 195.18 | 6-16 | 292.16 676 | —772| —-684 -364 013 398 771
4 | 244.18 | 6-1G | 309-16 787 | —789| 757 -457 -084 301 676
5 301-106 | 6-1¢ | 314-16 769 | -885| -878| -554 | -13 327 792
6 | 323:-10 | 6-1C¢ | 228-16 | 362 | —145| -145| -102 -413 27 | 986
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Analizujagc otrzymane rezultaty, zauwa st zadowalaicg zgodndé¢ obu
modeli analitycznych z wynikami MES dla pierwszygikciu obiektéw. Biogc
pod uwag wpltyw glebokdsci pierscieni h w relacji do promieni linisrodkowej
R, mazna zauway¢, ze dla wartéci parametr/R ponizej 014 wys¢puje zado-
walajgca zgodné¢ obu modeli analitycznych z wynikami MES (obiekityIn5).

6. Weryfikacja doswiadczalna

Otrzymane w symulacji modele analityczne i numengckIES zweryfiko-
wano badaniami dwiadczalnymi.

Rys. 4. Badania dwiadczalne
Fig. 4. Experimental verification

Tabela 8. Wyniki badaeksperymentalnych
Table 8. Results of the experimental investigation

n
P 2 3 4 s | e | 7 | 8
Czestotliwosci wiasne rozwzanych obiektdwon, Hz (dane eksperymentalne)
1 11732 17215 22934 27451 31487 35206 39438
6 8660 129438 168025 206181 252119 295506 341%56
Btad czstdsci en, % (poréwnanie rozwiah z modeli Timoshenki z wynikami eksperymenty)
1 226 -529 -922 —728 —420 -084 052
6 -067 -199 067 296 159 176 132
Blad czstdsci en, % (poréwnanie rozwzan z modeli Bernoulliego z wynikami eksperymenty)
1 135 -407 —687 —407 -025 382 579
6 043 -1279 -1282 -818 -411 285 1003
Btad czstasci en, % (poréwnanie rozwzan MES z wynikami eksperymentu)
1 -509 371 -021 -035 002 051 —097
6 —-308 197 201 226 002 015 015
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Eksperyment wykonano na obiektach nr 1 i 6 (tabrys. 2.). Dane tech-
niczne materialu wykonanych prébek zawiera tabV hadaniach wykorzystano
system pomiarowy LMS, skiladay sk z mtotka modalnego PCB — model 08C03
ze stalow koncowka, czujnika przyspieszenia PCB — model 353B18, syste
archiwizacji danych LMS SCADA oraz modutu pomiar@geeSCM-V4E. Eks-
peryment zaplanowano i wykonano tak, aby wzbtidzidentyfikowa& czestcsci
wlasne i odpowiadage im formy wlasne drgegietnych w ptaszczinie. Badane
uktady przymocowano pgtzeniemsrubowym do obiektu o znacznej masie i wy-
miarach gabarytowych (rys. 4.) Kdy badany obiekt pobudzano uderzeniem
mitotkiem modalnym w ten sam punkt. Odpowiedktadu mierzono w 32 punk-
tach pomiarowych rowno rozmieszczonych na obwod¥igrtaici wzbudzonych
i zidentyfikowanych cgstotliwosci drgar wkasnych przedstawiono w tab. 8. War-
tosci te odniesiono do wynikéw wygenerowanych z modeialitycznych i nu-
merycznych MES badanych obiektow (tab. 1-5). W ligheokazano tate war-
tosci bledu czstasci (12), odnoszce s¢ do otrzymanych modeli analitycznych
i numerycznych obiektow. Jak naddo sk spodziewd, najgorsze rezultaty
uzyskano dla obiektu nr 6, poréwacjwyniki uzyskane z modelu Bernoulliego
(pierscien cienki) z wynikami badadoswiadczalnych.

a) b)

c)

Rys. 5. Postacie drgavtasnych odpowiadage czstagsciom: a)wz, b) ws, €) w4, d) ws, €) ws, ) w7
Fig. 5. Mode shapes related to the following fretpies: ayw2, b) s, ¢) ws, d) ws, €)ws, f) w7
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Rezultaty te & nie do zaakceptowania. Dla tego obiektu wspoicikynn
h/R = 018. Pozostatle wynikigszadowalace. Godny zauwzenia jest wysoki
poziom dopasowania wynikbw z modeli MES ukladéw réaultatow bada
doswiadczalnych (dwa ostatnie wiersze w tab. 8.). Wakeniej wspomniano,
wyniki z modeli MES wykorzystano jako dane refergne do dostrajania modeli
analitycznych badanych obiektéw. Na rysunku 5. paka sz& postaci drga
gietnych w ptaszczgnie, odnoszcych sé do pierwszych szeiu czstasci wia-
snych, wyznaczonych w eksperymencie pomiarowymodelu MES dla pierw-
szego obiektu. Zauwa st znaczne podobistwo ksztattowe odpowiadggych
sobie form wiasnych.

7. Uwagi i wnioski

W pracy rozwaano drgania gtne w ptaszczinie, uktadéw zawieragych
pierscien kotowy wspotpracujcy z tarca traktowan jako podiae spezyste. Za-
prezentowano modele analityczne drgdasnych pieicieni z warstw sprezysts,
opracowane na podstawie teorii g@eni grubych (Timoshenki) i cienkich (Ber-
noulliego). W réwnaniach stosowano trzyparametrowaglel warstwy sgeyste;.
Nastpnie oméwiono zaproponowane modele MES tego typaddky. Wyniki
rozwigzah MES wykorzystano do wyznaczenia wspoétczynnikéw etodnali-
tycznych omawianych uktadéw. Z analizy otrzymanyetultatéw wynikaze dla
wartasci wspotczynnikah/R < 014 oba zaproponowane modele analityczne wy-
kazup zadowalajca zgodnd¢ z wynikami z modeli MES. Otrzymane rozza-
nia analityczne i numeryczne zweryfikowano badanidodwiadczalnymi dla
dwdch reprezentatywnych obiektéw. Prezentowaneagypwyniki bada symu-
lacyjnych i déwiadczalnych potwierdzajcelowaé stosowania trzyparametro-
wego modelu warstwy sgtystej w modelach analitycznych. Ponadto warto zau-
wazy¢, ze dla uktadéw, w ktorych wspotczynnik h/R < 014,stgrczajce jest
stosowanie w symulacji drganodelu analitycznego piaienia cienkiego (Ber-
noulliego), ktéry charakteryzuje esznacznie prostgzformuly matematycza
w poréwnaniu z modelem pigienia grubego.
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IN-PLANE FLEXURAL VIBRATION OF WHEELS MODELLED
BY RING SYSTEMS WITH ELASTIC FOUNDATION

Summary

This paper deals with the in-plane flexural vibwatof wheels, modelled as circular ring sys-
tems with elastic foundation. Equations of motidualiscussed systems achieved on the basis of the
Bernoulli and Timoshenko theory are presented. ltiancequations the three-parameter Winkler
elastic layer is included. Then for each modelfteguency equation is derived and the equation of
normal modes is given. The main part of the papacerns the evaluation of the ring depth impact
on the results of analytical solutions, which web¢ained from the proposed analytical models. In
the tuning process, of the coefficients of anahftimodels, the results of solutions achieved from
finite element computations were used. Obtainedsition results were verified experimentally on
selected objects. The cases of ring systems fochwihiis preferred to use the proposed analytical
models were established.
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THE APPLICATION OF FUZZY LOGIC
IN ENGINEERING APPLICATIONS

In order to describe the phenomenon for which tathematical model or input data
are unknown, the fuzzy logic is applied. The futzgory enables to find the most
reliable solution on the assumption that the i@ are fuzzed. This paper presents
the possibility of application of fuzzy theory ingineering problems. The theoreti-
cal basis of the fuzzy logic and mathematical dattans on fuzzy variables are
presented. The comparison of two methods usedayfiogic — extension principle
ando-level optimization are written and compared. Exispf the application of
aforementioned methods for solving simple engimeeproblem were presented.
Numerical calculations were done with the use off[MAB program. The selection
of the most reliable solution, based on findingrteess center or with the use of rank
level method, was also shown.

Keywords: fuzzy logic,a-level optimization, extension principle, mechahimagi-
neering

1. Introduction

Precise information which is determined in therfaf numerical values is
accepted in mathematical methods. However, impgeoisincomplete infor-
mation about a problem is often available in engjiimg calculations. For exam-
ple, imprecise information concerning the matepiaperties or strain is often
knowable in problems of materials forming. The fulmic theory might be used
in situations for which precise data are not awdédl].

Fuzzy logic is a superset of Boolean logic whidhdduces the term of partial
truth. Whereas, the classical logic uses only iarms (0 or 1), fuzzy logic
implements the degrees of truth instead classiathl values [2]. The first mention
about fuzzy logic theory was presented by Plato pbstulated the existence of
area between the truth and falsity [3]. But Lofti Zadeh is considered as
a father of fuzzy logic theory. He indicated thax4y theory might be used for
solving both easy and complicated problems. In ainieis papers titled ,Fuzzy

1 Corresponding author/autor do korespondencji: 2gjdBkrzat, Rzeszow University of Techno-
logy, 8 Powstacéw Warszawy Ave., 35-959 RzeszOw, tel.: (17) 743284mail: askrzat@prz.
edu.pl

2 Marta Wojcik, Rzeszow University of Technologymeail: m.wojcik@prz.edu.pl
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Sets” published in 1965, he stated thsthe complexity of systemincreases, our
ability to make precise and yet significant statements about its behaviour dimin-
ishes until a threshold is reached beyond which precision and significance (or
relevance) become almost mutually exclusive characteristics [4].

The fuzzy logic is applied in problems for whittetknowledge of the math-
ematical model is unknown or model reconstructsimipossible or unprofitable.
The fuzzy theory is necessary to describe unseecifhenomena which cannot
be described with the use of classical logic. #l®es to find the system response
to external factors assuming that input data azeefd and the adopted mathemat-
ical model is uncertain. The fuzzy theory also éesio find the most reliable
solution from obtained results [5].

Fuzzy logic was first implemented in England irv3&t University of Lon-
don. The aforementioned theory was used for thlizition the speed of a small
steam engine constructed for the research purgéselowadays, fuzzy logic
has become a design technology in many developetroes, such as Japan, Ger-
many, Korea, Sweden and France [7]. The fuzzy thisoapplied in controlling,
databases, electronics, medicine, mechanical ssiesology and other branches
of industry. One of the most popular implementagiohfuzzy logic on a big scale
Is the subway in Sendai (Japan). The subway syssesa fuzzy logic system to
control acceleration and thanks to it, journey @rencomfortable with smooth
braking and acceleration. The fuzzy logic contraliealso responsible for traffic
planning and the usage of subway facilities by @agers [8]. Fuzzy logic con-
trollers are also used in anti-lock braking sys{&BS) which affects the im-
provement of the braking performance and the doeat stability of cars [9]. But
the examples of fuzzy logic are also observed aryay life. Application exam-
ples of fuzzy logic are washing machines and fumayrowaves. The application
of fuzzy logic technology enables to choose thd¢ beshing cycle or the most
appropriate temperature and time of cooking [1(, 11

Fuzzy logic is also used in scientific problemsakihwere confirmed in re-
search carried out by different researchers. Arafad. [12] tested the application
of fuzzy theory to control the position of a balla ball and beam system. They
showed that the fuzzy controller stabilized thetesysefficiently. Moreover, the
performance during the transient period of the yuzystem was better and less
overshoot was obtained. The fuzzy controller alsawvided a zero steady state
error [12]. Parthiban et al. [13] used fuzzy theiorgrder to predict the CQaser
cutting parameters. They noted that the proposezy/fonodel might be applied in
prediction of the top kerf width, bottom kerf widdind kerf deviation on stainless
steel sheet. In other research, Giorleo et al. §kdlmined the possibility of the
application of fuzzy logic in the control of steeld quenching after hot rolling.
They showed that this concept might be helpfuhaassessment of the influence
of steel diameter and chemical composition oniritgl imnechanical properties. All
aforementioned examples indicate the usefulnedazaly logic in engineering
application.



The application of fuzzy logic... 507

The possibility of the use of fuzzy logic in enganing problems is presented
in this paper. The theoretical information concegnthe fuzzy theory and the
mathematical calculations on fuzzy sets is showmo Tethods used in fuzzy
theory: extension principle andlevel optimization are described with an indica-
tion of their advantages and disadvantages. Thetwaiioose the most reliable
solution which is based on the selection of masseceand level rank method is
also presented.

2. Theoretical basis of fuzzy logic theory

In order to consider the application of fuzzy i engineering applications,
the definition of basic terms associated with futteory, as well as, the determi-
nation of mathematical operations on fuzzy setsiacessary. In classical theory,
the x element of X space might belong or not belntpe set. The membership
of x element to the set X might be 1 when the eldrhelongs to the set or 0 when
the element does not belong to the set [15]. Theyflogic implements the partial
membership of x element to the set (Fig. 1a). Tizey set A is defined as a set
of x elements of X space which indicates the sorambership to the set (1) [16].
In this case, the X set is a space on which theyfeet A is determined (Fig. 1b).

A={(X 1A () - xT X} (1)

a) b)

=====classical logic
% element A fuzzy set
XEX . AcX

—a— fuzzy logic

n(x)

a element
aEA

X X fundamental set

Fig. 1. Differences between classical and fuzzycldg) and the placement of A fuzzy set in X
fundamental set (b)

The membership of x element into A fuzzy set mad by the membership
function p(x). For all x elements, this functiorsigms its membership to A fuzzy
set (2). In other words, the membership functicrecheines the level of truth that
a variable has specific value. Its value is witthie range from O to 1.

Uy: X - [0,1] (2)
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The membership function is created on the basimsesEsurements, possible
measurement errors, researcher’s experience,@tthis reason, different shapes
of membership function are used. Triangular, trajukd, Gaussian as well as
pseudo-Gaussian distributions are commonly acclptidapes of the member-
ship function [16]. Depending on the shape, itatednined with the use of some
points belonging to the function. For example,rgi@ membership function is
defined by means of three points which are itseest The normal Gaussian dis-
tribution is adequate for the most of real probl&ut in practice, the linear dis-
tribution is most often used [17].

Main calculations on fuzzy sets include additibig( 2a) and multiplication
(Fig. 2b). For two fuzzy sets;fAand A of fundamental setsand X%, addition
and multiplication might be expressed by the fomasul3) and (4):

A U B = min (Ha(x), us(X)) for x LI X 3)
A N B =max (Ma(X), us(X)) for x LI X 4)

In mapping step, the Cartesian product (K) is utedcludes all combina-
tions of x elements of fuzzy sets,A.., A.. With the application of minimum
operator, membership function valueg}) = Pk(Xa,..., X,) are assigned to one
n-tuple (5). The Cartesian product represents ayfget in the product space X
with the membership functiork(e) [16]. The extension principle which is used
in fuzzy logic is based on the Cartesian produdhpdit variables.

KE={(X = (%X )y i (X) = i (Xg-%:)) 2% DX e = minf ()1} (5)

A fuzzy set B fuzzy set

nex)

Fig. 2. Result of addition (a) and multiplication) @ fuzzy sets

The aim of fuzzy logic theory is modeling of syatewith a known mapping
from input to output. The main assumption is impedlefined input parameters.
The membership function for the obtained resultfz(x1, x2) is determined on
the basis of calculations on fuzzy sets. The mesftyerfunction also presents
the possible dispersion of z variable, as welltls,level of accessibility of its



The application of fuzzy logic... 509

values [9]. The most reliable solution of z vareabhight be also determined in
the defuzzification step (Fig. 3).

Crispinput ——— Fuzzgfetmput

Mapping

Fuzyouwput Crisp output

set - -

Fig. 3. Mapping of fuzzy input variables into outppace

Two methods — extension principle antével optimization are used in fuzzy
theory. The extension principle (Fig. 4) is basedh® Cartesian product of fuzzy
sets A,..., An. The final product of this method presents thezyuget with
n-dimension membership functiork(,..., X,). It is an input fuzzy set. The
extension principle presents the mapping of inptuXson the new Z fundamental
set with the use of mapping function z = {,(x, %) [11]. The new B fuzzy set
and its membership functions{z) is gained on Z set (6). The values efz) are
calculated with the use of max-min operator (7).

B={(z ts(2):2= f (XX, ); Z0Z; (XX ) O X X ) (6)
Hs(2) = {SUPTJ{‘[#(X%),---#(Xn)],ifDZ= F (X %)} (7)
— l )
Z
level 1
0 . .
0 1 2 3 4

X

Fig. 4. Determination of membership function witle use of
extension principle
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In some special mappings, for example during amdibr multiplication of
fuzzy numbers, different shapes of membership fangi(z) might be achieved
(Fig. 5). The addition of fuzzy triangular numbgrs <x;, Xz, Xxs> and y = <y, y»,
ys> gives the triangular number z 52, z:>. The multiplication of x and y gives
a fuzzy results with a nonlinear membership fumc{is].

The alternative method in fuzzy logicisoptimization which is based on the
discretization of support. This concept relies loe $election of sufficiently high
number ofa-levels (Fig. 6). The extremexxand X« values determine the sub-
space assigned ta level. The x and X« values for sufficiently high number
of a-levels designate the shape of membership fun¢sioh6, 17].

For alla-level representation of fuzzy input variables, zikeand maximum
Z. Variables are found. This searching is formulagen optimization problem
in which (X, y) L X are constraints of the optimization process (&}rdtne
values of z variable for eaallevel determine u(z) membership function. The
result obtained im-optimization method is smoother than envelop fdgeesion
principle [5]. But thex-optimization might be used if mapping operatarastin-
uous and fuzzy result space is convex.

z=f(x y)= max (X, y)d X,
z= f(x, y)= min (x, y)O X, (8)

L]
1 100 50 ) 50 100 150 200

Fig. 5. Addition (a) and multiplication (b) of fugzariables
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et l_ é
\;::
/ \
/ N\
/ \,
0 v . Ny .
0 1 % 2 s, 3 4

Fig. 6. Determination of membership function withetuse of
a-optimization method

As the final step of calculations on fuzzy se&fpdzification of Z fuzzy var-
iable on the non-fuzzy space is applied. It leadt¢ obtaining of specific value
Zjo which is the most reliable solution. The masse&emiethod is commonly used
for the conversion of fuzzy variable into the noz#y value. The center of space
below the membership function plot is searcheti@astost reliable value (9) [16].

_ 137 Ti(z))dz,
Zjo = dz. ©))
[ u(z;)dz;
3

In order to achieve the most reliable solutionglerank method which is
based on the-discretization might be also used. The memberstage of z fuzzy
variable is discretized with the aid of r choselevels. After that, the arithmetic
mean of the interval centerswfevel sets is calculated (10). The results obthine
by means of this method might vary depending omtivaber ofu-levels [16].

1 7 Z g +Z

Ak l.agr
2, == Oy T
I k=1

(10)

3. Determination of membership functions for outputvariable
with the use of extension principle an@-optimization

The determination of the membership function féuzzy variables with the
use of two methods described in Section 2 is pteddmelow. In considerations,
the mapping model which is described as a funatierf (x,y) = —xy + 50sin(x)

+ 40sin(y) was used. The tree-dimensional and contiots pre presented in Fig-
ure 7. All numerical calculations were done with tise of MATLAB program.
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_ ol

Fig. 7. Plot of z mapping function

It was assumed that arguments of x and y funcoeduzzy variables. The
membership functions for x and y variables aregwes] in Fig. 8. On the basis
of plots it was stated thatx [-1; 3] and yU [-2; 4]. The most reliable value
of x and y variables is 1. For these argumentsyahge of membership functions
is 1. Using membership functions for x and y, zitegriable and its membership
function were determined.

In extension principle, the membership functionZeariable is obtained by
means of random searching of range of argumentabitity. The membership
function is calculated with the use of minimum anaximum operator according
to the following formula (11) [17].

#(2) =supmin[u(x), 4(2)],Lz= f (x,y) (11)

The application of two operators is associated whie fact that there are
many ways of mapping of X andf¥zzy sets on Z result set. Different combina-
tions of x and y elements gives different u(z) ealuFirstly, the values of mem-
bership functions p(z) are determined with the afsminimum operator. After
that, the highest p(z) value for z element is $etecThe membership functions
for ranges of fuzzy variable divided into n = 50@&000 intervals are presented
in Figure 9. The thick line represents the sup atoer

Although the membership functions for x and y inypariables might be lin-
ear (triangular and trapezoidal), the membershmgtian for z output variable is
always non-linear. It was observed that the smrmabunt of n subdomains gives
a jagged solution. Better results might be achidgetligher number of analyzed
subdomains. The results presented in Fig. 9 shawthie extension principle is
very sensitive to the number of combinations oh® & elements of fuzzy input
data. The final result is also dependent on therasd precisiomz of searching
maximum from minimum values of membership functiddditionally, a smooth
envelope might be obtained only for dense searcbirtge variability range of
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fuzzy input data [5]. It is related with the mulggalculation of mapping function
values.

a) 4= u(y)

b)

c)

Fig. 8. Membership functions for x and y variablegangle (a), trapezoidal (b) and pseudo-
Gaussian (c)
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a) L o
u(z) n=>500 u(z) n = 5000

c)
i n=500 u@) n=>5000

Fig. 9. Results obtained for n = 500 and n = 50@@emains for triangle (a), trapezoidal
(b) and pseudo-Gaussian (c) input membership fonsti
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a) b)
wiz) u@

Fig. 10. Fuzzy value of z function obtained witle tiise ofu-optimization for triangle (a),
trapezoidal (b) and pseudo-Gaussian (c) input meshigefunctions

The extension principle is ineffective for a magpimodel which has a form
of complex numeric algorithm. In this situatiarpptimization method is more
suitable. This concept enables to decrease the ewailralculations for fuzzy
output variable z. Firstly, the membership functiudlived into the high number
of a-levels. For all consideregtlevels, %« and »« values for which p(x) =y,
are selected. These points define the shape of srship function. After that, the
minimum 2z and the maximumgz elements are searched with the used of map-
ping operator. Extreme z values for allevels define the membership function
H(z). Detailed information concerning theoptimization method was presented
in Section 2.

The result obtained with the use wbptimization is presented in Fig. 10.
The membership value is 1 for z = 1.30. In compari result for extension
principle,a-optimization method enables to achieve definigghoother solution.
In extension principle, such smooth line result mige attained only for very
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dense discretization of input fuzzy variables. this reasong-level optimization
procedure is recommended in structural analysi&{bp,

Defuzzification of z variable on the non-fuzzy spas investigated with the
use of mass center method. The most reliable \a@dtened with the use of mass
center method is 1.53; 1.54 and 1.52 for trianégpezoidal and pseudo-Gauss
input membership functions, respectively. This eaki similar for all shapes of
input membership functions. It shows that the studpeembership function does
not affect final result. The most reliable valueiethwas achieved with the use of
rank level method is 1.52; 1.56 and 1.55 for trlangrapezoidal and pseudo-
Gauss input membership functions, respectivelyti@rbasis of obtained results
it can be stated that values achieved with theotisgo aforementioned methods
are similar.

4. Summary

Fuzzy logic is a relatively new concept in sciemdgch might be used for
the analysis of mathematical models contained sgmertainties. Because many
problems in technical sciences are more or lessrtain, the application of clas-
sical logic might be impossible. The fuzzy logiadze used in problems for which
mathematical model is unknown. The fuzzy theorg alsestigates the influence
of selected parameters on the model response.

The aim of fuzzy logic is modeling of systems wattknown mapping from
input to output. The main assumption is fuzzindssmut parameters. Two meth-
ods: extension principle andoptimization might be used in order to investigate
the membership function for the output variable.

Based on the results obtained with the use of MAB Iprogram, the follow-
ing findings and conclusions could be made:

* In the extension principle, more calculations idesrto achieve satisfac-
tory results are necessary. The small amount otitztlons gives a jagged
solution. Smooth envelope might be obtained onfydEnse searching of
the variability range of fuzzy input data.

» The extension principle is very sensitive to thenbar of combinations of
x and y elements of fuzzy input data. Additionathye final result is also
dependent on the assumed precigiarof searching maximum from min-
imum values of membership function.

» The a-optimization method is more suitable for more cbogped engi-
neering problems. This method enables to decrbasaumber of calcula-
tions for fuzzy output variable.

* It was noted that the shape of input membershiption does not affect
significantly on the most reliable value. This \&ls similar for triangle,
trapezoidal and pseudo-Gauss input membershipidunsct

* The most reliable values which are obtained withuke of mass center
and rank level method are similar.
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» There are differences between the value for whiembership function is
1 and the value measured with the use of rank leveinass center
methods. The differences are associated with tihelinear character of
mapping model.

The fuzzy theory indicates the potential applmatin solving engineering
problems and gives methodical flexibility to engireeon calculations. Its appli-
cation on a big scale enables to optimize mosectiriical processes. In this arti-
cle, fuzzy logic was used for solving simply prahblelin further research, fuzzy
theory will be applied for specific engineering pplems. Due to the lower number
of necessary calculationsoptimization method will be used. The extensian{r
ciple will be applied in order to check the cormsigty of results.
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ZASTOSOWANIE LOGIKI ROZMYTEJW IN  ZYNIERII
MECHANICZNEJ

Streszczenie

Do opisu zjawisk, w przypadku ktérych dane sggjwe lub model matematyczny nig do-
ktadnie znane, zastosowano logitozmyt. Teoria rozmyta umdiwia znalezienie najbardziej
wiarygodnego rozwdzania przy zalgeniu rozmycia danych w&jiowych. Artykut przedstawia
mozliwosci zastosowania teorii rozmytej wzynierii mechanicznej. Zaprezentowano teoretyczne
podstawy logiki rozmytej oraz opisano podstawy at#h matematycznych na zbiorach rozmytych.
Opisano i poréwnano ze spbwie metody stosowane w teorii rozmytejoptymalizacg oraz za-
sadt rozszerza. W artykule przedstawiono przyktady zastosowayia metod do rozwizania pro-
stego problemu itynierskiego. Wszystkie obliczenia numeryczne wykana wyciem programu
MATLAB. Przedstawiono réwniemetoa wyboru najbardziej wiarygodnego roz@ania opartego
na poszukiwaniudrodka cezkosci figury ograniczonej wykresem funkcji przynahesici oraz na
wyznaczeniuredniej arytmetycznej zgodkow przygtych poziomow.

Stowa kluczowe:logika rozmytap-optymalizacja, zasada rozszetzezynieria mechaniczna
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MEASUREMENT OF SOLAR RADIATION
PROPERTIES AND THERMAL ENERGY
OF THE ATMOSPHERE IN RZESZOW

This article presents measurement of solar radigiroperties and thermal energy
of the atmosphere in Rzeszow € 50°02'N, A = 22°17’E). The measurements
include direct, diffuse and global solar radiatamwell as thermal radiation from
the atmosphere. Weather station provides six ofrtbst important weather para-
meters: air pressure, temperature, humidity, rijrdfipeed and direction. Sky radio-
meter with dedicated sun tracker provides multibarehsurement of direct and
diffuse solar radiation. Measurement results frorara! years have been collected
so far and may be used to estimate energy yietia folar systems. The article
presents selected results of solar radiation aradhee parameters in 2017.

Keywords: solar radiation, renewable energy, weather, athmrsp

1. Introduction

As populations expand, living standards improeastimption rises and total
demand for energy increases. At the same time, iggpeoncerns over climate
change are promoting governments worldwide to fookvays to supply energy
while minimizing greenhouse gas emissions. Reneavaebérgy is energy that is
collected from renewable sources that have thétyaba naturally replenish on
a human timescale. That includes solar, wind, watgtain types of biomass and
geothermal energy. They have the potential to ceptanventional fossil fuels in
the future. Renewable energy sources exist oves gabgraphical areas, in con-
trast to other energy sources, which are conceatiata limited number of coun-
tries. Widespread deployment of renewable energtesys results in significant

1 Author for correspondence/autor do korespondeRajitr Strzelczyk, Politechnika Rzeszowska,
8 Powstacéw Warszawy Ave., 35-959 Rzeszow, tel.: (17) 8621 85mail: piotstrz@prz.edu.pl

2 Mariusz Szewczyk, Politechnika Rzeszowska, e-readwmar@prz.edu.pl

3 Rafat Gatek, Politechnika Rzeszowska, e-mail: gaflak@prz.edu.pl

4 Pawet Gil, Politechnika Rzeszowska, e-mail: gilpk@yerz.edu.pl
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improvement of energy security, climate changegation, and economic bene-
fits. There are a number of technologies for utilizrenewable energy and for
improving energetic efficiency such as photovokaieVs) [1-3], wind turbines
[4-5], water turbines [6-7], cogeneration [8-10Hdriomass burning [11-12].

Solar energy conversion systems can be dividedtimee categories accor-
ding to their primary energy product: solar elaityi solar fuels, and solar ther-
mal energy. The challenge in converting sunlighelctricity via photovoltaic
solar cells is to reduce the cost/watt of delivesetér electricity. Modern mate-
rials that allow absorbing sunlight efficiently,wméechniques to harness the full
spectrum of wavelengths in solar radiation and approaches based on nano-
structured architectures can improve the technolsgg to produce solar electri-
city. The technological development and successimmercialization of single-
crystal solar cells demonstrates the social denssmtimarket potential of PV
technology. Novel approaches exploiting, thin fijmsganic semiconductors, and
guantum dots offer fascinating new opportunitiescfieaper, more efficient, lon-
ger-lasting systems. The key challenge in solamibktechnology is to identify
cost-effective methods to convert sunlight intaaide thermal energy. Reactors
heated by focused, concentrated sunlight in thetovaérs reach temperatures
exceeding 3000°C, enabling the efficient chemicatipction of fuels from raw
materials without expensive catalysts [13].

It is extremely important to know the thermal paegers of the surroundings,
weather and solar radiation properties in a givation in order to design and
improve systems utilizing renewable energy sourdesurate measurements of
the solar radiation intensity are needed to detentiie performance and effi-
ciency of different type of solar and PV systemS]1

The purpose of this article is to present theaesecapabilities and selected
measurement results of existing laboratory in dtarezation of solar radiation
and atmosphere properties.

2. Experimental setup

The laboratory for measurement of solar radiapooperties and thermal
energy of the atmosphere was founded in NovembE3.Zlthe purchase was fun-
ded with UE grants. The steel structure that suppoeasuring devices is instal-
led on the roof of the building. The lab is locaiadRzeszow ¢ = 50°02'N,

A = 22°17'E) and it is a part of the laboratory guuent for renewable energy
devices performance investigation.

Incoming short-wave solar radiation can be divided direct, diffuse and
global components. Radiation from the sun is maimlthe ,short-wave” range
from 300 to 4000 nm that includes the visible,auiolet and near infrared wave-
lengths. A portion of this radiation is absorbedciguds and aerosols in the at-
mosphere, which warms up and radiates long-waveatrad (4.5 pm to beyond
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40 um). Direct solar radiation is measured withhpjiometer directed at the cen-
tre of the sun disk. The CHP 1 Kipp&Zonen pyrheleser has a full opening
angle of 5° and measures the normally incidenttlireadiance from the sun and
its aureole. The CHP1 has a spectral range (50#tg)diom 200 to 4000 nm and
operational temperature range from —40°C to +8®&t of the radiation from
the sun is absorbed and scattered by clouds andder This scattered compo-
nent is the diffuse solar radiation measured withPC22 Kipp&Zonen pyrano-
meter with shading ball. This pyranometer can beecomplete sky hemisphere,
but the direct radiation from the sun is blockedatshading ball that moves with
a sun tracker. Another CMP 22 Kipp&Zonen pyranomaieasures global radia-
tion (both the direct and diffuse radiation). THRZ22 pyranometer has spectral
range (50% points) from 200 to 3600 nm, maximurnarsiotadiance 4000 W/t
operational temperature range —40°C to +80°C agid &f view 180°. For mea-
suring incoming thermal radiation from the sky aitmlds CGR4 Kipp & Zonen
pyrgeometer is used. It has spectral range (50%tgod.5 to 42 um, operational
temperature range —40°C to +80°C and field of vid88°. Net irradiance range
for CGR4 is —250 to 250 W/n

The Kipp & Zonen Solys2 sun tracker is used tealaforementioned sun
sensors. It is the most widely used sun trackeuratdhe world in solar energy
and meteorological applications. The sun trackerihegrated GPS receiver to
automatically configure location and time data upwstallation. The operating
temperature range from —40°C to + 50°C using thedsird internal heater. The
pointing accuracy is better than < 0.1°, maximuiylgeed is 20 kg (Fig. 1).

The CSD3 sunshine duration sensor is used fan#esurement of sunshine
duration. Sunshine duration is defined by WMO (Wadvleteorological Organi-
zation) as the time during which the direct sokdiation exceeds the level of
120 W/mz2. The output is switched high or low toigade whether this condition
is satisfied.

The Vaisala WXT536 is the compact weather statiam provides six of the
most important weather parameters: air pressurgéeature, humidity, rainfall,
wind speed and direction. The barometric pressamde measured within a range
from 600 to 1100 hPa with an accuracy of £1 hPa54rC to +60°C (0.5 hPa
from 0°C to 30°C). The outside air temperaturelmameasured in the range from
—51°C to +60°C with accuracy +0.3°C. Relative hutyidan be measured in the
range from 0...100%RH with accuracy +3%RH. Wind chseastics include the
measurement of the velocity in the range of 0...68 with an accuracy of +3%
and detection of wind direction in the range of Q3 The Vaisala allows rain-
fall and hail accumulation measurements with outesolution 0.01mm and daily
accuracy better than 5%.

The PREDE POM-01 is a sky radiometer with deditaten tracker. It uses
a single photo-diode detector and rotating filtdreel to measure radiation in
seven narrow wavebands from 315 nm to 1020 nmifidteiment has a sun sen-
sor for active tracking (Fig. 1). The POM-01 skyianeter provides multi-band
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measurement of direct and diffuse solar radiak@M-01 is used in the Asia-
-Pacific SKYNET network for aerosol monitoring asdtellite ground-truthing
around the world [13]. The POM data can be postgseed to provide parameters
including aerosol optical depth, scattering coddfits, aerosol distribution and
energy distribution.

Fig. 1. Laboratory for measure-
ment of solar radiation properties
and thermal energy of the at-

- mosphere: 1 — sun tracker, 2 —
‘ | pyrgeometer, 3 — pyranometer,
4 — pyranometer with shading

b 1

| || “ ‘ ball, 5 — pyrheliometer, 6 — suns-
hine duration sensor, 7 — compact
weather station, 8 — sky radiome-
ter

Analog and digital signals from measurement eqeipmare routed to digital
multimeter Keithley 2002 and to a desktop compulbe Keithley 2002 is high
performance (8% digit, 28 bit) digital multimeteitivbuilt-in 10 channel scanner
card connected via GPIB with desktop computer. Mesaments are taken at 10
seconds intervals and averaged to 1 minute meae.vBhe results along with the
precise time stamps are written in daily files bgams of a custom-written appli-
cation developed in LabVIEW environment.

3. Results and disscussion

This chapter will present examples of measuremesilts recorded during
representative sunny summer day of 30.07.2017 landygfall day of 01.10.2017
in Rzeszow. During sunny day (Fig. 2a) a globalizomtal irradiance reached
maximum of GHI = 860 W/rat 12:15 local time. Direct horizontal irradiance
reached 750 W/fat the same moment and diffuse horizontal irramiamas equal
to 76 W/nt. Thermal radiation from the sky and clouds wasoalnconstant du-
ring all day and didn’t exceed the range of 325-8V0r?. Figure 2b presents
temperature, relative humidity (RH) and atmosphpr&ssure variations during
a sunny day.
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Fig. 2. A sunny day of 30.07.2017: a) solar radiatb) atmosphere parameters

During cloudy day of 01.10.2017 (Fig. 3a) glolshitect and diffuse irradia-
tion were reaching local minima and maxima depemain whether the sun is
shaded or not. Figure 3b presents temperaturdjveelaumidity (RH) and at-
mospheric pressure variations during a cloudy @mjly yields of direct and
diffusion irradiance in 2017 are shown in Fig. 4avtdnum values of horizontal
global irradiance occur in June and were abouk\8/6/n?/day. Global irradiance
in Rzeszéw in 2017 was 1100 kWH/gear. The paper [14] present average
annual global irradiance in Kotobrzeg: 1064 kWHjmear, Warszawa: 966
kWh/n¥/year and Zakopane: 988 kWH/gear. The compact weather station that
provides variation in air pressure and temperatug9d17 (Fig. 5).
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Fig. 3. A cloudy day of 01.10.2017: a) solar radiatb) atmosphere parameters
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4. Conclusion

The article presents sample results of measureneéritee solar radiation
properties and the state of the atmosphere in 2Bl Uising this laboratory it is
possible to determine the instantaneous valudgedaun and atmosphere radiation
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and weather conditions. In addition, type and arhotiaerosols in the air can be
determined.

Global irradiance in 2017 was 1100 kWRhypear, diffuse irradiance was
534.8 kWh/ndlyear, direct irradiance (measured) was 536.4 k\Wlgar and
thermal irradiance was 2804 kWttlgear. The average air temperature in 2017
was 9.9°C, average pressure and relative humidite W88 hPa and 65.5% re-
spectively.

The presented measurement equipment along witbeteacquisition and
storage software allow determination of the valoethe mean seasonal irradia-
tion, temperature, humidity, wind speed and digctiln the era of renewable
energy sources, the presented research equipmaiesrihe optimization of so-
lar systems and determination of efficiency, poaa seasonal yields from solar
installations, and other devices utilizing reneweadtergy which is extremely im-
portant in their design and operation practice.
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Streszczenie

W artykule zaprezentowano pomiary wdawvosci promieniowania stonecznego i energii
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pomiary bezpéredniego promieniowania stonecznego i wielopasm@wmiary rozproszonego
promieniowania stonecznego. Obecnie pomiary obejmkijes ponad 4 lat, ktére mma wykorzy-
stat do oszacowania uzysku energii z systemow stonetzny
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Czy uklad opracowania jest zadowalajacy?

3. Is the length of the paper appropriate to the content?
Czy objetos¢ opracowania jest adekwatna do jego tresci?

4. Is the language and presentation clear to readers familiar with the field?
Czy jezyk oraz sposob przedstawienia wynikow jest jasny dla czytelnika?

5. Do the notation and nomenclature used meet the standards
determined in the area which the paper deals with?
Czy oznaczenia oraz terminologia odpowiadaja standardom z okreslonej
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6. Do the interpretation of the results and conclusions sound logical and
justifiable in your opinion?
Czy wedtug Pani(a) opinii interpretacja wynikow oraz wnioski sg lo-
giczne i uzasadnione?

7. Does the abstract contain sufficient and useful information?
Czy streszczenie zawiera wystarczajace oraz uzyteczne informacje?
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C List here your detailed comments to support the responses you gave above.
Szczegélowy komentarz do udzielonych powyzej odpowiedzi.




Instrukcja dla autoréw artykuléw naukowych publikowanych

w Oficynie Wydawniczej Politechniki Rzeszowskiej

Dane podstawowe

1.
2.

7.

Pole zadruku; 12,5 x 19 cm + 1 cm na numery stron

Marginesy: gorny — 5,20 cm, dolny — 5,20 cm, lewy — 4,25 cm, prawy — 4,25
cm

Czcionka: Times New Roman 11 pkt

Edytor: Microsoft Word

Zapis tekstu: obustronnie wyjustowany, interlinia pojedyncza, wcigcie pierw-
szego wiersza 0,75 cm, nie nalezy zostawia¢ pustych wierszy mi¢dzy akapitami
Wszystkie kolumny artykutu powinny by¢ w catosci wypetnione; pierwsza
strona nietypowa — zawiera naglowek, nazwisko Autora (Autorow), tytut arty-
kutu, streszczenie i poczatek artykutu, kolejne strony zawieraja dalsza czgsé
artykutu, w tym tabele (tablice), rysunki (ilustracje, fotografie, wykresy, sche-
maty, mapy), literaturg i streszczenie

Nalezy wprowadzi¢ automatyczne dzielenie wyrazow

Dane szczegolowe (uklad artykulu)

1.

2.

Na pierwszej stronie (nieparzystej) nalezy umiesci¢ nagtéwek (do pobrania):
10 pkt, pismo grube

Na kolejnych stronach artykulu u gory nalezy umiesci¢ paging zywa: strona
parzysta — numer strony do lewego marginesu, pismo podrzg¢dne 10 pkt, inicjat
imienia i nazwisko Autora (Autorow) do prawego marginesu, pismo podrzgdne
10 pkt; strona nieparzysta — tytut artykutu lub (w przypadku dtuzszego tytutu)
jego logiczny poczatek zakonczony wielokropkiem, pismo podrzgdne 10 pkt
W dalszym ciagu na pierwszej stronie nalezy umiesci¢ pismem grubym (odstep
przed 42 pkt): imi¢ (pismo podrzedne 10 pkt), nazwisko (wersaliki 10 pkt) Au-
tora (Autoréw)

Tytut artykutu — wersaliki 15 pkt, pismo grube, do lewego marginesu (nie na-
lezy dzieli¢ wyrazéw w tytule), interlinia pojedyncza, odstep przed 24 pkt, od-
step po 18 pkt

Streszczenie (w jezyku artykutu) — 200-250 stoéw, pismo podrzedne 9 pkt, wcie-
cie calosci z lewej strony 2 cm, bez akapitu, interlinia pojedyncza, odstep po 12
pkt

Stowa kluczowe — pismo podrzedne 9 pkt, bez akapitu, interlinia pojedyncza,
odstep po 24 pkt

Imi¢ i nazwisko Autora do korespondencji oraz pozostatych Autorow, afiliacja,
adresy pocztowe, numery telefonow, e-maile — na dole pierwszej strony, pod
kreska, pismo podrzedne 9 pkt z odpowiednimi odno$nikami, odstep przed 2
pkt

Srédtytut 1. stopnia — pismo podrzedne 13 pkt, grube, do lewego marginesu,
interlinia pojedyncza, odstep przed 14 pkt, odstep po 9 pkt

Tekst artykutu, a w nim tabele (tablice), materiat ilustracyjny, wzory oraz $r6d-
tytuly nizszego stopnia



10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

Srodtytut 2. stopnia — pismo podrzedne 11,5 pkt, grube, do lewego marginesu,
interlinia pojedyncza, odstep przed 10 pkt, odstep po 8 pkt

Srédtytut 3. stopnia — pismo podrzedne 11 pkt, do lewego marginesu, interlinia
pojedyncza, odstep przed 8 pkt, odstep po 6 pkt

Nagtowek Literatura — pismo podrzegdne 11,5 pkt, grube, do lewego marginesu,
odstep przed 12 pkt, odstep po 8 pkt

Spis literatury cytowanej — pismo podrzedne 10 pkt, interlinia pojedyncza, nie
nalezy zostawia¢ pustych wierszy miedzy pozycjami literatury, odstep po 2 pkt
Tytut artykutu w jezyku angielskim (lub polskim) — wersaliki 11 pkt, pismo
grube, do lewego marginesu, interlinia pojedyncza, odstep przed 20 pkt, odstep
po 12 pkt

Nagtéwek Summary (lub Streszczenie) — pismo podrzedne 9 pkt, grube, od-
stepy migdzy znakami rozstrzelone co 2 pkt, odstep po 6 pkt

Streszczenie w jezyku angielskim (lub polskim) — 200-250 stow, pismo pod-
rzedne 9 pkt, wcigcie pierwszego wiersza 0,75 cm, interlinia pojedyncza, od-
step po 12 pkt

Stowa kluczowe — pismo podrzedne 9 pkt, bez akapitu, interlinia pojedyncza
Numer identyfikacyjny DOI — pismo podrzedne 9 pkt, bez akapitu

Terminy przestania artykulu do redakcji i przyjecia do druku — pismo pod-
rzedne 9 pkt, kursywa, bez akapitu, interlinia pojedyncza

Rozmieszczenie rysunkéw (ilustracji, fotografii, map, wykreséw, schematow)

1.

Materiat ilustracyjny nalezy umieszcza¢ mozliwie jak najblizej miejsca jego
powotania

Nie nalezy przekraczac pola zadruku (12,5 x 19 cm), w ktérym musi si¢ zmie-
$ci¢ i materiat ilustracyjny, i podpis

Wieksze rysunki (i inny materiat ilustracyjny) wraz z podpisem powinny zaj-
mowac cate pole zadruku, mniejsze za$ nalezy przesung¢ odpowiednio — do
lewego marginesu (na stronach parzystych), do prawego marginesu (na stro-
nach nieparzystych)

Podpis w dwoch jezykach: w jezyku artykutu i w jezyku angielskim, nalezy
umiesci¢ pod rysunkiem (i innym materiatem ilustracyjnym), w jego ramach,
bez kropki na koncu (jesli jest to material zapozyczony, nalezy poda¢ zrodto),
pismo podrzedne 9 pkt

Odstep miedzy materiatem ilustracyjnym a podpisem — 9 pkt, interlinia poje-
dyncza, odstep migdzy podpisami 4 pkt, odstep po 14 pkt

Opis stlowny na rysunkach nalezy ograniczy¢ do minimum, zastepujac go licz-
bami arabskimi, a objasnienia przenie$¢ do podpisu

Materiat ilustracyjny powinien mie¢ dobra jako$¢, nalezy ujednolici¢ forme
i opisy w calym artykule (pismo podrzg¢dne proste, od malej litery, maks. 9,
min. 6 pkt w zaleznos$ci od wielkosci rysunku)

Materiat ilustracyjny nalezy ponumerowac kolejno w ramach artykutu

Jezeli w artykule wystepuja rézne rodzaje materiatu ilustracyjnego, kazdemu
z nich nalezy nada¢ odrgbna, ciagla numeracje



10.

11.

Materiat ilustracyjny nalezy przygotowa¢ w odcieniach czarno-szarych (do
20% czerni), poniewaz przy wydruku czarno-biatym kolorowe rysunki sa stabo
lub catkowicie niereprodukowalne

Rysunki do druku kolorowego (za zgoda redaktora naczelnego czasopisma) na-
lezy przygotowa¢ w plikach .tif, .jpg

Rozmieszczenie tabel (tablic)
Tabela — zestawienie tekstow i liczb badZz samych liczb uszeregowanych w ko-

lumny i wiersze

Tablica — zestawienie tekstow i liczb wzbogacone dodatkowo elementami graficz-

12.

13.

nymi lub kolorystycznymi (niekiedy stanowig je tylko ilustracje)

Tabele (tablice) nalezy umieszcza¢ mozliwie jak najblizej miejsca ich powota-
nia
Nie nalezy przekraczac¢ pola zadruku (12,5 x 19 cm)

Wicksze tabele (tablice) wlacznie z tytulem zajmujg cate pole zadruku, mniej-
sze za$ nalezy przesung¢ odpowiednio — do lewego marginesu (na stronach pa-
rzystych), do prawego marginesu (na stronach nieparzystych)

Nad tabela (tablica) nalezy umiescic tytul w dwoch jezykach: w jezyku artykutu
i w jezyku angielskim. Tytut rozpoczyna si¢ calym stowem tabela (tablica)/ta-
ble i umieszcza nad nia, w jej ramach, bez kropki na koncu; pismo podrzedne
9 pkt, interlinia pojedyncza; jezeli tabela (tablica) jest zapozyczona, nalezy po-
da¢ zrédlo

Odstep przed tytutem tabeli (tablicy) 12 pkt, odstep mi¢dzy tytutami 4 pkt, od-
step miedzy tytutem a tabelg (tablicg) 8 pkt

Legenda po tabeli (tablicy) — odstep od tabeli (tablicy) 6 pkt, interlinia pojedyn-
cza, odstep po 14 pkt

Teksty w gtowce tabeli (tablicy), tj. w gornej, wydzielonej czgséci tabeli (ta-
blicy), objasniajace tres¢ kolumn zapisuje si¢ pismem grubym, rozpoczynajac
od duzej litery, teksty w boczku tabeli, tj. w bocznej, wydzielonej czesci tabeli,
objasniajgce tres¢ wierszy rozpoczyna si¢ duzymi literami — teksty w pozosta-
tych rubrykach sktada si¢ matymi literami

Tabele (tablice) nalezy numerowac kolejno w ramach artykutu. W przypadku
wystgpowania i tabel, i tablic nalezy nada¢ im odrgbng, ciagla numeracje
Jezeli tabela (tablica) nie miesci si¢ w jednym polu zadruku, mozna jg podzieli¢
i przenie$¢ na nastgpna strone czy strony — woéwczas nad wszystkimi czesciami
tabeli (tablicy) nalezy powtorzy¢ jej numer i tytul, ze skrotem (cd.)

Tabele (tablice) nalezy przygotowaé¢ w odcieniach czarno-szarych (do 20%
czerni), poniewaz przy wydruku czarno-biatym kolorowe tabele (tablice) sa
stabo lub catkowicie niereprodukowalne

Tabele (tablice) do druku kolorowego (za zgoda redaktora naczelnego czasopi-
sma) nalezy przygotowa¢ w plikach .tif, .jpg



Rozmieszczenie wzorow
1. Wzory nalezy umieszczaé z lewej strony, z wcigciem 0,75 cm, pismo proste 11
pkt, wartosci indeksow 1 poteg 7 pkt
2. Numery wzordéw nalezy umieszcza¢ w nawiasach okragltych, wyréwnujac do
prawego marginesu, pismo proste 11 pkt

3. Wzory powinny by¢ opatrzone objasnieniem wystgpujacych w nich elementow
4. Wzory, do ktérych sa odniesienia w tekscie, nalezy numerowac kolejno w ra-
mach artykutu

5. Dhuzsze wzory mozna dzieli¢ na znakach relacji lub dziatania — znak, na ktorym
si¢ przenosi wzor, nalezy pozostawi¢ na koncu pierwszego wiersza

6. Przed wzorem i po nim nalezy zachowa¢ odstgp 10 pkt

Rozmieszczenie spisu literatury
1. Spis literatury umieszcza si¢ za trescig artykutu, w kolejnosci alfabetycznej na-
zwisk autorow

2. Powolania na literature nalezy zapisywaé w tekscie w nawiasie kwadratowym
3. W spisie literatury nalezy umieséci¢ wytacznie te publikacje, ktore sg powoly-
wane w tekscie

PRZYKLADY:

Ksiazki

Lewandowski W.M.: Proekologiczne Zrddta energii odnawialnej, Wydawnictwa Na-
ukowo-Techniczne, Warszawa 2002.

Czasopisma
Pietrucha K.: Analiza czasu odnowy i naprawy podsystemu dystrybucji wody dla mia-
sta Rzeszowa, Instal, nr 10, 2008, s. 113-115.

Dokumenty elektroniczne

Zanotti G., Guerra C.: Is tensegrity a unifying concept of protein folds? FEBS Letters,
vol. 534, no. 1-3, 2003, pp. 7-10, http://www.sciencedirest.com [dostgp: 8 czerwca
2011 r.].

Rozmieszczenie streszczenia

1. Po literaturze umieszcza si¢ tytul artykutu, nagtdéwek Summary i streszczenie
w jezyku angielskim

2. Gdy artykut jest w jezyku angielskim, na poczatku nalezy umiescic streszczenie
w jezyku angielskim, a na koncu w jezyku polskim

3. Gdy artykut jest w innym j¢zyku kongresowym, na poczatku nalezy umiescic¢
streszczenie w jezyku artykutu, a na koncu w jezyku angielskim

4. Po streszczeniu umieszcza si¢ stowa kluczowe w tym samym jezyku co stresz-
czenie



Rozmieszczenie numeru identyfikacyjnego i informacji dodatkowych
1. Po stowach kluczowych nalezy umieséci¢ numer identyfikacyjny DOI
2. Pod numerem identyfikacyjnym zamieszcza si¢ terminy przestania artykutu do
redakcji i przyjecia do druku

Inne uwagi
1. W artykule mozna stosowa¢ wyliczenia — elementy wyliczen nalezy oznaczac
w catym artykule w sposob jednolity, np. za pomoca cyfr arabskich z kropka
lub matych liter z nawiasem

2. W artykule nalezy stosowa¢ ogolnie przyjete skroty, ale zdanie nie moze si¢
zaczyna¢ od skrotu — nalezy go wowczas rozwing¢ lub przeredagowac zdanie

3. W artykulach kazdy cytat musi by¢ opatrzony informacja bibliograficzna
(w formie przypisu na dole strony lub odwotania do spisu literatury)

4. Przypisy (pismo podrzedne 9 pkt) nalezy zapisywac w sposob jednolity w ca-
tym artykule, opatrujac je odnosnikami gwiazdkowymi (gdy jest ich niewiele)
lub liczbowymi, przyjmujac ciagla numeracj¢ w catym artykule i umieszczajac
kazdy przypis od nowego akapitu

PRZYKLADY:

1 M. Herezniak, Kreowanie marki narodowej — rola idei przewodniej na przyktadzie
projektu ,,Marka dla Polski”, [w:] H. Szulce, M. Florek, Marketing terytorialny
— mozliwosci aplikacji, kierunki rozwoju, Wydawnictwo Akademii Ekonomicznej
W Poznaniu, Poznan 2005, s. 344-345.

2 L. Witek, Wplyw ekologicznych funkcji opakowan na postawy rynkowe konsumen-
téw, Opakowanie, nr 5, 2006, s. 12-17.

3 J. Strojny, Zmiany gospodarcze i spoteczne w integrujqcej sie Europie, Zeszyty
Naukowe Politechniki Rzeszowskiej, nr 225, Zarzadzanie i Marketing, z. 5, 2006,
S. 45-50.

5. Nie nalezy pozostawia¢ na koncu wiersza tytulow znajdujacych si¢ przed na-
zwiskiem, inicjatu imienia, spojnikow, cyfr arabskich i rzymskich
6. Nalezy stosowac wylacznie legalne jednostki miar

Zachecamy Autorow do zapoznania sig z archiwum artykutow naukowych zawartych
w Zeszytach Naukowych Politechniki Rzeszowskiej oraz do wykorzystania ich w bi-
bliografii swojego artykutu.
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