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HAEKTPOUNXAVOAOYIKOG OXEDIOTUOS TOTTKA KATATKEURTHEVWIV IKPWV AVELOYEVVNTRIWY'

K Adaroueng

O1 avoIXTEG TEXVOAOYIES AVAVEWOIHWY TTYWY EVERYEING YIX THY TFAPaywyr NAEKTPIKNAG EVEPYEIRG OF
HIKPH KAIMOKQ, Pmopoly va SrMIoUpYRooUY £Va £UvoiKO TTAQITIO via TAV NAEKTPOdOTNGN AYPOTIKWY
KOl OTTOMOKPUCHEVWY KOIVOTATWY, OTTOU N ETTEKTOGN TOU NAekTpikoU OikTUou pmopei va eival
TEPIOPICMEVN 1 avagIoIoTh. O1 TOTTIKG KATAOKEVOOHEVEG MIKPEG avepoyevvhTpieg (TKMA) eivan pia
O1adedouévn Texvoloyia UE TETOIO DUVAIKH.

H Tapovoa SwatpiBry epeuvd mnig TKMA ypnoigotroiwvtag Hia SIETIOTNHOVIKY TTPOCEYyYIon,
aKoAouBwvTaG TOOO TEXVOAOYIKEC OGO KQl KOIVWVIOAOYIKEG OTTTIKES, £V UIOBETEN T ZUMMETOXIKA
‘Epesuva Apdong (Participatory Action Research) yia Tnv am’ suBgiag ouvdeon ue TV TaykOCHIa
KowoTnTa Kai 1o diktua Twv TKMA. AUTH n TTpocEyyIon QTTOOKOTTE OTNY KaTavonon Twv SUVONIKWY
KQI TWV QvayKWV TWY XpNoTWY KOl TWY EMTOYYEAPATIDY HECO OF QUTEC TIG KOIVOTNTES, Kai TTpowbei
évav amé Toug KUploug atdyoug g diatpiBrig, va avatrTuxBouv XpRoild pYOAEID VIO TIC QVOIXTES
TEXVOAOYIES QVOVEWDTIUWY TTNYWYV EVEPYEIAS O€ TOTTIKS erTiredo.

ELeT1AlovTag TNV TEXVN TNG TOTTIKI KATAOKEUNE UIKRWV OVELOYEVVNTRRLY, n JITPIBY apXIKd €eT1alEl
WG Ol XPNOTEG JIpop@Wyouy TNy TEXVOAOYIa péow TG “Autocxédiag Mnxavikng” (Makeshift
Engineering) - evég Opou TToU dNMIOUPYRBNKE yia va TERIYPAWEI TV KAIVOTOUO KO XEIPOTTOiNTN
TTPOTEYYION OTNV KOTACKEUX] MIKPWY GVEHOYEVVNTRIWY, XPNOILOTTONOVTAS TOTTIKG SiaBEciua UNKA,
epyaleia kal TEXVIKEG. H 1GTopIKY EEMIEN TOU QOVOUEVOU EVTOTTICETAI apXIKG oTn dekaEeTia Tou 1970
OTO Kivnua Twv eVOAACKTIKWY TEXVOAOYIWYV OTo Hvwpévo BagiAelo, kol @tdvel £wg oiuepa oTd
ouyxpova Taykdéopa  Siktug  SadikTuakoU OXeSIOOHOU KOl TOTIKNAG  KATOOKEUNG  MIKPWY
avepoyevvnTpiy. H Autooxédia Mnxaviks, divel Eueaon omy avdpign g XEIPOTEXVIAS Kal NG
HNXaVIKG, HME TPOTTOUG TTOU ETHITPETTOUV OTOUG TOTTIKOUG KOATAOKEUQOTEG VA TIPOCApMOlouV TRV
TEXVOAQYIQ OE QUYKEKPIMEVEG TOTTIKEG CUVONKEG KOl OVAYKEG.

Ta texvikda XapaxktpioTIKd Twv TKMA e€e1aovial AETTTOMEPWS, CEKIVIDVTAS HE TOV OXEDIAOHO KAl TIC
EMOOOEIC UEPOTOUWY OFE EQAPHOYEG HIKPWV OVEHOYEVVYRTPIWY. AleEdyovTal PETPHOEI AEPOTOLY
oe qepoduvapikly ofpayya yia  XounhoUg apiBuolug Reynolds kol a0 QTrOTEASCLOTA
XPNOIHOTIOIOUVTOl Yo T BoaBuovdunon Jd@opwy  epyaAsiwy  TPOCOMOIWENG TIoU  £X0UV
QVOTTTUXOE yia TV TTPORAEYN TWY CUVTEAEOTUWV GVWONS KOl avTioTaong AEpOTOMWY, OTTWS TO
XFOIL kai o MapFlow, £vag emAUTNG UTTOAOYIOTIKIAG peuaToduvalikAg eicwocwy Navier-Stokes.
Mpoteivetar pIa TEXVIKA e€avaykaouEvng METAROONG TOU OPIAKoU CTPWHATOS Vit TV EVIOXUCH NG
amdéd0ooiig TOUg, EVW TO ATFOTEAECUOTA OUyKpivovTal pe BIBAIOBAKN CEPOTOMWIV CXEBINOUEVIDY
EDIKA VIO EQAPUOYEG HIKPWY QVEHOYEVVNTRIWY, TTOU £X0UV DOKIMUOTE EKTEVWIS OF OEPODUVOHKEG
ofpayyeg. AvamToooovTal OXEDIOOTIKEG TTPOdIQYPAPES CEPOTOMWY  YIa CUCTAMATA  QIOAIKAS
EVEPYEING HIKPAS KAIHOKOG, o8 amreuBeiag oUvOESn HE CUGCWPEUTEG Kai ME TN XpAon TKMA, evw
TPOTEIVETA! o vEQ RBEATIOTOTTOINUEVN YEWMETPIA CEpOTOURS EI8IKA  TTPOCAPHOCHEVNG  Yid
eQappoyeEc TKMA.

Z1n ouvexela eferalovial o oxediaoudg kai n amodoon Opoptéwv TKMA, pe ™ xprion e1BIKwy
TEIPOEATIKWY DITASEWY Trou avaTrTuxBnkav ota TTAaicIa The diaTpIBAG, yiIa TR HETPNGN atrddoons
BPOMEWY KOl KAUTTUANG I0XU0G MIKPWY GVELOYEVVRTPIWY. Avarrrucoovial diagopes peBodoloyicg
TpogoMoiwong, OTwWS n Oswpia oToiXEiwy TIEPUYWONS - OlIoKou OpUNg Kol UTTOAOYICTIKNAS
PEUCTODUVAMIKNAS, KAl CUyKplvovTan ME TEIPAATIKG amoTeAéouata Kar BabBuovopolvtal Je Bdon
auTd. ZTr ouvexeln DlEPEUVATO! TTEIPAHATIKG n eMidpacn XeipoTrointwy SUAIVWY TITEPUYIWY OtV
amdédoon OpOoHEWY UIKPWY CAVEUOYEVVNTPIWY, eV HEAETATAl YIO TPWTN Qopd n emidpaon
OINPOPETIKWYV OEPOTOMWY, TIOU XPNOHIOTTOIOUVTOI OTHV  TOMKY KOTUOKEUR, O©TNV amoédoan




XeipotroinTwy VAV Dpopéwy. TPIoDIAoTATA EKTUTTWHEVO! BPOUEIC MEAETWVTOI TIEIROMOTIKA W¢
TTPOC TNV AEPOBUVAHIKT} Toug OTmod0oar, KAl CUYKPIVOVTOI LE avTioTOIXOUS EUAIVOUG XEIROTTOINTOUG
DpoyEic, TTAPEXOVTAS VEEG YVIDOEIS YIa EVOANOKTIKEG TEXVIKES TOTTIKAS KaTaokeuris. H amddoon svog
Siadedopévou EPTTOPIKA KATAOKEUAOPEVOU DpouEa CUYKPIVETAl OTNV AepoBUVOMIKG chpayya e
£va avTioTOIXO TOTTIKA KATAOKEUCOUEVO, TTPOCPEPOVTOS VEQ YVUICH YIO TNV QTTOTEAECHUTIKGTNTA
TWy XelporroinTwy SUAIVY Opopéwy, AIEPEUVIOVION Of  ETITITWOEIS TG aTTeuBuypdupions g
ywviag TtepioTpopric vaw, €€ aitiag tou pnxaviguoU avadimhwong tng oupdag furling Tou
xenowotroigital omig TKMA, apéxovTag yvwoelg yia tnyv emidpacn otny amdédoon Tou Spouta Kal
otig €midboelg TUPAYWYNS 1I0XU0G TS HIKPAS QVEUOYEVVATRIAS. ZTh CUVEXEID avaTTUoCovTal
KQIVOTONES TEXVIKEG BEATIOTOU OXedIaoUoU BpOUEWY HKPWY VEPOYEVWNTPILY, BACIOHEVES OF HId
ouAAoyl}  CEPOTOMWY  EIBIKG  OXEQINONEVWY  YIX  EQApPUOYEC  XounAwy  apiBuwv  Reynolds.
ZUYKEKPIMEVD, TIPOTEIVOVTQl QEPOTOMEG KO BEATIOTEC YEWMETPIES TITEPUYIWY yia Bidgopa HeyEBn
dpoptwy, eV T TITEPUYIO TTou ¥pnoipgotrotouviar oTig TKMA katatdooovtal TEAIKG avapeoa ot
QUTG PE TIC KAAUTEPEC emIBOOEIS.

NgpeUVATal O OXEDIQOUOS YEVVIOILY VIO HIKPEG OVEHOYEVVATPIEG, KO €DIKGTEPU yia TKMA, e
EuQaon otn XpRon yevwnTtpiww aovikr) Porig MOVIMWY payvnTwy, Adyw Tng duvardtnrag
KATQOKEUAG TOUS HE T Xpon amAwyv Texvikwy. Mapouciadovral ol Treipayanikeég SaTagelg ko a
EPYAAEIQ TTPOCONOHIOTG TTOU avaTrTUXBnKav oTa TAGicIa TS SIATPIBAS, TTOU CUMTTEPIAGLBGVOUY
Hig diaragn TeIpapaTiKuy SOKIMWY YEVVNTRIWY adovikh pong Kal pia yeBodohoyia Trpocolioiwong,
ovopalouevn OpenAFPM, Baocicuevr oty €TTIAUCN LAyVATOCTATIKWY TPORANUATWY UE TR Xpron
TEMEPACHEVWY OTOIXEIWY. [payUOTOTTOIEITAl I EKTEVAG CUYKPIOT UETAEU TTROCOMONUCEWY KU
TIEIPOMOTIKIOV  OTTOTEAEOUATWYV  yIa TV eTOARBeuon kol TN Babuovéunon twv  epydAsiwy
Tpooodoiwong. Mehetdtor o oxedlacuds yevvntpiwy afovikng porig yia TKMA pe o1éxo Thv
avGTITUEN KATEUBUVTARIWY YRPANMWY CXEBIACHOU yia TETOIEC EQAPMOYES. AlepeuvdTal 0 BEPHKOC Kal
o OouikdG oxedIOoHOG yevvNTPIWY OEOVIKNG POIg, ME COTOXO TNV Evioxuon Tng amaywyng
BeppudTNTag KAl TN pefwon TG palag TS YEVVATRIAS, UE TAUTOXpovn avaTrTugn véwy axediwy yid 10
dioko Tou Gpopéd payvnTwv. AIEPEUVATAI TIEIPOMATIKG N MEiwan Tou akouoTikoU Boplfou Twv
yeEvwnTpIWwY aovIKNG porig TTou Xpnoipotrolodvial oTis TKMA, cuvBEoviag Tov akouoTIKé 86pufo
HE TIG APHOVIKEG PEULATOG TTOU EICAYOVTAl ATTO TNV TRIPACIKN 1N eAeyXOueEVn avopBwTIK yEQupa.
O1 skmoumég akouoTikou BopuPou Twv TKMA petpwvral oto medio yia Trpwrn @opd, Evw
TTpoTeEivovTal véeg BIOTGEEIS TTaBNTIKWY QIATPWY yia Ty PEiWON TOU aKoUoTIKoU Boplfou Kal n
amodoon] Toug afloAoyeital ge TEIPAPATIKES BOKINEG, AVATTTUCOOVTOI KOUVOTOMHES BEATIOTOTTOINCEIG
oxediaopoU yeEvwnTPIWY aEovIKNG pons yio TKMA, somddoviag ot xprion Sia@opwy PayvnTIKWV
UAIKWwY, 6TTwe 10 Neoduuio kat o Peppitng, Kal otov oXediagud YEVWNTRILY UYWPNARS 10X0G0C, TToU
dev kaAUTTTOVTON QTTO Ta KAGOOHKa eyxelpidia kataokeuris TKMA. Ta Tig ev Adyw BeATioTOTTOINGEIS,
Tpoodiopilovial ol BEATIOTEC OIGOTACEIS MHAYVNTWY KOl TTROTEIVOVTOl "KUBOAIKES" yewETpiEC
payvnTwy yia Sidgopa eupn poptwy TKMA.

H SiarpiBr] oAOKANPWVETAI HE TRV OVAAUOT CUCTRRATWY LETATPOTTAS QIOAIKAG EVEPYEIOS MIKPTIS
KAipaKag, oc TEPIOXEC XAMNARS TaXUTNTOS QvEMoU, Tou cuvnBweg oyxerifovial pe TKMA.
Mapoucidlovral ol TEIPAATIKEG HITAEIS KOt TA epyaAsia TIpOCOMOIWONG TTOU XpnaIdoTroInenkay,
CUYKEKPIKEVA N EYKATAOTAOT EVOG TTEDIOU DOKIMWY HIKPWY OVEUOYEVYNTPIWY YIQ TN PETPNON TWY
emddoewv 1oxiog TKMA oUugpwva pe 10 mpdtumo IEC 61400-12-1, kai  peBodohoyieg
TPOCOHOIWONG, O0TTWS 0 cuvBUOoOg MovTEAwY FAST/Simulink yia aveloyevwIijTRIEG HE UNXAVICHS
furling ocuvBedeuéveg Ot PIKPG CUCTAUATO PETATPOTING CQIOAIKNG eveEpyelag., AEfayetal pia
AETTTOUEPNG OUYKPION HETAEU TTPOCOMOIRCEWY KOl  TTEIPAMOTIKWY  OTFOTEAECMATWY, TTPOG
ETTOANBEUON KAl BABUOVO[NGN, HE QTTOTEAEGHA éva VED EpYOAEiD PoVTEAOTTOINONG VIO TNV KOUTTUAN
ioxuog TKMA. EmrmAcov, avammTUOOETal MG KAIVOTOUOG EQOPHOYH] OVOIKTWV JeBOMEVWY, TO
OpenWindLab, Tou atroreAeitan amod pia dadiktuaky) Baon Sedopévwy mou TEPIAQMBAVE! OAEC TIG
Bokipeg ou Tpayparomomdnkay oe TKMA katd Tn Sidpkeia aummc g Marpiic. Z1r Ouvéxeid




ouykpivovTal ol KapTTOAEG 10X00g 14 epmropikiov kait TKMA, OTTwe eTphdnkav ammd Sidgopouc
eTONUOUS popeic BOKILWY UIKOWY OVEHOYEVVNTRIGY, HE IBIRITEpn éugacn othv amddoon o
XOMNAEG TaXUTNTEG OVEPOU. AUTEG ME TIS KaAUTEPEG ETIDOOEIG CUYKpPIvOVTal WG péEpn URBPIBIKWV
OUOTNUATWY  UIKPAG  KAHOKAG, XPNOINOTIOOVTOS TO  epyaleio  TTpocouoiwang  HIKpOSIKTIwWY
HOMER. Zréxog eival va SiepeuvnBei n) eTidoon kdBe PIKPIG AVEMOYEWNTPIOG OTTO THY OTTTIKY) TOU
OUCTAMOTOS NAEKTPOBOTNONG Kol va avamruxBolv £101 kaivotopa KpitApia oxediaouold via
OUGTAHOTA HIKPAG KAINOKOG. AIEPEUVWVTAN TIABNTIKEG TEXVIKEG PEYIGTOTTOINONG TNG aTTddoong Tou
dpopea TKMA o ameuBeiag ouvdeon e CUCOWPEUTEG, OTWG 1 pUBMION TRC aviioTacnc Tou
aywyou WETaQOPAg 10X00G amd TV aveoyewnTpIO OTOUS OCUCOWPEUTEC, Kal 1 pUdUIon Tou
diakévou NG YewvrTpIag agovikrg porig. Etriong, efetdlovial ol emmtwosig TG SIGBpwong g
QKHAG TPOOTITWONG Tou Bpopéa wg TPOS TRV Trapaywyn 10X00¢ KAl ToV akouoTikd 86pupo, pe
armoreAsopa 1 dnyioupyia Tpotdoswy yia diadikacieg cuviipnong TKMA. Avamricoovial
kavoTOuEG BEATIOTOTTOINTEIS GXESINTUOU, TTOU €X0UV WG OTTOTEAECHA TTIVOKES BEATIOTWV BIATOMWOV
yia T pUBuIoN NG avTioTaong Tou aywyol petagopds iaxbog amd Ty TKMA oToug CUOGWPEUTES.
Mia amd mig BEATIOTEG TABNTIKEG BIOTASEIS CUYKPIVETAH yiIo TTRWTN @opd oTo Tedio We avrioTolxn
Tou TepIAQUBAvVE PETATPOTTIER aviXVeuT) onpelou péyiotng 1oxtogs (Maximum Power Point
Tracking). Tehog, TpayHQTOTIOIOUVTAI TEXVOOIKOVOUIKEG BEATIOTOTIOIAGEIS VI TOV TTPOCDIOPIGUS TC
BéATIoTNG Olapétpou Bpopéa kol Uoug TTUpyou yia DIAQoPES OVOMNOTIKEG 1oxUc TKMA, ot
guoTpata alohiKrig evEPYEING MIKPAS KAHOKOS Kal o€ OTeUBeiag cUVDEDN [E CUTCWPEUTEC, YE
QWOTEAEOUA KAIVOTONEG TTPOTACEIG OXEDIQOHOU yia TV EMAOY TS OVOUACTIKAC TaXUTNTOS QvEHOU
MIKPWY QVEROYEVVITRIWY.




Electromechanical design of locally manufactured small wind turbines
K. Latoufis

Open-source renewable energy technologies for small scale electricity production, can create an
enabling context for energy access of rural and remote communities, where electrical grid
expansion may be limited or unreliable. Locally manufactured small wind turbines (LMSWTs) are a
widespread technology with such potential.

This thesis explores LMSWTs using an interdisciplinary approach, accounting for technical as well
as sociological terms, while adopting Participatory Action Research, in order to engage with global
EMSWT communities and networks. This approach aims at grasping the dynamics and needs of
practitioners within these communities, and drives one of the main goals of the thesis, to develop
useful tools for open-source renewable energy technologies at the grassroots level.

In exploring the craft of LMSWTs, the thesis initially examines how users shape technology
through "Makeshift Engineering” - a term coined to describe the innovative and craft-based
approach to building wind turbines using locally available materials. The historical evolution of
makeshift engineering is traced back in the 1970s” and the alternative technology movement in the
UK up-to recent global networks that design and manufacture small wind turbines (SWTs) locally.
Makeshift Engineering emphasizes on the blend of craft and engineering that enables local
manufacturers to adapt technology into specific local conditions and needs.

The technical aspects of LMSWTs are investigated in detail, starting with the design and
performance of airfoils in SWT applications. Wind tunnel measurements are conducted for airfoils
at low Reynolds numbers, and are utilized for the calibration of various simulation tools developed
for the prediction of airfoil lift and drag coefficients, such as XFOIL and MapFlow, a computational
fluid dynamics Navier-Stokes solver. A boundary layer tripping technique is proposed for enhancing
their performance, while their results are compared with a library of airfoils designed particularity
for SWT applications which have been extensively tested in wind tunnels. Airfoil design
requirements are developed for small-scale wind energy conversion systems in direct battery
coupling using LMSWTs, while a novel optimized airfoil geometry is proposed specifically tailored
for LMSWTs.

Aspects of rotor design and performance for LMSWTs are investigated next, based on dedicated
wind tunnel experimental setups developed for measuring rotor efficiency and SWT power curves.
Various simulation methodologies, such as blade element momentum and computational fluid
dynamics, are developed and are rigorously compared and calibrated with experimental results. The
impact of hand-carved wooden blades on rotor efficiency is investigated experimentally while the
influence of various airfoils used in local manufacturing on the efficiency of hand-carved wooden
rotors is studied for the first time. 3D printed rotors are investigated experimentally for
aerodynamic performance and are compared with hand-carved wooden rotors, providing new
insights in alternative techniques for local manufacturing. The performance of a popular
commercially manufactured rotor is compared in the wind tunnel with that of a LMSWT, providing
new insight into the effectiveness of hand-carved wooden rotors. The effects of yaw misalignment
imposed by the furling mechanism LMSWTs use, are investigated providing insights on their
influence on rotor efficiency and power performance. Innovative design optimizations for SWT
rotors are performed, based on a collection of low Reynolds number airfoils specifically designed
for SWT applications. Specific airfoils and optimal rotor geomeltries are proposed for various rotor
sizes, while airfoils used in LMSWTs are ranked among the best performing airfoils.




The generator design in SWT applications, and specifically for LMSWTs, is investigated, focusing
on the use of axial flux permanent magnet generators (AFPMGs), due to their viability in local
manufacturing conditions. The experimental setups and simulation tools employed are presented,
including an AFPMG test bench setup and a novel simulation methodology, namely OpenAFPM,
based on magnetostatic finite element analysis. A comprehensive comparison between simulation
and experimental results is conducted in order to verify and calibrate the simulation tools. Specific
aspects of generator design relevant to LMSWTs are studied, based on key AFPMG design
parameters, with the aim of developing design guidelines for such applications. The thermal and
structural design of AFPMGs is explored, for enhancing heat dissipation and reducing generator
mass, with novel back iron disk designs being developed. Acoustic noise mitigation for AFPMGs
used in LMSWTs is investigated experimentally, linking acoustic noise to current harmonics
introduced by the diode bridge rectifier. The acoustic noise emissions of LMSWTs are measured in
the field for the first time, while novel passive filter configurations are proposed for acoustic noise
mitigation and their performance is evaluated in field tests. Innovative design optimizations for
AFPMGs in LMSWTs are developed, focusing on the use of various magnetic materials, such as
Neodymium and Ferrite, and on the design of high-power AFPMGs, which are not typically
covered in LMSWT manufacturing manuals. Optimal magnet dimensions are identified and
'universal' magnet designs are proposed.

The thesis concludes with a comprehensive analysis of small-scale wind energy conversion systems
(WECS) in low wind speed regions, typically associated with LMSWTs. The experimental setups
and simulation tools employed are presented, specifically the installation of a SWT test site for
measuring LMSWT power performance according to the IEC 61400-12-1 standard, and simulation
methodologies such as combinations of FAST/Simulink models for furling SWTs in WECS. A
detailed comparison between simulation and experimental results is conducted, for validation and
calibration, resulting in a novel power curve modelling tool for LMSWTs. Additionally, an
innovative open data application is developed, namely OpenWindLab, which consists of an online
data base of all field tests conducted during this thesis on LMSWTs. The power curves of 14
commercially and LMSWTs are compared. These curves were measured by various testing bodies,
and with a specific emphasis on low wind speed performance. Best performing SWTs are compared
as parts of small-scale PV/Wind hybrid systems, using the HOMER microgrid simulation tool, in
order to verify the performance of every SWT from a system perspective, and to develop innovative
design criteria for small-scale WECS. Passive rotor power matching techniques for direct battery
coupling are investigated, namely the regulation of the power transmission line resistance and the
regulation of the AFPMG air gap, with the aim of developing design guidelines for low-cost rotor
power matching. WECS maintenance aspects are also investigated, namely the effects of leading-
edge erosion on power performance and acoustic noise, resulting in the proposition of maintenance
procedures for LMSWTs. Innovative design optimizations are implemented, resulting in component
lookup tables for optimal passive rotor power matching in WECS using LMSWTs, while such an
optimized configuration is field tested and compared for the first time with one using a maximum
power point tracking (MPPT) converter. Lastly, techno-economic optimizations are conducted for
determining the optimal rotor diameter and tower height for various rated power sizes of LMSWTs
in direct battery charging WECS, resulting in new design guidelines regarding the choice of rated of
wind speed.




