Assessment of Wind Parameter
Sensitivity on Ultimate and
Fatigue Wind Turbine Loads

Preprint

Amy Robertson, Latha Sethuraman,

Jason Jonkman, and Julian Quick
National Renewable Energy Laboratory

Presented at the American Institute of Aeronautics
and Astronautics SciTech Forum

Orlando, Florida

January 8—12, 2018

Suggested Citation

Robertson, Amy, Latha Sethuraman, Jason Jonkman, and Julian Quick. 2018.
“Assessment of Wind Parameter Sensitivity on Ultimate and Fatigue Wind
Turbine Loads: Preprint.” Golden, CO: National Renewable Energy
Laboratory. NREL/CP-5000-70445. www.nrel.gov/docs/fy180sti/70445.

NREL is a national laboratory of the U.S. Department of Energy
Office of Energy Efficiency & Renewable Energy
Operated by the Alliance for Sustainable Energy, LLC

This report is available at no cost from the National Renewable Energy
Laboratory (NREL) at www.nrel.gov/publications.

Conference Paper
NREL/CP-5000-70445
February 2018

Contract No. DE-AC36-08G028308


https://thesource.nrel.gov/publishing/assets/docs/www.nrel.gov/docs/fy18osti/70445

NOTICE

The submitted manuscript has been offered by an employee of the Alliance for Sustainable Energy, LLC (Alliance),
a contractor of the US Government under Contract No. DE-AC36-08G028308. Accordingly, the US Government
and Alliance retain a nonexclusive royalty-free license to publish or reproduce the published form of this contribution,
or allow others to do so, for US Government purposes.

This report was prepared as an account of work sponsored by an agency of the United States government. Neither
the United States government nor any agency thereof, nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring
by the United States government or any agency thereof. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States government or any agency thereof.

This report is available at no cost from the National Renewable Energy
Laboratory (NREL) at www.nrel.gov/publications.

Available electronically at SciTech Connect http:/www.osti.gov/scitech

Available for a processing fee to U.S. Department of Energy
and its contractors, in paper, from:

U.S. Department of Energy

Office of Scientific and Technical Information
P.O. Box 62

Oak Ridge, TN 37831-0062

OSTI http://www.osti.gov

Phone: 865.576.8401

Fax: 865.576.5728

Email: reports@osti.gov

Available for sale to the public, in paper, from:

U.S. Department of Commerce
National Technical Information Service
5301 Shawnee Road

Alexandria, VA 22312

NTIS http://www.ntis.gov

Phone: 800.553.6847 or 703.605.6000
Fax: 703.605.6900

Email: orders@ntis.gov

Cover Photos by Dennis Schroeder: (left to right) NREL 26173, NREL 18302, NREL 19758, NREL 29642, NREL 19795.

NREL prints on paper that contains recycled content.


http://www.osti.gov/scitech
http://www.osti.gov/
mailto:reports@osti.gov
http://www.ntis.gov/
mailto:orders@ntis.gov

Assessment of Wind Parameter Sensitivity on Ultimate and
Fatigue Wind Turbine Loads

Amy N. Robertson,” Latha Sethuraman, Jason Jonkman,* Julian Quick?®
National Renewable Energy Laboratory, Golden, CO, 80401

Wind turbines are designed using a set of simulations to ascertain the structural loads
that the turbine could encounter. While mean hub-height wind speed is considered to vary,
other wind parameters—such as turbulence spectra, sheer, veer, spatial coherence, and
component correlation—are fixed or conditional values that, in reality, could have different
characteristics at different sites and have a significant effect on the resulting loads. This
paper therefore seeks to assess the sensitivity of different wind parameters on the resulting
ultimate and fatigue loads on the turbine during normal operational conditions. Eighteen
different wind parameters are screened using an Elementary Effects approach with radial
points. As expected, the results show a high sensitivity of the loads to the turbulence
standard deviation in the primary wind direction, but the sensitivity to wind shear is often
much greater. To a lesser extent, other wind parameters that drive loads include the
coherence in the primary wind direction and veer.

I. Introduction

ind turbines are designed using the International Electrotechnical Commission (IEC) 61400-1 standard,’
which prescribes a set of simulations to ascertain the ultimate and fatigue loads that the turbine could
encounter under a variety of environmental and operational conditions. In the simulation prescription, a range
of mean hub-height wind speeds are considered, but other wind parameters—such as the turbulence spectra, sheer,
veer, spatial coherence, and component correlation—are fixed values that remain constant across all simulations, ™
or are conditioned only on wind speed, the IEC classification of turbulence, and/or hub height. These other wind
parameters, however, could have different characteristics at different sites and under different atmospheric
conditions, which could potentially have a significant effect on the resulting loads the turbine could see. Therefore,
this paper seeks to assess the sensitivity of different wind parameters on the resulting loads of the wind turbine, to 1)
rank the sensitivities of different parameters, 2) help establish error bars around the predictions of engineering
models during validation efforts, and 3) provide insight to probabilistic design methods and site-suitability analyses.
Other researchers have examined the influence of wind characteristics on turbine load reponse, considering
differing wind parameters and turbulence models, and using different methods to assess their sensitivity. The most
common parameter considered is the influence of turbulence intensity variability, which all researchers show to have
significant variability and large impact on the turbine response.>'® The shear exponent, or wind profile, is the next
most common parameter examined, concluded to have similar or slightly less importance to the turbulence
intensity.>>6%1013-1517 Qther parameters investigated include the turbulence length scale, standard deviation of
different directional wind components, Richardson number, spatial coherence, component correlation, and veer.
Mixed conclusions are drawn on the importance of these secondary parameters, which are influenced by the range of
variability considered (based on the conditions examined), the turbine control system, as well as the turbine size and
hub height under consideration. The effects of considering the secondary wind parameters are also mixed,
sometimes increasing and sometimes decreasing the loads in the turbine; however, most agree that the use of site-
specific measurements of the wind parameters will lead to a more accurate assessment of the turbine loads, resulting
in designs that are either better optimized or lower risk.
Another approach used by many researchers is to examine how the stability of the atmosphere affects the loading
conditions, which dictate the correlation between the individual atmospheric parameters for each stability condition
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** For example, the power-law shear exponent is taken to be 0.2 for the normal wind profile.
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the given hub-height wind speed based on an assumed log-normal distribution of turbulence.
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and also different models of the turbulence and shear.?3%%!1%19 Holtslag et al.? conclude that the IEC standards have
the potential to overestimate fatigue loads from unrealistic combinations of shear and turbulence, but also
underestimate loads by neglecting the assessment of strongly unstable conditions. They propose a computationally
efficient approach of simulating the most probable stability condition for each wind speed bin as an improvement
over the present IEC methodology.

Our concern in this paper is to obtain a thorough assessment of which wind characteristics influence wind
turbine structural loads. Our approach does not consider the correlated dependency between the individual
parameters; rather, we focus on assessing the sensitivity of each parameter individually (but interactions between
individual parameters are also considered, which is further discussed below). This is a first step in understanding
what modifications might be needed to present design loads analysis or site-suitability methods and could inform
how error bars are established on model predictions in future validation efforts. By understanding which wind
parameters actually have an influence on response, we can then consider the best way to address the influence of
their variation or uncertainty.

The remainder of the paper is organized as follows. Section II summarizes the different wind parameters
considered in this study and prescribes a range over which they will be varied. Section III presents the methodology
used to screen which of these parameters have a significant effect on key wind turbine response loads. Section IV
then describes the steps used (and associated details) to conduct the simulations needed for the analysis. Finally,
Sections V and VI present the results of the sensitivity analysis and the conclusions that were drawn.

II. Wind Parameter Description

The first step in this work is to determine the relevant wind parameters that will be used to represent the variety
of inflow conditions that a turbine can encounter during operation. We have chosen to use the Veers model for
describing and generating the wind characteristics because it provides a quantitative description with a known and
limited set of parameters. Based on this model, 18 different wind parameters (Table 1) are used to parameterize the
following wind characteristics: (A) mean wind profile, (B) velocity spectrum, (C) point-to-point spatial coherence,
and (D) component-to-component correlations. For simplicity, we assume that these 18 parameters are independent
of one another.

The parameters are only conditioned on mean wind speed at hub height, and their range (summarized in Section
E) is specified based on a categorization in below-rated, near-rated, or above-rated wind regions. The sensitivity
analysis will be run three separate times across these three separate wind regions, assuming a mean wind speed
within each bin (8, 12, and 18 m/s). No specific site is considered; rather, the parameter ranges are chosen to span a
large sampling of potential wind turbine locations. TurbSim?° is used to generate the turbulent wind time series
based on the parameters chosen.

A. Mean Wind Profile

A standard power-law shear model is used to describe the vertical wind speed profile and a linear wind direction
veer model is used. The sensitivity of these characteristics are captured through variation of the exponent of the
shear, a, and the total veer (in degrees) across the turbine, f (centered around the hub) (red highlight indicates the
individual parameters that will be investigated).

B. Velocity Spectrum
The Veers model uses a Kaimal spectrum to represent the turbulence, which differs slightly from the other
commonly used Mann turbulence model (see below). The Kaimal spectrum is defined as:'

ﬁq(f) — 4ﬂq /I/hub
02 (1 + 6.ﬂ‘q / I/hub )5/3 ’

q

(1

where f'is the frequency (Hz), ¢ is the index of the velocity component direction (u, v, w), S, is the single-sided
velocity spectrum, Vi is the mean wind speed at hub height, 4 is the velocity component standard deviation, and
L, is the velocity component integral scale parameter. The IEC 61400-1 standard' suggests using a set scaling
between the direction components of the standard deviation and scale parameters, but for our study we will vary
each of these parameters in (¢, v, w) independently.

An inverse Fourier transform is applied to the Kaimal spectrum to derive a turbulent time series for each of the
wind components independently. Note that this is different from the Mann model (also considered in the IEC 61400-
1 standard), which is based on a three-dimensional tensor representation of the turbulence derived from rapid



distoration of isotropic turbulence using a uniform mean velocity shear.! The Mann model considers the three
turbulence components as dependent, representing the correlation between the longitudinal and vertical components
resulting from the Reynolds stresses. In the IEC 61400-1 standard, the two spectra (Mann and Kaimal) are equated,
resulting in three parameters that may be set for the Mann model. However, there is uncertainty in whether the loads
resulting from these two different turbulence spectra are truly consistent.

C. Spatial Coherence Model

The point-to-point spatial coherence (Coh) quantifies the frequency-dependent cross-correlation of a single
turbulence component at different points in the wind inflow grid. The general coherence model used in TurbSim,
which includes all three directions of the velocity components, g = u, v, w, is defined as:

4 2
. =exp —aq Zi i—d +(qu)2 , (2)

m m

Coh, , ,

where f'is the frequency, d is the distance between points i and j, z,, is the mean height of the two points, and u,, is
the mean of the wind speeds of the two points.* The variables a, and b, are, respectively, the input coherence
decrement and offset parameter (for each velocity component, ¢g). The model is based on the IEC coherence model
with the added term, (d/z,)> introduced by Solari,'? where y can vary between 0 and 1.

D. Component Correlation Model

The component-to-component correlation (PC) quantifies the cross-correlation between directional turbulence
components at a single point in space. For instance, PC,,, quantifies the correlation between the u and w turbulence
components at a given point. TurbSim modifies the v- and w-component wind speeds by computing a linear
combination of the time series of the three independent wind speed components to obtain the mean Reynolds
stresses, PCuw, PCuy, PC,y, at the hub. Note that because this calculation occurs in the time domain, the velocity
spectra of the v- and w-components are somewhat affected by the enforced component correlations.

E. Parameter Ranges

The ranges considered for each of these 18 parameters within the three different wind speed bins are summarized
in Table 1. For some parameters, no information was found on their dependence on wind speed, so the same values
are used in all three bins. The ranges are taken from multiple sources®>* (those references driving the extremes of
the range are cited below the values), largely based on measurements across a variety of different locations and
conditions, to determine the entire range over which these parameters may realistically vary. Each parameter is
considered independently, except for the conditioning on wind speed bin; therefore, some improbable or impossible
combinations of parameters may arise. The focus here, however, is to get an assessment of how sensitive wind
turbine loads are to the variation of these parameters—such that we can decide whether it is appropriate to choose a
set value during load calculations or to examine the parameter in greater detail in the future. Future work will
examine those parameters that are down-selected as sensitive in order to better understand the dependencies between
these parameters.

Some issues were encountered in performing simulations across the ranges of the parameters shown in Table 1.
One issue was that some of the coherence matrices generated within Turbsim could not be decomposed (Cholesky
factorization failed) for large shear values, a. This issue was addressed by modifying the coherence definition in Eq.
2 to consider the wind speed at the hub height (V.») rather than the average of the wind speed across the two points
(um). This correction was determined to be acceptable because velocity spectra are assumed to be constant with
height anyway. Another issue encountered was that at extremely negative values of the shear exponent, a, tower
blade strikes would often occur. To eliminate this issue, the minimum value of o was changed to -0.75 from -1.5.
This change leads to a reduction of the overall range of the parameter, which could potentially lead to a reduced
sensitivity. But, multiple studies have shown a large sensitivity of turbine loads to shear value; therefore, we do not
believe this reduction in range will lead to a different conclusion.

H To avoid numerical issues, u,, was changed to Vi.; see Section ILE.
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Table 1. Parameter ranges for the three different wind speed bins (below, near, and above rated)

a ﬂ Ly Ly Ly Cu (% Ow au ay aw bu by bw b4 PCuy | PCuy | PCyy
(deg) | (m) | (m) | (m) | (m/s) | (m/s) | (m/s) (m?/5) (/%) | (m°/5%)
Below-rated wind speed, 3-10 m/s
Min |-1.5%| 25 | 5 2 2 [005]002]003| 15| 17| 2 0 0 0 0 | 35| -45] 27
Max | 33 | 50 [1,000]1,000] 650 | 72 | 74 | 45 | 26 | 18 | 17 | 0.08 [4.5B-3/0011| 1 |050]| 60 | 1.0
Ref 22 13 6,12 6 6,23 22 22 20,21,22 24 25 12,24 25 20 20 24 21 21 21

Near-rated wind speed, 10-14 m/s
Min | -04 | -10 8 2 2 0.20 | 0.05 | 0.05 1.5 1.7 2 0 0 0 0 3.5 | 45 | 27
Max | 0.9 50 |[1,400|1,300| 450 7.3 8.1 43 26 18 17 0.08 |3.0E-3|6.0E-3| 1 0.50 | 6.0 1.0
Ref_ 26,24 13,24 6,12 6 6 2421,22( 21,22 |20,21,22 24 25 34,24 25 20 20 24 21 21 21

Above-rated wind speed, 14-25 m/s
Min | -04 | -10 25 2 2 0.20 | 0.18 | 0.15 1.5 1.7 2 0 0 0 0 3.5 | 45 | 27

Max | 0.7 25 11,600 | 1,500 [ 650 7.4 73 4.2 26 18 18 0.05 |2.5E-3|6.5E-3 1 0.50 | 6.0 1.0
20,2421,
22

* This value was changed to -0.75 due to simulation issues

21,22 20,21,22 24 25 12,20 25 20 20 24 21 21 21

Ref. | 2624 | 1324 | 6,25 6 6

III. Sensitivity Analysis Procedure

Now that the wind parameters of interest have been identified, we need to define a procedure for assessing their
sensitivity on the response loads of a wind turbine during operation. A common approach is the calculation of the
Sobol sensitivity,'® which decomponses the variance of the response into fractions that can be attributed to different
input parameters and parameter interactions. The drawback of this method is its large computational expense, which
requires a Monte Carlo analysis to calculate the sensitivity. To decrease the computational expense, one approach is
to use a meta-model, which is a lower-order, surrogate model that is trained on a subset of simulations to act
similarly to the original, more computationally expensive model. Some researchers in the wind field have used this
approach, #%2222 but we are concerned with the complexity of the wind turbine model and associated quantities of
interest, especially the system nonlinearities and interaction of the controller for extreme (unlikely) events—and
therefore, the ability to accurately represent it with a meta-model. Another approach to reduce computational
expense is to use variance-reduction methods to improve the Monte Carlo sampling. Latin hypercube sampling’-3433
and fractional factorial analysis®® are some examples. These methods were considered for this application, but with
the large number of parameters being examined, these approaches are still too expensive. Instead, we used a
screening method, which provides a sensitivity measure that is not a direct estimate of the variance; rather, it
supplies a ranking of those parameters with the most influence. One of the most commonly used screening
approaches is called Elementary Effects analysis.’”#

A. Overview of Elementary Effects

Elementary Effects (EE) at its core is a very simple methodology for screening parameters. It is based on the
one-at-a-time approach in that each parameter of interest is varied individually while holding all other parameters
fixed. A derivative is then calculated based on the level of change in the response of interest to the change in the
input parameter. Approaches such as these are called local-sensitivity approaches because they only calculate the
influence of a single parameter, and they do not consider how the other parameters interact with the response. But,
EE extends this process by examining the change in response for a given input parameter at different locations in the
input parameter hyperspace. In other words, only one parameter is varied at a time, but this variation is performed
multiple times using different values for the other input parameters. The derivatives calculated from these different
points are then averaged to assess an overall level of sensitivity. Thus, the EE method considers the interactions
between different parameters and is therefore considered a global sensitivity analysis method.

The basic approach for performing an EE analysis has been modified over the years to ensure that the input
hyperspace is being adequately sampled and to eliminate issues that might confound the sensitivity assessment. In
this work, we have chosen to use 1) Sobol random numbers to determine the initial points at which the derivatives
will be calculated, which ensures a wide sampling of the input hyperspace, and 2) a radial approach rather than the
traditional trajectories for varying all of the parameters, which has been shown to improve the efficiency of the
method.**

We are interested in understanding the sensitivity of a response load of a wind turbine, Y, to different
characteristics of the wind, X (matrix of input parameters):



Y = f(X,,X,,X,,..X,). (3)

where £ is the total number of input parameters (in this case k = 18). All input parameters are normalized between
zero (their minimum value) and one (their maximum value).

For a given sampling of X, (x1, x2, ..., xx), the elementary effect of the i input parameter is found by varying
only that parameter by a normalized amount A:

Y(x,0,x,_,x. + A, x. ..

EEI» — ( 129 Vi—1>7"i > H—l’A

Typically, A is kept the same for each parameter, but a variable value can also be used, as discussed later in this

section. Because of the normalization of X, the elementary effect (EE;) can be thought of as the local partial

derivative of the output (Y) with respect to the input (x;) multiplied by the total maximum-to-minimum range of the
input. Thus, the elementary effect has the same units as the output.

In a radial sensitivity approach, EE is calculated for each of the parameters for a given sample point by varying
each of the parameters individually from that point. (This is different than the original EE methodology, which
creates a trajectory by varying each new parameter from the A point of the previous parameter.) This process is
repeated for r starting points in the input parameter hyperspace, creating a set of r-different calculations of EE for
each parameter.

The overall influence of a parameter, #, is then estimated as the mean of the absolute value of the elementary
effects at the r different locations:

X)) =Y (x,%,,..,X,)

“4)

M:liwﬂy )
ra

In addition, the interaction effects from other input parameters is estimated as the standard deviation of the
individual EE estimates:

1 u .
o,=,|——=D (EE/ — )", (6)
=

where 4, is the mean of the elementary effects without the absolute value taken.

There are many different ways to choose the starting points at which EE is calculated. The original approach was
to use a random sampling; however, this does not ensure a good coverage of the input hyperspace. Another approach
involves using Latin hypercube sampling, and Campolongo et al.** suggest using Sobol quasi-random numbers
instead. We initially chose to use the Campolongo approach, which generates a quasi-random matrix of Sobol
numbers of size (r+4,2k) from which the first four rows of the right half of the matrix are discarded (and the
remaining rows shifted up). The left half of the first » rows are then used as the » different starting locations for the
EE calculation. The second half of each of these rows defines the auxiliary value ot which each parameter should be
changed, individually, from the initial starting point on the left half of the row. The Sobol numbers are values
between 0 and 1 that indicate the normalized value of each input to use. In this approach, the parameters are not
being varied by the same amount every time to calculate FE, which adds to the robustness of the method. An
example of the Sobol quasi-random sequence is given in Table 2, showing the first eight points of a 10-dimensional
sequence. Table 3 then shows how to use this sequence to generate the starting and auxiliary points for an example
problem with five inputs (k) and eight radial points (r), based on the description above of shifting the right half of
the matrix up by four rows, and retaining only the first eight rows of the left half of the matrix.

However, we encountered issues using this approach. In this study, there are many parameters of interest, and we
therefore need many different evaluation points to obtain a good assessment of their overall sensitivity. When using
the Campolongo approach for the EE evaluation with a value of » = 20 points and k& = 18 parameters, we found that
some of the auxiliary points and starting points were the same—thus creating a zero delta (no change). We
attempted to shift the rows and use other parts of the Sobol sequence, but this issue persisted. We also found that
some of the delta values in this approach were very small; therefore, the derivatives would sometimes become
extremely large due to numerical innacuracies. So we decided to retain the Sobol starting points, but choose the
auxiliary points based on a random selection of delta values between -1 and 1. Difficulties arose from this approach
as well, because we found that some of the parameter combinations at the extreme edges led to extreme, unnatural



loading conditions that the simulations could not resolve. In addition, when a large delta value is used, the derivative
calculated is assuming a linear relationship over a very large parameter range, which could be very innacurate and
lead to incorrect sensitivity assessments.

Therefore, the final approach chosen for this work was to continue to use the Sobol quasi-random sequence for
the starting points (as shown in Table 2), but then use only random selections of -0.1 and 0.1 for the deltas, from
which the auxiliary points are defined and the associated derivatives calculated. This approach allows us to still
sample a significant part of the hyper-parameter space, but calculate the sensitivities of the parameters in those
locations in a manner that is consistent with the linear assumptions and that also does not create numerical issues. A
delta of magnitude 0.1—i.e., 10% of the total maximum-to-minimum range—is expected to be a good compromise
in terms of not too small to avoid numerical issues and not too large to smooth out nonlinearities.

Table 2. 10-dimensional Sobol quasi-random sequence, first 12 points

0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000
0.2500 0.7500 0.2500 0.7500 0.2500 0.7500 0.2500 0.7500 0.7500 0.2500
0.7500 0.2500 0.7500 0.2500 0.7500 0.2500 0.7500 0.2500 0.2500 0.7500
0.1250 0.6250 0.8750 0.8750 0.6250 0.1250 0.3750 0.3750 0.8750 0.6250
0.6250 0.1250 0.3750 0.3750 0.1250 0.6250 0.8750 0.8750 0.3750 0.1250
0.3750 0.3750 0.6250 0.1250 0.8750 0.8750 0.1250 0.6250 0.1250 0.8750
0.8750 0.8750 0.1250 0.6250 0.3750 0.3750 0.6250 0.1250 0.6250 0.3750
0.0625 0.9375 0.6875 0.4375 0.8125 0.0625 0.4375 0.5625 0.8125 0.6875
0.5625 0.4375 0.1875 09375 0.3125 0.5625 0.9375 0.0625 0.3125 0.1875
0.3125 0.1875 0.9375 0.6875 0.5625 0.8125 0.1875 0.3125 0.0625 0.9375
0.8125 0.6875 0.4375 0.1875 0.0625 0.3125 0.6875 0.8125 0.5625 0.4375
0.1875 0.3125 0.3125 0.5625 0.4375 0.1875 0.0625 0.9375 0.1875 0.0625

Table 3. Elementary Effects sample points for k=5, r=8. Left half of matrix are the starting points and right
half are the auxiliary points.

0.5000 0.5000 0.5000 0.5000 0.5000 | 0.6250 0.8750 0.8750 0.3750 0.1250
0.2500 0.7500 0.2500 0.7500 0.2500 | 0.8750 0.1250 0.6250 0.1250 0.8750
0.7500 0.2500 0.7500 0.2500 0.7500 | 0.3750 0.6250 0.1250 0.6250 0.3750
0.1250 0.6250 0.8750 0.8750 0.6250 | 0.0625 0.4375 0.5625 0.8125 0.6875
0.6250 0.1250 0.3750 0.3750 0.1250 | 0.5625 0.9375 0.0625 0.3125 0.1875
0.3750 0.3750 0.6250 0.1250 0.8750 | 0.8125 0.1875 0.3125 0.0625 0.9375
0.8750 0.8750 0.1250 0.6250 0.3750 | 0.3125 0.6875 0.8125 0.5625 0.4375
0.0625 0.9375 0.6875 0.4375 0.8125 | 0.1875 0.0625 0.9375 0.1875 0.0625

B. Assessment of Sensitivity
The EE method enables the screening of the most sensitive parameters by examining ,ul.* and o, . But, with

increasing sample points (), the EE method can also provide an estimation of the global sensitivity. Campolongo et

al.* suggest using an estimator introduced by Jansen:*
2

B (V01X )= 3 (50l ) )

where a?) is the j% starting point, b" is th ;"

auxiliary point, X., is the matrix of all variables but X,

V, (Y |X.,) is the inner variance, V, of Y taken over all possible values of X, while keeping X., fixed, and
E

«.; is the output expectation taken over all possible values X.

IV. Approach Implemented

The following sections describe in more detail the steps of how the Elementary Effects analysis was
accomplished for our application.

A. Wind Turbine Model and Tools



To examine the sensitivity of each wind parameter on turbine response loads, we need to simulate a wind turbine
model. We used the NREL 5-MW reference turbine,*’” which is a variable-speed, 3-bladed, upwind, horizontal-axis
turbine with a hub height of 90 m and a rotor diameter of 126 m. By repeating this analysis with other wind turbine
models, future work could examine how the sensititivity of the parameters on turbine loads is affected by the size of
wind turbine considered.

For each of the parameter settings identified with the Elemetary Effects procedure, 30 different turbulent wind
files (i.e. 30 independent time-domain realizations from 30 seeds) are generated in TurbSim.?° Analysis showed that
30 wind seeds were needed to get converged statistics for the response of the turbine. A 25 x 25 square grid is used
that covers the entire rotor plane of the turbine. The aero-servo-elastic tool, FAST (v8), is then used to simulate a
model of the NREL 5-MW wind turbine using the wind files developed. Aerodynamic drag on the tower is not
considered because it will be minimal for an operational turbine. BeamDyn, the new module in FAST that allows for
a finite-element description of the blades, is also not used because the NREL 5-MW turbine does not have the level
of structural flexibility that warrants a model of this type. Otherwise, all normal aero-servo-elastic features of FAST
v8 are enabled, including quasi-steady induction, unsteady airfoil aerodynamics; blade, drivetrain, and tower
structural flexibility; and an active variable-speed and rotor-collective blade-pitch-to-feather controller.

B. Quantities of Interest

From the output of the simulations, quantities of interest (Qol) are extracted that capture the variability of the
turbine response. The Qol chosen for this work are summarized in Table 4 and include the blade, drivetrain, and
tower loads, as well as the blade-tip displacement and turbine power output. Both the ultimate and fatigue loads are
considered. The ultimate loads are estimated using the average of the global absolute maximums across all
turbulence seeds for a given set of parameter values, whereas the fatigue loads are estimated using the average of the
standard deviations of the output response across all seeds for a given set of parameter values. For the bending
moments, the ultimate loads are calculated as the largest vector sum of the first two components listed, rather than
considering each individually.

Table 4. Quantities of interest to be examined in sensitivity analysis

Quantity of Interest Component
Blade-root moments Out-of-plane bending In-plane bending Pitching moment
LOW._ speed shaft moments at main 0-degree bending 90-degree bending Shaft torque
bearing
Tower-top moment Fore/aft bending Side/side bending Yaw moment
Tower-base moment Fore/aft bending Side/side bending
Out-of-plane blade-tip Just for ultimate
displacement
Electrical power

C. Sensitivity Analysis

The wind turbine parameter settings for each simulation are prescribed by the Elementary Effects approach. For
our analysis, we are examining 18 parameters (k), and we have chosen to initially use 20 different starting points (7).
The choice of the number of starting points is subjective; a high number was chosen in hopes of capturing a good
estimate of the sensitivity of each parameter. However, examination of the convergence of the sensitivity showed
that more points were needed, and so, a total of 30 points were used in this analysis. Additionally, 30 different
turbulence seeds (s) are simulated for each parameter space sampling, and the sensitivity analysis is conducted for
each of the three wind speed bins (ws). Thus, the total number of simulations performed is r*(k+1)*s*ws =
30*19*30*3 = 51,300, with a simulation time of 10 minutes each (after 30 s of start-up transient time is removed).

A different turbulent wind file is generated for each of these simulations, using a sampling of the different wind
parameters prescribed by the EE procedure introduced above. The remainder of the settings are the same for each
simulation, with the exception of the mean wind speed for the three bins, and the associated initial rotor speed and
pitch settings. For each Qol, the elementary effects of the input parameters is calculated (Eq. 4), along with the mean
(Eq. 5) and standard deviation (Eq. 6) of the elementary effects across each of the radial points evaluated.



V. Results

The results of the sensitivity analysis are summarized through plots of the standard deviation of the elementary
effects calculated at the 30 different Sobol point locations against the mean of the elementary effects across those
same points. The mean value indicates the sensitivity of a parameter, whereas the standard deviation shows the
variability in the sensitivity to the value of the parameter, as well as the interaction effects of the other parameters.
Plotted together, sensitive parameters are identified as those with high mean and/or high standard deviation (those
outside the lower-left quadrant of each plot). In Figures 2 to 9 of the appendix, these sensitivity plots have been
created for each wind speed bin, for both ultimate and fatigue loads, and for the 13 outputs summarized in Table 4.
Figure 1 provides an example histogram of the values for three of the parameters, associated with the absolute
ultimate blade root pitching moment (from which ﬂ; is derived; o, is derived from the histogram without the

absolute value).

Oy

Count

L ORNWAULONO®W

(kNM)

Figure 1. Histograms of absolute values of elementary effects of top three parameters on ultimate blade-
root pitching moments in BIN-1

Note that some issues were encountered for some of the simulation cases. First, one of the Sobol points in wind
speed bin 3 had persistent issues with the coherence decomposition. Ultimately, we chose to remove this point from
evaluation, hence decreasing the number of points in wind bin 3 to 29 instead of the 30 original points. Additional
issues were found for some of the simulations within wind speed bins 2 and 3 under high shear related to excessive
excitation of the edgewise bending of the blades and poor controller performance. More research is needed to
understand and eliminate this issue; but in this paper, these simulation cases were simply removed in assessing the
sensitivity of a, resulting in a total of 30 Sobol points considered for wind speed bin 1, 23 for wind speed bin 2, and
22 for wind speed bin 3. This point is very important, since before we removed these simulation cases, instabilities
in the rotor response were creating very different levels of sensitivities for some parameters—showing the need to
thoroughly assess the output results being evaluated.

Tables 5 summarizes the top three most sensitive parameters (from right to left using data outside the lower-left
quadrant) for each of the sensitivity plots given in Figures 2 to 9. Table 6 then summarizes the total number of times
that a given parameter is identified as sensitive (outside the lower-left quadrant) across all wind speed bins, outputs,
and for both fatigue and ultimate loads. It is obvious that, overall, the shear exponent (&) is the most sensitive
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parameter across nearly all outputs, and for both ultimate and fatigue load values. The second most sensitive
parameter is the turbulence standard deviation in the primary wind propogation direction (u-direction), .. The high
sensitivities of these two parameters are expected and are consistent with the findings of other researchers and their
importance in wind turbine design standards. Beyond these two parameters, however, there are parameters that show
a secondary level of significance that varies across the different outputs. For those outputs associated with the u-
direction of the wind, we see that the parameters associated with the coherence model in the u-direction tend to
dominate at the secondary level, which includes the a» and b, parameters. Wind veer, f, also shows a noticeable
level of significance at times.

Table 5. Ranking of top parameters identified for each quantity of interest

Quantities of Interest BIN-1 BIN-2 BIN-3
Ranking Ranking Ranking
1 | 2 (3|1 213|123
1. Blade loads
Ultimate loads
Blade-root bending moment a - - a - - a - -
Blade-root pitching moment ou a p Ou a| L] o by y
Blade-tip out of plane deflection o - - a - - a by -
Fatigue loads
Blade-root bending moment (in-plane) - - - - - - a - -
Blade-root bending moment (out-of-plane) - - - a - - a - -
Blade-root pitching moment - - - - - - a - -
I1.Drivetrain loads
Ultimate loads
Main shaft bending moment o - - a - - a - -
Rotor torque a | o - - - - oy | by | by
Fatigue loads
Main shaft bending moment (0°) - - - a - - a - -
Main shaft bending moment (90°) - - - a - - a - -
Rotor torque o a | b a | o | b | o a | -
III. Tower loads
Ultimate loads
Tower-top bending moment - - - a - - a - -
Tower-top yaw moment oy a - a | o | - a o | bu
Tower-base bending moment oy a - a - by O a
Fatigue loads
Tower-top bending(fore-aft) moment Ou a by a ou | bu Ou - -
Tower-top bending (side-side) moment ou a - Ou - - ou B | bu
Tower-top yaw moment Cu - - o - - Cu by p
Tower-base bending(fore-aft) moment - - - - - - o | Lu | bu
Tower-base bending (side-side) moment a O - o | « - by ow | Lu
IV. Electrical power
Ultimate
Electrical power I a | - | - I - | - | - I - | - | -
Fatigue
Electrical power | a | by | ay | a | by | B | - | - | -

No significant levels of sensitivity—except for the blade-root ultimate pitching moment and rotor torque—are
noted for the cross-correlation components between the turbulence in different directions at a given point (PC), the
integral length scale, or the off-axis (v and w) components of the turbulence and coherence. However, the strong



sensitivity of the two largest parameters (especially shear) could mask the levels of sensitivity of some of these other
parameters. So a useful next step could be to re-run these simulations at a fixed value of shear and turbulence
intensity in the u-direction to more closely examine the sensitivity of the other parameters without the overriding
influence of shear and o,

In general, the sensitivity ranges for both the ultimate and fatigue loads increase with increasing wind speed bin.
The exception to this trend is electrical power, in which the highest wind speed bin has the lowest levels of
sensitivity (due to the regulation of power by the controller).

To ensure the significance of a parameter, we also need to make sure that the sensitivity estimates have
sufficiently converged. Although the elementary effects is not a true sensitivity value, the mean of the elementary
effects is an indicator of the sensitivity, and Equation 7 provides a sensitivity estimate. Figures 10 and 11 (in the
Appendix) show the convergence rate of both the £E mean and sensitivity estimate for the blade-root ultimate
pitching moment and rotor torque fatigue, across the top three most sensitive parameters. In general, we see a very
similar rate of convergence for these two different metrics. These convergence plots help us understand whether
more simulations may be warranted. It has been shown that the radial point method, as used in this paper, has a good
convergence rate compared to other EE analysis methods. Initially, 20 points were chosen for this analysis, and we
had to increase the number to 30 due to the lack of convergence. Even now, many of the parameters can still be
considered unconverged. However, with the large levels of separation in sensitivity between shear and u-direction
turbulence level as compared to the remainder of the parameters, there is little doubt that these two parameters are
the most significant. Further analysis by adding more simulations, or removing shear and u-turbulence variability,
would be useful to better understand the relative level of sensitivity of the secondary parameters identified.

Table 6. Number of appearances of parameters identified for each wind speed bin

Parameters BIN-1 BIN-2 BIN-3 Total appearances
Ultimate | Fatigue | Ultimate | Fatigue | Ultimate | Fatigue | Ultimate | Fatigue
loads loads loads loads loads loads loads loads

a 8 5 7 7 6 7 21 19
p 1 2 - 1 2 4 3 7
Lu - - - - 1 2 1 2
L, - - - - - - 0 0
Ly - - - - - - 0 0
Ou 4 6 2 5 4 6 10 17
oy - - - - - - 0 0
Ow - - - - - - 0 0
Qu - 3 - 1 1 2 1 6
a - - - - - - 0 0
aw - - - - - - 0 0
bu - 3 - 3 3 4 3 10
by - - - - 2 - 2 0
by - - - - 2 - 2 0
y - - - - 2 1 2 1

PCu - - - - 2 - 2 0

PCu - - - - 2 - 2 0

PC, - - - - 2 - 2 0

VI. Conclusions

As described in this paper, we performed a screening analysis of the most sensitive wind parameters to the
resulting loads and power performance for the representative NREL 5-MW wind turbine. The study did not consider
specific site conditions, but rather, focused on understanding the most sensitive parameters across the range of
possible values for a variety of sites. To limit the number of simulations required, we used a screening analysis using
elementary effects, instead of a more computationally intensive sensitivity analysis. Elementery effects are an
assessment of the local sensitivity of a parameter at a given location in space through variation of only that
parameter, averaged over multiple points throughought the parameter hyperspace. To speed convergence, we
applied a modification of the standard elementary effects approach using radial points, but with set delta values of

10



+/- 0.1. The elementary effects were shown to give similar values to an approximation of the sensitivity, but many
points were needed to get to a reasonable level of convergence.

The purpose of this exercise was to assess the sensitivity of different wind parameters on the resulting loads of
the wind turbine, to 1) rank the sensitivities of different parameters, 2) help establish error bars around predictions of
engineering models during validation efforts, and 3) provide insight to probabilistic design methods and site-
suitability analyses. This study shows that the loads and power are highly sensitive to the shear and turbulence levels
in the u-direction—and, to a lesser extent, the coherence parameters in the u-direction as well as veer. Items (2) and
(3) are left for future work.

The combinations of parameters in this study spanned the ranges of several different locations. However, the
parameters were considered independent of one another, which likely resulted in non-physical wind scenarios. The
screening analysis, though, has shown us which parameters are most important to examine in more detail in future
work.
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Figure 2. Elementary effects for blade ultimate loads: mean (") versus standard deviation (&:").
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Figure 3. Elementary effects for blade fatigue loads: mean (u") versus standard deviation (o").
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Figure 4. Elementary effects for drivetrain ultimate loads: mean (") versus standard deviation (o).
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Figure 5. Elementary effects for drivetrain fatigue loads: mean (1") versus standard deviation (o7").
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Figure 6. Elementary effects for tower ultimate loads: mean (u") versus standard deviation (o7").
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Figure 7. Elementary effects for tower fatigue loads: mean (u") versus standard deviation (o7").
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Figure 8. Elementary effects for extreme electrical power: mean(p;’) versus standard deviation (c;").
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Figure 9. Elementary effects for standard deviation of electrical power: mean (") versus standard deviation
(o).
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Figure 10. Elementary effects convergence for the top three sensitive parameters identified for ultimate

blade-root pitching moment: mean (ui") and sensitivity.
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Figure 11. Elementary effects convergence for the top three sensitive parameter identified for rotor torque
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