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1 Background 
The U.S. Department of Energy (DOE) acquired and installed a 1.5-megawatt (MW) 
wind turbine at the National Wind Technology Center (NWTC) at the National 
Renewable Energy Laboratory. This turbine (hereafter referred to as the DOE 1.5) is 
envisioned to become an integral part of the research initiatives for the DOE Wind 
Program, such as Atmosphere to Electrons (A2e). A2e is a multiyear DOE research 
initiative targeting significant reductions in the cost of wind energy through an improved 
understanding of the complex physics governing wind flow into and through wind farms. 
For more information, visit http://energy.gov/eere/wind/atmosphere-electrons. 

To validate new and existing high-fidelity simulations, A2e must deploy several 
experimental measurement campaigns across different scales. Proposed experiments 
include wind tunnel tests, scaled field tests, and large field measurement campaigns at 
operating wind plants. Data of interest includes long-term atmospheric data sets, wind 
plant inflow, intra-wind plant flows (e.g., wakes), and rotor loads measurements. It is 
expected that new, high-fidelity instrumentation will be required to successfully collect 
data at the resolutions required to validate the high-fidelity simulations. 

The large-scale field measurement campaigns are expected to use the DOE 1.5 as it is of 
sufficient enough size to represent current technology, and turbines of this size are widely 
deployed in U.S. wind plants.   

Expected future use of the DOE 1.5 at the NWTC may include the following (leading up 
to the large files measurement campaigns at operating plants):  

• Deployment and validation of high-fidelity instrumentation prior to large-scale 
deployment at a wind plant 

• Deployment of advanced controls algorithms 

• Characterization of inflow, aerodynamics, turbine loads, and wake propagation on 
an unwaked turbine. 

A series of tests were conducted to characterize the baseline properties and performance 
of the DOE 1.5 to enable research model development and quantify the effects of future 
turbine research modifications. 

The tests included:  

• Power performance per International Electrotechnical Commission (IEC) 61400-
12-1 

• Power quality per IEC 61400-21 

• Acoustic noise per IEC 61400-11 

http://energy.gov/eere/wind/atmosphere-electrons
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• Mechanical loads per IEC 61400-13 

• Modal testing. 

The DOE 1.5 is built on the platform of GE’s 1.5-MW SLE commercial wind turbine 
model. It was installed in a nonstandard configuration at the NWTC with the objective of 
supporting DOE Wind Program research initiatives such as A2e. Therefore, the test 
results may not represent the performance capabilities of other GE 1.5-MW SLE 
turbines. 

This report summarizes the analysis and results of the above-mentioned power quality 
test performed at the DOE 1.5. 
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2 Test Summary 
The NWTC conducted this power quality test in accordance with the International 
Electrotechnical Commission standard, IEC61400-21, Measurement and Assessment of 
Power Quality Characteristics of Grid Connected Wind Turbines, Edition 2.0, 2008-08 
[1], hereafter referred to as the Standard. Standard procedures and the following test 
results required by the Standard are included in this report:  

• Maximum measured power (600 seconds, 60 seconds, and 0.2 seconds)  

• Reactive power demand 

• Voltage fluctuations (flicker) 

• Voltage harmonics, current harmonics, interharmonics, and distortions  

• Turbine start and stop tests. 

The DOE 1.5 power quality test began on March 15, 2011, and ended on May 2, 2011. 
730 10-minute intervals of data were collected. The Standard requires at least five 10-
minute averaged data points for each 1 m/s wind speed interval up to 15 m/s. The highest 
bin filled (without wind speed normalization) was the 16 m/s bin. When the data was 
binned by percent of rated power, more than 5 data points were recorded for each bin. 
According to the Standard, sufficient data was collected. The capture test matrix is shown 
in Table 1.  

Table 1. Power Quality Capture Test Matrix Requirements Fulfilled 

Test Type Measured Required by 
IEC 61400-21 

Continuous operation: 
Number of 10-min intervals 

 
Five for each 

bin 

 
At least five for each 1-m/s wind speed 

bin up to 15 m/s 
Switching operation: 
Number of wind turbine starts (cut-in 
wind speed) 

 
Five 

 
At least five 

Switching operation: 
Number of wind turbine stops (cut-in 
wind speed) 

 
Five 

 
At least five 

Switching operation: 
Number of wind turbine starts (rated 
wind speed) 

 
Five 

 
At least five 

 
Switching operation: 
Number of wind turbine stops (rated 
wind speed) 

 
Five 

 
At least five 

 

There were two identified exceptions to the Standard. The response to temporary voltage 
drop test and the grid protection test that are required by the second edition were not 
performed because the necessary test assets were not available in North America.  

Also, because the necessary technical information was confidential and was not available 
from the manufacturer, the following tests were excluded from this testing campaign: 
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• Power control 

• Voltage drop response 

• Grid protection and reconnection. 
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3 Test Turbine Configuration  
Table 2 to Table 4 list the technical data of the DOE 1.5 that was tested at the NWTC. 

Table 2. DOE 1.5 General Data 

Turbine manufacturer and address 
GE Energy 

300 Garlington Rd., P.O. Box 648 
Greenville, SC 29602-0648 

Model GE 1.5 SLE 
Serial number N000780-N 
Wind turbine type Horizontal axis 
Number of blades 3 
Hub height (m) 80 
Blade control Pitch 
Rotor diameter (m) 77 
Speed control variable 
Generator type and rating (kW) Asynchronous, 1500 
Converter type Unknown 

Table 3. DOE 1.5-Rated Data 

Rated power, Pn (kW) 1,500 
Rated wind speed, Vn (m/s) 14 
Rated apparent power, Sn (kVA) 1,666 
Rated reactive power, Qn (kvar) +/-200 
Rated current, In (A) 1,394 
Rated voltage, Vn (V) 690 
Rated frequency, fn (Hz) 60 
 

Table 4. DOE 1.5 Maximum Permitted Power 

Peak continuous  power, Pmc (kW) 1,545 
Normalized value, pmc=Pmc/Pn 1.03 
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Figure 1. DOE 1.5 at the NWTC. Photo by Jeroen van Dam, NREL  
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4 Test Site Description  
The test turbine was located at Site 4.0 at the NWTC. The turbine provided power to the 
NWTC 10-MW utility power grid through a 0.690/13.2-kV transformer rated at 1,750 
kVA. Figure 2shows the electrical site diagram, which indicates the placement of 
NREL’s power quality instrumentation. Wind speed information was measured at hub 
height from the turbine meteorological tower 2.1 rotor diameters upstream, which is in 
compliance with the requirements from the Standard.  

 
Figure 2. Site electrical diagram 
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5 Continuous Operation Test Results 
5.1 Active and Reactive Power, Power Factor 
The relationship between active and reactive power was measured at the wind turbine 
low voltage (0.690 kV) terminals. Time series measurements of voltage, current, and 
wind speed were taken during continuous operation. Using these data, 10-minute bin 
average statistics were calculated for each 1 m/s wind speed (in accordance with the 
Standard). Table 5 and Figure 3 show these results. The power factor (Figure 4) was 
calculated using active and reactive power values. Figure 5 shows the reactive power 
demand. Figure 6 illustrates the turbulence intensity observed during the testing period. 
Note that the active power curve shown in Figure 3 cannot be used for the DOE 1.5 
power performance evaluation. The official power curve will be published in the DOE 
1.5 power performance test report. 

Table 5. Number of Data Points per 1-m/s Wind Speed Bins 

Wind Speed Bin, 
m/s 

Number of Valid 10-Min Data 
Points 

0 to 1 0 
1 to 2 0 
2 to 3 8 
3 to 4 81 
4 to 5 92 
5 to 6 106 
6 to 7 92 
7 to 8 75 
8 to 9 64 
9 to 10 65 

10 to 11 44 
11 to 12 47 
12 to 13 23 
13 to 14 16 
14 to 15 5 
15 to 16 5 
16 to 17 4 
17 to 18 3 
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Figure 3. Active and reactive power versus wind speed 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0 200 400 600 800 1,000 1,200 1,400 1,600

Active Power (kW)

Po
w

er
 F

ac
to

r

 
Figure 4. Power factor versus active power 
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Figure 5. Reactive power versus active power 
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Figure 6. Turbulence intensity versus wind speed 
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The 10-minute reactive power average data were sorted by active power according to the 
method of bins and are shown in Table 6. The maximum active power statistics were 
taken from the 600 seconds (P600), 60 seconds (P60), and 0.2 seconds (P0.2) values (Table 
7). The reactive power at peak power (Pmc), P600, P60, and P0.2 were determined by 
extrapolating the relation between the active and reactive power (Qmc) (shown in Table 
7). 

Table 6. Data Binned by Real Power 

Power Bin 
(% of rated power) 

Number of 10-Minute 
Data Points Per Bin 

Output Power, 
Bin-Mean-Value (kW) 

Reactive Power, 
Bin-Mean-Value (kVAR) 

-5 to 5 140 30.25 -2.44 
5 to 15 149 143.33 -1.53 

15 to 25 92 301.61 -2.59 
25 to 35 66 452.99 -3.78 
35 to 45 36 600.72 -4.78 
45 to 55 46 766.90 -6.20 
55 to 65 29 899.74 -7.12 
65 to 75 40 1,043.41 -8.07 
75 to 85 51 1,206.13 -9.41 
85 to 95 45 1,352.76 -10.51 
95 to 105 35 1,458.81 -11.22 

105 to 115 0 0.00 0.00 
 

Table 7. Maximum Instantaneous Real and Reactive Power 

Max. Permitted Power, 
Pmc 

600-Sec Average 60-Sec Average 0.2-Sec Average 

Pmc , kW pmc=Pmc/Pn Pmc , kW pmc=Pmc/Pn P60 , kW p60=P60/Pn P0.2 , kW p0.2=P0.2/Pn 
1,545 1.03 1,497.69 0.998 1,628.34 1.09 1,877.57 1.25 

Qmc at Pmc, 
kVAR qmc=Qmc/Pn 

Qmc at 
Pmc, kVAR qmc=Qmc/Pn 

Q60 at P60 , 
kVAR q60=Q60/Pn 

Q0.2 at P0.2 , 
kVAR q0.2=Q0.2/Pn 

-11.74 -0.01 -11.46 -0.01 -12.19 -0.01 -13.23 -0.01 
Notes: Data were not normalized to sea-level density. NREL’s site average air density is 
1.0 kg/m3The active power curve shown in Figure 3 could not be used for the DOE 1.5 
power performance evaluation. The official power curve will be published in the DOE 
1.5 power performance test report. 

5.2 Line Voltage Distortions 
The average voltage total harmonic distortions (THD) calculated during the continuous 
operation test for each phase were: 

• Phase A – 1.202% 

• Phase B – 1.186% 

• Phase C – 1.162%. 
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The maximum voltage THDs calculated during the test for each phase were: 

• Phase A – 1.870% 

• Phase B – 1.828% 

• Phase C – 1.863%. 

Prior to starting the test we verified that the grid voltage THD conditions were less than 
5% at the voltage terminals, whereas the turbine was not generating. All voltage THDs 
were calculated from collected harmonic voltage time series data. The harmonic voltages 
were subgrouped according to Section 5.6 of IEC 61000-4-7/CDV: General Guide on 
Harmonics and Interharmonics Measurements and Instrumentation [2]. The window 
width used during measurements was Tw=12. 

5.3 Current Harmonics 
The individual current harmonics were measured during continuous operation. From 
these, 10-minute statistics were calculated for each harmonic order (up to 50th) at the 
given output power, finally determining the maximum individual current harmonic. Table 
8 shows the harmonic data and the maximum current total demand distortion (TDD) 
values as a percentage of nominal current (In). Figure 7 shows 10-minute average data for 
maximum current TDD (% of In) of the three phases as a function of output power. The 
IEEE 519-1992: Harmonic Limits [3] sets a 5% limit on current TDD for all power 
generation equipment.    
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Table 8. Maximum Current Harmonics (10-Minute Averages) 
Pbin (%) 0 10 20 30 40 50 60 70 80 90 100 

H Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) 
1 4.77 12.58 21.00 29.17 37.18 45.18 53.79 60.85 69.69 77.51 81.65 
2 0.11 0.12 0.11 0.14 0.15 0.14 0.16 0.16 0.18 0.18 0.19 
3 0.72 0.70 0.63 0.62 0.62 0.60 0.64 0.65 0.66 0.65 0.64 
4 0.14 0.16 0.14 0.15 0.16 0.17 0.18 0.18 0.18 0.17 0.19 
5 2.04 2.19 1.77 1.70 1.64 1.77 1.89 1.68 1.85 1.66 1.66 
6 0.12 0.14 0.15 0.17 0.17 0.18 0.19 0.20 0.23 0.24 0.26 
7 1.52 1.74 1.82 1.84 1.81 1.35 2.05 1.44 1.90 1.46 1.48 
8 0.12 0.13 0.14 0.14 0.15 0.11 0.16 0.12 0.15 0.13 0.14 
9 0.13 0.15 0.15 0.14 0.14 0.13 0.14 0.13 0.14 0.15 0.15 

10 0.08 0.08 0.08 0.08 0.08 0.09 0.09 0.09 0.09 0.09 0.09 
11 0.27 0.34 0.37 0.43 0.43 0.47 0.51 0.47 0.47 0.47 0.46 
12 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 
13 0.10 0.12 0.14 0.17 0.25 0.26 0.27 0.32 0.31 0.32 0.35 
14 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.06 0.06 0.06 
15 0.08 0.08 0.08 0.08 0.07 0.07 0.07 0.07 0.07 0.07 0.07 
16 0.08 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.08 0.08 0.08 
17 0.24 0.26 0.24 0.24 0.25 0.20 0.20 0.20 0.18 0.18 0.23 
18 0.14 0.16 0.14 0.14 0.14 0.15 0.14 0.15 0.14 0.14 0.14 
19 0.33 0.35 0.30 0.30 0.27 0.25 0.25 0.26 0.25 0.27 0.30 
20 0.17 0.22 0.19 0.19 0.20 0.21 0.20 0.21 0.21 0.21 0.21 
21 0.17 0.24 0.19 0.20 0.20 0.22 0.21 0.22 0.22 0.22 0.22 
22 0.17 0.23 0.20 0.19 0.20 0.20 0.20 0.21 0.21 0.22 0.22 

Pbin (%) 0 10 20 30 40 50 60 70 80 90 100 
H Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) 
23 0.55 0.62 0.63 0.63 0.63 0.67 0.68 0.71 0.71 0.75 0.74 
24 0.13 0.16 0.14 0.14 0.14 0.14 0.14 0.15 0.15 0.16 0.16 
25 0.22 0.26 0.23 0.22 0.22 0.20 0.18 0.18 0.16 0.17 0.16 
26 0.09 0.10 0.10 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 
27 0.08 0.10 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 
28 0.08 0.09 0.09 0.09 0.08 0.09 0.08 0.09 0.09 0.09 0.09 
29 0.11 0.16 0.15 0.16 0.21 0.22 0.23 0.27 0.27 0.27 0.28 
30 0.19 0.19 0.11 0.12 0.10 0.10 0.11 0.11 0.13 0.12 0.14 
31 0.07 0.10 0.08 0.09 0.09 0.07 0.08 0.08 0.07 0.08 0.08 
32 0.24 0.25 0.13 0.12 0.08 0.07 0.07 0.07 0.07 0.07 0.08 
33 0.05 0.06 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.05 0.06 
34 0.04 0.04 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
35 0.09 0.09 0.10 0.10 0.09 0.08 0.08 0.08 0.07 0.07 0.08 
36 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
37 0.05 0.04 0.05 0.05 0.04 0.04 0.03 0.03 0.03 0.03 0.04 
38 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
39 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
40 0.01 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 
41 0.03 0.04 0.04 0.04 0.04 0.05 0.04 0.05 0.05 0.05 0.04 
42 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
43 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
44 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
45 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
46 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
47 0.01 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.01 0.01 
48 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
49 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
50 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

THC (%) 0.35 0.91 1.51 2.09 2.67 3.24 3.86 4.37 5.00 5.56 5.86 
 
Max. phase A current TDD (% of In) 2.82 Output power at max. current THD (kW) 866.83 
Max. phase B current TDD (% of In) 2.67 Output power at max. current THD (kW) 866.83 
Max. phase C current TDD (% of In) 2.70 Output power at max. current THD (kW) 866.83 
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The current harmonics were subgrouped according to Section 5.6 of IEC 61000-4-7/CDV 
[2] as prescribed in the Standard. The window width used during measurements was 
Tw=12. 
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Figure 7. Current TDD versus active power 

5.4 Current Interharmonics 
Table 9 lists the maximum 10-minute average for each individual interharmonic current 
below 2 kHz as a percentage of nominal current (In). 
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Table 9. Current Interharmonics 
f 0 10 20 30 40 50 60 70 80 90 100 

(Hz) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) 
90 0.14 0.16 0.20 0.25 0.24 0.32 0.37 0.44 0.33 0.47 0.40 

150 0.20 0.23 0.22 0.23 0.31 0.33 0.35 0.36 0.36 0.38 0.40 
210 0.24 0.29 0.28 0.35 0.36 0.36 0.36 0.36 0.34 0.32 0.32 
270 0.19 0.23 0.24 0.25 0.31 0.28 0.28 0.36 0.31 0.43 0.58 
330 0.22 0.26 0.27 0.31 0.32 0.31 0.31 0.30 0.29 0.30 0.29 
390 0.23 0.26 0.28 0.30 0.33 0.35 0.39 0.41 0.46 0.48 0.51 
450 0.22 0.25 0.27 0.28 0.28 0.21 0.29 0.20 0.29 0.20 0.21 
510 0.19 0.20 0.22 0.23 0.24 0.20 0.28 0.23 0.30 0.25 0.25 
570 0.15 0.15 0.16 0.16 0.16 0.16 0.16 0.17 0.17 0.17 0.17 
630 0.13 0.14 0.15 0.15 0.15 0.15 0.15 0.16 0.16 0.16 0.16 
690 0.13 0.14 0.14 0.14 0.14 0.15 0.15 0.15 0.15 0.15 0.15 
750 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.14 
810 0.12 0.12 0.13 0.13 0.12 0.12 0.12 0.12 0.12 0.12 0.12 
870 0.12 0.12 0.13 0.13 0.13 0.12 0.12 0.12 0.12 0.12 0.12 
930 0.14 0.14 0.15 0.15 0.14 0.14 0.14 0.14 0.13 0.13 0.13 
990 0.17 0.20 0.19 0.18 0.18 0.17 0.17 0.17 0.17 0.16 0.17 

1050 0.22 0.26 0.23 0.22 0.22 0.23 0.22 0.23 0.22 0.22 0.22 
1110 0.26 0.33 0.27 0.27 0.28 0.30 0.29 0.30 0.29 0.30 0.29 
1170 0.28 0.37 0.31 0.32 0.33 0.35 0.34 0.35 0.34 0.35 0.35 
1230 0.29 0.40 0.33 0.34 0.35 0.37 0.37 0.39 0.38 0.38 0.39 
1290 0.30 0.42 0.35 0.35 0.37 0.38 0.38 0.39 0.40 0.40 0.40 
1350 0.29 0.38 0.34 0.33 0.36 0.34 0.35 0.37 0.36 0.37 0.37 
1410 0.25 0.32 0.28 0.28 0.29 0.30 0.29 0.33 0.31 0.32 0.32 
1470 0.20 0.25 0.22 0.23 0.23 0.22 0.23 0.23 0.23 0.23 0.25 
1530 0.17 0.20 0.18 0.19 0.18 0.17 0.17 0.17 0.17 0.17 0.19 
1590 0.14 0.18 0.15 0.15 0.15 0.16 0.15 0.16 0.16 0.16 0.16 
1650 0.14 0.17 0.16 0.16 0.15 0.16 0.15 0.17 0.17 0.17 0.17 
1710 0.14 0.17 0.15 0.15 0.14 0.15 0.15 0.15 0.15 0.15 0.15 
1770 0.13 0.16 0.14 0.14 0.13 0.13 0.14 0.14 0.14 0.14 0.14 
1830 0.12 0.15 0.14 0.15 0.17 0.17 0.17 0.17 0.17 0.18 0.17 
1890 0.25 0.26 0.18 0.17 0.15 0.13 0.14 0.13 0.14 0.14 0.15 
1950 0.10 0.12 0.11 0.11 0.11 0.11 0.11 0.10 0.11 0.11 0.11 
2010 0.15 0.15 0.11 0.12 0.12 0.13 0.13 0.14 0.14 0.15 0.15 
2070 0.07 0.07 0.07 0.07 0.06 0.06 0.06 0.06 0.06 0.07 0.07 
2130 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
2190 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
2250 0.07 0.07 0.07 0.07 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
2310 0.03 0.04 0.03 0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.04 
2370 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
2430 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
2490 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 
2550 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
2610 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 
2670 0.02 0.08 0.08 0.08 0.08 0.08 0.06 0.07 0.07 0.04 0.03 
2730 0.31 0.31 0.31 0.31 0.31 0.32 0.32 0.31 0.31 0.31 0.31 
2790 0.02 0.09 0.09 0.09 0.09 0.09 0.07 0.09 0.09 0.04 0.02 
2850 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
2910 0.01 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 
2970 0.24 0.24 0.24 0.24 0.24 0.24 0.25 0.24 0.24 0.24 0.24 
3030 0.02 0.07 0.07 0.07 0.07 0.07 0.05 0.06 0.06 0.03 0.02 
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The current interharmonics were subgrouped according to Annex A of IEC 61000-4-
7/CDV: General Guide on Harmonics and Interharmonics Measurements and 
Instrumentation [2], as prescribed in the Standard. The window width used during 
measurements was Tw=12. 

5.5 Current Distortions 
Table 10 lists the maximum 10-minute average current distortions in the range of 2 kHz 
up to 9 kHz as a percentage of nominal current (In).  

Table 10. Current Distortions (2–9 kHz) 
Pbin 
(%) 0 10 20 30 40 50 60 70 80 90 100 

f 
(kHz) 

Ih 
(%) 

Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) Ih (%) 

2.1 0.19 0.19 0.17 0.17 0.15 0.14 0.15 0.15 0.15 0.16 0.17 
2.3 0.11 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 
2.5 0.06 0.06 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 
2.7 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 
2.9 0.24 0.25 0.25 0.26 0.26 0.26 0.25 0.26 0.26 0.25 0.24 
3.1 0.16 0.17 0.17 0.17 0.17 0.17 0.16 0.17 0.17 0.16 0.15 
3.3 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
3.5 0.02 0.03 0.03 0.03 0.03 0.02 0.03 0.02 0.03 0.02 0.02 
3.7 0.04 0.05 0.05 0.06 0.06 0.06 0.06 0.07 0.07 0.07 0.07 
3.9 0.04 0.06 0.05 0.06 0.06 0.06 0.07 0.07 0.07 0.07 0.07 
4.1 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
4.3 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
4.5 0.08 0.09 0.06 0.07 0.08 0.07 0.08 0.07 0.06 0.08 0.08 
4.7 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
4.9 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
5.1 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
5.3 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
5.5 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
5.7 0.05 0.06 0.05 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.05 
5.9 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
6.1 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.05 
6.3 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
6.5 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
6.7 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
6.9 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
7.1 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
7.3 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
7.5 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
7.7 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
7.9 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
8.1 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
8.3 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
8.5 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
8.7 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 
8.9 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
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The current distortions were measured and evaluated according to Annex B of IEC 
61000-4-7/CDV [2], as prescribed in the Standard. The window width used during 
measurements was Tw=12. 

5.6 Current and Voltage Imbalance 
Figure 8 and Figure 9 show the voltage and current imbalance observed during the 
testing. The current and voltage imbalance was calculated for each 10-minute period. The 
values are plotted against the average power of each 10-minute data set. 
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Figure 8. Voltage imbalance versus active power 
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Figure 9. Current imbalance versus active power 

 
5.7 Continuous Operation Flicker 
The flicker coefficients c(Ψk ,Va) were determined according to procedures listed in the 
Standard. A total of 730 10-minute interval data bins were collected for this test.   

Figure 10 through Figure –13 show graphs of fictitious grid flicker coefficients as a 
function of 10-minute average active power for four different impedance phase angles 
(30°, 50°, 70°, and 85°). Resulting flicker coefficients for continuous operation are shown 
in Table 11. The ratio between three-phase short circuit apparent power of the fictitious 
grid Sk,fic and turbine rated apparent power Sn used for the analysis was 50. 
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Figure 10. Short-term flicker (Pst ) versus power for 30° network impedance angle 
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Figure 11. Short-term flicker (Pst) versus power for 50° network impedance angle 
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Figure 12. Short-term flicker (Pst) versus power for 70° network impedance angle 
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Figure 13. Short-term flicker (Pst) versus power for 85° network impedance angle 

 
The simulated flicker values Pst depend on short-circuit apparent power of the fictitious 
grid (Sk,fic) and the grid impedance angle. To reduce this dependency, the Standard 
defines a flicker coefficient c(Ψk ,Va), which is calculated as a normalized quantity 
according to the Standard, where Ψk is the network impedance phase angle and Va is the 
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annual average wind speed. Table 11shows the flicker coefficient of the wind turbine for 
the actual Ψk and Va at the site, as calculated by applying linear interpolation.  

Table 11. Resulting Flicker Coefficients c(Ψk ,Va) in Continuous Operation 

Network impedance phase angle, Ψk (deg):  
30° 

 
50° 

 
70° 

 
85° 

 
Annual average wind speed, Va (m/s): 

 
Flicker coefficients, c(Ψk ,Va): 

6 7.43 7.57 7.78 7.45 
7.5 7.43 7.57 7.78 7.45 
8.5 7.43 7.57 7.78 7.45 
10 7.43 7.57 7.78 7.45 
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6 Switching Operation Test Results 
6.1 Turbine Starts and Stops 
Normal start and stop tests were conducted at cut-in and rated wind speeds. The hub-
height meteorological tower wind speed was recorded during the tests along with voltage 
and current waveforms. The resulting 10-minute average wind speed during the 
switching operation was within ±2 m/s of the required test wind speed. The 
measurements were taken for a long enough period to ensure that the transient of the 
switching operation had abated but not so long as to introduce possible power 
fluctuations due to turbulence. The switching operation measurements ranged from 
30 seconds to 2 minutes.  

Figure 14 through Figure 21 show the transients for the start and stop cases for active 
power, reactive power, and current. The time series RMS voltages for Phase A are also 
shown for each case to illustrate voltage fluctuations during switching operations.  

The voltage and current time series were combined as prescribed by the Standard to 
simulate a fictitious voltage time series ufic(t) for four different network impedance 
angles. The flicker step factors and voltage change factors were determined for each 
switching operation for four impedance angles (Table 12 through –Table 15).  

Cut-in start waveforms are shown in Figure 14 and Figure 15. Rated start waveforms are 
shown in Figure 16 and Figure 17. 

 
Figure 14. Cut-in wind (5.3 m/s) start: current (May 18, 2011) 
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Figure 15. Cut-in wind (5.3 m/s) start: power and RMS voltage (May 18, 2011) 

 

 
Figure 16. Rated wind (13.1 m/s) start: current (April 19, 2011) 
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Figure 17. Rated wind (13.1 m/s) start: power and RMS voltage (April 19, 2011) 

 

Cut-in stop waveforms are shown in Figure 18 and Figure 19. Rated stop waveforms are 
shown in Figure 20 and Figure 21. 
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Figure 18. Cut-in wind (5.0 m/s) stop: current (May 18, 2011) 
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Figure 19. Cut-in wind (5.0 m/s) stop: power and RMS voltage (May 18, 2011) 
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Figure 20. Rated wind (13.8 m/s) stop: current (April 19, 2011) 

 



QF02 DOE 1.5 Wind Turbine Power Quality Test Report_20120626.doc Page 32 of 47 

 
Figure 21. Rated wind (13.8 m/s) stop: power and RMS voltage (April 19, 2011) 

 
The maximum number of switching operations for 10-minute and 120-minute intervals 
(N10m and N120m) was 10 and 120 for cut-in and 1 and 1 for rated wind speeds, 
respectively. The N10 and N120 values were assumed based on the procedure defined by 
the Standard. The flicker step factor and voltage change factors were the averaged result 
of five starts and stops at cut-in and rated wind speeds. These values are shown in Table 
12 through Table15.  

Table 12. Characteristics of a Start at Cut-In Wind Speed 

Case of switching operation 
Start at cut-in wind speed 

Maximum number of switching operations, N10m 10 
Maximum number of switching operations, N120m 120 
Network impedance angle, Ψk 30° 50° 70° 85° 
Flicker step factor, kf(Ψk) 0.015 0.015 0.015 0.015 
Voltage change factor, kU(Ψk) 0.028 0.036 0.042 0.043 
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Table 13. Characteristics of a Stop at Cut-In Wind Speed 

Case of switching operation 
Stop at cut-in wind speed 

Maximum number of switching operations, N10:m 10 
Maximum number of switching operations, N120m 120 
Network impedance angle, Ψk: 30° 50° 70° 85° 
Flicker step factor, kf(Ψk): 0.095 0.116 0.132 0.140 
Voltage change factor, kU(Ψk): 0.017 0.017 0.017 0.017 
 

Table 14. Characteristics of a Start at Rated Wind Speed 

Case of switching operation: 
Start at rated wind speed 

Maximum number of switching operations, N10m: 1 
Maximum number of switching operations, N120m: 12 
Network impedance angle, Ψk: 30° 50° 70° 85° 
Flicker step factor, kf(Ψk): 0.000 0.000 0.000 0.000 
Voltage change factor, kU(Ψk): 0.030 0.039 0.046 0.048 
 

Table 15. Characteristics of a Stop at Rated Wind Speed 

Case of switching operation: 
Stop at rated wind speed 

Maximum number of switching operations, N10m: 1 
Maximum number of switching operations, N120m: 12 
Network impedance angle, Ψk: 30° 50° 70° 85° 
Flicker step factor, kf(Ψk): 0.000 0.000 0.000 0.000 
Voltage change factor, kU(Ψk): 0.011 0.011 0.011 0.011 
 
The flicker step factor and voltage change factor of the wind turbine for the actual Ψk at 
the site can be found from the tables above by applying linear interpolation.  
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7 Uncertainty  
The data acquisition system (DAS) consists of: 

• National Instrument’s cDAQ-9172 

• Two NI 9239 24-bit modules with four analog inputs 

o Serial numbers:14D84D5, 14D84FE 

• Three LEM CV3-1200 voltage transformers 

o Serial numbers: 947323,947325, 947322 

• Three LEMflex RR3035 current transformers 

o Serial numbers: F06110402818, F06110403118, F05461044218 

• One Thies Clima 4.3351.10.0000 

o Serial Number: 0909219 

• LabVIEW software developed by NREL, Version 6.10 

• Max sampling rate 25 kHz for continuous operation  

•  Max sampling rate 5 kHz for transients  

The uncertainty of the measuring system is given in Table 16. 

Table 16. Uncertainty Analysis of the Measuring System 

Measured Value Gain Error Offset Error Overall Uncertainty of the 
Measured Value 

Active and reactive power 

A/D 0.13% 
Current 

transformer 
1.0% 

Voltage 
transformer 

0.2% 

A/D 0.06% Active power: 1.6% 
Reactive power: 1.6% 

Harmonic current 
(Sampling rate 25 kHz) 

Harmonics up 
to 9 kHz 

Bandwidth 5 Hz 
1.4% of 

measured value 

Harmonics up 
to 9 kHz 

Bandwidth 5 
Hz 

0.06% of 
rated current 

0.06% of rated current + 1.4% 
of measured value 
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8 Exceptions 
8.1 Exceptions to the Standard 
There were two identified exceptions to the Standard. The response to temporary voltage 
drop test and the grid protection test that are required by the second edition were not 
performed because the necessary test assets were not available in North America.  

Also, because the necessary technical information was confidential and not available 
from the manufacturer, the following tests were excluded from this testing campaign: 

• Power control 

• Voltage drop response 

• Grid connection and reconnection. 

8.2 Exceptions to the Test Plan  
There were no deviations from the test plan [4]. 
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Appendix A. Calibration Reports 
Power 

 
Figure A-1. Calibration sheet for the power transducer (page 1) 
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Figure A-2. Calibration sheet for the power transducer (page 2) 
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Figure A-3. Calibration sheet for the power transducer (page 3)  
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Figure A-4. Calibration sheet for the power transducer (page 4) 
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Figure A-5. Calibration sheet for the power transducer (page 5) 
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Figure A-6. Calibration sheet for the power transducer (page 6) 
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Wind Speed  

 
Figure A-7. Calibration sheet for the primary anemometer (page 1) 
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Figure A-8. Calibration sheet for the primary anemometer (page 2) 
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Figure A-9. Calibration sheet for the primary anemometer (page 3) 
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Figure A-10. Calibration sheet for the primary anemometer (page 4) 
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Figure A-11. Calibration sheet for the primary anemometer (page 5) 
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