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Abstract. A model for quick load analysis, QuLLA, of an offshore wind turbine substructure is presented. The
aerodynamic rotor loads and damping are pre-computed for a land-based configuration. The dynamic structural
response is represented by the first global fore-aft mode only and is computed in the frequency domain with
phases using the equation of motion. The model is compared to the state-of-the-art aeroelastic code Flex5. Both
lifetime fatigue and extreme loads are considered in the comparison. In general there is good agreement between
the two models. Some deviations for the sectional forces are explained in terms of the model simplifications.
The differences in the sectional moments are found to be within 10 % for the fatigue load case and 10 % for the

extreme load condition.

1 Introduction

In order to ensure cost-efficient offshore wind farms, it is
necessary to optimize the design. Particularly the substruc-
tures are expensive and can, according to Offshore Wind
Project Cost OutLook (2014), account for 20 % of the total
cost of energy.

It is often different companies who design the substructure
and the wind turbine of an offshore wind turbine. The itera-
tion process in which the design suppliers of the wind turbine
and the substructure send design loads back and forth slows
the design process down.

The process is already time-consuming since extensive
load-case simulations in which different wind speeds and
wave climates are combined have to be made. If instead a
fully integrated simulation of the foundation and wind tur-
bine is used, the design process will be faster and the num-
ber of uncertainties in the design will be reduced. However,
this approach is not always possible because the wind turbine
manufacturers often do not want to share information about
their wind turbines. Instead, in the preliminary design phase,
integrated simulation and optimization can be achieved and
accelerated with a simplified description of the loading from
wind and a simple but fast dynamic model. This allows for

the optimization of the foundation in an early stage of the
design.

Recently Schafthirt et al. (2015) combined a substructur-
ing technique, which is based on the principle of superposi-
tion of impulse responses, with the power of modern general-
purpose graphics processing units to compute the response of
an offshore wind turbine subject to rotor loads. This method
to perform simplified analysis of offshore wind turbines was
found to have the same accuracy as standard aeroelastic mod-
els for distinct output locations as the overturning moment in
the bottom of the tower but is 40 times faster for the case in
which only rotor loading on the substructure is considered.

Van der Tempel et al. (2005) presented a simple approach
on how to speed up the fatigue load calculations by divid-
ing the offshore wind turbine into a turbine clamped at hub
height with no support structure dynamics and one with a
support structure. The analysis was linearized and made in
the frequency domain by use of transfer functions, which ac-
cording to Van der Tempel et al. (2005) is how the offshore
oil and gas industry usually calculates the fatigue loads. The
fatigue damage compared well to fatigue damage calculated
in the time domain in the aeroelastic tool Bladed, with a dif-
ference of approximately 8 %.
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Smilden et al. (2016) also presented a simple model, but
in which the focus was to improve the performance of the
control system. The model therefore also includes a wind
model, drivetrain, and a controller possessing the main fea-
tures of the wind turbine control system in addition to the
mode-shape-based structural model. Smilden et al. (2016) in-
cluded two tower mode shapes in the model.

In the present paper a model for quick load analysis,
QuLA, is presented. This is a fast model for the calcula-
tion of dynamic loads of an offshore wind turbine tower and
foundation. The wind loads are applied in a similar manner
as Van der Tempel et al. (2005) while the structural model
is based on a single mode shape. Compared to the mod-
els above, the wave kinematics are described in more de-
tail without linearization and including wave non-linearity
for extreme load cases. The model is therefore suitable both
for fatigue and the ultimate limit state. Compared to Van der
Tempel et al. (2005) the aerodynamic damping is included as
a function of mean wind speed, instead of being independent
of the wind speed.

In the present paper the foundation is bottom fixed; how-
ever, QuLA has been applied to a floating wind turbine too;
see Lemmer et al. (2015) for preliminary results. The 10 MW
DTU reference wind turbine (Bak et al., 2013) from the Tech-
nical University of Denmark is considered and the founda-
tion is the Mono Bucket foundation of Universal Founda-
tion.! The Mono Bucket consists of a shaft and a bucket as
shown in Fig. 1. Compared to a monopile, the Mono Bucket
has the advantage of very small noise impact during instal-
lation, reduced scour protection, and no need for a transi-
tion piece. So far a Vestas V90-3.0 MW offshore wind tur-
bine was erected on a Mono Bucket foundation in Novem-
ber 2002 in Frederikshavn harbour, Denmark. In addition, a
met mast foundation for the Horns Rev 2 site was installed
in March 2009 and decommissioned successfully in 2015.
Two other met mast foundations were installed at Forewind’s
Dogger Bank offshore wind site in September 2013. In order
to make the Mono Bucket foundation commercial, an indus-
trialization and production evolution is needed. A fast numer-
ical model to calculate the dynamic loads of the foundation
is one of the tools applied in that process.

This paper investigates how well QuLA performs by com-
paring the model against the aeroelastic code Flex5 (@ye,
1996). The paper opens with a presentation of QuLA. Fur-
ther, two different methods to include the aerodynamic
damping are discussed. Hereafter the metocean data and the
three load cases considered in the analysis are presented. Fi-
nally, the sectional inline force and overturning moment in
different sections in the Mono Bucket and tower are con-
sidered for the load cases, and both lifetime fatigue and ex-
treme loads are analysed. The largest difference of 30 % is
found for the sectional inline force in the bottom of the Mono
Bucket foundation, while the overturning moments compare

1 http://universal-foundation.com/.
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well in most parts of the tower and Mono Bucket founda-
tion, with the largest difference being 10 %. The design of
the Mono Bucket foundation is confidential. Therefore, in
this paper the results of the sectional forces and moments
and response spectra are presented in normalized form.

This paper is part of a special issue of papers in Wind
Energy Science and is an extended version of a previously
published paper, (Schlger et al., 2016b), published with IOP
(from The Science of Making Torque From Wind confer-
ence). In the previous paper only one method to calculate the
aerodynamic damping was considered and details on how the
damping was calculated was left out. Furthermore, only two
load cases were considered in the comparison of QuLA to
Flex5 in the previously published paper. In the present paper
the results are, compared to the previously published paper,
improved mainly due to changes in the calculations of the
aerodynamic damping and the addition of load case 1.3 to
extend the analysis.

2 The numerical model QuLA

In QuLA, only the Mono Bucket foundation and wind tur-
bine tower are considered and described as a simple Euler
beam. On top of the beam a top mass, Mi.p, representing
the rotor and nacelle is added. The top mass is placed at the
same height as the centre of mass in the nacelle, zy, 2.75m
above the tower top, ztT, as illustrated in Fig. 2. The foun-
dation is only considered down to the seabed and the stiff-
ness of the soil and lid and skirt of the bucket is described
using a coupled translational and rotational spring, K. The
dynamic structural response is only represented by the first
natural mode and the equation of motion is solved in the fre-
quency domain.

The philosophy behind the model is to pre-calculate the
aerodynamic forces in an aeroelastic model with a stiff foun-
dation and tower for all considered wind speeds. Also, the
aerodynamic damping is pre-calculated for all considered
wind speeds. The aerodynamic forces and damping are sub-
sequently reused several times in QuLA for different tower
and substructure configurations. The pre-computed aerody-
namic force and damping can be made for a land-based tur-
bine configuration and can thus be established as part of the
turbine specifications by the manufacturer independent of the
choice of substructure.

2.1 The external forces

The external forces are the distributed wave force and the
turbulent wind force as seen in Fig. 2. The pre-calculated
rotor shaft loads are applied as a time varying point force,
Fiero, and overturning moment, Myero, at the centre of mass
in the nacelle zy. The force from the wind on the tower is
also included and is calculated inside QuLA by the power
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Figure 1. Mono Bucket foundation.

law from IEC61400-3 (2009):

1 » ?
Saero(x, 1) = EPaCDaD((xi) W(t)) . (1)

Usually the shear exponent is designated as «, but since «
in this paper represents the generalized coordinate, the shear
exponent is instead designated as A, with A =0.14 in load
case 1.2 and load case 1.3 and A =0.11 in load case 6.1.
Here p, = 1.225kg m~3 is the density of air, Cp, = 0.6 is
the aerodynamic drag coefficient, D(z) is the diameter of the
tower, and W is the turbulent wind speed at the nacelle.

The wave kinematics and hydrodynamic force are also cal-
culated inside QuLA. To enable fast calculations of the struc-
tural response, no stretching of the wave kinematics is ap-
plied and the wave kinematics are therefore only defined up
to still water level (SWL).

In situations in which fatigue loads are considered, linear
wave theory is often sufficient to describe the wave kinemat-
ics (Schliger et al., 2016a). For a known spectral shape (in
this case JONSWAP) an irregular wave realization is charac-
terized by the significant wave height Hy and the peak wave
period Tp. The linear irregular wave kinematics and loads
are calculated in the frequency domain and afterwards trans-
formed to the time domain using inverse fast Fourier trans-
formation in order to include the non-linear terms in the hy-
drodynamic force. The distributed hydrodynamic load on the
structure is calculated using Morison’s equation:

. "
Jwave(@, 1) = pCmAit + p At + 5 pCp Dulul. @
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Here p = 1025kgm™3 is the density of water, A(x) is
the cross-sectional area of the pile, and D(z) is the diame-
ter of the pile. The horizontal particle velocity and acceler-
ation are denoted as u and 1. The coefficients Cp and Cp,
are the drag and added mass coefficients, with Cyy = 1+ Cpy
being the inertia coefficient. The coefficients are functions of
the Keulegan—Carpenter number, K C, and Reynolds num-
ber, Re, and are calculated following the recommendations
in DNV-0S-J101 (2010). For irregular wave realizations K C
and Re can, according to Sumer and Fredsge (2006), be cal-
culated from the standard deviation of the horizontal velocity
at SWL and the mean wave period.

The hydrodynamic damping due to the structural motion is
considered small and neglected. Therefore, it is the absolute
velocities that are considered in the drag force (third term in
Eq. 2).

The added mass coefficient, Cy,, is corrected for diffrac-
tion effects with the theory of MacCamy—Fuchs (MacCamy
and Fuchs, 1954), which is valid for linear waves. The cor-
rection is important for waves with D/L > 0.2, where L is
the wavelength. In a water depth of 50 m it corresponds to
wave frequencies larger than approximately f > 0.19 Hz. To
include the diffraction effect, the added mass force is calcu-
lated in the frequency domain and afterwards transformed to
the time domain.

In order to simultaneously include both the effect of wave
irregularity and wave non-linearity in the structural analysis,
IEC61400-3 (2009) suggests embedding a large non-linear
stream function wave in the linear irregular wave time se-
ries to represent extreme waves. This is done in situations in
which ultimate limit state (ULS) is considered. Following the
work of Rainey (1989) and Rainey (1995), the Lagrangian
particle acceleration du/dr is applied for these cases in the
Morison equation instead of the Eulerian acceleration du /0t
and further extended by the axial divergence correction term

fRainey(Z»t) = pACnw;u, 3

which according to Manners and Rainey (1992) corrects for
the assumption that the cylinder is slender in the vertical di-
rection. Here the vertical particle velocity is denoted by w,
and index “z” means that the variable is differentiated with
respect to z.

Finally a point force should, according to Rainey (1995),
be added at the intersection with the water level

1
Fy(t) = —EpAcmnxuz. 4)

Here 7, is the slope of the free surface elevation and repre-
sents the change of the free surface elevation along the pile
diameter. This force can be seen as a slamming force.

The Rainey terms, Egs. (3) and (4), are non-linear contri-
butions to the Morison force and are therefore only added to
the Morison Eq. (2) in situations in which a non-linear single
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Figure 2. (a) Sketch of the beam and the external forces. (b) The external and internal forces that contribute to sectional force, F, and

moment, M.

wave event is embedded in the irregular linear wave realiza-
tion in the ULS analysis.

2.2 The structural model

The structural dynamic deflection of the Mono Bucket and
tower, u, is represented by a shape function, ¢, and a general-
ized coordinate o as u = «(t)@(x). Shape functions are often
introduced when the equation of motion of a system is solved
to decrease the number of degrees of freedom in the system
and thereby the computational time. Only one shape func-
tion in the fore-aft direction is considered in QuLA. While
this may not provide an accurate representation of the full
deformation, it is used here for the purpose of approximat-
ing the associated inertia loads for the sectional forces; see
Egs. (13)—(14). The shape function and the natural angular
frequency, wo, are found by considering a standard eigen-
value problem:

(5a)
(5b)

M&g—i— Kag =0,
—ngg%-KQ =0= a)%f = M_IKQ.

where o =exp(iowpt) &

The stiffness, K, and mass matrix, M, are calculated us-
ing the finite element method. Stiffness elements represent-
ing the stiffness from the soil-structure interaction, K in
Fig. 2, are calculated in the geotechnical software tool Plaxis
(Brinkgreve et al., 2016) and are added to the stiffness matrix
in the bottom of the pile. The top mass and mass moment of
inertia around the nacelle (y axis), I, are added to the mass
matrix in the top of the pile. To get the correct first natural
frequency it is important to define Miop and I7 at the same
height as the centre of mass in the nacelle, zy.
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The structural dynamics are calculated with the equation
of motion

aGm +aGg +aGp = Gg. (6)

In order for the model to be fast, the equation of motion is
solved in frequency domain. In frequency domain the gener-
alized coordinate can be expressed as

Ny

ajexpliowjt)+c.c.,
Jj=1

(7

o=

where &; is a complex number, w; is the smallest angular fre-
quency in the time series, and c.c. is the complex conjugate.
The phase information of « is retained in Eq. (7).

The equation of motion

— a)zGM& +iwGpa + Gga = GF >
G
—w?Gm +iwGp + Gk

a= (®)
then solves the linear response in frequency domain and can
readily be transposed to the time domain using inverse fast
Fourier transform. By solving the equation in frequency do-
main, the solution ¢& can then be solved at once for all time
steps.

The generalized mass, Gy, and stiffness, Gk, can be ob-
tained from Eq. (5a) by left-multiplication of ¢T and are
given as

ZTT
Gm = / me(z)*dz + MtopglJ(ZN)2 + It (zn)*,
z=0

9
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ZTT
Gk = / Elg..(2)dz. (10)
z=0
Here m(z) is the distributed mass of the tower and Mono
Bucket foundation, ¢, is the angular deflection of the shape
function, and ¢ is the curvature of the shape function. The
stiffness factor is given by the modulus of elasticity, E, and
the moment of inertia, /. Further, the generalized damping,
Gp, and generalized force, G, are given as

2G
Gp = =% 4 Dyero, (11)
o

ISWL

G = / ¢ fwavedz + Fs + Faero@(2TT) + Maero®z(2TT)

z=0
TT

+ / @ faerodz. (12)
ZSWL

Here, ¢ is the damping ratio representing structural damp-
ing, soil damping, and hydrodynamic radiation damping, and
Dgero 1s the aerodynamic damping coefficient.

After the equation of motion is solved, the sectional forces
and moments can be calculated. The external and internal
forces, which contribute to the sectional forces and moments
are shown in Fig. 2 and the forces and moments are calcu-
lated with integration over the structure above the point of
interest as

TT
F(Z*,H)=—a / me(z)dz — & Miope(zn)
-
ZSWL
+ / Jwavedz + Fs + Faero
Z*
ZTT

+ / Saerodz + athop¢z(ZN)

z
ZTT

/ me,(z)dz (13)

7*
ZTT

+ag

MZ* 1) =—a / me(2)[z — 2*1dz — & Miopp(zn)[zn — 271

—alre(zn)
ISWL

+ / fwave[z_Z*]dZ+Fs[ZSWL_Z*]
Z*

+ Maero + FaerolzTT — Z*]

ITT
+ / faerolz — 2¥1dz + a Miopglo(zn) — ¢(z)]
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ZTT
+0‘g/m[¢(ZTT)—(P(Z)]dZa (14)

z*

where g is the gravity. The first two terms in both equa-
tions are the contribution from the dynamics of the structure.
When the equation of motion is solved, the Mono Bucket and
tower are treated as a Euler beam, where the deflections are
assumed small and only lateral loads are considered. Second-
order contributions from the bending of the beam are there-
fore neglected in the solution in order for the model to be fast.
However, in the sectional forces and moment the contribution
from gravity due to the bending of the beam is included, as
stated in the last two terms in both equations. While this ap-
proach thus represents a difference in the forces applied for
dynamics and sectional loads, it was found to improve the
sectional loads in the comparison to Flex5.

2.3 Shape function and eigenfrequency

The complete shape function of both the tower and bucket
foundation in Flex5 is compared to the shape function of
QuLA in Fig. 3. The shape functions are close to being iden-
tical. The deviation between the first natural frequency of the
two models is 1 %. The difference is caused by differences in
the models: in Flex5 the gravity’s contribution to the bend-
ing of the pile is included in the equation of motion, which
gives a larger moment of inertia and therefore a lower fre-
quency. In QuLA the contribution of the gravity of both the
top mass, representing the blades, hub, and nacelle, and the
tower is only included in the sectional forces calculated after
the equation of motion is solved.

2.4 The aerodynamic damping

As the structural dynamics is included in QuLA, it is also
necessary to include the aerodynamic damping. If the struc-
tural motion is in the same direction as the wind velocity,
the relative velocity that the aerodynamic forces are a func-
tion of decreases and thereby the forces also decrease. Since
the aerodynamic forces are included as point forces in QuLA
and since the equation of motion is solved in frequency do-
main, the aerodynamic damping can only be added as a vis-
cous linear damping force, where the damping coefficient is
a function of the mean wind speed.

Two different methods to calculate the damping coeffi-
cients are presented below and compared for load case 1.2
in Sect. 4.1.

2.4.1 Standard deviation of pile displacement

In this approach the target is to have the same standard devi-
ation of the pile displacement at the top of the tower. There-
fore, the tower top displacement has to be calculated in ad-
vance in Flex5 or another aeroelastic model for all consid-
ered cases. In QuL A, when the equation of motion is solved,
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Figure 3. The shape function.

a loop is included, where the aerodynamic damping is in-
creased until the standard deviation is the same for Flex5 and
QuLA. The standard deviation is calculated as

o=\ (uny —unn)* (15)

where uyy is the tower top displacement.

In Figs. 4-5 the tower top displacements calculated in
Flex5 and QuLA for W =4.16 and W = 14.55ms~ ! are
shown for load case 1.2. For the small wind speed the two
models compare very well; however, as the wind increases
differences between the two models are more visible. This is
due to differences in how the models are solved. In Flex5 the
aerodynamic damping is a function of time, while in QuLA
it is represented by a constant linear damping coefficient for
each mean wind speed. Furthermore, in QuLA only one de-
gree of freedom is used and the gravity’s contribution to the
deflection is not included in QuLLA as mentioned in Sect. 2.3.

2.4.2 Decay tests

The aerodynamic damping force, Dgero, is calculated alterna-
tively in Flex5 using decay tests as function of wind speed.
To calculate the damping force, both turbulent and steady
wind speeds are considered. For both cases two simulations
are run: one in which a starting velocity of the wind turbine
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Figure 4. Tower top displacement for W = 4.16ms~!. The aero-
dynamic damping in QuLA is based on the standard deviation of
pile displacement.
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Figure 5. Tower top displacement for W = 14.55m s~L. The aero-
dynamic damping in QuLA is based on the standard deviation of
pile displacement.

tower and foundation is applied and one simulation without
a starting velocity. The logarithmic decrement is calculated
from the difference between the two simulations with and
without a starting velocity.

All degrees of freedom are active; however, the rotor speed
is kept constant and the pitch angle and rotational speed are
given initial values in accordance with the wind speeds con-
sidered. According to Salzmann and Van der Tempel (2005)
this method works well for constant speed wind turbines and
compares well with other simple methods such as the Garrad
method (Freris and Freris, 1990), Kiihn’s closed-form model
(Kiihn, 2001), or van der Tempel’s method (Van Der Tem-
pel, 2006). However, for a pitch-regulated wind turbine with
varying rotor speed, which is the case for the DTU 10 MW
wind turbine, such simple methods cannot be applied to find
the accurate logarithmic decrement above the rated wind
speed at which the pitch regulation begins. However, the log-
arithmic decrement in QuLA can only be represented by a
single value as a function of the mean wind speed. There-
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Figure 6. Decay test for a steady wind of 14ms~1.

fore, the logarithmic decrement above the rated wind speed
is still found by keeping the pitch and rotor speed constant.
The logarithmic decrement is calculated as

1 a )
6=-—log\ — ), where j=23.., (16)
J aj

where a; is the first peak considered in the time series and
aj is the jth amplitude following d;. The relation between
the logarithmic decrement, damping ratio ¢, and the damping
force Dyero that is used in the dynamic analysis is

2n¢
N
Daero = {2\/ Gwm Gk, (]8)

where Gy and Gk are the generalized stiffness and mass;
see Sect. 2.2.

In Figs. 6-7 the decay tests for a steady and turbulent wind
speed of 14ms~! are shown. In the top panels the displace-
ments in the top of the tower are shown for both the case
in which the tower has an initial velocity of Ujpj ~ 1.1 m sl
and the one without an initial velocity, and in the bottom pan-
els the subtracted displacements are shown. The logarithmic
decrement has been estimated for the four peaks, both pos-
itive and negative, following the largest peak and then aver-
aged,

In Fig. 8 the damping ratios as a function of both steady
and turbulent wind speed are shown for three initial tower
velocities. In Fig. 8 the average of the six curves is also
shown. It can be observed that the damping ratio is very sim-
ilar across the initial tower velocities.

§= a7

2.4.3 Comparison of the damping ratios

In Fig. 9 the damping ratio as function of the wind speed
from cut-in to cut-out wind speed is shown for the two dif-
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Figure 8. The damping ratio as a function of wind speed for differ-
ent decay tests.

ferent methods used to calculate the aerodynamic damping
force. The trend is similar for both damping curves. The
damping ratio is constant for small wind speeds with a value
between 7 and 8 % for the decay 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 % is
reached for a wind speed of 12ms~!. Above the rated wind
speed, the damping ratio decreases and is approximately 9 %
for a wind speed of 25ms~!. For wind speeds between 10
and 17ms~!, the damping ratio based on the tower top dis-
placements increases from 2 to 10.3 %, after which it de-
creases and is 7 % for a wind speed of 25 ms™!.

The damping ratio, based on decay tests, is larger than the
one based on the standard deviation of the tower displace-
ment, except for W ~ 17ms~!, where the damping based
on the tower top displacement is largest. This might be be-
cause the standard deviation puts more weight on the low-
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amplitude motion. In the decay tests, the damping seems
to become smaller for low-amplitude motion (see Fig. 7
lower plot) for # > 30s. The reason for the large increase
in the damping ratio based on the standard deviation around
W =17ms™! can be because this method assumes that the
tower deflection is the same for FlexS5 and QuLA. This is
not correct, as explained in Sect. 2.3. As the wind speed in-
creases, the tower has a larger deflection and the contribution
from the gravity is therefore larger. This contribution is not
included when QuLA calculates the deflection.

Both methods require some preliminary work to calculate
the viscous damping force to be used in QuLA. Either decay
tests have to be made or the displacement in the top of the
tower has to be calculated in an aeroelastic tool. However, as
the foundation is very stiff, it is not believed that the foun-
dation contributes significantly to the damping force. There-
fore, the preliminary work can be made for a land-based wind
turbine, and the aerodynamic damping can be reused several
times as long as the wind turbine and tower are not changed.

How the different damping curves influence the perfor-
mance of QuLA is investigated in Sect. 4.1.

3 Metocean data and structure

The load cases in the present analysis are based on the meto-
cean data from the artificial site “K13 Deepwater Site” from
the Upwind project (Fischer et al., 2010). The water depth is
h = 50m. Three load cases are studied: load case 1.2, which
considers the fatigue limit state (FLS), and load cases 1.3
and 6.1, which consider the ULS. The time series of each
wind and sea state is 1h long, which corresponds to six
seeds of 600s. In load case 1.2 the wind turbine operates,
and the wind speed ranges from 4 to 25 ms~! with an inter-
val of 2m s ™! using a normal turbulence model. The already
lumped sea states presented in Fischer et al. (2010) are used
together with the wind speeds. Since fatigue loads are con-
sidered, the wind speed probability of occurrence is taken
into account.

The wind speeds and the corresponding probability of oc-
currence P,, turbulence intensity /, and sea states are stated
in Table 1.

In load case 1.3 the wind turbine also operates and the
wind speeds are the same as for load case 1.2, but the turbu-
lence intensity is now based on an extreme turbulence model.
The significant wave height is the expected wave height con-
ditioned on the wind speed

H, = E[H|W]=)_H;Pel, (19)

1

where Py is the relative probability of occurrence of each
significant wave height conditioned on the considered wind
speed. The range of peak wave periods appropriate to each
H; should be taken into account and the one resulting in the
largest load should be used in the ULS analysis. Further, if
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Figure 9. The damping ratio as a function of wind speed for the
two methods to calculate the damping.

the peak wave period corresponding to the first natural fre-
quency, f1 = 1/Tp, is inside the considered range, this wave
period should also be considered. The same applies to higher
harmonics of the wave peak period, i.e. multiples of the peak
wave frequency, 2 f, and 3 f}, as this will cause a larger ex-
citation of the structure. In the present analysis, the largest
and smallest wave peak period that occur are considered. The
wind speed, turbulence intensity, and corresponding Hg and
T, values are stated in Table 2. Also, the periods in between
the smallest and largest 7}, value, for which the frequency
or its multiples are equal to the first natural frequency, are
considered. However, due to confidential design, these fre-
quencies are not written in the table, but a “+” indicates for
which wind speeds they occur.

In load case 6.1 the wind turbine is parked and the wind
speed is 44.03 ms~!. The corresponding sea state has a sig-
nificant wave height of H; =9.40m and a peak period of
T, =10.87s.

In ULS situations an irregular linear wave time series
of 1h length plus 100s of transient time is first created.
For every 600s the largest wave in the interval is replaced
with a non-linear regular stream function wave with a wave
height of H = 1.86 H; (IEC61400-3, 2009). The correspond-
ing wave period should according to IEC61400-3 (2009), be
chosen as the period in the interval

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

which results in the largest load. In the present analysis, six
wave periods from 11.1./Hg/g to 14.3./H/g were consid-
ered for load case 6.1. It was found that for the present struc-
ture the largest load occurred for the smallest wave period:
T =11.1./H;/g = 10.87 s in load case 6.1. In load case 1.3
the same ratio, T = 11.1,/H,/g, is also used.

The wind turbine is the 10 MW DTU reference wind tur-
bine (Bak et al., 2013). The wind turbine has a rated wind
speed of 11.4ms~! and a rated rotor speed of 9.6 rpm. The
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Table 1. The wind speeds and the corresponding probability of oc-
currence, turbulence intensity, and sea states for load case 1.2.

w Prel 1 Hy Tp
ms™H| @ O m
4.16 0.11 029 1.10 5.88
6.23 0.14 0.23 1.18 5.76
8.31 0.16 0.20 1.31 5.67

10.39 0.15 0.18 148 5.74
12.47 0.13 0.17 170 5.88
14.55 0.11 0.16 191 6.07
16.62 0.08 0.15 219 637
18.70 0.05 0.15 247 6.71
20.78 0.03 0.14 276 6.99
22.56 0.02 0.14 3.09 740
24.94 0.01 0.14 342 7.80

rotor diameter is 178.3 m and hub height is 119 m. The rotor
and nacelle mass are 229 and 446 t, respectively.

The first natural frequency of the structure is in be-
tween the 1P and 3P frequency interval of the wind turbine
(1P=0.115-0.159 Hz). In both Flex5 and QuLA a logarith-
mic damping decrement § = 27 ¢ = 0.06 is included to rep-
resent soil damping, structural damping of the Mono Bucket
and tower, and hydrodynamic radiation damping.

4 Results

In order for QuLA to be a useful tool in the design process,
the model has to be faster than a more advanced aeroelastic
model. Before QuLA can be used, it is necessary to precalcu-
late the stochastic point loads, Fyero and Myero, and the aero-
dynamic damping. Though once they are calculated they can
be used repeatedly in the design process.

To calculate a single wind and sea state on a Microsoft
Windows machine with a clock rate of 2.30 GHz, QuLA is
40 times faster than Flex5, while on a Linux cluster machine
with a clock rate of 1.9 GHz, QuLA is 3.3 times faster. It is
believed that this can be speeded up to a similar performance
as with the Windows machine. QuLA is further parallelized
and can on a HPC cluster calculate in parallel all 11 wind and
sea states of load case 1.2 in approximately 45 s.

4.1 Fatigue limit state

Load case 1.2 considers the fatigue limit state during opera-
tion. For this load case the different methods to calculate the
aerodynamic damping are compared.

In Figs. 10-11 the probability of exceedance, P, of the
positive peaks in the 1h time series of the sectional forces
and moments in five sections of the Mono Bucket and tower
are shown for the case with V = 10.39 ms!, H,=1.48m,
and T, = 5.74s. Only the deflection in the fore-aft direction
is calculated in QuLA and therefore only the forces and mo-
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ments in the fore-aft direction are considered in the analy-
sis. The forces and moments are normalized with the largest
force and moment peak at the seabed in the Flex5 calculation.

Considering the force peaks in the tower QuLA compares
best to Flex5 when the damping is based on decay tests
(Fig. 10), while in the Mono Bucket it is when the damp-
ing is based on standard deviation of the tower top displace-
ments (Fig. 11). For both methods the difference between
QuLA and Flex5 is largest in the Mono Bucket. Comparing
the moments, which are usually more relevant for the design,
the two models are very similar, with the largest difference
at the seabed. Considering the exceedance probability curves
of the moment peaks, the differences in the damping are easy
to identify. Compared to Flex5 the moment peaks of QuLA
are smallest when the damping is based on decay tests, while
the opposite is seen when the damping is based on standard
deviation of the tower top displacement.

In fatigue analysis, equivalent loads, Leq, can be used as
a reference loading and represent one load range value that
for a certain number of cycles, Neg =10 x 106, results in
the same damage level as the history of investigated fatigue
loads. It is calculated as

Leq = (Z (Z Nj;;eji )Prel,j) . 21

J 1

In Eq. (21) Ng; is the number of occurrences of each stress
range, S;, for the considered wind and sea state, j. The equiv-
alent loads are calculated for the sectional forces and mo-
ments using a Wohler exponent of m = 4 and taking the wind
and sea states probability of occurrence into account.

In Figs. 12-13 the ratio of the equivalent forces and mo-
ments of QuLA to those of Flex5 (QuLA / Flex5) throughout
the tower and Mono Bucket are shown, both when the aero-
dynamic damping force is based on decay tests and standard
deviation of tower top displacements.

The variation in the ratios in the tower and Mono Bucket
is the same for the two damping methods, but it is clear
whether the damping based on the decay tests results in the
best agreement with Flex5 results. Instead of having ratios
around 1 in most parts of the structure, which is seen when
the damping is based on decay tests, the ratios are approx-
imately 1.15 when the damping is based on tower top dis-
placements. However, with both damping methods the dif-
ference between the equivalent forces of QuLA and those
of FLex$5 increases from the top of the monopile and down
to the bottom. Near the seabed the difference between the
equivalent forces of QuLA to those of Flex5 is 0.7. Here the
largest difference is for the aerodynamic damping based on
decay tests.

This change from the tower to the monopile can be ex-
plained by considering a sequence of the time series and re-
sponse amplitude spectra of the 1h time series of the sec-
tional forces at the intersection between the Mono Bucket
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Table 2. The wind speeds and the turbulence intensity and sea states for load case 1.3.

w I Hy Tymin Tpmax Tpfor fi=1/Ty Tpfor fi =2/Tp
msH | & O (m) (s) (s) (s)
4.16 0.82 5.88 4 11 + +
6.23 090 5.76 4 115 + +
8.31 105 5.67 4 115 + +
1039 | 123 574 4 110 + +
1247 | 146 5.88 5 9 -
1455 | 172 6.07 5 8 - -
1662 | 207 637 5 9 - -
18.70 | 238 6.71 5 10 -

2078 | 2.80 6.90 5 8 - -
2256 | 3.13 740 7 9 - -
2494 | 358 7.80 7 10 - +

O x=-50m
*x=-16.1m [
Ox=0m

x=23 m
D>x=1156m [

0.005 1

Figure 10. Probability of exceedance of the positive peaks in the time series of the sectional forces and moments for load case 1.2. Aerody-
namic damping based on decay tests. The forces and moments are normalized with the largest force and moment peak at the seabed in the

Flex5 calculation. Blue: Flex5. Red: QuLA.

foundation and tower (26 m above SWL) and at the seabed
as seen in Figs. 14—15. The aerodynamic damping forces are
based on decay tests. The forces are due to the wind and sea
state with a wind speed of 10.39 ms~! since this is found to
contribute the most to the equivalent loads. The force time
series are normalized with the largest force at the seabed in
the Flex5 calculations.

The energy around the first natural frequency is captured
well by QuLA. Using Flex5 a big amount of energy is also
found at the second natural frequency of the tower and Mono
Bucket — in particular at the seabed. Since QuLA only has
1 degree of freedom and thus only one natural mode, no en-
ergy is observed in QuLA at this frequency. The main part
of the modal energy of the second natural frequency is dis-
tributed in the Mono Bucket, which explains why the differ-
ence between the two models at the second natural frequency
is largest at the seabed and why the ratio of the equivalent
forces in Figs. 12—13 decreases throughout the Mono Bucket.
This difference could be reduced by including a second de-
gree of freedom in QuLA, as was done by Smilden et al.
(2016). However, this will also double the complexity of the
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model, and focus has been to develop a very simple and fast
model.

The difference between the equivalent moments in the
Mono Bucket varies. Considering the ratios when the damp-
ing in QuLA is based on decay tests, the ratio changes from 1
to 1.05 from SWL to approximately 20 m above the seabed,
where after the equivalent loads of QuLA at the seabed it
again becomes smallest with a value of 0.93 relative to those
of Flex5. The same trend is seen when the damping is based
on tower top displacements, but a factor of approximately
0.15 should be added to the ratios. The reason there is such a
difference between the equivalent forces and moments is that
the moments not only depend on the size of the overlying
forces but also on the size of the moment arm.

The different results obtained with the two methods to cal-
culate the damping must be because only the decay tests are
based on Flex5 results, while the method with the tower top
displacements is based on the assumption that the tower de-
flection is the same for Flex5 and QuLLA, which is not correct
for all wind speeds. In the ULS analysis in the next section,
the damping is therefore based on the decay tests.
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Figure 11. Probability of exceedance of the positive peaks in the time series of the sectional forces and moments for load case 1.2. Aerody-
namic damping based on standard deviation of tower top displacement. The forces and moments are normalized with the largest force and
moment peak at the seabed in the Flex5 calculation. Blue: Flex5. Red: QuLA.
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Figure 12. The ratio of the equivalent loads of QuLA to those of
Flex5 for load case 1.2 in all 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 case 1.2 in all sections in the tower and Mono Bucket.
Aerodynamic damping based on standard deviation of tower top
displacement.

In the comparison of the equivalent loads of QuLA and
Flex5, it is important to note that instead of the equivalent
load ratio, the damage ratio could also be considered, which
differs from the equivalent load ratio by the power of the
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Wohler exponent, m. Thus, the difference between the mod-
els is larger with that measure.

4.2 Ultimate limit state

Load cases 1.3 and 6.1 consider the ULS. To calculate the
ultimate loads the 1h time series of the forces and moments
for each wind and sea state in the load case are divided into
6 x 600 s intervals. In each interval the largest load is found
and the average of these six loads is calculated. This ap-
proach is consistent with the IEC 61400-3 code, clause 7.5.1
for load case 1.3. For load case 6.1a, clause 7.5.1 states that
six 1h realizations should be considered, unless it can be
demonstrated that the extreme response is not affected by ap-
plication of shorter realizations. Constrained wave methods
are mentioned as one way of enabling shorter realizations.
This approach has been adopted for the present study. For
some realizations, we found that the largest loads occurred
at events outside of the embedded constrained wave. This is
further discussed in Sect. 4.2.2.

421 Loadcase 1.3

In load case 1.3 the wind turbine operates.

In Fig. 16 the probability of exceedance, P, of the positive
force peaks and moment peaks in the 1h time series with
W=125ms"!, Hg =1.46m, and T, = 9s in five sections
of the Mono Bucket and tower are shown. In the tower the
forces and moments compare well. In the Mono Bucket a
large difference between the forces is seen, which is due to
the excitation of the second structural frequency in Flex5 as
was seen for load case 1.2. The difference in the forces also
influences the moments at the seabed, where Flex5 has the
largest moment.

Considering the ratios of the ultimate limit states of QuLA
to those of Flex5 in Fig. 17, the same is seen. In the tower,
the differences between the ultimate sectional forces and mo-
ments of QuLA and Flex5 are not more than 2 and 4 %, re-
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Figure 14. Sectional force 26 m above the SWL for load case 1.2. The force time series are normalized with the largest force at the seabed

in the Flex5 calculations.
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Figure 15. Sectional force at seabed for load case 1.2. The force time series are normalized with the largest force at the seabed in the Flex5

calculations.
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Figure 16. Probability of exceedance of the positive peaks in the time series of the sectional forces and moments for load case 1.3. The
forces and moments are normalized with the largest force and moment peak at the seabed in the Flex5 calculation. Blue: Flex5. Red: QuLA.
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Figure 17. The ratio of the ultimate loads of QuLA to those of
Flex5 for load case 1.3 in all sections in the tower and Mono Bucket.

spectively. Flex5 has the largest ultimate moments in all sec-
tions, while the ultimate sectional forces of Flex5 are largest
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in the top of the tower and the ultimate sectional forces of
QuLA are largest in the bottom of the tower. In the Mono
Bucket FLex5 has the largest ultimate forces due to the ex-
citation of the second natural frequency. The difference be-
tween the models increases from the top to the bottom of the
Mono Bucket and at the seabed the ratio is 0.85. The effect
of the second natural frequency is also visible in the ultimate
moments, but the effect is not as strong since the forces in
the tower still contribute more to the moment at the seabed,
where the ratio between the two models is 0.95. Usually the
moment is more relevant for the design than the sectional
force since it contributes more dominantly to the local stress.

4.2.2 Load case 6.1

Load case 6.1 considers a storm condition. The wind turbine
is therefore parked, and the aerodynamic force and damping
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Figure 18. Probability of exceedance of the positive peaks in the time series of the sectional forces and moments for load case 6.1. The
forces and moments are normalized with the largest force and moment peak at the seabed in the Flex5 calculation. Blue: Flex5. Red: QuLA.
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Figure 19. Sectional force and moment 26 m above the SWL for load case 6.1. The force and moment time series are normalized with the

largest force and moment at the seabed in the Flex5 calculations.

Figure 20. Sectional force and moment at the seabed for load case 6.1.

force and moment at the seabed in the Flex5 calculations.

are therefore small. The contribution from the wave force is
thus expected to be significant.

In Fig. 18 the probability of exceedance, P, of the posi-
tive peaks in the 1 h time series of the sectional forces and
moments in five sections of the Mono Bucket and tower are
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The force and moment time series are normalized with the largest

seen. Note that the six embedded stream function waves are
part of the exceedance probability curve.

QuLA has the largest force peaks for high probability of
exceedance, while Flex5 has the largest force peaks for low
probability of exceedance; however, in the tower, the prob-
ability of the force peaks are quite equal. At SWL there is
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a large difference between the curves of the two models,
in particular for P < 0.03. The peaks of Flex5 are largest,
which is caused by the Wheeler stretching in Flex5, which
stretches the wave kinematics up to the free surface eleva-
tion instead of only being defined to SWL as in QuLA. In the
Mono Bucket 26 m above the seabed, the difference between
the two models is still significant but smaller. At the seabed
the force curves of the two models are again quite equal.

The probability curves of the moments of the two models
are more equal in all five sections. Particularly the largest mo-
ments, which are important in ULS, compare well. To com-
pare the dynamics of the two models, a sequence of the time
series and response amplitude spectra of the 1 h time series of
the sectional forces and moments at the intersection between
the tower and Mono Bucket and at the seabed are considered
(Figs. 19-20). In the tower, the energy of the force and mo-
ment is located around the first natural frequency and it is
clear that QuLA contains the most energy at this frequency.
This is opposite to the time series, which indicate that the re-
sponse of Flex5 contains the most energy. However, this does
not account for the whole time series, which the spectra are
based on.

At the seabed, the energy is located both at the wave peak
frequency and at the first natural frequency. The energy dis-
tribution of the force is very similar in the two models, while
for the moments QuLA contains the most energy. In the time
series the forces of the two models are very similar when a
stream function wave is embedded into the wave realization
—indicated with an arrow in the figure. However, for the cho-
sen sequence of the time series the moments are not largest
when the stream function wave is embedded. Instead the mo-
ments are largest in the beginning of the time sequence where
the wave kinematics are described using linear wave theory.
This means that for the stiffness and natural frequency of this
foundation, the linear wave kinematics can also result in the
largest moments. In other parts of the time series, though, the
embedded stream function wave results in the largest over-
turning moment at the seabed. Still, this shows that the dy-
namic forces caused by the structural motion — and not only
the static forces — are important in ULS. Furthermore, the
presence of larger loads in some linear-wave-driven events
indicate that for a full design study longer realizations should
be included following the IEC design code. For the present
study, though, this has been omitted since it does not affect
the comparison between QuLA and Flex5.

The ratios of the ultimate loads of QuLA to those of Flex5
are seen in Fig. 21. In the top of the tower the ultimate sec-
tional forces in QuLA are largest with a ratio of 1.04, while
just above SWL the two models result in the same ultimate
sectional force. Around SWL there is an increase in the dif-
ference between the two models and the ratio of the ulti-
mate sectional forces of QuLA to those of Flex5 reduces to
0.7. This is due to Wheeler stretching not applied in QuLA.
However, the difference between the models decreases down
through the Mono Bucket and at the seabed the models are

Wind Energ. Sci., 3, 57-73, 2018

160 160
140 N 140
120 120
£ 100 100
5
5 80 80
<
o 60 60
2
2 40 40
20 - 20
0 0
0 07085 1 1.15 0 07085 1 1.15
FQuLA/FFIeXS MQULA/MF\EXS

Figure 21. The ratio of the ultimate loads of QuLA to those of
Flex5 for load case 6.1 in all sections in the tower and Mono Bucket.

very close to each other with a ratio of 0.99. This is expected
since the wave force in load case 6.1 is the largest contributor
to the sectional force, and the force at the seabed is the sum
of the distributed force, which is calculated in same way in
the two models, though not distributed equally.

With a ratio of approximately 1.02, the difference between
the ultimate sectional moments of the two models is more or
less constant in all sections in the tower, with those of QuLA
being largest. In the Mono Bucket the difference between the
two models increases a little just below SWL due to the miss-
ing Wheeler stretching in QuLA. However, at the seabed the
ratio is 0.99.

5 Conclusions

A model, QuLA, to make fast linear response calculations
of the foundation and tower of an offshore wind turbine has
been presented. The model solves the equation of motion in
the frequency domain and uses precalculated aerodynamic
forces and damping as a function of the wind speed. Two
methods to calculate the aerodynamic damping to be used in
QuLA were presented. One based on decay tests calculated
in Flex5 and one in which the target was to have the same
standard deviation of the tower top displacement in Flex5 and
QuLA. The damping based on decay tests gave more correct
results.

To investigate the performance of QuLA the model was
compared to Flex5. 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 ra-
tio of the equivalent forces of QuLA to those of Flex5 was
found to be 0.95 in the tower, while the excitation of the
second structural frequency in Flex5 results in a larger dif-
ference in the Mono Bucket. At the seabed the equivalent
forces of QULA are smallest with a ratio of 0.7. Considering
the equivalent moments, which are often more important, the
values of QuLA vary, with a ratio between 0.95 and 1.05,
from those of Flex5. It would be possible to include a second
degree of freedom in QuLA. This would improve the results
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of QuLA but would essentially also double the complexity of
the model.

In the ultimate load analysis, the ratio of both ultimate
forces and moments varies between 0.98 and 1.04 in most
sections. This difference is due to differences in the dynamic
response of the two models and shows that for ULS not
only the extreme waves but also the dynamics of the struc-
ture are important. At mean water level, though, the miss-
ing Wheeler stretching in QuLA results in much smaller ulti-
mate forces. This difference could be improved by including
Wheeler stretching in the model, which would decrease the
computational speed of the model though.

The proposed model of this paper presents a fast model
with good accuracy, especially for the sectional moments.
The analysis indicates that in the early stage of the design
phase a simple dynamic model can be used in the iterative
process to make a preliminary design of the foundation and
wind turbine tower. After this, a full aeroelastic model can be
used to verify the design and optimize it further. Combined
use of a fast and accurate model might even be applied to
enhance this optimization further.
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Data availability. The model code was developed as part of a large
research project and cannot be shared. The design of the Mono
Bucket foundation is confidential. The model results are therefore
not publicly available. However, some data can be shared by con-
tacting the main author of this paper.
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Appendix A: Nomenclature

D
Da
m
C™m
D

Daero

E

S

f

fo
fwave
fRainey
Faero
F

Fy

8

Gp
GF
Gk
Gwm
Hy

A =™

Peak in decay tests
Cross-sectional area of pile (m
Hydrodynamic drag coefficient
Aerodynamic drag coefficient
Hydrodynamic added mass coefficient
Hydrodynamic inertia coefficient

Pile diameter (m)

Aerodynamic damping force (kg )
Modulus of elasticity (N m_z)
Frequency (Hz)

First natural frequency (Hz)

Peak frequency (Hz)

Hydrodynamic distributed force (N m 1)
Distributed Rainey force (Nm™ 1)
Pre-calculated rotor force (N)

Force (N)

Rainey point force (N)

Gravity (m 572)

Generalized damping (kg )
Generalized force (N)

Generalized stiffness (kg 572)
Generalized mass (kg)

Significant wave height (m)
Imaginary units

Area moment of inertia (m'
Mass moment of inertia (kg m2)

Stiftness matrix

Keulegan—Carpenter number

Translational and rotational soil spring matrix
Wavelength (m)

Equivalent load (N) or (Nm)

Distributed mass (kg m_l)

‘Wohler exponent

Mass matrix

Moment (Nm)

Pre-calculated rotor moment (Nm)

Top mass (kg)

No. of cycles

No. of occurrences of each stress range
Probability of occurrence

Relative probability of occurrence
Reynolds number

Still water level (m)

Stress range (N) or (Nm)

2)

!
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SRR T

Time (s)

Peak wave period (s)

Horizontal particle velocity (m s_l)
Horizontal particle acceleration (m 572)
Deflection (m)

Vertical particle velocity (m )
Turbulent wind speed (ms™ 1)
Horizontal coordinate (m)

Centre of mass in the nacelle (m)
Tower top (m)

Vertical coordinate (m)

Shear exponent for power low; Eq. (1)
Generalized coordinate
Logarithmic decrement
Density of water (kgm™
Density of air (kg m~3)
Angular frequency (rad s™ )
Natural angular frequency (rad s
Standard deviation

Shape function

Damping ratio

3)
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