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Teknlkgruppen AB

Hans Ganander, Teknikgruppen AB, Box 21, S-19121 Sollentuna

introductory Note
Wind Characteristics of Relevance for Wind Turbine Design.

Development of wind turbines has now been going on for 10 - 15 years and
we do not yet really know what life time we could expect of them. Will they
last for 20-30 years, which they normally are designed for, without increa-
sing costs of maintenance and repair? Due to increasing interest in wind
energy there are tendencies for larger turbines, putting them into wind
farms and utilizing windy but complex areas. Questions of load conditions
and design load spectrum to get reliable economical machines with requi-
red life time therefore becomes more and more important. A very impor-
tant part of these load conditions are relevant wind descriptions, which
take all normal, as well as, extreme phenomenas into account.

Wind Description.

Up till now wind descriptions normally are based on wind duration distri-
bution and so called turbulence models. Is this enough? Do they answer
questions like:

* how large
® how fast
¢ how often

does wind variations in time and space occur, not only in one point but
over the whole rotor area, not only as wind speed variations at chosen
mean situations, but also regarding changes between them.

What is wind shear and what is turbulence and how do they contribute to
the structure of wind speed distribution over the rotor area? This also
includes direction changes as well as horisontal shear. To what extent
are different meteorological conditions (neutral, stable,..) important and
what do we know about influence of complex terrains?

Concerning "normal situations” it must be emphazised that 0.1% of life
time, say 5e8 rotational cycles, may correspond to 0.5e6 - 1.e6 cycles on the
structure. Regarding material fatigue properties this may be a very im-
portant part to take into consideration. Do we have enough data of 4 to 5
standard deviation statistics of the wind, including time as well as space
variations?

These are questions the designer has to answer to make as good a design
as possible. It is important for static design, but even more for fatigue de-
sign and life time estimations. What the designer actually needs is not

just a wind gust model, but a wind description that takes the whole wind
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situation into account, variations in time, in space, normal conditions
and extremes during life time.

These aspects of a relevant wind description may be summarized as:

¢ time variations relevant for the whole rotor area, long term as well
as short term variations. Does frequency representation correctly
describe how fast these time variations are?

e space variation of wind distribution over the rotor area, for exam-
ple in terms of vertical and horisontal distributions as well as di-
rection. How important is the vertical (w) wind speed component?

* wind direction changes. A relevant definition which takes different
yaw systemes into account?

* what extremes of time and space wind variations may occur, du-
ring turbine operation as well as in parked mode ?

¢ in what way does wakes and different meteorological and terrain
conditions influence the wind description, especially space distri-
bution over the rotor area and its time variation.

Methods.

This is what the designer in general wants to know about the wind. But in
what way does he want this description? This is an important question
about what methods are relevent? From theoretical and practical points of
view, what are the differences, possibilities and limits between time and
frequency domain wind descriptions? The answer is not unique and it de-
pends on many factors such as :

e type of turbine; size, number of blades, soft or stiff design, variable
speed, etc.

* what kind of structural model does he have?
¢ adding loads to calculate stresses in any point of the structure?

¢ it is amplitudes (variations) of loads he wants, not standard devia-
tions.

¢ due to fatigue properties of the material not only variations are of
importance but also mean levels.

¢ non linearities as control system, aerodynamics, structural dyna-
mics,etc.

* generating time series out of spectrum, is that possible?

¢ long term behaviour of wind variations?
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e extreme wind conditions and situations?

e gpace distribution of wind speed over the rotor area?
¢ wind direction changes?

e special meteorological as weﬂ as terrain conditions?

e wakes?

Measurements.

What are the demands on wind measurements in order to fulfill these
wind description requirements that the designer needs, compared to what
we have today. Improvements concerning

e space distribution, not to forget horisontal variations and direction
changes

¢ long time measurements
¢ sample rate

have to be regarded. What available measurements do fulfill these requi-
rements?

Miscellaneous.

When having these wind descriptions further questions arise. What wind
conditions does the wind turbine company use when designing turbines?
Are generalized descriptions necessary which make it possible to judge
wind situations at the actual location? Or is it acceptable to have different
types (classes) of descriptions representing different topological and mete-
orological conditions?

These are some questions to discuss in order to exchange ideas and expe-
riences and thoughts. Of course there are a lot of other related aspects of
wind characteristics, but we hope this introduction may inspire you to
join an interesting wind meeting.



M.J.C.M. Berkelmans
F.J. Follings

Intron
Institute for material and environmental research

Abstract

The effect of several aspects of the wind, as given by the "Handbook Wind
Data for Wind Turbine Design; version 3", on the wind- and loadspectrum of
several wind turbines is examined.

With a rather simple wind turbine model, to describe the conversion of the
wind spectrum to the loadspectrum, the influence of the gust and wind speed
classes and of rotational sampling effects is demonstrated. The calculated
spectra are also compared with measured spectra. .

The results indicate that the wind classes around the rated wind speed
contribute most to the load spectrum and that by omitting the sampling
effects the predicted life time is over estimated more than twice, further
more it appears that at least three gust classes are needed to obtain a
satisfiable spectrum.

1.0 Introduction

The aerodynamic loads or a wind turbine or wind turbine components often
determine the structural design of the wind turbine or components.
Designing a wind turbine therefore requires detailed information of the
mean wind speeds and wind speed fluctuations to be expected during the
life-time of a wind turbine.

To support wind turbine designers and manufacturers a Handbook has been
developed that provides the necessary information for the structural design
calculations in the time domain. Just recently version 3 of the "Handbook
Wind Data for Wind Turbine Design" has been published ([1]. The paper of
Verhey [2] focuses on the theoretical background of this handbook.

The key aspects used to describe the wind in this handbook are:

- (hourly) mean wind speeds

- large scale longitudinal wind speed fluctuations
- small scale longitudinal wind speed fluctuations
- wind shear

- oblique wind

The deterministic winddata are obtained by analysing series of (dutch) wind
measurements. To get a broad spectrum of winddata the gusts were
classified. This paper describes the effects of the classification on the
windspectrum and the resulting loadspectrum. :
Chapter 2 deals with the classification of large and small scale gusts. In
chapter 3 the related loads are presented and in chapter 4 the results of
the verification. Some final conclusions are drawn in chapter 5.



2.0 Winddata

1 1 ration

The range of mean windspeeds at hub height (mean windspeeds from 4 to 25
m/s) is divided in eight classes. Each class is represented by the maximum
value of that class. The chance of occurence of the wind classes is
according to the Weibull probability distribution.

The deterministic gust data of the Handbook are presented in the time
domain by means of the amplitude, duration and number of gusts in a certain
period.

In case of the large scale gusts the gust duration is divided in three
classes: from 2 to 7 sec, 7 to 16 sec and from 16 to 30 sec (half a sinus).
The chance of occurence of each class is one third. For the determination
of the number of gusts the representative durations are 4, 10 and 20 sec
respectively. For the determination of the amplitudes the conservative
values within each class are being used (7, 16 and 30 sec).

2.2 Cust amplitudes

The amplitudes of the gusts in a certain wind and duration class are
distributed according to a Weibull probability function (shape factor 1,8).
To determine the necessary number of classes for a satisfiable load
spectrum the wind data are presented in a special way. The amplitude of the
gusts were plotted versus number of gusts. Presenting the winddata in this
manner appears to be instructive with respect to the load spectrum. Table 1
gives the gust amplitude classifications that have been examined.

case amplitudes chance of occurence

1 Ay ox 1007
2 Ay ox 98?
Ay 2%
3 Ao 80:A
1 18%
Ag.01x %

Table 1: Gust amplitude classification

First the gusts were represented by one amplitude corresponding to an
exceedance level of 10 % and a chance of occurence of 100 % (figure la).
The resulting windspectrum of the considered wind turbine is plotted in
figure 2 along with the 1P to 4P-modes. The considered wind turbine (HAT25)
has a rotordiameter of 25 m, hub height of 22 m and is sited in a terrain
with an estimate roughness of 0.1 m. The winddata show that the higher
amplitudes are not represented, so a second class of gusts is defined with
an amplitude corresponding to an exceedance level of 17 and with a chance
of occurence of 2% (figure 1b and figure 2). Still the higher ranges were



not represented satisfiable and the "10%Z-" and "1%Z-gusts” did not overlap
qua number of gusts, so a third class of gustamplitudes was defined
representing 2 % of the gusts with an amplitude of 0.01 7% and the other two
amplitude classes are redefined (figure lc).

So three classes of wind gusts are defined. One class representing
amplitudes smaller than the amplitude corresponding to an exceedance level
of 10 %. This class has a chance of occurence of 80 7%. Then a class of
gusts with their amplitudes between the amplitudes corresponding with
exceedance levels of 10 and 1%. These gusts are represented by the latter
exceedance level and have a chance of occurence of 18 7. The rest of the
gusts (2 %) are represented by an amplitude corresponding with an
exceedance level of 0.01 %. So the classes of the 17 and 10% gusts are
represented by more or less conservative values. The resulting windspectrum
is rather smooth as illustrated by figure 3. The higher numbers correspond
to the 1P to 4P rotational sampling effects. Beside the gusts and 1P to 4P
effects equivalent wind fluctuations because of wind shear and oblique wind
are incorporated in the spectrum.

2.3 Texrain roughness

An important parameter is the terrain roughness. In figure 4 an example of
the effect of the terrain roughness on the winddata is demonstrated.
Despite the significant difference in terrain roughness (0.25 m instead of
0.03 m) the effect is modest.

3.0 Loads

3.1 Model

The influence of different parameters on the winddata spectrum can not
directly be translated to the load spectrum because of the non linear
character of the transmission. The loads are calculated with a simple
model. The fluctuations in the wind are transformed via a precalculated
power and thrust versus wind speed curve to fluctuations in power or thrust
as illustrated in figure 5. With this the resulting lagmoment and
flapmoment for one blade can be derived. Doing so one can obtain all
relevant loads B resulting from the winddata as indicated by figure 7
Dynamic effects are taken into account by multiplying the static load B
with a dynamic multiplication factor O. In case of the HAT 25 wind turbine,
a pitch regulated turbine, a factor of 1,5 has been used. The final load of
a certain mode can be found be combining higher order modes according to
the rain flow counting method. The formulas of this operation are presented
in figure 6. It is a global approach but for first order parameter analysis
sufficient. The used thrust and power curves are shown in figure 7a and 7b.

3.2 Gontribution of wind 10ad-

The thus calculated cumulative load spectra are presented in figure 8a and
8b. The calculated spectra agree reasonably with the measured data. It
looks like an acceptable method to examine the influence of several gust
parameters on the load spectra.

Figure 9 shows the contribution on the cumulative loadspectra of different



aspects of the winddata. One can see that specific windaspects determine
the loads in a certain range. The presented loads are of the loads B" (see
figure 6), which means that effects of higher modes are taken into account
as well as the dynamic multiplication factor.

Figure 10 shows the influence of the wind classes on the loadspectra. The
contribution of the high wind speeds to the loadspectra is modest. The same
trend was observed with two other turbines but of course this depends very
much on the used thrust curve. '
Figure 11 shows the effect of omitting rotational sampling.

\ 0 Verificati ¢ handbook windd

In order to find out how well the fatique loads based on the handbook are
predicted the handbook has been verified by the Netherlands Energy Research
Foundation (E.C.N.) by comparing measured load spectra with calculated load
spectra on three different windturbines by using the more sophisticated
model PHATAS [3]. The load calculation method is presented in figure 12.
The large scale wind gusts are combined with the higher modes to one
windsignal. Vertical windshear, tower passage and oblique windfluctuations
are part of the aerodynamical model of the turbine. After rain flow
counting the loads, one gets the load spectrum of figure 13a and 13b. There
is a good agreement with the measured data. Verification on two other
turbines shows an even better agreement with measurements.

5.0 Conclusions

It appears to be possible with rather simple aerodynamical models of the
wind turbine to assess the influence of several parameters of the wind data
on the wind loads. The spectra show that about three gust duration and
amplitude classes are necessary for an adequate wind and load spectrum. The
influence of the terrain roughness on the load spectrum is modest. The wind
speeds around V_, , contibute most to the load spectrum. Omitting
rotational sampling effects can lead to an over estimation of the life time
of the wind ‘turbine (component) of more than a factor of two.
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Probability structure of turbulence in a windfarm

Jorgen Hgjstrup
Department of Meteorology and Wind Energy
Risg National Laboratory
Roskilde, Denmark
1 INTRODUCTION

It is well known that turbulent velocity fluctuations cannot be described as a Gaussian process i.e.
see Wyngaard 1973, Dutton and Hgjstrup 1979, Busch and Jensen 1982, Panofsky and Dutton
1985, just to mention a few. In many cases it is nevertheless possible to use the normal
distribution as a good approximation to velocity distributions, it is not until we get out on the tails
of the distribution that the differences show up. The deviations from gaussianity become
particularly obvious when we look at the time derivative of velocity, which have much wider tails
in the distribution than a Gaussian has. In many cases this fact is of no consequence, but if we
start looking for extreme turbulent wind loads, then we must treat models using normal
distribution with some caution.

In the wake of a wind turbine and particularly in a windfarm we know that turbulence levels are
high (Hgjstrup 1990) which of course will make extreme values of wind fluctuations large. It is
of some interest to see whether the normal distribution for these cases is a reasonable
approximation, or if the distributions in the windfarms look significantly differently than they do
in the free flow.
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Figure 1 The Tendpibe windfarm consists of 35 * 75
kW VESTAS machines situated in flat terrain near
the coast. Each of the turbines is denoted by a filled
circle. The two masts used by Riso are denoted by
open triangles M1 and M3,
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2 MOMENTS OF VELOCITY FLUCTUATIONS

We will look at statistics from four runs from the Tendpibe windfarm (Hegjstrup and Nergard
1990), with windspeeds of 6-7 m/s and a wind direction of approx. 240 degrees. The data is
presented as profiles of statistics (averaged over the four runs) measured inside the windfarm
(mast M3) normalized by measurements at the upstream mast (M1). Three curves are shown in
each plot: In full line the average value over the four runs, and in dashed line the average value

+ one std. error of the average value.
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Figure 2 Ratios of windspeeds measured in the
farm to upstream values. The full line denotes the
average values. The dashed lines denote + ome
std. err. on the mean value.
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There emerges a fairly clear picture from these plots: Std. Deviations increasing with height,
higher order moments decreasing with height, indicating that increased variance results in wider
distributions of course, but these are well behaved in the sense that they exhibit smaller excursions
from the average value than a gaussian distribution with the same variance.

3 PROBABILITY DENSITIES

We will now take a closer look at the actual probability density distributions of windspeed
fluctuations, exemplified by one run where distributions at two heights (3m and 30m) are shown,
compared with normal distributions with the same mean and variance.

In figure 6 at the 3m level we see very little difference between measurements upstream and
measurements inside the farm. The measured distributions are shown as curves whereas the
normal distributions are denoted by symbols. In figure 7 is shown sonic anemometer
measurements at 32m in addition to the cupanemometer results. Several things are worth noting
here:
- The velocity distribution inside the farm is indeed considerably more narrow than the
corresponding normal distribution.

- The distributions resulting from cup at 30m and sonic at 32m are very similar except in
one respect: The cupanemometer distribution shows smaller excursions towards low
windspeeds than does the sonic data. This is obviously a result of slight cuapanemometer
overspeeding i.e. the fact that any cupanemometer will respond to variations in speed
faster than the cutoff frequency of the anemometer in a nonlinear fashion, such that it
adjusts more rapidly to increasing windspeed fluctuations than to decreasing fluctuations.

- The upstream distribution is slightly skewed which is of no consequence for this purpose.
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Figure 6 Probability density distributions at 3 m
height, upstream and inside the windfarm. Normal
distributions with the same variances as the data
are shown as open circles and open triangles.

Figure 7 Probability density distributions at 30 m.
Data shown upstream (cupanemometer) and
inside the windfarm (cupanemometer and sonic at
approx. same height). Normal distributions shown
for comparison.
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4 SONIC ANEMOMETER STATISTICS

The sonic anemometer is capable of making rapid response measurements of the total wind
vector, and we can calculate statistics of the individual components: U alongwind, V laterally and
W vertically, to compare the structure of the turbulence inside the farm with our knowledge about
free stream turbulence.

We use the same four 4000 second runs as we did above, and compare the standard deviations
of the three components. In uniform terrain we normally normalize the values by u., which is
v-<uw>, where the brackets denote averaging (after the mean value has been subtracted). This
is not possible here, since the turbulence is so disturbed that the uw-correlation has a positive sign
at 18m height. Instead we have chosen to normalize the values by o,:

o/0y oy/oy oy/u.
Uniform terrain 191 1.54 1.25
Teendpibe 18 m 1.67+.14 1.49+.05
Tandpibe 32 m 1.64+.14 1.17+.08 1.22+.02

We see that the U- and V-components show values far from their uniform terrain equilibrium
values, especially at 32m, whereas the W-component seems to be close to equilibrium values.
Looking at the actual velocity spectra (Hgjstrup and Norgérd 1990) confirms this observation.
Another important feature of the spectra is the fact that the excess energy appears at scales of
the order 1-2 rotor diameters (the wake diameter), which make the spectra look as if they were
measured at a height 10 times lower than the actual height. The values for uniform terrain have
been taken from Panofsky and Dutton (1984).

CONCLUSIONS
- Large turbulence levels in windfarm (25 %)

- Probability distributions of velocity fluctuations inside windfarm not normally distributed.
Tails of distribution are shorter than for Gaussian distribution.

- Vertical velocity fluctuations appear to be in local equilibrium in windfarm. Horizontal
components far from equilibrium.

- Velocity spectra of U-component have received the excess energy at a scale of order 1-2
rotor diameters, which means that the U-spectra look as if they were measured at a height
10 times lower than they actually were.
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INTRODUCTION

The following text and charts does not follow the normal report format. What the reader will see is
the view graphs as they were presented at the "WINDS WITH RELEVANCE FOR WIND TUR-
BINE DESIGN" conference in Stockholm, Sweden in march 7 - 8, 1991. Preceeding most view
graphs a text page has been added for explanation.

VIEW GRAPH 1

The following chart is an overview of the Aeritalia's total wind turbine program. Our focus in this

presentation is on the Medit Mark II1. But first a summary of the Medit Mark II main characteris-
tics.

Diameter =33 m

Number of blades = 2

Axis approximately horizontal (uptilted 6°)
Upwind

Suff hub

Whole blades pitch control

Coning angle =4°

Hub height =26 m

Fixed RPM =40

Asynchronous generator

The Medit Mk III is a product development of the Mk I1. This development follows closely the ideas
implemented in the Gamma project. The main deviation between Mk I and Mk III is that the Mk III
has:

Variable RPM

Original Windane 34 blades (perhaps to be tip clipped)
Fixed pitch

Turn out of wind (instead of pitch control)

Teetered hub

Hub height approximately 34 m



In November of 1989 Aeritalia created a subsidiary company called WEST - Wind Energy

Systems Taranto
in 1990 Aeritalia changed its name to ALENIA, after a marger with formerly Selenia.

WEST is a company of Alenia (IRl FINMECCANICA GROUP), committed to develope and

commercialize W.E.C.S. in Taranto in southern Italy.

WEST is able to supply complete wind farms, made by several W.E.C.S. delivering

energy to the existing network.

157
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THE WAY WE WISH
WE COULD DO IT
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THE IDEAL BASE WORK

Our preferred foundation for the utilisation of the wind is seen in the next graph. The upper left part
has already been carried out in several places. The comparison was generally found to be good.

The REC comparison has not yet been made. But if this work is carried out soon enough we will
perhaps utilise this technique.

DESCRIPTION OF THE GANANDER/JOHANSSON RAIN FLOW COUNT ON
THE WIND

The suggestion to apply the Rain Flow Count method on the wind (WRFC) was first proposed by
H. Ganander and H. Johansson, TEKNIKGRUPPEN, Sweden in 1985. The basis for the idea is
that wind can be correlated to structural stress. In the context of fatigue the RFC method, applied to a
stress signal in a monitored point, is generally accepted to be the best in order to define what a struc-
tural load cycle is.

It is possible to first simulate the wind and then calculate the stress and then carry out the RFC on the
stress signal. All of this can be done in a simulation program. However, the computer time needed
may be forbidding. A direct RFC on the wind will save a tremendous amont of computer time. The
reason is that "gusts” will be identified. These gusts start from a certain level and transfer to another
level (selfexplanatory). All gusts are collected in bins whereby a number of finite gust combinations
are established. Then the gusts are grouped into bin for descretisation. All of these separate descrete
gusts can be used to "drive" a simulated wind turbine structure. During the simulation a load/stress
change can be recorded in a number of monitoring points throughout the structure. This simulation
may involve the control system and acceleration of the rotor. Somewhere along the time axis the
stress deviates most from the starting stress. The difference is taken to be the stress excursion.

In this manner all combinations of gusts defined as WRFC "from/to" gusts will be used to calculate
the corresponding stress excursions. But, each one will only be calculated once. To carry through all
these simulations does not require any knowledge whatsoever of the wind statistics!

In a separate effort the number of each excursion is calculated. This is done using the information ex-
tracted from the wind statistics (using the WRFC technique). Then a standard Palmgren-Miner linear
fatigue damage analysis can be carried out.

The technique allows a non-linear structure to be analysed. The active control system together with
the variable RPM makes the Medit Mk III turbine highly non-linear! A direct spectral analysis (wind
spectrum in -> stress spectrum out) would have little value in the case of our machine.

WRFC ON SIMULATED WIND

As pointed out above, the simulation technique used to simulate a wind time signal is quit good. It is
therefore not too far fetched to imagine the WRFC to made on the simulated wind rather than the
measured one. This gives a very attractive freedom of analysis. In brevity: - No wind measurement is
taken exactly where the intended wind turbine is going to be located. Even if the wind at the same site
is measured the meteorologists will erect a met. tower where the anemometers are at some height
which is not at hub height. Therefore, the wind information will have to be manipulated to fit the
right hub height under all circumstances. This means that an WRFC directly on the measured wind
signal is not useful for turbine design. Hopefully the reader now appreciates the idea of performing
the WRFC on the simulated wind rather than on the measured wind.

The future development, that the authors would appreciate, is touched upon in the very low part of
the chart. A certain curve fit is mentioned. Before this topic is addressed the reader is adviced to view

the next graph first.
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| THE IDEAL BASE WORK I
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FUTURE WORK SEQUENCE (?)

This view graph should clarify the work sequence described in the previous chart. The type of
WRFC information that can be extracted is placed in paper sheets like those sketched or (perhaps
more likely) in computer storage.

The curve fit mentioned in the text about the previous chart should be described here:
The S(n) curve seen in this chart can be constructed from three basic parameters only. They are

1. Annual mean wind speed
2.Site average roughness length
3.Hub height

In fact, using this simple information, the measurements of the wind can be reduced to 10 min aver-
age information just to find the annual average (standard meteorological practice in many locations

over the years). Perhaps even the wind atlas of Europe (or US or other) can be used together with a
terrain model.

If the calculations depicted in the graph have been carried out many times it is perhaps possible to
identify the pattern that connects the three basic parameters to the jump matrices. Then, ever after into
the future, no simulation will be necessary. Some inventive "curve" fit technique can be applied to di-
rectly generate the jump matrices (tables). Better yet, the jurmnp tables can be calculated once for all
times for a number of combinations of the three basic parameters. Then the wind turbine designer
will have a hand book containing this information to fit his design to any standardized type of site.

This concludes our lofty views of this topic. All the rest of our presentation should be viewed with
the perspective provided in this and the previous chart.

For lack of the research suggested we must make do with what is actually available today. - So, back
to reality (i.e. next chart).
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THE WAY WE MUST DO IT ?
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MAJOR WIND CONCEPTS

This view graph shows how the information in the wind can be coarsely subdivided in order to clary-
fy to the reader/viewer what topic we are addressing. This presentation only deals with fatigue driv-
ing winds of frequencies below a certain dividing frequency. This frequency is closely associated
with the difference between part disk gusts and full disk gusts.

In our presentation we are only concerned with “Fatigue, f < Fdiv" as seen in the graph.

WINDS FOR WIND TURBINE
DESIGN AND ANALYSIS
Fatigue Extreme
i . Ultimate Extreme
t>Fdiv t < Fdiv strength gust
ral | Eigenmode| Quasisteady Eigenmode Quasi steady
l’setg;%t:se exgitati on (with sm'ﬂel exitation gg?rglo:‘cﬁlon)

e control actlon) | oy 1asi steady
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DISCRETISATION OF "BASE SPEEDS"

We propose to use a definition of "gusts” as being dispatched from certain "base speeds”. The curve,
as seen sketched in the view graph, represents the annual (long time) exceedance distribution of wind
velocities. Vm is the median wind speed which can be calculated from the mean wind speed and the
beta value. (We do not explain how to do it in this context.)

Our basic wind material consists of data of the type described in H. Bergstrom's paper in the Madrid
EWEC 90 conference. A distribution of gust sizes is availble from WRFC analysis. But, the com-
plete information (as in the Ganander/Johansson WRFC technique) is not available. Instead an as-
sumption will have to be made from which speed to which speed. This is accomplished by starting
all wind/machine simulations from the base speeds. Then the WRFC gusts (Bergstrom model) are
applied as one positive gust from the base speed and one negative gust. The gust distribution later is
used to figure out how many such cycles the turbine will experience during its intended life.

Gust excursions will be made from the "Base Speeds".
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RFC NASUDDEN, 77 m

This graph shows that there is a connection between gust amplitude and gust duration although the
spread is large.

This particular diagram is based upon a wind signal that has first been 10 min prefiltered for high fre-
quency passage. This has as one consequence that the right upper part of the scatter is more unrelia-
ble than the swarm of points down to the left. More likely the upper right (unreliable) part should be
even higher. That would have been the result if the wind signal had not been prefiltered in the de
scribed way. It is beleived that the trend, sketched into the diagram as two curves (one low esitimate
and one high), could be near doubled in height for a duration equal to the filtering time.

Although the number of points is relatively low another interesting trend seems to present itself: The

higher the duration the smaller the amplitude spread. This is a tentative conclusion awaiting the arri-
val of a more densely populated scatter plot from more extensive measurement campaigns.

=P 34
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CORRELATION BETWEEN
AMPLITUDE & DURATION

In order to be able to make the previous scatter diagram useful only a duration interval is of real inter-
est. In the diagram sketch two shadowed regions are excluded from consideration. The left region
represents gusts of short duration. It is judged to be short enough to represent gusts that do not cover
the whole disk. Such small gusts are not interesting for the scope of analysis laid out for this presen-
tation. In fact, they are not interesting in the context of a total fatigue analysis of the machine either.
The reason is that the Medit Mk III has a teetered hub and relatively flexible blades (the soft Gamma
concept). The limit is 1/Fdiv as seen in the diagram. Fdiv is found from certain considerations ex-
plained in another presentation during the Stockholm conference. The title of that paper is: "FULL
DISK GUST DIVIDING FREQUENCY" by B. Montgomerie.

The shadowed band to the right represents gust duration times that can not be represented well by the
method behind the diagram. Therefore it must be excluded from useage. This does not mean that this
area is not interesting. It is. But, its influence is treated separately as the curious reader will discover

toward the end of this presentation.

Amplitude, m/s

1/Fdiv 1/Fmin
Gust Duration Time
(Fmin =z Filter time)

Data from Hans Bergstrom paper from EWEC 390 in Madrid includes
measuring series from several very different sites. Although it
covers a limited amount of data interesting trends are visible.

Some of these trends were not part of the Madrid paper but

they appear here after private communication with H. Bergstrom.
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GUST DURATION DISTRIBUTION FOR
DIFFERENT GUST AMPLITUDES

The same diagram as seen in the previous view graph is repeated. The aspects that are emphasized
here are:

Discretisation of the gust amplitudes.

Statistical distribution of gust duration for each discretised gust amplitude.

The very basis of our method for fatigue calculation is seen in this diagram. To repeat what has been
said already and expand somewhat on the same topic:

Each fatigue load change in the structure is created from a simulation. This simulation is carried
out using a simplified model of the wurbine (no elasic modes). The simplified model includes the
important aspecs of the control system and the total rotor inertia. Thus a variation of both RPM
and yaw angle will in principle result from the gusts as they are defined.

A gust simulation starts with the turbine in equilibrium at the "base wind speed” (see 3 graphs
before this one!) The wind is then increased (and decreased in another run) in accordance with a
Fichtl gust shape. (More about Fichtl gusts later.)

The Fichtl gusts are defined by two parameters amplitude and duration. The given (discretised)
amplitudes are applied for several gust durations.

The most severe deviation from the initial conditions appear somewhere along the simulation,
one can not know where until after the simulation output has been scrutinized. By "most severe"
we refer to

- The largest thrust variation to be applied to the tower as a load cycle.
- The combination of RPM and thrust that gives the largest strain variation in the blades.

The two do not necessarily occur at the same time.

As a separate exercise, after all load/strain calculations have been carried out, the number of oc-
curances is calculated using

- Occurance of gust amplitudes
- Occurance of gust duration

We must have access to information about both types of occurances. The next few graphs will ex-
plain how.

—> P 37
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GUST DURATION DISTRIBUTION FOR
DIFFERENT GUST AMPLITUDES

Amplitude, m/s
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EXAMPLES OF ACTUAL OCCURANCE =
DISTRIBUTIONS FOR DURATION

The upper diagram would typically be used to represent a descretised gust amplitude of 1.5 m/s.The
lower diagram would typically be used to represent a descretised gust amplitude of 2.5 m/s.
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CUMULATIVE GUST DISTRIBUTION

The diagram looks very similar to the duration diagram for "base wind speeds" on a previous view
graph. There is, however, a significant difference between the two.

The previously described "base wind" distribution tells the analyst how large a portion of the total
calendar time that the wind exceeds a certain value (that is chosen on the x axis).

In the case of the cumulative gust distribution the interpretation is that a certain value on the x axis
has a probability of exceedance, among gusts discovered in the RFC. In this case nothing can be said

about calendar time. The reason is that gusts occur contemporarily. Base wind speeds can not happen
at the same time.

In this diagram the quantity on the x axis is amplitude divided by the gust average amplitude (1 sig-
ma). To be able to use the information in the diagram we must know sigma. The next graph shows
how.

1.0 I
1 \\ Curve fit:
) ~N F _e~9AC
Fcum 01 \\ im .
001 .
.0001 : ~
0 1 2 3 4 5 6 7 8 9
Normalised Gust Size, A/C

Data taken from Bergstrom's Madrid -90 Paper.- The interpretation
of the cumulative distribution is: "The relative number of gusts
that exceed a certain size A/C"

In addition the number of gusts registered per time unit (Fg) must als
be available to facilitate fatigue cycle count?ng. Fo) °
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TURBULENCE

Two methods how to find the one sigma turbulence are available to us. Either the general set of for-
mulae shown first is used. ENEL also has advice concerning the siting circumstances. This informa-
tion appears further down the graph.

If no or little measured data are available for an intended wind

turbine site the following expressions can be used.

(See the Swedish wind definition for the specification of

V_\,Fsl'-%-g asr;d WTS-75 - Document: "Vindunderlag for kravspecification”,
1

2
c=10.25 u? variance at neutral stratification, where

U= k u(2)

= where
In (2/zg)

k = von Karman's constant, approx. .35 or .40
Z = height above ground
u = Annual mean (not median) velocity at height z.

2= "Roughness length” (=.1 open country, =.3 for intermediate
undulating, =.6 for forest)

ENEL, the ltalian national power distributor, proposes a turbulence
level as a function of the standard 10 min average wind speed.
Data from a mountain site, referred to as "site B", was

used as a base for this table. (Annual mean wind speed is 6.7 m/s)

Wind speed bin 1 o turbulence in % of wind
5<V<50 24
5<V<10 19
10<V<15 18
15<V<20 17
20<V 16
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CYCLE COUNT

To calculate the cycle count of different types of circumstances three types of inputs are required. In
the view graph this is stated without proof. Proof will appear in following graphs.
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GUST BUDGETING
FOR FATIGUE CYCLE COUNTING

The different gusts are allotted their place in the life of the wind turbine according to the chart. This
chart also attests to the statement of the previous graph. Thus, in the example, the allotted time for V4
is taken from the base speed exceedance function (input 1). In the expansion of Ai delta-F-cum is
taken from the gust exceedance diagram (input 2). Finally the information from the WRFC must con-
tain the number for gusts/(time unit) or total number of gusts.

fo= Frequency of occurance of ALL gusts.
N ot= (Total number of gusts) = folo

0 30 years

Operational time = T, N Idle time

Alloﬂeq ?ratipnal time for V,

AL
etc

I

L

AIA2|A3| IA'I

T

Each gust size is given
T - its own "budget" (although
—4 Nyt AF (A) different gust sizes can
cum

To happen at the same time)
;W_J;_Y—/
~ ~

Total nr of gusts  Difference in Fcum
in the T4 interval over the specific bin

N —

——
Number of gusts of size A, . - (They are

distributed over different cycle times and
positive and negative signs.)

The procedure is repeated for
all descrete gust sizes.




FUNDAMENTAL INSIGHT

The separation of meaning between the wind distribution and the gust distribution is emphasized
again. One consequence of this insight is that the sum of the times of the base speeds must be equal
to the total operating time, whereas the sum of all gust times by far exceeds the total operating time.
(Hence, it would not be possible to use the gust times for a check sum.)

- Base winds happen one at a time!

- Gusts happen contemporarily (overlapping)!
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FICHTL GUSTS

This cartoon is only meant to spark the idea that a distribution of gust lengths must be applied in a
discrete way. It is pointed out that the longer duration gusts need not be simulated! - We remind you
of our technique:

1.The gust and its consequences are simulated.
2. A scrutiny of the output helps decide what and where the worst fatigue excursion occurred.

3. A performance program is used to calculate the detailed forces along the rotor blades for the crit-
ical combination of RPM and wind speed (found in step 2).

4. Another program calculates the strain maximum on the suction and pressure sides of the blades.
this is accomplished by balancing the external aero forces against centrifugal and elastic spring
forces.

5. We refrain from our temptation to delve into the problem of tower fatigue calculation. It can be
done using the same (perhaps similar) methods. Or, the tower can be treated by a direct spectral
method. But this topic is well beyond "Winds with Relevance to Wind Turbine Design" which
is the head line of the conference.

So, back to why no simulation of the long duration gust is needed. - If the duration is as long as to
permit the slow RPM variation to adapt to the "new"” wind, then we can simply assume that the Tip
Speed Ratio (TSR) is constant. Then we know from the beginning that such a simulation will have
its extreme where the wind has its extreme. No dynamic of the rotor speed need be considered.

The reader is suggested to remind himself of this statement two view graphs after this.

For turbine simulation purposes a time history description of the
gusts is necessary. The gusts always start from the base velocity with
the machine in equilibrium. - Half of the gusts are positive, half are negative.

b bt bE!

A Percentage of A,
taken from the
gust cumulative
curve

25% of Average gust time Gust time covering 25%
A slze representing 50% of the gusts this size.

gusts. of the gusts.

A PR P —— -— -

2 Percentage of A,
taken from the
gust cumulative

25 50% curve
t,, t,,

A,
25% 50%
ta,

b

Percentage of
taken from the
gust cumulative
curve

... ETC .



Medit mk III, Standard DWT Rotor

The result of one gust simulation can be plotted in an RPM vs wind speed diagram. This type of dia-
gram is nowadays referred 10 as the "L awson-Tancred" diagram. It looks repellantly busy to the un-
used eye. But for the purpose of overview of a variable speed machine it is very attractive once you
have digested its principle contents. (Incidently the whole diagram can be constructed from only four
inputs. They are: air density, rotor radius, Cp vs TSR table and a CT table.)

The simulation was done for a Fichtl gust starting from 8 m/s going to 12 and back again. The corre-
sponding graph appears as a loop drawn by hand. For different durations of the gust the loop will as-
sume different shapes. In this dia gram it is clear to see how the rotor, because of inertia and control
system, never reaches its ideal value of 59 RPM (riding up the TSR=9 beam). The reader can see that
the worst thrust appears at about the coordinates (11.9; 51).

With a much longer duration of the same amplitude gust the coordinate (12; 59) would have been ap-
proached. That would have exceeded the 60 kN thrust line (dotted). It must be concluded that the
modelling of the gust duration is very important.
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Medit Mk ITI, Standard DWT Rotor
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SUMMARY AND PERSPECTIVE

The reader is reminded that the analysis so far starts from a gust definition. This gust definition is a
Fichtl gust on top of some selected "base wind speed”. But base speeds also vary. This variation has
not been considered so far.

. We have covered the higher part of the spectrum, that part of the
spectrum that is normally referred to as "gusts”.

- What about the lower frequency part? - How does the variation
of the 10-min low pass filtered "mean” wind vary? - That
variation certainly also contributes to fatigue!

CONCLUSION:
We must consider the low frequency part aiso!
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LOW FREQUENCY GUSTS

An additional fatigue cycle counting technique is constructed by using the base wind variati
> ariation. In
low frequency regime we have all gusts of longer duration thanyaboutg 10 min. One importan?}eatut:‘ee

in this algorithm is to find the total number of these 1 i
how this s acoommolieten. e low frequency gusts. The next graph explains
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BEREEE }\1 | Frequency of
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0 4t Speed Vs
o {, (I-fio'\:l many %
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VY% %% %Yy orthetime
vails)
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(10 minutes low pass filtered - standard)

. The information seen here was shown previously. Now we will
be using this distribution for the

LOW FREQUENCY GUSTS!
|

C_How? >
Y

- Find out how many gusts!
. Pretend the base velocity = annual mean velocity!
- Let all gusts be excursions from the base velocity!

« Use the distribution curve above to distribute the gust sizes!

- Enjoy the comfort of knowing that no dynamic effects need
be considered!
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NUMBER OF LOW FREQUENCY GUSTS

The formula can be interpreted to mean the weighted average of the frequency squared. S is the pow-
er spectral density of the wind.

F min

j S(n)ndn

2
UNY

FT?S’(n)dn

S(n)

BN

n

Fmin

(Corresponds to 10 min ...
the standard filter time)

Finally:

Nr of gusts = (Operating time) - n
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THE EFFECTS of
SLOW GUSTS and QUICK GUSTS
are NON-ADDITIVE

In this view graph we admit to the weakness of the proposed method and we try to make up for it.

The stress/strain cycles from high frequency gusting and low

frequency gusting will be used as SEPARATE contributions to
the part damage fatigue calculation. But we know that the RFC
method does not allow superposition of gusts!

EXCUSES

- The number of cycles of the low frequency gusts
is much lower than that of the high frequency gusts.
(Hence we commit an error to a small proportion)

- A separate conservative set of cycles are added
by assuming that:

- The wind increases from zero to that wind which
creates maximum thrust and back again once
every day |

- There are ten complete starts and stops from and
to cut in speed every day (of operating time).

- There is one stop and start cycle at cut out speed
every day.
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EXTREME MEAN WIND SPEEDS AND GUSTS IN NORTHERN GERMANY
by

Heiner Schmidt

Abstract

The method of determination of "extreme" mean wind speeds and gusts from
shorter time series of the wind with a mean recurrence around "once in 50
years" is discussed. Results are given for the coastal areas of Northern
Germany. The climate of the western European coasts is such that the extreme
wind speeds mentioned before are always connected to normal storm events. For
these cases relations between hourly mean wind, turbulence intensity, and gust
factor and further a relation between hourly mean wind direction and the
momentary direction of the peak 1 sec wind is given. Gusts generated by
convective situations (i.e. thunderstorms, sqall lines) are less frequent and
of lesser intensity than during storms. In other climates this may be
distinctly different.

Introduction

The construction of wind energy converters depends on the knowledge of many
meteorological parameters. A few of them, which were investigated for the more
general application in building design, are discussed here. The gust speed
(peak momentary wind speed, averaged over 1, 2 or 5 seconds) at a certain
height with a mean recurrence period of 10 or 50 years is used in many
building design codes as a measure of the maximum static wind load ("design
wind speed"). The ratio between this gust speed and the hourly mean wind speed
at the same level of probability is often used as a simple parametric measure
of the wind variations. Especially in wind turbine design other necessary load
assumptions may already lead to far stronger buildings so that the before
mentioned wind loads only serve as minimum load cases.

Wind values with a recurrence period of 50 years

For the renewal of the design wind speeds in German building design codes
(e.g. DIN 1055) in investigation of the regional distribution of "extreme"”
winds was made in 1982. In figures 1 and 2 the extreme values of the 10 min
mean and 2 sec wind speeds, respectively, with a mean recurrence of "once in
50 years" at a height of 10 m above ground level are shown. The word "extreme"
in this context does not mean an upper limit, which does not exist, but
corresponds to a specified probability of exceedance, which can less exactly
be transformgd to a mean recurrence period. Thus "once in 50 years" really
means "2*10 events per year".

In order to investigate only the regional variability of the wind, the data
have to be taken from the same time period for all stations. Otherwise
possible climatic variations can obscure the regional effects. The simplest
way of analysis would be to take the annual maxima of hourly mean wind and
gust speed from 20 years or preferably many more for each station, fit the
distribution to a theoretical extreme value distribution (Gumbel or other) and
extrapolate down to "once per 50 years". Unfortunately this does not work
properly in most cases.

The reason generally is a violation of basic requirements. Often only about 10
years' extremes are availible, which is definitely not enough for an extreme



52

value analysis. Other reasons are less obvious. The basic assumption for the
estimation of extremes is that the time series of events be a realisation of
an underlying stationary and homogeneous stochastic process. For the wind
itself the validity of this assumption cannot be shown to be true, it has to
be taken as granted. But very often it can be shown from a thorough
investigation of the station history, that the technical realisation (i.e. the
measurements) did not produce a homogeneous time series.

This is due to many reasons, e.g. gradual or abrupt changes: in measuring
equipment, in the measuring height or location, in the surrounding surface
roughness, in nearby obstacles (trees, buildings), or other. In Northern
Germany there is another severe reason which makes the extreme value analysis
technique impossible. All of the older wind recording systems stop at 80 knots
= 41 m/s in gust speed, a value which near the coast is exceeded in many
years. This means that a considerable part of the data is equal to 41 m/s
instead of having their true value.

Therefore the more tedious way of determination of the extremes from the
distribution of all measurements (the whole sample) was chosen. The frequency
distribution has to be generated from the time series, is then transformed to
frequencies of exceedance, normalized to the number of possible events N per
year, and fitted to a theoretical distribution. In this case most often the
Weibull distribution is chosen, which is in the integraded formulation as a
frequency of exceedance F(U) of all wind speeds greater than or equal to U
given by

F(U) = N * exp( -( -——- ) )

with the "scale” parameter A (which is related to the annual mean wind speed),
the "shape" parameter k (k=1 is an exponential type, k=2 the Rayleigh
distribution, k=3.6 almost a Gaussian distribution), and a "displacement” d.

In westwind climates d can be chosen as 0. In climates with a considerable
portion C of calms per year (Saudi Arabia for example) these have to be kept
separate, and the Weibull function can only be fitted to the rest of the
distribution with wind speeds above, say, d=1 m/s. In this case the normal-
izing number of possible events per year has to be reduced from N to (N- C).

The method of fitting a Weibull distribution to the whole sample, and
extrapolating it down to "once per 50 years" was used for the generation of
fig. 1 and 2. The method is subjekt to the same statistical restrictions as
the extreme value analysis (stationarity and homogeneity), but the results
already begin to stabilize at shorter time intervals (7-10 years data). This
obviously is due to the fact that the whole sample contains more information
about the underlying stochastic process "wind" than only the annual extremes.
The method has the further advantage that the fitting can be restricted to all
values below some upper limit in wind speed (41 m/s in our case) with only a
slight loss in the accuracy of the results. In our case about 8 years of
homogeneous wind data were used per station from the period 1970-80. The
possible number of events per year here was 52596, as 10 min intervals were
used (would be 8766 in the case of hourly values).

Fig. 1 and 2 highest values at sea (38 and 52 m/s, resp.) rapidly decreasing
inland of the coast with increasing aerodynamical roughness of the surface.
The confidence level of the data is estimated to be about * 3 m/s for the
statistical method. Variations of the same order are superimposed, induced by
local effects in single stations. For a recurrence period of 50 years, 50-55
m/s in 2 sec gusts and 35-40 m/s in 10 min mean speed can be considered as
typical all along the continental European west coast from Denmark to Northern
Portugal. Higher values will occur at the coasts of Great Britain and Ireland.

For intercomparison with other investigations note the following rules: At the
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same level of probability extremes of hourly mean winds are 10% lower than
those of 10 min mean winds, due to a loss of variance by averaging. For the
same reason 5 sec extreme gusts are 5% lower than 2 sec gusts. Finally extreme
winds with a mean recurrence period of 10 years are about 10% lower than those
with 50 years return period.

Differences between storm gusts and thunderstorm gusts

All over the coastal areas of western and northern Europe "gusts" with a mean
recurrence period of 10 years or more are always found to be generated by
normal storm situations. Storms come and go in a typical time scale of a day.
During storms generally hourly averages and standard deviations of both wind
speed and direction are well defined. The momentary wind fluctuates in a more
or less random way around the mean wind. On the average the hourly peak
momentary wind (hourly "gust") Umax is found to be by a factor of about 1.5
greater than the hourly mean wind speed U. The factor (called the “gust
factor", G) is depending on the height above ground, the mean wind, the
atmosperic stability, the roughness of the surface and the averaging time of
the momentary wind. A numerical formulation is given by Wieringa () and
others.

For these typical storm situations in a special investigation in Northern
Germany we found a rather stable relation between the gust factor G, the mean
wind speed U, the standard deviation s on the basis of hourly means and 1 sec
averages as momentary winds. s divided by U is the so called "turbulence
intensity" I of the wind speed. On the average it was found that

I=C* (G-1) or (Umax - U) = C * s

with a constant (for wind speeds > 10 m/s) C = 3.1 + 0.3 for hourly averages
U, and C = 2.5 + 0.3 for 10 min averages. This means that the turbulence
intensity at a location can be approximately calculated from routine (weather
service) data, where most often Umax and U are known, but s is unknown. From
an investigation of the wind vectors it could be shown that (for gust factors
up to 2) the standard deviation, turbulence intensity and gust factor for the
along wind component u are practically identical to those of the wind speed U.
The turbulence intensity of the cross wind component v was found to be by 10%
lower.

Further the relation between the direction of the hourly peak 1 sec wind and
the hourly mean wind direction was investigated. It was felt, that there
should exist a systematic difference in directions due to the assumed origin
of "gusts" from higher altitudes. The result for storm "gusts" was negative,
as shown in fig 3, the peak 1 sec wind on the average has the same wind
direction as the hourly mean wind. From a lot of time histories of storm gusts
we found that this is caused by a lack of correlation between the variations
in wind speed and direction on the time scale of a few seconds.

Fig 4 gives a typical example. (Note the scaling of direction: axis value =
(degrees - 200)/10 !) The smooth curves are 80 seconds low pass filtered. On
that time scale the "gust" clearly comes out, speed rises from 10 to 18 m/s
and goes back to 11. The direction shows a distinct right turn from 280 to 310
degrees and back to 290, as is often seen with storm gusts on wind recorders.
But the speed peak and the maximum right turn of direction are somewhat out of
phase (50 seconds in this case), which normally cannot be detected on routine
wind recorders. On the 1 sec time scale hardly any correlation between speed
and directional changes can be detected. The 1 sec peak wind (with a speed of
almost 21 m/s) is situated randomly somewhere on top of the 80 sec *gust” and
therefore connected to some wind direction value randomly deviating from the
hourly average direction.
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Quite the contrary of all this is true for gusts which are generated by
strongly convective situations of the atmospere (like thunderstorms, sqall
lines). For the coastal areas of Western and Northern Europe this type of
gusts was found to be far less frequent and of lesser intensity than the storm
type gusts described before. In other climates this is distinctly different.
But generally the convective gust type are felt to be very hazardous for wind
energy converters.

A typical example of the passage of a sqall line is shown in figure 5. The
time series of 10 second averages (sampled every 250 s) of wind speed and
direction were measured at a high mast near Hamburg by the Meteorological
Institute of the University of Hamburg. Measurements of three levels (50, 150
and 250 m) are shown. Before the squall line there is a light easterly wind
with a relatively large vertical shear in speed U and direction R. Then the
squall line passes with a sudden wind turning to the south west and a sharp
increase in wind speed from near zero to 15 m/s within a minute. The gust
would hit a wind converter exactly from the rear. The vertical wind shear
afterwards is small.

In cases like this hourly averages of speed and direction are meaningless and
the calculation of standard deviations and turbulence intensities results in
something arbitrary. The whole concept does not work in the instationary
convective cases because these “"gusts" are highly organized and are not
generated by a more or less random turbulent process as in the case of storm
gusts. Note that the onset of the sqall line in this case first begins in the
lowest level (50 m) and only a minute later hits the highest level (250 m).

Geostrophic wind in the German Bight during the last 100 years

Long time series of measurements of the wind in the order of 100 years do not
exist. There are series of estimations of the wind, but the methods of
estimation have changed considerably, and the time time series therefore
cannot be regarded as homogeneous. We therefore chose an indirect method to
develop a long time series of the wind. The driving force of the wind near the
earth's surface is the horizontal air pressure at that height. Force and
direction of the gradient can be calculated from the simultaneous pressure
readings at three stations in a triangle assuming linear pressure variation
between them.

As a measure of the wind the so called "geostrophic” wind is calculated. It is
directly proportional to the pressure gradient and (at a minor rate) varies
with air density and latitude. The relation between the actual wind at 10 m
height and the surface geostrophic wind is nonlinear. The ratio decreases from
0.7 at 10 m/s to 0.5 at 60 m/s geostrophic wind speed.

The 08.00 LT pressure readings (reduced to the sea level) of the three
stations Fanoe (Denmark), Hamburg and Borkum (both Germany) were available as
basic data for most of the days in the period 1876 to 1989. The stations are
arranged in a nearly equilateral triangle of 200 km side length, the center of
which is located in the German Bight. The resulting time series of the
geostrophic wind again consists of one sample per day.

The annual mean geostrophic wind speeds (scalar averages) for 1876 to 1989 are
shown in figure 6. No statistically significant trend can be seen, but only
long time variations superimposed by strong shorttime variations. The analysis
of geostrophic wind speeds greater than the mean wind and of geostrophic wind
direction essentially reveils the same picture, i.e. no linear trend, but
relatively strong variations in all time scales. This is a further indication
that the wind can be assumed to be a stationary stochastic process.



page: 55
.36
List @ 310

_ Meierwi
- ,Nl\enermk \

G\

\ +
~ \Weslevmnrkelsdorf @

-1 P ’ ~ rove
') 38 ms Hooge @ 9 -~ 35, _Fu;:;:“
). A
& ) )] p QN \34
- H ider - -
,,Tms 3% @_ lnnd sEp:::we N ge ' 32
Bisum
\\..Deutsd\e Bucht”  Eibet 0 . 30
N ) ) <<28
Lomiraveminae
Libeck ,‘ ]
/ '\,\26
-E; b \
@ s ttel /_i
Sy O™ !
/1’.. \‘Q h""_ ,/'/
II Ve NS Louentuirg
‘\ 50-Jahres -Wert,
\ des
10-Minuten-Mittelwindes
)28 26 revidiert 04/63
DWD - SWA
(]
Soltcu
Fig. 1 10-min-mean wind speed with a mean recurrence period of 50 years

in Northern Germany

50-Jahres -Wert
der

2-Sekunden-Maximalbden
revidiert 04/83
OWD - SWA

2~ @ ANom P

Fig. 2 2-sec-gust speed with a mean recurrence period of 50 years
in Northern Germany



56

Fig. 3 Direction of 1 sec peak winds
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Fig. 4 Time history of a storm gust
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Measurements of Turbulent Parameters at Twin Towers in Northern
Germany.

G. Tetzlaff and K.-J. Schreiber

Institut fliir Meteorologie und Klimatologie
Universitat Hannover

Summary

During a period of slightly more than one year data were taken at
the twin tower system designed to supply wind data allowing to
trace load cases on the wind turbine once called GROWIAN. The
data were coded in a unfavourable manner what made it difficult
to evaluate more than a small portion of the total wealth of data
available. It is the results of a selected number of intervals
that is presented here. Due to shortness of time for the evalua-
tion only a glimpse can be taken on the potential of knowledge
that is still to be gained from these data. Wind shear estimates
in the vertical and the horizontal as well as wind coherence
functions and coherences of wind machine reactions were evaluated
for a limited number of data sets missing the representativity
required to translate them into design or certification criteria.

1. Introduction.

This report summarises results presented in form comprehensive
volumes reported in the the years 1987 and 1988 to the GROWIAN
manufacturer. The data contained in these reports cover only a
fraction of the total amount of wind and machine data taken in
the active period of the measuring program designed for GROWIAN
and they again represent only a small fraction of the data that
initially had been planned to be taken. After the dismantling of
the worldwide unique measuring system of the twin 170 m towers no
perspective was developped to make any use of the unique data set
however limited mainly by administrative restrictions within the
measuring program.

Turbulence is a critical constituent of the wind, and wind is
essential in wind power. Therefore, many efforts were made to
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quantify the turbulent fluctions effecting wind turbines. A
rather early attempt was made when GROWIAN was built. It was
mainly in the planning phase that the importance of wind measure-
ments was stressed. However, all three planned towers were pro-
perly deployed and later on partially eqipped with wind sensors.
Figure la gives details of the site and the situation relative to
GROWIAN. The coast line is oriented NNW-~-SSE at a distance of
about 1600 m from the wind machine. The wind measuring tower 1 is
sited between the coast and the wind turbine. The twin towers
with a total height of 170 m are only 70 m from the wind turbine
on its western side. With an air flow from 244° the GROWIAN wind
turbine is exactly in the lee of the towers.

2. Measuring strategy and technique.

The 12 m long booms of the twin towers (figure 1lb) were equipped
with wind sensors. The total number of 16 wind sensors was meant
to give a full coverage of the rotor swept area. To supply a
reference value sensors were also installed at 10 m height. As
main turbulence wind sensors a combination of a propeller anemo-
meter and a wind vane was selected giving the two horizontal wind
components. The vertical spacing of these sensors was 25 m, the
horizontal one close to that value (about 24 m). In addition, air
temperature and relative humidity were measured at 10 m, 100 m,
and 150 m. The propeller-vanes were used in well defined measu-
ring campaigns only. The routine temporal coverage relied on cup
anemomters mounted at 10 m, 50 m, 100 m, and 150 m. All sensors
were sampled at 12 Hz. The cup anemoter data were routinely
reduced to 30 minute averages as well as the temperature and
humidity data. The propeller-vane data were saved as raw data in
the full temporal discretisation of 12.5 Hz.

The standard routine data should give an estimate of the long
term conditions at the site. Therefore, the data were summarized
to hourly, daily and monthly sets of data. They give some insight
in the energy output of the machine on the long run, possible
freqencies of flow types, and subsequently on some engineering
considerations.

The measuring campaigns based on the propeller vanes were selec-
ted to suffice the reqirement of presenting all important atmo-
spheric flow situations in particular to give the multifold
turbulent conditions. They were combined with synchronously taken



machine data. In principle this would allow to win information on
load cases and the corresponding general atmospheric flow condi-
tions.

The installation of the measuring system was terminated as early
as 1984, it took some time to make all components operational,
i.e. the machine sensors. Due to these technical considerations
the time interval with full machine and meteorological data
coverage concentrated on the period from august 1986 to august
1987. In this period a total of 39 campaigns with a duration of
about 25 minutes each was collected. These campaigns were laun-
ched to f£ill in a matrix of meteorological conditions. The sor-
ting criteria were the wind direction (onshore and offshore
flow), the stability of the stratification (day and night, clear
and cloudy skies), and the wind speed itself. It was for several
technical reasons that the number of data sets could not be
enlarged beyond the number mentioned above, in particular the
time interval did not contain situations with wind speeds of more
than 15 m/s. Therefore, a climatological coverage was not dir-
rectly achievable.

3. Exemplaric data sets.

Among the data sets several proved to be particularly adequate to
be analysed in more detail. Two of these were looked at in more
detail than at the others. These two data sets were taken under
onshore flow conditons with almost perpendicular flow with re-
spect to the twin towers. The first data set (campaign 10) was
taken under unstable atmospheric conditions on 21 october 1986,
from 12.45 to 13.15 local time, the mean wind direction was 245°,
the mean wind speed at 10 m was 10.8 m/s. The campaign 28 stands
for stable atmospheric flow conditions. The data were taken on 22
January 1987 between 12.45 and 13.15 local time with a mean wind
direction of 240°, the mean wind speed at 10 m was 3.5 m/s. The
data sets differed to large extent in their turbulence characte-
ristics i.e. the turbulence intensities at 10 m were 0.24 and
0.10 respectively.

Before any detailed analysis could be performed a quality control
of the data proved to be useful. Beforehand the sampling rate was
transformed from 12.5 Hz to 2.5 Hz. Different transformation

techniques exhibited virtually no significant differences even in
the higher frequency range. Furthermore, some of the mean values



needed corrections. Their quantities were derived using the
theoretical vertical wind profile and the redundant wind informa-
tion in the different levels. The actual amount of the correcti-
ons did not exceed 0.4 m/s. The data matrix of the temporal
changes of the wind speed from one time step to the following one
allowed to check the technical availability of the wind sensors.

4. Results of wind shear.

The data sets were used to analyse the wind shear, both the
vertical and the horizontal one. The wind shear Sy is a vectorial
quantity and defined by equation 1.

Sy =8 v/ &z (1)

with v the wind vector and z the vertical cordinate.

The vertical shear of the wind speed then is defined according to
equation 2.

5v / 3z = ((uz(zy)+v2(zy)% - (uz(z)+ve(zy %)/ 2z (2)

In this equation u and v denote the horizontal wind components in
a cartesian system with u being the zonal and v the meridional
wind component.

The wind shear is a function of the distance between sensors,
taken in both directions horizontally and vertically. The figures
2a, 2b, 2c and 2d show the wind shear in units of 0.01 s™1l. The
logarithmic shape of the vertical wind profile shows itself
dinstintly in figures 2a and 2b. With increasing distance from
the surface the average as well as the extreme values of the
vertical wind shear decrease. The data included in the figures
comprise the data of 23 data blocks. Most interesting is the
question whether the vertical and the horizontal wind shear
exhibit different properties. The results for all 23 data blocks
are shown in the figures 2c and 2d. In figure 2c the vertical



shear is taken between the sensors in 50 m and 150 m height, in
figure 2d the horizontal wind shear is taken between the most
distant sensors in 100 m height (76 m). While 0.03 s™1 is most
frequent in the vertical case, the 0 value occurs most frequently
in the horizontal case. However, the scatter of the shear value
around the maximum frequency is rather similar in both cases.
Thus, the extreme values are of similar occurrence levels in
either case.

To show the effect of atmospheric stability two data sets were
selected. Figures 3a and 3b exhibit the effect of the density
gradient on the vertical and the horizontal flows. In the unsta-
ble air flow the vertical flow is dislocated against the O-shear
(figure 3b), the horizontal one (figure 3b) shows a slight asym-
metry. This asymmetry may be caused by a systematic inhomogeneity
in the air flow possibly connected to a surface structure. The
stable flow conditions in represented in figure 4a and 4b empha-
size the similar magnitudes of the vertical and the horizontal
shear.

On the basis of the 2.5 Hz-data extreme values of the wind shear
were evaluated. The maximum values for the vertical shear were
observed to be 0.091 s'1 between 50 m and 150 m. This means a
speed difference of 9.1 m/s between top and bottom of the rotor
swept area. Reducing the distance to 25 m in the vertical enlar-
ges the maximum value of the shear to 0.338 s'1 between 50 m and
75 m. The corresponding wind speed difference amounts to 8.5 m/s.
In greater heights (125 m to 150 m) the maximum shear reduces to
0.235 s'l, or a wind speed difference of 5.9 m/s. The maximum
observed horizontal shear values in 100 m height were 0.238 s
for a distance of 24 m, with a horizontally taken wind speed
difference of 5.9 m/s. Taking the longest possible horizontal
distance in 100 m height (76 m) the maximum observed shear was
0.100 s71 resulting in a wind speed difference of 10.0 m/s for a
100 m distance (or 7.6 m/s for 76 m). The basic structure already
found in the complete data sets for the vertical wind shear is
confirmed. Vertical and horizontal shear are rather similarly
distributed. However, the O-crossing is different for the two
directions.

Applying an extreme value statistical method relying on the
Gumbel-distribution of the extreme values the return period of
the extreme shear events was considered. It showed that the



events detected in the very short measuring periods indeed does
not exceed return periods of about half a year. An extrapolation
resulted in a 100 year event of 0.180 s”! for a distance of 100 m
in the vertical and of 0.190 sl for a distance of 76 m in the
horizontal. These values result in a wind shear of about 18 m/s
for a distance of 100 m both in the vertical and the horizontal.
The extension of the averaging period to longer intervals reduces
the shear values, however, results are not yet available here.

Energy transfer P to the blades is proportional to third power of
the wind speed. Therefore, the wind shear analysis is extended to
power differences. These differences 5P are evaluated according
to equation 3.

SP(dt) =% a | u(anel)3 - (u(ane2) cosB)3 } ( 3)

The values of SP(dt) are given in the units of kg/s2? or W/m2, dt
in s denotes the time interval over which the wind speed is
integrated, o is the air density, B the angular difference bet-
ween the two anemometers, here anel and ane2. This applies for
vertical as well as for horizontal differences. The coincidence
between the averaging time interval and the extension of the
gusts is not heeded here. Due to the third power in the equation
the numerical values exhibit stronger variation than the wind
shear itself. Vertical differences are taken from top to bottom,
i.e. anel is the one in 150m, ane2 the one in 50m.

A detailed analysis was performed for two data sets both for
vertical and for horizontal differences, one in unstable strati-
fication (21.10.86, 12h45 to 13hl5) and one in stable stratifica-
tion (22.1.87, 12h45-13hl15). A simple statistical analysis shows
the mean values of the differences.

In the set of data with the unstable stratification the mean
values are u{l50m)= 16.7m/s, u(50m)=14.2m/s with an average
angular difference of 7° between the two levels. The average
value of the power difference then amounts to 1200 W/m3. However,
the unstable conditions also evoke a strong variability. The
standard deviation reaches 950 W/m2, the maximum value 4667 W/m2
and the minimum value =-1405 W/m?2 (figure 5a). It is in about 5 %
of the time interval that the differences become negative. The
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average value of the horizontal power differences at 100 m bet-
ween the most distant anemometers in this level (76m) amounts to
50 W/m2, the standard deviation however rising to 660 W/m2. The
extreme values vary between 3262 W/m2 and -2677 W/m2(figure 5b).
This asymmetry is result of the shortness of the time interval.
The total range of the differences is equal both for the horizon-
tal and the vertical differences. There is however a slight
unlikeness of the vertical and the horizontal figures as to be
expected.

The data taken in stable stratification show the expected featu-
res. The average wind speeds were u{(150m)=9.9 m/s and u(50m)=6.7
m/s with a wind direction difference of 24° between the two
levels. The mean difference is 500 W/m2 in the vertical and 0
W/m2 in the horizontal case. Even the maximum values do not
exceed 850 W/m2in the vertical and 350 W/m2 in the horizontal
case (figures 6a and 6b).

5. Time series analysis of the wind data.

To look into the structure of the wind data a power spectrum
analysis was performed. In addition a coherence analysis gave
information on the interrelation between the wind at different
locations and machine oriented parameters. The time series were
given in the form of the functions x(t) and y(t). The spectrum
then gives the fraction of the total variance o2 for a certain
frequency interval. As wind variance and kinetic energy have the
same physical dimension a connection between the turbulence
kinetic energy and the turbulent eddies can be derived. The
interrelation between two time series can be investigated with
the cross spectrum analysis. The Fourier transform of the cross
covariation gives the complex cross spectrum. This shows whether
there does indeed exist an interrelation between two time series
as a function of frequency. The quadratic covariance is the
normalised cross spectrum (consisting of the cospectrum and the
quadratic part, denoting the real and the imginary part of the
cross spectrum), which mathematically results from the variance
spectra of the two time series and the cospectrum and the quad-
spectrum. The coherence thus gives the frequency-dependent qua-
dratic correlation-coefficient between the two time series x(t)
and y(t) (i.e. Panofsky and Brier 1965, Chatfield and Watts 1968,
Taubenheim 1969, Walk 1970, Bath 1974, Richter 1980, Schénwiese
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1985). The pretreatment of the data in the time series includes
the proper filtering. The frequency ranges from 1.25 Hz to 1/900
Hz in accordance with the filtered sampling rate and the length
of the time interval.

The presentation of the power spectra using the axes f-.E(f) and
1n f allows the conservation of the total variance integrating
over all frequencies. The digitization of the data of the winds-
peed was 0.3 m/s. This results in a white noise the contribution
of which reaches a quantity of about 0.005 m2/s at 2.5 Hz. In
most atmospheric conditions this is a neglegible quantity, in
some few cases with very strong turbulence reduction the white
noise contribution becomes detectable on the high frequency part
of the spectrunm.

The variance spectrum of the wind and the wind coherence were
analysed in detail for a set of data in

-unstable conditions : 21.10.1986, 12h45-13h15,
wind direction 245°,

surface friction velocity u,=0.93 m/s;

in 10 m average wind speed u=10.8 m/s,

standard deviation 0=2.58 m/s and

turbulence intensity TI=0.24;

in 50 m u=14.2 m/s, 0=3.03 m/s and TI=0.21;

in 100 m u=16.1 m/s, 0=3.15 m/s and TI=0.20;

in 150 m u=16.7 m/s, 0=3.00 m/s and TI=0.19.

The figures 7a-7c give a good impression of the basic structure
of the turbulent parameters. The amplitude of the turbulent
fluctuations quite distinctly decreases with height, the longer
periods occur almost simultaneously through all levels, the
shorter ones cannot, however, be easily identified.

In the figures 8a-8c the power spectra of the time series shown
in figures 7a-7c are presented. The amplitudes of the higher
frequencies decreases with height so that the turbulent energy in
the low frequency range increases with height.

The consequently derived coherence values are shown in the figu-
res 9a-9b. In figure 9a the cross spectrum was calculated for the
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time series of 50m and 150 m. The coherence in the low frequency
range approaches the maximum value 1, then decreases and has a
shoulder at about 0.01 Hz (100s). The horizontally taken cross-
spectrum at 100 m height, between the maximum possible distance
at this level exhibits a similar pattern (figure 9¢). It is at

about 0.01 Hz that the correlation between the two time series
falls under the value of a strong interrelation.

In strongly stable stratification the expected conditions can be
detected. The data were taken in january 1987 at noon in warm air
advection with the formation of some fog and very low clouds. The
main wind direction with 240° again was optimum for the instru-
ment setting. The wind data showed :

10 m wind speed u=3.5 m/s, 0=0.35 m/s, TI=0.10, u,=0.34 m/s;

S50 m : u=6.7 m/s, 0=0.18 m/s, TI=.03;

100 m u=7.8 m/s, 0=0.22 m/s, TI=0.03;

150 m u=9.9 n/s, 6=0.17 m/s, TI=0.02.

The turbulence intensity is on a very low level. Figure 10 shows
the time series of the wind speed in 150 m height with virtually
no detectable turbulence. The corresponding spectrum (figure 11)
shows the white noise of the digitisation in the high frequency
range. Else there is indeed very little turbulent energy in the
classical turbulence range. It is only beyond the 100s threshold
that some fluctuations are found, but with almost neglegible
energy when compared to the unstable case. The coherence analysis
confirmed the overall low frequency levels and the decoupling of
the vertical wind speeds through a wide range of frequencies
(figure 12). Even in the low frequencies the air flow between 50
m and 150 m height apparently is decoupled. There are hints that
a temperature inversion was responsible for this effect. The
temperature data themselves were not accurate enough to include
them into the investigation. This is emphasised by the the coher-
ence analysis of the 100 m data. The coherence between the two
most distant wind sensors showed a coherence close to 1 in the
range beyond about 200 s, and no detectable coherence at higher
frequencies (figure 13).

The power spectrum analysis was also applied to the power diffe-
rences between the vertical and the horizontal ones (figure 1l4a-
14b) . The vertical power differences were taken between 50 m and
150 m, the horizontal ones between the most dinstant sensors at

100 m height. The power spectra show the maximum of the variance
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at about 15 s with a decrease to lower and higher frequencies.

The vertical power differences show contributions to the variance
mainly in the low frequency range with a shoulder at about 15 s.
This pattern in principle is also valid for stable stratification
(figures 15a and 15b). The low energy level of the spectra makes
it clear that the digitisation noise dominates the high frequency
range at 1 s. The vertical differences go with an average diffe-
rence to be seen in the low frequency range, the average horizon-
tal differences are very close to 0.

Synchronous to the wind data machine data were taken for some of
the time intervals. As indicators to characterize the machine the
power output was selected, as well as the strain gage data de-
ployed at three locations in the rotor blade on the windward
side. To get a first guess of an integrated wind signal the
anemomter data were averaged arithmetically in order to represent
one value of the rotor swept area (figures 16a and 16b). Figure
16a shows the wind speed at 100 m height, figure 16b the arith-
metically averaged values (data of 10 september 1986, 12h45-
13h09, wind direction 260°, cloudy skies, u(l0Om)=6.6 m/s,
TI(100m)=0.09 indicating near neutral stratification). The elec-
tric output of the machine is presented in figure 16c. To give
insight in the loads on the the machine the most appropriate
information seems to be the data of strain gages in the blades.

Figures 17a, 17b and 17c show the time series of the strain gage
signals at 11 m, 27 m and 40 m from the hub. The power spectrum
of the wind speed at one sensor in 100 m height differs markedly
from the spectrum of the arihtmetically averaged wind signal
(figures 18a and 18b). The spectrum of the signal of the electri-
cal output follows the pattern of the wind spectra, with some
dinstinct deviations at the rotation frequencies of the blade
itself (figure 18c). The power spectra of the strain gages are
even more subject to the rotation frequency of the rotor. Figure
19a shows three narrow lines with a very high peak energy but a
very narrow frequency range at 3.7 s, 1.8 s, and slightly less
than 1 s. Filtering the data with a Gaussian filter suppressing
frequencies higher than 100 s results in spectrum of figure 1Sb.
The spectral density here agrees rather well with the one of the
wind input as taken from the arithmetically averaged wind data.
The interaction of the blades and the wind appears in to featu-
res. In figure 19c the broadening of the "foot" of the spectral
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lines certainly is one form of the reaction, and secondly the
spectral reaction in the frequency range of the wind speed itself
is wind dependent. In particular the differences in the spectral
density allow some insight in the amplitudes of the blades as a
reaction on the wind forcing. The strain gage at 40 m from the
hub sows much larger values of the variance than the ones closer
to the hub.

Considering the coherence between the wind and machine parameters
the correlation ceases to exist for frequencies higher than about
0.03 Hz. This applies almost identically for the wind speed taken
with one individual wind sensor at 100 m height (figure 20a) or
for a the arithmetically averaged wind speed (figure 20b). The
strain gages react similarly (figure 20c). The correlation in the
low frequncy range is very high breaking down at about 0.03 Hz.

This analysis was performed for a several sets of data showing
structurally similar results. Furhter analysis were also perfor-
med being not presented here. To fathom this very rich mass of
data requires more time and effort than could be invested up to
now. However, hope to continue this piece of interesting data
analysis never ends.
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Figure la : Geometrical setting of the measuring towers.
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SIMULATION OF LOADS ON A WIND TURBINE INCLUDING TURBULENCE.

1.Introduction.

This paper presents some initial results from calculations of
fatigue loads on the 60 m, 2 MW Tjereborg Wind Turbine using a
recently developed time-domain computer code including a
simulation of turbulent wind.

2.8tructural dynamics model.

The structural dynamics model "FLEX" uses a relatively limited
number of degrees of freedom to describe the rigid body motions
and elastic deformations of the turbine. Figure 1 shows the
case of a 3 bladed turbine with a maximum of 20 DOF. No. 1 and
2 are the horizontal deflections of the tower top in two
directions at right angles to each other. Both DOF can include
prescribed rotations of the tower top. (tilt). DOF 3 is tower
torsion / yaw drive flexibility, while no. 4 is a tilt angle
DOF simulating the nacelle bedplate flexibility in the tilt
direction. DOF 5 is the main shaft rotation angle at the front
bearing while 6 and 7 are angular deflections of the main shaft
in the bending directions simulating main shaft bending flexi-
bility or teeter hinges. No small angle assumptions have been
used for any of these 7 rotations. The blade deflections
relative to the blade roots are described by a maximum of 2
flapwise and 2 chordwise modes for each blade. Normally only 1
chordwise mode is used. Each blade can be pitched at the root,
however the pitch angles are not independent DOF’s, but are
prescribed by a simulated control system. Finally DOF 20
simulates the shaft torsion between hub and generator.

The aerodynamic loads on the blades are calculated by the
traditional blade element momentum method. The mean wind field
over the rotor plane includes wind shear, yaw and tower shadow.
The generator torque can be modelled to simulate all kinds of
characteristics including variable speed operation.
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3.Turbulence model.

The turbulent part of the wind is included in the model as time
series of simulated turbulence (u-component only) in a large
number of points over the rotor plane, figure 2. The simulated
turbulence is calculated in advance and stored on disk. During
the actual simulation of the turbine response the value of the
turbulent wind component at any point and time is calculated
from the turbulence time series by interpolation in both space
and time.

The simulated turbulence is calculated by the method of
Schinozuka & Jan (fig.3). A very instructive description of the
method for this particular use is given by Veers. The method is
guite general and allows the user to specify the target spec-
tral density functions for all the points and the cross spec-
tral densities between the points. However, one should note
that each set of simulated time series is only one of an
infinitely large number of possible realizations. Therefore,
for each wind condition, several different wind simulations
should be used in order to obtain a reliable average result.

4. Results.

The results presented here have been calculated assuming a 10%
turbulence intensity, the same Kaimal spectrum at all points in
the rotor plane and a constant coherence function with a
coherence decay of 8 (fig. 3). Simulations have been made for 6
mean wind speeds from 7 to 22 m/s, but only one turbulence
simulation have been used for each. The turbulence has been
simulated for the 181 points in figure 2 with a 0.1 sec resolu-
tion for 200 sec. The time to calculate each of the 6 turbu-
lence time series. is approximately 7 hours on a 16 MHz 386 PC
with coprocessor.

Running the "FLEX"-code with the turbulent wind as input
produces time series of simulated loads and deflections at a
large number of points in the wind turbine. Time steps of 0.025
sec is used producing 200 sec of simulated turbine operation in
approximately 2 hours with the same computer as above.

In order to present an example of the results in a condensed
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way, the flapwise bending moment in the blade root has been
rainflow counted and the equivalent 1P moment range has been
calculated for each mean wind speed. The equivalent 1P moment
is defined as the constant moment range which at a frequency of
1P (once per rev. of the rotor) produces the same fatigue
damage as the actual moment variation assuming a given damage
rate exponent m (8 is used here) and linear damage accumula-
tion. The upper line in figure 4 shows the result including
turbulence, while the lower line in the same figure are the
results calculated without turbulence. The broken lines are
also calculated with no turbulence but with plus/minus 10
degree of yaw. In all cases a wind shear exponent of 0.14 has
been used. The results clearly show that the turbulence con-
tributes significantly to the flapwise blade root fatigue.

Figure 5 shows a direct comparison with measured data from
the Tjzreborg Wind Turbine. Results from a large number of
measured time series, each 180 sec long is plotted. The mea-
sured time series correspond to a range of turbulence intensi-
ties, the major part between 5 and 10%. The agreement between
measurements and calculations is very satisfactory at least for
wind speeds below 15 m/s. At higher wind speeds the calculated
values are rising less with increasing wind than the measured
values. The reason for this will be investigated in the future
looking into the sensitivity of the results to changes in
turbulence length scales and coherence function.
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Figure 1. Basic elements of structural dynamics model "FLEX".
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Simulation of Tjoereborg Wind Turbine with 10% turbulence (top)
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DIMENSIONING LOADS FOR Nadsudden II 3MW WIND TURBINE

BACKGROUND
KVAERNER TURBIN AB is a manufacturer of large wind turbines. We are now in
the middle of the Ndsudden II/Aeolus II project which means delivery, in
cooperation with MBB in Germany, of twc 3 MW turbines to the electricity
boards VATTENFALL in Sweden and PREUSSEN ELEKTRA in Germany.
To design a wind turbine, the accuracy of the loads are very important.
Additionally, the loads in the design phase have to be few, preferably only
F; max for static dimensioriing
F; middle, AF; , N for fatigue dimensioning

¢ € load component 1, 2, 3, 4, 5, 6
N is corresponding number of load cycles

MBB is responsible for the load specification (and manufacturing of the
blades) for the Nadsudden II.
MBB's first proposal for dimensioning fatigue loads was:
During all time of operation (=2.3E+8 rotations)

* rated wind speed = 14 m/s at hub height

* constant asymmetric wind speed gradient = 0.25 m/s/m
That would cover all other possible fatigue loads and having the advantage
of being easy to calculate (as specified above). That wind assumption was

also approved by Germanischer Lloyd for the MBB’s one bladed Monopteros
machines with flapping hinge.

¥ y

v(120m) = 24 m/s

vi80m)

]

14 m/s

v( h)

v(40m)

4 /s
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For the twobladed Ndsudden machine with rigid hub, the very high wind speed
gradient involved unacceptable consequenses for the design.

A comparison with measured wind gradient during 4 years at Ndsudden showed
gradient values around -0.02 - 0.08 m/s/m for the whole rotor. By assuming a
normal distribution of the gradient, a high fictive wind shear distribution
was constructed. The median gradient was increased with 4 standard deviations
and also the standard deviation was increased with 50 percent. The result
was a distribution as the following :

0.20 m/s/m S5E+6 rotations
0.17 m/s/m 35E+6 :
0.12 m/s/m 157E+6 :
-0.04 m/s/m S0E+6
-0.08 m/s/m 3E+6
250E+6

Our customer VATTENFALL wanted to have a verification that this fatigue
load assumption did cover what was stated in their TECHNICAL SPECIFICATION.
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WIND CHARACTERISTICS

Our customer’s TECHNICAL SPECIFICATION specify a lot of different wind
characteristics which are supposed to be valid at Ndsudden. It states

* the distribution of wind speed

* normal wind speed gradient

* roughness lenght for different wind directions
* extreme wind speeds

* turbulense intesity

L (see enclosed extract o TECHNICAL SPECIFICATION)

With these statistical specificaticns a comparison was carried out against
a gust spectrum based on a turbulence model. The theory ot that work is
presented in enclosed paper.

The result from that paper showed that even with some very conservative
assumptions, the load variations in the rctating blade root system is too
high for the fictive wind shear distribution. In the nacellefix nonrotating
system, the difference is even more obvious. The flapwise bending moment is
highly overestimated whereas the thrust variation is underestimated. Later,
a "partial gust" was introduced to increase the thrust variation.

The purpose of enclosed work was to show that the used wind assumptions give
loads on the safe side. The result showed a significant built-in safety factor.

The design of the Nédsudden II unit is almost finished. Therefore KVAERNER
is about to start the work to determine the loads for the next generation of
large wind turbines. Hopefully, improved wind characteristics relevant for
wind turbine design will be available then. Are they to be taken from
statistical relationships or extrapolations of the wind measurements?

Is it possibile, from fatigue point of view, to summarize all kinds of wind
into a combination of one symmetric and and one asymmetric wind speed
gradient? Could the site dependent parameters be the different inclinations
of the wind gradients?

k A\ ;( A

———

asymmetric wind gradient symmetric wind gradient
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3 OPERATIONAL CONDITIONS

3.1 Wind characteristics

The WTS shall be designed for a typical site along the a northern
European coastline. The site has three sectors with different

roughness parameters and different wind data as specified in Table 1.

Table 1 Wind data for a typical site, based on ten minute
averages, at 90 m height for each of three sectors, i,

respectively.

Sector Water Field Forest

Time for wind in each 40% 30% 30%

sector % of total time

Distance and roughness 0-500 m 0-®m 0-100 m

Zg in each sector: 0.05 m 0.2 0.2
500-c0m 100-00m
0.001 m 0.8

Vm 90 m 9.0 m/s 8.0 m/s 7.3 m/s

Weibull parameters:

A9Q m 10.6 m/s 9.6 m/s 9.0 m/s

C 2.2 2.0 1.8

% 10-50 m 0.17 0.22 0.29

X £0-100 m 0.10 0.22 0.33

Ve 90 m - the median wind speed at 90 m height - for all sectors
together will be approximately 8.2 m/s.

3.1.1 Macrometeorological wind speed

(a) Median and mean wind velocity is based on a ten minute
average at height hpef = 90 m, in each sector, i, respectively.

(b) Median wind speed profile is expressed as
. X (i
Vm (i,h) = Vm (l,href) (h__) (l,href)
href
giving wind velocities at a height h when the velocity at hpef is
known. X is the altitude parameter which in turn is a function
of the surface roughness length in each sector.
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Wind duration

The distribution of wind velocities in each sector, i, during a
year is described by the Weibull distribution function

(o
(V) = (C/A) (v/a)C-L HV/A)T)

with its corresponding duration curve

o0

c

FGV) = jf(v)dv - VAT
v

where
f(V)
F(>V)

Cc
A

is the probability density function

is the part of the total sector time when the wind
velocity is higher than V

is a shape parameter

is a scale parameter

Extreme wind speed

Estimated extreme wind velocities, at 90 m height, to be used
in the load calculations, are shown in table 2.

Table 2 Extreme wind velocities for two different mean time

values at 90 m height

10 min 3 sec

Vel (m/s) 58 75

Vg2 (m/s) 40 52

VE3 (m/s) Veol Veol*f

Veg (m/s) 25 33

where

VE1 is highest wind speed that can occur

Vg2 is highest wind speed to be considered when the machine
is parked in a recommended way with the worst kind of
critical fault in the WTS.

Ve3 is highest wind speed including gusts, to be considered
when the WTS is producing power.

VEgs is highest wind speed to be considered at the appearence
of a critical fault in the WTS when it is producing power
or is in a starting or stopping mode.

Veol is the highest wind speed at wich the machine is

producing power.
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f= gustfactor taken from the turbulence spectrum. (f = 1,7)
Extreme wind speed - height profiles

In the height interval 10-150 m, the following expression is
assumed for extreme wind velocities

h u
Ve(h) = Velhpes) C—
href

where CX is assumed to be 0.13 for 10 minute mean time value
and 0.1 for 3 second mean time value. The air density is
assumed to be ? = 1,25 kg/m3 of extreme wind speeds.

Extreme changes of winddirection

A sudden change of winddirection of 65 degrees during a time
of 180 seconds may occur. See also loadcase 3A.
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3.1.2 Micrometeorological wind velocity

The micrometeorolagical wind velocities (or turbulence) shall be
superimposed on the sixty minutes mean wind velocity, V. The
turbulence is described in the rectangular coordinates

us= longitudinal wind velocity in the main wind velocity direction

v = lateral wind velocity positive to the right

w = vertical wind velocity positive upward

The turbulence is described by the spectral functions during neutral
conditgns.

2
d j =5‘Sj (n) dn where

o

j € (uyv,w)

G 2 = the variance
J

3
n

the frequency in Hz

(a) Gust spectra

(1) Longitudinal

)
asy® s

W (1433 1)5/3
(2) Lateral

ns™ oy

w2 (149.5 £)5/3
(3) Vertical

(n)
Vw2
w2 (1453 95/3
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(a)
(b)

(c)
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where

Ux = M = friction velocity

In(h/zQ)
_ nh .
f = —— = normalized frequency
u(h)

Zg = roughness length for each sector i
u(h) = mean wind velocity at height h.
Probability density function

The three component (u, v, w) of the wind are assumed to be
normally distributed.

Cross spectra

The square of the cross-correlation, i.e., coherence, Coch, can
be approximated as:

nxD
v

Coh = ek

where
D = vertical or lateral separation of points in space
n = frequency

V = longitudinal mean wind velocity in the layer D when
D/z<1

k = —14 for lateral and vertical coherence of u
k = -7 for lateral and vertical ccherence of v
Both the lateral and vertical Coh for the vertical component of

w is small and negligable for interesting values of z.

Local windshear

A linear windshear of Z—v = 0.2 (m/s/m) shall be assumed.
z

This value will be exceeded at the most two permille of the
time.

A hegative wind shear of &N _ 01 (m/s/m) can occur.

dz
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1 INTRODUCTION

Most parts in a WECS are dimensioned against fatigue.

With measured or statistically calculated values of
turbulence, a gust distribution can be derived. From such a
spectrum, loads can be calculated for each gust.

Considering a high fictive wind speed gradient, covering all
gusts, normal wind shear and other load cases, can reduce the
calculation effort.

To get accurate design loads for a load carrying component, it
is very important to know if simplifications in wind
assumptions are valid for the studied component. For Nasudden
II1/Aeoclus II, which will be a two bladed WECS with a rigid
hub, a fictive high wind speed gradient may be sufficient for
dimensioning components in the rotating blade root system,
giving load variations on the safe side (provided the gradient
is high enough). For design of an offshore steel tower
though, where the variation in thrust load is dimensioning,
the high wind shear assumption will not give correct values.

In this paper a comparison of partial damage between a gust
spectrum (based on statistical assumptions) and a high wind
shear spectrum is shown. Load variations (amplitude and
number) are calculated in both the rotating blade root system
and the non rotating rotor axis system. From these data,
corresponding Wohler curves are plotted and compared.
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THEORY FOR GUST STATISTICS

The distribution of wind velocities during the year is
described by the Weibull distribution function.

71 A
- ()¢
_ (¢ vi6-1

T —
Ve Ve, YV

A and ¢ are the Weibull parameters. At 90 meters height the
values are estimated to

A 10.6 m/s
Ref 1

2.2

C

The probability to find a wind velocity in the range

Av; = Vviju - vy s estimated according to

Fi (A vy) = maximum [fl (vig)s fy ("1‘)] *Av

The turbulence is defined in ref 1. The variance of the
longitudinal component is described by

©o

Guz = j(Su (n) dn Ref 1

Solving the integral gives a function
0y = Ty (v, 25, h)

A gust is defined in the figure below, having an amplitude A
and a duration T.

f\?l\ /\/

< >| 7-/M e

v A
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A}

A general relationship between the amplitudes of gusts and the
turbulence is shown in ref 3. The cumulative distribution
~ function can be described by

u O—U
a = - 0.245 b = - 0.953

Fo(A) = Exp [ a (JTQ_L)Z + b _Lﬁi_L:] Ref 3

The probability to find a gust amplitude in the range
.= A; AR
AAJ A:J =5 is

.) = . AAy _ . . AA

The total number of gusts hitting the rotor is Ng
No = 22 Z_F1 (avy) Fp (AR7) AT/T
¢ v
total estimated time

AT

Tj

duration of gust with amplitude A.Aj

The duration of the gust Tj can be calculated from

A
Tj=R(_i)q Ref 3
N T,

p = 0.90 q = 1.41

N is the frequency of accurance of all gusts.
N may be estimated from

Ref 3

N

S Sy (n) d,
/’Su (n) dy,

In ref { the coherence of the turbulence is defined, giving a

relevant integration frequency range of 10-4 - 1 Hz. In

appendix 5 the expression is solved and N is calculated for
different wind velocities.
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From these assumptions, and with knowledge of the Weibull
parameters and the roughness length, a statistical gust
distribution can be shown for different wind velocities and
heights. This is done in a gust matrix. Part of it is written
below for AT = 24 hours.

A similar gust matrix, based on measurements at Ndsudden, is
shown in appendix 1.

FROM
6 7 8 9 10 11 12 13 14 15 [m/s]
17_ 6 |7090 335 38 5 1 0 0 0 0 0
o 5 12 18 25
7 335 7421 441 61 11 2 0 0 0 0
S 4 9 15 20
8. 38 441 7436 537 87 18 4 1 0 0
12 4 3 7 12 17 21
9 5 61 537 7436 620 111 25 6 2 0
18 9 3 2 6 10 14 18
10 1 11 87 620 7166 671 129 33 9 2
25 15 7 2 2 S 9 12 16
11 0 2 18 111 671 6658 687 140 38 11
20 12 6 2 2 5 8 11
12 ] 0 4 25 129 687 5978 670 142 41
17 10 5 2 2 4 7
13 0 0 1 6 33 140 670 5192 624 137
21 14 9 5 2 1 3
14 0 0 0 2 9 38 142 624 4368 559
18 12 8 4 1 1
15 0 0 0 0 2 11 41 137 559 3562
- 16 11 7 3 1
%

Element outside diagonal:

1) Number of shifts h = 90 m

2) Meantime for a shift (s) zg =0.2 m
Agg = 10.6 m's

Diagonal celement: ¢ = 2.2

1) Wind duration (v)
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THE NUMBER OF LOAD CYCLES FROM A GUST

With knowledge of the number of gusts occuring during a time
period AT, the number of load cycles can be derived.

DIfferent ways of calculating the number of load cycles per
gust, N, are plausible, corresponding to alternative load
situations. On next page, three different assumptions are
shown.

The first case is assuming the whole rotor uniformly hit by
the gqust.

The second case corresponds to when half the rotor is hit.
This can be the case if the WECS is located in a windfarm, or
near the coastline, where a boundary layer builds up as in the
figure, resulting in a very sharp turbulence gradient at hub
height and almost no turbulence in the lower part.

Case 2 is the most realistic. Severe calculating effort is
required for that case, because each gust results in several
load amplitudes.

Therefore, the load situation is modelled as in case 3. The
load gradient is described by a step function, which is more
conservative than case 2, and easier to calculate.
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Time for a rotor
revolution

Mean time for the

duration of the gust

2 * load amplitude

Case 1:

The gust hits the
whole rotor uniformly

NL=1

Case 2:

The gust hits half
the rotor only

The load gradient is
constant during the
gust

Case 3:

The qust hits half
the rotor only

The load gradient is
described by a step
function

NL T/Tg + T > Tp

N =13 T <Tq
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LOADS CAUSED BY A GUST

Loads are calculated by WINRO (ref 4), a program designed by
FFA, based on two-dimensional blade element theory.

A vertical “normal” wind gradient = 0.04 m/s/m is considered,
superimposed on the gusts. Dynamic effects are not
considered.

The time constant of the control system is assumed to be
infinite. That is, regardless the amplitude or duration of the
gusts, the blades are not feathered to reduce the loads.

When the loads are calculated in a desired coordinate system,
the gust matrix can be extended with these values. This is
done with the middle and amplitude values of each load
component L.

L. _ Lmax * Lnin
middle - 2

L , = Lmax = Llmin
amplitude 2

Part of a gust matrix is shown on next page, considering gusts
occuring at wind speed 15 m/s in the rotating blade root
system.

The resulting complete gust matrix in the rotating blade root
system is shown in appendix 7 and the corresponding matrix in
the non-rotating rotor axis system in appendix 8.
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PART OF COMPLETE GUST MATRIX

LOADS (MIDDLE-/AMPLITUDE VALUE) FOR GUSTS
CALCULATION CONSIDER THE ROTATING BLADE ROOT SYSTEM

WIND SPEED 15.0 s/s WIND SHEAR = 0.04 m/s/m
T NUMBER rx Fy re Mx My Mz
6 2.8E402 542 -19 -114 =31 2821 -439
78 94 70 13 1782 1464
7 4.0E403 542 -20 =120 =31 2973 -461
78 93 64 13 1630 1442
8 3.0E4+04 542 =21 =126 =31 3133 —489
78 92 1] 13 1470 1415
9 1.4E+0S5 542 =23 -133 =31 3296 =522
78 91 51 13 1306 1381
10 4.1E+05 542 -24 -139 =31 3460 -561
Ty 78 89 45 13 1142 1342
11 8.9E+05 542 -26 ~146 =29 3624 -605
— 78 87 38 14 97, 1298
12 1.4E406 542 -28 =153 -29 3786 654
78 85 32 15 817 1250
13 1.9E+06 542 <31 =159 -29 3946 -707
78 82 25 14 €57 1196
14 3.7E+06 542 -33 -165 ~29 4100 ~762
78 80 19 14 S03 1141
15 1.4E+07 542 =35 -in =31 4243 -815
78 78 13 13 360 1088
16 3.1E+06 542 -38 -176 ~42 4374 -879
78 81 18 24 491 1152
17 1.1E+06 542 -40 -180 -55
78 83 22
18 7.6£40S S84

In the rotating blade root system, a drop of wind from 15 m/s
to 11 m/s will give 8.9E + 5 load cycles.

8.9E + 5 = Ny * T/Tp
N~ = number of drops = 1.9E + 5

T = mean gust duration = 14 s
T, = time for a rotor revolution = 2.9 s

Each load cycle gives for example

Fz = -146 kN
middle

FZ = + 38 kN
am>1itude B

M = 3624 kNm

Ymiddle

M = +979 KNm

yamp]itude
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LOADS CAUSED BY HIGH WIND SHEAR

To bring down the extensive dimensioning work, calculating a
gust matrix gives a 1ot of different load cases. One can
assume a fictive high wind speed gradient, giving the rotor
blade big load variations, depending on rotor position. The
number of load cycles are one every rotor revolution in the
rotating blade root system, two every rotor revolution in the
non-rotating system.

- 4;’!/'

A wind shear spectrum has been evaluated by Kvaerner Turbin
for dimensioning purposes (ref 6). From actual wind shear
measured at Niésudden during four years (1980-84), a normal
distribution has been assumed. By increasing the mean wind
shear with 4 standard deviations and also increasing the
standard deviation with 50 percent, a wind shear spectrum has
been classified:

wind shear gradient 0.20 m/s/m 2 percent of time

= 0.17 " 14 "
= 0.12 " 63 "
=-0.04 " 20 "
=-0.08 " 1"

The loads from this spectrum is shown in appendix 4.
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THEORY FOR COMPARISON OF LIFE BETWEEN DIFFERENT
WIND ASSUMPTIONS. DEFINITION OF Q-FACTOR

Most load carrying parts in a WECS are dimensioned against
fatigue.

By using the Palmgren's cumulative damage rule, the 1ife can
be predicted.

.
D = _x
:E:: N
i=1
n; = Actual number of A Lij-load cycles
N; = Number of A L;-load cycles to reach life

D <1 ; Life is not reached. The safety margin S = 1/D.

D =1 ; Life is reached. No safety margin.

N.

;7 1s calculated from the Wohler curve definition

AL.i = C*f(Ni)

The function f is defined differently by Germanischer Lloyd
(GL) and BSK, Eurocode 3 (see Appendix 2). For dimensioning
the most conservative f-function will be used. In this
comparison the definition made by GL is used.

To compare different load assumptions regarding their effects
on fatigue, the c-value is a useful parameter.

As the c-factor is directly proportional to the load
variations A L;, the relation between the c-factors for
different wind assumptions gives information of severeness
regarding fatigue. For that purpose a Q-factor is defined:

Q = c-factor for Wohler curve 1
c-factor for Wohler curve 2

To get equal life for the two load assumptions, all loads in
assumption 2 shall be multiplied with 0. Or, the factor Q can
be used to calculate the safety margin if the Wéhler curve for
load assumption 1 is valid.

1
Al = (1) £ (N = c (1) A (K)E
: i
+ 1 o L
LLy *x0=c(2) A (X)7A=c(1,) A (XA

Dividing the two equations gives S = ( 1 )2

Q
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Example

In the loglog diagram below, the loads for two assumptions are
plotted.

1) Statistic gqust spectrum

2) Wind shear spectrum

In the same diagram the corresponding Wéhler curves giving
D =1 are shown.

1.) Wohler curve (Germanischer Lloyd) gust spectrum
w " . .
2,) Wohler curve (Germanischer Lloyd) wind shear spectrum
tf‘s
i ‘_I‘\lll] | lll] i Ill] T IHI 1 IIT] 1 Ill' LI
A gwﬂ - AN -
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| N w)
.p‘ —
ER ‘_
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+
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192 IR IR I R I N R TN I R I A T,
LSNP o AT« RS o AT e LS T+ LN M Fon

The c-factor for lw-curve
c (lw) = 3542

and the c-factor for Zw-curve
c (2,) = 4289

The quotient of the two c-factors gives a factor (
c (1,)

= ____* = 0.83
e c (2,)

In the example, Q = 0.83, /= 12
§ =279
In appendix 5, the Wohler curves are plotted for load

components in bothn the rotating blade root system and for the
non-rotating rotor axis system.
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Calculation of total loadspectrum and component dimensions of Wecs
based on wind matrix and simulation.

presented at IEA R&D Wecs Annex XI Meeting at FFA 7-8 of march 1991,
by Hans Ganander, Teknikgruppen AB, Box 21, S-19121 Sollentuna,
Sweden

Designing wind turbines is very extensive. It comprises static as well as
fatigue design. The static part depends on extreme conditions due to wind
conditions and turbine situations. Fatigue loads may be divided in high
cycle and low cycle fatigue. Load variations due to turbine rotation, space
distribution of wind and dynamic respons of turbine structure contribute
to high cycle fatigue loads. Low cycle loads are dominated by mean wind
speed variations. Wakes, yawing and start/stopp situations also contribute
to these fatigue loads. A total load spectrum applicable for design has to
consider all these parts.

The aim of the presented method is to take this whole load spectrum into
account. Main parts of the method are the Rain Flow Count (RFC) wind
matrix [1] containing wind data and a time simulation program (VIDYN)
capable of calculating loads at different parts of the turbine system. Key
point of the method are shown in fig 1.

The method is from the beginning based on time and space behaviour of
wind and from frequency point of view, what is essential for fatigue cycles
and damage. This background is shown i fig 2.

The wind matrix is based on long term wind measurements and contains

at every mean wind speed statistical information of wind structures cove-

ring the turbine area. It also describes variations of mean wind speed,

how often and how fast these variations occur. For the purpose of fatigue

gesign these variations are also evaluated according the RFC-method. See
g 3-5.

Loads of different parts of the turbine system are calculated by the
simulation program. The calculations are arranged in a special way, see
fig 6-8. Mean wind speed is increased step-wise and at each mean wind
speed different conditions are introduced, e.g. different space distribution
of wind over the turbine area. Results from this only calculation are the
relation of loads, levels as well as variations, due to all normal wind
conditions. Loads at special turbine situations as e.g. start/stopp, yawing
and wakas are calculated seperately.

Load spectrum in the "RFC sense" is then easily created by using frequen-
cies of wind situations in the RFC wind matrix in combination with calcu-
lated loads at these wind situations, see fig 9-12. Thus this load spectrum
is based on spacial wind conditions at different mean wind speed as well
as changes of the mean wind speed itself. Variabel speed of turbine
rotation and influence of power control may also be treated directly in this
way.
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Load spectra are calculated for representative quantities of main parts of
the turbine, e.g. blade, hub, nacelle and tower, fig 13. Introduction of
material properties, as allowed static and fatigue stresses makes, it
possible to calculate what dimensions are required to fullfill these stress
requirements, see fig 14-15. In case of a total load spectrum the method
takes static as well as fatigue demands in to account and even tells the
designer what design drivers there are.

The whole system is presented in fig 16.

Reference:

[1] :Fatigue Design by using a modified RFC description of the wind. Hans
Ganander and Hjalmar Johansson, AWEA, Honolulu, Hawaii 1988.
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Calculation of total loadspectrum and component dimensions of
Wecs based on wind matrix and simulation.

¢ wind matrix

¢ simulation => loads and variations as function of
situation

¢ lJoadspectrum at points of interest by combining wind
matrix and loads

¢ dimensions of components regarding static as well as
fatigue requirements

Why this method?

¢ basics
¢ used in fatigue evaluation

¢ levels of loads and variations due changes of levels as
well

¢ no restrictions on aerodynamics, structural
dynamics, power control, variable speed, etc
conserning linearities
¢ answer questions the designer asks
e time and space describtion of wind

¢ total load spectrum
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Basic about wind, dynamics and fatigue
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Example of a Wind Matrix

NASUDDEN 821006, H=77 m, dT=1s. Anemometers at 135, 77 and 11 m.

Total reg. time 52464 sec = 14.57 h. Sym. and asym. gradient related to H=77 m.
Elements outside diagonal :

e Number of shifts
Peak-Valley: {Mean time per shift
Min. time per shift .
Number of half cycles
RFC: { Mean time per half cycle
Min. time per half cycle

From (m/s)
6 7
To (m/s)
7 0 3
7 0 51
7 0 10
7 0 -
7 0 38
7 0 13
8 0 0
8 0 0
8 0 0
8 0 0
8 0 0
8 0 0
9 0 0
9 0 0
9 0 0
9 0 0
9 0 0
9 0 0
10 0 1
10 0 2
10 0 2
10 0 0
10 0 0
10 0 0
11 0 1
11 0 13
11 0 13
11 0 0
11 0 0
11 0 0

Diagonal elements:

Wind speed duration
Mean of asym. gradient |
Std.dev. of asym. gradient .

'Mean of sym. gradient — g
Std. dev. of sym gradient

—~ DY NS
L

8 9 10 11 12
0 0 0 1 1
0 0 0 30 41
0 0 0 30 41
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
384 8 62 62 15
43 6 11 18 22
10 2 1 2 2
- 0 0 2 12
12 0 0 9 96
12 0 0 9 33
8 | 4506 179 308 133
5 42 6 9 13
2 1 1 1 1
16 - 116 200 66
5 2 7 17 55
2 12 1 2 7
61 179 {11125 263 392
8 7 41 5 9
1 1 12 1 1
54 312 - 316 246
16 6 -5 5 10
1 1 13 1 1
61 312 260 | 13736 305
13 9 5 41 5
3 1 1 13 1
108 316 326 - 394
54 11 4 -12 5
3 1 1 14 1

187
13

144
28
368

307
5
1
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Loads calculated for increasing wind speed with two

Wind speed (m/s)
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_ Loads calculated for increasing wind speed with two
superimposed windshears.
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Loads calculated for increasing wind speed with two
superimposed windshears.
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Load spectrum calculation

Wind matrix

Load calculation
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Load spectrum for other points of interest than

originally calculated.
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SN-curve of the material

Static load
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Loadspectrum / sectional modulus = > Stresspectrum{ =< = W A
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Final choise of section modulus (I/c = W)
Comparison of stress spectrum and SN curve (steel)
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Vidyn system for loadspectrum and fatigue design calculations
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Wind measurements from Alsvik. Results from two 190 hours campaigns
conserning gradient and wind direction.

presented at IEA R&D WECs Annex XI Meeting at FFA 7-8 of march -91,
by Hans Ganander, Teknikgruppen AB, Box 21, S-19121 Sollentuna,
Sweden

1. The site Alsvik

At the Alsvik site, on the island of Gotland, there are four wind turbines
and two meteorological masts. One of the turbines is equipped with
mechanical sensors. The meteorolgical masts are equipped with
instruments measuring wind speed and wind direction at seven heights
on each mast. The sampling rate is 1 hz. Measurements started in april-
90 and has been going on since then, except for some minor periods.

The site is located near the shore line, which means that due to wind
direction the topological conditions vary considerably. Besides that,
distances between the instrumented turbine and the three turbines varies
from 5 to 9 turbine diameters. Thus wakes of varied strength will occur
due to wind direction. In fig 1 the site is shown.

In this presentation two 190 hour campaigns with almost opposite wind
directions are analized, with regard to gradients. Two different ways of
describing wind direction changes are also presented.

2. Wind gradients.

As earlier proposed space distribution of wind speed is described in terms
of asymmetric and symmetric gradients, see fig 2. These two parts of the
vertical wind distribution is very important for load variations on
turbines. For two bladed machines they have characteristic influence on
different loads, see fig 3.

The two 190 hour campaigns have wind speed and wind direction
distributions as shown in fig 4. The two parts of the gradient (AV/Ah *1000
= mrad/sec) are based on 10 seconds averaged values and determined in
such a way that five senors within 18 to 40 meters are used in a LQM
(least squar method) procedure to calculate the asymmetric and
symmetric parts. This means that at every 10:th second the parts are
calculated. Fig 5 show in what way the two gradients occur together, in a
kind of correlation matrix. The figures are absolute numbers of occurence
in the actual campaign. It can easily be normalised, showing the
statistical 2D distribution. The two curves in fig 5 indicate limits around
10 and 100 occurrances respectively.
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In fig 5 distributions of asymmetric and symmetric gradients are also
presented as numbers, vertically and horisontally respectively. Fig 6-9
show these distributions in diagrams for the two campaigns. There are
two diagrams of each gradient. One of them with a logarithmic y-scale
showing more clearly the distribution for extremes, 4-5 standard
deviations away from the mean. A comparison with a normal distribution
calculated with same mean and standard deviation as the measured
curve is shown.

2.1. Conclusions are:
* extreme gradients (> 4 std) occur => 200-300 mrad/sec

* asymmetric gradient distributions deviate from normal distribution
for negative values, as if wakes infuence the results.

¢ compared with normal shear these short term gradients are much
larger and quite large negtive values also occur.

* symmetric gradient distributions deviate from normal distribution
mainly for positive values, when wakes seem to occur.

* wakes seems to have influence on asymmetric as well as symmetric
part of the gradient

* these conclusions hold for both campaighs

3. Wind direction changes

In the following two ways of describing wind direction changes are
presented. In most existing wind descriptions behaviour of wind direction
are very roughly described, often as extremes. An attempt to improve that
is presented below.

3.1 Method 1, from-to matrix.

The first method is based on the well known from-to matrix. In case of
several sensors along a mast they may be averaged not only in time but
also in space. In the exemple shown five sensors within 18 - 40 m are
averaged every 10 seconds. The resulting wind direction signal is then
evaluated in terms of from what to what direction do every variation
occur.

The whole direction range (360 degrees) is divided into 180 intervalls (Ap=2
degrees). The from-to matrix is quite large for presentation directly. To
make it more practical, changes are refered to the diagonal (same
direction as before) and represented as changes deviating from last value.
In fig 10 a minor part of the resulting matrix show variations between +28
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degrees around absolute values 2-14 degrees. The fig 10 also show time
duration of changes, and wind direction changes at different heights
along the mast. Summing distributions of wind direction changes for all
absolute directions is shown in fig 11 and plotted in fig 12.

This kind of discribtion makes it possible to judge the possiblility of
assumed changes to occur. But large variations may only be of
importance, conserning loads, if they are fast enough compared to yaw
speed. An extended way of evaluation has therefore been developed in
which the time duration distribution is introduced.

3.2 Method 2, yaw parameters simulation.

To make it even more precise a way of describing wind direction changes
is proposed, in which quite general yaw parameters are taken into
account. The parameters (see fig 13) are :

- yaw dead band, within misalignment does not cause yawing
- averaging time of wind direction signal of the yaw control system
- yaw speed

Behaviour of the yaw system is principally shown in fig 14. Due to wind
direction variations interesting questions are:

- number of yawings

- total time of yawing

- max yaw error

- standard deviation of yaw error
Values of parameters of the yaw system which have been used are:

- yaw dead band: 3-10 degrees

- averageing time: 15-240 seconds

- yaw speed: 2 degrees/second
For one of the 190 hours campaign these different yaw systems have been
used and exemples of the results can be seen in fig 15. All results are
finally presented in fig 16-21, where the influnce of the yaw parameters on
the behaviour of the yaw system and yaw error are shown.
3.3 Conclusions.
Major conclusions are :

- max yaw error is independen of yaw dead band but depends on
averaging time

- std of yaw error seems almost independent of situation

- lots of extremes occur.
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Site Alsvik.
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Load variations due to symmetric and asymmetric wind gradients
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Wind speed distribution (number of seconds/(m/s))
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Wind direction distribution of campaign ak900702 (190 hours)
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Distribution of symmetﬁc and asymmetric gradients of

campaign ak 900423
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Asymmetric part of gradient of measurement ak900423.
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Asymmetric part of gradient of measurement ak.900702.
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Symmetric part of gradient of measurement ak900702.
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Yaw dead band|(°)
Tyaw 3 4 5 6 7 8 9
6 0fsec)
N of yawings 4666| 3264| 2115] 1563| 1109] 877{ 660
Time of yawing 9904| 9673| 6866] 6239| 4855| 4438]| 3623
Max yaw error 42,5 43,3] 43,4] 44,2 46,5/ 46,2 47,3
Min yaw error -34,1| -34,3 -36 -36| -36,1| -38,1| -38,5
Std of yaw error 3,41| 3,66/ 3,82 4,1 4,29] 4,63| 4,81
120[Csec)
N of yawings 2278| 1527 996] 730 541 457| 337
Time of yawing 4604| 4496f 3038| 2889| 238| 2267 1754
Max yaw error 68,5 69| 69,5 69,9 71,8 71,9 73,5
Min yaw error -32,8| -33,4| -34,8| -33,4| -34,8| -32,8]{ -31,2
Std of yaw error 3,79 4,01| 4,17] 4,44 4,6/ 4,97| 5,18
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SOME ASPECTS OF GUST MODELLING OF TURBULENT WINDS
IN THE ATMOSPHERIC BOUNDARY LAYER
IEA Wind Meeting 7-8 March 1991, FFA, Sweden

Hans Bergstrom
Department of Meteorology, Uppsala University
Box 516
S-751 20 Uppsala
Sweden

1. INTRODUCTION

Variations of the wind occur over an immense range of time scales, from clima-
te variations of periods thousands and millions of years to turbulent fluctua-
tions with periods much less than a second, where the energy is eventually dissi-
pated into heat.

Wind fluctuations of time scales shorter than about an hour are to a large
extent turbulent, i.e. of a stocastic nature. To describe the turbulent wind
field, statistical methods are therefore needed. Important information is gained
by analysing the variances of the wind components, together with other second
order moments.

These statistical properties do not, however, give any direct knowledge about
the size distribution of the turbulent eddies. This information may be acquired
using spectral analysis. By determining spectra of a time series of the turbulent
wind, we will be able to tell how large portion of the turbulent energy which is
found at different frequencies, i.e. the size distribution of the turbulence ele-
ments in relation to their energy content from a statistical point of view.

The spectral analysis technique has since long been used in meteorology, and
methods have been developed to get generally valid, normalized, spectral curves,
taking into account the effects of thermal stability, height above ground and
surface roughness, which will all influence the spectral characteristics of the
turbulent wind for individual situations. Thus with some knowledge of the clima-
tological statistics of mean wind and stability, the normalized spectra may be
utilized to determine the spectral characteristics at any new site.

The construction of large wind energy conversion systems (WECS) has produced
an increasing demand for basic data on the turbulence properties of the
atmopsheric boundary layer wind field, necessary when calculating load, fatigue
and dynamic response of the systems. In order to be able to take into account
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non-linear effects in these calculations, it has sometimes been argued that spec-
tral models could not always be used for WECS modelling, especially not when
dealing with two bladed turbines. Instead models using times series of the wind
as input would be preferable.

But time series can for obvious practical reasons not be used directly when
the calculations are meant to be representative of the whole lifetime of a tur-
bine, say 30 years. During the last decade or so, however, several gust models
have been proposed in the literature, as an alternative instrument to analyse the
turbulence to get the necessary information. These gust model definitions are
somewhat arbitrary, and it is not straightforward to use the results of such gust
statistics as it will depend upon the choice of gust model

A technique often used in fatigue calculations is the rain flow count (RFC)
technique. It is originally a method to evaluate varying loads and to describe
load spectra for fatigue analysis. It may thus be an advantage to use the same
technique when analysing the atmospheric wind field to get a statistical descrip-
tion of the turbulence. One reason for this is that the RFC statistics will in-
clude long period cycles with large amplitudes which other gust model formula-
tions will filter out, and which may be of importance when estimating the life-
time of the turbines.

Which type of turbulent wind description is best to use then? The spectral
representation is to be prefered from a pure meteorlogical point of view, as it
very elegantly compress detailed information on the scales of the turbulent wind
and their relative importance to the total turbulent kinetic energy. Also the
knowledge about atmospheric boundary layer wind spectra is large today, as they
have been studied intensively for several decades.

On the other hand, the wind turbine designer may sometimes prefer to use gust
model statistics. To determine the type of wind descriptions which is really best
to use in this context, comparisons with direct measurements on wind turbines of
e.g. forces and thrusts should be done. The choice of wind description may also
be dependent upon the type and size of the wind turbine. The lack of a theoreti-
cal and physical foundation for the gust models does, however, speak in favour of
the spectral description.

The aim here is not to answer the question about the choice of wind descrip-
tion, but to shed some light upon problems connected to the use of gust models
when analysing atmospheric wind data. Especially the use of the rain flow count
method will be treated in somewhat more detail.
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2. GUST MODEL COMPARISONS AND SENSITIVITY TESTS

Three types of gust models are commonly quoted in the literature: 1) rhe zero-
passage model, 2) the top-valley model, 3) the velocity difference model
(Powell and Connell, 1980; Bergstrom, 1987). To these models we may also add: 4)
the rain flow count model. Models of type 1, 2 and 4 have been compared in Berg-
strom (1990), where also a detailed description of the models may be found.

One major difference between the rain flow count model and the other two mo-
dels is that in the others each part of the wind time series may only enter into
one gust, while the RFC definition allows the gusts to be nested into each other
so that one large cycle may contain many medium size cycles, and a lot of small
size cycles. In this particular point the RFC model has some resemblance with the
spectral analysis, as it is capable of decomposing the time series into varia-
tions of different time scales.

All gust models give as output jumps in the wind velocity over some time in-
tervals according to the model definitions. Alternatively we may say that the
turbulent wind time series will be decomposed into a series of gusts with given
amplitudes, A, and durations, T. The statistical distributions of these amplitu-
des and durations may then be studied to estimate the occurrence of gusts of dif-
ferent sizes.

A comparison between these distributions reveal that, as could be expected,
the result will depend upon the choice of model. As could be expected from the
gust model definitions, the RFC gust description results in a much higher proba-
bility of large amplitude gusts as compared with the two other models, who both
give quite similar results (cf. Bergstrém, 1990).

Of course the gust statistics, as well as the spectral characteristics, of the
turbulent wind field will also depend both upon the atmospheric conditions, such
as mean wind speed and thermal stability, and upon the boundary conditions at the
surface, especially then the roughness but also topographical features. This
clearly illustrates the need to carefully pick out representative data when mak-
ing gust statistics or, which should be preferable, generalize the statistics
e.g. by non-dimensionalizing with relevant physical parameters in ’a'halogy with
what is done when generalizing the results from a spectral analysis of the tubu-
lent boundary layer wind field.

One such parameter is the standard deviation of the wind speed, o, which is
also affected by both the atmospheric conditions and by the surface properties.
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It is easy to determine and we may get more generally valid amplitude statistics
by first dividing the amplitudes with c. Examples of normalization with o are
shown in Section 4.

When making the gust statistics it is not obvious how the prefiltering of the
measured turbulent wind signal should be made. The choice of filter may depend
both upon the type of wind turbine the statistics should be applied to, and the
size of the turbine. Some sensitivity tests have therefore been carried out to
illustrate how the gust statistics are affected by prefiltering of the data.
These tests were also presented in Bergstrom (1990).

It is also important to be aware of the frequency response of the anemometer
used to measure the turbulent wind, as various types of cup- and propeller anemo-
meters may have quite different time constants, and of course hot-film and sonic
anemometer data need to be low-pass filtered if the gust statistics are to be
directly compared with data from instruments with less good frequency response.

The effect of low-pass filtering is most dramatic when the gust duration dist-
ribution is studied. This is shown in Figure 1 for the RFC model, and in Figure 2
for the zero-passage model. The probability for some given gust duration differs
about an order of magnitude between the statistics using non-filtered data and
when applying a 10 s mean value low-pass filter before the gust analysis is made.

100

LBLRA1L]

101

e 10-2

10-3k.

Figure 1. Cumulative distribution for the gust periods of the RFC model. Shown is
also the influence of low-pass filtering the data.
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Figure 2. As Figure 7 but for the zero-passage model.

The difference between the two models is also striking. The capability of the
RFC model to catch very large cycles is manifested by the fact that the maximum
periods are of the order several hours, while the zero-passage model gusts are no
more than a couple of minutes long. Of course one could maintain that the longest
RFC cycles are to be associated with variations of the mean wind speed, but as we
shall see in the next section, the correlation between large amplitudes and long
duration is not overwhelming. In fact the correlation coefficient is just 0.16
when the whole population of RFC cycles for the run shown in Figure 1 is consi-
dered, but is increased to 0.35 when just gusts with periods greater than 100 s
are included, and to 0.42 including only gusts longer than 500 s.

We have thus demonstrated that the statistics arrived at using different types
of gust models may vary quite a lot, and one should keep this in mind when using
such statistics. Also prefiltering of the data, made either by the anemometer
itself or later on by applying mathematical filters, highly influences the re-
sults, both as regards the gust amplitude and duration distributions.

The actual choice of gust model is therefore of importance to the wind turbine
designer who will not or can not use a spectral description of the turbulent wind
field. The RFC model then looks somewhat more promising, comparing the gust mo-
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dels, as it is capable of catching cycles in the wind signal which are nested
into each other, and not just partition the time series into consecutive gusts.
The problem then remains to try to understand the behaviour of the RFC cycles and
to seek for methods to make the RFC statistics generally valid and possible to
the wind turbine designer to include in his load and fatigue calculations.

3. A COMPARISON BETWEEN RFC AND SPECTRA

Due to the capability of the RFC model to allow cycles to be nested into each
other, the RFC statisticc and the spectral representation of a turbulent wind
signal may just be two methods of getting similar information about the frequency
distribution of the wind fluctuations. To test this two sine waves with the
periods 60 s and 20 s, and with the phase shifts 7/3 and n/8 respectively, were
put together into a time series, given by

u = sin(t+r/3) + sin(3t+1/8)

as illustrated in Figure 3.
This ’two periodic’ time series were used as input to the RFC model and its
spectral characteristics were determined using the usual FFT technique. The

20
18
16
14574\

12 i\

O N A O X

20 30 60 80 100 120
t (s)

Figure 3. Composite time series (full line) made up from two sine waves with pe-
riods 60 s and 20 s, and with phase shifts n/3 and n/8, given by the dashed and
dotted lines respectively.
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spectral curve shows just two distinct peaks corresponding to the periods of the
two sine waves. This clearly illustrates the capability of the spectral technique
to resolve the time series into its two parts.

The RFC model analysis could be presented in frequency distributions of the
cycle amplitudes and periods. Two amplitudes of 6 and 20 units are found
corresponding to the cycles seen in Figure 3. The period or length of these half-
cycles turns out to be 8 s and 30 s, which is not in accordance with the periods
of the original two sine waves. But if we study Figure 3 carefully, we see that
the period of the smaller amplitude cycle is indeed 8 s, while the time between
minimum and maximum values is 30 s, just as is the period of one of the sine wa-
ves.

This simplified test thus shows that the spectral calculations reproduce the
two periods included in the time series, while this is not true for the RFC
model. This does not, however, say that the RFC technique is in emor of any
kind, only that it will partition the time series into cycles whos periods may
not agree with the two original periods. But as can be seen from Figure 3 the
period 8 s is indeed a true period of the composite time series.

The RFC model might in this sense be prefered to the spectral model, as the 8
s cycle in the resulting time series is the one a wind turbine should feel, and
not the period 10 s of the ’hidden’ original sine wave. On the other hand this is
a very simplified situation with only two periods included. When it comes to ’the
real thing’, i.e. the turbulent atmospheric boundary layer wind, it is composed
of fluctuations within a wide frequency band, and not of a few distinct frequen-
cies, so that the above difference may be of inferior importance to the actual
choice of model.

4. RFC STATISTICS

In this section we will look into some detail regarding the statistical dist-
ribution of rain flow count cycles. We will also look into the problem of how it
may be possible to generalize the statistics to make the results independent of
atmospheric and surface conditions.

The RFC cycles may be studied using two methods. In the first one only the
magnitudes of the cycle amplitudes and their distributions are considered, toge-
ther with the period or duration of the cycles. These two parameters may be stu-



182

died separately or together in a two-dimensional distribution. In doing this we
loose, however, the information about the level at which the RFC cycles occur,
ie. we will only keep the knowledge that e.g. a cycle of amplitude 5 m/s and
period 20 s has occurred, not knowing if the cycle was observed between 5 and 10
m/s or between 10 and 15 m/s.

If we want to keep information about the level at which the cycles occur, we
have to make a kind of three-dimensional distribution. A matrix may be formed
where on the x-axis is the wind speed from which the RFC cycle starts, and on the
y-axis the speed at which the cycle ends (cf. Ganander and Johansson, 1988). Di-
viding both axes into classes of width 1 m/s we get a number of boxes, or ele-
ments in the matrix, which may contain statistical information about the actual
cycle it corresponds to. This could be e.g. number of cycles, mean period of the
cycles or the minimum period.

The data used in this section is from the WECS site Alsvik on the island of
Gotland in the Baltic Sea, where two 42 m high meteorological towers are equipped
with fast response cup-anemometers and wind vanes at 7 levels in both towers,
measuring both wind speed and direction at a sampling rate of 1 Hz.

The towers were primarily located for the purpose to take measurements in the
wakes behind the four 180 kW wind turbines at the site. In order not to complica-
te the RFC analysis with the influence from wakes, the tower where an undisturbed
flow is measured has been chosen according to the current wind direction.

The analysis has been restricted to data from the 30 m level. Data from 7
weeks in April and May 1990 has been used, during which the mean wind speed vari-
ed between 1 and 17 m/s. The site is located right at the coast line, so that
winds from the western sector come from the sea, while easterly winds come from
the interior of the island. Both these sectors are present in the data set, which
thus represents a rather wide range both as ragards mean wind speed, stability
and surface roughness.

4.1 Amplitude and period statistics

Let us start by looking at the amplitude statistics. The cumulative distribu-
tions from the 7 runs are shown in Figure 4. The great diversity in the atmosphe-
ric conditions during which these runs were taken is clearly manifested in this
plot. The amplitude corresponding to the probability 10* varies for these runs
between 7 and 14 m/s.



183

To generalize the amplitude distribution we now simply divide the amplitudes
with o, the standard deviation of the wind speed. This has been accomplished by
first determining G for consecutive 1 hour periods during each run, whereafter a
smooth curve has been fitted to the data.

The result is shown in Figure 5. The distributions from the 7 runs now fall
close together into one general curve. Using standard meteorological relations
between mean wind, stability and surface roughness, it is then possible to deter-
mine the amplitude distribution for any desired atmospheric and surface condi-
tion.

Looking at the distribution of the lengths in time of the RFC cycles, shown in
Figure 6, they seem to be independant of the conditions during which the measure-
ments have been taken. That is the size of the cycles as regards the variation in
wind speed is highly affected by the atmospheric conditions, while the distribu-
tion of the duration of the cycles is not. It is also almost linear in a log-log
representation, at least for cycles longer than 10 s.

RFC - Alsvik

A (m/s)

Figure 4. Cumulative distribution of RFC cycle amplitudes at Alsvik for 7 runs
during April and May 1990, each about one week long.
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RFC - Alsvik

100

Figure 5. As Figure 4 but the amplitudes normalized with o .

100

lqOO 101 103 104 105 106

Figure 6. As Figure 4 but for the RFC cycle periods.
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4.2 Two-dimensional amplitudelduration statistics

In search for a relation between RFC cycle amplitudes and durations, it seems
plausible to assume that the large amplitude gusts should be the ones with the
longest periods. This is to some extent true as may be seen from Figure 7, show-
ing a plot of amplitude versus duration of the RFC cycles from one of the runs.
The tendency is clearly towards the expected increase in period with growing amp-
litude, but large amplitudes are found also for rather short periods and vice
versa, resulting in a small correlation coefficient between the two, only 0.16
for this particular run.
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Figure 7. Example of a scatter diagram between RFC cycle amplitude and penod
using data from 1 week of measurements at Alsvik, 30 m level.

But the correlation coefficient is sometimes a poor judge of a . relationship.
Instead we determine the conditional cumulative distributions of the amplitudes,
i.e. we divide the data into 7 intervals according to the period of the cycles,
choosing an approximately logarithmic separation. The result is shown in Figure
8, from which it is obvious that the probability for large amplitude gusts in-
crease dramatically with increasing gust duration. The median amplitude varies
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100

Foum (%)
o))
o

Figure 8. Conditional cumulative distributionss of RFC cycle amplitudes using
data from 1 week of measurements at Alsvik, 30 m level.

between 0.3 m/s for gusts shorter than 3 s, to 4.5 m/s for durations larger than
1000 s. At the 10% level the cormresponding figures are 0.8 m/s and 9 m/s for this
particular run.

Two examples of the complete two-dimensional RFC amplitude-duration distribu-
tion is shown in Figures 9-10, where the amplitudes have been normalized with .
Contour lines are drawn for approximately logarithmically spaced percentages from
0.001% to 30%.

As above, concerning the cumulative amplitude distribution (cf. Figure 4), the
difference between these two runs was originally very large. After normalizing
the amplitudes with C., the two-dimensional distributions from these two runs
agree quite well. Of course there are differences in the details, and between the
individual runs, but as a whole the normalization with o works quite well.

Putting the data from all 7 runs together, we get the normalized two-
dimensional amplitude-duration distribution of the RFC cycles shown in Figure 11,
which compared-to the ones from the individual runs gives a smoother appearance,
especially at the smaller percentages. Of course one must be careful when judging
the lowest probabilities, but the shape of the distribution ought to be rather
correct, and the axis of centre do imply the increased probability for large amp-
litude gusts with increasing duration.
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0 Contour levels: 0.001 0.003 0.01 0.03 0.1 0.3 13 1030 %
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Figure 9. Two-dimensional amplitude-duration probability for the RFC cycles from
run 900402, 30 m level. Amplitude normalized with G .
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Figure 10. As Figure 9 but for run 900423.
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Figure 11. Mean normalized two-dimensional amplitude-duration RFC cycle
distribution from 7 runs, each about one week long.

4.3 Matrix statistics

A second method to study the RFC cycle distribution and also keep the informa-
tion about at which level in wind speed the cycles occur, consists of forming a
'wind from-wind to’ matrix. The elements of the matrix may then be e.g. the num-
ber of cycles, or more generally the percentage of the total number of RFC cyc-
les, ocurring between the different wind speeds. This gain of information about
the wind speed level of the cycles will be at the expense of a direct relation
between amplitude and duration.

Let us compare the resulting matrices from the same two runs compared above.
They are shown in Figures 12-13, where lines of logarithmically spaced percenta-
ges are drawn. As for the amplitude-duration distribution, the difference between
the two is large. The main reasons for this are the higher mean wind speed during
run 900402, and that during this run the wind direction was from the sea, while
during run 900423 the wind direction was from the land sector a large part of the
time.

This has as a consequence that the centre of the distribution is found at higher
wind speeds for run 900402 due to the difference in mean wind speed, and that the
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Contour levels: 0.001 0.0030.010.030.103137 %
900402 | :

25t
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Figure 12. RFC cycle matrix from run 900402.
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U(from) (m/s)
Figure 13. RFC cycle matrix from run 900423.



190

distribution of run 900423 is wider due to the larger roughness length with winds
from land, and maybe also a larger influence from the thermal stratification.

Attempting to generalize these matrices, we normalize as above with G, the
standard deviation of the wind speed. The result is shown in Figures 14-15. Com-
pared to the original matrices, the normalized ones are much more similar. But
the locations of the centres of the distributions are still affected by the dif-
ferent mean wind speed during the two runs, while the widening effect of the hig-
her surface roughness with easterly winds in run 900423 is coped with by non-
dimensionalizing with o .

In Figure 16 the mean matrix from all 7 runs are plotted. The mean wind speed
for these runs is 6.4 m/s, which is not far from the expected long term mean
value at 30 m, but as the mean wind seams to influence the appearence of the dis-
tribution, at least as regards its centre, one should be careful to check that
the mean wind distribution is close to its climatological mean if such a mean
matrix is to be used as a climatological mean.

Thus during this period of about seven weeks, although the mean wind speed is

Contour levels: 0.001 0.003 0.01 0.030.103 137 %
900462 ’ ’

25

20

15

U(to)/c

0V S

1

0 15 20 25 30

U(from)/c

Figure 14. RFC cycle matrix from run 900402, wind speed normalized with .
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C%%tour levels: 0.001 0.003 0.01 0.03 0.1 03137%
900423 ’

25

20

U(to)/o

U(from)/c
Figure 15. RRC cycle matrix from run 900423, wind speed normalized with G .

C%t(l)tour levels: 0.001 0.003 0.010.030.103137 %

U(to)/c

2025 30
U(from)/o

Figure 16. Mean RFC cycle matrix from 7 runs. Wind speed normalized with G .
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close to its climatological mean, the distribution is not, as periods with either
high or low winds tend to be too frequent compared to medium wind conditions.
This is also seen in the mean matrix, where two broader regions in the distribu-
tion are found, one for values of U/(Sn around 7, one for values around 14.

5. SUMMARY AND CONCLUSIONS

The need for a statistical description of the turbulent atmospheric wind field
not using the spectral concept, has brought forward several ideas concemning gust
models. We have seen, however, that this concept does not give general results,
as the gust model definitons are somewhat arbitrary.

The results are also affected by eventual filtering of the data before the
models are applied. This could be either pure instrumental filters, caused by the
time constants of the anemometers, or mathematical filters applied to the measur-
ed time series.

The choice of filters is also arbitrary to some extent, and they may have to
be chosen according to the type and size of the wind turbine. Some gust models
need a high pass filtering of the data in order to be able to identify the gusts.
All models should be fed with low pass filtered data, mathematically and/or inst-
rumentally. Especially the choice of low pass filter will affect the gust dura-
tion statistics.

Most gust models will divide the measured time series into consecutive gusts,
having some amplitude and length in time. The rain flow count model, however, is
capable of nesting the gusts (or cycles) so that a cycle with a long period may
contain a number of shorter cycles, which in turn may contain even shorter
cycles, and so on, which seems somewhat more appealing.

In that sence the RFC model also has some resemblance with the spectral
technique. But a comparison between the two, using a simple time signal composed
of two sine waves differing a factor of three in period, reveal that while the
spectral analysis bring back the frequencies of the sine wave components, the RFC
model does not. Instead it picks out cycles with periods actually observed in the
composite time series, which somehow seems more in accordance with what a wind
turbine will ’feel’.

The gust models do, however, lack the theoretical foundation which the
spectral analysis rests upon. Although many details regarding the spectral
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characteristics of the turbulent wind flow are still missing, e.g. regarding the
conditions in complex and hilly terrain, the knowledge is far greater than as
regards the gust amplitude and duration statistics. If possible, the spectral
description should therefore be preferable to use, directly or as the basis for
further analyses.
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ABSTRACT.

The Nisudden wind turbine is a 2 MW machine with two blades and a hub height
of 77 m. The turbine is situated 1500 m from the coast line in smooth level
terrain. However, after five years of operation a large crack on one of the
blades suddenly appeared. It was probably caused by fatigue.

Analysis of meteorological data reveal the importance of the influence of
atmospheric thermal stability on the wind and turbulence structure and thus on
the loads on the turbine. For example very stable stratification over the sea
during spring and early summer created strong low level jets which increase
the wind shear dramatically and also the cyclic loading on the blades.

A very simple method has been constructed, which relates the variation in
bending moment at the blade root in the flap wise direction to two
meteorological parameters; turbulence intensity and wind shear. A time
simulation model (VIDYN) has been used to separate the effect on loading from
the two factors. The bending moment can thus be calculated from measurements
of Gu/U and AU/U which often are available from routine wind speed
measurements on towers.

The model can so far only be used for wind turbines of the same kind as the
Nisudden turbine ie. large two bladed stiff machines. We believe that similar
results (with different numerical constants) are likely to be valid for any
- conceivable turbine design after proper ’calibration’ with a time simulation
model like VIDYN.



197

LIST OF SYMBOLS.

This paper is a joint effort of research in two fields, meteorology and
mechanics. Thus the symbols sometimes denote two different variables which
both are common notation in each field.

A = coordinate transformation matrix
¢ = blade cord
c, = drag coefficient
c = thrust coefficient
¢ = lift coefficient
dv/dh = vertical wind shear
dD = blade segment drag force
dL = blade segment lift force
D = rotor diameter
EI(r) = blade stiffness at radial position r
fo = external loads in the fixed system (o)
F = frequency distribution
Fq‘ = generalized force of the i-th degree of freedom
l'll = vertical coordinate
h = hub height
Ijk = mass inertia property along principal axis k of rigid body j
k = von Karman constant = 0.40
L = turbulent length scale
m = variation from the mean of bending moment in flap direction
mj = mass element
M = mean bending moment in flap direction
Mj = generalized mass of mode j
n = frequency
q = ith degree of freedom
r = radial position of the blade element
ro = position of regarded mass point in an inertial coordinate system (o).
r, = blade element position in blade coordinate system
R = rotor radius
S(n) = power spectrum
T = total kinetic energy
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u = longitudinal wind component
u = deflection of the blade in flap direction
u, = friction velocity

U = mean wind speed

U = total kinetic energy due to deflections

v = lateral wind component

v = deflection of the blades in edge direction
0= wind speed in an inertial coordinate system (o)
vn = wind speed at hub height

V = total potential energy

w = vertical wind component

= inflow speed relative blade element

= inflow speed in blade coordinate system

= height above ground
z, = roughness parameter
z, = vertical component of r,

w
o
w

(-4

o = teetering movement of hub relative main shaft
o = D/2L
B = cone angle
83 = angle between blade and teater hinge
¢ = angle of rotation
® = shape of j th mode in flap direction

v

<JI> = inflow angle

o = frequency (rad/s) of j th block deflection mode
= yaw angle of the nacelle

density of air

i
©
p
o = standard deviation
T =

tilt angle relative a horizontal plane
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1 INTRODUCTION.

For large scale exploitation of wind energy it will be necessary to site wind
turbines not only in flat coastal areas but also in rough inhomogeneous
terrain. In order to maximize the use of costly land with a suitable wind
resource wind turbines will also be put together in wind parks, where they
will interact with each other.

Atmospheric turbulence and wind shear are recognized as the primary cause for
cyclic loading of horizontal axis wind turbines. The level of turbulence as
well as the wind shear are often increased in rough terrain and wind turbines
operating in the wake of another will experience additional fluctuating loads
also due to additional turbulence and wind shear.

In the future when performing meteorological site investigations it will not
be sufficient only to map down mean wind condition. Turbulence structure and
wind speed variation with height will probably be equally important. Variation
of blade loads must thus be described as functions of simple meteorological
parameters which can easily be measured or calculated from routine
observations.

An attempt is now made to relate the variation of flap wise bending moment of
one blade of the 2 MW wind turbine at Nisudden in Sweden to statistical
parameters such as turbulence intensity and mean wind shear.

2. THE NASUDDEN WIND TURBINE AND THE SITE.

The wind turbine is a 2 MW upwind machine. It has two steel blades rotating
with 25 rpm and the diameter of the rotor is 75 m. The hub is rigid with the
primary shaft tilting 10° and the rotor has no cone angle. The height of the
tower is 77 m and it is made of concrete. Cut-in wind speed is 7 m/s and at
rated wind speed which is 12.5 m/s pitch control of the blades starts.

The Nisudden wind turbine is situated on a peninsula at the southwest coast of
the island of Gotland in the Baltic, Figure 1. The ground is quite flat, with
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scattered juniper bushes. The distance from the machine to the shore line is
1500-2000 m for a wide sector from south over to northwest, with long
unobstructed fetch over the open sea.

Judging from the topography one should expect the meteorological conditions at
Nisudden to be ’‘ideal’ with steady winds coming from the sea most of the
times, indicating low turbulence intensity and small wind speed gradients.
Nevertheless  after five years of operation, in the summer of 1988, a two
meter long crack near the root of one blade in practice ended the life of the
turbine. The crack could be diagnosed as appearing suddenly but the cause was
fatigue. This severe damage had been preceded by several minor cracks earlier.
The true cause of these fatigue damages is not clear yet but one possibility
is that loading due to wind shear and turbulence was much stronger than

anticipated. Also power fluctuations and yaw moment variations often exceeded
calculated values.

Turbulence measurements have been taken on the 145 m meteorological tower at
the site (Figure 1) during several field experiments. It can be shown [1] that
the influence of the cross wind components (v,w) is small for a horizontal
axis wind turbine during normal operational conditions. Thus the necessary
information on the approach flow is usually assumed to be the variation in the
longitudinal wind component (u). Turbulence statistics of the u component have
been thoroughly investigated [2,3] and power spectra, variances as well as
coherence functions have been compared with results found for ideal sites [4].
Measurements from those experiments generally indicate a decreased level of
turbulence at Nasudden with winds coming from the sea.

However, meteorological measurements recently performed at Nésudden show that
deviations from ‘’standard atmospheric condition’ are more than exception to
the rule. Two meteorological situations, one with increased level of
turbulence (horizontal roll circulations) and the other with strong wind shear
(low level jets), which are likely to substantially increase load variations
are discussed in Section 5.
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3. CYCLIC BLADE LOADING.

As stated in the Introduction the fluctuations in the approach wind field are
the main cause for blade loading of a horizontal axis wind turbine. The cyclic
blade loads can be divided into a deterministic part and a stocastic part. For
a turbine with constant rotation angular velocity loads which depend on the
azimutal position of the rotor become periodic while the turbine rotates.
These deterministic loads are due to wind shear, tower interference, gravity
and to the rotation such as centrifugal forces. The stocastic loads on the
other hand depend on the turbulent fluctuations in the longitudinal wind
component.

3.1 Wind shear.

Most so far published investigations concerning blade and rotor loading are
dealing with three bladed turbines with hub heights around 20-40 m [6,7,8,9
and 10]. For those rather small turbines the influence of the wind shear seems
to be negligible [5]. However, for large two bladed machines the wind
shear can be as important as the turbulence for the cyclic loads [11,12]

In wind energy applications only meteorological situations with fairly high
wind speeds are of importance. During such events the atmosphere is usually
assumed to be neutrally stratified and near the ground the variation of wind
speed with height can be expressed by the logarithmic wind law

U@)=u/k ln(z/zo) ¢))
The difference in wind speed over a turbine rotor (zz- zl) is according to (1)
AU = Const 1n(z¥ zl) 2

and as the ratio of rotor diameter D and hub height h for different turbine
sizes is approximately equal to one in most cases, we have

Dh = (z- z))(z+z))/ 2 = 1

zzlzI =3



202

and from (2)

AU = Const. ln(zzl zl) ~ Const.
This means that the effect of the difference in wind speed over the rotor
area should be the same for large and small machines.

However, as will be shown below, stratification can totally change the result.
The effect of stratification on the wind profile also increases with height.
The existence of internal boundary layers, which emerge from terrain
discontinuities, can also affect the wind shear. Again a large wind turbine is
more likely ’to see’ different terrain than a small.

3.2 Turbulence.

Loads and structural responses of a wind turbine rotor are described in a
rotating reference system and it is thus desirable to describe turbulence in
the same system. Due to rotation of the wind turbine in the turbulent wind
field, the turbulence seen from a point on a moving blade is altered. This is
called ’rotational sampling’.

The effect of 'rotational sampling’ on the spectrum of the longitudinal wind
component is to redistribute energy from lower frequencies to the rotational
frequency and its harmonics. There are several investigations, both
theoretical [5,13,14] and experimental [15] dealing with this problem. The
most commonly used method to calculate excitation of enmergy by rotation was
first described in [5] and is built on expressions for the spectrum curve and
the coherence function between different points on the rotor. As spectra and
coherence depend on the scale of turbulence (L) and thus on stability and
height above ground, the effect of ’rotational sampling’ will also vary with
those two parameters. Figure 2 taken from [5] shows the effect of o on the
power spectrum , where oo = D/2L . The ’rotational sampling effect’ increases
with increasing o up to @=0.5. In the layer near the ground (the surface
layer) L scales with height z but higher up in the transition layer the large
eddies scale with the boundary layer height. It can thus be assumed that the
‘rotational sampling effect’ will be less pronounced for large turbines with
hub height above 50 m.

Figure 3 shows an example of spectrum of the longitudinal wind component
- measured at hub height at Nisudden together with the spectrum of flap moment



at the blade root. From n ~ 0.03 the redistribution of energy because of
rotation is evident.

3.3 Variation of flap moment of the blade.

A basic assumption for analyzing and modeling turbulence loads during
stationary operation is that the loads from turbulence are random and
independent of the cyclic deterministic loads and that superposition applies.

The variation of flap moment of a blade can be expressed

e @ G O

where
turb = part of the variance depending on turbulence

shear = " wind shear

mean = mean wind, gravity etc

To be able to separate the influence of the three different parts in (3) a
simulation model has been run. The model VIDYN, which is described in the next
Section, has been developed by Teknikgruppen AB and has been used during the
evaluation of the two large wind turbine prototypes in Sweden situated in
Maglarp and Nésudden.

4. THE VIDYN MODEL.

Up to now there exists a number of models which can be used to provide
reliable estimates of the structural loads and fatigue damage experienced by
wind turbines. Some of the models work in the frequency domain [6,9,10,12].
The input turbulence field can thus be expressed in spectral form and a
’rotational sampling’ model like the one described in [5] can be used.
However, to use spectral models one has to linearise the dynamic response of
the turbine. This approximation is probably not important when dealing with
fairly small three-bladed turbines as most investigators have done so far.
However, for large two-bladed machines it is necessary to take all
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nonlinearities into account.

The VIDYN model is developed as a time simulation model and has proved to be
a useful tool for the designer of the overall mechanical system and also of
the control system. The model is capable of treating all kinds of turbines and
nonlinearities such as variable rotational speed and aerodynamic stall
behavior.
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