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SUMMARY 

This report presents results of a comprehensive wind and wind turbine 
measurement program: the Clayton, New Mexico, vertical plane array/MOD-OA 
project. In this experiment, the turbulent wind was measured for a large array 
of fixed anemometers located two blade diameters upwind of a 200-kW horizontal­
axis wind turbine (HAWT). Simultaneously, key wind turbine response parameters 
were also measured. 

The first of two major objectives of this experiment was to determine the 
turbulent wind, rotationally sampled to emulate the motion of the wind turbine 
blade, for the range of different wind speeds and stability classes actually 
experienced by the wind turbine. The second major objective was to correlate 
this rotationally sampled wind with the wind turbine blade stress and power, 
in order to assess the usefulness of the wind measurements for wind turbine 
loads testing and prediction. 

Several hundred hours of usable data were taken during the 16-month field 
measurement program in 1981 and 1982. From these, 12 data cases, each 8.5 min­
utes long, were selected, representing four different wind speed and stability 
regimes: neutral-to-unstable, moderate winds (5-9 ms- l ); neutral-to-unstable, 
high winds (over 9.5 ms- 1); stable, moderate winds; and stable, high winds. 
Computer programs were used to produce a time series of the axial wind, or 
wind normal to the plane of the rotor disk, for each of the 12 cases. 

Time series of rotationally sampled winds and wind turbine blade bending 
moments and power were converted to frequency spectra using Fourier transform 
techniques. These spectra were used as the basis for both qualitative and 
quantitative comparisons among the various cases. A quantitative comparison 
between the rotationally sampled wind input and blade bending response was 
made, using the Fourier spectra to estimate the blade transfer function. These 
transfer functions were then used to calculate an approximate damping coeffi­
cient for the MOD-OA fiberglass blade. 
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Major conclusions of this study are as follows: 

• The spectra of rotationally sampled wind show greatly enhanced energy at 
the blade rotation frequency and higher harmonics for all wind cases. 
The total energy at higher frequencies is higher for the higher wind speed 
cases. The energy at each harmonic frequency decreases as the frequency 
increases. 

• The amount of fluctuation energy in the rotationally sampled wind spectra 
due to mean vertical wind shear can be separated from the energy due solely 
to turbulence. The energy due to turbulence is 65 to 80% of the total 
energy in neutral-to-unstable cases and 10 to 30% of the total energy in 
stable cases. All energy at frequencies above twice the blade rotation 
frequency is due to turbulence. The energy due to turbulence is a linearly 
increasing function of wind speed for neutral-to-unstable winds. 

• A high correlation is observed between the spectra of rotationally sampled 
wind speed and the blade flapwise bending moment spectra for all cases. 
A much lower correlation is observed between the wind spectra and the 
high frequency spectra for MOD-OA generator power. 

• The spectra of blade flapwise bending moment show enhanced response at 
the blade bending harmonic frequencies, previously computed from static 
measurements. The blade transfer functions are consistent with the blade 
response expected, knowing these blade harmonic frequencies. Thus, the 
rotationally sampled wind is shown to be an accurate representation of 
what the blade actually sees. 

• The effective aerodynamic damping coefficient is estimated to be 0.35 for 
the first harmonic frequency of the MOD-OA fiberglass blade. This result 
is consistent for the three most representative wind cases. This is far 
more damping than was measured using static techniques. 
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1.0 INTRODUCTION 

The influence of the turbulent wind on a moving wind turbine blade has 
recently emerged as a significant consideration for wind turbine design. The 
stresses on the rotating blade caused by instantaneous wind shears encountered 
by the blade within each revolution have been found to be more severe and more 
difficult to understand than previously expected. Since 1977, the Pacific 
Northwest Laboratory (PNL) has qeen conducting a program of measuring the wind 
as seen by a rotating horizontal axis wind turbine (HAWT) blade, using fixed 
arrays of towers and anemometers (Verholek 1978; Connell 1981), known as verti­
cal plane arrays (VPA). 

The technique used to create a time series of wind data for a moving wind 
turbine blade, from fixed anemometer data, is known as rotational sampling. 
This term is also used to describe measurement of the wind by sensors that 
actually rotate, such as split-film anemometers on a rotating boom (Sandborn 
and Connell 1984) or on a wind turbine blade (Connell, George and Sandborn 1984). 

The original vertical plane arrays were constructed at Hanford, Washington, 
a site which was convenient logistically but not very windy. The decision was 
made in 1980 to build a VPA at a wind turbine site. The purposes of the experi­
ment were 1) to provide a larger data set of VPA wind cases, incorporating 
additional wind speeds and stability classes and 2) to provide data from both 
the VPA and a wind turbine (the MOD-OA) in order to correlate the response of 
the turbine with the incident wind. Primarily because of the flatness of. the 
site and steady wind directions, the MOD-OA site at Clayton, New Mexico, was 
chosen over other wind turbine sites. The Clayton VPA became operational in 
May 1981. Simultaneous measurement of wind turbine parameters along with the 
VPA wind speeds commenced in November 1981. 

Preliminary results of the VPA rotationally sampled wind and corresponding 
MOD-OA r~sponse were presented in an earlier paper, along with other rotational 
sampling concepts (Connell and George 1983). That paper established the high 
correlation between the MOD-OA flapwise bending moment and the rotationally 
sampled wind, using three different data cases. The correlation between MOD-OA 
power out and a two-blade average rotationally sampled wind was not as pronounced. 
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This report describes further analyses of the Clayton VPA data. The pur­
poses of the current study are: 

• to characterize the rotationally sampled wind, along with wind turbine 
parameters, for a wide variety of different wind speeds and stability 
classes 

• to provide a data base of rotationally sampled turbulence statistics for 
the various cases, as an aid in the development of parameterizations and 
empirical rotational sampling modeling schemes, as well as to validate 
theoretical and numerical models of the rotationally sampled wind 

• to examine in more detail the correlation between the rotationally sampled 
wind and wind turbine response; specifically, to compute a transfer func­
tion between the rotationally sampled wind and the MOO-OA blade flapwise 
root bending moment, and to assess this transfer function's usefulness in 
evaluating both rotor blade characteristics and the suitability of the 
VPA winds as an input. 

The organization of this report is as follows. Chapter 2 starts with a 
physical description of the VPA, the MOO-OA, and the Clayton site. The next 
section describes the wind sensors, data collection strategy, and the data 
collected. Section 2.3 describes the computer programs and techniques used to 
create the time series of rotationally sampled wind, and shows the correlation 
of this wind with MOO-OA parameters in the time domain. 

Chapter 3 shows the criteria for selection and analysis of 12 different 
data cases, representing at least 4 different wind regimes. Spectral analysis, 
or the conversion of fluctuations of the time series data into the frequency 
domain, is the primary tool used in the data analysis. Spectral density plots 
are presented for winds and wind turbine parameters for all 12 cases. Statis­
tics of the variance in the wind fluctuations for various high-frequency har­
monics of the rotor frequency are used to quantify comparisons among the data 
cases. 

In Chapter 4, transfer functions between the VPA rotationally sampled 
winds and blade flapwise bending moments are presented. These are compared 
with the expected blade response function, based on engineering tests of the 
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fiberglass rotor blades. Transfer functions from all wind regimes are shown, 
demonstrating the effects of pitch control of the blade for cases where the 
MOO-OA power was controlled to the rated power of 200 kW. A calculation is 
made of the effective damping of the blade flapwise vibrations while the wind 
turbine is operating. 

In Chapter 5, a technique of estimating the energy in the rotationally 

sampled spectrum, given only mean wind speed and wind shear, is demonstrated. 
In the last chapter, the results of this study are summarized. 

1-3 





2.0 VERTICAL PLANE ARRAY: DESCRIPTION AND DATA ANALYSIS 

A vertical plane array (VPA) of anemometers was operated by PNL between 
May 1981 and August 1982 at Clayton, New Mexico. The VPA was operated in con­
junction with the MOD-OA1, a 200-kW wind turbine operated by the National Aero­
nautics and Space Administration (NASA) for the U.S. Department of Energy (DOE). 
In this chapter, we describe the physical configuration of the VPA and the 
wind sensors used to take the wind data. We also describe the data-taking 
procedures used at Clayton and the process of selecting data cases. Finally, 
we discuss the analysis of the wind data using rotational sampling techniques. 

2.1 VERTICAL PLANE ARRAY: PHYSICAL DESCRIPTION 

The VPA consisted of seven triangular guyed steel towers, each 60.6 meters 
(199 feet) tall (Figure 1). The towers were located in a straight line, which 
formed a right angle with a line from the VPA center tower to the MOD-OA1 tur­
bine. The towers were placed so that 12 anemometers were evenly spaced around 
a circle 38.1 m (125 ft) in diameter. The center of the circle was elevated 
30.5 m (100 ft) above ground level. These dimensions correspond to the height 
and diameter of the standard MOD-OA rotor. Additional anemometers were located 
at 60.0 m (197 ft) on the center tower and at 30.5 m (100 ft) on the five inte­
rior towers. 

Data from these additional anemometers are useful for analyzing wind tur­
bine wakes (Connell and George 1982; Doran and Packard 1982) and also for ana­
lyzing horizontal wind fluctuations, which are especially useful in vertical­
axis wind turbine (VAWT) simulation (George 1984). For the present analysis, 
we are mainly concerned with correlating wind data from the 12-point ring with 
data from the MOD-OA1 rotor. 

The MOD-OA1 wind turbine was located about 78 m (250 ft) from the VPA 
(Figure 2). The direction from the center line of anemometers to the center 
of the wind turbine was 205 0 magnetic, or 216 0 geographic. The MOD-OA was a 
downwind type of wind turbine, so that the rotor blades were on the downwind 
side of the tower, and passed through the wake of the steel truss tower once 
per revolution (Figure 3). The nominal rotation rate of the rotor was 

2-1 



FIGURE 1. Clayton Vertical Plane Array and MOO-OA Wind Turbine. 
Hub height is 30.5 m; radius of 12 point circle is 
19.05 m, same as the radius of the MOO-OA blade. 
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FIGURE 2. Plan View of Clayton Site. Distance from turbine yaw axis 
to towers in both 205° and 25° wind directions is 76.2 m . 

40 revoltitions per minute (rpm), or 2/3 Hertz 0.66 (Hz); thus, each revolution 
took 1.5 seconds. The actual rotation rate was sometimes slightly slower than 
40 rpm, due mostly to frequency control problems on the small, diesel-powered 
Clayton city utility. 

The wind turbine cut in at a wind speed of 4.2 m/s and reached rated 
power of 200 kW at 10.0 m/s. The power was regulated to 200 kW by hydrauli­
cally pitching the entire blade. Below rated power, the pitch was kept at a 
constant, usually 4°. During the period January 1, 1982, to May 31, 1982, the 
pitch at below-rated wind speeds was slowly varied in a triangular waveform, 
as part of a NASA experiment to determine the optimum pitch setting for best 
performance. The yaw was fully controlled by a ring gear and electric motors. 
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FIGURE 3. Cutaway Drawing of MOD-OA Nacelle (Neustadter 1979) 

The microprocessor control system was programmed to keep the yaw direction 
within 7° of the long-term mean wind direction. 

Analog signals of eight parameters of MOD-OA performance were provided by 
NASA to the PNL VPA data systems. These are listed in Table 1, along with the 
source of data of each parameter. "Aerovane" refers to the moveable anemometer/ 
windvane mounted atop the nacelle, shown in Figure 3. 

All bending moment data in this study were taken from blade #19, a trans­
verse filament tape (TFT) fiberglass blade built by Structural Composites Indus­
tries (SCI), Pomona, California (Weingart 1982; Sullivan 1983). 

Two additional towers, each 30.5 m (100 ft) tall, were erected 78 m (250 ft) 
in the opposite direction from the wind turbine (25° magnetic, or 36° geographic) 
as the VPA. Each tower was instrumented at the 30.s-m level with one anemometer. 
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Channel 

1 

2 
3 

4 

5 

6 

7 

8 

TABLE 1. MOD-OA Wind Turbine Parameters Recorded by 
the PNL Data System at Clayton, New Mexico 

MOD-OA Parameter Units 

Flapwise root bending moment ft-lb 
Chordwise root bending moment ft-lb 
Blade pitch deg 
Rotor speed rpm 
Nacelle direction deg 
Yaw error deg 
Power out kW 
Nacelle wind speed m/s 

Source 

strain gauge 
strain gauge 
hydraulics 
rotor 
yaw drive 
Aerovane 
alternator 
Aerovane 

These anemometers were installed on December 16, 1981. Results from wake 
measurements using these towers have been given by Doran and Packard (1982). 

The Clayton MOD-OA site was chosen because of the flatness and uniformity 
of its terrain. The most frequent wind direction at Clayton is south-southwest 
or southwest. The VPA was located and the anemometers were exposed so as to . 
give the best wind data in this direction. South to southwest of the VPA is 
also the location of the flattest, most uniform terrain at this site. Analysis 
of VPA data has indicated a roughness length (used in logarithmic wind law 
calculations) of about 0.005 m, a length usually associated with mown grass 
(Chan et al. 1983). The terrain to the west of the site is much rougher, with 
a rocky ravine about 100 m away. 

2.2 WIND SENSORS AND DATA COLLECTION 

The wind sensors used on all the VPA towers are Model 27004 Gill UVW ane­
mometers. (a) Each anemometer consists of three small propeller anemometers 
mounted at orthogonal right angles to each other. All anemometers were mounted 
such that the primary component, known as the U direction, faced into the normal 
array wind direction of 205°. The cross-wind component is known as V and 

(a) Gill anemometers are manufactured by the R. M. Young Co. of Traverse City, 
Michigan. 
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the vertical wind component as W. Thus, for a uniform wind direction of 205°, 
U is the wind speed and V is close to zero. The analysis in this report will 
utilize both the U and V components. 

The propellers mounted on the Gill UVW anemometers were made of rugged 
black polypropylene and had diameters of 18 cm. The distance constant, a mea­
sure of the responsiveness of the propeller to rapid changes in the wind speed, 
is 3.3 m for these propellers. For rapid wind speed changes, the propeller 
acts as a first-order filter with a time constant equal to distance constant 
divided by mean wind speed (Horst 1973). Wind data from UVW anemometers require 
correction to account for the fact that the propellers do not respond fully to 
winds at high angles to the axis of the component. The raw data must be cor­
rected to more accurately represent the wind speed. This correction was per­
formed on all data presented in this report. However, the impact of correc­
tion on the measured axial wind speeds is very small. The corrections were 
performed using the method of Horst (1971), with revised correction coeffi­
cients for use with the 18-cm polypropylene propeller. 

The data collection program at Clayton was operated on a continuous basis, 
except for interruptions for equipment upgrade and repair, from May 30, 1981, 
to July 1, 1982. The system was normally operated by a part-time technician 
who resided in Clayton. Whenever the wind turbine was observed to be operating 
with a wind direction within 20° of either the upwind or downwind direction, 
the VPA system was placed in the high-speed (4 scans per second), full array, 
data-taking mode. At this time, the wind turbine high-speed (up to 25 scans 
per second) data system, if available, was also engaged. If the criteria for 
wind direction or wind turbine operation were not met, the VPA was placed in 
the climatological data mode. In this mode, data were taken only from 4 levels 
on the center tower of the array, and the data rate was 1 scan per second. 
After November 20, 1981, four channels of MOO-OA data were added to the clima­
tological data system (nacelle direction, yaw error, power out and nacelle 
wind speed). Each magnetic tape of climatological data contains 3 to 4 days 
of data. 

For the purpose of this report, which is to compare the response of the 
MOO-OA turbine blades with the rotationally sampled wind, the MOO-OA blade 
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bending moments were considered to be vital information. Unfortunately, the 
bending moment sensors and the amplifiers that provided bending moment signals 
to the VPA data systems were not always operating correctly throughout the 
data-taking period. The flapwise bending moment sensors worked continuously 
from November 20, 1981, to about January 20, 1982, but worked only intermit­
tently after that. The chordwise bending moment sensor did not work correctly 
until late February 1982 and was subject to the same intermittent failure as 
the flapwise bending moment sensor (due to problems with the amplifier system 
used by both bending moments) after that. This problem was finally resolved 
on June 8, 1982, after which flapwise bending moments from both blades (18 
and 19) and chordwise bending moments from one blade were continuously available. 

About 100 hours of data met the criteria of suitability for comparing 
blade response with input winds. From this data set, 12 cases were selected 

for intensive analysis in the remainder of this report. 

For other purposes, the amount of available.data is much larger. Doran 
and Packard (1982) have selected data from eight different days for use in the 

study of wind turbine wakes. Since the MOD-OA power signal was always avail­
able, most of the data are usable for wind turbine performance evaluation, in 
a much more detailed manner than ever before. Miller and Formica (1984) have 
used the climatological data as input to a model of the MOD-OA control strategy. 
Chan et ala (1983) have also used the climatological data to address the prob­
lem of wind turbine array modeling. Full array and wind turbine data have 
also been provided to NASA-Lewis Research Center, designers of the MOD-OA, for 
use in their blade pitch optimization project. 

2.3 VPA DATA ANALYSIS 

The wind observed by the rotating wind turbine blade can be simulated 
using the VPA data set. The component of the wind parallel to the wind turbine 
axis of rotation, or normal to the disk of rotation of the wind turbine, is 
called the axial wind. A computer program was written that computes the axial 
component of the wind for any wind direction and nacelle direction. 

Axial wind data for any of the 12 anemometers on the array can be inter­

polated to give the wind speed at any desired time. The time at each pOint is 
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chosen to correspond to the time of passage of a simulated blade. This Iblade l 

will move from one location on the array to the next location in 1/12 the time 
it takes for a full revolution. For the MOD-OA, which takes 1.5 s for a revo­
lution, the time between blade passages at two adjacent anemometers is 1.5 s/12, 
or 0.125 s. Thus, by continuing endlessly around the array, one anemometer at 
a time, we can build up a time series of rotationally sampled winds with a 
time step of 0.125 s. To simulate the winds on both blades of a two-bladed 
machine, we take for each point the average of the wind speed at the current 
location and the wind speed at the opposite location on the array. The same 
computer program can apply digital lowpass filters to each anemometer location 
before rotational sampling. In this way we can vary the length scale repre­
sented by each wind speed to correspond with the desired response parameter. 

The wind turbine parameter that best corresponds to rotational winds is 
the blade flapwise root bending moment. While the wind turbine is operating 
at below-rated power, its pitch is constant at an angle of about 4° with the 
disk of rotation. Thus, the flapwise bending moment measures the force of the 
wind in the axial direction. 

The chordwise root bending moment of a blade must also be responsive 
directly to the rotational sampling of the wind, but it will be modified by 
rotational interaction with the opposite blade and with the whole power train. 
The generator output power signal reflects the sum of the wind in-plane forcing 
of both blades. To complicate its comparison with the wind, the power signal 
also shows effects of danlped power train resonance and electrical network fre­
quency and load fluctuations. 

Example time series in Figures 4 and 5 can be used to characterize the 
rotationally sampled winds and wind turbine parameters. Figures 4 and 5 show 
18 s of data, with vertical grid lines every 3 s. Thus, exactly two revolu­
tions of the imaginary blade occur between the vertical grid lines. 

In Figure 4a, the solid line is the VPA rotationally sampled axial wind 
speed. The dashed and dot-dash lines are the wind speeds measured from single 
anemometers, both at the same height (30.5 m) on opposite sides of the array. 
For the first eight revolutions on this graph, a persistent horizontal wind 
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• 

shear of 2 to 3.S m/s existed across the disk. Toward the end of this time 
period, the horizontal shear disappeared, and the cyclic wind fluctuations 
were due mostly to vertical wind shear. This also produced a change in the 
phase of the cyclic signal. At exactly 2 revolutions, the wind speed was at a 
minimum, whereas at 12 revolutions, it had shifted to a maximum. 

Figure 4b is a time series of flapwise bending moments from the MOO-OA • 
It has been lagged in time by 14.S s compared to the wind trace in Figure 4a. 
This allows for the advection time of the wind between the array and the rotor. 
The correlation between the wind and the blade response is high but by no means 
exact. These data were carefully selected to have a wind direction exactly 
between the array and the wind turbine. For comparisons using statistical and 
spectral analysis, perfect alignment of the wind is not necessary, if we assume 
that the winds and the terrain are horizontally homogeneous over a long period 
of time. 

The correlation between blade bending and the array axial wind is reduced 
by several influences: 

• wind direction.f1uctuations, both short- and long-term 

• large yaw errors which introduce additional effects on the rotor due to 
nacelle wakes, etc. 

• tower shadow, the wake of the steel truss tower on the blades as they 
pass behind it. 

Figure Sa shows the two-blade average rotationally sampled wind speed for 
the same time period as Figure 4. Two-blade averaging removes the once-per­
revolution cycle. Fluctuations with two cycles per revolution are predominant. 
The fi~st three revolutions have four fluctuations per revolution. The MOO-OA 
power, shown in Figure Sb, has a character similar to the two-blade wind, with 
two cycles per revolution. However, the correlation with the two-blade wind 
does not appear to be high. The noncyc1ic value of the power is very sensitive 
to small changes in the disk average wind speed. 

In this chapter, we have described the Clayton vertical plane array and 
MOO-OA wind turbine, and the simultaneous measurement of the wind at the array 
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and the blade stress and power at the wind turbine. We have shown how the VPA 
wind data can be processed into a time series of wind rotationally sampled 
around a ring of anemometers and have suggested that this should have a high 
correlation with the time series of wind turbine parameters. In the next chap­
ter, we convert these time series into the spectral domain using a Fourier 
transform, and use the resulting spectral plots to compare wind data for dif­
ferent wind speeds and atmospheric stability, as well as to correlate the 
rotationally sampled wind with wind turbine response. 
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3.0 ANALYSIS OF VPA WIND CASES 

This chapter describes the selection of 12 data cases, representative of 
four different wind regimes. Spectral analysis techniques are used to show 
the fluctuation energy content of the rotationally sampled wind as well as 
wind turbine blade bending and power. 

3.1 FEATURES OF THE 12 SELECTED DATA CASES 

The minimum criteria for selecting data for the present analysis of MOO-OA 
blade response were 1) the wind turbine was operating, with the flapwise 
root bending moment available; and 2) no yaw motion of the wind turbine occurred 
within the period in question. Data meeting these requirements were then 
screened according to the following criteria in descending order of importance: 

• Low observed yaw error. The yaw error was determined by taking the dif­
ference between the array average wind direction and the nacelle direction. 
The nacelle direction signal was calibrated in the field by pointing the 
MOD-OA directly at the center of the array and recording the signal out. 
This was accurate to within 2°. The yaw error criterion eliminated many 
otherwise good data periods that had yaw errors of 15° to 40°, due presum­
ably to instrumentation problems with the Aerovane wind direction sensor 
which was used to control the nacelle direction. 

The yaw errors ranged from 0° to go for the cases selected. The wind 
turbine had a definite tendency to maintain a larger yaw error at higher 
wind speeds. This is presumed to be due to wake or induction effects, 
which influence the direction of the nacelle-mounted Aerovane. Thus, 
almost all the high-wind-speed cases had average yaw errors greater than 5~. 

• Wind direction close to array direction. Directions within 10° of the 
array were desired, but due to the sparseness of data meeting the yaw 
error criterion for the higher wind speed classes, directions up to 21° 
off the array were accepted. 

• Wind direction stationarity. This was usually good for the stable wind 
cases, not very good for neutral to unstable cases. 
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Wind speed stationarity had the lowest priority in this data selection 
scheme, since the cyclic response of the rotating wind turbine was assumed to 
be basically independent of longer term wind speed fluctuations. 

Characteristics of the 12 data cases chosen are listed in Table 2. Each 
data case is 8.5 min long. The turbulence intensity, o/ws, was computed by 
taking the standard deviation of the hub-height wind speed after removing all 
fluctuations longer than about 2 min and dividing this standard deviation by 
the mean wind speed. The mean wind shear is measured from the top of the rotor 
disk (49.5 m) to the bottom (11.4 m). The total shear and shear rate per meter 
of elevation gain (last column) were taken from shear profiles that represent 
a fourth-order polynomial fit to the observed wind speed profile versus height. 
This was used to eliminate the effects of small errors in wind speed from one 
anemometer to the next. 

TABLE 2. Characteristics of Twelve Data Cases Used in 
VPA Analyses. Each case is 8.5 minutes long. 

Start Disk Mean Shear 
Case Time, Mean Wind Total, Per 
# Date MST S~eed, m/s o/ws m/s Meter 

CIa 11/25/81 1211 7.66 0.089 0.584 0.015 
C1b 06/28/82 1350 6.82 0.120 0.902 0.024 
C1c 06/28/82 0818 7.68 0.089 0.955 0.025 

C2a 01/01/82 1231 9.87 0.077 1.812 0.048 
C2b 12/04/81 1303 11.19 0.080 0.651 0.017 
C2c 06/30/82 1740 10.71 0.080 1.506 0.040 

C3a 07/01/82 0124 5.95 0.100 1.621 0.043 
C3b 12/18/81 1608 5.90 0.052 2.357 0.062 
C3c 12/14/81 1624 5.70 0.036 2.294 0.060 

C4a 01/01/82 1803 12.52 0.086 3.566 0.094 
C4b 01/01/82 1546 12.32 0.083 3.313 0.087 
C4c 01/01/82 1825 14.00 0.072 4.246 0.111 

The 12 data cases represent four wind regimes: daytime neutral-to-unstable 
conditions with low and high wind speeds, and nighttime stable conditions with 
low and high wind speeds. There are three examples of each regime. 
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• Case C1 represents daytime, neutral-to-unstable conditions, with low wind 
speeds. These cases at Clayton were characterized by very low vertical 
wind shears. The turbulence intensities of 0.09 to 0.12 are typical for 
a flat site. Mean wind shears are low, being in all cases less than 1 m/s 
across the disk of rotation. Low-wind-speed cases in C1 and C3 were cho­
sen so that the wind turbine was always operating at below its rated power 
of 200 kW (constant blade pitch). 

• Case C2 contains data for higher wind speeds and daytime, neutral-to­
unstable conditions. The turbulence intensity was slightly lower for 
these cases. Moderate vertical wind shears were present, except for 
case C2b, which had a very low wind shear. The high-wind-speed cases, C2 
and C4, were chosen to have MOD-OA power at or close to rated power (vari­
able blade pitch). 

• Cases C3 and C4 represent evening and nighttime conditions with more sta­
ble wind shear profiles. Case C3a is only slightly stable, and has higher 
turbulence intensity levels more characteristic of neutral flows. Cases C3b 
and C3c have extremely low turbulence levels and high wind shears. Case C4 
has high wind speeds, very high vertical wind shears, and levels of turbu­
lence intensity similar to the neutral cases. 

3.2 SPECTRAL ANALYSIS 

Power spectral density (PSD) functions were chosen for data analysis to 
provide a means of comparison between wind data and wind turbine response in a 
form familiar to both boundary-layer meteorologists and wind turbine engineers. 
The PSD functio~s were created using a Fast Fourier Transform (FFT) routine. 
Variances integrated over the spectral domain are also computed using the FFT 
routine. The FFT spectral analysis technique requires that the input data 
stream consist of a number of data points equal to an integral power of 2. 
The data segments analyzed in this paper are 8.53 min long, or 512 s. For 
rotational winds, the data rate is 8 per second (one data point each 0.125 s), 
each spectrum contains 4096 data points (2 12 ), and the highest frequency is 
4.0 Hz. For wind turbine parameters, the data rate is 16 samples per second, 
the spectra contain 8192 data points, and the highest frequency is 8.0 Hz. 

3-3 



Spectral density functions are displayed using log-log graphs in this 
report. Figure 6 shows the spectral density plots of VPA one-blade and two­
blade winds, MOD-OA flapwise bending moment and power, the VPA one-blade wind 
with the mean wind (and therefore all mean shears) removed, and the Eulerian 
hub-height wind spectrum. These spectra are from case CIa. 

A PSD plot from the VPA for a single anemometer at hub height is shown in 
Figure 6f. Atmospheric turbulence, when plotted in this manner, usually exhibits 
a falloff·with increasing frequency which has a slope of -5/3 on a log-log 
plot, as is indicated with a diagonal dashed line on Figures 6a, band f. The 
deviation of our observed response from the theoretical is due to the lack of 
frequency response of the propeller anemometer. For this case, the half power 
frequency for propeller rolloff was 0.37 Hz. We will refer to the rotation 
rate of the wind turbine as nO' For the MOD-OA, nO = 0.667 Hz, or 40 rpm. 
Integer multiples of nO are also referred to as the number of cycles of fluctua­
tion per revolution of the blade, abbreviated 'p'. Thus, IP = nO' 2P = 2nO' 
etc. 

On all plots, the IP and 2P frequencies are marked with vertical dashed 
lines. The irregular dashed curve on all plots except Figure 6e is the full 
disk spectrum, obtained using the time series of average wind using all 12 ane­
mometers on the array, not rotationally sampled. 

For one-blade rotationally sampled axial winds (Figures 6a and e), a spike 
occurs in the power spectrum at all integer multiples of nO' For two-blade 
spectra (Figure 6b), only even multiples (2P, 4P, etc.) are present. The size 
of the spikes decreases with increasing frequency in a very regular manner. 
The size of the 2P and 4P spikes on the two-blade spectrum (Figure 6b) is iden­
tical to the corresponding spikes on the one-blade spectrum (Figure 6a). The 
diagonal dashed line on these two figures is the maximum spectral density we 
would expect, given the Eulerian spectrum in Figure 6f. Thus, both the one-blade 
and the two-blade spectra have more energy at high frequencies than any fixed 
anemometer could measure. Furthermore, the spectrum of one-blade wind speed 
with the means removed (Figure 6e) demonstrates that almost all this energy is 
due to turbulence in the wind and not to mean vertical wind shear. 
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The characteristic VPA rotationally sampled spectrum in Figures 6a and e 
has three major features, which can be explained by physical arguments. The 

dip in the mid-frequencies, from about 0.05 to 0.5 Hertz, is caused by full 
disk averaging of the wind. The spikes are caused by wind eddies large enough 
to persist, on some sector of the disk of rotation, for several revolutions of 
the blade. These can occur at any place on the disk of rotation during the 
course of our 8.5 minute data periods. The floor, or level of the dips between 
spikes, is caused by random fluctuations in the rotationally sampled wind that 
are not repeated from one revolution to the next. This level is often very 
close to the level of the Eulerian hub-height spectrum (Figure 6f) at the fre­
quency nO' In this case, both the floor and the Eulerian spectrum at nO were 
about 10-2 

The MOO-OA parameters, Figures 6c and 6d, have been normalized so that 
the low-frequency average is 1.0. This allows them to be compared with the 
full disk wind spectrum, which is also normalized and plotted as a dashed line 
on each plot. Both the flapwise bending moment and the power out show a remark­
able correlation with the full disk wind spectrum in the low frequencies. 

The first two natural harmonic blade bending frequencies, as measured by 
static testing at NASA-Lewis Research Center (Sullivan 1983), are 1.5 Hz and 
4.3 Hz, respectively. 
in Figures 6c and d. 

These frequencies are marked with vertical dashed lines 
Maxima in the floor levels of the flapwise bending moment 

(Figure 6c) are plainly visible at these two frequencies. The resemblance 
between Figures 6a and 6c is quite striking. The amplitude from peak-to-floor 
of the spikes is somewhat larger for the blade bending than for the VPA wind 
speed. 

The MOO-OA power out spectrum, Figure 6d, bears a less than striking resem­
blance to the VPA two-blade spectrum in Figure 6b. In addition to the expected 
spikes at the even harmonics, small spikes exist at the odd harmonics. This 
may be due to a lack of complete symmetry between the two blades, as well as 
coupling between stresses in the flapwise and chordwise directions, previously 
observed for the MOO-OA and other wind turbines (Spera 1977). Some response 
at the flapwise harmonic frequencies, 1.5 Hz and 4.3 Hz, is also apparent. 
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FIGURE 6. Complete Set of Spectral Plots for Case CIa. a) Rotationally 
sampled, one-blade; b) rotationally sampled, two-bladed; 
c) MOO-OA flapwise bending moment; d) MOO-OA power; e) one-blade 
rotationally sampled with mean shears removed; f) hub height 
Eulerian wind, and full disk average (dashed line). The full 
disk average spectrum is also shown in a, b, c and d. Vertical 
dashed lines mark the lP and 2P (0.667 Hz and 1.333 Hz) on all 
plots. Vertical dashed lines also mark the blade resonance 
frequencies, 1.5 Hz and 4.3 Hz, in c and d. The diagonal dashed 
lines in a and b mark the upper limits of Eulerian turbulence 
for this case. 
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Overall, the power is attenuated more than the flapwise bending moment is at 
higher frequencies, due in part to the presence of a fluid coupling between 
the rotor and the alternator. 

3.3 SPECTRAL COMPARISONS OF ALL CASES 

The data presented in Figure 6 are from a daytime, neutral-to-unstable 
wind regime with the wind turbine operating at below its rated power. The 
next 11 figures show the same characteristics for 11 other cases, with differ­
ent wind characteristics. Figures 7 through 17 show the same wind and wind 
turbine data as Figure 6, with the following differences: 

• diagonal -5/3 slope lines are not included 

• full disk spectra are included only on the last plot, f in each figure 

• MOO-OA bending moment and power are not normalized, but are shown in engi­
neering units. Time series of flapwise bending moment were reduced by a 
factor of 104 in the time series, or 108 in the spectra, in order to be 
compatible with available software. Thus, the flapwise spectral plots 
actually range from 106 to 1012 in the y-axis. 

For the most part, the three cases within each wind regime look about the same. 
All three cases are shown in order to verify any generalizations we might make 
about each wind regime. 

Cases C1b and C1c (Figures 7 and 8) look basically the same as case CIa 
(Figure 6). The floor level is about 10-2 m2s-2Hz-1. The no-shear plots 
(Figures 7e and 8e) differ from the standard VPA plots only at the tip of the 
1P spike. The greatest differences are in the MOO-OA power, where cases C1b 
and C1c have smaller spikes at 1P and 3P, and a more definite response at about 
4.3 Hz, the second flapwise harmonic of the blade. 

Cases C2a, band c (Figures 9, 10 and 11), the higher wind speed neutral­
to-unstable wind cases, are significantly different from the C1 cases. The 

-2 floor level of the VPA wind spectrum is increased to about 3 to 5 x 10 . 
This makes the spikes in the higher harmonics look small, but they are actually 
higher than those from C1. This represents substantially stronger wind gusts 
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FIGURE 13. Complete Set of Spectral Plots for Case C3b 
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which are not repeated from one revolution of the blade to the next one 1.5 s 
later. This is confirmed by the Eulerian spectra in part f of each figure, 
which shows more energy at the 1P frequency. Cases C2a and C2c show a greater 
difference between the VPA and no-shear data, visible in the 1P and a little 
in the 2P spike. Case C2b showed very little difference between the VPA and 
no-shear data, since it had very low shear. 

The blade flapwise and power spectra for cases C2 (parts c and d, Figures 9, 
10 and 11) show substantial effects caused by the blade pitch control system, 
which was controlling the power to 200 kW during these cases. The power output 
spectra in Figures 10d and lId have greatly reduced energy at low frequencies 
and enhanced energy at 0.1 to 0.5 Hz, when compared with the low frequency 
wind spectra. Case C2a (Figure 9d) shows less of this effect, because the 
turbine was not above rated power the whole time. The flapwise bending moment 
spectra have very sharp spikes; this is probably an effect of the tower shadow, 
which would tend to add energy to the spectrum at exactly the harmonic 
frequencies. 

Case C3a was a slightly stable case. Its spectra are similar to those 
from cases C1, with the floor level slightly lower at 8 x 10-3. The spikes 
are taller and narrower in both VPA winds and flapwise bending moment. A larger 
difference exists between the VPA and no shear spectra. 

Cases C3b and c (Figures 13 and 14) are cases of low wind speed, low tur­
bulence and, high shear. The VPA wind spectra have very low floor levels of 2 
to 4 x 10-3 . The 1P spike is by far the tallest in the VPA spectrum, due to 
the dominance of mean wind shear. Thus, the no-shear spectrum is drastically 
different, with most of the energy removed from 1P and some from 2P. The wind 
speed in these cases was much more stationary than the neutral-unstable cases, 
such that the lowest frequencies have little spectral energy. This also results 
in a relatively flat power output spectrum. 

The highest wind speed cases in 
wind regime, C4. Spectra from these 
extreme effects of wind turbulence. 

our analysis are from the somewhat stable 
cases (Figures 15, 16 and 17) show more 
The floor level is up to 8 x 10-2, making 

the spikes broader and seemingly shorter, especially the 4P and 5P spikes. 
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(The no-shear case differs from the VPA mostly in the 1P spike). This is again 
an effect of the wind speed, which creates greater changes in the rotationally 
sampled wind in the 1.5-s revolution time. This relationship between the spike 
and the floor level can also be thought of as a function of tip speed ratio. 
For a slower turning wind turbine, so that the tip speed ratio is lower, the 
floor level is also increased (George 1984). 

The effects of pitch control on the wind turbine spectra are more apparent 
in these three high wind speed cases. The flapwise bending moment is now also 
controlled somewhat at low frequencies and enhanced in the O.l-to 0.5-Hz range. 
In the last case (Figure 17c) this results in a negative spike at 0.5 Hz, rather 
than a broad dip as in the lower wind speed cases. The spikes look small and 
sharp, with very high floor levels between them. The MOD-OA power-out spectra 
are also controlled to reduce low-frequency fluctuations and enhance the energy 
above 0.1 Hz. The 2P spike is very broad but not high, and the spectral density 
drops off more than two orders of magnitude at frequencies higher than 1.5 Hz. 

3.4 VARIANCE OF WIND SPEED DUE TO ROTATIONAL HARMONICS 

The plots of spectral estimates in this paper are of S(n) versus n. The 
spectral density, S(n), has the units of (m2/s 2)/Hz for wind speed data. When 
S(n) is integrated over a range of frequency, an estimate is obtained of the 
variance in the time series due to fluctuations whose frequencies fall within 
that range. If nO is the rotational frequency of the wind turbine rotor, then 
we define a variance 0i 2 such that 

(i + 0.5)nO J S (n) dn for i = 1, 2, 3, 4, 5 
(i - 0.5) nO 

is the variance associated with each harmonic of the rotational frequency (each 
"spike" on the rotationally sampled spectrum), and 

0.5nO J S(n)dn 
a 

is the variance due to low frequency wind fluctuations. 
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Table 3 shows the sum of 0i 2 for the first five harmonics of the wins 
turbine rotor, for all cases. The variances are tabulated for the standard 
one-blade rotationally sampled time series, labeled VPA (part a in Figures 6 
through 17), the one-blade time series with mean winds and shear removed (part e, 
Figures 6 through 17), and the variance due to the mean shear profile. For 
most cases, the latter two variances add up to the VPA variance to within 2%. 
Generally, in Cl over 80% of the variance is present even after all mean shears 
are removed. Even for the higher wind speed, neutral-to-unstable cases in C2, 
65% of the total variance is present in the no-shear data. For the highly 
stable cases C3b and c, very little turbulence is present in the wind, leading 
to very small variances in the no-shear case. In C3a, the slightly stable 
low-wind case, the variance is split evenly between the mean-shear and no-shear 
data. The high-wind, stable cases in C4 have relatively large amounts of vari­
ance in both the mean-shear and no-shear data, with about 30% of the total 
variance in the no-shear spectrum. 

TABLE 3. Wind Speed Variance (m2/s 2) Summed for All Five Harmonic 
Spikes, Excluding Low Frequencies, for All Cases 

Variance 
Wind VPA Mean Mean 

Case Seeed, m/s VPA Removed Profile 

CIa 7.66 0.3921 0.3464 0.0429 
Clb 6.82 0.4019 0.3259 0.0739 
Clc 7.68 0.5244 0.4284 0.0869 

C2a 9.87 0.8915 0.4569 0.4263 
C2b 11.19 0.6089 0.5117 0.0817 
C2c 10.71 0.7151 0.5013 0.2278 

C3a 5.95 0.6319 0.3097 0.3179 
C3b 5.90 0.8177 0.0961 0.7093 
C3c 5.70 0.6948 0.0683 0.6232 

C4a 12.52 2.5123 0.8240 1.7039 
C4b 12.32 2.2045 0.7974 1.4320 
C4c 14.00 3.2176 0.8952 2.4946 
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FIGURE 18. Sum of Variance in Five Harmonic Spikes, for All Cases. C1 and C2 
marked with squares, C3 and C4 with triangles. Data have the mean 
wind removed at all points on the array. 

The values of variance for the VPA data with no shear are plotted in 
Figure 18 as a function of wind speed for all cases. Squares denote neutral-to­
unstable cases (C1 and C2), and triangles denote stable cases (C3 and C4). 
The solid line is a least-squares linear fit to the six values in cases Cl 

and C2. This line has the equation: 

5 

.L 
, = 1 

2 0i = 0.072 + 0.040Ws 

where Ws is the mean wind speed for each case. Since the linear fit appears 
to be quite good, and since the neutral-to-unstable cases all have similar 
turbulence properties, this line may be a useful means of predicting the spike 
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variance, for this size wind turbine only, given a known mean wind speed over 
a flat site. A dashed line is drawn as a linear fit to cases C3a and C4a, b 
and c, shown as triangles on the plot. This line has the equation: 

5 

.2: , = 1 
2 

0i = -0.130 + 0.075 Ws 

Casei C3b and c, which had almost no turbulence to generate this variance, 
obviously do not fit this pattern. C3a, a slightly stable, turbulent nighttime 
case, also falls on the regression line for the daytime neutral-to-unstable 
cases. The evidence for this linear relationship among the stable cases is 
weaker, due to a lack of data at different wind speeds. 

The variance due to mean wind shear in Table 3 can be approximated as 

5 

i~l 0/ = (~ x Total Shear) 2 

where the total shear is the difference between the mean wind speed at the top 
of the disk and the bottom (see Table 2). We assume that the actual shear is 
close to linear across the disk of rotation. A better approximation can be 
obtained if a detailed wind shear profile is available, from a single meteoro­
logical tower or other vertically scanning sensor. By combining one of these 
shear estimates with the linear regression estimates of the variance due to 
turbulence as a function of wind speed, a rough estimate of the expected vari­
ance in the rotationally sampled wind, can be calculated for this particular 
site and array size. 

The amount of variance at each harmonic is tabulated in Table 4 for cases C1 
and C2, and in Table 5 for cases C3 and C4. The large differences in low­
frequency variance from one case to the next are due to a lack of wind speed 
stationarity in some cases. The mean profile variances show that almost all 
the energy in the mean shear is concentrated at the 1P frequency. The last 
two columns show the changes in variance for rotational time series in which 
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Case 

CIa 

Clb 

Clc 

C2a 

C2b 

C2c 

• 

TABLE 4. Wind Speed Variance (m2js2) in Each Harmonic 
Spike, Neutral-to-Unstable Cases Cl and C2 

Harmonic 

Lo Freq 
Ip 
2P 
3P 
4P 
5P 

Lo Freq 
IP 
2P 
3P 
4P 
5P 

Lo Freq 
IP 
2P 
3P 
4P 
5P 

Lo Freq 
IP 
2P 
3P 
4P 
5P 

Lo Freq 
IP 
2P 
3P 
4P 
5P 

Lo Freq 
IP 
2P 
3P 
4P 
5P 

VPA 

';'.833 
';'.228 
';'.';'82 
';'.';'39 
';'.';'25 
,;,. U8 

';'.952 
';'.247 
';'.';'77 
';'.';'37 
';'.';'23 
';'.U9 

';'.269 
';'.3U 
,;, .U2 
';'.';'55 
';'.';'33 
';'.';'25 

';'.283 
';'.631 
';'.128 
';'.';'6';' 
';'.';'42 
';'.';'3';' 

';'.598 
';'.371 
,;, .U4 
';'.';'62 
';'.';'4';' 
0.';'32 

';'.498 
0.431 
0.146 
';'.';'7';' 
0.';'37 
';'.032 

3-25 

VPA Mean Mean VPA 5 pt VPA 9 pt 
Removed Profile Lopass Lopass 

';'.821 
';'.185 
0.';'81 
';'.';'38 
';'.';'25 
,;,. U 7 

';'.938 
';'.181 
';'.';'71 
';'.';'33 
0.';'22 
,;, .U8 

0.264 
';'.229 
';'.';'91 
';'.';'52 
';'.';'33 
';'.';'24 

0.278 
0.225 
,;, .102 
0.059 
';'.041 
';'.';'30 

0.59';' 
';'.284 
,;, .101 
0.';'58 
';'.';'38 
0.';'31 

';'.490 
';'.264 
,;, .114 
';'.';'57 
';'.035 
';'.';'31 

';'.';'';'0 
';'.';'42 
';'.';'01 
,;,.,;,,;,,;, 
0.';'';'';' 
,;,.,;,,;,,;, 

,;,.,;,,;,,;, 
';'.';'64 
';'.';'';'5 
';'.';'';'4 
';'.';'0';' 
,;,.,;,,;,,;, 

,;,.,;,,;,,;, 
';'.';'75 
0.';'';'8 
';'.';'04 
,;,.,;,,;,,;, 
0.';'';'';' 

0.';'';'';' 
0.4';'2 
';'.';'24 
,;,.,;,,;,,;, 
0.';'';'';' 
';'.';'0';' 

0.';'';'';' 
';'.';'76 
';'.';'';'2 
0.';'';'2 
';'.';'';'2 
,;,.,;,,;,,;, 

,;,.,;,,;,,;, 
0.169 
';'.';'39 
,;, .U5 
0.';'';'4 
';'.0';'';' 

';'.829 
';'.225 
';'.';'8';' 
';'.';'35 
';'.';'23 
,;,. U4 

';'.948 
0.244 
';'.';'73 
';'.';'33 
0.';'2';' 
';'.016 

';'.268 
';'.303 
0.';'95 
';'.';'51 
';'.';'28 
';'.';'2';' 

';'.278 
';'.62';' 
';'.121 
';'.';'54 
';'.';'35 
';'.';'24 

';'.594 
';'.362 
';'.';'94 
';'.';'54 
';'.';'33 
0.';'26 

';'.489 
0.421 
,;, .137 
';'.063 
';'.030 
0.024 

';'.828 
';'.219 
0.075 
0.031 
';'.';'2';' 
0.012 

';'.944 
0.237 
Irl. ';'68 
0.';'29 
0.017 
';'.013 

0.264 
';'.295 
0.088 
0.045 
';'.023 
0.015 

';'.272 
0.6';'8 
';'.113 
';'.047 
0.029 
';'.U9 

0.587 
';'.35';' 
';'.';'83 
0.046 
0.027 
0.';'21 

';'.48';' 
0.4';'6 
';'.125 
';'.054 
0.024 
';'.018 



TABLE 5. Wind Speed Variance (m2/s 2) in Each 
Harmonic Spike, Stable Cases C3 and C4 

----~~;~-----------~~~~~~i~------V;A-----V;A-M;~~----M;~~----V;A-5-Pt--VPA-9-Pt 
Removed Profile Lopass Lopass 

------------------------------------------------------------------------------

C3a 

C3b 

C3c 

C4a 

Lo Freq 
IP 
2P 
3P 
4P 
5P 

Lo Freq 
IP 
"2P 
3P 
4P 
5P 

Lo Freq 
IP 
2P 
3P 
4P 
5P 

Lo Freq 
IP 
2P 
3P 
4P 
5P 

111.21114 
111.481 
111.11174 
111.11136 
111.11124 
1II.1!Il7 

1II.1!Il8 
111.74111 
111.11136 
1II.1!Il9 
1II.1!Il2 
1II.1!Il1II 

111.11124 
111.645 
111.11128 
111.1111119 
111.1111117 
111.1111116 

111.31118 
2.11123 
111.232 
111.119 
111.11178 
111.11161 

111.2111111 
111.172 
111.11164 
111.11134 
111.11123 
1II.1!Il7 

1II.1!Il8 
111.11133 
111.11124 
1II.1!Il8 
1II.1!Il2 
1II.lIIlI!I 

111.11123 
111.11136 
1II.1!Il2 
111.1111118 
111.1111116 
111.1111116 

111.31111 
111.347 
111.226 
111.115 
111.11176 
111.1116111 

111.111111111 
111.31116 
1II.1!Il1II 
1II.1II1!Il 
111.1111111 
111.111111111 

111.111111111 
111.698 
111.11111 
111.111111111 
111.111111111 
111.111111111 

111.111111111 
111.61116 
III .1!Il6 
1II.1II1!Il 
111.111111111 
111.111111111 

1II.1II1!Il 
1.698 
111.1111112 
111.1111112 
1II.1II1!Il 
111.111111111 

111.21112 
111.478 
111.11171 
111.11133 
111.11122 
1II.1!Il5 

1II.1!Il8 
111.741 
111.11136 
1II.1!Il8 
111.11111 
111.1111119 

111.11124 
111.645 
111.11128 
111.1111119 
111.1111116 
111.1111116 

111.298 
1.993 
111.216 
lII.lI!I6 
111.11162 
111.11147 

111.2111111 
111.474 
111.11168 
111.1113111 
III .1!Il9 
111.11113 

1II.1!Il7 
111.739 
111.11134 
1II.1!Il6 
1II.lIIlI!I 
111.1111118 

111.11123 
111.645 
111.11127 
111.1111118 
111.1111116 
111.1111115 

111.287 
1.964 
111.195 
111.1119111 
111.11148 
111.11134 

------------------------------------------------------------------------------
Lo Freq 111.547 111.54111 111.111111111 111.542 111.534 

IP 1.8111111 1II.4l111 1.42111 1. 779 1. 758 
C4b 2P 111.185 111.172 1II.lIIlI!I 111.171 111.154 

3P 111.11114 111.11112 111.1111111 111.1119111 111.11176 
4P 111.11167 111.11166 1II.1II1!Il 111.11157 111.11147 
5P 111.11149 111.11148 111.111111111 111.11138 111.1113111 

------------------------------------------------------------------------------
Lo Freq 111.281 111.277 1II.1II1!Il 111.266 111.254 

IP 2.811 111.41117 2.484 2.81119 2.785 
C4c 2P 111.228 111.221 111.1111113 111.21119 111.187 

3P 111.134 111.125 111.1111115 111.112 111.11193 
4P 111.11184 111.11182 111.1111111 111.11165 111.11149 
5P 111.11162 111.1116111 111.111111111 111.11147 111.11134 
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the individual anemometers have been digitally filtered before being rotationally 
sampled. The utility of these data for wind turbine correlations will be 
shown in the next chapter. 

Another parameter that may be of interest is the rate at which the spike 
variance decreases with increasing frequency. In Figure 19, the variance due 
to each spike is plotted versus frequency on a log-log plot. Most of the traces 
on this plot seem to be linear. The equation of a straight line on a log-log 
plot has the form: 

where KO is the value for 0i 2 at n = 1.0 Hz and K1 is the slope of the line. 
In Table 6, the values of KO and K1 for a linear curve fit to each case are 
shown, along with the correlation coefficient for a linear regression of 10g(oi 2) 
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FIGURE 19. Variance in Each Harmonic Spike, for All Cases. Data have mean 
wind removed. 
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Case 
# 

C1a 
C1b 
C1c 

C2a 
C2b 
C2c 

C3a 
C3b 
C3c 

C4a 
C4b 
C4c 

Date 

11/25/81 
06/28/82 
06/28/82 

01/01/82 
12/04/81 
06/30/82 

07.01/82 
12/18/81 
12/14/81 

01/01/82 
01/01/82 
01/01/82 

TABLE 6. Logarithmic Curve Fit Parameters 
for Harmonic Variances, 12 Cases 

Time, 
MST 

1211 
1350 
0818 

1231 
1303 
1740 

0124 
1608 
1624 

1803 
1546 
1825 

Mean Wind 
Speed, m/s 

7.66 
6.82 
7.68 

9.87 
11.19 
10.71 

5.95 
5.90 
5.70 

12.52 
12.32 
14.00 

0.109 
0.100 
0.133 

0.140 
0.156 
0.155 

0.096 
0.027 
0.020 

0.249 
0.246 
0.273 

K, 

-1.50 
-1.49 
-1.40 

-1.25 
-1.40 
-1.40 

-1.45 
-0.75 
-1.15 

-1.14 
-1.33 
-1.20 

Correlation 

-0.996 
-0.997 
-1.000 

-0.999 
-.0999 
-0.995 

-1.000 
-0.975 
-0.978 

-0.982 
-0.999 
-0.993 

versus log(i nO)' The data in Figure 19 and Table 6 are for the rotationally 
sampled wind with the mean shear removed. 

The two low turbulence cases, C3b and C3c, do not follow the pattern. Of 
the 10 turbulent cases, there is some tendency for a decrease in slope with 
increasing wind speed. 

It may be well to emphasize that the results presented in this chapter 
apply only at the Clayton site, for wind turbines of the MOD-OA rotor size and 
hub height. Generally, based on our previous experience with turbulent wind, 
we would expect the energy in the harmonic spikes to be about the same for 
this size turbine at other flat sites. We expect greater energy for larger 
wind turbire rotors and less for smaller rotors. The spectral energy will be 
greater for lower hub heights and less for higher hub heights. The effect of 
complex terrain is unknown, but will probably result in higher variances. 
Also, the complex vertical wind shear profiles associated with complex terrain 
will require more levels of anemometry (at least four levels) to define the 
mean wind shear profile with enough detail to give reliable variance estimates. 

In this chapter, we have presented the analysis of 12 cases of VPA and 
MOD-OA data, using spectral techniques. We have shown some predictable charac­
teristics of these spectra for different wind speeds and stabilities. 
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In the next chapter, we combine our knowledge of rotational sampling and 
the MOO-OA wind turbine into transfer function correlations between the VPA 
rotationally sampled wind and the MOO-OA blade bending moment. 
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.., 

4.0 COMPARISON OF MOD-OA BLADE BENDING MOMENT WITH VPA WINDS 

We have demonstrated, using spectral techniques, the high qualitative 
correlation between the VPA rotationally sampled wind speed and the MOD-OA 
blade flapwise root bending moment. In this chapter, we will regard the VPA 
wind data as a simple model of the forcing of the blade, and use the observed 
transfer function between this model wind and the bending moment response to 
assess both the model wind and the damping characteristics of the MOD-OA fiber­
glass blade. 

4.1 TRANSFER FUNCTION CALCULATIONS 

We chose the MOD-OA flapwise bending moment as our response parameter. 
It should respond linearly to the axial wind speed. The frequency response of 
the fiberglass blade was measured on a static test bed at the NASA-Lewis 
Research Center (Sullivan 1983). The first two natural frequencies were 
determined to be 1.5 Hz and 4.3 Hz. Since the blade was weighted to simulate 
the mean stress under operating conditions, these frequencies should be the 
correct resonant frequencies seen under operating conditions, neglecting the 
"centrifugal" stiffening effect, which we do not estimate. The damping 
coefficient for the first harmonic was measured to be 0.008, during the same 
test. However, this measurement was not considered by Sullivan to be a useful 
indication of the damping experienced by the operating turbine blade. For the 
present study, the measured resonant frequencies were taken as correct, and 
the damping coefficient was estimated by analysis of the measured response 
function of a rotor blade of the rotating MOO-OA. 

The transfer function model for the blade is 

.where n is the frequency, n1 and n2 are the first and second harmonic frequen­
cies, and ZI and Z2 are the first and second damping coefficients. 
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From spectral measurements, we compute a corresponding transfer function 

where St(n) is the spectral density function of the blade flapwise bending 

moment and Srdt(n) is the corresponding spectral density of the rotationally 
sampled wind. In practice, we normalize H(n) by the average value of H(n) 
over low frequencies (0 to 0.33 Hz). This will give us a value of 1.0 for 
both H(n) and Hb(n) at low frequencies, allowing us to compare the two directly. 

One deviation of the blade response from Hb(n) we expect in below-rated 
cases would be the presence of a small amount of chordwise force in the 
flapwise data, due to small twists in the blade. The average blade pitch 
angle for below-rated cases was 4°. In addition, the rotor coning results in 
a sinusoidal gravitational component, giving rise to enhanced 1P energy in the 
flapwise spectrum. 

The remaining deviation of the observed transfer function H(n) from Hb(n) 
is caused by shortcomings in the model input wind spectrum Srot(n). These 
include 

• The wind data are point-sampled from a ring with the same diameter as the 
tip of the wind turbine blade. A more realistic wind input model would 
include the wind integrated over some finite portion of the length of the 
blade. The VPA data show slightly larger horizontal and vertical shears 
across the disk than would be expected from a blade-integrated wind 
input. The expected effect should be increased energy in the harmonic 
spikes of the rotationally sampled wind spectrum, relative to the 
flapwise bending moment response . 

• The wind input data do not include effects from the "tower shadow ll , the 
wake of the wind turbine tower through which the downwind blades must 
rotate. The tower shadow should create enhanced spectral energy in the 
harmonics for the blade flapwise bending moment. The tower shadow thus 
results in decreased energy in the harmonic spikes for the wind spectrum 
relative to the bending moment spectrum, an effect opposite to that of 
the blade-tip sampling effect. 
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• Additional wake effects may be due to large yaw errors and large fluctua­
tions in wind direction, which may create wake effects from the nacelle 
itself. While the data were chosen to minimize this problem, it may be 
important for data cases with high mean yaw error and highly fluctuating 
wind directions (see Table 7). 

• Noise that may exist in the measurements from which the spectra were 
calculated is not well eliminated by the method of calculating H(n) used 
in this work. 

Case 
# 

CIa 
C1b 
C1c 

C2a 
C2b 
C2c 

C3a 
C3b 
C3c 

C4a 
C4b 
C4c 

TABLE 7. Summary of Wind Direction and MOD-OA Wind Turbine 
Characteristics of 12 Data Cases Used in VPA Analyses 

Date 
Time, 

MST 

11/25/81 1211 
06/28/82 1350 
06/28/82 0818 

01/01/82 1231 
12/04/81 1303 
06/30/82 1740 

07/01/82 0124 
12/18/81 1608 
12/14/81 1624 

01/01/82 1803 
01/01/82 1546 
01/01/82 1825 

Di recti on , 
Degrees 

207 
212 
213 

196 
217 
188 

199 
192 
208 

226 
199 
226 

0'8, 
Degrees 

7.3 
6.9 
5.6 

4.4 
5.2 
4.2 

4.2 
2.2 
3.2 

3.5 
3.7 
3.5 

Yaw Error, 
Degrees 

-2 
-3 
-6 

-1 
-9 
9 

o 
1 

-5 

-6 
-7 
-6 

Tip Speed 
Ratio 

10.4 
11.7 
10.4 

8.1 
7.1 
7.5 

13.4 
13.5 
14.0 

6.4 
6.5 
5.7 

MOD-OA 
Power, kW 

92 
60 
97 

177 
198 
195 

31 
36 
28 

199 
198 
199 

As we indicated in the previous chapter, the spikes in the rotationally 
sampled spectrum are caused by wind eddies that persist across the disk of 
rotation for multiple revolutions of the blade, while the floor represents 
smaller turbulent elements which appear to be random from one revolution to 
the next. The floor is thus dependent on the frequency content of the input 
wind spectrum at frequencies around the rotation rate, 0.667 Hz. This in turn 
is a function of the input wind spectrum, the frequency response of the propel­
ler anemometer, and any further filtering effects introduced during digital 
data processing. 
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We presume there exists a lower limit of length scale for turbulent wind 
eddies, below which the wind turbine blade does not respond to the eddy. If 
this length scale is larger than the smallest eddy scale contained in the 
rotationally sampled wind spectrum, the flapwise bending moment spectrum will 
have a lower floor than the VPA wind spectrum. This is in fact what we 
observe for case CIa (Figures 6a and c). We confirm this by computing the 
transfer function for this case (Figure 20b). An estimated blade response 
curve Hb(n) is drawn as a curved dashed line. The computed transfer function 
H(n) has a local dip at each of the floor regions: 0.5P, 1.5P, 2.5P, 3.5P and 
4.5P. 

The length scale L of the input winds for the unfiltered VPA is about 
3.3 m, the distance constant of the propeller anemometer. This decreases the 
propeller spectral response to half the spectral density actually contained in 
the wind at a frequency 

where u is the mean wind speed (Horst 1973). The smallest wind eddies can be 
filtered out using a running mean digital lowpass filter on the wind data at 
each location on the array before the data are rotationally sampled. This has 
the effect of adding an additional filter with a half power frequency of 

where ~t is the digitization interval for the wind data (0.25 s in this case) 
and 51 is the number of data points averaged together in the running mean (Powell 
and Connell 1980). Figure 20c shows the spectrum of wind filtered in this way 
before being rotationally sampled, for 51 = 5, giving a half-power frequency 
of 0.35 Hz. In this spectrum the spikes are identical to those in the original 
VPA spectrum (Figure 20a), but the spectral density is reduced in the floor 
area. For a nine-point filter, with nt = 0.20 Hz, the drop in the floor area 
is about a factor of 10 below the original VPA spectrum (Figure 20e). 
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These lowpass-filtered data were used to compute the transfer functions 
in Figures 20d and f. In Figure 20d, the use of five-point lowpass wind data 
results in all spectral minima being lifted up in the transfer function (solid 
line), giving a closer match to the expected transfer function. The largest 
discrepancy is in the O.SP area. The nine-point lowpass gives a transfer 
function (Figure 20f) with spikes at O.SP, 2.SP, 3.SP and 4.SP. This 
indicates that the flapwise bending moment is responding at these frequencies 
to fluctuations not in the input wind spectrum. 

Of the three transfer functions shown, we chose the five-point lowpass 
(Figure 20d) as showing the best correlation. This transfer function is flat­
test in the frequency range 0 to 0.3 Hz, as desired, and is very close to the 
-2 rolloff line in the range 2 to 3.3 Hz (3P-SP). The blade response curve 
Hb(n) plotted in Figures 20 b, d and f has the parameters n1 = 1.S Hz, n2 = 4.3 Hz, 

Zl = 0.3S and Z2 = O.OS. 

The harmonic frequencies n1 and n2 were taken from NASA testing. The 
damping coefficients Zl and Z2 were found by trial-and-error attempts to fit 
the observed transfer function in Figure 20d. The frequency range of VPA data 
was insufficient to predict the coefficient Z2 at the frequency 4.3 Hz, since 
the wind spectrum only extends to 4.0 Hz, so the value of Z2 (O.OS) is at best 
a very rough estimate. 

The first flapwise harmonic damping coefficient, Zl = 0.3S, should be a 
useful estimate of the effective aerodynamic damping coefficient for the fiber­
glass MOO-OA blade. This best fit was obtained using wind data that were fil­
tered effectively with a two-pole filter, which had a half-power frequency of 
0.23 Hz, or an effective distance constant of S.2 m. This indicates that the 
wind turbine sees only wind eddies with a size larger than about S m. 

4.2 COMPARISON OF TRANSFER FUNCTIONS FOR VARIOUS CASES 

Wind characteristics of interest in evaluating the transfer functions in 
Figures 20, 21 and 22 are shown in Table 7. Generally, case C1 had the wind 
direction closest to the array direction of 20S o and relatively low yaw 
errors. This was due to the larger number of daytime below-rated cases, giving 
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FIGURE 20. a) Spectrum of One-Blade Rotationally Sampled Wind, Case Cia; 
b) Corresponding Transfer Functions H(n) (Solid Line) and Hb(n) 
(Dashed Line); c) Same as Part a, With Wind Data Filtered With a 
Five Point Lowpass Filter Before Rotational Sampling; d) 
Transfer Functions Corresponding to Part c; e) Same as Part c, 
Nine Point Lowpass Filter; e) Transfer Function Corresponding to 
Part e. 
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a better selection of data periods to analyze. Case Cl also had the largest 
variability in wind direction, as expressed by the standard deviation, os' 

All data from cases C1 and C3 are below rated power. The higher wind speed 
cases in C2 have a worse selection of yaw errors and wind directions. The 0e 
is somewhat less, however. Case C2a is partially above rated power of 200 kW 
and partially below, while the other five high-speed cases are essentially at 
rated power continuously. 

The stable, low-wind-speed cases have relatively good wind directions and 
low yaw errors. The two highly stable cases, C3b and C3c have especially low os' 

The high-wind, high-shear cases in C4 have a uniform yaw error of 6 to 7° and 

a uniform 0e of 3.5 to 3.7. In cases C4a and C4c, the wind direction was 21° 
off the axi~ of the array, the farthest of any of the data cases. 

After case CIa, three more cases had power below rated and turbulent winds, 
the most favorable conditions for a close match with the blade response. Trans­
fer functions for each of these three cases (Clb, Clc and C3a) are shown in 
Figure 21. In both Clb and Clc, the unfiltered VPA data were chosen over the 
five-point lowpass data because the latter gave higher spikes in the 2 to 3.3 Hz 
region. The same blade transfer function Hb(n), experimentally derived for 
case CIa, is shown as a dashed line on the transfer function plots. 

In Clb (Figure 21b), dips are apparent at 0.5P and 1.5P, and a spike is 
at lP. The transfer function matches the blade response well from 1.5 Hz to 
over 3 Hz. This case had a yaw error of 3° and wind direction 7° off the array 
axis. In Clc (Figure 2ld), the entire high-frequency portion was below the 
blade response curve. This was partially caused by a peak in response at very 
low frequencies (0.02 Hz). Since the transfer function curve was normalized 
using the average response from 0 to 0.33 Hz, this peak in response serves to 
pull the entire transfer function curve down to lower values. A possible cause 
of the enhanced low-frequency response is long-duration excursions of the yaw 
error to high absolute values (10° to 15°), which may alter the effect of the 
nacelle wake enough to affect blade response. Dips in the transfer function 
are also apparent at 0.5P and 1.5P for case Clc. 

The slightly stable nighttime case, C3a (Figure 2lf), had the best match 
using five-point lowpass filtered data. This looks almost the same as the 

4-10 



first case CIa (Figure 20d), except for the extra spikiness at 4P and 5P. 
This is probably due to a slight deviation in the rotation rate of the MOD-OA 
wind turbine from 40 rpm, due to poor frequency control of the diesel-powered 
Clayton city utility. Thus, the spikes do not quite coincide in frequency, 
leading to spikiness in the transfer function. This case had no mean yaw error. 
Thus, the two turbulent low-wind cases with the lowest yaw error look very 
similar (CIa and C3a). 

Examples of above-rated and low-turbulence cases are shown in Figure 22. 
For the neutral above-rated case C2b (Figure 22b) the pitch control decreases 
the blade response at low frequencies while enhancing the response at around 

0.05 to 0.3 Hz .. The higher frequency part of the transfer function is much 
reduced. This case had the largest mean yaw error and large excursions in yaw 
error. The five-point lowpass filtered wind data provided the smoothest roll­
off line. In case C3b, a highly stable, low-wind-speed case, deep dips exist 
at 0.5P, 1.5P, etc. even using the five-point lowpass filtered winds. The 
strong response at 2P suggests the possibility that aerodynamic damping may be 
less in low-turbulence winds. 

The last case presented, C4c (Figure 22f) was a case with high wind speed, 
high shear, and very stationary wind speed and direction. The pitch control 
system served to lessen the blade stress in the low-frequency part of the spec­
trum and increase it around 0.2 Hz. The high-frequency part of the transfer 
function was also reduced somewhat compared to the low-frequency part. Thus, 
all three cases that showed this phenomenon (C1c, C2b, C4c) had large mean 
and/or fluctuating yaw errors. 

4.3 EVALUATION OF TRANSFER FUNCTION TECHNIQUE 

The transfer function approach was undertaken for two reasons. The first 
was to verify that the rotationally sampled wind using VPA data is a valid 
predictor of wind turbine blade response, and to gain experience and knowledge 
of the scales of motion in the wind that produce stresses in the wind turbine. 
The second objective was to demonstrate a technique for deriving the amount of 
damping of flapwise oscillations that a wind turbine blade undergoes while 
operating in the atmosphere, using wind measurements correlated with wind tur­
bine measurements. 

4-11 



To verify that the VPA wind data are a valid predictor of blade response, 
we first confirm by visual inspection of VPA and blade flapwise spectra, that 
a) the spectra look alike, and b) the flapwise bending moment spectrum has 
enhanced response at 1.5 Hz and 4.3 Hz, as expected from blade testing. After 
computing our best-fit transfer functions, we observe that the rolloff from 
the first harmonic peak has a -2 slope for all cases, and has the right magni­
tude for all cases with low yaw error. For low frequencies, the transfer func­
tion is close to 1.0 for all cases with low yaw error and below-rated winds. 

The use of digital lowpass filtering to match the length scale of the 
wind model and the wind turbine response met with limited success. The trans­
fer functions for some cases were much better behaved than in other cases, 
perhaps due to variations in wind turbine rotor frequency. A sUbstantial 
decrease in blade response in the floor regions for lower harmonics is evident 
in most cases, especially at 1.5P. The cause of this is unknown. 

The key unknown parameter, which we estimated using the transfer function 
approach, is the damping coefficient of the first flapwise harmonic of the 
blade, which we estimate to be 0.35 for turbulent winds in below-rated cases. 
All three of our transfer functions for cases with low yaw error in turbulent 
winds and below-rated power (CIa, C1b, C3a), matched this damping coefficient 
in the region from 2P to 5P. One case (C3b) suggests that the damping coeffi­
cient may be lower for less turbulent winds. 
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5.0 ESTIMATION OF HARMONIC VARIANCES FROM SINGLE TOWER DATA 

We have shown that the spectrum of VPA rotationally sampled winds corre­
lates highly with the spectrum of blade bending moment of the MOD-OA. The 
wind spectra we have seen have a very similar form for various wind speeds and 
stabilities. In particular, the spectra of rotationally sampled winds, with 
the mean shear removed, which we have attributed to turbulence in the wind, 
are very regular and well-behaved. 

The variances in the wind speed associated with each harmonic of the rota­
tion frequency nO have been shown to be a useful means of simplifying the spec­
tral data. A tabulation of the variances for the first five harmonics, such 
as in Tables 4 and 5, contains the most basic feature of the spectra. These 
can be used to estimate the total response of the wind turbine once a physical 
relationship between the word and turbine response, such as the blade transfer 
function presented in Chapter 4, has been established. Thus, if we can esti­
mate the variance in each harmonic "spike" for any given wind situation, we 
can address issues such as loads testing and long-term estimation of the fatigue 
cycles affecting the blade. 

From the Clayton data set, it is possible to look at a statistically large 
set of VPA and MOD-OA data directly, using spectra computed from the rotation­
ally sampled time series. However, this might not be a practical approach, if 
we wish to develop a technique that is generally useful to wind turbine 
designers. Therefore, we wish to estimate the harmonic variances from a much 

more limited data set. 

As an initial attempt at estimating the harmonic variances, we take the 
neutral-to-unstable cases Cl and C2. In Chapter 3, we demonstrated that the 
variance due to turbulence at all harmonics, and the relative variance in each 
harmonic, obeyed simple linear relationships. We will use these relationships 
to estimate the variance at each harmonic, given a limited amount of data. 

We choose case Clc at random to use as an example. We are given 1) neu­
tral-to-unstable turbulent winds, 2) wind speed Ws = 7.68 ms-1, and 3) total 

-1 shear across the disk = 0.955 ms . These are data available from a single 
tower. We assume 
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1. 
5 2 
E OOt 

° 1 1 1= 

is the variance for all five spikes, mean shear removed 

2. 0ls 2 = (~ x total shear) 2 = 0.114 

is the variance due to mean shear. We assume the shear is linear, and 
assign all this variable to the lP spike. 

as being a representative slope for neutral-unstable, low wind speed. 

We then solve to find KO 

0.379 = .,.....-,,....--.,.-------=---,-~:::.:.....,--.......... ,......-,.......,.~ = O. ll7 1.8 + 0.69 + 0.37 + 0.24 + 0.17 

°12 = (0.117) (na)-1.45 + 0.114 = 0.324 

022 = (a.lll) (2 na)-1.45 = 0.081 

2 03 = 0.043 

2 04 = 0.028 

2 05 = 0.020. 

These are our model estimates of the variance in each harmonic of the VPA 

one-blade rotationally sampled spectrum. For comparison, the actual values 
were (Table 4) 
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2 0.310 °1 = 

2 = 0.102 °2 

2 0.055 °3 = 

2 0.033 °4 = 

2 0.025. °5 = 

Thus, the model predicts the observed values with an error of +5% for the IP 
spike and about -20% for the higher spikes. The total variance, mean shear 
plus turbulence, is 0.114 + 0.379 = 0.493 m2s- 2, 6% in error. 

This model could be improved in many ways, depending on the accuracy desired 
and the type of data used as input. Included among these improvements might 
be the use of turbulence statistics from the single tower as well as means. 
Since the rotationally sampled spectrum is actually a manifestation of instanta­
neous wind shears across the disk of rotation, a model incorporating statistics 
of fluctuating shears should be even more accurate. 

We again caution the reader that this model applies only to the MOD-OA 
configuration over flat terrain. For complex terrain, site-specific turbulent 
wind measurements with one or more towers instrumented at many levels are recom­
mended. For other wind turbines, especially of different sizes, a program of 
field testing in conjunction with close upwind measurement of the wind from 
towers, or wind measurements directly from the rotor, will be required. 

Ultimately, the form of the model and the degree of accuracy required 
must be determined by the wind turbine design application. Therefore, the 
maximum amount of communication and joint planning between wind model 
developers and wind turbine designers must take place. 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

In this study, the free-stream turbulent wind has been measured using an 
array of fixed anemometers located two blade diameters upwind of an operating 
horizontal-axis wind turbine (HAWT). The wind as seen by the rotating HAWT 
blade has been closely approximated using the anemometer data, rotationally 
sampled at the same rotational speed as the MOD-OA wind turbine. Twelve data 
cases have been analyzed, divided into four wind regime classes: C1, neutral­
to-unstable daytime conditions, lower wind speeds, wind turbine operating below 

rated power; C2, neutral-to-unstable daytime conditions, higher wind speeds, 
wind turbine at rated power; C3, stable nighttime conditions, low wind speeds, 
low turbulence; C4, stable evening cases; high wind speeds, high turbulence. 
Observed spectra of rotationally sampled wind have been compared with observed 
MOD-OA wind turbine parameters. 

For several data cases, the rotationally sampled wind was compared with 
the MOD-OA blade bending moment by computing a transfer function between the 
input winds and blade bending response. This was compared to the expected 
blade bending response based on static tests of blade resonance. A method of 
estimating the aerodynamic damping of the blade using these transfer functions 
was demonstrated. 

In the following sections, conclusions drawn from this study are presented 
for rotationally sampled winds and for wind turbine response transfer function 
correlations. In a final section, a method of estimating the variance in the 
rotationally sampled wind spectrum using a limited amount of data, such as 
might be obtained from a single meteorological tower, is presented. 

6.1 CONCLUSIONS RELATING TO SPECTRAL ANALYSIS OF ROTATIONALLY SAMPLED 
WIND DATA 

• Generally, the characteristic rotationally sampled spectrum, with spikes 
at all harmonics of the blade rotation rate for one-blade wind speed and 
at even harmonics only for two-blade winds, occurs for all wind regimes. 
In all cases, parts of the high frequency spectrum exceed the theoretical 
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fixed-point Eulerian spectrum. At higher wind speeds (lower tip speed 
ratios), the spikes are broader and the floor between the spikes is 
higher. 

• The one-blade rotational spectrum, sampled after removing the mean wind 
speed from each point on the array, has the same five-spike characteristic 
as the original spectrum. Thus, the five-spike spectrum is a manifesta­
tion of turbulent, stochastic winds. 

• The wind speed variances associated with each of the first five harmonics 
of the blade rotation frequency nO follow some very predictable patterns. 
For all cases in this flat terrain, the variance decreases monotonically 
with increasing frequency. The total variance can be summed from the 
turbulent variance and the variance due to mean wind shear. The latter 
variance is concentrated almost entirely in the first rotational harmonic 
(lP). The variance due to turbulence is 80% of the total variance in 
wind regime C1, 65% in C2, 30% in C4 (high shear, high turbulence) and 
less than 15% in C3 (for high shear, very low turbulence cases). In all 
cases, the variance at the higher harmonics of the rotor frequency (3P 
and above) is almost completely due to turbulence in the wind. 

• The sum of the variance at all harmonics due to turbulence is a linearly 
increasing function of wind speed for cases C1 and C2 (neutral-unstable 
cases). The increase is about 0.04 m2s-2 variance for each 1 ms- 1 increase 
in wind speed. The C3 data (low turbulence) fall below this line, while 
the C4 data show greater turbulent variance versus wind speed, as well as 
much greater variance associated with mean wind shear. 

• The amount of variance contained in each harmonic spike decreases with 
increasing frequency by a power law, giving a straight line on a log-log 
plot of harmonic variance versus frequency. The slope of this line ranges 
from -1.5 to -1.25 for neutral-to-unstable cases, with some tendency for 
the steeper slope (-1.5) to be associated with lower wind speeds (higher 
tip speed ratios). 
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6.2 CONCLUSIONS RELATING TO THE CORRELATION BETWEEN ROTATIONALLY 
SAMPLED WINDS AND MOD-OA WIND TURBINE RESPONSE 

• The spectra of flapwise bending moments are very well correlated with the 
one-blade VPA rotationally sampled wind spectra. For below-rated cases, 
C1 and C3, the qualitative correlation is high for all frequencies. Above 
rated power, in cases C2 and C4, the correlation is less for low frequen­
cies « 0.5 Hz), due to pitch control of power and (indirectly) blade 
stress. 

• The spectra of MOD-OA generator power are less well correlated with the 
two-blade VPA wind spectra. The generator power spectra contain effects 
at higher frequencies that do not seem related to the input wind, as well 
as pitch control effects at lower frequencies in above rated cases. 

• Both flapwise and power spectra show enhanced response at the resonant 
frequencies of flapwise motion for the fiberglass MOD-OA blade, 1.5 Hz 
and 4.3 Hz (first and second flapwise harmonics). 

• Transfer functions were computed using the VPA one-blade wind spectrum as 
the input and the flapwise bending moment as the response. These show a 
realistic correlation with the expected blade bending response frequencies. 
The most consiste~t feature of the computed transfer functions is a roll­
off with a slope of -2 occurring at frequencies higher than the first 
flapwise harmonic of 1.5 Hz. 

• Using the computed transfer functions, we estimate the damping coeffi­
cient of the first flapwise resonance to be 0.35. This result is con­
sistent for the three best data cases below rated power. Above rated 
power, pitch control makes the computed transfer functions less consistent. 
The second blade harmonic, 4.3 Hz, has a much lower damping coefficient, 
but a reliable estimate could not be made because of data limitations. 

• The quality of the transfer functions was lower for cases with yaw errors 
greater than 5°, with a tendency for greater blade bending response at 
low frequencies « 0.1 Hz) in these cases. This may be due to effects of 
the nacelle wake on the downwind rotor. 
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