YHUBEP3UTET Y BEOI'PALY
MamuHckn pakyJjarer

BERY JOKTOPCKUX CTYIUJA

Mpeamet: Pedepar o ypaljenoj nokropckoj nucepranuju kanauaata bomka I1. IlBerkosuha,
JUILL. MH3K. MAIL, CTy/IeHTa JIOKTOPCKUX CTy/IHja

Onmykom 6poj 905/2 ox 20.05.2021 roauHe, MMeHOBaHM cMO 3a wiaHoBe Komucwuje 3a nperuen,
OLIeHY M 010paHy JOKTOpcKe nuceprauyje kanaunata bomka I1. [{BetkoBuha nox HacioBoM

»llpojekToBame caBpeMeHHMX CHCTeMa YIpaB/bakba po00Ta INPUMEHOM Pa3BOjHHUX
NpOrpaMadM/IHUX CHCTEMA M CaBpeMeHe TeopHje pauyHa HeleJor pega“.

[Tocne mpernena nmocraBibeHe J[luceprammje wm Apyrux mnparehmx maTepujana M pasroBopa ca
Kangunarom, Komucuja je caunnnna cnenehn

PEGEPAT

1. YBOJ

1.1. XpoHoaoruja ogo0paBama U U3pajie AUcepTaluje

Kanaunar bomxka I1. I{BeTkoBuh, AMIUI. MHXK. Mall., yIUCAo j€ MPBY T'OAMHY JTOKTOPCKHX
ctyauja Ha MammHckoMm dakynteTy YHuBepsurera y beorpaay mkomncke 2010/2011 roaune.
Kanaunaty je onoOpeHo MUpoOBame CTaTyca CTyAeHTa Ha JJOKTOPCKUM CcTyaxjaMa y Tpajamy OJ1 ABa
cemectpa y mkosickoj 2011/12 romuuu (Op.pemema 9/16528 ox 21.09.2012. roaune), u y
mkosnckoj roaunu 2019/20 (pememwe 1395/1 on 30.09.2020.rogune), 0JHOCHO 0100peHO MY je U
IPOy’KEHmhE CTaTyca CTyACHTa Ha JIOKTOPCKUM CTyAMjaMa y Tpajamy O]l IBa CEMECTpa y IIKOJICKO]
2017/18 romunu (pemreme 2206/1 ox 03.10.2017 roaune), y mkoickoj 2018/19 rogunn (pememe
1990/1 om 12.09.2019. rommue), u y mmkojickoj 2020/21 romuam (pemewme 1070/1 ox
14.06.2021.rogune).

Kanmuaar je mojgHeo 3axXTeB 3a 0J00peHmE TeMe JOKTOpCKe aucepranuje opoj 2523/1 on
16.10.2017 ronune Ha Karenpu 3a Mexanuky MammHckor (akynrera YHuBep3urera y beorpany.
Kanaunar je 3a MmeHTopa npeanoxuo ap Muxauna Jlazapesuha, pegosHor npodecopa MammuHckor
¢dakynrera y beorpany. Ha ocHoBy carnmacaoctu Kateape 3a mexanuky 6poj 2523/2 ox 31.10.2017
roguHe, HacraBHo-HaydHo Behe MammHckor dakynrera y beorpaay moneno je 09.11.2017 rogune
Onnyky 0poj 2523/3 o umeHoBamy Komucuje 3a omeHy moJJoOHOCTH TEME U KaHAWJIATa 32 U3paay
JTOKTOPCKE TUCEPTallje U HayYHE 3aCHOBAHOCTH TEME JOKTOPCKE TUCEPTALHje Y CaCTaBy:

— nap Muxauno JlazapeBuh, pemoBHu mpodecop (MeHTOp), MammHcku (akynTer,

Yuusepauret y beorpany,



— nap ap Hemama 3opuh, nonienr, Mammncku dakynrer, YHuBep3uteT y beorpany,
— 1p Tomucnas lllekapa, Baapenuu npodecop, Enekrporexunukn Gaxynarer, Y HUBEP3UTET Y
beorpany,

Behe nHayuynux obmacTu TeXHHYKMX Hayka YHuHBep3uTera y beorpamy moneno je Ommyky
O0poj 61206-5088/2-17 on 25.12.2017 roamHE KOjOM CE Jdaje CarIaCHOCT Ha MPEaJior TeMe
JIOKTOpPCKE aucepranmje KaHaumata bomka [[BerkoBwha, mumui. WHX. Maml., TOJ HAaCIOBOM:
»lIpojekToBame caBpeMeHHUX CHCTeMa VYIpaB/bamkba pod0Ta IPUMEHOM Pa3BOjHUX
NporpaMadMIHNX CHCTEMA U caBpeMeHe TeopHje pauyyHa HeleJor peaa®.

Ha ocHoBy o0aBemrema penoBHor mnpod. ap Muxauna Jlazapesuha na je kanaunat bormiko
[[BeTkoBHN, AUIUI. MHK. MAIIl., 3aBPIIHO JTOKTOPCKY AUCEpPTAIHMjy MOJ HacioBoM: ,IIpojexkToBame
caBpeMeHHX CHCTeMa yNpaB/bamba Po00Ta MPUMEHOM Pa3BOjHUX NMPOrpaMadMIHNX cCHCTEMa U
caBpeMeHe TeopHje pauyHa Hewejor peaa “ u mpemiora Karenpe 3a mexanuky 6poj 905/1 ox
17.05.2021 rogune, HactaBHo-HayyHo Behe MammHckor ¢axynrera y beorpany je Ha cemHunn
onpxkanoj 20.05.2021 roauue noueno Omayky 6poj 905/2 kojoMm ce nmenyjy wianoBu Komucuje 3a
Iperiies1, oLeHy ¥ 010paHy JOKTOPCKe JUcepTalje y cacTaBy:

— np Muxamno JlazapeBuh, pemoBHum mpodecop (MeHTOp), MammHCKH ~(aKynTeT,

YHusepsuret y beorpany,

— np Pagmma JoBanoBuh, pemoBHHH mpodecop, MammHCKH (QakyiaTeT, YHHUBEP3HUTET Y

beorpany

— nap Hemama 3opuh, Banpeanu npodecop, Mammacku gakynteT, YHUBep3uteT y beorpany

— np Ilerap Mannuh, nouent, MamuHcku dakynrer, YHuBep3uTeT y beorpamy

— 1p Tomucnas Illekapa, penoBuu npogecop, EnexrporexHuuku Qaxynrer, YHUBEP3UTET Y

beorpany

1.2. HayyHa o0iacT aucepTraimje

JlokTopcka aucepranuja Mojx HacioBoM ,lIIpojekToBame caBpeMeHHMX CcHCTeMa
ynpaB/bamba po0oTa MPUMEHOM Pa3BOjHUX NPOrpaMadMIHHX CHCTeMa U CaBpeMeHe Teopuje
pavyHa HeueJor peaa® npumnajaa o6JacTi TEXHUYKUX HayKa - MAaIIMHCTBO, Y’K0j Hay4HO] 001acTu
- Mexanuka, 3a kojy je MamuHcku dakynteT YHuBep3uTeTa y beorpany matuuan. Menrtop ap
Muxanno JlazapeBuh je pemoBHu mpodecop Ha Kartempm 3a mexanmky MammHCKOT Qakynrera
VYuusep3urera y beorpany. Kao ayrop mim xoaytop a0 cana je myonaukoBao 32 paga Ha SCI nucTh.

1.3. buorpadcku mojany o KaHIAUAATY

Kangunar, bomko IlBeTrkoBuh, nIuUIIIOMHpaHHM MHXEHEP MAIIMHCTBA M CTYACHT
JlokTopckux cTyanja Ha MammHckoM dakynrety YHuBep3ureta y beorpany, pohen je y beorpany,
30. 3. 1976 ronune. OcHoBHY mIKOMY ,,Munwuia [lapnosuh* Ha Bpauapy 3aspmuo je 1990. roaune a
MaremaTnuky ruMHa3njy ,,Bessko BmaxoBuh® y Beorpamy 1994. rommne. ToxoM mIKoioBama
MOCTU3a0 je 3ala)keHe pe3yiTare Ha TPaJCKUM M PEryOJHKHM TaKMHYCHHMa M3 MaTeMaThKe U
¢msuke. JloOuTHHK je Bumne Harpama, mehy kojuma cy u ,,Muxauno Ilemposuh-Anac”, ,, Ceemosap
Mapxkoeuh*“ v ,, Huxona Tecaa“. lunmomupao je Ha MamuackoM dakynrery y beorpany, ojicek 3a
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Ayromarcko ymnpasibame, 2007. ronuHe ca mpocedyHoM otieHoM 7.89. JlummomMcku pan y obiactu
cucTeMa ayTOMAaTCKOI YIIpaBJbama I0J HAa3UBOM ,,/[uHamMuuka aHaiu3a JNUHEPHUX CUHSYIAPHUX
cucmema ca no3uyuja npuMmeHe 2eneparucanux umgepsuja’, onbpanmo je ca oreHoMm 10.
JlMIuioMcKe CTy/ije 3aBpIlno je 0 CTapOM HACTaBHOM IUIaHy U Iporpamy.

Jloktopcke cryauje ymucao je mkosicke 2010/2011. rogune Ha ManimackoM (akynTety
VYuusepsurera y beorpany, mentop, npod. ap Muxawmno Jlazapesuh, Karenpa 3a Mexanuky). ¥
okBHpYy [lOKTOpCKUX CTyauja Ha NHpeaMeTy ,,MexaHuka poOora““ BuIlle IyTa jeé ca CTyAEHTHMa
MacTep CTy/AHja U3BOJNO JTab0OpaTOpHjCKe BEKOE, Y OBUPY KOjHX je paljeHo Ha pa3BOjHUM ILiouama
Arduino u Behem 6pojy cenzopa, kao u Ha LEGO poboTy.

On 2007. rogmae mo mouetka 2021. roamHe OO je 3amocieH y KoMmaHuju ,,Stucke
Elektronik GmbH* rze je pagno Ha mociioBHMa porpamMuparma y BUIIE POrpaMcKux jesnka (C#,
C, C++, PHP, MySQL, HTML, Javascript, Java) mox Windows omepaTHBHHM CHCTEMOM W Ha
pa3Bojy PLC ypehaja m mporpammpama uctux y mporpamckom jesuky Keil C. PasBujao je
codrBepcka pemiema 3a kommnanuje Hyundai, Alstom, Eaton. Ox 2012. no 2014. rogune paawo je
Ha MO3WIUjU KOHCyNnTaHTa Ha mpojekry JANJIC MunucrapcTBa pajia u congjanne noiautuke Brane
Cpbuje y3 moapmiky Csercke Oanke. CBpxa mpojekTa je Ouina mpyxkame yHanpeheHux yciayra Ha
JIOKaJJHOM HOBOY. 3alIykeme je OWI0 TeXHHWYKa CyNepBU3Mja HMIUIEMEHTAlMje pellema Ha
MPOjEeKTY M yUECTBOBAE HA CacTaHIMMa 000pa 3a UMIUIEMeHTalH]jy pemema. Ox 2021. 3amocnen
je y nporpamepckoj komnaanju EPTI va mosunju VPE (Vice President of Engineering)

Unan je Mence Cpbuja u Mensa International on 1996. ronune. OncnyXuo je peaoBaH
BOjHU pok o centemOpa 2003. o jyna 2004. romune y CyGotumu. Kanmumpar je 3aBpiimo
BUIIeMeceuHe MeljyHapoaHo npusHate nocioBHe KypceBe NLP Bussiness Practicioner, NLP Master
Practicioner u BpxyHCKH KOMyHUKATOp B JOOHO cepTU(PHUKATE UCTHX.

Takohe, TOKOM IIKOJIOBama 3aBPIIMO je BEIMKH Opoj KypceBa EHTJIECKOT je3MKa II0
nporpamy KemOpun yHHBep3uTeTa M KypceBe HEMAuKOT je3uKa 110 mporpamy [ete yHuUBep3uTeTa,
TakO Jla KaHIUJAT AaKTHBHO KOPHUCTH C€HIJIECKM M HEMadkd je3WK, (YhTame, MHcame |
KOMYHHUKAInja).

Bomiko [[BeTkoBuh je aytop u koayTop 12 Hay4dHO - CTPYHYHUX pajiOBa.

2. OIIMC JMCEPTALIMJE

2.1. Caaprxaj gucepranuje

JlokTtopcka mucepranuja kanauaara bomka [[BeTkoBuha, AWITI. WHX. Mall., TOJ] HACJIOBOM
“IIpojekToBame caBpeMEeHHX CHCTeMa YNpPaB/baka pod0Ta NPUMEHOM Pa3BOjHUX
NporpaMadWJIHNX CHCTEMA H CaBpeMeHe TeopHje pauyHa Helesor peaa“ je ToKyMeHT Gopmara
A4, mTaMmnaH jeJHOCTpAHO, HAMMCAH Ha CPICKOM je3uKy, hupunmaHuM mucMoM. Hammcana je Ha
ykyrmHo 105 Hymepucanux crtpana ykibydyjyhu Ilpwmore m Jlureparypy koja cagpxu 119
pedepennun. MnyctpoBana je ca 55 cnuka, caapxu 209 Hymepucanux u3pasa, u 6 tadena.

JlokTopcka mucepranyja canpxku cieneha [Normaspa:

1. VBog;
2. BesaHo kpeTame XBaTaJbke pOOOTCKOT CHCTEMA;



UtepaTtuBHO ynpaBibame MyTeM yueha POOOTCKUX CUCTEMA;

XapnaBepcko ynpaBibamke NeuroArm poOOTCKOM PyKOM;

Vnpasspambe NeuroArm poOOTCKOM PYKOM T'€HEpUCAHO Y IPOTPaMCKOM OKpYKEHY;
3aK/bydak U HaAyYHH JONPHUHOCHU AUCEpPTAIH]E;

Sk Ww

OcuM HaBeJIeHOT, JTOKTOpPCKa JHcepTaldja CaJpXKH pPe3uMe Ha CPICKOM M CHIJIECKOM jE3HKY,
caapxaj, Oworpadujy ayrtopa, MzjaBy o ayrtopctBy, M3jaBy O HCTOBETHOCTH INTAMIIaHE U
eJICKTPOHCKE Bep3uje TOKTOPCKOT paja u M3jaBy o kopumhemy.

2.2. Kparak npukas moje {MHaYHHUX IIOrJIaBjba

IIpso noerasme, mopen mperiea IUTEPaType, HABOJE Ce MPEIMET U IUJBEBU UCTPAKUBAHA
JOKTOPCKE JUCEepTalHje KOju Ce OJHOCE Ha Pa3BOj HOBUX MHTEIUICHTHUX YIPaBJbakba POOOTCKUX
CHCTeMa NPUMEHOM HTEPAaTUBHOI YyIpaBjbabba MyTeM ydema (paximuoHor (Hemenor) pexa. Ca
Apyre CTpaHe, 3a MPAaKTUYHY UMILIEMEHTAIM]y ¥ pealu3alujy CI0KEHHUX alropuTamMa yrpaBibamba,
HNOTPEOHO je y3eTH y 003Mp KapaKTEepUCTUKE XapABEPCKOr M CO(TBEPCKOI JeNla YIpaBJbauyKoT
CHUCTEMa TaKo Jia je y HACTaBKY JaT OCBPT U Ha M300p ¥ UMILUIEMEHTAI]y oAroBapajyher emOeauy
cucrema (embedded system) moTpeOHOT 3a ynpaBibambe poOOTCKOM pykoM NeuroArm. Ha kpajy
TIOTJIaBJba MPHKa3yje ce OCHOBHA CTPYKTYpa pajia ca KpaTKUM OIHMCOM CaJIprKaja IOTIIaBba.

Lpyeo noznaséme 6aBu ce MOAEIOBaEmHEM POOOTCKUX CHCTEMa Ca BHINE CTENCHU cI0001e y
pemaBamy KOHTAaKTHUX TpoOiieMa. 3a u3Boheme MaTeMaTHIKOT MojeIa pPOOOTCKOT MaHUITYJIaTopa
kopumhen je T3B. PoapuroB mpucTym, Koja je 3acHOBaHa Ha HpuUMeHH PoapuroBe Matpuie
TpaHcopmanmja koopauHata. Kopumhemem oBor mpuctyna, mMoryhe je Ha jeMUHCTBEH HAYHUH
OJIpEIUTH OCHOBHE TIEOMETPUjCKE M JMHAMHYKE IapaMeTpe pa3MaTpaHor CHCTeMa, Kao U
KMHEMaTH4Ke BEJIMYMHE TMOTpeOHe 3a Jo0ujame audepeHnMjaTHuX jeAHaunHa KpeTama
MEXaHUYKOI CUCTeMa y KoBapujaHTHOM o0uuKy. [loceOHa nmakma y oBoM mnornassby nocsehena je
MaTeMaTHYKOM MOJEIy BE3aHOT KpeTama POOOTCKOT CUCTeMa MpuMeHOM JlarpamkeBuX jeHadYnHa
Ipyre BpCTe Yy KOBAapHjaHTHOM OOJNHKY TAe cy ToceOHO oxapeleHe reHepamcaHe CHie yclien
peaknuje Be3a Koja Hamehe pamHO OKpykeme (TOBpII, JHWHHUja). 3aTUM Cy mpuMeHoM JlarpaHx-
JanamOepoBOr MpHUHIKIIA y T€HEpaIMCaHUM KOOpAWHATaMa Takohe mpe3eHToBaHE W J00WjeHe
nudepeHnrjaiHe jeTHaYrHe BE3aHOT KpeTama POOOTCKOr cHucTeMa y o0auky JlarpamkeBux
jeAHauMHa Apyre BpCTe y KOBapHjaHTHOM 00nMKy ca JlarpakeBUM MHOuTe/bMMa. Ha kpajy
NOTJIaBJba TOKa3aH je W JaT mocTymak oapehuBama JakoOWjaHa Npu BE3aHOM KpeTamy BpXa
XBaTaJbKe POOOTCKOT CHCTEMA.

Tpehe nocnasme mocseheHO je OpPUTMHAIHUM pE3yJTaTHMa KOJU CE€ OJHOCE Ha NPUMEHY
MHTEJIMTSHTOT yIPaBJbamha KOj€ je€ 3aCHOBAHO HA HTEPATUBHOM yIpaBJbamy nyTeM yuewma (UVYY), u

TO JTUHEAPU30BaHUM POOOTCKUM CHCTEMOM IIEJIOT pefa MpUMEHOM 3akoHa UVYY PD’D* Herenor

pena y OTBOPEHOj CHpe3d. 3aTUM je YBEJCH W NPEUIOKEH Y OTBOPEHO]-3aTBOPEHOj crpe3n Y'Y
HELIEJIOT PeJia jJeJTHAM CHHTYJIAPHUM JTHHAMHYKUM CUCTEMOM HELEJIOT pejia. Y HACTaBKy MPUKa3aHH
Cy pe3yJiTaTh CUMYJaIje yIpaBbakha JaTUM CHHIYJIapHUM crcTeMoM. Ha Kpajy oBOr moriaBiba,
IIpUMErbEH je MorogHo ofnabpanu MYV y oTBOpEHOj-3aTBOPEHOj CIpesu Helenor pexa PD*/PD
TUTA y IWJBY yrpaBibamba NeuroArm poborckom pykom. Takole cy mpencraBibeHu u oaroBapajyhu
pe3yiTaTd CcuMyJalje I/e je KopuiiheH JMHeapu30BaHM MaTeMaThdku Mmojaeid NeuroArm
poboTcke pyke.



Yemsepmo noenasme  OaBU Ce pa3MaTpameM XapIeBEPCKOT yrpaBibamba NeuroArm
POOOTCKOM PYKOM, OJHOCHO M300pOM M MMIUIEMEHTALjOM Xap/ABEPCKHUX pEIICHa 3a YIPaBJbambe
NeuroArm pobGotcke pyke. [loctaBibeHu cy 3amamu koje NeuroArm poOOTcka pyka Mopa ja
u3BpIlIaBa J1a 61 ce Ha OCHOBY Tora u3alpaiia pa3BojHa IuIoYa Koja 3aJJ0BOJbaBa CBE Te 3ahatke. JlaT
je meMaTCKH IpuKa3 yrpaBibadke II0ve Koja je pa3BujeHa 3a norpede NeuroArm poOoTcke pyke
ca onucoMm MOryhHOCTH, J1aTo je o0jammemne 3amTo je nzadpadn RTOS onepaTuBHU cucTeM, pUKa3
nporpamckor amatra EDICOPT 3a mporpammpame JOrHKE paja MOTOpa, M Ha Kpajy MOTJaBiba
MPUKA3aHO je eKCIePUMEHTAIHO TecTHpambe Maxon MoTopa Koju je y ckiormy NeuroArm poboTcke

pyKe.

Ilemo nocnasme ce  OAHOCH Ha MpoOOJEMATHKy pellaBama ylpaBbakba NeuroArm
POOOTCKOM PYKOM Y AAaTOM IIPOrpaMCKOM KpyKekwy, KOMyHHKaluje ca myreM Modbus npoTokoua,
HauMHKMMa yIpaBJbakha Y PEATHOM BPEMEHY KOjH Cy MPUMEHEHH U TECTUPAHH, Kao U MpeAHOCTUMA
1 MOryhHOCTHMa JaJbUHCKOT YIpaBJbakha y peaTHOM BPEMEHY.

Lllecmo noznasme caipku 3aKJbydKe U Hay4yHe JOMPUHOCE JHCEpTaLyje.

Ha xpajy mokrtopcke aucepranyje AaTo je U Tpu MpHiora Ije je Mpuka3aH LIeMaTCKH HpUKa3
MPEeoCTANX JeoBa YIpaBjbauke Iuiode, monen Maxon motopa y Matlab-y u Simulink-y,
pe3yiTaTh eKCIIePUMEHTATHOT TecTupama Maxon MoTopa NeuroArm poOoTcke pyke, Kao U jenaH
7Ie0 KoJia 32 KOMYHHUKaIujy ca NeuroArm po6oTom u mporpamupameM paaa motopa y EDICOPT
MPOTPAMCKOM OKPYKEHbY.

3. OLIEHA JTUCEPTAIIAJE

3.1. CaBpeM€eHOCT M OPUTHHATHOCT

JlokTOopcKa Amcepranmja 1ojx HacioBoM ,lIIpojekToBame caBpeMeHHMX CHCTEMa
ynpaB/bamkba po00Ta NPUMEHOM Pa3BOjHUX NMPOrpaMadMJIHUX CHCTeMa M caBpeMeHe TeopHje
pauyHa HeneJior peaa* xananaara bomka L[BeTkoBuha, MU, WHX. Mall., IPeICTaBJba HACTABAK
aKTYeJIHOT HMCTpaKMBamka MPEBAaCXOTHO Yy OOJAcTH ympaBjbamba Kao M MOJAEIOBama POOOTCKUX
CHCTEMa Yy pellaBamy BE3aHOI KpeTama UCTOr. VcTpakuBama y 00JIaCTH HalpeaHOT yHpaBibama
pOOOTCKUX cuCTeMa Cy BeoMa 3HayajHa W akTyenHa. [IpwiMkoM cuHTe3e ympaBibamba JaThuX
cucTema KopuiheHa je caBpeMeHa MaTeMaTHYKa TeopHuja Heuesor peaa (ppakiuoHu padyH), Koja
uMa cBe Behy MpHUMeHy y TEeXHHUIHM Yy HOCHeAmux mnap aeuenuja. [Ipu ¢popmupamy MaTeMaTH4KOT
MoOJIela 1aTor pOOOTCKOT CHCTEMa MPU BE3aHOM KpeTamy HCTOT IIPUMEHEH je caBpeMeHHn Poxpuros
NPUCTYII, YUja je MPEJHOCT TO IITO je BeoMa MOrojaH 3a MPUMEHY Ha padyHapy, Ia ce MOCTYyIMaK
MOJIEJIOBamba CIIOKCHUX CHCTEMa ca TPU M BHIIE CTENEHH Ci000Je 3HATHO I0jeJHOCTaBIbYje U
yOp3aBa, a MoryhHOCT mojaBe rpemke y MOjeNy ce 3HaTHO cMamyje. YTpaBibambe pa3MaTpaHuM
POOOTCKUM CHUCTEMOM KOjH C€ MOKE TPEICTaBUTH Kao OAToBapajyhm CHHTYIapHH ITUHAMHYKA
CHCTEM 3a CIIydaj BE3aHOT KpeTama, MPE/ICTaBha aKTyelaH MpoOJieM y CaBPEMEHOj JINTepaTypu, U
TO je YIpaBo jeqHa O] MCTPAKUBAYKHUX 00JacTé oBe Te3e. OpUTHWHAIHU TIPHCTYI 32 PElIaBambe
3aJjaTKa HalpexHOT YyIpaBibakba pa3MaTpaHUX IUHAMUYKHX (POOOTCKHX) CHCTeMa Oryiefa ce y
NpUMEHH HUTEPaTHBHOT yIpaBibama myTeM yuewa (YY) Heuenor pena 3a ciry4aj TMHEapH30BaHUX
POOOTCKUX CHCTEMa LIENIOT pesia Kao U 3a Kiacy JMHEapHUX CHHTYJapHHUX CHCTeMa HEeLEJNOT peja.



Y OKBUpY MJOKTOpPCKE IHCepTalije NPUMEHECHH Cy CaBPEMEHH HCTPAKUBAYKHA TOCTYNIH H
naboparopujcka Mepema y3 KopulIlhelme HajHOBHjUX COMTBEPCKMX peliekha 3a HyMepHuKe
CHMYJIallfje U pean3alijy ylpaBibamba podoTa y pealHuM yCIOBUMA.

OpuruHanHocT MoOWjeHUX pe3ylTaTa y OKBHPY IUcCEpTalldje MOTBPhYjy pajioBH KOjU CY
MyOJIMKOBaHM M CAOMIITEHH Ha MelyHapOTHHM HAayYHHM CKYIIOBHMAa WIH 00jaBJbEHH Y CBETCKOM
YacoIHCYy.

3.2. OcBpT Ha pedepeHTHY U KOpUITheHy ITUTeparypy

TokoM wu3pame MOOKTOpCKE nucepTandje KopumtheHn Ccy pedepeHTHH W aKTYyeIHH
JUTEPATypHH U3BOPH U3 PEIIEBAaHTHUX OOJIACTH M TO IPE CBETa PajJOBU M3 HAYYHUX YACOIHUCa U ca
MehynaponHux KoHgepeHIHja, Kao W oaroapajyha monorpadcka smteparypa. Ilpermemom
LUTHpaHE JUTepaType Yy YBOJHOM Jeily JucepTaluje 3akjbydyje ce Ja je Kanaunar bomiko
[IBetkoBuh nmao axrtyenHm mnpukas moctojehe u pedepentHe nureparype. Jlatr je mperien
peleBaHTHUX pe3ysiTaTa U3 OO0JIaCTH MOJIeNIoBamba POOOTCKMX CHUCTEMA, CaBpEMEHE Teopuje
MHTEJIMICHTHOT yIpaBJbabha MPUMEHOM WUTEpaTHUBHOI YIIpaBibama myTeM yuewa (MVY), teopuje
(bpakunoHOT (HEUENOoT) padyHa ca aKIeHTOM Ha mpuMmeHy Ha WYY ca mwbeM HampemaHoT
yhpaBJbama JaTUM POOOTCKUM CHCTEMHUMA.

Takohe, aar je u oarosapajyhu ocBpT Ha JIUTEPATYpy KOja Ce OJTHOCH HA MMPUMEHY eMOean ]
cuctema (embedded system) y 1nIby XapABEpCKe HHTETpAIMje U aicKBaTHEe cOPTBEPCKE MOPIIKE a
CBe y IIWJbYy pellaBama 3aJaTaka yIpaBjbama JaTuX poOoTckux cucremMa. O aKTyeTHOCTH
KopumrheHe JTUTEpaType TOBOPH W YHIbCHUIIA N1a je BehnHa HaBeOeHHWX pajoBa MyOJUKOBaHA y
MPETXOIHUX JIECET TOMHA, a TIOPe]] PafoBa U3 BPXyHCKHX Mel)yHapoIHUX yacomnmca, aHaTu3HpaHH
Cy M paioBu 00jaBJbeHH Ha BogehrM CBETCKMM KOH(epeHIrjama.

3.3. Onwc ¥ afeKBaTHOCT NPUMEHSHUX HAYIHUX METOa

Pesynaratn mpukazanm y OBOj JOKTOPCKOj AWCEpTalUju JOOWjeHHW Cy MpUMEHOM cienehnx
Hay9YHHX MeTOJa (Teopuja) J0OpOo MO3HATUX HAYYHO] U CTPYYHO] jaBHOCTH:

— Mertozae aHaTUTHYKE MEXAHUKE;

— Meroae MaTeMaTUYKOT MOJEIHPamha;

— Teopwuja pauyHa HeUenor peaa;

— CaBpemeHe MeTojie TeopHje yrpasibama cucreMoM (YY)

— Excnepumenranne MeTosie HCIIMTUBAKbA

— KommnapatuBae MeTozme, ynopehuBame €KCIEpUMEHTATHMX pe3ysiTaTa ca pe3yjiTaTuma
HYMEPUYKHX CHMYJIAIHja,

KOj€ Cy TOKOM HCTpaKMBarmba MPUMEIH-CHE Ha aJIcKBaTaH HAUYVH.

3.4. IlpuMeHJLUBOCT OCTBAPEHUX pe3yiITara
JlobujeHn pe3ynraTd y OKBUPY JAOKTOPCKE JAUCEpTalldje Mopej HaydHe BPEAHOCTH MUMajy |
3Ha4YajHy MPaKTUYHY NPUMEHY Y pelllaBamy 3ajaTaka yrnpaBibamba JaTUM POOOTCKHM CHCTEMOM -

NeuroArm poOOTCKOM pyKOM MOIITO je KOMIUIETHO Pa3BHjeH U UMIUIEMEHTHPAH HOBU yIIPABIHAYKU
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cucrem. Takohe, ocTtBapeHe HOBe anroputMme ympaBbamba WYY Hemenor pema je wmoryhe
NPUMEHHUTH 32 yNpaBbakbe IPYrUM JHHAMHYKHM CUCTEMHMA y3 HE3HATHY MOAU(HKALHN]Y HCTHX.
300r TOra, pe3yiTaTH JOKTOPCKE IHUCEpTallije HUMajy NPUMEHY Kako y CHHTE3H HalpeIHuX
alropuTamMa ymnpaBJjbaka POOOTCKHX CHCTEMa 3aCHOBAHHM Ha TEOPHjH HELENOr pena, Tako U y
MPAaKTUYHO] pea3alljy yIIpaBJbakba POOOTCKUX CHCTEMA Y PEaTHIM yCJIOBUMA.

3.5. OrneHa JOCTUTHYTHX CIIOCOOHOCTH KaHAMAATA 38 CAMOCTAIHKI HAY4YHHU paa

Kanmuaar boniko IBeTkoBuh (kKoju je TOKOM cTyuja OMO 3aMOCICH Y IPUBPEAN) j& TOKOM
u3pajze AOKTOPCKE JAWCEepTalHje MOKa3ao Ja je CaMOoCTajaH y IOCTaBJbakby, INMPENO3HABalmy H
pelaBamy HayYHO-UCTPAXHMBAUKMX 33/1aTaka Kao W Jla YCIHENIHO Biaja HayYHO-HCTPaKUBAYKUM
meronama. [locenyje mMpoKo 3Hame M3 00JACTH TEOPHUjCKE MEXaHHKE M YIpaBJbamba CHCTEMA, Kao
M M3y3eTHO NO3HAaBamke M MNPUMEHY CaBpeMEHHX CO(TBEpCKMX anata. Pesyntatm IOKTOpCKe
IHCepTalyje JoKa3 Cy CIOCOOHOCTH KaHIUAaTa 3a CaMOCTAHM HAyYHO-HCTpaKUBadku paj. Kpos
pax Ha AWcepTalMju KaHIUAAT je CTeKao morpeda 3Hama 3a mpeTpary u omadbup pedepeHTtHe
JIUTEpaType, Kao W 3a THCalke HAayYHHX paaoBa, IITO je MOTBpheHO OpojHHM ayTOpPCKHUM |
KOQyTOPCKHM paJOBAMA.

4. OCTBAPEHU HAYYHMU AOIIPUHOC

4.1. Ilpuka3 ocTBapeHUX HAYYHUX JONPHUHOCA

OpurvHanHu Hay4HU AonpuHoc KaHauaara bomka I[BeTkoBuha u HEroBor JOKTOpaTa MO
HazuBoM ,lIpojekTOoBame caBpeMeHHX CHCTeMa yNpaB/bamba pPod0Ta MPUMEHOM Pa3BOjHHX
nporpaMadMJIHUX CHCTEMa U CaBpeMeHe TeopHje padyyHa HeleJor peaa® je chHTe3a jelHOT
HOBOT HalpeIHOT yIpaBjbamba AAaTOM KJIACOM TUHAMUYKHX JIMHEApU30BaHUX POOOTCKHUX cHcTeMa
MPUMEHOM HHTEIUTreHTHOT pobycHor Y'Y Henenor pena, y OTBOPEHO] TPaHu, THIIA PD’D. Ogze ce
MoOXe wucTahM YHIEHHWIA Jla y HAayYHO-CTPYYHO] JIMTEPaTypH IIOCTOJH H3Y3eTHO Maiu Opoj

anroputama Y'Y Henenor peaa Koju cy MPUMEHEHH 32 TUHAMUYKE CUCTEME KOjU HUCY HELEeJIoT
pena Beh menor peia unMe rope HaBeICH pe3ynTaT 1o0uja Ha jour BeheM 3Hauajy. DopmMymucana je
U JI0Ka3aHa TeopeMa Koja ce OJHOCH Ha KOHBEpPreHIwjy mpemiokeHor UYY Henenor pena tuma

PD’D® ummMe cy T06MjeHE OBOJGHH YCIOBH KOHBepreHimje. OBaj HAYHHH JONPHUHOC IPUKA3AH je y

notnornaspy 3.2, Ha crpaHama ox 20-32 IOKTOpcke aucepTanuje a 00jaBibeHH cy y pany [1]
(omespak 4.3 Bepudukanuja HayqYHHX TONpHUHOCA), y yacornmcy Filomat kareropuje M22, nocrynan

Ha IWHKY http://journal.pmf.ni.ac.rs/ filomat/index.php/filomat/article/view/15185/0 Ha kKoMme je
KaHAUIAT MPBH ayTOp W jeAMHHU MOKTOopana. Yacomuc He Aaje Ha YBHI jaBHOCTH oaMmax Beh ca
3aKallmbEehEeM O IBE TOIMHE, alld Ce 3aT0 Y MpmwiIory pedepara aaje pas ca 3ariaBjbeM 4acomuca U
Opoja y xome je 00jaBJbeH.
Ocranyu OUTHH JONPUHOCH JIOKTOpATa Cy:
— PemeH je 3agarak poOyCHOT ynpaBibama JaTHM CHHTYJapHUM CHCTEMOM HEIEJOT pejia KOjH
noceqyje IapaMeTapcKy Heu3BecHOCT npumeHoM WYY Henenmor pema y OTBOpEHO-
3aTBOPEHOj cnpesu Thna P/Pp*. dopMmylucaHa W J0KaszaHa oJronapajyha Teopema rje cy

M3BEJICHU Cy OBOJAHH YCJIOBH 32 KOHBEPTEHIIM]Y MpeutoskeHor anroputma UYY Henenor
pena. OBaj DONPUHOC MpPUKa3aH je y MOTHOriaBiby 3.3 Ha cTpaHama ox 32-42 JOKTOpCKe
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mucepranyje. MehyHapoaHo je HayyHo BepudukoBaH y pany [2] (omemak 4.3
Bepudukanuja HayqHux 1ompruHOCa), KaTeropuje M33, Ha KoMe je KaHuAaT MPBU ayTop.

— IlpojexToBaH je W UMIUIEMEHTUPAH HOBU YIPaB/bauykKd CHUCTEM 3a yIpaBibame NeuroArm
POOOTCKOM PYKOM ([0 CBUX C€AaM MOTOpa y UCTO BpPEME) 3a paj y peaJlHOM BpeMeHy. Y
LbY peajM3alije XapIBEpPCKOI yMpaBibakba POOOTCKUM CHCTEMOM ca CelJaM CTEIEeHU
cinobojie crpoBelieH je u300p xapaBepa T3B. eMOeAW]l cucTeMa Tj. m3abpaHa je pa3BojHa
mwioya Beaglebone Black w mo mnpeu myt kopumhen codrBepcku mnaker EDICOPT,
Hucturyra Muxawmno [lynuH, 3a UMITIEMEHTAIMjy CIOXKEHHUX alrophTaMa ynpaBbamba Ha
ontuMaiad HaunH. OBaj mompuHOC mpukas3aH je y [lormaBpy 4 Ha crpaHama ox 52- 65
JOKTOpCKe AucepTanuje. MelhyHaponHo je BepupuKoBaH y KoH(epeHIjckoM pary [3]
kareropuje M33, (omespak 4.3 Bepudukanuja HaydHUX JOTPUHOCA), HA KOME j€ KaHAUIaT
npBH ayTop u o0jaBieH je y uacomucy IOP Conference Series: Materials Science and
Engineering, nmoctymaH Ha JIMHKY  https://iopscience.iop.org/article/10.1088/1757-
899X/393/1/012110.

4.2. KpuTruka agajin3a pe3yiarara HCTPaKUBamba

Ha ocHOBy mperiiena peneBaHTHE Hay4dHe JIMTEpaType U carjiefaBama noctojehux periema
u3 o0NacTH OBE JOKTOPCKE AWCEpTalyje, KOMHUCHja KOHCTaTyje Ja Cy NpUKa3aHH pe3yiTaTH
UCTpaXMBamba HOBH, M3y3€THO 3HaYajHU U HAYYHO yTeMeJbeHU. McToBpeMeHo, Ha OCHOBY yBHIA Yy
3aJaTe LUJbEBE WCTPAXHBamkba W pe3yiTaTe IMpeACTaB/beHE Yy JIOKTOPCKOj JHCEpTalUjH,
KOHCTaTyjeMO J1a Cy MpYy>KEHH OATOBOPH Ha CBA PEJICBAHTHA MHUTAka U JIa Cy PEIIeHH MPOOIeMH ca
KOjMa ce KaHAWIAT Cycpeo y TOKy HMCTpaxkuBama. Pa3BujeHnm oxarosapajyhm momen poboTckor
CHCTEMA y CIIy4ajy BE3aHOT KpeTama Kao W HalpeIHH aJrOPUTMH UTEPATUBHOT YIPaBJbakba IIyTeM
ydema y3 aJeKBaTHY COPTBEPCKY M Xap/ABEPCKy IMOJPUIKY UMajy BEIHKY IPHUMEHHBOCT y 001acTh
HaNpeIHOT YIpaBJbamba po0d0Ta y peaTHOM BPEMEHY.

4.3. Bepudukaruja Hay4HuX JOOPHHOCA
Hay4ynu nompwHOCH TIpeJMETHE JOKTOPCKE aucepraiuje cy BepudukoBanu cieachum
pajoBuMa:

Kareropuja M20:

[1] B. P. Cvetkovié, 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. (kaTeropuja M33)



5. 3AKJbYYAK U HPEJIOT

Ha ocHoOBy neraspHOr mperjena u aHaiau3e JOKTopcke aucepranuje, Komucuja 3a mpernen,
OLIEHY M 010paHy JOKTOPCKE JUcepTalije KOHCTaTyje Ja je TOKTOpCKa AUcepTalija Mo Ha3uBOM

»lIpojekToBame caBpeMeHMX CHCTeMa YyIpaB/bakba po0d0Ta NPUMEHOM Pa3BOjHUX

NMporpamMadMIHNX CHCTEMA U CAaBPeMeHe TeopHje pauyyHa HemeJor peaa®.
kanaugata bomka L{BeTkoBuha, mumu. wmk. mMam,ypaleHa mpemMa CBUM CTaHAApANMa y HAy4HO-
UCTPaXXKMBAYKOM paxy, Kao M Ja HCIymaBa CBe yciioBe npeaBuleHe 3aKOHOM O BHCOKOM
oOpazoBamy 1 1a je y ckiany ca Craryrom u [IpaBIIHUKOM O JOKTOPCKHM CTyarjamMa MamimHCKOT
¢daxynrera Yuusepsutera y beorpamy. Ha ocHOBy pesynrara u 3akjpyd4aka NpUKa3aHHX Y
JOKTOPCKOj auceptanuju, Komucuja koucraryje na je kaunuaar bomko LiBerkoBuh, aurn. nHx.
Mall., YCIEIIHO 3aBPIIMO JOKTOPCKY IUCEpTalljy Yy CKJIagy ca NpenBU)eHuM NpeaIMeToM U
MIOCTaBJECHUM IIMJbEBHMA HCTpaXkuBama. KaHauaar je 101ao 10 OpUrHHaIHUX HAyYHHX pe3yiraTa
KOjH Cy yCIeNTHO U BepU(PUKOBAHU.

Kommcuja 3a onieny m og0paHy JOKTOPCKE AMCEpTalyje 3aKkjbydria je Aa JOKTOpPCKa JrcepTanuja
mox HasuBoM ,lIpojekToBame caBpeMeHHMX cHCTeMa YIOpaB/bawkba podoTa NPUMEHOM
Pa3BOjHUX MNpPOrpaMadMJIHUX CHCTeMa M CcaBpeMeHe TeOpHje padyyHa HeleJor pema‘“
npezCcTaB/ba OPUTHHANIAH M BPEIaH HAyYHH paj ca HAyYHHM JIOTIPHHOCHMA Yy OOJIACTH MAIIMHCTBA,
yka HaydyHa oOmact Mexanuka, ma cxomHo wiany 37. [IpaBwiHHMKa O JOKTOPCKHM CTyAHjama
MammHackor ¢dakynrera YHuBepsuteta y beorpamy. Crora Komucuja mnpemnaxke HacraBho-
Hay4HoM Behy MammHckor ¢akyntera y beorpany na Pedepar npuxsatu, aucepranujy cTaBu Ha
yBH[ jaBHOCTU U ynyTu Pedepar Ha koHauHO ycBajame Behy HayuHHX 001acTu TEXHUYKHMX HayKa
VYHusepsurera y beorpany, a 1a ce HakoH Tora kanaunar bomxo IBerkoBuh, numul. uHx. mam.,
M030BE Ha jaBHY 0A0paHy AucepTaluje.

VY beorpany, 10.06. 2021. rox.

YJIAHOBU KOMUCHJE
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VYuusepsuret y beorpany, MamuHcku dakynrer
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Fractional-Order Iterative Learning Control
for Robotic Arm-PD?D“ Type

Bosko P. Cvetkovié?, Mihailo P. Lazarevié®

*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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overcome this lack, we introduced [14], open-closed ILC PIDD2/PID type which successfully resolves this
drawback.

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*D*-type 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 A-norm

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

matrix norm as ||Al|e = max(z laijl) , A = [aijluxn Where [|Al|l denotes
1<i<m =

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

[0, T] — R" is defined as:

lg®)llx = sup e Mlig(h)ll, A >0 1)
te[0,T]

lIxllee = sup |xil , x = [x1,%2, ..., %,]"

1<i<n

Especially when is norm ||(.)||« , it follows [|JAX|le < [|AllsollX]lc0. Also, for the previous norms, one can
easily prove that the A-norm is equivalent to the co -norm.
(i) Property 1: A norm has the next property

¢ ¢
sup e™ | |lg)Nle"dr = sup f e MM DN g () ITdT
te[0,T] 0 tefo,7] Jo

—(a-M)T 1

t
1-
<llgOlla sup fo N dr < lg()lia )f —— < 7 —llgOlh

te[0,T]

Before presenting the main results, we first introduce the following Lemma 2.1 [6].

Lemma 2.1. [6] Suppose a real positive series {qi};° satisfies

Tk < pi—1 + € 3)
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where p 2 0,& > 0and p < 1. Then the following holds:
lim g < &/(1 - p) 4)
One can notice that in case of € = 0, ]}1_{?0 qx — 0.

Lemma 2.2. (Bellman-Gronwall inequality) [31] Let fi1(t), g1(t) , and hi(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.

t ¢ ¢
f) <ht)+ L af(t)dt + j(; g(t)dt, = f(t) < h(t) + jo‘ exp(a - (t = 7))[ah(7) + g(7)]dT ®)

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(.) € ACla, b] be a continuous function over the finite interval [, b] having the first derivative
almost everywhere in [4, D] , being integrable, that is, it is in L'[a,b]. Also, the space AC™([a, b])is the space
of functions with continuous m — 1 derivatives on [4,b] , and m-th derivative in L'[a,b]. The definition of
RL fractional integral of order u is described by:

IS0 = D0 = i [ =0 o, e R ©

I'(w)

where I'() is the well-known Euler’s gamma function, which is defined by I'(z) = f e?#'dt. The RL
0

operator ,I1'(.) possesses the semigroup property, i.e. I} If = I;Hé The RL derivative of the fractional
order p of a function f(t) is given as

D) = DG F0) = TG o) = -1 dtn[f (t = ()], )

wheren -1 < u <n € Z*" and D*(.) = d"(.)/dt",n € N is the classical n-order derivative. If we introduce
n = [u] € IN which stands for integer part of i, and a = (u—[u]) € (0, 1) it follows next form for RL fractional
order:

S iy =B D1 ) =8 D ) = S e ®)

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

«Dif) = DD ) = 1 (F ) = r(n f (t =D (), ©)
wheren —1 <y <ne€Z*. Also, we have:
SO} f(t) = DD £ty =, 1T (PN W) = LA () (10)
Inthiscasen =1, for 0 < a < 1 we obtain:
RL 14 -
D2 £t 4 f (t - 0 flo)d ]
F(l a) dt an

<Dif(h =

Wi
rt [ -0
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In the following sections, D* will denote ¢Df , RLD“CD“ for the brevity of notation. If f(0) = 0, we can
easily prove that in case a = t; it yields:

toDy (1, Dy (1) = f() (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 arm dynamics
can be obtained in compact form as:

a(q)i + (N(q,9) — Q) = a(q)j + n(q,q) = Q" (13)

where a(q) = [a,5] € R™" denotes inertia matrix, N(g, §) is the matrix that includes centrifugal and Coriolis
effects, and QY and 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

G(t) = u(t) (14)

where u(t)is the new control signal, or in the case of the existence of the model uncertainty n = n(t) , we
have:

G(t) = u(t) + n(t) (15)
or in state-space

K(t) = Ax(t) + Bu(t) + Diy(t) , A = [8 é] B=D= m (16)
2nx2n 2nx2n

y(t) = [1 0] 0 (17)
We introduce the following assumptions:

Al. The desired trajectories y,(t) , x4(t) are continuously differentiable on [0, T] Al is a reasonable assump-
tion that makes possible calculating é;(t) = y4(t) — yi(t), €i(t) = Coxi(t) = C(xy(t) — Xi(1)), e} (t) = Coef ().

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

X4(t) = Axa(t) + Buy(t), (18)

ya(t) = Cxy(t), (19)

A3. The initial resetting conditions hold for all iterations, i.e.
x;i(0) = x4(0), 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, Vi, 6x;(0) = x4(0) —x;(0) = 0, ¢;(0) = y4(0) — y;(0) = 0. Many practical
control problems require such a perfect tracking over the entire transient period including the initial
one.
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A4. The uncertainty n;(t) € R", is uniformly bounded. In the sequel, we use positive constant d,, , to denote
the upper bounds for 7;(t) , i.e, ¥t € [0, T] and Vi — [|n;(t)|| < d;, Assumption 4. puts the boundedness
restrictions of the 7;() on given time interval ¥t € [0, T]. Based on contraction mapping, 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-loop controller.

3.2. Convergence results

3.2.1. Open-loop PD*D* learning 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:

i1 (£) = uit) + T18(8) + Roei(t) + Roef () (21)
where ¢e;(t) = y4(t) — yi(t) is the trajectory tracking error in i — th iteration, e;;1(t) = y4(t) — yis1(t) is the
trajectory tracking error in i + 1 — th iteration. r1 , Ry, R, € R™™ denote open-closed-loop positive-definite
diagonal learning matrices ,i.e. R(') = diug(r(.)l, 1’(')2, ey 1’(')”), F(,) = diag(g(.)l, g(,)z, ey g(.)n) .

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

16X Bl < pplidui(lir + &, (22)
1
-1 (1 - e_/‘T) 1 ’ -1 it
where o(A™) = — < 1 and py = po + hoo(A™"), &y = (1 + haT)dy, , po , ho , 1, ha , dy some positive
constants.
Inverse kinematic
S =
1 & (t) linearized robot : )
I na
> I d, (1) dt" model duc
g ! £ ROBOT ‘E’_ ¥ A
£ H0) S v
g ! =T+
| de (1) dr?
R S B, 1
de,, (1)/ dt
B € (1) r

Figure 1: Block diagram of the open-loop PD?D® law for the robot control
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Proof.
We can obtain the solution of equation (17), that is, the state response x;(t) is expressed by

t

¢
xi(t) = O(t)x;(0) + f O(t — 7)Bu;(t)dt + f O(t — 1)Dni(t)dr
0 0

, , (23)
= gi(t) +‘f0 O(t — 1)Buy(t)dt +j(; O(t — 1)Dni(t)dr
as well as output response y;(t)
yi(t) = Cxi(t) (24)

Where g;(t) € R” and ®(t — 7) € R™ are continuously differentiable in ¢ and 7, and x;(0) is an initial
condition of state variable x;(f) for the i-th iteration. In similar manner, we have solution for the equation
(18),

t
xa(t) = ga(t) + fo O(t — 7)Bug(t)dt (25)

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

¢
20 = g9 + 11?10[113?-1@(15 — 0)Bugy(1)] - f DYD(t — 7)Bug(1)dt (26)
T t— 0
Let
ox; = x4(t) — xi(t), Ox; = Xa(t) — Xi(t) 27
ou; = ug(t) — ui(t), 6u; = 1a(t) — i(t)
D*(6x:(t)) = 5x\ = £V (t) - V(1) (28)
Also, it follows from (26)-(28) it yields, [35]:
5x\ V() = X0 - X V(1) = g0 (1) - gV (1) + 111310[1Df*1q>(t — 7)Buy(1)]-
¢ ¢
lirtr_lo[TDf‘_lq)(t — 7)Bu;(1)] + f D{D(t — 1)Buy(t)dt - f DID(t — 1)Buy(t)dt (29)
¢
- lirtnO[TDf‘_lq)(t —1)Dni(7)] - f DIt — 1)Dni(t)dt
T—1— 0
Taking into account assumption A3, it follows:
g5 - g t) = 0. (30)
Hence, expression (29) takes the form:
t
5x\ V() = T2 (@(t — 1)) BlorOusi(t) + f DDt — 7)Bou;(t)dt
0
31)

t
LD — D)D) es] f DOt — D)D)
0
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Taking A— norm of (31) it yields:

t
163 (#)llx < sup [lDf' (¢ = T)Blesillwlloui(B)lla + sup [l Dfd(t - T)B“mf e loui() llwdT

0<t<T 0<t,t<T 0

t
+ sup [[:Df ' D(t - T)Dllullni(®)lle + wPHJX®U—ﬂmujn€WWﬁmwh
0<t<T 0<t,7<T 0
163 (#)lla < sup DT Dt = DBle=illollBuwidll  (32)
0<t<T

t
+ sup [l:DYD(t — 7)Bllw f e M0 sup e M16ui(1)llwdT
0

0<t,t<T 0<t<T

t
+ sup [|:D{ 'Ot = 1)Dlle - dyy + sup [[:D8D(t — T)Dlleo fo e Md,dt

0<t<T 0<t,t<T
or
t t
lox5 (t)lIr < polldu;(t)lla + ho - [6u;(T)lI2 sup f e M0 dr hid,, + hod,, - sup f e Mdr
o<t<T Jo o<t<T Jo (33)
16x2(B)llx < polldui(t)llx + holloui () OA™) + hid,y + hod, T
where
po = sup |l D¥D(t — 1)Blectlleo, o = sup [[:DFD(t — 7)Bl|co,
0<t<T 0<t,t<T
hi = sup ||:D¥'®(t — 1)Dlles , b2 = sup |l DIt — T)Dlleo (34)
0<t<T 0<t,t<T
_ 1-e?T)y 1
oA ) = =< 7, In(Blls < dy
Thus, we have:
lloxt (H)lIa < pollowi(t)llx + &, (35)
where
po = po +hoOA™Y), &, = (1 + hT)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 A1-A4 . If
p+po<l (37)

where p = ||I = T1CAB)ll , Po = B3 - po = IIR2C| - sup ||TD;‘_1(CD(t — 7)Ble=tllo , then, the open-loop PD?D*
0<t<T
learning law (21) guarantees that when i — oo bounds of the tracking errors ||xs(t) — xi(Dl , llya(t) — yi(®Il , and
1

Iluea(t) — ui(t)]| converge asymptotically into the specified bounds. The bounds &, &,, &, are given by &, =

1
1-p

~g/gx =

1-p
g, gy =c- &, where ﬁ =p+ ﬁ3(p0 + hoO(Afl)) + ﬁlbO(AII) ,E= ‘Bldld,]T + ‘Bzdr] + ﬁ3€,]

d1d, T + bO(A[Y)
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Proof: Note that the tracking error and its derivatives integer and fractional can be obtained:

ei = Cox;, & = Coxl , é; = Cok; = C(Adx; + Bou; — Dnyj)

& = Coi; = CA%6x; + CABGu; — CDj; — CADn; (38)
According to the proposed ILC law (21), we obtain
Sttisa (t) = ua(t) — ua () = Sui(t) — T1éi(t) — Rye(t) — Roel (1) (39)
Substituting (38) into (39) we can get
St (t) = [ - T1CABIou () — ([1CA? + RyO)dxi(t) — RaCox\¥ () + T1CADni(t) + T1CDiji(t) (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), ([C][D] = 0) . From previous eq. (28), we get:

Stz (£) = [I —~ T1CABIoui(t) — (T1CA? + Ry C)oxi(t) — RaCox' (1) + T1CADi(t) (41)

Taking the standard norm for equation (41) and using the condition of Theorem 3.2 as well as assumption
A4 we have

Bua ()l < plidui(l + [T1CA? + Ry ClllI0xi(t)]| + ILyCAD|lini(H)l + IR CllIsx (1)l (42)
Then we can arrive
Bua ()l < plidu(®l + Brlloxi(Dll + Baddy + B3lISx P (Bl (43)
where
B1 = IIIT1CA* + RiClll, B2 = IT1CADI|, B3 = [IRCl| (44)

Also, we have from (17) and (38)
¢
ox; = f (Aéxi(’c) + B(Slxli(’l') - Dﬂi(’f))d’f (45)
0
Taking the norm on the both sides of(33) it follows:

t
|I6xi||=](;(alléx(T)II+b|I6ui(T)I|+d1I|17i(T)I|#T (46)

where a = ||A|l, b = ||B||, d1 = ||D||. From assumption A4, we have:

t
dy f (il dt < dy - dyT (47)
0
which implies that
t
l16xill < d1d, T + f (@llox()l + bllowi(7)ll d (48)
0

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

t
16xi]] < drd, Te™ + f "0b)|5u(t)lldT (49)
0
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and multiplying the previous inequality by e, A > a and taking the A-norm, we get

1 —ele-MT 1

16xilly < drd, T + ﬁbnéuill;\ < dqd, T + bo(AT)I6ulln , O(ATY) = - (50)
Taking into account (43), and applying the A-norm, we have

6uia (B)lla < pldwi(E)lla + Brlloxi(Blla + Bady + Ballox (B)lla (51)
Now, linking (22), (50) with (51), we can get

1611 (8)llx < plIdui(E)lla + Br(drdy T + BOAT ) Iouilla) + Bady + B3(pj Iui(E)lIn + &) (52)

I6uia(Dllr < plldui(t)lin + € (53)

where are
p = p+PBalpo + hoO(A™)) + p1bOATY), & = Prdrdy T + Pady + e (54)

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

. 1
lim [|6u;]ly <
1—00

_1_ﬁ£=eu (55)

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

lim [I6x;llx < dad,, T + bO(A;')( I i _£) = &,

1 P (56)
lim lejllx < c(d1d, T + bO(Al‘l)(l—ﬁg)) =g,

1—00 -

This concludes the proof.

Remark 3.3. In the case of without disturbance and uncertainty of the system, &;(t) = 0,n;(t) = 0. ieds , dy, dpa
tend to zero, these bounds also tend to zero. Namely, one can obtain when i — oo the bounds of the tracking errors
lxa(t) = xi®I S Nlya®) — v, luag(t) — wi(Bll , converge asymptotically to zero. Proof is similar with the proof of
Theorem 3.2, taking into account &i(t) = 0,1;(t) =0, ie. € =6 =0.

lim [|6u;]], = 0 (57)

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

lim yi(£) = ya(t) (58)

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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