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MILESTONE REPORT 3 
 

Executive Summary:  
Project Summary 

The goals of the project are to: 1) provide technically defensible data and a coherent review of the 
characteristics of wind turbine noise and techniques for measuring the noise; 2) recommend best practices 
for pre- and post- project noise measurements for wind project development; and 3) provide usable 
information on how humans perceive and respond to the sound generated from wind turbines. 

To accomplish this goal, the project has undertaken two studies. The first characterizes the wind turbine 
generated sound and the second will measure human response to these sounds. The characterization study 
will utilize 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. (termed 2012 Eolos Data) 

• New, 2016 acoustic measurements taken at the Eolos site. (termed 2016 Eolos Data) 
• Measurements collected at the Xcel Energy Pleasant Valley wind farm near Sergeant, MN. 

(termed 2016 multi-turbine data) 

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.  

The result of the characterizations of wind turbine generated sound and the response of the human 
response to these sounds, along with a literature review and a review of other national and international 
regulations, will be used to provide information to Minnesota regulators.  

Milestone 3 Summary 

Milestone 3 primarily includes the completed tasks of designing the field campaign to be implemented at 
the multi turbine wind farm.  This task has been broadened to include additional measurements at the 
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single turbine Eolos site.  The field campaign planning report can be found in the appendix.  Additional 
tasks involved in Milestone 3 are the continued analysis of the Eolos 2012 data set and maintenance of the 
public project website. 

The field campaign planning report outlines the goals, equipment, field sites, and methodology for data 
collection portion of the project.  The goals of the data collection are primarily to capture typical and 
extreme wind turbine noise events which can be used for stimuli during human response testing and 
gather a wide range of wind turbine noise for analysis and characterization.  The equipment outlined was 
designed and finalized after initial field testing and considering variables which affect wind turbine noise 
to gather high quality, robust datasets for later analysis. The methodology of data collection was designed 
to ensure efficient data collection trips while maintaining safety of personnel and respect for wind farm 
operators and neighbors. 

The analysis and reporting on the 2012 Eolos data has largely been completed and the report is under 
internal review.  Additional analysis has been performed on the effects of the cooling fan noise on the 
acoustic measurements collected, but this information has yet to be added to the report.  The 2012 data 
includes datasets that are specific to this ancillary cooling noise source. Cooling fan noise is very turbine 
manufacturer specific and the additional analysis is reviewing the effect on noise samples while the 
turbine is operating. 

The website for the project is accessible at the website, www.mnsowta.safl.umn.edu. The website was 
launched at the end of October 2016 and as of May 12, 2017, the website has been visited by 58 users 
with 18 of those users from Minnesota. There has been one contact via the project email 
(mnsowta@umn.edu) and no messages left on the “Contact Us” website form. A project update was 
added to the website on March 10, 2017 outlining a field test on the effectiveness of the secondary 
windscreen at removing wind noise on the microphone. 

Additional Milestones: 
Work is mostly complete for Milestone 4 (field campaign update report, data analysis report of 2012 
Eolos data). The second technical advisory meeting has been completed (Milestone 5). Field data 
collection and analysis has largely been completed which includes deliverables for portions of Milestones 
4, 5, and 6.  With regard to human testing, human testing design and pilot testing portion (Milestone 6) 
has been completed, the IRB approved plan has been approved (Milestone 7), and the human response 
testing has formally started (Milestone 7).   

Project Status: 
The project has made good progress since the last deliverable. Deliverable 3 formally completes the field 
campaign planning report which has been behind schedule. The 2012 Eolos acoustic data analysis is 
currently undergoing internal review and some additions based on ancillary fan noise will be added. The 
field campaign and analysis/reporting is largely completed. The goals of the field campaign, broad range 
of conditions for analysis and collection of stimuli for human testing responses, have been completed.  
Some additional field measurements may be completed if conditions of interest arise.  

The assessment of human response is going well. Pilot testing is complete and the testing procedures have 
been approved by the University of Minnesota’s Institutional Review Board. Human response testing is 
underway.  

Project progress is generally on schedule, but reporting is behind schedule. Work will concentrate on 
assembling deliverables to bring reporting up to date.  With regard to specific milestones, analysis of the 
2012 Eolos data is behind schedule, but reporting is nearing completion. The reporting of field data is 
slightly behind schedule by a few months. The assessment of human response is on schedule. Human 
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response testing is underway and preliminary analysis is completed in parallel with testing. Work on the 
guidelines documents is not schedules to begin until fall of 2017.  

 

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. 

 
Project funding provided by customers of Xcel Energy through a grant from the Renewable Development 
Fund. 
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APPENDIX 
 

Field Campaign Planning Report 
 

The field campaign planning report outline the goals, equipment, field sites, and methodology for the data 
collection portion of the Wind turbine Generated Sound Project, Xcel Renewable Development Fund 
RD4-12. 

FIELD CAMPAIGN GOALS  
The two goals of the field campaign are to  

1) Collect acoustic data (recordings) to be used for the human response testing and  
2) Expand on dataset for analysis already available from the 2012 Eolos acoustic. 

Although the 2012 Eolos acoustics dataset included microphones placed in all orientations from the 
turbine, the measurements were limited to daytime conditions at a distance of 100 meters from a single 
turbine.  The field campaign will expand on this by recording at varying distances more similar to typical 
setback distances, both night and day to capture different atmospheric conditions, and near groups of 
turbines (wind farm) as well as a single turbine (Eolos) site.  However, measurements for field campaign 
will be limited to one location at a time. 

The additional data collected from the field campaign will expand the conditions for analysis and 
maximize the chances for collecting extreme recording to be used during human response testing. 

To provide quantitative goals for the field campaign, 1 m/s wind speed bins from 3 to 11 m/s will be 
targeted for the following measurement conditions. 

1) Turbine operating and background 
2) Distance (100 m, 300m, 600 m ) 
3) Orientation (Upwind, downwind, cross wind) 
4) Wind farm and single turbine (Eolos) 
5) Wind shears,  α (< 0.1 to > 0.4) 

A bin is considered filled when there ten 10-second duration measurement are recorded.  These are targets 
and not likely to be filled, but will guide data field campaign data collection. 

FIELD EQUIPMENT 
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: 

• B&K 4191 microphone with 2669L preamp 
o Audible range microphone with flat frequency response from 5 Hz to 16 kHz (±1 dB) 
o ±2 dB response 3 Hz to 40 kHz 
o Infrasound frequency overlap with infrasound microphone providing additional data for 

comparison and cross-correlation to remove wind noise if any is present 
• B&K 4193 microphone with 2669L preamp and UC0211 adapter for low frequency use 

o Infrasound microphone with flat frequency response from 0.1 Hz to 5 kHz 
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• B&K Nexus 2690 microphone amplifier and power supply 
o Power supply for microphones and amplifies analog signal from microphone 
o Flat frequency response 0.1 Hz to 100+ kHz (low pass filter will be set at 20 kHz) 

• ACO Pacific primary windscreens – 7 inch diameter WS7 
o Alternatively, 90mm diameter B&K UA-0237 

• Custom secondary windscreens – 20 inch diameter 
o Follows IEC 61400-11 guidelines for secondary windscreen 
o Insertion loss characterization according to IEC 61400-11 standard 

• One meter diameter plywood boards used as a mounting surface 
for microphones and windscreens 

• INFILTEC microbarometer INFRA20 
o Infrasound monitor, frequency range 0.05 to 20 Hz 
o Pressure resolution of 0.001 Pa 

• PC laptop with LabVIEW 
o Acquire data from analog pressure measurements, 

meteorological data, and GPS 
location 

• Met One weather station, measurements at 
1 Hz  

o Wind speed 0 to 50 m/s (±2%) 
o Wind direction (±5°) 
o Temperature (±4℃) 
o Barometric Pressure ((±200 Pa) 
o Relative Humidity (±4%) 
o Measurement height of 11 ft. with 

tripod 

In addition to the acoustic measurement 
equipment listed above, meteorological data 
will be collected.  For both the Eolos single 
turbine site and the wind farm, the LiDAR will 
be located at a location representative of the 
incoming wind.  This will generally upwind of 
the turbine as the field conditions allow.  For 
the Eolos single turbine site, the meteorological 
tower data, turbine SCADA data, and 
blade/foundation will be available if analysis 
benefits the project. 

Secondary 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 

Figure 1: Field Equipment – Weather Station, Secondary 
Windscreens and LiDAR 
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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.  IEC 61400-11 specifies pink noise for 
the generated reference signal. Pink noise is random noise which contains equal energy in each octave 
band and thus is a good representative reference signal for acoustic sensitivity of humans. 

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. 

FIELD SITES 
Both the Eolos single turbine site and Pleasant Valley wind farm will be used for data collection. Initial 
planning assumed that field testing would only be performed at the wind farm. However, the Eolos single 
turbine site provides the following advantages over the wind farm: 

1. Isolate noise source to a single turbine 
2. Ability to place turbine in standby to measure background noise  

The goal of these single turbine site 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. 

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 wind farm allows acoustics measurement in the vicinity of 
multiple turbines which will affect acoustics data collected. However, a single turbine in the wind farm 
will be targeted while to provide a reference for distance and orientation.  The turbine cannot be placed 
into standby for background noise measurements, so an offsite location ~5km from nearest turbine with 
similar geographical features will be selected for background acoustic measurements 

Measurement target locations for both sites will be turbine access roads for ease of deployment and safety 
of personnel.  Other locations may be used if suitable. 

FIELD MEASUREMENT METHODOLOGY 
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. This 
methodology may change at time of data collection due to field conditions 

1. Use short-term weather forecasting to determine measurement days or nights that will fill wind 
speed bins.  Ramping wind speeds over a few hours provides best success of quickly filing data 
bins. 
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2. Choose distance(s), orientation(s), and reference turbine(s) (wind farm only) to take 
measurements at prior to going onsite. This will be influenced by data bins already filled, 
forecasted wind direction, and site access/limitations. 

a. For wind farm measurements, select turbine with access road in preferred range and 
orientation using forecasted wind directions 

b. Note GPS location of reference turbine for reference during deployment 
3. Notify appropriate personnel day before deployment and when entering site 

a. Wind farm manager for wind farm 
b. Researchers at single turbine site 

4. Deploy LiDAR at upwind location approximately 150 meters from reference turbine. 
5. Use GPS to determine location of acoustic measurements based on distance and heading from 

reference turbine and set up acoustic equipment. 
a. Prioritize distance from turbine  
b. Microphone system, Met One station, microbarometer 

6. Gather acoustic pressure data with turbine operation at for 20-30 minutes. 
a. Two minute file size 

7. Gather background noise data for 20-30 minutes 
a. Place turbine in standby for Eolos single turbine site 
b. Move to background measurement location for the wind farm site 

8. Stay at location (if wind speed changed) or move to other measurement location and repeating 
steps 4 through 7. 

9. Notify appropriate personnel when leaving site 

Following data collection, meteorological tower, LiDAR, turbine, and acoustic data will be gathered and 
processed.  
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Website Traffic, Contacts, and Updates 
 

There has been no appreciable traffic to the website.  As of May 12, 2017, the website has been visited by 
58 users with 18 of those users from Minnesota.   

There has been one contact via the project email (mnsowta@umn.edu) and no messages left on the 
“Contact Us” website form.  

The following project update was added to the website (http://mnsowta.safl.umn.edu/news/mnsowta-
project-updates) outlining a field test on the effectiveness of the secondary windscreen at removing wind 
noise on the microphone. 

Secondary Windscreen Testing  

March 10, 2017 

In December 2016, testing was done of the secondary wind screens used in field measurements 
to evaluate their performance in reducing wind-induced noise on the microphones.  This will be 
done by comparing measurements made with the secondary wind screens above ground and 
measurements made below ground. The below ground measurements are made in a box with 
dimensions of 0.5 x 0.5 x 0.5 m with a ½“ foam lid flush with the ground. The acoustic 
equipment is the same equipment that is used in the study’s field measurements. The setup can 
be seen in Figure 1. The measurements were made approximately 440 m downwind from the 
turbine. 

 

Figure 1: Experimental setup for secondary wind screen performance evaluation.  
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Measurements were made for a total of 5 hours. The turbine was turned on and off during this 
period to get background noise. The measurements were binned by a 10 m reference height wind 
speed. The sound pressure level (SPL) is the result of an average of all the measurements in that 
wind speed bin. Figure 2 shows the SPL spectra for the box and wind screen measurements when 
the turbine was running, and Figure 3 shows the measurements for when the turbine was off. The 
SPL spectra for box and wind screen measurements are very similar and indicate the secondary 
wind screens perform as well as below ground measurements for reducing wind noise on the 
microphone. 

 

Figure 2: Comparison of SPL vs frequency for the box and windscreen tests of turbine on 
condition. Measurements have been binned by wind speed recorded by the weather station which 
has been referenced to a 10 m height 

 

Figure 3: Comparison of SPL vs frequency for the box and windscreens tests of background 
noise. Measurements have been binned by wind speed recorded by the weather station which has 
been referenced to a 10 m height 
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