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fatigue loads. An added advantage is that findings from such a study can help in
identifying important parameters that need to be included in the development of
computational models that usually serve as alternatives to the more expensive field
measurements of the kind used in the analysis here.
Data

The data analyzed in this study are made available through the Sandia National
Laboratories” Long-Term Inflow and Structural Test (LIST) program [1,2]. This
program collects continuous time series of inflow conditions and structural response data
from a wind turbine in Bushland, Texas. The test turbine, shown in Figure 1, is a Micon
65/13M wind turbine with a rated wind speed of 13 m/s. The blades of this turbine are

7.9 m long that stand atop a 23 m tower and rotate at a fixed 55 rpm.

Figure 1 — Micon 65/13M Test Turbine.
This turbine is monitored with 60 sensors and the data collected are recorded in ten-
minute segments. These sensors have a sampling frequency of 30 Hz (i.e., they take 30
measurements every second). There were a total of 491 records analyzed in this study.
The distribution of these records relative to the mean wind speed during the ten minutes

of each segment is shown in Figure 2.
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Figure 2 — Distribution of the Data Sets used in the Analyses.
There are a total of 75 channels of information available within each record. Of these,
four channels are relevant to this study. These channels define the time instant, the hub-
height horizontal wind speed, the edge bending moment at the root of a blade, and the
flap bending moment at the root of a blade.

Project Approach

The objective of this study is to attempt to determine what frequencies and cycle
amplitudes in EBM and FBM data are important in fatigue and extreme loads for wind
turbines. The study uses two different filtering methods in order to do so. These
methods are: a high-frequency filtering method (Method 1), and a low-amplitude filtering
method (Method 2). In order to perform these forms of filtering, the collected data is first
converted from time domain to frequency domain using Fourier transform techniques
applied to the available time series data [3]. Fourier techniques essentially rely on
transformation of time series to an integral of numerous sinusoidal components of various
amplitudes and phases for distinct frequencies. In the frequency domain, filtered data
sets are generated by either setting the amplitude of high-frequency cycles to zero (i.e.,

filtering out high-frequency components) in the case of Method 1 filtering or by setting



the amplitude of low-amplitude cycles to zero in the case of Method 2 filtering. For both
methods, modified/approximate time series are obtained by inverse transforms of the
filtered data from the frequency domain. Next, these filtered time series are analyzed to
determine the approximate extreme loads and equivalent fatigue loads that result from
them. Such filtered “loads” are compared to the loads based on the original unfiltered
EBM and FBM time series by taking the ratio of filtered to original loads. An allowable
ratio is defined, say 85%, and for the two methods, the maximum amount of filtering that
retains this ratio is reported in terms of lowest cut-off frequency (f.) that may be
eliminated from the original time series (for Method 1) and highest cyclic amplitudes (X,)
that may be eliminated (for Method 2). These results are presented for EBM and FBM
data separately. For both extreme and fatigue loads, the values of f. and X, are presented
for different 2 m/s wind speed bins representing different operating conditions of the
wind turbine.

Research Methods

The approach used in this study applies the two filtering methods separately. For
each method, the filtering process is employed for all of the ten-minute data sets in each
of the six 2 m/s wind speed bins. The wind speed bins are considered separately in order
to capture variations in filtering thresholds as the wind speed changes. For the
computational analyses, three software programs, MATLAB, CRUNCH and
FAT LOAD, are used. The general-purpose mathematical software package MATLAB
is used as the interface for performing all of the filtering tasks on the time series data and
for computing extreme loads. The program CRUNCH implements the rainflow cycle
counting algorithm for fatigue loads given an EBM or FBM time series [4]. The program
FAT LOAD is an executable program made available by Sandia National Laboratories to

post-process results from CRUNCH so as to yield equivalent fatigue loads (EFL) from



rainflow cycle counts. Results on filtering thresholds (f. and X,) will be presented
showing the effect of filtering on approximations to the variance, extreme loads and
damage-equivalent fatigue loads (for different materials) considering both edge and flap
modes of bending at the wind turbine blade root.

Each method begins by first reading the original data. This is the unfiltered time
series of edge bending moment (EBM) and flap bending moment (FBM). The mean
value of the time series is first removed since the mean value corresponds to a frequency
of zero Hz. Figure 3 shows the original/unfiltered FBM time series for a sample data file.
This figure shows a zoomed-in portion representing a ten-second interval within the
entire ten-minute (600 seconds) time series. Figures 4 and 5 show the same segment of

the data set after filtering based on Methods 1 and 2, respectively.
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Figure 4 — Method 1 Filtered FBM Time Series corresponding to Figure 3.
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Figure 5 — Method 2 Filtered FBM Time Series corresponding to Figure 3.
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When Figure 4 (Method 1) is visually compared to the original time series, this filtered
FBM time series is seen to have some of its high frequency content removed. This leaves
the filtered time series looking smoother and less noisy. Figure 5 (Method 2) similarly
looks smoother than the original time series; however, both high and low frequency data
might have been removed if they were associated with low-amplitude cycles.

The time series in Figures 4 and 5 have been generated after filtering that is performed in
the frequency domain. Figure 6 shows the Fourier amplitude spectrum obtained for the
same sample unfiltered FBM time series of Figure 3. Method 1 (high-frequency) filtering
involves assigning zeroes to Fourier amplitudes for components above a certain cutoff
frequency. Similarly, Method 2 (low-amplitude) filtering involves setting to zero the
Fourier amplitudes of components whose amplitudes to begin with were below a certain
cutoff amplitude. Figures 7 and 8 show the Fourier amplitude spectra for the same FBM
time series as in Figure 6 but with filtering based on Methods 1 and 2, respectively. In
Figure 7, a cutoff frequency of 10 Hz is used; in Figure 8, a cutoff amplitude

corresponding to 5% of the peak Fourier amplitude is used.
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Figure 6 — Fourier Amplitude Spectrum of a Sample FBM Time Series (Original).
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Figure 7 — Method 1 Filtered Fourier Amplitude Spectrum corresponding to Figure 3.
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Figure 8 — Method 2 Filtered Fourier Amplitude Spectrum corresponding to Figure 3.



The effects of the two filtering procedures may now be studied by comparing
various parameters based on the filtered time series to those obtained using the original
time series. The variance, the extreme and the damage-equivalent fatigue load (for
different fatigue exponents, m, or equivalently for different materials) are the response
parameters used in the comparisons. Note that the fatigue exponent, m is approximately
equal to 3 for welded steel and 10 for fiberglass composite materials. For both methods,
the filtering process is performed systematically at defined increments in cutoff
frequency and amplitude level. At each increment, a ratio of the statistical parameter for
the filtered time series to that for the original time series is computed. After all of these
ratios have been computed for the various statistical parameters for each ten-minute data
file in a wind speed bin, these ratios are averaged for that wind speed bin. These average
ratios are then plotted against the frequency cutoff (f.) increments or amplitude (X,)
cutoff increments for the various wind speed bins. These plots can then be analyzed for
filtering thresholds according to a predetermined allowable error limit.

Results

Results from the two filtering methods are presented for an assumed allowable error of
15%, which means that the filtering limitations (frequency and amplitude cutoffs)
determined preserve 85% of the original response.

Method 1:

The results from Method 1 filtering should be interpreted as follows: a low cutoff
frequency for a particular response parameter indicates that a broad range of high
frequencies may be disregarded without affecting the accuracy in the response parameter
by more than 15%. Figures 9 through 12 are plots of four of the main response

parameters with respect to cutoff frequency for edge bending moment (EBM). These



figures are for the 11-13 m/s wind speed bin. Similar results for each response parameter

for all the other wind speed bins were also obtained.
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Figure 9 — Variance of EBM Figure 10 — Extreme EBM
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Figure 11 — EBM EFL (m=1) Figure 12 — EBM EFL (m=10)
In Figures 9-11, the curves represent the average (filtered-to-unfiltered) ratios for each
parameter with respect to cutoff frequency. The circle represents the cutoff frequency at
which 85% of the value of the response parameter for the unfiltered EBM process is
retained. Table 1 summarizes the cutoff frequencies for the assumed filtering threshold

of 85% for EBM for all of the response parameters.

10



Table 1 — EBM Filtering Thresholds for Method 1.

Frequency Cutoff Thresholds [Hz] |

WS Bin 7-9 9-11 11-13 13-15 15-17 > 17

# of Files 199 113 116 23 21 19
EFL m=1 7.7 7.5 7.3 7.4 7.4 7.6
EFL m=3 41 2.5 6.0 6.1 6.2 6.5
EFL m=6 4.1 1.9 6.0 6.0 6.2 6.5
EFL m=10 4.2 3.7 6.1 6.2 6.4 6.6
Extreme 4.0 1.5 5.2 4.4 6.3 6.5
Variance 0.9 0.9 0.9 0.9 1.0 1.0

In the table, the response parameters are divided up by wind speed (WS) bin and the
number of data files used in each WS bin to determine the cutoff frequency threshold is
also indicated. As an example, considering the 13-15 m/s bin, a cutoff frequency no
lower than 4.4 Hz is required to preserve 85% of the exact extreme load, while a cutoff
frequency of 6.2 Hz is required for a damage-equivalent fatigue load with fatigue
exponent, m=10. This implies that the extreme EBM load is less influenced by high
frequencies compared to the fatigue loads for this wind speed bin. For the same wind
speed bin a cutoff frequency as low as 0.9 Hz is sufficient to preserve 85% of the original
variance. Figures 13 through 16 are plots of four of the response parameters with respect
to cutoff frequency for flap bending moment (FBM). These figures are also for the 11-13

m/s bin. Again, similar results were also obtained for the other wind speed bins.
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Figure 15 — FBM EFL (m=1) Figure 16 — FBM EFL (m=10)
Table 2 summarizes all the cutoff frequencies for the assumed filtering threshold of 85%
for FBM for all of the response parameters.

Table 2 — FBM Filtering Thresholds for Method 1.

Frequency Cutoff Thresholds [Hz]
WS Bin 7-9 9-11 11-13 13-15 15-17 >17
# of Files 199 113 116 23 21 19
EFL m=1 7.7 7.3 6.4 5.8 5.9 7.5
EFL m=3 4.0 4.0 4.0 3.8 3.9 4.1
EFL m=6 3.7 3.7 3.8 3.7 3.7 4.0
EFL m=10 3.6 3.6 3.7 3.6 3.7 3.9
Extreme 3.8 3.0 2.8 2.8 2.7 2.8
Variance 3.2 3.1 3.6 2.9 3.6 3.9

If we consider the 11-13 m/s bin, the extreme load allows for a cutoff frequency as low as
2.8 Hz while the damage-equivalent fatigue load with fatigue exponent, m=10 requires a

cutoff frequency of 3.7 Hz. This demonstrates that the extreme FBM load is less
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influenced by high frequencies compared to the fatigue loads. Also for the 11-13 m/s
bin, 85% of the original variance can be preserved by filtering out the signal above 3.6
Hz. We can also see that the cutoff frequencies for 85% accuracy for all response
parameters, other than EFL m=1, stay relatively constant as the wind speed is changed.
Method 2:

The results from Method 2 filtering should be interpreted as follows: a high cutoff
amplitude for a particular response parameter indicates that a broad range of low-
amplitude cycles may be disregarded without affecting the accuracy in the response
parameter by more than 15%. Figures 17 through 20 are plots of four of the response
parameters with respect to cutoff amplitude for edge bending moment (EBM). These
figures are for the 11-13 m/s wind speed bin. Similar results for all the other wind speed

bins were also obtained.
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In Figures 17-20, the curves represent the average (filtered-to-unfiltered) ratios for each
parameter with respect to cutoff amplitude. The circle represents the cutoff amplitude at
which 85% of the value of the response parameter for the unfiltered EBM process is
retained. Table 3 summarizes the amplitude cutoff values for the assumed filtering
threshold of 85% for EBM for all of the response parameters.

Table 3 — EBM Filtering Thresholds for Method 2.

Amplitude Cutoff Thresholds [% of Peak Fourier Amplitude]

WS Bin 7-9 9-11 11-13 13-15 15-17 > 17
# of Files 199 113 116 23 21 19
EFL m=1 8.2% 5.4% 6.3% 5.4% 5.0% 5.3%

EFL m=3 30.7% 33.5% 24.1% 18.5% 11.1% 9.5%
EFL m=6 30.7% 32.6% 24.0% 17.6% 10.6% 9.5%
EFL m=10 28.8% 26.7% 22.0% 14.7% 8.5% 8.4%
Extreme 17.9% 15.2% 12.3% 11.3% 6.4% 6.8%
Variance 90.7% 90.6% 90.4% 74.7% 90.1% 16.8%

As an example, considering the 7-9 m/s bin, the cutoff amplitude levels for extreme and
damage-equivalent fatigue loads (m=10) are seen to differ considerably. The damage-
equivalent (m=10) fatigue load allows for amplitudes less than 28.8% of the peak Fourier
amplitude to be filtered out while the extreme EBM loads can only allow filtering of
amplitudes below 17.9% of the peak Fourier amplitude. However, the cutoff amplitude
thresholds for 85% accuracy for the various response parameters tend to converge as
wind speeds increase. Cutoff amplitude levels for EBM variance cover a wide range
depending on wind speed. However considering the nature of Figure 17, it may be
possible to say that cutoff amplitudes are very high since there seems to be a plateau
around 85% to 90% of the peak Fourier amplitude. Figures 21 through 24 are plots of
four of the response parameters with respect to cutoff amplitude for flap bending moment
(FBM). These figures are for the 11-13 m/s bin. Again, similar results were obtained for

the other wind speed bins.

14



or or

=
]
Ratio of Extreme for FEM
=
]

03 1 03

] 01 02z 03 04 05 08 07 08 08 1 (] 01 02z 03 04 05 08 07 08 08 1
Arrgiitude Rermoved [% of Peak Fourler Ampltude] Arrgiitude Rermoved [% of Peak Fourler Ampltude]

Figure 21 — Variance of FBM Figure 22 — Extreme FBM

or or

Ralio of EFL m=10 for FEBM

Ratio of EFL m=1 for FEM

03 1 03

] 01 02z 03 04 05 06 07 08 08 1 (] 01 02z 03 04 05 08 07 08 08 1
Arrgiitude Rermoved [% of Peak Fourler Ampltude] Arrgiitude Rermoved [% of Peak Fourler Ampltude]

Figure 23 -FBM EFL (m=1) Figure 24 — FBM EFL (m=10)
Table 4 summarizes all the cutoff amplitude levels for the assumed filtering threshold of
85% for FBM for all of the response parameters.

Table 4 — FBM Filtering Thresholds for Method 2.

Amplitude Cutoff Thresholds [% of Peak Fourier Amplitude]
WS Bin 7-9 9-11 11-13 13-15 15-17 >17
# of Files 199 113 116 23 21 19
EFL m=1 4.1% 3.7% 4.2% 5.7% 5.9% 5.9%
EFL m=3 6.4% 5.3% 6.0% 8.3% 9.6% 9.9%
EFL m=6 71% 5.9% 6.5% 8.4% 9.7% 10.3%
EFL m=10 7.7% 6.4% 6.8% 8.0% 9.7% 10.3%
Extreme 6.6% 7.9% 8.0% 8.7% 11.8% 13.3%
Variance 9.8% 7.7% 7.4% 9.1% 9.9% 10.4%

Again considering the extreme and damage-equivalent (m=10) fatigue loads, these
acceptable cutoff amplitude levels for 85% accuracy are relatively similar for all wind
speeds. A pattern of increased allowable cutoff amplitudes as wind speed increases is
seen for all the FBM response parameters. This implies that the low amplitude data
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becomes less significant as wind speed increases. Cutoff amplitude levels for FBM
variance, for example, generally stay constant at around 7-10% for all wind speeds.
Conclusion

Fluctuations in filtering thresholds can be seen in some response parameters as
wind speed varies. However it may be necessary to use filtering thresholds adequate for
all wind speeds since a wind turbine will ultimately be exposed to various environmental
conditions. Table 5 summarizes cutoff frequencies necessary to preserve 85% of the
exact response parameters.

Table 5 — Summarized Frequency Thresholds [Hz].

Extreme | Fatigue | Variance
EBM 7 7 1
FBM 3 4 4

Frequencies greater than 4 Hz are unnecessary to preserve 85% of exact response for all
parameters of FBM. Extreme and fatigue require frequencies less than 7 Hz for EBM
however frequencies over 1 Hz can be neglected for variance. Table 6 summarizes cutoff
amplitudes necessary to preserve 85% of the exact response parameters.

Table 6 — Summarized Amplitude Thresholds [% of Peak Fourier Amplitude].

Extreme | Fatigue | Variance
EBM 7% 8% 75%
FBM 7% 5% 8%

For 85% accuracy, cutoff amplitude levels in the range of 5-8% of the peak Fourier
amplitude can be used for all response parameters. Variance of EBM seems to be the one
parameter that can be significantly filtered.

The results presented are specific to the wind turbine tested as part of Sandia’s
LIST program but the trends seen may be similar for other turbines of similar size and

operating configuration. These findings should help increase the understanding of EBM
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and FBM characteristics. It is also hoped that these findings might help in identifying
important parameters (e.g., structural modes of vibration) that need to be included in the
development of computational simulation models that usually serve as alternatives to the

more expensive field measurements of the kind that were available for the analysis here.
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