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Abstract. A model for Quick Load Analysis, QULA, of an offshore wind ime substructure is presented. The aerodynamic
rotor loads and damping are precomputed for a land-basdjacation. The dynamic structural response is represditdide

first global fore-aft mode only and is computed in the fregquyetiomain using the equation of motion. The model is compared
to the state of the art aeroelastic code, Flex5. Both lifeetfatigue and extreme loads are considered in the compalizon
general there is good agreement between the two models. Senviaions for the sectional forces are explained in teris o
the model simplifications. The differences in the sectionaments are found to be within 10 % for the fatigue load case an
10% for the extreme load condition.

1 Introduction

In order to ensure cost-efficient offshore wind farms, ités@ssary to optimize the design. Particularly the substres are
expensive and can, according to Offshore Wind Project Casit@dk (2014), account for 20 % of the total cost of energy.

It is often different companies who design the substrucame the wind turbine of an offshore wind turbine. The iterati
process where the design suppliers of the wind turbine amduhstructure send design loads back and forth slows tigndes
process down.

The process is already time-consuming since extensivedase simulations have to be made where different wind speed
and wave climates are combined. If instead a fully integratmulation of the foundation and wind turbine is used, tegigh
process will be faster and the number of uncertainties indd®gn will be reduced. However this approach is not always
possible because the wind turbine manufacturers often tdavaot to share information about their wind turbines. ladte
in the preliminary design phase, the integrated simulagioth optimization can be achived and accelerated with a gietpl
description of the loading from wind and a simple but fastaiyic model. This allows for optimization of the foundatian i
an early stage of the design.

Recently Schafhirt et al. (2015) combined a sub structutéehnique, which is based on the principle of superposition
impulse responses, with the power of modern general purp@gghics processing units. This method to perform simpglifie
analysis of offshore wind turbines has the same accuracyaadard aeroelastic models for distinct output locatiochshe
overturning moment in the bottom of the tower but is 40 tineestdr for the case where only rotor loading on the substreictu
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is considered. However, this method still require that theehvturbine manufacture share information about their viimtines,
which is difficult to ensure.

Van der Tempel et al. (2005) presented a simple approachwridispeed up the fatigue load calculations by dividing the
offshore wind turbine in to a turbine clamped at hub heigltthwio support structure dynamics and a support structure. Th
analysis was linearized and made in frequency domain by fusarsfer functions, which according to Van der Tempel et al
(2005) is how the offshore oil and gas industry usually dal®s the fatigue loads. The fatigue damage compared well to
fatigue damage calculated in the time domain in the aerbela®| Bladed with a difference of approximately 8 %.

Smilden et al. (2016), also presented a simple model, butentie focus was to improve the performance of the control
system. The model therefore also includes a wind modeledrain and a controller possessing the main features ofithe
turbine control system besides the mode shape based salutiodel. Smilden et al. (2016) included two tower mode sisap
in the model.

In the present paper a model fQuick L oadAnalysis, QULA, is presented. This is a fast model for cakboteof dynamic
loads of an offshore wind turbine tower and foundation. TheMoads are applied in a similar manner as Van der Tempél et a
(2005) while the structural model is based on a single modeeshCompared to the above models, the wave kinematics are
described in more detail without linearization and inchgdivave nonlinearity for extreme load cases. The model i®tbee
suitable both for fatigue and the ultimate limit state. Cangal to Van der Tempel et al. (2005) the aerodynamic dampging i
included as a function of mean wind speed, instead of beidepandent of the wind speed.

In the present paper the foundation is bottom fixed, howewdrAGhas been applied to a floating wind turbine too, see
Lemmer et al. (2015) for preliminary results. The 10MW DT erence wind turbine (Bak et al., 2013) is considered and the
foundation is the Mono Bucket foundation of Universal Foatiah. The Mono Bucket consists of a shaft and a bucket as
shown in figure 1. Compared to a monopile, the Mono Bucketlaadvantage of very small noise impact during installation
reduced scour protection, and no need for a transition pfxéar a Vestas V90-3.0 MW offshore wind turbine has beectede
on a Mono Bucket foundation in November 2002 in Frederikaht@arbour, Denmark. Besides, a met mast foundation for the
Horns Rev 2 site was installed in March 2009 and decommissi@uccessfully in 2015,. Two other met mast foundations
were installed at Forewind’s Dogger Bank offshore wind git8eptember 2013. In order to make the Mono Bucket foundatio
commercial an industrialization and production evolut®needed. A fast numerical model to calculate the dynansiddmf
the foundation is one of the tools applied in that process.

This paper investigates how well QULA performs by compathgmodel against the aeroelastic code Flex5, (Jye, 1996).
The paper opens with a presentation of QULA. Further, twieidiht methods to include the aerodynamic damping are dis-
cussed. Hereafter the metocean data and the three loadamassidered in the analysis is presented. Finally, the et
inline force and overturning moment in different sectiomshie Mono Bucket and tower are considered for the load casks a
both life time fatigue and extreme loads are analysed. Tiye$ difference of 30% is found for the sectional inlinector
in the bottom of the Mono Bucket foundation, while the ovantng moments compare well in most parts of the tower and

Lhttp://universal-foundation.com/



Mono Bucket foundation with the largest difference bein@al0The design of the Mono Bucket foundation is confidential.
Therefore, in this paper the results of the sectional foatesmoments and response spectra are presented in noahfalize

This paper is part of a special issue of papers in Wind Energgn$e journal and is an extended version of a previously
published paper, (Schlger et al., 2016a), published with (ftom The Science of Making Torque From Wind conferenae). |
the previous paper only one method to calculate the aeraodgigndamping was considered and details on how the damping
was calculated was left out. Furthermore, only two load sagere considered in the comparison of QULA to Flex5 in the
previously published paper. In the present paper the seatdt compared to the previously published paper, improeEdly
due to changes in the calculations of the aerodynamic dapgid an additional load case 1.3 has been added to extend the

analysis.
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Peak in decay tests

Cross sectional area of pile
Hydrodynamic drag coefficient
Aerodynamic drag coefficient
Hydrodynamic added mass coefficient
Hydrodynamic inertia coefficient
Pile diameter

Aerodynamic damping force
Modulus of elasticity

Frequency

First natural frequency

Peak frequency

Hydrodynamic distributed force
Distributed Rainey force
Precalculated rotor force

Force

Rainay point force

Gravity

Generalized damping
Generalized force

Generalized stiffness
Generalized mass

Significant wave height
Imaginary unis

Area moment of inertia

Mass moment of inertia
Stiffness matrix
Keulegan-Carpenter number
Translational and rotational spring
Wave length

Equivalent load

Distributed mass

Wéhler exponent

Mass matrix

Moment

Precalculated rotor moment
Top mass

No of cycles

No of occurences of each stress range
Probability of occurrence
Relative probability of occurrence
Reynolds number

Still water level

Stress range
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Time

Peak wave period
Horizontal particle velocity
Horizontal particle acceleration
Deflection

Vertical particle velocity
Turbulent wind speed
Horizontal coordinate
Center of mass in the nacelle
Tower top

Vertical coordinate
Constantieq. (1)
Generalized coordinate
Logarithmic decrement
Density of water

Density of air

Angular frequency

Natural angular frequency
Standard deviation

Shape function

Damping ratio
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2 Thenumerical model QULA

In QULA, only the Mono Bucket foundation and wind turbine gwvare considered and described as a simple Euler beam. On
top of the beam a top mas&/,.,,, representing the rotor and nacelle is added. The top masaded in same height as the
center of mass in the nacelley, 2.75 m above the tower toprr, as illustrated in figure 2. The foundation is only considere
down to the sea bed and the stiffness of the soil and lid antl gkthe bucket is described by a coupled translational and
rotational springK ;. The dynamic structural response is represented by theéitstal mode only and the equation of motion
is solved in the frequency domain.

The philosophy behind the model is to pre-calculate thedygramic forces in an aeroelastic model with a stiff founofati
and tower for all considered wind speeds. Also the aerodymdamping is pre-calculated for all considered wind speeds
The aerodynamic forces and damping are subsequently reesedal times in QULA for different tower and substructure
configurations. The pre-computed aerodynamic force angohancan be made for a land-based turbine configuration amd ca
thus be established as part of the turbine specificationsdyntnufacturer independent to the choice of substructure.

faero > e
8
Shaft
foumeatlty 10 | ZSWL
b
] [}
2 fwave ]
Bucket k k u?
Skirt 117 K$§=Il< Ij
TANZR X
Figure 1. Mono Bucket foundation. Figure2. Left: Sketch of the beam and the external forces. Right: The extendahgernal forces

which contribute to sectional forcé], and moment)\/.
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2.1 Theexternal forces

The external forces are the distributed wave force and thmilent wind force as seen in figure 2. The pre-calculateol rot
shaft loads are applied as a time varying point foicg,., and overturning momeni\/,.,., at the top of the tower. The force
from the wind on the tower is also included and is calculatsitie QULA by the power law from IEC61400-3 (2009)

A 2
Fucrol1) = £ puCaD) ((;) W(t)) 7 &
with A = 0.14 in load case 1.2 and load case 1.3 and 0.11 in load case 6.1. Herg, = 1.225 kg/n?® is the density of air,
Cp. = 0.6 is the drag coefficientD(x) is the diameter of the tower ai#fl is the turbulent wind speed at the nacelle.

The wave kinematics and hydrodynamic force are also cakdiiaside QULA. To enable fast calculations of the struadtur
response no stretching of the wave kinematics is appliedf@aave kinematics are therefore only defined up to stilewat
level, SW L.

In situations where fatigue loads are considered, linearewtheory is often sufficient to describe the wave kinematics
(Schlger et al., 2016b). An irregular wave realization iareleterised by the significant wave heiglif and the peak wave
periodT},. The linear irregular wave kinematics and loads are caledlan the frequency domain and afterwards transformed
to the time domain using inverse Fast Fourier transformaiidie distributed hydrodynamic load on the structure isudated
by Morison’s equation

1
fwave(z>t) ZpCmAil+pAiL+ §pCDDu|u\ (2)

Herep = 1025 kg/nt is the density of waterd(x) is the cross sectional area of the pile dnflr) is the diameter of the pile.

The horizontal particle velocity and acceleration are detho and. The coefficientsC', andC,,,, are the drag and added
mass coefficients, with'y; = 1+ C,,, being the inertia coefficient. The coefficients are funatiofithe Keulegan-Carpenter
number, KC, and Reynolds numbeRe, and are calculated following the recommendations in DNSAT101 (2010). For

irregular wave realization& C' and Re can, according to Sumer and Fredsge (2006), be calculatectifie standard deviation
of the horizontal velocity at still water level and the meaawves period.

The hydrodynamic damping due to the structural motion issim@red small and neglected. Therefore it is the absolute
accelerations and the absolute velocities, which are deresil in the added mass and drag force, first and third ter@)jn (
respectively.

The added mass coefficiedt,,, is corrected for diffraction effects by the theory of Mao@aFuchs (MacCamy and Fuchs,

1954), which is valid for linear waves. The correction is orant for waves withD /L > 0.2, whereL is the wave length.
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In a water depth of 50m it corresponds to wave frequencigetdahan approximately > 0.19 Hz. To include the diffraction
effect, the added mass force is calculated in the frequeomath and afterwards transformed to the time domain.

In order to simultaneously include both the effect of wavegdularity and wave nonlinearity in the structural anaysi
IEC61400-3 (2009) suggests to embed a large nonlineamstfeaction wave in the linear irregular wave time series to
represent extreme waves. This is done in situations whérmeaie loads (ULS) are considered. Following the work ofriesi
(1989) and Rainey (1995), the Lagragian particle acceterdtit is applied in the Morison’s equation, which is extended by

the axial divergence correction term

fRainey(Z;t) :PAmez% (3)

which according to Manners and Rainey (1992), correctdi®assumption that the cylinder is slender in the vertiaalkdion.
Here the vertical particle velocity is denotedand index %" means that the variable is differentiated with respect to
Finally a point force should according to Rainey (1995) beéeatiat the intersection with the water level

1
FS‘ (t) = *ipACmna:UQ- (4)

Heren, is the slope of the free surface elevation and representhtrgge of the free surface elevation along the pile-diamete
This force can be seen as a slamming force.

The Rainey terms, (3) and (4), are nonlinear contributiorteé Morison force and are therefore only added to the Moriso
equation (2) in situations where a nonlinear single waveneigeembedded in the irregular linear wave realization i th

ULS-analysis.
2.2 Thestructural model

The structural dynamic deflection of the Mono Bucket and toweis represented by a shape functignand a generalized
coordinatex asu = «(t)¢(x). Shape functions are often introduced when the equationatiom of a system is solved to
decrease the number of degrees of freedom in the system arabyhthe computational time. Only one shape function in
the fore-aft direction is considered in QULA. While this magt provide an accurate representation of the full deforomati

it is here used for the purpose of approximating the assextiaertia loads for the sectional forces, see (13)-(14¢ Jimpe

function and the natural angular frequenegy,are found by considering a standard eigenvalue problem,

My +Kap =0, where o = exp(iwot) < (5a)
—Mw%g—&—Kf:()éwgg:M*lKg (5b)

The stiffnessK, and mass matrixy1, are calculated by the finite element method. Stiffness eftsrepresenting the stiffness
from the soil-structure interactiory, in figure 2, is calculated in the geotechnical software tdakiB (Brinkgreve et al.,
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2016) and is added to the stiffness matrix in the bottom ofpitee The top mass and mass moment of inertia around the
nacelle {j-axis), Ir, are added to the mass matrix in the top of the pile. To getdhect first natural frequency it is important
to defineM,,, andr in same height as the center of mass in the nacelle,

The structural dynamics are calculated by the equation ¢fomo
aGy +aGrg +aGp =Gp. (6)

In order for the model to be fast the equation of motion isedlw frequency domain. In frequency domain the generalized
coordinate can be expressed as

Ny
a= Z&j exp(iw;t) + c.c., 7)
j=1
whered; is a complex numbetr,; is the smallest angular frequency in the time seriescands the complex conjugate. The
phase information od is retained in (7).

The equation of motion

Gr
—w2Gy +1wGp +Gi

®)

— w2 Gpa+iwGpa+Gra=Gp & a=

then solves the linear response in frequency domain andezatdily be transposed to the time domain by inverse FFT. By
solving the equation in frequency domain the solutiocan then be solved at once for all time steps.
The generalized mas§,;, and stiffness( i, can be obtained from (5a) by left-multiplication@f and are given as

Gy = /mcp(z)2d2+Mtopcp(zN)2+IT<,OZ(ZN)2» ©)
z=0

Gk = / Elp..(2)"dz. (10)
z=0

Herem(z) is the distributed mass of the tower and Mono Bucket foundati . is the angular deflection of the shape function
andy, . is the curvature of the shape function. The stiffness fastgiven by the modulus of elasticity;, and the moment of
inertial. Further, the generalized dampirtgp, and generalized forcé; r, are given as

2G Kk

GD = C + Daeroa (11)
wo
ZSWL ZTT
Gr = / @fwavedz + Fs + Faero(P(ZTT) + Maero@z (ZTT) + / (pfaerodz- (12)
z=0 ZSWL



Here,(, is the damping ratio representing structural dampind,dsonping and hydrodynamic radiation damping dngl.,.,
the aerodynamic damping coefficient.

After the equation of motion is solved, the sectional formed moments can be calculated. The external and interrea<pr
which contribute to the sectional forces and moments arevisho figure 2 and the forces and moments are calculated by

5 integration over the structure above the point of intersst a

27T ZSWL

F(z" t)=—da / mp(z)dz — &Mopp(2n) + / Jwavedz + Fs + Faero
z* z*
zZrT ZrT
+ / faerodz + O‘thop@z(zN) +ag / mey:; (Z)dZ (13)

M(z*t)=—a / me(2)[z — 2" dz — &Myopp(zn)[2n — 2% — &lrp.(2N)

2*

ZSWL

+ / fwave[z_z*}dz'i_Fs[ZSWL_Z*]+Maero+Faero[ZTT_Z*]

P

ZTT ZTT

10 + / Jacrolz = 2"]dz + aMiopglp(2n) — 0(27)] + ag / mlp(zrr) — @(2)]dz, (14)
whereyg is the gravity. The first two terms in both equations are thetrifaution from the dynamics of the structure. When
the equation of motion is solved the Mono Bucket and towetraaed as an Euler beam, where the deflections are assumed
small and only lateral loads are considered. Second-oxddributions from the bending of the beam are thereforeeutgtl
in the solution in order for the model to be fast. Howeverhi@ $ectional forces and moment the contribution from gyaltie

15 to the bending of the beam is included as stated in the lastamos in both equations. While this approach thus represent a
difference in the forces applied for dynamics and sectitwals, it was found to improve the sectional loads in the camispn
to Flex5.

2.3 Shapefunction and eigenfrequency

The complete shape function of both the tower and bucketdation in Flex5 is compared to the shape function of QULA in

20 figure 3. The shape functions are close to being identicad.ddviation between the first natural frequency of the two efed
is 1%. The difference is caused by differences in the model&lex5 the gravity’s contribution to the bending of theepil
is included in the equation of motion, which gives a largenmeat of inertia and therefore a lower frequency. In QULA the
contribution of the gravity of both the top mass, representhe blades, hub and nacelle and the tower is only inclutéaki
sectional forces calculated after the equation of moticaoiged.
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Figure 3. The shape function.

2.4  The aerodynamic damping

As the structural dynamics is included in QULA, it is also e&sary to include the aerodynamic damping. If the structura
motion is in same direction as the wind velocity, the relatrelocity which the aerodynamic forces are a function ofyelases
and thereby also the forces. Since the aerodynamic foreemeuded as point forces in QULA and since the equation of
motion is solved in frequency domain, the aerodynamic dampan only be added as a viscous linear damping force, where
the damping coefficient is a function of the mean wind speed.

Two different methods to calculate the damping coefficiantéspresented below and compared for load case 1.2 in section
4.1.

2.4.1 Standard deviation of pile displacement

In this approach the target is to have the same standardtidevi the pile displacement at the top of the tower. Therfo
the tower top displacement has to be calculated in advan&éekb or another aeroelastic model for all considered cases
In QULA, when the equation of motion is solved, a loop is iged, where the aerodynamic damping is increased until the
standard deviation is the same for Flex5 and QuLA. The standizviation is calculated as

o=\ (unn —W)Q, (15)

whereuy y is the tower top displacement.

10



In figure 4-5 the tower top displacements calculated in FEn®QuLA forlW = 4.16m/s andiW = 14.55m/s are shown for
load case 1.2. For the small wind speed the two models compayavell, however as the wind increases differences batwee
the two models are more visible. This is due to differencdsoiw the models are solved. In Flex5 the aerodynamic damping
is a function of time, while in QuLA it is represented by a ctamg linear damping coefficient for each mean wind speed.

5 Furthermore, in QULA only one degree of freedom is used aadjthvity’s contribution to the deflection is not included in
QUuLA as mentioned in section 2.3.

u(zrr) (s)

u(zrr) ()
—
—_—
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Figure 4. Tower top displacement fol = 4.16 m/s. The aero-  Figure 5. Tower top displacement fo’ = 14.55 m/s. The aero-
dynamic damping in QULA is based on standard deviation of pile dynamic damping in QULA is based on standard deviation of pile
displacement. displacement.

24.2 Decay tests

The aerodynamic damping forcé),...,, is calculated in Flex5 by decay tests as function of windedpdo calculate the
damping force both turbulent and steady wind speeds aredmyes. For both cases two simulations are run. One where
10 a starting velocity of the wind turbine tower and foundatisrapplied and one simulation without a starting velocitgeT
logarithmic decrement is calculated from the differenceveen the two simulations with and without a starting veipci
All degrees of freedom are active, however the rotor speé@$ constant and the pitch angle and rotational speed are
given initial values in accordance with the wind speeds idamed. According to Salzmann and Van der Tempel (2005) this
method works well for constant speed wind turbines and coegpaell with other simple methods as the Garrad method
15 Freris and Freris (1990), Kuihn’s closed-form model KihrO@0or van der Tempel's method, Van Der Tempel (2006). How-
ever, for a pitch regulated wind turbine with varying rotpesd, which is the case for the DTU 10MW wind turbine, such
simple methods can not be applied to find the accurate Ibgaidtdecrement above rated wind speed, where the pitch regu-
lation begins. However, the logarithmic decrement in Qula only be represented by a single value as function of thexmea

wind speed. Therefore, the logarithmic decrement abowa natnd speed is still found by keeping the pitch and rotoespe
20 constant.

11



The logarithmic decrement is calculated as

1 .
6 = —log (al) , Where j=23...., (16)

J aj

wherea, is the first peak considered in the time series apds the j'th amplitude followinga,. The relation between the

logarithmic decrement, damping ratipand the damping forcd),..-,, which is used in the dynamic analysis, is

27 ¢
Ni=rch 17)
Daero - CQ\/M7 (18)

5 0=

whereG ; andG i are the generalised stiffness and mass, cf. section 2.2.
In figure 6-7 the decay tests for a steady and turbulent wirddpf 14 m/s are shown. In the top figures the displacements
in the top of the tower are shown both for the case where thertbas an initial velocity of/;,,;; ~ 1.1m/s and the one without
10 an initial velocity and in the bottom the subtracted disptaents are shown. The logarithmic decrement has been &stima
for the four peaks, both positive and negative, following ldrgest peak and then averaged,

u, (m)
o
3]

u, (m)

. . o . .
—— With initial —— With initial
— Without initual — Without initual
05 ; ; ; i ; ; ; i
0

10 20 30 40 50 _0'50 10 20 30 40 50
1 0.5
E E
3 05 E
3% sg O
I; 0 I;
IJE :’E
0% 10 20 30 20 50 0% 10 20 30 0 50
t, (s) t, ()
Figure 6. Decay test for a steady wind of 14 m/s. Figure 7. Decay test for a turbulent wind of 14 m/s.

In figure 8 the damping ratios as function of both steady artalitant wind speed are shown for three initial tower velesit

In figure 8 the average of the six curves is also shown. It cavbberved that the damping ratio is very similar across tiialin
tower velocities.

12
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Figure 8. The damping ratio as function of wind speed for different decay-tests.

2.4.3 Comparison of the damping ratios

In figure 9 the damping ratio as function of the wind speed faariin to cut-out wind speed is shown for the two different
methods used to calculate the aerodynamic damping foreatréhd is similar for both damping curves. The damping ratio
is constant for small wind speeds with a value between 7-8rthfodecay tests and 2 % for the tower top displacements but
starts to increase before rated wind speed.

For the decay tests the largest damping ratio of 10.5 % iseshfor a wind speed of 12 m/s. Above rated wind speed, the
damping ratio decreases and is approximately 9% for a wieeédpf 25 m/s. For wind speeds between 10 and 17 m/s, the
damping ratio based on the tower top displacements incsdesa 2- to 10.3% , where after it decreases and is 7% for a wind
speed of 25 m/s.

The damping ratio, based on decay tests, is larger than tadased on the standard deviation of the tower displacement
except forlV ~ 17 m/s, where the damping based on the tower top displacemiamgést. This might be because the standard
deviation puts more weight to the low-amplitude motion. hie decay tests, the damping seems to become smaller for low
amplitude motion, see 7 lower plot, for- 30s. The reason for the large increase in the damping raticdbas¢he standard
deviation around?V = 17 m/s can be because this method assumes that the tower adeflisathe same for Flex5 and QuLA.
This is not correct as explained in section 2.3. As the wirgksggncreases the tower has a larger deflection and thelmatian
from the gravity is therefore larger. This contribution @ mcluded when QULA calculates the deflection.

Both methods require some preliminary work to calculateviseous damping force, to be used in QULA. Either decay
tests have to be made or the displacement in the top of the toageto be calculated in an aeroelastic tool. However, as the
foundation is very stiff, it is not believed that the founidat contributes significantly to the damping force. Therefdhe

13
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Figure 9. The damping ratio as function of wind speed for the two methods to calcutathping.

preliminary work can be made for a land based wind turbind,the aerodynamic damping reused several times as long as the
wind turbine and tower is not changed.
How the different damping curves influence the performaric@ui A is investigated in section 4.1.

3 Metocean data and structure

The load cases in the present analysis are based on the aretbata from the artificial site K13 Deepwater Site" frohet
Upwind-project (Fischer et al., 2010). The water depth is 50m. Three load cases are studied, load case 1.2 which consider
the fatigue limit state (FLS) and load case 1.3 and 6.1 whagtsicler the ultimate limit state (ULS). The time series aftea
wind and sea state is 1 hour long which corresponds to sixssae®DO s. In load case 1.2 the wind turbine operates, and the
wind speed ranges from 4m/s to 25 m/s with an interval of 2raifisgua normal turbulence model. The already lumped sea
states presented in Fischer et al. (2010) is used togetltlertivé wind speeds. Since fatigue loads are considered, itite w
speeds probability of occurrence is taken into account.

The wind speeds and the corresponding probability of oecwe, P,., turbulence intensity/, and sea states are stated in
table 1.

In load case 1.3 the wind turbine also operates and the wieddspare the same as for load case 1.2, but the turbulence
intensity is now based on an extreme turbulence model. Tréfisiant wave height is the expected wave height conditone
on the wind speed

H,=E[Hs|W] =Y H, P, (19)

14
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whereP,.; is the relative probability of occurrence of each signiftoaave height conditioned on the considered wind speed.
The range of peak wave periods appropriate to dag¢ishould be taken into account and the one resulting in thesatgad
should be used in the ULS-analysis. Further, if the peak wpaviod corresponding to the first natural frequengy=1/Tp
is inside the considered range this wave period should a@smhsidered. The same applies to higher harmonics of the wav
peak period, i.e. multiple of the peak wave frequegy,ands3 f,, as this will cause a a larger excitation of the structuréhén
present analysis, the largest and smallest wave peak pehiath occur, are considered. The wind speed, turbuleneasity
and correspondingl; and7,, values are stated in table 2. Also the periods in betweenrtfadlesst and largest,-value, for
which the frequency or its multiples are equal to the firstiratfrequency are considered. However, due to confideaisign,
these frequencies are not written in the table, but-aihdicates for which wind speeds they occur.

In load case 6.1 the wind turbine is parked and the wind spedd.D3 m/s. The corresponding sea state has a significant
wave height of; = 9.40m and a peak period df, = 10.87s.

In ULS situations an irregular linear wave time series of Limlength plus 100 s of transient time is first created. For
every 600 s the largest wave in the interval is replaced witloradinear regular stream function wave with a wave height of
H =1.86H,, IEC61400-3 (2009). The corresponding wave period shottgraing to IEC61400-3 (2009), be chosen as the

period in the interval

11.1\/H,/g < T < 14.3\/H,/g, (20)

which results in the largest load. In the present analygisvave periods from1.1\/Hs/g to 14.3\/H s/g were considered
for load case 6.1. It was found that for the present structioeelargest load occurred for the smallest wave perioes;
11.1y/H,s/g = 10.87s in load case 6.1. In load case 1.3 the same rétio,11.1,/H, /g is also used.

w Pro I Hgs Ty
(m/s) Q) Q) (m) (s)
416 | 011 029 1.10 588
6.23 0.14 0.23 1.18 5.76
8.31 0.16 0.20 1.31 5.67
10.39 0.15 0.18 1.48 5.74
12.47 | 013 017 170 5.88
1455 | 011 0.6 191 6.07
16.62 | 0.08 015 219 6.37
18.70 | 0.05 0.15 247 6.71
20.78 0.03 0.14 2.76 6.99
2256 | 0.02 014 3.09 7.40
2494 | 0.01 014 342 7.80

Table 1. The wind speeds and the corresponding probability of occurrendeiémce intensity and sea states for load case 1.2.
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w I Hg Tp,min Tp,max Tp for Tp for
fi= fi=
1/Tp 2/Tp

(mis) Q) Q) (m) (s) (s) (s)

4.16 0.82 5.88 4 11 + +

6.23 0.90 5.76 4 11.5 + +

8.31 1.05 5.67 4 11.5 + +

10.39 1.23 5.74 4 11. + +
12.47 146 588 5 9
14.55 1.72 6.07 5 8
16.62 2.07 6.37 5 9
18.70 2.38 6.71 5 10 +
20.78 2.80 6.90 5 8
22.56 3.13 7.40 7 9
24.94 3.58 7.80 7 10 - +

Table 2. The wind speeds and the turbulence intensity and sea states for load3ase 1

The wind turbine is the 10 MW DTU reference wind turbine, (Ralal. (2013)). The wind turbine has a rated wind speed
of 11.4 m/s and a rated roter speed of 9.6 RPM. The rotor deemieel78.3 m and hub height is 119 m. The rotor and nacelle
mass are 229 tons and 446 tons, respectively.

The first natural frequency of the structure is in betweenlfhend 3P frequency interval of the wind turbine (1P=0.115—
0.159 Hz). In both Flex5 and QULA a logarithmic damping deweatd = 2x¢ = 0.06 is included to represent soil damping,
structural damping of the Mono Bucket and tower and hydradyic radiation damping.

4 Results

In order for QULA to be a useful tool in the design-process,ittodel has to be faster than a more advanced aeroelasti¢. mode
Before QULA can be used it is necessary to precalculate tehastic point loadsty,.,., and M,.,., and the aerodynamic
damping. Though, once they are calculated they can be upedteglly in the design process.

To calculate a single wind and sea state on a Microsoft Wisdmachine with a clock rate of 2.30 GHz QuLA is 40 times
faster than Flex5, while on a Linux cluster machine with aklmte of 1.9 GHz QuLA is 3.3 times faster. It is belived thast
can be speeded up to similar performance as at the Windowsinea®QuLA is further parallelised, and can on a HPC-cluster

calculate in parallel all 11 wind and sea states of load casapproximately 45s.
4.1 Fatiguelimit state

Load case 1.2 considers the fatigue limit state during djmeraFor this load case the different methods to calculage t
aerodynamic damping are compared.

In figure 10-11 the probability of exceedande, of the positive peaks in the 1 hour time series of the seatitorces
and moments in five sections of the Mono Bucket and tower avevistior the case with” = 10.39 m/s, H, = 1.48 m and
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T, = 5.74 s. Only the deflection in the fore-aft direction is calcuthte QULA and therefore only the forces and moments in
the fore-aft direction are considered in the analysis. Dinesls and moments are normalized with the largest force amaemt
peak at the sea bed in the Flex5-calculation.
Considering the force peaks in the tower QULA compares lbeBlex5 when the damping is based on decay tests (figure
5 10), while in the Mono Bucket it is when the damping is basedt@amdard deviation of the tower top displacements (figure
11). For both methods the difference between QuLA and Fleiargest in the Mono Bucket. Comparing the moments, which
are usually more relevant for the design, the two modelsamngsimilar with largest difference at the sea bed. Considehe
exceedance probability curves of the moment peaks, therdiftes in the damping are easy to identify. Compared tcé Fex
moment peaks of QULA are smallest when the damping is basdéaay tests, while the opposite is seen when the damping
10 is based on standard deviation of the tower top displacement

0.005

Figure 10. Probability of exceedance of the positive peaks in the time series of ttiersddorces and moments for load case 1.2. Aerody-
namic damping based on decay tests. The forces and moments adinedmwith the largest force and moment peak at the sea bed in the
Flex5-calculation. Blue: Flex5. Red: QULA

1

0.4

0.1 x=115.6m | [

Q“ 0.02

0.005

Figure 11. Probability of exceedance of the positive peaks in the time series of thiersddorces and moments for load case 1.2. Aerody-
namic damping based on standard deviation of tower top displacemenfoitlee and moments are normalized with the largest force and
moment peak at the sea bed in the Flex5-calculation. Blue: Flex5. Rédt Qu
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In fatigue analysis, equivalent loads,,, can be used as a reference loading and represents one hogoveue that for
a certain number of cyclesy., = 10 - 10, results in the same damage level as the history of investifatigue loads. It is

calculated as

Lep= Z ( i NNS’“> P | (21)

In (21) N, ; is the number of occurrences of each stress rafigéor the considered wind and sea stgteThe equivalent
loads are calculated for the sectional forces and momeirtg asVohler exponent ofi = 4 and taking the wind and sea states
probability of occurrence into account.

In figure 12-13 the ratio of the equivalent forces and momeh®uLA to those of Flex5 (QuLAFlex5) throughout the
tower and Mono Bucket are shown, both when the aerodynamipitey force is based on decay tests and standard deviation
of tower top displacements.

The variation in the ratios in the tower and Mono Bucket isghme for the two damping methods, but it is clear that the
damping based on the decay tests have the best agreememiexhresults. Instead of having ratios around 1 in most part
of the structure, which is seen when the damping is based caydests, the ratios is approximately 1.15, when the dagnpin
is based on tower top displacements. However, with both dagnpethods the difference between the equivalent forces of
QUuLA to those of FLex5 increases down through the Mono Budketr the sea bed the difference between the equivalent
forces of QULA to those of Flex5 is 0.7. The largest differeigchere for the aerodynamic damping based on decay tests.

This change from the tower to the monopile can be explaineddmgidering a sequence of the time series and response
amplitude spectra of the 1 hour time series of the secti@mtaét at the intersection between the Mono Bucket foundlatial
tower (26 m above SWL) and at the sea bed as seen in figures Tdd Berodynamic damping force are based on decay tests.
The forces are due to the wind and sea state with a wind spet@ 8@m/s, since this is found to contribute the most to the

equivalent loads. The force time series are normalized thi#Hargest force at the sea bed in the Flex5 calculations.

The energy around the first natural frequency is capturethy&)ulLA. Using Flex5 a big amount of energy is also found at
the second natural frequency of the tower and Mono Buckepaiticular at the sea bed. Since QULA only has one degree of
freedom and thus only one natural mode, no energy is obsen@dLA at this frequency. The main part of the modal energy
of the second natural frequency is distributed in the Monoket, which explains why the difference between the two rfiede
at the second natural frequency is largest at the sea bed lanthe ratio of the equivalent forces in figures 12-13 de@sas
thoughout the Mono Bucket.

The difference between the equivalent moments in the maoickét varies. Considering the ratios when the damping in
QuLA is based on decay tests, the ratio changes from 1 to fo@bdtill water level to approximately 20 m above the sea bed,
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Figure 12. The ratio of the equivalent loads of QULA to those of Flex5 for load cagarlall sections in the tower and Mono Bucket.
Aerodynamic damping based on decay tests.
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Figure 13. The ratio of the equivalent loads of QULA to those of Flex5 for load cagarlall sections in the tower and Mono Bucket.
Aerodynamic damping based on standard deviation of tower top disptedem

where after the equivalent loads of QULA at the sea bed agaiaorbes smallest with a ratio of 0.93 relative to those of %=lex
The same trend is seen when the damping is based on towersfgpaiments, but a factor of 0.15 approximately should be
added to the ratios. The reason there is such a differenaegbptthe equivalent forces and moments is that the moments no
only depend on the size of the overlying forces but also orsitteeof the moment arm.

The different results obtained with the two methods to dateithe damping, must be because the decay tests only & bas

on Flex5 results, while the method with the tower top dispiaents are based on the assumption that the tower deflextios i
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Figure 14. Sectional force 26 m above SWL for load case 1.2. The force timessaréenormalized with the largest force at the sea bed in

the Flex5 calculations.
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Figure 15. Sectional force at sea bed for load case 1.2. The force time segiesamalized with the largest force at the sea bed in the Flex5
calculations.
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same for Flex5 and QULA, which is not correct for all wind spieedn the ULS analysis in next section, the damping theeefor
is based on the decay tests.

In the comparison of the equivalent loads of QULA and Flekxis, important to note that instead of the equivalent loaibrat
the damage ratio could also be considered which differs ftmrequivalent load ratio by the power of the Wohler exponent,
m. Thus, the difference between the models is larger withrtfesisure.

4.2 Ultimate limit state

Load case 1.3 and 6.1 consider the ultimate load state, Ut 8al€ulate the ultimate loads the 1 hour time series of theefo
and moments for each wind and sea state in the load case atedlinto 6x600s intervals. In each interval the largestl lisa
found and the average of these six loads calculated. Thi®apipis consistent with the IEC 61400-3 code, clause 706 Ib&d
case 1.3. For load case 6.1a, clause 7.5.1 states that six tdadizations should be considered, unless it can be detnaded
that the extreme response is not affected by applicatiohartsr realizations. Constrained wave methods is merdiasene
way of enabling shorter realizations. This approach has leepted for the present study. For some realizations, wedfo

that the largest loads occurred at events outside of theduhelleconstrained wave. This is further discussed in sedt2.
421 Loadcasel3

In load case 1.3 the wind turbine operates.
In figure 16 the probability of exceedand®, of the positive force peaks and moment peaks in the 1 howr $ienies with

W =12.5m/s,H, = 1.46m andT}, = 9s in five sections of the Mono Bucket and tower are shown. Iridiver the forces and
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moments compare well. In the Monobucket a large differerste/den the forces is seen, which is due to the excitationeof th
second structural frequency in Flex5 as was seen for loagl s The difference in the forces also influence the morrants
the sea bed, where Flex5 has the largest moment.

x=-50m
x=-16.1m L 0.4
x=0m
x=23m
x=115.6m

0.4 4

vADO*%O

0.1 0.1 4

0.02 0.02 +

0.005 + 0.005 4

P>-<B o T T T —<— T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

F () M ()

Figure 16. Probability of exceedance of the positive peaks in the time series of thiersddorces and moments for load case 1.3. The forces
and moments are normalized with the largest force and moment peaksadtbed in the Flex5-calculation. Blue: Flex5. Red: QuLA

Considering the ratios of the ultimate limit states of Qulofthose of Flex5 in figure 17, the same is seen. In the tower, the
5 differences between the ultimate sectional forces and mtsé QULA and Flex5 are not more than 2% and 4%, respectively

Flex5 has the largest ultimate moments in all sections,enthié ultimate sectional forces, of Flex5 are largest in dipedf

the tower and the ultimate sectional forces of QULA are lsirgethe bottom of the tower. In the Mono Bucket FLex5 has the

largest ultimate forces due to the excitation of the secatdral frequency. The difference between the models iseeiom

the top to the bottom of the Mono Bucket and at the sea bed tizeis®.85. The effect of the second natural frequency is als
10 visible in ultimate moments, but the effect is not as straiggce the forces in the tower still contribute more to monagrhe

sea bed, where the ratio between the two models is 0.95. Jsha@lmoment is more relevant for the design than the seattion

force since it contributes more dominantly to the localsgre

422 Load case6.1

Load case 6.1 considers a storm condition. The wind turlsirlearefore parked, and the aerodynamic force and dampéng ar
15 therefore small. The contribution from the wave force issteypected to be significant.

In figure 18 the probability of exceedandg, of the positive peaks in the 1 hour time series of the sealitorces and
moments in five sections of the Mono Bucket and tower are d¢ete that the six embedded stream function waves are part
the exceedance probability curve.

QULA has the largest force peaks for high probability of @dance while Flex5 has the largest force peaks for low proba-

20 bility of exceedance, however in the tower, the probabdityhe force peaks are quite equal. At still water level themelarge
difference between the curves of the two models, in padicidr P < 0.03. The peaks of Flex5 is largest, which is caused
by the Wheeler stretching in Flex5, which stretches the waverkatics up to the free surface elevation instead of onilygoe
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Figure 17. The ratio of the ultimate loads of QULA to those of Flex5 for load case 1.3 sealions in the tower and Mono Bucket.

0 0.2 0.4 0.6 0.8 1

Figure 18. Probability of exceedance of the positive peaks in the time series of thiersddorces and moments for load case 6.1. The forces
and moments are normalized with the largest force and moment peaksadtbed in the Flex5-calculation. Blue: Flex5. Red: QuLA

defined to still water level as in QULA. In the Mono Bucket 26 boee the sea bed, the difference between the two models is
still significant but smaller. At the sea bed the force-cargkthe two models are again quite equal.

The probability curves of the moments of the two models areerequal in all five sections. Particularly the largest motsien
which are important in ULS, compare well. To compare the dyica of the two models a sequence of the time series and
response amplitude spectra of the 1 hour time series of th®sal forces and moments at the intersection betweerotiert
and Mono Bucket and at the sea bed are considered, figure8.184he tower, the energy of the force and moment is located
around the first natural frequency and it is clear that QuLAtaims most energy at this frequency. This is opposite to the
time series, which indicate that the response of Flex5 aomtaost energy. However, this does not account for the wiitoke
series, which the spectra are based.
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Atthe sea bed, the energy is located both at the wave pealeiney and at the first natural frequency. The energy digtoibu
of the force is very similar in the two models, while for the mments QULA contains most energy. In the time series the $orce
of the two models are very similar when a stream function vimeenbedded into the wave realization - indicated with aoverr
in the figure. However, for the chosen sequence of the tiniessite moments are not largest when the stream function wave
is embedded. Instead the moments are largest in the beginohthe time sequence where the wave kinematics are dedcribe
by linear wave theory. This means that for the stiffness atdral frequency of this foundation, the linear wave kingosa
can also result in the largest moments. In other parts of seres, though, the embedded stream function wave results i
the largest overturning moment at the sea bed. Still, thasvshthat the dynamic forces caused by the structural moténd-
not only the static forces, are important in ULS. Furtherendhne presence of larger loads in some linear wave drivemntgve
indicate that for a full design study longer realizationsidd be included following the IEC design code. For the pnésgaudy,
though, this has been omitted since it does not affect thepadson between QULA and Flex5.
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Figure19. Sectional force and moment 26 m above SWL for load case 6.1. Tbe &md moment time series are normalized with the largest
force and moment at the sea bed in the Flex5 calculations.

The ratios of the ultimate loads of QULA to those of Flex5 aersin figure 21. In the top of the tower the ultimate sectional
forces in QULA are largest with a ratio of 1.04 while just abatill water level the two models result in the same ultimate
sectional force. Around still water level there is an insedn the difference between the two models and the ratioeof th
ultimate sectional forces of QULA to those of Flex5 reduae8.7. This is due to Wheeler stretching not applied in QuLA.
However, the difference between the models decreases dwaungh the Mono Bucket and at the sea bed the models are very
close to each other with a ratio of 0.99. This is expectedesthe wave force in load case 6.1 is the largest contribattre
sectional force, and the force at the seabed are the sum digtibuted force, which is calculated in same way in the two
models, though not distributed equally.

With a ratio of approximately 1.02 the difference betweenuhimate sectional moments of the two models is more or less
constant in all sections in the tower, with those of QULA lgelargest. In the Mono Bucket the difference between the two
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Figure 20. Sectional force and moment at sea bed for load case 6.1. Thediodcmoment time series are normalized with the largest force
and moment at the sea bed in the Flex5 calculations.
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Figure 21. The ratio of the ultimate loads of QULA to those of Flex5 for load case 6.1 sealions in the tower and Mono Bucket.

models increases a little just below still water level dugh® missing Wheeler stretching in QULA. However, at the seh be
the ratio is 0.99.
5 Conclusion

A model, QuULA, to make fast linear response calculationeffoundation and tower of an offshore wind turbine has been
presented. The model solves the equation of motion in tligiénecy domain and uses precalculated aerodynamic forces an
damping as function of the wind speed. Two methods to caietie aerodynamic damping to be used in QULA were presented.
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One based on decay tests calculated in Flex5 and one whetardje¢ was to have the same standard deviation of the tower
top displacement in Flex5 and QuLA. The damping based onydests gave more correct results.

To investigate the performance of QULA the model was contpar&lex5. The shape function and the first natural frequency
of the two models are almost identical.

In the fatigue analysis with a decay based damping, the oatioe equivalent forces of QULA to those of Flex5 was found
to be 0.95 in the tower, while the excitation of the secondcstiral frequency in Flex5 results in larger differencehia Mono
Bucket. At the sea bed the equivalent forces of QULA are ssialWith a ratio of 0.7. Considering the equivalent moments,
which is often more important, the values of QULA vary withadia between 0.95 and 1.05 to those of Flex5. It would be
possible to include a second degree of freedom in QULA, asdans by Smilden et al. (2016). This will improve the results
of QULA but will essentially also double the complexity oktmodel.

In the ultimate load analysis, the ratio of both ultimatecEs and moments varies between 0.98 and 1.04 in most sections
This difference is due to differences in the dynamic respaighe two models and shows that for ULS not only the extreme
waves but also the dynamics of the structure is importantn@an water level, though, the missing Wheeler stretching in
QULA, results in much smaller ultimate forces. This diffece could be improved by including Wheeler stretching in the
model, which though would decrease the computational spethe model.

The proposed model of this paper presents a fast model witld gocuracy, especially for the sectional moments. The
analysis indicates that in the early stage of the designgphasimple dynamic model can be used in the iterative process
to make a preliminary design of the foundation and wind tuebiower. After this, a full aeroelastic model can be used to
verify the design and optimize it further. Combined use adist ind an accurate model might even be applied to enhasce thi

optimization further.
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