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MILESTONE REPORT 
 

Executive Summary:  

Project Summary 
The goal of the project, Wind turbine generated sound: Targeted research to improve 

measurement, analysis, and annoyance thresholds based on measured human response, is to 

provide technically defensible data and a coherent review of the literature sources and 

characteristics of wind turbine noise techniques for measuring this noise.  This includes 

infrasound noise and recommendations for best practices for pre- and post- project measurements 

during wind project development. 

To accomplish this goal, this project will undertake two studies. The first will characterize the 

wind turbine generated sound and the second will measure human response to these sounds. The 

characterization study will deploy and analyze three comprehensive acoustic datasets including 

low-frequency sound and infrasound.  These three measurement campaigns are described below: 

 A June 2012 dataset from Eolos site, the University of Minnesota’s wind research facility 

at UMore Park in Rosemount. 

 Updated measurements from the Eolos site. 

 Measurements performed at the Xcel Energy Pleasant Valley wind farm. 

The June 2012 dataset is a robust dataset that which included 36 audible microphone surrounding 

the turbine and three infrasound microphones as well as detailed logged data on the atmospheric 

and turbine conditions.  The updated Eolos site measurements use single point measurements 

using audible and infrasound range microphone as well as detailed logged data from atmospheric 

and turbine conditions. The wind farm measurements also use single point microphone 

measurements in the vicinity of multiple wind turbines, but with much less detailed atmospheric 

and turbine conditions data available. 

The second, human response study will use the existing Eolos 2012 data as well as the additional 

Eolos and wind farm data and information in the literature to recreate the audible sound and 

http://www.safl.umn.edu/
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infrasound in the laboratory. We will then measure the physical, emotional, and psychological 

responses of human subjects exposed to the synthesized sound.  

Milestone 1 Summary 

Milestone 1 includes the following completed tasks. 

1. Access agreement with Xcel Energy to multi turbine wind farm  

2. Formation of  Technical Advisory Panel 

3. Research plan and protocols report 

4. Wind farm site map and summary 

The access agreement legal agreement with Xcel Energy took longer than expected to complete, 

but the research team is pleased with the cooperation of the wind plant operators.  Access to the 

wind farm is broad and protocols to collect noise measurements ensure safety, but are not 

cumbersome.   

 

The research team is very pleased with the technical advisory panel (TAP).  Everybody asked to 

participate accepted the invitation.  The TAP members represent a broad group including experts 

in psychoacoustics, kinesiology, signal processing, and physics as well as participants 

representing state government, wind farm development, wind farm operations, and international 

wind turbine research. 

 

The research plan and protocols report is a significant completed document that summarizes 

methods for data collection and analysis that is first phase of the project.  The research plan 

extensively utilized information from literature as well as project goals of human response 

testing to develop instrumentation, collect acoustic measurements, and analyze data.  The plan is 

based on existing standards (IEC 61400-11), but expands on areas and details with regard to 

infrasound and  low frequency measurement and characterization of atmospheric conditions at 

the time of testing. 

Project funding provided by customers of Xcel Energy through a grant from the Renewable 

Development Fund. 
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Technical Progress:   

 
List of Technical Advisory Members 

The following people have agreed to serve on the project’s Technical Advisory Panel.  The panel 

represents a broad set of disciplines and varying aspects of wind turbine development and 

operation. 

Name Information 

Andrew J 

Oxenham 

Professor | Department of Psychology | U of M 

Chuch 

Niederriter 

Professor | Physics | Gustavus Adolphus College 

Carl 

Herbrandson 

Senior Toxicologist | Minnesota Department of Health 

Daniel 

Shannon 

Staff Research Scientist – Acoustics | United Technologies 

Research Center 

Rita Messing Retired Toxicologist | Minnesota Department of Health 

Dick Bowdler Wind Turbine Noise Specialist 

Mos Kaveh Professor | Electrical and Computer Engineering | U of M, 

Associate Dean of Research and Planning 

Corey Juhl Vice President | Juhl Energy Development 

Christopher 

Hogg 

Wind Plant Superintendent | Xcel Energy 

Thomas 

Stoffregen 

Professor | U of M 
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Research Plan and Protocols Report 

1. Introduction  
 

This document outlines the research plan for field measurements and data analysis for the 

project, Wind turbine generated sound: Targeted research to improve measurement, analysis, 

and annoyance thresholds based on measured human response. One of the common concerns 

from the public is the potential health impacts and annoyance from wind turbine generated noise. 

More specifically, these concerns relate to low frequency noise, sound in the 20 – 200 Hz 

frequency range, and infrasound, sound below 20 Hz and is generally inaudible. Although 

generally inaudible, infrasound may be perceived at very high levels. Wind turbines, however, 

do not produce these very high levels of infrasound. Infrasound levels below audible thresholds 

may still impact humans and cause negative health effects. Further, amplitude modulation (AM), 

the periodic variation of sound level at a modulation frequency, has been described as 

particularly annoying. AM is commonly referred to as “swishing” or “thumping”. 

Currently, guidelines for human permissible thresholds for AM, low-frequency, and infrasound 

are not well established. In addition to this, the mechanisms for enhanced AM (EAM) are not 

well understood. EAM is amplitude modulation that occurs infrequently and has an amplitude 

modulation depth greater than 5 dB. EAM is thought to be caused by high levels of wind shear, 

dynamic stall of the rotor at the top or bottom of the swept area, and/or inflow turbulence.  

Generally, EAM requires some non-uniform feature such as wind speed gradient to create higher 

these levels of AM. Determination of the effects of these features on EAM requires a very 

detailed understanding of the turbine(s) state as well as local atmospheric conditions (Oerlemans, 

2014). This creates significant challenges requiring unique research capabilities and wind turbine 

research field stations to investigate the sources of wind turbine generated noise. 

Primary goal of this project: 

The primary goal is to provide technically defensible data and a coherent review of the literature 

sources and characteristics of wind turbine noise techniques for measuring this noise.  This 

includes infrasound noise and recommendations for best practices for pre- and post- project 

measurements during wind project development. 

To accomplish this goal, this project will undertake two studies. The first will characterize the 

wind turbine generated sound and the second will measure human response to these sounds. The 

characterization study will analyze a comprehensive acoustic dataset including low-frequency 

sound and infrasound gathered at the University of Minnesota’s research wind turbine site at 

UMore Park in June of 2012. This dataset will be referred to as the Eolos 2012 dataset.  

Two additional measurement campaigns will be performed to expand the existing dataset. The 

first campaign will focus on the Eolos site where sound measurements will be taken at a single 

turbine site using an audible range microphone, an infrasonic range microphone, and a micro-

barometer designed to measure infrasound. In addition to the various microphones, a single point 

meteorological station will be deployed near the microphones, meteorological data from the 

Eolos 130 meter meteorological tower will provide atmospheric conditions, a deployable Light 

Detection and Ranging (LiDAR) velocity profiler unit will be used when the meteorological 

tower is in a downwind condition of the turbine, and turbine SCADA data will be recorded and 

utilized. Details of the measurement equipment are given in Sections 3 and 4. The second 
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campaign will be performed at the Xcel Energy Pleasant Valley wind farm, referred to as the 

wind farm dataset. The wind farm consists of 100 2 MW wind turbines and will provide sound 

data characteristic of a large wind turbine farm. The same acoustic measurement equipment used 

at the Eolos site will be used there in addition to the deployable LiDAR system and limited 

access to SCADA data. Details of the wind farm site are given in Section 5. The specifics of how 

this study will be performed are described in this document. 

The second, human response study will use the existing Eolos 2012 data as well as the additional 

Eolos and wind farm data and information in the literature to recreate the audible sound and 

infrasound in the laboratory. We will then measure the physical, emotional, and psychological 

responses of human subjects exposed to the synthesized sound. This study will be described in 

detail in a later deliverable specific to the human testing research plan. 

2. Literature Review 
A literature review is currently underway of published literature in the relevant fields of 

acoustics-related medicine and health and measurement and analysis of wind turbine noise. The 

literature review, as it pertains to field measurements and analysis, will provide insight into 

measurement techniques of wind turbine noise, current analysis methods, any shortcomings or 

hurdles with respect to measurement techniques and analysis, and assist in identifying key areas 

of interest.  Therefore, it is be a major driver of this research plan. Key initial findings of the 

literature review are presented in the following sections. Portions of the literature review are 

included in this research plan as it is a crucial component for shaping the research plan, 

associated field measurements, and analysis techniques. For more details and references, refer to 

the literature review. This document will highlight only a few of the references. 

1.1 Wind Turbine Acoustic Standards 

The IEC 61400-11 standard (International Electrotechnical Commission, 2012) for wind turbine 

acoustic noise measurement techniques is identified as the international standard for the 

measurement and analysis of acoustical emissions by wind turbine generator systems. This 

standard provides guidance in the measurement (instrumentation, measurement positions, 

meteorological data), analysis (data reduction procedures), and reporting methodologies of wind 

turbine noise emissions. 

Key points from this document are listed here. 

 Required meteorological data to accompany noise measurements 

 Measurement techniques such as microphone choice, mounting method of the 

microphones (on a measurement board), and primary and secondary wind screens to 

reduce wind-induced noise 

 Methods for characterizing the insertion loss of wind-screens (frequency varying 

attenuation of the measured noise due to the presence of a windscreen) 

 Standard methods of data reduction such as overall sound level and tonality and results 

by wind speed binning 

 Standardized reporting methods, i.e. sound level referenced to wind speed at a height of 

10 m 

The field measurements will follow the IEC 61400-11 standard, unless otherwise noted, and will 

expand upon the document in key areas such as measurement positions, amplitude modulation, 

and infrasound. 
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1.2 Wind Turbine Noise 

A comprehensive literature review has identified the major sources of wind turbine noise, 

measurement techniques to capture the types of noise, and major obstacles in identifying root 

causes to aid in future noise mitigation techniques. The literature review has focused on those 

wind turbine noise sources reported to be annoying or causing health effects. These sources are 

primarily aerodynamic noise sources which are characterized by infrasound, low-frequency 

noise, inflow-turbulence noise, and airfoil self-noise (Hubbard & Shepherd, 1991).  Mechanical 

noise can be mitigated by wind turbine manufacturers and is generally not viewed as an issue. 

Key findings of the aerodynamic noise types are discussed in the following sub-sections. 

Detailed overview of the noise types is found in the literature review. 

1.2.1 Infrasound 

Infrasound is noise with frequencies below 20 Hz. Infrasound generated by wind turbines is 

characterized by tonal components at the blade passing frequency and its harmonics. The cause 

of infrasound is generally attributed to rapid changes in angle of attack due to the perturbed flow 

upwind of the turbine tower causing rapid changes in lift (Hansen, Zajamsek, & Hansen, 2014). 

1.2.1.1 Key Findings of Infrasound Review 

Key findings from the infrasound literature review that will be implemented in the research plan 

are listed here. 

1. Infrasound measurement requires non-standard audio equipment specifically designed for 

very low frequency signal recording. 

2. Specialized secondary windscreens are required to reduce wind-induced noise. 

3. The typical audio equipment used in low-frequency and infrasound recording is 

expensive or not standard and therefore an obstacle to health departments/noise 

regulators. We have identified this problem and will be testing a low-cost option in the 

field in parallel with a typical infrasound setup. 

1.2.2 Low-Frequency Noise 

Low frequency noise is defined as broadband sound in the range of 20 to ~200 Hz and has been 

attributed to the interaction between inflow turbulence and the leading edge of the rotor blade 

(Hubbard & Shepherd, 1991). 

Dynamic stall of wind turbine blades also leads to increased levels of low-frequency noise and 

may add tonal components. Stall can be caused by blade tower interaction, yaw error (wind 

turbine is not aligned with wind direction), wind shear, or other non-uniform inflow conditions 

(Oerlemans, 2014). 

1.2.2.1 Key Findings of Low-Frequency Review 

The following key findings will be implemented in the field measurement research plan. 

1. Low-frequency has been attributed to inflow turbulence. We will measure inflow 

conditions through the use of LiDAR and a meteorological tower to correlate levels of 

turbulence to levels of low-frequency sound generated by the wind turbine. 

1.2.3 Airfoil Self-Noise 

Airfoil self-noise is sound produced by the interaction between the turbulent boundary layer 

developed on the rotor blade and the trailing edge of the blade. This noise source is commonly 

referred to as trailing edge noise and is the dominant noise source at higher frequencies from 400 

to 1000 Hz and broadband in nature (Oerlemans, 2014). 
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This study will use an audible range microphone to record airfoil self-noise. 

1.2.4 Amplitude Modulation 

Aerodynamic noise with coherent and impulsive amplitude variation by wind turbines is caused 

by a number of contributing factors and is defined as amplitude modulation (AM). A method of 

quantifying AM is examining the modulation depth of the periodic variation of sound level.  This 

variation is also known as the modulation frequency.  For wind turbines, the periodic variation is 

generally the blade passing frequency (BPF) and its harmonics. (Oerlemans, 2014).  

1.2.4.1 Key Findings of AM 

The following is a summary of the key findings from the AM literature review which will be 

implemented in the research plan. 

1. Amplitude modulation, and specifically enhanced amplitude modulation, has been 

identified as a cause of noise complaints and annoyance. We will use methods outlined in 

literature to analyze AM and determine annoyance thresholds of human test subjects. 

2. There are a number of speculated causes of EAM and we will investigate correlation 

between atmospheric conditions such as turbulence and wind shear to AM modulation 

depth. 

1.2.5 Wind Shear 

Acoustic measurements will be collected over a wide range of wind shear conditions including 

night time measurements. We therefore will have a wide range of wind turbine and background 

noise levels with which we can test human subjects for annoyance thresholds. 

2. Eolos 2012 Dataset Analysis 
In June of 2012, United Technology Research Center (UTRC) in collaboration with the 

University of Minnesota – St Anthony Falls Laboratory (SAFL) performed wind turbine acoustic 

measurements at the Eolos Wind Research Field Station. Thirty-six microphones measured noise 

emission from the wind turbine with a directivity array. This array had microphones located at a 

radial distance of 102 m from the wind turbine with  spacing between microphones fully 

surrounding the turbine. The microphones were sampled at 32,768 Hz (Nyquist frequency 

16,384 Hz) and high passed filtered at 20 Hz. Three infrasound microphones were used in 

addition to the audible range microphones. The infrasound microphones were placed around the 

 mic in a 10 m diameter circle. Microphones and accelerometers were also placed throughout 

the turbine nacelle. However, nacelle data will not be used in this study. 

2.1 Summary of Field Station 

The field station includes a 2.5 MW Clipper C96 wind turbine (80 m hub height, 96 m rotor 

diameter), a 130 m tall meteorological tower located 160 m south of the turbine, and a 

deployable WindCube LiDAR system.  

The LiDAR system is capable of measuring wind speed and direction from 40 m up to 200 m. 

The research grade meteorological tower spans the entire swept area of the turbine blades and 

has instruments installed on boom arms at ten different heights on the tower. Sonic anemometers 

are located on four of the boom arms and are located at heights of 10, 30, 80, and 129 m. The 

remaining boom arms have cup and vane anemometers and temperature and relative humidity 

sensors at locations from 7 to 126 m. 



Page 8 of 17 
 

In addition to the meteorological tower and LiDAR system, the wind turbine SCADA 

information is continuously logged to University of Minnesota servers. SCADA is recorded at a 

frequency of 1 Hz with the ability to log 20 Hz on demand. The wind turbine is also fitted with 

strain gauges throughout the wind turbine blades and at the base of the wind turbine tower. 

Accelerometers are also installed in the rotor blades. 

During acoustic measurements, meteorological tower data, SCADA, and blade sensor data are 

available as additional dataset to help explain noise generated from the wind turbine. LiDAR 

data can also be collected when needed. 

2.2 Analysis Overview 

The acoustic dataset consists of time-series of raw pressure data maximizing flexibility in 

analysis methods. The objectives in the analysis of the Eolos 2012 dataset are listed below. 

1. Develop a final ‘clean’ acoustic dataset, including audible sound and infrasound and 

meteorological data 

1.1. Eliminate periods of extraneous noise (aircraft, precipitation, vehicles) from the raw data 

using a datalog created during the measurements.  The datalog lists extraneous noise and 

time of event. 

1.2. Remove periods or individual sensor datasets where equipment malfunctioned. 

1.3. Attempt to remove noise produced by mechanical components. Mechanical noise is 

prevalent in the Eolos dataset as the measurements were taken relatively close to the 

wind turbine. However, at distances typical of residents, mechanical noise is generally 

not an issue.  Mechanical noise is higher frequency and thus attenuates more over 

distance and through residential walls. 

 

2. Analyze the data collected from the audible range directivity array microphones (20 Hz to 

16,384 Hz). With human testing being the end goal of this study, we will develop audible 

datasets where each dataset has a unique or representative characteristic of wind turbine 

noise with a specific research goal in mind. It is important to separate infrasound from 

audible sound in order to determine specific impacts on human responses. 

2.1. Characterize the frequency spectrum, amplitude, and temporal variability of audible 

wind turbine noise over different wind conditions and directionality from the turbine 

rotor plane of rotation. 

2.2. General wind turbine noise dataset. This dataset will consist of general wind turbine 

noise which is broadband in nature, does not possess significant tonal characteristics, 

and does not demonstrate significant (perceivable) amplitude modulation. Specific areas 

of interest for this dataset are: 

2.2.1. Wind turbine noise categorized by wind speed and wind shear 

2.2.2. Different levels of background noise and thresholds for annoyance of general 

wind turbine noise (i.e. increase the amplitude of the signal) 

2.3. Enhanced amplitude modulation dataset. We will use analysis methods designed to 

identify amplitude modulation and generate a dataset where AM is considered 

significant. Significant modulation depth is considered greater than 5 dB. 

2.3.1. EAM may occur in the frequency range of 20 Hz to 2 kHz. Human response 

testing may look at specific frequency ranges to identify what is most annoying or 

causes health effects.  There is speculation that low frequency carrier AM may be 

the cause of nausea, headaches, or motion sickness. 
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2.3.2. Human response testing may amplify the recorded (or synthesized) AM dataset to 

identify thresholds for EAM. 

2.3.3. Investigate correlation between meteorological data (wind shear, turbulence 

intensity) and AM depth. The goal is to determine the cause of EAM. 

2.3.4. Investigate different methods for analyzing the presence of AM and make 

recommendations. Considerations here will be type of equipment available to health 

departments, processing tools available, expertise, and time requirements. 

2.4. Tonality is generally not considered a problem. We will perform an analysis, as outlined 

by IEC 61400-11, to quantify if tonality is occurring. 

 

3. Analyze the data collected from the infrasound microphones focusing only on infrasound 

components. Datasets will be developed which investigate the wind turbine generated 

infrasound. Infrasound is generated at the blade passing frequency and its harmonics. Human 

response tests will vary the levels of the wind turbine generated infrasound (peaks at BPF 

and harmonics) as well as levels of background infrasound. Typical background infrasound is 

broadband. 

3.1. Characterize the noise levels, spectral peakiness, and temporal variability of infrasound 

noise as a function of wind conditions. 

 

4. Determine a set of bounds on noise frequency spectra, amplitude modulation, and infrasound 

levels, to be used to select or synthesize wind turbine noise samples for human subject 

testing. 

2.3 Analysis Outline 
This outline includes the basic steps to analyze noise data and applies to all datasets with only 

small variations. 

I. Analysis of Eolos 2012 data 

A. Data binning 

1. Select a time interval for the binning process, i.e. the length of each data 

sample. 

2. Bin the turbine noise measurements (and background measurements) by 

wind speed and remove measurements with extraneous noise. Additional binning 

may be performed based on wind shear or other variables believed to affect 

turbine noise characteristics. 

B. Audible frequency analysis. Characterize both the broadband spectral power and 

tonality of the noise frequency spectra. Separate, where possible, mechanical turbine 

noise from aerodynamic noise. 

1. Frequency spectral power as a function of direction (relative to turbine 

rotor orientation). 

2. Frequency spectral power as a function of wind speed and wind shear for 

turbine and background noise. 

3. Frequency spectra power as a function of distance from the turbine. 

C. Amplitude modulation analysis 

1. Research and test different methods for quantifying AM in wind turbine 

noise, and select one or more methods to quickly characterize AM over a variety 

of conditions. 
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2. Quantify the level of AM (i.e. peak to peak amplitude) and the temporal 

variability (continuous vs. intermittent) in turbine noise for varying wind speed, 

wind shear, and distance from the turbine. 

D. Infrasound analysis 

1. Characterize overall infrasound power levels and spectral constant, i.e. 

broadband low frequency versus spectral peakiness (tonality) under different wind 

conditions and as a function of distance from the turbine. 

II. Analysis of wind farm data 

A. Repeat Eolos analysis with refinements as needed. Investigate the effect of 

multiple turbines on amplitude modulation and infrasound characteristics. Investigate 

methods to synthesize data without losing phase information. 

 

3. Eolos Field Measurements 
Additional acoustic measurements will be taken at the Eolos Wind Research Field Station in the 

summer and fall of 2016. The goal of these measurements will be to fill in gaps from the Eolos 

2012 dataset.  These gaps include wind speed, wind shear, and multiple distances from the wind 

turbine. Measurements will focus on infrasound and low-frequency sound although the entire 

audible range will be recorded. 

3.1 Equipment Overview 
The field equipment for acoustic measurements were selected to meet IEC 61400-11 standards, 

to record the frequency range of 0.1 Hz to 20 kHz, and to be mobile. The acoustic system 

consists of the following equipment: 

1. B&K 4191 microphone with 2669L preamp 

1.1. Audible range microphone with flat frequency response from 5 Hz to 16 kHz (  dB) 

1.2.  dB response 3 Hz to 40 kHz 

1.3. Infrasound frequency overlap with infrasound microphone providing additional data for 

comparison and cross-correlation to remove wind noise if any is present 

2. B&K 4193 microphone with 2669L preamp and UC0211 adapter for low frequency use 

2.1. Infrasound microphone with flat frequency response from 0.1 Hz to 5 kHz 

3. B&K Nexus 2690 microphone amplifier and power supply 

3.1. Power supply for microphones and amplifies analog signal from microphone 

3.2. Flat frequency response 0.1 Hz to 100+ kHz (low pass filter will be set at 20 kHz) 

4. ACO Pacific primary windscreens – 7 inch diameter WS7 

4.1. Alternatively, 90mm diameter B&K UA-0237 

5. Custom secondary windscreens – 20 inch diameter 

5.1. Follows IEC 61400-11 guidelines for secondary windscreen 

5.2. Insertion loss characterization according to IEC 61400-11 standard 

6. One meter diameter plywood boards used as a mounting surface for microphones and 

windscreens 

7. INFILTEC microbarometer INFRA20 

7.1. Infrasound monitor, frequency range 0.05 to 20 Hz 

7.2. Pressure resolution of 0.001 Pa 

8. PC laptop with LabVIEW 

8.1. Acquire data from analog pressure measurements, meteorological data, and GPS 

location 
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9. Met One weather station, measurements at 1 Hz 

9.1. Wind speed 0 to 50 m/s ( ) 

9.2. Wind direction ( ) 

9.3. Temperature ( ) 

9.4. Barometric Pressure ((  Pa) 

9.5. Relative Humidity ( ) 

9.6. Measurement height of 11 ft. with tripod 

In addition to the acoustic measurement equipment listed above, meteorological tower data, 

SCADA, LiDAR, and blade sensor data will be available during measurements at the field site. 

3.2 Windscreen Characterization 

The IEC 61400-11 standard requires secondary windscreen insertion loss (or attenuation) to be 

characterized in 1/3-octave-band frequencies. The procedure used to determine insertion loss is 

listed below. 

All tests were performed in the sound booth at the Multi-Sensory Perception Lab. Tests were 

performed on both the 4191 and 4193 microphones. The microphones were placed on the 

measurement boards and were tested with and without windscreens. A speaker was placed at a 

height of 30 inches and directed towards the microphones. The distance of the microphone to the 

speaker was set to maintain the same angle as that of the wind turbine hub and microphone in the 

field (when using the standard IEC 61400-11 measurement distance). A second distance was 

used at the greatest distance possible in the sound booth to represent the angle between the 

turbine hub and a large measurement distance.  This angle gave a representative distance of 300 

m for an 80 m hub height turbine. 

Step 1: Record background noise for 1 min. at 50 kHz, no windscreens 

Step 2: Record pink noise for 1 min. at 50 kHz, no windscreens 

Step 3: Record pink noise for 1 min. at 50 kHz, primary windscreen only 

Step 4: Record pink noise for 1 min. at 50 kHz, primary and secondary windscreen 

Step 5: Record background noise for 1 min. at 50 kHz, no windscreens 

These steps were performed three times at each location. The horizontal distances were 36 inches 

and 110 inches from the speaker. Background noise was recorded to ensure the generated pink 

noise signal was at least 3 dB higher in every 1/3-octave-band. Average 1/3-octave-band sound 

levels are compared between recordings in Step 3 and Step 4. The difference in sound level is 

then compensated for in the field data, if needed.  Narrowband analysis or power spectral density 

analysis may be required to apply insertion loss to data using those mechanisms for processing. 

3.3 Field Measurement Overview 

Acoustic, turbine, and weather data will be recorded at the Eolos field station in the summer and 

fall of 2016. All data collection will be manned which enables extraneous noise sources/times to 

be recorded and later removed from the dataset. The following is an overview of the data 

collection methodology. 

1. Use short-term weather forecasting to determine measurement days or nights that will fill 

wind speed or wind shear data bins. 
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2. Determine whether to use LiDAR.  This depends on wind direction as the meteorological 

tower may not be in upwind condition. 

a. If the LiDAR is used, set at upwind location approximately 150 m from turbine. 

3. Choose distance and orientation to take measurements. This will be influenced by 

previous data collection, which positions are of most interest, and site access. 

a. 100 m 

b. 300 m 

c. 600 m 

d. 1000 m if possible 

e. orientation: upwind, downwind, rotor plane 

4. Use GPS to determine distance and heading from the wind turbine and set up acoustic 

equipment. 

a. Microphone system, Met One station, microbarometer 

5. Acquire acoustic pressure data at 50 kHz at each location for 20-30 minutes. 

a. Turbine on condition 

b. Turbine off condition (background noise) 

c. Two minute file size 

6. Move to multiple positions throughout the day (or night) repeating steps 3 through 5. 

7. Pack up acoustic equipment and LiDAR and leave site. 

Following data collection, meteorological tower, LiDAR, turbine, and acoustic data will be 

gathered and processed. The analysis methods summarized in Section 3.2 will be used on this 

Eolos 2016 dataset. 

3.4 Analysis Methods 

Analysis methods used on the Eolos 2012 dataset and summarized in Section 3.2 will be used on 

this new Eolos dataset (Eolos 2016 dataset). Target wind speed bins will range from 3 to 12+ m/s 

with 1 m/s wide bins. Target wind shear exponent bins will range from < 0.1 to > 0.4 with a 

resolution of 0.05. 

4. Pleasant Valley Wind Farm Measurements 
Pleasant Valley Wind Farm is a wind farm consisting of 100 Vestas V100 2.0 MW wind 

turbines. The turbines have 100 m rotor diameter and 95 m hub height. The dominant wind 

directions at the site are winds from the south and northwest. As a result of this, the wind 

turbines are predominantly oriented in east-west or northeast-southwest rows. 

The measurement campaign will be similar to that of the 2016 Eolos field site work. The same 

acoustic system and deployable LiDAR unit will be used. The wind farm site does not include a 

meteorological tower and therefore the LiDAR will provide the meteorological data as well as 

the Met One weather station. Measurement locations will be based on what is possible. Factors 

such as crops, trees, and other obstacles may limit measurement locations. 

The analysis methods outlined in Section 3.2 and 3.3 will be used on this dataset as well. 

However, we will take phase characteristics of the sound into consideration due to multiple 

turbines at the site. All phase information is lost when the raw data is processed using frequency 

analysis methods. This causes signals reproduced from frequency data to only produce audio 

recordings representative of the average levels of the original time series data. 
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The field measurements will be performed in a similar fashion as outlined in Section 4.3. The 

major difference will be notifying the wind farm management when we plan on taking 

measurements, when we arrive at the site, and when we leave for the day. 

References 

Hansen, K., Zajamsek, B., & Hansen, C. (2014). Identification of low frequency wind turbine 

noise using secondary windshields of various geometries. Noise Control Engineering 

Journal. 

Hubbard, H. H., & Shepherd, K. P. (1991). Aeroacoustics of large wind turbines. The Journal of 

the Acoustical Society of America, 2495-2508. 

International Electrotechnical Commission. (2012). IEC 61400-11 Wind Turbine Generator 

Systems—Part 11: Acoustic Noise Measurement Techniques.  

Oerlemans, S. (2014). Effect of wind shear on amplitude modulation of wind turbine noise. 

International Journal of Aeroacoustics, 751-728. 



Page 14 of 17 
 

Wind Farm Site Summary and Map 

Pleasant Valley Wind Farm  
Pleasant Valley Wind Farm is located near Hayfield, Minnesota in Dodge and Mower counties and is 

owned and operated by Xcel Energy. It was constructed by Renewable Energy Systems Americas Inc. 

(RES Americas) and began operation in 2015. The wind farm consists of 100 Vestas V100 turbines, 

totaling an installed capacity of 200 MW. Each turbine has a 100 m rotor diameter and 95 m hub height. 

The site’s wind characteristics were measured from 2007 to 2009 for planning purposes. Based on the 

measurements, the long term annual mean wind speed at 80 m is 7.4 to 8.1 m/s, and the dominant wind 

directions are from the south and northwest. The following two pages contain the layout of the northern 

and southern portions of the wind farm, respectively. 

Typical Onsite Data Collection 
The typical onsite data collection program at the wind farm is outlined below. 

 Watch short term forecast (days) for days that will fill wind speed data bins 

 Choose turbine or group of turbines to monitor for the day 

 Contact Site operators to notify coming on Site and to coordinate completion by Study 

Participants of Site orientation and safety training prior to Site entry.  Identify any issues/faults 

with selected turbine(s)  

 Set up LiDAR at fixed location for day (if applicable) 

 Take acoustic measurements at ~9 locations around selected turbine at varying distances (100, 

500, 1000 meter from turbine) and orientations (upwind, downwind, side) 

  Take down LiDAR (ifapplicable) 

 Notify Site operator leaving Site 

 Gather turbine data  from Site operator during following days 
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Additional Milestones:   
 

Work is nearing completion for Milestone 2 (initial TAP meeting, literature review report, 

launched report) and ongoing for Milestones 3 and Milestone 4 (analysis and collection of 

acoustic noise data).  Milestone 6 (human response pilot testing) is also underway. 

 

 

Project Status:  
 

The project made good progress thus far.  Design/testing of field equipment is complete and 

access to the wind farm has been fully approved. Field measurements are fully underway at both 

the wind farm and the single turbine Eolos site.  In addition, pilot testing of human response 

testing is underway.  The research plan, literature review, and website are all nearing completion.  

Attendance to the 171
st
 ASA conference ensured that all of these tasks reflected the current state 

of research on wind turbine noise. 

 

The project is generally on schedule. The literature review (Task 1) is behind schedule, but is 

nearing completion. The analysis of the existing Eolos dataset (Task 2) is on schedule.   The field 

campaign (Task 3) is on schedule as there is field measurements and analysis of that data 

underway.  The Assessment of Human Response (Task 4) is ahead of schedule with pilot testing 

underway. No work has occurred on the Guideline Development (Task 5).  The Public 

Awareness portion of the project (Task 6) is generally behind schedule as the website has not 

been launched yet.   

 

LEGAL NOTICE 

 

THIS REPORT WAS PREPARED AS A RESULT OF WORK SPONSORED BY THE 

RENEWABLE DEVELOPMENT FUND AS MANAGED BY XCEL ENERGY.  IT DOES 

NOT NECESSARILY REPRESENT THE VIEWS OF XCEL ENERGY, ITS 

EMPLOYEES, OR THE RENEWABLE DEVELOPMENT FUND ADVISORY GROUP.  

XCEL ENERGY, ITS EMPLOYEES, CONTRACTORS, AND SUBCONTRACTORS 

MAKE NO WARRANTY, EXPRESS OR IMPLIED, AND ASSUME NO LEGAL 

LIABILITY FOR THE INFORMATION IN THIS REPORT; NOR DOES XCEL 

ENERGY, ITS EMPLOYEES OR THE RENEWABLE DEVELOPMENT FUND 

ADVISORY GROUP REPRESENT THAT THE USE OF THIS INFORMATION WILL 

NOT INFRINGE UPON PRIVATELY OWNED RIGHTS.  THIS REPORT HAS NOT 

BEEN APPROVED OR DISAPPROVED BY NSP NOR HAS NSP PASSED UPON THE 

ACCURACY OR ADEQUACY OF THE INFORMATION IN THIS REPORT. 


