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Abstract

The design and analysis of offshore wind turbines is a diffimgdk compared to onshore, due to
the numerous load cases that have to be considered and ¢ldatah work involved. Not only
the amount of sea states to deal with at a specific site, buttasdifferences between sites and
even between locations within a wind park should be takenantount for offshore wind energy.
To ease this process, the use of the linearized frequencgiddool ECN TURBU, which is very
fast compared to the commonly used nonlinear time domais,tminvestigated.

TURBU is a fast fully integrated wind turbine design and aeayool, which deals with aerody-

namics, hydrodynamics, structural dynamics and controhafiern three bladed wind turbines.
The linearized wind turbine model is derived from geometnd anaterial properties and site
conditions. The system is then transformed to the frequeonayaih, useful for load calcula-

tion, stability analysis and control design. The wind, giawave and water current loading are
applied as input spectra to the wind turbine model. The reduwdim load calculations can be
analyzed both in the frequency domain (output spectra) latirne domain (simulations).

Although frequency domain methods are common practicefgiofe industry, the use of a fully
integrated wind turbine design and analysis tool in thedesgry domain is new to the wind
energy sector. It requires a different design approach thamentional time domain tools, but
creates opportunities as well due to quick feedback on thdteeduring the design process.

In this report it is shown how TURBU can aid the design of (offis#) wind turbines. A foot-
print of the wind turbine visualizing the effect of importasesign choices is constructed from
output load spectra obtained with TURBU. Optimization ugiagameter variation can assist the
designer in finding optimal settings for critical design paegers. Also the analysis of an off-
shore wind turbine with TURBU is addressed. It is used to ifiethe sea states contributing
to fatigue, which reduces the number of sea states to anaiyisenonlinear time domain tools.
The results are compared to those obtained with a nonlineer diomain analysis tool (ECN
PHATAS). Special attention is paid to the influence of the (lirestt) hydrodynamics and the
calculation method on the results.
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Notations

Viwind, Vi wind speed

Dwind wind direction

H,, mean wave height

T mean wave period

H significant wave height

T, spectral wave peak period

Yis JONSWAP wave peak shape factor
Viave wave speed

Dwave wave direction

Drwsew angle between wind and wave direction
kwave wave number

Awave wave length

dwater water depth

Cm mass coefficient

Ch drag coefficient

R; load of thei” bin of the fatigue load spectrum
ni number of cycles in thé” bin

R.q equivalent fatigue load

Neg number of equivalent cycles

m SN curve slope for the relevant material
K SN curve constant for the relevant material
Si stress level of the?” bin of the fatigue load spectrum
D; damage in theé'” bin of the fatigue load spectrum
F force

M moment

x displacement

¢ rotation

k stiffness

d damping

m mass

0 deformation

Q, rotor speed

P. rotor power

0 blade pitch angle

Ahub hub height

d, rotor diameter

Dyaw yaw angle

n efficiency

H frequency transfer function

f frequency

w frequency

Wn, eigenfrequency

¢ damping ratio

der critical damping

LD logarithmic damping decrement
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Osts
DOF
wkp
BEM
MSL
eqlHz
SUT
FFT
DFT
CFD
RFC
DeMW
CDT
SWIFT
ROWS

rotor

generator

support structure

from PHATAS

from TURBU

fore aft (x)

side to side (y)

degree of freedom

working point

blade element momentum

mean sea level

load at 1Hz cycles equivalent to real load
system under test

fast fourier transform

discrete fourier transform
computational fluid dynamics
rainflow count

6MW Dowec (Dutch offshore wind energy converter)
Control Design Tool

Simulation of Wind Fields in Time
Random Ocean Wave Simulator
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1 Introduction

1.1 Wind energy

Energy is a very important resource in today’s modern worlda tihe security of supply and

the pollution of fossil fuels are under debate, the use ofweale wind energy is a clean and
relatively cheap (in euro/kWh) solution. Most state of tineveind turbines extract power from

wind by converting the air flow through a three bladed rotor techanical energy, which is

converted into electric power by a generator. This complexcsire involves aerodynamics,
structural dynamics and control. Modelling of a wind tumbiis essential, both for design and
certification. Even during its operation a detailed up-teedabdel can be useful for condition
monitoring and control.

Although the models of wind turbines have greatly improvesllast decades, there are still a lot
of challenges in this field. With increased detail, the motielge grown in size, which can result
in slow computation. As wind energy is moving offshore, lyaimamics and support structures
come into play.

We@Sea program

The current target of 30% reduction of green house gases [fmaid,) in 2020 as stated by
the Dutch government in the program 'Schoon en zuinig'. Furnttoee, 20% of the energy con-
sumption should be from renewable sources. With only a fewdhred MW wind energy installed
offshore at present, there is still a long way to go.

One of the initiatives to reach this target is the We @Sea R&ig@mm (se2 Westra and Beurskens
(@)), started in 2004 and partly funded by the Dutch gawvent. It focuses on offshore wind
energy in the Netherlands, gathering knowledge to enabl&athe scale implementation of wind
energy in the North Sea. This research project TURBU@ Sea isrpegtbwithin the framework
of the We@Sea program.

1.2 Linearized frequency domain tool TURBU

Due to the complexity and nonlinearity of a wind turbine, tme#d turbine design and anal-
ysis tools use nonlinear time domain models. Some exampée&arrad Hassans BLADED,
Risoe-DTU HAWC, FLEX and ECN PHATAS. The downside of this approachasiy the long
computation time involved. A typical 10min simulation alsdes 10 minutes computation time
on a modern computer.

Both in the design process and for the preliminary analysiad(set calculation) of offshore
wind turbines a short computation time is required. This tethe development of the linearized
frequency domain tool TURBU.

ECN TURBU is a fast fully integrated wind turbine design andlgsia tool, which deals with

aerodynamics, hydrodynamics, structural dynamics andraloof modern three bladed wind
turbines. The linearized wind turbine model is derived froeometric and material properties
and site conditions. The system is then transformed to tlguémrecy domain, useful for load
calculation, stability analysis and control design. Thedyigravity, wave and water current
loading are applied as input spectra to the wind turbine ddes results from load calculations
can be analyzed both in the frequency domain (output spexstchthe time domain (simulations).
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1.3 TURBU@Sea
1.3.1 Background

modelling/design offshore wind turbine support structure
Several studies have reported on modelling offshore wirnirtersupport structures and hydro-

dynamic loading. The approachof van der Tempel (2006) andiKR601) is to separate wind
turbine and support structure, but model the interactidwéen the two with a frequency trans-
fer function (mainly fore aft aerodynamic damping). This huet is adopted from the offshore
industry, where it is successfully used for design. Winditues however, differ quite a bit from
offshore structures: wind and wave loading, rotationaltation and low support structure eigen-
frequency for instance.

The proposed method is a practical approach, as the wincheuanid support structure are usually
still separately developed nowadays. It does however fiet thfe benefit of an integral design of
support structure and wind turbine.

hydrodynamic loading

In the OWTES project, Henderson (2003) et al. conducted amsive study on the hydrody-
namic loading of offshore wind turbines. Most important cloision is that only CFD will give
accurate results for shallow water. Modelling results wesmpared to measurements on the
Blyth wind farm and even the best available wave model (straction) underestimates both
fatigue as well as extreme loads, mainly due to structurafdyic response.

InHenderson and Zaaijer (2008), the importance of usingtagial approach to assess hydrody-

namic loading on offshore wind turbines is acknowledged.eElly for slender support struc-
tures, the dynamics of the structure should be taken intowattc In shallow water, the effect
of the nonlinear waves become more pronounced, but for deejs, the stochastic linear wave
model is a good compromise approach.

optimization

Ever since the development of wind turbine design codesttdfis been put in finding the op-
timal wind turbine design (for a given site and specificatiohe common route has been to
simplify the models for optimization, as for instanc@ ). Lack of computer power
(and increasing detail in the models) has been the mainrdavéhis strategy.

fatigue

Fatigue, the damage that occurs under cyclic loading (saetei4), is one of the design criteria
for wind turbines. Fatigue can be calculated from time sef@s currently implemented in both
PHATAS and TURBU), but also directly from the frequency domdihis method, developed by

Dirlik et al. (see_Sherratt et al, (2005)), has speed as its mdvantage. As TURBU works in

the frequency domain, it could be an interesting approaatséo In_Ragan and Manuel (2007)
however, both methods are compared and time domain catmuk¢ems to be the best solution
for wind turbine fatigue analysis. This is mainly due to theigdic components in the load.

Fortunately, TURBU also allows for very fast time domain la=adculations that are obtained
with the transformed frequency domain model.

LS_thﬂr_La_nbl_(ZQQO) gives an extensive overview on the fafigaperties of wind turbines, point-
ing at several component and material issues. The propeftgass fiber composite, which is
a commonly used wind turbine blade material, differ fromestimaterials due to its non homo-
geneous character. The fatigue properties of glass fiber cgitepas discussed in Mandell et al.

(1992) and Kensche (2004), are used in the ch@pter 4 on éatigu
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load case reduction

In[Kuhr @), so called 'lumped’ load cases are derivethftbe three dimensional sea state
scatter diagram to reduce the amount of computational wdHe lumping is done with wind
speed as main parameter (steps of 1m/s). The sea states @ighreand period) in these bins are
then lumped by weighing their quasi-static damage. A refimgrstep is suggested, after the first
calculation of lumped load cases. This approach shows geodtseeompared to the full analysis
(error within a few percent). However, the danger of missiritical cases remains, where the
guasi-static solution is not representative. Directigfidcts are also not considered.

1.3.2 Project goal

The goal of this project is to investigate the use of TURBU foedgmated design and analysis and
consists of four parts.

Requirement for application of TURBU is that it produces aateiand reliable results. Because
the model (linear), excitation (frequency spectra) andtsmh methods (state space and Laplace
domain) are of completely different nature than used in tdomain codes, this is not trivial.
The first step therefore is a thorough comparison of TURBU rgsaltesults from the validated
nonlinear time domain tool PHATAS.

The Morison equation describes the hydrodynamic force ostbhenerged structure. For use in
TURBU, this relation must be linearized. Although for slensigpport structures the inertia term
dominates the nonlinear water drag, the latter can stikklanpact, especially when water current
is present, for ultimate load cases or with high frontal dtatice) supports. A literature survey

on this topic shows different paths that can be followed.

Essential in the design phase is a characterization of thettwrbine dynamics and loading. What
are the support structure eigenfrequencies? Are theyeekbif the rotor speed or blade passing
frequency and how do they change with tower height, foundattiffness or water depth? What
happens when the coupled edgewise and torsion blade madescited? These kind of problems
can be identified from the proposed characterization metAoskcond topic of integral design
methods is optimization of the integral wind turbine desighich comes within reach with the
fast TURBU code. The linear frequency domain approach of TURBams short computation
time, but without simplifying model structure. However, TBB has other downsides due to
linearization around the working point equilibrium, as chésed in sectioh 2]3.

A large number of load cases have to be evaluated duringrdesid certification of a wind
turbine. Offshore, wave and water current loading requiregen bigger set of load cases. Re-
duction of load cases for offshore wind turbine (fatiguedlssis by a preselection of critical
cases with TURBU will decrease the calculation time considigr

The following boundaries and assumptions were used thraughe project:

1 focus on fatigue loads
Fatigue is one of the design drivers for wind turbines, dutaéovery high number of load
cycles during its lifetime: up to a factor thousand highenpared to airplanes of the same
size. Ultimate loads (an extreme wind gust or emergencydsiut for instance) are also
of great importance, but they often have a nonlinear beliavand occur across a wide
operation range. Such conditions can (currently) not berdestwith TURBU, although
some progress is made into that direction.

2 simulations on the 6MW Dowec wind turbine at the IJmuiddstadire site
The Dutch offshore wind energy converter (Dowec) design hadriteasurement data of the
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sea states at [Jmuiden during the last twenty year are jbliailable. The 6MW Dowec
design (see chaptEl 2) is representative for large offsiare turbines that are currently
being developed. On the other hand, the results cannot bparechto measurements as
the 6MW Dowec turbine has never been built.

only production cases (no idling, emergency shutdown etc.
Most of the fatigue occurs during normal production, whibbw@d account for more than
90% of the life time of a wind turbine. Some remarks on this agstion in chaptells.

water current loading is not taken into account

Water current loading is not considered, mostly becauserveatrrent is not modelled in
PHATAS/ROWS. Moreover, water current is not measured at theitdklen offshore site.
It is however shown to be of importancelin Peters and Boon&8a8g), and an improved
strategy for linearization of the hydrodynamics with waterrent in TURBU has been
developed (see appendix A).

1.4 Report overview

This report consists of three chapters. The first chapter stérs brief description of the Dowec
6MW wind turbine, the object of this study. Then the modellind®HATAS (nonlinear time do-
main) and TURBU (linear frequency domain) is addressed. T$igkrt of this chapter compares
the results obtained with the PHATAS and TURBU models. The sgcbapter presents several
integral design and analysis methods, that came availalietlve development of TURBU. For
instance, a characterization of the wind turbine at a spaafihore site is derived with TURBU.
The last chapter deals with offshore wind turbine fatiguaeAsome background on fatigue and
the used calculation method, the influence of wave loadingatigue is analysed. A load case
reduction strategy is proposed using TURBU to determine titiead cases for fatigue.

10
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2 Modelling the Dowec 6MW

In this chapter the modelling of the Dowec 6MW (D6MW) in PHATASd TURBU is compared.
First the D6MW design (see webdatabase Dowec (2003)) is badtiyessed, as this wind turbine
is the main object of this study. In the following two secsdhe modelling of this turbine in both
PHATAS and TURBU is discussed. The last section presents thétges comparing both
models in time and frequency domain.

2.1 Dowec 6MW predesign

The Dutch offshore wind energy converter project was iretldbty six main players in the Dutch
wind energy and offshore field and ran from 2000 to 2003. It'sohjective was to explore the
possibilities for designing a large offshore wind turbifi@e project has been funded by NOVEM
and the Economy, Ecology and Technology programme of the DMintstry of Economic Af-
fairs to boost the Dutch wind energy sector and take a steprtbithe Kyoto and European
Climate Change Protocols. As discussefid 1.1, there isastdt of work to do in this field.
In the Dowec project, both a 6MW wind turbine and a 3MW variaetre designed. Only the
last one made it into a (2.75MW) prototype. An complete oiemof the Dowec project can be
found at Dowecl(2003).

wind

=]
I

tower

4 m

21 m (MSLY
o PIOtectiOn W\_/\%[\/\/vv‘\
| .3 [ 15 m . . .
\ 4 R . L 1h

L
f'[f.ff,’-f/]
s
[/[f{'

L L 8 !
! /f:[’ff/f {fff’ff’;//f ; _;/[/; f[f/f’/f’/ffffﬁ’[fff’/[/f fff/’f/’f[l e flﬁi’c{ f’f//f Of’f’/fl /
L L P Lkt

ff/ ff ff/’[rjf f;" /rj} f.fj I.iff '} f "i[f f:’ -/fj};f/ [I fiff i} i [ffi' ff’ f l.ll” -ff ffj

P

B SR
S A G e

Figure 1: Overview of the D6MW wind turbine

An overview of the D6MW is shown in figugl 1. The following listramarizes the D6MW
predesign as used in this study.

pitch regulated, variable speed turbine
* rated power of 6MW, rated speed of 11.84rpm

* rotor diameter 129m, at 91.4m hub height

LM64.5 blade, high torsion stiffness variant

* monopile support structure (6m diameter), tubular tower
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Figure[2 shows the power curve and the pitch action of the DeM&dgsign. Figurgl3 shows its
generator curve. An extensive analysis of the LM 64.5 bladggdeand model can be found in

LLindenburg [(2002).
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Figure 2: Power and pitch angle curves of the D6MW wind turbine
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9 T T T T

— T

T [Nm]
/
!

I L L L L L L L
0
7 8 9 10 11 12 13 14 15

Q [rpm]

Figure 3: Generator curve of the D6MW wind turbine
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2.2 PHATAS model D6MW

This section is a brief summary of the D6MW modelling in PHATASr fore information on
the PHATAS modelling approach, see Lindenburg (2005). A tetaiescription of this PHATAS

model can be found in Kooijman etlal. (2003).

PHATAS is a nonlinear time domain wind turbine analysis tbolth used for design/evaluation
and certification purposes. The result of the simulationsiare $eries of the wind turbine model
(mainly loads and deformations). The strength of PHATAS islinear interaction of the struc-
tural model with the aerodynamics, hydrodynamics and obnifihe most important model prop-
erties/assumptions are summarized in the following list.

* nonlinear beam approach for blade deformation, all aximee on blade chord

linearized support structure, Craig-Bampton model réduoc

» drive train model consists of gear ratio, shaft torsion fiexible mounting

different power loss models (proportional loss, loss eirv

« nonlinear feedback control (from CDT, see Wouters and vagelen (2008))
full 3D turbulent wind field (from SWIFT, see Winkelaar (1992))
linear stochastic waves (from ROWS, ee Esten (2003))

See tablél2 for a comparison of the model definition in PHATAS an&BU.

2.3 TURBU model D6MW

In this section the modelling of the D6MW wind turbine witletBCN code TURBU is described.
The first part gives an overview of the modelling approach in TURBhen the model choices
for the D6MW specific are presented.

2.3.1 Linear frequency domain tool TURBU

TURBU derives a detailed linearized model, using aerodynaggometric and material proper-
ties. The following list summarizes the properties/assuongtof a TURBU wind turbine model.

» modular modelling approach

« equilibrium in working point solved with full nonlinear ndel
* linearized time invariant model defined in working point

» multibody approach for flexible components

» modal reduction for blades and support structure

» drive train model by 3DOF shaft torsion & bending, rigid gedlexible gearbox support
and variable speed generator

* pitch actuator model
* linearized control

* linear stochastic wind (Kaimal spectrum)

ECN-E-09-060 13



* linear stochastic waves (Pierson-Moskovitz or JONSWAP tspeT)

modelling approach and setup
This paragraph provides a short description of the TURBU nliodeapproach. More detailed

information can be found in van Engelen (2007) and van EngeldrBaaam|(2004).

The models from TURBU have a modular set up, defining the windriaras an assembly of
substructures or components. This allows for changing exje{uding certain systems (for ex-
ample a specific pitch drive) and adding control loops. Inmat @autput selection minimizes the
required data processing.

structural

For structural modelling of the wind turbine (blades, drike&n and support structure), a multi-
body approach is followed. The input properties at each @eston like specific mass, Young's
modulus and second moment of inertia, are used to derivera beslel (connected simple beam
elements). This is transformed to a multibody mass, spriagmer system for blades, tower and
main shaft. The model order increases with number of eleniertsch flexible part. The result-
ing model can be reduced in order with the method developétlioty and Craig-Bampton. This
approach works for both the tower and the blades of the wirdrta. The nacelle and gearbox
are represented by rigid bodies connected with spring daogabinations. The foundation is
modelled as a stiffness matrix for all directions, incluglsoupling terms (sde 2.4.1).

aerodynamic

The aerodynamics in TURBU are based on the following:
- BEM theory

- Prantl correction for wake influence

- dynamic inflow wake effect

- turbulent wake state

- dynamic stall unsteady aerodynamic effect

The wind field in TURBU is based on Kaimal's wind spectrum andgtifrom helices in the
downwind moving turbulence frame that coincides with trenetnts of the rotating blades. This
method is very computationally efficient.

hydrodynamic

The hydrodynamic modelling is based on linear Airy wave theord the JONSWAP wave spec-
trum to derive water particle velocity and acceleratiorg 8orison’s equation({3) to obtain the

force on the underwater structure. Water current is alsowted for. The hydrodynamic loads
are calculated for each support structure element, as @l on the water motion (waves and
current) and the motion of the structure itself. The equasioows nonlinear relation between
force and speed, which is linearized as in the below listachggn [B) according tn

). More on the linearization of the hydrodynamic damggan be found in appendix A.

The JONSWAP (JOint North Sea WAve Project) spectrum (figute 18) tsealculate water
surface elevation in TURBU is a modified Pierson-Moskowitz spee, with the main difference
being the shape of the peak. It requires three parametersighificant wave heighl;, the wave
peak periodl,, and the peak shape factgy;.

The wave speed fading with water depth is obtained by soluiegdispersion relation for in-
termediate water depthl(1) according to Airy. Figlle 4 shdvisis a good trade off for wave
periods between one and ten seconds and a water depth of 2d. mMié dispersion relation is
solved for the wave length,,... at each frequency in the spectrum with the wavenumber defined

asSkyave = kf” With this wave number the horizontal wave velocity (figureaS)function of

14 ECN-E-09-060
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Figure 5: Horizontal wave speed fading according to Airy

water depth is then found with equatidn 2.

Wwave (kw(we) =

i'wave(z) =

ECN-E-09-060
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Morison’s equation finally describes the relation betweetewaotion and the force on the struc-
ture, taking into account the drag force (first term) and inegffects (second and third terms).
The force depends both on the water motioand the structural motiom. The coefficient of
added mass is related to the coefficient of massasC,,,, = C,, — 1.

1 e T 9. T 9.
Fhydro = 5pCDD |i— | (0 — ) + pCmZDzu — pCamZDQx 3

In this project the following implementation of the linezgd Morison equation in TURBU was

used, as described by van Engelen and Braam (2004). Undesshenption that the relative
velocity r is small compared to the current velocltfythe squared velocity in the drag term of the

Morison equation can be written as

(U+nr)|U+r|=r|r|+20r 4)

Inserting the Borgman IinearizatioQ/ga, in r|r| gives the following expression for the lin-
earized Morison equation:

1 8 . ..
Einhydro = §,OCDD <\/;Uu +2- U) (’U, — x) + ZpCszu — %pCamDQx (5)

control

To obtain a stable system, the wind turbine needs to be dmurorherefore, a linearized con-
troller is connected to the model in feedback. This lineakizentroller is derived with TURBU
built-in functions (for a specific working point) from the Dew controller that was designed with
the Control Design Tool.

linearization

To obtain a linear time invariant model three steps are pexd. First the equilibrium for a
working point defined by,,;.q4, # and{2 is calculated with the nonlinear model. Then the com-
ponent models are linearized in this working point in thegdl coordinate systems. Finally the
component models are connected and the rotating coordifiatélades and drive train parts)
are transformed to global fixed-frame coordinates. The toanmsdtion matrix[(B) represents the

multi-blade transformation as proposed by Coleman and B&ir(@958) for three corresponding

signals on the three rotor blades from the fixed frame to tregingf frame.

T Tif 1 sin(Qt) cos(§2t)
Yrf | = Tem - Yrr with 1., = 1 Sin(Qt + 2%) COS(Qt + 2%) (6)
o o 1 sin(Qt+47) cos(Qt + A7)

2.3.2 D6MW in TURBU

For the D6MW, most parts of the model are taken from the PHAT#&Ii. Some of the input
specifications had to be transformed as describedinl2.4.1.

See tablél2 for a comparison of the D6MW model definition in PHABAE TURBU.
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2.4 Comparison of the TURBU and PHATAS models

In this section the wind turbine model and simulation ressalitained with TURBU are compared
to PHATAS. The following aspects are considered, which altugregive a complete view on the
differences between the codes:

241 model definition

[2.4.2 working point conditions of equilibrium
243 modal analysis

2.4.4 power spectra of load signals

245 fatigue

environmental and operating conditions

1 working point equilibrium and modal analysis (wind only)
The working point and equilibrium conditions of the two malare compared for the
whole operating range.

2 spectra and fatigue (wind and wave loading)

The fatigue comparison of the PHATAS and TURBU model is done wigiiedefined set
of operating conditions (wind speed, wind direction, sfigaint wave height, wave peak
period and wave direction) shown in taljfe 1. The set is baseeqomlly spaced wind
speeds, with some extra points just below rated (high lagdiifthe sea states in this set
are the most frequently occurring conditions for the sel@atind speeds. For this first
analysis, the wind and wave direction are both set to zercs dlsb implies aligned wind
and waves (zero angle between the wind and waygs,), which is in agreement with the
most occurring situation.

Table 1: Operating conditions for comparison

case Viwind [m/S] ¢wind [deg] Hs [m] Tp [S] ¢wave [deg]
1 5.0 0.0 0.75 4.82 0.0
2 8.0 0.0 0.75 4.82 0.0
3 10.0 0.0 1.25 5.47 0.0
4 12.0 0.0 1.25 5.47 0.0
5 15.0 0.0 2.25 6.75 0.0
6 20.0 0.0 2.75 7.39 0.0
7 25.0 0.0 4.25 8.68 0.0

From this selection, a reference set (only wind loading) atesaset (wind and wave loading)
are defined.

2.4.1 Model definition

Table[2 shows the differences in input specification for the P&B\and the TURBU model.

blade geometry definition

The TURBU blade definition is more detailed than in PHATAS, mostigeerning the location
of the blade axes. For this reason, BLADMODE input files are tisethe TURBU blade model.
The BLADMODE input is defined in the blade coordinate systemisttand with respect to the
blade axis), while TURBU maostly uses the element coordingséesn. Thus the BLADMODE
input data is transformed over the twist and to the elastic @ee appendixIB).

blade torsion stiffness
During preliminary analysis on the PHATAS D6MW model, somelpems were encountered
when including the blade torsion DOF in the model. The colgratas not able to react properly
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Table 2: TURBU and PHATAS input definition.

PHATAS TURBU
item value unit value unit
structural: rotor properties
blade model nonlinear beam linear MB
number of blade elements 17 [-] 17 []
number of blade modes 6 -]
blade structural damping 0.0048 [-] 700 4700 450 [1/s]
blade mass 17.4e3 [kg] 17.3e3 [kg]
hub mass 30e3 [kg] 30e3 [kg]
hub height 91.4 [m] 91.4 [m]
upwind rotor center 5.0 [m] 5.0 [m]
structural: nacelle and drive train properties
nacelle mass 188e3 [kg] 188e3 [kqg]
nacelle center of gravity 357e3 [kgm] 1.9 [m]
shatft stiffness 3.29e8 [Nm/rad] 3.29e8 [Nm/rad]
gear ratio 92.873 [-] 92.873 [-]
loss model prop. to torque [Nm] 7 in wkp [-]
yaw system inactive no
structural: support structure properties
tower model linear beam linear MB
number of tower elements 55 15
number of tower modes 4 8
tower mass 514e3 [kq] 524e3 [kg]
tower structural damping 0.0016 [-] 478 478 2670 [1/s]
foundation model coupled springs stiffness matrix
aerodynamic
wind field 3D cylinder (SWIFT) 3D helices

3D turbulence longitudinal turbulence

wind spectrum Kaimal Kaimal
wind shear power law power law
shear constant 0.2 [-] 0.2 [-]
tower shadow yes, 3 directions yes, longitudinal
turbulence intensity; 16 [%] 16 [%]
hydrodynamic
wave spectrum JONSWAP JONSWAP
wave peak factoty 3.3 [-] 3.3 [-]
load method Morison Morison
control
strategy nonlinear feedback linear feedback in wkp

real time offline
gain scheduling yes in wkp
peak shaving yes in wkp

2in lead, torsion and flap direction

bin side to side, fore aft and torsion direction

on the torsional vibration, but seemed to even excite tisisrance. Figuld 6 shows the oscillation
in the blade root torsion moment and the torsion deformatidsing higher torsion stiffness
variant of the LM 64.5 blade (which was already defined in the Bowroject) solved the issue.
FigurelT shows the torsion stiffness of both the blade vasiant

foundation stiffness and water depth

PHATAS models the foundation with flexibility terms for traagon, torsion and bending. For
bending also coupling with translation is taken into acadotowing the definition in[7). In
TURBU, two methods can be selected for modelling of the fotindaThe first is an extension
of the tower below the earth’s surface with length The second method is similar to PHATAS,
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blade torsion instability
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Figure 6: Blade root torsion moment and the torsion deforonadi the blade tip for both the low
(r-.) and the higher stiffness (b—) blade variants.

x 10° torsion stiffness DEMW LM 64.5 blade

8 T T T

— — — original
—  — high stiffness variant| |

GJt [Nm2]
SN
=

0 10 20 30 40 50 60 70

Figure 7: Torsion stiffness of the LM 64.5 blade

but requires coupling stiffness terms instead of couplimggliance terms as inpuil(8).
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Table[3 is taken from the report Kooijman ef al. (2003) andishthe foundation models of the
D6MW wind turbine for different water depth, which were dexd by soil simulation software
of Ballast Nedan@a@%). The parameters are calculsithdthe assumption of zero
shear force, but this is not the case. Although for a multi M\idmurbine the shear force
on the foundation is small compared to the bending momerit¥s-for a 100m tower), in the test
setup the shear force does have a considerable contritiotibe loading at the tower base. The
coupling term in the foundation compliance would add anaesdtation of% ~ 50% if the shear
force is included.

An alternative model used in the Dowec project is a variabbthe original based on eigen-

frequency analysis of the support structure. This only idetubending stiffness (no coupling),
which is specified with ratio 1.13 to the original value. Tafilshows the foundation parameters
for the design water depth of 21m and the variation of deptlis @kernative model neither has

transverse and torsion degrees of freedom in PHATAS( k) and TURBU Sy, & S-4).

Figure[8 shows the spectra of the tower base moments with fieeedit foundation models at a
wind speed of 15m/s. The foundation model has big impact odyhamics, because the tower
rigid body mode (top mass on rigid pile with flexible foundatiat 0.5Hz) interferes with the
flexible tower modes. For the first tower bending mode at 0.3hiz syystem can be simplified
as an equivalent mass linked to a combination of springs riesewith the equivalent spring
constantk., = (k1 - k2)/(k1 + k2). The estimated eigenfrequency of the combined rigid and
first flexible mode is 0.24Hz, which agrees with the frequenoynfPHATAS and TURBU. Both
the first and the second flexible tower modes are effected byrtbahanism (seen in figuré 8 as
reduction in eigenfrequency).

With the implementation of coupling between bending anddiaion in PHATAS, the modes
seem to interact even more (sharp peak at 1.1Hz). In TURBUY,ishiot observed. In fact,
there is no difference at all between TURBU foundation witll avithout coupling, because
the coupling is not active in TURBU. This is caused by the défgrmodelling approach. In
TURBU, a stiffness matrix is used and the coupling term is aalyve with a linear DOF. This is
not required in PHATAS, which models the foundation as eldgtic

As the assumption on the calculation of the coupling is qarable and a fundamental modelling
difference causes different results, the alternative hwitbout coupling will be used. For this
model, TURBU compares quite good to PHATAS (as will be discdsseection 2.414).

Table 3: Foundation stiffness of D6MW model

Elwaterlrnl ’Eululml 'Eqﬁle‘raal 157|N;m| jcouplml
21 inf 3.282e10 inf 14.58
26 inf 3.509e10 inf 14.13
31 inf 3.799e10 inf 12.76
36 inf 4.424e10 inf 10.41

Table 4: Adjusted foundation stiffness of D6MW model

PHATAS TURBU
dwater [M] kg [Nm/rad]  feoup [M] Sy [Nm/rad] S, [N/m]
21 3.705e10 0.0 3.705e10 0
26 3.961e10 0.0 3.961e10 0
31 4.289e10 0.0 4.289e10 0
36 4.994e10 0.0 4.994e10 0

structural damping
From Newton’s second law' = m - a, the equation of motionz for a free unloaded mass-
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spectra of tower base moment
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Figure 8: Spectra (vw=15m/s) of the side to side tower base mboadculated with PHATAS
(bx) and TURBU (ro) for different foundation models.

spring-dampent — k — d) system becomes:
m-Z+d-z+k-2=0 (9)
This can also be written as:

P4 2w, 4wz =0 (10)

with the natural frequency,, = \/% the damping ratial = di and the critical damping
der =2k -m.

The structural damping of a system is usually defined as thep&ge decrease of two peaks of
an oscillation (after release from a none zero displacenagwtthis value is called the logarithmic

damping decremert The D6MW specifies 3% damping for the blades, and 1% for the@tipp

structure. The relation between damping ratiand the logarithmic damping decremeént, is
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for small damping values defined as in equalioh 11.

B dLD 0D
T me, o
LD

The structural damping in PHATAS is specified as a fraction ofctfitecal damping for the first
mode [I2), while in TURBU a ratio between stiffness and damsrdefined[(113).

d
P:(p=— 12
Cp . (12)
T:drp = S (13)

These two definitions combined, give us the relation betweenTAiSAand TURBU input:

dT’T = % (14)

Table[® shows the damping ratio’s for both models. From the FRiipesison shown i 2.4.4,
the damping (peak shape) of the first modes of the blade and toatehes good.

Table 5: Structural damping of D6MW model

dir description f[Hz] ({p[-] dry [1/S]
1 Bflap 0.69 4.77e-3 4.54e2
2 Biead 1.07 4.77e-3  7.04e2
3 Biors 7.16 4.77e-3 4.71e3
1 Tfa 0.225 1.59e-3 4.44e2
2 Tsts 0.225 1.59e-3  4.44e2
3 Tiors 1.35 159e-3 2.67e3

drive train losses

In [Kooijman et al. [(2003), the PHATAS proportional power lossdel [I5) is derived from the
specified power loss curve of the DBMW machine.

P: Poss =cp-Py+c.-Q (15)

T:n=P./P, (16)

In TURBU, the losses are defined as overall efficienap each working point({16). To make

an accurate comparison possible, a table is constructeddamverall efficiency that matches the
PHATAS power loss model. Figufé 9 shows the original efficieramtdr and both the PHATAS

and TURBU approximation. Figufe1L0 shows the resulting poassds for the three cases.

2.4.2 Working point conditions of equilibrium

The working point of a wind turbine is defined by wind spéé&d blade pitch anglé and rotor
speed). Figure[I1 shows these operating conditions and the regudtinduced power.

The blade root moments (figurel12), blade deformations atph{édure 13), tower base moments
(figure[14) and resulting displacement at the tower top (figheade important properties to look
at when comparing the equilibrium state of a wind turbine.
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Figure 10: Power losses for original DEMW design compared to Px$and TURBU model

Both the operational data and the equilibrium state (lagadind deformation) of the two wind
turbine models show small differences.

The blade pitch angle determined during linearization ottiv@rol algorithm from the CDT does
not provide the correct working point to achieve rated powee automatic search also does not
find the correct working point. This is corrected by hand, réaythe pitch angle above rated
with 1.35 degrees to get rated power of 6MW. The resultingesdb match with the equilibrium
from PHATAS.
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turbine operation
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Figure 11: Turbine operation of PHATAS (bx) and TURBU (ro) mocdamnpared

The difference near rated in axial thrust and blade flap monientaused by less peak shaving in
TURBU. Peak shaving is a control strategy for load reducticar mated wind speed (maximum
thrust), which slightly increases the blade pitch anglehave off the sharp load peak. The
PHATAS pitch angle at 12m/s is indeed larger than the TURBU wmngroint. As pitch angle is
selected by hand, this can easily be adjusted.

The fore aft tower base moment (and fore aft tower top defaompshows an offset across the
whole operating range of approximately 5%; this is not dusital loading (good match of axial
thrust on the rotor).

The side to side tower data also has an offset of 5% at high wiadds; this is probably due to
drive train loss that is not accounted for in TURBU (the loadsk@ased on the full aerodynamic
torque).

A deviation in torsion blade root moment, caused by revayktile aerodynamic moment on the
blade within TURBU, was solved during this project (discussemore detail in append[xIC).

As fatigue is caused by load variations, the stationaryit@ptas no direct impact on this. How-
ever, it changes the equilibrium state of the wind turbingiclvin turn also affects load variations.

24 ECN-E-09-060



x 10° blade root moments

R
sk : ON o) 5 i
z ¢ I
o 6f & DR T
3 ®
= 6 @ ® ® &
4t % ® B
P
2 1 1 1
5 10 15 20 25
2x106 v, [m/s]
150 0.9 922 PP QRQ e 8 0 .9
= +
S ®
= 1f o .
3 ®
S b
05 -
o @
o)
0 1 1 1
5 10 15 20 25
, X10 Vi [Mis]
_ 2tk v +,6 9 @ i
£ S O &
= d
, of @0 g |
£ 9 5 5
2} T T S O R RTI
o5t + 4
‘ ‘ ‘ O
_4 1 1 1 O 4))
5 10 15 20 25
VW[m/s]

Figure 12: Equilibrium blade root moments calculated with PA&Tbx) and TURBU (ro) for
different wind speeds across the operating range.

2.4.3 Modal analysis

The linearized TURBU model can be decomposed to find the modésafind turbine under
the specified operating conditions. PHATAS also calculatesesof the first eigenfrequencies of
the model in each working point. Stepping through the totakafing range, a full description of
the wind turbine behaviour is constructed and models cammbgared.

The modal parameters plotted against increasing wind spefeglire[16.

2.4.4 Power spectra of load signals
Not only modal parameters, but also load spectra of the wirtdrie model can be used to com-

pare the TURBU model with PHATAS. Two methods are available in BURo obtain these
spectra.
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blade deformation (at the tip)
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Figure 13: Equilibrium blade tip deformation calculated WRHATAS (bx) and TURBU (ro) for
different wind speeds across the operating range.

1 directly from frequency domain formulation From applioatLOAD in TURBU, the power
spectra of the blade root and tower base moments of the wibtheumodel in operation
(subject to wind, wave and gravity loading) can be obtained.

2 indirectly from load histories (time domain simulatiomMgxt to the direct formulation in
the frequency domain, these spectra can also be extraci®dMJRBU time series using
FFT methods.

The results (time series) from PHATAS are processed with thersemethod. An example of
the resulting time series (tower base side to side bendingent from both codes is shown in
figure[17. As expected, the plot shows a lightly damped osiaitiaof the first tower mode.

The wind (in rotating reference frame) and wave excitaticcsija are shown in figute1.8. Figure
19 shows the blade root moment spectra and figuie 20 the tovger rhament spectra, both
calculated from time series at above rated wind speed of ¥5 Titie overall FFT results from
PHATAS and TURBU match very good, both eigenfrequencies asdcésted damping. The
blade flap (and resulting fore aft tower moments) are underattd by TURBU below 0.1Hz,
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Figure 14: Equilibrium tower base moments calculated with PA&ATbx) and TURBU (ro) for
different wind speeds across the operating range.

in the region of wind excitation. For the blade flap TURBU is 2dd®&er in PSD (which is a
factory/10 ~ 3 in blade flap moment). The underestimation can be partly exgdaihrough the
linearization in the 15 m/s working point. A blow-up of theeararound 15m/s in the upper box of
figure[12 would show a strongercreaseof d,, below 15m/s thamlecreasebove 15 m/s. This
implies that the increase of flap loads during wind fall is uedémated in TURBU as concerns
the 15 m/s working point. The peak at 4Hz in the side to side t&#@ differs in frequency.

2.4.5 Fatigue load

In this section some first results on fatigue loads as cakedlaith PHATAS and TURBU are
presented. The theory behind fatigue analysis is covereldapte 4.

Throughout this report, an equivalent load is used for fatignalysis. The equivalent 1Hz
(eqlHz) fatigue load is the single load amplitude with a Greacy of 1Hz that represents the
fatigue loading of the sum of all the different amplitudesidg the considered time series. The
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Figure 15: Equilibrium tower top deformation calculated WRHATAS (bx) and TURBU (ro)
for different wind speeds across the operating range.

equivalent 1Hz fatigue loads for the selected test casestdébdd 1) are shown for the blade root
moments in figuré21 and the tower base moments in figure 22. Assemtation of the actual
fatigue, the average of the fatigue during six 10min timéesas used. Tablg 7 shows the values
of the calculated eqlHz fatigue loads and the standard titavia within the set of six series.
Table[® shows the calculated eq1Hz fatigue loads comparewdid speed of 15m/s.

Table 6: Fatigue loads for case 5 (wind speed of 15m/s)

PHATAS TURBU

case load Mg, [NM] o [Nm] Meg1. [NM] o [Nm]

5 Biiop, 9.133e+006  3.612e+005 8.390e+006  3.6926+005
5 Bieaq  7.338e+006  9.661e+004  7.492e+006  1.298e+005
5 ors  1.691e+005 1.001e+004  1.204e+005 5.948e+003
5 Tta 2.799e+007 2.031e+006 2.073e+007  7.350e+005
5 Tsfts 1.435e+007 2.274e+006  1.246e+007  2.129e+006
5 Tiors  3.932e+006  4.105e+004 4.592e+006 1.030e+005
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Figure 16: Modal parameters (frequency and damping) of thd\WGnodel for increasing wind
speed.

Table 7: Tower base side to side fatigue for all test cases

PHATAS TURBU

case Vwind [m/S] Mequz [Nm] g [Nm] Mequz [Nm] a [Nm]

1 . e+ . e+ . e+ ; e+005
2 8 8.338e+006 1.586e+006 4.585e+006 9.020e+005
3 10 1.203e+007 3.432e+006 6.260e+006 8.829e+005
4 12 1.175e+007 2.356e+006 8.851e+006 2.492e+006
5 15 1.435e+007 2.274e+006 1.246e+007 2.129e+006
6 20 1.547e+007 1.376e+006 1.984e+007 4.366e+006
7 25 2.317e+007 3.665e+006 2.543e+007 4.204e+006
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Figure 17: Time series of the side to side tower base monmgnt= 15m/s)] from PHATAS
(b-.) and TURBU (r-).
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power spectra of blade root moments
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Figure 19: Spectra of the blade root momenfs & 15m/s) calculated with PHATAS (b-.) and
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power spectra of tower base moments
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x 10° eqlHz fatigue load of blade root moments
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Figure 21: The equivalent 1Hz fatigue loads on the blade rdotitzed with PHATAS (bx) and
TURBU (ro). The markers are the individual results and theslittee average of the six load
series.

ECN-E-09-060 33



Mfa [Nm]

tors [N m]

M

7

eg1lHz fatigue load of tower base moments

x 10
6 T T T
4+ R
x o __v—/é*"/’/’//%
; _ ¥ e
2" //é///%:__ - o T
0?7 I I I
5 10 15 20 25
x 10’ vw [m/s]
T
)
2/ : Pt AP
X . '-/"“/ ————— é/
' é”g E S % : :
Oé I I I
5 10 15 20 25
x 10° vw [m/s]
8 T I T
6 coufe T
& x T
5%
0 I I I
5 10 15 20 25
vw [m/s]

Figure 22: The eqlHz fatigue loads on the tower base calculdtedPHATAS (bx) and TURBU
(ro). The markers are the individual results and the lineatleeage of the six load series.

34

ECN-E-09-060



3 Integral design methods

This chapter gives a glance at some of the integral designadetihat come available with the
development of TURBU. The two sections focus on characteéoizaf the wind turbine dynamics
and design optimization respectively.

3.1 Characterization of the wind turbine

In the design phase, it is essential to have a charactenizafithe wind turbine dynamics and
loading. When this description covers the whole operatamge, it can be considered a footprint
of the wind turbine. Whereas nonlinear tools would need lgaigulation times to derive such a
footprint, with TURBU it can be obtained fast enough (minjitesbe used for design iteration.

A common method for visualization and analysis of the whoteking range of a wind turbine
is the so called Campbell diagram. In this section, a new atkit shown using actual power
spectra of load signals. The idea behind this visualizat@mmes from Rossetti et al. (2008). As
an example, this method is applied to several situationi(d3.1.3), for instance to show the
influence of water depth on the D6MW design.

3.1.1 Description of the method

In rotational machinery the influence of rotational speednengystem dynamics is often shown
with a Campbell diagram. In a traditional Campbell diagrénegquency of eigenmodes are plot-
ted against rotational frequency. The intersections, dail&ical speeds, between 1p, 2p etc.
rotational speed lines and the eigenfrequencies indiagenpal problems. The original Camp-

bell diagram of the DEMW predesign (fram Kooijman et al. (2J)s shown in figur€23.

The shown power spectral density contour plot (figlirés 24 ads2b modified Campbell dia-
gram. It combines load spectra at different operating gawith 1p, 3p etc. lines of rotational
speed. The spectra are plotted in an easy to read two axes,aph, gvhere the magnitude is
represented by color. In addition to the load spectra, therdiequencies of the wind turbine can
be drawn to show their dependence on operating point and ke ma&lear distinction between
system dynamics and excitation effects. From this diagraarcthical points in the operating
region can easily be identified. As different from the Cambbrlgram, this is done using the
actual (simulated) loads on the system. The ability to compa relative impact of the occurring
critical speeds on the wind turbine loading improves thed@in of the critical operating points.

Main advantages of this visualization technique:

 gives an overall picture of the wind turbine dynamics tlyloout its operating range

» improves the selection of critical operating points, byessing actual loads on the system

Due to the overview on the system in operation, areas of egn can be structural design,
control design and even measurement/monitoring existing wrbines. In theory this diagram
can be constructed from both simulated as well as measutad athough it requires a lot of
measurements (40+ for 5-25 m/s region) to obtain a smoothffilh@ contour. A relatively
constant mean wind speed is also required.

3.1.2 Implementation of the method in TURBU

This method makes use of the ECN code TURBU, both for modelingvtheé turbine, as for the
calculation of load spectra in the frequency domain. The rst@ps in the construction of the
shown power spectral density contour plot are listed below.
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Figure 23: Original Campbell diagram for the D6MW wind turbjriaken from_Kooljman et al.
(2003). Remark: the mode at 1.1Hz is a backward whirl modeg¢hwbould be excited by the
5P&7P rotational frequencies.

1 find operating points for a specified fine grid of mean wind speeds
Run the control loop within TURBU (functionbuct r | ongpar prl () ) with Control De-
sign Tool data filef i | eFBongCDT. mat and the array of required wind speeds to obtain
the working points Ving, €2, 6].

2 use TURBU in & or loop to calculate power spectra in all operating points
The approach here is to build the loop around the TURBU codesiwihivolves modifying
the input parameter files for each new operating point. Savedloellated spectra in a
result file, along with the operating points (and system mdteigen frequencies lines are
also desired).

3 plot the spectra as a 2D filled contour with MatLAB functiommt our f ()
4 add 1p, 3p, 6p etc. rotational speed lines using saved tipgpoints

5 (add eigenfrequencies as dots for each operating poinshoavn in the figures)

The result as shown in the figules 24 25 is obtained in a cauiplgtes.

3.1.3 Application of the method

The analysis method with the modified Campbell diagram is egb a test case: the effect of
increasing water depth on the dynamics of the whole windrerb

influence of water depth on D6MW dynamics
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psd contour plot of fore aft tower base moment M [dB (Nm)Z/Hz]
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Figure 24: Modified Campbell diagram for the fore aft tower bamwanent, created from actual
loading on the wind turbine. The dashed lines represent th8H,BP etc. frequencies of the
rotor. The critical points, from rotation, loading or resanas, can easily be selected.

The water depth at an offshore site is not the same for each twibdhe, due to roughness and
slope of the sea bed. As offshore wind farms become largemtitiionly increase. Scour (sand
at sea bed washed away from the support structure) alsasesdhe effective water depth (and
length) of the support structure. This water depth, and theltiag support structure length for a
certain hub height, is an important parameter for the desigmnd turbines. It directly affects
the support structure eigenfrequencies. For large oféstvimd turbines, the first eigenfrequency
is very critical. It lies between the wave loading and the d#@rrspeed.

Shown in figurd 26 and 27 are the modified Campbell diagrams foirtereased water depths
(26m and 31m). The foundation stiffness is adjusted accglginThe support structure pile
diameter and wall thickness are kept constant, as if the seime turbine assembly stands in
deeper water. As the first frequency of the support structaceedses, it moves towards the 1P
loading. The second tower bending mode also decreases amd c@ar the 6P speed of the rotor.

3.2 Optimization

In this section, the use of TURBU for optimization of wind tum design is examined. The first
section gives a description of the used method. The lasbsestiows results on two cases: tower
stiffness and peak shave pitch angle.
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psd contour plot of side to side tower base moment M [dB (Nm)lez]
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Figure 25: Modified Campbell diagram for the side to side tonasebmoment, created from
actual loading on the wind turbine. The dashed lines reptékerlP, 3P, 6P etc. frequencies of
the rotor. The critical points, from rotation, loading or@aances, can easily be selected.

3.2.1 Method for optimization with TURBU

For optimization, it would be convenient to have a single soe@ of wind turbine performance.
This would be cost of energy, where it all comes down to. Tordatee the contribution of for
instance blade fatigue on the cost of energy is not straightfrd. On the other hand, ideally
there is only a single design driver. However this is alsoanaal life situation, certainly not for
a complex system as a wind turbine.

The optimization approach followed here is parameter vanafl his is not an automated process,
but still requires a lot of wind turbine design knowledge. Hesigner determines the driver and
where to look for the optimum (performance).

The basic output from TURBU consists of working point equilibon (mean) and frequency spec-
tra of the selected outputs (variation). Using Parseviastem for real-valued processes a single
measure of the performance can be obtained from the powetraMr 7)); taking the
square root of the cumulative power spectral density givestandard deviatiof (1L7). Together,
the mean and standard deviation define the output and are arseelécting the optimum. For
most cases this is a useful measure, but for some situatidresree values (minimum blade tip
tower clearance for instance) are design driving. Whichsueato select is also up to the wind
turbine designer.
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psd contour plot of side to side tower base moment M [dB (Nm)2/Hz]
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Figure 26: Modified Campbell diagram for the side to side towssebmoment at 26m water
depth.

o= /E[z(t)?] - p?
with (17)

B0 = [ S(5)ds

3.2.2 Application of optimization

Now the performance indicators are estabished, the ogtioizis applied to two cases. The cost
functions are just examples to show the effect of weighirig gad load.

tower stiffness

As already discussed before, tower stiffness is an impbdasign parameter because it deter-
mines the eigenfrequencies of the support structure of d wirbine. In TURBU, the stiffness
of the tower (modelled as multibody system) can easily béedcaith multiplication factors,
both fore aft and sidewaysi(Ssfraf andnl Sssi de). In this section, parameter variation on
the tower stiffness shows the balance between loading aate(ial) cost. The variation on the
tower bending moment is used as measure of loading, whilertovass defines material cost.
Important to note that this search gives a first estimate optissible stiffness values. The tower
design should also be checked on buckling and tower topatisptent for instance.
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psd contour plot of side to side tower base moment
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Figure 27: Modified Campbell diagram for the side to side towssebmoment at 31m water
depth.

The relation between stiffnes&' () and massi) for a cylinder with diametetl and height: is
derived with equation 18.

BI =B & (db, — db,)
m:p%(dtzmtid?n)h (18)

E .dzu 2
BI = B — )

It appears that fop - h >> d2,,;, in Sl units, the mass of the tower is proportional to its sffs
(m o ET), which is usually the case for wind turbines.

Figure[28 shows the balance between loading and cost for tieenlcost function. Obviously,
the rotational speed has big impact on the result. In figuré@Sstiffness variation for the whole
operating range is shown.

peak shaving blade pitch angle

Peak shaving is a method to reduce the load near rated wind.sjéleen rated wind speed is
approached, the aerodynamic load increases rapidly. Asl#lues start to pitch above rated (to
loose power), the load drops. This peak load can be reducdddagyg starting to pitch somewhat
before rated wind speed. The downside is the loss of produnedrat rated wind.

The selection of the peak shave pitch angle can be cumbersOmé¢he one hand there is the
peak load (blade flap moment), on the other the produced pomarge proportional to cost).
Figure[30 shows the result of the parameter variation.
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search for optimal tower stiffness at 15 m/s
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Figure 28: Optimization of the tower stiffness, for a costdtion that balances load and material
cost, at above rated wind speed (15m/s) and rated rotor gp&edipm).
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Figure 29: Influence of tower stiffness on the fore aft towerclbasment. At above rated wind
speeds, the added lodd/;, with respect to the reference situationatit = 1 increases with
decreasing tower stiffness.
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search for optimal pitch angle for peak shave at 12 m/s
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Figure 30: Optimization of the peak shave pitch angle at rated speed, for a cost function
that balances load and produced power.
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4 Fatigue analysis

Fatigue is one of the design drivers for wind turbines, dutg lifetime combined with rel-
atively high rotational speed. Offshore, wave loading ardewcurrent have to be included in
the analysis, which drastically increases the number af t@ses. The calculation time involved
using non linear time domain tools will also increase beyaoceptable values. Is it possible to
use the fast linear frequency domain tool TURBU to determ@sessates contributing to fatigue?
The resulting reduced set of load cases could then be anailyzatail with a nonlinear time
domain tool.

This chapter starts with some background theory on fatiguenTife time fatigue damage cal-
culated with TURBU shown for different wind turbine compotenThe full sea state scatter
diagram (also including wind and wave direction) calcudateth TURBU is analyzed and worst
cases for fatigue are selected. Finally, the results are amedpwith PHATAS, including the
influence of hydrodynamic loading on fatigue

4.1 Fatigue theory

Fatigue is the progressive structural damage that occuen\ahmaterial is subjected to cyclic
loading, even when stress levels remain well below the yaglebs. One of the methods to calcu-
late fatigue damage is rainflow counting. This method is deedrin several standard books on
wind turbine (fatigue) load analysis suc@lgﬂﬁé. result of this counting sequence
is an histogram containing the number of load variationsalaurred within specified load bins
during a time record, which can be from simulations as wethaasurements. Figurel31 shows
the fatigue load histogram of the side to side tower base moatea wind speed of 15 m/s as
an example. The TURBU results have been obtained through timeid simulations with the
linearized wind turbine model driven by wind, wave and gilbading. The stochastic wind
and wave excitations are the inverse Fourier transformbehelix-oriented wind spectra and
the wave elevation spectrum, combined with the underwadgwewstrength fading functions as by
Airy’s theory.

Throughout this report, an equivalent load is used for fatignalysis. The equivalent fatigue
load concept has the advantage that the fatigue damagegydudartain time span is expressed
with a single value. The slope of the SN-curve is used to transform the load bins from the
fatigue counting method to an equivalent level at a predefireegiency.

Nyin R™ - n; m
Reg= ) (19)

n
i=1 €q

Thus, the equivalent 1Hz fatigue load is the single load anmid with a frequency of 1Hz that
represents the fatigue loading of the sum of all the diffeaemplitudes during the considered time
series. The equivalent number of load cycles for a 10min tenes isn.qi 7. = 10-60/1 = 600.
Another common specification is the equivalent 1P fatigud,l@aich is defined at the number
of revolutions in the time interval. This report uses the eglent 1Hz fatigue load.

The equivalent fatigue load to compare fatigue between coemts of the wind turbine (like
tower and blades), because the actual damage in composeatatermined by the fatigue loads
and material properties. The lifetime damage is also usefdétermine the worst case scenarios
for lifetime fatigue loading of the wind turbine (see senfl@a3).

The calculation of fatigue damage during life time requir@®e extra steps, which are listed and
explained below.
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side to side tower base moment rainflow count histogram
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Figure 31: Fatigue load histogram of the side to side towee basment at a wind speed of 15
m/s, as calculated with PHATAS (top) and TURBU (bottom).

1 determine the stress from the equivalent bending mornéht (2

M -y
S=—"7 20
; (20)
with M the bending moment in the cross sectibihe area moment of inertia for a cylinder
defined byl = & - (D2,, — D;,), D the cross section diameter apthe distance from the
center to the edge of the cross section.

2 find the number of load cycles to failure for this stress Iéwa@h the SN curve

3 apply Miner’s rule[(2R) to determine the damage

The material properties are defined in the SN curve, which igmiéted with measurements on
material samples and shows the number of cycles to failM)egr a given stress amplitudé.
This research uses the SN curves for glass fiber composite ¢hjddgh strength steel (blade
flange and bolts) and structural steel (tower) shown in figute B2se are simplified curves,
only determined by slope: and one point< on the curve[(21), which is fine for our purpose to
demonstrate the method. More advanced analysis methatgleat use a sectioned SN curve or

take mean stress level into account (Suthefland (2000)).

Sm.N; = K (21)

with K = 572, - n,..r the material constant at the reference loading.

To determine the total fatigue damage in parts of the winlimerduring its lifetime, the damage
that occurred during each operating condition is summedrdetg to the Palmgren-Miner rule
(22). In theory, the component will not fail, when total dajeab remains below unity. As

simplified SN curves are used this is not exact science, bunitbeaused to compare fatigue
damage in the blades and tower. With equalfioh 21, the tdigufa damage is calculated as in
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Figure 32: SN curves for the blades (glass fiber compositewith 11), tower (structural steel
with m = 3) and bolts (high strength steel with = 4).

2.

2

k
n, - §m
=y (22)

with n; the number of cycles at given stress amplitgeand V; the number of cycles to failure
for this amplitude.
This evaluation gives just a rough estimate, as the followsgumptions are not valid in real life:

- simplified fatigue analysis (SN curve and loading)
- only production cases (100% availability)

D:i”i
=1

(2

Considerations when assessing fatigue are:

e number of time series
* length of the time records

* SN curve (slope, constants and limits)

In figure[33 and_34 the effect is shown of the number of seriesta@dimulation time used
to calculate the tower base fatigue load at a certain operatndition. The figures show both
results with wind loading as with combined wind and wave Ingd Due to the relatively slow
wave dynamics, longer time series are expected to giverbetelts in the case of combined
loading. However, the difference between wind and addedew@ading is small. In both cases,
the values start to converge for 10min simulation and longkich is the commonly used length
for wind turbine fatigue calculation.
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x 10" convergence of eqlHz fatigue load of tower base moments
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Figure 33: Average 1Hz equivalent fatigue load calculatecthfan increasing number of 10min
time series. Both results are obtained with TURBU, but withdv{bo) and wave (ro) loading.
The average of twenty time series is a good estimate of thaldetigue load.

4.2 Life time fatigue damage

To determine the damage contribution of a sea state to thElifettime fatigue, the steps from
sectiori 4.1l are performed using the calculated equivaitigife load. The sea states are measured
as 3 hours average, while the equivalent 1Hz fatigue loadsdoh operating condition in the
scatter diagram are calculated as the average of six 10mgsselo determine the life time
damage, the loads are extrapolated to life time operatiatefiping the number of load cycles as
n; = (3-60-60) - ny30c, With no3.. the number of occurrence of the 3 hour operating condition
(wind and sea state) during the life time. The following foten(23) summarizes the life time
damage calculation.

N.
2 (3-60-60) - no3oc ST
D= © Teqllz, 23
> K @9

s=1

Table[8 shows the life time damage in the blade root, bladedlaotis and tower (during normal
operating conditions, as assumed throughout this reptiris a simplified analysis (sde 4.1),
used to show the method and get an estimate of fatigue damatjtierent components. Only
the blade root section and the tower base section are adalystead of the whole component
span.

Due to the combination of moderate loading and a relativagtrelation between stress level and
number of cycles to failure (flat SN curve), the blade fatigumage during normal production
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x 10’ convergence of eqlHz fatigue load of tower base moments
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Figure 34: Average 1Hz equivalent fatigue load calculatednfisix time series with different
record length. Both results are obtained with TURBU, but withd (bo) and wave (ro) loading.
The fatigue load starts to converge for time series of 10 remut

is minimal. However, fatigue of the steel bolts used to cantiee blade to the hub should be
analyzed for normal production. Also, the flat SN curve of thedbl material could cause a high
contribution to fatigue during ultimate load operating ditions such as extreme wind gusts or

emergency shutdown. Unfortunately, these can not (yethbhlzed with TURBU.

The tower fatigue damage is significant, considering the Fedtdnly normal production is taken
into account. However, ultimate load cases will have lesscefon fatigue damage for steel
components like the tower (steep SN curve) compared to catepos

Table 8: Fatigue damage during the wind turbine life time.

comp (mat) load DT
blade root (gfc) B, 0.011
Bjewa 0.001
Biors 0.000
blade bolt (hs steel) | By, 0.359
Bieaq 0.325
Biors 0.000
tower (steel) Tra 0.514
J{ts 0.504
Tiors 0.001
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4.3 Sea state selection

In this section, the full sea state scatter diagram is aedlydath TURBU. To speed up the calcu-
lation, some optimization can be applied on the load seteasribed il E. Figure_35 shows cross
sections of the equivalent 1Hz side to side tower base fatgselected wind speeds(,.q) and
angle between wind and waves,,.,). Figure[36 shows the fatigue damage on the tower base
for the same sections of the full scatter analysis as in fighre 3
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Figure 35: Equivalent 1Hz fatigue load calculated on the wisckstter for side to side tower
bending. The rows of the plot matrix represent the angle batwénd and wave directiod{,g.,)
and the columns different wind speeds, (). Each plot then shows the equivalent 1Hz fatigue
load (colored; b:low - r:high) at different sea states (Wagght,, wave periodl},).

These plots are used to select the worst case scenariospbetiuivalent fatigue loadingWc,1 )
as well as contribution to damagP® ) during life time (see tablg 9). This is a minimal set of load
cases, used to demonstrate the method and compare thewtsUMtHATAS. The scenarios are
evaluated in the next section. The distribution of damagé witmber of load cases is shown
in figure[3T. The sea states are sorted for decreasing damageodted as cumulative sum, to
show the potential of load case reduction.

Table 9: Worst case scenarios for fatigue during the winilimer life time.
case [ Toad Mgy, [NM]  Ds[-]  Viina [MS] Hpy [M] T3 [S] Guwew [d€]
wcl Bflap 1.184e7 25 3.75 5.75 30

We2 | Bjiap ' 1.423e-4 12 125  4.25 0
we3 | T 5.877e7 13 325  5.75 90
wed | Tu. 1.632e-3 10 175 475 60
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Figure 36: Tower damage from the side to side fatigue loadmgdescription see figuie B5).
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Figure 37: Cumulative sum of fatigue damage for the uniquestas.

4.4 Fatigue comparison between PHATAS and TURBU
In[2.4.5, fatigue calculated with PHATAS and TURBU is compai®dthe most occurring op-

erating conditions. In this section the analysis is extertdedifferent type of loading and some
worst case scenarios as identified in sedfioh 4.3.
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4.4.1 Wave loading

Figure[38 shows the effects of water (for degth..., submerged support structure) and wave
loading on the side to side tower base moment spectra, boBPHATAS and TURBU results.

wind spectra of tower base moment
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Figure 38: Spectra of the side to side tower base moment (vw/)Sralculated with PHATAS
(b-.) and TURBU (r-) for different loading.

In table[10 and figure_39 the effect of the angle between windwana loading is investigated.
The fore aft tower fatigue results from PHATAS and TURBU are Emiapart from the offset

already observed in sectibn 24.5. Both PHATAS and TURBU shoin@ease of the side to side
tower fatigue load with angle (up to 90 degrees), but the labsoalue differs. This is probably
due to the linearization of the hydrodynamic loading, whstiould be improved with the new
linearization method (séglA).

50 ECN-E-09-060



Table 10: Side to side tower equivalent 1Hz fatigue for difgrangles between wind and wave

loading.
PHATAS TURBU
case (z)w&w [deg] Mequz [Nm] a [Nm] Mequz [Nm o [Nm]
5 435e+ 274e+ 31l4e+ .492e+006
5 30 1.892e+007 4.126e+006  1.886e+007 4.932e+006
5 60 2.721e+007 5.823e+006 3.352e+007 2.112e+006
5 90 3.158e+007 5.851e+006 4.478e+007 5.986e+006
5 180 1.426e+007 3.333e+006  1.189e+007 9.454e+005
x 10’ eqlHz fatigue load of tower base moments
4 T T T T T T T T
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Figure 39: Influence of wave direction on the tower base fatpleulated with PHATAS (bx)
and TURBU (ro).

4.4.2 \Worst case scenarios

Table[11 shows the equivalent 1Hz fatigue loads on the blaateand the tower base at the worst
scenarios fromh]9. The blade fatigue difference at high wirekdpwcl) between TURBU and
PHATAS is within a few percent. The large difference arounédddtvc?) is caused by the pitch
angle peak shaving setting. The side to side tower base éatigas not match very good. For
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both wc3 and wc4, the wave direction is oblique to the wind.uFe39 already showed large
differences between TURBU and PHATAS for increasing anglevéen wind and waves. This
could be caused by the linearization of the hydrodynamidilua

Table 11: Comparison of the TURBU and PHATAS fatigue result@tvorst case scenarios.
PHATAS TURBU

case load  Meq17, [NmM] o [Nm] Megim. [NmM] o [Nm]

wcl Byiop, 1.114e+007  4.960e+005  1.184e+007  1.004e+006

wc2 Bylop  7.705e+006  3.115e+005  1.037e+007  6.967e+005

wc3 Tsts 4.275e+007 8.671e+006 5.877e+007 8.535e+006

wc4 Tsts 2.879e+007 6.673e+006 3.717e+007 6.665e+006
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5 Discussion

This chapter summarizes the conclusions drawn from thetsgstdsented in previous chapters.
Also some recommendations are given for further research.

5.1 Conclusions

model comparison

The working point equilibrium derived with PHATAS and TURBU st®good overall resem-
blance across the whole operating range. Both the blade g@itgle obtained from the linearized
controller, as from the automatic search routine in TURBUWedifrom the required pitch angle
for rated power. This is solved by specifying the angle by harwe: tower base fore aft bending
moment differs with a constant offset for all operating peinA difference in blade torsion was
discovered from the model comparison, but solved duringtbgect. The reversed aerodynamic
moment coefficient caused twice the aerodynamic moment ohldue (and a high torsion de-
formation). The resulting difference in aeroelastic bebavistresses the importance of taking
torsion into account for large blades.

The power spectra of blade root and tower base moments shgwivgitar dynamic behavior of
the PHATAS and TURBU model. An underestimation in blade rootrikment from TURBU by
a factor 3 at low frequencies (<0.1Hz) is observed, which isast partly due to linearization. As
expected, this also shows in the fore aft tower base bendamgant. The foundation (model) has
big impact on the tower dynamics. The different foundatiordeiling approach in PHATAS and
TURBU (elasticity versus stiffness matrix) can cause défferresults, for instance with coupling
between rotation and translation. In this project, a fotiodamodel with only angular stiffness
is used (both PHATAS and TURBU).

As a first comparison, blade root and tower base fatigue iy/aedlfor a selection of operating
conditions. Blade results match very good, but there areesdifferences in the tower fatigue.
In fore aft direction above rated wind speed, the fatiguewated with TURBU is lower than

PHATAS. Side to side tower fatigue from TURBU increases lineavith wind speed, while

results from PHATAS flatten around rated wind speed.

design methods

During the design phase, a complete characterization afythamics and loading of the wind tur-
bine is essential. The proposed method uses TURBU to deteamiraified Campbell diagram
based on loading. It is fast enough to be used for desigrtiderarhe applied cases demonstrate
the use and added value of this approach.

Optimization of wind turbine design is possible with TURBU.€eTtalculation speed allows the
designer do conduct a detailed parameter variation for ti@enoperating range within minutes.
Care should be taken when defining the driver for optimizatamst function); an optimal solu-
tion for loading can be the worst cost wise. Again some exarmpbes show the application of
TURBU in this field.

fatigue and load case reduction

For the analysed test case (normal production at 15m/s wtimelzommonly used set of 6 10min
time series showed to be adequate for tower fatigue caionlat

Due to the relative strong relation between stress levelramdber of cycles to failure (flat SN
curve) of glass fiber composite combined with moderate Iggdimrmal production does not
really contribute to fatigue damage in the blade (root)fitSehe fatigue of the steel bolts used to
connect the blade to the hub should be analyzed for normduptmn. Also, the flat SN curve
of the blade material could cause a high contribution t@tagiduring ultimate load operating
conditions such as extreme wind gusts or emergency shutdddmfortunately, these can not
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(yet) be analyzed with TURBU.

For the support structure, fatigue during normal produrcisodesign driving. As expected, wave
loading has most impact on the fatigue of the support stractifhe wind loading dominates
blade fatigue. The angle between wind and waves has a signifidahrence on fatigue of the
support structure; increasing angle decreases the fome@d#lmost doubles the side to side tower
base fatigue for the test case. These oblique load cases atgendifferences between TURBU
and PHATAS, which is probably due to the linearization of thdrdmglynamic loading.

The results of the proposed method for load case reductiopramising. The calculation speed
of TURBU allows the designer to analyse the full sea statetescdtagram to select the sea
states contributing to fatigue. However, there are stitheaifferences between the PHATAS and
TURBU results to be further investigated.

5.2 Recommendations

Some recommendations for further research on the load cdseti@n strategy are listed below.

* investigate the cause of the difference in the resultsdieet bending
The results from TURBU for tower bending differ from those aéa with PHATAS, for
both static and fatigue loads. For the static situatiors ihinot caused by aerodynamic
loading (the axial thrust on the rotor shows a good match)thagower and nacelle com-
bination (top mass on a pole) is a destabilizing systemngtinteraction exist between
tower base loading and tower top deformation.

 extend the fatigue calculation in TURBU
The current fatigue analysis in TURBU uses a very simplified SNeu®©ther programs
can be used to apply more advanced methods, but for thessdbadlculations it would
be convenient to also include it in TURBU.

e compare calculated fatigue with measurements
Although PHATAS is a validated wind turbine analysis toolisiessential to compare the
results of the fatigue analysis to measurements on a redl wibine, focusing on fatigue
load cases.

e compare fatigue results from scatter analysis to didfidbiapproach
Not every offshore site has available such extensive measent data as used in this
project. It would be very interesting to compare the fatigesults from a full scatter
analysis with results using (probability) distributiores the sea states. This could then
be used to develop a method for selecting sea states cdintghio fatigue from smaller
measurement sets.
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A Linearization of the Morison equation

This chapter gives a concise description of the differergdnzations of the Morison equation.
First different linearization models found in literaturee atiscussed, starting with the condition
of no water currentl{ = 0 m/s). Next the implementation of a (linearized) Morisguation in
TURBU including the effect of the current velocity and theustural displacements.

A.1 Morison equation

In offshore engineering the wave loads on a slender body adehed using the Morison equa-
tion, seeLM_QLis_Qn_el_élLﬂQBO). The original Morison equatias developed for an immovable
cylinder with its largest cross sectional dimens%mf the wave length.

Q) = puCn TD%(0) + 5puCoDli(t) (1) (24

HereC,, is the mass force coefficient;, is the drag force coefficienk) the cylinder diameteg,,
the water densityy andi the wave velocity and wave acceleration. To account for ffeeteof
the structural movement on the wave loading the Morison tigués modified

F(t) = pu (G — 1) 502 (0(6) — &(0))+pu T D?6(1) 4+ puCip DIo(0) (1) (1) (1)) (25)

With & and# the structural motions andthe water loading of the mean current velodityand
the wave velocityt,

b=U+1 (26)

Detailed information about the Morison equation and thec&n of the coefficients’, and
C,, can be found in on (1981). To apply thesMoequation in linear
frequency domain models like TURBU the nonlinear drag tersitbde linearized.

(7]

A.2 Literature

A.2.1 Linearization without current

The linearization of the Morison equation is based on thevedgmt linearization technique.
Borgmanh|(1967b) was one of the first to apply this techniquéhfetinearization of the drag term
in the Morison equation. Nowadays this linearization of lerison equation is often named

after Borgman , see_Arena and Nava (2008) f1999).

Borgman expresses the Morison equation by its autocoigel&inction R(7), see n
(iég Zb).

Rp(1) = Kjo,G(Ra(r)/03) + K} Ra(T) (27)

ECN-E-09-060 57



where

1

1
K;, = prﬂ'D2Cm

The functionG(p) in equation[2F7is a function of correlation coefficignt

[(4p* 4+ 2)sinp™ + 6py/T = p]

G(p) = p. (28)
ApproximatingG (p) by a power series ip gives:
_ 1 45 15
G(p)—w 8p+3p +15,0 +... (29)

For p = 1 taking only the first term the difference wifHp), equation 2B is about 15%. Including
the second term the difference wifHp) is reduced to 1%. The linearized approximation of the
autocorrelation function, taking only the first term@fp), gives the auto correlation function:

8

™

Rp(7) K202 Ry () + K2 Ry(T) (30)

This linearization of the autocorrelation function is egl@nt to linearizing the Morison equa-
tion:
8 . .
Quin = ;Kd(fuu + Kjii (31)

Another approach for the equivalent linearization mettsoi ihandle the non linearities in stiff-
ness and damping in the equation of motion. $ee Roberts and$SpEe00). The A general
equation of motion used is

i+ gla,3) = f(t) (32)

with g(x, #) a non linear function of andz.
The first step is to define an equivalent linear equation:

F+ Boit + ke = f(2) (33)

58 ECN-E-09-060



The difference: between the nonlinear and linear equation is
e = g(2,2) — Beit + kew (34)
The difference: is squared and mean is determined. Next the mean squareedi&eis mini-

mized by taking the derivatives with respect to the linesdizoefficients’. andk.. To find the
minimum the derivatives are set to zero.

OE{e?} B OE{e?} _

0B Oke 0 (35)
This gives
_ E{y(z, )i}
be= =g (36)
_ E{y(z,d)x}
ke = W (37)
(38)

(1999) minimizes for the condition without currehe mean square of the difference
between the non linear Morison equation and the linear Maregjuation. The non linear Mori-
son equation is:

Q = Kglula + Kii (39)

and the linear Morison equation is defined as:

Qlin = ﬁeﬂ + Kt (40)

The mean square of the differenedetweend andQ;;, is determined and minimized for the
term G,

OE{¢?
8{;6 b om{ala] — a2} =0 (41)

This gives the same linearization result as Borgmanifbeing a zero mean Gaussian random
variable.

SN}

g
2

E{u?lal} _

By “2)

ﬁe:Kd

S5
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A.2.2 Linearization with current and structural displacement

'Spanos and Cheh (1981) and Ghash (1983) extended the liaié@mizo the modified Morison

equation[2b with current and structural displacement thedl
The Morison equation contains only a non linear damping patthas to be linearized
1
FD(T) = ipCDD(T+U)|7“+U| (43)
wherer is the relative fluid-structure velocity
Assuming the linear damping term to Bg the difference is
€ = Fp(r) — fBor (45)

According to equatiori_36 this gives

_ E{Fp(r)r}
Be = W (46)

The linearized damping coefficiefit is now for a non zero mean random variable U

[fron() ()] w0

@h@a gives an detailed account of the differentssiegets..

1 1
Be = 3pCoDE(2Ir + UJ} = 5pCpD

A.3 TURBU implementation of linearized Morison equation
A.3.1 TURBU linearized Morison equation

In this project the following implementation of the linesat Morison equation in TURBU was
used. See van Engelen and Braam (2004) Under the assumptichehalative velocity is
small compared to the current veloctity the squared velocity in the drag term of the Morison
eqguation can be written as

(U+r)|U+r|=rlr|+20r (48)

s

Inserting the Borgman Iinearizatioq/ga, in r|r| gives the following expression for the lin-
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earized Morison equation:

1
F(t) = 5pCpD (ﬁau +2. U) (4 — &)+ pCm%D%l — p(Cpy — 1) %D% (49)

A.3.2 New linearized Morison equation in TURBU

Meanwhile a new linearization procedure is developed for BURThe loads in both fore aft
and side to side direction are considered simultaneousky.déscription below is taken from the
user manual of TURBU (van Engelen (2009) draft).

The linearization of the hydrodynamic viscous forces iseoitmbersome if the water current
does not exceed the horizontal wave speed or tower speeds.byrf the sequel, the visco-
hydrodynamic load expressions are normalized wWith(z) - LpwD(z). The normalised force
coordinatesys, v, andgsq,vn are expressed in the relative water velocity coordindigsndUyg,
and the sizej,, (z) of the normalised viscous force.(,, c., ¢y, sc, sy Short forms ofcos(¢p. —

Ow ), COS P, COS Gy, SIN P, SIN Py, )

Gravn(2) = Vawn(2) - Un(2), With Ug(z) = cc- 0(2) + Cy - w(2) — vga(2)

Gsdvn(2) = V4w (2) - Usa(z), With Usq(2) = s¢ - @0(2) + sy - dw(z) — vsa(2) (50)

The sizeg,,, of the normalised hydrodynamic viscous force vector is give:

(jvn(z) = Ufau(z)2 + Usd(2)2
= W0(2)% + 2y - W(2) - dw(2) — 2 - W(2) - v (2) — 250 - W(2) - v (2)
+ 6w(2)? 4+ v (2)? + v5a(2)? — 2¢y - 6w (2) - Via(2) — 280 - Sw(2) - va(2)
(51)
The pursued expressions for the normalized visco-hydradiséorce coordinates in foreaft and

sideward direction include gains from variations in theihomtal wave speed and the foreaft and
sideward tower speed, denoted as per:

0qravn(z) = Kpe(2) - 0w(z) + Kg(2) - 0via(2) + Kgs(2) - dvsa(2)

(52)
0gsavn(2) = Ksw(z) dw(z) + Kg(2) - 0vga(2) + Ks(2) - dvsa(2)

If the water currento is much larger than the variationsv, dvg, anddvgq then the gains are
simply obtained from basic linearisation of the expressitwm v/, U, andUgq by settingdw,
dvg, anddvgq equal to zero in the partial derivatives of these expression

However, ifw is of similar size as (the standard deviation &f), dve, anddvgg then the deter-
mination of the gains is more complicated. The general espyas for the unlinearized viscous
force variations are:

6Qfa,vn(z) = VvV (jvn(z) ! Ufa(z) -V (jvn(z) ’ Ufa(z)
5QSd,Vn(Z) = vV qun(Z) : Usd(z) —V qun(Z> : Usd(z)
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which can be rewritten as:

8gtan(2) = VGm(2) - 0Us(2) + 03/Gm(2) - Una(2) + 6/Gun(2) - 0Us(2)
+Van(2) - Una(2) = 4 (2) - Usa(2)]

8gsam(2) = VGwn(2) - 0Usa(2) + 6v/Gn(2) - Usa(2) + 61/Gun(2) - 0Usa(2)
+ Vw(2) - Usa(2) = /4o (2) - Usa(2)]

It is clear that the % and 5" term are equal and thus cancel, since the hydrodynamic load
variations do not affect the mean hydrodynamic load levieghéd water currento is very small,
then the intensity of the visco-hydrodynamic load variasiavill exceed [by far] the time-average
value based omw, obtained under the assumption of zero wave and tower weldoithat case it

(54)

is common practice to use affectivevalue/ Gun(2) instead of mean valug/g,,(z) as (direct)
influence factor for the relative water speed variati®tig, anddUsg; this effective value depends
on the intensity of the variations. This also holds for theapaaterization of the influence of
U, and Uyq through the variatio /4., (z) of the load vector size; the carrying through of
said intensity in the second order terig gy, (2) - 0Ur(2) andd\/gvn(2) - dUsa(2) even yields
additional influence factors for the wave and tower speedétiarigl. The expressions that set up
the point of departure for the determination of the gaingmaléwater currents then become:

5Qfa,vn(z) =\ évn(z) : 5Ufa(z) + %(&jvn(z) : Ufa(z) évn(z)
5QSd,Vn(Z) =V évn(z) : 5Usd(z) + %5(_?\/11(2) : Usd(z) évn(z)

The following signal properties are used for the derivatibthe gains in Eq_52 from the expres-
sions in Eq[5b:

(59)

» The tower speed%, andduvgq are (almost) uncorrelated with the wave spéedsince the
wind dominates the tower deformation; this implies:

E[dw - dvg] ~ 0 5 E]dw-dvgg] ~ 0 (56)

» The sign ofow, dvg, anddwvgg is random to that of current; this implies:

Ew-éw] = 0 ; Ew-dvw) = 0 ; E[w- vy (57)
Elw+ow] = w ; Ew+dvn = w ; Elw+dvyg] =

» Phase/space plots of{,, dvsq} usually show a rather wide ellipse, so that, andduvg,
are close to orthogonal because of @base shift and thus

E[(S’Ufa . 5Usd] ~ 0 (58)

The first and second property imply that all (cross-variajimmduct termw - vg,, @ - ve, etc.
vanish from Eq[51 when it is used for the derivation of an esgign for the effectiveintensity
basedforce sizej.,. Actually, only the squared terms are left and we decideettthie effective
normalised force value be equal to the squared water cuatgyrhented with the sum of squared

These second order terms contain ‘powers of three’ of variationsdbtim (1) - 6(z2); a belonging influence
factor includes the expectation of the squared variation, which regsstbenintensity.
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effectivespeed variation values:

5VH(Z) = f(’lf}(z)z + (5’(11(2’)2 + 5'l)fa(2)2 + (5’[)5(1(2)2) (59)
= ﬁ)(z)2 + ZD(Z)Q + @fa(z)Q + 17sd(z)2
The effective speed values are standard deviations mattiglith ;. and 1 /8/=:
w(z) = p(z)- Ly/8/m- ow(z)
Ua(2) = p(z)- 1V/8/m O (2) (60)
ﬁsd(z) = u(z)- 5V8/m Ouy (Z)

The multipliersp, and 1/s/= are included because of the applied optimized stochasgaltisa-
tion, which is dealt with after elaboration of the force adion expressions by EQ.155.

When the first term of the Taylor series Gf,, Usd andg,,, is carried through in Eq[_55, the
following expressions arise:

% OUt, OUs, OUs,
St = \/Gen(2) (% - Gue) + 5 v (z) + 5 Gua(2) )+

Jw Vi,

Ce - ﬂ}(z) + Cw - 5w(z) - 6'Ufa(z) . ( a(]vn -6w(z) + aqvn ] (5Ufa(2’) 4 8(]vn ) 5v3d(z) )

21/ Gn ()

X aUs aUS 8US
0Gsdn = \/Gwn(2) - ( 8wd ow(z) + (%fd SOvga(2) + 90 d ~Ovgq(2) )+

Sc - ’LT)(Z) + Sw * 5w(2) B &Usd('z) . ( 8(]vn . (S’IU(Z) + aC]vn . (5vfa(z) + 8an ) 5Usd(z) )

2\/@ Ow v, O0Vsq
(61)
The following partial derivatives hold:
U, B . U B .
({?w B Y a@w o w
Ufa Usd
p— —1 —
vt and 5 0 (62)
U, U4
YYfa W _ 4
8’Usd 0 avsd
and
8aqvn dw(z) = 2cqpw(z)dw(z) + 25w(z)2 — 2C 00 (2)0w(2) — 28,0059 (2)dw(2)
w
gim COvg(2) = —2c00(2)0va(2) + 2005 (2)% — 2¢0 0w (2) vt (%)
fa
gqvn SOvsa(2) = —28.0(2)0vsq(2) + 20s4(2)? — 280w (2)vsa(2)
Vsd
(63)
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so that (dependency on (z) omitted):

aijn 8ijn 8(]vn _ _ _
-0 - 0v 2 T 0 sd — 2 cw ow — c 0 a — Oc 0 S
ow " + v, b Ovsa fud ((Catobts — ccive, = el (64)

+ow? + 5vf2& + 6v3d — 2C,0wIVE, — 28, 0WVsq )

It is clear that the %, 5'" and 6" terms in the right hand sides of EQ.]161 contain expressions
in variationé as power-of-one, power-of-two and power-of-thré&-(delta’-, 53-expressions).
These latter three terms have to be reduced to &hlgxpressions in order to arrive at contribu-
tions to the pursued gains in Hq.]52.

Thed?-expressions can principally not be maintainétisquares cause skew, essential non-linear
affections to the force variation&?-cross-products cause no contribution as by propériles86 a
[58. So, they2-expressions have to be neglected in the sequel sTHexpressions can be reduced
to 6'-expressions if they include &-factor for which an effective, intensity based value can be
assumed. Properti€s]59 dnd 60 tell that typical non-zercesadd the cross productBuduvg,,
Swdvgq anddvp,dvsq do not exist. Hence, onlyi3-expressions that include a squared variation
are to be maintained. This concerns the terms with the fagtotséw? - dvg,, Sw? - dvgq, Sv3,
(5vf2a(5w, (5vf23(5vsd, 5vf2351)sd, 5v§d, 5v52d5w andévgdévfa.

When we only maintain thé!- and relevant>-expressions in the' to 6" terms of Eq[6llL and
replace squared variations.)? by squared effective valug3)?, the numerators of these terms
evolve to the following expressions (dependency onomitted):

1(ccw + cydw — dvg,) - (( aqv“ 0w+ aqv“ - dvpa + g;““ “0vgq )
(CeCon®? + cp? + 3(3wvfa + cwv ) - 0w — (chc’w + 28, Cu?) - JVgq

—(cw + 2¢,,*W? + w? + UF, + 02y) - Ovfa

(65)

L(Se® + 80w — 0vgq) - ( G- dw + Gl= - Gup, + Gl vy )
(8cCerw®? + syp? + swvf + 3Swv5d) ow — (scccu?2 + 284, CoW?) - SVg,
—(sc2W? + 28, °W? + W% 4 03, + 02) - dvsa

When the above evolvations and the results of[Ed. 62 are dahieugh in Eq[@1, then appro-
priate expressions are obtained for the derivation of tlresga Eq.[52.

0dtapn = \/Gwn(2) - (Ccwdw(z) — dvga(2) )+
1
- - (ccccww2 + cp? + 3Cw’[)f2‘a + cwﬁgd) 0w — (ccscw2 + 2swcwﬁ)2) - 0Vsq
qAVn(Z)
—(c2w + 2c,20% + W% + f)an + ’Dszd) - Ovgy |
5qsd,vn = évn(z) : ( Swéw(z) - 6Usd(z) )+
1
- [ (SeCew@? + SuW? + Su0E, + 380D2) - 0w — (SeCelD? + 284, Co ) - S0,
C.?vn(z)

— (822 + 28,,°W? + W% + 02, + 92;) - Svsa |
(66)
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The expressions for the desired height dependent gainsvfoila straightforward way:

Kiw(2) = CoVam() + (CcCew(2)? + Cuti(2)? + 3cwlia(2)? + Cwlsd(2)%)/Viwm(2)
Ki(2) = Vi) — (20 + 204 20(2)? + 0(2)% + Oa(2)? + T5a(2)) /Van(2) (67)
Kis(2) = —(ceScW(x)? + 280,Co(2)%) /V/dun(2)
and
Kw(z) = Gon(2) * (Sw) + (8cCew®(2)? + S0 W(2)? + Swia(2)® + 350w Tsd(2)?) /Vien (2)
st(Z) = _(Scccu_}(z)Q + zswcww(z)Z)/\/m
Ks(2) = —Vimz) — (820(2)% 4 28,20 (2)? + W(2)% 4 fa(2)? + Usd(2)%) /Viun(2)

(68)
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B Transformation of blade properties

This section describes the transformation of blade praggeftom ECN BLADMODE input data
based on detailed LM data (in the blade coordinate system) RBUWPHATAS (element co-
ordinate system). TURBU allows for different elastic, agmamic, center of gravity and shear
center axis offset definition. The bending stiffness must bergin the element coordinate sys-
tem, with origin in the elastic center and crosssection dxascoincide with the elastic neutral
orientation. Therefore we chose to define all input data in tbment coordinate system, as is
the case in PHATAS. The input is primarily derived from (moreeesive) BLADMODE input
and original LM data, but compared to PHATAS input for congisiecheck.

The following input differences between PHATAS and TURBU mustdonsidered. As men-
tioned in chaptel]2 on modelling, all the axis in PHATAS are dafion the chord. Whereas in
PHATAS the elastic axis and the blade axis coincide, in TURB(BLADMODE) this elas-
tic axis must be defined in both flap- and leadwise direction. érel{in both directions) can
also be added using this elastic offset. In PHATAS, prebeneéfineld as a curvature and added
separately. This result in a slight difference in prebendi$igation.Further, TURBU allows for
seperate values for aerodynamic twist (chordline) anatstral twist (elastic neutral axis).

The transformation of properties from the blade coordingtgesn to twist oriented is done as

follows (Gere and Timoshenkb (1999))

Eluy + Elfg Eluy— Ely .
EIflat = ( lead —12_ L p) — (( lead 5 L p) : COS(QO&SW”C) + Eleross Sln(2a5tru0))
(69)
—2F1,
t 29 _ Cross 70
an( ) (Efflap - EIlead) ( )
€| _| cos(a) sin(a) | |z
[ n ] - [ —sin(a) cos(a) } [ Y ] (71)
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C Blade torsion modelling difference

The torsion moment (and deformation) calculated with TURBlgtd a considerable difference
compared to PHATAS (figufe21). The torsion moment and resutléigrmation was a factor ten
larger, which seemed to come from a fundamental modellifigrdnce. Looking at the separate
contributions to blade torsion the difference was finallyavered.

The blade root torsion moment consists of three components.

1 the aerodynamic moment due to the offset of the aerodyneemter with respect to the
blade axis
(+ when offset is to the leading edge)

2 the moment as consequence of flap deformation and lead force
(- when flap is +)

3 the moment as a result of lead deformation and flap force
(+ when lead is +)

When the blade pitches, the effects become even more comipigure[40 shows the separate
effects, and the aggregate result. From this analysis, fferetice was found in the reversed
definition of the aerodynamic moment coefficigrt;. Instead of cancelling the aerodynamic
moment, this effectively doubled the torsion moment on tlagld, resulting in different aeroe-
lastic behavior. Finally this issue was solved by correctimgsign of the aerodynamic moment
coefficientCy; in the TURBU input handling (file ot or par. m). Now comparable results are
obtained, as shown in figurel41 dnd 12.

6 x 10* contributions to blade torsion
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Figure 40: Contributions to blade torsion of aerodynamic reotnflap and lead wise deformation
for different wind speeds across the operating range.
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X 10° blade torsion
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Figure 41: Equilibrium blade torsion calculated with PHATAS)and TURBU (ro) and TURBU
with reversed”), (r.) for different wind speeds across the operating range.

70 ECN-E-09-060



D Sea state measurements at IJmuiden offshore site YM6

The sea conditions at the IJmuiden offshore site YM6 have bemitored for more than twenty
years now. This campaign was set up to get better understponfithe North sea and create an
extensive database for offshore development. The measnote@® publicly available dn RWS

). The wind and wave data are recorded as 3 hours avefdgemeasurements used in
this project are wind speed,,;,q and directiong,,;»,q, Mean wave heigh#f,,, periodT,, and
direction ¢qve. PHATAS (ROWS) and TURBU use the significant wave heightand peak
periodT), to define the sea state. For a fully developed sea with JONSWalfpetory;, = 3.3,
the following relations hold:

H, = H,,
(72)
T, = 1.286 - Tr,

This research uses the data from 1979 to 2001, which makes tgthen twenty years of the
wind turbine lifetime. This twenty year is the current desad certification lifetime, but for
offshore wind turbines this is could change in the futurendler lifetime is favourable due to
relatively high installation cost). To reduce the amounpoints, the data is grouped in bins.
Wind speed is sorted in 1m/s bins, the direction of wind andesas divided in twelve sections
(of thirty degrees). The wave height and period are group@dsm and 0.5s bins. The effect of
water current loading is not considered in this projectaose no measurement data is available
on current and direction. Figukel43 shows the wind speedlulision (Weibull; shape 2, mean
10) and figur& 42 shows the dominant wind and wave direction (SW)

wind direction wave direction
0 40000 0 40000

180 180

Figure 42: Wind and wave direction at IJmuiden. The dominamtodion is South-West for both
wind and waves.

Sea state data is usually represented in a scatter diagraminghthe number of occurrences of
each combination of wave height and period in a certain tipamsSuch a 3D scatter of the used
data is shown in figurle 44.

When wind and wave direction are also included, we speak ofatgle between wind and
waves), or even 5D (direction of both) sea state scatter. [@Bisset is important for fatigue
analysis on the support structure, which does not rotategaldth the wind (loading).

Another subset of the whole dataset is defined as the mostroagsea states for each wind
speed, where direction between wind and waves is zero degree dataset is used to compare
PHATAS and TURBU results in sectién 2.4.
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Figure 43: Wind speed distribution at [Jmuiden. The wind spistlibution follows a Weibull

pattern.

sea states scatter diagram YM6 (1979-2001)
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Figure 44: Number of occurrences (colored; b:low - r:highgath combination of wave height

and period.
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E Optimization strategy for TURBU load set calculation

Although TURBU is a very fast tool, the following strategy ¢den[E.3) is used to speed up the
calculation of the full 5D scatter diagram. This involvestbolever arrangement of the load set,
as some special features of the program itself.

E.1 Load set arrangement

Rearranging the load set can speed up the process as dddmzibe.

1 sort on wind speed
Wind speed defines the working point of the wind turbine mo@élanging the wind speed
thus requires a new model to be computed. The load set shoglutael for wind speed to
minimize these recalculations.

2 rotate for wind direction

Different wind direction also requires a model update. Feymmetric support structure
(like a monopile) wind direction only has influence on the supptructure loading (which
does not rotate along with the wind). The number of load cagesasily be reduced by
reusing the simulation result at a specific wind speed andtitirefor all other wind direc-
tions with equal sea statéi(, 7, and¢,,¢,,) and performing the rotation of the loading by
hand. The support structure fatigue in the fixed base cooslgyatem is determined from
the resulting time series.

The transformation of the tower base moments from wind todation coordinate system
over wind direction anglé ;4 is shown in[[7B).

Mfa COS<¢wind) - Sin(¢wind> 0 tlSQ
Mg = Sin(¢wind) COS(¢wind) 0 : tlsl (73)
Mtors 0 0 1 tng

3 wave direction
In theory, wave direction has no impact on the equilibriuatestbut it does have impact on
the model (through input transformation matrices). A cleimgwave direction therefore
requires a new model to be generated and the load set shostidted for this variation.

E.2 TURBU for 'LOAD’ application

TURBU can be used in different modes, which provide specifitufes. In this research the
application 'LOAD’ is used. The following steps are performedpeed up the calculation.

- calculate (equilibrium) working points beforehand

- output selection to reduce the data handling to a minimum

- reuse model and load excitation whenever possible

E.3 Strategy

This results in the following strategy:

1 load sea state scatter
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2

calculate working pointsi{,;na, €2, 6, n)
for loop = 1: N _oc;

define load set jobfile with working point and variation data
calculate time series

search for load cases with same sea state, but differedtdiriection
index = find(Hs == Hs(loop) & T p == T p(loop) & WM == WAM(I oop));
for subl oop = index;

transfer time series for wind direction

calculate eq1Hz fatigue load
end; %subl oop
end; % oop
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