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HACTABHO-HAYVYHOM BERY

Npeamer: [TogoGrocT Teme 1 kaHaugaTa Maje Tpymuh 3a uspaay JOKTOpCKe JucepTaiyje.

Omnykom Hacrasao-Hayunor Beha Enexrporexuuukor ¢akynrera 6p. 5019/17-3 on 02.07.2020.
roiMHe MMEHOBAHU cMO 3a wiaHoBe KoMucuje 3a oLeHy NOJOOHOCTH TeMe M KaHauaara Maje
Tpymuh, MacTep UEKEHEPA EICKTPOTEXHUKE W PadyHAPCTBA, 3a U3PAy JIOKTOPCKE AUCEpTalje
W Hay4HE 3aCHOBAHOCTH TE€ME IIOJ HACJIOBOM:

»EcTHManuja KPYTOCTH H AJANTHBHO YIPaB/balbe KO/ NOMyCT/LHBHX podoTa”.

(enr. ,,Stiffness estimation and adaptive control of soft robots”).

Ha ocHOBY MaTepHjasia NpuIoKEeHOT y3 3axTeB kaHauaara, Komucuja nogHocu cienelin

N3BEHITAJ

I[Hopann o xanauaAaTy

Buorpadcky nogauu

Maja Tpymuli, MacTep HHXKEHEP CNSKTPOTEXHHUKE U padyHapcTsa, pohena je 18.09.1993.
roauHe y bopy. TamMo 3aBpiuiaBa OCHOBHY M Cpe/iiby LIKOJTY, Y TOKY IIKOJNOBaiha y4eCTBOBA/A j€
Ha MHOrOOPOjHUM TaKMHYEHHMA U3 MaTeMaTHKe i (pU3MKe U OcBajasia OpojHE Harpaze Ol KOjux
ce ucruue Tpeha Harpajga Ha penyOJIHUKOM TaKMHuYely M3 MareMaThke. BiexTporeXHuuku
daxynrer y Beorpamy ymucana je 2012. romune. Jlunnomupana je Ha oncexy 3a CurHane u
cucreme 2016, rogune ca mpocedHoM oleHoM 9.43 onOpaHMBLIM JMILVIOMCKH pajl OJ1 Ha3HBOM
LJIpojexToBame ayTONAJIOTA 3a CaMOHABOhEHy JICTHIMILY Ba3lyX-3eMJba KpaTKOr pomera‘.
Hlkoncke 2016/2017. rogune ynucana je Mactep cryauje Ha EjeKTpoTeXHHUKOM (aKyiaTeTy y
Beorpapy, koje 3aspurasa 2017. roguse ca 1poceqHoM oneHoM 10, n onOpameHuM MacTep pajoMm
,» AHa/IM3a BUOPALIMOHKX CUIHANA ca MOTOPA MaJjie cHare kopumhereM BejpieT aHanuze". Tokom
OCHOBHHIX ¥ MacTep CTy/iMja Ofpajiiia je BHllle CTPYYHHX IpPaKkcH: NpBO Ha BOjHOTEXHUYKOM
MHCTHTYTY y Beorpajty (y Tpajamby 01 TPH Mecela), OTOM y HCTPaKMBAYKOM LIEHTPY KOMIIaHHje




Bow y Pennnreny, (y Tpajatby O HETHpPHU Mecelid) U y TIOCTPOjely HcTe KoMIlanuje y buiy, y
Hemaukoj (y Tpajamy o cefaM Mecel).

JBojHe mokTopcke cryauje ynucana je 2017, ronune Ha EnexTpoTexHUUKOM daKyITeTy y
Beorpany u Ha VYuusepsurtery y Ilamepmy, y Hramuju. O61acT HaydHOr MCTpakKMBama
KaHJMAaTKUbe 00yXBaTa aJanTHBHO YIIpaB/bake PODOTCKMM CHCTEMMMA Ca €JIACTHYHUM
IIOrOHOM ¥ €CTHMALHjy KpYTOCTH TakBuxX cuctema. Opn anpuia 2018. aHraxopaHa je Kao
CTUIIEHJMCTa Ha MpojeKTy MHUHHUCTApCTBA MPOCBETe, HAyKe M TEXHOJOLIKOT pasBoja
SJAcTpaxkuBate W pa3sBoj aMOMjeHTAIHO UHTEJIMIGHTHHX poboTa  aHTPONOMOPQHHX
KapaKTepHCTHKA" .

Aytop je yeTnpu KoH(pepeHLMjcKa paja | ABa 4aCONMCHA pajia.

CredyeHO HAVYHO-HCTPAXKHUBAYKO HCKYCTBO

Kanpupar Maja Tpymuh je om 2018. rogune aHraxkoBaHa Kao CTHIIEHAMCTa MuHHMCTapCTBA
NIpOCBETE, HAyKe M TEXHOJOLIKOr pa3Boja Ha mpojekty TP35003 — Hcrpaxupame U pasBoj
MHTEJMIEHTHOr CepBUCHOr pobora aHTpornomMophHux KkapaktepucTHka. Kao crunenaucra
MuHHCTapCTBA [IPOCBETE, HAYKE M TEXHONOIIKOT pa3Boja y4ecTBOBAO je Y NPOjeKTy y obiacTh
pOBOTHKE ca OCEOHUM aHTKMaHOM Ha YIpaBJbatby HOBUM CHCTEMHMa aKTyalllje ¥ eCTUMALH]H
BHUXOBUX IapaMerapa.

V jyay 2018. noxalhana je xypc npodecopa Annpee Cepanuja ,,Adaptive control: analysis and
design methods* u kypc npodecopa Bysenea Horapcredana u Mapuje lpanaunu ,,Optimization
Methods for Decision Making over Networks* y oksupy neTwe 1ikose y beprunopy, Uramuju, y
OpraHM3alyuju uTajirjaHckor Jpylrrea oLeHara v ucrpaxxupava u3 ayromartuxe (Societe Italiana
Docenti e Ricercatori in Auiomatica - SIDRA). V janyapy 2020. roause npatuia je Kypc
npodecopa Xacana Kanwia nog Hasusom “Introduction to Nonlinear Systems and Control”,
onpsxan Ha Centrale Supélec y Tlapusy, ay jynay 2020. rogune onnaju xype npogecopa Anbepra
Hcunopuja u Jlopenua Mapkonuja nox HazuBoM ,,Robust and Adaptive Output Regulation for
Multivariable and Hybrid Systems* y opraumsauuju European Embedded Control Institute.

Kanpnmar Maja Tpymuh je o cajga y TOKy HOKTOPCKHMX CTyAMja IOJIOXKMJIA CBE HMCIUTE
npeaBMhEeHy MIaHOM U IPOrpaMoM U IyGiMKoBasa jiBa YacOIMCHA U HETHPH KOH(epeHujcKa

paza.




- Mcnnru n o6aBese npesulieHd IITaHOM U TIPOTPaMOM JOKTOPCKUX CTYIHja:

s T G e

‘ ... .. = . .
1 MoTopHa KOHTpOJIa ¥ pexabuuTaija 10 9
2 Heypanne mMpexe 10 9
3 AYTOMATCKO Pe30HOBAKE 10 9
4 AyTOHOMHH POGOTCKY cHCTeMH 6e3 JbYACKE I10Cae 10 9
5 YBon y HayuHU paj 10 6
6 OnTyMaliHy ¥ aalTHBHU CTOXACTHYKY CHCTEMH 10 9
7 Opnabpana nornassba #3 cHMOOIHUKE airedpe 10 9
8 Teopuja poGorcknx crucrema 10 9
9 Ayromarcko Boljeme objexara y rpocropy 10 9
10 Cremujainu pobOTCKH CHCTEMHU 10 9
1 CTYJMjCKH UCTPpaKHBauKky paj | 15
2 Hay4HO CTPYYHU paji 3
3 CTYMjCKH HeTpaxuBauky paj Il 15

- Crincax pazioBa:
Paposu y BpxyHckoM meljyHapoasom dacorey (M21)

1. 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, DOI: 10.1177/0278364920903787, IF: 4.047.

2. Adriano Fagiolini, Maja Trumi¢, Kosta Jovanovié ,,An Input Observer-based Stiffness
Estimation Approach for Flexible Robot Joints“, IEEE Robotics and Automation Letters,
Vol. 5, No. 2, 2020, DOIL: 10.1109/LRA.2020.2969952, IF: 3.6.

Caonureme ca MehyHapogHOT cKyna mtammano y nenuany (M33)

1. Maja Trumi¢, Kosta Jovanovi¢, Adriano Fagiolini ,, Comparison of Model-Based
Simultaneous Position and Stiffness Control Techniques for Pneumatic Soft Robots®, In:
Zeghloul S., Laribi M., Sandoval Arevalo J. (eds) Advances in Service and Industrial
Robotics. RAAD 2020. Mechanisms and Machine Science, vol 84. Springer, Cham. DOI:
10.1007/978-3-030-48989-2 24

Caorrerse ca ckyra HalMOHAJIHOr 3Ha4Yaja [TamMna‘o y ueauau (M63)

by




1. 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

2. Maja Trumié, Milica Jovanovi¢, Tomislav Sekara, Marko Bogkovié ,,Uporedna analiza
modifikovanog Smitovog prediktora i optimalno PI regulatora za adaptaciju sistema
upravljanja primenom fazno zaklju€ane 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

3. Milica Jovanovi¢, Maja Trumi¢, Tomislav Sekara ,Primena modifikovane fazno-zakljuane
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

Ouena no100HOCTH KAHAWIATA 33 pal Ha IPEUI0KEHO] TeMU

Komucuja je pasMOoTpuiia CBe TPETXOIHO HAaBENEHE PE3yJITaTe paja M CTeueHa HCKyCcTBa
kanguaaTa Maje Tpymuh. Ha oCHOBY MpHIOKEHHX JOKYMEHAaTa W YCMEHE [PE3eHTalHuje TEME
NoKTOpcke Jucepranmje, KomucHja je cTexia yBHA Yy CIOCOOHOCTH KaHAMJATa 332 HAy4yHO-
VICTPaXKMBAuK pajl U eroBe MOryHOCTH [a TOKOM H3paje JOKTOPCKE JMCEpTaLje OCTBapH
pesyiraTe Koju hie GUTH NPUKA3aHK 1 OLICHEHH O cTpane MelyyHapoHe Hayune 3ajeanulie. CTas
Komucuje je na kanpunar Maja Tpymuh nenymasa cBe noTpebHe CyIITHHCKE M (POPMAIHE yCIOBe
Jia TIPUCTYIH U3paTi JOKTOPCKE M0/ HABEJEHOM TEMOM.

Ipeaver n U6 HCTPAKABALA

Texxra 1a Ce NOCTUTHE MM YaK HaJAMAaLIM JbYACKA CIPETHOCT M XUTPUHA NIPUIIMKOM KpeTarba
1 obaBJbarba MAHMITYJIALIMOHMX 3a/laTaKa MOJCTAKIIA je MocIehbHX JAeleHHja pa3soj poboTa ca
yrpahienom dnexcuGuiHowmhy. CynpoTHO MpeTXOAHO] IpPakcH, Kaja Ce enacTH4HOCT poboTa
HACTOjas1a MOTHCHYTH, IAHAC C€ OHA HAMEPHO YBOJM U MOACTHYE Kako 61 ce creopuin 6e3bennu,
eHEpreTCKU ONTMMM30BAHM K JIaraHy MoIycTbuBy poboty [1]. 3axsamyjyhu oBum ocoGunama
MOTYCTI/bUBH PoOOTH Nokasyjy obehasajylie acriekre kaja cy y NUTakwy capajiba i MHTEPaKIHja
ca Jpymmuma. Tako 64 cTBapambe pagHOr MecTa Koje OM JIeNUIM YOBEK U POOOT UMaJIO MO3UTUBAH
JPYLITBEHH M eKOHOMCKM yTnugj [2], Aok 6u capagma usmelhy uoseka u poGoTa pajMKanHO
noGosbInana 3ApaBibe paJHUKa y IPOH3BOABH YKOIHMKO OM MM pobOTM rnomarajid y HOLISHY
temke onpeme [3]. Poborckn cucremu nonyt Kykusor narasor po0oTa, ca akTHBHOM KOHTPOJIOM
TOMYCTI/BUBOCTH [4], ¥ Apyra HOBA EKOHOMHUHA pellierba ca JOCTYITHUM KoJioM, kao Hnp. Natural




Machine Motion Initiative [5] cBe venihie ce nojarsbyjy Ha TPXKUIUTY, ca 38j6AHHHKOM TEXHOM Ja
ce oBa obyact Gpyke pazsuja.

ITomycTibMBOCT 0BMX pobOTa, YHja je eMacTHYHOCT KOHLUEHTPUCAHA Y 3I1060BHMA, MOXKE Ce
noctihu roMohy HEKOJMKO palIMuMTHX MexaHmzama [6]. Mebhy mmuma, akTyatopu ca
npoMenssuBoM kpyrowhy (Variable Stiffness Actuators - VSAs) nmenmyjy kao HajloBOJbHHjE
pelere 3a TUIMYHe npumene [7], HagMainyjyhu kpyTe po6oTte y norieay poOyCHOCTH M OZHOCA
onrepehema u texxune [8-9]. [TonyctipuBocT poboTa OGMYHO ce 110CTaBsba Y OTBOPEHO) CIIPEsH,
IITO 3HAYM Jla Ce KAPaKTEPUCTHKA eJIACTHIHOCTH IOIyCT/BMBOI pobOoTa MOpa 3HATH YHAIPEX,
6wio xopuiihierheM aHANMTHYKOr IMpOpadyHa W3 TEeXHWUKOr JucTa akryaropa [10], Owmmo
U3BpIIABaAKEM OICEXKHE HICHTH(HKauuje Moaena [11].

MeljyTim, 4ak 1 y city4ajy Ja Cy TeXHHUKe KapaKTePUCTHKE aKTyaTopa y MOYETKy Moy3jaHe,
KOHTMHYHpaHO Xabamwe H3a3BaHO JICJIOBAHkEM CWJla Ha eJIACTHYHE EJIEMEHTE, TeMIMEparypHe
[POMEHE ¥ XHUCTepe3nc OOPTHOT MOMEHTa OBOJE BPEMEHOM JI0 JIofaTHHX HeTaunocTH [12]. Ca
Jpyre CTpaHe, YIpaBibare KpyTouilly y 3aTBOPEHO] CIIPe3H MMa HEKOJIHMKO MPEAHOCTH, jep Npyxka
NOTIYHyY TMOBPaTHy HHGOpPMANUjy O CTakuMa ¥ JIMHAMHYKOM OfiHocy u3Mely akTyaropa M
arnoGosa pobora. Y IuTepaTypH je npeliiodKeHO HeKOJIMKO MPUCTYIIA 3@ YIPaBJbatbe 103ULU]OM
v kpyromhy 3rmo6oBa, Kao WITO Cy CTATHYKA M JAMHAMMYKa JIMHeapu3aluja nomohy rnospaTHe
cnipere (feedback linearization) [13-14] n backstepping 3axon ynpasspama [15]. Csu rope
HABEICHH TIPUCTYIIM TIPETTIOCTABbAjY Ja je JMHAMHUYKH MOJEN Ta4HO MO3HAT, ITO KOMIUIHKYje
HHXOBY NPAKTUYHY UMIUTEMEHTALH]Y.

[Ium ucrpaxusama je asoctpyk. Ilpeo, ucTpakuBarme he GHTH ycMepeHO Ka MNpOLEHH
KPYTOCTH poGOTa, U3 pasJiora LITO OBa TPOMEHJbIBA HUje MepsbKBa. CyIPOTHO TPEHYTHO] NPAKCH
TIE Ce M3BOJAM ONCEKHO HAEHTH(DHKOBAKE MOAENa KPYTOCTH, LIMJb OBOT HCTPaKMBaMa j€
ecTUMallija KPYTOCTH Y peajHoM BpeMeHy KopuiuhiereM MUHHMaJIHUX HHpopMalHja o
poboTckom cuctemy. [ToToM, HeTpaxkuBame hie ce yCMEpPHUTH Ka HCTOBPEMEHOM H JIEKYTIIIOBAHOM
yIpasJbalby MOJIOXKaja U KPYTOCTH NOIYCT/BUBOr poboTa. 3aKOH YNpaB/barba MOPA OCHIypaTH
poBycHo, acuMniToTcko mpaheme 3ajate pedepeHie No3ULUje U KPYTOCTH YIIPKOC HEAOCTaTKY
NIPELM3HOT 3HAKbA O MHEPLMjaTHIM U FeOMETPHjCKHIM TapaMeTpuMa AMHaMUIKOT MoJiena pobora.
[Topes Tora, paau NpakTHYHE IPHMEHE, alrOpUTaM He 61 Tpebaso Ja ce oc/ama Ha nHpopmaumje
O BHLIMM M3BOAMMA IOJiOXKaja U KpyTocTH 3riobosa. C THM Yy BHIy, KopucTuhe ce 3aKoH O
aZIaITHBHOM YIIPaBJbalkby PaM [OCTH3aka JKeJFEHOT [MOHAllakma IOMyCTJBHBOr pobOTCKOr

cucrema.

[1ITo ce ThUe U3a30Ba NPOLEHE KPYTOCTH, HCTPKUBAILE Y OBOj OOIACTH je jolll YBEK y CaMoM
nouerky. Melyytum, noapydje npumene je obumHo, Oyayhu na 61 6110 o BeMKe KOPHCTH 3a
UCTPaKUBAK-E TEJEOTIEPALMjCKMX POBOTa, MPOLEHY KPYTOCTH JbYICKUX YA0BA ¥ MaHHITYJIaLU]y
poboTuma y KOHTAKTHUM 3ajaimma. Mako cy npemioskena onpehena obehasajyha pemera y
obnacTu ecTMMalHje KpyTocTH 3rioGosa pobora [16-17] u Kapresujancke kpyrtoctu [18], jom




YBEK MOCTOjH Jocra MoryhHoctyr 3a roGosbluae nporeca MpoleHe KPyTOCTH pa3BUjambeM
anropuTama Kojuma he tpebatu Mame uH(pOpMarHja ca ceH30pa MOHTHPAHHM Ha CTPAHH [IOTOHA
3rio06a po6ota [19] umum xoju he ce ocnamatu camo Ha uHGbOPMALHje ca CTPAHE CerMeHTa poboTa
(138. HewHBasuBHe Merome [20]). JIONpHHOCH MCTpaskMBama KOjH Ce THYY aJalnTHBHOT
ynpapJbarea rodusalie Ha Temesby MCTpaxMBama y [21]. V nopehemy ca THM HcTpaxuBameM,
NpBO npouHpetse lie ce 3acHuBaty Ha Tome jia fie ce kpyToinliy poGoTa ynpassbaTH y 3aTBOPEHO]
cripesy, wro 61 Tpebano ma jgonpunece osehamy nenokynHe 6e36exnocTy. Jpyra npueiadHa
KapakTepucTHKa Ouhie TM3ajH 3aK0Ha yrpaBsbarba Koju he KOPUCTHTH JIOAATHH CTereH ciio6oe 3a
JIeKyTIoBare npaherma KOMaH/u MoJIoKaja ol KOMaHIH KpyTocTH. Y mopeljery ca npucTyrnom
nuHeapusauuje nomohy mnospatHe cmpere [13-14], oo wucTpaxmBame 3acHuBalie ce Ha
aJIaNTHBHOM  y4€lby TNapamerapa JMHAMWYKOT MOJIeNa, Ma je PealHo MpPEeTHOCTABUTH fa je
OCTBapuBa eKCIIEPMMEHTANHA Bepu(uKalMja HCTOBPEMEHOT M JEYIUTOBAHOT YIpaBJbarba
HO3MLMjOM U KpyTorhy poGora.
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Hosasue xamoTese
I[TonasHe xuroTese ce 3acHUBajy Ha ciiegehem:

e PoGoTH norowmeHu OMOJIOLIKY HHCITHPACHUM aKTyaTOpHMa, TaKo Jia Cy W IOJIOXkKaj U KPYyTOCT
NPOMEHJBHBH, MOT'Y Jia 00aBJpajy 3amaTke Oe30eHO M e(PUKACHO Yy HEMOCPEIHOM OKPYKEHY
yoseka. OBo je Morylie U3 pasiora ITo je MHepLHja cerMeHTa OIBOjeHa Ol HHepIHje Ha CTPaHH
MoTopa nomohy duieKCHOMITHHK IPEHOCHHX eleMeHaTa, cMatbyjyhiu THMe KMHETHUKY eHeprHujy
Koja GW HacTajsa IPUIMKOM cynapa poboTa 1 JoBeka [1].

e 3arBapame CIpere Ho rnoJjoxajy u KpyTocTH podoTa IO3UTHBHO YTHUE Ha YKYIIHY CHUI'YPHOCT.
Kana ce po6oT 6ivxu JbYJCKOM ONEpaTepy, CUIYPHOCT C€ MOCTHIKE CMaeHeM KPYTOCTH H
6paune pobota, Cinuno, uBpihu poGoT noctiwke Belly Op3HHY Kaja je Janeko oj oneparepa
[2-4].

e AJanTHBHO YIpaB/bame MojioxkajemM W kpyrtowhiy pobora omoryhaBa poOycHocT Ha
HENpeUM3HO [I03HAaBame napamerapa JAWHaMHuKe poOoTa, MPUTOM 3axTeBajyhu camo
uHdopMalHje o roJI0XKajy 1 Op3uHH 3roba [S].

e [IpoMeHJbHBE CTalba Ha CTPaHU MOTOpa (aKTyucaHe) M NPOMEHJbUBE Ha CTPAHM CErMEHTa
(HeaxTyucaHe) HHCY WHEplIMjalHO, Bel caMoO eJacTHYHO KyIUIOBaHE, IITO JAOBOJAM JO
T10jeIHOCTaB/beba AUHAMHYKOr MOZesa po0oTa KOjU ce KOPUCTH 3a MPOjEeKTOBAIbe 3aKOHA
ynpassbamba. LllraBuie, rpaBUTallMOHa IOTCHIKjaIHA €HEpPryja W Bapujaluja MHepLUjaIHe
marpuie poGoTa 3aBHce camMo OJf Iojiokaja cermeHara [6].

e Jla Gu ce 3aTBOpMIIA CHIpera 1o KpyTOCTH, MIPETIOCTaB/ba CE a C& KPYyTOCT MOXKE NPOLEHHUTH,
Oyayhu ma HHje MepsbuBa. Y Ty CBPXY C€ IPETIIOCTAB/bA [1a je KapaKTePUCTHKA €1aCTHYHOT
NpeHoca NapaMeTpU3oBaHa Y OJHOCY Ha I0JI0XKaj CerMeHTa Koj poboTa ca IHEyMaTCKUM
noronom [7], 0ok je koj po6oTa ca eleKTPUUHUM ITOrOHOM [8] napameTpu30BaHa y OJHOCY Ha
nonoxaj cermedra ¥ Motopa. JIofaTHO, KPYTOCTH Da3IM4UTHX 3ryo6oBa HuCYy mehycobno

KyrioBase [9].
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MeTtose HeTpaXKNBamka

IToBomoM npoueHe KpyTocTH, yropeauhe ce HajcaBpeMeHUjH anropuTMu ysumajyhu y o63up
cienehe kpuTepujyme: norpeba 3a nudopmaLjaMa o noyIoKajy 1 Op3MHK MOTOPA WJIH CETMEHTA,
KOHBEPreHIMja eCTUMAallije eJaCTUYHOr MOMEHTa/KpYyTOCTH M MOryhHOCT mpoueHe KpyTOCTH
sappiHor ypehaja pobora. 3aTuM, pa3BHjeHO HOBO PeLICHE 3a eCTUMAaLMjy KpyTocTH he 6uTH
BepHU(HMKOBAHO M Y CHMYyJIalMjaMa i Ha eKCIIePHMEHTATHO]j ocTaBUM. TauHOCT NPOUEHe MOXKE ce
IpoBEpUTH yriopehuBatbeM H0OH]eHUX pesyJITaTa ca MOJISJIOM KPYTOCTH KOjH j€ JaT Y TEXHHUKOM
JMcTy mpou3Bohjaua wim ca kpyromhy H3padyHaTOj Ha OCHOBY [OjlaTaka ca CeH3opa
cUJIe/MOMEHTA 110CTABJLEHOI Ha U3JIa3HOj OCOBHHM 3ri100a pobora. Kpurepujymu nomyT cpelibe
KBaJpaTHe IPelIKe | CPEebe KBaJpaTHe penaTHBHe rpellke kopucTuhe ce 32 HyMEPHUKH NPUKa3
pasjinke u3Mely npoLeeHe U CTBApPHE BPE/IHOCTH KPYTOCTH.

HctpaxknBame lhie ce HACTABHTH JIeTAJbHOM aHAJIM30M HAjCaBPEMEHHMJUX pellera 33
YIpaB/barhe TOJ0KajeM W Kpyrouwhu INOIYCTJbMBOr poOoTa, NMOceOHO aNalTHBHOM 3aKOHY
ynpasjbama. 3aTuM he ‘GMTH M3ajHIPAH HOBH 3aKOH aJaNTHBHOr YNPaBJbama TAKO Jia Ce H
MONIOXKaj M KPYTOCT cBakor 3rioba IMONyCT/bUBOr poboTa yIpaBsbajy HCTOBPEMEHO M
JIEKYTUIOBAHO, OCHT'YpaBajylil aCHMITOTCKO Ipalietbe XKeJbCHUX BPEIHOCTH T0JI0NKAja M KPYTOCTH.
Takap 3aKOH yIpaBsbatba PBO e GUTH TeCTHPaH y CUMYJIALIIOHOM OKpY»Kemy CUMYJIMHK-a, Ha
NOMyCT/bMBOM pobOTY Ca BHILE CTEeNeHH cJI000Ae, a HAKOH TOTa W Ha €KCIEpPUMEHTAIHOj




nocrasuu. Ileppopmance anropurma he ce MpoUCHUTH Ha OCHOBY rpeluke W Gp3uHe npahiera
PasIMUUTUX pedepeHLH MoToXKaja i KPYTOCTH.

OuyexnBaHu HAYYHH JOIPHHOCH
OyekHUBaHH Hay4YHU JOIIPHHOCH TE3C CY CJ'IC}IGhI/II

e CucreMaTCKy IIpersie)] JIMUTEpaType U MeToAa U3 00JACTH MpPOLEHE KPYTOCTH MOMYCT/bHBUX
pobora.

e Jlo cana je Molen KpyTOCTH y 3ry1o0y MOMYCTBUBOr poGOTa MOTOHEHHUM aKTyaTropoMm ca
NpoMeH/pMBOM KpyTomhy mnobujaH H3BOljemeM OINCEeKHUX Hpouexypa WieHTHQUKALU]je
moJena akryatopa. [loysnaHa npolLeHa KpyTOCTH y 3ry1000BHMa poboTa y peajiHoM BpeMeHy
0M cMamuIa INOTPOUIEHO BpeMe W IOjeJHOCTABHJIA IIOCTYIAK HCONXOHaH 3a J00Hujarbe
MIOYETHOI MOZENa KPYTOCTH 3a NMOTFOHCKE MEXaHH3Me NMpOMeHJbMBe KpyTocTH. [Topenx tora,
xopuuINemeM ecTHMAaTopa KPYTOCTH Y PEallHOM BPEMEHY KOPUCHHUK MOKe JOOHTH BajbaHy
NpoNeHy KPyTOCTH 3ry1o6a pobora yak M Kaja ce JOTOIH NMPOMEHA Y eJIACTHYHOM TMPEeHOCY
ycien cobHe Temrieparype WiH xabama onpyra.

e Hamnpenax y npoueHu kpytocTd poboTa MMa TMOTCHLMjall Ja 3HATHO YTHYE Ha MOCTYIIKE
TPOLEHE KPYTOCTH JbYICKX ya0Ba. [IpBo, To 61 fnoBeso J1o nobosbiiama pasymesamwa 1 6osber
cyouasama ca Ilapkunconosom OGosemhy. [pyro, nmomohy 3Hama O JbYACKOj KpPYTOCTH,
YIpaBJbabe TejleonepalrjckuM poOoTHM O MOCTANO JIaKie W OCTBApHAM Ou ce GOoJbu
pesynraTu, jep ce 3a cala KOPHCTH OICeXaH W BeOMa MEepCOHAIM30BaH IOCTYNAK 32
M3pavyHaBame KPyTOCTH yJ0Ba. Y TO UME, HCJIABHU Pe3yJITaTH 110Ka3yjy a Kajia ce KPyToCT
poboTcke pyke akTHBHpa, poOOT YCIIeBa Jia YCIISLIHO U3BPIIaBa 3a/laTKe BE3aHe 3a PyIy.

e VY cBeTny HefaBHOr oTKpula fa MomycTybHBH poGoTH mory y OyayhHOCTH nocratd GiMcku
capaJHMLH JbYAH Y MHIYCTPHJCKOM M KyRHOM OKpyKewy Yy LMJby N0GOJbIIAKA TIPOH3BOJIHE
uny Opure o cTapvjuMa, OJ M3Y3€THOI je 3Hayaja Jia TakBU poBOTH ocraHy 6e36eqHd M
NPUIArofUBUBU OKpykewy. OBa Te3a he pasMoTpuTH pa3Boj oaroBapajyher zakoHa o
aJaliTUBHOM YIIpaB/batby y LUJbY MoBehara CUrypHOCTH LETOKYITHOTI POGOTCKOT cUcTeMa.

e IlpBa excriepuMeHTalHa BaIMAALMja HICTOBPEMEHOT 1 ICKYIJIOBAHOT YIIPaB/batba MOJI0KajeM
¥ Kkpyrowlly nomyctybHBOr poGora, mTo he NpPYKUTH NpakTHYaH YBUJ Y TMPEAHOCTH U
HEJOCTaTKE Te BPCTe yIpaBsbama.




Mnan ucrpaxxusBama

Hcrpakupame hie ce cripoBecT npatelint [aBHy Hiejy 0 ypaBJbaiby MOITYCT/EUBEM POOOTHM
HA HAYMH Jia c€ MOTYy ocurypatu u 6esbexnoct M pobpe nepdopmance podora. V npsoj dasu
MCTPaXKHBAFha BPIIM e TIPOLIEHAa KPYTOCTH, jep ce Ta IPOMEHJbHBA He Moke MepuTH. [pyra daza
MCTpa)KUBaHWa OPUjEeHTHCAaHA je Ka pasBojy onropapajyfier ajanTHBHOP YIpaB/bama Koje
omoryhapa HCTOBpeMEHO U JIEKYIUIOBAHO I1paliee 110JI0Kaja M KpyTOCTH poGoTa ca HeIOBOJBHO
TI03HATHM JIMHAMHYKAM I1apaMeTpuma poboTa.

1) Ilpsa ¢aza - npoleHa KPyTOCTH Y MEeKUM 3rio6oBMMa poboTta

Jla 6u ce omoryhusio 3areapase cripere o KpyTocTH, MOTPeOHO je NPOLEHUTH HeHY BPSIHOCT
y iexcuGuTHIM 3r71060BMMa poboTa MM Ha 3aBPIIHOM ypehajy.

Ilppu Kopak je mpersen Jjureparype W nopeljerme NPETXOAHO DPa3sBHjEHHMX alroputama
(napamMeTapcKM W HenapameTapcky MPUCTYIM, NMPUCTYIT eCTUMALMjd ca CTpaHe II0roHa WiM
cerMeHaTa, AMPEKTHA IPOLEHa KPYTOCTH HIM WMHAMPEKTHO MPEKO eCTHMALMje eTacTAYHOr
0B6PTHOT MOMEHTA).

HakoH 1To ce yTBp/Ie NPeTHOCTH U HEJIOCTALlM TPeHY THUX pelieHa, HacTaBHhe ce ca IhUXOBUM
yHanpehuBameM, pasBUjameM allrOpHTMa KOjH 3aXTeBa Maibe HH(pOopMallMja ca CeH30pa U Mambe
rapaMerapa 3a rojieIaBarbe.

Konauno, nepdopMaHce NpeiosKeHor ecTumaropa fie ce HenuTUBaTH nomMolly cuMynauuja u
eKcriepuMeHaTa, nocmatpajyhm pasnuuure ciydajese u ynopehyjyhu uexon ectumanmje ca
CTBAPHUM BPEJHOCTHMA KPYTOCTH Y 3I71000BHMA.

2) Ipyra ¢asa - IeKyIUIOBaHO 1 CUMYJITAHO a/[aliTUBHA YIIPABJbake MO3UIKjoM 1 KpyTorufy

[ToyeTHH KOpak y UCTpaKUBAKY je aHaIM3a JIMTEPAType Koja NMOKPUBA TEME O TOITy CTIbHBUM
po6oTuMa (TIOFOHCKH CHCTEMH: AKTYyaTOpH IPOMEHJbUBE KPYTOCTH, CEPHJCKM  €IaCTH4HU
aKTyaTOpW; BPCTE [OrOHA: I[HEYMATCKH, XHAPAYIHUYKH W CJIEKTPUYHM MOTOHM; THIIOBH
NOMyCT/bUBUX POBOTA; TOMYCT/LUBM POGOTH ca enacTUHoIfy KOHLUEHTPMCAHOM y 3r1060BUMa
¥ MOMyCT/bUBM pobOTH ca enactuuHouilly pacropeheHOM Dy CerMeHTa) M 3aKOHH yIpaBJbatba
(3acHOBaHM Ha MOJely: AMHAMMuYKa M CTAaTMYKa JMHeapusalija 1o HoBpaTHOj crnpesu, back-
stepping; v 6e3 nmHbopMauWje 0 MOJENy: HEJMHEApHO aJaNTHBHO YIPaB/barbe, yNpaBibare
nomohy npeaukimje moaena, feed-forward ynpasbarme).

Kao apyru xopak, BpiM ce W3Boljeibe ofropapajyhier 3akoHa afanTUBHOT YIIpaB/batba, Tako 1a
HMCY TIOTPEOHM BMIIM H3BOIM TO3MLMjE W KPYTOCTH. YIIPaBJbaihe OBMM /JBEMA BENUUMHAMA jE
JIeKyTJIOBAHO U poBYCHO y OJIHOCY Ha HellpeLusHe juHaMiuKe napamerpe. Takobe, Gopmartu
J0Ka3 cTaGHITHOCTH 3a aCUMNTOTCKO npaheme rnosuimje u kpyTocTu hie 6UTH H3BElCH,

Ha xpajy, Tpehn xopax je BepuduKaliija H3BEJCHOr 3aKOHA YIIPaB/bakba U y CUMYJIalijaMa 1
y ekcriepumenTIMa. POGOT ca jeAHHM U BULIE CTETIEHH CI000/IE fie ce KOPUCTUTH 3a [IPHKA3HBAILE
nepopMaHCH aNropuTMa v yropehjupame ca passiMdiuTHM CTpaTerrjaMa yrpasibarba.




3ak/pyuak H npeajior

Ha ocHoBy mznoxeror, Komucuja koHeTaTyje fa kanauaar Maja Tpymuh, macrep nrxemep
eNIEKTPOTEXHUKE ¥ padyHApCTBA, HCIyHaBa cBe NOTpeOHe YClOBE 3a M3pagy JOKTOpPCKe
JHCEpTallMje Mol HACIIOBOM ,,ECTHMAIMja KPYTOCTH M a/IaliTHBHO YIPaB/batbe KO MOMYCTIbUBHX
poGota“. Tlopes ucrymeHnx (GOpPMaNHHX YCJ0BA, KAHAMJAT je JEMOHCTPHPAo CrocOGHOCT
CHCTEMATHHYHOT MPUCTYIA aHAJIN3K NpobiieMa 1 TEOPUJCKUM U NPaKTHUHUM 3HambUMa y 00J1acTH
MOJICTIOBAba M YIIPaB/bara POOOTCKUM CHCTEMHMA W €CTUMAaLMjH KPYTOCTH Koj poboTa ca
NOIYCTILMBUM aKTYaTOPHMA, KA0 Y M3Jlarakby pesysiTara y HayuHoj sajequuiu. [Ipetoxena rema
je BpJIO aKTyesIHA W 3aCHOBaHA KaKO Ha HCTPAXKUBAYKMM aKTHBHOCTHMA HAYHHE 3aj€[HULIe TAKO K
HA KOMepLHUjaIHUM noTpebama TpkuuTa. HaydHn JONPHHOCH KaHu/IaTa Cy 0J1 3Hauaja 3a passoj
HOBE reHepalyje KonabopaTMBHUX poBoTa uuje Cy NPEJHOCTH 3aCHOBAHE HA TEXHOJNOTH)H
aKTyaTopa NPOMEHJbUBE KPYTOCTH U IPOLIMpErY MOTYNHOCTH HBHXOBE IPUMEHE.

Komucuja npenaxe HacraBHo-Hayunom sehy EnexTporexHuuxor gakynrera Y HUBEp3UTETa
y Beorpany na kanpupary Maju Tpymuh, MacTep HHKeEpy eEKTPOTCXHHKE U pauyHapCTsa,
0J106pu M3pay JOKTOPCKE AUcepTalije Moj HacloBoM ,EctuManuja KpyTOCTH M a/lalTHBHO
yIpaBbatb-e KO MOMyCTIbHBHX pobora‘, moj meHTopersoM Ap Kocre Jopanoeuha, nouenra Ha
Enexrporexnuukom Qakynrery YHusepsurera y beorpany u ap Anpnana @ahonnnuja, roueHra
na Ojicexy 3a HIDKerepeTBO YHuBep3utera y [lanepmy, y Mramuju.

V beorpany, 27.08.2020. roauue
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University of Belgrade

School of Electrical Engineering

TO THE TEACHING-SCIENTIFIC COUNCIL

Subject title: Eligibility of the topic and candidate Maja Trumi¢ for the preparation of a doctoral
dissertation.

By the decision of the Teaching-Scientific Council of the School of Electrical Engineering no.
5019/17-3 dated 02.07.2020., we were appointed to be members of the Commission for the
evaluation of the eligibility of the topic and the candidate Maja Trumi¢, master engineer of
electrical engineering and computer science, for the preparation of a doctoral dissertation and
scientific basis of the topic entitled:

»otiffness estimation and adaptive control of soft robots .

(Serbian ,,Estimacija krutosti i adaptivno upravijanje kod popustljivih robota ™).

Based on the material attached to the candidate's request, the Commission submits the following

REPORT

Information about the Candidate

Biographical data

Maja Trumi¢, master engineer of electrical engineering and computer science, was born on
September 18, in 1993 in Bor, where she finished both primary and secondary school. During her
schooling, she participated in numerous competitions in mathematics and physics and won
numerous awards, among which stands out the third prize at the national competition in
mathematics. She enrolled at the School of Electrical Engineering in Belgrade in 2012. She
graduated from the Department of Signals and Systems in 2016 with an average grade of 9.43,
defending her bachelor’s dissertation entitled "Design of an autopilot for a self-guided air-to-
ground short-range missiles." In 2016 she enrolled in master's studies at the School of Electrical
Engineering in Belgrade, which she completed in 2017 with an average grade of 10 and defended
her master's thesis "Analysis of vibration signals from low-power motors using wavelet analysis".




During her undergraduate and master studies, she completed several professional internships: first
at the Military Technical Institute in Belgrade (in duration of three months), then at Bosch
Research Center in Renningen, Germany, (four months) and at the Bosch plant in Buel, in
Germany (seven months).

She enrolled in dual doctoral studies in 2017 at the School of Electrical Engineering in
Belgrade and at the University of Palermo, Italy. The field of scientific research of the candidate
includes adaptive control of soft robotic systems and estimation of stiffness of such systems. Since
April 2018, she has been engaged as a scholarship holder on the project of the Ministry of
Education, Science and Technological Development "Research and development of ambientally
intelligent robots with anthropomorphic characteristics".

She is the author of four conference papers and two journal papers.

Acquired scientific research experience

Candidate Maja Trumié has been engaged as a scholarship holder of the Ministry of Education,
Science and Technological Development since 2018 on the project TR35003 - Research and
development of an intelligent service robot with anthropomorphic characteristics. As a scholarship
holder of the Ministry of Education, Science and Technological Development, she participated in
a project in the field of robotics with a special engagement in the management of new actuation
systems and estimation of their parameters.

In July 2018, she attended the course of Professor Andrea Serrani "Adaptive control: analysis
and design methods" and the course of professors Giuseppe Notarstefano and Maria Prandini
"Optimization Methods for Decision Making over Networks" within the summer school in
Bertinoro, Italy, organized by the Italian Association of Assistant Professors and Researchers in
Automation (Societe Italiana Docenti e Ricercatori in Automatica - SIDRA). In January 2020, she
attended a course by Professor Hassan Kalil entitled “Introduction to Nonlinear Systems and
Control”, held at the Centrale Supélec in Paris, and in July 2020 an online course by Professors
Alberto Isidori and Lorenzo Marconi entitled “Robust and Adaptive Output Regulation for
Multivariable and Hybrid Systems “organized by the European Embedded Control Institute.

Candidate Maja Trumic¢ has successfully passed all the exams provided by the plan and program
of doctoral studies and published two journal and four conference papers.




- Exams and obligations provided by the plan and program of doctoral studies:

1 K tor Control and Rehabitation 10 9
2 Neural Networks 10 9
3 Automated Reasoning 10 9
4 Unmanned Autonomous Robotic Systems 10 9
5 Introduction to Scientific Research 10 6
6 Optimal and Adaptive Stochastic Systems Control 10 9
7 Selected Topics in Symbolic Algebra 10 9
8 Theory of Robotics Systems 10 9
9 Automatic Navigation of Objects in Space 10 9
10 Special Purpose Robotic Systems 10 9
1 research ork rlated to the topic of the final thesis I 15
2 a scientific paper 3
3 research work related to the topic of the final thesis II 15

- List of publications:

Papers in a top international journal (M21)

1. 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, DOIL: 10.1177/0278364920903787, IF: 4.047.

2. 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, 2020, DOIL: 10.1109/.RA.2020.2969952, IF: 3.6.

Press release from the international meeting printed in its entirety (M33)

1. Maja Trumié, Kosta Jovanovi¢, Adriano Fagiolini ,, Comparison of Model-Based
Simultaneous Position and Stiffness Control Techniques for Pneumatic Soft Robots®, In:
Zeghloul S., Laribi M., Sandoval Arevalo J. (eds) Advances in Service and Industrial
Robotics. RAAD 2020. Mechanisms and Machine Science, vol 84. Springer, Cham. DOI:
10.1007/978-3-030-48989-2 24




Press release from the national meeting printed in its entirety (M63)

1. Maja Trumié, Kosta Jovanovi¢, Adriano Fagiolini ,,Adaptivno upravljanje robotom sa
elastiénim pogonom®, Zbornik radova 62. Conference ETRAN, str. RO1.1 377-380, June
2018, Pali¢, ISBN: 978-86-7466-752-1

2. Maja Trumié, Milica Jovanovi¢, Tomislav Sekara, Marko Bogkovi¢ ,,Uporedna analiza
modifikovanog Smitovog prediktora i optimalno PI regulatora za adaptaciju sistema
upravljanja primenom fazno zaklju¢ane petlje za temperaturne procese sa dominantnim
transportnim ka$njenjem*, Zbornik radova Infoteh-Jahorina 2018, str. 460-463, March 2018,
Jahorina, Bosnia and Herzegovina, ISBN: 978-99976-710-1-1

3. Milica Jovanovi¢, Maja Trumi¢, Tomislav Sekara ,,Primena modifikovane fazno-zakljuCane
petlje za adaptaciju sistema upravljanja temperaturnih procesa®, Zbornik radova Infoteh-
Jahorina 2018, str. 454-458, March 2018, Jahorina, Bosnia and Herzegovina, ISBN: 978-
99976-710-1-1

Assessment of the candidate's eligibility to work on the proposed topic

The commission reviewed all the previously mentioned results of the work and the gained
experiences of the candidate Maja Trumi¢. Based on the attached documents and oral presentation
of the topic of the doctoral dissertation, the Commission gained insight into the ability of the
candidate for scientific research work and her ability to achieve results during the preparation of
the doctoral dissertation which will be presented and evaluated by the international scientific
community. The position of the Commission is that the candidate Maja Trumi¢ fulfills all the
necessary essential and formal conditions to start drafting a doctoral dissertation on the mentioned
topic.

Subject, aim, and significance of the research

The aspiration to achieve or even surpass human dexterity and promptness in performing motion
and manipulation tasks has fostered the development of robots with embedded flexibility in the
last decades. Contrary to previous practice, when robots’ elasticity was sought to be suppressed,
nowadays it is purposely introduced and encouraged in order to create human-friendly, energy-
optimized, and lightweight soft robots [1]. Thanks to these properties, soft robots have shown
promising aspects as far as it concerns the assistance and safe interaction with humans. Creating a
shared human-robot workplace would have positive social and economic influence [2], while
human-robot collaboration would radically improve the health of manufacturing workers if robots
would assist them in carrying heavy equipment [3]. Robotics systems such as Kuka’s lightweight
robot, endowed with active compliance control [4], and other novel cost-effective, open-source
solutions, including e.g. the products by Natural Machine Motion Initiative [5], are now emerging
on the market, all sharing the common aspiration to empower faster development of this field.




Compliance of soft robots, with flexibility concentrated at joints, can be achieved by several
different mechanisms [6]. Among them, Variable Stiffness Actuators (VSA) seem to be most
auspicious in typical applications [7], over-performing rigid robots regarding robustness and the
load-to-weight ratio [8-9]. The compliance of a soft robot is usually set in an open loop, which
means that the elastic characteristic of a soft robot has to be obtained in advance, either by using
the analytical calculation from the datasheet of the VSA [10], or performing extensive model
identification [11]. However, even in the case that the provided datasheets are initially reliable, the
continuous wear induced by the impact of forces, acting on the elastic elements, the temperature
drifts, and the torque hysteresis eventually result in additional inaccuracies [12]. On the contrary,
closed-loop stiffness control has several benefits, as it provides full state feedback and information
about the dynamical relation between the actuation system and joints. Several approaches have
been proposed for joint stiffness and position control such as static and dynamic feedback
linearization approach [13-14], and backstepping control law [15]. All the above-mentioned
approaches assume that the dynamic model is precisely known, which complicates their practical
implementations.

The aim of the research will be twofold. First, the research will be steered towards estimating the
value of a robot’s stiffness, since this variable is not measurable. Opposite to the current practice
of performing extensive offline identification of the stiffness model, the goal of this research is to
achieve the online stiffness estimation by using minimum information about the robotic system.
Secondly, the challenge to simultaneously control in a decoupled way both position and stiffness
of a soft robot will be addressed. Such control law needs to ensure robust asymptotic tracking with
the lack of precise knowledge about inertial and geometric parameters of a robot dynamic model.
Besides, for the sake of practical implementation, the -control algorithm should not include the
information about higher derivatives of joints’ position and stiffness. To that purpose, the adaptive
control law will be exploited to achieve the desired behavior of a soft robotic system.

As it concerns the challenge of stiffness estimation, the research within this field is still in its very
beginning. However, the significance of this field is broad since it would be highly beneficial for
the research on teleoperating robots, estimating stiffness in human limbs, and manipulation of a
robot in the contact tasks. While certain promising solutions have been proposed in the area of
flexible robot joint [16-17] and Cartesian [18] stiffness estimation, there are still many great
possibilities for improving the stiffness estimation process by developing algorithms that will need
less information from the sensors mounted on the drive side of robot joint [19], or lean only on the
information from the link side of robot ( so-called non-invasive methods [20]).

The contributions of the research concerning adaptive control will lay on the foundation of the
work in [21]. Compared to that research, a first extension will stem in the fact that the robot’s
stiffness will be controlled in closed-loop, which is supposed to benefit the overall system safety.
A second appealing feature will be to design such control law that will use the additional control
degree of freedom to decouple the tracking of position commands from stiffness ones. Compared
to the feedback linearization approach [13-14], this research will be based on the adaptive learning
of dynamic model parameters, hence it is presumable that experimental verification of
simultaneous and decoupled control of robot’s position and stiffness will be possible, which would
be the first shown experimentally.
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The starting hypothesis
The starting hypotheses are based on the following:

e Robots driven by biologically-inspired actuators, such that both position and stiffness are
variable, can perform safely and efficiently within the anthropic environment. It is possible
since link inertia is decoupled from the inertia on the motor side by flexible transmission
elements, thus reducing the total kinetic energy of the robot [1].

e Closing the loop on both the position and stiffness of a robot positively impacts the overall
safety. When a robot is closer to a human operator, safety is achieved by lowering the
robot’s stiffness and velocity. Similarly, a stiffer robot achieves higher speed when far from
the operator [2-4].

e Adaptively controlling a robot’s position and stiffness variables allows robustness to the
uncertainties of a soft robot dynamics, requiring only a joint’s position and velocity
information [5].

e There is no inertial coupling, but only elastic coupling between link-side (non-actuated)
and motor-side (actuated) states, which leads to the simplifications of the robot dynamic
model used for the design of control law. Moreover, gravity potential energy and variation
of the robot’s inertia matrix depend only on links’positions [6].

e In order to close the loop on stiffness, the premise that this variable could be estimated is
made, since stiffness is not measurable. To that purpose, it is assumed that elastic
transmission characteristic is parameterized with respect to position of link for robots with




pneumatic drive [7], while for robots with electric drive [8] it is parameterized with respect
to positions of link and drives. Moreover, stiffnesses of different joints are not coupled [9].
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Research methods

Considering stiffness estimation, state-of-the-art algorithms will be compared with respect
to the following criteria: a necessity for position and velocity information from motor or link side,
stiffness/flexibility torque convergence, and a possibility to estimate the stiffness of robot’s end-
effector. The research will proceed with the development of an improved estimation process,
whose results will be verified in both simulations and on the experimental setup. The accuracy of
the estimation can be checked by comparing obtained results with the stiffness model provided by
the producer’s datasheet or with the stiffness calculated from the data of a force/torque sensor
mounted on the output shaft of the robot’s joint. Criteria such as Mean Square Error and Mean
Square Relative Error Percentage will be used to numerically depict the difference between the
estimated and real value of the stiffness.

The research will proceed with the detailed analysis of state-of-the-art solutions for the
control of soft robot’s position and stiffness, specifically adaptive control laws. Then, a new
adaptive control law will be designed so that both position and stiffness of each soft robot joint are
controlled simultaneously and in a decoupled way, assuring the asymptotic tracking of the desired




position and stiffness values. Such control law will first be tested in a simulated environment of
Simulink on a multiple-degree-of-freedom soft robot, and afterward examined on the experimental
setup. The performance of the algorithm will be evaluated according to the error and speed
obtained during tracking various position and stiffness references.

Expected scientific contributions

Expected scientific contributions of the thesis are the following:

Systematic overview of the literature and methods in the field of soft robot stiffness
estimation.

So far, a model of stiffness in soft robot joint driven by VSA is obtained by performing
extensive model identification procedures. Reliable on-line estimation of stiffness in the
robot’s joints would reduce the time and simplify the process necessary to obtain the initial
stiffness model for variable stiffness actuators. Besides, by using on-line stiffness
estimators, even when the change in the elastic transmission occurs due to the room
temperature or wear of springs, the user can get a valid estimation for the stiffness of the
robot’s joint.

Advancements in estimating a robot’s stiffness have the potential for a high impact on the
procedures for a human limb’s stiffness estimation. First, it would lead to an improvement
in understanding and coping with Parkinson’s disease. Secondly, by using knowledge on
human stiffness, the teleoperation of robots would be achieved more easily with better
results, since, so far, the extensive offline and the highly personal-dependent procedure is
used to calculate arm’s stiffness, On this behalf, recent results have shown that when the
stiffness of a robot arm is teleoperated, the robot manages to perform successfully peg-in-
a-hole tasks.

In the light of recent recognition that soft robots can become in the future close
collaborators of humans within industrial and home environments for the purpose of
improving factory production or servicing the elderly, it is of utmost importance that such
robots remain safe and adaptable to the environment. This thesis will consider developing
appropriate adaptive control law in order to increase the safety of the overall robotics
system.,

First experimental validation of the simultaneous and decoupled control of soft robot’s
position and stiffness, which will provide practical insight into its advantages and
disadvantages.




Research plan

The research will be conducted following the main idea of controlling soft robots in a way that
both safety and good performance can be ensured. As the first line of research, estimation of
stiffness is performed, since that variable can not be measured. The second streamline of the
research is oriented towards developing appropriate adaptive control which allows the
simultaneous and decoupled position and stiffness tracking of a robot with uncertain dynamic
parameters.

1) The first phase — estimation of stiffness in soft robot’s joints

To enable closing the loop on stiffness, one needs to estimate its value in flexible robot joints
or end-effector.

The prime step in the literature overview is the comparison of previously developed algorithms
(parametric and non-parametric approaches, attacking the problem from the motor or link side,
estimating stiffness directly, or indirectly via flexibility torque).

Once the advantages and disadvantages of current solutions are determined, it will be
proceeded with improving them, by developing an algorithm that requires less information from
the sensors and fewer parameters to be tuned.

Finally, the performance of the proposed estimator will be examined via simulations and
experiments for different use-cases, by comparing its outcome to the real values of stiffness in the
joint.

2) Second phase — decoupled and simultaneous adaptive control of position and stiffness

Initial step in the research is analysis of literature covering topics on soft robots (actuation
systems: Variable Stiffness Actuators, Serial Elastic Actuators; actuation sources: pneumatic,
hydraulic and electric drives; types of soft robots: soft robots with elasticity concentrated in joints
and soft robots with elasticity distributed along the link) and control laws (model-based: dynamic
and static feedback linearization, back-stepping; and model-free: nonlinear adaptive control,
model predictive control, feed-forward control).

As a second step, the design of appropriate adaptive control law is performed, such that no
higher derivatives of position and stiffness are needed, the control of these two variables is
decoupled and robustness to uncertain dynamic parameters is achieved. Formal proof of stability
will be derived to ensure the asymptotic tracking of position and stiffness.

Finally, the third step contains the verification of derived control law in both simulations and
experiments. Single and multiple-degree-of-freedom robotic setup will be used to show the
performance of the algorithm, and compare it to different control strategies.
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Conclusion and proposal

Based on the above, the Commission concludes that the candidate Maja Trumié, master
engineer of electrical engineering and computer science, meets all the necessary conditions for the
preparation of a doctoral dissertation entitled "Stiffness Estimation and Adaptive Control of Soft
Robots". In addition to meeting the formal requirements, the candidate demonstrated the ability to
systematically approach problem analysis and theoretical and practical knowledge in the field of
modeling and control of robotic systems and stiffness estimation for robots with flexible actuators,
as well as presenting results to the scientific community. The proposed topic is very current and
based on both the research activities of the scientific community and the commercial needs of the
market. The scientific contributions of the candidates are important for the development of a new
generation of collaborative robots whose advantages are based on the technology of variable
stiffness actuators and the expansion of the possibilities of their application.

The Commission proposes to the Teaching-Scientific Council of the School of Electrical
Engineering of the University of Belgrade to approve the preparation of a doctoral dissertation
entitled "Stiffness Estimation and Adaptive Control of Soft Robots " under the mentorship of Dr.
Kosta Jovanovi¢, assistant professor at the School of Electrical Engineering, University of
Belgrade, and Dr. Adriano Fagolini, Assistant Professor at the Department of Engineering,
University of Palermo, Italy.
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