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Operations and maintenance costs for offshore windplants are estimated to be
significantly higher than the current costs for onsore wind plants. One way to reduce these
costs would be to implement a structural health anghrognostic management (SHPM) system
as part of a condition based maintenance paradigm ithh smart load management. To
facilitate the development of such a system a multtale modeling approach has been
developed to identify how the underlying physics othe system are affected by the presence
of damage and faults, and how these changes manifeéhemselves in the operational
response of a full turbine. This methodology was sed to investigate the effects of rotor
imbalance and shear web disbond on a 5-MW offshoreind turbine in the present report.
Based on simulations of the model, the operationaheasurements that demonstrated the
highest sensitivity to the damage/faults were theldde tip accelerations and local pitching
moments for both imbalance and shear web disbond.Detection strategies have been
developed for these fault mechanisms with the inteérof being integrated into an operations
and maintenance paradigm. The integration of the &alth monitoring information provides
the initial steps to reducing operations and mainteance costs for an offshore wind farm
while increasing turbine availability and overall profit.

Nomenclature

G = mass imbalance grade

Rest = effective span-wise location of the added mass

S(H) = turbulence model spectra at frequehfyr velocity componerk
Uper = calculated change in blade mass

W = rotor mass
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I. Introduction

As of June 2011, while nine offshore projects tatalover 2 GW of capacity were in various stageshef
permitting and development process, no offshoredvenergy projects had been installed in the United
StateS. Part of the reason for this lack of developmisnthat operations and maintenance (O&M) costs are
expected to be significantly higher for offshorenditurbines than onshore wind turbines. Recenjeptions of
O&M costs have ranged between $11 and $66 U.Sardgller megawatt-hour with the majority of estimdieing
between 2 to 5 times the cost of onshore G&Mhese higher O&M costs represent a larger ovpraportion of
the cost of energy than for onshore turbines eveermthe large initial investment required for thetallation of
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offshore turbines is includéd One of the reasons that O&M costs are likelyb&ohigher offshore is that the
offshore environment will bring with it increasedalling which is relatively uncharacterized duehe tack of
existing offshore installations. Offshore turbinvedl also have to be built to withstand the enwineental harshness
of the offshore environment. Lastly, access tottinkines will be difficult, costly, and occasiolyahot possible due
to high sea staté8

One potential way in which these O&M costs couldadelressed is through the use of a structural heald
prognostics management (SHPM) system as part abnalition based maintenance (CBM) paradigfn By
continuously monitoring the health, or conditionf structural components in each wind turbine, respii
maintenance actions can be scheduled ahead ofameheerformed when they are needed rather thanpeset
schedule or only after failure has already occurr@the benefits of a CBM strategy are expectechtdude less
regular maintenance, the avoidance or reductionumdcheduled maintenance and improved supply chain
managemeft.

In an effort to map out the SHPM problem with apafion to wind turbine rotor blades and also previh
example case study, an initial roadmap was devdldygyeSandia National Laboratories for a combinitrgciural
health monitoring and prognostics management agseta SHPM system as documented in ReferenceTiz
key element established in this initial roadmape ®o-called multi-scale damage modeling and sinaulat
methodology, addresses both how damage is modélediléiple resolutions of the model and also thsuteng
manifestation (or effects) of damage in both thebgl operating dynamic response and localized wffedated to
remaining life. The intent of this approach iscambine structural health monitoring and prognostanagement
S0 as to bridge the gap between being able to td@telccharacterize the presence of damage and#irg able to
make operations and maintenance decisions.

Furthermore, because wind turbines are active mgstenonitoring the health of wind turbine composentl|
allow for smart turbine load management to optinitee profit of the entire wind plant. For exampgfea turbine
blade becomes damaged and that damage is detéciadearly stage by the SHPM system, the turbingdcbe
derated so that small less costly repairs coulghdréormed on the turbine. While this action wouddiuce the
amount of power generated by the turbine in thetdlkom, it may allow for less extensive mainteraactions to
be performed, permit additional energy capture evhilaintenance is being planned, extend the oviifelbf the
turbine, and allow for multiple turbines to be deed during the same visit to maximize the ovepadifit of the
wind power plant.

Il. Five Megawatt Offshore Turbine Model

As part of an ongoing structural health and progossmanagement project for offshore wind turbingw
simulations in this report were performed usingpresentative utility-scale wind turbine model. Thedel, known
as the NREL offshore 5-MW baseline wind turbine elpdvas developed by NREL to support studies aiwated
assessing offshore wind technolbylt is a three-bladed, upwind, variable-speediatée blade-pitch-to-feather-
controlled turbine and was created using availaelgign information from documents published by windine
manufacturers, with a focus on the REpower 5-MWing. Basic specifications of the model configuwatare
listed in Table 1.

Table 1. Gross Properties of the NREL 5-MW BaselingVind Turbine **

Property Value
Rating 5MW
Rotor Orientation, Configuration Upwind, 3 blades
Control Variable Speed, Collective Pitch
Drivetrain High Speed, Multiple-Stage Gearbox
Rotor, Hub Diameter 126 m, 3 m
Hub Height 90 m

Cut-in, Rated, Cut-out Wind Speed

3 m/s, 11.4 @Ban/s

Cut-in, Rated Rotor Speed

6.9 rpm, 12.1 rpm

Rated Tip Speed

80 m/s

Overhang, Shaft Tilt, Precone

5m, 5°, 2.5°

Rotor Mass, Nacelle Mass, Tower Mass

110,000 kg;aB0 kg; 347,460 kg

Water Depth

20m

Wave Model JONSWAP/Pierson-Moskowitz Spectrum
Significant Wave Height 6m
Platform Fixed-Bottom Monopile
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Two thirds of the blade span utilizes the TU-Dédiinily of airfoils, while the final one-third of ¢hblade span
utilizes the NACA 64-series airfoils. Intermediaa@foil shapes were developed that preserve thadblg of
camber lines as well as a smooth blade thicknesfiigorFigure 1 shows the finite element model loé blade in
ANSYS with the colored sections representing défércomposite materials. This high degree-of-freedoodel
was translated into a model consisting of seveealni elements using Sandia’s Blade Property Extradtol
(BPEY%. BPE works by applying loads in each of the segmes of freedom at the tip of the blade model in
ANSYS, then processing the resulting displacementitselected nodes along the blade to generate xBe 6
Timoshenko stiffness matrices for the beam diszagtn. This reduced degree-of-freedom model isasgbently
used to define the blade properties in FAST.

Figure 1. ANSYS finite element mesh for the 5-MW lade model

FAST uses six coordinate systems for input and wufiarameters. Note that the FAST User's Guide
coordinate system images use a downwind turbinégromation; however, the same coordinate systemdyap the
case of the upwind turbine being referred to is thiork, but the orientation of the x axis changeshat in either
configuration it is pointing in the nominally dowiwd direction. The rotor shaft coordinate systenshewn in
Figure 2a. This coordinate system does not roté@tetie rotor, but it translates and rotates with tower and yaws
with the nacelle. In addition to output variabletated to the low speed shaft, the nacelle inemizsurements also
use this coordinate system. Some shaft output$, asishear force in the low speed shaft, are medsarboth a
non-rotating coordinate system and a rotating doatd system; these are differentiated by usingsaror “a”
subscript, respectively. The tower base coordisgstem shown in Figure 2b is fixed in the supptatfprm, thus
rotating and translating with the platform. The évtop/base-plate coordinate system shown in Figars fixed to
the top of the tower. It translates and rotate$ wie motion of the platform and tower top, buddes not yaw with
the nacelle.

0° wind
g
|
- F2 1 bl I | B
] % i’ %
(a) (b) (©)

Figure2. (a) Shaft Coordinate Systerif; (b) Tower Base Coordinate Systef; (c) Tower-Top/Base-Plate
Coordinate Systent®

Ill.  Rotor Mass/Aerodynamic Imbalance Sensitivity Study

This section summarizes the Master's work perforimedoshua Kusniék Computer simulations were carried
out using the 5-MW turbine model described in Qectil. Modeling was performed using NREL's Fatgu
Aerodynamics, Structures and Turbulence (FAST) cadhéch is a comprehensive aeroelastic simulatotvio and
three-bladed horizontal axis wind turbines (HAWTE)e code provides the means to manipulate a yasfehput
parameters, including turbine control settings,immental conditions, blade and tower models, etrain and
generator parameters, and many others. There ace haindreds of possible outputs, including bladertial
measurements and generator power.

FAST uses AeroDyn to calculate the aerodynamiddAVTs. AeroDyn is an aeroelastic simulation codechh
uses several subroutines for wind turbine appbeati including the blade element momentum theohg, t
generalized dynamic-wake theory, the semi-empiBzddoes-Leishman dynamic stall model, and a tahadow
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model. The FAST model combines a modal and mulgibdyghamics formulation, and performs a time-marghin
analysis of the nonlinear equations of motion. &onore detailed description of the working prinegpbf the code,
see the FAST User’s Guitfe

Imbalance of the rotor can occur for a number asoms, although the imbalance can generally beetivinto
two categories: mass imbalance or an aerodynamti@lance. Pitch error is a common problem thatifito a
more general class of turbine faults referred ta@®dynamic asymmetries. This means that theithaiV blades
are not generating the same thrust and tangentieé$ when subjected to the same wind profile. Obsons this
can occur are blade profile differences as a reduttanufacturing tolerances, blade surface roughichanges, and
degradation or damage to a blade, such as tip dedéion, erosion, or deformation of the structurBince the
effects of aerodynamic asymmetries are closelytgéléo rotor mass imbalances and information te-dadicates
that 20% of utility-scale wind turbines have a masserodynamic imbalante both types of imbalances were
simulated in this work. Mass imbalances result frimmomogeneous mass distributions in the bladesethby
manufacturing, water inclusions, icing, and loossterial from manufacturing moving inside the bladeards the

tip during rotatio™. Existing or proposed imbalance detection methindgind turbines use inertial measurements

in the nacelle. However, there are difficultiesing this method which are illustrated using a difieg rotor
dynamics model in the next section. Therefore, idvaethods of detection were evaluated in ordeotopare the
use of blade and non-blade measurements, and @idetalgorithm is proposed and summarized in plaiser.

A. Imbalance Simulation Methods

To eliminate possibilities of some confounding ahites such as yaw error and to study the effects
aerodynamic asymmetries and mass imbalances alonalations were carried out in a unidirectionanstant-
speed, vertically sheared wind environment, rathan using the random and turbulent wind input ddors that
are also available as inputs in FAST. The wingtation was oriented at 0°, directly perpendicuéathe rotor
plane, and the yaw degree of freedom was turneh ¢ffe FAST input file. The wind speed was setiom/s, with
a 1/7 power law vertical shear profile. Setting #iad speed to just below the rated speed of 1¥s4emsured that
in the case of pitch error of a single blade, the &ctively-pitching blades would always pitch &ra degrees to
maximize the power output of the turbine, thus kegphose variables constant. The sample timeiggagas set
to 0.01 seconds, corresponding to a sample rat®@fHz. Because the per-revolution harmonics weaely of
interest and the maximum rotor speed was 12.1 gmd,2 Hz, this sample rate was sufficient. Simats were
conducted in three phases: (1) aerodynamic asyrnasef?) mass imbalances, and (3) simultaneousigeannic
and mass imbalances. Two hundred output varialvlEr® recorded from the simulations, including gater
power, low speed shaft torque, tri-axial blade Bge¢ions along the span, nacelle acceleratiorss,naany others
for use in the sensitivity of damage/fault studies.

In this phase of simulation, a rotor mass imbalamas applied by increasing the mass density ofebthcke at a
particular blade span-wise section in the FAST dlagut file. The magnitudes of the mass imbalarz®sen
were based on two references. The first is the@able residual imbalance method employed by &rhiftik
Condition Monitoring GmbH, a German company whigrfprms field-balancing of wind turbine rotdts This
company applies a fairly standard field balancingcpdure: initial vibration measurements are takkem within
the nacelle, a trial mass is added to the rotor imdeffects are measured, and the balancing sodtlaen
determines suggested balancing weights and locatioA detailed explanation of the general rotorabeing
procedure and calculations can be found in BrueKjaer's application noté& Pruftechnik quantifies the
permissible residual imbalance based on the stdnb#d 1SO1940-1: Mechanical Vibration — Balance Qya
Requirements for Rotors in a Constant (Rigid) StaRart 1: Specification and Verification of Balantolerances.
This standard provides permissible residual imbzddavels in the rotor, with different quality gesd G, depending
on the application. The imbalance magnitude isxébusing the rotor’s operational speed, rotor wgighd the
balancing radius, which is the span location of ifess imbalance. Plots in the standard providepénmissible
imbalance in gram-mm/kg which are based on ther sggeed and G grade. A second source for detergimass
imbalance testing levels was Moog Incorporatedterfioptic based rotor monitoring system, which roki
imbalance detection down to 0.5% of the total blaaess of all three blad¥s For consistency and ease of
comparison, it will be assumed that this imbalarscacting at the mass center of a single blade,iandll be
translated to an 1ISO1940-1 G quality grade.

The FAST blade input file for the blade model caméa?3 section locations for specifying sectionpanties.
However, for computational purposes, the 23 locatiare interpolated down to 17 nodes as specifiethe
AeroDyn input file for application of the aerodynianforces in FAST. Therefore, the following procee was
followed to ensure that mass imbalance specifiethe 23-section FAST blade input file would resintthe
intended G grade after interpolation:
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1) A MATLAB script was written to apply the same piegse linear interpolation found in FAST'’s
FORTRAN source code. The accuracy of the code veffiad by adjusting the FAST input blade
properties and comparing the script’s output toitierpolated blade properties that are output fFAST.

2) The mass density of one or more of the 23 bladéosescwas altered and the interpolated blade sectio
properties were then computed by the script.

3) The script determined which interpolated bladeisastincurred mass density changes compared to the
interpolated properties of the unaltered blade.

4) The effective span-wise location of the added nweas computed using a moment balance as follows in
equation (1):

P4

(dm); [@dr); O

Reff == 1)

(dm); [@dr),

D=

|u_

where Reff is the effective span-wise locationhef added mass, N is the number of blade sectidnmgj (
is the change in mass density of blade sectionkigimeter, (dr)i is the length of the ith blade t&mt in
meters, and ri is the radial location of the bladetion in meters.

5) The rotor mass, W, was computed using the newlrpaiated blade mass properties in addition tdthe
mass. The rotational speed N was found by runriegstimulations, which was 11.8 rpm regardless ef th
mass imbalance applied in these tests. The imbalbeing applied was equal to the calculated change
mass in step 4, which was input as Uper. Fin#llg,mass imbalance was applied at Reff, and thatequ
was formulated and solved for G:

U, N
=P __[0°R,. 2
95491

G

It is possible that aerodynamic asymmetry and nmabslance are present simultaneously in a winditerb
rotor. This presents a great challenge for a rotdralance condition monitoring system, that is,stidguishing
between mass and aerodynamic imbalance. Two bas&sare considered: (1) the mass imbalance watetbon
blade three, while the pitch error occurred fordeldwo, and (2) the mass imbalance and pitch éwth occurred
on blade three. Only a small number of test casas vun with the goal of determining which detestagorithms
were successful at detecting the simultaneous imnicak, ignoring the sensitivity of the algorithmsimultaneous
imbalances.

B. Analysis of Imbalance without Blade Sensors

In order to compare the effectiveness of imbalatetection methods with and without blade sensdgsyighms
were first generated for determining imbalance gisinly the outputs from FAST that would not requiade-
mounted sensors. From the 200 variables which generated at outputs from the FAST simulationséhaevhich
displayed a significant percentage change in tR8IS value or frequency response magnitude at nhedtipf the
operating speed for a given a mass imbalance eh mtror were identified as key measurement channel
Imbalance tends to excite the 1p frequency in tlederodomain. It has also been shown that the 2p 3m
harmonics can be influenced by aerodynamic imbasnespecially in the presence of wind sfestus the 1p, 2p,
and 3p frequencies were reviewed for changes imitate from the baseline tests.

The rotor azimuth position output from FAST wasdiss the reference signal for time synchronousaaweg.
To perform rotational resampling, the azimuth signas converted to radians, was unwrapped and then
measurement signal was interpolated so that eaciuteon contained the same number of data sampigseach
sample corresponding to the same azimuth posifidheorotor’s rotation. Finally, blocks of threevolutions were
averaged together; more than one revolution wad us¢he block size to increase the length of tleelgs time
history, thereby increasing the frequency resofutid the DFT of the averaged signal. The imbalagegection
algorithms for non-blade sensors all functioned ilginy through the detection of changes from bameli
measurements either in the RMS response or indivepspectral density magnitude at 1p, 2p, or 3p.

The generator power output displayed unique andilse@mentifiable changes due to pitch error whba tind
speed is below the rated speed for the turbind, was for these simulations. Figure 3a shows ttpeeted result
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that as the pitch error of blade three increasesntean power output of the turbine decreasesfisigmily due to

the reduced aerodynamic efficiency of the incotyegitched blade. Moreover, the zoomed-in view arfe

revolution of the TSA power signal in Figure 3b wisathat the power output shifts from having predwanily 3p

oscillations for zero pitch error to a progressiarger 1p fluctuation with increasing pitch errofhe magnitude
of the 1p component most likely decreases as @tobr moves above 7.5° because the reduced rosedspas
consequently reduced the loading magnitude. Thes8jlation for zero pitch error is a common oceuce due to
the increased wind speeds caused by vertical wirdrsand seen by the upright, 0° azimuth positidiiade. This
occurs three times per revolution, once as eadtehb@sses the 0° position, resulting in larger dagramic forces
on that blade and thus a 3p oscillation in rotoque. It should also be noted that the rotor tersjgnal displayed
very similar characteristics to the generator pomgput. Because the generator power can be gubjedectrical

faults as well, analyzing rotor torque measuredhatlow speed shaft may be a better indicator ofhaeical

behavior in the field.

Synchronously Averaged Power Output for Each Imbalance: Synchronously Averaged Power Output for Each Imbalance
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Figure 2. (a) Three revolution time synchronously geraged power output for each pitch error test;(b)Single
revolution zoomed-in single revolution TSA power otput for pitch errors of 0° to 5°

Nacelle inertial measurements are often recommerndedind turbine condition monitoring literature rfo
detecting rotor imbalance. For all subsequentusision, axial nacelle acceleration will refer teeleration in the
Xs direction. Transverse nacelle motion is in thegiwtside direction, which is thg gxis. The 1p component of the
axial acceleration of the nacelle should be indieabf an aerodynamic imbalance. Similarly, thermenots about
the transverse and vertical axes,apd z shown in Figure 2a, respectively, should also fiected in their 1p
response by aerodynamic imbalance. However, idstéglotting the moment outputs from FAST, the el
angular acceleration outputs were used and the itndgrof the 1p PS of each of those measurementsek as the
nacelle axial and transverse accelerations, anershoFigure 4.
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Figure 4. Nacelle axial and transverse acceleratis and angular accelerations about the transversend
vertical axes vs. pitch error

The 1p PS magnitude follows a similar trend in btith axial nacelle acceleration and the angulaelieac
acceleration about the transverse axis. For 1#t6h error and greater, the 1p magnitude begirfaltowhich is
again likely due to decreased loading magnitudenftbe reduction in rotor speed. Interestingly, ttasverse
nacelle acceleration shows a similar trend and amésbegin to fall off until 25° pitch error. Hower, these
oscillations are two orders of magnitude lower tttanaxial acceleration, and the 1p magnitude obafeps rapidly
in the 0°-5° range, making this a less sensitivasueement channel for low pitch error. Finallye tangular
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acceleration about the vertical nacelle axis digpk similar trend to the transverse angular acasde, but is two
orders of magnitude lower.

In the case of mass imbalance, the mean power nemmaghanged but the magnitude of the 1p PS ofribrtial
measurements was three or more orders of magrbuwae than the acceleration generated by the @tobrs. The
trend of increasing 1p PS is very similar in alufdnertial measurements in Figure 5. The transveracelle
acceleration is greater than the acceleration énahkial direction in agreement with the literatubeit all four
accelerations are so small that they would be géfigult to measure.
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Figure 5. Nacelle axial and transverse acceleratisrand angular accelerations about the transverse dn
vertical axes for mass imbalance

Simulations were also performed for a simultanemass and aerodynamic imbalance applied to the.rotor
Included are tests with mass and aerodynamic imbatapplied to the same blade, blade three, dsasvédsts in
which blade three contained the increased masslade two exhibited pitch error. The syntax foe thot legends
and axis labels referring to the different testesais as shown in Figure 6. If no mass or aeratymambalance
was applied in the test, the “B” correspondingtattimbalance will be followed by a zero. Moderatass and
aerodynamic imbalance levels were chosen for teigsalations: G16 and G40, and 3° and 5° pitch errdro aid
in quantifying the difference between the simultmeimbalance cases, each mass imbalance waspalésdawvith
no simultaneous pitch error for comparison. Thmesdahree non-blade measurements, generator powgutpu
nacelle inertial sensors, and low speed shaft Ingnaioments are once again examined.

B# G##; B# ##°

Pitch Error

Pitched blade
Rotor mass imbalance level
Blade with added mass

Figure 6. Simultaneous mass and aerodynamic imbalae test designation syntax
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The generator power output for these tests coiscidéh what is expected from the results of inditimass
and aerodynamic imbalance in the previous sectiéigures 7 and 8 show that there are three diggimoaips of test
conditions with the same mean power output: theststwith the same pitch error, regardless of thesnmbalance
or which blade was pitched, generate the same pearr. The mean power levels were 4458 kW, 4319 &iid,
4130 kW for pitch errors of 0°, 3°, and 5°, respeasy.

Synchronously Averaged Power Output for Each Imbalance
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Figure 7. Three-revolution TSA power output for eat simultaneous imbalance test
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Figure 8a confirms that the 1p PS magnitude optheer signal is dependent on both the mass andagaimic
imbalance, as was demonstrated in the previoumssctinterestingly, it also reveals that the égponse is greater
if the mass addition and aerodynamic imbalanceardifferent blades, as can be seen by comparm@8G16, B2
3° case to the B3G16 B3 3° case, for instance. ofermtuitive response is found when looking at2perequency
in the order domain, as shown in Figure 8b. ltvehthat the 2p PS magnitude is largely dependenhermpitch
error; however, when the added mass is on a diffdade than the one undergoing pitch error, {hee3ponse is
higher, again as in the B3G16, B2 3° and B3G16,383ases, where the magnitude changes by about. 3.5%
Furthermore, the 2p response also increases fogdning mass imbalance. Although the changesflidi small
when compared to the changes brought about by eitch, the response increases by about 3% fromlB382 5°
to B3G40 B2 5°, for example. So, it may be posstbl determine if there are simultaneous mass arabignamic
imbalances from the generator power. However, auld likely require a fairly accurate simulation deb to
determine the response PS thresholds and this chettsbill ineffective in determining which bladase responsible
for the mass or aerodynamic imbalance.
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Figure 8. (a) Mean generator power and 1p PS magnitle; (b) Mean generator power and 2p PS response

We again consider the 1p nacelle inertial respons&he axial nacelle acceleration and the two aargul
accelerations follow a very similar trend to the @gnerator power PS magnitude, as shown in Figurel'Be
angular accelerations look nearly identical to déixél acceleration and have therefore been omittedch error
accounted for the largest percentage differencekeresponse. When pitch and mass imbalancesappted to
different blades, the response was higher than lesame imbalance levels were applied to the sdaoke. The
transverse nacelle acceleration response is leas. cThe response seems to follow an expected frem the first
test case up to B3 G16, B3 5°. After that pointyould seem that the trend should restart, but wihigher initial
value due to the larger G40 mass imbalance. Th&8R B0 0° response is indeed higher than B3 GD8)B but
the response takes an unexpected dip at B3 G487 BAd 5°. The likely cause is that the B3G40 BA®B° and 5°
errors cause similar transverse nacelle accelemtims indicated in Figure 5, but these respongesw of phase
when the imbalances are applied to different bladé®refore, phase is another important consideratvhen
examining non-blade measurements for simultanenbalances acting on different blades.
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Figure 9. Nacelle axial and transverse acceleratiarfor simultaneous imbalance
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C. Analysis of Imbalance with Blade Sensors

In Section 1I-B, it was illustrated that some ndade measurements provide good insight into detgdtie
presence of a mass or aerodynamic imbalance imotbe and assessing its level of severity, but tlaeked the
ability to determine which blade(s) is the culgdiie. location), and in general provided confougdiasults when
mass and aerodynamic asymmetries were simultaneprestent. The next sections will examine outpuisfthe
FAST simulations that would depend on blade-moustetsors in an operating turbine.

The mean flap, RMS flap and edge degree-of-freellaie accelerations are shown Figure 11. The rflagn
response of the pitched blade three decreasedisagmiy with increasing pitch error. As with soré the non-
blade responses, the other two blade flap respaisesegin to decrease around 7.5° as a restddoted forcing
from the slowed rotor. For that reason, it is hallpd examine the blade-to-blade differences inrdgponse, shown
in the right two plots in Figure 11. The plot legeindicates which two blade responses have besmasted from
one another; the first blade listed has been stiietifrom the second one. For instance, the Ioheg Blades 1 & 2,
shows the result of subtracting blade two’s respdnem blade one’s response. If the blade respowsee all the
same or very close, then no pitch error is pres&hen two blade-to-blade differences change,ntiodicate the
problematic blade. Figure 10 illustrates whichdelanay be problematic (the terminal point of thewas) based on
which pair of blade-to-blade differences is differ¢han the third (the starting point of the arrpw$his method is
also beneficial because it can eliminate the nesdbéseline data, but thresholds would still neede set to
determine what level of response difference indisa@n error. Note that in the blade-to-blade difiees in Figure
10, blades 1 and 3 and blades 2 and 3 are groggether, correctly indicating that blade 3 is tlitehed blade.
The absolute value of the difference was not piotteFigure 11 because in some cases, the sigmeadifference
can be an indicator of the pitch error. For instarthe lead-lag RMS tip acceleration is lowertf@ pitched blade
until 7.5° pitch error but at 7.5° and above the&lpierror is higher. Therefore the sign of thdeddnce helps
distinguish between a 5° and 7.5° pitch error, Whice close in magnitude but opposite in sign. algin the
response of blade 1 and 2 is slightly differenis ik thought to be caused by blade 2 passing ¢frdlie wake of
the incorrectly pitched blade 3 as it rotates.

AN
B1,B3 B2
B3¢
"\B2,B3

Figure 10. Diagram to determine faulty blade usinglade-to-blade differences
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Figure 11. Flap and edgewise blade tip acceleratisrand blade-to-blade differences for pitch error

Note that the flap response is much more senditivew pitch error, 5° or less, than the nacell@bresponse
shown previously in Figure 4. This makes the blagponse a valuable tool in diagnosing aerodynanialances.
Lastly, Figure 12 demonstrates that the 1p PS radmiof the edgewise blade tip acceleration isirdyfgood
indicator of pitch errors above about 3°. Agaire tfifferences in the response magnitude of bladed. 2 are
thought to be caused by blade 2 passing througtvalie of the pitched blade 3 during rotation.
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Figure 12. Blade tip edgewise 1p PS magnitude andbble to blade differences

The moment of the blade about its pitch axis athllaele root is another good indicator of pitch gres shown

in Figure 13.

It should be noted that the roothgitg moment was also the most sensitive paranetartrailing

edge disbond, as shown in last year's work. Thasnent can be measured using strain gages locatbd etot of
each blade. Again it is seen that the 1p PS madmitends to fall off due to reduced forcing frdma slowed rotor

Blade Root Pitching Moment 1p PS Magnitude

Blade Root Pitching Moment 1p PS Magnitude

P
o Mean Blade Root Pitching Moment

for pitch errors greater than 10°, but the meachgig moment of the pitched blade continues to ekese relative to
the other two. Note that the plot in the lowekhtigf Figure 13 displays the absolute value ofrtigan difference.
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acceleration response, but both
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were left outHerdake of brevity.
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Figure 13. Blade root pitching moment 1p PS magnitde, RMS, and blade-to-blade differences

The mean (or RMS) flap and edge blade tip accéteraesponses were indicative of pitch error andladto
identify which blade was pitched incorrectly. Thismained true even when mass imbalances were presen
shown in Figure 14. Note that the 1p lead-lag sasp was still a good indicator of pitch errorvas the span
In experimental testing, tharsand lead-lag
degrees of freedom tend to exhibit less measurenasé and variance and therefore may be more iseidhan
the flap degree of freedom measurement for ustatistics-based condition monitoring systems.

Lead-Lag RMS Blade Tip Acceleration
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The RMS and 1p PS magnitude of the blade root ipicmnoments decreased very consistently for thehpd
blade, as seen in Figure 15. For instance, theS magnitude of blade two’s pitching moment whemaid a pitch
error of 3° is nearly the same as the pitching natnoé blade three when it had the same pitch eriwote that the
mass imbalances were evenly distributed throughioeitaffected blade section(s). If the mass imlzanere
concentrated on the leading or trailing edge ofilagle, it is feasible that this too may incredmegitching moment
of the blade.

RMS Root Pitching Moment

Blade Root Pitching Moment 1p PS Magnitude
I Blade to Blade Differences

Blade to Blade Differences RMS Blade Root Pitching Moment
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Figure 15. RMS, 1p PS, and blade-to-blade differems of blade root pitching moments for simultaneoumass
imbalance and pitch error

D. Summary of Imbalance Detection Strategy

The results of these analyses can be synthesitea ifiow chart, as shown in Figure 16, for detattof rotor
imbalances using a combination of sensors and sisafyethods. This strategy utilizes both blade mowi-blade
sensor measurements. None of the methods evalimtedar were successfully able to identify thadel having a
mass imbalance; however, based on the above s@ysitiudies of various imbalance conditions selverathods
have been developed to etect the presence of @itoh, its severity, as well as to identify whiclade the pitch
error is present. Therefore, and in summary, ttagegy is as follows:

(1) Detect if an imbalance exists in the rotor

(2) Determine if the imbalance is strictly a mass irabak, or whether it is a pitch or pitch and mass
combination (it cannot yet be distinguished if thés just a pitch error or a simultaneous pitctoreand
mass imbalance at this stage)

(3) If the error is due to pitch or pitch and massgedatne which blade is pitched incorrectly and byvho
much. Correct this blade pitch through the bladrob algorithm.

(4) Iterate until pitch error has been eliminated. thass imbalance is still present, it will then denitified,
including which blade is the source of the imbatanc

Downloaded by Daniel Griffith on April 12, 2013 | http://arc.aiaa.org | DOI: 10.2514/6.2013-1695
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Figure 16. Pitch error and mass imbalance detectioflow chart.
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IV. Shear Web Disbond Sensitivity Study

The developed multiscale modeling methodology wéed to investigate the sensitivity of a widenge of
potential operational measurements to the presefee shear web (SW) disbond. This representativen fof
damage was chosen because it is a damage mech#rsns routinely seen in the field.  For thistiali
investigation all of the disbonds were assumedateehnitiated at max chord of the blade (14.35 nset®wn the
blade in the span-wise direction) and propagatesvards toward the tip of the blade. This sectinaludes a
variety of different sensitivity analyses that werenducted at various stages throughout the mayledind
simulation processes.

A. Shear Web Disbond Damage Modeling Methodology andr8ulation Methods

To model the presence of a shear web disbond oinditwbine blade, the NUMAD blade model was meuifi
so that each of the shear web nodes were splitwddifferent nodes. This effectively split thiadbe model at the
shear web in a similar way to how the blade is pa}ty constructed through bonding the high presstiam shell
to the shear webs. To simulate a healthy bondsadt® blade, the top and bottom shear web nodesacsanected
using constraint equations in all six degrees eédiom. In the area of the blade in which the shedr disbond
existed, the constraints were removed so that tvaeno connection between the top of the bladetlamdhear
web. A similar approach was done by Griffith, £t(2011) to simulate a trailing edge disbond oa same blade
modef? While this modeling disbond methodology is efiiez in modeling a disbond in which the blade ahdas
web do not come into contact, it fails to take iat@ount the possible interaction of the top anttbbo surfaces of
the disbond. For large cracks in which interactimtween the top of the blade and the shear web haag a
significant influence, the relative decrease iffreéss due to the disbond is likely over-estimaiedause the added
stiffness due to the disbond face interaction watstaken into account. Modeling the interactiomszn the two
surfaces could be achieved using nonlinear surdacgéact constraints between the top of the bladkethe shear
web but this was not accomplished during thisahitivestigation and remains as future work.

FAST simulations were performed for several windfies and turbine blade conditions. Among the wind
profiles used were constant wind speed and directieC Kaimal Model with A turbulence, IEC Kaimalddel
with B turbulence, and the NREL NWTC wind modellwié KHTEST intense disturbance. For the constamd w
profile, the wind speed was set to 11.4 m/s, wittilapower law vertical shear profile. The IEC iai model is
defined in IEC 61400-1" ed. and assumes neutral atmospheric stailityA mean wind speed of 13 m/s was
used. The spectra for the three wind componentsuKv, w, are given by

S (f) = 4021, [ Unuo

(L+ 6L, /Unu)™®
wheref is the cyclic frequency and is an integral scale parameter. More informatian be found in IEC 61400-
1% or theTurbSim User’s Guide.

The NREL NWTCUP model represents turbulent inflohamcteristics at the NWTC, downwind of a major
mountain range. A mean wind speed of 13 m/s wad.u$or neutral and stable flows, the NWTCUP speate
defined by adding scaled versions of the SMOOTH-ehagectra:

NumPeakg
Sk (f) = z Pi k Sk smoomn(Fik ) (4)
i=1
where NumPeaks = 2 for all wind component& = u, v, wand the functiorS smootn is defined within the
SMOOTH model. More information can be found in ThebSim User's Guide.

The sample time spacing was 0.01 seconds, corrdsppto a sample rate of 100 Hz. Since the periutiom
harmonics were mainly of interest and the maximatorrspeed was 12.1 rpm, or 0.2 Hz, this sample wats
sufficient. Simulations were conducted under thoerditions: (1) all three blades are healthy,qi2¢ of the three
blades having a 5-meter shear web disbond, (3pbttee three blades having a 10-meter shear wddndds Two
hundred output variables were recorded from thauksitions, including generator power, blade root reots, tri-
axial blade accelerations along the span, nacetlelarations, and many others. The first 30 sezofidimulations
were discarded in analyzing the data to allow ataytp transients to damp out — tRAST User's Guide
recommends at least five secofidsThe total simulation time for each test, elinting the first 30 seconds, was
one hour, allowing for averaging to take place.

(3)
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B. Analysis of Shear Web Disbond without Blade Sensors

In order to compare the effectiveness of shear disthond detection methods with and without bladesses,
algorithms were first generated for determining thigbond using only the outputs from FAST that woubt
require blade-mounted sensors. The FAST variablésh displayed significant percentage change$éir RMS
value or frequency response magnitude at the apgrapeed given a shear web disbond were identdedey
measurement channels. The rotor azimuth posttigput from FAST was used as the reference sigiafirhe
synchronous averaging. The rotational resampling synchronous averaging was performed as desciibed
Section Il

Overall, the generator power output did not chasigeificantly between the healthy model and thoseles
with a shear web disbond. Interestingly, a phasi esbcurred in the synchronously averaged powepauunder
the presence of a SW disbond. However, the RMSepawtput did not change more than ~0.035% whe hites
turbine models were examined under the four diffeveind profiles.

For all of the following discussion, axial nacedleceleration will refer to acceleration in thedirection, vertical
nacelle acceleration (or tower axis) will refer aoceleration in thegyirection, and transverse (or side-to-side)
nacelle acceleration will refer to accelerationtle z direction (see Figure 2a). For all wind casesetie
accelerations increased in all three direction$ wie presence of the shear web disbond. In addithe percent
changes were correlated with the extent of damiagdéngth of the disbond). In addition, thearnd y 1p response
differences as well as the RMS differences in theliection indicated the presence and severity isbanhd.
However, no feature could be extracted to indigdieeh blade contained the damage. Figure 17a shooavlp PS
magnitude percent change of nacelle acceleratidheirg direction and Figure 17b shows the RMS percenhgba
of nacelle acceleration in thg girection.

sw

~4@-+ [ECKAI_ATut
- 4=+ [ECKAI_BTuty

(b)

Figure 17. (&) 1p magnitude percent change of na¢elacceleration in the zdirection for shear web disbond;
(b) RMS percent change of nacelle acceleration im¢ y direction for shear web disbond

C. Analysis of Shear Web Disbond with Blade Sensors

The blade tip acceleration response in all threections showed positive trends as the shear waindd was
introduced and increased in length. The 1p edge-Wwiade acceleration response differences arenshioiigure
18a. These 1p response differences increasedisagtiy with increasing shear web disbond (as masta 25%
increase for a 10 meter SW disbond). The blagespan-wise acceleration 1p response differendesams in
Figure 18b) and flap-wise acceleration RMS respati$ierences (shown in Figure 18c) also increasehim
presence and increase of a shear web disbond. e tNat the 1p magnitude percent change in thetsidéele
nacelle acceleration was the most sensitive pasanteta shear web disbond, but the trend lines ¥arythe
different wind profiles. On the other hand, thad# tip acceleration responses follow very sintiknds for all four
wind profiles.
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Figure 18. (a) 1p magnitude percent change of edgése blade tip acceleration for shear web disbondp) 1p
magnitude percent change of span-wise blade tip agleration for shear web disbond; (¢c) RMS response
percent change of flap-wise blade tip acceleratiofor shear web disbond

The moment of the blade about its pitch axis athtlele root is another good indicator of a shedy disbond,
as shown here. This moment can be measured usitig gages located at the root of each blade lsisgparameter
was also shown to be a good indicator of pitchrems shown in Section Il. The blade root pitghmoment 1p
response differences (shown in Figure 19a) incredmsle the RMS response differences (shown in Fdib) are
small and decrease with increased disbond lenbtie. RMS response difference is very small, howéweiincrease
in the root pitching moment 1p response is expesieck a shear web disbond would cause a reductitamsional
stiffness and the disbond originates at max chaldtively close to the root of the blade. Bothaswrement sets
also follow very similar trends for all four windgfiles as the shear web disbond is increased.
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Figure 19. (a) 1p magnitude percent change of bladeot pitching moment for shear web disbond;(b) RMS
response percent change of root blade pitching momefor shear web disbond

The shear web disbonds produced notable differeimcése blade root acceleration response in the-iisse
direction (see Figure 20). However, it is not gletar how sensitive this parameter would be toshatid located
further down the span of the blade. Future warlolving the analysis of shear web disbonds aetkffit locations
along the blade would provide better insight.
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Figure 20. Blade root 1p flap-wise acceleration rg®nse differences for shear web disbond

D. Summary of Shear Web Disbond Detection Strategy
The results of these analyses can be synthesited ifiow chart, as shown in Figure 21, for detattdf shear
web disbonds using a combination of sensors anigsasanethods. The proposed strategy is to:

(1) Detect if a shear web disbond exists in one obthdes

(2) Determine the severity of the shear web disbond

(3) Notify turbine operator of the disbond and sevesitythat a repair can be scheduled or
coordinated with other maintenance
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Figure 21. Shear web disbond detection flow chart
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V. Conclusions

A multiscale methodolody has been expanded for the investigation and dpredat of SHPM methods for
offshore wind turbine blades. The method utilites propagation of damage from a high fidelity comgnt level
model up to a reduced order model of a full turtinehat the changes in the turbine’s operatiossponses can be
examined. Furthermore, these full turbine simalaican be used to replicate fault mechanisms asiglitch error
and estimate the loads on the turbine blades wtachthen be propagated back to the high fidelitgehdo allow
for further local analyses to be conducted. Byestigating the effects of damage on multiple s¢dhesdeveloped
methodology takes advantage of available softwareinvestigate the underlying physical consequenaks
damage/faults on both a local and global level WhHeads to the identification of operational resgemthat are
most sensitive to these physical changes. In fauit detection strategies have been developdttlp optimize
operations and maintenance schemes.

This paper has described the application of theeldped methodology to investigate the effects dbmro
imbalance and a shear web disbond on an offshiM&/5wind turbine. The 61.5 meter blade model wasettgped
in SNL's NuUMAD software and exported to ANSYS whehe shear web disbond was simulated by separttng
nodes of the shear web from the blade at the loeatf the disbond. The reduced order blade moadligtsvarying
levels of damage were included into a model of ffshore turbine on a fixed monopole in 20 metersvafer. The
response of these offshore turbine models withiugrievels of damage/imbalance was then simulateBAST.
From these simulations it was apparent that thesoreanents which were the most sensitive to theepteand
extent of the shear web disbond or pitch error wbeeblade tip accelerations and the root pitchimgments.
Although nacelle response measurements can betaiskdect the presence of these conditions, ongsomements
made by blade sensors can distinguish the probieflades from the healthy blades. The aerodynéwaids from
the FAST simulations were calculated and applieth&ohigh fidelity ANSYS model which also demonsthan
increased blade tip deflection due to the presearice shear web disbond. Additional research waak heen
performed to examine how the structural health a¢heturbine could be used to optimize the operatind
maintenance practices of an offshore wind plantcost model is being developed to investigate fherations and
maintenance costs due to given faults/damage. cohwination of the repair cost information and #teuctural
health of each turbine could be utilized in theirpation of damage mitigating control strategiesl anaintenance
schedule to reduce the operations and maintenarste @ssociated with running an offshore wind gnptant.

Acknowledgments

We would like to acknowledge Todd Griffith, Sandi@tional Laboratories, as the contract monitor tfos
work and the U.S. Department of Energy for theintowing support of the wind energy research effdr¢ing
performed at Purdue University.

References

!R. Wiser and M. Bolinge2010 Wind Technologies Market Repdawrence Berkeley
National Laboratory: Lawrence Berkeley National dediory. LBNL Paper LBNL-4820E, June 2011.

2A.C. Levitt, W. Kempton, A.P. Smith, W. Musial addFirestone, “Pricing offshore wind poweEhergy Policy(In Press)
2011.

3B. Snyder and M.J. Kaiser, “Ecological and econooust-benefit analysis of offshore wind energi&newable Energy
34(6), pp. 1567-1578, 2009.

G. van Bussel, A.R. Henderson, C.A. Morgan, B. 8miR. Barthelmie, K. Argyriadis, A. Arena, G. Nikkon, and E.
Peltola, “State of the Art and Technology Trends@défshore Wind Energy: Operation and Maintenarsseiés, Offshore Wind
EnergyEWEA Special Topic ConferenBeussels, Belgium, December 2001.

5L.W.M.M. Rademakers, H. Braam, M.B. Zaaiger, and.@. van Bussel, “Assessment and optimisation efaon and
maintenance of offshore wind turbines,”"Rnoceedings of the European Wind Energy Confereveelrid, Span, June 2003.

Y. Amirat, M.E.H Benbouzid, B. Bensaker, and R. Waure, “Condition monitoring and fault diagnosiswind energy
conversion systems: a review.” Rroceedings 2007 IEEE International Electric Maatsnand Drives Conferenc¥ol 2., pp.
1434-1439, 2007.

3. Nilsson and L. Bertling, “Maintenance managenwntind power systems using condition monitorirygtems — Life
cycle cost analaysis for two case studiéSEE Transactions on Energy Conversiit(1), pp. 223-229, 2007.

8C.C. Ciang, J.R. Lee, and H.J. Bang, “Structuralthemonitoring for a wind turbine system: a reviefdamage detection
methods."Measurement Science and Technolb§¢12), pp. 1-20, 2008.

°F. Besnard, K. Fischer, and L. Bertling, “Relialyilcentred asset maintenance — A step towards erHareliability
availability and profitability of wind power plaritin 2010 IEEE PES Innovative Smart Grid Technologiesf@ence Europe
(ISGT Europe)2010.

16
American Institute of Aeronautics and Astronautics

Copyright © 2013 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved.



Downloaded by Daniel Griffith on April 12, 2013 | http://arc.aiaa.org | DOI: 10.2514/6.2013-1695

197. Hameed, S.H. Ahn, and Y.M. Cho, “Practical aspeé a condition monitoring system for a wind ingbwith emphasis
on its design, system architecture, testing antliation,” Renewable Energ5(5), pp. 879-894, May 2010.

113, Jonkman, S. Butterfield, W. Musial, and G. Sctidefinition of a 5-MW Reference Wind Turbine f@ffshore System
Development," NREL/TP-500-38060, Golden, CO: NatidRenewable Energy Laboratory, February 2009.

12D.T. Griffith, N. Yoder, B. Resor, J. White, andRaquette, , “Structural Health and Prognostics agement for Offshore
Wind Turbines: An Initial Roadmap,” SAND2012-101(&andia National Laboratories; Albuquerque, NMnfd December
2012.

133, Jonkman and L. Buhl, “FAST User's Guide,” NREL/E00-38230, Golden, CO: National Renewable Energy
Laboratory, August 2005.

3. Losi, and E. Becker, "Imbalance: A danger to ponents," Erneuerbare Energien, August 2009.

153, Giebhardt and WP7 Partners, “Condition Monitgriar Wind Turbines ‘State of the Art’ Report,” kad, Germany:
European Commission, 2007.

®\M. MaCamhaoil, “Bruel & Kjaer Application Notes: &@ic and Dynamic Balancing of Rigid Rotors,” n.d.
http://www.bksv.com/doc/bo0276.pdf (accessed Ma@h2).

Moog Incorporated, Rotor Monitoring Systems, Jur@l12 http://www.moog.com/literature/ICD/Moog-Windb&r-
Monitoring-System-Overview-en.pdf (accessed Margh2D12).

83.p. Borg and R.H. Kirchoff, "Mass and Aerodynatmtbalance of a Horizontal Axis Wind Turbine," Joakmof Solar
Energy Engineering 120 (Feburary 1998): 66-74.

%, Nam, T. Yoon, K. Kim, and H. Cuong, 41. “Estinaat of a Nacelle Dynamic Motion of a Wind TurbineZbntrol,
Automation, Robotics and Vision, 2008, ICARCV 2a08.International Conference arpp. 1017-1020, 2008.

2EC 61400-1, “Wind turbine generator systems-PaBadfety requirements,™®edition, Geneva,

Switzerland: International Electrotechnical Comnaias 1999.

218.J. Jonkman and L. Kilcher, “TurbSim User's Guillersion 1.06.00,” NREL/TP-xxx-xxxx (Draft Versiongolden, CO:
National Renewable Energy Laboratory, Septembe2 201

22D.J. Malcolm and D.L. Laird, "Extraction of Equiesit Beam Properties from Blade ModeM/lhd Energy2007, 10,
135-137.

23, Kusnick Rotor Blade Operational Data Analysis Methods apgliEations for Condition Monitoring of Vertical dn
Horizontal Axis Wind Turbineddaster's Thesis, West Lafayette, IN: Purdue Ursitgr2012.

17
American Institute of Aeronautics and Astronautics

Copyright © 2013 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved.



