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A€POELIOTIKI] AVAAVGT] KOl TIGTOTOIN 6] TTEPVYIMV UVEROYEVVI|TPLAOV

[Tovayiwtng Nucordov. Xyowvdg

Hepiinyn

To mapdv SOOKTOPIKO TPAYUOTEVETAL OEUATA OEPOELACTIKNG OVOAVONG OVELOYEVVNTPLDV
aALd Ko Bépata motomoinong facel Tov kmdoka IEC kot Tmv ohyxpovev epeLVNTIK®OV TAGEMV.

Toa 7wpdTo KEEOAOMO, OGYOAOVVIOL HE TNV TICTOMOINGY OVEUOYEVVNTPIOV KOl T1O
OLUYKEKPIUEVO HE TNV €peuva. Yo TOV akpPn TPocsdlopiopd Tov akpoaiov eoptiov S0etiog.
[Ipokertoan yo éva otoryeio NG OLOIKOGIOG MOTOMOINONG TOV TOPOUEVEL OVOIKTO OTNV
BipAoypaeio.

Ta mtepiylo TV pnyovov sivor peydleg Kotaokevés amd ovvleto VAKE To omoia
Aertovpyobv o€ éva teheimg otoyaoTikd mepiPaiiov. E&attiog tng Tuyodtntag g To L THTOG TOV
a€po, TO POPTICL TOL AGKOVVIOL GTO TTEPVYIO0 KOl KOT'EMEKTOCT Ol OVATTUGOUEVES ECMTEPIKES
avTOPAcElS 0€ OMOONTOTE JOTOUN KATO UAKOS TOL TTIEPLYIOL &€ivol oTOYOoTIKG MEYED.
EmmAéov, 6ToY00TIKY] GUUTEPLPOPA TTOPOUTNPEITOL KOl OTIS UNYUVIKES 1010TNTEG TOV GLVOETOV
viukov. H mocotwonoinon ¢ petafintommrag mov mapovotdlovv ot Pacikés UetaPAnTég
(poptio, PNYoviKES 1010TNTEG VAIKOV K.T.A.) KOONDC Kot 11 Oedpnon tovg oTov TEAIKO oYedacud
TOV TTTEPLYIOL EMTVYYAVETOL LOVALYOL LLE TNV XPNOT| OTATIGTIKOV LEBOOOAOYLDOV.

INa 1o okomd avtd ypnoipomombnkay wg dedopéva 1600V TG GTOYAOTIKNG HeBodoAoyiog
pia yvootn Pdon 6edopévav pe TEWPANOTO KOl CTOTIOTIKA OEGOUEVO Y10 TOV TPOGOIOPICUO TOV
UNYOVIKOV 1O10TATOV TOV cLVOETOV VAIKOV. Ta 6TOXOGTIKA HOVIEAN TOV O0THTOV TOL VALKOD
AVOTOPLOTOVV TOGO TNV PLGIKN OGO Kol TN OTATIOTIKY ofefatdtnto 1 omoio TPOKVTTEL OO TNV
OVOLLOLOYEVELN TOV GUVOETOV VAIKDV.

Eniong n otoyaotikétnta t0v  ovépov mpooeyyileton pe  10-AentéG  0epOEAUOTIKEG
xPOoVOGEPEG. Ol TPOGOUOIDGELS ALTEG OVTIGTOLYOVY GTNV OVOTOPAY®OYN TNG POPTIONG TNG OANG
KOTOUOKELNG LE 10000 YPOVOGEIPES AVELLOL TTOV OVTIGTOLYOVV G€ QAacpa ovépuov Kaimal kot mov
OMUOVPYOVLVTOL e KATAAANAO AOYIoUIKO oL €xel avomTuyOel oto Epyaotiplo Agpoduvopukng
tov EMIL

Ocov agopd omv axpaic otatiky @Option, M 10-Aemtn pokpompdBecun Katavoun
CUUTANPOUOTIKAG TOAVOTNTAG aKpaiag GOPTIONG, ONANOT] TOV E0MTEPIKOV AVIWOPACEDV GE
OO0 TOTE  JLOTOUN KOTA HNKOG TOL WTIEPLYIOL, EKTIUATOL VAOTOIOVIOG TV TE(VIKN
nmpoekPoing poptiov epapuolovtag tov Kavoviopd IEC 61400-1 ed. 3. Me Bdoel Tov Kavoviouo,
0l OYEOOTEG LITOYPEOVVTAL OE O amd TIC MEPIMTMOGELS POPTI®V, Vo KAVOLV ypnon HeBodmv
OTATIOTIKNG TPOPOANG, TOL va 0pilovy Ta POPTIO GYESAGLOV.

Ot omapaitnTol 0EPOEANCTIKOL VITOAOYICUOL TpaypoTomomOnKay Yy To 65 m mtepvylo
KOTOOKEVOGUEVO OO Tveg YLOAOD og €mOLEOIKN UNTPA, TOL OvOTTUYONKE oTa TAGiolL TOL
gpeuvnTkov wpoypdppatoc UPWIND yua v pnyavi) NREL tov SMW.

Avo pébodor eEaywyng peyiotov eEeTdoTnKay Kol 3 KOTOVOUEG TPOGOPUOGTNKAY GTO
duapopa detypata tov eEayduevav peyiotov. Eywve €éheyyog yio 1o motd givol 1 c®wot emAoyn
oLVAPTNONG Kot ol 1) 6ot HEB0d0g GLALOYNG. YAomoindnke pedétn chykiong e nebddov
poeKPoAg vy Tov KaBopiopd tov amoapaitntov aplBuold aepoEAdCTIK®V Ypovocelpdv. H
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peAétn avt €ywve amevbeiog otnv TopayOUEVT LAKPOTPODESUN KOTOVOUT GUUTANPOUOTIKNG
mOOVOTNTOS aKPOLOG POPTIONG. XTNV TEAIKN KOTOVOUY TNG OKPOIaG pOPTIONG GUUTEPIAN QO KE
voyn 1n  otatotiky  ofefadtra e&'attiog oL  mEPLOpoHEVOL  aptBpoy  dabécipumv
aEPOEAACTIK®MY Ypovooelpdv. Emiong éywve ovykpion g amdooons HeTa&d OlopOPETIKAOV
EVOAAOKTIKOV TEYVIKOV YL0L TNV GLAAOYN ONUEI®V KOl €V CLUVEXEIDL TNV OTATIOTIKY TPOEKPOAN
TV QopTimv Tov dpopéa. Avtég ot péboodotl Ntav 1 uéBodog tov evdg peyiotov onueiov Kot 1
uéB0d0G TG oLALOYNG MGV amd éva 0p1lo. To {nTovpeVo POoPTio LTOAOYICHOD NTOV TO POPTIO
oxedGHOL TV 50 eTV.

2OUQOvVe. e TNV GEPE TOV TPOCOUOIMCE®V, OPYIKA TopovctdleTor n TpoPreyn ToV
AKPOL®V QOPTIOV VIO TNV EMPPOT OTOYACTIKOV avéRov. To emduevo Prpa eivar n TpdPAreyn tov
@optiov oyedacpod Kot e afefardtnrog TV TPoPAEYEDMV OGS GOV GLVAPTNOT TOV WOI0THTOV
TOV GUVOETOV LAMK®OV 7OV YPNCLOTOOVVIOL Yo TNV KOTAoKELN] Tov mrepvyiov. Etol 1
pebodoroyia mov axkolovbeitar €ivorl 0 VWOAOYIGHOS TOV UEYIOTOV POPTIOV TOV TPOKLITEL O
TOV OTOYOOTIKO AVEUO He oTabepég TIC 1010TNTEG TOL GHVOETOL LAIKOV Kol UETA Ol OVTIGTOLYES
npoPAéyelg e ypron lognormal kataveunuévov 10T TOV Yo T0 6VVOETO LAKO. Ot 1010TNTE
oL Be®PovVTOL GTOYACTIKEG Yo TO VAKO €lval 10 E1 pétpo eAaoTikOTNTOG KOTA UNKOG TMV VOV
oV cLVBETOL VAIKOV, T0 KABeTa oTig tveg E2 pétpo ehaotikdtntog, to G12 pérpo didtunong ko
téA0g 10 V12, 0 Abyog Poisson. Evd o dvepog mapapével mavta otoxaotikdg €€’ opiopov. Amo
avTES TIG 000 EEXYMPLOTEG TPOPAEYELS, CUUTEPACUATO TPOKVTTOLV OVOPOPIKA LE TO OTMOTEAEGLLOL
070 QOPTiO GYEIOCUOD OAAG KOl Y10 TV OVAAVGT TAGEWDV SLOTOUNG TOV TTEPLYIOL LE CTUTIGTIKY|
TPOEKPOAN.

Eniong avantoybnke kdokag otatioTikng enetepyaciog oto epumopikd mokéto Matlab Bdoet
TOV K®OIKA motomoinong avepoyevvntpldv IEC kot e1dikdTtEp TOL TOpApTHUATOC, anneX F, mov
avaQEPETAL otV TPOPAEYN TOL HEYIoTOL @OpTiov oYedlacuod. Me avtdv Tov TPOTO £€ytve
enefepyacio TOV amoTEAECUATOV Kol ekTyunOnkav ta axpaio @option oyedaucpov. Emiong
TPOEKLYOV GUUTEPAGLOTO Yo TO OoKpoio. @Qoptic oYedcHov, TiG HUeBOOOVG OTOUTIGTIKNG
AVAALONG KOl TIG GTOYACTIKOTNTEG TOV VIEIGEPYOVTIOL GTOVG ALEPOEANGTIKOVS VITOAOYIGHOVC.

Emeidn n pekétm kdéver ypfion TOV 0EPOELUCTIKMOV TPOCOUOIDCE®MY OTNV TPOPAeYN
OTOTIOTIKOV QOpTiwV TPoekPoANS, Ta cupmepdopata Ba sival ypiolLo Kot 6€ GALES TEPMTMOGELC.
AnhoodN GE TEPMTMOCELS TPOCOUOIDCEWV, OTOL Yo TNV TPOPAEYN TOV POPTI®V GYEOAGHOD Ko
TNV OVAALGN TAGE®MV OLOTOUNG TOV TTEPLYIOV AVTICTOLYO EPMOTHUATO AVOOEIKVOOVTOL OVOPOPIKE
HE TIG TEYVIKEG TPOEKPOANG, TNV EMAOYT KATOVOUMV Kot To UEYEHOS TV OEOOUEVMOV TTOL
ypedlovtat.

Ye KGBe mepimtwon yo TG avaykeg TG OldKaciog moTonoinong, &ival amoapaitnn 1
OmopEn kMO YPRYopou Kot akpiPn doTE va VIAPYEL dVVATOTNTO TOAADV OEPOEAACTIKMV
VTOAOYIOUADV, GE PEOAOTIKO LTOAOYIOTIKO Ypévo. T avtd tov Adyo avamthybnke Eva
AMAOTOMUEVO TTPOTVTO Y10 TNV TPOGOUOIMGT NG OLVOUIKNG CUUTEPLPOPAS CVELOYEVVITPLOG,
o1 Pdon mepropiopévov apBuov PBabumv elevbepiag (eikoot dvo (22) cvvorkd). H dratdmmon
TOV SVVOUIKOV EEI0MGEMY TOL TpoPAnuatog Paciotnke oto Oedpnuo Hamilton. v cuvéyeia
TPOYPUUUOTIOTNKE VITOAOYIOTIKOG KMOTKOG Y10l TNV SVVOUIKT] OVOAVGT TAMTNG OVELOYEVVITPLOG,
Baciouévog oto mpoavapepBiv TpodTLTO. AKOoA0VOWE ToTOTOMONKE 1| 0pOOTNTA TOL TPOTHITOL
o€ GUYKPIOT LE AMOTEAEGUOTO TTOV O1VEL 1] TANPNG KOl AETTOUEPTG TPOGOUOIWOT).
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Eniong avamtdybnke KMOOIKOG TOL TPOGOUOIDVEL TNV  OEPOEANCTIKY] GLUTEPUPOPE
Aoppévovtag voyn TV eMOPACT] TOV EAUCTIKAOV TOPALOPPDCEDYV GTO, OEPOSVVALUIKE QopTia
tov dpopéa. o 1o ocvomua avtd TpaypatomoOnKe OVAAVOY AEPOEAACTIKNG €VOTAOELG
Bacwopévn otn pnébodo petaoynuaticpod Coleman, yio Ty 4pon TV TEPLOSIKOV OP®V.

O petaoynuotiopdg Coleman ypnoylomoleitol yioo TV €UPECN TOV 1O10CLYVOTHTOV, TNG
amOcPecng KOl TOV TEPLOSIKDOV 1OOUOPPDOV HI0G TEPIOTPEPOUEVIC AVELOYEVVITPLOG OO TNV
neprypaen Tov Babudv ehevbepiog oto apykd cvotnua cvvietaypévov. H tpocséyyion Coleman
eQapUOLeTOL LOVAYO GE 10OTPOTO. GLGTILLOTOL.

Ye ovIcOTPOTO. GUGTNUATO, YO TOPAOEYHO OE OPOUElS pe avicokatovou Bdpovg, 1M
dwyeipnon yivetar pe v yevikn mpocéyyion g avaivong Floquet, mov opilet éva povadikd
CUGTNUA OVOPOPAS Yoo TNV EMOMTEIN TMOV 1O10CGLYVOTNT®VY, OTI ONoieg mpootifetor KAOe
TOAALOTAGGIO TG YOVIOKNG TayxvTNTag Tov opouéa. H ev Adym acdeela, emAdeton pe tnv
amoaitnon 1M TEPLOOIKY Wopopen va  givor tOco otabepny 660 OT0  apylkd CVLOTNUA
ocvvtetaypévov. H 1dtocuyvotto avayvopiletor wg n kopiopyn cvyvotnta 6Tnv ardkKpion piog
amANG O1EYEPONG TNG OLOUOPPNG TTOV TOPOTNPEITOL GTO APYIKO GUGTNLO GUVIETAYUEVOV.

‘Etol avamtoyOnke koowkag war epopuootnke 1 pébodog Floquet yio v avdaivon
€VOTAOEING GLOTNUATOG HE TEPLOOKOVS GLVTEAESTEG KO OavomTUYONKE vmOpoLTIiVaL Yo TNV
€0HpPESN TV 1310GVYVOTHT®Y TOV GLGTHWATOG. Eytve diepehivnon ¢ enidpaons TV TEPLOSIKDV
QopticemV otV €LoTABE OVELOYEVVITPLOG, OT®MG 1 dpopd HAloc OTIG MTEPLYES Kol M
nepintwon avépov vd yovio amodkAlong (yaw error) oc@dipotog 20 poipeg, pe ypnon Tov
vroAoyloTIkoV gpyareion. To gpyaieio dwuotavpmOnke g mpog TV akpifela Kot tnv opBOTTA
ToV o€ oVvyKplomn pe tov kmotka ‘hGAST’ vy v avepoyevvitpio NREL SMW.

Avapopikd pe TNV S0OIKAGIO avayvAOPLonS 10100VYVOTHTMY, GE 1GOTPOTIKES cLVONKEG Ol
TEPLOOIKEG 1OOUOPPEG TEPLEYOLY 00O TAL TTEPVYLNL GPLOVIKEG, EVM GE OVIGOTPOTEG GLVONKEC
TEPLEYOLV ATEPO OPIOUO APLOVIKDOV HE 1O10GVYVOTNTEG TOV E1val TOAALATAAGIO TG CLYVOTNTOG
TEPIOTPOPNG. AVTEG Ol APUOVIKEG EUEOVICOVTAL GE VTOAOYICUEVES GLYVOTNTES AMOKPIONG TNG
pnyoving. Me otéxo TV avoyvopion TV COGTOV 1O10GVYVOTHTOV amd OA0 TO, TOAAUTAACLO TNG
YOVIOKNG TOYVTNTOG TEPLOTPOPNGS, YPNOYLOTOIEITAL KOTAAANAN LEBOSOC avayvdpiong.



Aeroelastic stability analysis and certification of wind turbine blades
Panagiotis Schinas

Summary

The present thesis is related with the key issue of wind turbines aeroelastic stability and the
modern research developments of the certification processes analyzed to IEC certification code.

The first chapters deal with certification issues of wind turbines. The certification process is
essential for the designers, especially the evaluation of fifty years design load base target.

W/T rotor blades are large composite structures operating in a completely stochastic envi-
ronment. Hence, the applied wind loads and further the developed stress resultants in the rotor
blade sections are stochastic themselves. Moreover, stochastic behaviour is also exhibited by
composite materials showing great scatter both in their fatigue and static mechanical properties.
A rational way to quantify the variability in the basic variables and take into account these
uncertainties in the final design of the structure is provided by probabilistic methods.

Towards this, it was used as data input for the stochastic methodology an already known da-
tabase of experimental data for the evaluation of composite mechanical properties. The stochastic
models of composite material properties reproduce the statistical uncertainty of the blade beam
properties, which resulted from the heterogeneity of composite materials.

In terms of wind inflow, its stochasticness is reproduced with 10 minute aeroelastic simula-
tions. The simulations represent the loading over the whole structure with Kaimal wind spectrum.
This spectrum is calculated with the relevant simulation software INWIND which was developed
in the laboratory of aerodynamics.

Concerning the extreme loading, the long-term probability distribution for the extreme load
is evaluated using load extrapolation technics according to IEC 61400-1 certification code. After
the introduction of the 3rd edition of the IEC Standard 61400-1, designers of wind turbines are
now required, in one of the prescribed load cases, to use statistical extrapolation techniques to
determine nominal design loads.

For the present thesis, a simulation data made for the NREL SMW turbine is used in order to
compare the performance of several alternative techniques for statistical extrapolation of rotor
loads. The methods are the GM and the POT method. Using each one of those, fifty-year return
loads are estimated for the selected wind turbine.

Two methods for extracting maximum values from time series and three cumulative distribu-
tion functions CDFs to these maxima data are analysed and compared between each other, in
order to find out which is the correct choice for collecting data and which CDFs is the appropriate
to extrapolate data gathered. Also, a convergence analysis has been made for the evaluation of the
extrapolation method and the necessary number of aeroelastic time series in particular. This study
was made directly to the long term distribution of the extreme values. To the final CDF of the
extreme values, the statistical uncertainty due to the limited number of aeroelastic simulations
was accounted for. Also, the different alternative technics of data collection and statistical
extrapolation methods for the rotor loads prediction were compared. These methods are the
method of collecting one maximum value from the whole time simulation and the method of
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selecting all values above a threshold. Finally at the end of the process, the 50 year design load
value is estimated.

Also, the selection of parametric distribution used for fitting is analyzed. Firstly, the predic-
tion of extreme loads under turbulent wind input is presented. Then the uncertainty for the
composite material properties used in the blade construction is introduced. So, initially the
extreme loads are calculated for the case of fixed composite material properties, and then similar
estimates are obtained for lognormally distributed material properties. The properties considered
are: the E1, the E2, the G12 and the v12. The El is the tensile modulus of elasticity along the
fibers of the composite. The E2 is the tensile modulus of elasticity vertical to the fibers. The G12
is the shear modulus and finally the v12 is the Poisson ratio. In both sets of estimated extreme
loading the wind is turbulent. From these separate estimates, conclusions are made regarding
what is the effect of the material properties on the design load estimations and the stress analysis
of a blade section with statistical extrapolations.

A statistical code has been also developed with the commercial software Matlab, for the IEC
code of W/T certification and especially for Annex F. Annex F refers to the extreme design load
forecast. While this study makes use of aero-elastic simulations data in addressing statistical load
extrapolation issues, the findings should also be useful in other ways. For example, the results are
useful in similar questions regarding extrapolation techniques, distribution choices, and the
amount of data that are needed.

In any case for the needs of the certification process, it is important to have a fast and precise
code in order to have as many as possible aeroelastic calculations under realistic computation
cost. For these needs a reduced order model has been developed for the simulation of the dynam-
ic response of a W/T with twenty-two (22) DOFs in total. The formulation of the dynamic
equations of the problem is based on the Hamilton’s theorem. A simulation code was also pro-
grammed for the dynamic response and the analysis of a floating wind turbine, based on the
aforementioned model, which was verified with the results from the finite element analysis code
hGAST.

Similarly, a code was developed to simulate the aeroelastic behavior and taking into account
the aeroelastic deflections to the aerodynamic loads of the rotor. For the system of equations,
aeroelastic stability analysis was made with Coleman’s transformation, in order to eliminate the
periodic terms. Coleman’s transformation is used to enable extraction of modal frequencies,
damping, and periodic mode shapes of a rotating W/T by describing the rotor DOFs in the inertial
frame. The Coleman approach is valid only for a homogeneous system. Disparate systems, e.g.
an unbalanced rotor, are treated with the general approach of Floquet analysis. Floquet does not
provide a unique reference frame for observing the modal frequencies, to which any multiple of
the rotor speed can be added. This indeterminacy is resolved by requiring the periodic mode
shape to be as constant as possible in the inertial frame. The modal frequency is thus identified as
the dominant frequency in the response of a pure excitation of the mode is observed in the inertial
frame. The corresponding code and the Floquet method were developed for the stability analysis
of balanced and unbalanced W/T systems. A separate routine was programmed for the eigenvalue
identification of the system. The effect of the periodic terms on the stability of the wind turbine
was examined assuming mass difference for the blades, wind yaw etc. The tool was validated



against system identification with results from the hGAST FEM tool for the NREL SMW wind
turbine.

Concerning the eigenvalue identification process, in homogeneous conditions the periodic
mode shape contains up to three harmonic components, but in disparate conditions it can contain
an infinite number of harmonic components with frequencies that are multiples of the rotor speed.
These harmonics appear in calculated frequency responses of the turbine. In order to identify the
right eigenvalues from all multiples of the rotor speed, the appropriate identification method has
been implemented.

So, the specific ROM can be used for fast aeroelastic calculations in order the design — certi-
fication process to be as fast as possible for the cases that the model is accurate and covers
important part of the aeroelastic calculations.



