Answer to referee comments of referee 1

Dear Referee #RC1,

Thank you very much for your detailed feedback. It is very much appreciated and enhances our work!

Major comments

Excitation method:lt is not very common to excite the blades in the blade coordinate system, simply because
it is hard or even impossible to achieve in an experimental set-up. We have chosen this method, because w
could achieve very clear spectra which is crucial for the damping estimation front@ealek counting.

Example spectra and a paragraph are. An example of the decaying time-series is also addedwdttettiner
resulting estimated damping and the restrictions of the used method.

Analysis based on turbine with reduced flexibilitffhe reason to base the analysis on the RTT rotor is that
with it is possible to capture the difference in edgewise whirl damping between the two cohfigurations
(upwind and downwind) with the minimum degree of freedom. The fully flexible turbine has a loweirdamp
especially for the forward whirl mode. However, these additional degrees of freedom have a simédat anp
both, the upwind and the downwind configuration. Thus, these are not a causation of difference iniselgew
loads that can be observed in load simulations.

The advantage of the reduced degrees of freedom is, that it allows to separate the motion of the substructure
from the rotor motion without influence of interaction of the nacelle or shaft. This might erother hand

over pronounce the impact of the shaft length or the cone angle. However, it does show the aieddhe
difference in interaction of the rotor with the tower torsion which has been proven to have apiact on the
edgewise whirl damping. It should also be pointed out, that the absolute edgewiskedahiping is very
turbine specific. Even with the full flexibility, this work shows the trends of change when changingaihe
configuration from upwind to downwind, and how the difference in damping can be influenced.tmbusots
of the parameter variations cannot be compared to each other regarding absolute dampieg.valu

A comment to thigs added in the text for clarification.

Study of whirl characteristics with reduced degrees of freedoAs we have shown from the comparison of
the fully flexible turbine configuration with the turbine configurations with reduced nunafetegrees of
freedom, the difference in damping between the upwind and the downwind configuration can be captured.
Including all degrees of freedom does change the whirl characteristics, especially throughvéndléexibility.
However, we could only observe small differences of the influence on téendpconfiguration compared to
the downwind configuration which is what this work focusses on.

Generally, this study should be extended in future work to get the full picture of the difference of whirl
characteristics.

A comment to this is added in the discussion section.

Forward spellinghas been corrected.

Minor comments




Linel14-16: It is true, that also downwind turbines can be constraint in blade design depending on the
geometrical configuration of the turbine as well as the design driving situations and tlirigaof fault
situations by the controller. The introduction is changed accordingly.

Line 76-B: (The turbine flexibility is reduced to the rotor flexibility and tower torsional fié®ibas this
configuration resembles the difference in edgewise damping with the minimum degfdéesdom) The
sentence is rephrased to: The resulting configuration consists of a fully flexible rotor and ahawisronly
flexible in torsion. This configuration with reduced flexibility captures the main difference in edgewise whir
mode damping and allonssmore detailed analysis of modal displacements.

Line 85:(coupling terms due to prebend and shatft tilt) The coupling terms are not expected ta play
prominent role in the in-plane vibrations (This has been checked with hawcStab2 for the upwind
configuration). They are neglected rather to avoid excitation of theaftgtane modes from the forces that

are used for excitation. Otherwise, the petkpeak counting used for damping estimation and especially the
mode shape analysis are misleading. A comment on this has been added to the manuscript.

Line 96:(By setting gravity to zero, the variation of stiffness is neglected) It is assumed that the structural
stiffness and the centrifugal effect are dominant and the variation of stiffness from gravity igiblegli
However, this cannot be quantified by the chosen method as the rotation in the gravityvield
permanently excite the in-plane blade motion which makes the damping predictiontfreriime-series
impossible. HAWCStab2 as a tool is no alternative since it neglects the effect of gravity. Furtherddrthlgsis
effect could be done with Floquet-analysis, but this is outside the scope of this work.

Section 2.2{why only 9m/s?): 9m/s is chosen as the observed difference in damping so differences in modal
displacements are expected to be largest.

(Distinguishing between self-motion and substructure motion): To be able to investigateoited m

displacement the displacement of the blades is extracted in the blade coordinate systdmttvehi

displacement due to tower motion is extracted in the tower coordinate system. To be ablethe dmalysis of

the contribution to outef-plane motion all displacements need to be in the same coordinate system, which
requires the Coleman-transformation. For the damping estimation, this would not be eglgdihe text is

adjusted for clarification.

(Procedure for phase consistency) This procedure is not standard practice. However, phase consistency has to
be assured, as several spectra are calculated for each signal independently (blades and tower toesion). Th
implemented Matlab procedure gives a spectrum with relative phases for each spectrum. Furttaeratixpl

is added.

Line 140normalization definition is added.

Line 154-1560Other degrees of freedom such as tower bending flexibility do influence the absolute damping
of the whirl modes but do not cause the major differences between the upwind and the downwind
configuration._ . }uu vS Jv §Z § AESX

Line 155:The coinciding lines are not plotted and this is pointed out in the text as additionahiation.



Figure 2:The time-series are regenerated from the spectrum of the time-series to assure the displacement is a
modal displacement. The damping is therefore not included. The information is adties gescription of the
method.

Line 203 Generic oubf-plane motionor p 3§} §Z 3}A & 3§} & ]} v Mf glzne td}ién & adppd to
the text.

Line 206 §Z P A]e ~AZ]Eo_ u%]vP ]* 8§} §Z & EEX

Section 3.2The text is referring to the cosine component of the rotor contributing to 5%eo#lttierence in
the out-of-plane displacements (line 182-183) The substructure does not have a contribution tcsthe co
displacement since the tower bending is neglected.

Figure 35: ~ P A]e U%o]VP _ Z vV E %00 C ™ P Al AZ]IEo u%]vP_

Chapter 4 & Line 308-30% £% 3 @&}o }( §}A & v Ppedlion 5Hbe tower fore-aft bending
is expected to be seen directly in the anftplane displacement. The tower sidele bending couples directly
to the asymmetric edge whirl motion and can further be expected to couple tabptane displacement
through the yaw motion, as the center of gravity of the rotor nacelle assmbly iatrbé tower center.

Line 204-205total impact of low tower torsional stiffness on downwind configurations has not yet been
investigated. For upwind configurations the lower edgewise damping for lattice structures ignoeih.
Further investigations would need to be made and full load assessment would be required todlltewhe
effect of the lower tower torsional stiffness.

Generally:Spelling and grammatical comments are implemented.

Answer to referee comments of referee 2

Dear Vasilis A. Riziotis,

Thank you very much for your detailed feedback. It is very much appreciated and improveglkur wo

Main comments

1.) Pros and Cons for damping assessment are added in the text. It is shown that there is only one
frequency dominant in the time-series and examples are giviére generation of mode shapes is
described in more details.

2.) A comparison of HAWC2 and HAWCStab2 for frequency and damping are added. Mode shapes could
not be validated. The required mode shapes were not an official output from HAWCStab2 and needed
post-processing from a binary file. It was possible to extract the amplitudes, but d#sepltould not
be converted correctly for both edgewise whirl mode, even for the upwind configurationmble



shapes from HAWC2 on the other hand could be extracted in known coordinate systems and seemed
to be consistent. However, there is no doubt that more work is required regarding a validatios of t
mode shapes.

3.) We checked that the DTU-10MW-RWT shows the same trend for the damping of the two edgewise
whirl modes. However, how strongly this is pronounced is turbine specific. A comment is added in t
discussion to point out to what extend the conclusions are turbine specific.

Supplement comments

Line 34:(Could you please become more specific. You are probably referring to bringing close atheadtw
edgewise mode with the BW 2nd flap mode.) TH&W edge and"® BW flap mode have been added in the
text.

Line 76-B: (The turbine flexibility is reduced to the rotor flexibility and tower torsional bidiky, as this
configuration resembles the difference in edgewise damping with the minimum degféesdom) The
sentence is rephrased to: The resulting configuration consists of a fully flexible rotor and a towerdhigt i
flexible in torsion. This configuration with reduced flexibility captures the main difference in edgewise whir
mode damping and allows more detailed analysis of modal displacements.

Line 97-98(The controller is exchanged by a simple setting of pitch angle and rotational speed acamrding t

the wind speed at hub height to allow for a slow wind speed increase to avoid other modal frequbacies

the excited frequencies in the timeseries.) Sentence is rephraseti€oy « §} thk Ekcitation of modal

frequencies other than the edgewise whirl frequencies. This resembles(@fix- E]A SE Jv }% E 3]}v
The collective edgewise mode is not excited due to the chosen excitation method aguhthity set to zero.

This has also been checked from the signal in the frequency domain. Otherwise, the estimatiompioigdam

from the time-series would be misleading.

Line 106-108(It has been tested with the aeroelastic modal analysis tool HAWCStab2 (\cite{Hansen2004}) that
the trends over wind speed as well as trends for the difference of damping between the configurations are
captured correctly for investigations of qualitative differencékhis was done for the validation of the

nonlinear damping characterization method and | suppose it was performed for the upwindeurbithat
correct? e dZ]e Z - v }v (}JE& A o] 3]}v }( 8Z v}ivo]l]v GE U%]yPZ dudE\]¢ E]
and downwind configuration. HAWCStab2 agrees with the change of damping over wind speedasastivell

ratio of damping between the upwind and the downwind configuration. However, the atesefilues are not

the same and more investigations are needed

We have also tried to validate the mode shapes between HAWC2 and HAWCStab2, but thelpmages

agree. We assume, that this is an issue of the output file generated by HAWCStab2, as the sorting of mode
shapes and coordinate-systems of the auto-generated data could not be clarified, esdecitity downwind
configuration.

Line 09-111: (For a primary damping estimation the damping coefficient for a single airfoil as desbsib
Hansen (2007) is calculated.) Text is changed for clarification of the aim, namely to assuriéeiteatogdis of
damping are not due to operational points of the airfoil and/or the steady statéiseofurbine configurations



Line 127-132(Calculation of modal displacement and phase consistency). The section has been extended as it
caused confusion. No direct system identification method has been used. It has been assured, that the method
of excitation only excites one of the whirl modes, which has been checked from the spectra. Mode shapes are
then calculated from the frequency and phase information of the spectra. An additional explanatibadras

added. The method of phase consistency has been described in more detail as there is ncecheckit

might not beacommon standard.

Line 134:Validation for the frequency and damping has been added. The mode shapes could not be validated,
due to unresolved issues with the output from HAWCStab2. (The output does not agree withetialint
animation inside HAWCStab2.) The latter is the main reason to finally do the study with HAWC2.

Line 140normalization definition is added.
Line 289:A paragraph is added to explain to what extend the conclusions and results are turbine specific.

Generally:Spelling and grammatical comments are implemented.
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Differences in damping of edgewise whirl modes operating an
upwind turbine in a downwind con guration
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Abstract. The qualitative changes in damping of the rst edgewise modes when an upwind wind turbine is converted into
the respective downwind con guration are investigated. A model of a Suzlon S111 2.1MW turbine is used to show that the
interaction of tower torsion and the rotor modes is the main reason for the change in edgewise damping. For the forward whirl
mode a maximum decrease in edgewise damping of 39% is observed and for the backward whjd maeténum increase of

18% in edgewise damping is observed when the upwind con guration is changed into the downwind con guration. The shaft
length is shown to be in uencing the interaction between tower torsion and rotor modes as out-of-plane displacements can be
increased or decreased with increasing shaft length due to the phase difference between rotor and tower motion. Modifying
the tower torsional stiffness is seen to give the opportunity in the downwind con guration to account for both, a favorable
placements of the edgewise frequency relative to the second yaw frequency, as well as a favorable phasing in the mode shapes

Copyright statementTEXT

1 Introduction

Upwind wind turbines, where the rotor is placed in front of the tower relative to the wind, have been in the focus of research
efforts for the recent years. As wind turbines increase in;sizelandthecost of energy has to be reduced, rotor blades become

longer and increase in exibility. The blade tip to tower clearance is a constraint for the design of such blades:neFor

The downwind concepts are known to show a higher fatigue load for the apwise blade root moments compared to the upwind
concepts due to the tower shadow effect. Glasgow et al. (1981) measured a signi cant fatigue load increase in the apwise
bending loads for a downwind con guration compared to an upwind con guration of a 100kW machine due to the velocity
de cit of a truss tower. Zahle et al. (2008)mulatedpredicteda reduction in normal force on the blade of 20%, due to the

rapid uctuation in the angle of attack as the blade passes through the tower wake. A fatigue load increase of around 20% for
the damage equivalent apwise blade root bending moment was found by Reiso and Muskulus-(@b&8)comparing the
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5MW NREL reference turbine in a downwind con guration to the original upwind con guration.

A comparison of a full design load basis for a commercial Suzlon class llIA 2.1MW wind turbine in an upwind con gura-
tion and a downwind con guration by Wanke et al. (2019) showed, that also the edgewise fatigue load increases signi cantly
—~when changing the upwind con guration into a downwind con guration. Only 30% of the fatigue load increase for the
edgewise blade root sensor could be associated with the tower shadow effect. The remaining fatigue load increase could be

In the 1990s rst research efforts were made to characterize the damping of the edgewise blade modes since some stall reg
ulated turbines showed stall induced vibrations. Petersen et al. (1998a) described how the local edgewise vibrations couplec
to the substructure in glob&brewardforward (FW) and backward (BW) whirling modes. The whirling modes resuite¢el

in a force at the hub center, rotating either with the rotational direction of the shaft (FW) or against the rotational direction of

Thomsen et al. (2000) used a rotating mass on the nacelle to excite the edgewise whirlindenotiass00kW upwind tur-
bine. From the measured blade root momére damping for the edgewise whirling modes was calculated. The results showed
that the edgewisBrewardforwardwhirling mode was signi cantly higher damped than the corresponding backward whirling

mode.

Hansen (2003) build a linearized model with 15 degrees of freedom to determine the damping for the edgewise modes of the
turbine, measured by Thomsen et al. (2000), using an eigenvalue approach. Hansen could con rm that the fedgewaide

faorward whirl mode was signi cantly higher damped than the edgewise backward whirl mode. From the visualization of the

In the description of aeroelastic instabilities Hansen (2007) derived the aerodynamic damping coef cient of a single airfoil in
dependency on the vibration direction. From the simpli ed analystsvas able to show how the aerodynamic damping relates
to the in ow velocity, the airfoil coef cients and the airfoil coef cient slopes over the angle of attack for different quadrants of

vibration direction.
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shaft length, cone angle and tower torsion are varied to show how the edgewise damping could be in uenced by the turbine
design.
The interaction of the rotor and the tower torsion will be shown to cause differences in the maximum damping between the

turbine is changed from the upwind con guration into a downwind turbine. In the backward whirl,th@d@amping increases

18% when the S111 Suzlon turbine is changed from an upwind con guration into a downwind con guration. Differences in
out-of-plane displacements cause the main difference in damping between the two turbine con gurations and the two modes.
As the eigenfrequency of the edgewise forward whirl mode is closer to the second yaw frequency the forward whirl mode will

the downwind con guration, as well as the difference in extreme and fatigue loads.

2 Methods

In this study two different attempts arese¢madeto investigate the difference in edgewise damping between an upwind
con guration and a downwind con guration. Firstly, the edgewise damping of the full turbine is calculated from HAWC2

ibility s—called the fully exible (FF) con gurations. Furthethe edgewise damping is estimated for turbine con gurations

with reduced exibility. The exibility is reduced by increasing the stiffness of certain turbine components signi cantly. The

4). The con gurations with reduced exibility are called the upwind RTT (rotor and tower torsion) and the downwind RTT
con guration.

Secondly, the in uence of shaft length, cone angle and tower torsional stiffness on the edgewise damping of the upwind RTT
and downwind RTT con guration are studied by parametric variatiea.The in uence of the shaft length is investigated in

a range of -30% and +100%, the cone angle, coning away from the tower freaen75 ;-and the tower torsional stiffness

in a range of 80%. Table 1 shows a summary of all the con gurations used in the study and the investigated parameter
variation. The study is based on a Suzlon S111 2.1MW, class IlIA turbine with a rotor diameter of 112n9@mdubtiar
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study for the same reason. The turbine is assembled as a downwind con guration by shifting the rotor behind the tower and

yawing the shaft by 180
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the edgewise signal. The controller is exchanged by a simple setting of pitch angle and rotational speed according to the wind
speed at hub height to allow for a slow wind speed increase to aWeimmodalrequencieshantheexeitedfreguenciesifthe

frameworkto_excite the whirl modesseparatelyFigure 1 showsthe spectraof the dampingeoefeientfora-singleairfoit

adirom m o ead\ e\ 'a¥aTa he

thewhirl. modesis excited.It hasbeencheckedhatthis is the casefor all the

estimation of damping the decaying displacement signal of the 3 blades at r/R=75% radius is used. The logarithmic damping
decrement is calculated via
1 X (t)
= = 1
N " x(t+ NT) @)

whereN is the number of positive successive peakd) is the edgewise displacement amplitude of the rst peak and
x (t+ NT) is the amplitude of th&lth peak aiN vibration periodsT after the rst peak. The logarithmic damping decrement



(a) Spectrum backward whirl mode v=5ms™"! (b) Spectrum forward whirl mode v=5ms™"!
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f/fnat [-] f/fnat [-]

(c) Spectrum backward whirl mode v=9ms™! (d) Spectrum forward whirl mode v=9ms™"!

sym cosine = = = sine|

—q L (2)

140 The damping ratio is estimated from simulations for the backwardfamsvardforward whirling mode of the fully exible

145 methodbecomegessaccurateasthe detectionof the peaksbecomesnoredif cult asseenfrom in thetime-serieof 9ms 1,




(a) backward whirl mode v=5ms” (b) forward whirl mode v=5ms”
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time-series damping estimate e |

155 Theuppermethodis thereforeassumedo be suitablefor theinvestigationin this study.

160 radius,aswell asthe
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differencebetweerthetwo edgewisssignalssuchthatthetwo signalshavethe samephaseon theedgewisenhirl frequency
185 _modified;shifted = modified modified;mode  + original;mode (3)
190
195
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FF con guration as well as the up-and downwind RTT con guratieartherthe The out-of-plane displacement of the edge-

wise modes is shown to be the reason for the difference in damping. Eitelgamping for the parameter variation for shaft

length, cone angleand tower torsional stiffness is presented.

well. Small differencescanbe observeddue to the resolutionof the frequencyaxis of the

further showedthat for the

the HAWC2 time-serieslt shouldbe mentionedhat HAWC2 and HAWC StabZhaveslightly differentimplementecdiamping

modelswhich shouldexplainthe observediifferences As the differencesin dampingbetweerthe turbinecon gurationsare
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(a) backward whirl mode frequency (b) forward whirl mode frequency
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downwind RTT con guration. The gure further shows the difference in damping between the upwind con guration RTT and
the other con gurations (Fig. 4 (c) and (d)).

9.ms 1 of the forward whirl mode, The gure shows that both edgewisghirl modes in both con gurations are positively

damped. The damping ratio increases from cut-in wind speed to a local maximum at rated wind speed. After decreasing for
wind speeds between rated wind speed and wind speeds around 14rgamping increase for wind speeds higher than
14ms ! is observed. In the backward whirl mode (Fig. 4 (a)) the downwind con gurations are subject to higher edgewise
damping than the respective upwind con gurations. The difference is approximately 18% for the RTT con gurations (see

lower edgewise damping than the respective upwind con gurations over the investigated wind speed range. The difference in
edgewise damping is largest around rated wind speed, where the damping is approximately 39% lower in the downwind RTT
con guration than the upwind RTT con guration (Fig. 4 (d)).

10
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(a) backward whirl mode damping (b) forward whirl mode damping
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damping as well as the damping differencare normalized with the damping of the upwind RTT con guration at 9 ef the fereward
forwardwhirl mode.

3.3 Modal displacement effects on edgewise damping

The observed difference in normalized edgewise damping between the upwind and the downwind con guration presented in

damping has to be explained by the out-of-plane displacements in the modes for the different turbine con gurations. The out-

11
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(a) backward whirl mode upwind RTT; (I(ref=0.75 (b) forward whirl mode upwind RTT; (l(r =1.00
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(c) backward whirl mode downwind RTT; Clgref=0.92
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Figure 5. Modal out-of-plane displacements at 9nifor the backward whirl mode ((a), (c)) afiekewardforwardwhirl mode ((b), (d)) of

the upwind RTT ((a), (b)) and downwind RTT con guration ((c), (d)). The time axis is normalized with the blade edgewise natural frequency.

tower torsion that rotates the blades out of the reference plane. This section shows

— higher out-of-plane displacement gives higher edgewise damping
— difference in forcing due to con guration givesdifference in modal phases
— difference in modal phases givaslifference in damping

Figure 5 shows the out-of-plane displacements of the sine and cosine components of the rotor, as well as the sine displacemer
component due to the substructure, e.g. the tower torsion, for the backward whirl mode (Fig. 5 (a) and (c)fanasvthe
forwardwhirl mode (Fig. 5 (b) and (d)) of the upwind RTT and the downwind RTT con guration.

erally higher out-of-plane displacementstefthe substructure than the respective backward whirl mode (Fig. 5 (a) and (c)),

12
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as the natural frequency of therewardforward whirl mode is closer to the natural frequency of the second yaw mode. The

natural frequencies of the modes are the same for the upwind and the downwind con guration.
The interaction of the rotor and the tower causing a higher sine out-of-plane displacement of the rotor leading to higher damp-

of the upwind RTT con guration (5 (b)) further shows a 5% higher out-of-plane cosine component of rotor displacement than
the downwind RTT con guration in the backward whirl mode (5 (c)), which explains the remaining difference in damping
between the two turbine con gurations.

The higher sine component of the rotor out-of-plane displacem@mhotcannotbe associated with the frequency of the

second yaw mode, as this does not hold true for the backward whirl mode of the downwind con guration (Fig. 5 (c)). The
higher out-of-plane rotor displacement in the sine component is observed to come with a sine component of the substructure
out-of-plane displacement that is lagging the respective rotor displacement (Fig. 5 (b) and (c)). If the sine component of the
oef-the-out-of-plane displacement of the substructure is leading the respective rotor displacement the sine component of the
out-of-plane rotor displacement is lower (Fig. 5 (a) and (d)).

Also the in-plane motion of the rotor (not shown here) is subject to a sine component lagging the cosine component in the

backward whirl mode and a sine component leading the cosine componentfard¢herdforward whirl mode. The modal

velocities cause aerodynamic forces. Inherently to the whirl modes the aerodynamic in-plane forces at the hub sum up to a
non-zero total in-plane force. With the arm of the shaft lengtls force causes a yaw loading. Depending on the placement

of the rotor relative to the yaw center a positive in-plane cosine force at the hub causes a positive yaw loading (upwind con-
guration) or a negative yaw loading (downwind con guration). The response of the tower, e.g. the out-of-plane substructure
sine component of displacement is therefore either laggingtheut-of-plane sine component of the rotor displacement, as

in the ferewardforward whirl mode of the upwind RTT con guration (5 (b)) and the backward whirl mode of the downwind

RTT con guration (5 (c)) or the sine component of the substructure out-of-plane displacement is leading the rotor sine out-of-
plane displacement (upwind RTT con guration, backward whirl mode, Fig. 5 (a) and downwind RTT con guratiowarel
forwardwhirl mode, Fig. 5 (d)).

total out-of-plane motion. The main contributor is the higher rotor out-of-plane motion associated with a favorable phasing
between the out-of-plane motion of the substructure and the out-of-plane sine component of the rotor motidmeieigile

of the downwind con guratiopan increase in shaft length is expected to decrease the edgewise damping.

13



305 3.4 Parameter variation: shaft length

uratlon (Flg. 6 (c) and (d)) as a function of wind speed and shaft length factor. The gure shows that the normalized edgewise

(a) backward whirl mode upwind RTT (b) forward wh|rI mode upwmd RTT
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Figure 6. Normalized edgewisghirl. damping ratio as a function of wind speeds and shaft Iength factor for the backward whirl mode

upwind RTT con guration at a shaft Iength factor of 1 at 9ms

whirl. damping of the backward whirling mode in the upwind RTT con guration decreases with the increasing shaft length
310 (Fig. 6 (a)). In the downwind RTT con guratigon the other handhe normalized edgewigghirl damping increases with the

increasing shaft length in the backward whirl mode (Fig. 6 (c)). The effect is strongest pronounced around rated wind speed.
In the forward whirl mode of the upwind RTT con guratipthe normalized edgewise damping increases with the increasing
shaft length (Fig. 6 (b)). The normalized edgewiggrl damping of the downwind RTT con guration on the other hand hardly
changes with the increasing shaft length for wind speeds close to rated wind speed (Fig. 6 (d)).

315 For a shaft length factor of 2 and at 9nisthe out-of-plane displacements (see appendix Fig. A1) have been compared to the
displacements for a shaft Iength factor of 1 at 9fmEFig. 5). Both turbine con gurations in the backward whirl mode and also

14



320 upwind RTT con guration are increasing due to higher out-of-plane displacements in the rotor sine components. In the back-

325

330

ward whirl mode of the upwind RTT con guratiom decrease of the sine component of the out—of—plane rotor displacements

crease of out-of-plane sine component of rotor displacement can be observed. However, an increase of the cosine out-of-plan
displacements of the rotor can also be seen. The combination of the out—of—plane displacements leads to the effect that hardly

the downwind RTT con guratlon.
3.5 Parameter variation: cone angle

Figure 7 shows the normalized edgewigigirl damping for the backward whirl mode (Fig. 7 (a) and (c)) and the forward whirl

mode (Fig. 7 (b) and (d)) in the upwind RTT (Fig. 7 (a) and (b)) and the downwind RTT con guration (Fig. 7 (c) and (d)) as a
function of cone angle and wind speed.

(a) backward wh|rI mode upwmd RTT (b) forward whirl mode upwind RTT

| I\ Vel —NN
=\ /\W || //i\w/ )
Sl G2 S S N 7
RENE AN // \ T \10/\0.8‘\ \

5 20
W|nd speed [ms~ ]
(c) backward whirl mode downwmd RTT

wind speed [ms"1]
(d) forward wh|rI mode downwind RTT
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wmd speed [ms” ]

wind speed [ms~ ]

Figure 7. Normalized edgewiswhirl damping as a function wind speeds and cone angle for the backward whirl mode ((a) and (c)) and the

The gure shows that the edgewisgnirl damping of both modes increases wathincreasing cone angle in the upwind RTT
con guration (Fig. 7 (a) and (b)). In the downwind RTT con guration the edgewvbér| damping decreases with increasing
cone angle for wind speeds around rated wind speed (Fig. 7 (c) and (d)).
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the airfoil coef cients and therefore the estimated analytical damping coef cient by Hansen (2007): The blades de ect against
the coning direction in the upwind RTT con guration, while the blades de ect in the same direction as the cone direction in the
downwind RTT con guration. The analytical damping coef cient of the /R=75% airfoil at 9fisas decreased by 33% in the
upwind RTT con guration when a cone angle of 7.8 introduced. The analytical damping coef cient of the r/R=75% airfoil

at 9ms ! has increased by 38% in the downwind RTT con guration when a cone angle ofs7iBtroduced. On the other

hand, the cone angle also changes the coupling between the in-plane loading and the tower torsion as the distance betwee
the yaw axis and the outboard airfoils is increased. Comparing the displacements atfrascone angle of 7.5Fig. A2)

with the out-of-plane displacements at 9mswithout cone angle (Fig. 5) shows only very little changes in the rotor sine
components of the out-of-plane displacements. However, the downwind RTT con guration shows a signi cant decrease in the
cosine component of the out-of-plane rotor displacements, while the upwind RTT con guration shows a signi cant increase in
the cosine out-of-plane rotor displacements when the cone angle as7{rroduced. The changes in the cosine out-of-plane

rotor displacement dominate the change in normalized edgevrisedamping.

3.6 Parameter variation: tower torsion

whirl mode (Fig. 8 (b) and (c)) of the upwind RTT (Fig. 8 (a) and (b)) and downwind RTT con guration (Fig. 8 (c) and (d)) as
a function wind speed and tower torsion stiffness factor.

While the normalized edgewisehirl damping is increasing in the backward whirl mode of the upwind RTT con guration
with the increasing tower torsional stiffness (Fig. 8 (a)), the normalized edgewise damping of the backward whirl mode of the
downwind RTT con guration (Fig. 8 (¢)) is decreasing with increasing tower torsional stiffness at around rated wind speed. For

high wind speeds anastiffness factors lower than 0.5 the edgewise damping of the backward whirl mode increases drastically

factor at around 0.5, where a local maximum of normalized edgewise damping is reached.
Comparing Fig. A3 with Fig.5 shows that a decrease of tower torsional stiffness to a factor of 0.2 &t @ oneases generally
the out-of-plane displacements associated with the substructure. Further, phasing between the substructure and rotor out-of

RTT con guration in the backward whirl mode does not bene t from the decrease in the tower torsional stiffness in the out-
of-plane displacements at 9 mis At high wind speedghe effect of the frequency placement can be observed. As the tower

whirl mode frequency and moves closer to the edgewise backward whirl mode frequency. Thus, the highest damping at high
wind speeds is observedata stiffness factor of around 0.5 for high wind speeds.
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Figure 8. Normalized edgewisghirl damping as a function of wind speeds and tower torsion stiffness factor for the backward whirl mode

con guration at a tower torS|0n stlffness factor of 1 at 9 rhs

4 Summary

In this articlg the change in edgewigehirl damping when an upwind wind turbine is converted into a downwind con guration

has been investigated on the example of a simpli ed version of the commercial Suzlon S111 2.1MW wind turbine. The edge-
wise forward whirl mode has been shown to decrease in damping as the upwind con guration is changed into the downwind
con guration. The edgewise backward whirl moa® the other hancas been seen to increase in damping when the upwind

con guration is changed into a downwind con guration. The interaction with the aerodynamic forces, the rotor and tower
torsional motion have been shown to create a difference in out-of-plane displacement. The out-of-plane displacement was seel
to cause the observed differences in edgewise damping.

shaft length, as the yaw loading from the m—plane cosine shear forces could be increased. An increasgriglebas been

shown to increasthe cosine component of the out-of-plane rotor displacements and therefore damping for the upwind con g-
uration, while the increase in cone causes a decrease in cosine component of the out-of-plane displacements and damping i
the downwind con guration. A decrease in tower torsional stiffness has been seen to increase the dampirfgyeamaile

ment do not counteract each other due to phase differences.
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5 Conclusion and future work

As a decrease in damping increases extreme as well as fatigue loads, the edgewise damping should be included in the desig
considerations. For the shaft lengthere would be a trade-off between edgewise damping of the two modes, but also the
rotor overhanging moment that has to be carried by the support structure. The consideration of edgewise damping would sug-
gest a higher cone angle for upwind con gurations than for downwind con gurations. Again, other considerations like tower
clearance, apwise blade root loads and power production compete in the design decision. From an edgewise damping point

of view downwind con gurations could bene t from towers with lower torsional stiffness. Replacing a tubular tower or the

18
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Data availability. The data is not publicly accessible, since the research is based on a commercial turbine and the data is not available for
disclosure by Suzlon.

Appendix: Out-of-plane displacements for parameter variations

The following gures show the out-of-plane displacements of the two edgewise damping modes in the two RTT con gurations
at 9ms ! for a shaft length factor of 2 (Fig. A1), a cone angle of 7(Big. A2) and a tower torsional stiffness factor of 0.2
(Fig. A3).
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(a) backward whirl mode upwind RTT; (I(ref=0.66 (b) forward whirl mode upwind RTT; (l(ref=1.67
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whirl mode of the upwind RTT and downwind RTT con guration. The time axis is normalized with the blade edgewise natural frequency.
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(a) backward whirl mode upwind RTT; (I(ref=1.18 (b) forward whirl mode upwind RTT; (l(ref=2.01
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Figure A2. Modal out-of-plane displacements at 9misand a cone angle of 7.5or the backward whirl mode arférewardforwardwhirl

mode of the upwind RTT and downwind RTT con guration. The time axis is normalized with the blade edgewise natural frequency.
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Figure A3. Modal out-of-plane displacements at 9msand a tower torsional stiffness factor of 0.2 for the backward whirl mode and

natural frequency.
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