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Abstract

To achieve cost-effective in-orbit servicing, space manipulator systems can be employed as
a viable solution. To execute precise tasks in orbit, advanced control strategies, such as
model-based ones, must be employed; these require accurate knowledge of a system’s
parameters. However, the space robot’s parameters can change in orbit for several reasons,
including environmental and mission ones. Therefore, this thesis focuses on developing
system identification methods for both rigid and flexible space robotic systems.

The system identification of rigid space robotic systems is addressed first. A parameter
identification method is developed to accurately estimate the inertial parameters required for
the complete reconstruction of a system’s free-floating dynamics. Unlike alternative
methods, this approach does not rely on acceleration measurements, making it less
sensitive to sensor noise. The method utilizes the conservation of angular momentum as a
model set. During the identification experiment, optimized exciting trajectories are followed
by all manipulator joints while the system is in free-floating mode. This identification method
is further extended to reconstruct the full free-flying dynamics of rigid space robotic systems
within the same experiment. The extended method employs the differential kinematics
through a Jacobian as an additional model set and is validated through simulations and
experiments.

Spacecrafts are subject to different sources of flexibility. These are mainly due to their
flexible appendages, and to fuel sloshing in their thruster fuel tanks. Both impact their
dynamics behaviour and controlled performance. In this thesis, the system identification of
space robotic systems with a flexible appendage and a harmonic oscillator is addressed.
Sloshing is modelled as a harmonic oscillator and the flexible appendage is modelled
according to the Euler-Bernoulli theory. A system identification scheme is developed, which
identifies all parameters required despite the unmeasurable modal and sloshing states. This
is accomplished through two consecutive identification experiments. In the first experiment,
modal and sloshing model parameters, along with the space robot's base mass, are
identified using modal analysis and a transfer-function-based approach. In the second
experiment, a method is developed based on kinematics and conservation of momentum
that eliminates unmeasurable sloshing states and identifies the needed space robot’s inertial
parameters. The scheme developed is validated through simulations.

In summary, this thesis presents novel system identification methods to address the
challenges of changing parameters in both rigid and flexible space manipulator systems
used for in-orbit servicing activities. The effectiveness of the developed methods is
demonstrated through simulations, experiments, and validation, while their potential in
enhancing the control strategies employed in the control of robotic systems in-orbit is

showcased.



MepiAnyn

MNa va emreuxBolv epyaacieg o€ TPoxId, Ta dIACTNUIKA POUTTIOTIKA CUCTAPATA PTTOPOUV va
XPNoigotroinBolv wg oIKovopika Biwaoiun Auon. MNa Tnv eKTEAEON €pyaciwyv o€ TPOXIA HE
aKpifela, TTpoNyUEVEG OTPATNYIKEG EAEYXOU, OTTWG AUTEG TTOU BacifovTal O JOVTEAO, TTPETTE
va xpnoigotroinBouv, Kai Ol OTToieg amaiToUv akpIBr] yvwon Twv TIOPAPETPWY  EVOG
ouoTAuaTog. QOoTO00, O TTAPAUETPOl TWV SIACTNUIKWY POUTTOT PTTOPOUV va PeTaBAnBouv
oTav BpiokovTal og TPOXIA yia dIAPoPoug AOYOUG, CUNTTEPIAAUPBAVOUEVWY AOYWY OXETIKWV
ME TO TTEPIBAAAOV Kal TRV idla TNV O1a0TNUIKI aTTo0TOAr. ETTopévwg, autr n diatpiBr eoTiAalel
oTnV avamTuén HeBOdwWY avayvwpiong TTAPAUETPWY TOOO YIa AKAUTITA OO0 Kal YIa EUKAPTITA
OlOCTNMIKA POUTTOTIKA CUCTAMATA.

ApXIKG JEAETATaI N aAvayvwEIoN TTAPAPETPWY AKOUTITWY OIOCTNHIKWY POUTTOTIKWY
ouoTnuaTwy. Mia péBodog avayvwpiong TTAPAPETPWY AvaTITUXONKE yia TNV akpifr] eKTipnon
TWV a0PAVEIAKWY TTAPAPETPWY TTOU ATTAITOUVTAI YIa TNV TTARPN GVAKOTAOKEUR TNG SUVAMIKAG
TWV €AEUBEPO QIWPOUUEVWY OIaCTNUIKWY POUTTIOTIKWY ocuoTnudtwy (free-floating space
manipulators). Ze avtibeon pe GAAeg peBodoug, autn n pEBodog dev BaacileTal o€ PETPAOEIG
emTdyxuvong, KabioTwvtag Tnv Aiyotepo euaioBntn oTtov B6pufo Twv aioOnmipwv. H
MEBODOG xpnolyoTrolei TNV e€icwaon d1aTPNONG OTPOPOPMNG TOU CUCTAUATOS WG OET
MovTéAou (model set). Katd Tn OIGPKEIO TOU TTEIPAUATOS AvayvwpIons, BEATIOTOTTOINWEVES
TPOXIEG Kivnong akoAouBouvTtal atmmd OAeG TIG apBpWOEIS TwV BPaXIOVWY TOU POMPTTOTIKOU
OUCTAPOTOG eV TO ouaTnua Ppioketal oe Asitoupyia eAelBepng aiwpnong (free-floating
mode). AuTr] n H€B0SOG avayvwpIong ETTEKTABNKE PE OKOTTO TNV GVOAKATOOKEUN TNG TTARPOUG
OUVaUIKAG Twv eAelBepa mTapevwy  (free-flying) dkauTTwy OIACTNUIKWY  POPTIOTIKWVY
OUOTNUATWY, MEOW TOu idIoU TTEIPAUATOG avayvwpions. H péBodog tou avamTuxOnke
XPNOIMOTIOIEI TN BIAQOPIKI KIVUATIKI PHECW €vog lakwplavol Trivaka wg emITTPOCOETO OET
MOVTEANOU, KAl ETTIKUPWVETAI HECW TTPOCOUOICEWY KAl TTEIPAPATWV.

O1 dopuodpol UTTOKEIVTAI O€ OIOPOPETIKEG TINYEG EUKAUWIOG. AUTEG o@eilovTal KUpiwg
OTa €UKAQUTITA PEAN TOUG, KAI OTNV avakivnon Tou Kaugipou oTig degapevég Toug. Kai ol duo
TUTTOI EUKQPWIWY ETTNPEACOUV TN BUVANIKH CUUTTEPIPOPA Kal TNV eAeyxOuevn atrdédoon Twv
OopuPopwy. 2Tnv Trapouca OlaTpIfr, MEAETATAI N avaAyvWEIoN TIAPAMETPWY  TWV
OIOOTNMHIKWY  POMPTTOTIKWY CUOTNUATWY  TTOPOUCia  €UKAPTITOU  PEAOUG KOl  OPUOVIKOU
TOAQVTWTH. TO KIVOUUEVO KOUGCIUO MOVTEAOTTOIEITAI WG APHOVIKOG TAAQVTWTAG KAl TO
eUKAPTITO PEAOG cuUppwva pe Tn Bewpia Euler-Bernoulli. Mia péBodog avayvwpiong
TTAPAPETPWY aVATTITUXONKE, N OTToia EKTINAEI OAEG TIG TTAPAPETPOUG TTOU aTTaIToUvVTal TTAPd
TIG YN METPNOIKES METAPBANTEG KATAOTOACNG TOU appovIKoU TaAavTwTh (sloshing states) kai Tng
IOIOMOPYPIKEG  METARANTEG KATAOTOONG TOU €UKAPTITOU MEAoug (modal states). Auto
EMTUYXAVETOI PEOW OUO BIABOXIKWY TTEIPAUATWY QvVAYVWEIONG. 2TO0 TTIPWTO TIEipaua, ol

TTOPAPETPOI TOU IBIOPOPQPIKOU HOVTEAOU KAl TOU HOVTEAOU TOU GPUOVIKOU TAAQVTWTH, padi he



TN pada Tou dIaoTNPIKOU POUTTOT, avayvwpifovTal e Tn xernon 1I810Jop@IKAG avaAuong Kal
EVOG O€eT pOvTEAOU Paoicpévou O€ ouvapTnon HETaQopdg. 210 OeUTEPO  TrEipaua,
avatTuxnke pia péBodog Paciouévn OTNV KIVNPATIKA Kal TN dlatApnon TG Opung Tou
OUOTAPOTOG TToU €EAAEIQEI TIG UN METPACIUEG KATAOTACEIG KivnonNG TOU OPUOVIKOU TOAQVTWTHA
(sloshing states) kai Tig 1G10MOPPIKEG KOTAOTATEIG Kivnong Tou €UKAPTITOU péEAoug (modal
states) kal ekTIYAEl TIG ATTOPAITNTEG AOPAVEIAKEG TTAPAUETPOUG TOU OIOCTNHIKOU POUTTOT. To
TTPOTEIVOUEVO OXAMO ETTIKUPWVETAI JECW TTPOCONOIWCEWY.

ZUVOTITIKG, N dIaTpIRr TTapouciadel KavoTOUEeG HEBODOUG avayvwpiong TTOPAUETPWY
yio TNV QVTIUETWTTION TNG METABOAR Twv TrapauéTpwy TOOO0 O AKOAUTITA OIOCTNUIKG
POUTTIOTIKA CUCTANAOTA OCO KAl O€ CUOTAMATA PE EUKAUTITA OTOIXEIQ TTOU XpnoldoTTolouvTal
yla epyacieg o€ Tpoxid. H atroteAeopamnkotnta Twv peEBOdwv TTOU  avatTuxBnkav
ATTOOEIKVUETAI HECW TTPOCOPOIWOEWY Kal TTEIPAUATWY, EVW TTapouaidalovTal o1 duvaTtoTnTEG

TOUG OTNV £vioXuon TwWV OTPATNYIKWY EAEYXOU POUTTOTIKWY CUCTNHATWY O€ TPOXIA.



