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SUMMARY
Within the EC-funded project PRODETO (JOR3-CT95-0026), computer tools were developed
by which the structural reliability of fatigue loaded wind turbine blades can be analysed. The
PRODETO software consists of the programs RAINSTAT and FATSTAT and the source code
damage.for which has to be linked to a commercially available computer program for
component reliability analysis, such as RELIAB01 and STRUREL. The theoretical background
and the structure of the software are given in this report.
The current version of the software is mainly focused at fatigue damage due to the flapwise
bending moment in the blade. Because the flapwise bending moment often appears to have a
distribution which resembles a Weibull distribution it is natural to start out with a Weibull
distribution and subject it to a slightly non-linear transformation to something that fits well with
the measured or calculated data. A number of such models are available but the main problem
is that they are very computer intensive. As the 3-parameter Weibull distribution provides a
good fit to the data and does not cause a high computer load it was chosen for use in the
PRODETO software.
Furthermore a procedure for the calibration of the partial safety factors for fatigue loading is
outlined for a site-specific wind turbine. This procedure is taken from Part 2 of the EWTS-I
project "Calibration of safety factors". As the requirement generally turns out to be on the
product of the load factor yf and the material factor ym, the calibration results in the required
value for "/fYm when the safety level is prescribed. A method is presented to determine a
particularly robust set of partial safety factors among the infinite number of sets that fulfil the
requirement.
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1. INTRODUCTION
One of the objectives of the EC-funded JOULE l~I project "Probabilistic Design Tool"
(PRODETO) [1, 2] is the development of a computer code for probabilistic fatigue
assessment. This code will be used partly as a probabilistic structural reliability calculation
tool for the industry and partly as a safety factors calibration tool for certifying authorities
and standards committees.
The procedure to be followed for the probabilistic fatigue analysis corresponds more or less
to that developed within the project : European Wind Turbine Standards I, Sub-project 2
"Calibration of Safety Factors" [3]. To assess the fatigue damage in a component one has to
deal with uncertainty in some parameters. These uncertainties can be classified into the
following four categories [3]:
model uncertainty;
inherent variability;
statistical uncertainty;
measurement uncertainty.
Two types of uncertainty will be considered in detail in this report, viz. the statistical
uncertainty in the measured data and the inherent scatter in the material fatigue properties.
The procedure to calculate the failure probability due to fatigue, taking into account the
statistical uncertainty in the measured data and the inherent scatter in the material fatigue
propeffles, looks as follows:
1.
characterisation of the distribution functions for the governing wind climate;
2.
rainflow counting of measured or calculated time series and storage of data in
appropriate bin ( Ut0, IT);
3.
determination of the mean value, the standard deviation, and the correlation
coefficient for the f’trst four statistical moments (mean valne, standard deviation,
skewness and kurtosis) of the load range in each bin;
4.
in order to generate a rigid base for determining the f’trst four moments and its
standard deviations for each combination of (U~0, IT) surfaces are fitted through the
data obtained under point 3;
5.
statistical treatment of the material fatigue data;
6.
in order to generate the 20 year load spectrum the load distribution function is
expressed in terms of a well known distribution like the normal distribution or the
Weibull distribution for each combination of (U~0, IT);
definition of limit state function and determination of failure probabilities and
7.
importance measures.
After a brief ovewiew of the basic concepts for a structural reliability analysis in chapter 2,
a description of the mathematics, the starting points, and the limitations for the above
mentioned procedure for the determination of the failure probability is given in chapter 3.
The procedure for the calibration of the partial safety factors is outlined in chapter 4.
To calculate the failure probabilities and the importance measures a computer program has
been developed based on the theory given in chapter 3. This computer program consist of
three modules, viz. RAINSTAT, FATSTAT and RELIAB which are written in FORTRAN
and can be executed on a PC. In the module RAINSTAT the surfaces for the statistical
parameters characterising the measured or calculated time series are determined. The
statistical fatigue parameters are calculated in the module FATSTAT. The determination of
the failure probabilities to be used for the calibration of the partial safety factors is done in
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the module RELIAB. In this module the subroutine for the limit state function, which is
developed as part of the current project has to be linked to a computer code for component
reliability analysis, like RELIAB01 [10] or STRUREL [11]. For the development of the
subroutine for the limit state function the code RELIAB01 was used. In chapter 5 the
overall structure of the computer program and a description of the separate modules is
presented.

8
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2. STRUCTURAL RELIABILITY
To assess the structural reliability of a structure or a structural componen~ a structural
reliability model is required. In [3] the basic concepts are described, In the following a brief
description is given of those aspects necessary to develop a structural reliability model for
fatigue.
In structural design, the reliability of a structure or a structural component is evaluated with
respect to one or more limit states. Only one such limit state is assumed in the following.
The structure is described by a set of stochastic basic variables grouped into one vector X,
including, e.g. its strength, stiffness, geometry, and loading. For the limit state under
consideration, the possible realisations of X (i.e. the different value sets OfXl, X2, ..3:’.) can
be separated into two sets; the set for which the structure will be safe, and the set for which
the structure will fail. The surface separating the safe set from the failure set in the space of
basic variables is denoted the limit state surface which can be described by the limit state
function Z = g(X) such that

z--g(x) =

for X in safe set
for X onlimit state surface
for X in failure set

(2.1)

The failure probability can be expressed as

P~=P{Z<O}= Jfx(x) dx

(2.2)

g(X)-<0

wherefx(X) is the probability density function for X.
To determine the structural reliability Eq. (2.2) has to be solved. To do this a description of
the limit state function Z = g(X) is required and the probability density functions of the
random variables grouped into the vector X have to be defined. For the fatigue damage in a
component of a wind turbine these functions will be elaborated in the next chapter.
The computation of the integral in Eq. (2.2) might be a difficult task which requires the use
of a suitable computer code. Generally the stochastic variables for the load as well as the
stochastic variables for the material model are correlated, so the required software for the
structural reliability analysis has to fulfil at least the following criteria:
*
the stochastic variables in the limit state function can be correlated;
,,
it must be possible to link the subroutine for the limit state function g(X) to this
program.
At the moment a number of PC-programs which satisfy these criteria are commercial
available, for instance RELIAB01 [10] developed by CSRconsult in Denmark and
STRUREL [11] of RCP consulting in Germany. For this reason this part of the software
was not developed within this project but use was made of the RELIAB01 code.
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3. STRUCTURAL RELIABILITY MODEL FOR
FATIGUE
3.1 General
Fatigue damage might occur in components of a wind turbine due to load variations either
caused by the own rotation of the turbine or by the wind climate. These load variations can
be obtained from measurements in the time domain or from numerical simulations. Most
models for assessing fatigue damage are based on the number of load cycles and the
amplitude of the load during a cycle, while sometimes the mean value of the load during a
cycle is of importance also. So the measured or simulated time series are not directly
applicable. Hence, usually rain-flow procedures are applied to describe the load variations
causing fatigue. For wind turbines, a recommended procedure is defined in the IEA
"Recommended Practices for Wind Turbine Testing and Evaluation; 3. Fatigue Loads"
[12].
To determine the fatigue damage one has to deal with uncertainty in some quantities.
According to [3] uncertainties can be classified into the following four categories:
model uncertainty;
inherent variability;
statistical uncertainty;
measurement uncertainty.
Model uncertainties are important when the design is based on idealized mathematical
models for the representation of loads, and where mathematical models for the resistance
calculation come in. These uncertainties can in principle be removed if perfect models can
be developed. Model uncertainty itself will not be considered in this report. However, in the
limit state function a random factor is included by which such model uncertainty can be
taken into account if desirable.
Inherent variability is also called the normal scatter or the natural variability. These
uncertainties cannot be reduced or removed and can only be described in a probabilistic or
statistical manner. Examples important for the present case are mean wind speed,
turbulence intensity, and material fatigue properties.
The statistical uncertainty is an estimation uncertainty caused by a limited amount of data.
The statistical uncertainty gets smaller when the nurnber of observations increases. For the
present case, the limited number of 10-minute intervals used as basis for the load
description and the limited number of fatigue experiments are the sources of statistical
uncertainty.
Measurement uncertainty depends on the method of observation or measurement and is
associated with the accuracy of the measurement of the process. Measurement uncertainty
will not be considered in this report.

3.2 Wind climate
The wind climate that governs the loading of a wind turbine is commonly described by the
10-minute mean wind speed U~0 at the site in conjunction with the turbulence intensity 17.
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The 10-minute mean wind speed is assumed to be Weibull distributed in the long-term,
hence the cumulative distribution function (CDF) is given by

Fv,° (x) =l-exp - ~

x _> 0

(3.1)

The shape parameter k and the scale parameter u are related to the mean value and the
standard deviation by

and

2

2

1

(3.3)

where F(.) is the gamma function.
The turbulence intensity lv is defined as the standard deviation of the wind speed divided by
the mean wind speed U~0 and represents the gustiness of the wind about this mean. Because
detailed information of IT is not available the distribution type is assumed to be lo~aormal,
or

~3.4)
where ~(.) is the standard normal distribution function.
The parameters a and b can be expressed as function of the mean value, /tiT, and the
standard deviation, ~riT, by
b= I~COV2 + I)

(3.5)

(3.6)
where

COV - °zT

12

(3.7)
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According to IEC-1400-1 [13] the mean value of the turbulence intensity is given by

_ 1 I /15m~s+aU~°~

(3.8)

where [1~ and a are specified in [13]. To be consistent with previous work necessary for
the validation of the software it was assumed that the turbulence intensity is independent
of Ulo.

3.3 Parameterization of 10-minute load series
3.3.i Rainfiow counting of time series
Application of the rain flow counting procedure [12] to a 10-minute interval leads to the
ranges/amplitudes and the corresponding number of occurrences of this loading for a
certain set of U~0 and 1T. To record this information the mean wind speed and the turbulence
intensity are discretized into a number of intervals (Ul0,~-~, Ul0,~), i--1,..N~, and (/T~-1, 1T j),
j--1,..Nj, the wind speed bins and the information is stored in the corresponding bin.
After completion of the load range measurements, bin number ij corresponding to mean
wind speed (U10,~_~ + U~0,~ )/2 and turbulence intensity (l-rj_l + Iv~, )/2 contains data of ~
10-minute intervals. It should be noted that N~0 can be equal to zero, for instance at hi~
wind speeds. In the following the load range is denoted by X.

3.3.2 Parameterization per bin
Two types of uncertainty are associated with the load range X. The Fast type is the physical
uncertainty also known as inherent variability. The physical uncertainty is the natural
randomness of a quantity and can only be described in a probabilistic or statistical manner,
The second type of uncertainty is the statistical uncertainty due to the limited number of
observations. The statistical uncertainty gets smaller when the number of observations
increases. For the present case, the limited number of 10-minute intervals used as basis for
the load description is the source of statistical uncertainty.
A distribution fitting technique can be used as the basis for a probabilistic representation of
the physical uncertainty of the load ranges in 10-minute load series. The idea in a
distribution fitfmg technique is to define a s~ategy for fitting a measured distribution of
load ranges with a generic distribution type such as the lognormal dislribution, the Weibnll
distribution, or some ’distorted’ variant of the lognormal or Weibull distribution.
This fitt’mg can be carried out on the basis of the first two, three or four moments of the
measured data. These moments are the mean value a~, the standard deviation a2, the
skewness a3, and the kurtosis a4. The output from the distribution fitting is a representation
of the load range 10-minute series in terms of a generic distribution, which has become
’distorted’ to retain the specified moments. The distribution types used as underlying
(parent) distribution for such fitting may be the Weibull distribution for the load range X or
the normal distribution for Y= lnX [3].
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As limited information is available for determining the four moments a statistical
uncertainty will be associated with them. To deal with this uncertainty in the structural
reliability analyses the four moments are treated as random variables. For each bin the
distribution of Y -- X or Y -- inX is parameterized in terms of the first four statistical
moments ap, p~l,..,4. The mean values ap~g, p=l,..,4 are estimated based on the observed
data in bin ij. Their standard deviations D~[ap ], p-=l,..,4, and also their correlation matrix
/fl for bin ij are estimated by a resampling technique such as the jackknife [6].

The procedure to estimate the values of a~p,~, Du[ap], and p0, p=l,..,4 is described in Annex
A.

3.3.3 Surfaces over (U10, IT) plane
In order to generate a firm basis for determining the fast four moments for the load series
for every combination of (U~.0, Iv_) it is practical to present these quantities as surfaces over
the (U~0, IT) plane. The four surfaces

ap = ap(U~o, lx), p = 1,2,3,4

(3.9)

form the distribution parameters of the distributions that represent the physical variability
of the arbitrary load ranges for different combinations of wind speed U~o and turbulence
intensity Ix. These surfaces are used for interpolation and extrapolation of the
measurements to combinations of (U~o, lx) where a few or no measurements have been
carried, out. The surface type may practically be selected as a plane or a quadratic surface
(second order polynomial), whichever proves suitable to fit the data.
If second order polynomial surfaces are used, the expected values and standard deviations
of a~,..,a4 as function of Ul0 and IT are
a~ (U~o, IT ) = bop + b~pU~ + b~pU~ + b3~,I~ + b4;l~

(3.10)

D[ap](Uxo, I~.) =cop +c,pUlo +c2pUi~o +c3~,L: +c4pI~

(3.11)

where the coefficients b.. and c.. are determined by least squares re~’ession of all estimated
mean values ap~ and standard deviations D~j[ap] of ap, p -- 1,..,4, over the (Ul0, IT) space. To
take into account the number of time series in a bin a weighting factor equal to the number
of time series in that specific bin is considered.
Based on the assumption that the central limit theorem holds for the four moments at,..,a4,
they can be represented as random variables by:
a~(Ulo,IT)=a~(Ulo,IT)+UpD[apl(U~o,IT), p =1,..,4

(3.12)

in which the vector U = (UI,..,U4)T is a four dimensional normally distributed variable with
zero mean, unit variance and correlation matrix p. In each bin ij a correlation matrix p~ is
calculated according to Annex A. The correlation between ap and aq in bin ij is then
represented by /~m. For Eq. (3.12) it was assumed that the correlation matrix ,o is

14
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independent of (Ul0, IT). The correlation matrix to be used in the calculations is taken as the
weighted mean over all bins, hence
1

P~q N, N~

where
N,

N~ N~

-EEN~ppq, p,q=l,..,4

(3.13)

: number of intervals for the mean wind speed;
: number of intervals for the turbulence intensity;
: number of time series in bin ij;
: correlation matrix for bin ij.

The fatigue damage depends on the distribution of the stress ranges as well as on the
mJmber of !oad cycles. The number of cycles nt0(Ui0, IT) in a !Oominute period is assumed
to be deterministic and only dependent on Ul0 and 1T. The number of load cycles is
therefore represented as a second order polynomial in the (Ut0, l~v) space,
(3.14)
The coefficients d are determined by a weighted least squares regression of all estimated
values ofnlo,~ over the (U~o, IT) space.
Up to now the load ranges are considered only. For those fatigue analyses for which the
mean load values are of importance also, like the Goodman formulation, surfaces in the
(Ulo, IT) space for the expected value and the standard deviation of the mean load value
have to be established as well.
The aspect of the mean load values is outside the scope of the current report. The main
practical problem for such an approach is that the amount of measurements has to be
increased considerable. Besides, the correlation between the load range and the mean load
value should be considered, if any.

3.4 Lifetime load spectra
3.4.1 General
The stress range S corresponding to the bending moment range X is given by S = X/W,
where the section modulus, W, is a geomett2/dependent design parameter. To determine the
life time spectra the total number of load cycles at a stress range S has to be computed by
adding the contributions from all possible bins weighted with the distribution functions for
the mean wind speed and the turbulence intensity. Introducing a discretization of the stress
range space, the number of stress cycles at the stress range S~ is given by

ECN-C--97-093
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where

=

(3.16)

and
lifetime in years;
number of intervals for the mean wind speed;
number of intervals
forFu,
the turbulence
intensity;
The cumulative distribution
functions
and FIT for
the mean wind speed and the
the number of load cycles at° stress range Sk in bin ij;
rim,ok :
turbulence intensity are given in Eq. (3.1) and Eq. (3.4) respectively.
For the deterministic life time load spectrum nt0,g~ is taken as a deterministic value obtained
directly from the measurements and Eq. (3.15) can be computed straight forward.
Tl~e probabilistic model for determining the life time spectrum is derived in a similar way.
Instead of a deterministic value for nm.~ the number of stress cycles is a random variable
given by
n,o,ij~ ={Fx(xk;U~o,,,IT,j)-Fx(xk_,;U~o,,,Lr,j)}n,o(Um,,,Lr,j)

(3.17)

where

and
-- IT,j 1 ~-IT,j

I~,j - 2

(3.19)

nm is given by Eq. (3.14), and Fx is the cumulative distribution function of the load ranges,
and x~ corresponds to &, or x~ = W&. Fx is a function of the random variables ap, defmed in
Eq. (3.12), hence An(S) is a random variable.
Thus for the probabilistic model a formulation for the cumulative distribution function Fx
of the load ranges has to be available such that it can be treated numerically. In Annex C it
is shown that this problem can be solved by def’ming a functional relation between the
random variable Xand a well known distribution with a well known probability distribution
function. Two distribution types are used as parent distribution for the load ranges, viz. the
Weibull distribution, Uw, and the normal distribution, U. For these two parent distribution
types expressions for Fx are presented in the following. These load distribution models are
based on the results presented in [5,8].

3.4.2 Weibull distribution
Load amplitudes (or load ranges) in short-term conditions, during which the load process
can be assumed stationary, often appear to have a distribution which resembles a Weibull

!6
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distribution. In the present case, we are dealing with short-term conditions in terms of 10minute periods of approximately stationary wind climate, i.e., constant mean wind speed
U10 and turbulence intensity lv. The load ranges considered are those of the flapwise
bending moment at the blade root. By inspection of measured bending moment ranges,
conditioned on (U~0, lv), their distribution is seen to resemble a Weibull distribution. On
Weibull paper, the distribution appears as a curve with only minor deviations from the
straight line that a pure Weibull distribution would give. It is therefore natural, when a
parametric representation of the distribution is sought-after, to start out with a Weibull
distribution and subject it to a slightly non-linear transformation to something that fits
well with the measured distribution. Such a generalised or distorted Weibull distribution
can be generated in many ways. In [8], a third-order polynomial expansion of a parent
Weibull-distributed variable was explored, in which the four coefficients of the
polynomial were fitted to retain the first four central moments of the measured
distribution. Whereas this model provides a good fit to the data, it is prohibitively
computer intensive, in particular for applications like ours where multiple distribution
~*° need to be ~,,tu~ utumt~ each analysis. An alternative model for representation of
....
short-term bending moment amplitudes X for a given wind climate (Ul0, IT) is the so
called quadratic Weibull model, [8,9,15].
Quadratic Weibull model
Based on the three first moments (the mean a~, the standard deviation a2, and the
skewness a3) of the distribution of the conditional bending moment range X[(UIo, IT), this
distribution can be modelled as a quadratic expansion of a parent Weibull-distributed
variable Uw. The parent Weibull-distributed variable Uw is chosen such that it has the
same mean a~ and the same standard deviation a2 as the distribution of XI(U~0, IT) which
is to be modelled. For the case that the skewness of Uw is smaller than the skewness a3 of
XI(U~o, IT), the quadratic expansion model is a softening model, and the quadratic
expansion reads
(3.20)
This quadratic equation is easily solved to yield an explicit result for Uw in terms of X

Uw = -to+ 5/t¢2 - 4etC(Xm~, -X)

(3.21)

For the skewness of Uw greater than the skewness a3 of Yfl(U~0, IT), the quadratic
expansion model is a hardening model, and the quadratic expansion reads
+x~ -1
X = Xm~~

(3.22a)

2e

which can be solved to yield an explicit expression for Uw
,,~i. 2~
4~r

ECN-C--97-093
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In both cases, the model is referred to as a quadratic Weibull model. According to Annex
C the cumulative distribution function of Xnow reads

FAx) = Fw (Uw(X))

(3.23)

where Fw is the CDF of the Weibull distribution with mean value a~ and standard
deviation a2, and Uw(X) is given by Eq. 3.21 or by Eq. 3.22.
The fitting of the coefficients e, K, and x~ is outlined in [9] and proceeds in the
following three steps:
1. ~ is chosen such that the skewness a3 is preserved;
2. K is chosen such that the variance is correct, and
3. the shift parameter xm~, is introduced to recover the correct mean.
~ec~,,se the~-,~ ;~ ~,,~ explicit ,~,’,-,’,~oo~,-,, ^- ~, ...... ;~:~,o : ¯ - ^~ .... -~ ~ ¯
is not ve~ easy to incooorate the qua&atic Weibull model in the computer program
package. ~erefore a 3-par~eter Weibull distribution has been investigated as ~
Mtemative to the quadratic Weibull distribution
3-parameter Weibull distribution
The cumulative distribution function of the 3-parameter Weibull distribution reads

x > ,~

(3.24)

The mean vMue ~tw, the standard deviation Ow and the skewness 0w of this distribution
are respectively given by [14]

2
3

2
3

~
1

F ( 2~ ~(

18

1

(3.25)

2

1

1~1~2
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The parameter k is calculated such that the skewness given by eq. (3.25) equals the
skewness a3 of the distribution XI(Um, IT). To calculate the parameters u and k two
variables A and B are defined by
1

1

(3.26)

B(k) =

U-g
aw -

2

2

1

After k h~ been cMcnlnteA the ,,M,,e¢
parameter u and ~ are given by

u= A(k)a2 +a~
e = u- B(k)a2

(3.27)

where at and a2 are respectively the mean and the standard deviation of the distribution
XI(Um, 1w), as defined by eq. (3.12).
2-parameter Weibull distribution
For a 2-parameter Weibull distribution ~=0 and the other two parameters may be
estimated alternatively as follows. From eq. (3.25) it can be deduced that

(3.28)

Therefore, using the mean a~ and the standard deviation a2 of the distribution Xl(Ul0, Ia-)
in place of ~tw and Ow in the above equation gives the value for k. With this value ofk the
parameter u is calculated with eq. (3.25-1)
(3.29)

ECN-C--97-093
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3.4.3 Generalised lognormal distribution
In case the distribution of the load ranges X looks somewhat similar to a lo~ormal
distribution, the distribution of

Y=lnX

(3.30)

can be represented by a distorted normal distribution. Although this method appears to give
less accurate results as compared to the quadratic Weibull model it is outlined here [5]. The
distribution of the load ranges is parameterized by the first four moments ap, p = 1,..,4 of Y.
According to [3] the distribution of Y = In X for a fixed set of (U~0, IT) can be represented in
terms of a four-moment Hermite polynomial expansion of a standard normally distributed
variable U. For a kurtosis a4 < 3.0 (hardening behaviour) the functional relation between
random variable Yo defined as
Yo=Y-a~
a2

(3.3i)

and the standard normally distributed variable Uis given by
U = Yo-h3 (Yo2 -1)-h4(Yos - JYo)

(3.32)

in which

h4

6
a4 -3

(3.33)

24
For a kurtosis a4 > 3.0 (softening behaviour) the functional relation between random
variable Y0 and the standard normally distributed variable Uis given by [7]
(3.34)

Y0 =/~(U+c3(U2-1)+c4(U3 -3U))

where
~/! + 36h4 -1
18
c3 -

1 + 6C4

(3.35)

~ - 41 + 2c13 + 6c4

20
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This 3rd order polynomial in Uhas one real solution
C3

(3.36)

where

P= c4

(3.37)

3

According to Annex C the cumulative density function Xcan be written as

Fx(x) =

(3.38)

where ¯ is the CDF of the standard normal distribution and u(x) is given by Eq. 3.32 or
by Eq. 3.36.

3.4.4 Applicability
As the models described in section 3.4.2 and 3.4.3 were developed for flatwise bending
they are not readily applicable to edgewise bending. At the moment it is not clear how to
fit the load ranges due to edgewise bending. The distribution is bimodal with one or two
peaks ascribed to gravity. For larger turbines where the gravity peak will dominate, one
can usually disregard the other peak, and model the unimodel gravity peak only, e.g. by a
distorted normal distribution. A Hermite polynomial transformation of a parent Gaussian
distribution can be used for this purpose. Otherwise one may consider representing the
bimodel distribution by two Weibull distributions, one for each peak, and with a
transition from one Weibull model to the other between the peaks.

3.5 Fatigue strength
To assess the fatigue damage in a component, a material model suitable for the material the
component is made of should be applied. For steel the S-N curves are generally suitable. In
tests of composite materials for use in rotor blades, the strain amplitude g is usually
measured rather than the stress range S. Hence for such materials the number of cycles N to
failure is expressed through an ~-N curve. The stress range that corresponds to the strain
amplitude ~ can be expressed as S = 2Ee, where E denotes the modulus of elasticity of the
material in the direction of the loading. GRP materials show a dependency of the mean
value of the stress range, which can be dealt with using the Goodman diagrams. In the
following, the ~-N formulation and the Goodman formulation are described.
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3.5.1 ¢-N formulation
For a given strain amplitude ~, the number of cycles N to failure is generally expressed
through an e-N curve. On a linear scale, this curve can be represented as

log N = log K - mlog e

(3.39)

To determine the parameters K and m the test data of a number of fatigue tests are fitted by
a linear regression analysis for (log~, logN) according to the linear model.
For a fixed strain level the number of cycles to failure show some scatter, inherent to
fatigue. To take into account this scatter Eq. (3.39) leads to the following model

logN=logK- mloge + e

(3

in which (K, m) describe the expected behaviour and the residual e is a random variable
with zero mean, representing local variations from test specimen to test specimen or from
uncertainty will be associated with the parameters K and m. To deal with this uncertainty
these parameters are treated as random variables.
With the regression analysis the mean values, the standard deviations and the correlation
coefficient for logK and m as well as the standard deviation of the zero-mean random
variable e can be estimated. This is a standard procedure in statistics and is described in
Annex D.

3.5.2 Goodman formulation
In the Goodman formulation for fatigue the effect of the mean strain is taken into account.
In fatigue tests this mean strain is characterised by the ratio R of minimum to maximum
strain or stress. Application of the Goodman diagram requires a statistical elaboration of the
mean strain. This implies that much more measurements are necessary, which in practice
probably will not be attainable. To avoid an increase in measurements it might be assumed
that the R-ratio is constant during the life-time. The fatigue assessment will be performed
on the ~-Ncurve based on the R-ratio relevant for the fatigue loading being considered.
A practical way to minimise the experimental work associated with a full Goodman
formulation is to define mapping of ~-N curves for different R-ratios on a single reference
curve. This mapping must be based on an experimental observed tendency.
Such a mapping implies that the statistical processing for a Goodman formulation may be
identical to the processing described for the ~-N curve.
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3.6 Limit state function
According to Miner’s rule, fatigue failure in a structural material is def’med when the
accumulated damage D exceeds 1.0, where D is defined as
NL

D = ~ ~n(S~)
~ N(S~)

(3.41)

where:

~n(Sk)
N(Sk)

NL

the number of load cycles at stress range Sk;
the number of cycles to failure at stress range S~;
the number of intervals in discretization for the load range.

The number of applied load cycles An(Sk) can be obtained from Eq. (3.15)- (3.17). As the
hmcfion Fx depends on the statistical moments ap, p = i,,4, which will be treated as
normally distributed random variables according to Eq. (3.15), ~n is a random variable.
The number of cycles to failure is given by Eq. (3.40). N(Sk) is a random variable by its
dependence on K, m, which are treated as random variables, and by its dependence on the
random variable e.
The limit state function can be defined in several manners. The most commonly used
def’mitions for fatigue are

(3.42)
and
g(X) : - ln(Fu D(X) ) : - ln~ F~ 2--]
[.

(3.43)

where FM is a random factor to represent model uncertainty and X denotes the vector of
stochastic variables which includes the normally distributed variables ap(U~o, IT), p = 1,..,4
(defined by Eq. (3.12)) that represent the uncertainty in the loading and the random
variables K, m and e that represent the uncertainty in the fatigue resistance. In general the
random variables ap are mutually correlated, and so are the variables K and m.
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4. PROCEDURE FOR CALIBRATION OF PARTIAL
SAFETY FACTORS
4.1 General
In Chapter 9 of Part 2 of the EWTS-I report [3] a guideline and an example are given for
the calibration of partial safety factors for a single particular desiDa case. These
guidelines are summarised briefly in this chapter.
The calibration is carried out in the following steps:
The wind characteristics for the site where the turbine will be placed are assessed.
For the turbine to be analysed, the geometrical data of the turbine are collected and
10-minute load series are measured or calculated or based on some theory.
Furthermore the target safety level is specified.
The reliability level of the original design is calculated by applying the methods
described in the previous chapter. In case the target reliability differs from the one
calculated for the initial design, the geometrical quantities of the blade have to be
adjusted until the reliability level achieved from the analysis equals the target
value. For a blade in bending, the most practical parameter to adjust is the section
modulus W, which is a function of the cross-sectional properties of the blade. A
series of reliability analyses is carried out for a range of values of the section
modulus W. This gives the reliability index 13 as a function of the section modulus
~V, 13=13(W).
[3 6

0.001

0.00"I 5

0.002

Figure 4.1
Selection of a model for ~nD(Sk,’~f), the design number of cycles over the design
life at stress range Sk, with a partial safety factor for the loading equal to ~f. In
Section 4.2 a description of such a model is given.
Selection of model for Nt~(S.~, "&), the design number of cycles to failure at stress
range Sk, with a partial safety factor for the resistance equal to ~m. In Section 4.3 a
description of such a model is given.
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For the same series of values of the section modulus W that were used for the
reliability analysis under step 2, deterministic structural analyses are carried out.
For each value of W, the accumulated damage

(4.1)
is calculated and the pairs of partial safety factors (Tf, ~/m) are determined in such a
way that this accumulated damage becomes exactly equal to the limit value of 1.0
that indicates failure. This is conveniently done by calculating the accumulated
damage D for many trial pairs (~/f, T~) and picking those pairs for which D=I.0
results. For each value of W, there will be an infinite number of pairs (Tf, %,) that
will lead to D--1.0. This is a result of the form of the limit state function for fatigue
failure in flapwise bending and implies an arbitrariness in selecting the partial
safety factors (Tf, Tin), as the requirement turns out to be on their product. Hence
the result of this exercise performed for many section modulus values W is a
required partial safety factor product yfTr, as a function of W, ~m~f~m(W).
2

1.5

1
0.001

0.0015

0.002
W

Figure 4.2

The results of the structural reliability analyses, [3=[~(W) and the results of the
deterministic structural fatigue analyses, ~Tm-~/fym(W), are combined by
elimination W to give the reliability index [3 as a function of the partial safety
factor product Tfi’,~, see the figure below. The larger the target reliability index, the
higher is the requirement to the partial safety factor product.
[~

6
4

1.5

Figure 4.3
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Selection of the most robust set of partial safety factors.
As discussed above, an infinite number of possible choices for the set of partial
safety factors (% ~/m) exists for each ~3-value for each turbine design case, as the
requirement is on their product. In Section 4.4 it is outlined how a robust set of
partial safety factors can be calculated.
The partial safety factors found by applying the above procedure are calibrated on a basic
level for one particular design case, i.e., for a particular turbine on a particular site.
Besides the uncertainty in the observed loads, and the inherent variability in the material
fatigue properties, the following effects are covered by partial safety factors in existing
codes and should be taken into account by increasing the partial safety factors
appropriately
¯
Wear of materials
¯
Variability in fabrication methods
¯
Size effects
¯
Uncertainty in load measurements
¯
Uncertainty in wind climate determination!site parameters

4.2 Design load
Design loads are based on the characteristic loads, so characteristic values have to be
selected for the governing load variables. For design in ultimate loading, a quantile of the
annual maximum load is traditionally used as the characteristic load value. For design in
fatigue loading, this has hardly any meaning, as a characteristic load distribution for the
design life needs to be selected rather than such a single characteristic load value. The
governing load distribution is a compound distribution of the bending moment range over
the design life of the rotor blade and has contributions from many moment range
distributions conditioned on different 10-minute wind climates (U10, lv). This compound
distribution is therefore not very suitable as a basis for defining a characteristic moment
range distribution. An idealised characteristic stress range is adopted
X0 | log n
Sc = k,~~-~1 ~,.)

(4.2)

in which Sc denotes the characteristic stress range which is exceeded in n load cycles
dur’mg the design life TL. Nr is the number of rotor cycles in this life, X0 is a characteristic
bending moment and kR is a scaling factor, both explained below [5,8,15].
The characteristic bending moment is defined as

where
R :
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the length of the rotor blade measured from the centre of the rotor to the tip;
characteristic chord length at 2/, R
;
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CL

lift coefficient at 2~33 R;

9
density of air (13-- 1.28 kg/m3)
and w is a reference wind speed defined by

2 4~

2

(4.4)

where f~ is the rotor frequency in Hz., and v0 is the 10-minute wind speed at stalling of
the entire rotor blade.
The value kR has to be calibrated such that the characteristic moment range distribution is
as close as possible to the median of the true compound moment stress distribution
derived from the observed conditional moment stress distribution as described by Eq.
(3. ! 5)~ The closeness is achieved by comparing accumulated d~_mages, The dete__rm_ination
of kR consist of the following steps:
1
Determine the compound moment range distribution for the case that all stochastic
variables take on their median values and calculate the cumulative damage.
2
The parameter kR is fitted such that the compound distribution based on Eq. (4.2)
produces a cumulative damage equal to the one found under step 1.
The design stress range is now obtained by multiplying the characteristic stress range
with load factor yf
/

X0 |

log n
So =7~fk~ ~-I1- !°g(3N~)

(4.5)

This equation can be inverted to determine the design number of cycles AnD(S) that
exceeds the stress range S in the design life.

4.3 Design resistance
The number of cycles to failure by the e-N curve is given in Eq. (3.39). The characteristic
S-N curve is derived from the mean e-N curve by subtracting two standard deviations of
the residual e, hence
logNc =/t~ogx- /tm Iog(2SE)-20"e

(4.6)

The design curve is derived by dividing all characteristic stress range values by a
material factor 7m, hence
(4.7)
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4.4 Robust choice of partial safety factors
A robust choice of the set of partial safety factors is a set which leads to design values of
stresses and strengths as close as possible to the design point of the reliability analysis.
This is so because the design point of the reliability analysis represents the most likely
outcome of the governing stochastic variables at failure. In the following it is outlined
how such a particular robust set of partial safety factors can be chosen for the present
design problem thereby remedying the arbitrariness in the result of the calibration. Note,
however that although the calibrated robust set of partial safety factors will be the best
choice of partial safety factors for the particular windturbine analyzed, this will not
necessarily be the optimal choice of partial safety factors for the class of wind turbines
that will typically be covered by a design code.
By inspection of the design point of the reliability analyses performed in the past [5,8,15]
it appears that the design point values of logK and m (~-N curve) are almost equal to the
mean values, whereas the residnal e achieves a significant negative design point value,
e~. The S-Ncurve in the design point can then be represented as

and the sought-after particular choice for ~m is achieved by requiring this design point
curve to be equal tothe design curve in Eq. (4.7). Eliminating No gives

and the requirement for the load factor becomes
7*f -
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5. PROGRAM STRUCTURE
5.1 Overall structure
The procedure to calibrate partial safety factors for individual design cases consists
roughly of the following steps:
1.
characterisation of the distribution functions for the governing wind climate;
2.
rainflow counting of measured or calculated time series of the load range and
storage of data in each bin (U r0, IT), within an appropriate discretization of the (U~0,
1T) space;
3.
determination of the mean values, the standard deviations, and the correlation
coefficients for the first four statistical moments (mean value, standard deviation,
skewness and kurtosis) of the load range in each bin;
4.
fitt’mg of surfaces through the data obtained under step 3 in order to generate a firm
basis for dete..rm.ining the f!xst four moments and the~ standard ~l~viations for each
combination of (Ul0, IT);
5.
statistical treatment of the material fatigue data;
6.
expression of the load distribution function in terms of a generic distribution like
the normal distribution or the Weibull distribution for each combination of (U~0,
Ir) in order to generate the 20 year load spectrum;
7.
definition of limit state function and determination of failure probabilities and
importance measures;
8. calibration of the partial safety factors.
This procedure is schematically depicted in Fig. 5.1, and four modules can be distinguished,
viz. RAINSTAT, FATSTAT, RELIAB, and CALIBRATION.
In the module RAINSTAT the time-series are rainflow counted (Step 2), the statistical
parameters of the loads in each bin are estimated (Step 3), after which the parameters for
the surfaces are determined (Step 4) and written to an output file such that they can be
transferred to an input file of the module RELIAB. Likewise a lifetime load spectrum based
on the rainfiow counted results is produced, hence the wind-climate has to be known (Step
t).
The statistical material parameters for fatigue are determined in the module FATSTAT
(step 5) and are written to an output file such that these material parameters can be
transferred to an input file of the module RELIAB.
In the module RELIAB the failure probability and the corresponding reliability indices [~
are calculated for a number of values of the section modulus W, which is a geometry
dependent design parameter (step 1,6, and 7). These I~-values are used in the module
CALIBRATION to calibrate the partial safety factors.
For the module RAINSTAT, FATSTAT a computer program was implemented. The
module RELIAB is based on a commercially available computer code for component
reliability analysis to which a limit state function has to be linked. The implementation of
the limit state function was part of the current project. These three modules are described in
more detail in the next sections. For the calibration of the partial safety factors no computer
program was made, because this can be done in a straightforward manner, by applying the
procedure described in Chapter 4 of this report.

ECN--C-97-093

31

PRODETO Theory and program structure

1

/

RAINSTAT

FATSTAT

b,o
/

hypersudace
pararn
"*.fat"

statistics

turbine data

stat. fat, param,
r,name2.par.

input

"name3.res"

Figure 5.1: Procedure for calibration of partial safety factors; name l, name2, and name3
are user defined filenames
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5.2 RAINSTAT module
In order to generate a finn basis for determining the first four moments for the load series
for each combination of (U~0, lv), surfaces in the (U~0, Iv) space were introduced in
Section 3.3.3. According to Eq. (3.10) and Eq. (3.11) these surfaces are defined by the
parameters b~.q, and Crq, r=0,..,4, q--I,..,4. Furthermore the number of load cycles is
represented as a second order polynomial in the (U~o, 1T) space with coefficients dr,
r=l,..,4. The computer code RAINSTAT calculates the values for the parameters b, c,
and din conformity with the mathematics presented in Section 3.3 and Annex A.
A description of technical issues concerning the implementation of the specified
RAINSTAT functions is given below. First, the main loop sequence is given in pseudo
code, refraining from any in- and output details. Following this sequence closely, a brief
description of the decisions and assumptions that are made, is given for each of the next
relevant items
¯ parsing RAINSTAT initialisation file and time series header
¯ rainflow counting time series data files
¯ getting the rainflow counts statistics
¯ fitting the statistical results
The main loop in RAINSTAT is:
parse rainstat initialisation file "prodeto.in"
for each windspeed bin class do
for each turbulence intensity bin class do
for each time series defined
open time series
read samples
while not end of file do
for each signal do
rainflow count signal sample
end for
read samples
end while
close time series
for each signal do
rainflow residual count
end for
end for
for each signal do
merge series histograms into windspeed class
aggregate histogram
determine bin series histograms statistics
store total number of time series actually
counted in bin
end for
end for
for each signal do
make weighted average windspeed class aggregate
histogram
end for
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end for
for each signal do
merge windspeed class aggregate histograms into
cumulative spectrum histogram
fit bin matrix statistics
end for

5.2.1 Parsing
The filepparse.for contains the various parsing routines for parsing the initialisation file
and the file headers of the time series datafiles. The routines ProdetoOpen0 and
ProdetoClose0 are the parser interface functions parsing the initialisation files, filling the
global prodeto information objects as given in the prodetofh include file. Routine
GetSerieSignals0 parses the time series file header for the signals present in the file after
the file has been opened by OpenSerie0. The following section is a fietive example of a
valid ~,o-signal descriptive section
#
’Wind speed l[m/s]’
#
’Wind direction[deg]’
#
#
# endheader

9.249 1.010 12.687 6.091 4.032
130.466 5.999 153.565 107.345 2.323

It should contain at least a starting line containing # signal followed by the signal
descriptions # s±gnal_narne_quoted str±ng and an end line # #.
The signal names found are returned and compared with the signals given in the rainflow
definition section of the prodeto initialisation file.
The header is expected to end with a # endheader line.
As the number of signals is known, the sample reading is carded out by simply using a
(fast) list directed FORTRAN read statement. The samples corresponding to the
intersection of the signal names found in the time series file and the rainflow definition
are selected from the list of samples read. The file pu.for contains all low-level parsing
routines. Key function is pugetword0 returning the next parseable word from the input
stream. Underneath, punextchar0 is the character oriented counterpart using a function
fgetch0 returning the next character from an input stream buffer. Fgetch0 fills the buffer
with the next line from the input stream file if necessary.
In addition, a number of type conversion routines are included to convert the ascii words
into the various low-level data types like integers, reals and doubles or higher level data
types like ranges. In case of keyword matching, the match is case insensitive, that is, the
keywords in the initialisation file can be written in lower or uppercase, or any
combination of them. The parser converts all its input str’mgs to uppercase before
checking.
All global prodeto specific keyword declarations are included in theparsefh include file.
All constants and declarative statements for the low-level parsing routines are included in
thepufh include file.

5.2.2 Rainflow counting
The core of the rainflow counting algorithm for counting load cycles in the various time
series files is more or less a standard and widespread procedure. Its implementation has a
routine IsPeakValley0 to determine whether the passed sample is a peak or valley taking
the threshold value, specified in the rainflow definition section of the initialisation file,
into account. If so, function IsRain0 stacks this peak- or valley-labelled sample and
subsequently checks the stack for the specific rainflow cycle patterns in the sequence of
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stacked values. If these patterns are found, the occurr’mg (load) cycle ranges are counted
(RCoant0) in a separate histogram object for each type of range counting (linear,
logarithmic) given in the rainflow definition section. In this definition the possible
classes are fixed by a single centre and step value. In practice, the histograms are linked
lists of at most 100 classes. Note that although the total number of classes is fixed, only
the class ranges occurring at run time invoke the ’semi-dynamic’ allocation of a histogram
slot. As long as no more than 100 different ranges are encountered, they will all be
caught. Note also that the implementation of histograms as linked lists will slow down
performance. The position of a certain class range is not known in advance, so the list
has to be searched extensively for existing ranges.
This is the penalty to pay for the all range catch guarantee. In cases where a lot of
different class ranges occur at run time, more advanced search algorithms could probably
speed up performance a bit. Finally, when all samples are processed, the remaining
residual stack values are counted in a special way to be explained in a following section.
In addition, there are a number of assumptions and implementation decisions made to be
stated in more detail here to describe the algorithmic behaviour.
The first sample of each time series is stacked as a peak or a valley, depending on
the direction the subsequent samples are going. Note that no checks are made here
to refine the possible peak or valley value in case the real peak or valley is actually
nearby but within the limits posed by the threshold value. This could mean a slight
difference with other existing rainflow counting programs. Obviously, no major
effects are introduced this way.
Each incoming sample is checked to identify whether it is a peak or valley by
detecting a direction change larger than the given threshold, ff an extreme is found,
the sample itself is added to the stack of previous encountered (and not yet
counted) peaks and valleys. For the time being a maximum stack of 1000 data
points can be handled for each signal.
After stacking the sample, the four most recent stack values are checked against a
logical relation in which the most recently stacked value is labelled Vo, the last but
one most recently stacked value as vl etc. If one of the following two logical
relations holds then a rainflow count on the range abS(Vl-V2) and/or log(abs(v~-v2))
is done :
(Vo >v2) and (vl >-v3) and(v2 >v3)
(v2 <v3) and(vl <v3) and(vo <v3)
The last sample in the time series is accepted as the closing peak or valley in the
stack depending on the current direction. It will therefore always be a part of the
rainflow counting procedure. Again, no refinements are made in case a nearby real
peak or valley is within the limits given by the threshold value.
After the last sample has been read from file and the first phase of the rainflow
counting algorithm has been gone through, there will remain a number of samples
on the stack forming a converging/diverging sequence of peak-valley combinations
left untouched by the algorithm. To count this residue, the program first searches
for the adjacent peak and valley values that form the maximum range.
Now, depending on whether the peak is in front of the valley or v.v., only the
down-going or up-going half-cycles are counted, respectively.
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5.2.3 Rainflow count statistics
Once the signal rainflow histograms of all series inside a wind speed and turbulence
intensity bin have been completed, they are added by routine HSum0 to a single wind
speed class histogram containing the aggregated histogram for all of the processed time
series in the turbulence intensity classes. In addition, function HStatistics0 is called to
obtain
estimates for the 4 statistical moments : mean, standard deviation, skewness and
kurtosis;
¯ estimates for the standard deviation of the previously calculated 4 moment estimates;
¯ the correlation coefficients between the previously calculated 4 moment estimates.
The number M of time series read in the corresponding bin entry are passed as argument
to see if enough information is available to obtain the various statistical parameters.
Assume time series are read in a particular bin. Then inside Hstatistics intermediate
histogran-ls are ~nade :
¯ the ’normal’ aggregate histogram
¯ M ~lelete-one’ or Jackknife aggregate histograms. Each aggregate histogram is made
by merging basic histograms into a new one. The ’delete-one’ histograms are made by
use of the Jackknife resampling method in which each of the resulting histograms is
the merge of all but one basic histograms. The basic histogram left out is subsequently
the next one out of the series of available ones.
For each of these intermediate histograms, estimates are calculated for each of the
statistical moments by routine HClassicEstimators0. The estimates for the ’normal’
aggregate histogram obviously are the estimates to be obtained.
The estimates for the standard deviations of the 4 moment estimates are obtained by :
¯ calculating estimates for the statistical moments for each of the M Jackknife
histograms using HClassicEstimators0,
¯ taking the mean of these estimates,
¯ calculating the variances and covariances using these estimates and their means in the
Jackknife formula, see Annex A.
Finally, the standard deviations and correlation coefficients for the estimates of the 4
statistical moments are calculated based on these variances and covariances. When all
turbulence intensity classes for the wind speed class are processed, the resulting
aggregate histogram of all time series within each turbulence intensity class is averaged
by the number of time series and in addition multiplied by a weighting factor based on
the expected turbine availability and design life, the time series time base and the
probability distribution of the current windspeed class. Once all wind speed classes have
been processed, the weighted averaged aggregate wind speed class histograms are
merged into the cumulative spectrum histogram. Further the 8 planes, 4 for the statistical
moment estimates and 4 for their standard deviations are fitted through the statistical
values calculated for each bin of the matrix.

5.2.4 Fitting
The input for the fitting part consists of the following data matrices with one entry per
defined wind speed and turbulence intensity bin:
¯ the 8 matrices whose elements are given by the 4 statistical moments and their
respective standard deviation values (one value for each bin, for each matrix)
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¯ the matrix whose elements consist of the total number of load cycles in 10 minutes
(one value for each bin)
¯ the matrix whose elements consist of the number of 10-minute series recorded (one
value for each bin)
The last matrix is not only used as a matrix of weighting factors but also as a control
matrix stating which bins actually will participate in the fit. No polynomial surface will
be fitted for this quantity. In the case that the surfaces of the statistical moment estimates
or total number of load cycles are fitted, a minimum of one time series has to be present
in the corresponding bin. In the case that the surfaces of the standard deviation of the
estimates are fitted, at least two time series have to be present before the corresponding
data point is allowed into the fit. Routine pfit0 takes a data matrix, the control matrix,
the dimensions and the lower bound discussed above, as input and returns the fitted
attributes.
The actual fit is carried out by the Numerical Recipes routine lfit0. This is a 1D general
linear least square fitting routine. Thus, a mapping has to be made from the given 2D coordinates plane plus values into 1D vectors for the independent coordinates and
dependent values. The routine xmap0 maps the independent 2D coordinates of the plane,
that is, the wind speed and turbulence intensity class indices of the corresponding bin,
into an unique number. This number is stacked into a new independent vector. The
corresponding data value is stacked into the dependent vector. This combination of
independent and dependent vector elements is copied as many times as required by the
weighting factor in the control matrix.
The resulting vectors are passed on to the lilt() routine.
In the current case, the fit function is a second order polynomial on the windspeed and
turbulence intensity independent variables :
ao + a~U + a2U2 + aft+ a4I2
This generic polynomial is passed on to the actual fit routine lilt() as the user-defined
function fpoly0. It returns the basic polynomial functions for the actual windspeed and
turbulence intensity values encrypted in the given independent vector elements.
Therefore, in routine fpoly(), the reverse mapping from each independent vector element
to the corresponding windspeed and turbulence intensity values has to be achieved. First,
the actual windspeed and turbulence intensity indices are retraced back from unique
number given by the vector element. Then, for each of these indices, the means of the
corresponding wind speed and turbulence class intervals are used to calculate the 5 basic
coefficient values of the second order polynomial, which were to be returned.
Lilt solves the set of linear equations
with A as the coefficients matrix built by use of the fpoly0 routine as given above, as the
fit parameters to be obtained and as the vector of the actual statistical moment values.
Lilt0 uses the Numerical Recipes Gauss-Jordan elimination routine gaussj0 returning
the fit attributes

5.3 FATSTAT module
For the n data point (x~,y~) specified in the input file the program FATSTAT performs a
linear regression analysis for
log(y) = B0 + B~ log(x) + e
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The mean values, the standard deviations and the correlation coefficient for B0 and B1 as
well as the standard deviation of the zero-mean random variable e are calculated of. the
mathematics presented in Annex D.
The structure in FATSTAT is shown below.
PROGRAM FATSTAT
--~ FUNCTION FILENA
--~FUNCTION GETDAT
~ FUNCTION GETTIM
-~ SUBROUTINE PARAM

The purpose of the functions and subroutines are:
filena
:
Extracts input/output filename.
getdat
:
Standard FORTRAN function to determine date.
gettim :
Standard FORTRAN function to determine time.
param
:
The mean values, the standard deviations and the correlation
coefficient for the parameters B0 and B1 are calculated.
Likewise the standard deviation for the error term e is
calculated.

5.4 RELIAB module
To calculate the failure probabilities or ~-factors a computer code is required that can
solve the structural reliability problem described by Eq. (2.2). For this task a number of
PC-programs are commercially available, for instance RELIAB01 [10] and STRUREL
[11]. Both programs have in common that a user defined limit state function g(X) can be
defined and linked to form an integral part of the program. For this reason it was decided
that within this project the subroutine for the limit state function should be developed,
while for the numerical solution use should be made of a commercial available code. The
implementation of the subroutine for the limit state function was done in connection with
the code RELIAB01, but the structure is such that is can easily be linked to another code
such as STRUREL.
The limit state function g(X)=I-FMD(X) (Eq. 3.42) and g(X)=-ln(F~4D(X)) (Eq. 3.43) are
respectively defined in the subroutines gfuc01 and gfuc02 in the filefailel.for. In these
subroutines a call is made to the subroutine damage in which the accumulated fatigue
damage of. Eq. (3.41) is calculated.
The structure of damage.for is shown below.
SUBROUTINE DAMAGE
--)FUNCTION F_X
~ SUBROUTINE
~ SUBROUTINE
--~SUBROUTINE
--~ SUBROUTINE

TR_HERM
WEIB3PAR
WEIB2PAR
PHI

The purpose of the subroutines in the diagram are:
damage : Accumulated fatigue damage cf. Eq. (3.41)
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f_x
tr_herm
weib3par
weib2par
phi

CDF for load range X
Hermite transformation cf.Section 3.4.3
3-parameter Weibull distribution cf. Section 3.4.2
2-parameter Weibull distribution cf. Section 3.4.2
CDF of standard normal distribution

Because the subroutine damage is called many times during an analysis the turbine
specific data specified in the file turbdat.inp are read in the main program by a call to the
subroutine turbdat. In turbdat the function F_U_10, CDF for 10-minute wind speed, Eq,
(3.1), and F_I_T, CDF for turbulence intensity, Eq. (3.4), are used. To quantify the
values of the CDF for U~o and IT at the boundaries of the selected bins the CDF values
for IT are normalised over the turbulence intensities ranging from the minimum value
specified up to the maximum value specified, hence
,~,_,.’-’r~=_ I_ T. _=

F-I-T(/v)
F_ I_ T(ITmax) -- F- [_ T(ITmin)

The main program is part of the file reliabOl.for.
Besides, in the subroutine gfunc offailel.for the subroutine spectrum is called. In this
subroutine, which is part offailel.for, the lifetime load spectrum based on Eq. (3.15) is
generated and written to an output file.
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6. CONCLUDING REMARKS
Within the EC-funded project PRODETO (JOR3-CT95-0026), computer tools were
developed by which the structural reliability of fatigue loaded wind turbine blades can be
analysed. The PRODETO software consists of the programs RAINSTAT and FATSTAT
and the source code damage.for which has to be linked to a commercially available
computer program for component reliability analysis, such as RELIAB01 and
STRUREL. The theoretical background and the structure of the software are given in this
report.
The current version of the software is mainly focused at fatigue damage due to the
flapwise bending moment in the blade. Because the flapwise bending moment often
appears to have a distribution which resembles a Weibull distribution it is natural to start
out with a Weibull distribution and subject it to a slightly non-linear transformation to
something that fits well with the measured or calculated data. A number of such models
are available but the main problem is that they are very computer intensive. As the 3parameter Weibull distribution provides a good fit to the data and does not cause a high
computer load it was chosen for use in the PRODETO software. In the past a less
accurate distorted lognormal distribution was used. This model is incorporated also.
The 3-parameter Weibull model and the distorted loguormal distribution are developed
for the flapwise bending moment and are not readily applicable to the edgewise bending
moment. Ideas for representation of distributions of the edgewise moment is outlined
briefly. To analyse the edgewise fatigue damage in a probabilistic manner more research
is necessary for the development of an appropriate probabilistic model.
Furthermore a procedure for the calibration of the partial safety factors for fatigue
loading is outlined for a site-specific wind turbine. This procedure is taken from Part 2 of
the EWTS-I project "Calibration of safety factors". As the requirement generally turns
out to be on the product of the load factor ~f and the material factor Y,n, the calibration
results in the required value for ~/f~m when the safety level is prescribed. A method is
presented to determine a particularly robust set of partial safety factors among the
infinite number of sets that fulfil the requirement.
The partial safety factors found by applying the above procedure are calibrated on a
level, where only the statistical uncertainty in the observed loads, model uncertainty in
load predictions, and the inherent variability in the material fatigue properties are
considered. The following effects have not been considered but are covered by partial
safety factors in existing codes and should therefore be taken into account by
appropriately increasing the partial safety factors found herein.
¯
Wear of materials
¯
Variability in fabrication methods
¯
Size effects
¯
Uncertainty in load measurements
¯
Uncertainty in wind climate determination/site parameters
Although the software developed together with the presented procedure for the
calibration of the partial safety factors is not a fully developed design tool yet, it is
expected to be of significant benefit for the wind turbine industry and for certifying
bodies. For the industry it is a tool to analyse the structural reliability (failure
probability), so that different designs can be compared. Furthermore a better
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understanding of partial safety factors can be obtained. Certifying bodies can use it as a
tool to evaluate measurements and to define partial safety factors.
Furthermore, future work should be devoted to extending the site- and turbine- dependent
safety factor calibration presented herein to a calibration that covers a family of many
turbines and many locations, representative for the future demand of wind turbines. This
would represent the ultimate step in a full code calibration for wind turbine design
against fatigue, and this would be one step further than the site- and turbine- specific
calibration presented herein.
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ANNEX A : ESTIMATION OF PARAMETERS FROM
MEASURED DATA
Definitions
The distribution of an arbitrary random variable Y can be parametrized in terms of its
statistical moments. The first four moments are the mean value ~tr, the standard deviation
or, the skewness 0r, and kurtosis ~¢r. It should be noticed that to simplify the notation the
first four statistical moments of Ycan be denoted by ap, p--1,..,4. For the random variable Y
with probability density function (PDF)fr(~) the expressions for these four moments are
[A1]
/.tr - E[Y]
ar = ~E[(Y-/trY]

O"r

where the mathematical expectation of an arbitrary function g(D is given by
E[g( Y)]

f g(y) fy (y) d y

(A.2)

From these equations it can be deduced that the first four statistical moments ap ,p -- 1,..,4
of the standardised variable
Y0

Y- !!Y
O’y

(A.3)

are

aI =0

a2 =1
a3 = 0y

(A.4)

A measure of the degree of linear interrelationship between the random variables X and Y is
the correlation coefficient
PxY
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(A.5)
~x ~Y
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Parameter estimation
The distribution of load amplitudes or loads ranges in a 10-minute load series can be
characterised in terms of its first four statistical moments [A2, A3]. Because limited
information is available for determining these moments a statistical uncertainty will be
present in the estimates of the mean value of these moments, ap~, p= 1,..,4. To quantify this
statistical uncertainty the standard deviations of these estimates, D[ap], p=l,.,4 have to be
calculated together with the estimates of the means, ap~, for each bin in some chosen
discretization of the wind climate space (Ul0, IT). Besides, the correlation coefficients Pm of
at, and aq have to be estimated in each bin. This Annex provides a procedure for
determining these quantities, where the following assumptions are made:
¯ The number of observed 10-minute load series available in a specific bin is denoted
by ~,
¯
The !oad r~nge X is discrefized ~ N knterv~s, where 8, i-- ! ,..,N denotes the mean
value of the load range in interval i;
¯
For load series j the number of load cycles within the load range interval i is
denoted by no.
The mean value a~, the standard deviation a2, the skewness a3, and the kurtosis a4 are
estimated using the following classical estimators

(A.7)

a~ (ag)~

NM

(A.8)

The standard deviation D[ap] in the estimates of ap is needed because the estimate of ap is a
statistical quantity. In general no closed form solutions for the D[ap]’S are available.
Nevertheless the standard deviation D[ap] can be estimated by a resampling technique such
as the jackknife [A4]. The jackknife focuses on the samples that leave out one observation
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Annex A
at a time. The kth jackknife sample consist of M-110-minute load series with the kth load
series removed from the available M series.
According to the jackknife technique the standard error is estimated by

(A.9)
where ap,Ek are the "delete one" estimates of ap defined by

l,k

aE

(A.10)
i ~kEEn~
i

E2

E I(X~ - a~,~, ) Zn~
(A.11)

,~ -

!

j~,

, k= 3,4

(A.12)

and
(A.13)
k=l

The correlation coefficient of the expected values of ap and aq is estimated by

PPq -

M-l~-,t" E
~ ~_~tap,~’a~pp)(aq~,k’a--~q)
D[ap]D[aq]

ECN-C--97-093

(A.14)
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ANNEX B : HERMITE POLYNOMIALS
Theory
In section 3.7-2 of [B1] the theory of the Hermite polynomials is discussed. In this Annex
the most important characteristics of these polynomials are briefly summarised.

The polynomials defined by
Heo (t) = 1
He,(t)=(-1)"e~ ndneT, n=1,2,..
dt

(B.1)

arecalled Hermitepolynomials . Performing the differentiation indicated in (B.1) gives

He~(t)=n!y’~(-lf ~2-~ ~t~-~
j=o

j. (n - 2j).

(B.2)

where N = n/2 if n is even and N-- (n-l)/2 if n is odd. Explicit expressions for the first few
Hermite polynomials are
Heo (t) = 1
He~ (t) = t
(B.3)
He2(t) = t2 - 1
He3(t) = t3 - 3t
Differentiating (B.2) for n > i gives
,~u ~:~ )j 24 (n - 2/) t
He’~ (t) = n(n-1)! ,~_o
j!(n-2j)!

(B.4)

= n He,_1 (t)
where M= (n-2)/2 if n is even and M= (n- 1)/2 if n is odd.
The sequence def’med by

(B.5)
is orthonormal, or
~ em (t)e. (t) d t = 6,.~
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where 8,,. is the Kronecker delta (8,.~, = 1 for m -- n, and 8ran -- 0 for m g: n). The proof of Eq.
(B.6) is given in [B1].
From Eq. (B.6) it follows that for the standard normally distributed variable U
E[He o, (U) He. (U)] = S ~o(u) He. (u) He ,, (u)du
~1

t2

(B.7)

- ~!~e5 He,,(u)He,.(u)du=Sm.m’t
where 9(u) is the probability density function (PDF) of the standard normal distribution U.
Setting m -- 0 in Eq. (B.7) it appears that E[He.(U)] = 0, for n > 0. Thus for an arbitrary
random variable Yuseful measures of non-normality are given by the hermite moments
ho = 1~ E[He,, (Yo)]

(B.8)

Y0 - Y- ’ur

(B.9)

where
O"r

and ~tr is the mean value, and Or is the standard deviation of Y.
By replacing t byyo in Eq (B.2) it can be seen that

(BAo)
Substituting the statistical moments of Y0 defined by Eq. (A.1) -. (A.4) and solving Eq.
(B.10) for n =1,..4 gives.

h~ =0 h~ =0
/h- a3 h4- a4-3
6
24

(B.ll)
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ANNEX C : TRANSFORMATION OF RANDOM
VARIABLES
Theory
Structural reliability problems often involve the evaluation of random variables which can
not be characterised accurate enough by well known distribution functions. An example is
the distribution of the measured 10-minute load ranges characterised by the first four
statistical moments. To solve this problem it is often convenient to defme a functional
relation between the original random variable and a basic random variable with a well
known distribution function [C1].

Assume that Y is the original random variable, whereas X is a standard random variable,
which is characterised by the Probability Density Function (PDF) fx(x) or the Cumulative
Consider the functional relation

Y = g(x)

(c.1)

This means that when Y = y, X = x -- g-l(y). This function g(x) has to be monotonically
increasing or a monotonically decreasing function of x, with a unique inverse g-~@). Thus
P(Y < y) = P(X <_ x) = P[X <_ gq (y)]

(c.2)

Hence

Fr (y) = F. [g-~ (y)]

(C.3)
By making a change of the variable of integration Eq. (C.3) becomes

gr(y)= Ifx(x)dx= Ifx(g x)°,g~dy

(C.4)

Therefore the PDF of Yis
fr--" dFr(Y) "" _l. dg-’
UY’l=~-y=yx~g ) dy

(C.5)

Here it is assumed that g is an increasing function ofx. When g decreases with increasing x
Fr (y) = 1 - Fx [g-~ (y)]

(C.6)

and
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L @) =-fx (g") ~

(c.7)

The mathematical expectation of Yis given by
E[g] = E[g(X)] = ~g(x) f~ (x) d x

(c.8)
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ANNEX D : LINEAR REGRESSION MODEL
Theory
The probability structure of the linear model is usually expressed as
(D.1)
The error terms e~ in Eq. (D.1) are assumed to be a random sample from an unknown
distribution having expectation 0.
To determine the parameters ([30, 131) the residual squared error

is considered. The least-squares estimates of (~, [~1) are the set of values that minimises the
residual squared error. The least square estimate is the solution to

(D.3)

Let Q be the matrix defined as
(1 x1
(D.4)
~.1 x.
Then the solution ofEq. (D.3) is given by

(D.5)

The standard deviation in e is estimated by the bias-corrected formula
(D.6)
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The covariance matrix of the estimate (j~0,/~1 ) is
Cfl : o-~ (OTQ)-1

(D.7)

which in particular implies that the standard errors for (j~0, ~ )are

(D.8)
O’fl~ =

= O’e n

n

2

The correlation coefficient of (~0,fll) is found as
(D.9)
Where C~ is the off-diagonal element of C~.
In case the ~-N formulation with
log N = log K - mlog e

(D.10)

is a suitable material model, the following substitutions should be made
x~ = loge,
Yi = log Ni
log K = flo

(D.11)

m -fl~
For general closed-form solutions to linear regression problems, reference is made to Neter
et al, [D1]
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