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ABSTRACT

Horizontal axis wind turbine (HAWT) blades are a critical component of wind turbines. Full-scale blade
fatigue testing is required to verify that the blades possess the strength and service life specified in the
design. Unfortunately, fatigue tests must be run for a long time period, which has led blade testing
laboratories to seek ways of accelerating fatigue testing time and reducing the costs of tests. The
objective of this article is to propose a concept of applying accumulative power spectral density (AccPSD)
to identify fatigue damage events contained in the stress—time history of HAWT blades. Based on short-
time Fourier transform (STFT), a novel method called STFT-based fatigue damage part extracting method
has been developed to extract fatigue damage parts from the stress—time history and to generate the
edited stress—time history. It has been found that a STFT window size of 256 and an AccPSD level of
9800 Energy/Hz (cutoff level) provides the edited stress—time history having reduction of 15.38% in
length with respect to the original length, whilst fatigue damage per repetition can be retained almost
the same level as the original fatigue damage. In addition, an existing method, time correlated fatigue
damage (TCFD), is used to validate the effectiveness of STFT-based fatigue damage part extracting
method. The results suggest that not only does the STFT improve the accuracy of fatigue damage
retained, but also it provides a shorter length of the edited stress—time history. To conclude, STFT is
suggested as an alternative technique in fatigue durability study, especially for the field of wind turbine
engineering.
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‘lntroduction

blade breakage. After finalising the aerodynamic design of any new
blade, full-scale blade fatigue testing is required to verify that the

Modern wind turbines are fatigue critical machines [1] used to
generate electricity from the wind. These rotating machines are
subject to a combination of several loadings that are highly irreg-
ular in nature. Generally, wind turbine blades are considered as an
important part of the wind turbine [2]. The problem of interest is
that the wind turbine blades have failed at unexpectedly high rates.
The major cause of the failure is fatigue due to cyclic loading [3].
Fatigue is an engineering terminology defined as the process of
initiation and propagation of cracks through a structural part due to
action of fluctuating stress [4].

The unexpectedly high rate of the blade failure led designers
and researchers to develop fatigue analysis capabilities to prevent
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blades possess the strength and service life specified in the design.
Fatigue lifetime of the blades of over 20 years is one of the struc-
tural design requirements specified by the IEC 61400-1 standard
[5]. Laboratory based accelerated testing needs to expose the
component to an equivalent test loading which is shorter in time
than the length of the target loading, whilst still causing approxi-
mately the same damage potential. Techniques that can be used to
accelerate laboratory fatigue testing [6] are to increase the fre-
quency of the cyclic loading, to increase the load level and to
remove small amplitude cycles from the time history. Testing time
and cost can become too expensive if the service load is not edited
before testing.

At present, it is found in the wind turbine community that the
racetrack method [7,8] is the only existing method used in editing
fatigue loading. The racetrack method is used to produce a
condensed history in which essential peaks and valleys are listed in
their original sequence. By removing small amplitude cycles from
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Nomenclature

f frequency

G(fn) power spectrum

N number of cycles to failure
5 maximum applied stress
S(fa) power spectral density

T period

t time

w window function

X amplitude of time-domain signal
Af frequency band

At time window length

a maximum applied stress
0o ultimate strength
T time position of the window

AccPSD  accumulative power spectral density
BEMT  blade element momentum theory

FFT fast Fourier transform
HAWT horizontal axis wind turbine
nfft window size

PSD power spectral density

rms root-mean-square

SERI Solar Energy Research Institute
STFT short-time Fourier transform
TCFD time correlated fatigue damage

the time history, this method is useful for condensing histories to
those few events, perhaps the 10 percent of events that do most of
the damage [9—11]. Unfortunately, the racetrack method does not
significantly shorten the length of the fatigue loading, and does not
the purpose of reducing the testing time.

mis is the problem that motivated the authors’ interest in fa-
tigue data editing by removing small amplitude cycles. Such a
method is defined as a method for omitting the small amplitude
cycles which provide a minimal contribution to the overall fatigue
damage, whilst retaining the high amplitude cycles which are the
most damaging sections [6]. In wind turbine applications, this
concept is still not proposed for the purpose of achieving acceler-
ated fatigue tests which reduce testing time and energy cost.
Furthermore, review of the literature suggests that there is no fa-
tigue data editing technique that used STFT for identifying and
extracting fatigue damage parts from the stress—time history of
horizontal axis wind turbine (HAWT) blades.

2. Material and methods

The HAWT blade used in this study is a SERI-8 blade model as
shown in Fig. 1 [12]. The SERI-8 blades are installed on 65 kW wind
turbines. The fibreglass composite material used in modelling the
blade is a laminate called DD16 [13]. The S—N model of material
DD16 is described by three-parameter model.

gp— 0 = ao(a/og)P (N — 1) (1)
\Qie o is the maximum applied stress, o is the ultimate strength
(625 MPa for tensile or 400 MPa for compressive), N is the number
of cycles to failure, and g, b, ¢ are fitting parameters which can be
found in Ref. [14].

Fig. 1. Finite element model of the wind turbine blade and a set of aerodynamic loads.

A set of aerodynamic loads typically shown in Fig. 1 is generated
by an aerodynamic code [15] based on blade element momentum
(BEM) theory. In this study, there are number of aerodynamic load
sets for wind speeds ranging from cut-in to cut-out. Each set of
aerodynamic loads and finite element model are imported to
ANSYS to determine a critical stress and its location on the blade. By
relating the critical stress at each wind speed to the wind speed
data [16], a fatigue computer code for HAWT blades [17] is used to
generate a stress—time history as shown in Fig. 12(a). This history
has sampling rate of 40 Hz for 68,739,939 data points which gave
the total record length of the signal of 1,718,498.475 s. In this article,
this history will be edited by an existing method called time
correlated fatigue damage (TCFD) [18] and STFT. Then, the fatigue
damage is evaluated by Miner’s rule [19].

2.1. Accumulative power spectral density

In this article, STFT is used to generate a plot of accumulative
power spectral density (AccPSD) as shown in Fig. 2(d). The plot of
AccPSD used in the process of extracting fatigue damage parts is
discussed in Section 2.2. For illustration purpose, the authors use
Fig. 2 to describe how to generate the plot of AccPSD. By using
signal processing toolbox in Matlab [20], STFT (with nfft = 4,
noverlap = 3, fs = 40 Hz) is taken to the typical stress—time
history in Fig. 2(a). Matlab generates the spectrogram shown in
Fig. 2(b). Changing plotting style from spectrogram to the 3D-
stem plot shown in Fig. 2(c) illustrates the relationship between
PSD and frequency at each time interval (or data point number).
Thus, AccPSD at each time interval is easily derived by summing
the PSD of each frequency band at each time interval. For
example, AccPSD at data point number 2 is the summation of
three PSDs located at frequency bands 0, 10 and 20 Hz, and so on.
In this manner, the plot of AccPSD distribution can be generated
as shown in Fig. 2(d).

2.2. Algorithm for extracting fatigue damage parts

This section deals with how to extract fatigue damage parts
from the stress—time history. The authors’ use Fig. 3 to demonstrate
how to extract fatigue damage parts and how to generate the edited
stress—time history. Considering Fig. 3, the typical stress—time
history consists of 20 data points. It is divided into 17 windows with
their widths given by 4 data points. AccPSD of the signal segment in
each window is represented by the spike labelled by the italic
number. Since each value of AccPSD is the value at the middle of
each window, there is no middle data point to locate each AccPSD
spike because the number of data points in each window is even. In
this case, Matlab locates each AccPSD spike at the left point nearest
the middle. For example, window 1 consists of data points 1, 2, 3
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Fig. 2. Stress—time history, spectrogram, 3D-stem plot and AccPSD plot.

and 4 so there is no middle for these data points. Thus, Matlab
locates AccPSD spike 1 at data point 2.

Based on a cutoff level represented by a dashed line in the
second plot of Fig. 3, no extractions need to be done for windows
1-3 because the amplitudes of AccPSD spikes 1 to 3 are lower than
the cutoff level. For window 4, the amplitude of AccPSD spike 4 is
higher than the cutoff level so the data points 4, 5, 6 and 7 are

tracted from the typical stress—time history and formed the
age segment 1. In the same manner, the amplitudes of AccPSD
spikes 5 and 6 are higher than the cutoff level so data points 5, 6, 7, 8
and data points 6, 7, 8, 9 are extracted and formed the damage
segments 2 and 3, respectively. By superposing the damage seg-
ments 1, 2 and 3, the damage part 1 is formed by data points 4, 5, 6,
7,8 and 9. Similarly, the damage part 2 is formed by superposing
damage segments 4, 5, 6 and 7. Eventually, damage parts 1 and 2 are
concatenated to form the edited stress—time history as shown in
the bottom plot of Fig. 3.

3. Theory
3.1. Fourier transform

Mathematically, Fourier discrete expansion, Eq. (2), is used to
break down a complicated signal into three types of simple waves
which are sine waves, cosine waves and a straight wave. Wave ag is
a straight wave that indicates how far the entire complex periodic
wave is displaced above or below zero. The periods of the sine and
cosine waves are integral multiples of the period of x(t). Amplitudes
an and b, show how much of each sine and cosine wave the com-
plex periodic wave contains. Both sine and cosine waves have

frequencies that are integral multiples of a fundamental frequency.
The time it takes for a wave to oscillate once is called period T. The
number of times a wave oscillates in 1 s is called frequency f. The
relationship between the period and the frequency is given by f= 1/
T. The angle rotated in 1 s (in radians per second) is called angular
velocity. The relationship between the angular velocity and the
frequency is given by w = 2f.

X(t) = ag+ > (an cOs nwt + by, sin nwt) 0
n=1

Complex number of representation of Fourier series in Eq. (2) is [21]

Xty = i Cn exp(inwt) = i Cn exp(i2Tfut) (3)

n=-ow N=-—-o

wherei = v/-1is the imaginary unit and G, is the complex number
representation of Fourier coefficients.

Ca

|-

t=T
/ x(t)exp(—i2nf,t)de (4)
t=0

The relationship between the period and the fundamental fre-
quency is Af = 1/T. If the wave takes infinite time to advance
through one period, then its frequency is extremely close to zero
since the wave passes through only the tiniest function of its period
in 1 s. When the fundamental frequency approaches zero, the in-
terval between frequencies on the spectrum grows narrower and
narrower as typically shown in Fig. 4. In other words, the longer the
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period is, the shorter the interval is between spectrum frequencies.
Eventually, when the period reaches infinity, the spectrum be-
comes a continuum with no gap between frequencies. Thus, all
frequencies become known when the period is infinity, even those
that were not apparent through Fourier coefficients formula.
Fourier transform of a signal x(t) is

+ 00

G) = 1 [ x©exp(-iznfutyde (5)

—

The frequency composition of a random function can be
described in terms of the spectral density of mean square value
[22]. Mean square value of a periodic time function is the sum of the
mean square of the individual harmonic component.

- S - (P
X =3 s5GG (6)
n=1

Thus, x2 is made up of discrete contributions in each frequency

ﬁerva] or frequency band Af.

First, one defines the contribution to the mean square in the
requency band as the power spectrum G(f;).

G) = 3G:C; 7)

Then, the mean square is
2 =3 Glfa) (8)
n=1

Now, one defines the discrete power spectral density S(f,) as the
power spectrum divided by the frequency band.

Gl _ GG
SG) = 7 = 357 (9)

The mean square value can then be rewritten as
x2= 3" S(a)Af (10)
n=1

Power spectral density (PSD) is a normalised density plot
qmbing the mean square amplitude of each sinusoidal wave
h respect to its frequency. PSD shows the strength of the vari-
ations (energy) as a function of frequency. It shows at which fre-
quencies, variations are strong and at which frequencies, variations
are weak. The unit of PSD is energy per Hz (frequency width) and
energy within a specific frequency range can be calculated by
integrating PSD within that frequency range. Computation of PSD
can be done by fast Fourier transform (FFT).

3.2. Short-time Fourier transform

Using the Fourier transform, the frequency components of an
entire signal can be analysed but it is not possible to locate at what
point in time that a frequency component occurs. This is not
problematic when a stationary signal is analysed. However, Fourier
analysis is not suitable for non-stationary signals. If there is a time
localisation due to a particular feature in a signal such as impulse,
this will only contribute to the overall mean valued frequency
distribution and feature location on the time axis is lost [23]. To
solve this deficiency, Dennis Gabor [24] adapted the Fourier
transform to analyse only a small section of the signal at a time. This
technique is called windowing the signal. Gabor’s adaptation is

called the short-time Fourier transform (STFT) which maps a signal
into a two-dimensional function of time and frequency.

The STFT represents a sort of compromise between the time- and
frequency-based views of a signal. It provides some information
about both when and at what frequencies a signal event occurs [25].
The.STFT compromises between time and frequency information.
However, this information can only be obtained with limited pre-
cision determined by the window length, which is chosen so as to
relate the signal in time without any distortions. The STFT assumes
that if a time-varying signal is divided into several segments, each
segment can be assumed stationary for analysis purposes. Then,
Fourier transform is applied to each segment using Gaussian win-
dow function which is nonzero in the segment being analysed and it
is set to zero outside the segment [26].

The STFT was developed from Fourier transform and it is
mathematically defined as

STFT = X(1,f) = / X(t)w(t — 7)exp(—i2mf)dt (11)

— 00

where x(t)exp(—i27f) is the Fourier transform of the windowed
signal, w is the window function and t is the time position of the
window [27]. The result of the transformation is a number of
spectra localised in each windowed segment.

3.3. Fatigue damage versus accumulative power spectral density

This section mainly discusses the concept of applying AccPSD to
identify fatigue damage events contained in the stress—time his-
tory. For the purpose of illustration, segment 52 (a red signal in
Fig. 12(a), in web version), is intentionally selected because it
clearly shows where the damage and non-damage parts are. To
generate the plot of AccPSD versus data point number (time loca-
tion), signal processing toolbox in Matlab [20] is used. STFT is taken
to segment 52 in Fig. 5(a) and then a spectrogram is generated as
shown in Fig. 5(b). The spectrogram shows how the PSD of STFT
coefficients distribute in time—frequency domain. The plot of
AccPSD of segment 52 shown in Fig. 5(c) is derived from the
spectrogram by summing the PSD of all frequency bands at each
time interval.

At this stage, the plot of AccPSD does not have the knowledge to
identify where the fatigue damage events are located in segment 52.
To teach the plot of AccPSD knowledge, the time locations that fa-
tigue damage occurs must be known. In this article, fatigue damage
at time locations is known from TCFD. This method is used by
commercial software [18]. Based on TCFD, the authors use a plot of
fatigue damage versus data point number in Fig. 6(b) to teach AccPSD
knowledge. The red signals in Fig. 6(a) (in web version) are marked
by TCFD. They are non-damage parts which must be removed from
segment 52. The black signals in Fig. 6(a) are damage parts. They are
concatenated to form an edited segment 52 shown in Fig. 6(c).

To observe the distribution patterns among the fatigue damage
obtained from TCFD and AccPSD obtained from STFT, Figs. 5(c) and
6(a,b) are displayed on the same figure, i.e. Fig. 7. Considering
Fig. 7(a), the fatigue damage contained in each group of the black
signals is implied by the amplitude of fatigue damage spikes shown
in Fig. 7(b). It is noticeable that each spike indicates both where and
how much the fatigue damage occurs.

By observing the distribution patterns of spikes, it has been found
that almost all the spikes of AccPSD in Fig. 7(c) are located at time
intervals that the spikes of fatigue damage are located in Fig. 7(b),
especially at the positions 1—41. When comparing the amplitude of
damage spikes to the amplitude of AccPSD spikes at each time in-
terval, it has been found that the amplitude of AccPSD spikes does
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not tell us how much fatigue damage occurs. For example, there are
same amplitudes of damage spikes located at points 1 and 2 but the
amplitudes of AccPSD spike at point 1 are lower than that at point 2.
The same situation occurs at points 30 and 31. Furthermore, it is
outstanding that there is a high peak of damage spike at point 37 but
the amplitude of AccPSD spike at the same point is very low. Fortu-
nately, it is clearly seen that the locations of each spike of AccPSD tell
us where the fatigue damage occurs.
Next idea is that in which spikes the plots of AccPSD should be
used to identify the locations of fatigue damage. The authors try to
ide the bottom parts of AccPSD plot by using white rectangles
ﬁh different heights shown in Fig. 8(b—d). The upper edge of each
ctangle is called cutoff level. With cutoff levels of 10,000 and
15,000 Energy/Hz, Fig. 8(b) and (c) removed peaks 15, 35 and 37. By
increasing the cutoff level to 20,000 Energy/Hz as shown in
Fig. 8(d), it has been found that the peaks 5, 15, 19, 28, 30, 33, 35, 36
and 37 are removed. In this manner, it is noticeable that the pattern
of each group of peaks left in Fig. 8(d) resembles the pattern of
fatigue damage in Fig. 8(a).
For the subject matter mentioned in this section, three issues
based on observation can be summarised.

1. The amplitudes of AccPSD spikes do not indicate how much
fatigue damage occurs.

2. The locations of AccPSD spikes, which are observed manually,
are close to the locations of the fatigue damage that occurred.

3. The fatigue damage events in the stress—time history could be
identified by an appropriate cutoff level.

The cutoff level is very important because it is used as a crite-
rion in identifying and extracting fatigue damage parts from the
original stress—time history. The signal segments which have
levels of AccPSD equal to or higher than cutoff level will be

identified as the damage parts and vice versa for the non-damage
parts. By this criterion, the damage parts will be extracted from the
original stress—time history and then they are concatenated to
form an edited stress—time history. Ideally, the fatigue damage
contained in the edited stress—time history should be the same as
the original damage. If the cutoff level is too high, the minority of
fatigue damage events will be detected; consequently, the length
of the edited stress—time history is very short. Also, the retained
fatigue damage will dramatically deviate from the original fatigue
damage. On the other hand, if the cutoff level is too low, some non-
damage parts may be identified as the damage parts; conse-
quently, the length of the edited stress—time history may be
slightly reduced whilst the retained fatigue damage may not be
changed or a little bit from the original fatigue damage. To deter-
mine the appropriate cutoff level, the effect of cutoff level on fa-
tigue damage retained in the edited stress—time history has been
discussed in Section 4.

The observation done in this section implies that the plot of
AccPSD gained from the spectrogram enables us to identify the
fatigue damage events contained in the original stress—time
history.

4. Window size effect on variation of fatigue damage per
repetition

In the process, STFT is taken to the original stress—time history
shown in Fig. 12(a) by using signal processing toolbox in Matlab
[18]. The question is what window size (nfft) should be used in
taking STFT. No procedure for choosing the best window size of
STFT has been proposed yet. Comparative study is the only way to
find an optimal window size of STFT. To answer this question, the
window size effect on variation of fatigue damage per repetition
needs to be studied before editing the stress—time history by STFT.
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Table 1
Data from varying window size.

nfft Cutoff level % reductionin % error
(Energy/Hz) length of the
edited history

Fatigue damage Mean rms  Kurtosis

per repetition  stress

2 5 2.11 -8.716 +028 +0.17 -1.28
4 110 13.48 -1.695 -9.01 -574 -549
8 200 11.56 +1.069 -734 -469 -6.96
16 500 13.78 +0.334 -897 -586 -1345
32 1000 1324 +0.176 -842 -554 -1514
64 2000 13.04 +0.062 -8.19 -542 -16.56
128 4800 1531 +0.042 -991 -6.63 -2235
256 9800 15.38 +0.045 -992 -6.66 -2345

Note: (+) and (-) signs of percent error mean less than and greater than,
respectively.

The STFT is taken to the original stress—time history with win-
dow sizes of 2, 4, 8, 16, 32, 64, 128, and 256 points, respectively. For
each window size, cutoff levels are varied and then the original
stress—time history is edited. The fatigue damage per repetition of

ch edited stress—time history is evaluated. Consequently, the

c(ationships between normalised cutoff level and fatigue damage

per repetition for each window size can be established as shown in
Fig. 9(a).

Since each window size of STFT taken to the same segment of the
original stress—time history provides the different levels of AccPSD,
all relationships cannot be compared directly. They must be nor-
malised by their corresponding maximum levels existing in the
original stress—time history. Fig. 9(a) shows the relationships be-
tween normalised cutoff level and fatigue damage per repetition for
window sizes of 2, 4, 8, 16, 32, 64, 128 and 256 points. The dashed
line represents the original level of fatigue damage per repetition. At
this stage, the authors want to know which window size should be
used in taking STFT. By means of three criteria, only one curve must

«
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w
-
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Fig. 10. Differences in signal statistical parameters.

be selected from this group. The first criterion is that the difference
in fatigue damage per repetition must not be greater than +10%. The
second criterion is that the differences in mean stress, root-mean-
square (rms) and kurtosis must not be greater than +10% [28—30].
The third criterion is that the length of the edited stress—time his-
tory must be the shortest one compared to each other.

The curves in Fig. 9(a) could be separated into two groups. The
first group shows that the fatigue damage increases beyond the
original level and then decreases near the end of the range being
considered. The curves in this group are for window sizes 2 and 4.
They should not be taken into account because their differences of
fatigue damage per repetition are very high compared to others
(see Table 1). The second group shows that the fatigue damage
decreases when the normalised cutoff level increases. Although all
curves in this group show the desired behaviour, the curves for
window sizes of 8, 16 and 32 can be removed from the group
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Fig. 11. A plot of AccPSD distribution generated by STFT.
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because of the rapid change in damage values near the beginning of
the range being considered. Thus, the curves for window sizes of
64,128 and 256 are still candidates. Considering Fig. 9(b), all curves
show that the fatigue damage slightly decreases at the beginning
and rapidly drops when the value of normalised cutoff level is
beyond 0.1. It is difficult to select one of them with the naked eye. To
select the best curve, the data listed in Table 1 are considered. It is

found that all window sizes satisfy all criteria except the error of
kurtosis. The window sizes of 128 and 256 appear to not differ in
results. But the shortest length of the edited stress history is the
desired result, so the window size of 256 shown in Fig. 9(c) is
selected as the representative in taking STFT.

To summarise, window size of 256 and cutoff level of 9800
Energy/Hz (see Table 1) provided the best result. The plot of AccPSD

Originat Stress-Time History [68,739,939 Points] [Sampiing Rate, fs = 40 Hz] [Duration = 1,718,498.475 5]

S (MPa)
-
=%~

oS3

S (MPa)
- N
88

-
L1 ]

Data Point Number x10

65 66 6.7 68 69

~ -

Fig. 12. Stress—time histories: (a) Original; generated by (b) TCFD; (c) STFT.
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Edited Stress-Time History Generated by STFT [58,165,594 Points) [Sampiing Rate, s = 40 Hz] [Duration = 1,454,139.850 s} [nft = 256] [Cutoff Level = 9,800 Energyftz]
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Fig. 12. (continued).

is shown in Fig. 11. The edited stress—time history has a reduction of
15.38% in length with respect to the original length. In other words,
the length of the edited stress—time history is 84.62% of the original
length. The difference in fatigue damage per repetition is +0.045%
whilst the differences in mean stress and root-mean-square of the
edited stress—time history are within +10%, except for kurtosis (see
Fig. 10).

5. Results and discussion

The original stress—time history in Fig. 12(a) is edited by TCFD
. and STFT. The first method is done in the time domain whilst the
second method is done in the time—frequency domain. TCFD
removes non-damage sections on the basis of time correlated fa-
tigue damage windows of the input signal. The signal is divided into
a number of time segments. Then, fatigue damage is calculated for
each time-window. Windows having minimal damage are
removed. The retained windows are assembled together to produce
the edited stress—time history shown in Fig. 12(b). The edited
stress—time history has a reduction of 10.18% in length with respect
to the original length (see Table 2). In other words, the length of the
edited stress—time history is 89.82% of the original length. The
difference in fatigue damage per repetition is +0.076% whilst the
differences in mean stress and root-mean-square of the edited
stress—time history are within +10%, except for kurtosis.

For STFT, the window size effect on variation of fatigue damage
per repetition is studied. It has been found that a window size of
256 points provides the shortest length of the edited stress—time
history compared to the lengths provided by the window sizes of 64
and 128 points. Also, the differences in mean stress and root-mean-
square in Table 2 are within +10%, except for kurtosis. Furthermore,
the result in Table 2 indicates that STFT has a high potential in
identifying the fatigue damage events because the difference in
fatigue damage per repetition is very much less than +1%. Based on

a cutoff level of 9800 Energy/Hz represented by a dashed line in
Fig. 11, the events having AccPSD level higher than or equal to the
cutoff level are classified as damage parts. Eventually, each damage
part is concatenated to form the edited stress—time history shown
in Fig. 12(c). The edited stress—time history has a reduction of
15.38% in length with respect to the original length. In other words,
the length of the edited stress—time history is 84.62% of the original
length. The difference in fatigue damage per repetition is +0.045%
whilst the differences in mean stress and root-mean-square of the
edited stress—time history are within £10%, except for kurtosis.
The effectiveness of TCFD and STFT in extracting fatigue damage
parts has been studied. Fig. 10 shows that the differences in both
mean stress and root-mean-square for each method are quite the
same pattern and they are within +10%, whilst their differences in
kurtosis are beyond +10%. It is noteworthy that the differences in
mean stress, root-mean-square and kurtosis for TCFD are less than
those for STFT. Furthermore, it is shown that +10% error of kurtosis
cannot be used as a criterion for the given stress—time history.
However, Table 2 shows that both methods provide the difference
in fatigue damage per repetition at less than +1%. Thus, it is indi-
cated that each method has high potential in identifying fatigue
damage events, especially STFT. Having considered the length of

Table 2
Summary results.
Method Cutoff level % reduction % error
(Energy/Hz) ;?lengt Bot Fatigue Mean rms Kurtosis
istory
damage per stress
repetition
TCFD - 10.18 +0.076 -3.04 -264 -1405
STFT 9800 1538 +0.045 -992 -666 -2345

Note: (+) and (-) signs of percent error mean less than and greater than,
respectively.
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the edited stress—time histories, STFT provides 84.62% of the
original length whilst TCFD provides 89.82%.

6. Conclusions

At present, the concept of using STFT in editing stress—time
history of HAWT blades is not proposed by any researchers. The
STFT can be used to edit stress—time history of HAWT blades. The
edited stress—time history is generated from the combination of
damage parts. The edited stress—time history should have equiva-
lent global signal statistics and fatigue damage to the original
stress—time history. Since STFT is defined here for the first time,
experimental validation of the algorithm is important.

The edited stress—time histories obtained from each method
retains the fatigue damage per repetition at almost the same level
as the original damage. This indicates that TCFD and STFT can be
used with high confidence. TCFD provided an edited stress—time
history as 89.82% of the original length whilst STFT provides 84.62%
of the same original length. Under the purpose of accelerated fa-

igue test, the capabilities of STFT and TCFD in extracting fatigue
mage from the stress—time history of HAWT blades have been
ompared. It has been found that, STFT has two factors that can
have an effect on the fatigue damage extraction. They are window
size and cutoff level. Furthermore, it has been found that STFT has
two advantages. Firstly, STFT provided a shorter length of the edited

stress—time history than TCFD. Secondly, STFT can improve the

accuracy of the fatigue damage retained in the edited stress—time
history. Although the differences in mean stress, root-mean-square,
and kurtosis provided by TCFD are lower than those provided by
STFT, they are only used to maintain the signal statistical parame-
ters, so as not to change beyond +10%.

To conclude, the edited stress—time history can be normally
used in the durability laboratory scale fatigue test to accelerate
fatigue testing. Finally, STFT is suggested as the alternative tech-
nique in fatigue durability study, especially for the field of wind
turbine engineering.
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