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1 Introduction 
In the wind industry, research is being done to 

enhance the rotors of horizontal axis wind turbines.  

These devices look to improve the performance of 

wind turbines by lower the cost of wind energy by 

either improving the power capture of the wind 

turbine, extending the turbine lifetime by reducing 

damage to the wind turbine, or both.  One technology 

in the wind industry is leading edge tape used to 

protect wind turbine blades from damage due to debris 

impacting the blades.  This technology has also been 

used in the helicopter industry for the same purpose.  

Research in the helicopter industry has shown that 

leading edge tape can reduce the aerodynamic 

performance of the blades [1]. 

 

Edge Aerodynamix, along with Edge Wind, LLC, has 

developed a leading edge tape that looks to improve 

the power performance of the wind turbine rotor as 

well as provide for protection of the wind turbine 

blades’ leading edge from debris impacts.  

Additionally, Edge Aerodynamix has a trailing edge 

tab that in combination with the leading edge tape looks to provide further power performance 

improvement. 

 

The National Renewable Energy Laboratory (NREL) along with its National Wind Technology 

Center (NWTC) has provided one of its field testing wind turbines, the Controls Advanced 

Research Turbine – 2 bladed (CART2), for a power performance field test to show a proof of 

concept for the leading edge tape and tab.  A picture of the CART2 can be seen in Figure 1. 

2 Test Objective 
This project looks to test the performance of a prototype leading edge tape, as well as a 

combination of the leading edge tape with a trailing edge tab and compare both configurations to 

a commercially available leading edge tape.  The first configuration that was tested is a 

commercially available linear leading edge tape.  The second configuration that was tested is a 

prototype conformal vortex generator (CVG) tape developed by Edge Aerodynamix.  The third 

configuration that was tested is a combination of the CVG tape from the second configuration 

with the addition of a trailing edge tab also developed by Edge Aerodynamix.  These three 

configurations will be compared to each other using the turbine’s electrical power output as a 

measure of power performance for a given inflow wind speed.  The first configuration will be 

considered as a baseline case as it is common practice to use linear leading edge tape for blade 

protection. 

Figure 1: CART2 wind turbine at the 
NWTC with black CVG tape shown on 
the leading edge of the blades.  Photo 
by Lee Jay Fingersh, NREL. 
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3 Test Description 
The wind turbine used for the field testing campaign at the NWTC is located south of Boulder, 

Colorado, USA.  The NWTC at NREL has a rich history of field testing and is well equipped for 

the field tests needed for this proof of concept.  The CART2 wind turbine at the NWTC has been 

utilized in the past for field testing different wind turbine technologies, and recently has been 

primarily focused on wind turbine controls research. 

3.1 CART2 Wind Turbine Description 

The CART2 is a variable speed/variable pitch horizontal axis wind turbine that has an extensive 

instrumentation suite as well as a dedicated met mast all of which is combined into a single data 

acquisition system that is capable of recording data at a rate of 400 Hz.  For this test, the 

electrical power output from the power electronics converter will be used as a measure of power 

from the wind turbine.  The CART2 has utilizes LabVIEW for its supervisory controller and 

operational controller allowing for a highly flexible controller that can be tailored to the specific 

needs of different field tests.  Specifications of the CART2 parameters can be found in Table 1.  

Note that the rated rotor speed is for normal variable speed operation of the wind turbine.  It will 

later be discussed for this test that the rotor speed parameter was modified.  Additionally, more 

information on the CART2 can be found in [1]. 

 

Table 1: Specifications of the CART 2 Wind Turbine 

Parameter Value 

Manufacturer Westinghouse 
Model WWG-0600 

Number of Blades 2 
Hub Height 36.6 meters 

Rotor Diameter 43.28 meters 
Rated Electrical Power 600 kW 

Rated Rotor Speed 41.7 RPM 

 

3.2  CART2 Meteorological Tower Description 

The CART2 wind turbine additionally has a dedicated met mast that is located approximately 

two rotor diameters upstream of the wind turbine from the predominant wind direction at the 

NWTC.  This met mast is instrumented with Met One Instruments cup anemometers for 

measuring wind speed and Met One Instruments vanes for measuring wind direction at various 

heights above the ground.  For this project, the hub height wind speed cup anemometer was used 

to measure the wind speed for the CART 2 wind turbine.  The calibration sheet for the 

anemometer used in this test can be found in Figure 14 – Figure 16 in Appendix A.  

3.3  CART2 Controller Description 

Normally, the CART2’s operational controller uses a variable speed mode, where the controller 

has been optimized to regulate the demanded generator torque based on the square of the 

generator rotational speed multiplied by a constant which is based on the rotor’s aerodynamic 

performance [2].  However, this test looks to modify the rotor’s aerodynamic performance and 

hence would invalidate the normal variable speed control law.  This would result in suboptimal 

turbine performance.  Instead, for this test, the operational controller was modified to run the 
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turbine in a constant speed control mode.  The generator torque controller used to govern the 

constant speed control is based off of a generator slip curve controller that has been used in 

region 2.5 for wind turbine control [3].  A 5% slip curve was used, with a rotor speed set point of 

30 RPM.  Additionally, a saturation value was placed on the maximum allowable torque 

demanded to protect the wind turbine from excessive electrical and mechanical loads.  In higher 

wind speeds, the maximum torque would not be enough to maintain a constant rotor speed, and 

the rotor would be allowed to accelerate until it reached the rated rotor speed of 41.7 RPM, 

where the normal variable pitch controller would regulate the rotor speed to 41.7 RPM. 

3.4  Blade Enhancing Device Configurations 

As mentioned earlier, two configurations of blade enhancing devices were tested with the 

CART2 wind turbine and compared to a third baseline configuration.  This section will describe 

each configuration in further detail. 

3.4.1 Linear Leading Edge Tape 

Commercially available linear leading edge tape was applied on the CART2 wind turbine blades 

for the first phase of field testing and will be considered as a baseline case for comparison.  This 

phase will be referred to as “Linear Tape”.  The linear tape was provided to NREL from Edge 

Aerodynamix and a sample can be seen in Figure 2.  The duration of this testing phase went from 

June 14, 2016 to July 5, 2016.  A total amount of 498 raw five minute data files were collected 

during this phase of testing. 

 

Figure 2: Commercially available linear leading edge tape used in the first phase of testing.  Photo 
by Lee Jay Fingersh, NREL.  
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3.4.2 Edge Aerodynamix CVG Leading Edge Tape 

CVG tape developed and manufactured by Edge Aerodynamix was applied to the CART2 wind 

turbine blades for the second phase of field testing.  This phase will be referred to as “CVG 

Tape”.  The CVG tape was provided to NREL from Edge Aerodynamix and a sample can be 

seen in Figure 3.  A preliminary configuration was tested and it was found out early on that the 

CVG tape was not sized well for the chord length of the blades.  The data from the preliminary 

configuration was not included in the results.  It should be noted that this configuration was not 

optimized and is a proof of concept.  The duration of this testing phase went from August 17, 

2016 to April 10, 2017.  A total amount of 5,002 raw five minute data files were collected during 

this phase of testing. 

 

Figure 3: CVG leading edge tape used in the second phase of testing.  Photo by Lee Jay Fingersh, 
NREL. 
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3.4.3 Edge Aerodynamix CVG Leading Edge Tape and Trailing Edge Tab 

For the third phase, the CVG tape applied to the CART2 blades in the second phase remained in 

place on the turbine blades.  A trailing edge tab was applied to the high pressure side of the blade 

approximately 1/4 of an inch inside of the trailing edge.  The dimensions of the cross section of 

the tab are 1/4 of an inch in height by 1/2 of an inch in width.  This phase will be referred to as 

“CVG Tape + Tab”.  The tab material was provided to NREL from Edge Aerodynamix and a 

sample can be seen in Figure 4.  It should be noted that this configuration was not optimized and 

is a proof of concept.  The duration of this testing phase went from April 12, 2017 and is 

currently ongoing.  A total amount of 1,397 raw five minute data files were collected during this 

phase of testing as of May 18, 2017. 

 

Figure 4: Tab material used in the third phase of testing.  Photo by Lee Jay Fingersh, NREL. 
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4 Results 
This section presents the results of the three configurations of blade enhancing devices.  For the 

analysis, a single data point represents the mean and standard deviation (where applicable) of a 

five minute data file which contains five minutes of continuous data.  Data files where the 

transients of the wind turbine starting up and shutting down were not included in the analysis. 

 

The plots produced for the results compare the CART2 wind turbine power output against the 

hub height wind speed.  The Linear Tape phase is shown in red, the CVG Tape phase is shown in 

green, and the CVG Tape + Tab phase is shown in red.  Two types of plots are presented: a 

scatter plot where each data point is shown and a binned plot where the data has been binned 

according to wind speed and the turbine power averaged over the subset of data within each bin.  

Each bin has a 1 m/s width, and the bin edges are on whole integers (e.g. 0 – 1 m/s, 1 – 2 m/s, 2 – 

3 m/s, etc.).  Additionally, the binned plots show error bars that represent the standard deviation 

of the subset of turbine power data within each bin, and the size of the dot represents how much 

data is in the bin (a larger dot represents more data than a smaller dot). 

 

Four pairs of plots are shown in Figure 5 – Figure 12.  Each pair shows the data with different 

levels of turbulence intensities filtered out.  Figure 5 and Figure 6 show the data with no 

turbulence intensity filter applied.  Figure 7 and Figure 8 show the data with a turbulence 

intensity greater than 20% filtered out.  Figure 9 and Figure 10 show the data with a turbulence 

intensity greater than 10% filtered out.  Figure 11 and Figure 12 show the data with a turbulence 

intensity greater than 6% filtered out.  Finally, a histogram plot is shown in Figure 13 to show 

the distribution of data for the wind speed bins over the three phases of field testing with no 

turbulence intensity filter applied. 

 

An annual energy production (AEP) analysis was computed on the data set to get an estimate of 

the AEP value for each phase of testing.  With 498 data points, the linear tape phase had an AEP 

estimate of 61.8 MW-h, with 5,002 data points the CVG Tape phase had an estimate of 74.7 

MW-h, and with 1,397 data points the CVG Tape + Tab phase had an AEP estimate of 75.5 

MW-h. 
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Figure 5: Scatter plot showing the turbine power vs. wind speed data for the three phases of field 
testing with no turbulence intensity filter applied.  The Linear Tape phase is shown in red, the CVG 
Tape phase is shown in green, and the CVG Tape + Tab phase is shown in blue. 

 
 

 

Figure 6: Binned Plot showing the turbine power vs. wind speed data for the three phases of field 
testing with no turbulence intensity filter applied.  The Linear Tape phase is shown in red, the CVG 
Tape phase is shown in green, and the CVG Tape + Tab phase is shown in blue. 
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Figure 7: Scatter plot showing the turbine power vs. wind speed data for the three phases of field 
testing with turbulence intensity greater than 20% filtered out.  The Linear Tape phase is shown in 
red, the CVG Tape phase is shown in green, and the CVG Tape + Tab phase is shown in blue. 

 
 

 

Figure 8: Binned plot showing the turbine power vs. wind speed data for the three phases of field 
testing with turbulence intensity greater than 20% filtered out.  The Linear Tape phase is shown in 
red, the CVG Tape phase is shown in green, and the CVG Tape + Tab phase is shown in blue. 
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Figure 9: Scatter plot showing the turbine power vs. wind speed data for the three phases of field 
testing with turbulence intensity greater than 10% filtered out.  The Linear Tape phase is shown in 
red, the CVG Tape phase is shown in green, and the CVG Tape + Tab phase is shown in blue. 

 

 

Figure 10: Binned plot showing the turbine power vs. wind speed data for the three phases of field 
testing with turbulence intensity greater than 10% filtered out.  The Linear Tape phase is shown in 
red, the CVG Tape phase is shown in green, and the CVG Tape + Tab phase is shown in blue. 
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Figure 11: Scatter plot showing the turbine power vs. wind speed data for the three phases of field 
testing with turbulence intensity greater than 6% filtered out.  The Linear Tape phase is shown in 
red, the CVG Tape phase is shown in green, and the CVG Tape + Tab phase is shown in blue. 

 
 

 

Figure 12: Binned plot showing the turbine power vs. wind speed data for the three phases of field 
testing with turbulence intensity greater than 6% filtered out.  The Linear Tape phase is shown in 
red, the CVG Tape phase is shown in green, and the CVG Tape + Tab phase is shown in blue. 
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Figure 13: Histogram plot showing the distribution of data for the wind speed bins over the three 
phases of field testing with no turbulence intensity filter applied.  The Linear Tape phase is shown 
in red, the CVG Tape phase is shown in green, and the CVG Tape + Tab phase is shown in blue. 
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6 Appendix A – Calibration sheet for cup anemometer 

 
Figure 14: Calibration sheet (1 of 3) for the wind speed anemometer used for the field test. 
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Figure 15: Calibration sheet (2 of 3) for the wind speed anemometer used for the field test. 
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Figure 16: Calibration sheet (3 of 3) for the wind speed anemometer used for the field test. 


