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4.0 Disclaimer 

This report was prepared as an account of work sponsored by an agency of the United States government. 
The test results documented in this report define the characteristics of the test article as configured and 
under the conditions tested. 

The U.S. Government, nor any agency thereof, nor any of their employees, makes any warranty, express 
or implied, or assumes any legal liability or responsibility for the usefulness of any information, 
apparatus, product, or process disclosed, or represents that its use would not infringe privately owned 
rights. Nor do they assume legal liability or responsibility for the performance of the test article or any 
similarly named article when tested under other conditions or using different test procedures. 

Neither Midwest Research Institute nor the U. S. government shall be liable for special, consequential, or 
incidental damages. Reference herein to any specific commercial product, process, or service by trade 
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the U.S. Government or any agency thereof. The views and opinions of 
the authors expressed herein do not necessarily state or reflect those of the U.S. Government or any 
agency thereof.  

The National Renewable Energy Laboratory (NREL) is a National Laboratory of the U. S. Department of 
Energy (DOE), and as an adjunct of the U.S. government, cannot certify wind turbines. The information 
in this report is limited to NREL’s knowledge and understanding as of this date.  

This report may only be reproduced in full with written permission from NREL. 

5.0 Background 

This test is being conducted as part of the U.S. DOE’s Small Wind Turbine Field Verification Program.  
The primary purpose of this program is to provide consumers, manufacturers, and host site organizations 
with an independent assessment of the performance, reliability, safety, and acoustics of small U.S. wind 
turbines. 

The test equipment, which is located at the National Wind Technology Center (NWTC), included a 
Bergey Excel wind turbine mounted on a 36.6-ft lattice tower and a Trace Gridtek-10 inverter.  Bergey 
WindPower Company in Oklahoma manufactured the turbine.  AWS Scientific installed the system with 
support from Bergey WindPower.  

6.0 Test Objective 

The objective of the test is to characterize the noise emissions of the Bergey Excel wind turbine using two 
sets of blades: BW3 and SH3052.  To meet this objective, the measurements were collected and analyzed 
in accordance with the International Electrotechnical Commission standard for acoustic noise 
measurement techniques, IEC 61400-11 (Ref. 1).  This report documents the measurement techniques, 
test equipment, analysis procedures, results, and uncertainty for the following quantities: 

Wind Turbine Generator System Acoustic Noise Test Report for the Bergey Excel Wind Turbine Page 6 of 95



7 

• Apparent sound power level 
• Dependence on wind speed 
• Directivity. 

7.0 Results Using Measured Wind Speed 

7.1 Bergey Excel-S with BW3 Blades 

Turbine and background data were collected on the Bergey Excel with the first set of blades (identified as 
BW3) on 19 April 2001, 08 February 2002, and 14 February 2002.  The following sections show the 
results of the analysis.  The results used the measured, standardized wind speed.  The measured wind 
speed was obtained from an anemometer located 292o from the turbine at hub height (37 meters) then 
standardized to the reference height of 10 m and roughness length 0.05 m.  Noise measurements were 
averaged over 10 seconds, instead of 1 minute as the Standard specifies, to better characterize the noise at 
higher wind speed (specifically, when the turbine employs overspeed control).   

Figure 1 through Figure 4 show the data used for analysis for microphone positions 1 through 4, 
respectively.  For the sound power, directivity, wind speed dependence, and tonality analysis and figures, 
the inverter is 100% online and connected to the grid.  Section 7.1.5 includes data from when the inverter 
is partially or fully offline. 

7.1.1 A-Weighted Sound Power Level  

The apparent sound power level for all microphone positions was determined using turbine and 
background data between the measured standardized wind speeds of 6 to 10 m/s.  Table 1 gives the 
calculated apparent sound power level for four microphone positions around the turbine using the 
measured reference wind speed.  As shown in Figure 19, reference microphone position 1 is downwind, 
microphone position 3 is upwind, and microphone positions 2 and 4 are on each side of the turbine.   

Table 1. BW3 Configuration: Apparent Sound Power Levels Using the Measured Reference 
Wind Speed 

Microphone Position Unit 1 2 3 4 
Apparent sound power level 
at 8 m/s 

dBA 98.4 95.9 97.1 94.9 

Uncertainty ¥ dBA 2.8 2.8 2.8 2.8 
Turbine sound pressure level 
at 8 m/s dBA 58.9 56.5 57.8 56.2 

Background sound pressure 
level at 8 m/s dBA 46.0 45.1 47.4 49.4 

Difference between 
background and turbine dBA 12.9 11.3 10.4 6.8 

Number of turbine points -- 399 399 399 399 
Number of background points -- 320 320 320 320 

¥ - The uncertainty reported is the worst case.  
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7.1.2 Wind Speed Dependence 

All standardized wind speeds above 4 m/s from reference microphone position 1 were used in this 
analysis.  Higher wind speeds were included to characterize the noise when the turbine employs 
overspeed control; in this case, furling.  However, for the lower wind speed bins, the difference between 
the turbine and background noise was less than 3 dBA, and the Standard requires it be reported the 
turbine noise was less than the background noise.  For bins in which the difference between turbine and 
background noise is between 3 and 6 dBA, a standard background correction of 1.3 dBA was applied and 
noted.  The results are shown in Table 2 and Figure 5 for all bins with at least 3 data points. 

Table 2. BW3 Configuration: Wind Speed Dependence for Measured 
Wind Speed 

Bin Wind Speed 
Average 

Position 1 
Corrected Sound 

Pressure Level 

 Uncertainty¥ 

m/s m/s dBA  dBA 

4 4.2 -- ** -- 

5 5.0 47.5 * 3.0 

6 6.0 51.3  3.7 

7 7.0 56.4  3.2 

8 8.0 59.7  3.0 

9 8.9 62.5  2.9 

10 10.0 65.6  2.1 

11 11.0 67.8  2.6 

12 11.9 70.1  1.8 

13 13.0 72.5  1.9 
¥  The uncertainty reported is the worst case. 
*  The difference between the turbine and background noise was greater than 3 dB and 

less than 6 dB, so a standard background correction of 1.3 dB was applied. 
**  The difference between the turbine and background noise was less than 3 dB, so the 

turbine noise was less than the background noise. 

7.1.3 Directivity 
In calculating the directivity, the measurements from the four microphone positions were measured 
simultaneously.  The directivity was calculated for positions 2, 3, and 4 in reference to position 1 at a 
wind speed of 8 m/s.  The results are shown in Table 3. 
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Table 3. BW3 Configuration: Directivity at 8 m/s 

Position Units 2 3 4 

Directivity dB -2.5 -1.3 -3.4 

Uncertainty¥ dB 3.7 3.8 3.8 
¥ The uncertainty reported is the worst case.  

7.1.4 Tonal Analysis 
A tone inspection was completed for frequencies from 20 to 5000 Hz for the reference microphone 
position 1 at a wind speed of approximately 8 m/s.  The sets of unweighted spectra were obtained using 
the settings shown in Table 4.   

Table 4. Data Created for Tone Inspection 

Microphone 
Position 

Bandwidth Frequency 
Resolution 

Number of 
Spectra 

1 0 - 3200 6 480 

1 3000 - 6200 6 480 

 

An inspection for tones was completed for the frequency range 20 to 5000 Hz with an effective 
bandwidth of 6 Hz using a Hanning window. Figure 6 shows an averaged 2-minute unweighted spectrum 
for turbine noise for reference microphone position 1 at an averaged wind speed of 8 m/s.  Table 5 shows 
the results of the tonality analysis. 

Table 5. BW3 Configuration: Tonality Results 

Frequency 
of Tone 

Critical 
Band 

Lpn Masking 
Noise Level 

Lpt Overall 
Tone Level 

∆Ltn, 

Tonality 

UC 
Combined 

Uncertainty 
[Hz] [Hz] [dB] [dB] [dB] [dB] 

78 - 82 30 - 130 44.6 64.6 20.0 7.0 
 

7.1.5 Other Results 
The data used in the analysis for sound power level, wind speed dependence, and tonality were collected 
when the inverter was 100% online during the 10-second average.  Data were also collected when the 
inverter was partially or fully offline during the average (shown in Figure 7).  No analysis was performed 
on this data. 
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7.2 Bergey Excel-S with SH3052 Blades 

Turbine and background data were collected on the Bergey Excel with the second set of blades (identified 
as SH3052) on 27 March 2002.  The following sections show the results of the analysis using the 
measured, standardized wind speed.  The measured wind speed was obtained from an anemometer located 
292o from the turbine at hub height (37 meters) then standardized to the reference height of 10 m and 
roughness length of 0.05 m.  Noise measurements were averaged over 10 seconds, instead of 1 minute as 
the Standard specifies, to better characterize the noise at higher wind speeds (specifically when the 
turbine employs overspeed control).   

Figure 8 through Figure 11 show the data used for analysis for microphone positions 1 through 4, 
respectively.  For these figures, the inverter is 100% online and connected to the grid.  Section 7.2.5 
includes data from when the inverter is partially or fully offline. 

7.2.1 A-Weighted Sound Power Level 

The apparent sound power level for all microphone positions was determined using turbine and 
background data between the standardized wind speeds of 6 to 10 m/s.  Table 1 gives the calculated 
apparent sound power level for four microphone positions around the turbine.  As shown in Figure 19, 
reference microphone position 1 is downwind, microphone position 3 is upwind, and microphone 
positions 2 and 4 are on each side of the turbine.  The Standard states that if the difference between the 
turbine and background noise is between 3 and 6 dBA, turbine noise can be corrected for background 
noise but cannot be used to determine the sound power level or directivity.  Therefore, the apparent sound 
power level is not reported for any microphone positions. 

Table 6. SH3052 Configuration: Apparent Sound Power Levels for the Acoustic Reference 
Wind Speed 

Microphone Position Unit 1 2 3 4 
Apparent sound power level 
at 8 m/s 

dBA * * * * 

Uncertainty ¥ dBA -- -- -- -- 
Turbine sound pressure level 
at 8 m/s dBA 52.2 50.9 52.2 53.2 

Background sound pressure 
level at 8 m/s dBA 47.9 47.3 48.1 49.0 

Difference between 
background and turbine dBA 4.3 3.6 4.1 4.2 

Number of turbine points -- 292 292 292 292 
Number of background points -- 126 126 126 119 

¥ - The uncertainty reported is the worst case.  
* - The difference between the turbine and background noise was less than 6 dBA, so the apparent sound 

power level cannot be determined. 

7.2.2 Wind Speed Dependence 

All standardized wind speeds above 4 m/s from reference microphone position 1 were used in this 
analysis.  Higher wind speeds were included to characterize the noise when the turbine employs 
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overspeed control (in this case, furling).  For bins in which the difference between turbine and 
background noise is between 3 and 6 dBA, a standard background correction of 1.3 dBA was applied and 
noted.  The results are shown in Table 2 and Figure 12 for all bins with at least 3 data points. 

Table 7. SH3052 Configuration: Wind Speed Dependence for Measured 
Wind Speed 

Bin Wind Speed 
Average 

Position 1 
Corrected Sound 

Pressure Level 

 Uncertainty¥ 

m/s m/s dBA  dBA 

7 7.1 51.0 * 2.2 

8 8.0 51.0 * 2.3 

9 9.1 52.6 * 2.0 

10 10.0 53.7 * 1.9 

11 11.0 55.3 * 2.2 

12 12.0 57.2 * 2.2 

13 12.9 59.2 * 2.9 

14 14.0 60.6 * 2.5 

15 15.0 61.8 * 2.1 
¥  The uncertainty reported is the worst case. 
*  The difference between the turbine and background noise was greater than 3 dB and 

less than 6 dB, so a standard background correction of 1.3 dB was applied. 

7.2.3 Directivity 

Directivity is determined from sound power levels for each microphone position.  Because the sound 
power level could not be calculated for microphones 1, 2, 3, and 4, the directivity could not be 
determined. 

7.2.4 Tonal Analysis 
A tone inspection was completed for frequencies from 20 to 5000 Hz for the reference microphone 
position 1.  The sets of unweighted spectra were obtained using the settings shown in Table 4.   

Table 8. Data Created for Tone Inspection  

Microphone 
Position 

Bandwidth Frequency 
Resolution 

Number of 
Spectra 

1 0 - 3200 6 480 

1 3000 - 6200 6 480 
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An inspection for tones was completed for the frequency range 20 to 5000 Hz with an effective 
bandwidth of 6 Hz using a Hanning window. Figure 13 shows an averaged 2-minute unweighted 
spectrum for turbine noise for reference microphone position 1 at an averaged wind speed of 8 m/s.  
Although there are tones in the turbine and background spectra, no tones originate from the turbine at a 
wind speed of 8 m/s. 

7.2.5 Other Results 
The data used in the analysis for sound power level, wind speed dependence, and tonality were collected 
when the inverter was 100% online during the 10-second average.  Data were also collected when the 
inverter was partially or fully offline during the average (shown in Figure 14).  No analysis was 
performed on this data. 
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Figure 1. BW3 configuration turbine plus background and background data for  

microphone position 1. 
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Figure 2. BW3 configuration turbine plus background and background data for  
microphone position 2. 
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Figure 3. BW3 configuration turbine plus background and background data for  

microphone position 3. 
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Figure 4. BW3 configuration turbine plus background and background data for  

microphone position 4. 

Wind Turbine Generator System Acoustic Noise Test Report for the Bergey Excel Wind Turbine Page 14 of 95



15 

35

40

45

50

55

60

65

70

75

80

2 4 6 8 10 12 14 16 18 20 22 24
wind speed (m/s)

so
un

d 
pr

es
su

re
 le

ve
l (

dB
 A

)

0

3

6

9

12

15

18

21

24

27

di
ffe

re
nc

e 
in

 s
ou

nd
 p

re
ss

ur
e 

le
ve

l (
dB

 A
)

Binned Turbine Noise

Binned Background Noise

Background Corrected Sound Pressure Level

Difference Between Background and Turbine

 
Figure 5. BW3 configuration: wind speed dependence at microphone position 1. 
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Figure 6. BW3 configuration: turbine plus background and background spectrum for  

microphone position 1. 
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Figure 7. BW3 configuration: inverter online and offline sound pressure levels. 
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Figure 8. SH3052 configuration: turbine plus background and background data for  

microphone position 1. 
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Figure 9. SH3052 configuration: turbine plus background and background data for  

microphone position 2. 
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Figure 10. SH3052 configuration: turbine plus background and background data for  

microphone position 3. 
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Figure 11. SH3052 configuration: turbine plus background and background data for  

microphone position 4. 

Wind Turbine Generator System Acoustic Noise Test Report for the Bergey Excel Wind Turbine Page 18 of 95



19 

35

40

45

50

55

60

65

6 8 10 12 14 16
wind speed at acoustic reference conditions (m/s)

so
un

d 
pr

es
su

re
 le

ve
l (

dB
 A

)

0

3

6

9

12

15

18

di
ffe

re
nc

e 
in

 s
ou

nd
 p

re
ss

ur
e 

le
ve

l (
dB

 A
)

Binned Turbine Noise

Binned Background Noise

Background Corrected Sound Pressure Level

Difference Between Background and Turbine

 
Figure 12. SH3052 configuration: wind speed dependence at microphone position 1. 
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Figure 13. SH3052 configuration: turbine plus background and background spectrum for 

microphone position 1. 
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Figure 14. SH3052 configuration: inverter online and offline sound pressure levels. 
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8.0 Results Using Wind Speed Derived from Power 
The Standard states that the preferred method of determining the wind speed is through measured power.  
Section 13.2 explains how wind speed is derived from measured power. 

Figure 15 and Figure 16 show the results obtained when this method was applied to the acoustic noise 
data.  Although Figure 15 shows a good correlation between sound pressure level and derived wind 
speed, Figure 16 shows that there is a large scatter of data and poor correlation of noise level to wind 
speed derived from power measurements.   

8.1 Apparent Sound Power Level for the Bergey Excel-S with BW3 Blades 

The apparent sound power level for all microphone positions was determined using turbine and 
background data between the derived standardized wind speeds of 6 to 10 m/s.  Table 9 gives the 
calculated apparent sound power level for four microphone positions around the turbine using wind 
speed.     

Table 9. BW3 Configuration: Apparent Sound Power Levels for the Acoustic Reference Wind 
Speed from Power 

Microphone Position Unit 1 2 3 4 
Apparent sound power level 
at 8 m/s 

dBA 98.0 95.5 96.6 94.4 

Uncertainty ¥ dBA 3.0 3.0 3.0 3.3 
Turbine sound pressure level 
at 8 m/s dBA 58.5 56.2 57.4 55.8 

Background sound pressure 
level at 8 m/s dBA 46.0 45.1 47.4 49.4 

Difference between 
background and turbine dBA 12.6 11.0 10.0 6.4 

Number of turbine points -- 373 373 373 373 
Number of background points -- 320 320 320 320 

¥ - The uncertainty reported is the worst case.  

8.2 Apparent Sound Power Level for the Bergey Excel-S with SH3052 Blades 

For most wind turbines, the output power correlates well to wind speed up to the point of maximum 
power.  This was true for the Bergey Excel using the BW3 blades but not true for the Bergey Excel using 
the SH3052 blades.  There was a large scatter of data and poor correlation of noise level to wind speed 
derived from power measurements.  Therefore, the results obtained through this method were not 
reported.  Section 13.2 describes the correlation between the power and sound pressure levels.  NREL has 
not determined why this method did not show a better correlation than the method that uses the measured 
wind speed. 
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Figure 15. Bergey with BW3 blades: reference microphone position 1 data using  

measured and derived wind speed. 
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Figure 16. Bergey with SH3052 blades: reference microphone position 1 data using  

measured and derived wind speed. 

Wind Turbine Generator System Acoustic Noise Test Report for the Bergey Excel Wind Turbine Page 22 of 95



23 

9.0 Test Turbine 

Figure 17 shows the Bergey Excel-S wind turbine.  The Bergey Excel-S is a three-bladed upwind wind 
turbine rated at 10 kW output at 13.0 m/s. It is connected to a Bergey Gridtek inverter, which provides 
power to the NWTC public service electrical grid. 

The Excel uses a permanent magnet alternator to produce three-phase variable frequency output at a 
nominal 240 volts.  The three-phase output is rectified to DC power and then converted to single-phase 
240-volt 60-Hz AC power in the Gridtek inverter.  

In high wind speeds (greater than about 15.6 m/s), the turbine will turn out of the wind (known as furling) 
to protect the turbine from overspeeding. Table 10 lists basic turbine configuration and operational data. 

The Bergey Excel was tested with two blade configurations: BW3 blades and SH3052 blades.  The BW3 
turbine blades are made from pultruded fiberglass.  The SH3052 turbine blades have no pitch weights and 
are shorter. Further, using SH3052 blades changes the rotational direction of the rotor. 

Table 10 lists configuration and operational data for the Bergey Excel-S for both configurations.  

 

 

Figure 17. Test turbine. 
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Table 10. Test Turbine Configuration and Operational Data 

General Configuration:  
Make, Model, Serial Number Bergey Wind Power Company, Bergey Excel 
Rotation Axis Horizontal 
Orientation Upwind 
Number of Blades 3 
Rotor Hub Type Rigid 
Rotor Diameter (m) BW3 configuration: 7 

SH3052 configuration: 6.2 
Hub Height (m) 37.0 
Performance:  
Rated Electrical Power (kW) 10 
Rated Wind Speed (m/s) 13.0 
Cut-In Wind Speed (m/s) 3.1 
Cut-Out Wind Speed (m/s) None 
Rotor:  
Swept Area (m2) 38.4 
Rotational Speed (rpm) 0 to 350 
Tilt Angle (deg)  
Blade Pitch Angle (deg)  
Direction of Rotation BW3 configuration: clockwise 

SH3052 configuration: counterclockwise 
Overspeed Control/Protection AutoFurl 
Power Regulation (active/passive) Passive 
Yaw System:  
Wind Direction Sensor Tail vane 
Yaw Control Method Free yaw 
Tower:  
Type Bergey guyed lattice 
Height (m) 36.5 
Control / Electrical System:  
Controller: Make, Type Bergey Gridtek inverter 
Electrical Output Voltage, Number of 
Phases 

Nominal 240-volt single phase 

10.0 Test Site 

The Bergey Excel wind turbine was located at Site 1.4 of the NWTC (hereafter referred to as the test site), 
approximately 8 km south of Boulder, Colorado.  The test site is located in somewhat complex terrain at 
an approximate elevation of 1850 m above sea level.  Figure 18 shows a plot plan of the test site with 
topography lines listed in feet above sea level.  During the acoustic noise test, there was little vegetation, 
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and neighboring turbines were shut off during testing.  However, a concrete plant was located 
approximately 900 meters west of the test turbine. 

 

 

 

Figure 18. Test turbine location. 
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11.0 Test Equipment 

11.1  Equipment Description 

Table 11 shows the list of equipment used for the test.  
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Table 11. Equipment List for Acoustic Test  

Date Used Instrument Manufacturer Model 
Number 

Serial 
Number 

Calibration 
Due Date 

Signal Analyzer Hewlett Packard 35670A 3431A01613 8/14/2001 
Microphone ACO Japan 7012 17508 5/10/2002 
Microphone ACO Japan 7012 17509 5/10/2002 
Microphone ACO Japan 7012 17510 5/10/2002 
Microphone ACO Japan 7012 19037 5/10/2002 
Preamplifier ACO Pacific 4012 9903 5/17/2002 
Preamplifier ACO Pacific 4012 960032 5/17/2002 
Preamplifier ACO Pacific 4012 96050 5/17/2002 
Preamplifier ACO Pacific 4012 9900503 5/17/2002 
Calibrator Bruel & Kjaer 4230 830235 5/15/2001 
Digital Recorder Sony PC208AX U3538 8/25/2000 

Post-test 
calibrated on 
2/22/2002 

Anemometer Met One 010C Y4397 2/20/2002 
Wind Vane Met One 020C U1477 2/20/2002 
Pressure Sensor Omega HHP-102F T3330002 12/19/2001 
Temperature 
Sensor 

Omega 869 0653393 12/12/2001 

19 Apr 2001 

Data Logger Campbell 
Scientific 

23X 1214 1/31/2002 

Signal Analyzer Hewlett Packard 35670A 3431A01613 8/8/2004 
Microphone ACO Japan 7012 17561 6/17/2003 
Microphone ACO Japan 7012 17509 6/16/2003 
Microphone ACO Japan 7012 17508 5/10/2002 
Microphone ACO Japan 7012 19037 6/16/2003 
Preamplifier ACO Pacific 4012 6009 6/18/2003 
Preamplifier ACO Pacific 4012 960032 6/18/2003 
Preamplifier ACO Pacific 4012 9900504 6/18/2003 
Preamplifier ACO Pacific 4012 9900503 5/17/2002 
Calibrator Bruel & Kjaer 4230 861619 10/22/2002 
Digital Recorder Sony PC208AX U3538 8/25/2000 

Post-test 
calibrated on 
2/22/2002 

Anemometer Met One 010C Y4397 2/20/2002 
Wind Vane Met One 020C U1477 2/20/2002 

8-14 Feb 2002 

Pressure Sensor Omega HHP-102F S2830007 11/19/2002 
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Temperature 
Sensor 

Omega 869 0464507 11/19/2002  

Data Logger Campbell 
Scientific 

23X 3101 10/30/2002 

Signal Analyzer Hewlett Packard 35670A 3431A01613 8/8/2004 
Microphone ACO Japan 7012 17561 6/17/2003 
Microphone ACO Japan 7012 17510 5/10/2002 
Microphone ACO Japan 7012 17509 6/16/2003 
Microphone ACO Japan 7012 17508 5/10/2002 
Preamplifier ACO Pacific 4012 9900503 5/17/2002 
Preamplifier ACO Pacific 4012 960032 6/18/2003 
Preamplifier ACO Pacific 4012 9900504 6/18/2003 
Preamplifier ACO Pacific 4012 6009 6/18/2003 
Calibrator Bruel & Kjaer 4230 861619 10/22/2002 
Digital Recorder Sony PC208AX U3538 2/22/2004 
Anemometer Met One 010C T2345 2/21/2003 
Wind Vane Met One 020C T1010 2/21/2003 
Pressure Sensor Omega HHP-102F S2830007 11/19/2002 
Temperature 
Sensor 

Omega 869 0464507 11/19/2002 

27 Mar 2002 

Data Logger Campbell 
Scientific 

23X 3101 10/30/2002 

 

The power and meteorological measurements (wind speed, wind direction, pressure, and temperature) 
were averaged and recorded by the Campbell data logger.  The digital audio tape recorder recorded the 
acoustic measurements.  Acoustic measurements were synchronized with power and meteorological 
measurements in the post-processing stage. 

11.2 Meteorological Tower Location 

The meteorological tower was located 22.7 meters from the test turbine at a bearing of 292o true.  This 
distance is more than 3.0 rotor diameters from the test turbine and within the range specified in the 
Standard (between 2 and 4 rotor diameters). 

11.3 Instrumentation Locations 

Figure 19 shows the layout of the microphones.  The radius, Ro is determined by Equation 1. 
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  R H
D
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  Equation 1 

Table 12.  Variables for Determining the Distance between the Turbine Base and Microphones 

Parameter Description Value Units 
Ro Reference distance 40.5 m 
H Vertical distance from the ground to the rotor center 37.0 m 
D Diameter of the rotor (BW3 blades) 7.0 m 
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Figure 19. Microphone positions. 
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For both turbine configurations, microphones were located 40.0 m from the center of the tower with 
relative positions, as shown in Figure 19.  Small adjustments from the nominal microphone positions may 
be required to avoid reflecting surfaces or to obtain allowable grazing angles.  This distance meets the 
requirements of the Standard for both turbine configurations. 

The anemometer will be located on a permanent meteorological tower at 37.0 m height at a bearing of 
292o true.  The meteorological tower will be located upwind from reference microphone position 1 during 
testing. 

12.0 Measurement Procedures 

12.1 Test Conduct 

The acoustic noise test consists of two types of noise measurements: turbine and background.  Turbine 
noise measurements are taken when the turbine is operating, and background noise measurements are 
taken when the turbine is stopped. 

The operator begins a measurement session by starting the digital tape recording to record noise from the 
four microphones.  Simultaneously, the data logger acquires wind speed, wind direction, and turbine 
power.  The data logger averages each of these readings over 10-second periods.  Noise data is processed 
into 10-second averages and synchronized with the data logger averages in post-processing. 

Because the Bergey Excel uses furling for overspeed control, 10-second averages were used instead of 1-
minute averages (as the Standard recommends) so that the noise from turbine response to changes in wind 
speed could be better characterized. 

12.2 Test Completion 

The test is complete when all requirements listed in Table 13 are fulfilled for turbine and background 
measurements. 

Table 13. Data Requirements 

Measurement Type Requirements 
A-weighted sound pressure level:                  
(turbine and background measurements) 

At least 10 measurements taken during a wind speed not 
differing more than 2 m/s from the acoustic reference 
wind speed (8 m/s) 

 At least 25% of the measurements below the acoustic 
reference wind speed 

 At least 25% of the measurements above the acoustic 
reference wind speed 

 Data at or above the point at which the turbine employs 
overspeed control 

Narrowband measurements Twelve 10-second measurements close to the acoustic 
reference wind speed (8 m/s) 
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13.0 Analysis Methods 

13.1 Data Selection 

All data were collected in three measurement series. Conditions are listed in Table 14. 

Table 14. Measurement Conditions 

Date Measurement 
Time 

Reference 
Microphone 
Position 

Wind Direction 
Range 

Pressure Temperature 

 HH:MM degrees degrees kPa K 
BW3 Configuration 
19 April 2001 08:42 to 15:13 110 o 286o to 316 o 80.0 – 80.1 292.3 – 293.6 
08 February 2002 17:49 to 20:23 112 o 277o to 307 o 79.8 – 80.5 270.3 – 271.6 
14 February 2002 10:30 to 13:55 112 o 277o to 307 o 80.3 – 80.8 271.2 – 278.6 
SH3052 Configuration 
27 March 2002 09:25 to 17:27 92 o 257o to 287 o 79.9 – 80.4 282.1 – 288.8 

 

The first step in the data analysis procedure is to reject all data obtained during the following 
circumstances: 

• Interruption from noise sources such as a passing vehicle or airplane 
• Failure of test equipment 
• Wind direction outside of allowable range 
• Wind speed below cut-in 
• Turbine failure 
• Adverse weather conditions. 

13.2 Determination of Wind Speed 

The Standard’s preferred method of determining the wind speed is to use the measured power output and 
derive the wind speed through the power curve.  The power curve relates the power to the wind speed 
averaged over the rotor swept area.  The turbine is used as a large anemometer and usually gives a better 
determination of wind speed at the rotor than using a cup anemometer located on a meteorological tower 
a distance from the turbine. 

For most wind turbines, the output power correlates well with turbine sound pressure level up to the point 
of maximum power.  This was true for the Bergey Excel using the BW3 blades but not true using the 
SH3052 blades.  Figure 20 displays less scatter in the power-versus-wind speed relationship for the 
Bergey using BW3 blades.  Figure 21 displays the large scatter in the power-versus-wind speed 
relationship for the Bergey using SH3052 blades.  Ten-second averaged power measurements collected 
during the noise test were used to derive the wind speed from the 1-minute averaged power curve.  The 
results shown in Section 8.0 use the wind speed derived from power. 

The Standard’s optional method of determining the wind speed is to directly measure the wind speed and 
standardize this wind speed to acoustic reference conditions (roughness length of 0.5 meters and height of 
10 m).  The results shown in Section 7.0 use this method for determining the wind speed. 
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Figure 20. Bergey with BW3 blades: measured power curve using 1-minute averages. 
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Figure 21. Bergey with SH3052 blades: measured power curve using 1-minute averages. 
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13.3 Wind Speed Correction 

Wind speed, derived or measured, is corrected to the reference condition of an anemometer height of 10 
meters using Equation 2.  
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Table 15. Variables for Standardizing Wind Speed 

Parameter Description Value Units 
Vs Corrected wind speed  m/s 
Vz Wind speed measured at anemometer height z  m/s 
zoref Reference roughness length 0.05 m 
zo Roughness length 0.05 m 
H Rotor center height 37.0 m 
zref Reference height 10.0 m 
z Anemometer height 37.0 m 

13.4 A-Weighted Sound Power Level 

A linear regression analysis is done with at least 10 pairs of equivalent continuous sound pressure levels 
from the microphone at the reference position and the corrected wind speed.  These pairs are selected to 
cover wind speeds between 6 and 10 m/s.  The reference position sound pressure level, LAeq, is the value 
of the regression line at the acoustic reference wind speed.   A similar analysis yields the background 
noise level at the acoustic reference wind speed.  If the difference between the turbine and background 
noise is greater than 6 dB, Equation 3 is used to correct the turbine noise level for background noise and 
provides the corrected sound pressure level at the reference position, LAeq,c.  If the difference is less than 6 
dB and greater than 3 dB, then the turbine noise level is corrected by subtracting 1.3 dB from the turbine 
noise.  However, these corrected sound pressure levels may not be used in any other calculations, 
including sound power level.  If the difference is less than 3 dB, then it must be reported that the turbine 
noise was less than the background noise, and it cannot be used in any calculations. 

 [ ])1.0()1.0(
, 1010log*10 nns LL
cAeqL −= +  Equation 3 

 

Table 16. Variables for Determining Equivalent Sound Pressure Level 

Parameter Description Units 
LAeq,c Sound pressure level of the turbine operating alone dB 
Ls+n Sound pressure level of the turbine dB 
Ln Sound pressure level of the background dB 
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Finally, we calculate the apparent sound power level, LWA, from the corrected sound pressure level using 
Equation 4. 
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Table 17. Variables in Calculating the Apparent Sound Power Level 

Parameter Description Value Units 
LAeq,c Background-corrected, A-weighted, sound pressure level at the 

acoustic reference wind speed under reference conditions 
 dB 

R1 Slant distance from the rotor center to the microphone  13.6 m 
So Reference area 1.0 m2 

13.5 Wind Speed Dependence 

The Standard requires that wind speed dependence be defined by binning the reference microphone data 
into integer values of standardized wind speed.  For each bin, the sound pressure level at the reference 
microphone position is corrected for that bin’s background noise.  

13.6 Directivity 

Directivity, ∆i, is the difference in A-weighted sound pressure levels at Positions 2, 3, and 4 compared to 
the A-weighted sound pressure levels at the reference position.  In addition, corrections are made for 
differences in slant distances.  (Slant distance is the distance from the microphone to the center of the 
turbine’s rotor.)  The directivity at each position is calculated by Equation 5.  

 
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Table 18. Variables in Determining the Directivity 

Parameter Description Units 
LAeq,i  A-weighted sound pressure level at positions 2, 3, or 4, 

corrected for background noise in the same position 
dB 

LAeq,1  A-weighted sound pressure level at the reference position, 
measured simultaneously with LAeq,i and also corrected for 
background noise 

dB 

Ri Slant distance between the rotor center and positions 2, 3, or 4 m 
R1 Slant distance between the rotor center and the reference 

position 
m 
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14.0 Uncertainty 

The uncertainty is reported for the BW3 configuration only because the analysis from the SH3052 
configuration did not yield reportable sound power levels.   

The combined uncertainty is reported for the apparent sound power level and wind speed dependence.  
The combined standard uncertainty is the combination of Type A and Type B uncertainties.  Type A 
uncertainty components are evaluated by using statistical methods to a series of repeated measurements.  
Type B uncertainty components are evaluated through estimations or calibrations.  The methods used to 
evaluate the uncertainty components for the apparent sound power level and wind speed dependence will 
be explained in this section. 

14.1 Apparent Sound Pressure Level 

The Type A uncertainty for the apparent sound pressure level is the standard error of the estimated LAeq at 
the acoustic reference wind speed.  This is found from the linear regression analysis. 

  
2

)( 2

−
−Σ

=
N
yyU est

A  Equation 6 

Table 19 lists the Type A uncertainty for the apparent sound power levels using the measured wind speed.   

Table 19. Type A Apparent Sound Power Level Uncertainty Components BW3 

Parameter Description Microphone Unit 
  1 2 3 4  
UA Type A uncertainty for apparent sound 

pressure level 2.6 2.6 2.6 2.6 dB 

y Measured sound pressure level - - - - dB 
yest Estimated sound pressure level using 

linear regression 58.9 56.5 57.8 56.2 dB 

N Number of measurements used in the 
linear regression 399 399 399 399 - 
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The Type B uncertainty components include: 
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Table 20. Type B Apparent Sound Power Level Uncertainty Components  

Parameter Description Microphone  Unit Source 

  1 2 3 4   

UB Type B uncertainty for 
apparent sound pressure level 

0.9 1.0 1.0 1.1 dB Equation 7 

UB1 Uncertainty for calibration of 
the instruments 

0.1 0.2 0.1 0.2 dB Calibrator 
specifications 
calibration and the 
standard error from 
field calibrating 

UB2 Uncertainty for tolerances on 
the chain of acoustic 
measurement instruments 

0.2 0.2 0.2 0.2 dB Signal analyzer, 
microphone, 
microphone adapter, 
and preamplifier 
specifications 

UB3 Uncertainty for acoustic 
conditions for microphone 
mounting board 

0.3 0.3 0.3 0.3 dB Estimate 

UB4 Uncertainty on the distance 
from microphone to hub 

0.1 0.1 0.1 0.1 dB Estimate 

UB5 Uncertainty on the acoustic 
impedance of air 

0.1 0.1 0.1 0.1 dB  Estimate 

UB6 Uncertainty on the acoustic 
emission of the turbine 
because of changing weather 
conditions 

0.6 0.6 0.6 0.6 dB Estimate 

UB7 Uncertainty on the measured 
wind speed 

0.5 0.5 0.5 0.5 dB Anemometer 
calibration and 
estimate of the site 
effects 

UB8 Uncertainty on the wind 
direction measurement 

0.3 0.3 0.3 0.3 dB Wind vane 
alignment 

UB9 Uncertainty for the 
background correction 

0.1 0.2 0.2 0.6 dB Applied background 
correction 
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These uncertainties are combined into one standard uncertainty by Equation 8. 

    22
BAC UUU +=  Equation 8 

Table 21. Overall Uncertainty Components  

Parameter Description Microphone Units 

  1 2 3 4  

UC Overall standard uncertainty for apparent 
sound power level 

2.8 2.8 2.8 2.8 dB 

UA Type A uncertainty for apparent sound 
pressure level  

2.6 2.6 2.6 2.6 dB 

UB Type B uncertainty for apparent sound 
pressure level 

0.9 1.0 1.0 1.1 dB 

 

14.2 Wind Speed Sensitivity 

Type A uncertainty for wind speed dependence is found from a linear regression analysis.  The 
uncertainty, UA, is calculated for integer wind speeds as the root sum of the squared standard error of the 
estimated value at the actual wind speed.  The squared standard error is given in Equation 9. 
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Table 22. Type A Wind Dependence Uncertainty Components 

Parameter Description Units 

si Type A standard uncertainty for wind speed bin i dB 

LAeq Average of the sound pressure levels in wind speed bin i dB 

LAeq,i Sound pressure level in wind speed bin dB 

N Number of measurement results in wind speed bin  

 

The Type B uncertainty for each bin is found using Equation 7. 
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Table 23. Type B Wind Dependence Uncertainty Components 

Parameter Description Value Unit Source 

UB Type B uncertainty for bin i Varies 
by bin

dB Equation 7 

UB1 Uncertainty for calibration of 
the instruments 

0.1 dB Calibrator calibration and the standard 
error from field calibrating microphones 

UB2 Uncertainty for tolerances on 
the chain of acoustic 
measurement instruments 

0.2 dB Signal analyzer, microphone, 
microphone adapter, and preamplifier 

UB3 Uncertainty for acoustic 
conditions for microphone 
mounting board 

0.3 dB Estimate 

UB4 Uncertainty on the distance 
from microphone to hub 

0.1 dB Estimate 

UB5 Uncertainty on the acoustic 
impedance of air 

0.1 dB  Estimate 

UB6 Uncertainty on the acoustic 
emission of the turbine 
because of changing weather 
conditions 

0.6 dB Estimate 

UB7 Uncertainty on the wind 
speed derived from measured 
power 

0.4 dB Estimated uncertainty from the power 
curve and estimate of the site effects 

UB8 Uncertainty on the wind 
direction measurement 

0.3 dB Wind vane alignment 

UB9 Uncertainty for the 
background correction 

Varies 
by bin

dB Applied background correction 

15.0 Exceptions 

1. Measurement averaging period was reduced to 10 seconds to better characterize noise when the 
turbine responds to changes in the wind speed. 
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Appendix A: Pictures of Test Site 
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Figure 22. Picture taken from the reference microphone position. 

 (Picture not taken during test) 
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Figure 23. Picture taken from the meteorological tower. 

 (Picture not taken during test.) 
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Appendix B: Calibration Sheets 
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