YruBepsutet y beorpany
Enextporexunuxu (axynrer

HACTABHO-HAYYHOM BERY
Hpeamer: Pedepar o ypaheroj noxropckoj aucepranumju kauunara Koere M. Jopanosulhia.

Omyxom HacraBHo-Hayunor Beha Enexrporexsmukor ¢axynrera YHuepsutera y beorpany 6p.
5017/10-3 onx 27.1.2016. roguHe, IMEHOBaHM CMO 3a wiaHoBe KomucHuje 3a mperies, oLeHy H
ojbpany Jokropcke pucepranyje kanaunara Kocre M. Joanosuha 1101 HacoBoM

Moz(e.m/lpa}be H ylipaB/bame aHTPONIOMHUMETHYKOT p060Ta ¢a AHTATrOHHCTHYKHM IIOI'OHHAMA ¥
KOHTAKTHUM M 0€CKOHTAKTHUM 3ajanumMa

[engleski: Modeling and control of the anthropomimetic robot with antagonistic joints in
contact and non-contact tasks]

ITocne mpernema pocraBibene [lucepranyje W Jpyrux Inparehwx MaTepujajia U pasroBopa ca
Kanmmnarom, Komucuja je caunnauna cinenehn

PEDEPAT

1. YBOJ

1.1. XpoHoJsiornja ogo0paBama 1 U3pajie qucepraiyje

Kocra JoBanosuh je 21.12.2010. rojune yrmmcao TOKTOPCKe akaAeMCKe CTyauje EIeKTpoTexHuKe 1
padyHapcTBa, MOy YIIpaBjbame€ CHCTEMHMa M o00paja CurHaja, Ha EJIEKTPOTEXHUYIKOM
daxynrery y beorpany. Ce ucrute 1 HacTaBHE 00aBe3e MOJIOKHUO j€ ca HajBUIIIOM OLIEHOM H THME
CTEKao IMPaBO 3a [IOJHOLICHE JOKTOPCKE JTUCepTAalldje Ha IPerie]] ¥ OLeHY.

Kangumar je 8.1.2014. rojpune mnpujaBHO TeMy JOKTOpPCKE JHCEpTaryje II0J Ha3HBOM
»2MoJenupame U yIpaBibamke aHTPOIIOMUMETHYKOT poOoTa ca aHTarOHHCTHYKAM IIOTOHHMA Y
KOHTAKTHUM U OECKOHTAKTHHM 3a1aruma’.

Kowmucuja 3a cryamje Tpeher crenena 15.1.2014. roaune pa3Matpaia je Mpeijior TeMe 3a u3paiy
JOKTOpCKe AucepTanyje u ynytwia HactaBro—HayuHom Behy mpeasior 3a umenoBame Komucuje 3a
OLIEHY YCJIOBA U NIPUXBATAE TEME JOKTOPCKE JICepTaLH]e.

Hacragso-nayuno Behe 21.1.2014. rogune, va 770. cejnuim, uMeHoBao je Komucujy 3a oueHy
ycJoBa M NpUXBAaTamke TeME JIOKTOPCKE JucepTanuje y cacraBy: 1p Bessko IToTkomak, peroBHH
upocdecop (MernTop), ap Mupjana Ilonosuh, penosrm npodecop, ap Anexcanjap Pojuh, nayanu
caeTHUK (Mucturyr Muxajno [Tynun, Yausepsurer y beorpany), np XKesmsko Dyposuh, pepoBan

podecop.




Hacrasro-nayuno sehe 20.5.2014. rogure, Ha 774. celHUIY, yCBOJUIIO je Wssemrraj Komucyje 3a
OIleHY YCIIOBA M IIPAXBATAISC TEME JOKTOPCKE JIUcepTalyje.

Behe HayuHmx oGNAcTH TEXHMYKHX Hayka YHHBep3uTeTa y beorpaiy famo je carjacHOCT Ha
IpeUIoT TeMe ToKTopeke mucepranuje (6poj omryke 61206-2604/2-14 ox 15.9.2014. ronumue).

Kanmuaar je 28.12.2015. roaune mpeao JOKTOPCKy AUCEPTAlH]y Ha IPErye U OLEHY.

Komucuja 3a cryauje Tpeher cremena 12.1.2016. rogune MoTBpAMNIA je UCIYHCHOCT noTpeOHUX
yCI10Ba 3a MOJHOIIebe Tpeora HacraBao-HayunoM Behy 3a popmuparse Komucuje 3a pernien u
OIIEHY JIOKTOPCKE JIUCEPTALIHje.

HacraBro-Hayuno Behe Enexrporexumuxor (axynrera 19.1.2016. rommue, Ha 795. cenHuIM,
uMeHoBato je Komucujy 3a mperyiex U OLEHY JOKTOPCKE JHUCEPTallje y cacTaBy (6poj omryke
5017/10-3 ox 27.1.2016. romune): mp Bemko Ilorkomak, penosH:m mpodecop (MEHTOp), AP
Mupjana ITomosuh, pemoBuu mpodecop, ap Anexcanpap Popuh, HaydHH CaBETHHK (Muctutyr
Muxajno Ilymms, Yuusepsurer y Beorpanmy), mp Alin Albu-Schiffer, perosan ripoecop
(Texupuxu Ynupepsuter y Munmxeny, Hemauxa; m aupexrop Mucrmryta 3a pobOTHKY H
MexaTpoHnKy, Llentap 3a cBemupcka mcTpaxusama — JJIP, Hemauka), ap Xessxo Dyposuh,

penoBHH Ipohecop.

1.2. Hayuna o6J1acT [ucepTaiuie

JToxTopcka AucepTanuja Ipriafa HaydHoj o0nacTi EJeKTpoTeXHUKe U pa1yHapCTsa, YKOj HAYIHO]
o6macTe PoGothka n YIIpaB/barme CHCTEMUMa, 3a Kojy je Maruual EnexrpoTexHuuku daxyret

Vuuep3ureta y beorpany.

MenTop HOKTOpCKe muceprammje je Ap Bemko IoTkomax, xoju je n3abpaH y 3Bame PENOBHOr
npodecopa 3a yxy HayuHy o6iacT PoGotnka Ha EnexTpoTexHudKoM (axyiTeTy YHuBep3urera y
Beorpaay. MeHTOp U3pajie IOKTOPCKE JUCEPTaIlUje C& aKTUBHO GaBH KOODPMHAIINjOM HACTABHMX M
HAYYHO-HCTPAKMBAYKAX AKTHBHOCTH y 00NacTH poOOTHKe, KOjU Cy O calla pe3yJiToBaild y 55
y6IMKOBAHKX PAZIoBa y Me)YHapOJHIM 4acOMICHMa Ca HMIIAKT (aKTopoM (pazoBu MyOJIMKOBAHU
y gacormcnma ca Thomson Reuters Journal Citation Reports — JCR nucte), U npexo 460 nurara
(Ha OCHOBY 3BaHWYHE [OTBP/C YHUBEP3UTETCKE OHOIIMOTEKE H3 MapTa 2015.).

1.3. Buorpadcky mogany 0 KaHauaaTy

Kocra JoBanoBuh je pofjen 1986. rogune y Yauxy. OCHOBHY IIKOJIY U ['uMHa3ujy je 3aBpIIHO Y
POIHOM Tpajly Kao yd4eHHK reHepauwje. Jlumiommpao je Ha Ojcexy 3a CHTHAJIE M CHCTCMC
Enexrporexumukor ¢akyirera y beorpany 2009. rojuse ca IpocevTHOM OICHOM 9,96 xao Haj60IEH
crynent na Oycexy. Macrep crymmje je 3appmuo 2010. rojuse takohe Ha Ojceky 3a CUrHalC u
cucreMe ca npoceunoM oreroM 10,00. Jloxropeke cTynuje Ha ENCKTPOTEXHHIKOM dpaxynrery je
yrmcao 2010. rojuHe Ha MORYITy YIpaBhame CHCTEMAMa H 00pajia CUTHaNa, I/Ie je TIOJIOKHO CBE
ucnuTe ca nmpoceyrom orerom 10,00.

Kocra Josanosuh je y mapty 2010. roguse u3abpan y 3Bae capaJHuKa y HacTaBU Ha Oncexy 3a
curnane ¥ cucreMe Ha BEnexTporexuudkoM daxynrery y beorpany, a y anpuiy 2011. rogune 3a
acHCTeHTa IJie je ¥ JaHAC AHT@KOBAH Ha KypceBHMa y oOnacTd poOOTHKE M MEXATpOHHKE.
[Iperxoano, ox jyHa o centembpa 2009. rogune, Kocra JoBanoBuh je pajHO HCKYCTBO CTHIAO Y
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Ognebeny 3a eNEKTPOHHUKY ¥ ayTOMAaTHKy Y xommannja CMC 3umar (SMS Siemag) y 3ureny y
Hemaukoj xao crumenucta Ponpanmje Ap 3opaH ‘Punhuh u Onbopa Hemauke IPHUBPENC 32
capagmy ca ucTokoM (Ost-Ausschuss der Deutschen Wirtschaff). Toxom jyna u asrycra 2010.
rojune, Kocra JoanoBuh je 60paBHO Ha HCTPAKUBAYKOM CTaxy y JlaGopaTopuju 3a poOOTUKY U
embenienl cucreMe Ha TeXHWUKOM yHHBEp3HTETYy y MUHXEHY (TYM) y Hemauxoj, y jyny 2012.
rojuue je moxahao NeTmy MKy pobortuke Ha [IOTUTEXHAIKOM yHUBEPSUTETY Y Hupuxy (ETX) y
[11Bajuapckoj, a on Maja o HoBemGpa 2013. roxune Kocra JoBanosuh je 6opasuo y Mucturyty 32
poboTuKy ¥ MexaTpoHMKYy mpu LleHTpy 3a CBEMHUpCKa HCTpaXHMBatha (JUIP) y Munxeny y
Hemaukoj xao crumergucta Cmyxbe 3a aKkaeMCKy pPasMeHy Capesne PenyOmmke Hemauxe

(HAATD.

O6mnact ucrpaxusama Kocre Joanosrha je poboTika U yIpaB/batbe CHCTEMUMA y OKBHPY Koje je
JI0 cajia y4ecTBOBao Ha jeqroM esponckom OIT7 npojexry: ECCEROBOT — Embodied Cognition in
a Compliantly Engineered Robot, u npojerky MHHHCTapCTBa IPOCBETE, HAYKE H TEXHOJIOIIKOT
pasBoja Pemy6iuke CpGuje TP35003: Hempaoicusarse u paseoj ambujenmanto uHmeNueHeHmHux
cepeucnux poboma aHmpoNoMOPHHUX KAPAKMMEPUCIUKA. Jlocamaimsy pesynTatd KaHaujaara cy
TIPUKa3aHu Kpo3 IMyOnuKaruje u 10: 1 mornasjse y MoHorpaduju MelyHapoHOT 3Hauaja, 6 pagosa
Y HHOCTPaHMM Yacomucuma (0f Tora 5 ca MMIIAKT daxTopom), 3 paja y 4acomucy O HalMOHATHOT
spauaja, 11 pagoBa Ha MehyHAapOIHEM xon(pepennujama ¥ 12 pamoBa Ha Jomahum
KOH(epes1Hjama.

3a mocajalumy pax ¥ akTuBHOcTH Kocra Jopanosuh je 10010 cnenehe narpaze: [Ipsa Harpaja Ha
TaKMHUeHy y pOOOTHIM Ha TeMy YIpaB/bama IIOrOHMMa ca IPOMEHJHUBOM kpyromhy (Pum,
Uranuja, 2015. romuue), Harpaga 3a Hajbosku paj Miajux ayropa Ha xoupepenimju IcETRAN
2014y cexuuju POU (2014. romure), Harpaja nayqHor moprana CVIIEPCTE 3a najbosper Maajaor
HayYHHKa Y 00JaCTH NPHPOJHUX M TEXHHYKHX HayKa y Cp6uju (2013. romune), Harpazra rpana
Beorpaja 3a opraHusanyjy norahaja roguse y Beorpany 3a Manudecranujy ,,Janu OynyhHocT:
poGotuKa“, (opraHH3alFOHH TAM: AJIEKCAH/Ipa Ipenyn, llenTap 3a HPOMOLMjY HayKe, mpod.
Bessko ITorkomax, Kocra Josamosuh, 2013. rommme), Harpana ®onpamuje Hukona Tecna 3a
n3y3erHa pocruruyha MilazMx HaydHUKa y obnacT TexHWIKUX Hayka (2012. ropume), Harpana
VuusepsureTa y beorpagy 3a HajOo/bH CTY[AGHTCKH HAy4HO-HCTPOXHBATKH Daf y obnactu
texumukax Hayka (2011. ropumme), Harpaja 3a Haj6osser aumomia Ha OICEKy 3a CHTHAIE M
cucreme (2009. romuue), Harpana mpod. Mupka Munwuha (2009. roguHe), T

Vixa obyact uerpaxumparma Kocre Jopanopuha oOyxBaTa MOJCIHPAbE 1 yIPaB/barhe poboTCKUX

crcTeMa, a IToceGHO CHCTeMa Yrja ce pealisalija 3aCHHBA Ha OTIOHAIlAbY 6uonomkux ysopa (bio-
inspired), pOBOTCKMX aKTyaTopa ¢a HPOMEH/bHBOM kpyromy, a I10CEOHO AHTArOHMCTHYKA

CIIPETHYTHX MIOTOHA Y POOOTHIIH.

2. OIIUC JUCEPTAIMUJIE

2.1. Cagpxaj gucepTanmje

JloxTopcka jmcepranyja 1o GopMmu 1 CTPYKTYPH TOTIYHO OArobapa VryTcTBy 3a OOJIMKOBAE
JOKTOpCKe JicepTanyje YHuBepsureta y beorpany. Cagpxu ykynso 288 crpama. JlenoBu
JucepTanyje cy:

- HaciosHa cTpaHa Ha CHITICCKOM jE3UKY

- HacioBHa CTpaHa Ha CPIICKOM JE3UKY

- Crpana ca uH(poOpManEjaMa 0 MEHTOPY U WIAHOBHMA KOMUCH]E

- H3jaBa 3aXBaJIHOCTH

- Crpase ca nojanumMa o JOKTOPEKOj JUCEPTAIlNju Ha SHIJIECKOM JE3UKY




- CrpaHe ca HOfaMa 0 JOKTOPCKO] JMCEPTAIlj! Ha CPIICKOM JE3HKY
- Canpxaj
- Tekcr paja 1o IOTIaB/bHMA
o Ysoxg
o Moyen jpuHaMuke poboTa ca AHTATOHHCTHYKMM HOTOHHMA y O€CKOHTAKTHHM H
KOHTAKTHHM 33/[alliMa
o TexHuKe ynpaBibarba KOje KOPHCTE KOHBEHIIMOHAIHE HHKCHEPCKE IPUHIATIC
TexHuKe ynpaB/barka 3aCHOBAHE Ha 3HaIbY U YUCHY
o VYmpaspame poGoTa ca aHTATOHMCTHYKEM IIOIyCTIFUBUM IOIOHAMA Y KOHTaKTHUM
3a/1arMa
0 3axJbydI¥ U IpaBOH Jajbel NCTPAKUBAA
- Cnucak xopunheHe TuTepaType
- Buorpaduja ayTopa
- Hsjana 0 ayTopcTBY
- V3jaBa 0 MCTOBETHOCTH IITAMIIAHE ¥ €JIEKTPOHCKE BEP3Hje JOKTOPCKOT pajia
- WsjaBa o xopumhemy.

O

Jucepranuja canpxu 81 cimky, 17 tabena, 188 nymepucannx jenmHauMHa, W CHMCAK Kopuimhene
nuTepaType Koju caiapxu 277 Gubmuorpadekux jeuHHLIA.

2.2. Kpatak opuka3 HojeJMHAYHMIX [I0TJIaB/ba

Y IpBOM IIOTNABJbY Cy HCTAaKHYTe IVIABHE HMjleje ¥ MOTHBALMja 32 pajl Ha 0BOj TE€MH, Ka0 U IPaBUX
HCTPAXHBAKA y DPasBojy H YIpasjbamy 3r1060Ba ca ernacTuunomhy (momycrbuBomhy), ca
HATJIACKOM HA AHTATOHMCTHUKE IOTOHE. Y OBOM IIOIVIaB/hY C€ HCTUUy O0€30e/HOCHH HM3a30BH
Gynyhux cepsucHHX poGOTa, HaBoje ce ojroBapajyhe TEXHOJIOTHje W TPEHIOBH: €JACTHYHH
AKTyaTOpH, TI0jMOBH aKTHBHE M IIACHBHE TONYCT/LUBOCTH H VSA (variable stiffness actuator). Kao
rpyma oy moce6Hor mHTepeca Mehy VSA, mpukasad je jera/ban Ipecek Craba Ha TeMy
AHTATOHUCTHYKMX aKTyaTopa y pOOOTHIH.

Jlpyro 1ornasjbe IpHKasyje pasBoj CHMYJNANMOHOT MOJENa JHHAMUKE poboTa TIOrOHEHOT
AHTATOHUCTHYKA YINAPEeHWM €JaCTHYHHAM akTyaropuma. [IpukasaHm Cy MOJeENd JBa OCHOBHA
AHTACOHUCTHUKM TIOrOHmEHA 3r10b6a pofoTa KOji IpEsCTaB/bajy THIIMYHE CTPYKTYpE HOBEKOBHX
Ar1060Ba IOTORCHAX AHTATOHUCTHYKH yrapeHmM Mummmhuma. OBH MOJENH HOjeMHHX 3rI000Ba
Cy HHTETPUCAHH Y MOJIEN TOPIHET e/a aHTPOTIOMUMETHIKOT po6oTa (021 CTpyKa Ha BHIIIE) 110 Y30PY
na mporotui Eccerobot-a. Y3sumajyhu y 063mp Jia je Takas poGOT IPEBACXOJHO HAMCI:CH 33 pal y
HENOCPELHOM JBYICKOM OKPYXerby, IocebHa maxmba je MocBeheHa Mozeupary KoHTakara. Ogo
HorjiaBibe Aaje eduracaH ajaT 3a CHMYJIUpabe JHHAMUKE aHTPOIIOMUMETHIKOT pobora Kxoju je u
peammsosan y Matlab-y. Y ToM My Cy IpHKa3aHa U JiBa IPEMEpa 3aCHOBAHA Ha cUMYyJTaIyjama.
IIpsu npEMep NpEACTaB/ba AHTPONIOMUMETHUKOT DOOOTa HA HOKPETHOj OCHOBHM KOjH pajd Y
HECTPYKTYPHUPAHOM OKPYXKEHY KOje Ta Kao TakBO H3J1aXKe KpaTKUM (AMITYJICHUM) U JYyTOPOYHHM
nopemehajuma. OBjie je pasBHjeHM MOJEN HCKOPHIINCH 33 aHAIM3Y JMHAMUIKOT bananca
OCMATpambeM Tauke HyJITOT MoMeHTa. JIpyrn IpuMep HpectaBiba poboTa KOjU HaMEHCKH XBara
objexar y npocropy. Ha oBaj Hauui Cy JIEMOHCTPHPAHE CBE TPH dase Mojenupama KOHTAKTHIX
sayiataxa u3Mel)y po6oTa u objexra: NpHOIMIKABAk:e, HECTAaCTHIHH Cy/Iap W KPETarbe y KOHTAKTY. v
WCTO BpeMe, Pa3BHjEHM CHMYNALMOHM MOJCH je CIYXHMO Kao Iargopma 3a Jajbh paj 1 pasBoj
ANrOpHTaMa ylpaBJbarba IPUKasaHuX y JUCEPTALH]H.

YV rtpeheM mnornasby Cy IpPHKAsaHH JOIPHHOCH Y OONACTH YIpaBjbarba aHTArOHHCTHIKHA

[IOTOEHUM, JIAHEAPHHM/HETMHEAPHIM, CIaCTHIHEM 301060M poOOTa A JKMYAHHUM IPEHOCOM.
Hakon Tipeceka crama y 0OJACTH YIpaB/barba aHTArOHUCTHYKHM aKTyaTopuMa U yrorpede
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JI0BpaTHE CIIpere 3a JIMHEAPU3AIH]Y (enr. feedback linearization) y ynpaBbamby poboTtuma,
yHanpeljyje ce T3B. ,,Iynep-ponosep” OPACTYI MHALMjANHO YBE#EeH y pamy . OBaj OHONOMIKH
MHCIMPHCAH TIPHUCTYII CE 3aCHHUBA HA CHEPreTCKH e(hMKaCHOM HCTOBPEMEHOM YIIPaBJbatby [O3UIIH]e
aroGa poboTa U 3aTe3He CHIE y jeNHOM Off AHTATOHMCTHYKM YNapeHHX TCHAOHA. VY oBoj Te3H,
nynep-onoep (eHr. puller-follower) TNpHCTYI je mpommpeH 3a MOTpebe HCTOBPEMEHOT
yIIpaB/bama HO3UIHjOM 31100a ¥ EBEroBOM kpyTomhy. 3aTuM, MHAIMjANIHO YBEJCHH NPUCTYI 3a
KOHTPOJY jetHOT 3MIofa po6oTa KojH ce 3acHMBa Ha dunbex nuHEapU3alMjH je Tpuiarohen 3a
KOMIIEH3aIH]y TPaBUTAIMOHOT onTepehera, eQeKTHBHOI' MOMEHTa MHEpIHje Y CBAKOM 37100y, Kao
U [MHAMHYKOT CIpe3arma Y CHCTEMHMa Ca BHIIE IIOBE3aHMX TEJa, ymoTpeGoM TeopHje pobyCcHor
yrpassbama. OBaj Jleo AUCEpTalHje Ce 3aBpIIaBa HaBoljemeM OrpaHIYerba y IPUMEHH ITOMEHYTOT
METOJ1a ¥ OTBOPEHHX IIMTarba Kao Moryhux Ipasatna Jaker paja.

TTopesi METOMIa yTpaBibatba Koje ce 3aCHHBAjy HA KOHBEHLMOHAIHIM HIDKCHEPCIIM MIPUHIANIIMA,
y JIECEpTAIHjH je IPHKa3aH Pa3Boj HEKOIMKO KOTHHTHBHIX METO/IA YIIpaBibarba AHTArOHACTHIKAM
CJIACTHYHMM AKTyaTopuma y poBoTHIH. Y CKiajy ca CTPYKTYpOM aHTPOMOMHMETHHKHX poborTa,
pasBHjene cy H METoJIE Koje ce, MMATHpA]yRH JhYICKO [IOHAIIIAE, 3ACHNBA]y Ha HCKYCTBY, y4emY H
xeypucTuLy. Pa3BujeH je MeTox Hajommker cycena (eHr. the nearest-neighbor) 3a ynpaBJbarme y
oBpaTHOj cripesu (eH. feedback) u JMPEKTHO]j Tpanu (eHr. feedforward). Taxolje, ynpapbame y
JUPEKTHOj TPaHH J€ pealn30BaHO yIIoTpeGOM HEypalTHUX MpPEeXKa T3B. pajujaiHe OCHOBE (EHT.
radial-basis neural networks), a yIpaBjbame y TOBPATHO] CHPE3H IPOjeKTOBAHO Ha 0a3u TPeHYTHE
IpOlEHE KMHEMATHUKHX KoepuuujeHara H dasm npasuna (eHr. fuzzy rules). OBe KOTHUTHBHE
MeToZi¢ TIPelicTaBbajy 3Hauajal Kopak Ka KOHAYHO] INEMH YIPaBJbamba AHTPOIOMHMETHIKIM
po6oTom mMajyhu y BTy 118 KOHBEHIIMOHAIHE HHKCHEPCKE YIPaBILaike METOAC He [1ajy pelnema
3a KOHTpONY BHIIEOCHAX POGOTCKUX 3171060Ba HIM TEHAOHA KOjH MCTOBPEMEHOM JIENY]y Ha BHILE
oca po6oTa, T/ie Ce KOTHHTHBHE METO/E YHPaB/harba MOry IPHMEHHTA 6e3 J0JIaTHUX OIpaHUYerba.
JlemoHcTpan#ja IPOjeKTOBAHAX METO/A yIpaB/batba je ypahena Kpo3 CHMYJAI[HOHE MpEMEpe Yy
TIporpaMckoM jesuxy Matlab.

Y meroM ojebKy AMcepTanpje NpHKa3zaHa Cy MHHIjaIHA MCTPaXMBama M CTABOBHM Ha TEMY
YIIpaBJbarba AHTATOHUCTHYKN [OTOHEHAM EIACTHIHUM 3roGoBHMA y KOHTAKTHHUM 3ajamuma. Y
TOM [HJbY, NpPEMIOKEHA je yIpaBbadka InemMa KOja TpecTaBba MOAU(UKALH]Y OIIITE
nprxpahieHe METOJE MMIIEIHCHOr yNpaB/barba Ha Ga3m OUOJNIONMIKY MHCIMpPHCAHHX oOpasana 3a
nozeny ontepeherba n3Mehy JiBa aHTarOHUCTHYKH YIIapeHa TeH/I0HA.

['JaBHA 3amaxama, 3aK/bYUIlH, JONPHHOCH IHCEpTalje Kao M IpaBUH J@/ber paja Ha TCMYy
oGpaljedy y aucepTallyju Ccy CyMHPAHH Yy 3aBPUIHOM OJC/bKY.

3. OIEHA JUCEPTAIUJIE

3.1. CaBpeMeHOCT ¥ OpUTUHAIIHOCT

YV nucepranuju je obpahena BpJo akTyeHa reMa y o6acT pOOOTHKE - MOJETHUPAE U yIIPABJ/bAIbe
AHTPOIOMHMETHYKIM POOOTHMA, TIOCEOHO OHUM Ca NOMYCT/EUBUM AHTArOHUCTHYKUM IIOTOHMMA.

I[TojaM aHTPOIIOMMMETHYKM C€ OJHOCH Ha pobora koju mojcehia Ha YOBEKAa HC caMmo CBOJUM
ysrienoM, Beh ¥ yHYTpalmoM CTPYKTypOM H dyraxmuonannomhy. MoTuBaiuja 3a u3pafy OBe
AHcCepTalyje je IPOU3HIIIIA U3 aKTHBHOCTH ayTopa Ha EstextpoTexuuukoM (akynrery y beorpany,
a y oxsupy mpojexra FEccerobot - Embodied Cognition in a Compliantly Engineered Robot,
(prHAHCMpAHOT OJ CTPAHE CEAMOT OKBMPHOI Mporpama Esponcke yamje (OIT7), o H0BOJHHO

! B. Cserosapesuh, ,,V1papibarmse €NEKTPHYHAM AroOHHCT-HTATOHHCT NOTOHOM ca H Ge3 enacTuuHHX edexara y
pobOTCKUM cucTeMuMa’’, Mactep paj, EnexrporexHudky dakynter y beorpaiy, beorpan, Cp6uja, 2010.




roBopu 0 akTyemHocTH TeMe, O aKTYeNHOCTH TeME Ha CBETCKOM HMBOY rOBOPM H aHTaXMaH
npectmwkie JCK yaGoparopuje 3a poGoTuKy YHHBep3uTeTa y Toxujy xoju cy Taxohe aytopu
TONY/IapHEX AHTPOLIOMUMETHYKHEX poOoTa (mocmeyu npotornn w3 2013. gonume — poboT
Kenshiro). AHTPOIOMAMETAYKY ITPUHIHUIL Y po6oTuy je T06HO M NpU3HAEka MO3HATOr MarasiHa
Popular Mechanics* 3a Hajsehn TCXHOJOWIKM KOHUCTT y 2010. roauHM, Kao ¥ APYry Harpagy

Meljy TEXHOJIOIIKMM KOHLEITHMa KOJH e moTeHUMjaMHO WMaTd HajBeliW yTHIaj Ha JBYJICKO
ApyIITBO Y OyayhHOCTH Ha CajMy eBPONCKAX texnonoruja ®ET 2011 y byauMnemr.

C o63MpoM HAa HEOCTaTKe KOHBCHIMOHAIHMX KPYTHX aKTyaropa y OynyhuM pOOOTCKAM
aIUTIKaIyjaMa Koje 3aXTeBajy BHCOK CTENCH Ge36eHOCTH, Pa3Boj U yIpaB/bambe HOBUX aKkTyaTopa
KOJH YKJbYdyjy €IacTHYHOCT j& O BENHKOT 3nauaja. IlocebHO je 3HaYajaH pa3Boj aKTyaropa ca
npomerssuBoM  kpyromhy VSA (of eHIJIECKor HasuBa “yarigble stiffness actuator”) Koju
omoryhaBajy mMojelIaBame KPyTOCTH TOKOM paja M CaMiM THM Jajy KOMIpOMEC H3MeDy
[peIM3HOCTH paja poboTa 1 0e30eqHOCTH HEroBOr  OKPYNCrha. dokyc WCTpaXKUBamA Y
jucepramujn ¢y poGoTH ca aHTarOHMCTHYKMM IIOTOHHMA  Kao rmoceOHa TIpymna OHOJIOIIKH
pHCprcaHuX VSA. VYV IIPHIOT aKTyeIHOCT OBE TEME TOBOPE aKTyCIHH U HEJABHO 3aBPLICHH
npojextu monyt STIFF, PHRIENDS mm VIACTORS, Ha kojuMa Cy aHI'a)KOBaHC Hajsehe
ycTpaxuBauKe MHCTHTYIHje nonyt JJIP WucTuTyTa 38 POOOTHKY M MEXATPOHHKY Y Hemauxkoj,
VtenujaHcKoT HHCTHTYTAa TEXHOJNOTH]C, Vumpepsurera [Imsa m Jla Canuenma y Uranuju,
Vuusep3utera Tsente y Xonanzuju, Bpuje YHuBepsurera bpucen y Benruju, Mmmepnan Kosena y

Enrneckoj, HTA.

Mako cMo cBejoi cafga Beh OpojHHX IpuMepa IMoroxa ca IpOoMELUBOM kpyromhly Ha 6a3u
AHTATOHUCTMYKOr NPHHIUIA Kao ¥ aHTPONOMHMCTHHIKHX pobora, Wmak OInmTe NpExBalieHH
IIPUCTYIH YIPaB/batby OBAKBUM CHCTEMUMA joir u30CTajy.

3.2. OcBpT HA DGd)CDﬁHTHV u KODI/IHIHGHV JUTEPATYPY

Hagepena sureparypa 6poju yak 277 6uobIorpad)ckuX jeuHuLa jep je obiact KOjy TOKpHBa
AHcepTanyja jako IMUpoKa U 38 CHHTE3y pesylraTa Cy Guia moTpeOHA 3HAMmA U CABPEMCHA Hay4Ha
pocTurHyha u3 pasHEX OOJACTH. HajOpojuuje pedepenue cy u3 06JlacTH  IIPOjEKTOBAA
AHTPONIOMEMETHYKHX POOOTA, IIPOjeKTOBAA 1 yIPaB/kaiba AHTArOHUCTHIKUM MOTOHMMA poboTa,
pasBoja Mojea IWHAMHKE XyMAaHOWHHX poGota, GHOMEXAHHKE AHTATOHMCTHYKH YHAPCHHX
muirha uoBeka, uTA. Meljy HaBeIeHOM JHUTEPATypoOM Yy OBHM obyacTUMa Hajlaze ce PeNeBaHTHE
pedepennie 07 OCHOBHMX HJAEja [0 HAJHOBHjUX pe3yjTaTa TyOJIHKOBAHHX Y HPCCTHKHIM
MeljyHapo UM yacomucHmMa u 300pHHIMMA pajloBa ca xoHdepeniuja. Ha ocHoBy yBuIa y T€3y 1
AHAIH3C HABEJIEHE JIATEPATYPE, CTHYE Ce YTHCAK Jia Cy OPUIHHATIHY Hay HH JIOUPHHOCH 10 KOjuX je
KAHJMIAT JOIIA0 CTABJLEHH Y KOPEKTaH KOHTEKCT.

3.3. Onuc ¥ afeKBaTHOCT IIPUMEILEHAX HAYIHIX METOAA

Y jmceprauuju cy KopuinhieHe aKTyelHe HIDKEHEPCKe 1 HAYTHE METOAC ¥ MoOJIeNIuparby JTHHAMUKE
po6oTa 1 yrpassbamby poGOTHMA 3aCHOBAHE HA peNeBANTHO] JIUTEPATYPH.

Mojenipamse JMHaMUKe pofoTa ca aHTArOHCTHYKMM HOMYCTIBHBUM [OTOHUMA j& H3BPIICHO
npuMeHoM T3B. CTenameHKOBOT IPHCTYIA KOjH j€ y JIITEpaTypy IO3HAT KAo IPHCTYIL KOju HYAX
e()MKACHO W3BpLIABAIE AITOPHTMA 33 PadyHame MUHAMHKE poGota Ha Gasu Ibyrn-Ojneposux
jenHaduna. V3Bolherme MATeMaTHIKOT MOJEna CBAKOT O/ JIpEeICTaB/beHUX AHTArOHUCTHIKAX
3rio6oBa poboTa yuje Cy CTPYKType ycBojeHe fa o0yXBaTe CBE PEJICBAHTHC 0ocoOUHE THUIIMYHUX

AHTArOHUCTHYKHX CTPYKTYpPa YyoBEKa, H3BPHICHO jC Ha OCHOBY KHHCMAaTCKHX rnapaMeTapa H




OCHOBHEX 3aKOHA juHamuke. OcTBapuBame KoHTaKara m3mely pobora M 00jeKTa U3 HEeroBOr
OKpy)Kema (WIH HEKOT IPYror poboTa) ce moemarpa Kpos METOAC oJ[pyKamba UMITyJica B TEOPH]Y
HeeacTHIHOT cyapa 1a 61 ce 06e36e/Mo NOTILYH TPETMaH IUHAMUKE KOHTAKTHIX 3a/1aTaKa.

MeToze ynpaphama poboTa ca aHTArOHHCTHYKMM IOrOHHMMA e y MHOTOME 3aCHHUBajy Ha
OIOHAIAY HHUXOBUX OHONONIKAX KONHja — AHTATOHUCTHYKH YIapeHHX mumpha woBeka. Y
CKJIaZly ca TEM KaHIMJAT BPIIA QHAIM3Y AKTHBHOCTH aHTArOHMCTHHKHX mumuha Kpo3 HUXOBE
enexrpomuorpamcke (EMI')  curmare, KOjU ce 3arUM KacHHMje I[PEBacXOJHO KOPUCTE 34
neduHuCame pedhepeHTHOr NOHAlIamba CHCTeMa Kao U dbopmuparme 6ase HCKyCTBa. 3a IEKYILIOBabe
[OCHCTEMa 3a YIpAaBIbAme I[O3UIHMjoM 3r00a U HErOBOM kpyromhy (Mg CHIOM Y
AHTAMOHUCTHYKOM TEHAOHY) KOJI AHTArOHUCTHYKY YIIaPEeHUX HOMYCTIBUBHX aKTyaTopa, KOpHCTH ce
MeToza Quadex JMHeapu3alyje Koja je y JMTepaTypy panmje Beh xopumhena 3a CIMYHE HAMCHC
K0J[ poGOTCKHX 3T7I000Ba ca IPOMEH/EUBOM kpyronhy, a ToCce6HO KOJl AHTArOHUCTHHKY YIAPCHAX
norona. YHampeljeme METo/[a YIpap/bamba Koje {IMajy BEJMKY 3aBHCHOCT OJf TAYHOCTH MOJena Kao
mTo je $punbex JIMHEapH3aIyja, je NPEIOKEHO Kpo3 KOMTICH3AI]Y TPAaBUTALAje U ECTHMALH]Y
e)eKTHBHOT MOMCHT2 HHEDIHje ¥ CBaKOM 3r06y Ha OCHOBY IIPETXOJHO DasBHjEHOT MOJeNa
JMHAMEKE POOOTa ¥ IO3MIHja HOJSANHAX sroGoBa pobora. Konadno mMely akTyelHHM METO/aMa
poGyCHOT yIpaBibamba M3abpaHa je u mpumMenseHa MeTona He, loop shaping, jep ce MOoJICIIaBambeM
AMIUTATY/ICKMX KapaKTEPUCTHKA OJIHOCHO nep(opMaHCH CHCTEMa U Fherose poOycHe CTabMITHOCTH
MOYKE HE3aBHCHO YIIPaB/haTH Kpo3 pesmuunte (ase npojexroBama. Ha oBaj HauMH C€ KOMIICH3Y]Y
JMHAMIYKO clpesamse u3Mehy 3rmo6osa poboTa M ocTaia HEMOJCIMpaHa avHamuka. T3B.
KOTHUTHBHE TEXHUKE YIPaBibaba MPEJUIONKEHE Y JHECEpTAIUji KOPHCTE METO/C HEYPATHAX Mpexa
(11ocenGHO T3B. HEYPalHHX MpEXa pajjayiHe OCHOBE), MCKYCTBEHE METO/C 3aCHOBAHE Ha
1103HaBAY KHHeMaTHKe poboTa, $hasu JIOTHKY 38 arperanyjy MCKyCTBEHUX [PABHIIA U JIOHOLICIHE
OJUTYKa, Ka0 W METOJ¢ 3aCHOBAHE Ha MHTEPIOJAIYH aKyMyJIHpaHor HCKyCTBA. Ose HabpojaHe
MeTofie Koje KaTeropumemo Mehy MeTone 3acHoBaHe Ha y4Chby M HCKYCTBY JOIPHHOCE
cBeOGYXBATHOCTH 3aJaTka yIPaB/barba AHTPONOMHMETATKUM poGoTuMa # Jiajy MOTYHHOCTH
IPEBA3MIAKEIHA OTPAHUYEH:a Y HPUMEHA KOHBCHIHOHAIHIX TeXHHKA yIpaBjbama. [eXHuKa
yIpas/bama poboTa ca aHTArOHMCTHYKAM LOrOHHMA pasBujeHa y JMCEPTaluji KOPHUCTH OIIITE
nprxBaheHy METOLY MMIICIAHCHOT yNpaB/bama y poGOTHIIH 33 OCTBAPUBAKLE HKEHEHE MMIIC/IAHCHE
MeXaHWYKe KapakTepuCTHKe u3Mely poOoTa H BETOBE OKOJIHMHE.

VY amcepTalyju je IIpHKa3aH pasBoj HOBHX M yHampeherse nocrojehinx TEXHHMKA MOJCIHpama U
yrpapsbama Koje CHHTETH3Y]Y nojeEHATHE TOMEHYTE METOAE M MCTHYY IBHXOBE IPCAHOCTH H
HeoCTaKe y YIIPaBJbalky aHTPOIIOMAMETHIKIM poboTHMA,

3.4. [TpuMEHIBUBOCT OCTBAPEHUX PE3YIITATA

MHTeH3UBaH pa3Boj aHTPOIOMUMETHUYKHX pobota M POGOTCKUX 3II000Ba KOju TIOCeny]y
AHTArOHUCTHUKA yIIapeHe IIOIyCT/PUBE IIOrOHE HEU30CTaBHO jaje i Behy TeXHHY 0BOj TOKTOPCKO]
mucepranuju. PasBujeHn MOZEN JMHAMUKE poborta y (opME TOTOAHOj 32 cumynanuje je Beh
[pHMEReH y TEOPHjCKUM M MPAKTHYHMM aHATM3aMa 34 amaju argopMu poboTa aHATA30M
yTHL@ja Je0Barba CIOJBAIIbIX yrunaja. [IpucTynm passojy Mojena AMHAMUKE pobGora naje
moryhnoct MozuduKanuje H cuMynanuje pofora ca JpyruM BpcTama TIOTOHMMA Y3 TpEeTMaH
JIMHAMAKE KOHTAKTHHX 3a/laTaka Ha aHanoraH HauuH. Kao mTo je Beh peueHo MHTCH3UBAH PasBOj
obacTy, TIpe CBera U3ajHa CaBPEMEHHX XYMAHOM/IHHX POGOTCKMX CTPYKTYpa, je MOTPEOHO
IpaTHTH ¥ Pa3BOjeM YIPaB/badkhX TCXHHKA xoje he omoryhutn Gesbenny WHTEPAKIM]y TaKBHX

po6oTa y JBYACKOM OKPYKEHbY .

V mucepTaldjy je UCTAKHYTa H MoryhHOCT IpHMeHe pesynrara Ha jorr KOMIUIEKCHHA]e CTPYKTYpPE
poGoTtckux 3r7060Ba Kao IITO Cy KyrJiacTH 3r0GOBH KOjH HHCY IIOTOJIHE 3a YIIPaBJbarC
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KOHBCHIIMOHAJHUAM IIOTOHEMA Beh 3aXTeBajy aHTArOHHCTHYKE IOTOHC M JKMHYAHK HPEHOC. VY ToMm
LBy, PE3YJITaTH Ha TeMy MOJICIUpaha 1 YNPaBbarba MPUKAsAHT y OBOj JIMCEPTALHjH JIajy 100py
octosy. Takolje, KaB/U/AT HABOJHM W MOIy[IHOCTH IPUMEHE pesyiraTa Jmcepraije y obnactiaMa
TOIyT 6HOMEXaHIKE, HHIyCTPHje BUJICO HIapa, AHTPOIIOMOP(HHX ETr30CKeNeTa, UT/.

O 3Hauajy mobmjeHux pes3ynrara Haj0ojbe TOBOpE ny6nuKamuje KaHguaaTa Koji Cy JHPEKTHO
pesynTar paja Ha JOKTOPCKO] JUCEpTAlUju Off dera ce H3/Bajajy 4 pama y MehyHapoTHAM
YyacomucuMa ca UMHIaxkT (hakTopoM, Kao U LUTHPAHOCT OBUX ny6IuKanyja koja je 3a BpIo KpaTko
Bpeme focturna 50 urara, OHOCHO 112 murata (u3BOp Scopus, OTHOCHO U3BOP Google Scholar).

3.5, Onena JOCTHTHYTHX CIIOCOOHOCTH KaHIHUAATa 3a caMocTalH HAYIHH paa

Kocta JoaHoBHh je TOKOM CBOjHX JIOKTOPCKHX CTy/I¥ja Kao ¥ LIETIOKYIHOT CBOT JIOCA/IaNIber paja
[10Ka3a0 CBE CYIITHHCKE OCOOHMHE HEOIXOJHE 3a CamMOCTaIHA HAYYHOMCTPaXUBAUKK pajl, Kao IITO
Cy: aHAJUTHUKO NPETPAKUBAIbG CTPYYHE JMTCPAType, pasyMeBame ¥ IpHMEHA TCOPUjCKHX M
IPaKTHYHEX KOHIleNaTa, AepUHHCABE HAyTHHX mpo6yieMa, CHCTEMATHYaH IPHCTYN pEIlaBaby
[IOCTABICHHX 3a/[aTaKa, CIOCOBHOCT pa3Boja CHMYJIAMOHKMX MOJeNa 1 HBHX0BE AMILIEMEHTAIH]E
HA padyHapy, Kao ¥ BEIUTHHE aHaIM3e H obpane MOOMjeHMX pe3ylrara. Papehn y obnactu
MOJIe/IHpaa U YIpaBbama poboTa ca HU3pasuTo YOBCKOIMKIM KapaKTEpPUCTUKaMa KaHIUIaT je
[I0Ka3a0 CIOCOOHOCT CHHTE3e pe3yiTara U3 pasHuuTHX HaydHHX 06NacTH Kao IITO ¢y pobOTHKA,
YIIpaBIbambe CHCTEMIMA, OMOMEXaHIKA, MEXaTPOHNKA, Kao 1 6pojHe HOBE HayYHE IPaHE 3aCHOBAHE
Ha ONOHALIAKY OHOJOMKUX HPUHLMIA Yy TEXHHYKHM DEIICIHAMA, MITO Komucuja cMaTpa BpIIO
BAKHOM OCOOMHOM 3a JJaJbW HAYYHH pajl KaHauaaTa.

4. OCTBAPEHU HAYYHU JJIONPUHOC

4.1. Ipuka3 ocTBapeHUX HAYYHUX JONpHHOCA

Jenam OJf IPBHX OIIITHX JOIPHHOCA TE3¢ j¢ JIETa/kaH Iperie/ AHTArOHUCTHUKYX IIOTOHA Kao
noArpyne GHONOMKYM HMHCIMPHCAHHX IOrOHa Ca IPOMEHJLABOM kpyromhy. Msrnex Oymyhnx
YOBEKOIHKHX CEPBUCHUX poOOTA, aHTPOOMAMCTHIKHIX po6oTa, fie ce BpJIO BEPOBATHO Y MHOTOME
ocnamaTiH Ha apraromeTduxy mpumnun. C THM Y CKNady je IpHKasaH M JeTaba Iperici
AHTPOIIOMUMETHIKHIX poboTa.

Hayunu JONIPHHOCH NMPUKA3aHH y TE3M MOry GUTH TPYIMCAHM y HEKONHMKO IVIABHUX NEJHHA Ko
1T cieu (CBaKa IMeMHa OAroBapa jeAHOM HOTIaBIbY ¥ TE3H):

I'pyna nonpunoca 1 (Ioruasmbe 2): Pa3Boj cuMyIallmOHUX MOJIe/1a poGoTa ca aHTarOHHCTHYKHM
TIOMYCT/GHBHIM 3IJI000BHMA ITPH c0B0JHOM KpeTarby U y KOHTaKTHHM 3a1amMa.

3a pa3sBoj CUMYNALMOHAX MOJENA je HPUMEHCH CrTenameHKOB IPHCTYI, KOJH je MpPEerno3HaT Kao
edukacan ajar 3a H3pauyHaBAKBE JIUHAMHUKE pobora. Pa3BHjeHH Cy MOJENM THUIMYHHX
KOH(HIypalja aHTarOHUCTHIKM TOTOBCHUX 31706084 O Y30py Ha JBYJACKE KOJH CY 3aTHM
MHTEIPHCAHN y KOMIUIETAH MOJEN aHTPOIOMUMETHIKOT pobora. Kao Haarpajma KaHAUAaTOBOT
MacTep paja’, MOZeIH [MHAMHUKE KOHTaKTa Kpo3 dase npubimKaBara, Cyldapa M Kperama y
KOHTAaKTy Cy MHTETPHCAHE Y CUMYJIALWOHH MOJCI aHTPONOMUMCETHHKOL poGoTa y KOHTAKHUM
sanamuMa. YBEACHO je B TPETHPare TMHAMIKE KOHTAKTa Y 3aBHCHOCTH O/l BpCTC nedopmarigje koja
ce T0jaBJbyje y KOHTAKTHOj 30HH KOja C& MOJKE OKapaKTepHCaTH Kao XpyT, eNacTOAMHAMMIYaH YITH

2 K. Jopanosuh, ,,Pa3Boj CHMYJALHOHON MOJiENa poboTa ca aHTAarOHHCTHHKIM OTOHMMA Y KOHTAKTHAM 3ajaluma’,
Mactep paji, EaeKTpoTeXHUIKN GaKynTer y Beorpany, beorpan, Cpouja, 2010.




MexaH. JIOIpHHOCH JUCEPTalHje Y 0BOj 00J1acTH Cy MyOJIMKOBaHH y pajloBIMA: (M23.1), (M23.2),
(M33.3), (M33.5), (M33.9), (M33.10), (M51.1), (M51.2), (M63.1), (M63.2), (M63.3) n (M63.4).

I'pyna pmonpunoca 2 (Ilornasibe 3): Mmxemepcky TPHCTYIM yIpaBibamby pobora ca
AHTArOHUCTUYKHUM ITOIIyCT/bHBAM [IOTOHAMA.

ITonasely 01 KOHIENTA YIPABIbAA AHTATOHHCTHYKUM [TOTOHIMA 2 HEETACTHIHUM 1 e/IaCTHIHIM
IPEHOCOM ~HMHUIMjalHO IpPHUKa3aHMM y MacTep pajy CBeTo3apeBHhal, KOHBEHI[MOHAJHE
HeMHeapHe, MyJITHBapHjaGiIHe 1 PoOycHe METONe yIpaB/bamba Cy HPHMCICHE 34 pa3Boj METOJE
KOjOM Ce HCTOBPEMEHO YIIPaB/ba TO3UIjOM U CUJIOM Y aHTarOHHCTHIKOM TEHJIOHY jeJIHOT 311002
pobora. OBaj IpPUCTYN YIPaBIbaArbY je JEMOHCTPHpaH 33 €JIACTHYHE CNEMEHTE JIMHCApHE M
HeNuHeapHe KapaKTEPHCTHKE Y AHTATOHMCTHYKOj KOH(QUTYypanujd. Y IPaBbadka KOHIEIT je 3aTuM
NpOINMPEH HA UCTOBPEMEHO YIIPaBJbatbe IO3HI¥jOM ¥ KpyToIily aHTATOHACTHIKMX MOIYCT/HHBAX
sr1o60Ba poGora. Passujenn mynep-(osoBep anropuraM ylpaplbarba CHHTETH3Yje YIIOTpely
dunbex nuHCapU3alMje, TPABATALHOHE KOMIIeH3aIlje U IpoleHe eeKTHBHOI MOMCHTA HHEpIHje
pojemuunx 3riao6oBa Ha 6asu MOAeNa JUHAMHKE M Hy loop-shaping pobycHor ynpasibarba.
PasBHjeHy IpPHCTYI YIPaB/baiby j€ YCICIIHO JIEMOHCTPHPaH Ha IPUMCpY crcremMa ca BHIIE
cTemeny cioboe Kpo3 cumytanuje. JJomprHoCH JFcepTanyje y oBoj 06JacTH Cy IyOIHKOBaHU ¥
pagosmma; (M14.1), (M21.1), (M23.3), (M33.8), (M33.9), (M33.11), (M33.12) u (M51.3).

I'pyna ponpunoca 3 (Ilornasibe 4); KOrHWTHUBHH TpPHUCTYIM YIpaB/barby poboTa ca
AHTArOHUCTHYKHMM TIOMYCT/BHBIM IIOTOHAMA.

C 063upoM Ja Cy aHTPOIOMHMETHYKH POOOTH JM3ajHAPAHY Jla TOTIIYHO OTOHAIIA]Y YOBEKOTHUKY
CTPYKTYpY, OdeKyje ce na he i alropuTMH yIpas/barkba OBAKBHM poGoTHMA KONMpPATH HaduHe
(yHKIEOHKCAma €oBeKa. Y TOM MHJbY, OCHOBHH JIOUPHHOC yIIpaBJbamky AaHTarOHUCTUUKHAM
poGOTHMA 3aCHOBAHOM Ha HHKCHEPCKAM IPUHIMIAMA je mpoImMpeH TeXHHKaMa 3aCHOBAaHUM Ha
yuerby, KOTHHIWMjH H XeypucTuiy. OBaKas IPHCTYI je pesynTOBAO TEXHMKama Koje KOPUCTE
pHTepHoNaujy (MeTo HajomKer cycena), Heypalie Mpexe, (pasi JOTHKY U XCYyPHTHHKA METON
sacHOBaH Ha 0a3d WCKycTBa. JIONPHUHOCH IMCEPTALHje Y oBoj obyacTdH cy IyOJMKOBAHH Y
pagosuma: (M14.1), (M21.1), (M33.4), (M33.6) 1 (M33.7).

I'pyna ponpusoca 4 (Ilornasike 5): Yrpapsbarbe po6oTHMA Ca aHTarOHHCTHIKAM TOMYyCT/bHBUM
TIOTOHKMMA Y KOHTaKTHHM 3a/lalliMa.

Hay4au [DOTIpHHOCH Ha OBY TEMY 00yxBaTajy CHHTE3Y ormuTenpuxBaicHOr KOHBECHIHOHAJHOT
MMIICH/[AHCHOT  YIPABJbarba NPHMERHEHOr HAa aHTArOHHCTHYKE IIOTOHE po6GoTa OIMIOHANIABEM
GHOMOLIKAX aHTArOHHCTHUKUX CHcTeMa. MaKo cy HeKa NPelMMHHApHa HCTpaKuBara OBOT Jena
JOKTOpCKE Te3e NpHKa3aHa y pafgoBrMa (M33.1) u (M33.2), Behura pesynrara je Tex y Ipouecy

pelensje U IPUIPEME 3a IyOIHKOBAbE.

4.2, KpuTrdka aHagusa pe3ysiraTa HCTPaKUBaba

O aKTyeTHOCTH TeMe U JIOTPHHOCHMA HCTPAXUBAA JOKTOPCKE JUcepTalyje CBefoYN MoJaTaK jia
Cy OHM BEJIMKHM JEJIOM PE3yJITaTh paja Kauqujara Ha npojexry ECCEROBOT ¢uHaHCHPAHOM 0N
crpane CeMOr OKBUPHOT ITporpama (®I17) Esporncke YHuje.

VHanpeheme HayuHUX 3Haba YBEACHAX Y 0BOj JuCepTaljH Y nopehersy ca nocrojehnmM cTameM y
0GIACTH Ce TAKCATHBHO HCTHUY TI0 MOje/IMHHM TIOTTIaB/biMa Kao U HayHH J0TIPHHOCH:




I'pyna JonpuHoca 1 (Mornasbe 2): Pa3Boj cHMYJIAlIHOHUX MOJCIA po6oTa ca aHTarOHHCTAIKIM
TIOMYCT/PUBEM 3I7I000BUMA IIPH 1060 THOM KPeTarby H Yy KOHTAKTHAM 3a/[al1Ma.

Jlocamamemby  MOJAENH poGoTa Cy YIIaBHOM H3BEICHH xoprcTehn METYKTHBHM NPUCTYI # 34
crien(UdHy HaMEHY MOJCIUpara onpeheror pobOTCKOT CHCTEMA. V pucepTaniju je MPHUKa3aHO
y3Boljerbe MOJieNa JIHHAMUKE KOMIUIEKCHOT poboTa ca HOMYCI/EMBHM IOTOHHMA KopunemeM
JeAyKTUBHOT IPUCTYTIA. Ha oBaj HauuH IIOKA3aHO je xako ce MOry MOJCIMpaTd a 3aTAM U
CHMY/TEPATH HOBH POOOTCKY CHCTEMM €4 pasJMYATEM BpCTamMa I0TOHA. 3a noTpebe cBeoOyXBaTHE
aHaNy3€e BPJIO AKTYEJIHOT npobieMa y pobOTHIA — pHTepaKuyje pobora U HOBCKA, pasBHjeH:u Cy
Mojenu poboTa ca TMacHBHOM nonmycpHBOINY Kao U MOZCIHA OKpY)Xemba KOje je MOJJIONKHO
pedopmanyjama 0K Cy A0Cafallba MCTpAKHEBAISA YTIIABHOM alpOKCHMHpaia jeman of oBa JBa
cucTeMa Kao OECKOHAYHO KpyTa (nenedopMabuIHa). KoHaumo, JAucepranyja pasMarpa
OCTBApHMBAF:E KOHTAKATa KPO3 HOCHACTHIHH Cyziap ¥ 3aKOH OJpXKarbd MMITyJICa i TuMe omoryhyje

KOMIDIETaH TpeTMaH KOHTAKTHMX 3a7araxa ca cTaHoBUINITA IHHAMUKE.

I'pyna pompuuoca 2 (Horxasmwe 3): VEKermepcky  IPUCTYIH  yIpaBbamby pobora ca
AHTArOHUCTAUKMAM ITOIYCT/BUBAM IOTOHAMA.

JTloxTopcka AMCepTalija puKa3yje TEXHUKE YIpaBbarba TIONYCTJ/EMBAM ~AHTATrOHUCTHIKAM
[IOTOHEMA KOje Hy/ie MOTyNHOCT HCTOBPEMEHOT yIpaBibatba mosuIjoM 1 Kpyromhy 3rno6a a Koje
ce 3acHHMBajy Ha KJIACHYHO] TeopHjH HeJIMHEeapHoT MYJITHBApHjabHIHOT YIPaB/batba. 3a pa3iuKky
Ol HEKHX DaHHjHX De3ynTara, TeXHHKE yIpaBJbarba [PUKa3aHe y JcepTanyjy Hyje MOrylHocT
HOCTH3amba KOMIIPOMHCA H3MeDy KOHTPOJE KpyTOCTH 31002 pobora u KOHTPOJIAOMITHOCTH
AHTATOHICTHYKOL CHCTEMa KPO3 0UyBaE:e 3aTC3HE CHIIC y QHTATOHMCTHYKHM TEHAOHMMA, & yjenHo
¥ yIpaB/baiba Ha EHEPreTCKH efukacan Ha4MH INTO je OZ BENHKOT 3Hayaja 3a YIpaBJbambe
ayTOHOMHHM pOOOTHMA. Jlucepranumja yBOMH U nopeheme ca ojropapajyhuM OGUONOIKAM
cpcTEMAMA HOBEKAa W yBOIY IUIAHHPAmE MOHAIama AHTACOHHCTHUKMX DPOOOTCKHX CHCTEMa ¥
cxytay ca moctojehnM GHONOIIKIM 0OpaciyMa pasBijaHuM Kpo3 egosyrjy. Kona4no, ¢ 063upoM
Jia TEXHUKE YIPaBibarba 3aCHOBAHC Ha JEKYIUIOBAIbY U JIMHEAPU3AHAjH CIIOKEHAX CHCTCMA dundex
NMHeApU3aIjoM BPJIO PETKO JOCTIKY IpaKTHYHY IPHAMEHY jep y MHOTOME 3aBHCE OJf TAYHOCTH
MOJIENa, JECEpTalHja IpeiIaxe HEKOJNKO yuanpehersa. [[pueTyn MOACIMpatby poGoTa CIIOXKEHE
CTPYKTYpe €a IOIYyCT/HUBUM AHTAFOHMCTHYKAM TTOTOHMMA TIPHKA3aH HPETXOMHO ¥ JUcepTalyjy,
naje MoryhHoCT yHanpehema punoex nEHeapysalyje Ha Gasy aneKBaTHe TIpOleHE FPaBUTalUOHOT
onrepehema # epeKTHBHOr MOMEHTA yHepIuje y CBaKoj Of mojesuHEX oca pobora. KonauHo,
JEcepTalja yBOJW HelapameTapey TexHHUKy pOOYCHOr yIpaBjbama 3 JIMHEAPU30BAHU 1
JEKYIUIOBAHM CHCTEM KOji Hen3BEKHO CAfPIKH TPEIIKe MOJIeIIHpaba Kao ¥ HEMOJCIUPAHY

JVHAMUKY.

I'pyna monpuHoca 3 (IlornaBme 4): KOrHUTHBHE INPUCTYIIM yHpaBbamby pobora ca
AHTArOHMCTHYKYIM HOIMYCT/BHBUM IOTOHUMA.

V oBOM IOTNIaBJby HOBUHE Y OJIHOCY Ha IPETXOAHC pesysiTaTe JOCTyIHE Y JIATepaTypH cC ornenajy
KpO3 OIOHAIAKE A yUCHE obpasala KpeTarma (meypo-mMumuhHAX AKTUBHOCTH) aHTarOHUCTHYIKU
yapeHux Muumhia J0BeKa. TexHUKE YIpaB/barba Ha 0asn HCKyCTBA 3aCHOBAHE HA WHTEPIIOAIM]H,
HeypaJHIM Mpexama, (hasu NOTHIIM U XEYPUCTHIKOM JIOHOLIEbY OJTyKa CY IPUMCIHEHE Ha pobora
[HOTOHEHOT aHTArOHICTHYKHAM IIOrOHMMA. OBy pe3ynTaTu Cy oce6HO 3HAYAjHH jep NIpeCTaBba)y
KOpaK Ka pelliaamby YyIpaBbarba 3rno0OBUMa Ca BHILIE 0Ca poranuje, Kao M HOTOHMMA KOjH
MCTOBpEMEHO JeNyjy Ha BHIIC Oca poTalje Kao LITO je To cmydaj Kof AHTPOTOMUMETHIKHUX
poGora. KoHauHO METOIC mpejicTaB/bEHE Y pally Kao KOUHWTHBHE cy moTpeOHe Ja najy
cBeoOyxBaTaH Tperyie] TeXHHKa yIpaBibarka pobOTHMA €4 AHTATOHMCTUUKAM ITOTOHHAMA Kao

ynpourhene Bep3uje NOTIYHO AHTPOTTOMUMETHIKAX poborTa.
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I'pyna poupusroca 4 (Ilorinasmbe 5): Ynpassbarme poOOTHMA Ca AHTaTOHUCTHHKHM IOy CT/bHBAM
[OTOHMMA ¥ KOHTAKTHHM 3a/1a1(1Ma.

Y suTepaTypH NOCTOjH 3HaUajaH Opoj TEXHUKA 33 KOHTPOITY MEXAHNIKe UMIIE[AHCE Y CIIOJBAIIELAM
(KapresujanckuM) KOOpJMHATaMa MIH TEXHHKa 34 KOHTPOTY KpyToCcTH (MM MEXaHMYKE
MMITE/IAECE Y OIIITEM CITy4djy) jeJIHOOCHOT POGOTCKOT 311064 ca AHTArOHHCTHYKKM IIOTOHEMA. Y
JATEpATYpH Cy MAJIOOPOJHH DajoBH Kojd pasMaTpajy ylpasipame KpyTowly y CHOJbAllbNIM
(Kapre3ujaHCKHM) KOOpAMHATaMa KOJ pobora ca BHIIE CTCICHA cnoboje Koju HMajy
ARTATOHUCTHUKE rorone. THM Ipe 3Havaj Aeia AUCEPTAl|je KOji eKCIUIOATHINS KOHBCHIMOHAIHO
AMIIEIAHCHO yIpaBibambe fAenelld MOTpeOHe JKEJhCHE IIOTOHCKe CHJIC ¥ MOMCHTE usmely nBa
AHTArOHMCTMYKA CIpEerHyTa morosa moctaje Behiun. Pacmozena ontepehema u3mely nBa
AHTATOHUCTHUKK yHapeHa IIOrOHA C€ 3acHMBa Ha I0jMOBHMa KOAKTHBAIlMje ¥ PEIHIPOTHE
aKTHBALjEe TO3HATAM y OONAcT¥ MOTOPHE KOHTpOJE HOBCKa, a npunarojeHuM 3a TEXHHIKY

peanuzatyjy Ko pobora.

Konauno, y JuCepTaliju €€ HCTHYY JMIONPHHOCH Y 06ylacTH MOJeIupama U YIpaBibamba
AHTATOHUCTIIKAM ¥ HOIYCT/HUBHEM 3r1060BMMa pobOTa KAo OCHOBA 34 joI CIIOYKEHHj€ MEXaHHIKe
cHcTeMe KakBH ce Koz OyayhnX aHTPOIOMHMETHYKHX poboTa ouekyjy. Ilo yrmexy Ha mummhHO
CKEJIETHY CTPYKTypY YoBeKa, TO Ou Omiin 3TI0GOBH ¢a BHIIIE 0CA POTAIMjE, Ko H IOTOHU KOjH IO
y30py Ha JbyJicke MuIImhe HCTOBPEMEHO YTHY Ha KPETarhe BUIIC srinofosa poboTa.

4.3. Bepudukaipja HayqHUX JONPHUHOCA

Haydsu JIONPHHOCH KOjM Cy pesylTaT MCTpaxuBama y OKBHpY JOKTOpCKE JucepTanmje Cy
my6IuKoBaHH y chepehuM pajoBAMA xnacugurosagmM 1o M kareropujama 1o IpaBuiHHKY

MuHHECTapCTBa TPOCBETE, HAyKe ¥ TEXHOJIOIKOT pa3Boja Peny6iuke Cpouje:

Kareropuja M14:
M14.1 V. Potkonjak, K. Jovanovic, P. Milosavljevic, Chapter 20: How to Contro]

Anthropomimetic Robot: Engineering and Cognitive Approach, Springer Series on Mechanisms
and Machine Science — New trends in Medical and Service Robotics, vol. 20, pp. 299-314, 2014
(ISBN: 978-3-319-05430-8, DOI:10.1007/978-3-319-05431-5).

Karteropuja M21:
M21.1 S. Wittmeier, C. Alessandro, N. Bascarevic, K. Dalamagkidis, A. Diamond, M. Jantsch, K.

Jovanovic, R. Knight, H. G. Marques, P. Milosavljevic, B. Svetozarevic, V. Potkonjak, R.
Pfeifer, A. Knoll, O. Holland, Towards anthropomimetic robotics, Artificial Life, vol. 19, no.1,
pp 171-193, 2013 (IF=1.93) (ISSN: 1064-5462, DOI: 10.1162/ARTL_a_00088).

Kateropuja M23:
M23.1 K. Jovanovie, V. Potkonjak, O. Holland, Dynamic modelling of an anthropomimetic robot

in contact tasks, Advanced Robotics, vol. 28, no.11, pp 793- 806, 2014 (IF=0.572) (ISSN 0169-
1864, DOIL: 10.1080/01691864.2014.896748).

M23.2 V. Antoska, K. Jovanovic, V. Petrovic, N. Bascarevic, M. Stankoviski, Balance analysis of
the mobile anthropomimetic robot under disturbances — ZMP approach, International Journal of
Advanced Robotic Systems, vol. 10, no. 206, pp 1-10, 2013 (IF=0.497) (ISSN 1729-8806, DOL:
10.5772/56238).

M23.3 V. Potkonjak, B. Svetozarevic, K. Jovanovic, O. Holland, The puller-follower control of
compliant and noncompliant antagonistic tendon drives in robotic system, International Journal
of Advanced Robotic Systems, vol. 8, no. 5, pp. 143-155, 2011, (IF=0.375) (ISSN: 1729-8806,
DOI: 10.5772/10690).
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KaTteropuja M33:

M33.1 K. Jovanovic, P. Milosavljevic, V. Potkonjak, Control design for pick-and-place task using
robot with intrinsic compliance - QB robot, The 2nd IcETRAN Conference, Srebrno jezero,
Serbia, pp RO1.1- 1-6, 2015 (ISBN 978-86-80509-71-6).

M33.2 B. Lukic, K. Jovanovic, Influence of mechanical characteristics of a compliant robot on
Cartesian impedance control design, The 2nd IcETRAN Conference, Srebrno jezero, Serbia, pp
RO2.5- 1-6,2015 (ISBN 978-86-80509-71-6).

M33.3 K. Jovanovic, J. Vranic, Muscle models for accurate simulation of human movements, The
Ist IcETRAN Conference, Vnjacka Banja, Serbia, pp RO2.4- 1-5, 2014 (ISBN 978-86-80509-
70-9).

M33.4 V. Potkonjak, N. Bascarevic, P. Milosavljevic, K. Jovanovic, O. Holland, Experience-based
fuzzy control of an anthropomimetic robot, International Joint Conference on Computational
Intelligence (CFP  IJCCI  2012), Barcelona, Spain, pp 389-394, 2012 (DOL
10.5220/0004117503890394).

M33.5 N. Bascarevic, K. Jovanovie, P. Milosavljevic, V. Potkonjak, O. Holland, Tip-over stability
examination of a compliant anthropomimetic mobile robot, IEEE International Conference on
Control Applications (IEEE CCA 2012), Dubrovnik, Croatia, pp 1584-1589, 2012 (DOL
10.1109/CCA.2012.6402718).

M33.6 P. Milosavljevic, K. Jovanovie, N. Bascarevic, V. Potkonjak, O. Holland, Heuristic
machine-learning approach to the control of an anthropomimetic robot arm, [FAC Symposium
on Robot Control (IFAC SYROCO 2012), Dubrovnik, Croatia, pp 301-306, 2012 (DOL
10.3182/20120905-3-HR-2030.00098).

M33.7 P. Milosavljevic, N. Bascarevic, K. Jovanovic, G. Kvascev, Neural networks in feedforward
control of a robot arm driven by antagonistically coupled drives, Symposium on Neural Networks
Applications in Electrical Engineering (NEUREL), Belgrade, Serbia, pp 77-80, 2012 (DOL:
10.1109/NEUREL.2012.6419967). '

M33.8 V. Potkonjak, K. Jovanovic, P. Milosavljevic, N. Bascarevic, O. Holland, The puller-
follower control concept for the multi-joint robot with antagonistically coupled compliant drives,
TASTED International Conference on Robotics (Robo 2011), Pittsburgh, USA, pp 375-381, 2011
(DOI: 10.2316/P.2011.752-018).

M33.9 V. Potkonjak, K. Jovanovic, B. Svetozarevic, O. Holland, D. Mikicic, Modeling and control
of a compliantly engineered anthropomimetic robot in contact tasks, ASME Mechanisms and
Robotics Conference (ASME Mech 2011), Washington, DC, USA, pp 23-32, 2011 (DOL:
10.1115/DETC2011-47256).

M33.10 V. Potkonjak, B. Svetozarevic, K. Jovanovic, O. Holland, Anthropomimetic robot with
passive compliance — contact dynamics and control, IEEE Mediterranean Conference on Control
and  Automation (MED  2011), Corfu, Greece, pp 1059-1064, 2011 (DOL:
10.1109/MED.2011.5983000)

M33.11 V. Potkonjak, B. Svetozarevic, K. Jovanovic, O. Holland, Biologically-inspired control of
a compliant anthropomimetic robot, IASTED International Conference on Robotics and
Applications, Cambridge, Massachusetts, USA, pp 182-189, 2010 (DOL: 10.2316/P.2010.706-
006)

M33.12 V. Potkonjak, B. Svetozarevic, K. Jovanovie, O. Holland, Control of compliant
anthropomimetic robot joint, International Conference of Numerical Analysis and Applied
Mathematics, Rhodes, Grecce, pp 1271-1274, 2010 (DOI: 10.1063/1.3497932).

Kareropuja M51:
M51.1 K. Jovanovic, J. Vranic, N. Miljkovic, Hill’s and Huxley’s muscle models — tools for

simulations in biomechanics, Serbian Journal of Electrical Engineering, vol. 12, no.1, pp. 53-67,
2015 (ISSN: 1451-4869, DOIL: 10.2298/SJEE15010531J).
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M51.2 V. Petrovic, K. Jovanovie, V. Potkonjak. Influence of external disturbances to dynamic
balance of the semi-anthropomimetic robot, Serbian Journal of Electrical Engineering, vol. 11,
no. 1, pp 145-158, 2014 (ISSN: 1451-4869, DOL: 10.2298/SJEE131014013P).

M51.3 B. Svetozarevic, K. Jovanovie, Control of compliant anthropomimetic robot joint, Serbian
Journal of Electrical Engineering, vol. 8, no. 1, pp 85-93, 2011 (ISSN: 1451-4869,
DOI:10.2298/SJEE11010855).

Kateropuja M63:

M63.1 V. Petrovic, K. Jovanovie, V. Potkonjak, ZMP approach to the critical design of a mobile
platform for the semi-anthropomimetic robot, The 5 7th ETRAN Conference, Zlatibor, Serbia, pp
RO1.1- 1-6, 2013 (ISBN 978-86-80509-68-6).

M63.2 N. Bascarevic, K. Jovanovie, V. Potkonjak, A tip-over stability analysis of an
anthropomimetic wheeled robot based on zmp, The 5 6th ETRAN Conference, Zlatibor, Serbia, pp
RO2.9 - 1-4, 2012 (ISBN 978-86-80509-65-9).

M63.3 K. Jovanovie, N. Bascarevic, Modeling contact dynamics of the anthropomimetic robot —
Eccerobot, The 55th ETRAN Conference, Teslic, Bosnia and Herzegovina, pp RO1.8- 1-4, 2011
(ISBN 978-86-80509-66-2).

M63.4 K. Jovanovie, B. Svetozarevic, Humanoid robot model with antagonistic drives, The 54th
ETRAN Conference, Donji Milanovac, Serbia, pp RO1.3 - 1-4, 2010 (ISBN 978-86-80509-65-5).

5. BAKJbYYAK 1 OPEJJIOT

Komucuja cmaTpa ma nokropcka aucepranuja Kocere M. Josanosmha, MacTep HHKCHEPA
CIEKTPOTEXHUKE UM  padyyHapcTBa, IIOA  HACIOBOM ,2Mogeaapame H  ynpaB/barmbe
AHTPOIIOMHMETHYKOT pPOGOTA €A AHTATOHMCTHYKAM HOTOHHMA Yy KOHTAKTHUM H
GeckOHTAKTHAM 3aJanMMa‘, KCIyHaBa CBe CYIITHHCKE M (opMmanHe yCIoBe npenpubene
3aKOHOM O BHCOKOM 0Opa3oBamy, Kao M IpomucuMa YHHBEP3MTCTa Y beorpany u
EnekTpoTeXHAUKOT (aKyTeTa,

Jloxropcka mucepraudja Kocre Jopamosulia cafpiKu Hay4HC NOMPHHOCE KOjd ce ormenajy y
0BACTH MOJEApatha I YIPaBbamba aHTPONOMAMETHYKEM POOOTHMA Ka0 BPIIO AKTYETHO] TEMH
MCTpAXHBarka y 00nacTH poOOTHKE y HMHTEPHAIMOHATHHM OKBMPHUMA. KOHKpeTHO, HAay4HH
pesyITaTH AucepTamyje Koju Cy MyONHMKOBaHM Y NPCCTIKHAM MeljyHapo/IHHM YacoIUCcHMa
06yxBaTajy pa3Boj CUMYJIAIMOHUX MOJE/A JIMHAMHUKE poboTa ca IOIyCT/bUBAM aHTArOHUCTHIKMM
TIOTOHMMA Y KOHTAKTHAM ¥ GECKOHTAKTHIM 32/iaiuMa. ¥ 00)IacTi ynpasibarba, HayIHi JOIPHHOCH
[ucepTanyje ce oriefajy Y pasBojy W IPUMEHH HEITMHEApHHUX, MyJITHBAPHjaOUITHUX U POOYCHHX
TEXHAKA YIPaBIbaiha AHTPOIIOMUMETHIKAM POOOTHMA 3aCHOBAHNX Ha KOHBEHIMOHAIHO]j TEOPHjHU
yIIpaBIbamba, K20 ¥ PasBojy M IPUMEHY TEXHHKA yNPaB/haiba Ha OCHOBY MCKyCTBa 1 yiciba (meToie
MHTEpIIoNaije Ha OCHOBY HCKYCTBA, HEYPaJIHHX MPExXa, dasu JoruKe U XeypUCTHYKOT JOHOIIEHA
outyka). JIOKTOpCKa AMCepTanija NpHKasyje W JOHPHHOCE yIpaBibamby aHTPOTOMMMETHHIHX
po6oTa Y KOHTAKTHAM 3a/[allIMa KOjU Ce Kao i 0CTale IPUKasaHe TeXHUKE ylpasbatbd ¥ MHOT'OME
ocllamajy Ha OWONomKe HpHHIAIE (YHKIMOHHCAMmA |OBEKA. Hapejienn HaydHH JOIPUHOCH
pasMatpajy po0oTa ca aHTArOHUCTHYIKMM IOTOHMMA, i yjenHO HArNalIaBajy 1 MOI'yRHOCTH
IpEMEHE HABEJCHUX HaydHUX JOIPHHOCA Ha CIOXKEHE poBOTCKE CHCTEME Ca BHIICOCHUM
FI0GOBIMA | Ha ITOTOHE KOji HCTOBPEMEHO Ieyjy Ha BHINE 3r000Ba poboTa.

ToxoM H3pajie JOKTOPCKE JUCEPTALM]je Ka0 H TOKOM HeinX JOKTOPCKUX cryauja Kagpupar Kocra

Josanosuh je TI0Ka3a0 U3pakeHy CKJIOHOCT, 3pejioct H cnocoOHOCT 3a  CaMOCTallHU
HayYHOHCTPAKHBAYKHY pan.
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Ha ochoBy cBera usoxenor, Komucuja ca 3a1080/bcTROM npemnaxe HacragHo-nayyHOM Beliy
Enextporexnuuxor daxynrera ga ce AOKTOPCKa NuCepTalja 1o HACJOBOM »Mogenapame n
YHPAB/bAKE AHTPONOMHMETHYKOT po6oTa ca AHTATOHACTHYKHM NMOTOHAMA Y KOHTAKTHHM H
OeCKOHTAKTHHM sagamuma‘, xaHmugata Koere M. Josanosuha, MacTep HHIKeHmepa
CICKTPOTEXHHUKE W pauyHapCTBa, MPMXBATH, U3IOKH HA YBUIL JABHOCTH M YNYTH HA KOHAYHO
yeBajame Behy Hayunux o6nactu TEXHIYKIX HayKa YHUBEp3uTeTa y beorpany.

Y Beorpany, 10.2.2016. rogune
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University of Belgrade
School of Electrical Engineering

TO THE TEACHING AND SCIENTIFIC COUNCIL

Subject: Report on the completed doctoral dissertation of Kosta M. Jovanovi¢.

Under Decision No. 5017/10-3 of January 27, 2016 of the Teaching and Scientific Council of the
School of Electrical Engineering, we the undersigned were appointed as members of the
Commission for the Review, Assessment, and Defense of the doctoral dissertation of Kosta M.

Jovanovi¢ titled

Modeling and control of the anthropomimetic robot with antagonistic joints in contact and
non-contact tasks

[in Serbian: Mopeanparmbe 1 yIpaB/babe AaHTPOIIOMMMETHIKOr po6oTa ca AHTATOHUCTHYKHM
OrOHAMA y KOHTAKTHAM U 0eCKOHTAKTHHM 3a4anuma|

After examining the enclosed dissertation and other documents, and communicating with the
candidate, the Dissertation Committee produced the following

REPORT

1. Introduction

1.1. Chronology of approval and creation of the dissertation

Kosta Jovanovié¢ enrolled on December 21, 2010 in the Doctoral Electrical Engineering and
Computer Science Program of the University of Belgrade, School of Electrical Engineering, Control
Systems and Signal Processing Department. He has passed all examinations and completed all
assignments with the highest grade point average, and thus acquired the right to submit his doctoral
dissertation for review and evaluation.

The candidate submitted the topic of the doctoral dissertation “Modeling and control of the
anthropomimetic robot with antagonistic actuators in contact and non-contact tasks™ on January 8,

2014.

The Doctoral Studies Commission considered the proposed topic of the doctoral dissertation on
January 15, 2014 and forwarded to the Teaching and Scientific Council its recommendation to
appoint a committee for the assessment of criteria and approval of the topic of the doctoral

dissertation.

At its 770" session held on January 21, 2014, the Teaching and Scientific Council appointed the
Committee for the Assessment of Criteria and Approval of the Doctoral Dissertation Topic
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composed of: Dr. Veljko Potkonjak, Full Professor (Supervisor); Dr. Mirjana Popovi¢, Full
Professor; Dr. Aleksandar Rodié, Scientific Advisor (Mihajlo Pupin Institute, University of
Belgrade); and Dr. Zeljko Durovi¢, Full Professor.

At its 774" session held on May 20, 2014, the Teaching and Scientific Council approved the report
of the Committee for the Assessment of Criteria and Approval of the Doctoral Dissertation Topic.

The Board of Technical Sciences of the University of Belgrade approved the proposed topic of the
doctoral dissertation on September 9, 2014 (under Decision 61206-2604/2-14).

The candidate submitted his doctoral dissertation on December 28, 2015 for review and evaluation.

The Doctoral Studies Commission confirmed on January 12, 2016 that all the criteria had been
fulfilled for submitting a proposal to the Teaching and Scientific Council to appoint a dissertation

review and evaluation committee.

At its 794" session held on January 19, 2016, under Decision 5017/10-3 dated January 27, 2016, the
Teaching and Scientific Council of the School of Electrical Engineering appointed the Dissertation
Committee composed of Dr. Veljko Potkonjak, Full Professor (Supervisor); Dr. Mirjana Popovic,
Full Professor; Dr. Aleksandar Rodi¢, Scientific Advisor (Mihajlo Pupin Institute, University of
Belgrade); Dr. Alin Albu-Schiffer, Full Professor (Technical University of Munich, Germany; and
Director of Institute of Robotics and Mechatronics, German Aerospace Center — DLR, Germany);
and Dr. Zeljko Durovi¢, Full Professor.

1.2. The scientific area of the dissertation

The scientific field of the doctoral dissertation is Electrical Engineering and Computer Science, and
the area of research is Robotics and Control Systems, for which the parent school of the University

of Belgrade is the School of Electrical Engineering.

The supervisor of the doctoral dissertation was Dr. Veljko Potkonjak, a tenured full professor of
robotics at the School of Electrical Engineering of the University of Belgrade. The supervisor of the
doctoral dissertation has been actively coordinating teaching and research activities in robotics,
which have so far resulted in 55 papers published in international journals with an impact factor
(papers published in journals on the Thomson Reuters Journal Citation Reports — JCR List), with
more than 460 citations (according to the official note of the University library from March 2015).

1.3. Candidate’s biography

Kosta Jovanovié was born in Cadak in 1986. He completed elementary school and high school in
his hometown on top of his class. He obtained his Bachelor’s degree from the University of
Belgrade, School of Electrical Engineering, Signals & Systems Department, graduating on top of
his class with a grade point average of 9.96 (out of 10). He then completed his Master’s studies in
2010, also at the Signals and Systems Department, with a grade point average of 10. He enrolled in
the doctoral program at the Control Systems & Signals Processing Department in 2010 and passed

all examinations with a grade point average of 10.

In March 2010, Kosta Jovanovi¢ was appointed teaching assistant at the University of Belgrade,
School of Electrical Engineering, Signals & Systems Department, focusing on robotics and
mechatronics courses since April 2011, From June to September 2009, Kosta Jovanovi¢ gained
hands-on experience at the Electronics and Controls Department of SMS Siemag, Siegen, Germany,
under a grant from Dr. Zoran Dindi¢ Foundation and Ost-Ausschuss der Deutschen Wirtschaft. He

2




spent July and August 2010 on a research stay at the Robotics and Embedded Systems Laboratory
of TUM Munich, in July 2012 attended the summer school of robotics at ETH Zurich, Switzerland,
and spent May to November 2013 at the Institute of Robotics and Mechatronics of the Aerospace
Center (DLR) in Munich, Germany, under a grant of the German Academic Exchange Service

(DAAD).

Kosta Jovanovié’s area of research is robotics and control systems, in which he has to date
participated in a European FP7 project: ECCEROBOT — Embodied Cognition in a Compliantly
Engineered Robot, and Project TR 35003 of the Serbian Ministry of Education, Science and
Technological Development: Research and Development of Ambient Intelligent Service Robots of
Anthropomorphic Characteristics. The candidate’s past achievements have been reported in a
number of publications, including: one chapter in an international monograph, six papers in
international journals (five with an impact factor), three papers in national journals, 11 papers
presented at international conferences, and 12 papers presented at domestic conferences.

Kosta Jovanovi¢ has received the following awards for his activities to date: first prize at a variable
stiffness actuators competition (Rome, Italy, 2015), Young Researcher Best Paper Award, ROI
Section, ICETRAN Conference (2014); SUPERSTE award for the best Serbian young scientist in
the field of natural and technical sciences (2013); City of Belgrade Award for organizing the event-
of-the-year — Days of the Future: Robotics in 2013 (team included Aleksandra Drecun, Science
Promotion Center, and Prof. Veljko Potkonjak); Nikola Tesla Foundation Award for extraordinary
achievements of young scientists (2012); University of Belgrade Award for the best student’s
scientific work in the field of technical sciences (2011), Top Graduate Award of the Signals &
Systems Department (2009), Prof. Mirko Mili¢ Award (2009), etc.

The focus of Kosta Jovanovié’s research is robot modeling and control, particularly of bio-inspired
systems and variable-stiffness actuators, especially antagonistically-coupled actuators in robotics.

2. DESCRIPTION OF THE DISSERTATION

2.1. Content

The doctoral dissertation is written in the English language. Its structure and format are consistent
with the Doctoral Dissertation Writing Instructions of the University of Belgrade. The dissertation
comprises 288 pages and includes the following:

- Title page in English

- Title page in Serbian

- Information about the dissertation supervisor and Dissertation Committee

- Acknowledgements

- Abstract in English

- Abstract in Serbian

- Table of Contents

- Body of dissertation divided into sections:

o Introduction
Dynamics model of a robot with antagonistic joints in non-contact and contact tasks
Engineering control approaches
Cognition-based control approaches
Control of a robot with antagonistically coupled compliant drives in contact tasks
o Findings, conclusions & directions of ongoing research

- Bibliography
- Author’s biography
- Statement of authorship

O O O O




- Statement of identical printed and electronic content
- Statement of referencing and reproduction rights

The dissertation includes 81 figures, 17 tables, 188 numbered equations and a bibliography
comprised of 277 units.

2.2. Synopsis of sections

The first section outlines the main ideas and motivation for the work. It presents research directions,
points of view and initiatives in the design and control of compliant robots, with special emphasis
on antagonistically-actuated joints. It also addresses safety issues of future service robots, and lists
technologies, trends, and approaches towards achieving that goal: moving from stiff to compliant
actuators, the benefits introduced by passive and active compliance, variable stiffness actuators, etc.
As a special group of bio-inspired variable stiffness actuators in robotics, antagonistic joints are
reviewed comprehensively. Such a detailed review of antagonistic joint design aims to highlight the
importance of the subject, on the one hand, while on the other hand it presents the technology that
will be intensively exploited in future anthropomimetic robots.

The second section presents a detailed simulation-based model of the robot driven by
antagonistically-actuated compliant drives. To begin with, basic models of antagonistic joints that
resemble typical human-like antagonistic structures are introduced. These models are incorporated
into the upper-body anthropomimetic robot model, which is a close approximation of the Eccerobot
prototype. Since such a robot is intended to work in collaboration with humans and directly interact
with its surroundings, modeling of contacts is introduced. This section as a whole represents an
efficient and accurate tool for simulating the anthropomimetic robot dynamic, which is
implemented in Matlab for demonstration purposes. Two case studies are presented. The first
emulates an anthropomimetic robot on a wheeled-base, working in an unstructured environment and
therefore exposed to impulse and long term external disturbances. Here the model is used to observe
the robot’s zero-moment-point and thus its balance. The second case study emulates intentional
contact — grasping of an object. Models of all contact stages are demonstrated: approach, impact
and in-contact-motion phases. At the same time, the simulation model served as a platform for the
development of control algorithms elaborated in the following sections.

The third section makes a contribution of this thesis to the control of an antagonistic, linear/non-
linear, cable driven, compliant robot joint. After an overview of the background work on
antagonistic joint control and feedback linearization in robot control, our puller-follower approach,
initially introduced in the master’s thesis of Svetozarevic', is presented. This biologically-inspired
and energy efficient approach simultaneously controls joint position and force in one of the tendons.
In the present thesis, the puller-follower approach extends to joint position and joint stiffness
control. An initially demonstrated single-joint control algorithm based on feedback linearization is
improved to compensate for gravity load, effective changeable joint inertia and dynamic coupling in
multi-joint systems, by introducing the robust control theory. The third section ends with limitations
and issues that remain open and will be the topic of future research.

In addition to control methods that rely on conventional engineering techniques, several cognitive
approaches to the control of antagonistically coupled compliant drives in robotics were developed.
In accordance with a bio-inspired background and fully human-like design of the anthropomimetic

I B. Svetozarevic, "Control of electrical agonist-antagonist drives with and without elastic effects in robotic systems (in
Serbian)," Master thesis, School of Electrical Engineering, University of Belgrade, Belgrade, Serbia, 2010.
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robot, the focus was on human-like control as well — control based on experience, learning and
heuristics. To that end, nearest-neighbor algorithms for feedforward and feedback control of the
anthropomimetic robot, an algorithm for neural network feedforward control using radial-basis
networks, and an algorithm for feedback control based on on-line estimation of kinematic
coefficients and fuzzy rules were developed. Although cognitive algorithms were not of primary
importance in this thesis, they present a step forward in the control of a fully anthropomimetic robot
since engineering-based control algorithms reach their limits if multi-articular muscles or multi-
axes joints are considered. On the other hand, cognitive methods outlined in the thesis can be
applied to such systems without restrictions. Finally, a comparative simulation study in Matlab was
carried out to highlight the main features of the developed cognitive-based control schemes.

Section 5 provides insight into the author’s point of view and initial research on antagonistically-
driven complaint joint control in interaction (contact) tasks. It presents a mixture of state-of-the-art
conventional and widely adopted impedance control techniques and bio-inspired patterns of
biological antagonistic structures.

The concluding Section 6 highlights the main findings and observations, summarizes the
contribution of the thesis once again, and finally provides guidelines for further research on the

topic.

3. EVALUATION OF THE DISSERTATION

3.1. Contemporaneity and originality

The dissertation deals with a highly topical area of robotics — modeling and control of
anthropomimetic robots, especially those with compliant antagonistic actuators.

The term “anthropomimetic” refers to a robot that resembles a human, not only in appearance, but
also inner structure and functionality. The motivation for the dissertation originated from the
author’s activities at the School of Electrical Engineering, in connection with the project Eccerobot
- Embodied Cognition in a Compliantly Engineered Robot, funded by the EU 7™ Framework
Program, which by itself is sufficient evidence of the contemporaneity of the topic. On a global
scale, the activities of the prestigious JSK robotics laboratory of the University of Tokyo, which has
produced a number of popular anthropomimetic robots (the most recent being Kenshiro, 2013)
attest to the topical nature of the subject matter. The anthropomimetic principle in robotics has been
recognized by the famous journal Popular Mechanics as the greatest technological concept in 2010
and received the second prize among technological concepts that might have the largest impact on
human society in the future at the FET 2011 exhibition of European technologies held in Budapest.

Given the shortfalls of conventional stiff actuators, the development and control of novel actuators,
which feature elasticity, is of major importance for future robotic applications that require a high
level of safety. Among these, especially significant is the development of VSAs (variable stiffness
actuators), which allow stiffness adjustment in operation and thus a trade-off between the robot’s
accuracy and the safety of its environment. The dissertation focuses on robots with antagonistic
actuators, which belong to a special group of bio-inspired VSAs. The contemporaneity of the topic
is also corroborated by a number of recently completed projects, such as STIFF, PHRIENDS and
VIACTORS, which involved major research institutions like the German DLR Institute of Robotics
and Mechatronics, the Italian Institute of Technology, the University of Pisa and the Sapienza




University of Rome (Italy), the Dutch University of Twente, the Belgian Vrije University of
Brussel, the UK Imperial College, etc.

Although there are now numerous examples of antagonistic VSAs and anthropomimetic robots,
general approaches to their control systems are still lacking.

3.2. References and bibliography

The bibliography is comprised of as many as 277 units, given that the research area of the
dissertation is very broad, such that a synthesis of the results required knowledge of contemporary
scientific achievements in various disciplines. The largest number of the references pertain to the
design of anthropomimetic robots, design and control of antagonistic actuators, development of
models of humanoid robot dynamics, biomechanics of antagonistically-coupled human muscles,
etc. The bibliography includes references ranging from those related to basic ideas to those
reporting the most recent results published in eminent international journals and conference
proceedings. Based on our insight into the dissertation and our assessment of the bibliography, our
impression is that the original scientific contributions of the candidate have been placed in a proper

context.

3.3. Description and adequacy of applied scientific methods

The dissertation reflects the use of current engineering and scientific methods for modeling robot
dynamics and robot control based on relevant literature.

The dynamics of a robot with antagonistic compliant actuators were modeled applying the so-called
Stepanjenko’s approach, which is known in the literature as a method that offers efficient execution
of robot dynamics algorithms based on Newton-Euler equations. The mathematical model of each
of the presented antagonistic robot joints, whose structure was selected so as to include all relevant
features of typical antagonistic human structures, is based on kinematic parameters and the
fundamental laws of dynamics. Contact between the robot and an object in its environment (or
another robot) is considered in terms of impulse conservation and non-elastic impact, to ensure full
treatment of contact task dynamics.

Control methods for antagonistically-actuated robots are largely based on emulating their biological
paragon — the antagonistically-coupled human muscle. As such, the candidate analyzes the activity
of antagonistic muscles through their electromyographic (EMG) signals, which are later primarily
used to define the reference behavior of the system and create an experience base. The feedback
linearization method, which, according to the literature, has already been used for similar
applications of variable-stiffness robot joints (especially antagonistically-coupled actuators), is
applied to decouple the control subsystem for joint position and stiffness (or antagonistic tendon
force). Enhancement of control methods that largely depend on the accuracy of the model, such as
feedback linearization, is proposed through gravity compensation and estimation of the effective
moment of inertia of each joint, based on a previously-developed model of robot dynamics and
positions of individual robot joints. Ultimately, among current robust control methods, H, loop
shaping was selected and applied because amplitude characteristics (or system performance) and
robust stability can be used for independent control in various design stages. This allows
compensation of dynamic coupling between robot joints and other unmodeled dynamics. The so-
called cognitive control techniques proposed in the dissertation rely on neural networks (especially
radial-based networks), experience based on knowledge of the robot’s kinematics, fuzzy logic, and
aggregation of experience-based rules and decision making, as well as methods based on
interpolation of accumulated knowledge. The above methods, classified as methods based on
learning and experience, contribute to the comprehensiveness of the anthropomimetic robot control
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task and allow constraints of conventional control techniques to be overcome. The antagonistic-
actuator control technique developed in the dissertation relies on the generally accepted method of
impedance control in robotics, for achieving the desired mechanical impedance characteristics
between the robot and its environment.

The dissertation presents modeling and control techniques that synthesize these methods for the
purposes of developing novel or enhanced approaches, and points out their advantages and
shortfalls with regard to anthropomimetic robot control.

3.4. Applicability of results

Rapid development of anthropomimetic robots and antagonistically-coupled compliant joint
actuators inevitably puts more weight on the dissertation. The model of robot dynamics developed
in a form suitable for simulations has already been applied in theoretical and practical
considerations pertaining to the design of robot platforms by influence of external forces analysis.
The approach to robot dynamics modeling allows modifications and simulations of robots with
other types of actuators, treating the dynamics of contact tasks in an analogous manner. As already
pointed out, rapid development in this area, in particular the design of contemporary humanoid
robotic structures, needs to be accompanied by the development of control techniques that ensure
safe interaction of such robots with the human environment.

The dissertation points out the possibility of applying the results to even more complex structures of
robot joints, such as spherical joints that are unsuitable for control by conventional actuators.
Instead, they require antagonistic actuators and need to be tendon driven. The modeling and control
results shown in the dissertation provide a sound groundwork for achieving this goal. In addition,
the candidate states that it is possible to apply the results of his research in various fields, such as
biomechanics, the video gaming industry, and anthropomorphic exoskeletons.

The significance of the results is best corroborated by the candidate’s publications that are direct
outcomes of the research associated with the dissertation, especially four papers published in
international journals with an impact factors and many citations of these publications over a very
short period of time (50 on Scopus and 112 on Google Scholar).

3.5. Assessment of the candidate’s ability to conduct independent research

During the course of his doctoral studies and other activities to date, Kosta J ovanovi¢ has
demonstrated all the essential qualities needed for independent research, such as: analytical perusal
of technical literature, understanding and application of theoretical and practical concepts,
definition of scientific problems, systematic approach to the performance of given tasks, ability to
develop simulation models and apply them on computers, and data processing and analysis skills.
While working on the modeling and control of robots with distinct human-like characteristics, the
candidate demonstrated the ability to integrate results from different scientific disciplines, such as
robotics, controls, biomechanics, mechatronics, and numerous advanced fields of science based on
mimicking biological principles in technical solutions, all of which the Committee deems extremely
significant for the candidate’s future research efforts.

4, SCIENTIFIC CONTRIBUTION

4.1, Overview

One of the first general contributions of the thesis is a detailed review of the antagonistic joint
design as a subgroup of bio-inspired variable stiffness actuators. Furthermore, designs of future
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human-like service robots — anthropomimetic robots, which will strongly rely on the antagonism
principle, are reviewed in details.

In summary, the scientific contributions of the present thesis can be grouped into several main
topics, as follows (each corresponding to one of the following sections in the thesis):

Contribution set 1 (Section 2): Development of simulation-based models of antagonistically
driven compliant robots in free motion and in contact/interaction tasks.

Here, Stepanjenko’s approach to robot modeling, known for efficient calculation of robot dynamics,
is applied. Models of typical antagonistic joints in humans are developed and integrated into a full
robot body model. As an upgrade of author's master thesis®, models of contact dynamics are
elaborated through approach, impact and in-contact-motion phases, and then integrated into the
simulation-based model of the anthropomimetic robot in a contact task. In according to the type of
surface in the contact zone contact dynamics is considered as rigid, elastodynamic or soft. Topic-
related publications include: (M23.1), (M23.2), (M33.3), (M33.5), (M33.9), (M33.10), (M51.1),
(M51.2), (M63.1), (M63.2), (M63.3), and (M63.4).

Contribution set 2 (Section 3): Engineering approaches to the control of a robot with
antagonistically coupled compliant drives.

Starting with the initially introduced concept in control of antagonistic drives with inelastic and
elastic transmission by Svetozarevic', conventional non-linear, multi-variable and robust control
techniques are applied to control the position and antagonistic tendon force. Such control is
developed for both linear and non-linear antagonistic drive configurations resembling typical
human joints driven by antagonistically coupled muscles. The control approach is demonstrated for
linear and non-linear elastic elements in antagonistic tendons. Then the control concept is modified
for simultaneous position and stiffness control of the antagonistic complaint actuators. The
developed puller-follower control algorithm synthesizes feedback-linearization, model-based
gravity compensation, joint effective inertia estimation, and H,, loop-shaping robust control. The
presented control approach is then effectively demonstrated on a multi-joint system through
simulations. The publications that have come out of this work are: (M14.1), (M21.1), (M23.3),

(M33.8), (M33.9), (M33.11), (M33.12), and (M51.3).

Contribution set 3 (Section 4): Cognitive approaches to the control of a robot with antagonistically
coupled compliant drives.

Since anthropomimetic robots are built to resemble the human structure, anthropomimetic robot
control algorithms are also expected to copy the way the human body works. To that end,
fundamental research on control is extended to include techniques based on learning, cognition and
heuristic. Therefore, the exploitation of optimization (in the nearest-neighbor method), neural
networks, fuzzy logic and heuristics based on an experience base in anthropomimetic robot control
are elaborated. Papers related to these contributions include: (M14.1), (M21.1), (M33.4), (M33.6),

and (M33.7).

Contribution set 4 (Section 5): Control of robots with antagonistically-coupled compliant drives in
contact tasks.

This part of the thesis presents a mixture of state-of-the-art conventional and widely adopted
impedance control techniques, implemented in antagonistic drives in a bio-inspired manner. The

2 K. Jovanovié¢, "Simulation model development of the humanoid robot with antagonistic drives in contact tasks (in
Serbian)," Master thesis, School of Electrical Engineering, University of Belgrade, Belgrade, Serbia, 2010.
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results of this recent research have not yet been published, although some preliminary investigations
on the topic have been prepared and presented, including (M33.1) and (M33.2).

4.2. Critical assessment

The contemporaneity and contributions of the research conducted in connection with the doctoral
dissertation are substantiated by the fact that thezf largely derive from the candidate’s involvement
in the ECCEROBOT project funded by the EU 7" Framework Program (FP7).

The advancement of scientific knowledge afforded by the dissertation, compared to prior
knowledge in this field, and the scientific contributions, are summarized below:

Contribution set 1 (Section 2): Development of simulation-based models of antagonistically
driven compliant robots in free motion and in contact/interaction tasks.

Past robot models have largely been derived following an inductive approach and tailored to a
specific application. The dissertation, however, presents the development of a dynamics model of a
complex robot with compliant actuators, applying a deductive approach. This approach shows how
new robotic systems with different types of actuators can be modeled and then simulated. Models of
robots featuring passive compliance and models of environments subject to deformation have been
developed for the purposes of comprehensive study of a highly topical problem in robotics —
interaction between robots and humans; past research has largely approximated one of these two
systems as infinitely stiff (non-deformable). The dissertation considers contacts through non-elastic
impact and the law of impulse conservation, and thus enables full treatment of contact tasks from a

dynamics perspective.

Contribution set 2 (Section 3): Engineering approaches to the control of a robot with
antagonistically coupled compliant drives.

The doctoral dissertation presents control techniques for compliant antagonistic actuators, which
offer the possibility of simultaneous joint position and stiffness control and which are based on the
conventional theory of non-linear and multi-variable control. Contrary to some of the previously
reported results, the techniques presented in the dissertation allow a trade-off between robot joint
stiffness control and antagonistic system controllability through conservation of the antagonistic-
tendon tension force, while achieving energy efficiency which is a major feature of autonomous
robot control. The dissertation provides a comparison with corresponding biological systems of
humans and introduces behavior planning of antagonistic robotic systems consistent with biological
patterns developed through evolution. Ultimately, given that control techniques based on
decoupling and linearization of complex control systems by feedback linearization rarely result in
practical applications because they largely depend on model accuracy, the dissertation proposes
several enhancements. The modeling approach to a complex-structure robot with compliant
antagonistic actuators, previously shown in the dissertation, allows enhancements of feedback
linearization based on proper estimation of gravity load and effective moment of inertia on each of
the robot axes. Finally, the dissertation introduces a non-parametric robust control technique for a
linearized and decoupled system, which unavoidably involves modeling errors and unmodeled

dynamics.

Contribution set 3 (Section 4): Cognitive approaches to the control of a robot with antagonistically
coupled compliant drives.

In this section the novelties, compared to previous results reported in the literature, are reflected in
the emulation and learning of movement patterns (neuro-muscular activity) of antagonistically-
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coupled human muscles. Control techniques founded upon experience and based on interpolation,
neural networks, fuzzy logic and heuristic decision-making are applied to a robot driven by
antagonistic actuators. The results are especially significant because they represent a step towards
joint control with several axes of rotation, and actuators that act simultaneously in several axes of
rotation, such as in the case of anthropomimetic robots. Finally, the methods proposed in the
dissertation as cognitive were needed to provide a comprehensive review of the control of an
antagonistically-actuated robot, as a simplified version of the fully anthropomimetic robot.

Contribution set 4 (Section 5): Control of robots with antagonistically-coupled compliant drives in
contact tasks.

Although the literature discusses a considerable number of techniques for mechanical impedance
control in Cartesian coordinates or stiffness control techniques (or mechanical impedance control
techniques in the general case) of a single-axis robot joint with antagonistic actuators, there are only
a few reports that address stiffness control of antagonistically-actuated robots. This very fact
increases the significance of the part of the dissertation that deals with conventional impedance
control and partitions the necessary drive forces and moments between two antagonistically-
coupled actuators. The load distribution between the two antagonistically-coupled actuators is based
on the concepts of coactivation and reciprocal activation, well-known in human motor control but

adapted for technical implementation in robots.

Finally, the dissertation points out its contributions in the area of modeling and control of
antagonistic and compliant robot joints, as a basis for even more complex mechanical systems
expected in future anthropomimetic robots. Mimicking the human muscular and skeletal structures,
these would be joints with several axes of rotation, and actuators that emulate human muscles and

move several robot joints simultaneously.

4.3. Verification of scientific contribution

The scientific contributions resulting from the research conducted in connection with this doctoral
dissertation have been published in the following papers classified under M categories regulated by
the Serbian Ministry of Education, Science and Technological Development:

Category M14:

M14.1 V. Potkonjak, K. Jovanovie, P. Milosavljevic, Chapter 20: How to Control
Anthropomimetic Robot: Engineering and Cognitive Approach, Springer Series on Mechanisms
and Machine Science — New trends in Medical and Service Robotics, vol. 20, pp. 299-314, 2014
(ISBN: 978-3-319-05430-8, DOI:10.1007/978-3-319-05431-5).

Category M21:

M21.1 S. Wittmeier, C. Alessandro, N. Bascarevic, K. Dalamagkidis, A. Diamond, M. Jantsch, K.
Jovanovie, R. Knight, H. G. Marques, P. Milosavljevic, B. Svetozarevic, V. Potkonjak, R.
Pfeifer, A. Knoll, O. Holland, Towards anthropomimetic robotics, Artificial Life, vol. 19, no.1,
pp 171-193, 2013 (IF=1.93) (ISSN: 1064-5462, DOIL: 10.1162/ARTL_a 00088).

Category M23;

M23.1 K. Jovanovie, V. Potkonjak, O. Holland, Dynamic modelling of an anthropomimetic robot
in contact tasks, Advanced Robotics, vol. 28, no.11, pp 793- 806, 2014 (IF=0.572) (ISSN 0169-
1864, DOI: 10.1080/01691864.2014.896748).
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M23.2 V. Antoska, K. Jovanovie, V. Petrovic, N. Bascarevic, M. Stankoviski, Balance analysis of
the mobile anthropomimetic robot under disturbances — ZMP approach, International Journal of
Advanced Robotic Systems, vol. 10, no. 206, pp 1-10, 2013 (IF=0.497) (ISSN 1729-8806, DOIL:

10.5772/56238).
M23.3 V. Potkonjak, B. Svetozarevic, K. Jovanovic, O. Holland, The puller-follower control of

compliant and noncompliant antagonistic tendon drives in robotic system, International Journal
of Advanced Robotic Systems, vol. 8, no. 5, pp. 143-155, 2011, (IF=0.375) (ISSN: 1729-8806,
DOI: 10.5772/10690).

Category M33:

M33.1 K. Jovanovic, P. Milosavljevic, V. Potkonjak, Control design for pick-and-place task using
robot with intrinsic compliance - QB robot, The 2nd IcETRAN Conference, Srebrno jezero,
Serbia, pp RO1.1- 1-6, 2015 (ISBN 978-86-80509-71-6).

M33.2 B. Lukic, K. Jovanovie, Influence of mechanical characteristics of a compliant robot on
Cartesian impedance control design, The 2nd IcETRAN Conference, Srebrno jezero, Serbia, pp
RO2.5- 1-6, 2015 (ISBN 978-86-80509-71-6).

M33.3 K. Jovanovic, J. Vranic, Muscle models for accurate simulation of human movements, The
Ist IcETRAN Conference, Vijacka Banja, Serbia, pp RO2.4- 1-5, 2014 (ISBN 978-86-80509-
70-9).

M33.4 V. Potkonjak, N. Bascarevic, P. Milosavljevic, K. Jovanovic, O. Holland, Experience-based
fuzzy control of an anthropomimetic robot, International Joint Conference on Computational
Intelligence (CFP  1JCCI  2012), Barcelona, Spain, pp 389-394, 2012 (DOL
10.5220/0004117503890394).

M33.5 N. Bascarevic, K. Jovanovie, P. Milosavljevic, V. Potkonjak, O. Holland, Tip-over stability
examination of a compliant anthropomimetic mobile robot, IEEE International Conference on
Control Applications (IEEE CCA 2012), Dubrovnik, Croatia, pp 1584-1589, 2012 (DOL
10.1109/CCA.2012.6402718).

M33.6 P. Milosavljevic, K. Jovanovic, N. Bascarevic, V. Potkonjak, O. Holland, Heuristic
machine-learning approach to the control of an anthropomimetic robot arm, [FAC Symposium
on Robot Control (IFAC SYROCO 2012), Dubrovnik, Croatia, pp 301-306, 2012 (DOL
10.3182/20120905-3-HR-2030.00098).

M33.7 P. Milosavljevic, N. Bascarevic, K. Jovanovic, G. Kvascev, Neural networks in feedforward
control of a robot arm driven by antagonistically coupled drives, Symposium on Neural Networks
Applications in Electrical Engineering (NEUREL), Belgrade, Serbia, pp 77-80, 2012 (DOL
10.1109/NEUREL.2012.6419967).

M33.8 V. Potkonjak, K. Jovanovic, P. Milosavljevic, N. Bascarevic, O. Holland, The puller-
follower control concept for the multi-joint robot with antagonistically coupled compliant drives,
JASTED International Conference on Robotics (Robo 2011 ), Pittsburgh, USA, pp 375-381, 2011
(DOI: 10.2316/P.2011.752-018).

M33.9 V. Potkonjak, K. Jovanovic, B. Svetozarevic, O. Holland, D. Mikicic, Modeling and control
of a compliantly engineered anthropomimetic robot in contact tasks, ASME Mechanisms and
Robotics Conference (ASME Mech 2011), Washington, DC, USA, pp 23-32, 2011 (DOL:
10.1115/DETC2011-47256).

M33.10 V. Potkonjak, B. Svetozarevic, K. Jovanovie, O. Holland, Anthropomimetic robot with
passive compliance — contact dynamics and control, I[EEE Mediterranean Conference on Control
and  Automation (MED  2011), Corfu, Greece, pp 1059-1064, 2011 (DOL
10.1109/MED.2011.5983000)
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M33.11 V. Potkonjak, B. Svetozarevic, K. Jovanovie, O. Holland, Biologically-inspired control of
a compliant anthropomimetic robot, IASTED International Conference on Robotics and
Applications, Cambridge, Massachusetts, USA, pp 182-189, 2010 (DOL: 10.2316/P.2010.706-

006)

M33.12 V. Potkonjak, B. Syetozarevic, K. Jovanovie, O. Holland, Control of compliant
anthropomimetic robot joint, International Conference of Numerical Analysis and Applied
Mathematics, Rhodes, Grecee, pp 1271-1274,2010 (DOL 10.1063/1.3497932).

Category M51:

M51.1 K. Jovanovie, J. Vranic, N. Miljkovic, Hill’s and Huxley’s muscle models — tools for
simulations in biomechanics, Serbian Journal of Electrical Engineering, vol. 12, no.1, pp. 53-67,
2015 (ISSN: 1451-4869, DOL 10.2298/SJEE15010537).

M51.2 V. Petrovic, K. Jovanovie, V. Potkonjak. Influence of external disturbances to dynamic
balance of the semi-anthropomimetic robot, Serbian Journal of Electrical Engineering, vol. 11,
no. 1, pp 145-158, 2014 (ISSN: 1451-4869, DOL: 10.2298/SJEE131014013P).

M51.3 B. Svetozarevic, K. Jovanovice, Control of compliant anthropomimetic robot joint, Serbian
Journal of Electrical Engineering, vol. 8, no. 1, pp 85-93, 2011 (ISSN: 1451-4869,
DOI:10.2298/SJEE11010858S).

Category M63:

M63.1 V. Petrovic, K. Jovanovic, V. Potkonjak, ZMP approach to the critical design of a mobile
platform for the semi-anthropomimetic robot, The 57th ETRAN Conference, Zlatibor, Serbia, pp
RO1.1- 1-6, 2013 (ISBN 978-86-80509-68-6).

M63.2 N. Bascarevic, K. Jovanovic, V. Potkonjak, A tip-over stability analysis of an
anthropomimetic wheeled robot based on zmp, The 5 6th ETRAN Conference, Zlatibor, Serbia, pp

RO2.9 - 1-4,2012 (ISBN 978-86-80509-65-9).

M63.3 K. Jovanovie, N. Bascarevic, Modeling contact dynamics of the anthropomimetic robot —
Eccerobot, The 55th ETRAN Conference, Teslic, Bosnia and Herzegovina, pp RO1.8- 1-4, 2011
(ISBN 978-86-80509-66-2).

M63.4 K. Jovanovic, B. Svetozarevic, Humanoid robot model with antagonistic drives, The 54th
ETRAN Conference, Donji Milanovac, Serbia, pp RO1.3 - 1-4,2010 (ISBN 978-86-80509-65-5).

5. CONCLUSION AND RECOMMENDAT ION

The Dissertation Committee believes that the doctoral dissertation of Kosta M. Jovanovié¢, MS in
electrical engineering and computer science, which is titled Modeling and control of the
anthropomimetic robot with antagonistic actuators in contact and non-contact tasks, fulfills
all the essential and formal criteria stipulated in the Law on Tertiary Education and is consistent
with the regulations of the University of Belgrade and the School of Electrical Engineering.

The doctoral dissertation of Kosta Jovanovi¢ contains scientific contributions to the modeling and
control of anthropomimetic robots, which is a highly topical area of research in robotics on an
international scale. Specifically, the scientific outcomes of the dissertation, which have been
published in prestigious international journals, pertain to the development of simulation models of
the dynamics of robots with compliant antagonistic actuators in contact and non-contact tasks. In
the field of control, the scientific contributions of the dissertation are reflected in the development
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and application of non-linear, multi-variable and robust techniques for anthropomimetic robot
control, based on the conventional control theory, as well as in the development and application of
control techniques based on experience and learning (experience-based interpolation, neural
network, fuzzy logic and heuristic decision-making). The doctoral dissertation also contributes to
anthropomimetic robot control in contact tasks which, similar to the other presented techniques,
largely relies on the biological principles of humans. These contributions are related to robots with
antagonistic actuators, but the possibly of applying the contributions to complex robotic systems
with multiple-axis joints and actuators that simultaneously drive several robot joints is also

indicated.

During the course of his doctoral studies and research associated with the doctoral dissertation, the
candidate Kosta Jovanovié demonstrated a distinct propensity, maturity and ability to conduct
independent scientific research.

Considering all the above, the Dissertation Committee is pleased to recommend to the Teaching and
Scientific Council of the School of Electrical Engineering to approve the doctoral dissertation titled
Modeling and control of the anthropomimetic robot with antagonistic actuators in contact
and non-contact tasks of the candidate Kosta M. Jovanovié, MS in electrical engineering and
computer science, to make the dissertation available to the public, and to forward it to the Board of
Engineering Sciences of the University of Belgrade for adoption.
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