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PREFACE
Importance of Research of Non-Linear Dynamics in Engineering Systems

The research in the field of Non-linear dynamics is very important in the area of real engineering
systems. The contemporary requirements for the noise and vibration reduction, as well as for energy
efficiency and sustainability increasing in all of engineering systems, lead to the increasing investment
in research project regarding engineering systems which are already in use, as well as systems under
development.

In the same time, in the contemporary worldwide research of analytical and numerical mechanics,
last few years new and original results have been appeared and could contribute for clearing up the
many of the phenomenon and for the explicit resolve up to date approximated relations. It is
particularly important in the design process of engineering systems with the problems with noise and
vibrations resulting from the not enough precise empirical calculation procedures. Every improvement
of the standard calculation procedures can also leads to the overcoming of the problems caused by the
present standard procedures devoted to oversized principles, and in that way to significant savings of
material and other natural resources.

Everything mentioned above has resulted in organization of the Mini-symposium "Non-Linear
dynamics with application in engineering systems", where we expect exchanging of ideas and
inspirations within wide range of researchers in the roles of lecturers and auditorium. In accordance
with this, the lecturers whose have been invited are the researchers from different areas in nonlinear
dynamics research, from analytical and numerical, via experimental research to applications in real
systems. | hope that this Mini-symposium will bring new ideas about the applications of original
theoretical results in real engineering systems and new connections between the present researchers,
and finally the exceptional important international publications.

I wish to express in front of me and the vice-chairman, dr Mirjana Filipovic, Associate Research
Professor from the Mihajlo Pupin Institute, the special thanks to the Mathematical Institute of the
Serbian Academy of Sciences and Arts on the opportunity of organizing Mini-symposium in this form.
Particularly, we want to thanks to Prof. Katica (Stavanovic) Hedrih, leader of the Project OI174001
"Dynamics of hybrid systems with complex structures. Mechanics of materials.", on great support and
research boundless energy she transfer on the project team members and all others who have had the
pleasure and honor to meet and work with her.

Chairman of Mini-symposium:

dr Ivana D. Atanasovska,
Mathematical Institute of SASA, Belgrade
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MMPEJATIOBOP
3Hayaj MCTPaKUBakba HeJIMHeapHe JMHAMHUKE Y HHKeHhePCKUM CHCTEeMHMA

UctpaxxuBama y o0JacTd HeIMHEapHE NWHAMUKE BEOMa Cy 3Ha4ajHA Yy PEaTHUM HHKECHEPCKUM
cUCTeMHMa. 3aXTE€BH KOjU CE JaHac IMOCTaBJbajy Yy TOIIIEAYy cCMamema Oyke W BHUOpaiuja, Kao U y
noryieny noBehama eHepreTcke epUKacCHOCTH W OJPKUBOCTH CBUX HHKCHECPCKAX CHUCTEMA, yTHUIAN
Cy Ha nosehame yiarama y HCTpaXkMBama cUcTeMa Koju ce Beh Hanase y IIMpOKOj yHnoTpeOH, Kao U
OHHUX KOJH CY Y Pa3BOjy.

Ca gpyre cTpaHe, y CaBpEMEHHUM CBETCKHM HCTPKUBAHLUMA aHAJMUTUYKE U HyMEpHUYKe MEXaHHUKE,
MOCJIEbUX TOJIUHA Cy ce y 00J1acTH HeJIMHeapHe TMHAMUKE II0jaBIUJIM HOBU M OPUTMHAIIHHU PE3YJITaTH
KOj MOTY JOINPUHETH pPacBEeTJbaBalby MHOIMX ()EHOMEHa W EKCIUIMIIUTHOM pelllaBamy IO cala
anpOKCUMHUPAHUX 3aBUCHOCTH. OBO je NMOCEOHO BaKHO Yy MPOLIECY KOHCTpyHCama HHKEHEPCKUX
cHCcTeMa KOJi KOjUX ce jaBjbajy mpobiemu Oyke W BHOpauja 300T HENPEHU3HHX EMITHPH]jCKUX
moctynaka mnpopadyHa. CBako yHampeheme cTaHIapJHMX IOCTyHaka IpopayyHa MOXe Takohe
JOBECTH U A0 TpeBasWiIaxema NpodiieMa IMpeJuMEH3MOHUCama KO0joj Cy IHocTojehn cTaHaapiHu
MOCTYIIU TPUBPKEHU, a HAa Taj HAYMH M O BEJHMKHX YIITEeJa MaTepujajia M OCTaJIHX pecypca y
MIPOU3BOIIHH.

CBe Hampesa M3HEIICHO MOBOJ] je OpraHM30Baky MUHHCHMIIO3WjyMa Moj HasuBoM "HenmHeapHa
JUHaMHKa ca NpUMEHaMa y WHXEHEPCKHUM CHCTeMHMa', Ha KOME O4YeKyjeMO pa3MeHy Hunueja u
WHCTIMpAaIFja MIMPOKOT Kpyra UCTpaKMBadya y CBOJCTBY IIpelaBava M CIymiaona. ¥ TOj HaAMepH, lia
OJIpXKe IMpeJaBama y OKBHPY OBOI MUHHCHUMIIO3WjyMa, MO3BAaHH Cy HCTPAXUBAa4M KOjH IPHIAAA]y
pa3NUYUTUM OOJNAaCTUM MCTpaXKUBamka y OKBUPY HEJIMHEapHe [IUHAMUKE, OJl aHAIUTHYKUX,
HYMEPHYKHX, PEKO eKCIIEPUMEHTAIHNX HCTPaXKHBamka U KOHKPETHUX clly4ajeBa mpuMeHe. Hagam ce
na he oBa) MUHUCHMITO31jyM M3HEIPUTH HOBE HJeje O IPUMEHH OPUTHHAIHUX TEOPHjCKUX pe3yJITara
KOJI PCaJTHAX WHXEHEPCKUX CHCTeMa U Jia he IpUCYTHH UCTPaKWBAYM OCTBAPUTH y OyayheM nepromy
ycnemHy MeljycoOHy capaamy koja he 3a pesyarar umaru meljyHapoiHO BpeiHe My OuKanuje.

Ha moryhHoctn opranmzoBama MwuHHCHIIO3WjyMa y OBOj (GopMH TMOCEOHY 3aXBAIHOCT MOpaM
u3pa3uTd MaremMaTHykoM HHCTUTYTY CpIicKke akajeMHuja HayKa M YMETHOCTH Yy CBOjeé UME H HUMe
Koopranuszaropa, Ip MupjaHe ®Puiunosuh, BuIIer HaydHOr capanHuka u3 MHcturyta Muxajno
[Mymua. Takohe, IIpod. Karumm (CreBanoBuh) Xenpux, pykoBomuorry mnpojekra OM174001
"JluHaMuka XHOPHIHUX CUCTEMa KOMIUIEKCHUX CTPyKTypa. MexaHuka marepujana', 3aXBabyjeMo ce
Ha BEJIMKO] MOJPLILIM U HEMCLPIIHO] UCTPAXKUBAUKO] EHEPTUjU KOjy IPEHOCH Ha UCTPa’KUBaue U3 CBOT
MIPOjEeKTHOT THMA H CBE OCTaJIe KOjH UMajy 3aI0BOJLCTBO M YaCT Jla Ce ca HOM YIIO3HAjy U paje.

Opranusatop MuHNCHMIIO3UjyMa:

np UBana JI. ATaHacOBCKa,
Matemarnuku naetutyT CAHY, beorpan
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Opening remarks: dr Ivana Atanasovska: “Importance of Research of Non-Linear Dynamics in Engineering

Systems”.
YBoana peu: 1p UBaHa AtaHacoBcka: ,,3Hauaj HCTPOKUBaba HEJIMHEApHE AUHAMUKE Y HHKCHEPCKUM
cucreMuMa’.

* %k

I Session. Chairman: Prof. dr Katica R. (Stevanovi¢) Hedrih, Mathematical Institute of SASA, Belgrade and
Faculty of Mechanical Engineering, University of Ni, Serbia
Prof. dr Valentina Golubovié-Bugarski, Faculty of Mechanical engineering, University
of Banja Luka, Bosnia and Herzegovina

I-1. dr Valentina Golubovié-Bugarski, Faculty of Mechanical engineering, University of Banja Luka, Bosnia
and Herzegovina, valentina.gb@unibl.rs

Modal Analysis of Nonlinear Structures

MogasiHa aHa/IM3a HeJTHHEAPHUX CTPYKTYypa

I-2. Petar Mandié, University of Belgrade-Faculty of Mechanical Engineering, Serbia
Prof. dr Mihailo Lazarevié, University of Belgrade-Faculty of Mechanical Engineering, Serbia

mandicpetar84(@gmail.com, mihailo.lazarevic@gmail.com

Stabilization of an Inverted Double Pendulum by Fractional Order Controller:
D-decomposition Approach

Craduau3anmja HHBEpP3HOT JBOCTPYKOT KJIATHA IPUMEHOM KOHTpoJIepa
HeweJsIor peaa: metoja /I pasiarama

I1-3. Prof. dr Radoslav Tomovié, Faculty of Mechanical Engineering, University of Montenegro

radoslav(@ac.me

A New Approach to the Analysis of the Dynamic Behavior of Rolling Bearing

HoBu npuctyn y aHa/IM34 AMHAMUYKOT OHALIAKA KOTPJbAjHOT Jlexkaja
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I-4. Prof. dr Radivoje M. Mitrovié, University of Belgrade-Faculty of Mechanical Engineering, Serbia
dr lvana D. Atanasovska, Mathematical institute of SASA, Belgrade, Serbia
NataSa D. Soldat, University of Belgrade-Faculty of Mechanical Engineering, Serbia
rmitrovic@mas.bg.ac.rs , iviatanasov@yahoo.com ,nsoldat2000@yahoo.com

Nonlinear Dynamics of Rolling Ball Bearings with Defects in the Outer Ring Race

Hennneapna AmHamMuKa KyrJIMYHUX KOTP/bajHHX Jexkaja ca omrehersuma Ha cTtazama
KOTP/batba CHOJbALIILUX PCTEHOBA

skekeskskoskskok

II Session. Chairman: dr Mirjana M. Filipovié, Mihajlo Pupin Institute, University of Belgrade, Serbia
Prof. dr Radoslav Tomovié, Faculty of Mechanical Engineering, University of
Montenegro

I1-1. Prof. dr Katica R. (Stevanovi¢) Hedrih, Mathematical Institute of SASA, Belgrade and
Faculty of Mechanical Engineering, University of Nis, Serbia, khedrih@sbb.rs

Extension of the Classical Theory of Impacts with Kinematics and Dynamics
of Collision of Two Rolling Bodies

Ipomupeme KIacHYHe TeOPUje y1apa KHHEMATHKOM U JHHAMUKOM
cylapa /iBa Tejla y KOTPJbamwby

II-2. dr Ivana D. Atanasovska, Mathematical institute of SASA, Belgrade, Serbia, iviatanasov(@yahoo.com
Prof. dr Katica R. (Stevanovié) Hedrih, Mathematical Institute of SASA, Belgrade and
Faculty of Mechanical Engineering, University of Nis, Serbia, khedrih@sbb.rs

A New Model of Vibro-impact Dynamics for Gears

HoBu Mojen BUOpo-y1apHe ITMHAMHUKE 3yMTYaHUKA

I1-3. Sanja Lj. Vasin, Military Technical Institute, Department of Experimental Aerodynamics Belgrade, Serbia,
Milosav B. Ognjanovié, University of Belgrade-Faculty of Mechanical Engineering, Serbia

vasinsanja@gmail.com, mognjanovic(@mas.bg.ac.rs

Influence of Nonlinear Vibrations on Gearbox Design

YTuuaj HeimHeapHUX BUOpaNyja HA MPOPAYYH 3yM4YacToOr MPEHOCHUKA CHare

II-4. dr Snezana D. Vulovié, Faculty of Engineering, University of Kragujevac, Serbia
Miroslav M. Zivkovié, Faculty of Engineering, University of Kragujevac, Serbia
vsnezakg@gmail.com, zile@kg.ac.rs

Finite Element Method Application in Nonlinear Analysis of Real Mechanical Systems

IIpumena MeToae KOHAYHMX eJIeMEHATa y HeJIMHEAPHUM aAHAJIM3aMa PeaJIHUX cucTeMa



70 years of the Mathematical Institute of SASA, Belgrade, Serbia
Mini-symposium “Non-Linear Dynamics with Applications in Engineering Systems”
Mathematical Institute of SASA and Project OI 174001, Belgrade, Serbia, October 26, 2016

III Session. Chairman: Prof. dr Mihailo P. Lazarevié, University of Belgrade-Faculty of Mechanical
Engineering, Serbia
dr lvana D. Atanasovska, Mathematical institute of SASA, Belgrade, Serbia

III-1. Milo$ M. Zivanovié, EDePro Company, Control Department, miloszivanoviccar@gmail.com
Conceptual Design of Automatic Control System for a Turbojet Engine

KoHuenTyajaHu iu3ajH ayTOMATCKOT CHCTEMA YIPaB/baiba 32 TYpOOMIIa3HE MOTOP

II1-2. dr Mirjana M. Filipovié, Mihajlo Pupin Institute, University of Belgrade, Serbia,
mira@robot.imp.bg.ac.rs

Nonlinear Dynamics of Robot and its Working Space

HeauneapHa 1MHAMHKA Po60Ta U H-E€T0B PA/IHU NPOCTOP

II1-3. dr Jovan Tanaskovié, University of Belgrade-Faculty of Mechanical Engineering, Serbia,
jtanaskovic(@mas.bg.ac.rs

Non-linear Dynamics Analysis of Absorption Process of Collision Kinetic Energy
of Rail Vehicles using Finite Element Method

He.]mneapﬂa JUHAMHUYKA aHAJU3a 1npoueca ar[copmmje KHUHETHYKE eHeprnje cyaapa
IUWHCKHUX BO3UJIA MeTO}IOM KOHAYHHX eJIeMeHaTa

II1-4. dr Dejan B. Mom¢ilovié, Institute for testing of materials, Belgrade, Serbia,
dejanmomcilovic@yahoo.com

High-speed Impact Dynamics

JuHamMuka yiapa npu BeJTMKHUM Op3uHaMa
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MODAL ANALYSIS OF NONLINEAR STRUCTURES

Valentina Golubovi¢-Bugarski

Faculty of Mechanical Engineering
University of Banja Luka
Banja Luka, Bosnia and Herzegovina
E-mail: valentina.gb@unibl.rs

ABSTRACT

The main goal of modal analysis is to develop mathematical model of the structure based on experimental
parameters derived from vibration measurement. Modal analysis is based on the assumption that the dynamic
behavior of the test structure is linear. This implies that if the load of the structure is increased for example
twice, then the deflection of the structure increases twice too, as well as that the deflection of the structure for the
simultaneous action of two or more forces equals the sum of the deflections resulting from individual action of
each force. In practice, most of the real structures show a certain degree of nonlinearity, as a result of nonlinear
dynamic characteristics of joints, boundary conditions and material properties such as plasticity. If the
nonlinearity of the structure is significantly expressed and could not be ignored, it is necessary in that case to
apply some of nonlinear modal analysis methods. The essential function necessary to be measured is the first
order frequency response function (FRF), which is not unique for the nonlinear systems and depends on the
amplitude of the excitation force and the type of excitation signal. Therefore, in the nonlinear modal analysis it is
extremely important to choose the appropriate excitation technique (transient, sinusoidal or random excitation
signal). Nonlinear modal analysis gives answers to the following questions: whether the nonlinearity of structure
exists (detection), which is the degree of nonlinearity (quantification), which is the physical nature of the
nonlinearity, and where is location where the nonlinearity arises. This paper explains how the type of excitation
method affects the detection of nonlinearity in the structure. It is shown how to perform the detection procedure
for revealing the nonlinearity in the structure using the Overlaid Bode Plot method and the Inverse FRF method.
Also, the paper explains how to perform the quantification of nonlinearity, that is determination of the
relationship between the modal parameters and structure’s response amplitude levels using the Inverse FRF
methods.

Keywords: nonlinear modal analysis, first order frequency response function, identification of nonlinearity.

REFERENCES

[1] Maia, N. M. M., Silva, J. M. M. (1997), Theoretical and Experimental Modal Analysis, Research Studies
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[2] Ewins, D. J. (1984), Modal Testing: Theory and Practice, Research Studies Press LTD, Letehworth, England.

[3] Dresig, H., Holzweizig, F. (2010), Dynamics of Machinery-Theory and Applications, Springer.
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MOJAJIHA AHAJIU3A HEJIMHEAPHUX CTPYKTYPA

Banentuna I'ony6oBuh-byrapcku

MammHckn pakynTer
Yuusepsurer y bawoj Jlynm
bama Jlyka, bocHa n Xeprerosuna
E-mail: valentina.gb@unibl.rs

AIICTPAKT

MopanHa aHanu3a MMa 3a Wb M3rPAABy MAaTEMaTHYKOr MOJENA CTPYKType Ha 0a3n eKCHepUMEHTAIHHX
nmojaraka NOOWjeHHX MjepemeM BuOpanuja. ba3upana je Ha TpPETNOCTaBIM Ja je AWHAMUYKO MOHAIIAHE
UCIIUTHBAHE CTPYKTYpe JrHeapHo. [loa oBMM ce nmoapasyMujeBa qa ako ce ontepeheme cTpykrype noseha HIip.
JBOCTPYKO, OHZa ce U yrud cTpykrype moBeha ABOCTYpKO, Kao M Ja je yrub CTPYKType MpPU HCTOBPEMEHOM
JjeloBamy JBUje WM BHIIE CHJIAa jeHAK CyMH yruba KOjH Cy pe3yiTaTr I0jeMHa4YHOr JjeloBama cuia. Y
npakcu, BehMHa peajHUX CTPYKTypa I[OKa3yje H3BJECHH CTCHCH HEJIMHEAPHOCTH, IITO j€ MOCIhEIHIA
HENMHEApHUX JUHAMHYKHX KapaKTepUCTHKa Be3a, IPaHMYHUX YCJIOBA M OCOOMHA MaTrepHjajia Kao LITO je
IUIACTUYHOCT. AKO CY HEIMHEAPHOCTH CTPYKTYpPE 3HATHO U3PaKEHE M HE MOTY CE 3aHEMapUTH, Y TOM CIY4ajy je
moTpeOHO TPHMHjEHUBATH METOJe HeNnHeapHe MopjanHe aHaiuze. OCHOBHa (yHKIMja KOjy je HOTPeOHO
m3Mjeputn je ¢ynkuuja ¢Ppexsenuujckor on3uBa (FRF) mpBor pena, koja 3a HelMHEapHH CHCTEM HHje
JEIMHCTBEHA M 3aBUCHA je O/ aMIUIMTyJe MoOyJHe cuiie W Tha curHaia mooOyne. Crora je y HeIMHEApHO]
MOJIAJIHOj aHAJIM3K U3Y3€THO Ba)XKHO M3abpatu oArosapajyhy TexHuKy nodyhuBama (TpaH3UjeHTHH, CHHYCOUIHH
WY CIIy4ajHH TUI CUTHana nodyzae). Y MOJalHOj aHAIU3U HeIIMHEapHUX CTPYKTYpa MOTPEOHO je OATOBOPUTH Ha
cipeneha mmrTama: a M HEJNIMHEAPHOCT CTPYKType TOCTOjH  (MACHTH(UKAIMja), KOJMKH j€ CTEeIeH
HeJIMHeapHOCTH (KBaHTH(]HKaIMja), Koja je (u3uyYKa NpUpoJa HEJIHMHEApHOCTH, Te Ha KOjO] JIOKALUjH Ce
HEJIMHEApHOCT jaBJba. Y OBOM pajy O0jalllleHO je Kako W300p Merone molynae yTHde Ha MICHTU(DHUKALU]Y
HENMHEapHOCTH CTyKType. [IpHKka3zaHo je Kako ce BpHIM JeTeKIHja HEIMHEapHOCTH CTPYKTYpe METOIOM
npekiorbeHor bogeoBor aujarpama u meromoM uHBep3He FRF. Takohe, y pany je 00jalimeHo Kako ce MOXKe
M3BPIINTH KBaHTH(UKANMja HEIMHEAPHOCTH, Tj. yTBphHBame oqHoca m3Mel)y MojalHUX mapaMeTapa U HHUBOA
0J131Ba CTPYKTYpE, IpuMjeHoM Metona naBepsHe FRF.

Kbyuyne peum: HenuHeapHa MoJaNHa aHanmu3a, (QyHKOMja (QpeKBEHIMjCKOT OJ3WBa NPBOT  peja,
uaeHTu(UKaMja HeJTMHEapHOCTH.
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STABILIZATION OF AN INVERTED DOUBLE PENDULUM BY FRACTIONAL
ORDER CONTROLLER: D-DECOMPOSITION APPROACH

Petar D. Mandi¢, Mihailo P. Lazarevi¢

Department of Mechanics

Faculty of Mechanical Engineering, University of Belgrade
Belgrade, Serbia
E-mail: pmandic@mas.bg.ac.rs, mlazarevic@mas.bg.ac.rs

ABSTRACT

Many systems in nature are inherently under-actuated, with fewer actuators than degrees of freedom.
However, even with reduced number of actuators, these systems are able to produce complex movements. To be
capable of performing such motions, complex control algorithms must be implemented. Classical benchmark
examples for studying problems of this kind include inverted pendulum systems. This paper deals with stability
problem of two types of inverted pendulum controlled by a fractional order PD controller. Double inverted and
cart inverted pendulum are highly nonlinear mechanical systems with one control input and two degrees of
freedom. Detailed mathematical model of both pendulums are derived using the Rodriguez method. Stabilization
of pendulum around its unstable equilibrium point is achieved by using the fractional order PD® controller, in
combination with partial feedback linearization technique. There are several methods for determining stability
region of a closed loop system, and D-decomposition is one of them. Herein, D-decomposition method is applied
to the inverted pendulum case, and determining its stability regions in parameters space of a fractional order PD
controller is presented. D-decomposition for linear fractional systems is investigated, and for the case of linear
parameters dependence. Fractional order control laws are represented by a transfer functions which are not
rational, which gives rise to a problem of practical implementation of the corresponding control algorithms. A
method for rational approximation of linear fractional order systems used in this paper is computationally
efficient, accurate, and relies on the interpolation of the frequency characteristics of the system on a predefined
set of target frequencies. The performance of the proposed method is demonstrated with experimental
verification of the stabilization control of the inverted pendulum system.

Keywords: inverted pendulum, fractional order PID control, asymptotic stability, D-decomposition technique,
rational approximations.
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Mamuncku akynrer YHuBepauteTa y beorpany
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AIICTPAKT

MHoru cucTeMH y IMPUPOJM Cy HEpeLyJaHTHHU Ca CTAHOBUILTA YIPaB/baha, Tj. UMajy Mame YNPaBIbaUKHX
BEJIMYHMHA HETO CTENeHH ciiodone. MehyTuM, oBU cucTeMu criocoOHHM Cy 3a U3BOleHbe CIIOKEeHUX MokpeTa. [la ou
To Ommo Moryhe, Mopajy ce NPHUMEHHTH CIOKEHH YHPaBbaukd anroputMmu. KIilacHYHM TpHMepH OBaKBHX
CHCTeMa Koje M3ydaBajy HayYHHIH Cy CHCTEMH THIIa MHBEP3HOT KJIATHA. Y OBOM pajy, IpHKa3aHa Cy [Ba THIA
MHBEpP3HOI KJIATHAa YHpaBJbaHHX IoMohy ¢pakmuoHor IIJ] perymatopa. JIBOoCTpyKO WHBEp3HO KIATHO H
JIMHEeapHO MHBEP3HO KJIATHO Cy HENMHEapHW MEXaHWYKU CHCTEMH ca jeHOM YIPaB/hauKOM BEITMYMHOM M JBa
cremeHa cnobone. Kopucrehn PoxpuroB mnpucTynm ommcaHM Ccy MareMaTHYKd Mojend oba KIIaTHa.
Crabunuzanyja KiaTHa OKO HECTAOMJIHOI IOJIOXKaja paBHOTEXKE MOCTUTHYyTa je ymnorpedoM dpakiuonor I1J1
perynaropa, y koMmOuHanuju ca TexHukoM mnapuujanHe feedback nmneapusanuje. IlTo ce Tuye noMeHa
CTaOMJIHOCTH 3aTBOPEHOI CHCTEMa yIpaBJbama, MOCTOjH BHIIE METOJA 32 HEroBO padyHame, a meroma -
pasnarama je jemHa on wux. OBne je Merona [l-pasnaramba NpUMEHCHA 3@ CIy4aj] WHBEP3HOT KJIaTHA U 3a
onpehuBame ToMeHa CTaOMIIHOCTH Yy MapaMeTpackoj paBHH (pakuuoHor perynartopa. [Ipukasana je mpumeHa
OBE METOJe 3a JHMHeapHe (pakIMOHE CUCTeMe, M 3a ciydaj JIMHeapHe 3aBHCHOCTH H3Mel)y mapamerapa.
VY1paBibauky anropuTMH (GpaKIHOHOT THIIA CY TIPEACTaBIECHHI HepallMOHATHIM NPEHOCHIM (yHKIMjaMa, ycien
gera ce jaBJba IpoOIIeM PaKTHIHE UMIUIEMEHTAIMje HAaBEICHUX alTOpUTaMa. Y OBOM pajy je IPHMEHEH METO
3a palOHANHy aNpOKCHMAIMjy JHHEApHHX (PAKIHOHUX CHCTeMa KOjH je MOTOIaH 3a MMIUIEMEHTAIHjy Ha
padyHapy, M 3aCHHBA C¢ Ha MHTEpHONanUju ()PEeKBEHTHE KApaKTEPHUCTHKE CHCTEMa Ha OCHOBY IPETXOIHO
n3a0bpaHuX KapaKTepUCTHYHUX (pekBeHnHja. EQukacHoCT oBe MeToe IeMOHCTPHPAHa je eKCIIePHIMEHTAHO Ha
HpHMepy 1abopaTOPHjCKOT HHBEP3HOT KJIaTHA.

KbyuHne peun: uHBep3HO KiaTHO, ¢paxuuonu ITMJ] ymnpaBibauku ajropuraM, acUMITOTCKa CTaOHIHOCT,
MeTona Jl-pasnarama, parjoHaIHe alpOKCHMAIHje.
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ABSTRACT

The analysis of rotating machines operation is one of the most complex areas in engineering practice. The
characteristics of bearing supported the rotating machines have a great influence on the behavior whole
machinery. Rolling bearings are most commonly used elements for rotating machines supporting. Constructional
features and operation quality of the rolling bearings often have a decisive influence on the working capacity and
working condition of the whole rotating system.

Of all the quality indicators for the bearing design and quality, the analysis of the dynamic behavior has the
greatest significance. Dynamic behavior reflects very well almost all the features of the design, manufacture,
installation and operation of bearings. The analysis of the dynamic behavior can very reliable and very early
predict the largest number of defects and problems in the rolling bearings, and eliminate them in same time. Any
tendency for analyzed and increased the performances of the rotating system, as a basis must have an efficient
mathematical models of the dynamic behavior of the rotor supported with the rolling bearing.

This paper presents a new approach to mathematical modeling of roller bearings. The model considers two
limit positions of inner ring supporting - to the odd and to the even number of rolling bodies. The new approach
is characterized by great simplicity, which makes it very suitable for practical application. The basis of a new
model is represented with the equation of rigid rotor oscillation inside the rolling bearing. According to this
equation rigid rotor oscillation frequency in an ideal rolling bearing with the internal radial clearance is equal to
the frequency of rolling elements crossing over some fixed points on the outer ring of the bearing. The amplitude
of these oscillations is directly dependent on the size of the relative displacement of the bearing rings due to
internal radial clearance and the value of the contact deformation on the contact surfaces between the rolling
elements and the bearing ring races. The new model provides a very simple approach for the calculation of the
amplitudes, which makes it very suitable for practical application. The model was successfully verified by
experiments. The results of experimental analysis are presented in this paper.

Keywords: Rolling bearing, Vibrations, Contact deformation
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AIICTPAKT

AHanmza paga poTalMOHUX MallWHA MMPEACTaBJba jeIHO O] HajBXKHU]HX MOAPYYja Y HHKUBEPCKO) MPAKCH.
Benuku yTunaj Ha MOHAIIAKE POTALMOHUX MAIIHHA UMAjy KapaKTePUCTHKE YICKUIITEHa Y KOja Cy POTALMOHH
eNIeMEHTH oclolkeHH. KoTpipajHu JiexkajeBn cy Hajuemhe KOpUIITNCHH €JIEMEHTH 3a OCIAmame POTALMOHUX
MammHa. KOHCTPYKIMOHE KapaKTepPHUCTHKE M KBAJIUTETE paja KOTPJhajHHX JICkKajeBa 4ECTO MMajy HpecyHaH
yTHIIA] HA PaJHy CIIOCOOHOCT U PajHy MCIPABHOCT LEJIOT POTALIMOHOT CHCTEMA.

Op cBHX IOKa3aTesba KBAIUTETA KOHCTPYKIIMjE U KBAJIUTETA pajia JieKaja, aHaJIu3a JUHAMHYKOT MOHAIlamba
uMa Janeko HajBehu 3Hauaj. [IMHAMHYKO NOHAIIamke BeoMa J0OpO OJCINKABA CKOPO CBE KapaKTEPHCTHKE
KOHCTPYKIIMje, M3pajie, MOHTaXE M CKCIUIoaTaluje jexajeBa. AHAIN30M JIHHAMHYKOL MOHalIama Mmoryhe je
BEOMa MOY3/1aHO U BPJIO paHO HpenBuajeTH HajBehn Opoj HeqocTaTaka Be3aHUX 332 KOTPJbajHE JIS)KajeBe, TC HCTE
Ha BpHjeMe OTKIOHHTH. CBaka TeXa 3a aHamm3oM W noBehameM nepdopMaHCH POTALMOHHX CHCTEM, Kao
OCHOB MOpa MMaTH e(prKacaH MaTeMaTUUKH MOJICIH JHHAMUYKOT MMOHAIAka POTOPa OCIOHBEHOT Y KOTPJbajHOM
TIexKajy.

VY 0BOM pajy je mpeAcTaB/beH HOBU IPHUCTYI Y MATEeMaTHYKOM MOJCIHPAamy KOTPJhajHHUX JIekajeBa. Moaer
pa3Mmarpa JjBa TpaHMYHA II0JI0Kaja OCJamarma YHYTpAlIker IPCTCHA - Ha IapaH ¥ HemapaH Opoj KOTpJbajHHUX
tujena. HoBu mpucTyn ce oJJIMKyje BEIHKOM jeAHOCTaBHOWINY, INTO I'a YMHU BEOMA MOTOAHUM 3a MPAKTHUYHY
npumjery. OCHOBY HOBOT' MOJIeJIa MPEJCTaBJba jeJJHAYNHA OCLMWIIOBAA KPYTOT POTOPa y KOTPJHajHOM JICKA]y.
IIpema oBOj jemHauumHM (pPEKBEHIMja OCLMIOBaEka KPYTOI POTOpa Yy HJCATHOM KOTpPJhajHOM JIexajy ca
YHYTpAIIBLAM pagujalHIM 3a30pOM je jeqHaka (peKkBeHLUjH Hpenacka KOTPJbajHUX Tella MPEeKo Heke (HKCHe
Ta4yKe Ha CIIOJBAIIELEM INPCTEHY JeKaja. AMIUTHUTYAA OBHX OCLMNALHMja AUPCKTHO j€ 3aBHUCHA O] BEIHUYHMHE
peNaTHBHOT IMOMjepama MPCTEHOBA JIeKaja yclIeA YHYTpPaLIlber PaJdjalHOr 3a30pa M BEJMYMHE KOHTaKTHHX
nedhopManyja Ha JOJUPHUM TOBpINMHAMa H3Mel)y KOTpJbajHUX Tella M KOTpJhajHHX CcTasa Jiexaja. HoBu Mozen
Jlaje BeOMa jeZIHOCTaBaH MPUCTYII 3a MPOPAaYyH OBUX aMIUTUTY/A, IITO T'a YHHH BEOMa IIOTOJHUM 38 NMPAKTHYHY
npuMjeHy. Mozen je yCIelHO MpoBjepeH eKIepUMEeHTOM. Pe3ynTaTi ekcriepuMeHTalHe aHalu3e Cy MpUKa3aHH

y pany.
Kibyune peun: Kotpseajuu nexaj, BuOpauuje, KOHTaKTHE JieopmMalyje.
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ABSTRACT

Ball bearings are widely used machine elements in almost all devices and machines. Nowadays, request to be
reach by bearings become more exact, with a special emphasis on energy savings, longer working life and noise
and vibration reducing. Besides that, a special attention is paid to studying of different factors which cause
rolling ball bearing defect and methods for failure prediction improving. Dynamic behavior is one of the most
important bearing characteristics and reflects almost all characteristics of design, production, assembly and
bearing operation.

Considering the fact that forces with variable intensity and direction are accting on bearing assembly, elastic
deformations are appeared in contact between balls and rings. Due to nonlinear dependence of contact between
contact force and deformation, this deformation lead to the vibrations that are not purely periodic. Because of the
effect of ball contact forces on ring races, balls are moving from an ideal position in a cage, and periodic variable
stiffness of ball bearings, as one of the main parameters for generating vibrations, are occurred as a result.

Contact between ring race and balls can be considered as non-linear spring, whice deformation is changed
non-linearly with load increasing. The nonlinear model used in the presented research has been reduced to the
systems with a less number of degrees of freedom, in order that appropriate numerical methods for nonlinear
problems solving could be used. The Finite Element Analysis is used for solving the task of mechanism of
contact between balls and ring race [1, 2, 3]. The developed model is intended to determine the effect of periodic
variable stiffness to the nonlinear dynamic behavior of ball bearings with defects in the outer ring race. The most
important output characteristic of this model is bearing elements vibrations.

Keywords: Ball bearings, Stiffness, Vibration, Finite Element Analysis
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AIICTPAKT

KotpspajHu nexaju cy MupoKo KOpUINeHN MAIIMHCKH €1€MEHTH Y TOTOBO CBUM ypehajuma u MammHaMa. ¥
JIAHAIIHE BPEME 3aXTEBH KOjH CE MOCTaBJbajy MpE HHX MOCTajy CTPOXKHUjH, PU YeMy ce mocebaH akieHaT ce
CTaBJba Ha YyLITENy CHEpruje, Ay>KH PaJHH BeK U CMamemhe HuBoa Oyke u BuOpanuja. [lopex Tora, moceOHa
naxma ce nocBehyje mpoydyaBamy pasiHUUTHX y3poKa KOjH JOBOJe 1O omTehema KOTpJhajHUX JIexkaja U
ycaBpIaBamy IIOCTyIaka 3a HpenBubhame HBUXOBOT OTKaza. [[MHAMHYKO TOHAINAKke MpPEICTaBba jeIHY O
HajBOXHHUJUX paJHUX KapaKTePHCTHKA Jiexkaja U JT0OpO OCIHKaBa CKOPO CBE KapaKTEPUCTHKE KOHCTPYKIIHje,
n3pajie, MOHTaXKE U eKCIUIoaTaluje JIexaja.

C 003upoM J1a Ha JIeKAjHU CKIIOM JENYjy CUIie MPOMEHJbUBOT MHTEH3UTETA, MpaBlia U cMepa, Y KOHTAKTy
KOTpJbAjHUX Tela W IPCTEHOBa JIeKaja jaBibajy ce enactuuHe nedopmanuje. 300T HeIHHEpaHe 3aBUCHOCTH
n3Mel)y KoHTakTHHX JedopMalvja 1 KOHTAKTHUX CHJIa OBe JedopMaliije yTuiy Ha I0jaBy BUOpalja Koje HUCY
YHCTO NMEpUOJUYHE. YCJen AejCTBAa KOHTAKTHUX CHJIA KOjUMa KOTpJbajHa Tesla JAeNyjy Ha CTa3e KOTpJbama,
KOTpJbajHa Teja ce MoMepajy O MACATHHX IMOJI0XKaja y KaBe3y, YCIIe Yera ce jaBjba MepHOJANIHO TIPOMEHIbUBA
KPYTOCT JIeXkaja, Kao je[laH O TJIaBHUX NlapaMeTapa 3a TeHepucame Budpanyja.

KonrakT u3mel)y KOTpJbajHHX CTa3a U KOTPJbajHUX Teja MOXKE Ce MOCMATPaTH Kao HeJIMHeapHa Onpyra, Yuja
ce nedopmanyja Mema HenmrHeapHO ca noBehamem ontepehema. Kopuinhenn HenmmHeapHH MOJEN CBOIU ce Ha
CHCTEM Ca MambHM OpojeM cTerneHH clio0oze 1a Ou nmpuMeHa oAroBapajyhux HyMEpHUKHUX METO/A 3a pelllaBame
HeNMHeapHoT npobieMa Omia Moryha. 3a penraBame npodieMa MeXaHn3Ma KOHTaKTa u3Mel)y KOTpJbajHuX Tena
U cTa3a KoTpJhama KopuiiheHa je Mertona koHauHuX enemeHata [1, 2, 3]. Pa3BujeHH Mojen HaMEHEH je 3a
yTIBphUBame yTHIaja MEPHOTMYHO MPOMEHUBE KPYTOCTH HA I0jaBy HEIWHEAPHOT IUHAMUYKOT IOHAIIamka
nexaja ca omrehielbuMa Ha cTa3W KOTpJbama. HajBakHWja W3/Ma3Ha KapaKTepUCTHKa M3 OBOI MoOeia Cy
BUOpaIMje eJeMeHara Jexaja.

Kibyune peun: KotpsbajHu Jexkaj, KpyTocT, Bubpaiuje, MeTona KOHaYHUX eleMeHaTa
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ABSTRACT

Extension of classical theory of impact with kinematics and dynamics of collision of two rolling axially
symmetric bodies is presented. Element of kinematics of collision two rolling bodies are identified and presented
by numerous Figures of central centric collision, as well as skew collision of two rolling bodies, and it is derived
a conclusion that arrival and outgoing angular velocities of each of the rolling bodies before and after collision
are representative Kinetic parameters for description kinematics and dynamics of the central and also skew
collision of two rolling bodies.

Hypothesis of sum of angular momentum conservation of two rolling axially symmetric rigid bodies after
collision in comparison before collision is introduced. New definition of the coefficient of collision is defined by
arrival and outgoing angular velocity of the rolling bodies in collision is presented. Expressions of the outgoing
angular velocity of each of axially symmetric rigid bodies, after collision, are derived. Those new results are
obtained by Mihailo Petrovi¢’s theory [1-4]: Element of mathematical phenomenology and Phenomenological
mappings. Obtained results are proofed elementary, considering local deformations by compression and
extension around contact point of the bodies in collision state during very short period of collision.

Use these new results of the extension of the classical theory of impacts, new methodology for investigation
vibro-impact dynamics of the system containing rolling bodies moving along curvilinear traces [5-8] and in
successive collision is established.

Presented new theoretical results can be applicable in numerous dynamics of engineering vibro-impact
systems containing rolling bodies.
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AIICTPAKT

Ipommpena je KiacH4Ha TEOpHja yaapa M cyaapa KHHEMAaTHKOM M JHHAMHKOM CyJaapa IBa aKCHjAIHO
CHMETpPHYHA KpyTa Tejia y KOTpJbatby. EJleMeHTH KHHEeMaTHKe CyAapa Ba akCHjalHO CHMETPHUYHA KPyTa Tena y
KOTpPJhamyCy UICTU(GUKOBAHAHY U IPEICTaBJbeHU MHOTOOPOJHUM CIIMKaMa IIEHTAIHOT LEHTPHYHOT Ccyaapa, Kao
1 KOCOT' cyzapa JiBa KpyTa Tena y KOTpJbamy. V3BeleH je jemaH BakaH 3aKkJbydyak Jla Cy JOJa3He M OJJIa3He
yraoHe Op3uHE CBAaKOr 0/ KOTPJbajyhux Tena mpe U rnocie cyaapa penpe3eHTaTHBHA KHHEMATHYKH TATaMETPH 32
OIICUBAbE KNHEMATHKE M ANHAMHKE KaKO [IEHTPAJHOT, TAKO U KOCOT CyJapa./iBa Tela y cynapy.

VBenaHa je XHIoTe3a 0 KOH3epBalMju 30Mpa MOMEHTa KOJMYMHE KpeTama (MOMEHTa UMITyJIca) JABa Tella y
KOTpJbalby OKO TPEHYTHHX OCa KOTpJhama IMocie cynapa y mopehemy ca HCTOM Ipe cynapa. 3aTHM je yBeleH
Koe(DUIMjeHT cynapa IiBa Tella Koja ce KOTpJpajy Npe W Iocie cyaapa W AehHHHCAH MOMONY JOJa3HUX H
OJTa3HHUX Op3MHA CBAKOT O] TeJla Ipe U mocie cynapa. Takohe cy M3BeJCHH HOBU M3pasH 3a OJJa3HE YraoHe
Op3MHE CBaKOT 0] KOTpJbajyhimx ce Tena nocie cyaapa. Tu pesynratu cy nodujeHu nomohy teopuje Muxamia
IlerpoBuha [1-4]: Enementu marematnuke ¢eHoMmeHosoruje u OeHOMEHOIOIKOr IpeciukaBame. JlooujeHu
pe3yJITaTH Cy MPOBEPEHH U JIOKA3aHU €JIEMEHTapHUM IPHCTYIIOM aHAIM30M JIOKalHe Aedopmaryje Tena oKo
Ta4yKe KOHTAKTA y CyHapy, a y IepHOIy KOMIIPECHje U eKCTeH3Hje JIOKAITHE 30He y Cyaapy.

KopumhemeM THX HOBUX pe3ysTaTa NpOLIMpEHha KIACHYHE TEOpHje yAapa KMHEMAaTUKOM M JIMHAMHUKOM
CyZAapa /iBa Tela y KOTpJbamy, IOCTaB/beHA je HOBA METOIOJIOTH]a N3yJaBama BUOPOyJapHe TUHAMUKE CHCTEMA
KOjU cazipke KoTpJbajyha Tena, koja ce kpely 110 KpUBOIUHU]CKUM ITyTamaMa [5-8], a y cyKllecuBHUM Cyaapuma
cy.

JloOujeHn W TpeACTaBJbeHH HOBH PE3YyJTaTH OTBapajy HOBE MOTYNHOCTH 3a NPHUMEHE y HCTPaKHBaIby
BUOpOYIApHUX JWHAMHKA HHKXCHEPCKUX CHCTEMa KOjU caapike KoTpibajyhe eneMeHTe, KOjU ce CYKIECHBHO

cynapajy.
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ABSTRACT

A new model for vibro-impact dynamics of gears is developed and presented. The vibro-impact gears
dynamics is characterized with vibro-impact vibrations in teeth contact during a short period of time after the
collision of pinion tooth and wheel tooth, caused by variation of the number of teeth pair. A model of the central
centric collision of two fictive rolling disks with radii equal to the radii of kinematic diameters of pinion and
wheel, and with current rolling axes in collision in the rotation axis of pinion and wheel, are used to describe the
vibro-impact dynamics of gears [1-4]. The influence of gear masses is taking into account by axial mass
moments of inertia for the current gear axis of rotation. The angular velocities of the pinion and the wheel before
and after every collision, and before and after every successive impact are calculated in accordance with the
postulates of the extension of the classical theory of impact and collision of two rolling axially symmetric rigid
bodies [1-4].

A new formula for calculations of the time periods between teeth collisions, as well as between teeth
successive impacts after collision are derived in accordance with some assumptions. The direct reading of
distances from the CAD models of meshed gears [5] is used for defining of the necessary geometric dimensions
for a particular gear pairs. Also, the set of equations for calculation of a disturbance angular velocity of pinion,
which is responsible for phenomenon of vibro-impact vibrations in gear teeth contact, are developed. This
velocity depends of a tooth profile pitch deviation as well as from the total deformation of teeth pair, obtained by
Finite Element Analysis [5].

A particular gear pair with such a geometry which could lead to vibro-impact vibrations [5] is used for new
method presentation. For different values of transmission ratio, and with the same contact ration, the following
variables are calculated for the pinion and the wheel: angular velocities, angular momentum, kinetic energy and
transmission ratio. A similar analysis is performed also in the case when coefficient of collision has been varied
for the value for ideal elastic collision through other possible values. The conclusions about the new model
application possibilities are presented and discussed.
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AIICTPAKT

Pa3BujeH je u mpUKa3aH HOBM MOJEN BHOPO-ylIapHe AMHAMHKE 3yIYaHWKa, KOja ce KapaKTepuile BUOpO-
yIapHAM BHOpalMjaMa KOHTakTa 3y0ala y jeJHOM KparkOM BpPEMEHCKOM IepHOAY HAKOH yjaapa 3ymia
MOTOHCKOI' 3yMYaHWKa y 3y0all TOEEHOI 3yM4YaHWKa, a MpH NpOMEHH Opoja mapoBa 3ydama y copesu. 3a
OINCUBAE BHOPO-ylapHE AWHAMHKE 3yNYaHMKA KOpUIIheH je MOAeN LEeHTPAaIHOT LIEHTPUYHOT cylapa IBa
KoTpJhajyha (UKTHBHA HIUCKa, Ca MOIYNPEUHUIMMA jeIHAKHM IOJTYyNPEYHHUINUMA KHHEMAaTCKHX KpPYy>KHHIIA
3yMuUaHHWKa, U ca 0cama poTalHje 3ymYaHruKa Kao TPEHYTHHM ocama KOTpJbarba Mpu cynapy, [1-4]. Yruuaj maca
3yIuUaHHUKa y3eT je y 003up MPEeKo aKCHjalHUX MOMEHATa MHEpIIMje Maca 3ylmyaHuKa 3a TPEHYTHE 0Ce POTallje.
IIpoMena yraoHumx Op3uWHa 3yNYaHWKa Ipe M HAKOH CBAKOT OJl Cylapa M CBakorl O CYKIECHBHHX yrapa
n3pavyHaBaHe Cy Ha OCHOBY IPOIIUpEHE KIaCHYHE TEOpHje ylapa M cylnapa JBa aKCHjaJJHO CHMETPUYHA KpyTa
Tena y KoTpibamy [1-4].

VBoheweM onpel)eHNX MpeTIoCTaBKU, U3BEICHEe Cy (opMylie 3a W3padyHaBame BpeMeHa m3Mel)y cymapa
3y0aria, Kao U BpeMeHa u3Mel)y CYKIIeCHBHHX yJapa HakoH cyzapa. 3a oapeljuBame MOjeIHHUX TeOMETPH)jCKHX
BeJIMUUHA KOpUIITNEHO je JUPEKTHO OuHuTaBame pacTojamba ca CAD Mojena cripernyTux 3yndaHuka, [5]. Takobe,
pasBHjeHe Cy jenHauMHE 3a U3padyHaBame nopemehajHe yraoHe Op3uWHE MOIOHCKOTI 3yMYaHHKa Koja je
OJI'OBOpHA 3a T0jaBy BUOpO-yAapHUX BuOpauuja y koHrakTy. OHa 3aBHCH O]l OJCTymama Kopaka npoduia
3y0aria 1 of ykymHe aedopmaiyje napa 3yoana, koja je onpehuBana MeToomM KOHaYHUX elleMeHara [5].

3a mpuka3 pa3BHjEeHOI MAaTEMaTHYKOT MOJesia KOpHUIINeH je jeJaH KOHKPETaH MpHMEp 3yM4acTor mapa ca
TEOMETPUjCKUM T1apaMeTpuMa KOjU MOTY JOBECTH J0 TojaBe BHOpo-ymapHux BuOpauuja [5]. 3a paznuuute
BPEIHOCTH MPEHOCHOT OJHOCA, a NMPH HEMPOMEHEHOM CTEIleHy CIIpe3ama, oApehuBaHe Cy M aHAIM3HpaHE 3a
IIOTOHCKM M TOWEHU 3yMUaHUK INpoMeHe ciefehnx BenWynHa: YyraoHMX Op3WHA, MOMEHaTa HMITyJIca,
KMHETHYKHX SHepruja M MpeHoCHOr onxHoca. ClMYHA aHamM3a NPHKa3aHa je W IPU BapUpamy Koe(HUIHjeHTa
cyZmapa, OoJ BPEIHOCTH 3a HIEATHO CNACTUYHU CyAap, Ipeko Apyrux Moryhwx BpemHocTH. M3HemeHu cy
3aKJbYULH 0 MOryhHOCTHMA IPUMEHE Pa3BHjEHOT MOJEIA.
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ABSTRACT

Gear drive units are relative elastic structures with multiple sources of disturbance energy which is being
transmitted through system. Dynamical excitation forces generated by pair of gears in mesh, local deviations and
structural elasticity may cause failure of system components. Authors have performed an analysis of BWE
SchRs-1600 gear drive unit failure which occurred after very short service life. Gear drive resonance appeared
on first transmission stage, causing unfavorable effects on bearings. FEM analysis has been conducted on 3D
model of gearbox housing, for identification of modal shapes and natural frequencies of housing structure and
gear pair in mesh. Catastrophic failure of drive unit bearings in the form of progressive pitting was caused by
multiple simultaneous effects which have been identified during analysis. Gear drive resonance combined with
gear pair natural frequencies and natural frequencies of housing which can cause increase of noise level, have
been eliminated with proposed corrections in system design. Design parameters have been harmonized providing
smooth work of gearbox.

Keywords: Gear drive, Failure, Resonance, Design, Bearings.
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AIICTPAKT

3ymyacTH NMPEHOCHUIM CHAre MMajy PeNaTHBHO ellacTHYHa KyhNHWITa ca BEMHKHM OpojeM MOTSHIHjTHHX
n3BOpa modye, OMHOCHO NopeMehiaja Koju ce mpeHoce Kpo3 cucTeM. J[MHaMUYKe CHile TeHepUCaHe CIpe3ameM
napa 3yM4aHUKa, JJOKATHAM OJCTYHambHMa FeOMETPHje U eIaCTHYHOCTH OCJIOHAIA, MOTY JOBECTH JI0 pa3apama
JIeNIOBA Y CTPYKTYPH cHCTeMa. AyTOpH Cy CIIPOBENIM aHAIU3y OTKa3a IIOTOHCKE jeAMHHUNEe poTo-Oarepa BWE
SchRs-1600 xoju ce moroauo y BeoMa KpaTKOM pajJHoM Beky. Ha mpBoM cremeHy IpeHoca IojaBHIa Ce
pe3oHaHnMja, CTBapajyhun HENOBOJbHE YCIOBE Ha MECTHMa JieKajeBa. AHajgM3a KOHAYHUM CJIEMEHTUMa
npuMemeHa je Ha 3J] moxeny kyhumra mpeHOCHHKA 3a MICHTH(HUKALM]y MOJAIHUX OOJMKA U COICTBEHHX
¢pekBennmja kyhumra uw mapa 3ynmuaHuka y crpe3n. OTka3 Jiexaja NMPEHOCHHKA HACTYMHO je y BHIY
MPOTPECUBHOI MUTHHTA Kao IMOCIEHWIAa BHUIIECTPYKUX CHMYNTaHHX edekara Koju cy oOyxBaheHH OBOM
aHaIM30M. Pe3oHaHIMja M TIOKJIAName CONCTBEHHX (PPEKBEHIMja €NACTUYHOr KyhWINTa M mapa 3yMuaHHKa Y
CIIpe3r eNMMHHHCAaHU Cy ToMOhy INpeayioKeHnX HM3MeHa y NH3ajHy chcTeMa. KOHCTpYKUHMjCKH IMapaMeTpu
KPHTHYHOT 3yITYacTOT Mapa XapMOHH30BaHH Cy Kako OH ce 00e30e1n0 MUpaH pal MpEeHOCHHUKA.
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ABSTRACT

Today structures become more and more complex. Analytical calculation of complex structures is possible
only with many simplifications that is why numerical methods are increasingly used for calculation of complex
structures. Numerical calculation has become necessary part of documentation when designing new wagons, or
reconstructing old ones. The wagon is generally made up of plates and beams, and their characteristics directly
affect the static and dynamic behavior of the vehicle. Analysis of the vibrator’s CCW-5000 influence on the
wagon type Falns is presented in this paper. Vibrators are used for unloading cargo. Two positions of the
vibrator on the structure have been analyzed. First, the influence of the vibrator mounted on the saddle of the
wagon was analyzed. Vibrators in this position cause small displacements of the superstructure, ie. they have
little effect on unloading, therefore, the impact of the vibrator to the main longitudinal undercarriage have been
analyzed. In this position resonance of the frequency of the vibrator and the own modes of the sheets metal
superstructure occurs. Conclusion have been made that the frequency of the vibrator should be changed, or
stiffening should be added to the sheet metal superstructure so the own frequencies would be different then the
frequency of the vibrator.

Keywords: Finite element method, Dinamic, Wagon.
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AIICTPAKT

Jlanac KOHCTpYKIHje IOCTajy CBE CIOXKEHHje. AHATUTUUKY NPOpadyH CI0XXKEHUX KOHCTPYKIHja je Moryh ca
MHOTO ympomhema, 3aT0 c€ CBE BHIIE KOPHUCTE HYMEpPHUKE METOJE 3a MpOpadyH CIOKEHUX KOHCTPYKIHja.
Hymepuuku mpopadyH je MOCTao HEeONXOAaH Ie0 JOKyMEHTalHje NpH MPOjeKTOBAmbY HOBHX BaroHa WM IPH
peKoHCTpyKIHUju TocTojehux. BaroH ce reHepasHO cacToju OJ IUIoYa M Tpela, U HUXOBE KapaKTePHCTHKE
IUPEKTHO yTUUY Ha CTATHYKY M AWHAMHYKO [TOHANIake BO3WIA. Y OBOM paly je NpuKa3aHa aHauu3a yTUIaja
Bubparopa CCW-5000 na Barou Tuma Falns. BuOpaTopu ce kopucte mpu uctoBapy Tepera. AHaTU3UpaHa Cy ABa
MOJIOKaja BUOpaTopa Ha KOHCTPYKIHMjH. IIpBO je aHaNIM3UpaH yTHIA] BUOpaTopa MOCTaB/bEHUX HA CE/IJI0 BaroHa.
Bubparopu y oBoM 10JI0Kajy W3a3WBajy Malla IOMepama HaArpajmbe, Tj. IMajy Majli YTHUIA] Ha UCTOBAp TEpeTa,
3aTo je aHAIM3UpPaH YTHUIAj BUOpaTOpa Ha TJIaBHOM IIOy>KHOM Hocauy. [Tpu oBOM moj10kajy HOcada J1ojas3H J10
PE30HaHIIe CONCTBEHUX MOJOBa JMMOBA HaArpajme ca (ppekBeHIjoM BUOpaTopa. Jlomio ce 10 3ak/bydka jaa
Tpeba IpOMEHUTU GPEKBEHIIN]Y BUOpaTOpa WK J0AaTU YKpyhewma Ha IMMOBE HAArpame Aa OU ce IPOMEHUIN
COIICTBEHU MOJIOBH.

Kibyune peun: Meron koHauHUX eneMeHara, JluHamuka, Baronu.
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Milo§ Zivanovi¢
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ABSTRACT

Although a turbojet engine is an expensive machine of complex construction which requires complex
calculations, precision machining and durable materials, from the standpoint of automatic control it is basically
just a mechanical system with one degree of freedom. A turbojet engine has extremely nonlinear dynamics
which cannot even be given in analytical form so that applied control must be robust under parameter
uncertainty. This dynamics is related to so called self-sustaining run of the engine. However, additional non-self-
sustaining engine run phases can be recognized in which the engine has also to be controlled. In self-sustaining
run, the engine is exposed to very high temperatures and angular velocities of its parts which must be kept in
admissible limits. Since the fuel flow is usually the only control quantity, a turbojet engine can be considered as
an underactuated system. All these facts make the control of the engine complex even though the system is of
one mechanical degree of freedom.

In this lecture, we shall discuss what makes up an automatic control system for a turbojet engine and explain
how the turbojet engine can be controlled in each of its run phases. Also, a real application of the automatic
control system to a turboshaft engine will be presented.

Keywords: turbojet engine, control system
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AIICTPAKT

Haxo je TypOomiia3HE MOTOp jelHa CKyTa MalllHa CJI0XKEHE KOCTPYKIHje KOja 3aXTeBa CIIOKEHE NMPOpavyHe,
HpeLy3Hy H3pafy U H3APKIBHUBE MaTepHjane, ¢ Tauke IVICAMIITA ayTOMATCKOT yIpaB/baka OH je Y OCHOBH CaMo
jémaH MEeXaHWYKU CHCTEM C jeNHUM CTeneHoM ciobone. TypOommasHH MOTOp MMa €KCTPEMHO HEIHHEApHY
IUHAMUKY KOja c€ 4aKk He MOXKe NMPEACTABUTH Y aHAJUTHYKOM OOJIMKY TaKo Ja MPUMEHEHO YIIPaBJbambe Mopa
6utn podycHo Ha HeoxpeheHocT mapamerapa. OBa JMHAMHKA CE OJHOCH Ha TAKO3BAHH CAMOCTAIIHH PaJl MOTOpA.
MebhyTtum, Mory ce youutu u apyre ¢ase paga MOTOpa Koje HHCY CaMOCTaJIHE U Y KOjiMa MOTOp Takohe Mopa
OutH ympaBsbaH. [Ipy camMOCTaJHOM paxy MOTOP je H3JIOXKEH BpJIO BUCOKMM TEMIIEpaTypaMa H YraOHUM
Op3MHaMa HETOBUX JIEJIOBA KOJH CE MOpajy Ap)KaTH y J03BOJGEHMM TpaHHuIllaMa. [lomTo je 0OMYHO MPOTOK
ropuBa jeJiMHa yIpaBjbauka BEIHYHHA, TYPOOMIIa3HH MOTOp C€ MOXKE CMAaTpaTH Kao CHCTEM KOjU MMa BHIIE
yIpaBjbaHUX HEro ympabaukux BenuurHa. CBe OBE YHMILCHHIIE YHHE YMPaB/habe MOTOPA CIOXKECHHM Maja
CHCTEM HMMa jeJaH MEXaHWIKHU CTeTeH cI000/e.

Ha oBoMm npenaBamy, ropopulieMo IITa YHHHU jeJaH ayTOMATCKU CHCTEM yMpaBibamba TypOOMIIa3HOT MOTOpa
U 00jacHUTH Kako ce TypOOMIJIa3HM MOTOp MOXE YIpaBJbaTH Yy CBakoj oJ weroBux ¢asa paxna. Takobe,
npeacTaBuieMo U jefIHy MPaKTUYHY MPUMEHY ayTOMAaTCKOT CHCTEMa YIpaBJbambha Ha jelHOM TYpOOBPATHUIHOM
MOTODPY.

Kibyune peun: TypOoMiia3HU MOTOP, CHCTEM yTIpaBJbarba
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ABSTRACT

Today's working and producting spaces of the robot dictate market’s changes and global competition. To
achieve the new features of complex systems which include robotic systems, core research is essential. Also,
testing the generated tools which confirm their possibilities is very important. It is important that we know if
robot’s tool (end effector) can achieve a certain point in in its workspace and with a certain orientation defined
by the user. Currently, this problem is solved by visual analysis of robot’s workspace.

It is required that singular positions and orientations of the robot are avoided. Workspace of the kinematic
structure can be defined as set of poses which a robot can achieve in 3D space. Feasible workspace does not
include robot’s singular space. If robot’s singular space is subtracted from its complete workspace than we
achieve robot’s feasible workspace, which relates to the selected application. Because of that, it is important that
we introduce methodology and parameters which can be used for detecting singularities of different robotic
configurations. The number of parameters and their non-linear influence on robot’s workspace generation is big.
Robotic configuration can be industrial, humanoid or any other type, for example cable-driven parallel robotic
system (CPR system).

Analysis and synthesis of robot’s feasible workspace presents an important characteristic of any robotic
configuration which is very complex and non-linear. To facilitate the similarity of singular and feasible
workspaces generation of different robotic systems, the analysis of workspace generation of 6-DOF ABB robot
and cable suspended robot CPR-C will be given in this paper. A key requirement is to construct a robotic system
and to select all of its components so that the user can have certain functionality of the system in its feasible
workspace. Many researchers have dealt with this important problem and only some will be mentioned in this

paper: [1]-[3].
Keywords: Non-linearity, Robotic system, Workspace.
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AIICTPAKT

JaHamrmbe pagHO M IMPOU3BOJHO OKpPYXEEe po0oTa IUKTHPAjy TPXKHIIHE NPOMEHEe M IIo00aiHy
KOHKypeHIHjy. Jla 01 ce ocTBapmie HOBE KapaKTEPHCTUKE CIOKEHHX CHCTEMa y KOje CHanajy U POoOpPOTCKH
CHCTEMH HEOIXOJHA Cy CYIITHHCKA UCTPaXXMBAambha Kao M TECTUPAIC I'CHEPHCAHHX ajaTa y Wby IOTBpAC
BUXOBUX MoryhHOCTH. BaxkHO je Ja 3HaMO Ja JIM je W3BPIIHY ajlaT poO0Ta MOXKe Ja JOCTUTHE ojpeheHy Tauky y
CBOM DajJHOM IPOCTOPY Ca >KeJHbCHOM OPHjEHTALMjOM ajaTa Kako OW Ce 3aJ0BOJBMIIH 33aXTCBH KOPHCHHKA.
TpenyTHO, OBaj mMpoOJieM je pelIeH BHU3YEIHHM aHAIM30M pPaJHOr MpOCcTopa poboTa. 3axTeBa ce jaa Oyny
M30€THYTH CHHIVIapHE IO3HLHUje U OpjeHTalHje ajnaTa poboTa. PagHu npocTop KHHEMAaTHUYKe CTPYKTYPE Ce MOXKe
nedrHUCATH Kao CKYIl CBUX Tadaka Koje poOoT Moxe ja mocTurHy y 3 /1 mpoctopy. MI3BoA/bHBH pagHU IPOCTOP
He 00yXBa CHHTYIApHH PETHOH. AKO ce 0] yKyITHOT paJHOT IPOCTOpa OXy3Me CHHTYJIApHH HIpocTop mobmje ce
W3BO/IJBUBH PAIHU TIPOCTOP, KOjU CE OJHOCH Ha M3a0paHy aruIuKaIlyjy.

Crora je BaXHO Ja ce yBemy MapaMeTpH M METOIOJIOTHje KOjIMa Ce MOXE JEeTeKTOBAaTH edekar
CHHTYJIApHUTETA 3a Pa3IuunuTe podoTcke KoHpurypanuje. bpoj mapamerapa xao u IbuxoB HelmmMHEapHH yTHIIAj HA
reHepucame PaJHOr IPOCTOpa je BeMuKU. PoOOoTCKa KOH(HTyparHja MOXe ONTH HMHIYCTPHjCKa, XyMaHOHIHA
my OUIM Kor Apyror o0iMKa Ha mpuMep kabioBcku BoheHu pobotcku cucteM (Ilabne-cycnennen Ilapannen
Po6or, LITP cycrem).

AHanM3a M CHHTEe3a W3BOJUBMBOI PAJHOT MPOCTOpa IpPEJCTaB/ba 3HAYAjHY KapaKTEPUCTHKY POOOTCKe
KOH(UTrypamuje Koja je CBakako CJI0XKeHa U HenmuHeapHa. Jla O ce mokasaia CIMYHOCT NIPY TeHEPUCAtby PaJHoT,
CHHTYJIAPHOT M M3BOJJBMBOI PAJHOTr HpocTopa pobota y oBoM pamy hemo naTu ymopemHy aHaum3y Kako ce
rerepuiry oBu npocropu 3a 6-J0® ABB pobor ca mect crenenu cinodone U kabIOBCKH BOheHHM pOOOTCKH
cucteM Tuma LITP-1]. KibydHn 3axTeB je KOHCTpyncaTn poOOTCKH CHCTeM U ofabpatu cBe HheroBe koMmoHeHTe
TAaKo Ja KOPUCHHKY OyJe rapaHTOBaHa HeroBa (BYHKIIMOHATHOCT y OApel)eHOM - M3BOIJBMBOM Iy PajHOT
npocropa. OBEM Ba)XHHM U CIOXKEHHM IIpoOJIeMOM Cy ce OaBHIM MHOTH HCTpaKHBadM a MM hiemo oBre
moMeHyTH camo Heke pedepenue [1] - [3].
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ABSTRACT

Development of passive safety elements presents very important activity directed in increase of safety in
railway traffic. Basic role of passive safety elements is to absorb requested amount of collision kinetic energy
through its own controlled deformation and to reduce the values of the force that is transferred to the rest parts of
the vehicle structure. In this way it prevents deformation of the middle-passenger zone of the wagon and at the
same time the number of human casualties and material damage is reduces to a minimum. Experimental
investigations of the several types of absorbers showed that the absorber which works on the principle of
shrinking the tube passing through special cone bush presents most acceptable solution from aspect of gradual
increase of deformation resistance, possibility of fully control of deformation process and the amount of energy
absorbed. Absorber developed in this paper consists of the seamless tube made by low carbon steel in quality
P235T1 and the cone bush made by quench and tempered carbon steel in quality C45E. Quasi-static laboratory
investigations of elements of absorber and dynamic investigations realized through collision of passenger
coaches are the key part of experimental investigations and verification of prototype of absorber. Numerical
model of the tube absorber was developed. Nonlinear numerical simulations of deformation process using finite
elements method and strain rate dependent options were realized. Based on the results of experimental
investigations the key parameters which verifies developed numerical model for use in further researches in field
of quasi-static as well as dynamic environment (high deformation rate) were defined. During future
investigations, developed numerical model can be used in process of dimensioning of elements of different
absorption power, while for the final verification of prototype is necessary to perform dynamic test in accordance
to valid standards — CRASH TEST.

Keywords: Passive Safety, Nonlinear Dynamic Analysis, Experimental Investigations, Rail Vehicles.
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AIICTPAKT

Pa3Boj enemeHara macuBHe 0€30€IHOCTH IIMHCKUX BO3WJIA MPECTaBJba BEOMA BaXKHY aKTHBHOCT YCMEPEHY
Ha noBehame 06e30enHOCTH Y jKenne3HHuKoM caoOpahajy. OcHOBHa yJiora elieMeHaTa nacuBHe 0e30eHOCTH je 1a
COIICTBEHOM KOHTPOJIICAHOM JehopManujoM arncopOyjy 3axTeBaHy KOJHMUMHY KHHETHUKE CHEpIUje cyaapa U Ha
Taj HAYMH CMame BPEIHOCTH CHJIAa KOje Ce YHOce y Hocelly CTpYKTypy IIMHCKOr Bo3wia. Ha oBaj HaumH ce
cripedaBa nedopMucame CpenunImbe-IIyTHHUKE 30He BaroHa, a CaMUM THM ce Opoj JbYICKHX XKPTaBa U BeJIHYHNHA
MaTepHjajHe INTeTe CBOJe Ha HajMamy Moryhy wMepy. EkcnepuMmeHTanHa HCTpakMBamba BHINE THIIOBA
aricopbepa nokasana cy aa abcopOepy KOju pajie Ha MPUHLHITY Cy)KaBamba IIEBU MPOBJIaYeHeM KPO3 CIICLH]jaTHy
KOHYCHY 4aypy NpeICTaBJbajy HajIPHXBATIEUBHjE PEIICHE ca acleKTa MOCTENeHOr mopacTta JnedopMamoHor
oTrnopa, MOryhHOCTH TOTIYHOT KOHTpOJHCama Impomeca AehopMHcama U KOJMYMHE ancopOoBaHe eHEepruje.
ArcopOep pa3BHjeH y OBOM pPajly CacTOju ce OJ 1eBU Oe3 IIaBa HAIPaBJbEHE OJf HUCKOYIJbEHUYHOI YeNUKa Y
kBanutery P235T1 u KoHycHe 4aype HampaBjbeHa OJ 4elMKa 3a HooOoJbliame y kBanutery C45E. KBasu-
CTaTH4Ka J1abopaTopHjcKa HCIUTHBAKA EJIEMeHaTa arcopOepa M JUHAMHYKA HCINTHBAMKA IyTEeM Cyaapa
IIyTHUYKUX BAaroHa Cy KJbyYHHU [0 €KCIICPUMEHTAIHUX UCTPaXMBamba U BepU(UKalUje IPOTOTUIIa aricopoepa.
Pa3BujeH je HyMepHUYKH MOJEN LEBHOr amcopOepa M peann3oBaHe Cy HyMEpHYKe CHUMyJalyje Ipoleca
nedopMucama METOIOM KOHAuHHMX eleMeHara y o00JacTH HeNMHeapHOCTH, YKJbydyjyhnm mapamerap
OCETJBUBOCTH Ha Op3uHy nedopmanmje. Ha Ga3u pesynrara eKClIEpUMEHTATIHUX UCTPAXKHBamba JIe(GUHICAHH CY
KJbYYHHU TIapaMeTpH KOju BepuGUKY]y pa3sBHjeHM HyMEpHYKH MOJEIN 3a YyHOTpeOy y NabuM HCTPaKUBABHMMA,
Kako y o0JIacTH KBa3W CTaTHKe, TAaKO U Y 00JaCTH AWHAMHKE — BENMKUX Op3uHa nedopmucama. Tokom Oymyhux
HCTpa)XHBama, Pa3BHjeHM HYMEPUYKH MOJEN MOXKE Ce KOPHUCTHUTH Y MpolLecy IUMEH3MOHHCAmha elleMeHaTa
pa3nM4nTe alcopIIMOHe MohW, JOK je 3a ¢(uHaNIHy BepU(HKAlMjy NPOTOTUIA HEONXOJHO CIPOBECTH
eKCIIepHMEHTaIHA HCTPaKUBamba y ckiaay ca Baxehum crannapauma — CRASH TEST.
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ABSTRACT

The behavior of structures made of metals, generally is found to be very sensitive to rate of deformation.
Dynamic behavior of structures and materials, under high strain-rate or high-speed impact conditions have
significant practical importance in wide range of practical problems like response of structures to blast and
impulsive loads, contact stresses under high-speed bearings, high-speed machining and explosive welding,
foreign object damage etc.

The basic problem is that the rapid applied impact load is non-liner and very local, but with the global effects
on whole structure. At the same time, as a result of impact load, there is a time delay and attenuation of effects of
impact to other parts of structure. The deformation and stress produced by the load move through the body in a
form of a wave so called shock waves. During reflection of such shock waves the development of spall of
construction is possible. Consequently, during short characteristic time of shock loading, for example from 10
to 10" seconds for explosion, development of stresses of magnitude up to 10 GPa is possible. Combination, of
such stress magnitudes and localized effects introduce additional variables like thermodynamic properties of
materials. As a result of very intensive local deformation a formation of so called adiabatic shear bands, which
acts as initiation sites of fracture. Combination off all briefly noted side effect of high speed impact, give as a
result a research area that can be defined as applied nonlinear dynamics with the elements of mechanics of
materials.

All of the mentioned above presents the basis for damage assessment of real metallic constructions. This
paper describes basic theoretical mechanisms of damage under high-strain rate deformation and examples from
testing of such damaged constructions.

Keywords: impact, stress waves, damage
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JANHAMMUKA YIAPA I1PU BEJIMKUM BP3UHAMA
Dejan B. Mom¢ilovié

Institut za ispitivanje materijala IMS,
Beograd, Srbija

e-mail: dejan.b.momcilovic@gmail.com

AIICTPAKT

OpaBHO je MO3HATO Ja je MOHAIlake KOHCTPYKIHWja M3palleHnX o] METaTHUX MaTepHjajia OCEeTJBHBO Ha
Op3uHy mpupacta aedopmanuje. PasymeBambe U KBaHTU(HKOBamhE OBOI MOHANIAKA Y YCIOBHMA JAUHAMHYKOT
yllapa IpU BEIUKUM Op3uHaMa, OJHOCHO BEIMKUM Op3uHaMa JedopMariyje, UMa BEIUKY MPAKTUYHY IPUMEHY
KOJI mpo0JieMa Kao IITO je MOHAIIake KOHCTPYKIHUja MPH eKCIUIO3UjH, KOHTAKTHIUM HAIIOHUMa KOJ KOTPJhbaHHX
JIeKaja, MalIMHCKE o0paje Npu BEIMKUM Op3MHaMa, eKCIUIO3MBHOM 3aBapuBamy, ollTehemrMa yclien yaapa
CTPaHOT TeNa UTH.

OCHOBHH IPOOJIEM JISKH Y YMECHULM /1A je yaapHO ontepehemhe y CYITHHHU PobJieM JIOKATHOT KapakTepa
ca MIOOAJHUM YTHIajeM Ha ey KOHCTpYKuujy. [lon JloKanu3oBaHMM KapaKTepoM, MOJpa3syMeBaMo Ja ce
edexTH yaapa He IpeHyce TPEHYTHO Kpo3 LeJTy KOHCTPYKIH]Y HIN TEJIO ¥ [a Y IPEHOIICHY yTHIAja H3a3aBaHuX
yIlapoM IOCTOjU HPUTYIIEHE W BPEMEHCKO Kallmbeme. Hamon u nedopmarja mpousBeneHN yclea yaapa ce
IpeHoce Kpo3 KOHCTPYKIHM]y Y OOJIMKY KOjU Ce HasWBa yJapHU TalacH, IITO HAaKHAIHO HM3a3WBa IJIOOATHH
yrungj. [lpu npenamamy yAapHHX Tanaca Ha F€OMETPHjCKMM NHCKOHTHHYHTETHMa KOHCTpyKuuje, Moryhe je
OTKHUJIaFbe JIeJI0Ba KOHCTPYKIIMje, Ha KpUTUYHUM MecTiMa. Benmuke Op3uHe yaapa HMajy cBoje KapaKTepHCTHIHO
BpEME, KOj€ Ha IIPUMED KO ekciuio3uje uznocu o1 10 10 107 cekyHu 1 TOKOM TOT BpEMEHA, JIOKATHU HAIOHH
noctxy pen Bewmumuuneee ox 10 GPa. YmpaBo oBa koMOMHaIMja BeoMa KpaTKOI' BpEMEHa Tpajama yaapa
OJIHOCHO WMITYJICA M BHCOKE BPEJHOCTH JIOKAIHHX HAllOHAa CTBapajy JoJaTHE e(eKTe KOju MOopajy y OBY
HNOArPYIly HEJIMHEapHy JUHAMHUKE Ja YKJbyd€ Kao IPOMEHJbUBY M TEPMOJUHAMUYKE KapaKTEPUCTHKE
MaTtepHjana oJ KOojux je misrpalheHa pa3maTpaHa KOHCTpyKiuja. Kao pesynrar HaBeaeHe MHTEH3MBHE JIOKAJIHE
nedopmMaliyje, y MaTHpHjally ce jaBilibajy TaKO3BaHE aJujadaTcKe Tpake CMHIAbha KOje Cy BeoMa 3Ha4yajHe 3aTo
IITO MPETX0/ie HACTAHKY IPCINHA KOje JOBOJE O JIOMa KOHCTPYKIH]e.

CBe Hampe/ HaBe/IeHE OCHOBHE IMOCTaBKE MpoOJeMaTHKe yjaapa MpH BEIMKUM Op3uHaMa Jedopmaruje cy
IIOCITY KHJIE Ka0 OCHOB 32 ITPOLICHY CTeleHa omTelierha peaTHuX YeTMYHNX KOHCTPpYKIHja. Y paxy Cy Kpo3 BHUILE
MPAaKTHYHUX TpHMepa WM3JI0KEHH OCHOBHH TEOPUjCKH MEXaHW3MH omrTelierha ycien yaapa HpH BEIHKAM
Op3uHama.

KibyuHe peuu: ynap, yaapau ranac, omreheme, 10M
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dr Ivana D. Atanasovska, Mech. Eng.,

Address: Mathematical Institute of SASA,

Kneza Mihaila 36, 11001 Belgrade, Serbia
Tel: +381 69 2221 317 (mobile) ; +381 11 6128824 (home)
E-mails: iatanasovska@mi.sanu.ac.rs; iviatanasov@yahoo.com
Born on 10 June 1971 in Kumanovo.
Married and has two sons, Aleksandar and Nenad.

Dr Ivana Atanasovska graduated on the Mathematics and informatics department of Secondary school as the
best student. After secondary education, she started studies at the Faculty of Mechanical Engineering on
University of Kragujevac in school year 1989/90.She was studying on the Department for Process Engineering
and graduated in 1994 with graduate thesis in Machine elements with the best marks. She received the M.Sc.
degree in 1999 from the Faculty of Mechanical Engineering, University of Kragujevac, from the Department of
mechanical construction and mechanization. The Ph.D. degree received in 2004 from the Faculty of Mechanical
Engineering, University of Kragujevac under the supervision of Prof. Vera Nikolic Stanojevic. The title of her
Ph.D. thesis was: “Influence of load distribution on the load capacity of involute cylindrical gears”.

She worked at the Faculty of Mechanical Engineering, University of Kragujevac at the position of Graduate
Research Assistant in the Department of mechanical construction and mechanization from 1995 to 1997. In this
period she worked in the scientific research projects funding from The Ministry of science, technology and
development of Republic of Serbia, and gave the contribution in the preparation and carrying out the practice in
teaching courses: Machine elements, Calculations of mechanical constructions and Design methods.

From December 1997 to 2005 she worked at different professional positions in mechanical engineering and
through different practical tasks developed the competence for carrier of scientist and researcher who
successfully connected the research tasks and practical implementation. She worked in this period in the Agency
for Recycling of Ministry of life environment protection of Republic of Serbia, as well as in Unit for publishing
in PE POST “Serbia”.

Ivana Atanasovska received her Ph.D in June 2004 and then appointment for Assistant Professor in
Department for information technologies in Faculty of Management in industry, Krusevac. From 2006 to 2014
worked at the position of Assistant Research Professor in Institute for material testing, Belgrade and Institute
“Kirilo Savic”, Belgrade. From September 2014 to May 2016 worked in the Innovation center of the Faculty of
Mechanical engineering, University of Belgrade. In December 2014 she received scientific title Associate
Research Professor and from May 2016 works in the Mathematical Institute of the Serbian Academy of Sciences
and Arts. She is dedicated to the science and research activities and to the application of numerical methods and
applied mechanics in real engineering problems. Last years she focuses the research activities on nonlinear
phenomena and nonlinear dynamics of real mechanical systems. Also, significantly motivates young researchers
and professional staff in the current and past professional positions in their research.

Ivana Atanasovska takes a part as a researcher in the research projects which are coordinated by the
Mathematical Institute of the Serbian Academy of Sciences and Arts (SASA) from 2006. She is a member of
Serbian Society of Mechanics and Society for Structural Integrity and Life, Belgrade. She was the member of
research teams in two international research projects started in 2013. One of them is innovation project funding
in FP7 framework program and the other is funding by the University Teknologi PETRONAS, Malaysia. She has a
successful collaboration with “School of Aerospace, Mechanical and Manufacturing Engineering RMIT
University, Melbourne, Australia” and with Faculty of Mechanical engineering, University of Maribor, Slovenia.

Ivana Atanasovska published more than 100 papers as author or co-author, among them: more of 15 papers
in international journals and significant number in national journals, with citations in international and national
journals indexed in reference bases.She is the reviewer in leading international journal in the area of machine
elements and mechanisms Scientific Journal Mechanism and Machine Theory, published by Elsevier, as well as
the member of the international editorial board of the International Journal for traffic and transport engineering
(IJTTE). Also, she was a member of the organization committees of two national and one international scientific
conference. Ivana Atanasovska is permanent member in Commission for machine safety and Commission for
technical drawing in Institute for standardization in Republic of Serbia.
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Selected Bibliography for period 2011-2016 — dr Ivana D. Atanasovska

1. 1. Atanasovska: INFLUENCE OF ADDENDUM MODIFICATION ON SPUR GEARS STABILITY,
International Journal of Powertrains—, Special Issueon Technologies and Models for High Power Density Geared
Powertrains“,Guest Editor: Prof. Dr. Christos Spitas, Delft University of Technology, Netherlands,ISSN
online:1742-4275, ISSN  print:1742-4267,DOI:  10.1504/1JPT.2016.079074, Publisher: Inderscience
Publishers, Switzerland, Vol.5, No.3, pp.230-245

2. S. Patil, S. Karuppanan, I. Atanasovska: EXPERIMENTAL MEASUREMENT OF STRAIN AND
STRESS STATE AT THE CONTACTING HELICAL GEAR PAIRS, Measurement, ISSN 0263-
2241,doi:10.1016/j.measurement.2015.12.046, PublishedbyElsevier,Volume 82, March 2016, pp. 313-322.
http://www.sciencedirect.com.proxy.kobson.nb.rs:2048/science/article/pii/S026322411500706 X

3. H. Abderazek, Dj. FerhatI. Atanasovska: ADAPTIVE MIXED DIFFERENTIAL EVOLUTION
ALGORITHM FOR BI-OBJECTIVE TOOTH PROFILE SPUR GEAR OPTIMIZATION, International
Journal of Advanced Manufacturing Technology, ISSN 0268-3768, Published by Springer-Verlag, London,
2016 in press

4. I. Atanasovska: THE MATHEMATICAL PHENOMENOLOGICAL MAPPING IN NONLINEAR
DYNAMICS OF SPUR GEAR PAIR AND RADIAL BALL BEARING DUE TO THE VARIABLE
STIFFNESS, International Journal of Non-linear Mechanics, ISSN 0020-7462, Elements of mathematical
phenomenology and phenomenological mapping in non-linear dynamics, Edited by Katica R. (Stevanovic)
Hedrih, Ivan Kosenko, Pavel Krasilnikov and Pol D. Spanos doi:10.1016/j.ijnonlinmec.2014.11.015, Published
by Elsevier, Volume 73, July 2015, pp. 114-120.

5. I. Atanasovska, R. Mitrovi¢, D. Momcilovi¢, N. Soldat: THE NEW METHODOLOGY FOR
ASSESSMENT OF INVOLUTE GEARS STABILITY, 11" International Symposium on Stability, Vibration,
and Control of Machines and Structures, SVCS2014, July 3-5, 2014, Belgrade, Serbia ISBN 978-80-8075-
655-0, EAN 9788080756550, Published by Springer, 2014, pp. 285-295.

6. S. S. Patil, S. Karuppanan, I. Atanasovska, A. A. Wahab: CONTACT STRESS ANALYSIS OF
HELICAL GEAR PAIRS, INCLUDING FRICTIONAL COEFFICIENTS, International Journal of
Mechanical Sciences, ISSN 0020-7403, doi: 10.1016/j.ijmecsci. 2014.05.013, Published by Elsevier, Volume
85, August 2014, pp. 205-211.

7. I. Atanasovska, M. Vuksi¢ Popovi¢, Z. Staréevi¢: THE DYNAMIC BEHAVIOUR OF GEARS WITH
HIGH TRANSMISSION RATIO, International Journal for traffic and transport engineering IJTTE, ISSN
2217-544X, UDC 621.833.22, Published by Scientific Research Center Ltd., Belgrade, Volume 2, Number 2,
June 2012, pp.153-160.

8. I. Atanasovska, M. Vuksi¢ Popovi¢: DYNAMICS OF GEAR-PAIR SYSTEMS WITH PERIODIC
VARYING MESH STIFFNESS-SPUR GEARS VS HELICAL GEARS, Series: Scientific Review, Scientific
and Engineering - Special Issue: Nonlinear Dynamics S2 (2013) Dedicated to Milutin Milankovi¢ (1879-1958),
Guest Editors: Katica R (Stevanovi¢)Hedrih and Zeljko Mijajlovié, YU ISSN:0350-2910, UDK 001, Publisher:
Serbian Scientific Society, 2013, pp. 373-388.

9. 1. Atanasovska, R. Mitrovi¢, D. Momc¢ilovi¢: EXPLICIT PARAMETRIC METHOD FOR OPTIMAL
SPUR GEAR TOOTH PROFILE DEFINITION, Advanced Materials Research, ISSN: 1022-6680, Vol. 633
(2013): Advances in Engineering Materials, Product and Systems Design (Special topic volume with invited
peer reviewed papers only), Editor: Aleksandar Subi¢, ISBN-13: 978-3-03785-585-0, Trans Tech Publications,
Switzerland, doi:10.4028/www.scientific.net/AMR. 633.87, pp. 87-102.

10. M. Jeli¢c, 1. Atanasovska: THE NEW APPROACH FOR CALCULATION OF TOTAL MESH
STIFFNESS AND NONLINEAR LOAD DISTRIBUTION FOR HELICAL GEARS, Mechanisms and Machine
Science (Book Series), Series Ed.: Ceccarelli Marco, ISSN: 2211-0984, Vol. 13: Power Transmissions
(Proceedings of The 4™ International Conference on Power Transmissions- PT 12, June 20 -23, 2012,
Sinania, Romania), Editor: G.Dobre, ISBN: 978-94-007-6557-3, Publisher: Springer Science+Business Media
Dordrecht 2013, doi: 10.1007/978-94-007-6558-0_52, pp. 645-654
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dr Mirjana Filipovié, Eng, Associate Research Professor
(maiden name: Stanivuk)

Address: Robotics Laboratory, Mihailo Pupin Institute,Volgina 15, 11060 Belgrade,
Serbia

Tel: +381 11 6771 024 (office) ; +381 11 2600500 (home) Fax: +381 11 6776 583
E-mails: mira@robot.imp.bg.ac.rs; mirjana.filipovic@pupin.rs

Web address: http://www.pupin.rs/RnDProfile/filipovic.html

Date of birth: March 25™ 1955

e Ph.D. degree, 2007: Thesis: "Contribution to modeling of flexibility of active mechanisms with special
emphasis on humanoid robots", School of Electrical Engineering, University of Belgrade, Serbia. Supervisor:
Prof. Dr. Veljko Potkonjak

e M.Sc. degree, 1998: Thesis: "Analysis of dynamic accuracy of manipulation robots", School of Electrical
Engineering, University of Belgrade. Supervisor: academician Miomir Vukobratovi¢

e B.Sc. degree, 1978: Department for Automation at the Faculty of mechanical engineering, University of
Belgrade, Serbia, Supervisor: Prof. Dr. Ljubomir Gruji¢

On the 1979 started working at the Institute "Mihajlo Pupin", Belgrade, Serbia, and still works there. Her
major concern were engineering assignments and projects for the "Center for Pneumatics", IMP, managed by
Vladimir Kokotovi¢, M Sc. up to 1991.. Worked on: investigation, development, design, realization and startup
of: control regulation electro-pneumatic systems for drinking water purification for Chemical, Food and
Pharmaceutical Industries, "pneumatic forwarding system" and development of components for above pneumatic
forwarding equipment. She developed a series of Technical Solutions and participated in projects of relevance in
this area (1979-1991): Control and Regulation Projecting for Drinking Water Purification Equipment, Water
Power Engineering: Banovo Brdo (three phases), Bezanija (three phases), Bele Vode (three phases), Novi Sad
(two phases), Nis, Ruma, Sombor, Novi Pazar, Vranje, Lebane, Surdulica, Nova Gradiska, Valjevo, Pancevo,
Banja Luka, Krusevac, Kumanovo, Titova Mitrovica, Gnjilane, Aleksinac. 1980 - 1992. 2. Project in the Leather
Processing Industry: Telman, OstSkov, Kursk, 1983 — 1985. 3. Project on Pneumatic Forwarding System for :
Clinical Center, Inex, Main post — Belgrade, Main post — Novi Sad, Clinical Center — Kraljevo. 1982 - 1992 4.
Project for decarbonization of industrial water: «HIP» Pancevo, 1986.

In period 1991 — 2016, the research topic of Dr. Mirjana Filipovic presents a multidisciplinary field of
Robotics.

General research areas: Modeling, Mathematics, Mechanics, Kinematic, Dynamic, Flexibility, Control,
Programming

Particular Research Areas: Robotics, Theory of oscillations, Theory of flexibility, Flexibility of links,
Flexibility of gears, expansion of Euler-Bernoulli equation from several aspects, Theory of non-linear systems,
Robot Kinematics, Dynamics, Control, Navigation, Identification, Modeling, Singular and work space and
Simulation of industrial, humanoid and aerial robotic systems, Humanoid Robots, Humanoid Robots systems
with and without elasticity elements, Humanoid Robot system walking on an immobile or mobile platform (with
or without elasticity elements), Implementation of elasticity in foot sole of humanoids, Implementation of
coupling between biped and platform, Aerial camera systems, Cable-suspended Parallel Robots hanged on four
points, Planning trajectory, Software, Analysis, Simulations.

Scientific publications : 15 international journal papers, 11 national journal papers, 41 international
conference papers, 2 invitation papers, 32 national conference papers, 15 software products, 2 patents. Summary
118 published papers.

She participated in 8 research projects (1998 — 2016). Number of citations: 27 on address:
(https://www.scopus.com/cto2/main.url?stateKey=CTOF_590559438&authors=15836742700&origin=AuthorN
amesList ). Membership: 1. Member of the Scientific Council of the Mihailo Pupin Institute 2008 -2016, 2
Member of IEEE Robotics & Automation Society . 2011 - 2016. Dr Mirjana Filipovi¢ is guiding PhD student
Ljubinko Kevac since the beginning of 2012 until today, as his co-mentor. Topic of his doctoral dissertation is:
Analysis, synthesis, modelling and control of the CPR systems (Cable-suspended Parallel Robot).
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Selected Bibliography for period 2011-2016 — dr Mirjana Filipovi¢

1. Mirjana Filipovic, Ana Djuric, LjubinkoKevac, ,,THE SIGNIFICANCE OF ADOPTED LAGRANGE
PRINCIPLE OF VIRTUAL WORK USED FOR MODELING AERIAL ROBOTS, Applied Mathematical
Modelling 39 (2015), pp. 1804-1822, DOI information: 10.1016/j.apm.2014.09.019, ISSN 0307-904X,
IF=2.158, 2015.

2. M. Filipovic, A. Djuric and Lj. Kevac, ,,THE RIGID S-TYPE CABLE-SUSPENDED PARALLEL
ROBOT DESIGN, MODELLING AND ANALYSIS“Robotica, Available on CJO 2014
doi:10.1017/80263574714002677, 2014. IF=0.894 ISSN 0263-5747, IF=0.894.

3. Mirjana Filipovic, Ana Djuric, ,,Mathematical MODEL OF THE AERIAL ROBOT BASE ON ITS
GEOMETRIC RELATIONSHIP*, FME Transactions, Scientific journal, Faculty of Mechanical Engineering,
Belgrade, Serbia, ISSN: 1450-8230, Vol. 42, No. 2, pp. 133-142, 2014, doi: 10.5937/fmet1402133F.

4. Mirjana Filipovic, ,RELATION BETWEEN EULER-BERNOULLI EQUATION AND
CONTEMPORARY KNOWLEDGE IN ROBOTICS”, Robotica, International Journal, Cambridge University
Press, 2012, Vol. 30, No.1, pp. 1-13.

5. Mirjana Filipovic, Ana Djuric, CABLE-SUSPENDED PARALLEL ROBOT TYPE CPR-D, Journal
of Theoretical and Applied Mechanics, Poland, J THEOR APP MECH-POL, 54, 2, pp. 645-657, Warsaw
2016 DOL: 10.15632/jtam-pl.54.2.645, ISSN 1429-2955, IF=0.693, 2016.

6. A. M. Dijuric, V. Jovanovic, M. Filipovic, Lj. Kevac, (2014), ,THE RECONFIGURABLE
MACHINERY EFFICIENT WORKSPACE ANALYSIS BASED ON THE TWIST ANGLES*, Special Issue
on: Advanced Intelligent Systems and Mechatronics, International Journal of Computer Applications in
Technology 01/2016; 53(2):201. DOI:10.1504/1IJCAT.2016.074460. ISSN 0952-8091.

7. Mirjana Filipovic, Ana Djuric, LjubinkoKevac, ,,THE METHODOLOGY FOR DEVELOPING THE
KINEMATIC MODEL OF SELECTED CPR-A SYSTEM AS A NECESSITY FOR THE DEVELOPMENT OF
A DYNAMIC MODEL”, Journal of Applied Engineering Science, 2013, Paper number: 11(2013)4, 264,
pp-191-200, doi:10.5937/jaes11-4581

8. Mirjana Filipovic, Ana Djuric, LjubinkoKevac ,,CONTRIBUTION TO THE MODELING OF
CABLE-SUSPENDED PARALLEL ROBOT HANGED ON THE FOUR POINTS”, IROS 2012: IEEE/RSJ
International Conference on Intelligent Robots and Systems, Vilamoura, Institute for System and Robotics,
University of Coimbra, Portugal, 3526-3531, October 7-12, 2012.

9. Mirjana Filipovic, ,,CONSTRUCTION TYPE CABLE-SUSPENDED PARALLEL ROBOT, CPR
SYSTEM CONDITIONS THE COMPLEXITY OF ITS MATHEMATICAL MODEL”, International
Symposium on Stability, Vibration, and Control of Machines and Structures, SVCS2014, July 3-5, 2014, 33-
56, Belgrade, Serbia.

10. Mirjana Filipovic, Ljubinko Kevac, Ana Djuric, ,,FUTURE DIRECTIONS FOR
IMPLEMENTATION OF AERIAL ROBOT”, 10th International Symposium on Electronics and
Telecommunications, ISETC 2012, Tenth Edition, Politehnica University of Timisoara, Timisoara, Romania,
November 15-16, 2012.

11.  Mirjana Filipovic, Program system, AIRCAMA ,, Cable Suspended Parallel Robot, CPR-A”, 2012,
http://www.pupin.rs/RnDProfile/filipovic-pub.html#ref7
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Previous Mini-symposiums in series '"Non-Linear Dynamics'
within 70th anniversary of the Mathematical Institute

Participants of Mini-symposium "Non-Linear Dynamics", Belgrade, 25th May, 2016

Mini-symposium "Non-Linear Dynamics", Belgrade, Mathematical institute of SASA,
25th May, 2016
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In the audience - Mini-symposium "Non-Linear Dynamics", Belgrade, 25th May, 2016

Participants of Mini-symposium "Fractional Calculus with applications in problems of diffusion,
control and dynamics of complex systems", Belgrade, 13th July, 2016
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Guests from Chine and Organizers of Mini-symposium "Fractional Calculus with applications in
problems of diffusion, control and dynamics of complex systems", Belgrade, 13th July, 2016

Mini-symposium "Fractional Calculus with applications in problems of diffusion, control and
dynamics of complex systems", Belgrade, Mathematical institute of SASA, 13th July, 2016
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Annoucement of Monograph in press
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