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SUMMARY

Aerodynamic damping can have a large impact on the lifetime of the support structure of an offshore wind
turbine since it can reduce fatigue significantly. When performing fatigue calculations in the frequency
domain, as proposed in another paper to this conference, the aerodynamic damping retio is required as an
input parameter. A theoretic approach that was developed for constant rotor speed turbines becomes
inaccurate when applied to variable speed turbines. Simulation results give a good lead to the aerodynamic
damping ratio, but the results can be influenced by the modelling of the control system. In an evaluation,
both theory and simulation results were compared to the aerodynamic damping ratio needed in the
frequency domain method to match the response spectra of time domain simulations. Both approaches gave
comparable approximations of the damping under rated wind speed. At wind speeds above rated, the "real"
damping resulted to be much higher than the estimated ones. Given the importance of damping, further
investigation of this subject is firmly recommended.
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1 INTRODUCTION

In the design of offshore wind turbine support structures, dynamics play a major role. This means that fatigue can
be a design driver, making fatigue damage assessment a critical design check throughout the design process. At
present, the driving dynamic excitation sources for fatigue, wind and waves, are modelled in complex time domain
simulation programs to incorporate all non-linear features. The drawback of this method is that a full model of the
turbine needs to be available to the offshore contractor; a prerequisite hardly ever met in the initial design stages,
sometimes not even during final design. Furthermore, alarge number of environmental states need to be simulated,
which means that the lifetime fatigue check of one support structure may require 24 hours of calculating. This
means that design optimisation is slow and far from ideal.

At the Delft University of Technology, this defect in the design methodology of offshore wind turbines has been
subject of study over the last few years. When designing traditional (oil & gas) offshore structures, the dynamic
response of structures to wave induced loads for fatigue damage assessment is always done in the frequency
domain. Although wave-structure interaction is also non-linear, the linearised frequency domain method does give
highly accurate results with the benefit of calculation speed: a check only takes a minute or two giving the designer
all freedom to optimise the structure. If this method could a so be applied for the design of the support structures of
offshore wind turbines, offshore contractors only need to extend their current methods of design.

The method devised by the Delft University of Technology is presented in another paper to this conference [1].
The basic approach is to uncouple the support structure and the turbine at the yaw bearing. Both systems are
modelled in different programs. The turbine is smulated in the traditional time domain, where for each wind speed
class and turbulence, along simulation will result in atransfer function between turbulent wind and tower top load.
In a finite element program, the support structure is modelled. By applying a tower top load and wave loading
respectively for the frequency range of interest, two transfer functions are acquired: for tower top and for wave
loading. The combination of turbulent wind and random wave spectra with the transfer functions will then result in
stress response spectra for locations along the support structure that can be further analysed to find the fatigue
damage.

This method works because wind and wave excitation can be seen as independent phenomena. The only
dependency is the aerodynamic damping. To incorporate this effect, where tower top motion induces opposing
aerodynamic response loads, effectively damping the very tower top motion, the aerodynamic damping can be
incorporated as additional structural damping in the finite element model of the support structure.

This paper describes the nature of aerodynamic damping and different approaches of determining its magnitude.

2 AERODYNAMIC DAMPING FOR CONSTANT SPEED TURBINES

The basics of aerodynamic damping can beillustrated rather easily by considering atower top in motion. When the
tower top is moving forward, the blades experience a small increase of wind speed and will respond to it
aerodynamically. The response is such that an extra aerodynamic force will counteract the tower top motion, so the
eventual excursion of the tower top due to the induced tower top velocity will be less. When the tower top moves
backward the aerodynamic force decreases, again reducing the tower top motions. As this effect is linked to the
velocity term in the equation of motion, it is comparable to damping, hence the term aerodynamic damping.



Calculation methods based on the traditional constant speed turbines will be presented next; an extension to
currently more favoured variable speed turbinesis given in the next section.

Derivation by Garrad

A derivation for the aerodynamic damping of constant speed wind turbinesis given in [2] by Garrad. This section
presents a summary of this derivation.

First, the equation for thrust on a blade element is stated as

dT=%pV,,§,(CLcos¢+chjn¢)cdr @
and reduced to
dr = %p V2.C, cdr @
using the following assumptions:
cosg =1 (small angle of inflow) 3
V.=V, (high tip speed ratio) (4)
C,>C, (unstalled). )
The high tip speed ratio also allows a simplification for the angle of inflow
e (6)
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And at a constant rotational speed, changesin angle of inflow are given by
dv,
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The slope of the lift coefficient as a function of the angle of inflow can be written as
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Differentiation of (2) now leads to:
d d_T 21erithCL :lmetCCL av,: (10
dr 2 2 “

The latter equation clearly shows that changes in the thrust are strongly influenced by changes in the wind speed
through the rotor plane. Thiswind speed can be broken down in two parts:

AVy=dV, e+ AV puae =% (11)
in which u isthe change in the axial wind speed and x isthe structural velocity whose sign is positive when in the
direction of the wind. The variation in thrust per unit length can now be rewritten as

T'=A(d—Tj=1me,c C, (- (12)
dr 2 “
If the blade element is considered as a 1 DOF mass-spring system, the following equation of motion applies:
mi+kx=T"
. 1 . (13)
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The damping term equal s the term related to the structural velocity
Cdamping = Ep I/mt ¢ CL,I (14)
Given that the damping factor £ ' isdefined by
E = Sdamping. (15)
aero Ccr
and the critical damping equals
¢, =2ma,- (16)
The damping factor for ablade element of unit length now equals
f — Cdamp[ng — p Vrot ¢ CLa i (17)
aero ccr 4 m a)”




Simplification of Kihn's closed-form model
Equation (18) was later rewritten by Kuhn in [3] to acquire the damping for the entire rotor:

NpQ |
famw:m-RI C,  c(r)rdr (18

By assuming all flow to be attached, the slope of the lift coefficient C, can be considered to have a constant

value; this vaue shows only very small variations along the different airfoils within a blade. Also, the first order

moment (static moment) of the area of the chord along a blade is a constant value:
R

m]JJlade = J. ¢ (r) rdr (19)
R0
Now equation (18) can be rewritten in a more simplified way to provide a constant value for the aerodynamic
damping ratio:
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The natural frequency w, can be obtained through a finite element model. Subsequently, the tower can be
transformed to a single mass-spring model with a spring constant K and a modal mass M,. The spring constant K
can be obtained by applying a horizontal force on the tower top. From the tower top deflection u, the spring
constant is determined:

k=L 1)
u
The modal mass is then acquired through the following equation
K
M, = — (22)

n

Although the assumption of attached flow in this simplification will lead to overestimated values, this equation
alows afast insight in the order of magnitude of the aerodynamic damping ratio.

Van der Tempel's method
A more straight forward method to derive the aerodynamic damping was presented in [4] by Van der Tempel. As
was shown in Equations (12) and (13), the aerodynamic damping is related to the variation in thrust caused by a
variation in the wind speed perpendicular to the rotor plane. The thrust on the entire rotor is equal to the axial force
in the rotor shaft:

T=D, - (23)
Now the aerodynamic damping can be derived from the changes in the axia force caused by variations in wind
Speed:
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The variation in axia rotor force is determined by applying small variations to the undisturbed wind vel ocity:

D(:x (VO):Dax (o +3dVy) =D, (Vo—3dVy) (26)
v,
The resultant variation of the wind speed in the rotor planeis then calculated through the following eguation:
av, =(1-a(V,))dV,—V,da @n

The axial rotor force can be calculated for different wind speeds using any wind turbine simulation program. This
method alows more accurate cal culations while taking flow separation into account.

Other approachesfor aerodynamic damping
In addition to the closed-form linearization shown in equation (18), Kiihn presented two other methods in [3] for
determining aerodynamic damping: numerical linearization and non-linear time domain simulation.

The numerical linearization method is based on the tuning of the control system: the non-linear turbine is modelled
in the time domain and for steady state operation under turbulent wind, the control is assumed to be represented by
alinear equation. By using the input and output signal, the coefficients of the equation can be tuned, which in turn
are the bases of the control parameters. The linearization method is a non-standard option in Bladed, which was
not available during the preparation of this paper.



Displacement

Figure 1 Decay of free vibration

Finaly, the aerodynamic damping can be determined using non-linear time domain simulations. A method to
derive the aerodynamic damping ratio is to analyze the decay of the free vibration of the tower top after a pulse
loading. An example of a damped free vibration is given in figure 1. The total damping &, (aerodynamic plus
structural damping) can be calculated from the logarithmic decrement § as follows:

1ol %) (28)
g nlog(x(t”)j
5 (29)
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If the structural damping is known, the aerodynamic damping is given by

gaem = gtm‘ - gstruct ) (30)

To create a pulse loading in the simulation tool used, a pulse in the wind velocity had to be generated.
Unfortunately, this change in wind speed activated the pitch mechanism in such a way that the results were
distorted by this effect. This method was therefore disregarded in the continuance of this paper.

Comparison of the different methods

The previously described methods for deriving the aerodynamic damping ratio are compared to each other in
figure 2 for the Opti-Owecs wind turbine [5]. The three methods presented by Kiihn in [3] &l lead to similar
results; Van der Tempel's results [4] compare well to these results. In all cases, the damping ratio remains stable up
to 10 m/s, then drops until the rated wind speed of 13.7 m/s is reached. After rated wind speed, the damping ratio
increases again and reaches a stable value. The simplified closed-form from equation (20) presents a good upper
limit for the value. As stated earlier by Kiihn, the differences between the various approaches are not significant
compared to other inaccuracies of the entire fatigue analysis. The simple methods are therefore preferred to the
more complex models, with the addition of some conservatism.
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Figure 2 Aerodynamic damping ratio determined by different methods

Controller dynamics

The damping ratios calculated above were al determined without considering the controller dynamics of the
turbine. Pitch regulation can indeed influence the damping ratio significantly: if the blades are pitched immediately
after a change in wind speed, the aerodynamic damping can decrease to zero or can even become negative. This
phenomenon can easily be explained by considering equation (25): in case instant pitch is considered, the damping
will be directly related to the slope of the axial force plotted against the wind speed. Figure 3 shows the negative
aspect: the aerodynamic damping would become negative above rated wind speed. Although the pitch control is
slow compared to wind speed variations in turbulent wind, Kihn found a decrease in aerodynamic damping at
wind speeds above 16 m/s when including controller dynamics. This decrease will however heavily depend on the
control system itself and the way it is modelled in the simulation tool. It should be kept in mind that pitch control
can have an important influence on the aerodynamic damping.
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Figure 3 Axial forcein rotor shaft versus mean wind speed at hub

3 AERODYNAMIC DAMPING FOR VARIABLE SPEED TURBINES

The previous section showed that the aerodynamic damping ratio can be determined with several different methods,
all leading to comparable results. However, these methods apply on constant speed turbines only. Nowadays, most
offshore wind turbines have pitch regulation and a variable rotor speed. In this section the aerodynamic damping
ratio for variable speed turbines is discussed.

Different approaches
When the rotor speed is variable, equation (7) no longer applies; a change in wind speed can now cause the rotor
speed to change. The changein angle of inflow is now defined by:

dg¢=d Y =d Y |_QdV,—V,dQ . (31)
rQ rQ?

Although the changes in rotor speed are very slow compared to the changes in wind velocity (due to the rotors
considerable inertia), they can not be neglected. Therefore a dimensionless correction factor » was added to
equation (7):

d¢=b~%' (32)

rot

From various simulation runs in Bladed on a NM92 turbine in turbulent wind, the values of both terms were
plotted against each other and atrend line was added, as shown in figure 4. The correction factor » was found to be
afunction of the mean wind speed at hub, as well asthe radius, illustrated in figure 5.
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Figure 4 Determination of correction factor » Figure 5 Correction factor » as afunction of wind

speed and radius

Figure 5 suggests that this correction factor must be taken in consideration when anaytically determining the
aerodynamic damping of a variable speed turbine. On the other hand, the angles of inflow that were found at
higher wind speeds imply that the drag term can no longer be neglected, as was done from equation (2) onwards.
At wind speeds near cut-out, the thrust on a blade element even resulted up to 16% higher when including this drag
term. The two effects mentioned do however work in opposite directions: the changes in rotational speed lead to
less damping, the larger drag terms lead to more damping, partially cancelling each other. In conclusion, the
simplifications made for calculating the aerodynamic damping of constant rotor speed turbines lead to results with
errors when applied on variable speed turbines. When considering the closed-form equation, bear in mind that this
is no longer an upper-limit of the damping, but an approximation of it. The damping term for a blade element and
the aerodynamic damping ratio of the entire rotor are now approximated by the following equations respectively:
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Van der Tempel's approach in equations (24) and (25) alows the damping to be determined accurately from
simulation results, using the following formulas:
r (35)
C lampin, =
s gy,

and

gmzL. 1 | (36)

Calculationsfor blade elements

The damping on a blade element was determined for different wind speeds for an NM92 offshore wind turbine
placed in 20 m water depth with a significant wave height of 1.5 m and a zero-crossing wave period of 4.5 s. This
was done by running 15-minute simulations in Bladed, considering points at different radii. Firstly, equation (33)
was used to determine the theoretical value of the damping. Subsequently the damping was determined from
equation (35) by plotting the changes in wind speed with the corresponding changes in thrust for each simulation
time step and adding alinear trend line to these results. Thistrend line then corresponds to the following equation:

T = Clping - AV (37)
Figures 6 and 7 show the determination of the aerodynamic damping of a blade element with radiusr = 31.24 min
turbulent wind, with a mean wind speed at hub height of 12 m/s and 23 m/s, respectively. Figure 6 visualizes the
effect of flow separation: the scatter shows spreading and the damping is not optimal. Figure 7 shows the effect of
attached flow: the scatter of changesin wind speed against changesin thrust is linear. As aresult, the damping
found here matches the theoretical damping quite well.
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Figure 6 Determination of aerodynamic damping Figure 7 Determination of aerodynamic damping
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In figure 8, the damping determined from the simulations is given as a ratio of the theoretical value and plotted
against the mean wind speed for different radii. This figure clearly shows that the damping depends strongly on the
radius. For comparison, the same ratio was plotted for the constant speed turbine depicted in the previous chapter.
A couple of things are remarkable:
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Figure 8 Damping determined from simulations as aratio of theoretical damping



1) Both turbines show alower damping around rated wind speed (14 m/s for the NM92). This can be explained by
looking at the axial force in the rotor shaft: it reaches its peak around rated wind speed. Changes in wind speed
near this peak tend to have little effect on the axial force, thus causing little damping.

2) Constant rotor speed turbines have high damping at lower wind speeds and less damping at high wind speeds.
Because of the constant rotor speed, a turbine operates at high tip speed ratios in lower wind speeds. This causes
small angles of inflow, small angles of attack and attached flows. At higher wind speeds, tip speed ratio falls and
flow separation starts to occur.

3) Variable rotor speed turbines operate their blades closer to stall under rated wind speed, therefore causing partial
flow separation. As an effect, damping stays far below the theoretical maximum. At higher wind speeds, flow stays
nicely attached and damping is high.

Calculationsfor turbines
An offshore wind turbine simulation tool named RECAL, developed in-house by the Delft University of
Technology, was extended in order to allow determining the aerodynamic damping ratio according to Van der
Tempel's method as described earlier. Both pitch and rotor speed were considered to remain constant during small
changes in wind speed. The method was first validated for the constant speed Opti-Owecs turbine; the results were
identical to the results found by Van der Tempel in [3]. The aerodynamic damping was then calculated for the
following turbines:

e theVestas V66 applied at Blyth (2 MW)

o the NM92, previously planned to be used at the Dutch Offshore Windpark Egmond aan Zee (2.75 MW)

e the V90, the turbine currently planned for the Offshore Windpark Egmond aan Zee (3 MW)

e a5.5 MW desktop design for the Egmond aan Zee location.

The results are shown in figures 9 to 12 respectively.
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Figure 9 Aerodynamic damping ratio of aVestas V66

Figure 10 Aerodynamic damping ratio of a
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Figure 11 Aerodynamic damping ratio of aVestas V90
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Figure 12 Aerodynamic damping ratio of a5.5 MW
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4 EVALUATION

In order to evaluate the methods presented in the previous sections, the "real" aerodynamic damping ratio needs to
be determined. For this, first of all 7-hour simulation runs in turbulent wind fields were done in Bladed for
different wind speeds, and the stress response spectra were plotted. Then the frequency domain method presented
in another paper at this conference [1] was used to again derive the stress response spectra for the same wind
speeds. The aerodynamic damping was applied to the transfer function; figure 13 shows the effect of the increase
of structural damping from the normal 1% to 5% (1% structura + 4% aerodynamic damping) on the resonance
peak in the transfer function of the tower top load to mudline bending stress. The agrodynamic damping was
increased in steps of 0.5% until the results of the FD method matched the results of the time domain simulation in
Bladed as shown in figure 14.
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Figure 13 Transfer function of mudline bending Figure 14 Mudline bending stress response spectra
stress per unit tower top load as function of for frequency and time domain calculations

frequency with only structural damping (1%) and
4% additional aerodynamic damping

The aerodynamic damping ratio was determined and evaluated for the NM92 at the planned Windpark Egmond
aan Zee. Although for this location V90 wind turbines are planned, these calcul ations are performed with an NM92
because detailed data was available. The result is shown in figure 15: under rated wind speeds the results compare
well, staring from rated wind speed the two calculation methods strongly underestimate the damping of the
frequency domain fit.
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Figure 15 Aerodynamic damping ratio of aNM92 turbine
determined by theory, simulation and frequency domain fit

5 CONCLUSIONS AND RECOMMENDATIONS

Aerodynamic damping is a critical factor in the fatigue assessment of offshore wind turbine support structures. Its
magnitude can be acquired through several methods, which have shown to give comparable results for constant
speed turbines and for the partial-load operation of variable speed turbines. The assessment of damping above
rated for variable speed turbines is highly influenced by the modelling of the control system. Comparison with
measurements and updates of computer models to fully copy the actual control systemsin real turbinesis required
to further investigate the differences found between the methods.

The engineering conclusion to be drawn from this study is that the closed-form approximation offers areliable and
easy to acquire aerodynamic damping magnitude per wind speed to be used in the frequency domain method.
Further study is required to find the real aerodynamic damping for wind speeds above rated. This study has been
initiated by the Delft University of Technology and will be presented at future conferences.
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