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YuuBepsurer y Beorpay
Enexrporexnnuku daxynrer

HACTABHO-HAVYHOM BERY

Hpenmer: Pedepar o ypaljenoj jokropekoj AMcepTannju Kanauaatknmwe Maje Tpymnh

Omtykom HacrapHo-HayuHor Beha 6p. 5019/17-3 on 24.2.2021. rO/IMHE, WMEHOBAHH CMO 3a
4ianose Komncnje 3a mpernes, oueHy u ogbpany AOKTOpCKE AHCepTaumje KaHAMIaTKNibe Maje
Tpymuh noj Hacnosom

Ecmmaxmja KPYTOCTH H aZaAlITUBHO yupas/bame Ko/l HoNyCT/bHBHX [)060Ta

[Tocne mnpernena ROCTaBsbEHE Hucepraumje u apyrux nparehunx MaTepHjajla ¥ pasroBopa ca
KanaupatkumoM, KoMucuja je caunnnna crenehiu

PEDPEPAT

1. YBOJI

I.1. Xpononoruja oao6pasatma 1 13paje Aucepraije

Kanpnnariknmsa je Temy jlokropeke aucepraurje noa Hasusom ,Ectumatwmia kpyroctu u
4ManTHBHO  YNpaB/barbe KO/ MONyCT/bHBHX pobora™ npujasmia Komucuju 3a cTyanje Ttpeher
crenena na Enexrporexnmnuxom (akynrery, Yuusepsirara y bBeorpany, 11.06.2020. rogune. 3a
MeHrope cy npepiioxend ap Kocra Josanosuh, AoueHt, u Ap Axpuano Dahonunnu, JOLEHT, Y
CKllajly ca OUIIaTepanHuM IPOrpamMoM J0KTOPCKHX cryanja usmely Enexrporexnnukor dakysrera,
Ynusepsurera y beorpangy u Yuusepsurera y Hanepmy, y Uranuju,

Komncuja 3a cryanje tpeher crenena pasmatpasia je, Ha CBOjoj CeAHMLM oapKaHo] 16.06,2020,
TOHE, NIPEIIOr TeME 32 U3Paly JOKTOPCKE AMCEPTALM]e 1 YIyTH/A NPEeior Komucuje o ouenu
N0I00HOCTH TEME 1 KaH/IAATKHIbe HacTaBHO-Hay YHOM pelly Ha ycBajame.

Hacrasno-nayuno Behe Enexrporexmuukor (axynrera umenosano je Kommenjy 3a OLICHY
yeaosa M npuxparame Teme jJokropeke jucepraumje (Omiyka 6p. S019/17-1 on 20.7.2020) y
cacTaBy:

e ap XKesvxo Byposuh, penosnu npodecop, Yuusepsurer y Beorpany — EnexrporexHuukn

(akyrer,
e ap Cnobojman  Byxocasuli, pesosnu npodecop,  Yuusepsurer y Beorpany -
Enexrporexnuuxu akynrer,

e ap Bessko loTkomak, pegosHn npodecop, Y HuBep3uTET METPONoHTaH,

Kananuarknma je nonaraia jasny yemeny onbpaHy Teme JIoKTopeke Jnceptauuje 27.08.2020.
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Ha cegnmup HacrapHo-Hayuynor Belia EnexrpoTexHuukor ¢axyiTeTa yCBOjEH je H3BELITA]
Komucuje 3a olieHy yciioBa W IpuxsaTame Teme Jokropeke aucepranuje (Omtyka 6p. 5019/17-2 o
09.09.2020).

Behe HaywHuX o6sacTi TeXHHUKHX Hayka YHUBEp3uTeTa Yy beorpaay je Ha ceIHULM OAPIKAHO]
28.09.2020. roauHe Aaio CarfIaCHOCT Ha IPEJYIOr TeMe JOKTOPCKE JMCepTaluje oA HacJIoBOM
»ECTHMalMja KPyTOCTH M alanTHBHO YIpaB/babe KOA NonycTbuBux pobora® (Oanyka 6p. 61206-
2981/2-20 on 28.09.2020. rogune).

Kananpatkuma je npejiajia JIOKTOPCKY AMcepTalMjy Ha nperaeq u ouedy 25.01.2021, rojune.
Komucuja 3a cryjamje Tpeher crerneHa NMoTBpiWIIA je HAa CBOjoj ceaHUIM oxpkaHoj 02.02.2021.
roAMHE MCIYHEHOCT NOTPeOHHX YycloBa 3a MNoAHOWIEHE mpeiora HacraBHo-HayuyHoMm Bely
EnexrporexHuukor ¢akynrera 3a ¢opmupame Komucuje 3a mperyiel M OUEHY JOKTOPCKe
aycepraiuje.

HacraBuo-nayuno sehe ®akynrera je nmeHosano Komicujy 3a rperniej W OlleHy HAOKTOpCKe
miceprauuje y cacraBy (Omyka 6p, 5019/17-3 oy 24.02.2021. rouuse):

e ap XKesmxo bByposuh, perorHn npodecop, Yuusepauter y beorpany — Enexrporexnnuku
haKysTeT,

o Jjp Cnoboman Bykocasuh, penosuu npodecop, VYuupepsuteT Yy beorpapy —
EnexrporexHuuxu (akyJirer,

e Cosimo Della Santina, Assistant Professor (nouent), Department of Cognitive Robotics,
Delft University of Technology, Xonanauja,

¢ Alessandro De Luca, Full Professor (penosru npodecop), Department of Computer, Control
and Management Engineering, The Sapienza University of Rome, Hranuja,

¢ Antonio Chella, Full Professor (pegoeuu mpodecop), Department of Engineering,
University of Palermo, Mranuja,

¢ Filippo D’Ippolito, Assistant Professor (nouerr), Department of Engineering, University of
Palermo, Uranyja.

Kanpmuarknmwa je 3arouena JokTopeke cryauje wkonacke 2017/2018. roguHe y 3uMCKOM
ceMecTpy.

1.2. Hayuna obnact guceprauuie

JokrTopcka mucepragdja npunaja TEXHHMUYKHM HayKama OJIHOCHO Y)XXHM Hay4dHHM oOsiacTiMa
poboTrka U ynpap/bame CUCTEMHUMA, 3a Koje cy EiexrporexHuukn (axynteT YHHBEp3uTeTa Y
Beorpany 1 Yuupepsuret y [lanepmy marmunn. Meurop gokropekor pana ca EnexrporexHuukor
daxynrera Yuusepsurera y beorpany, Ap Kocra JosaHosuh je nzabpaH y 3Barme JIOLIEHTA 38 YKy
HayyHy ofsact ayromaruka. Ip Axapuano daljosiunn, mentop ca YHupepsutera y llanepmy je
Takofie y 3Bamy JOUEHTa 3a YKy HayuHy obnact ayromaruka. OGa MeHTOpa Cy ayTOpH BEJMKOT
Opoja HayuyHMX pajoBa y McTakHyTHM Mel)yHapoHMM Yaconucuma.

1.3. Bruorpadcku nogany 0 KaHaHaaTy

Maja Tpymuh je poBiena 18.09.1993, roaune y bopy, rae je 3aBpuinia OCHOBHY ILKOJNY U
Mumuazujy. Enexrporexnnuku paxynter y beorpany ynucyje 2012, roanne Ha Oncexy 3a cUrHaie
1 cuereme. JQunnomupana je 2016. roause ca npoceyHoM ougHoM 9.76 ca TeMOM AMINIOMCKOL Pajia
»lIpojekToBame ayTonuaoTa 3a camoHaBojeHy NETHINLY Ba3dyXx-3eMJba KpaTKor fomera’. Mactep
crymrje ynveyje 2016, rognHe Ha EnekTpoTexHHUKoM dakyareTy y beorpady Ha HCTOM OACEKY H




DocuSign Envelope ID: B23FE42B-6849-4D8A-9CES-F2E14B82DAD6

3aBpIIABA TOJMHY JaHa KacHHje ca NPOCEYHOM oleHOM |0 u macTep pagoM Mo HAcIOBOM
~AHaN3a BUOPAIMOHUX CUIHANA ¢a MOTOpa Masle cHare Kopuifiemem BEjBIET aHamnze™, JBojue
AOKTOpCKe cTyuje je yrmcana 2017/2018. wkoscke rogude Ha EAeKTpOTEXHHUYKOM daxymnrery v
Beorpany, na momyny Yrpasmamwe cucremuma n obpaia curHana, 1 Ha Vnusepsurery y Ianepmy,
Yy okBupy mporpama Mupopmaumone 1 koMmyHHKaUHOHe TexHoorHje. TOKOM JIOKTOPCKHX CTyanja
Ha EJIeKTpOTeXHIYKOM (aKy/ITETy I10J10KHIIA je IECET HCITUTA ¢a TIpocedHoM olienom 10.00.

Maja Tpymuh je TokomM OCHOBHHX CTyIuja CTHL@MA 3HAHKA KPO3 CTPydHe mpakce y BojHo-
TEXHUYKOM HHCTHTYTY y beorpapy 2016. roaune (y Tpajamy O TpH MeCela) M HCTPAKHBAUKOM
LeHTpy komnanuje bow y Pennnreny, y Hemaukoj nere rofuse (y Tpajamy o 4eTHpy Mecela).
HakoH yenewno 3aspuiene crpyune npakce, Maja Tpymuh je no6una npuauky na 2017, pann Ha
MAacTep TE3H y OKBHpY NOCTpojema komnanuje bowr y Buiy, y Hemaukoj. V oksupy Guiarepanuux
JoKTOpeKKX cTyanja Maja Tpymuli je y nepuosy oi Tpu rofuHe nposesia 0CaMHAECT Meceld Ha
Yuusepsnrery y [lanepmy y thumy ,MWPIIAna6“ kao cryaent noxropekux cryauja. Y ToKy
AOKTOPCKUX cTyauja noxaljana je Kypcese u3 o61acTH aanTHBHOI YNIPAB/batba U ONTHMH3ALM]E Y
OKBUPY JieTibe 1KoJie y bepTuHopy, Mramuju, y opranusauujn urannjanckor JlpylTsa joleHara u
HCTpaXKUBaya u3 ayromarike (Societe ltaliana Docenti e Ricercatori in Automatica - SIDRA), xao u
Kypcese 13 00/1aCTH HEJIMHEaPHOT YNpaB/balba CUCTEMHUMA M POBYCHOT U aJIaNTHBHOT YIIPAB/batba
MYJITHBAPHjaOHIHIM CHCTEMMMa Yy OKBHPY Niporpama International Graduate School on Control
noa opranusauujom The European Embedded Control Institute (EECI).

Ho cana je yyectBoBana y iBa HallMOHA/HA IPOjeKTa:

e TP-35003: ,McrpaxcuBame 1 pa3soj aMOUjeHTATHO UHTETUIHEHTHIX cepBHCHUX poboTa
AHTPONIOMOP(HIX KAPAKTEPUCTHKA®, TNpojeKkaT MuHHCTAapcTBa NpocBeTe, Hayke i
TeXHOOWKOr pazsoja Penybauke Cpbuje, 2011-2020. roane u

e ForNextCobot: ,,Mechanical Impedance Estimation and Planning for Next Generation
Collaborative Robots“, npojexar [IPOMHC dounpa 3a nayky Peny6auke CpGuje, y
OKBHMpPY Nporpama 3a M3BPCHE MpojekTe MJIaAuMX ncTpaxknsada #6062528, 2020-2022.
roJIHHE

u jennom mebhynapoinom npojexry HORIZON 2020 MINDtheGEPs-101006543: wModifying
Institution by Developing Gender Equality Plans*, 2021-2025. rojune.

Obract  HayqHOr HCTpaXWBaba KaHAMAATKHIbE OOyXBaTa MOJAC/IMPAHmE W ajaliTHBHO
YTIpaB/barbe  MOMYCT/bHBAM — POOOTCKMM — CHCTEMHMA  Ka0 M €CTUMALMjy KPYTOCTH  KOJ
APTHKYJINCAHIX TIOMYCT/LHBUX poboTa. Jlocanammu pesyararn kaHguaatkume Maje Tpymufi cy
NpUKa3aHk Kpo3 nyGiinkosane pajose W T0: 3 pana y MehyHapoanum yaconucuma, | paz wrammiand
Y 300pHnLIMa MehyHAPOIHNX HAYYHUX CKYIOBA M 3 PajoBa WITAMNAHMX Y 360pHULIMA Hay4HHX
CKYNOBa 0]] HALIHOHAJIHOT 3HaYaja,

2. OIIMC JNCEPTALIMJE

2.1. Caapoxaj finceprauuje

Huncepraumja nop  maciosom |, EcTumalidja  KpyTOCTH UM aJanTHBHO  yIIPaBJbaie KOJ
nonycT/bUBHX poboTa” HarMcana je Ha 121 cTpanyi Ha GHITIECKOM jesHky, y ckiaay ca CriopasyMom
0 OunatepaiHuM JOKTOPCKUM cTyiujama. Ha rnouerky jmcepraumje marty cy ATICTpaKTH Te3e Ha
CHIVIECKOM, CPICKOM M HTanujaHckoM jesuky, 3axpanuuua n Caapxaj. Ciejm YBoa koju ce
cacTojn o/l Tpu nornasba: Morusauuja, Jlonpunocu rese u Ilpernen rese.

Octarax aucepraumje je oprannsosat y Tpu aena: 1. Moaeanpame; 2. Ectumauuja xpyrocrtu; -
3. Hennneapno ajantuBHO yIpaBbatbe NONYCTILUBUM POGOTHMA. Ilpeu neo ,Mopennpame® ce
cacToju of Tpu normaspba: 1. Ysog; 2. IlOmycT/bHBM apTHKYJMCAHH pobotu; 3. PobGotu
nonyctbuse crpyrype. dpyru jeo ,Ectumauuja kpyTocTi* unne yetnpu nornasssa: 4. Yeogu; 5.
Ocnose; 6. Musasusnn npucry; 7. Heunsaszusnn npuctyn. Tpehn geo ,HesHeapHo afanTueHo
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YIpaBJbathe TIOMYCTILHUBHM pobOTMMAa™ caapyxu ner nornasmba: 8. Yeom; 9. OcHose; 10.
[Tortyc1/pMBH apTHKYIKcaHu poOOTH ca rHeymaTcKkuM rorodowm; 11. IMonycTibuer apTukymHcaHy
pobOTH ca eJIeKTPO-MEXaHHYKHM TOrOHOM; 12, PODOTH MOTYCTIBHBE CTPYKTYPE.

Hakon nocnemwer pgena Te3e jAaT je 3aksbyudak, cnucak kopuwhene Jinreparype ca
pedepennama HaBeAeHHX 110 abele/IHOM PeJociIey TipesrMena aytopa 1 buorpaduja kanauaara.

2.2. Kparak npuxa3 rnojegnHauyHux Nornasba

VBOJIHH JIe0 Te3€ NOYHIbe KPaTKUM HCTOpUjaToM poboTHKE B 00pa3ioKeheM MOTHUBALIHje
Hay4YHMKA Ja MOKPEeHY Pa3Boj NOMYCTJbHBE POOOTHKE, a 3aTHM YBOJIH OCHOBHE MOjMOBE M HAUMHE
Ha KOje Ce NOIMYyCTJLUBOCT y podOoTy MOXKE OCTBApHTH, Y I0TJ1aBJbY I10J1 HA3WBOM ,,MoTusauuja“ ce
UCTHYE BAXKHOCT y3HMMama y 003Wp KpPYTOCTH NONycT/bMBHX pobora Kako Ou ce obesdbemmna
cUrypHa cpelMHa 3a KonabopaTuBan paj 4yoBeka W pobora, xao u Oome nepdopmance
MONYCT/bUBMX POOOTA IYTEM 3aTBapakka [OBpPATHE CIIPEre U o INO3UIMju ¥ 110 KPYTOCTH 3roboBa
pobora. Cnene nornasjba ,JlonpuHocu Te3e”, rje cy KOH3MUHO IIPUKA3aHH OCHOBHH Hay4HH
JONPUHOCH Tese, U , JIpernes Tese’ ca KpaTKUM NPUKA30M I0jeAMHAYHHX [OTJIaBJba,

OCHOBHM J1€0 Te3e je noje/beH y Tpu jena: ,Mopenupame”, ,EcTuMaimja kpyTocT™ u
,HenHeapHo alanTHBHO YIIpaBsbake MOy CT/bHBAM poborrma’.

LSMojienuparme uuTaola yro3Haje ca MexXaHu3MMMa PaziMYuTHX THIIOBA TOMYCTI/HBHBHX
poboTa M HBUXOBMUM MareMaTHuKWM ornncoM. IIpBo rmornaermee [Haje mpersiesl MexaHW3zama
MOMYCT/BMBHX  apTHUKyNUcaHuX pobora ca rnoceOHUM  OCBPTOM Ha poBOTE  TOromeHe
AHTArOHUCTWUYKHUM aKTyaTOpHMa NPOMEHIBMBE KPYTOCTH, Kao M KpaTak MpHKa3 pazjInyuTux poboTa
NOTIYCTJBMBE CTPYKTYpE. Y JPYrOM IMOTNaB/by je MpefCTaB/beH MaTeMaTHUKH OITHC I10MYyCT/BHBHX
apTHKYJIMCAaHUX  podoTa MOTOHmEHMX THEYMATCKHM HJIM  €NeKTPO-MEXaHHYKHM aKTyaTopuma
npoMeHsblBe kpytocTd, Tpehe nornaeme yBojaW JBa AMHAMHYKA Mojesia poboTa NMOIYCT/BUBE
CTPYKTYpE, KOjH CY M3BEAEHHW Y3 MPETNOCTABKY KOHCTAHTHE MM apMHE 3aKPHBJLEHOCTH poboTa.
Kopuuihewem nobossuiane napaMeTpusaluje 3a npouupeny (opMynauujy poboTa nonycribuBe
CTPYKTYpE €4 KOHCTAHTHOM KPMBHHOM Yy TPOJAHMEH3MOHOM MpocTopy u3beraBa ce TIiojasa
CHHIYJIApUTETA U JIMCKOHTHHYHWTETA, LITO NPEACTaB/bA jejlaH 0J] Hay YHMX JOMPHHOCA Te3e.

,ECTHMANMja KpyTOCTH CalpKK HOBE TEXHUKE 33 MPOUCHY KPYTOCTH KOJA apTHKYJMCAHMX
NonycTbUBHX poboTa. Byayhu fga kpyTocT Huje MepibHBa BeJIHYMHA He IOCTOjH CEH30p KOjUM ce
oHa mMoxe ojipesinTu. Ca apyre crpaHe, HO3HABAE BPEJHOCTH KPYTOCTH poboTa je mpecyHO He
caMo 3apajl rapaHToBama 0e3beHe Kosabopatje yoseka W pobora Beh M 3a AnM3ajHUpame 3aKoHA
YIpapbaba KOjHM CE 3arBapa NOBpaTHA Cnpera [0 MO3ULMMH W KpyTocTH. UeTBpTo [orasibe
Mpe/IcTaBsba OCHOBHE KOHIENTe M CABPEMEHE TEXHHMKE 3a MNpOUCHY KPYTOCTH y 3rjoboBumMa
ApTHKYJTHCAHMX TIONYCT/bHBUX poGoTa, IloToM, y MeToM MorjiaBby je AaTa OILITA TEopHja
3aKallbEeHOr OTNCepBEpa HEMO3HATHX YNa3a H PEKYPIUBHOT ANPOPHUTMA HajMamMX KBaJpaTa, Koju
NPEICTABIbA]Y OCHOBY 3a €CTUMALHY KpyTocTH M (priexcubuHoOr MOMEHTa, Kao U 3a oapelHBame
HBUXOBHX aHAJIMTHUUKMX 1H3pasza, Y LIECTOM IOrNIaB/by Ce MPHMEIbYje HHBA3UBHM MPHCTYT Kako Ou
ce o/Ipe/Iriia KPYTOCT Y MHEYMATCKH M eJIEKTPO-MEXAHHYKH [IOr0mheHNM 3r71060BuMa podora. lpso
ce nomolly oncepsepa HEMO3HATHHUX YJlaza eCTUMUPA (PJIEKCHOIIIIKY MOMEHT KOjJH Aeyje Ha 317100
poboTa, 4 KOju ce CMaTpa HEIO3HATHM YJ1a30M Y JIMHeapHH cucteM. 3aTHUM ce roMolly pexyp3uBHOr
AJNCOPUTMA Hajmatbe KBaJpara Aodujajy koedHLMjerT anpokcuMaltja KpyTocTH U (JiexCHOMIHor
momenTa. [Ipukasanu cy pesynrarn J0GHjeHH Y CHMYIal{OHOM M CKCIICPUMEHTATHOM OKPY)KehY.
CeIMO TMOMIAB/bE MPEJICTAR/bA HEMHBA3ZHUBHW TPUCTYN eCTUMALMjH KPYTOCTH KOju HE 3axXTeBa
uH(opMALIHjy © KOMaHJOBAHOM MOMEHTY Ha MOTOpUMAa akryaropa, Beh camo o mosuimjama u
Op3vHAMa CerMEHTA M MOTOpa akTyaTopa. Y OBOM Cllyvajy ce 3aKaillllbeHH OTICepBEp HEero3HaTHX
ylia3a W PEKYP3WBHY aliTopuTaM HajMamUX KBagpaTa KOPHUCTE 38 JUPEKTHY PEKOHCTPYKLH]Y [PBOT
H3Bojla QUIEKCHOMITHOr MOMEHTA MO BPEMEHY, KOjH 10 Je(PUHHLMJM CaapKH HH(opmauHjy o
KPYTOCTH 3rJ106a.
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Tpehu nmeo Tese je mnocsehien HeaMHEAPHOM AJANTUBHOM YIPaB/bALy MONYCT/EUBHM
poGornma. Kako yrpasseame TIONYyCTJBHMBUM poOOTHMA IIpeCTaB/ba 3HAYAjaH W3a30B YCIel
npucycTBa GAeKcHMOHIHUX U HEIMHEapHHX eneMeHaTa, Kao 1 360r enactiyHe Bese uaMeljy moropa
W cerMeHara apTHKYJHCaHHX MNONYCT/BMBHX poGoTa, NMPECTAB/bEHO je pellee Koje omoryhyje
JIEKYTIZIOBAHO peryJiMcame [O3WIlje W KPYTOCTH apTHKYJIMCAHHUX IONYCTJBUBUX poboTa H
pOOYCHOCT ¥ OJJHOCY HA HapaMeTpe JHHAMHUYKOr MoJjiena NonmycT/bHBHX pobota. Ilornasibe ocam
Jlaje npersie/l NPeTXOoAHO NOCTUTHYTHX pe3ynrata y obsiacTi yripaBibaia noryCcT/BUBUM PoOOTHMA,
JOK /EBETO MOrNaB/be MPEACTaB/ba NPUHIMIE HEIMHEAPHOT aJalTUBHOL YNpaB/baiha Koje ce
KOPHCTH Yy HACTABKY. Y JIECETOM IOI/aB/bY M3BEJICHO je JeKYIUIOBAHO HEJIMHEAPHO a/IariTHBHO
ynpaBbawe Koje omMoryfyje HCTOBPEMEHO M HE3aBHCHO peryjiucame MOo3ulMje M KPYTOCTH Yy
3aTBOPEHO) CIPe3M KOJ[ apTHKYJIMCAHMX TTHEYMAaTCKUX IONycTieuBux poborta, Pesynrarn cy
BEpH(UKOBAHN Y CHMYJIallMjamMa ¥ eKcrieprMeHTHMa U yriopeheHn ca MpUcTYNoM JIMHeapH3aldje
nomofly noparHe cripere. JefaHaecToO TOTJIAB/bE IPEJICTAB/bA KACKA{HO JEKYIUIOBAHO aJaNTHBHO
yNpaBjbame 3a MONnycT/bHBe PobOTe ca eIeKTPO-MEXaHHYKMM TOrOHOM, Koje y3uMma y ob3up u
JMHAMIKKY akTyaTopa. Tako ce y yHyTpaulboj netbi oMoryliyje acumMntorceko rpahieme xKe/beHHUx
NIO3MLHja MOTOPA, JIOK C€ Y CIIOJLHO] MET/bH peryJuiie rpalietbe xesbeHUX TpajekTopHja NMo3HLIje
M KpyTOCTH y 3rnoboBuMa pobota. Pesynrary cy BanuIupaHd y cumynanujama, Y JBAHACCTOM
NOMIaB/bY TaXHha je nocielieHa ynpaB/baky poboTHMa nNONyCcT/bHBE CTpyKTYpe. [lokazaHa je
dopmynanmja ananTUBHOr  ynpas/batbd K ONKMCAHW NOTPeOHM M JIOBO/BHHM  YCJIOBM 34
konseprevunjy. [lepdopmance cy TecrupaHe y CUMYJIALHOHOM OKPYXKEHY HA POOOTY OMYCT/bHBE
CTPYKTYpE ca KOHCTAHTHOM 3aKkpHBJbeHony Kxoju ce kpelie y paBHH 1 y ripocTopy, a pobycHoCT je
BaJIHJIMPAHA HA TUIaHAPHOM poboTy ca ahruHOM 3aKpuB/beHOINY.

Ha 1<pajy, CyMHpaHK Cy OCTBAPEHM HAyYHW JAOMPHHOCH M pPe3yJiTaTH, HAKOH 4era cy
NPCaI0KECHHM laJbH TpaBUK NCTPa KHMBaH-a.

3. OLIEHA JJMCEPTALINJE

3.1 CaBDeMeHOCT H OPHUTHHAIIHOCT

[Tocnenmwx AeleHuja ucTpaxknsama vy obracry poboTHKe Cy yeMepeHa ka pazgojy pobora
CIIMYHMM YOBEKY M Y MEXAHWYKOM M Yy KOHMTHBHOM CMHCJY, Kako OM TaxkaB pobOT Ha curypas
HadypH OGnxcko capaljuBao ca 4oBekoM. bpojHa ucTpakuBama roxasana cy ja capajima pobora u
4OBEKAa MOXKE HMAaTH TO3WTHBAH COLMjaiHM M €KOHOMCKH YTHLA] M MCTOBPEMEHO CcauyBaTH
3ApaBsbe JbyJW NpWIKKom o0asibama TelKUX rocjosa, Ha kpajy, 3aioBosbuiia OW ce Tewba
4oBeKa Ja HalpaBW HEWTO LTo Moxe AocTuhu mam 4ak npeBasnhu swynacke crnocobHoctu. To je
YCJIOBWJIO pa3Boj NonycT/bLMBHX poboTa, YKja ce excnaHsuja Tex npeasubha y 6nuckoj Oynyhnocty.

CaBpeMEHOCT OBE AOKTOPCKE AMCEpTalllje MOuMBa Ha MOACAHpawy podoTa MomycT/bUBE
CTPYKTYpE, eCTHMALM]H KPYTOCTH M MPOjEeKTOBamY yIpassbatha 3a ronycrikuse podore, llpasar
MCTPOKKMBAKA TE3€ NpaTH HajHOBHjE pe3ynTare y oBoj obsactu. llpeunsHuje, HeaBHK 3aKk/by4dak
Jla ce JAMHaMuKa poboTa MONYCT/BHUBE CTPYKTYPES MOXE TMOBE3aTH Cca JAMHAMUKOM HPOUIMPEHOr
purpgHor podoTa HCIybaBameM ofpel)eHUX KHHeMAaTUYKHX M JWHAMHUYKHX orpaHuuewma [3.1:1]
OTBOpHO je MOryHOCT 3a NpHUMEHY KJIACHMYHHX TEXHHKA YIIPaB/bama TEOPETCKHM OecKOHauHo
JMMEH3MOHHMM PoOOTOM TOIYCTIEUBE CTPYKTYpPE. YCBajamheM afdallTHBHOL YIPaBbakha, Kao IITOo je
H3JI0’)KEHO y Te3u, u3beraBa ce noTpeda 3a EKCTEH3MBHOM HAGHTHM(PUKALMjOM AHMHAMHUYKHX
napaMerapa poboTa MONYCT/bMBE CTPYKType, WITO je CJyyaj NPWIMKOM [IPUMEHE 3aKoHa
yIpaB/bamba 3aCHOBAHKUX Ha 06poM no3HaBamy MOJena.

ITpema Apyrom caBpeMecHOM PE3yNTaTy, NPUCYCTBO feedforward nena y 3aKOHY yIpaBibatba
BXHO je 3apaJi cripedararba noseliatba KpyTocTH yciea NPoropuHOHaIHOT ACjCTRA KOHTpOJIEepa U
caMMM THM ryOMTKA OCHOBHOI CBOjCTBA pobOTA — NOMYCTI/BUBOCTH — KAO LITO j& CKOPO UCTAKHYTO Y
paay [3.1:2]. Mmajyhu To y Buy, Y Te3n ce INpUMErbYje alalTHBHO YIPaB/bakbe KOje CBOjOM
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popmyJatmjom oOyxBaTa He Camo KOHTPOJIEP NPONOUHOHATHO-AUbEPEHIMjanHoT AejcTBa, Beh u
YIAH KOJUM je NPE3EHTOBAH MOJIEN Y BUAY NPOM3BOJA PErPecOpCKe MATPHIIE U MapamMeTapa Koji ce
yde y peanHoMm BpemeHy. Ha Taj HaumH, moj ycioBOM ja NapameTpy KOHBEPTHpPAjy Ka TadHOj
BPEAHOCTH, aJaNTHBHO YIIpaBibake oCTaB/ba MOryNHOCT ocTBapuBama feedforward pnejctBa. Y
PUJIOr  CABPEMEHOCTH Te3¢ roBopd u kopumheme poboTa ca gbmove axryaropuma 3a
eKCIEepUMEHTAIHY BaTMIALIMjy pe3yJiTaTa.

OpHUIrHHAIHOCT OBE JOKTOPCKE JMCepTaluje ce Orlejla y pa3Bojy JEKYIUIOBAHMX 3aKOHa
ynpassbata 0asHpaHnX Ha aJanTHBHOj TEXHHMLHM KOjHMA CE MOCTHIKE CHMYNTAHO M HE3aBHCHO
yIpaB/bakhe NO3MUMJOM M KpyTowiy KOJI HOMYCTIbMBUX po0OTA Ca AHTAIOHUCTHUYKHM [OrOHOM.
Tume ce ocTBapyje jkesbeHa JIMHAMMKA HE CaMO MO3HLMje poGoTa Beh M HeroBe KPyTOCTH IITO
AOTIPUHOCH rocrewnBamy 6esbeanoctu poboTa y 40BEKOBOM OKpYxkemy. Takolje, HHOBATHBHOCT
NeXM ¥y AN3ajHUparby NPOIEAype 3a eCTHMALM]y KPYTOCTH, KOjOM C€ Y3 MHHHMAIHO KALIFbEHe
HCTOBpeMeHO 06e36elyje BpesHOCT KPYTOCTH ¥ PCaTHOM BPEMEHY Kao M aHAJMTHYKM H3pa3 3a
KPYTOCT M (p/IEKCHOMTHY MOMEHT KOJ| apTHKYJIHCAHHX Oy CT/BUBUX PoGoTa.

[3.1:1] C. Della Santina, R. K. Katzschmann, A. Bicchi, and D. Rus (2020), “Model-based dynamic
feedback control of a planar soft robot: Trajectory tracking and interaction with the environment,”
SAGE The International Journal of Robotics Research, vol. 39, no. 4, pp. 490-513.

[3.1:2] C. Della Santina, M. Bianchi, G. Grioli, et al. (2017), “Controlling soft robots: Balancing feedback
and feedforward elements”. IEEE Robotics & Automation Magazine vol. 24, no.3, pp. 75-83.

3.2. Ocept Ha pedepenTHy W KopuiilieHy JuTepaTypy

Y 0BOj MOKTOPCKOj AMCEPTALM}M, AaHAIM3MPAHA JIMTEPATYpa je OOMMHA M pereBaHTHA.
Hageniero je ykynno 108 6ubnmorpadekmx pedeperin. Jlnreparypa cafpiku pajoBe pereBaHTHE
3a obnacTi nerpakupama y Tesu. Ilpnkasane pedepeHue fiajy KOMIUIETHY aHaliu3y TPEHYTHHX
pocruruyha y npeacrap/bennm obnactuma. CriMcak JMTepatype yKiby4yje M perieBaHTHE pajioBe
KOj€ je KaH[AaTKKba Iy OIMKOBaa Kao ayTop MM KOayTop.

Y JImcepTaLnji €€ KOPHCTH MOJIeSl apTHKYIIHCAHNX MOIYCT/bHBUX poboTa usBenen y [3.2:1],
JOK ce MoAes poboTa NONYCT/bHBE CTPYKTYpPE W3BOAW HA OCHOBY paposa [3.2:2-3]. Ipunnxom
n3Boherba Npoueaype 3a ECTHMALIMY KPYTOCTH KOPHCTE Ce METOJIE TIPEJICTAB/LEHE Y Paly [3.2:4]n
Kibusk [3.2:5], koje omoryhyjy Tauny npoueny xpyroctn 6es riorpeGe 3a kopuiifiemem ceHzopa
CHJie M MOMEHTa, ecruMaumje Gp3nHe WM XEeyPHCTHYKOr MOjeliaBara napamerapa (uirpa y
nopehety ca pedepeHTHOM srTepatypom [3.2:6-8].

Pesynrarn paposa [3.2:9-11] 6unu cy u3Bop uHCnMpaumje 3a pasgoj JEKYNI0BaHOT
ynpapjbama MHeyMaTckiM poboTuma. ¥V ckiany ca pedeperuom [3.2:12], y Tesn je npencTaBibeH
aJaNTHBHI KOMIIEH3aTop KOjM 1novuBa Ha [3.2:13], 0AHOCHO TEXHHKA KOje ce He Oclarba camo Ha
roBparHy cripery Beh i Ha AMHAMMYKO Yuewe rmapamerapa, U JIMHAMUUKM JeKyIlep 3aCHOBAaH Ha
naejn o kopuwheny HyTOT npocropa aktyaropeke marpuie [3.2:14]. Cnudna uueja npuverbena
Je 1 Ha ynpasibare eeKTPO-MEXaHHYKHM POBOTHMA Ca AHTATOHMCTHUKOM aKTYaljoM, Iie je 3a
pasiuky o/t pedpeperrre mureparype [3.2:15] ykibyueHa y pasMaTpare M JMHAMHKA aKTyaTopa
M3BEJICH JoKa3 0 cTabuiHoCTH N0 yrieay Ha [3.2:16]. Y nocienwem NOMaBsby Tese Npe3eHTOBAHO
Je ynmpapmamwe pobOTHMA MOMYCT/BHMBE CTPYKTYpE, KOje IOYHBA Ha OpPUTMHATHO] 3aMHC/IN
u3noxeHoj y [3.2:17] 0 aMHaMUUKOM yripaBibary MO3HLILOM OBUX Po6OTA y 3aTBOPEHO] CIIPE3H.

[3.2:1] A. De Luca and W. Book (2016) Robots with flexible element. In: Siciliano B and Khatib O (eds.)
Springer handbook of robotics, chapter 11. Springer, pp. 243-282.

[3.2:2] R. K. Katzschmann, C. Della Santina, Y. Toshimitsu, A. Bicchi, and D. Rus (2019), “Dynamic
motion control of multi-segment soft robots usingpiecewise constant curvature matched with an
augmented rigid bodymodel,” in 2nd International Conference on Soft Robotics IEEE, pp. 454-461.

[3.2:3] C. Della Santina, A. Bicchi, and D. Rus (2020), “On an improved stateparametrization for soft
robots with piecewise constant curvature and its use in model based control,”/EEE Robotics and
Automation Lettets, vol. 5,no. 2, pp. 1001-1008.
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[3.2:4] S. Sundaram and C. N, Hadjicostis (2008), “Partial state observers for linear systems with unknown
inputs,” Automatica, vol. 44, no. 12, pp. 3126-3132.

[3.2:5] L. Ljung (1999), System Identification: Theory for the User. Upper Saddle River, NJ: Prentice-Hall,
pp. 1-14.

[3.2:6] G. Grioli and A. Bicchi (2010), “A non-invasive, real-time method for measuring variable stiffness,”
in Proceedings of Robotics and Systems Society, Zaragoza, Spain, pp. 89-96.

[3.2:7] F. Flacco, A. De Luca, I. Sardellitti, and N. G. Tsagarakis (2012), “On-line estimation of variable
stiffness in flexible robot joints,” International Journal of Robotics Research, vol. 31, no. 13, pp. 1556—
1577.

[3.2:8] T. Ménard, G. Grioli, and A. Bicchi (2014), “A stiffness estimator for agonistic—antagonistic
variable-stiffness-actuator devices,” /EEE Transactions on Robotics, vol. 30, no. 5, pp. 1269-1278.

[3.2:9] G. Tonietti and A. Bicchi (2002) Adaptive simultaneous position and stiffness control for a soft robot
arm. [EEE/RSJ International Conference on Intelligent Robots and Systems 2, pp. 19921997,

[3.2:10] G. Palli, C. Melchiorri, T. Wimbock, M. Grebenstein and G. Hirzinger (2007) Feedback
linearization and simultaneous stiffness position control of robots with antagonistic actuated joints. In: 2007
IEEE International Conference on Robotics and Automation. IEEE, pp. 4367-4372.

[3.2:11] G. Palli, C. Melchiorri and A. De Luca (2008) On the feedback linearization of robots with variable
joint stiffness. In: IEEE International Conference on Robotics and Automation (ICRA 2008). IEEE, pp.
1753—-1759.

[3.2:12] C. Della Santina, M. Bianchi, G. Grioli, et al. (2017), “Controlling soft robots: Balancing feedback
and feedforward elements”. IEEE Robotics & Automation Magazine vol. 24, no.3, pp. 75-83.

(3.2:13] JJE Slotine and W Li (1991) Applied Nonlinear Control. Englewood Cliffs, NJ: Prentice-Hall.
[3.2:14] O. Khatib (1987) A unified approach for motion and force control of robot manipulators: The
operational space formulation. /EEE Journal on Robotics and Automation 3(1); 43-53.

[3.2:15] R. Mengacci, F. Angelini, M. Catalano, G. Grioli, A. Bicchi and M. Garabini (2020) On the
motion/stiffness decoupling property of articulated soft robots with application to model-free torque iterative
learning control. The International Journal of Robotics Research.

[3.2:16] Ortega R, Perez JAL, Nicklasson PJ and Sira-Ramirez HJ (2013) Passivity-based control of Euler-
Lagrange systems: mechanical, electrical and electromechanical applications. Springer Science & Business
Media.

[3.2:17] C. Della Santina, R. K. Katzschmann, A. Bicchi, and D. Rus (2020), “Model-based dynamic
feedback control of a planar soft robot: Trajectory tracking and interaction with the environment,”
SAGE The International Journal of Robotics Research, vol. 39, no. 4, pp. 490-513.

3.3. Onuc 1 aaeKBaTHOCT NPUMEHEHHX HAYUYHHX METOJIA

Herpaxsaibe y okBHPY OBE JIOKTOPCKE JAMCEPTALIMjE je 3aCHOBAHO Ha cileaehuM MeToama:

° Mopen apTHKYJIHCAHOI NOMYCT/LUBOI POGOTA €A AHTAOHHCTHYKAM AKTYATOPHMA
MPOMEHJLMBE KPYTOCTH: Y Te3M je yCBOjeH MOJel apTHKYJIMCAHMX NOMYCT/LHBHX
poora KOju je MCTOBPEMEHO MOrOJaH 3a aHanM3y cucTema K uspoljerme 3akoHa
ynpasJbama y3eBiun y o63up oapehene anpoxenmanuje. [IpBo, Marematnuka penaipja
n3mely uiekcHOHIIHOT MOMEHTA W TpaHCMHCHOHE AeduiekcHje Mopa GHTH TIiartka
nHBepTHOMIHA. 3aTHM, yCBaja ce ja je aKkTyaTtop i-TOr CerMeHTa CMEILITeH Ha i-1-oM
cermenty. IlTo ce Tuue poboTa ca eNekTPO-MEXaHHUKUM TIOTOHOM, NPETIIOCTABIbA Ce /A
Jje MHepLMOHA MATPULA POTOpA JIMjaroHajiHA, TAKO J@ MONOYKA] POTOpPA HE yTH4e Ha
MaTpuLly uHepLmje poboTa, BEKTOP rpaBUTaLMje, KA0 1 Ha yraoHy Gp3HMHY LeHTpa Mace
poropa. Byayhu na je moryhe npomenuTi KpyTOCT OBMX poGOTa, HUMA IIPETH ONACHOCT
O[l naja ycjie] rpaBuTauMja y ciyvajeBUMa Kala je KpyTocT npemasa. 360r Tora ce
NpeTnocTaB/ba Aa je HajMama kpytoct Bseha 04 ropme rpaHuue rpajujesra
rpaBHTALMOHMX CHIIA,

° 3aKauwibeny orcepsepn HenosHaTHX yiiasa: OBa BPCTa oNcepBepa je KOPUCTAH anaT Koju
CC YIVIABHOM KOPHCTH 3a JICTEKTOBaIbE JeeKxara y CHCTEMY IyTeM [IPEel3He NpoLeHe
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cTama CUCTEMa, HE3aBHCHO OJl HEMO3HATHX YJiasa. Y Te3H je, Iak, CTaB/beH aKleHar Ha
TPOLEHy CaMUX HENO3HATHX yliaza KOju Cy Y OBOM CJy4ajy HEJIMHeapHa, BPEMEHCKH-
npoMeH/bUBa PYHKLHja CTarba cueTema, Y o0MMHO] JIMTEPATypH OTICepBEpa HENo3HaTHX
yJla3a M3/BOjJW/IM CY CE 3aKallitbCHY ONCEPBEPH HETIO3HATHX YJa3a Kao Hajoosbe pellerse
M3 pasfora WTo Tpyxajy Bume uHpopmaumja o cucremy. Hamme, saxsasbyjyhu
yroTpeOn HEKOJMKO Y3aCTOITHUX BPEIHOCTH M3/a3a CHCTEMa, OHM CYy y CTaiwby Ja
NPOLIEHE U CTaka W HEMO3HATE YJIA3¢ Y CHCTEM Ca KOHCTAHTHMM U yHanpen oapelennm
KallIbEbEM, @ Y3 TO CY YCJIOBH 3a [0CTOjahe ONCEPBEpPa JIAKIIE OCTBAPHBY Y OJTHOCY Ha
Apyra pewema. IHbuxosum xopuiifierseM €€ NOCTHKE MOTYNHOCT acMMNTOTCKE
PEKOHCTPYKIMje HenosHaTor (duexcubuinHor MomMenTa 6e3 Kopuihemha ceHsopa cue 1
ca MaruM 6pojeM NPOMEHIBMBHX CTamba, y OJHOCY Ha CIIMUYHE OlicepBepe.

e Pexyp3upHM anropuraM Hajmamnx KkBajgpara: Ilomoly pexkypsuBHOr anropurma
HajMarHX KBAJPaTa BPIIM Ce HASHTH(HKALMjA [TapaMeTapa aHAITHIKE alPOKCHMAaLHje
KPYTOCTH 1 (DIIeKCHOUIHOr MOMEHTA MIUHHMU3ALN]OM PasiiiKe (JIEKCHOMIHOT MOMEHTA
1 IEroBe anpokcuMalije. Yia3Hy moJauy y anropuram ¢y oaropapajyhe npomenspuse
cTamba, Koje yTHuy Ha (JIeKCHOWJIHM MOMEHT, Kao M pesynTaT —ecTUMaLje
(rIeKCHOMTHOT MOMEHTA (OJJHOCHO H-erOBOI IIPBOT M3BOJId Y 3aBHCHOCTH 0J1 NPHCTYNA
oupehuBamy xpytocti) nomolly oricepsepa Herosnatux yijasa, OCHOBHE NPEJHOCTH
jecy pedykumja wiyma y curhany duiexcubunHor momeHra, moryhnoct pobujarsa
AHATHTHYKHX M3pasa 3a KPYTOCT U MOMEHT W HyMepHuka e(pHKacHOCT koja omoryhyje
NPUMEHY Y PCATHOM BPEMEHY.

e HesuueapHo afanTHBHO yNpaBibaike: AJANTHBHO YIPABJbAME je TEXHHMKA KOja je
pobycHa Ha HECHIYPHOCTH MOjesa, HacTaje ycJell HENpelnusHor Io3HaBama
rapamerapa JMHaMH4KOr cuctema, Kopuiuhersem OBOF 3akoHa yrpassbama obezdehyje
ce acHMITOTCKO Mpaliewe KeJbeHMX TpajeKkTopuja 3riobosa nomohy AnHamMuykor
ajanTHpamba rnapamMerapa. YcoB 3a NPHMEHY aJanTHBHOT YIPaB/batba je JINHeapHOCT
AMHAMHUKOT MOJies1a y OAHOCY Ha ojroBapajyhe napamerpe, 0JHOCHO CrIoCOOHOCT jia ce
MOJIENl M3pa3M KAaKO [IPOM3BOJ PEIPecopcke MATpPHIE M KOHCTAHTHOI  BEKTOpa
rnapamerapa. OcHosHa (opMyJiaUMja Takolie 3axTeBa YCJOB A je CHCTEM MOTIYHO
akTyucan, Y Te3H je OBa TEXHHKA MPOLIMPEHA TaKo jia oMoryhin CHMyJITaHO H HE3aBHCHO
YNpaB/bamwe Mo3uLHUjoM 1 kpyTouihy.

3.4, [IprMeHJLHBOCT OCTBAPEHHX PE3YJITATA

OcTtapeny pe3yaratd w3 obnacTi Moje/upama podoTa MoMnyCT/bHBE CTPYKTYPE Bake 3a
renepuukn po6oT 0Be BpCTe, 0K NpoluypeHa GopmMyiaunja oakiiasa NpUMEHy KJIACHUHKX 3aKOHa
yIpaBsbarmha Ha pOOOTCKE CHCTEME TOMTYCTI/HBHBE CTPYKTYPE.

Ectumaropr KpyTOCTH NPEACTABILEHH Y TE3W Cy NPUMEHJbHBM HA KJ1acy apTHKYJ/IMCAHMX
MonycT/bUBUX poboTa ¢a aHTATOHMCTHMYKMM ITHEYMATCKUM HJIH EJIEKTPO-MEXaHHYKHM TIOTOHOM.
3axBasbyjyhul AELEHTPAIM30BAHO] CTPYKTYPH, MOTY CE& NMPUMEHHTH Ha poboTe ca BHIIE CTENEeHH
cno6oje, 0K YMIeHMIA Ja Ce onceprabuiHOCT He ryOu Kaja je poboT y CTAllMOHAPHOM CTalby
rapantyje Jobpe neppopmarce y CBUM PeXKUMHUMA paja poOOTCKOr CUCTEMA.

Y ciydajy nHeEyMaTcKix poGoTa, TEeXHHKA ACKYIIOBAHOT aJalTHBHOT YIIpaBjbara je
NPUMEHJbHBA HE CaMO Ha pobOTe MOromeHe aHTaronncTukium Mek-Kubenosum muwmhnma, seh
BAKH 3a CBE [THEyMaTcke poBoTe ca AHTATOHMCTHYKMM TOFOHOM KOjM MMajy JIMHEapHy penauujy
nsmelly KOMAHJOBAHMX MPUTMCAKA ¥ OCTBAPEHMX MOMEHaTa M Kpyrocth y 3riaobosuma. Ha
npuMep, pobOTCKH cucTeM npeacTaBbed y [3.4:1] noceayje aHTArOHMCTHYKH MOrOH OCTBapeH
KOMOPAMa HarMpaB/bEHUM OJ1 criciyjaiiHe TkannHe. Byayhn aa je penanmja namel)y KoMaH0BaHUX
MPUTHCAKA M OCTBAPEHMX MOMEHATA M KPYTOCTH JIMHEApHA, CIEMM Jla e MOXE NMPUMEHNHTH 0Ba]
3aKOH yripaBsbara. Takole, y3eBlmn y o03up [a HHUCY HEONXOJHH BHIIM M3BOAM MO3MUMjC H
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KPYTOCTH METON OJUIMKYyje M TNpaKTHYHA TNPHUMEHJBMBOCT, IMOKa3aHa y CKIICCPHMEHTAITHAM
pesyJIraTuma.

TToToM, 3aKOH YTIPABIbAIbA M3BEJIEH 3a CNEKTPO-MeXaHHuke poboTe je NMPUMEHIHMB Ha
apTHKYJIMCAHE TOMYCT/BMBE POOOTE Ca AHTArOHUCTHYKMM TOTOHOM, KOA KOJUX je aHaJMTHYKa
dopma BrIeKCUOMITHON MOMEHTA Y BUJIY €KCIIOHCHLMjaIHE dynxumje, wro u jecre Hajuemhe ciry4aj
3a OBy IpyIy NOMycTUbHBUX poborckux cuctema [3.4:2-3]. Ha xpajy, aganT{BHO YIIpaBibaibe
poGOTHMA MOIYCT/BUBE CTPYKTYPE j€ NPOJEKTOBAHO MO/ NPETHOCTABKOM /a pOGOT MMa KOHCTAaHTHE
3aKPUBJHEHOCTH 10 JICJIOBHMA, &1 Cy CHMYJIALMOHK PE3y/ITaTH MOKa3alH poBYCHOCT YaK 1 Kaja je
y nuramy adpuHa 3aKPUBILEHOCT POBOTA.

[3.4:1] C. Best, M. Gillespie, P. Hyatt, L. Rupert, V. Sherrod and M. Killpack (2016) A new soft robot
control method: Using model predictive control for a pneumatically actuated humanoid. /EEE Robotics &
Automation Magazine 23(3): 75-84.

[3.4:2] gbmove Centro Piaggio (2011) QbMove Maker Pro datasheet. https://www.gbrobotics.com.
Accessed: 2019-09-01.

[3.4:3] R. Mengacci, M. Garabini, G. Grioli, M. Catalano, & A. Bicchi (2021). Overcoming the
Torque/Stiffness Range Tradeoff in Antagonistic Variable Stiffness Actuators. IEEF/ASME Transactions on
Mechatronics.

3.5, OueHa JOCTUTHYTHUX C110COOHOCTH KaHAMaAaTa 3a caMOoCcTajiH HayyHu pal

Kanpnpatkumwa Maja Tpymuh je n3pajom oBe JOKTOpPCKe Aucepranuje ¥ mmyoanKaujom
cejaM HayYHMX pajioBa y MOTIYHOCTH JEMOHCTpHpana CIOCOOHOCTH 3a CaMOCTalaH Hay4HO-
ucTpaxuBauky paj. KauanaaTknmba je CHCTeMaTHHHO U3BPLIMIIA NPETe/] PeICBAHTHE JIMTEPAType,
YCIEUIHO MACHTH(NKOBAA HEAOCTATKE JOCAALIBIX CTYAHja U TpeJloKIIa pelietba Kojuma ce
npepasuiiase orpaHuyetba nocrojehnx npucryna. Tema aucepraluje je BeoMa aKTyellHa, rnpu Hemy
pe3yATATH  JMcepTalldje  ITOCTeWyjy HHTerpaujy ronycT/bHBKX pobora y YOBEKOBO H
HHYCTpHjcKO OKpYykeibe 1 omoryhyjy edextuHo nexopuilice MOTCHLMjala IOMyCT/bUBHX
pobora. MeToae HWCTpax<MBawa W TMPUCTYNIH Y peannzaliji Cy HMHOBATHBHW W KPEATHBHM.
OcrBapeHy J1OMPUHOCH CY OPUrHHANIHN U MOTBPhYjy CrIOCOGHOCTH KAHHAATKUILE 33 CAMOCTAITHH
HAyUHO-HUCTPAKUBAYKH pal.

4., OCTBAPEHN HAYUYHHN JONNPUHOC

4.1. TIprka3 ocTBApEeHMX HAYHHHX AONPHHOCA

HayuHn JlonpHHOCH OBE IOKTOPCKE avceprauuje cy cieiehn:

1) Mojen TreHepHuKOr TPOAMMEH3MOHOr pODOTA TMOMYCT/bUBE CTPYKType 3aCHOBaH Ha
XHIOTE3W KOHCTAHTE 3aKpHMBJLEHOCTH M0 JIeJOBMMA, KOjH 00e30ehyje KHMHEMATHUKy H
JMHAMHUKY GKBUBAJIEHIIjy ¢4 OPHIHHAIHHM CHCTEMOM, @ KOjH HEeMa CHHIYJapHTETe H
JHCKOHTUHYUTETE;

2) MHBa3sMBHH ECTHMATOP KPYTOCTH Y 311000BHMa apTHKY/IHCAHHUX MOMYCTIBHBHX MEYMaTCKHX
W eneKTPO-MeXaHHYK1X pobOTa 3aCHOBAH HA TEOPHjH ONCEPBEPA HEMOZHATHX YJ1a3a, KOjH HE
3aXTeBa ANPHOPH 3HAME O MOJENY KPYTOCTH HHTH uudopMaunjy o Gp3uHM MOTOpa WK
CErMeHTa;

3) HeuHBa3MBHH €CTHMATOP KPYTOCTH y 3r71000BHMA APTHKYJTHCAHNX TOMYCT/LUBHX ENEKTPO-
MEXaHMYKUX pobOoTa 3aCHOBAH Ha TEOPHjH OlCepBEpa HEMO3HATHX yJasa, KOju He TyOM
oricepBabIIIHOCT Kaja je pobOT y CTAMOHAPHOM CTaky M HE 3aXTeBa undopmaiujy ca
CeH30pa CHJIe NI MOMEHNTA;

4) ExcriepuMeHTaqia Badn[alija MHBA3MBHOT M HEHHBA3MBHOI €CTHMATOpa KPYTOCTH HA
APTHKYJIMCAHOM TOITYCTI/LHBOM POOOTY Ca CIEKTPO-MEXaHMIKOM aKTyajoM;
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3)

6)

7

8)
9)

10)

Po6ycHM CHCTEM YIIPaB/barba y 3aTBOPEHO] NETIBH MO3ULH[OM B KpyToLihy apTHKyIHCcaHHX
po6oTa ca THEyMATCKHM aKTyaTOpHMa ITPOMEHIBHMBE KPYTOCTH, KOjH je 3aCHOBAaH Ha
TEOpHjH aJlalITHBHOT ylpaB/bama. JleKyIUIoBake ynpasibarba TMO3HIMjOM u KkpyTouihy je
ocTBapeHo KopHIhiemeM JIOIAaTHOr CTerieHa ¢1060/1e yIpasbarba, Koju je gobujer nomohy
HYJITOT MPOCTOPa aKTyaTOPCKe MaTPULE;

CHMyJalMOHA ¥ eKCIIePHMEHTATHA BalHAaLija NPETOKEHO CHCTEMA YIIPAB/barba KOjoM
cy noxasane nepdopmance M nopeheme ca MeTo/ilaMa 3aCHOBAHHM HAa  YIpaBJbalby
kpyToiwfly y OTBOpEHOj MeT/bH M YIpaBibalby NyTeM JIHHeapusauuje cucrema nomoly
[IOBpATHE CIpEre;

PoOycHM KacKaJiHM CHCTEMH YIpaBjbatbad Y 3aTBOPEHO] METJBM NO3MLMjoM 4 KpyTouihy
apTUKYIUCaHUX poBoTa ca eJIeKTPO-MEXaHHUKMM aKTyaTopuMa NPOMEHJ/bUBE KPYTOCTH,
KOj y3umajy y o63Mp M JIMHAMHKY aKTyaTopa, a 3acHOBaHM Cy Ha TEOPHjU
IPOTIOPUMOHATHO-IM(EPEHLIjaHOT KOHTpoJIepa ca feedforward 4iaHoM W HENUHEAPHOT
aJIaTTHBHOT  yTIpaBJbamka. JeKyIjioBame je OCTBApeHO KOHCTpyHcameM ozrosapajyhe
MaTpHue KOjoM ce ocTBapyje Manupame (JIeKCHOMIHMX MOMEHaTa MOTOpa Y JKeJbeHy
JMHAMMKY MTO3ULIMjE ¥ KPYTOCTH poborTa;

CHMyalMoHa BaJMJialja Ope/UIoKEHIUX CHCTEMA YIIpaB/balhba U HHX0BA KoMIapaluja ca
cydajeM Kajla je YK/bYUEeHO M MHTErpajlHO A€jCTBO.

Po6ycHy CHCTEM YIpaB/baiba MO3MUMjOM poboTa MOMYCT/bUBE CTPYKTYPE Yy 3aTBOPEHO)
MEeT/bM, KOjH C€ 3aCHHUBA HA TEOPUjH HEJTMHEApHOT aaliTHBHOT YIIpaB/batba;

OrncexHe BaTMAALMje y CUMYNALMOHOM OKpYKewy Koje 00yXBaTajy TPOAWMEH3UOHE U
po6oTe MomnycT/bUBE CTPYKTYpe ca apuHOM 3akpuB/beHowhy, nokasyjyhn eduxacHoct u
pOOYCHOCT Pa3BHjeHUX KOHTpOJIEpa.

4.2, KpuTiuka aHajiy3a pe3yarara HCTpaKuBamka

Hayunu nonpudocu HaseaeHn y Tadku 4.1 nipescrasspajy cneseha ynanpeljera HayuHux 3Hatba
y nopehetby ca noctojeinm cramem:

D

2)

Mojzienupame pofoTa TMONYCT/HUBE CTPYKTYpe Ce OC/lama Ha XMIIOTe3y O KOHCTaHTO)
3aKPUBJBEHOCTH poboTa no jenouma. Y nopehemwy ca paposuma [4.2:1-2], y Te3n ce
onncyje noGospluaHa rapaMeTpusalnja Koja INpeBaswIasH NpobreMe CHHTy/IapuTeTa M
JMCKOHTHHYHMTETa Yy HeH3OeXHnM NpaBofuHUjckuM KoHdurypammjama poboTa. OBaj
AMHAMHYKH ONMC ce HajgoBesyje Ha [4.2:3] npyxajyhun Besy usmely ommca pobota
MOIYCT/bHBE CTPYKTYPE M KIACHUHOT PUTHAHOT poboTa y BuLy Npoiuvpene Gpopmynanje.
OBa Be3a je KJbyuHa 3a NPUMEHY aJalTHBHOI YNpaBbatba (y ABAHAECTOM IOIJIABIbY) U
[IPe/ICTAR/bA HAYHHU JIOPHHOC KOjH CE HE M0jaBIbyje HI Y je/IHOj NPETXOAHO] My OnuKauuju.
YV nopehery ca noctojelinM MHBa3HBHUM eCTHMATOpHMa KpyTocTH [4.2:4-5], MpeanokeHo
pellielbe y Te3H KOPMCTH TEOpHjy 3aKalltbeHHX ONCEpBEpa HEro3HATHX ynasa Kako Ou ce
CHMYJITAHO A0SO j10 uHdopMauuja o Gp3uHn MoTopa 1 (paekcubunHom momenty. Ha Taj
HauMH, 3a pasauky oj [4.2:4], MeTo/ He 3axTeBa MH(POPMaLHjy O OP3UHK MOTOPA akTyaTopa,
Te HMje HEONXOJHO NojeliaBaTh napamerpe Kanmanosor (muirrpa mim KOPHCTUTH CEH30pE
6psune kako 61 ce jobuna Ta uHpopmanmja. Y nopeliemwy ca {4.2:5], 3a onvcaHn ecTHMATOP
Y Te3d He MOCTOjH J0Ka3 0 KOHBEPIEHLMjH KPYTOCTH Ka TagHOj BPEJHOCTH, ally ca Apyre
CTpaHe ce MCTOBPEMEHO ECTHMHPAJY KPYTOCT M (IeKCHOMIAH MOMEHT, 1ITO MOXe OUTH OJf
KOPMCTH 3a TPOjeKTOBAE YIPABIBAYKIX CHCTEMAa 3aCHOBAHMX Ha Mmojeny. Ha kpajy,
npucTyn u3 [4.2:5] 3axTeBa 0/elIaBabLe 1y KHHE HHTEPBAIA 3@ UHTErpalunjy y 3aBUCHOCTH
on Op3uHe YJa3HO CHIHANa, JIOK je MPEMUIKEHH €CTHMATOp MOTIYHO HE3aBUCTaH OJf
npupoje curHana. J{ojatHo, ectumarop je, ciu4Ho [4.2:4], AeUeHTPaIN30BaHe CTPYKTYpe
Te ce METOJa MOXKE MPHUMEHMTH 33 eCTHMaUM]y KPYTOCTH Y apTHKyJMCaHuM poboThHMa ca
BUILE cTenenn cnobose, 3a pa3nuxy o [4.2:5].
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3)

4)

3)

6)

7)

8)

9)

10)

OcCHOBHA TNPEIHOCT MPEUIOKEHOT HEHHBA3HBHOT ECTHMATOPa KPYTOCTH Y OJIHOCY Ha
nocrojeha pemera [4.2:6-7] noynsa Ha ToMe J[a HHje HEOIIXO/IaH CEH30p CHIIE HIIH MOMEHTA
Kako 6w ce mpouennsia kpyrtoct, Beh camo nHdopmanja o Nno3unMju ¥ O6p3rHamMa MOTOpa
aKryaropa u cerMenTa. Y nopeljemy ca [4.2:6], ectimarop He ry6u oncepBabHiIHOCT kaja je
Y poboT y cTalmonapHom crawy. Ca apyre crpate, y oAHocy Ha [4.2:7], rae Huje norpeban
lIo/laTaK O BULUMM HM3BOAMMA [O3HMLIMjE, TIPEANIOKEHH SCTUMATOP 3aXTeBa UHpOpMaLHjy 0O
OpsnHama MoTopa aktyartopa. Ha kpajy, 3a pasiuky of MHBA3MBHUX €CTHMATOPa KPYTOCTH,
HHj€ HEONnXo/iHa nHpOPMAalMja O KOMAHI0BAHOM MOMEHTY MOTOpHMA aKTyaTopa,

Bynyhu na ce cBu ecrmmaTopn 3acHUBajy Ha NpeTIIOCTABUM O I€P3NCTEHTHO] EKCHTALM)H
CHCTeMa, HAJH3a30BHHjM Clly4daj jecTe Kala poGOT Mema CBOjy KpYTOCT JIOK ce He Kkpelie,
OZIHOCHO Kaja je Mo3HUMja KOHCTAHTHA. 3 PasiiuKy Ofl NPEeTXOAHUX nybimkamija Ha Temy
CCTUMATOPA KPYTOCTH, ¥ TE3M Cy NPHKA3aHN eKCHEPUMEHTANIHH PEe3yJITaTH Kafa ce poBoT
HamasH y TpH MOjia pajia: 1) kaja ce mo3ullMja M KPYTOCT 31I060BA MEFbajy CHMYJITAHO, 2)
Kajia ce caMo 1o3nLMja Metba U 3) Kaja ce camMo KPYTOCT Meka,

JleKyIioBaHO HENMHEAPHO ajaNTHBHO YIIPABILAILE TTHEYMATCKUM poboTumMa je npommpemne
metoae u3 [4.2:8] y cmueny ja ce kpyrowhy pobora yrpasiba ¥ 3aTBOPEHOj CIIPE3N, HITO
jonpurock  6esdeaHoctn pobora. TIpesiokeHo pelleme KOpHETH YOpaB/bauky CTereH
cl1060/e, TIOBE3AH Ca HYATHM HPOCTOPOM AKTYATOPCKE MaTpuue, Kako OH ce JeKyruioBano
ynpaBibame nosuumjom u kpyrowhy y sarsopenoj crpesn. J{ok uneja o xopuuhewy
HNPOjeKLMje HYNTOr MPOCTOPA HUje HOBMHA Y PoGOTHLM (Beh ce xopucT 3a mocTH3ame
oaroapajyhie cuiie 1 MomeHTa kopumihemem HyJTOr npocropa JakobujaHa), 0Baj npucTy
omoryhasa jexyriiosame Ge3 rorpebe 3a BHUIINM H3BOAHNMA NO3ULMjE U KPYTOCTH, 3a
pazymiy on [4.2:9] wak w kagma Mozes cucTema Huje CaBpIIeHO 1103HaT. OCHOBHM
HCJI0CTATAK METO/E JICHKH Y TIPETIIOCTABLM [1a je MOJICN aKTYaTopa MOTIYHO MO3HAT.
EkcnepimenTanua Bamuiammuja AekyjioBAHOT HENMHEAPHOT aj[ANTHBHON ylpaBsbatba Ha
MTHEYMATCKOM apTHKYJIMCAHOM IOITYCT/LHBOM POOOTY ca JBa CTEreHa Ciobo/1e MpecTaBlba
jennHcTeene pesynrate jobujeHe 3aTBapareM crpere M0 TO3ZMUMJH M KPYTOCTH
NonycT/bHBOr poboTa. Yesen HecaBpLIeHOCTH XapaBepa, Y Te3 Cy [PHUKA3aHN CTIOPUjU
CKCIEPUMEHTH, MOWITO OH Y CYNPOTHOM JOLUIO 10 POKIU3ABALA H MEPHHX rpetaxa,
JlexyrioBaHo HeaMHEapHO afaNTHBHO YIIPAB/baibe €1eKTPO-MEeXaHUUKHM OMTY CT/LUBUM
poboTHMA TPATH MHK]Y HCTpaskiBaka [4.2:8], y cMuciy aa ce Cripera 3aTpapa 1o Nno3HuHju
M KPYTOCTH 3ry1000Ba. MelhyTum, npeiosxkenu npueTyn y Tesu ce pas3iinKyje Ha BHILE
HawMHA O J10 caja joctynmux pesynrara. Ilpso, kopumhewem poGycHor ynpawibaiba
34CHOBAHOI HA aANTHBHOj TEXHULM, YNIPABIBAUKN CHCTEM je pobycTaH Ha HECHTYDHOCTH ¥
AMHAMHMYKOM MOJielly poboTa. 3aTnm, CBOJCTBO AEKYIUIOBAHOI YIIPaB/barba NO3HLHjOM W
kpyrowhy ce mocrike yrnoTpeboM EeKCINIMUHTHOT OfHOCA msmely  drexcubunHux
MOMEHATa 1 OCTBAPEHE KPYTOCTH Y 3r0by poGora, dume ce H3Gerasa notpeba 3a BULLMM
H3BoAMMA nosuunje u kpyrocrn. lrapuwe, sa pasmiky ox [4.2:10], NPHKAa3aHy NPUCTYIL
y3uma y o03up n junamuky axryaropa. OCHOBHUM HEAOCTATAK je norpeba 3a npesunHUM
MO3HABALEM MOJeNa aKTyaTopa.

Baminaunja jexynnosaHor ajantuBhor yrpapibarba €JISKTPO-MEXAHHYKHUM poboTuma y
CHMY/IALIMOHOM OKpYJKEHbY nokasasa je rnepdopmance ca u 6€3 yKibyqauBarma HHTErPATHOT
AEJCTBA Y YNPaBIbayky NOACHCTEM KPYTOCTH M jana nopeherbe ca yrpar/badkum CHCTEMOM
3aCHOBAHMM Ha 100pOM M03HaBalby NMHAMUYKOr MOJeNa poBoTa.

[eppopmatice ynpapsbauknx cucrema Koju ce Kopucre y [PETXOIHO HABEJECHUM PAZOBUMA
(4.2:1-3] s3aBuce 0 TAYHOr TO3HABAMA AWHAMHUYKHX napamerapa poGora MOMyCT/bUBE
CTPYKTYpE, IITO YECTO HHje AOCTYNHO. Y Te3u je nata popmysanuja pobycHor yIpaB/barba
3aCHOBAHOM HA  aJalTHBHOj TCOPWjM, KA0 M NOTPeGHM M JIOBOJLHM YCIOBM 34
KOHBEPreHUM)Y.

Tecrnparbe npeIoNneHor 3aKoHa yNpaBbamba y CHMYJIaLHOHOM OKPYXEIbY I10Ka3alo je
e(HKACHOCT M POOYCHOCT y OJHOCY HA HECHIYPHOCT AMHAMHUKHX napamerapa, Kao u Ha
cam mojei pobora.
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[4.2:9] G. Palli, C. Melchiorri and A. De Luca (2008) On the feedback linearization of robots with variable
Joint stiffness. In: IEEE International Conference on Robotics and Automation, 2008 (ICRA 2008). IEEE,
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4.3. Bepudukauuja HaAyYHUX JIONIPHHOCA

Hayunn nonpunocn joxropeke pucepranje cy sepudukoBanu cieachum:

Kareropuja M21:

Maja Trumié, Kosta Jovanovi¢, Adriano Fagiolini »Decoupled Nonlinear Adaptive Control of
Position and Stiffness for Pneumatic Soft Robots“, The International Journal of Robotics Research
(SAGE), 2020, In press, impakt faktor: 4.7, DOI: 10.1 177/0278364920903787, ISSN: 0278-3649.

(nayunu gornpunocu (5) u (6))

Adriano Fagiolini, Maja Trumi¢, Kosta Jovanovi¢ ,,An Input Observer-based Stiffness Estimation
Approach for Flexible Robot Joints*, IEEE Robotics and Automation Letters, Vol. 5, No. 2, pp.
1843-1850, 2020, impakt faktor: 3.6, DOI: 10.1 109/1LRA.2020.2969952, ISSN: 2377-3766.

(nayunn gonpuHocu (2) 1 (4))

Kareropuja M24:

Maja Trumié, Cosimo Della Santina, Kosta Jovanovié, Adriano Fagiolini ,,Adaptive Control of
Soft Robots Based on an Enhanced 3D Augmented Rigid Robot Matching®, IEEE Control System
Letters, 2021, Vol. 5, No. 6, DOI: 10.1109/LCSYS.2020.3047737, 1SSN: 2475-1456. (Hay4HH

noriprdock (1) u (10))

Kareropuja M33;

Maja Trumi¢, Kosta Jovanovi¢, Adriano Fagiolini Comparison of model-based simultaneous
position and stiffness control techniques for pneumatic soft robots, In: International Conference on
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Robotics in Alpe-Adria Danube Region, Springer, pp.218-226, 2020, DOI:10.1007/978-3-030-
48989-2. (nayunu gornpuzoc (5))

Kareropuja M63:

Maja Trumi¢, Kosta Jovanovi¢, Adriano Fagiolini ,,Adaptivino upravljanje robotom sa elasti¢nim
pogonom*, Zbornik radova 62. Konferencija ETRAN, str, RO1.1 377-380, Jun 2018, Pali¢, ISBN:
978-86-7466-752-1. (rayunn onputocu (5) u (7))

Maja Trumié, Milica Jovanovié, Tomislav Sekara, Marko Bogkovi¢ »Uporedna analiza
modifikovanog Smitovog prediktora i optimalno PI regulatora za adaptaciju sistema upravljanja
primenom fazno zakljuCane petlje za temperaturne procese sa dominantnim transportnim
kasnjenjem®, Zbornik radova Infoteh-Jahorina 2018, str. 460-463, Mart 2018, Jahorina, Bosna i
Hercegovina, ISBN: 978-99976-710-1-1.

Milica Jovanovi¢, Maja Trumié, Tomislav Sekara ,,Primena modifikovane fazno-zakljucane petlje
za adaptaciju sistema upravljanja temperaturnih procesa®, Zbornik radova Infoteh-Jahorina 2018,
str. 454-458, Mart 2018, Jahorina, Bosna i Hercegovina, ISBN: 978-99976-710-1-1.
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5. 3AKJBYYAK U IIPEAJOI’

Ha ocHoBy cBera uznoxenor, Komucuja cMaTpa Jia A0KTOpeKa AUCEpTalija KaHIHAaTKHbe
Maje Tpymuli ncnymara cBe 3akoHcke, GOpMaiHe W CYLITHHCKE YCJIOBE, KA0 H CBE KPHUTEpHjyMe
KOji ce yobuuajeHo IpUMEewYjy MPWIMKOM BpEJHOBAW-a AOKTOpcKe Aucepraipije. HareneHu
HAayYHH JIOIPHMHOCH CE OJIHOCE Ha IMOCTelMBabhe HHTerpalitje NonycT/bMBUX pod0Ta y HOBEKOBO U
WHIYCTPHCKO OKpYyXXewe M nobosbinamy nepdopmancy oBHX poboTa MyTeM YripaBJbaiba
Mo3ULIMjOM U KpyTolfy y 3aTBOpeHOj cipe3n. Pe3ynTaTi HCTpa)XHBama y OKBHPY OBE JIOKTOPCKE
JUcepTaLuje ce orieajy y Mojesiupamy po0oTa TONYCT/BMBE CTPYKTYpE, pa3Bojy ecTHMaropa
KpyTOCTH Yy 3MI0D00BHMa apTUKYJHCAHMX NONYCTUBHBHX po0oTa M JMH3ajHHpamy aJarTHBHUX
YIIPaBJbAYKHX CHCTEMA KOJ MTOMYCT/bHBUX poboTa. BehuHa HaBeneHux pesysrara je BepudukoBaHa
y nybaukauujamMa KaHIMAATKHHC, 8 HEKH O]l BHX CY M EeKCIepUMEHTANTHO AEMOHCTPHUPaHH Ha
MHEYMATCKOM HOIYCT/LUBOM po0oTy GioSte n Ha poboTy cacTaB/BEHOM 0J1 gbmove eneKTpo-
MEXAHHYKHMX aKTyaTopa NPOMEHJbMBE KpyTocTH, Y3umajyhim y ob3up cBe Hasejeno, Komucuja
cMaTpa Aa AokTopcka aMceprauuja Maje Tpymuli cagpki opuruHanHe HaydyHe JIOTIPHHOCE Y
obacTH ecTHMalrje KpPyTOCTH W afalTHBHOI YIIpaBhatba KOJ IONyctTibuBux pobora, Crora
Komucuja ca 3aoBosbeTBOM Ipeiiaxke HacraBHo-HayuHom Behy EnexrporexHuukor daxysirera
VYuupepzutera y beorpany na ce gokTopeka AucepTalidja Mmojl HasUBOM ,EcTuManuja KpyTocTH
aZlaNTHBHO YIIPaBJbare KOJ MONyCTJEHBHX poboTa’ NPUXBaTH, H3I0KM HA YBHI JABHOCTH U YITYTH
Ha KOHAYHO ycBajame Belly Hayunux obnacTy TeXHUUKHX Hayka YHuBep3utera y beorpasay.

beorpan, 02.04.2021.
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University of Belgrade
School of Electrical Engineering

TO THE ACADEMIC COUNCIL

Subject: Report on the completed doctoral dissertation of candidate Maja Trumi¢

By the Decision of the Academic Council of the School of Electrical Engineering, Reg. No.
5019/17-3, from February, 24" 2021, we were appointed as members of the Commission for
examination, evaluation, and defence of Maja Trumi¢’s doctoral dissertation titled

Stiffness Estimation and Adaptive Control for Soft Robots

After examination of the submitted thesis and accompanying material and interview with the
candidate, the Commission made the following

REPORT

1. INTRODUCTION

1.1. Chronology of the dissertation approval and preparation

The candidate submitted the title of the doctoral thesis ,,Stiffness Estimation and Adaptive
Control for Soft Robots™ to the Commission for the third-level studies at the School of Electrical
Engineering, University of Belgrade on June, 11", 2020 and proposed Ph.D. Kosta Jovanovié, Assistant
Professor, and Ph.D. Adriano Fagiolini, Assistant Professor, as dissertation supervisors in accordance
with the bilateral program of doctoral studies between the School of Electrical Engineering, University
of Belgrade and the University of Palermo, Italy.

The Commission for the third-level studies considered the proposal of the title for the
doctoral dissertation on its session held on June, 16" 2020 and forwarded the proposal of the
Commission on the evaluation of the topic suitability and the candidate to the Academic Council.

The Academic Council of the School of Electrical Engineering appointed the Commission
for conditions evaluation and acceptance of the doctoral dissertation topic (the Decision No.
5019/17-1 from July, 20" 2020) composed of:

o Ph.D. Zeljko Purovi¢, Full Professor, University of Belgrade — School of Electrical

Engineering,

e Ph.D. Slobodan Vukosavi¢, Full Professor, University of Belgrade — School of Electrical

Engineering, and

s Ph.D. Veljko Potkonjak, FFull Professor, University Metropolitan.
The candidate had a public oral defense of the topic of the doctoral dissertation on August, 27"
2020.
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The Academic Council of the School of Electrical Engineering adopted the Report on the
conditions evaluation and acceptance of the doctoral dissertation topic of the Commission on the
session held on (the Decision No. 5019/17-2 from September, 9" 2020).

The Council of scientific fields of technical sciences of the University of Belgrade, on the
session from September, 28" 2020, assented to the proposal of the doctoral dissertation topic
entitled "Stiffness Estimation and Adaptive Control for Soft Robots" (Decision No. 61206-2981/2-20).

The candidate submitted the doctoral dissertation for examination and evaluation on
January, 25" 2021. The Commission for the third-level studies confirmed the fulfillment of all
necessary conditions for submitting the proposal to the Academic Council of the School of
Electrical Engineering for forming the Commission for examination and evaluation of the doctoral
dissertation on the session held on February, 2™ 2021,

The Academic Council of the School of Electrical Engineering appointed the Commission
for examination and evaluation of the doctoral dissertation (Decision No's 5019/17-3 from February
24% 2021), composed of:

e PhD. Zeljko Purovi¢, Full Professor, University of Belgrade — School of Electrical
Engineering,

e Ph.D. Slobodan Vukosavi¢, Full Professor, University of Belgrade — School of Electrical
Engineering,

e Ph.D. Cosimo Della Santina, Assistant Professor, Department of Cognitive Robotics, Delft
University of Technology, Netherlands,

e PhD. Alessandro De Luca, Full Professor, Department of Computer, Control and
Management Engineering, The Sapienza University of Rome, Italy,

e Ph.D. Antonio Chella, Full Professor, Department of Engineering, University of Palermo,
[taly,

e Ph.D. Filippo D’Ippolito, Assistant Professor, Department of Engineering, University of
Palermo, Italy.

The candidate started the doctoral study program in the winter semester of the academic
year 2017/2018.

1.2. The doctoral dissertation scientific area

The School of Electrical Engineering of the University of Belgrade and the University of
Palermo are specialized for the doctoral dissertation, which belongs to the technical sciences, more
precisely, to the research areas of robotics and system control. The doctoral thesis supervisor from
the School of Electrical Engineering of the University of Belgrade, Ph.D. Kosta Jovanovi¢ is an
assistant professor in the scientific area of Automation. The thesis supervisor from the University of
Palermo, Ph.D. Adriano Fagiolini is as well an assistant professor in the scientific area of
Automation. Both supervisors are the authors of a large number of scientific papers in international
journals.

1.3. Biography of the candidate

Maja Trumi¢ was born on September 18", 1993, in Bor, where she finished elementary and
high school. She enrolled at the School of Electrical Engineering in Belgrade in 2012 at the
Department of Signals and Systems and graduated in 2016 with an average grade of 9.76, defending
the bachelor thesis titled "Design of an autopilot for a self-guided short-range air-to-ground
missile". The same year she started master studies at the School of Electrical Engineering in
Belgrade at the same department and finished a year later with an average grade of 10 and a master
thesis titled "Analysis of vibration signals from low power motors using wavelet analysis". In the
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2017/2018 academic year, she enrolled in bilateral doctoral studies at the School of Electrical
Engineering in Belgrade, in the module System Control and Signal Processing, and at the
University of Palermo, within the program Information and Communication Technologies. During
her doctoral studies at the School of Electrical Engineering, she passed ten exams with an average
grade of 10.00.

In her undergraduate studies, Maja Trumié acquired knowledge through internships at the
Military Technical Institute in Belgrade in 2016 (three months) and the Bosch research center in
Renningen, Germany, in the same year (four months). After successfully completing her internship,
Maja Trumié was given the opportunity to work on a master thesis in 2017 within the Bosch plant
in Buhl, Germany.

As part of bilateral doctoral studies, Maja Trumi¢ spent eighteen months at the University of
Palermo in the "MIRPAlab" team as a doctoral student. During her doctoral studies, she attended
courses in the area of adaptive control and optimization within the summer school in Bertinoro,
Italy, organized by the Italian Society of Assistant Professors and Researchers in Automation
(Societe Italiana Docenti e Ricercatori in Automatica - SIDRA), as well as courses in nonlinear
systems and control and robust and adaptive control of multivariable systems within the
International Graduate School on Control, organized by The European Embedded Control Institute
(EECI).

She has taken part in two national projects:

e TR-35003: ,Ambient Intelligent Service Robots of Anthropomorphic Characteristics®, a

project of the Ministry of education, science and technological development, Republic of
Serbia, 2011-2020. and

e ForNextCobot: ,Mechanical Impedance Estimation and Planning for Next Generation
Collaborative Robots*, a project of PROMIS, Science Fund of the Republic of Serbia, as
part of the Program for excellent projects of young researchers #6062528, 2020-2022.

and one international project HORIZON 2020 MINDtheGEPs-101006543: ,Modifying Institution
by Developing Gender Equality Plans®, 2021-2025.

The research area of the candidate includes modeling and adaptive control of soft robots as
well as estimation of stiffness in soft articulated robots. The research results of Maja Trumi¢ have
been presented through the published papers: three papers in international journals, one paper
published in proceedings of international conferences, and three papers published in proceedings of
national conferences.

2. DESCRIPTION OF DISSERTATION

2.1. Dissertation content

The dissertation titled “Stiffness Estimation and Adaptive Control for Soft Robots” has 143
pages and it is written in the English language according to the bilateral doctoral agreement with the
University of Palermo. At the beginning of the dissertation, Abstracts of the thesis in English,
Serbian, and Italian are given, followed by Acknowledgments and Contents. Afterward, there is an
Introduction which has three chapters: Motivation, Thesis contributions, and Thesis overview.

The rest of the thesis is organized into three parts: 1. Modeling, 2. Stiffness Estimation, and
3. Nonlinear adaptive control of soft robots. The first part “Modeling” consists of three chapters: 1.
Introduction, 2. Soft articulated robots, and 3. Soft-bodied robots. The second part “Stiffhess
Estimation” contains four chapters: 4. Introduction, 5. Background, 6. Invasive approach, and 7.
Non-invasive approach. The third part “Nonlinear adaptive control of soft robots” has five chapters:
8. Introduction, 9. Background, 10. Soft articulated robots with pneumatic drive, 11. Soft articulated
robots with electro-mechanical drive, and 12. Soft-bodied robots.
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After the last part of the thesis, the Conclusion, a Bibliography with references listed in
alphabetical order of the authot's surname, and the candidate Biography are given.

2.2. A brief overview of thesis chapters

The introductory part of the thesis begins with a brief history of robotics and an explanation
of the scientists’ motivation to initiate the development of soft robotics. 1t then introduces the basic
concepts and ways in which compliance can be achieved. The chapter titled “Motivation” highlights
the importance of taking into account the stiffness of soft robots in order to provide a safe
environment for human-robot collaboration, as well as to achieve better performance of soft robots
by closing the feedback on both the position and stiffness. The following chapters are “Thesis
contributions” where the scientific contributions of the thesis are presented, and “Thesis overview”
with a brief review of individual chapters.

The main part of the thesis is divided into three parts: “Modeling”, “Stiffness estimation”
and “Nonlinear adaptive control of soft robots”.

“Modeling” introduces the reader to the mechanisms of state-of-the-art soft robotic setups
and provides their mathematical description. The first chapter gives an overview of different soft
articulated robots, highlighting ones with the antagonistic variable stiffness actuation, and briefly
reports on various soft-bodied robots. The second chapter presents the mathematical description of
soft articulated robots with the variable stiffness actuators driven by either pneumatic or electro-
mechanic drive. The third chapter introduces two dynamic models of soft-bodied robots, derived
under the assumption of piecewise constant curvature and affine curvature. The author contributes
by developing an augmented formulation for a piecewise-constant curvature soft robot in three-
dimensional space, that is described by an improved parameterization, thus avoiding singularity and
discontinuity issues.

“Stiffness estimation” proposes novel techniques for stiffness estimation in soft articulated
robots. Recalling that stiffness is not measurable, there is no sensor that can retrieve its value.
However, being aware of the stiffness value is crucial not only for guaranteeing the safe human-
robot collaboration but also for designing the control techniques which close the loop on both
position and stiffness. The fourth chapter introduces the main concept of stiffness estimation, as
well as state-of-the-art techniques. Then, the fifth chapter outlines the general theory of delayed
unknown input observers and recursive least square algorithm, which are fundamental for
determining the analytic expressions of stiffness and flexibility torque. In the sixth chapter, an
invasive approach is performed to find stiffness in both pneumatically and electro-mechanically
actuated robot joints. First, one should determine the flexibility torque acting on the robot joint by
considering it as an unknown input to the system. Then, coefficients of stiffness and flexibility
torque polynomial approximations are obtained via a recursive least square algorithm. Results
obtained in simulation and experimental environments are shown. The seventh chapter presents a
non-invasive approach, which is appealing for the reason that only information on link and drives
positions are necessary. Herein, a delayed UIO and RLS algorithm are used to directly reconstruct
the first time derivative of the flexibility torque, which by definition contains the information on
stiffness.

The third part addresses the nonlinear adaptive control of soft robots. To manage a soft robot
presents an immense challenge due to the existence of intrinsic flexible and nonlinear elements as
well as the elastic coupling between the motors and links positions in the case of soft articulated
robots. Thus, the solutions proposed in this part tackle these challenges by coping with model
uncertainties and ensuring the decoupling property. The eighth chapter reviews the previously
achieved results in controlling soft robots. The ninth presents the principles of nonlinear adaptive
control. In the tenth chapter, the decoupled nonlinear adaptive control is proposed to ensure the
simultaneous and independent closed-loop control of both position and stiffness for pneumatically

4
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driven soft articulated robots. The results are verified in simulations and experiments and compared
to the feedback linearization approach. The eleventh chapter proposes a cascade-based decoupled
adaptive control for robots with the electro-mechanic actuation, which also considers the actuator
dynamics. The inner loop controller ensures asymptotic tracking of the desired motors positions,
while the outer-loop one enables tracking ¢f:the desired position and stiffness trajectories. The
results are validated in simulations. The twelfth chapter tackles the dynamic control of soft-bodied
manipulators. More precisely, it shows how to formulate the adaptive control calculations and
describe the necessary and sufficient hypotheses for convergence. The performance is tested in
simulations on planar and three-dimensional soft-bodied robots with piecewise constant curvature,
as well as on soft-bodied robots with affine curvature.

Finally, the thesis contributions and results are summed up, and the future work is proposed.

3. DISSERTATION EVALUATION

3.1. State-of-the-art and originality

The aspiration of the robotics society in the last decades has been the development of robots
that will be more human-like in both mechanical and cognitive sense and, as such, capable of
operating within the anthropic environment. Indeed, numerous research has shown that creating a
shared human-robot workplace would have positive social and economic influence, while human-
robot collaboration would radically improve the health of manufacturing workers if robots would
assist them. These insights, accompanied by the endeavor to achieve or even surpass human
dexterity and promptness in performing motion and manipulation tasks, have fostered the
development of soft robotics, whose expansion is yet to occur in the near future.

The modernity of this doctoral dissertation is based on modeling, stiffness estimation, and
control design for soft robots, The direction of the thesis research follows the latest results in this
area. More precisely, the recent conclusion that the dynamics of a soft-bodied robot can be related
to the dynamics of an augmented rigid robot by meeting certain kinematic and dynamic constraints
[3.1:1] has opened the possibility for applying classical control techniques on a theoretically
infinitely dimensional soft-bodied robot. Adoption of adaptive control, as presented in the thesis,
avoids the need for extensive identification of dynamic parameters of soft-bodied robots, which is
the case when applying control laws based on precise knowledge of the model.

According to another state-of-the-art result, the presence of feedforward term in the control
law is crucial for preventing the increase of stiffness due to the proportional action of the controller
and thus lose the basic property of a soft robot - compliance - as recently pointed out in [3.1:2].
Taking this into account, the thesis considers adaptive control, whose formulation includes both the
feedback proportional-differential controller and the term presenting the model as a product of a
regressor and parameters learned in real-time. In this way, provided that the parameters converge to
the correct value, adaptive control leaves the possibility of achieving a feedforward effect. Finally,
the use of robots with gbmove actuators for experimental validation of results supports the thesis
modernity.

The originality of this doctoral dissertation is reflected in the development of decoupled
control laws based on adaptive techniques that achieve simultaneous and independent control of
position and stiffness in soft articulated robots with an antagonistic drive. In this way, the desired
dynamics of a robot's position and stiffness are achieved, which contributes to improving the safety
of the robot in the anthropic environment. Also, the innovation lies in the design of the procedure
for stiffness estimation, which simultaneously provides the numerical value of stiffness in real-time
and the analytical expression for stiffness and flexible torque in soft articulated robots, with
minimum time delay.
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[3.1:1] C. Della Santina, R. K. Katzschmann, A. Bicchi, and D. Rus (2020), “Model-based dynamic
feedback control of a planar soft robot: Trajectory tracking and interaction with the environment,”
SAGE The International Journal of Robotics Research, vol. 39, no. 4, pp. 490-513,

[3.1:2] C. Della Santina, M. Bianchi, G. Grioli, et al. (2017), “Controlling soft robots: Balancing feedback
and feedforward elements”. IEEE Robotics & Automation Magazine vol. 24, no.3, pp. 75-83.

3.2, Review of the used literature

This doctoral dissertation presents extensive and relevant literature. A total amount of 108
bibliographical references is cited. The literature contains scientific papers relevant to the research
areas in the thesis. The presented references give a complete analysis of the current achievements in
the presented areas. Moreover, the list of references includes relevant papers that the candidate has
published as an author or co-author.

The dissertation leverages a model of soft articulated robots presented in [3.2:1], while the
model of a soft-bodied robot is derived based on results in [3.2:2-3]. When performing the
procedure for stiffness estimation, the methods presented in [3.2:4] and the book [3.2:5] are used,
which enable accurate stiffness estimation without the need to use force/torque sensors, velocity
estimation, or heuristic adjustment of filter parameters, compared to reference literature [3.2: 6-8].

The results of [3.2:9-11] were a source of inspiration for the development of decoupled
control of pneumatic robots. Following the reference [3.2:12], the thesis presents an adaptive
compensator based on [3.2:13], i.e. a technique that relies not only on feedback but also on dynamic
learning of parameters, and a dynamic decoupler based on the idea of using null-space of the
actuator matrix [3.2:14]. A similar idea was applied to the control of electro-mechanical robots with
antagonistic actuation where, unlike in [3.2:15], the dynamics of actuators were included in the
consideration, and proof of stability based on [3.2:16] was derived. In the last chapter of the thesis,
the control of soft-bodied robots is presented, which is based on the original idea presented in
[3.2:17] on the dynamic control of the position of these robots in a closed coupling.

[3.2:1] A. De Luca and W. Book (2016) Robots with flexible element. In: Siciliano B and Khatib O (eds.)
Springer handbook of robotics, chapter 1 1. Springer, pp. 243-282.

[3.2:2] R. K. Katzschmann, C. Della Santina, Y. Toshimitsu, A. Bicchi, and D. Rus (2019), “Dynamic
motion control of multi-segment soft robots usingpiecewise constant curvature matched with an
augmented rigid bodymodel,” in 2nd International Conference on Soft Robotics IEEE, pp. 454-461.

[3.2:3] C. Della Santina, A. Bicchi, and D. Rus (2020), “On an improved stateparametrization for soft
robots with piecewise constant curvature and its use in model based control,”JEEE Robotics and
Automation Lettets, vol. 5,no. 2, pp. 1001-1008.

[3.2:4] S. Sundaram and C. N. Hadjicostis (2008), “Partial state observers for linear systems with unknown
inputs,” Automatica, vol. 44, no. 12, pp. 3126-3132.

[3.2:5] L. Ljung (1999), System Identification: Theory for the User. Upper Saddle River, NJ: Prentice-Hall,
pp. 1-14.

[3.2:6] G. Grioli and A. Bicchi (2010), “A non-invasive, real-time method for measuring variable stiffness,”
in Proceedings of Robotics and Systems Society, Zaragoza, Spain, pp. 89-96.

[3.2:7] F. Flacco, A. De Luca, I. Sardellitti, and N. G. Tsagarakis (2012), “On-line estimation of variable
stiffness in flexible robot joints,” International Journal of Robotics Research, vol. 31, no. 13, pp. 1556~
1577.

[3.2:8] T. Ménard, G. Grioli, and A. Bicchi (2014), “A stiffness estimator for agonistic—antagonistic
variable-stiffness-actuator devices,” /EEE Transactions on Robotics, vo. 30, no. 5, pp. 1269-1278.

[3.2:9] G. Tonietti and A. Bicchi (2002) Adaptive simultaneous position and stiffness control for a soft robot
arm. IEEE/RSJ International Conference on Intelligent Robots and Systems 2, pp. 1992-1997.

[3.2:10] G. Palli, C. Melchiorri, T. Wimbock, M. Grebenstein and G. Hirzinger (2007) Feedback
linearization and simultaneous stiffness position control of robots with antagonistic actuated joints. In: 2007
IEEE International Conference on Robotics and Automation. IEEE, pp. 43674372,

[3.2:11] G. Palli, C. Melchiorri and A. De Luca (2008) On the feedback linearization of robots with variable
joint stiffness. In: IEEE International Conference on Robotics and Automation (ICRA 2008). IEEE, pp.
1753-1759.
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[3.2 :12] C. Della Santina, M. Bianchi, G. Grioli, et al. (2017), “Controlling soft robots: Balancing feedback
and feedforward elements”. IEEE Robotics & Automation Magazine vol. 24, no.3, pp. 75-83.

[3.2:13] JJE Slotine and W Li (1991) Applied Nonlinear Control. Englewood Cliffs, NJ: Prentice-Hall.
[3.2:14] O. Khatib (1987) A unified approach for motion and force control of robot manipulators: The
operational space formulation. /EEE Journal on Robotics and Automation 3(1): 43-53.

[3.2:15] R. Mengacci, F. Angelini, M. Catalano, G. Grioli, A. Bicchi and M. Garabini (2020) On the
motion/stiffness decoupling property of articulated soft robots with application to model-free torque iterative
learning control. The International Journal of Robotics Research.

[3.2:16] Ortega R, Perez JAL, Nicklasson PJ and Sira-Ramirez HJ (2013) Passivity-based control of Euler-
Lagrange systems: mechanical, electrical and electromechanical applications. Springer Science & Business
Media.

[3.2:17] C. Della Santina, R. K. Katzschmann, A. Bicchi, and D. Rus (2020), “Model-based dynamic
feedback control of a planar soft robot: Trajectory tracking and interaction with the environment,”
SAGE The International Journal of Robotics Research, vol. 39, no. 4, pp. 490-513,

3.3. Description and adequacy of applied scientific methods

Research within this doctoral dissertation is based on the following methods:

o Model of soft articulated robots driven by antagonistic variable stiffness actuators: The
thesis adopts a model of soft articulated robots, derived under certain approximation
assumptions, that is applicable for both analysis and control. First, the mapping between
transmission deflection and flexibility torque has to be smooth and invertible. Furthermore,
it is assumed that the actuator of the i-th robot link is mounted on link /-1, which is indeed
the case for the robots mentioned below. Concerning electro-mechanically driven robots, it
stands that the rotor inertial matrix is diagonal, such that the rotor position does not affect a
robot inertia matrix, gravity vector, as well as the angular velocity of a rotor center of mass.
Since it is possible to change the stiffness of these robots, they are in danger of falling due to
gravity if their stiffness is too low. Therefore, it is assumed that the lowest stiffness of the
joint is greater than the upper bound of gravity forces gradient.

e Delayed unknown input observers: These observers are useful tools that have mainly been
used for detecting system failures, by achieving correct state estimation independently of the
unknown inputs. In this case, however, the thesis focuses on estimating the unknown input,
which is a nonlinear time-variant function of our system variables. Among the input-
observer categories studied in the literature, so-called “delayed” input-observers are
preferable as they provide more information about the system. Indeed, thanks to the use of
multiple output values, collected over consecutive sampling times, they are capable of
estimating both the system’s states and inputs with a constant and predetermined delay, and
they involve looser existence conditions for the realization of the input-observer. This leads
to the appealing feature of being able to asymptotically reconstruct the unknown flexibility
torque, without velocity or force/torque sensor measurements and with a smaller state-space
of the observer.

o Recursive least square algorithm: The recursive least square algorithm identifies the
parameters of stiffness and flexibility torque analytical approximations by minimizing the
difference between the flexible torque and its approximation. The algorithm inputs are the
state variables, which affect the flexibility torque and the estimation of the flexibility torque
(or its first derivative depending on the adopted approach), obtained via an unknown input
observer. The main advantages are noise reduction in flexibility torque signal, the possibility
to obtain analytical expressions for stiffness and torque, and numerical efficiency that allows
the real-time application.

J Nonlinear adaptive control: Adaptive control is a technique robust to model uncertainties
caused by inaccurate knowledge of dynamic system parameters. This controller ensures
asymptotic tracking of a robot joint desired trajectories via dynamic adaptation of
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parameters. To apply the adaptive control, the linearity of the dynamic model with respect to
the corresponding parameters has to be guaranteed. More precisely, a model should be
expressed as a product of a regressor matrix and a constant parameter vector. The basic
formulation also requires that the system is fully actuated. In the thesis, this technique has
been extended to allow simultaneous and independent control of position and stiffness.

3.4, Applicability of the dissertation results

The achieved results in modeling soft-bodied robots stand for a generic robot of this type.
Moreover, the extended formulation facilitates the application of classical control laws to soft-
bodied robotic systems.

The stiffness estimators presented in the thesis apply to a class of soft articulated robots with
antagonistic pneumatic or electro-mechanical drive. Thanks to the decentralized structure, these
estimators can be applied to robots with more degrees of freedom, while the fact that observability
is not lost when a robot is steady guarantees good performance in all operation modes of the robotic
system.

In the case of pneumatic robots, the decoupled adaptive control technique applies not only to
robots driven by antagonistic McKibben muscles but also to all pneumatic robots with the
antagonistic drive that have a linear relation between commanded pressures and realized torques
and stiffness in the joints. For example, the robotic system presented in [3.4:1] has an antagonistic
drive made of fabric chambers. Since the relationship between the commanded pressures and the
realized torques and stiffness is linear, it follows that the proposed control law can be applied. Also,
considering that higher derivatives of position and stiffness are redundant, the method is
characterized by practical applicability, shown in experimental results.

The control law derived for electro-mechanical robots applies to soft articulated robots with
antagonistic drive whose analytical expression of flexible torque has an exponential form. Indeed,
this assumption is often justified for this group of soft robotic systems [3.4: 2-3]. Finally, even
though adaptive control of soft-bodied robots is designed under the piecewise constant curvature
assumption, the simulation results showed robustness even in the case of an affine curvature robot,

[3.4:1] C. Best, M. Gillespie, P. Hyatt, L. Rupert, V. Sherrod and M. Killpack (2016) A new soft robot
control method: Using model predictive control for a pneumatically actuated humanoid. /EEE Robotics &
Automation Magazine 23(3): 75-84.

[3.4:2] gbmove Centro Piaggio (2011) QbMove Maker Pro datasheet. https://www.gbrobotics.com.
Accessed: 2019-09-01.

[3.4:3] R. Mengacci, M. Garabini, G. Grioli, M. Catalano, & A. Bicchi (2021). Overcoming the
Torque/Stiffness Range Tradeoff in Antagonistic Variable Stiffness Actuators. IEEE/ASME Transactions on
Mechatronics.

3.5. Evaluation of the candidate's achieved capabilities for independent scientific work

Candidate Maja Trumi¢ has fully demonstrated the capability of independent scientific work
by completing this doctoral dissertation and the publication of seven scientific papers. The
candidate carried out a systematic review of the relevant literature, successfully identifying the
shortcomings of the previous studies. She proposed solutions that overcome the limitations of the
existing approaches. The dissertation topic is up-to-date and multidisciplinary, while the results of
the dissertation are contributing to the integration of compliant robots in the anthropic and industrial
environment and enabling effective exploitation of soft robot potentials. Research methods and the
developed approaches are innovative and creative. The achieved contributions are original and
confirm the candidate's ability for independent scientific research work.
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4, ACHIEVED SCIENTIFIC CONTRIBUTION

4,1, Overview of the achieved scientific contributions

Scientific contributions of this doctoral dissertation are the following:

D

2)

3)

4)

5)

6)

7)

8)

9)

A PCC-based model for a generic three-dimensional soft robot, ensuring kinematic and
dynamic equivalence with the original system and having no representation singularities and
discontinuities;

An invasive stiffness estimator for pneumatically and electro-mechanically driven soft
articulated robots based on the theory of delayed Unknown Input Observers, which requires
neither apriori knowledge about stiffness model nor measurement of motors velocities;

A non-invasive stiffness estimator for electro-mechanically driven soft articulated robots
based on the theory of delayed Unknown Input Observers that lacks the necessity of
force/torque measurements and does not experience observability issues;

Experimental validation of the invasive and non-invasive stiffness estimators performed on
the electro-mechanically driven soft articulated robot;

A robust, closed-loop position and stiffness controller for pneumatic soft articulated robofs,
based on the nonlinear adaptive control theory. Decoupling position and stiffness control is
achieved by using control degrees of freedom associated with the null-space of the actuator
matrix;

A simulation and experimental validation of the proposed technique which shows the
performance and comparison with open-loop based solutions and feedback linearization
method;

A robust cascade-based closed-loop position and stiffness controllers for electro-mechanical
soft articulated robots, which also address actuator dynamics and which are based on the
proportional-derivative (PD) controller plus feedforward term and nonlinear adaptive
control theory. Decoupling is achieved via the corresponding matrix that maps the flexibility
torques into the desired position and stiffiess dynamics;

Simulation validation of the proposed controllers and the comparison in cases when the
integral term is added.

A robust closed-loop position controller for a soft-bodied robot, based on the nonlinear
adaptive control theory;

10) Extensive simulation validation - including 3D and non-constant curvature soft robots -

proving the effectiveness and the robustness of the controller.

4.2, Critical analysis of the research results

The scientific contributions listed in point 4.1 represent the following improvements in scientific
knowledge compared to the state-of-the-art:

1) Modeling a soft-bodied robot leverages the piecewise constant curvature hypothesis. Compared
to [4.2:1-2], the thesis describes an improved parameterization overcoming the singularity and
discontinuity issues at the unavoidable configurations of rest for the soft robot. This dynamic
description builds on [4.2:3] by providing a link between the soft-bodied description and rigid-
bodied robots by means of the augmented formulation. This connection is instrumental to the
application of adaptive control (Chapter 12), and it is a contribution of this work, not appearing
in any previous publication.

In comparison with the existing invasive stiffness estimators [4.2:4-5], the proposed solution
uses the theory of delayed unknown input observers to simultaneously obtain information about
motor velocity and flexible torque. Thus, compared to [4.2:4], the method does not require
information about the motors velocities. Consequently, it is not necessary to adjust the

2)
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3)

4)

5)

6)

7

8)

9

parameters of the Kalman filter or use velocity sensors to obtain this data. Compared to [4.2:5],
the proposed estimator lacks the proof of stiffness convergence, but on the other hand stiffness
and flexible torque are estimated at the same time, which can be beneficial for designing model-
based controllers. Finally, the approach from [4.2:5] requires a suitable tuning of the integration
window length depending on the velocity of the input signal, while the proposed estimator is
independent of the signal’s nature. Moreover, similarly to [4.2:4], the estimator has a
decentralized structure so the method can be applied to stiffness estimation in multi-degree-of-
freedom articulated robots, unlike [4.2:5].

The main advantage of the proposed non-invasive stiffness estimator, concerning the existing
solutions [4.2:6-7], is that a force/torque sensor is not necessary to assess stiffness. Instead, only
information about the position and speeds of the actuator motors and robot links is required.
Compared to [4.2:6], the estimator does not lose observability when the robot is in a steady
position. On the other hand, compared to [4.2:7] that requires no higher derivatives information,
the proposed estimator needs motors velocities. Finally, unlike invasive stiffness estimators,
information on the commanded torque to the actuator motors is unnecessary.

Considering that all the above-mentioned estimators are founded on the assumption of the
system’s persistent excitation, the most challenging case occurs when a robot changes its
stiffness while being in the rest. Compared to the previous publications on stiffness estimation,
the thesis shows experimental results when a robot is in three different modes: 1) position and
stiffniess of a robot joint are changing simultaneously, 2) only position is changing, and 3) only
stiffness is changing.

Decoupled nonlinear adaptive control of pneumatic robots extends the method from [4.2:8] by
controlling the stiffness in closed-loop, which benefits the overall system safety. The proposed
solution uses a control degree of freedom, associated with the null space of the actuator matrix,
to decouple the tracking of position commands from stiffness ones. While the idea of using null-
space projections is not new in robotics — it has been applied to the Jacobian matrix of a
redundant manipulator to achieve force and torque control — the presented approach enables the
above-mentioned decoupling, without the necessity of higher-order derivatives even when the
system model is not perfectly known, compared to [4.2:9]. The main disadvantage of the method
stems from the assumption that the actuator model is completely known.

Experimental validation of a decoupled nonlinear adaptive control on a pneumatic soft
articulated robot with two degrees of freedom represents a unique result obtained by closing the
loop on position and stiffness. Due to hardware imperfections, slower experiments are presented
in the thesis, as otherwise slippage and measurement errors would occur.

Decoupled nonlinear adaptive control of electro-mechanical soft articulated robots follows the
line of research in [4.2:8], where vectors of links position and joints stiffness are chosen as
system outputs on which the loop is closed. The proposed approach, however, differs in multiple
ways. First, by using robust control based on adaptive techniques, the system is able to cope with
the uncertainties in robot dynamics. Then, the decoupled position and stiffness control is
achieved by using an explicit relationship between flexible torques and the obtained stiffness in
the robot joint, thus avoiding the need for higher position and stiffness derivatives. Moreover,
compared to [4.2:10], the presented approach also takes into account the dynamics of the
actuator. The main disadvantage comes from the need for precise knowledge of the actuator
model.

Validating decoupled adaptive control of electro-mechanical robots in simulation environment
showed performance with and without the integral term in the stiffness control subsystem and
presented a comparison with the model-based controller.

The performance of the aforementioned controllers [4.2:1-3] depends heavily on accurate
knowledge of soft robot dynamic parameters, which are generally not available in practice.
Therefore, the thesis gives a formulation of robust control based on adaptive theory, as well as
the necessary and sufficient conditions for convergence.
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10) Testing of the proposed control law in a simulation environment has shown efficiency and
robustness with respect to the uncertainty of dynamic parameters, as well as the robot model
itself.
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4.3, Verification of the scientific contributions

Scientific contributions of this doctoral dissertation are verified based on the following publications:

Category M21:
Maja Trumi¢, Kosta Jovanovi¢, Adriano Fagiolini ,Decoupled Nonlinear Adaptive Control of

Position and Stiffness for Pneumatic Soft Robots*, The International Journal of Robotics Research
(SAGE), 2020, In press, impakt faktor: 4.7, DOI: 10.1177/0278364920903787, ISSN: 0278-3649.
(scientific contributions (5) u (6))

Adriano Fagiolini, Maja Trumi¢, Kosta Jovanovi¢ ,,An Input Observer-based Stiffness Estimation
Approach for Flexible Robot Joints*, IEEE Robotics and Automation Letters, Vol. 5, No. 2, pp.
1843-1850, 2020, impakt faktor: 3.6, DOI: 10.1109/LRA.2020.2969952, ISSN: 2377-3766.

(scientific contributions (2) u (4))

Category M24.

Maja Trumi¢, Cosimo Della Santina, Kosta Jovanovi¢, Adriano Fagiolini ,, Adaptive Control of
Soft Robots Based on an Enhanced 3D Augmented Rigid Robot Matching®, IEEE Control System
Letters, 2021, Vol. 5, No. 6, DOI: 10.1109/L.CSYS.2020.3047737, ISSN: 2475-1456. (scientific

contributions (1) u (10))
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Category M33.

Maja Trumié, Kosta Jovanovi¢, Adriano Fagiolini Comparison of model-based simultaneous
position and stiffness control techniques for pneumatic soft robots, In: International Conference on
Robotics in Alpe-Adria Danube Region, Springer, pp.218-226, 2020, DOI:10.1007/978-3-030-
48989-2. (scientific contributions (5))

Category M63.

Maja Trumi¢, Kosta Jovanovi¢, Adriano Fagiolini ,,Adaptivno upravljanje robotom sa elasti¢nim
pogonom®, Zbornik radova 62. Konferencija ETRAN, str, RO1.1 377-380, Jun 2018, Pali¢, ISBN:
978-86-7466-752-1. (scientific contributions (5) u (7))

Maja Trumi¢, Milica Jovanovié, Tomislav Sekara, Marko Bogkovi¢ »Uporedna analiza
modifikovanog Smitovog prediktora i optimalno PI regulatora za adaptaciju sistema upravljanja
primenom fazno zakljuGane petlie za temperaturne procese sa dominantnim transportnim
kasnjenjem®, Zbornik radova Infoteh-Jahorina 2018, str. 460-463, Mart 2018, Jahorina, Bosna i
Hercegovina, ISBN: 978-99976-710-1-1.

Milica Jovanovi¢, Maja Trumi¢, Tomislay Sekara , Primena modifikovane fazno-zakljudane petlje
za adaptaciju sistema upravljanja temperaturnih procesa®, Zbornik radova Infoteh-Jahorina 2018,
str. 454-458, Mart 2018, Jahorina, Bosna i Hercegovina, ISBN: 978-99976-710-1-1.
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5. CONCLUSION AND PROPOSAL

Based on everything exposed above, the Commission considers that the doctoral dissertation
of the candidate Maja Trumi¢ fully meets all legal, formal, and essential requirements, as well as all
criteria that are usually applied when evaluating the doctoral dissertation. The core scientific
contribution of the thesis leads toward better integration of robots in the anthropic and industrial
environment by closing the loop on position and stiffness. The main research results from this
doctoral dissertation are modeling soft-bodied robots, estimation of stiffness in soft articulated
robots, and the design of adaptive control of soft robots in general. Most results are verified in
publications, while some of them are validated experimentally on pneumatic robot GioSte and soft
articulated robot driven by gbmove electro-mechanical, variable stiffness actuators.

Taking all this into account, the Commission considers that the doctoral dissertation of Maja
Trumi¢ contains the original scientific achievements that contribute to the area of stiffness
estimation and adaptive control of soft robots. Therefore, the Commission is pleased to propose to
the Academic Council of the School of Electrical Engineering of the University of Belgrade to
accept the doctoral dissertation entitled "Stiffness Estimation and Adaptive Control for Soft
Robots", present it to the public, and forward it for the final acceptance to the Council of the
scientific field of technical sciences at the University of Belgrade.
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