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NepiAngn

Jtnv mapouoa gpyacio mapouclalovial ol cUVELOGOPEC TOU £ylvav OTOV DeUATIKO TOPEA TNG
povteAomoinong Kol eAEyxou Hn-emavipwpévwy evaepiwv oxnuatwyv (MeEO) moAamAwyv gAikwy
MEOW aVEEAPTNTWV ATO CUVTETAYHUEVEC YEWUETPLKEG LEBOSOUG. ME 0TOXO TNV AIMOKTNON ULag EVPELag
Kotavonong Kal yvwong mavw ota MeEO moAAamAwv eAikwv, N €PEVVNTIKA TIPOCTIABELA AUTNE TNG
SLatpLBNC EMIKEVTpWVETOL O€ Tpla Bépata:

To npwto B¢pa adopd MeEO oA amAwv eAikwv (ME) povokateuBuvtikng waong (n o dtadedopévn
kKAdon un-oAovouwv MeEO-MUAVs). Avamtuooovtal veéa MEWMETPIKA Mn yPOUULKA ZUOTHUOTO
EAéyxou (FTMyZE) mou emtuyxavouv €Aeyxo B€ong Kol TPOCAVATOALOMOU TNG €V AOyw KAGONG.
JuyKekplpéva avamtuooetal éva véo TMyZE xapoaktnplopevo amnd oxedov oAlkoU UPoOUC TIEPLOXN
£€\éng n omola eivat avefaptntn omd 1o oddAua opxlkng Ofong/taxlTnTag: A TPWTOTUTIN
ouvelohopad w¢ mpog tnVv PLPAloypadia yewpeTtplkoU eAéyxou. Emiong, avamtuoostal pla vea
VEWUETPLKN OTPOTNYLK KaTavoung tng Spdong eAéyxou, n omoia erutpénel uPpnAng akpifelog
OKPOPBATIKOUC EALYMOUC TIPOCAVOTOALCLOU, EVW TAUTOXPOVA TNPEL TOUG TMEPLOPLOUOUG WONG TWV
enevepynTwy (amodelyetol 0 KOPETUOG) KoL To KEVIpo palag mapapével "kovtd" og éva emBupunto
onuelo Bfong. Autn n ouvelodopd amodibel 20.000 dopég BeAtiwon otnv mapakoAouBnon
OKPOPBATIKWVY TPOXLWV MPOoCcavVATOALoHOoU (og meplBallov mpocopoiwong). H €psuva mou Site€ayetal
o MeEO moA\amAwv eAikwv povokateuBuvtikng wong Sev eival povo BewpnTtikng puoews, aAld
TIOPEXOVTAL KOL TIELPOLLOTLKA ATIOTEAECATAL.

To &eltepo BEpa adopd tnv Stepslvnon/UeAETn Tou avarmpooavatoAlopol katevBuvong atepeol
OWHATOG IOV Xopaktnpiletal anod Kivnon Peyaing neplotpodtkig TaxUTNTAG. AVanmTUOOETOL LLO VEQ
ouvaptnon mapakoAolBnonG TPOXLWV MPOCAVATOALOUOU Kal éva VEo TMYZE Tou aVTIHETWTTI(EL AUTO
10 MPOPBAnua. To mpwto MMyZE w¢ tpog TNV YeWUETPLKA BLBALoypadia mou aviipeTwtilel To ev Adyw
TPOPANUa eAéyxou eival mpoidv authg ¢ epyaciag. H épeuva Sle€ayetal wg mposTolpacia yio tv
Kotavonon tng Suvapikng tou (elyoug KIvnTnpa-£ALKAC, TTOU ival TpoUnobeon yla mapaywyr wong
ota OAovopa MeEO ME (O-MeEO-NE)). Tivetal avtlAnmer n Umapén yupOOKOTILKWY TOAQVTWTIKWY
daLVOUEVWV TTOU TIPOKUTITOUV KOTA TNV KivNon avompooavatoAlooU Kol avantuoostal HEBodog yla
TNV EKTLUNON TNG CUXVOTNTAS TAAAVTIWONG TWV PALVOUEVWV QUTWV.

To tpito Bépa adopd tnv kKAdon twv O-MeEO-ME kot €l8IKA UE OQEPOXAMUATA HE KOVOTNTEG
avanpooavatoAlopol €Alkag (wong). Mpoteilvetal pa véa Swopopdwon O-MeEO-ME (oAdvopuo
tricopter) kal peAetatal S1e€08IKA HEOW AVEEAPTNTWY OO CUVTETAYUEVEG YEWUETPIKWY PEBOSwWV. H
YVWON KoL N EUTELPLA TTOU amoKTOnke amo ta SUo MponyoUUEVA EPEVVNTIKA BEpata ebpapuoleTal
oTLG Slepyaoieg povtehomolnong Kot Katd Tov oxedlaopuo Twv MMyZE mou avamtucoovtal yla To gV
AOyw oEepOXNUO. TUYKEKPLUEVA TOpAyeToL vEo TMy2E avampooavatohlopol/wong €AKa Kol VEO
IMyZE mopakololBnong tpoxldg Béong kévipou HAOG TOU OXNUATOC KABwG Kol OTPATNYLKNA
KOTOVOUNG WOEWV avefdpTnTnNg amod oUVIETAyUEVES (Baolopévn o OMAO YEWUETPLKO Kavova). H
ouVSULOOTIKN TouC Spdon emituyxdvel éleyxo B£ong/mpoocavatoAlopol oAdvoung dpuoswce. Emiong
QVONTUOOETOL Ula EVAANQKTIKY, avefAptntn amo Tov eAeykth, UEBOSOG yla TNV ektipnon tng
ouxvVOTNTAC TWV EVOOYEVWV YUPOOKOTILKWY TOAQVIWTIKWY POLVOUEVWY TIOU TIPOKUTITOUV KOTA TN
Slapkela TNG Kivnong Twv eAikwv.

INUELWVETOL OTL OL KUPLEG CUVELODOPEC TTIOU TTAPOUCLATOVTAL O QUTNV TNV £pyacia avamtuooovtal
amnevBelog otn pn ypopukn moMamAotnta/ Oscsoypadikod xwpo, anodelyovtog L6lopopdisg Kat
audLlonpieg mou MPoKUTITOUV Ao TN XPHON TOTILKWY CUVTETAYUEVWY TTPOCAVATOALOUOU (Ywvieg Euler
1 quaternions K.Amt.), evw ta TMyZE yopoktnpilovtal omd oxeS0v oMKES TtepLloXeC EAENc/svoTadeLac.
Ta anoteAéopata untootnpilovral ano pabnuatikn avaAucn, aplBunTikég mpooopolwoelg (MATLAB,
ROS/GAZEBO) Kol 0€ OPLOEVEC TIEPLUMTWOELG UE TIELPOUATA.



Abstract

In this dissertation Control System Design (CSD) contributions in Multirotor Unmanned Aerial Vehicles
(MUAVs) are presented from a coordinate-free approach using geometric methods.

Since research in MUAVs is in a mature state; considerable effort is devoted to identifying research
contribution points. Fueled by passion in obtaining a broad understanding and knowledge of MUAVSs,
the research effort of this thesis is distributed in three topics: The first topic deals with Non-Holonomic
Multirotor Unmanned Aerial Vehicles (NHMUAVs), specifically with Uni-directional Thrust, Non-
Holonomic, Multirotor Unmanned Aerial Vehicles (UT-NH-MUAVs) (the most prominent subclass of
NH-MUAVs); new Geometric Nonlinear Control Systems (GNCSs) are developed for the locomotion
task of the UT-NH-MUAVs-class. A new GNCSs addressing this task is developed characterized by an
Almost Global (AG) Region of Attraction (RoA) that is also independent of the initial position/velocity
error; a first in terms of the geometric UT-NH-MUAYV literature, providing an alternative control
structure for aggressive UT-NH-MUAV maneuvers and simplifying path planning. Also, a new
geometric control-allocation structure is developed, for the UT-NH-MUAVs-class, yielding high
precision aggressive UT-NH-MUAYV attitude motion while adhering to actuator limitations and staying
”close” to a desired Center of Mass (CoM) position command. This development yields a 20.000-fold
improvement in aggressive attitude tracking (in simulation). Additionally, this work is not purely
theoretical; experimental results relating to the UT-NH-MUAV-class developments are provided.

The second topic addresses the Pointing Direction & Angular Velocity (PDAV) control task of a high
Revolutions Per Minute (RPM) rigid body (a subclass of rigid body attitude control); a new tracking
error function and a new geometric control structure addressing this problem are developed. The first
PDAV GNCS in terms of the geometric literature is a product of this work; this research is also
conducted as a prelude-preparation in dealing with high RPM tilting Brushless Motors (BMs) (the main
actuating entity deployed to Tilting-Propeller, Holonomic, Multirotor Unmanned Aerial Vehicles (TP-
H-MUAVs)), yielding intrinsic knowledge like the identification of gyroscopic oscillatory phenomena
arising during smooth PDAV motion and developing a method in estimating the frequency of
oscillation of these phenomena.

The third topic deals with Holonomic, Multirotor Unmanned Aerial Vehicles (H-MUAVs), specifically
with the TP-H-MUAV-class; a novel TP-H-MUAV configuration is proposed (a tricopter H-MUAV) and
analyzed in a geometric, coordinate free-manner. The experienced gained from the two previous
research topics is put in to good use during the multi-body modeling and geometric CSD processes;
The PDAV control structure, developed in research topic two, is adapted to the TP-H-MUAV dynamics
for tilting propeller thrust generation; a new CoM output tracking GNCS and a coordinate-free
allocation strategy (based on a simple geometrical rule) are developed, addressing the locomotion
task of the new platform. An alternative, controller-independent, method for estimating the
frequency of gyroscopic oscillatory phenomena arising during PDAV motion is also developed. Finally,
the developed TP-H-MUAYV pose control structure can be easily generalized to any vehicle of the TP-
H-MUAV-class.

It is signified that the major contributions presented in this work are developed directly on the
nonlinear configuration manifold; complexities and ambiguities that are associated with minimal
attitude representations (Euler-angles, quaternions etc.) are completely avoided, almost global
attractivity results for the tracking error metrics are provided without any time-scale separation
assumptions and no interpretation of the results on SO(3) and Sz is required. The developed results
are supported by mathematical analysis, numerical simulations (MATLAB, ROS/GAZEBO), and at some
instances with experiments.



