Vuusepsurer y beorpany
EnexrporexHuuku daxynrer

HACTABHO-HAYYHOM BERY

IIpeamer: Pedepar o ypaljeHoj ZOKTOPCKO]j AxcepTalMju KaHIaaTkuwe Maje Tpymuh

Opnykom HacraBHo-nayunor Beha Op. 5019/17-3 on 24.2.2021. ropune, MMEHOBaHM CMO 3a
unanose Komucuje 3a npernes, oueHy v oabpaHy JOKTOpPCKe JUCepTalMje KaHAuIaTkumbe Maje
Tpymuh nox HacsoBOM

EcruManuja KpyTOCTH U 2AANTHEHO YNpaB/bakke KOA NONYCT/bHBHX poboTa

Nocne npernena gocraebene [ucepraumje M apyrux nparefimx marepujana ¥ pasrobopa ca
KaHIuAaTKUIoM, KoMucHja je caunHmia cneaehn

PE®EPAT

1. VBOJ

1.1. Xpobsonoruja ogobpaparma M U3pase JucepTaluje

Kanpuparkuma je TeMy /[OKTOpPCKE AMceprauyje Noja HazuBoM ,Ectumaumja xpytoctu M
aflaliTMBHO yIIpaBJbakbe KOj TONyCT/hMBHX pobora” npujaBuna Komucuju 3a cryauje Tpeher
crenena Ha EnexrporexnuukoM daxynrery, YHuBepsutata y beorpany, 11.06.2020. rogune. 3a
mentope cy npeanoxenu ap Kocra Jopanosuh, nouenrt, u ap AnpuaHo daljonuHu, HOLEHT, y
CKIafy ca OunaTepajHuM NporpamMmoM AOKTOPCKUX cryija n3Mely Enexkrporexnuukor dakynrera,
Vuusepsurera y beorpany u Yuusepsutera y Ianepmy, y Mranuju.

Komucuja 3a cryauje tpehier crenena pasMatpana je, Ha CBOjoj CeaHMLM oapxkano) 16.06.2020.
rojiMHe, MPEJJIOr TEME 3a U3pajy AOKTOPCKe aucepTalije ¥ ynyTuna npeaitor Komucuje o ouenu
nomoGHOCTH TeMe M KaHaAuaaTKuibe HacTaBHO-HayuHOM Behy Ha ycBajame.

HacragHo-Hayuno Behe EnextporexsHuukor ¢akynrera uMmeHorano je Komucujy 3a olieHy
yClioBa M NpHUXBaTame TeMme Jokropcke Auceprampje (Ommyka 6p. 5019/17-1 op 20.7.2020) y
cacTaBy:

e 1ap XKemko Byporuh, penosuu npodecop, Yuusepauter y beorpany — EnexrporexHuukn

daxynarer,

e gap Cno6onan BykocaBuh, penosrn ipocdecop, VYuHBepsuter y beorpapy -

EnextporexHuuku dakynrer,

e np Bessko ITorkomak, penosuu npodecop, YHuBep3ureT Metpononuras.

Kanpuaarkuia je ronaraa jaBHy yeMeHy obpaHy TeMe jlokTopeke auceprauuje 27.08.2020.




Ha cemgnuum HacraBHo-nayunor Beha EnekrporexHuuxor ¢akyireTa yCBOjeH je W3BELUTa)
Komucuje 3a oueHy yeiioBa ¥ IpuxBaTaibe TeMe Jlokropeke aucepranuje (Oanyka 6p. 5019/17-2 on
09.09.2020).

Behe nayunux obnacTy TeXHUYKMX Hayka YHuBep3uTeTa y beorpany je Ha ceIHMLM O/IpKaHO]
28.09.2020. rojuHe Aano carjacHOCT Ha MNPEeJIor TeMe JOKTOPCKE AMCEpTalMje I10j Hacl0BOM
., ECcTUMaumja KpyTOCTH U aaliTUBHO YIIpaB/baibe KOJ NMOMyCT/BHBUX poboTta‘ (Omryxa 6p. 61206-
2981/2-20 ox 28.09.2020. roaune).

Kanaupmatkuma je npenana AOKTOPCKY JucepTauujy Ha nperyies ¥ oueny 25.01.2021. roaune.
Komucuja 3a ctyauje Tpelier crerneHa ToTBpaMia je Ha cBOjoj ceaHHuu onapxkanoj 02.02.2021.
FORMHE HCIYHEHOCT NOTPeOHMX yC/IoBa 3a MOJHOWIewe npeiiora HacraBHo-HayuHom Behy
Enextporexuuukor ¢axynrera 3a ¢opMmupame KoMucuje 3a npernes M OLEHY AOKTOPCKE
JMcepTalyje.

Hacrasno-nayuno sehe ®axynrera je uveHoBano KomucHjy 3a 1ipernies M oLEHY AOKTOPCKE
auceprauuje y cacrapy (Oanyka 6p. 5019/17-3 oa 24.02.2021. roaunne):

s jp XKewxo Byporuh, penosuu npodecop, YHusepsurer y beorpany — EjekrpoTeXHHUKH
daxynreT,

o gp Cnobonan Bykocaruh, penoBHu npodecop, VYuueepsurer y beorpanxy —
Enexrporexynuku daxynrer,

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

e Alessandro De Luca, Full Professor (penosuu npodecop), Department of Computer, Control
and Management Engineering, The Sapienza University of Rome, Utanuja,

e Antonio Chella, Full Professor (penoBunm npogecop), Department of Engineering,
University of Palermo, Uranuja,

e Filippo D’Ippolito, Assistant Professor (nouent), Department of Engineering, University of
Palermo, Uranuja.

Kanaupmarkuma je 3anodena gokTopeke cryadje mkoncke 2017/2018. roamHe y 3uMcKom
ceMecTpy.

1.2. HavyuHa obnacT naucepranyje

Jloktopcka aucepraildja NMpUIAZa TEXHHYKMM HaykaMa OJIHOCHO YKMM HayyHMM obJjacTuma
poboTHKa M ynpaBjbarbe CUCTEMHMa, 3a Koje cy EnexTpoTexHuuku (axynTeT YHHBEp3MTETa Y
Beorpany u Yuusepauter y Ilanepmy MatiyHu. MeHTOp JOKTOPCKOT paja ca ENeKTpoTexHuuKor
daxynrera Yuusepsurera y beorpany, ap Kocrta JoBaHoBMh je u3abpaH y 3Bame JOUEHTA 3a YKy
Hayuny obnact ayromaruka. [p Axpuaso ®ahonunu, meHTOp ca Yuupepsurera y Ilanepmy je
Takolje y 3Bamy JAOLEHTa 3a YKy HayuyHy obnacT ayromatvka. O6Ga MeHTOpa Cy ayTOpHM BEJIHMKOD
6poja HayYHHX paJoBa y UCTAKHYTHM MelyHapoJIHUM 4acornycHMa.

1.3. Buorpadcky nogauy o Kauauaaty

Maja Tpymuh je pohena 18.09.1993. ronune y bopy, rae je zaBpimmia OCHOBHY IUKOJY M
I'mmuasujy. Enexrporexunuku ¢paxynter y beorpany ynucyje 2012. ronune na Onceky 3a curnaie
u cucteme. Jlunnomupana je 2016. roguxe ca npoceyHoM OLieHOM 9.76 ca TEMOM JHMILIOMCKOT pajia
,,[IpOjeKTOBaE ayTONNIIOTA 328 CaMOHaBol)eHy NETHINLY Ba3dyX-3€MJba KpaTKor gomeTa’. Macrep
cryamje ynucyje 2016. roaune na EnextporexHuukom ¢dakynrety y beorpagy Ha MCTOM OACEKY U




3aBplIaBa TOAMHY JaHa KacHHuje ca rnpoceuyHoM oueHoM [0 u Macrep pajioM M0j HACJIOBOM
»AHanuza BUOpallMOHUX CHIHaJla ca MOTOpa Malle cHare KopuinfieweM Bejier aHanuse . J[gojue
nokTopcke cTyauje je ynucana 2017/2018. wkoncke roguHe Ha EnexTpoTeXHHUKOM dakyitery y
beorpany, na moxyny Ympaespame cucreMuMa U obpaja curHana, u Ha YHusepsurery y [lanepmy,
y okBupy nporpama MHbopMauroHe 1 KOMyHUKaIMOHE TeXHOJIOTHje. TOKOM JIOKTOPCKHUX CTyAHja
Ha EnexTpoTexHnukoM daxynreTy Nnojoxuia je Aecer Ucnura ca npoceyHoM onexom 10.00.

Maja Tpymuh je TOKOM OCHOBHHX CTy/HMja CTHUAja 3HaMma KpO3 CTpyuyHe rpakce y BojHo-
TEXHUHYKOM MHCTUTYTy y beorpany 2016. rogune (y Tpajamy OJ TPU Meceua) U UCTPaKUBAYKOM
ueHTpy Komnanuje bow y Penunreny, y Hemaukoj ucre ropuue (y Tpajamy 07 UETUPH Mecella).
Hakon ycniemno 3aBpiuene ctpyune npakce, Maja Tpymuh je nobuna npumuky na 2017. paau Ha
MacTep Te3 y OKBUPY MocTpojera koMmmnanuje bomr y buny, y Hemaukoj. ¥ okeupy bunarepannux
AOKTOpcKUX cryauja Maja Tpymuh je y mepuofly oj Tpu rojiMHe NpoBeia OCaMHAECT MECEld Ha
Yuupepsutery y Ilanepmy y tumy ,,MHPIIAna6“ kao crymeHT HoKTOpckuX cryjauja. Y TOKY
JOKTOPCKMX CTyAuja noxahana je xypcese M3 oOnacT aanTUBHOT yNpaBJbatkha W ONTUMU3aLUje Y
OKBHUPY NETH-€ LIKoJIE Y bepTuHopy, Mtanuju, y opranusanuju uraamjasckor Jpymrsa joueHara u
HCTpaXkuBaya U3 aytomartuke (Societe Italiana Docenti e Ricercatori in Automatica - SIDRA), xao n
Kypcepe U3 00N4CTH HEJIMHEapHOT YNpaBJbatha CUCTEMHMMa U pOOYCHOr M aJlaTHBHOr yIpaBJbatba
MyNTHBApHjabHIHUM CHCTEMUMA y OKBUpY mniporpama International Graduate School on Control
nop oprauuzauujoM The European Embedded Control Institute (EECI).

Ho cana je yuecTBOBana y JBa HalioHaIHa 1IPOjeKTa:

e TP-35003: ,McrpaxunBame 1 pa3Boj aMOMjeHTaNHO UHTEIMIHEHTHUX CEPBUCHUX poboTa
aHTPONOMOPPHMX KapakTepUcTHKa™, IipojekaT MuHHcTapcTBa TIpOCBETEe, HAYKE W
TexXHoouKor paseoja Penybnuke Cpbuje, 2011-2020. ronnte u

e [ForNextCobot: ,,Mechanical Impedance Estimation and Planning for Next Generation
Collaborative Robots*, npojexar [IPOMUC ®onpa 3a Hayky Penybnuke CpGuje, y
OKBHpY IporpaMa 3a M3BpCHE IpojeKkTe Milaaux ucrpaxupauda #6062528, 2020-2022.
roauHe

¥ jeaHom wmeljynapomnoM mnpojexry HORIZON 2020 MINDtheGEPs-101006543: ,,Modifying
Institution by Developing Gender Equality Plans®, 2021-2025. roaune.

O6nacT HayyHOr HCTpaXuBama KaHAWAATKuibe o0yxXBaTa MOJEAMpae M aJanTUBHO
YNpaBJbal€ MOMYCT/bUBUM  POOOTCKMM  CUCTEMMMa Kao M €CTHMAaLM)y KPYTOCTH  KO[
apTHKYJIMCAHUX TOIMYyCTIbUBUX podoTa. Jlocajammy pe3yaraTd KanauaaTkuwme Maje Tpymuh cy
npUKa3aHH Kpo3 nyOMKoBaHe paioBe U To: 3 paja y MelyHapoHUM YaconmcuMa, | paj wiramiad
y 300opHHLMMa MelyHapOJHUX Hay4HUX CKYTIOBa M 3 pajoBa IITAMIIAHKX Y 300pHULIAMA HAy4YHUX
CKYTIOBa 0/1 HALIMOHAJIHOT 3Ha4aja.

2. OINC JUCEPTAILAJE

2.1. Caapxaj auceprauuje

Hucepraumja nox HaciosoMm Ecrumaiyja KpyTOCTM M aJlanTHBHO  YIIPAB/BAE  KOJ
nonycT/bUBUX poboTa” HamucaHa je Ha 121 cTpaHu Ha eHIIECKOM je3uky, y ckaaay ca CriopasyMom
0 OunarepaNHUM AOKTOPCKUM CTyzAMjama. Ha noyerky aMceprauuje aatv cy ANCTpakTd Tese Ha
EHIJIECKOM, CPIICKOM M HWTalMjaHCKOM Je3uky, 3axpamuuua v Caupxkaj. Cneanm YBoa xoju ce
CacToju O/l TpH NoTaBka: MoTHBaimja, Jlonpunocu teze u [pernen tese.

Ocratak auceprauuje je opraHu3oBal y Tpu aena: 1. Mogenupawe; 2. Ecrumauuja kpyTocTy;
3. HenyHeapHo ajlanTHBHO ynpaBJbare NONYCT/BMBMM poboruma. [Ipeu peo ,Mogenuparme’ ce
cactoju oA Tpu mnornaema: 1. VYeom; 2. TlomycrsuBh apruxysnucanu pobort; 3. Poborum
nonycribuse cTpyktype. Jpyru jgeo ,Ecrumanuja kpyTocTu' ymMHe YyeTupH nornaemba: 4. Yeoa; 5.
OcHose; 6. MinBazuBHu npuctyn; 7. Heunsaszusnuu npuctyn. Tpehn jpeo ,Henuueapno agantieno
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yIpaBbakbe TOMYCT/BMBUM poOoTHMA® caipxu mner mnornaespa: 8. Yeoxm; 9. Ochome; 10.
[MonycTpuBH apTHKyIHcaHu poOOTH ca MHeyMaTckum noroHom; 1. TlomycTseuBH apTHKYIHCaHU
poboTH ca eneKkTpo-MeXaHHuKuM rnoronom; 12. PoboTH rnomycribuee cTpyKType.

Haxon nocinepmer npena rtese jar je 3axibydak, crnucak kopuinhene JuTeparype ca
pedepeHiamMa HaBeZICHHX 1o abelleTHOM peJlociery npe3uMeHa aytopa v buorpaduja kanauaara.

2.2. KpaTtax npukas 1ojeiHauHuX IIOTJIaB/ba

YBOJIHM 1€0 Te3e NOYMIE KpaTKMM MCTOpHjaTOM pobOTHKE M 00pa3nokKemeM MOTHBAIM]jE
Hay4HHKa J1a TIOKPEHY Pa3B0j MOIyCT/bMBE poOOTHKE, & 3aTHM YBOJIM OCHOBHE IIOJMOBE H HauMHE
Ha KOje ce TIONYCTIEHBOCT y pobOTY MOXKeE OCTBApHUTH. Y TOTNABIBY IOA Ha3MBOM ,,MoTuBaumja“ ce
UCTHYE BAXXHOCT y3MMama y 0o03Mp KpYTOCTH NOMYyCT/EMBMX pobora Kako 6u ce obezbepmna
CHI'YpHa cpelMHa 3a KkonabopaTHBaH paJ 4oBeka M pobora, kKao u Oosbe nepdopmance
NONYyCT/BUBUX poOOTa NyTeM 3aTBaparba NOBPaTHE CIIPere W 10 MO3ULMjH U N0 KPYTOCTH 3rio60Ba
pobora. Cnene mnornaeimba ,JlonpuHocHu Te3e, rae Cy KOH3MIHO INPHUKAa3aHHU OCHOBHHM HayuHM
JIOTIpHHOCH Te3e, U, JIpernen Teze™ ca KpaTKUM NIPHKA30M TI0jeJMHAYHHX TIOTJIaBJba.

OcHOBHHM J1€0 1€3€ je nojaesbeH y TpH jaena: ,Mozaenupamwe™, ,Ecrumauuja kpyroctu u
»HeIuHeapHo aJalTHBHO YNPaB/bake MONYCTLUBKUM poboTHma‘.

~Mozennparse” ynTaolua yrnosHaje ca MeXaHM3MHMMa pa3iMYMTHX THIOBA IONYCTJEMBHX
pobora W HMXOBMM MaTeMaTH4YKMM onucoM. [IpBo nornasbe Jaje mpernes  MexaHuzama
[IONTYCTJBMBUX ~ apTUKYJMcaHUX pobora ca mnoceOHMM OCBPTOM Ha poboTe TOTOHEHe
AHTAOHMUCTHYKIM aKTyaTopHMa MPOMEHJBHBE KPYTOCTH, K0 M KpaTak MpHUKa3s pasifuuTHX podoTa
NONYyCT/bUBE CTPYKTYpe. Y APYroM MOTJIaBJby j€ NPEeJCTaB/beH MaTEeMaTHUKK OIMMC MOMYCT/BUBUX
apTMKYJMCaHUX poOOTa MOrOMBEHUX ITHEYMATCKUM WIIM  €JIEKTPO-MEXaHHUKHM aKTyaTopuMa
NMPOMEHJBMBE KpyTocTH. Tpehe mornapibe yBOoJIM JBa JUHaMHYKa Mojesia poboTa INOMyCT/hHBE
CTPYKTYpE, KOjU CY M3BEJACHM Y2 IPETIOCTaBKY KOHCTAHTHE WM aduHE 3aKpHBJbEHOCTH poboTa.
Kopumhemwem noGosbliaHe napamerpusaiuje 3a npoiupeHy ¢opmynauujy pobota nomnycrbHBe
CTPYKTYpe ca KOHCTAHTHOM KpPWBHHOM Y TpPOJMMEH3MOHOM npocTopy u3berasa ce rmojasa
CUHTYJIAPUTETA W JIMCKOHTHHYUTETA, LITO NPEACTaBba jellaH 0Ji HAy4YHUX JIONPUHOCA Te3e.

»ECTUMAlM]a KPYTOCTH CaJipXKH HOBE TEXHHKE 33 MPOLIEHY KPYTOCTH KOJ apTHKYJIHCAHUX
NOIMyCTJLUBHUX poboTa. byayhu fa KpyTocT HHje MepJbHBa BEIMYMHA HE TIOCTOJH CEH30DP KOjUM ce
oHa mMoxe oapeautd. Ca apyre cTpaHe, N03HaBawbe BPEAHOCTH KPYTOCTH pobOTa je MpEecyHO He
caMo 3apaj] rapaHTtoBama Oe30ejiHe Kosabopauuje YoBeka M pobora Beh M 3a Ju3ajHUpame 3aKOHA
ynpaB/pamka KOjUM ce 3aTBapa NOBpaTHa Crpera 10 NMO3MIMJM U KpPYyTOCTH. YeTBpTO mnoriaBibe
[IpECTaBba OCHOBHE KOHUENTE W CABPEMEHE TEXHMKE 3a IPOUCHY KPYTOCTH Yy 3rioboBHMA
apTHKYJIHCaHWX TMOMYyCT/bMBHX pobora. IToToM, y IeToM NOriaaB/ey je jaaTa OIIUTa TEOpHja
3aKallbECHOT OficepBepa HEMO3HAaTHX yliaza U PeKYP3UBHOI ajropurMa HajMambHUX KBajpara, Koju
NPEJICTaB/bajy OCHOBY 3a €CTUMALM]Y KPYTOCTH U (UICKCUOMIIHOT MOMEHTa, Kao U 3a oJipehuBame
BUXOBUX aHATHTHYKMX H3pa3a. Y LIeCTOM TOMIaBJbY Ce NPUMErbYje MHBa3UBHU NPHUCTYIT kKako Ou
CE OAPEJIMIIA KPYTOCT Y ITHEYMATCKH M €JIEKTPO-MEXaHUYKHM ITOrOHCHUM 3rioboBumMa podora. [Ipso
ce noMoly omncepeepa HEMO3HATHUX yya3za ecTUMHpa (IIeKCHOUIIHM MOMEHT KOjH JielTyje Ha 3rino0
poboTa, a KOju ce cMaTpa HEMO3HATUM YJIa30M Y JTMHEapHH cUcTeM. 3aTHM ce MIOMORY peKyp3UBHOT
aJlropUT™Ma HajMatbe KBaaparta jo0ujajy koedulUMjeHTH anpokcuMaluja KpyTocT U GieKcuOuimHor
MomeHnTa. [Tpukazanu cy pe3ynTati AoOHjeHU Y CUMYJALMOHOM U CKCIEPUMEHTATIHOM OKPYXKCIbY.
CenMO NOTVIABJBE TIPEJICTAB/bA HEWHBA3UBHU NPHUCTYIT €CTHMALMjU KPYTOCTH KOJH HE 3aXTeBa
uH(opMalLMjy 0 KOMaHJ0OBAHOM MOMEHTY Ha MOTOpUMA aKTyatopa, Beh caMo o mosuuujama u
Op3uHaMa CEerMEHTa M MOTOpa aKTyaropa. Y OBOM CIIy4ajy Ce 3aKallleHH OICepBEp HENO3HATHX
yJjlaza ¥ peKyp3MBHHM allrOpUTaM HajMalbuX KBajpaTa KOPUCTE 3a JAUPEKTHY PEKOHCTPYKLH]Y NPBOT
u3Boaa (pyiekcHOMITHOr MOMEHTa 10 BpeMeHY, KOju Mo JedHHULMM caapku HHOpMAIH]y O
KpYTOCTH 3r7106a.

Wi




Tpehiu neo Tese je noceeheH HeNMHEapHOM aJalTUBHOM YIpaBJbaksy IOMYCTJEMBUM
po6Gotuma. Kako ympamsbarse MOMYCTJEUBUM poOOTHMA Ipe]cTaB/ba 3HayajaH H3a30B yCJie]]
npucycrsa GIeKCHOMIHMX W HeNMHEeapHUX eflieMeHara, Kao U 300r enactuuHe Bese uamehy mMoTopa
M CerMeHara apTHKYJMCAHUX MOMyCT/BMBUX po0oTa, MpeJCcTaBIbEHO je pelleme Koje omoryhyje
JEKYTJIOBAHO pPEeryjHcarme NO3MLMje W KPYTOCTH apTHKYJIHMCAHMX IONYCT/BMBMX poboTa u
poBycHOCT y OZHOCY Ha MapameTpe AMHAMHUKOI MOZelNa NOMycT/hHBUX pobora. Ilornasbe ocam
Jaje npersiell NPeTXO/[HO MOCTUIHYTHX pe3ynTara y obJacTu ynpaBibamka IOy CTIJEUBUM poboTHMa,
JOK JEBETO IOTJIABJbE MPEJICTaRJba TMPUHIMIIE HEJTHHEapHO aanTUBHOT yNpaBjbama Koje ce
KOPUCTH Y HAacTaBKy. Y JIeCEeTOM IOTJaBJby M3BEAEHO je JEKyNIOBaHO HEJMHEApHO aJanTHBHO
yIpaBjbathe Koje OMOorylyje HCTOBPEMEHO M HE3aBHCHO DEryJHCame MO3MIHMje M KPYTOCTH Y
3aTBOPEHOj CIIPe3u KOJ apTHKYJMCaHWUX ITHEYMaTCKMX TOMyCT/eUBHX pobora. Pesynrat cy
BepU(pMKOBAHU Y CUMYyJaliMjama M eKCIIepUMEeHTHMa UM YTopel)eHM ca NPMCTYTIOM JIMHeapu3aluje
nomohy moBpatHe crpere. JejaHaecTo NMOIJIaBJbE MPEACTaB/ba KaCKaJHO AEKYIUIOBAHO aJlaliTHBHO
ynpas/batbe 3a MOMYCT/bUBE pobOTE ca eNneKTPOo-MeXaHWUKMM TIOrOHOM, KOje y3uMa y o03up u
JIMHAMUKY akTyatopa. Tako ce y yHyTpallmboj NeT/bi oMoryhyje aCHMNTOTCKO npaheme xKeJbeHHX
03MLMja MOTOPA, 0K Ce Y CNOJbHO] HETIbU perynuine npalierbe skeJbeHUX TpajeKTopHja No3uLHje
M KpyTOCcTH y 3rmoboBuma poboTa. Pesynrari cy BajMAMpaHM y cuMynauujama. Y JiBaHaecTOM
nornaeby Naxma je noceelieHa ynpassbarby poboTMa nomyctieue cTpykrype. Iloxasana je
dopmynanuja ananTHBHOT yripaBJbarka W ONMCAaHM NOTPeOHHM M JOBOJBHM  YCIIOBM 3a
KoHBepreniwjy. [lepopmance cy TecTypaHe y CHMYJIALHOHOM OKPYKEHY Ha poOOTy NomycT/buBe
CTPYXType ca KOHCTaHTHOM 3aKpusJbeHolilly Koju ce kpehe y paBHM U y TIpocTOpy, a poOycHOCT je
BaIMIMpaHa Ha NiiaHapHoM poboTy ca ahHHOM 3aKpHBIBEHOILRY.

Ha xpajy, cyMHpaHu Cy OCTBapeéHM HayuHM JOMPHHOCU M PE3YJTaTH, HAKOH 4era cy
NPEJIOKCHH Ja/bH NPaBLUM UCTPAXKHBaA.

3. ONEHA JUCEPTALINJE

3.1. CaBpeMEHOCT W OPUIMHAIHOCT

Tocneamux JeueHrja CTpaxxuBara y o61acTi poOOTHKE Cy yCMEpeHa Ka pa3Bojy pobora
CIIMYHMM YOBEKY U Y MEXaHMYKOM M Y KOPHUTHBHOM CMMCIY, Kako OM TakaB poOOT Ha CMI'ypaH
HauuH Gimcko capaljuBao ca 4oBekoM. bpojHa McTpakuBara Nokasaja Cy ja capajmba poborta v
YOBEKA MOKEC MMATH MO3WTHBAH COLMjallHM M €KOHOMCKH YTHLA] M MCTOBPEMEHO CadyBaTH
37paBJbe JbYAM NPWIMKOM 00aBibaiba Tellkux rociioBa. Ha kpajy, 3amoBosbuiia OU ce Texma
YOBEKa Jja HalpaBH HELITO LITO MOXE JOCTHAM win yak rnpesazuhu jpyjacke cnocobHocTH. To je
YCJIOBMJIO PA3BOj NOMYCT/LMBUX poboTa, uMja ce excrnaHsuja Tex npejsuba y 6auckoj 6yayhnocru.

CaBpeMeHOCT OBE JIOKTOPCKE JUCepTaldje MO4MBa Ha MOAENMparmy poOoTa MOIyCT/hHBE
CTPYKTYpe, eCTUMALMj1 KPYTOCTH M MPOjeKTOBaIbY YNpaBsbara 3a NomycTibuBe pobore. IIpasary
UCTPaXKMBaKa Te3€ MpaTH HajHOBMje pesynTaTe y oBOj obnactu. Ilpeunsnuje, HenaBHu 3aKibyvax
Ja ce AuHaMMKa poboTa IONyCT/BMBE CTPYKTYpPE MOXKE MOBE3aTH ca JMHAMHUKOM ITPOLIMPEHOT
purnaHor pobora MCIyHaBambeM OfpejeHHX KMHEMAaTHYKUX M JAMHAMUUYKHX orpaHuuera [3.1:1]
OTBOpUO je MOryhHOCT 3a NpPUMEHY KJIaCHYHMX TEXHUKA YIpaB/batbd TEOPETCKM OECKOHA4YHO
JAMMEH3MOHUM pobOTOM TIOITYCTIEMBE CTPYKTYpe. YCBajalheM aJalTHBHOT YNPaBibamha, Kao MITO je
H3JIOKEHO y Te3u, usberaBa ce mnoTpeba 3a EKCTEH3MBHOM MAECHTU(PUKALUH]OM AMHAMHYKHMX
napametapa pofoTa MNOMYCTJBMBE CTPYKType, INTO Je cJyuyaj NPHIAMKOM IIPUMEHE 33KOHa
ynpaBjbarba 3aCHOBAHUX Ha JOOPOM MO3HAaBaky MOJENA.

ITpeMa ApyroM caBpeMEHOM pe3yaTaTy, NPUCYCTBO feedforward nena 'y 3aKOHY ynpaBJbarba
BAXHO je 3apaj clipevaBarsa noeehiama KPyTOCTH YCJIE NPONOPLUOHATHOL 1€jCTBA KOHTPOIEpa 1
CaMUM THUM I'YOUTKa OCHOBHOT CBOjCTBa POOOTa — MOMYCT/BMBOCTH — Kao LITO j€ CKOPO UCTAKHYTO Y
pany [3.1:2]. Mmajyhu To y Bujy, y TE3M ce IpUMeElbYje alaNTHBHO YNpaB/bakbe KOJE CBOJOM
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bopmynayujom obyxBara He caMO KOHTpOJiep INpONOLHOHANHO-AHbepeHIujaiHoOr ejcTBa, Beh u
YJlaH KOJUM je MPEe3eHTOBaH MOJIEN Y BHAY NPOM3BOA PErPECOPCKe MaTpHLIE U napaMerapa Koju ce
yuye y pealHOM BpeMeHY. Ha Taj HauuH, MOJA ycJOBOM Ja MapaMeTpy KOHBEPrupajy Ka TayHoj
BPEJHOCTH, afanTHMBHO YyMpaBJbalbe OCTaBJba MOIYHHOCT ocrBapuBama feedforward nejctea. ¥V
NPUJOT  CaBPEMEHOCTH Te3e TOoBOpH M Kopuiuhemwe poboTa ca gbmove axryaropuma 3a
EKCNICPUMEHTAJIHY RAJTMIIALM]Y pe3ynTaTa.

OpHrnHaJHOCT OBE JOKTOPCKE AMCEpTalldje ce Orjieia y pa3Bojy AeKYIUIOBAaHMX 3aKOHA
ynpaBJbaba 0azMpaHUX Ha aanTHBHO] TEXHUIM KOjHMa ce TIOCTHXKE CHMYJITAHO M HE3aBHUCHO
yIpaB/bame MO3MUMJOM W KpyTowhy KoJ MONycCThUBUX poboTa ca aHTArOHMCTHYKMM HOTOHOM.
Tume ce ocTRapyje kesbeHa NUHaMMKa HEe caMo To3unMje poboTa Beh W BEroBe KPyTOCTH LITO
JOIPHHOCH TNocrelnBamy 6e30e1HocTH poboTa y HOBEKOBOM OKpYXemy. Takolje, HHOBaTHBHOCT
JeXU M Y AM3ajHUpamy TIPOLEAYpPe 3a eCTUMaLM]y KPYTOCTH, KOjOM €€ Y3 MMHMMAJIHO KalllkbeHbe
ucropeMeHo 00e30el)yje BpeJHOCT KPYTOCTH Yy peajHOM BpEMEHY Ka0 M aHAJMTHUKM M3pa3z 3a
KPYTOCT U QuieKCUOMITHM MOMEHT KOJI apTHKYJIMCAHUX NOMYCT/bUBUX poboTa.

[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. OCBDT Ha D€d3€DCHTHV " KODI/IIHheHV JIUTEPATYPY

VY 0BOj MOKTOPCKO] AMCEpTAlLMjM, aHaNU3MpaHa nuTepaTypa je o0MMHA W peeBaHTHA.
Hareneno je yxynHo 108 6udnuorpadekux pedepenun. Jlureparypa caipxu pajoBe pelreBaHTHE
3a obnacTy vcTpakuBawma y Te3M. [IpukasaHe pedepeHlie Aajy KOMIUIETHY aHAaNW3y TPeHYTHHX
nocTurnyha y npejcraBbeHuM obnacTuMa. CrMcak JUTepaType YKJbYUyje U pejleBaHTHE pajoBe
KOje je KaHIuAaTKIba ITyOJIMKOoBalia Kao ayTop WM KoayTop.

Y nuceprauuju ce KOPUCTH MOAEN apTHKYJIMCaHUX NONYCTILUBUX poboTa usseneH y [3.2:1],
JOK ce Mozell poOuTa MOMyCT/EHBE CTPYKTYpPE M3BOIM Ha OCHOBY paaoea [3.2:2-3]. Tpunuxom
u3Bohera fpoueype 3a eCTUMAalMjy KPYTOCTH KOPHCTE ce METOo/e NMpejicTaBbeHe y paay [3.2:4] u
xwpH3u [3.2:5], xoje omoryhyjy TauHy npoueHy KpyTocTH 6e3 motpebe 3a kopuinhiemeM ceHzopa
CHJE M MOMEHTa, ecTUMauuje Op3uHEe WM XEYPHCTHUKOr MojJellaBama napamerapa Guitpa y
nopelhewy ca pedepeHTHOM NuTeparypoM [3.2:6-8].

Pesynratu pagosa [3.2:9-11] 6unu cy u3Bop uHchupauuje 3a pa3Boj ACKYIUIOBAHOT
yIpapJbamba MHEYMAaTCKUM poboTumMa. ¥ ckiiagy ca pedeperuom [3.2:12], y Te3u je npeacTaBbeH
aZlanTHBHU KOMIEH3aTop KOju nouusa Ha [3.2:13], 0lHOCHO TEeXHHMKa KOje ce He 0Cjlaiba caMo Ha
HOBpaTHY crpery Beh M Ha JUHAMMYKO y4eh€ [apameTapa, M JIMHAMUUKH JEKyIUlep 3aCHOBAH Ha
uieju o Kopuwhewy HYATOr npoctopa akryaropcke marpuie [3.2:14]. CnuuHa uzieja npuMemeHa
je 1 Ha ynpaBsbame eleKTPO-MeXaHUYKMM poOOTHMa ca aHTarOHUCTHYKOM aKTyaluujoM, Ije je 3a
paznuky ol pedepeHTHe auteparype [3.2:15] ykibyueHa y pasmaTparbe M JMHAMHKA aKTyaTopa U
M3BEJIEH JI0Ka3 0 CTabWIIHOCTH 1o yrieay Ha [3.2:16]. V nocneimseM NoriaBby Tese Npe3eHTOBAHO
je ynpapiame poOOTHMAa TIONYCT/bUBE CTPYKTYpE, KOje TOYMBA HA OPUIMHAJIHOj 3aMMCIH
usnoxkenoj y [3.2:17] o AMHAMHYKOM YIIpaBibakby MO3ULIM|OM OBUX pobOTa Y 3aTBOPEHOj CIIpesH.

[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. 5no. 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. §9-96.

[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,” IEEE 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. 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. 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. JEEE 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 Jouwrnal of Robotics Research, vol. 39, no. 4, pp. 490-513.

3.3. Onuc M aJieKBaTHOCT NPHUMEBLECHUX HAYYHUX METOa

MC'Fpa)KI/IBa}be Y OKBUPY OBE€ JOKTOPCKE ,[LHCGpTaquC je 34CHOBAHO Ha CJ'[C,Z[GhI/IM MeTojamMa.

e Moyjen apTHKYJIHCAHOT TONYCTJ/BHUBOr poboTa ca aHTarOHMCTHYKMM aKTyaTopuMa
NPOMEHJBMBE KPYTOCTH: Y Te3M j€ YCBOjEH MOJEN ApTHKYJHCAHMX IOIYCTJBUBHX
po6OTa KOjH je MCTOBPEMEHO MOrOfaH 3a aHaiM3y CMCTeMa W H3BOlere 3aKoHa
yripaBJbarba y3eslin y 063up oapelene anpoxcumanuje. IlpBo, MaTemaTuuka penauuja
m3Mely (ieKcHOUIHOI MOMEHTa UM TPAaHCMHCHOHE Jednexcuje mopa OWTH [n1aTka H
VHBepTHOUIHA. 3aTHM, YCBaja ce jia je akTyarop /-TOr CerMeHTa CMeTeH Ha /-1-oM
cermenty. 11ITo ce Tye poboTa ca eneKTPO-MeXaHMYKUM NIOFOHOM, [IPETIIOCTaBIba Ce 13
je MHepuMOHA MaTpHUa POTOpa AMjaroHajHa, Tako Ja I0JIoXKa] poTopa He yTH4e Ha
MaTpully MHepLmje po6GoTa, BEKTOP IpaBuTallje, Ka0 U Ha yraoHy OpsuHy LEHTpa Mace
potopa. Byayhiu ja je Moryhe NpOMEHUTH KPYTOCT OBMX poOOTa, HMMa [PETH OMACHOCT
o]l Maja yciel rpaBuTalldja y cilydajeBMMa Kaja je KpyTocT npemana. 36or rora ce
MPETIOCTaR/ba fId je HajMama KpyTocT Behia o]l ropwe rIpaHuie rpajujeHTa
rpaBUTALMOHHX CUJIA.

e 3aKaLimeHH ONCepBEpH HEMo3HaTHX yiasza: OBa BpcTa OrcepBepa je KOPHCTaH agaT Koju
ce YrJlaBHOM KOPHMCTH 3a JICTeKTOBame fedexara y cucTeMy NyTeM MpeLir3He MpoLeHe
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CTama CHCTeMa, He3aBUCHO OJl HEMO3HATHX yiasa. ¥ Te3M je, NaK, CTaBJbEH aKUeHaT Ha
NPOLEHY CaMHX HENO3HATHX yJa3a KOju cy y OBOM Cllydajy HejuHeapHa, BPEMEHCKH-
npoMeHJpuBa GyHKLMjA CTamka cucTeMa. Y 00MMHO] IMTEPaTypH OIcepBepa HEMO3HATUX
yna3a U3ABOJHJIM Cy CE 3aKallllbeHH OTNCEPBEPH HEMO3HATHX yJa3a Kao Haj0oJbe peremne
U3 pasnora mrTo TNpyxajy Buiue HHbopmaumja o cucteMy. Haumme, 3axBaspyjyhu
ynotpebu HEKOJMKO Y3aCTONHHMX BPEAHOCTH H3/1a3a CHUCTEMa, OHU Cy y CTawmy Ja
TIpOlLIEHE M CTama M HEINO3HATe yJia3e Y CHCTEM ca KOHCTaHTHUM W yHarpen oapeljeHum
KAalIEHeM, a Y3 TO CY YCIOBH 3a NTOCTOjarbke OTIcepBepa JIakiie OCTBAPUBH Y OJJHOCY Ha
Ipyra peuewa. MbuxoBuM kopuinhieweM ce NOCTHXKE MOrYRHOCT acHMITOTCKE
PEKOHCTPYKIF]e Hero3HaTor ¢uexcubmiHor MoMeHTa 6e3 Kopuihema ceH3opa cuie 1
ca MarbuM OpojeM NpOMEHJBPHBHX CTamha, Y OQHOCY Ha CIIMUHE ONCEpBEpe.

e Pexyp3WBHM anropuTaM HajMamux KBajpaTta: [lomohy peKyp3uMBHOr alropuTMa
HajMalbuX KBaJpaTa BPIIM ce UAeHTH(UKalMja napaMeTapa aHaJIuTHUKE anpokcuMaluyje
KPYTOCTH ¥ (prieKcHOMIHOT MOMEHTa MHHUMHM3aLIMjOM pasJinke GpeKCHOUIHOT MOMEHTA
¥ HETr0Be afpoKcuMalidje. Ya3Hy NoAaLM y ajiropurtam cy oaropapajyhe npomeHssMBe
cTama, Koje yTU4y Ha ¢nekcubuiaHM MOMEHT, Kao U pe3yiTaT ecTHMalluje
dnexcubunygor MoMeHTa (OJHOCHO IHETOBOT IIPBOT M3BOJIA Y 3aBMCHOCTH OJ1 TIPUCTYTIA
oppehuBamy Kpyrocts) nomohy oncepeepa HenoszHaThX yiaza. OcCHOBHe MpeHOCTH
jecy penmyxkuuja miyma y curHaity duiexcubuiHor Mmomenra, MoryhHoct nobujama
AHAJIMTUYKUX W3pa3a 3a KPYTOCT U MOMEHT M HyMmepHuka edukacHocT koja omoryhyje
NPUMEHY Y peasHoM BPEMEHY.

e HenuHeapHo ajanTHBHO YIpaBibame: AJIANTHBHO YNpaB/hake j€ TeXHUKa Koja je
pobycHa Ha HECHUIYPHOCTH MoJie/la, HacTaje YCICA HEMPELM3HOI [03HABama
napamerapa auHamuyxor cucrema. KopumiherweM oBOr 3akoHa yrpas/bama 00e30elyje
ce aCUMIITOTCKO Mpafielhe XeJbCHHUX TpajeKTopHja 3rnoboBa noMohy AWHAMUUKOD
ajlanTuparba napamerapa. YCJoB 3a NPUMEHY aJlaliTUBHOT YNpaB/baiba je JIMHEApHOCT
JMHaMMYKOT MOJIeNIa y OJIHOCY Ha oaropapajyhe napamerpe, 0HOCHO cMOCOOHOCT Aa ce
MOZEN M3pa3¥ Kako TPOU3BOJ perpecopcke MaTpHulle M KOHCTaHTHOT BeKTOpa
napamerapa. OcHOBHa ¢opmynauuja Takohe 3axTeBa yCJOB JAa j€ CHCTEM TNOTIIYHO
akTyrcaH. Y Te3H je OBa TEXHMKa NPOUIMPEHA TAKO Aa OMOryiu CUMYJNTaHO M HE3aBUCHO
yNpaB/bamke MO3MLUUJOM U KpyToluhy.

3.4. ITpyMeHJbUBOCT OCTBAPEHHX pPe3YJ/ITaTa

Ocrapenu pesynatatd W3 obsacTH Mojenupawma podoTa MOMycT/bUBE CTPYKTYpe Baxe 3a
reHepHuKH poOOT OBE BPCTE, AOK IpoLIMpeHa GopMyiaLiija ojaKiaBa NPUMEHY KJIaCHYHMX 3aKOHA
yrnpaBJbama Ha POOOTCKE CUCTEME NOITYCTIFUBE CTPYKTYPE.

EcTUMaTopu KpyTOCTH MpEACTAaBJLEHH Y Te3M Cy NMPUMEHJBMBH Ha KJIacy apTHKYJIHMCaHUX
MONYCT/BUBHX PO0OTa ca aHTATOHMCTHHYKHM IHEYMAaTCKHM WJIH €JlEKTPO-MEXaHWYKMM MOTOHOM.
3axBasmyjyhu JeleHTpanu3oBaHo] CTPYKTYpPH, MOTY c€ MPUMEHWTH Ha poboTe ca BHlle CTEMCHH
cnoboze, 0K YHIEHHLA J]a ce orcepBabUIHOCT He IyOH Kaja je pobOoT y CTallMOHAPHOM CTamy
rapanryje nobpe nepdopmaHce y CBUM peXUMHUMa pajia poOOTCKOT CHCTEMA.

Y cnyuajy nHeymarckux poboTa, TexHUKa AEKYIJIOBAHOI alanTHBHOI YIpaBbaiba je
NpUMEHJbUBA HE caMO Ha poboTe NMoromeHe aHTaroHucTHukuM Mek-Knbenosum mumnhnma, seh
BaXW 3a CBE MHEyMaTcke poOOTe ca aHTarOHMCTHYKUM MOTOHOM KOJM MMajy JIMHEapHY penarHjy
u3Mel)y KOMaHZOBaHMX MpHUTMCAaKa W OCTBApPEHWX MoMeHaTa M KpyToctd Yy 3rioboeuma. Ha
npumep, poboTcku cucteM MnpeactaBbeH Yy [3.4:1] mocepyje aHTaroHWCTHYKM IOTOH OCTBapeH
KOMOpaMa HalpaBJbeHMM O] CIIelMjaiHe TKaHKWHe. byayhu Ja je penaija uaMelly KoMaHIOBaHHUX
NpUTUCaKa W OCTBAPEHUX MOMEHaTa W KPYTOCTH JIMHEapHa, CJEJH Jla e MOXE INPUMEHHTH OBaj
3aKOH ynpaBsbama. Takohe, y3eBiin y 003Mp Jila HHUCY HEOIXOJHM BHIIM M3BOAM TO3MLHMjE H




KPYTOCTH METOJ, OJIMKYyje M MPaKTHUHA MPHUMEHJLMBOCT, MOKa3aHa Yy eKIICePUMEHTAIHUM
pesynraThMa.

[ToToMm, 3aKOH yNpaB/barma W3BSAECH 3a ENEeKTPO-MEXaHWuKe poboTe je NPUMEHIBUB Ha
apTHKYNHCAHE TOMYyCTIEMBE pOGOTe €a AHTATOHMCTMYKMM TOTOHOM, KOJ KOjMX je aHAIHWTH4YKa
hopma (eKCHGUIHOT MOMEHTa Y BHJy eKCITOHEHIMjaIHe QyHKIMje, ITO U jecTe Hajuethe cayyaj
3a OBy Ipylly MNONyCTUbHMBHX poborckux cucrema [3.4:2-3]. Ha Kpajy, ananTuBHO ymnpaBibatbe
pobOTHMA TOMyYCT/LUBE CTPYKTYPE j& MPOjEeKTOBAHO IO/ NPETHOCTABKOM Jia pobOT MM KOHCTaHTHE
3aKPUBJLEHOCTH TI0 JIEJIOBMMA, ajii CY CHMYJIALMOHHM PE3YJITATH T0Ka3aM pobyCHOCT HaK 1 Kajia je
y nuTary aQuHa 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. hitps://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 Anfagonistic Variable Stiffness Actuators. IEEE/ASME Transactions on
Mechatronics.

3.5. OlleHa JOCTUIHYTHX CIOCOOHOCTH KaHAMAATa 3a CAaMOCTAJIHW HaYYHHY paj

Kanpupatkuma Maja Tpymull je w3paioM oBe JOKTOPCKE JucepTalyje W IyOnuvKalumjom
cellaM HayuHMX pajioBa y MOTIYHOCTH AEMOHCTpHpana CHOCOOHOCTH 3a CamoCTajiaH Hay4HO-
HCTPaXMBayKM pajl. KaHanIaTKuba je CHCTEMaTHUHO M3BPUIMIIA TIPETIIE/l PeJicBaHTHE JIMTepaType,
yCHELHOo HACHTH(HKOBANA HeN0CTaTKe A0CAJALIBIX CTYANja ¥ TIPEANOKUIA PEIlerha Kojuma ce
npeBasuiase orpaHudeba nocrojehux npucryna. Tema aucepTaumje je BEOMa aKTyelHa, PH Yemy
Pe3yNTaTH JMcepTaLdje  10CIiellyjy WHTerpauujy TONyCT/hMBMX poboTa 'y 4OBEKOBO M
MHJLYCTPHICKO OKpYyXeibe v omoryhyjy edexrtnBHO uckopuuihierme noTenuujana nornycTbuBHX
pobora. Merojle MCTpakuBarba W MPUCTYIM Yy pealu3al{jd Cy HMHOBATHBHH W KpeaTHBHH.
OcTBapeHy JIONPUHOCH CY OPHUTHHAIHH U MOTBPhYjy CMOCOOHOCTH KaHAMJATKHIBE 33 CaMOCTallHH
HAY4YHO-UCTPaXKMBAYKH pajl.

4. OCTBAPEH! HAYYHU JONIPUHOC

4.1. Ilpuka3s ocTBapeHUX HAaYYHMX JONPUHOCA

Hay4nu J0NpUHOCH OBE JOKTOpCKe AucepTauuje cy cneaehu:

1) Mopmen renepu4Kor TPOAMMEH3MOHOr pobOTa MNOMYCT/bMBE CTPYKTYype 3acHOBaH Ha
XHMIIOTE3H KOHCTAaHTE 3aKPUBJ/HEHOCTH MO JEI0BMMa, Koju obezbehyje xuHematnuky u
JIVHAMUUKY €KBMBAJICHLH]Y €A OPUTHHAJIHMM CHCTEMOM, @ KOjH HEMa CHMHIYJapuTeTe M
JMCKOHTHHYUTETE;

2) ViHBasvMBHM €CTUMATOP KPYTOCTH y 3rJI000BMMA apTHKYJIMCAHUX MOMYCT/bUBHX NEYMaTCKHX
H €JIEKTPO-MEXaHHIKUX poBoTa 3aCHOBAH Ha TEOPHjH OTICEPBEPa HEMO3HATHX YJ1a3a, KOjH He
3aXTeBa aNpUOPH 3HAIE O MOJCNY KPYTOCTM HHMTH MHQpopmauujy o Op3uHM MOTOpa MM
CerMeHTa;

3) HeuHBa3zMBHM €CTMMATOP KPYTOCTH Y 3rN0OOBHMA apTHKYJIMCAHUX TIONMYCT/BHBHX €1EKTPO-
MEXaHHYKHX pobOTa 3aCHOBAH Ha TEOPHUjH OICEpBepa HEMO3HATHX ynasa, Koju He rybu
onceprabUIHOCT Kaja je pobOT y CTALMOHAPHOM CTalby M HE 3aXTeBa MHQOpMAalMjy ca
CEH30pa CHJIe UIIM MOMEHTA;

4) ExcrnepvMeHTajlHA Bamu/aluja MHBA3MBHOI M HEWHBA3MBHOI €CTHMAToOpa KPYTOCTH Ha
apPTHKYJIMCAHOM TIOIYCT/EUBOM POGOTY €a eNeKTPO-MEXaHHIKOM aKTyaljoM;




3)

6)

7)

8)
9)

10)

PoGycHu cuctem ynpapjbarma y 3aTBOPEHO] NETJbU MO3UIMJOM M KpyTouhy apTHKYJIMCaHUX
poboTa ca MHEYMAaTCKUM aKTyaTOpHMa TNPOMEHJbUBE KpPYTOCTH, KOJM j€ 3aCHOBAaH Ha
TEOpHjU alalTHBHOr YIpaBibarba. JleKyIioBame yIpaBjbamba N03MLUMjoM M Kpyrowhy je
OCTBapeHo KopHinhemeM OJAaTHOT crereHa cioboae ynpapibama, KOjH je fobujeH rnomohy
HYJITOT IPOCTOPa aKTyaTOPCKE MaTpHLIE;

CumynanuoHa u ekcrepuMeHTaHa BaJlialmja NPeAnoKeHOr CUCTEMa YNpaBibabha KOjoM
cy mnoxazaHe nepdopmance M rnopeheme ca MeToJaMa 3acHOBAHUM Ha YIIPaBJbamy
kpyTomhy y OTBOpeHOj METJbHM M yNpaBbary IyTEM JIMHeapus3aldje chcTema nomohy
HIOBpaTHe crpere;

PoBycHu KackafHU CHCTEMH yIpaBJbaia Y 3aTBOPEHO] METJbH MO3MIMjOM H KpyTtoluhy
apTHKysMcaHux poboTa ca eNeKTPO-MEXaHHWUYKHUM aKTyaTOpuMa NpPOMEHJbHBE KPYTOCTH,
KOjU y3umajy y o003Mp M [MHAMHKY aKTyaTopa, a 3acHOBaHM Cy Ha TEOpHjU
IPONIOPLMOHATHO-TUepeHLIMjalHOT KOHTposepa ca feedforward 4naHOM M HEJIHWHEAPHOT
aJIAlITUBHOr yIpaB/bata. JleKyrioBame je OCTBapeHO KOHCTpyHcamweM oaropapajyhe
MaTpUIle KOjOM ce OcTBapyje Maruparme (UICKCHOMITHMX MOMEHaTa MOTOpa y XEJbEHY
JMHAMUKY TIO3ULHKje U KpyTocTH poboTa;

CumynauuoHa Banujalmnja NpeisioKeHUX CUCTeMa YNpaB/balba U HUXO0BA KOMIlapaluja ca
cJIy4ajeM KaJia je yKJbYYeHO M HHTeIrPajiHO JIe]CTBO.

PoGycHu cHcTeM ynpaBihbama TO3HMIMjOM pobOTa MOMYCTJEMBE CTPYKTYPE Y 3aTBOPEHO)
HETJbM, KOjH CE€ 3aCHMBA HA TEOPHUjH HEJIMHEapHOT aJalTUBHOT YNPaBJbatba;

OncexHe BanMaauMje y CUMYJALMOHOM OKpYXCIby Koje oOyxBaTajy TPOAHMEH3HOHE U
poboTe MonycT/EMBe CTPYKTYpe ca adunoM 3akpuBiseHouwy, aokasyjyhin eduxacHoct M
poOYCHOCT pasBHjeHHX KOHTposepa.

4.2. KpMTHuKa adajidsa pe3yjraTa UCTpakKuBalba

Hayunu ponpunocu HagejeHu y Tauku 4.1 npencrapsbajy cneneha ynanpehewa HayyHuX 3Hamwa
y nopehjeny ca nocrojehnM cramem:

Y

2)

Mojenupatbe podOTa NMONYCT/HLMBE CTPYKTYpe CE€ OClatba Ha XMIOTe3y O KOHCTAaHTO]
3aKpHBJLEHOCTH poboTta 1o aenosuma. Y mnopeliewy ca pagosuma [4.2:1-2], y Tesu ce
onucyje noboJblllaHa NapamMeTpuzaluja Koja mpeBaswiazd MpoblieMe CUHryJapuTeTa W
JMCKOHTHHYUTETa y HeU30e)KHMM MpaBONMHUJCKUM Kondurypaunjama poborta. Oaj
JMHAMMYKHE ONHC c¢ Haaomesyje Ha [4.2:3] npyxajyhin Besy usmely onmca pobora
TMOTIYCT/BHUBE CTPYKTYPE M KJIACUYHOT PHIHAHOT poboTa y BHAY MpolUHpeHe (GopMynauuje.
OBa Beza je KbydHa 3a NPUMEHY alaliTUBHOI yIpaBjbatba (Y ABaHAECTOM MOINIaBJbY) U
MpeICTaB/ba HAYYHH JONPUHOC KOJU CE He T0jaBJbyje HU Y jeAHO] IIPETX0AHO] NyOMuKaLHj1.
VY nopehewy ca nocrojehiM MHBAa3MBHUM €CTUMATOpUMa KpYTOCTH [4.2:4-5], NpeloxKeHo
pellCe Y Te3W KOPUCTHU TEOpPH]Y 3aKallleHHX OIlcepBepa HENO3HATHX ynaza kako Ou ce
CHMYJTaHO J0uuIo o uHpopmauuja o 6p3uHU MoTopa U (uekcubuiHOM MOMEHTY. Ha Taj
HauuH, 3a pazyiuky on [4.2:4], MeTon He 3axTeBa UH(OpMaLKjy 0 OP3MHM MOTOpa aKTyaTopa,
Te HMje HEONMXOJHO Nnojelarary napaMerpe KanmanoBor ¢uitpa MM KOPUCTHTH CEH30pe
6p3une Kako 6u ce nobuna Ta nHpopMauuja. Y nopehewy ca [4.2:5], 3a oNMCaHU €CTUMATOP
y Te3d He MOCTOjM 0Ka3 O KOHBEPreHUMjU KPYTOCTH Ka TayHO] BPEAHOCTH, allk ca JApyre
CTpaHe Ce MCTOBPEMEHO eCTHMHPajy KPYTOCT M (prexcubunaH MOMEHT, IUTO MOKe OUTH oL
KOPHCTH 3a IPOjEKTOBaIE YNpaB/BadKMX CHCTeMa 3aCHOBAHMX Ha Mojeny. Ha kpajy,
npuctyn u3 [4.2:5] 3axreBa noaeuiaBambe Ly KHHE MHTEPBAJa 32 HHTErpauyjy y 3aBUCHOCTH
ol Op3uHe yJa3HOI CUrHasa, JAOK je NPEIJIOKEHM €CTHMATOp IOTIYHO HE3aBHCTaH Of
nipupoje curdana. JlonatHo, ectuMarop je, ciuuHo [4.2:4], neueHTpannu3oBaHe CTPyKType
TE C¢ METO/Id MOXE NPUMEHHUTH 338 €CTUMALM]Y KPYTOCTH Y apTHKyAUCaHuUM poboTuMa ca
BHUILE CTeneHu ciobone, 3a pasauky ox [4.2:5].




3)

4)

5)

6)

7)

8)

9)

10)

OcHOBHAa MNPEAHOCT NPEJJIOKEHOr HEMHBAa3MBHOI €CTHMAaTropa KpYyTOCTH Yy OAHOCY Ha
nocrojeha pemersa [4.2:6-7] nourBa Ha TOME J1a HHj€ HEOIIXO/[aH CEH30p CHUJIE UM MOMEHTa
Kako O ce npoueHuna Kpytoct, Beh camo nHdopmauuja o nozuuMju M O6p3uHama MoTopa
aKTyaTopa ¥ cermenTa. Y nopehemy ca [4.2:6], ectumaTop He rybu oncepBabMIIHOCT Kaja je
y poboT y craumoHapHoM cTamy. Ca Apyre cTpaHe, y ojHocy Ha [4.2:7], rae nuje notpeban
rojlaTak o0 BUILMM HM3BOAMMA MO3MLMjE, NPEATIOKEHHN eCTUMATOp 3axTeBa MH(opMauujy o
Op3uHama MoTopa akTyaropa. Ha xpajy, 3a pa3nuky o HHBa3HBHMX €CTHUMAaTopa KPYTOCTH,
HMje HeonxoHa UH(popMalMja 0 KOMaH0BAaHOM MOMEHTY MOTOpHMA aKTyaTopa.

Bynyhu na ce cBM ecTMMATOpH 3aCHMBAjy Ha MPETNOCTAaBLM O MEP3MCTEHTHO] EKCHTALIMjH
CHCTEMa, Haju3a30BHHUjH Cllyyaj jecTe Kaja poOOT Mema CBOjy KPYTOCcT JIOK ce He Kpehe,
OJHOCHO Kaja je Mo3uiMja KOHCTaHTHA. 3a pa3iiuKy Oj1 IPETXOJAHMX ITyO/IuKalMja Ha TeMy
ecTUMATOpa KPYTOCTH, Y T€3W Cy MPUKa3aHW CKCIIEpUMEHTANHW pe3ynTaTH kajaa ce podor
Hanask y TpH Moja paja: 1) kajga ce no3uumja u KpyTocT 3r1000Ba Merbajy CUMYNTaHO, 2)
KaJia ce caMo Io3MLMja Meba | 3) Kajla ce caMO KPYTOCT MEha.

JleKyTUI0BaHC HEJIMHEApHO aJIaliTUBHO YNPABJhale MHEYMAaTCKUM pobOTHMA je IPOLIHperhe
metone u3 [4.2:8] y cmucny na ce xpyrowhy pobora ynpaeiba y 3aTBOPEHO] CHPE3H, HITO
JoiiprHocy Ge3benHoctu pobora. [IpeanoxeHo pemerse KOPHCTH yNpaBJbauku CTeleH
cnofoie, MOBE3aH ca HYJITHM IIPOCTOPOM aKTyaTOPCKE MaTpule, Kako OM ce JeKyIuIoBaso
yrpaBibalbe MO3MUHjoM M KpyTolufiy y 3arBopeHoj cnpe3u. Jok ujeja o kopuumhersy
UpojeKUuje HYJTOr mpocropa Huje HOBMHA y poboTuuy (Beh ce KOpPHCTH 3a [OCTH3aHE
oarosapajyhe cwie u MoMeHTa KopulhieweM HynTor npocropa Jakobujana), oBaj MpUCTYT
oMoryhara AexyruioBawe 0e3 rotpebe 3a BHUIIMM HM3BOAMMA TO3MLHMjE U KPYTOCTH, 3a
pazmuky on [4.2:9] wak W Kajga MOJeNn CMCTeMa HMje caBplueHo mo3HaT. OCHOBHH
HEJ0CTaTaK METOZE JIEXHU Y TIPETIOCTaBLM J1a je MOJIeN akTyaTopa MOTMYHO MO3HaT.
ExcriepuMeHTanHa BaJiualMja JeKyNnjaoBaHOT HEJMHEApHOr aJanTHBHOT yNpaBjbara Ha
THEYMAaTCKOM apTUKYJIMCaHOM MOMYCTLUBOM pobOTY ca /iBa cTeneHa ciioboze NnpejicTaBiba
JeAMHCTBCHE pesyarate JoOMjeHEe 3aTBapameM Chopere Mo MO3MLUMM M KPYTOCTH
NOMyCT/EUBOr poboTa. Yenea HecaBpIIEHOCTH Xap/Bepa, y Te3d Cy MPHKa3aHW CIIOPHjH
eKCIEePHMEHTH, MOIUTO OM Y CYNPOTHOM AOMUIO JI0 HPOKJIH3aBaka U MEPHUX Ipellaka.
JlekyrioBaHo HeNWHeapHO aJalTHBHO YIIPaBJbAHE €NEeKTPO-MEXaHMYKMM I10MyCTJEHBUM
poboTuma npaTu TKHHJY UcTpaxuBama [4.2:8], y cMuciy aa ce cripera 3aTBapa 110 fo3uuuju
1 KpyTocTH 3rn000Ba. MehyTnMm, TpeaokeHH MPHCTYN Yy TE3H Ce pa3jidKyje Ha BHLUE
HayWHA OJ J10 cala JNOCTYNHUX pesynrara. IlpBo, kopumihemem pobOycHor yrpassbaiba
3aCHOBaHOI Ha a/IallTUBHO] TEXHHULHM, YIPABHAUKKH CUCTEM je poOYCTaH Ha HECHI'YPHOCTH Y
JOMHAMWYKOM Mofiemy poboTa. 3aTHM, CBOJCTBO JIEKYIIIOBAaHOI YIpaBJbakba MO3HMLM]OM U
KpyTowliy ce moctiwke ynorpeboM eKCIUIMIMTHOT ofHoca M3Mely ¢rexkcuOmiHux
MOMEHATa W OCTBapeHe KpyTOocTH y 3rioby pobora, uume ce usberasa notpeda 3a BULIMM
U3BOAMMA MO3uUMje U KpyTocTH. IllTaBuiue, 3a paznuky o [4.2:10], npukasaHd npUcTyn
y3uMa y 003up M JuHaMMKY akryaropa. OCHOBHM HejocTartak je norpeba 3a npe3niHUM
MIO3HABAkbEM MOJIeNIa aKTyaTopa.

Banuaaudja AeKynjgoBaHOT afalTHBHOT YNpaBjbama €JIeKTPO-MEXaHW4KUM poboTuma y
CUMYJaLIMOHOM OKpY)Keky Mokazana je neppopmaHce ca U 6e3 yKibyuHBakba UHTErpajJHOT
JicjCTBA Y YIpaB/bayky MOJCHCTEM KPYTOCTH M Jiana nopeherme ca yrnpaBjbaukuM CUCTEMOM
3aCHOBaHHM Ha J100pOM IO3HABaY AHMHAMHUYKOL MojJena pobora.

[lepdopmance ynpaB/bauykux CUCTEMa KOJM C€ KOPUCTE Y MPETXOAHO HaBEJEHHMM PajloBUMa
[4.2:1-3] 2aBuce oJ Ta4HOr NO3HABaWa JUHAMMUKUX MapameTapa poboTa MOMYyCT/bUBE
CTPYKTYype, IITO YeCTO HHje JOCTyNHO. ¥ Te3u je para popmMyiialnja poOycHOT yrpaBbama
3aCHOBAHOM Ha aJIJaliTUBHOj TEOpPHjM, KA0 M MNOTpeOHM M JOBOJBHW YCIIOBH 3a
KOHBEPTEHLIH]Y.

Tecrupame TNpeasoXKeHOr 3aKOHa YNpaB/harka y CHMYJAlHOHOM OKPY)XEEHY MOoKazallo je
e(MKAaCHOCT W poOyCHOCT y 0JHOCY Ha HECHUIYPHOCT JIMHAMMUYKHUX NapaMerapa, Kao W Ha
caM MoJielt poboTa.
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[4.2:1] C. Della Santina, R. K. Katzschmann, A. Bicchi, and D. Rus, “Model-based dynamic feedback
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4.3. Bepudukauuja Hay4ygux J0OpUHOCA

Hayunu nonpuHocH RoKTOpcKe nucepTanyje ¢y BepupHKOBaHU creaehum:

Kareropuja 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.

(nHayunu onpuHocH (5) u (6))

Adriano Fagiolini, Maja Trumié, 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, DOIL: 10.1109/LRA.2020.2969952, ISSN: 2377-3766.

(HayuHu ponpuHocu (2) u (4))

Kareropuja 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, DOL: 10.1109/L.CSYS.2020.3047737, 1SSN: 2475-1456. (nayuuu

ponpunocu (1) u (10))

Kareropnja M33:

Maja Trumié¢, Kosta Jovanovié, 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. (Hayunu nonpuHoc (5))

Kareropuja M63:

Maja Trumié, Kosta Jovanovic¢, Adriano Fagiolini ,,Adaptivno upravljanje robotom sa elastiénim
pogonom®, Zbornik radova 62. Konferencija ETRAN, str. RO1.1 377-380, Jun 2018, Pali¢, ISBN:
978-86-7466-752-1. (mayunu ponpuHocu (5) u (7))

Maja Trumié, Milica Jovanovi¢, Tomislav Sekara, Marko Bogkovié »Uporedna analiza
modifikovanog Smitovog prediktora i optimalno PI regulatora za adaptaciju sistema upravljanja
primenom fazno zakljuéane 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. BAKJBYYAK M TPEJIOD

Ha ocnoBy caera mzsnoxenor, KoMmucufa cMatpa a JOKTOpcKa JAUcepTalyja KaHugaTKAbE
Maje Tpymuh ucnymapa cre 3aKoHcKe, (GOpMalIHE U CYIITHHCKE YCIIOBE, KA0 U CBE KPUTEPUjYME
KOju ce yoOuuajeHo TpHMerbyjy TNPUINKOM BpeliHoBama JIOKTopeke puceptaimje. Hasepenu
HAYYHU AOTIPUHOCH CE OJIHOCE Ha MOCTICHINBAMRE UHTErpauMje NonycT/bUBHX pofoTa y YOBEKOBO U
VMHIYCTPUJCKO OKpYyXKere u robospiiamy nepdopMmanHc oBUX poboTa TyTeM  YIpaBibara
no3uLyjoM ¥ KpyTotnfly y 3aTBopeHo] cnpesu. Pesyntatu uctpaxxnpaiba y OKBUpY OBE JOKTOPCKE
JUcepTalje ce Orenajy y Mojenupamy podoTa HONyCTIbUBE CTPYKTYPE, pasBojy eCcTAMATOpa
KPYTOCTH ¥ 3rjio00BHMa apTUKYJUCAHUX TIONYCTJBUBHX poboTa M JAM3ajHupaly aJanTHBHUX
YTIPaBJBAYKUX CUCTEMA KOX TIOTYCT/LUBHK poboTa. Behnna napenennx pesynrara je Bepupukorana
y nybnuxalujamMa KaHAWIATKUELE, 2 HEKU Of HHX CY U eKCTIepUMEHTANHO JeMOHCTPUPAHU Ha
NHEYMATCKOM HOMYCTIBUBOM poboty GioSte W Ha pobOTY cacTaBibeHOM OR gbmove enektTpo-
MEXAHHMYKUX aKTyatopa NpoMeHJLHBE KpyTocTH, Yaumajyhu y o6zup cse Hamenmeno, Kommucnja
cMatpa Aa Aoxropcka auceprauuja Maje Tpymuh caapxu opuruHanse HaydHe LONpUHOCE Y
obJlacTit ecTUMalidje KPYyTOCTH W aJanTHBHOT yTpaB/bara KOJA nomycrieiBux pobota. Crora
Komucuja ca zamoromcrom npepnaxe HacraBno-Hayunom reliy Enextporexunuxor daxynrera
VYuueepaurera y beorpany ia ce A0KTopcka AMCEpTaiyja noji Hazupom ,EctuManyja KpyTocTH 1
afaNTURHO YNPaB/bame KOJ| MOMYCTILUBUX pobOTa® NPUXBATH, U3N0XKY Ha YBUJL JABHOCTH W YITYTH
Ha KOHauHO ycBajare Behy Hayunnux obnacTy TEXHWUYKHX HayKa YHHUBep3uTeTa y beorpany.

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 Trumié

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 Trumic’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. Chronclogy 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
Fngineering, University of Relgrade on June, 11™, 2020 and proposed Ph.D. Kosta Jovanovi¢, 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:

e Ph.D. Zeljko Durovi¢, Full Professor, University of Belgrade — School of Electrical

Engineering,

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

Engineering, and

e Ph.D. Veljko Potkonjak, Full Professor, University Metropolitan.
The candidate had a public oral defense of the topic of the doctoral dissertation on August, 27"

2020.




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, 272021,

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:

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

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

o Ph.D. Cosimo Della Santina, Assistant Professor, Department of Cognitive Robotics, Delft

University of Technology, Netherlands,
e Ph.D. 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,

ftaly,
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 Trumié 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




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 Trumi¢ 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 Trumi¢ 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
(EECD).

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
o 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 MINDthe GEPs-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 [talian 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 “Stiffness
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.




After the last part of the thesis, the Conclusion, a Bibliography with references listed in
alphabetical order of the author'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. It 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




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 of 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 beth 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 Jearned 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.




[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
contro} 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 js 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 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.

[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, 1. 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,” JEEE 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. 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
Jinearization 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. IEEE 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:

° 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.

J 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.

° 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.

e 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 (rajectories via dynamic adaptation of

7




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 stiffiess.

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
conirol method: Using model predictive control for a pneumatically actuated humanoid. JEEE 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. JEEE/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.




4. ACHIEVED SCIENTIFIC CONTRIBUTION

4.1. Overview of the achieved scientific contributions

Scientific contributions of this doctoral dissertation are the following:

1) 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;

2) 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;

3) 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;

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

5) A robust, closed-loop position and stiffness controller for pneumatic soft articulated robots,
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;

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

7) 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 stiffness dynamics;

8) Simulation validation of the proposed controllers and the comparison in cases when the

integral term is added.
9) 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:

D

2)

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




3)

4)

5)

6)

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
stiffness 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 stiffhess 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.




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 Trumié, Kosta Jovanovi¢, Adriano Fagiolini ..Decoupled Nonlinear Adaptive Control of
Position and Stiffhess 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 Trumié, 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 Trumié, 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/LCSYS.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: Infernational 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 Trumié, Kosta Jovanovi¢, Adriano Fagiolini ,,Adaptivno upravljanje robotom sa elastiénim
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 Trumié, Milica Jovanovié, Tomislav éekara, Marko Boskovi¢ .Uporedna analiza
modifikovanog Smitovog prediktora i optimalno Pl regulatora za adaptaciju sistema upravljanja
primenom fazno zakljucane petlje za temperaturne procese sa dominantnim transportnim
ka$njenjem”, Zbornik radova Infoteh-Jahorina 2018, str. 460-463, Mart 2018, Jahorina, Bosna i
Hercegovina, ISBN: 978-99976-710-1-1.

Milica Jovanovi¢, Maja Trumi¢, Tomislav Sekara ,,Primena modifikovane fazno-zaklju¢ane petlje
za adaptaciju sistema upravljanja temperaturnih procesa“, Zhornik radova Infoteh-Jahorina 2018,
str. 454-458, Mart 2018, Jahorina, Bosna i Hercegovina, ISBN: 978-99976-710-1-1.




5. CONCLUSION AND PROPOSAL

Based on everything exposed above, the Commission considers that the doctoral dissertation
of the candidate Maja Trumic 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 foward better integration of robots in the anthropic and industrial
environment by closing the foop on position and stiffiiess. 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 "Stiffhess 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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