—_

N

w

IS

a

O6pazau 2.
®akynret MalumHcKn YHUBEP3UTET Y BEOIPAlY

Behe Hay4YHUX 061aCTU TEXHUYKUX HayKa
(Haswme cTpy4Hor Beha kome ce 3axTeB ynyhyje, carnacHo

905/4

4naHy 6. nun. 7 ctaB 1. oBOr NpaBuIHYKa)
(Bpoj 3axTeBa)
17.06.2021. roanHe
(OaTym)

3AXTERB
3a AaBatbe carnacHocTu Ha pedrepaTt o ypah)eHoj AOKTOPCKOj AucepTaumju

Monumo ga, cxogHo ynaHy 46. ct. 5 tau. 4. CtaTtyTta YHuBep3uteta y beorpaay (, MmacHuk YHuBepauteTa“,
6poj 131/06), nate carnacHocT Ha pedepaT 0 ypaheHoj AOKTOPCKOj AMcepTaumju KaHgmaara:

BOLUKA (NMPEOPATI) LBETKOBURA

(Mve,nme jegHor og poautTerba u npe3nmve)

KAHOWOAT  BOLLKO (MPEAPAI) LUBETKOBUF ynucaH Ha [okTopcke cTyamje 2010. roa.

(nve, nve jegHor oa poauTerba u Npesume)

[MoaHeo je 3axTeB 3a M3pagy AOKTOpCKe aucepTauuje:
NMPOJEKTOBAHE CABPEMEHUX CUCTEMA YMNPABJbAKBLA POBOTA NPUMEHOM PA3BOJHUX

NPOrPAMABUITHUX CUCTEMA U CABPEMEHE TEOPWUJE PAYYHA HELIENOI PEOA

YHuBep3uTeT je aanHa 25.12.2017. rog. cBojum aktoMm nog 6p. 61206-5088/2-17 fao carmacHOCT Ha npeasior tTeme
JOKTOpCKe aucepTauuje Koja je rnacuna:

NMPOJEKTOBAHKE CABPEMEHUX CUCTEMA YNMPABJIbABLA POBOTA NPUMEHOM PA3BOJHUX
NMPOrPAMABUITHUX CUCTEMA U CABPEMEHE TEOPWUJE PAYYHA HEUENOI PEOA

Komucuja 3a oueHy 1 oabpaHy OOKTOpCKe gucepraunje kaHguaara: BOLUKA (MPEOPATI) LUBETKOBURA

(MMe,MMe jeiHoOr of, poauTerba U npe3vme)

Ob6pa3soBaHa je Ha cegnuum ogpxkaHoj 20.05.2021. roguHe, oanykom cpakynTeta nog 6p.905/2 , y cactaBy:

Ve 1 npesume vnaHa 3Bakbe Hay4Ha obnacT yCTaHoBa Y Kojoj je 3anocneH
Komumcuje
._dp Muxauno Jlazapesuh pea. npod. MexaHuka MawmHcku cpakynret Beorpan
AyTomartcko
. Op Pagunwa JosaHosuh pen. npod. yrpaBIbatbe MawwmHcku dakynret Beorpag
. Op Hemara 3opuh BaHp. Npod. BaszgyxonnoBcTBO MawwuHcku dpakynteT beorpag
. Ap Netap MaHguh AoueHT MexaHuka MawwwmHckn doaky ntet beorpaa
. Op Tomucnas LWekapa pen. npod. AyTomaTcko ET® Beorpan
ynpaBrbame

HacTaBHo-Hay4HO Behe dhakynTeTa npuxBaTuio je n3sewTaj Komucuje 3a oueHy n ogbpaHy OOKTOpCke
ancepraumje Ha cegHvum ogpxkaHoj aaHa 17.06.2021. roguHe.

JOEKAH
MALLMHCKOIr ®AKYNTETA

npod.ap Pagusoje Mutposuh
Mpwnor: 1. M3BewwTaj koMUcKje ca Npeasiorom.
2. Akt HactaBHo-Hay4Hor Beha dpakynTeTa o ycBajatby M3BELLTaja.
3. MNpvmenbe gate y TOKy CTaBrbaka U3BELLTAja Ha YBUA jaBHOCTY,
YKOMVIKO je TakBux npumeatu Guno.



YHUBEP3UTET Y BEOIPALY
- MALWMHCKN ©AKYTTET —
Bbpoj: 905/4

Oatym: 17.06.2021. roguHe
Beorpag, Kparsuue Mapuje 16

Ha ocHoBy unaHa 30. 3akoHa o0 BUCOKOM obGpasoBawy (,CnyxbeHu rnacHuk PCY, 6poj
76/2005, 100/2007 — ayTeHTU4HO Tymayewe, 97/2008, 93/2012 n 89/2013), unaHa 64.
Cratyta MawwuHckor ¢akynteteta (6poj 1450/4 op 14.06.2018. roguHe) u udnaHa 37.
lMpaBunHuKa o OOKTOpCKUM cTyaujama MawwuHckor dpakynteta u pedepata Komucuje y
cactaBy: Ap Mwuxauno Jlasapesuh, pen. npod., meHTop, Ap Paguwa JosaHosuh, pep.
npod., Ap Hemawa 3opwuh, BaHp. npod., ap Metap Manguh, gou. n gp Tommcnas Lekapa,
pea. npod., ET® beorpag o oueHu OOKTOpcke aucepTtaumje ,lpojektoBake caBpeMeHUxX
cuctema ynpaerbaka poboTa NpPUMEHOM pasBoOjHUX MporpamMabunHux cuctema wu
CaBpeMEHe Teopuje payyHa Heuenor pega“ crtygeHTa [AOKTOPCKMX cTyamja bBolka
LiBeTkoBuha, aunn. uvHX. Mmaw. HactaBHO-HaydyHO Behe MalwmHckor dakynteta Ha
ceaHuum ogpxaHoj 17.06.2021. roanHe, ooHeno je cnegehy

oaonyky

YcBaja ce pedepat Komucuje o ypaheHoj goktopckoj guceptaumjm ,,[IPOJEKTOBAHE
CABPEMEHUX CUCTEMA YNPABIbAILA POBOTA MNMPUMEHOM PA3BOJHUX
NMPOrPAMABUITHUX CUCTEMA U CABPEMEHE TEOPWJE PAYYHA HELUENOI
PEOA" ctyneHTa BOWWKA LUBETKOBURA, avnn. nHXx. matu.

HokTopcky auceptaunjy n pedepatr Komucuje o ypaheHoj OOKTOpCKoj AucepTauujm
AOCTaBUTWM Ha pfaBawe carnacHoctn Behy HayyHux o06nactm TexHWYKMX Hayka
YHuBepauteTa y beorpagy, no ncreky poka og 30 gaHa y kome cy 6unu Ha yBuay jaBHOCTW.

Opnnyky goctaButu: Behy HaydHux obnactu TexHUYKnx Hayka YHusepauteTa y beorpagy,
CTYAEHTY, MeHTOpy u apxusu Pakynrteta.

JOEKAH
MALLUMHCKOIr ®AKYNTETA

npod. ap Paaunsoje Mutposuh



YHUBEP3UTET Y BEOI'PALY
MammHCKH (paKyJIaTeT

BERY JOKTOPCKUX CTYANJA

MpeameTt: Pedepar o ypaljeHnoj nokropckoj aucepranuju kanauaara bomka I1. IlBeTkoBuha,
JUILT. MHGK. MAIIL, CTyeHTa JJOKTOPCKUX CTyauja

Omtykom 0poj 905/2 ox 20.05.2021 roauHe, iMEHOBaHU CMO 3a wiaHoBe KoMucuje 3a mperies,
OIIeHy M 0JI0paHy HOKTOpCKe nucepraije kKannuaara bomka I1. 1lgerkoBuha noa HacimoBom

»lpojekToBam-€ caBpeMeHUX CHCTEMA YIPaB/bakha po00Ta MPHUMEHOM Pa3BOjHHX
NporpaMaduJIHNX CHCTEMA U CABPEMeHe TeopHje payyHa HeleJor peaa“.

Iocne npernena gocraBibene JJucepTanuje u qpyrux npatehux Marepujajia u pasroBopa ca
Kangunarom, Komucwuja je caunnnna cnenehu

PE®EPAT

1. YBO/J

1.1. XpoHouoruja ogo0paBama U U3paje aucepraimje

Kanmnnar Bomka I1. LigetkoBuh, qumi. WHX. Manl, ynucao je MpBY TOAHMHY AOKTOPCKHX
crynuja Ha MammHckoM (akynreTy YHauBepsurera y beorpany mkoncke 2010/2011 rogune.
Kangunary je 0100peHo MUpOBame CTaryca CTy/eHTa Ha JJOKTOPCKUM cTynujama y Tpajamby O JBa
cemectpa y mkoyickoj 2011/12 roamuu (Op.pemewma 9/16528 onm  21.09.2012. roaune), u y
mikoJickoj roauau 2019/20 (pememe 1395/1 ox 30.09.2020.roauHe), 0JHOCHO OJOOPEHO MY je U
NpOAYKEHE CTaTyca CcTyJeHTa Ha JIOKTOpCKUM CTylIWjaMa y Tpajamy OJf IBa CEMECTpa y IIKOJICKO]
2017/18 rogunn (pememe 2206/1 ox 03.10.2017 rogune), y mkojckoj 2018/19 rogunu (peiieme
1990/1 ox 12.09.2019. rommue), u y mkoyickoj 2020/21 roaunu (pemewe 1070/1 on
14.06.2021.roqune).

Kangunar je moaHeo 3aXTeB 3a 0400peme TeMe JOKTOpCKe aucepraimje Opoj 2523/1 on
16.10.2017 rogune Ha Kartenpu 3a mexanuky MammHckor dakynrera YHuBepsurera y beorpany.
Kangunar je 3a menTopa mpemioxuo ap Muxamna Jlazapesuha, pemoBHOTr mpodecopa MarmmacKoT
(hakynrera y beorpamgy. Ha ocHoBy carmacHoctu Karenpe 3a mexanmky Opoj 2523/2 om 31.10.2017
roguHe, HactaBHo-HaydHO Behe MammHckor dakynrera y beorpany monemo je 09.11.2017 roaune
Omtyky 6poj 2523/3 o umeHoBamy Kommcuje 3a oreHy mOJ0OHOCTH TeMe M KaHAWJaTa 3a u3paay
JIOKTOPCKE TUCEepTalije U HayYHE 3aCHOBAHOCTU TeMe JIOKTOPCKE TUCEepTallHje Y CaCTaBy:

i Ip Muxawno Jlazapesuh, penoBHu mpodecop (MeHTOp), MamuHacku (akynirer,
VYHusepsuret y beorpany,



i 1p ap Hemama 3opuh, gonent, Mammncku dakyiarer, YHuBep3uter y beorpany,

i 1np Tomucnas Illekapa, BaHpenuu npodecop, EnekrporexHudku ¢akyiarer, YHHBEP3UTET Y
beorpany,

Behe nayynux oOsacTh TeXHWYKHX Hayka YHuBep3uTeTa y beorpany noHeno je OJiyky
0poj 61206-5088/2-17 ox 25.12.2017 romuHe KOjOM C€ Jaje CcarjlaCHOCT Ha MPEJIOr TeMe
JIOKTOpCKe nucepTanyje kannuaara bomka [[perkoBuha, TUTUT. WHXK. MaIll., T0J] HACIOBOM:
»lIpojekTOBalbe CcaBpeMEeHMX CHCTeMa YyhOpaBbalkba pPo0doTa NPUMEHOM  Pa3BOjJHUX
NporpaMaduJIHNX CHCTeMA U CaBpeMeHe TeopHje pauyHa HeleJor peaa‘“.

Ha ocHoBy o0aBemitema penoBHor mpod. ap Muxamna Jlasapesuha na je xammumar bBorko
LgerxkoBuh, MUIII. WHX. Malll., 3aBPIINO JOKTOPCKY AMCEPTAIHjy IO HAcIOBOM: ,lIpojekToBame
caBpeMeHHMX CHCTeMa YIpPaB/bamkba Po00Ta MPUMEHOM Pa3BOjHMX MPOrpaMadMIHUX CHCTEMAa U
caBpeMeHe TeopHje padyHa HeueJor pega “ u mpemiora Kareape 3a mexanmky 6poj 905/1 on
17.05.2021 romune, HacraBHo-HayuHo Behe MammHckor dakynrera y beorpamy je Ha cemnmim
oapxkanoj 20.05.2021 rogmue noneno Ommyky 6poj 905/2 xojom ce mmeHyjy uinanoBu Komucuje 3a
Iperyiell, OLeHy U 0a0paHy IOKTOPCKE IUCEPTallje y cacTaBy:

i Ip Muxauno Jlazapesuh, penoBHu mpodecop (MeHTop), Mamuacku (haxkyiTer,

YHusep3suret y beorpany,

i np Pamumia Jopanosuh, pegoBHum npodecop, MamuHcku hakynTeT, Y HUBEP3UTET Y
beorpany

i np Hemama 3opuh, Banpennu npodecop, MammHcku pakynrer, YHUBep3urer y beorpany
i 1p Ilerap Mannuh, norient, MamuHcku dakynrer, YHUBep3uTeT y beorpamy

i 1p Tomucnae Illekapa, penoau npodecop, Enexrporexuudku akynrer, YHUBEP3UTET y
beorpany

1.2. Hayuyna oOJiact gucepraluje

Jokropcka mucepTraudja 1oA  HacioBoM ,IlpojekToBame caBpeMeHHMX ~cHCTeMAa
ynpaB/bamba po00Ta NMPUMEeHOM Pa3BOjHMX NMPOrpamMadWJIHHX CHCTEMa M caBpeMeHe TeopHje
pavyHa HeleJoT peaa® mpumnajna o0JacTH TEXHUYKHX HayKa - MAIIMHCTBO, Y)KOj Hay4yHO] 00JacTH
- Mexanuka, 3a kojy je Mamuncku (akyiarer YHuBepsurera y beorpaay marmuadH. MeHTop Ap
Muxavno Jlazapesuh je pemoBHu mpodecop Ha Kareapu 3a mexanmky MammHCKOT QakynTera
VYuupepsurera y beorpany. Kao ayrop wim xoayrop 10 cana je myonukosao 32 pana Ha SCI jmcTu.

1.3. Brorpadcku mogany 0 KaHIWIATY

Kangunar, bomko LlgerkoBuh, QumimoMHupaHn  HWHXXEHEpP  MAIIMHCTBA H  CTYIEHT
JoxTropckux crynuja Ha MammHckoM (dakynTery YHHBep3uTera y beorpany, pohen je y beorpany,
30. 3. 1976 rogure. OcHOBHY KONy ,,Munnia [lapmosuh* Ha Bpawapy 3aBpmmo je 1990. ronune a
Maremarnuky rumHa3ujy ,.Besrko Bmaxouh® y beorpamy 1994. rommue. TokoMm mKonoBama
[IOCTU3a0 je 3alaKeHE pe3yJiTaTe Ha IPAACKUM M PEnyOIMKMM TaKMUYEHUMa U3 MaTeMaTHKE U
¢usuke. JloOMTHUK je BHiIe Harpazaa, Mely kojuma cy u ,,Muxauno Ilemposuhi-Anac”, ,, Ceemo3sap
Mapxoeuh “ n ,, Huxona Tecrna®. Junnomupao je na MammnackoM dakynrety y beorpany, oncek 3a
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Ayromarcko ynpasibame, 2007. roguHe ca mpocedHoM orneHoM 7.89. JlumimoMmcku pax y oOiacTu
CUCTEMa ayTOMAaTCKOI YIpaBjbama I0J HA3UBOM ,/lunamuuka auaiu3a JAUHEPHUX CUH2YIAPHUX
cucmema ca NO3UYUJA NPUMEHE 2eHepalucCaHux uneepsuja’, ondopanuo je ca orenom  10.
JurioMcke cTyAmje 3aBpIIKO je M0 CTapOM HACTAaBHOM IUIaHY M IIpOrpamy.

Joxropcke cryauje ymucao je mikosicke 2010/2011. roguHe Ha MamuHckoM (akynTeTy
VYuusep3urera y beorpamy, menrop, npod. np Muxauno Jlazapesuh, Kareapa 3a Mexanuky). Y
okBUpY JIOKTOPCKHX CTy/AHMja Ha TpeaMeTy ,,MexaHuka poOoTa‘ BUIlE MMyTa je ca CTYACHTHMA
MacTep CTyAMja W3BOJUO JIabopaTropujcKe BexOe, y OBUPY KOjUX je pal)leHO Ha pa3BOjHUM ILIOYaMa
Arduino u Behem Opojy censzopa, kao u Ha LEGO po6orty.

On 2007. rommae mo moderka 2021. romuwHe OWO je 3amociieH y KoMIaHuju  ,Stucke
Elektronik GmbH* rae je pagmno Ha MmocioBHMa MporpaMHpama y BHIE porpaMckux jesmka (CH#,
C, C++, PHP, MySQL, HTML, Javascript, Java) mog Windows omepaTWBHMM CHCTEMOM H Ha
pazBojy PLC ypehaja m mporpamupama uctux y mnporpamckom jesuky Keil C. Pa3sujao je
codTBepcka pemrema 3a kommnannje Hyundai, Alstom, Eaton. Ox 2012. mo 2014. roamue pamuo je
Ha TO3UIHju KoHcynTaHTa Ha mpojekty JAWJIC MununcrapcTBa pama u conujanHe monutuke Briame
Cpbuje y3 moapmky Ceercke Oanke. CBpxa mpojekTa je Omia mpyxkame yHampeheHux yciyra Ha
JIOKaJTHOM HOBOY. 3afyXeme je OWIo TeXHWYKa CylnepBU3Wja HWMIUIEMEHTAlldje peliema Ha
MIPOjEKTY U y4eCTBOBamE HA CaCTaHIUMa 0100pa 3a UMIUIEeMeHTaurjy pemewa. On 2021. 3anmocneH
je y mporpamepckoj kommnanuju EPTI Ha no3unmju VPE (Vice President of Engineering)

Unan je Mence CpOuja u Mensa International on 1996. ronune. Opciayxuo je peaoBaH
Bojuu pok ox cenremOpa 2003. no jyna 2004. rogune y CyGormmm. Kangupar je 3aBpiumno
BuieMeceyHe MmelhyHapoaHo npusHare nocioBHe KypceBe NLP Bussiness Practicioner, NLP Master
Practicioner u BpxyHcku KOMyHHKaTOp ¥ JOOMO cepTU(HKATE HCTHUX.

Takohe, TOKOM INIKOJOBamka 3aBPIIMO j€ BEIMKA OpOj KypceBa CHIJTIECKOT je3WKa 10
nporpamy KemOpun yHuBep3uTeTa M KypceBe HEMAauKOT je3uKa Io mporpamy lere yHuBep3uTera,
TaKO Ja KaHJUIAT aKTUBHO KOPHCTH CHIJIECKM W HEMauKH je3WK, (UWTame, NHcame U
KOMYHHKaIInja).

Bomiko Lgerkosuh je ayTop u koayTop 12 Hay4HO - CTPYYHHX pPaJloBa.

2. OIIUC JUCEPTALIUJE

2.1. Canpskaj gucepraruije

JlokTopcka nucepraiyja kanaugata bomika Ilperkopuha, JDWMIUL WHXK. Malll., O HACJIOBOM
“IIpojekToBam-¢ caBpeMEHHX cHCTeMa yOpaB/balkba po0d0Ta TNPUMEHOM  Pa3BOjHHMX
NpOrpaMaduIHUX CHCTEMA M CaBpPeMeHe TeopHje pauyHa HeleJior peaa® je JOKyMeHT (opmara
A4, mTaMmad jemHOCTpaHO, HAIMCAaH HA CPIICKOM je3uKy, NUpWIMYIHMM TUCMOM. Hammcana je Ha
ykynHo 105 Hymepucanux ctpaHa ykipydyjyhu llpunore u Jlureparypy koja cagpxu 119
pedepeniu. UnmyctpoBana je ca 55 cimka, cagpxu 209 HymepucaHux u3pasa, u 6 tabemna.

Joxropcka nucepraryja caapxu cieneha [lormassea:

1. VBonm;
2. Be3aHo KpeTame XBaTajbke pOOOTCKOT CHCTEMA;



HtepaTtuBHO yrpaBibamke MyTEM yUeHha pOOOTCKUX CHUCTEMA;
XapnBepcko yrpasibamkbe NeuroArm poOOTCKOM PYKOM;
VYnpasssambe NeuroArm poOOTCKOM PYKOM T€HEPHCAHO y IPOTPAMCKOM OKPYKEHY;

A

3akJbydak U HAYYHU JOTPUHOCH JHCEPTAIHje;
OcuM HaBeIeHOT, JOKTOpPCKAa JAWCepTalija Caap)KH pe3ruMe Ha CPIICKOM M CHIJIECKOM jE3HKY,
canpxaj, Ouorpadujy ayropa, MzjaBy o ayropcrBy, M3jaBy O HCTOBETHOCTH IITaMIIaHEe U

SIIEKTPOHCKE Bep3Hje TIOKTOPCKOT pajsia u M3jaBy o kopumhemy.

2.2. Kparak npukas nojefMHadYHuX [IOIIaBJba

IIpso noenasmwe, open mperiieqa JIUTEpaType, HABOJE € MPEIMET W IMJBEBH HCTPAKUBAha
JIOKTOPCKE AMcepTanyrje KOju Ce OIHOCe Ha Pa3B0j HOBHX HMHTEIWTEHTHHX YIPaBJbakba POOOTCKUX
cucTeMa IMPUMEHOM WTEpaTHBHOT yIpaBjhakba MyTeM yuema (pakmuoHor (Herenor) pema. Ca
Jpyre CTpaHe, 3a NPAaKTHYHY MMIUIEMEHTAIWjy W peajH3alfjy CIOKCeHUX ajrophTaMa yIpaBlbarba,
MOTPEeOHO je y3eTH y OO03Hp KapaKTePUCTHUKE XapABEPCKOT W CO(MTBEPCKOT JeNa yIpaBJbaYKOT
cUCTEeMa Tako Jia je y HacTaBKy JaT OCBPT W Ha m300p M MUMIUIEMEHTaI|jy oaroBapajyher emOemnun
cucreMa (embedded system) TOTpeOHOT 3a ymlpaBibamke poOOTckoM pykoMm NeuroArm. Ha kpajy
TMOTJIaBJba TIPUKA3yje ce OCHOBHA CTPYKTypa pajia ca KpaTKUM OIHCOM CajpiKaja MmorJiaBiba.

Hpyeo noznasme GaBu ce MOJENOBalkEM POOOTCKUX CHCTEMa Ca BHIIE CTENEHU cinobone y
pemaBamky KOHTAKTHUX MpobOiieMa. 3a u3Boheme MareMaTHyKor Mojena poOOTCKOT MaHHITYJIaTopa
kopuitheH je T13B. PoxpuroB mpucrym, Kkoja je 3acHOBaHa Ha NpPUMEHH PoapuroBe wmarpuie
TpaHcpopmauuja xkoopauHata. Kopumhemem oBor mpuctyma, mMoryhe je Ha jeAMHCTBEH HaYHH
OJIPEIUTH OCHOBHE TCOMETPHjCKE M IUHAMHYKE T[apamMeTpe pa3sMaTpaHor CHCTeMa, Kao H
KHHEMAaTUYKe BEIMYMHE TOTpeOHE 3a  J00Wjame  JU(EpeHIMjalHUX  jeIHAYMHA  KpeTama
MEXaHHYKOT CHUCTeMa Yy KoBapHjaHTHOM oO0nuKy. [loceOHa maxma y OBOM MOTIJIaBjby HocBeheHa je
MaTeMaTHYKOM MOJIENTy BE3aHOT KpeTama POOOTCKOT cucTeMa MpuMeHOM JlarpamkeBuX jeqHavdrHa
Ipyre BpCTE€ Yy KOBapHjaHTHOM OONHMKY rne cy mnoceOHO oapeljeHe reHepanmcaHe cujie — ycien
peakigje Be3a koja Hamehe pagHO OKpYyXewme (TOBpI, JIMHHjA). 3aTUM Cy NpUMEeHOM Jlarpamx-
JanamMOepoBOr MpUHLMIA Yy TEHEpAIMCAaHUM KOOpJIMHAaTaMa Takolje mpe3eHTOBaHe H JO0MjeHE
nudepeHIjaiHe jelHauMHE BE3aHOI KpeTama PoOOTCKOr cucTeMa y o00ymKy JlarpamkeBux
jenHauMHAa Jpyre BpCTe y KOBapHjaHTHOM o0nuKy ca JlarpakeBum MHOXUTelbUMa. Ha kpajy
MoTJIaBJba TIOKA3aH je W JaT mnocrynak ojpehuBama JakoOHWjaHa TpU BE3aHOM KpeTamy  BpXa
XBaTajbKe poOOTCKOT CHCTEMA.

Tpehe noenasme mocBehieHO je OPHTMHAIHUM pe3yiTaTUMa KOjU Ce OJIHOCE Ha TPUMCEHY
HMHTEJIMTEHTOT yIpaBJhamka Koje je 3aCHOBAHO Ha UTEPATUBHOM YIIpaBibamy IyTeM yuema (YY), u

TO JIMHEAPU30BAHUM POGOTCKHAM CHCTEMOM LEIOT pea mpuMeHoM 3akona MYY PD?DP Henernor

pema y OTBOPEHO] CIpe3u. 3aTHM je yBeAeH U NIPeIoKEeH Y OTBOPEHOj-3aTBOpeHoj cmpesn UYY
HELEeJNOoT pena jeJHUM CHHTYJIApHUM TUHAMHYKHM CHCTEMOM HEHEJoT pena. Y HACTaBKY NMPHUKa3aHU
Cy pe3yNTaTH CUMYJIallije yIpaBibamba JaTHM CHHTYJapHHM cucteMoM. Ha Kpajy oBor mormiaBJba,
MIPUMEEH je MoToaHO omabpanu WYY y oTBOpeHOj-3aTBOpPEHO] crpesn Heuenor pema PD® FD
TUNA y IABY yIpaBibamka NeuroArm pobotrckoM pykom. Takohe cy mpeacraBibeHn u oaroBapajyhu
pesynTaTH cuMyJandje rae je KopumheH JMHeapu30BaHM  MaTeMaTHYkun Mmonen  NeuroArm
poboTcke pyke.



Yemepmo noenasme 0aBH Cce pa3MaTpameM XapJeBEpPCKOT yrpaBibama NeuroArm
poOOTCKOM pPYKOM, OJHOCHO M300POM W WMILIEMEHTAIMjOM XapIBEPCKHX pelIeha 3a YIPaBJbabe
NeuroArm pobotcke pyke. [locraBibeHn cy 3amgamu koje NeuroArm pobOoTcka pyka mopa Ja
u3BpIaBa J1a OM ce Ha OCHOBY Tora m3a0paJia pa3BojHa IUI0Ya Koja 3aJI0BOJbaBa CBE T€ 3ajaaTke. Jlar
je IIeMaTCKu MpHUKa3 yrnpaB/badke IUIoue Koja je pa3BUjeHa 3a moTpede NeuroArm poOOTCKEe pyke
ca onmucoM MOTyhHOCTH, naTo je oOjammerme 3amTo je uzadbpan RTOS omeparuBHU cucTeM, TpUKa3
nporpamckor agara EDICOPT 3a mporpamupame JIOTHKE paja MOTOpa, M Ha Kpajy IorjaBjba
MIPUKa3aHO je eKCIIEPUMEHTAIHO TecTHpame Maxon MoTopa Koju je y ckiomy NeuroArm poOoTcke

pyxe.

Ilemo noenasme ce OXHOCH Ha  TPOOJEMATHKYy pelllaBama  yOpaBhamka NeuroArm
poOOTCKOM PYKOM y JaTOM TPOTPaMCKOM KpYyXKemy, KOMyHHKarmje ca myrem Modbus mpoTtokona,
HAa4YMHUMA YTIPaBJbamkha ¥ PEaTHOM BPEMEHY KOjH Cy NMPUMEHEHN U TECTHPAHH, Kao W MPETHOCTHUMA
1 MoTyhHOCTHMa JaJbUHCKOT YIIPaBJhaha Y PEATHOM BpEMEHY.

Llecmo noenasme capxu 3aKbydKe U HayqHE JOTPUHOCE TUCEPTALH]e.

Ha xpajy mokxropcke nucepramje naTo je W TPU MpWiIora TAe je MpUKa3aH IIEeMaTCKd MpHKa3
IpeocTaluX [eloBa yIpaBjbadke Iuode, moien Maxon motopa y Matlab-y wn  Simulink-y,
pe3yiTaTH eKCIepUMEHTaHOT TecTupamba Maxon mMoTopa NeuroArm poOoTcke pyke, Kao H jedaH
€0 KoJa 3a KOMyHHMKanujy ca NeuroArm poOoToM u mporpamupameM paaa motopa y EDICOPT
MIPOrPAMCKOM OKPYXKEHY.

3. OIIEHA JUCEPTAIIMJE

3.1. CaBpeMeHOCT ¥ OPUTHHAIHOCT

Joktopcka mucepTauuja 1o HacioBoMm ,JIlpojekToBame caBpeMEHHX ~CHCTEMA
ynpaB/bama po00Ta NPUMEHOM Pa3BOjHMX NMPOrpamMadWJIHHX CHCTEMa M caBpeMeHe Teopuje
pauyHa HeueJor pexa“ xangunara bomka l[perkoBuha, numi. WHXK. Mall., IpeAcTaB/ba HACTaBaK
aKTYeJTHOT WCTpaXXMBamka NPEBACXOJHO y OOJACTH YIpaBJbaka Kao W MOJEJoBama POOOTCKUX
cHCcTeMa y pellaBamky BE3aHOT KpeTama HCTOT. VcTpakuBama y 00JIACTH HANPEJIHOT YIPaBJbamba
poboTCKMX cHcTeMa Ccy BeoMa 3HauajHa W akTyenHa. [IpUIMKOM cuHTe3e yIpaBibamba JIaTHX
cucreMa KopwuinhieHa je caBpeMeHa MaTeMaTHuKa TeopHuja Helesor pena (PppakiuoHH padyH), Koja
nMa cBe Behy npuUMeHy y TEXHUIM y ToclieNkbux map JeneHuja. [Ipu dopmupamy MareMaTnikor
MoJiesia 1aTor poOOTCKOT CHCTEMa IPH BE3aHOM KpEeTamy MCTOT IPUMEHCH je caBpeMeHn Poxpuros
TIPUCTYTI, YHja je TPETHOCT TO IITO je BEOMa IMOTOAAH 3a MPHUMEHY Ha padyHapy, IMa Ce IMOCTYIaK
MOJICTIOBaba CIIOKEHUX CHUCTEMa ca TPH W BHUIIE CTENEHH CI000Je 3HATHO II0jeIHOCTABIbYjC H
yOp3aBa, a MOTyhHOCT ToOjaBe Tpemike y MOZeNly Ce 3HAaTHO CMamyje. YTpaBibamke pa3MaTpaHuM
pPOOOTCKIM CHCTEMOM KOJH CE€ MOXKE TMPEACTaBUTH Kao OAToBapajyhw CHHTYNapHH IWHAMIYKH
CHCTEM 3a CJIy4aj Be3aHOT KpeTama, MPEeACTaBlba aKTyellaH MpoOJieM Yy CaBpEeMEHO] JITeparypu, M
TO je yIpaBO jeJHa OJ HCTPAKUBAYKUX 00JacTH oBe Te3e. OpUTWHAIHH TIPHUCTYH 3a pEIlaBame
3aJaTKa HaNpeIHOT YIpaBJbamba pa3MaTpaHUX TUHAMHYKHX (POOOTCKHMX) CHUCTEeMa Orjena ce y
NPUMEHN MTEPaTUBHOT ylpaBibama IyTeM yuema (YY) Hemenor pena 3a ciydaj JIMHEapU30BaHHX
POOOTCKUX cHCTEMa EJIOT pe/ia Kao M 3a KJIacy JIMHEApHUX CHHTYJIApHUX CUCTEMa HEeleJIor peaa.



Y OKBHPY [OKTOPCKE [IHCEpTaldje MNPUMEbEHH Cy CaBPeMEHH HWCTPAKUBAYKHA TOCTYIIH |
naboparopujcka Mepema y3 Kopullhelmhe HajHOBUJUX CO(TBEPCKUX pellckha 33 HyMEpHuyKe
CUMYJIaIlMje ¥ pealiu3aliijy yrpaBjbamkba po0oTa y pealHuM yCIOBHMA.

OpuruHaIHOCT J0OUjeHHX pe3yJrara y OKBHPY JHCEpTalldje MOTBPhyjy paaoBU KOjU CY
MyOJMKOBAaHW M CAOIIITEHH Ha MelyHapOaHHM HaydHMM CKYITOBHMAa WM 00jaB/BEHH y CBETCKOM
4acoIuCy.

3.2. OcBpT Ha pedepeHTHY M KOpUITheHy JIUTepaTypy

ToxoM w3pame MOKTOpCKE Juceprandje KopumheHn cy pedepeHTHH u aKTYeITHU
JUTEPaTYPHU U3BOPU U3 PENEBAHTHUX OOJACTH M TO Npe CBera pajoBU U3 HayYHHUX 4acoluca W ca
melhyHapoaaux KoHdepeHIHja, kKao © onarorapajyha Monorpadcka mmteparypa.  lIpermemom
OUTHpaHe JUTepaType y YBOAHOM Jelly AWCepTaldje 3aKkjbydyje ce Oa je KaHaumaT bomrko
IpetkoBuh mao akryennn mpuka3z mnocrojehe u pedepentHe mmreparype. Jar je mpermen
peleBaHTHHX pe3ynrara U3 o00JacTH MOJeloBama POOOTCKUX CHCTEMA, CaBpPEMEHE TeopHje
HHTEIUMTEHTHOT YIpaBjbalba NMPUMEHOM HTEPAaTHBHOI yIpaBibama mHyTeM ydewma (YY), teopuje
¢pakunoHOT (HELENor) padyyHa ca aKLUeHTOM Ha npuMeHy Ha WYY ca mwbeM — HanpeaHoT
yIIpaBJbamba AaTUM POOOTCKUM CHCTEMHUMA.

Takobhe, nat je u oarosapajyhu ocBpT Ha JuTepaTypy Koja ce OQHOCH Ha MpUMEHy eMOenua
cucrema (embedded system) y nuiby XapJBEpCKe MHTErpalyje M aJeKBaTHE COPTBEPCKE MOJPIIKE a
CBE y IWJby pellaBama 3ajaTaka yNpaBjbama AaTux poOorckux cucrema. O aKTyelIHOCTH
kopumheHe JuTepaType TOBOpHM W YMIbEHHMIA Ja je BehnHa HaBeneHHWX pajoBa MyOJHKOBaHA Y
MPETXOJAHMX JIeCeT TO/AMHA, a TIOpel PagoBa M3 BPXYHCKMX Mel)yHapOAHUX Yacomuca, aHalu3upaHu
Cy ¥ paloBH 00jaBJbeHU Ha BoehUM CBETCKUM KOH(epeHLIHjaMma.

3.3. Onmc 1 aeKBaTHOCT MPUMEILEHNX HaYyYHUX METOoa

Pesynratu nmpuka3zaHu y OBOj JOKTOPCKO] TUCEpTAIMjU J0OUjeHH Cy TpuMeHoM cieaehnx
HayYHHUX MeToJia (TeopHja) 100po MOo3HATUX HAYYHO] M CTPYYHO] jaBHOCTH:

| Meroje aHAIUTUYKE MEXAHUKE;

| Mertoje maTeMaTU4YKOT MOJEIUPabA;

i Teopwuja pauyHa Henenor pena;

i CaBpemene MeTojie TeOpHje yrpaBsbama cucteMoM (MYY)
i ExcriepuMmeHTanHe METO/Ie HCITUTHBAMKA

| Kommaparusne meTone, ynopehusame ekCriepuMEHTaIHUX pE3yJITaTa ca pe3yIraTuMa
HYMEPHUUYKHIX CUMYJIIallH]ja,

KOje Cy TOKOM UCTpaKMBabkba IPUMEHCHE HAa alICKBaTaH HAYHUH.

3.4. [lpuMeHJEUBOCT OCTBAPEHUX pE3yiTaTa

Jobujenn pesynraTe y OKBHPY JOKTOPCKE MUCEpTAIlHje MOpe]l HAy9HE BPETHOCTH HMajy U
3Ha4YajHy NPAKTHYHY NPHMEHY y pellaBamy 3ajaraka ylnpaBjbama JaTHM POOOTCKHM CHCTEMOM -
NeuroArm poOGOTCKOM pyKOM HOIITO je KOMIUIETHO pa3BHjeH U MMIUIEMEHTUPAH HOBH YIIPaBJbauKU



cucreM. Takohje, ocTBapeHe HOBE aJropurMe ynpaBbama WYY Heumenor pema je  Moryhe
NPUMEHUTH 32 YIpaBJbalkbe JIPYIUM IMHAMHYKAM CHCTEMHMa y3 HE3HAaTHY MOJIWU(HUKALHN]y HCTHX.
300or TOra, pe3yATaTH IOKTOpCKE AHCepTaldje MMajy NPUMEHY KakO y CHHTE3W HampeIHuX
anroputamMa yrpapjbamba POOOTCKHX CHCTEMa 3aCHOBAaHM HA TEOPUjH HELEJOT pela, Tako U Y
HPaKTUYHO] PEeATH3alMj1 YIIPaBJbamba POOOTCKUX CUCTEMA Y PEaTHUM YCIIOBUMA.

3.5. O1eHa TOCTUTHYTHX CHOCOOHOCTH KaHAMAATA 34 CAMOCTAIHY HAVYHU Dax

Karmunat bomko I[gerkoBuh (koju je TOKOM cTynmja OMO 3amoCieH y IPHUBPEOH) j& TOKOM
u3page AOKTOPCKE IuCepTalyje MOKa3ao Ja je CaMOCTallaH y MOCTaBJbamy, MNPEINO3HABABY H
pelraBamby HAayYHO-MCTPAKMBAYKHMX 337aTaka Kao M Ja YCICNIHO BJIaJa HAYYHO-HCTPAKUBAYKHM
Meromama. [locenyje mmpoko 3Hame U3 O0JACTH TEOPHjCKE MEXaHWKE W YIpaBJbamba CHCTEMA, Kao
U W3Y3eTHO TIO3HABamke W TPUMEHY CaBPEMEHHX COQTBEPCKHMX amara. Pe3ynTaTtd TOKTOpCKe
JHCepTaIyje JOKa3 Cy CIIOCOOHOCTH KaHIWIaTa 3a CaMOCTAHW HayYHO-HCTPaXHWBAdkd panx. Kpos
pan Ha AWcepTalMju KaHAUIAT je CTeKao MoTpeda 3Hama 3a mperpary W omabup pedepeHTHe
IuTeparype, Kao W 3a MHCake HAyYHHX pajoBa, INITO je TOTBpheHO OpojHHM ayTOpCKUM U
KOQyTOPCKHM paJIoBUMa.

4. OCTBAPEHU HAYYHU JOINMPUHOC

4.1. Tlpuka3 ocTBapeHUX HAYYHUX JONPUHOCA

OpurnHamHd HaydHH JonpuHOC KaHnuaara bomka LlgerxkoBuha u HeroBor AoKTopara IMmof
HaszusoM ,IIpojekToBame caBpeMeHHX cHCTeMa yNpaB/bakba po00Ta NMPHUMEHOM PAa3BOJHUX
NpPOrpaMaduIHUX CHCTEMAa W cCaBpeMeHe TeOpHje payyHAa HeLeJor peaa“ je CHHTE3a jeJHOT
HOBOT HaNpeIHOT yIpaBjbamkba AAaTOM KJIACOM AMHAMHYKWX JIMHEAPU30BAHMX POOOTCKHX CHCTEMa
IIPYMEHOM MHTEIHreHTHOT poGycHor MYV Henenor pema, y oTBopeHoj rpanu, Tuna PD’D. Osje ce
MOXe wucTalim 4YMibeHWMIIA J1a Yy HAayYHO-CTPYYHO] JIMTEPaTypu IIOCTOjJU H3Y3e€THO Maju Opoj
anroputama Y'Y Hewenor peia Koju cy NpUMEHEHH 32 AMHAMHYKE CUCTEME KOjH HHUCY HEIeJor
pena Beh mesor pena 4uMe rope HaBeleH pe3yaTar no0uja Ha jorn Behem 3Hauajy. opmynucana je
U JI0Ka3aHa TeopeMa Koja ce OJHOCH Ha KOHBEpreHuuWjy mpeioxkeHor UYY Henenor pena tuma

PD’D™ unme cy noGujeHn 1OBOJbHH yCIOBH KOHBepreHumje. OBaj HayqHH TOMPUHOC MPHUKA3aH je y
notnoriasby 3.2, Ha crpaHama ox 20-32 nmoxTopcke nucepTanuje a oOjaBibeHH cy y pany [1]

(omesbak 4.3 Bepudukanuja HaydHUX JOIpHHOCA), y Yaconucy Filomat kareropuje M22, nocrymnas
Ha JwmHKY_http:/journal.pmf.ni.ac.rs/ filomat/index.php/filomat/article/view/15185/0 Ha xome je

KaHIUIAT TPBU ayToOp W jeNMHW AOKTOpaHa. Yacomuc He Jaje Ha yBUA jaBHOCTH onMax Beh ca
3aKalllibCHhEM O JIBE TOJAMHE, i ce 3aT0 Y MpUIIOTy pedepara naje paj ca 3ariaBJbeM 4acormuca U
Opoja y xome je o0jaBibeH.

Ocramu OUTHHE JOTIPUHOCH AOKTOpATa Cy:

i Pemen je 3amarak poOycHOT yrpaBjpama JaTUM CHHTYIAPHAM CHCTEMOM HELENOT pena KOju
rmocenyje TMapaMeTapcKy HeW3BecHOCT mpuMeHoM WYY Hemenmor pema y OTBOpPEHO-

3aTBOPEHOj cnpe3u Tuna P/PD*. dopmynncaHa U I0Ka3aHa ojroBapajyha teopema rue cy
U3BE/ICHH Cy JOBOJBHH YCIOBH 3a KOHBEPIE€HIM]Y Npeaioxkenor anroputma Y'Y wenenor

pena. OBaj mompuHOC NpHKa3aH je y mormnoriasiby 3.3 Ha cTpaHama ox 32-42 mOKTOpcke
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nucepraimje. MehyHaponHo je HayyHo BepudukoBaH y  pany [2] (omesrak 4.3
Bepudukanuja HayaHux AonpuHOca), kKaTreropuje M33, Ha KoMe je KaHIuAaT MPBU ayTop.

i [lpojekToBaH je W MMIUIEMEHTHpPAH HOBH YNpaBJbauKH CHCTEM 3a yIpaBibame NeuroArm
poboTckoM pykoM (JI0 CBMX cellaM MOTOpa y MCTO BpeMe) 3a pajl y pealHoM BpeMeHy. Y
JbY pealn3alyje XapJBEpCKOT YIpaBibamkba POOOTCKUM CHCTEMOM ca CellaM CTEIeHH
co0o/ie CpoBeeH je u30op xapiBepa T3B. eMOeaua cucTeMa Tj. u3abpaHa je pa3BOjHa
wioua Beaglebone Black n mo mpBu mytr kopumihen codrteepcku maker EDICOPT,
Wucturyra Muxamno IlynmH, 32 MUMIUIEMEHTAIMjy CIIOKEHUX ajropuTaMa yIpaBJbamka Ha
onTuMaaH HauwH. OBaj mompuHOC npukazaH je y Ilormasby 4 Ha cTrpaHama oxm 52- 65
JIOKTOpPCKe aucepTanuje. MeljyHaponHo je BepudukoBaH y KOH(epeHIujckoM pany [3]
kareropuje M33, (omespak 4.3 Bepudukanmja HaydHUX JOTPHUHOCA), HA KOME je KaHIUIaT
mpBu ayTtop W o6jaBibeH je y wacomucy IOP Conference Series: Materials Science and
Engineering, JOCTyIlaH  Ha mMHKY _https://iopscience.iop.org/article/10.1088/1757-
899X/393/1/012110.

4.2. KpuTnuka aHaiamza pe3yirara HCTpaKHUBama

Ha ocHoBy nperyiena peneBaHTHE Hay4yHe JIMTEpAaType W carjiefaBama MocTojehux pemema
u3 o0nacTh oOBe [OKTOpCKE JucepTaluje, KOMHCHja KOHCTaTyje Jla Cy INpHUKa3aHH pe3yiaTaTu
HCTPaXKMBamkba HOBH, W3Y3€THO 3HAUajHH M HAYYHO yTeMeJbeHH. VICTOBpEeMEeHO, Ha OCHOBY YBHIA Y
3aJjaTe LWBEBE MCTPaXHBamka W pe3yiATaTre NpEACTaB/beHE y  JOKTOPCKO]  AHMCEpTaLUjH,
KOHCTaTyjeMO Jia Cy IpY>KEHH OJrOBOpU Ha CBa PEJICBaHTHA MHTAama M Ja Cy pPelleHH MpobieMHu ca
KOjUMa ce KaHIWAaT CyCpeo y TOKy MCTpakuBama. Pa3BujeHn oxrosapajyhm monen poOOTCKOr
CHCTEMa y CIIy4yajy BE3aHOT KpeTama Kao M HallpeJHH aJTOPUTMH HTEPaTHBHOT yIpaBJbambha IyTeM
yuema y3 afeKBaTHY cO(TBEPCKY M XapABEPCKY MOIAPIIKY MUMajy BEIMKY NPUMEHHBOCT Y 00JacTH
HAIIPEJHOT yIpaBJbaba poOOTa y PEalHOM BPEMEHY.

4.3. Bepudukanuja HayyHUX AONPUHOCA

Hayunu nonpunocu npeaMeTHe TOKTOPCKE AUcepTanyje ¢y BepudukoBanu cienaehum
pazoBuMa:

Kareropuja M20:

[1] B. P. Cvetkovi¢, M. P. Lazarevi¢, Fractional-order iterative learning control for robotic arm —
PD’D“ type, Filomat 35:1 (2021), pp.1—10. https://doi.org/10.2298/FIL2101001C. (IF=0.848)
(ISSN: 2406-0933 On line; 0354-5180 Print) (kaTeropuja M22)

Kareropuja M30:

[2] B. P.Cvetkovi¢, Lazarevic M., Djurovi¢ N., Mandi¢ P.: Open-closed loop fractional-order
iterative learning control for singular fractional-order system, -International Conference on
Fractional Differentiation and its Application, 18-20 July 2016, Novi Sad, Serbia, pp.404-414,
ISBN: 978-86-7892-830-7. (kaTeropuja M33)

[3] B. P.Cvetkovi¢, V. Nesi¢, M. Lazarevi¢, P. Mandi¢, P. Mari¢ u M. Dragovi¢, Advanced
hardware control for seven DOFs robotic arm-neuro arm, (KOD 2018) published in IOP Conf.
Series: Materials Science and Engineering 393 (2018) 012110 pp.1/8, doi:10.1088/1757-
899X/393/1/012110. (xaTeropuja M33)



5. 3AKJbYYAK U ITPEJIVIOT

Ha ocHOBY neTaspHOT mperiena M aHain3e JOKTOpcke aucepraimje, Kommcuja 3a mperern,
OIICHY U 0JI0paHy JIOKTOPCKE JIMCEepTaIlije KOHCTATY]e Jia j& JOKTOPCKa JIUCEpPTalija Mol HA3UBOM

slIpojekToBame caBpeMeHHX CHCTeMa YNpaB/bamka PpodoTa TNPHUMEHOM Pa3BOjHUX

nporpaMadWJIHUX CUCTEMA U CaBpeMeHe TeopHje pauyHa HeleJor peaa‘.
kagnunata bomka LiBerkoBuha, nmumol. wHX. mamnnypaleHa mpeMa CBHM CTaHAapauMa y HAydHO-
HCTPOXUBAYKOM pajay, Kao W Jia HUCIyHmaBa cBe YCJoBe mpeiasuleHe 3aKOHOM O  BHCOKOM
oOpazoBamy U Aa je y ckiamxy ca Ctaryrom u [IpaBHIIHIKOM O TOKTOPCKHAM CTynHjaMa MammnHCKOT
(dakynrera YHuBep3utera y beorpagy. Ha ocHOBy pesyarara um 3akbydaka IpPHKa3aHHX Y
TIOKTOpCKoj mucepTarwju, Komucuja koHcTaTyje Aa je kanaumar bomko I{BeTkoBuh, murmir wmx.
Mall., YCIIEIIHO 3aBPIIHO JOKTOPCKY IUCEepTalljy y CKIAAy ca TpeABUheHHM TpeaMeToM |
[TOCTaBJHCHUM IWJFEBUMA HCTpaXKMBarma. KaHAWIAT je J0mao A0 OpUIMHAHUX HAYYHHX pe3yJiTara
KOjH Cy YCHEITHO U Bepu()UKOBaHH.

Kowmucuja 3a omneHy n onOpaHy MOKTOpPCKE AWMCEpTaIldje 3aKJby4iiia je Ja JTOKTOPCKa TucepTalmja
noJ HazuBoM ,lIpojekToBame caBpeMeHMX CHCTeMa  YINpaBbaka podoTa  NPHMEHOM
Pa3BOjHMX MNporpaMadWIHUX CHCTEMa M CcaBpeMeHe TeOpHje payyHa HeuweJaor  pepa‘
MIPECTaB/ba OPUTHHAIAH M BpedaH HAaydHM paj ca HAydYHUM JONPHUHOCHMA y OOJACTH MAalIMHCTBA,
y’ka HaydHa oOmact MexaHuka, ma cxonHo wiany 37. IlpaBunmHHMKa O JOKTOPCKUM CTyAHjama
Mammackor ¢axynrera YHuBepsurera y beorpamy. Crora Komucuwja npeanaxke HacraBHo-
HaydnoMm Behy Mamunckor dakynrera y beorpaay na Pedepar nmpuxsartu, nuceprauujy craBu Ha
yBHJ jaBHOCTH U ynyTtu Pedepar Ha koHauHO ycBajamse Behy HayuHumx o0nacTv TEXHHUKHX HayKa
YuuBepsurera y beorpany, a ga ce HakoH Tora kaHaunat bomko LlBerkoBuh, qumi uHx. Marl.,
M030BE Ha jaBHY 0J0paHy AucepTaluje.

VY Beorpany, 10.06. 2021. roa.
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Fractional-Order Iterative Learning Control
for Robotic Arm-PD?D?® Type

Bosko P. Cvetkovié?, Mihailo P. Lazarevi¢?

“University of Belgrade, Faculty of Mechanical Engineering, Belgrade 11120, Serbia

Abstract. In this paper, a new open-loop PD?D® type a fractional order iterative learning control (ILC) is studied
for joint space trajectory tracking control of a linearized uncertain robotic arm. The robust conver- gent analysis of
the tracking errors has been done in time domain where it is theoretically proven that the boundednesses of the
tracking error are guaranteed in the presence of model uncertainty. The convergence of the proposed open-loop ILC
law is proven mathematically using Gronwall integral inequality for a linearized robotic system and sufficient
conditions for convergence and robustness are obtained.

1. INTRODUCTION

The science of robotics has grown tremendously over the past twenty years, fueled by rapid advances in
computer and sensor technology, as well as theoretical advances in control theory, [1]. At present time, the vast
majority of robot applications deal with industrial robot arms operating in factory environments. Robots are being
deployed to accomplish tasks having strict requirements of accuracy, precision, repeata- bility, mass production and
quality in addition to ease of human effort and cost-effectiveness, [2]. The investigation into the modeling of the
dynamics and control of the robotic systems and mechanisms has been an active topic of research which is
stimulated by the different applications and by the increasing demand for better performance of robotic systems,
(3].

Taking advantage of the fact that robot manipulators are generally used in repetitive tasks, iterative learning
control (ILC) schemes [4-7] have been proposed for robot manipulators in the past three decades to enhance the
tracking accuracy from operation to operation for given systems. Also, various version ILC strategies are proposed
for different type dynamical systems [8-12] that utilize given objective systems data and past information in the form
of repetitions to track a reference trajectory over finite time intervals without detail modeling. The basic idea of ILC
is to improve the current tracking performance by fully taking advantage of the past control experience. Since the
structure of ILC can be viewed as a feedforward control methodology in the time domain and it is simple and easy to
implement, the ILC method is suitable for designing a nonlinear tracking control system [13,14]. Also, many
classical ILC algorithms have a restriction that involves the assumption that the coupling matrix [CB] has a full-
column rank where B denotes the control matrix and C denotes the output matrix of state space for the linearized
system. To
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grvercbomf this lack, we introduced [14], open-closed ILC PIDD2/PID type which successfully resolves this
awback.

Recently, increasing attention is dedicated to fractional differential equations and their applications in
various science and engineering fields [15-17]. Moreover, increasing attention has been dedicated to fractional
calculus (FC) and its application in the control and modeling of fractional-order systems [18-20]. Also, the
application of ILC to the fractional-order system has become a new topic, [21-27] it does not only retains the
advantages of the classical ILC, but also offers potential for better performances in a variety of complex physical
processes. For example, a fractional-order D-type ILC algorithm was proposed in the frequency domain [21], and
PDa type ILC in the time domain [22]. Most of the existing fractional-order ILC (FOILC) methods for fractional-
order systems only focus on the regular and a few singular systems of

fractional order.

On the other hand, in many practical robotic control applications, the robotic systems can be presented as
nonlinear or linearized integer order dynamic systems. So, there is a difficulty to apply fractional order ILC scheme
to integer order system. Recently, authors [28] proposed PDa type FOILC schemes for already obtained integer-
order model (given as linear time-varying mechanical system) which is more practical for control practice.
Motivated by the search for new FOILC law and their application to mechanical systems, the new open-loop
PD?DYtype FOILC law for a class of linearized robotic systems is suggested. Particularly, term D2 in the proposed
FOILC serves to overcome well-known restriction the coupling matrix [CB] = 0 for a linear or linearized system [29],
[30]. Sufficient conditions are derived in the time domain which are our main contributions. Consequently, one may
conclude proposed FOILC type is good basis for further real-time robot control application.

”Preliminaries” section presents some of the norms and definitions of fractional derivative that are consid- ered in
this contribution. In ”Main results” section, first problem formulation is stated and then convergence results for the

proposed open-loop PD?D%type learning law are given. Finally, the “Conclusion” section concludes this
contribution.

2. PRELIMINARIES

2.1. Notations, the N-norm
In this paper, the following norms are adopted [6] for n -dimensional Euclidean space R" : sup-norm

- n

llxlle = sup |x|,x = [x;,x, ,x,]7 matrix norm as lAll. = max(  |a;]) , A = [a;].x, where lIAll. denotes
1<i<n 1sism |
<is i=1

the infinite norm of a matrix. Particularly, the standard A -norm for a real function g(¢), (t € [0, T]), 9 :

[0, T] — R"is defined as:

I g, =sup e Ig®dl, A>0 N
€ [0,7]

Especially when is norm (.)] - |} it follows Axj- |A <<t} J|Alsq, for the previous norms, one can easily prove
that the A-norm is equivalent to the oo -hOTIL

(1) Property I: J)\ norm has the next propejiy
t !

=\t a(t-T) =At AT a(t—T) =AT
sup e llg()lle dr = sup e ee e lg()lidr
1€ [0,7] 0 I €[0,7] O (2)
L A 1 = e @NT ]
<l glyysup &M ars TA—g © A _
€[07] O N~ "g(.)")\

Before presenting the main results, we first introduce the following Lemma 2.1 [6].
Lemma 2.1. [6] Suppose a real positive series {q;}; satisfies

G PG+ € 3)
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where p 20, € > 0and p < 1. Then the following holds:
limg, < €41 - p) @)

k—e0

One can notice that in case of €= 0,lim ¢; — 0.

k—>o0
Lemma 2.2. (Bellman-Gronwall inequality) [31] Let fi(t), Qi(t), and h(t) be nonnegative continuous functions in

the interval [0, T]. Moreover, if there is a nonnegative constant a such that left inequality holds, then the right
inequality also holds.

J. t ... t J. t
fOShO* af(mdr+ gMmdt, = f()Sh@)+ expla: (- D)ah(T) + g(MldT Q)
0 0 0

2.2. Preliminary notes on fractional calculus

The theory of fractional order calculus can be traced back to 300 years ago, and now, it plays role in modern
science particularly in the field of control engineering [16,32]. In the present section, we shortly review some basic
definitions and properties of Riemann-Liouville (RL) and Caputo fractional operators [16,17]. Let f (.) AC[a, b] be a
continuous function over the finite interval [a, b] having the first derivative almost everywhere in [a, b] , being
integrable, that i€ it is in L'[a, b]. Also, the space AC"([a, b])is the space of functions with continuous m 1
gerivatives on [a, b] , and m-th derivative in L'[a, b]. The definition of RL fractional integral of order [ is described

y: -

t

- 1 p-1
df () =,D,fln= r -0 fmdnue R ©)
J
where I(.) is the well-known Euler’s gamma function, which is defined by F(z) = e 'dt. The RL

. . +E Lo 0 .
operator ,I"(.) possesses the semigroup property, i.e. " -, I* =, I"** The RL derivative of the fractional
t t t t

order Y of a function f (¢) is given as

J

8B, f (=D NIV f () = j—;(al,'(”'“)f ()= s (nl_ m et "= T fmar, )

wheren 4 u<n & and D'(.) = d*()/df*, n N is the classical n-order derivative. If we introduce n = [J]
N whichsstands for integer part of Y, and o = (y [”L)q- 1(0, 1) it foHows next form for RL fractional order:

—(1-q)

D) mpa gy mprapy () ®)
a 1 a a T dp1 i

Also, the definition of Caputo derivative of fractional order J is introduced [16,17] as follows:

_ n— - ' -
olro= "D fo= 0 o= L - Oayr, ©)
f , , F=1)
wheren — 1 < y<n € Z*. Also, we have:

DV f (1) = DD () =, TP D)) =, 100 D) (10)
a t t t t

Inthiscasen=1,for0< (3-< 1 we obtain:
RLa 1 ! -a

Df()= -

a tf() I'(l — G)dl[ ; (t T) f(T)dT,] (11)

t —adf(1)

C_«a - 1 _
D= p gl @mm ]
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In the following sections, D® will denote D%, RLDC DA for the brevity of notation. If £(0) = 0, we can

t tiot
easily prove that in case a = fy it yields:

0D, %(, D f(1)) = f(1) (12)

3. MAIN RESULTS

3.1. Problem formulation

It is well known that many different schemes of robot control exist in literature. Here we consider robot arm

control, where dynamics of our robot can be obtained using the procedure for symbolic form computation of the
complete dynamics of a robotic system with kinematic chain structures based on the Rodriquez approach, [33].

Differential equations of a robotic system can be presented in the covariant form of Lagrange equations with
corresponding external generalized forces. Moreover, the robot armdynamics can be obtained in compact form as:

alqyq + (N(g, ¢)- 0°) = alg)g *+ n(q,q)= Q" (13)

where a(g) = [aqg] ™" denotes inertia matrix, N(g, ¢°) is the matrix that includes centrifugal and Coriolis effects,
and Q9and Q™= U are gravity term and motor torque vectors, respectively [2]. Here, a model based fractional order

control scheme is introduced and implemented, which includes the application of the feedback linearization
technique [34]. As result one can linearize the dynamics of robot as

q@) = u(r) (14)
where u(t)is the new control signal, or in the case of the existence of the model uncertainty n = n(z) , we have:
gO= u@ *+n@ (15)
or in state-space
I 0
,B=D= bi

2nx2n 2nx2n

X'(f) = Ax(¢) + Bu(t) + Dn(1) ,A = 0 (16)

00

I
yo=cn=1 00 (17)
We introduce the following assumptions:

Al. The desired trajectories y,(f) , x,(f) are continuously differentiable on [0, T Al is a reasonable assump- tion that
makes possible calculating é;(t) = y,(t) — y;(1), €;(t) = COX;(t) = C(X)(t) — % (1)), %(t) = CO%(2).

A2. The system (16), (17) is causal. Specifically, the existence of unique bounded control input ud(tl) and
x4(t) makes the output of the system (17) to be u,(¢) ,i.e.

x'q(t) = Axg(r) + Buy(1), (18)

ya() = Cxq(0), (19)
A3. The initial resetting conditions hold for all iterations, i.e.

x(0)=x40),i=0,1,2..., (20)

Assumption A3. restricts the initial states or the initial outputs in each repetition operation should be equal with
the desired initial ones so one can achieve a perfect tracking, from the beginning demands the perfect initial
condition, that is, i, Ox(0) = x40) x,(Q.) = 0, e0) = y40) y,(0) = 0. Many practical control problems require
such a perfect tracking over the entire transient period including theinitial one.
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A4. The uncertainty N,(f) R'% is uniformly bounded. In the sequel, we use positive constant d,, , to denote the upper
bounds for n«(?) , i.e, ¢ [0, T] andyi N(?) dy Assu\ynpgqrﬂ 4. pptg the boundedness restrictions of the n(z) on
given time interval ¢ [0, 7]. Based on contractio pping, all existing ILC methods require Assumption 4.
The reason is as follows. ILC methodology tries to use as little system prior knowledge as possible in its
design, and the lack of such system knowledge, however, gives rise to a difficulty in designing a suitable
(stable) closed-loopcontroller.

3.2. Convergence results

3.2.1. Open-loop PD?D® leamning law

As we stated previously, many ILC laws have a restriction which involves the assumption that the coupling
matrix [CB] has a full-column rank where B denotes the control matrix and C denotes the output matrix of state
space for the linearized system (18),(19). To resolve this drawback, as well as improving the performance of robot
control taking into account the properties of fractional operators we consider the following open-loop PD?D®
learning law, see Figure 1:

iw1(1) = (1) * Fi€'0) * Riei) + Roe (1) @

where e(f) = y,(f) A1) is the trajectory tracking error in i th iteration, e;(f) = y,(f) yis1(?) is-the trajectory
tracking error in i * 1 th iteration. r; , R;, R, R™ denote open-closed-loop positive-definite diagonal learning
matrices ,i.C. R(_) = diag(r(_)l, T()2s -+ V(_)n), r(_) = diag(g(_)l, g(,)z, 1g(.)n) .

Lemma 3.1. For the system (16), (17) and the reference system (18), (19) then there exists a sufficient large N
satisfying

IIBx(i“)(z)II)\ < pylIdw (Dl * €, (22)

-1 (I-e™y 1 ..
where o( ) < " and ho( -1 (h hDd, L h,h,h,d some positive
A -

Po=Po+ o A &= a*2 g P00 1 2

constants. A A

Inverse kinematic

model

de,(t)/ di*

¢ (1)

-+
d’e, (I)/tll: "
______________________________________ I
de,, (t)/dt

€4 (1)

¥ ROBOT [To2\_/+ ()
ARM

memory

A

A

Figure 1: Block diagram of the open-loop PD2D® law for the robot control
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Prodof.
We can obtain the solution of equation (17), that is, the state response x;(¢) is expressed by
J. 3.
X =®Ox0)+  D(t — T)Bu(1)dT + Dt —7)Dni(T)dT
0 0
J J.

=g+ D®@F - T)Bu(T)dr + D —-1)Dn;(T)dT
0 0
as well as output response y;(f)

yi(®) = Cxi(1)

(23)

(24)

Where gi(f) REand @(7 T) R~ are continuously differentiable in ¢ and T, and x;(0) is an initial condition of state

variable x,(¢) for the i-th iterations In similar manner, we have solution for the equation (18),
Ly
xd(t) = Qa(t) ¥+ ®(t = T)Buy(T)dt
0

Applying a-th order fractional derivative to the (25), (27) we obtain:

I,
= g+ tim 1D D¢ TBuyT)] D, ®(t = T)BuT)dT
51— 0

Let

Ox; = x4(t) = xi(1), Ox'; = X' ) = X'(1)
Ou; = uy(t) — wi (1), Our; = 1y(r) — u;(f)

D°(Bx(1) = 849 = £ - 1)
Also, it follows from (26)-(28) it yields, [35]:
8%(1) = %) = ¥V = ¢V) = gV * lim (DT D( = DBuA)]-
i d i i ? .

i ! T—1-0

a-1 t t

a
a

t

hm [TD ¢(t T)BM,(T)] + ' TD,¢(t - T)Bud(T)dT - J‘Tt TD[ Q(t - T)Bul(T)dT

T—1=0

. a-1 a
llmo[TD D(_1)Dn(1)] m D, ®(t — T)Dn(TdT

11

Taking into account assumption A3, it follows:
(a) (o)
g, -9, 0=0.
Hence, expression (29) takes the form:

: J
(o) pe-1 t
Ox, (1) =T (Bt = T))B|wOuir) * D @(1 — T)BBu(T)dT

t

D, @G- TPl — D S ~ DT
0

(25)

(26)

@27

(28)

(29)

(30)

€1V}
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Taking A— norm of (31) it yields:
I
() a-1 a -At
||6xi Ol < QEEJITD, Dt — T)B|r=lll0u; (@)l + <7 D, ® (1 - T)BIl., sz NOu()llodT
0

t
a-l _ , %y — eM Nl dT
+(s)1s1th||TD, D - 1Dl + sup, IITDtO(t_ 7Dl . n:(T)
18X (1)) < sup 1D '@t = 1) Bl llNSu(r)ll
i t

(32)
OSzJﬁT
PANED i e A
* sup D@ - 1Bl ¢ B € BT llod T
0<1,7<T 0 == -
t
+ sup 1D '@ =)Dl - do+ sup D@Dl ¢ dnd
0st<T 0=t,1<T
or
I, I
”6)6?(1‘)")\ < p0||5u,(t)||)\ + - ||6M,(T)")\ sup AT dT + hldn + hzdn sup oM dr
0st<T 0 0sisT (33)
Iléxf‘(t)IIA < poldu(D)lly + holdu (TINON™) + hdy * hod T
where
Po = sup D" '®(t = T)B|r=l, ho = sup I:D°®(; - T)Bl.,
0<1<T 0st,1<T
hy = sup I.D°'®(t = ))Dll.. , h, = sup I:D°® (= T)Dll., (34)
0st<T B (1 — e-ﬂﬂ",)ST 1
oN ) = ST lvhsd
)\ )\1 nl e n
Thus, we have:
IBx (1)l < Py ISu(1)lly + € (35)
where
Po = Po+ heON™") , €4 = (hy + hyT)d, (36)

This completes the proof.

A sufficient condition for convergence of a proposed open-loop ILC is given by the Theorem 3.2 and proved as
follows.

Theorem 3.2. Considering system (16), (17) under assumptions Al -A4 . If
p* po<l (37)

where p = (I - F1CAB)ll.., p7o = B3 - po = IRCIl - sup ||TDG_1(G?(I = DBl , then, the open-loop PD*D®
0s/<T
learning law (21) guarantees that when i — *©  pounds otf;he tracking errors Ix (&) = x (O, Ny () = { I, and

lu(2) — ui O converge asymptotically into the specified bounds. The bounds €, €, €,are given by €,=~ €,&,=
1-p
d\dy T+ bO(AT") 1—1~§ L& = ¢ & where p= p+ Bi(po+ hON™")) + BbO(N'), € = Bididy T + Body + B3,
P
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Proof: Note that the tracking error and its derivatives integer and fractional can be obtained:

e; = COx;, e(ia) = Cﬁx(?) , e’ = Cox’; = C(Adx; + Bdu; — Dry)

¢ = C8% = CA*®x + CABSu; — CDrj; — CADn; oY

According to the proposed ILC law (21), we obtain

Sutia1 (1) = u(t) = uia1 (1) = Su(r) = F1e'(0) = Riei(r) = Roe' V(1) (39)
Substituting (38) into (39) we can get

Butje1 () = [I = T CABIu; (1) = (P, CA” # R, O)Bx (1) = R, Cx' (1) + F, CADNi(1) + F, DR, (1) (40)
One can observe, that in our case that the matrices CAB,CAD have a full column rank and the matrices

CB, CD have not a full column rank, ([C][B] = 0), ([CI[D] = 0) . From previous eq. (28), we get:
Suia1(1) = [1 = F1CABIBuU (1) ~ (F1CA” *+ R, C)Bx1) = R,COX (1) + T CADN,(1) 41)

Taking the standard norm for equation (4 1) and using the condition of Theorem 3.2 as well as assumption A4 we have

1841 (DI < PISu ()l + I[F,CA* + R, CIIIBx (1)l + IIF,CADIIn(o)ll + IIR2CIIII6x(°‘)l(t)II (42)
Then we can arrive
(a)
IBuis1 (DIl < PUBU (NI + By IBx()Il + Bodyy + B5lIDx, (1) (43)
where
Bl = "[r1CA2 + R1C]" y Bz = "r1CAD" , B3 = ||R2C" 44)
Also, we have from (17) and (38)
J.
Ox; =  (Adxi(T) + BOu;(1T) — Dn«(1))dT (45)
0
Taking the norm on the both sides of(33) it follows:
3,
151 = (alldx(m)l + bIdu(MHI + d\lIn(m)llur (46)
0
where a = Al , b = IIBIl , d; = IIDI. From assumption A4, we have:
I
di  (nMidr<d,-d,T @7)
0
which implies that
I,
Idxll < dydy T+ (alldx(T)Il + bllSu; (T)II a1 (48)
0

Applying the Bellman-Grownwall lemma [28], we obtain

I,
1Bx 1l < ddyTe" + e Vblldu;(T)lldT (49)
0
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and multiplying the previous inequality by e™, A > @ and taking the A-norm, we get

1 = ela-NT -1 4 L (50)
10l < didn T+ ——plIBull < didyT *+ boA By, O )=, _

Taking into account (43), and applying the A-norm, we have
I8uis1(H)lx < PISUD)) * Billdxi(D)lIy + Bodyy *+ B3llOx; @, (51)
Now, linking (22), (50) with (51), we can get

IBui1 (1) Iy < pSu; ()l * Bi(didy T + bON, HISu;lly) * Body + B3(py I1Bui(1)lly + ;) (52)

ISu, (D)) < PUSW (1)l + & (53)
where are

p=p+Bi(po* hON™) +BbONT ), € = BididnT * Bydy *+ By (54)

Since p * B3po < 1 by assumption, it is possible to choose A sufficiently large so that p~ < 1. Therefore, according
to Lemma 2.1, it implies that:

1
lim II6u,~IIA < £=¢, (55)

i— 1—p

Submitting eq. (55) into eq. (59), as well as into eq. (38) we have

lim l1&x;1 As dd T+ 190()\‘1)(—1 =€,
n

e 1 1 -0 (56)
lim llel < ¢(did T+ bON)(— €)= €,
e M n )

This concludes the proof.

Remark 3.3. In the case of without disturbance and uncertainty of the system, &(t) = 0, n(f) = 0. i.e dg , dy , dna
tend to zero, these bounds also tend to zero. Namely, one can obtain when i — o the bounds of the tracking errors
ﬁd(t) x(t) , ||yd(ﬁ) yilt) I udﬁt) ult) [fonverge asymptotically to zero. Proof is similar with the proof of
Theorem 3.2, taking into account &(t) = 0,n(t) =0, ie. €=0 =0.

lim ||Ou;|l =0 (57)

i—
According to the existence and uniqueness theorem of integer-order differential equation, it is obtained that

lim yi(r) = ya(r) (58)

i—e
4. Conclusion

In this article, we studied the tracking problem of the robotic arm via ILC. For the first time the open-loop PD*D¢
type fractional-order ILC law is proposed for a given linearized robotic arm. The proposed FOILC scheme for the

already obtained integer-order model of robotic arm is more practical for control practice. In particular, the sufficient
conditions for the robust convergence in time domain of the proposed FOILC were defined, by the corresponding
theorem, and proved. For analysis, it is found that the sufficient conditions of convergence not only depend on all of
system dynamics, but also rely on learning matrices.
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YHUBEP3UTET Y BEOIPALY

- MALLMHCKW ©AKYJITET —

Bbpoj: 905/4

Oatym: 17.06.2021. roguHe
Beorpag, Kparsmue Mapuje 6p. 16

Ha ocHoBy unaHa 40. 3akoHa o Bucokom obpasoBamny (,Cnyxbenn rmacHunk PC*, 6poj 88/2017
n 27/2018-ap. 3akoH), ynaHa 48. lNpaBunHuka o AOKTOPCKUM CTyaujama, unaHa 64. CrartyTta
MawwmnHckor dakynteta (6poj 1450/4 og 14.06.2018. roguHe) n ynaHa 37. NpaBunHuka o
JOKTOpckuM cTyamjama MauwwuHekor dhakynTeta, HacTtaBHo-HayyHo Behe Ha cegHuum

ogpxaHoj 17.06.2021. roguHe, OOHENO je

oanykKky

YcBaja ce pedgepat Komucuje o ypaheHoj poktopckoj auceptaumjy ,MIPOJEKTOBAHE
CABPEMEHUX CUCTEMA YMNPABJbALA POBOTA NMPUMEHOM PA3BOJHUX
NMPOrPAMABUITHUX CUCTEMA U CABPEMEHE TEOPWUJE PAYYHA HELUENOr
PEOA" ctynenta BOLWWKA UBETKOBURA, ounn. nux. matu.

JaBHa oabpaHa gokTtopcke anceptaumje obasuhe ce no gobujarwy carnacHocTy YHuBep3anteTa
y Beorpagay.

YHusep3uteT y beorpagy je csojom Oagnykom 6poj 61206-5088/2-17 op 25.12.2017. roauvHe,
[ao carnacHoCT Ha NpeAnor Teme JOKTOpCKe avcepTtauumje.

OG6jaBrbeHn pagoBu CTygeHTa y yaconucuma mehyHapogHor 3Havaja:

Kareropuja M20:

[1] B. P. Cvetkovi¢, M. P. Lazarevi¢, Fractional-order iterative learning control for robotic arm —
PD’D“ type, Filomat 35:1 (2021), pp.1-10. https://doi.org/10.2298/FIL2101001C. (IF=0.848)
(ISSN: 2406-0933 On line; 0354-5180 Print) (kaTeropuja M22)

Oanyky gocTaBuUTK: CTYAEHTY, MeHTopy, KaTteapu 3a MexaHuky wu
apxuBn ®dakynreTa.

JOEKAH
MALLNHCKOI ®AKYJITETA

npod. ap Pagueoje Mutposuh
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