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Abstract 

 

As wind farms scale to include more and more turbines, questions about turbine wake 

interactions become increasingly important.  Turbine wakes reduce wind speed and downwind 

turbines suffer decreased performance.  The cumulative effect of the wakes throughout a wind 

farm will therefore decrease the performance of the entire farm.  These interactions are dynamic 

and complicated, and it is difficult to quantify the overall effect of the wakes.  This problem has 

attracted some attention in terms of computational modelling for siting turbines on new farms, 

but less attention in terms of empirical studies and performance validation of existing farms.   

 

In this report, Supervisory Control and Data Acquisition (SCADA) data from an existing wind 

farm is analyzed in order to explore methods for documenting wake interactions.  Visualization 

techniques are proposed and used to analyze wakes in a 67 turbine farm.  The visualizations are 

based on directional analysis using power measurements, and can be considered to be normalized 

capacity factors below rated power.  Wind speed measurements are not used in the analysis 

except for data pre-processing.  Four wake effects are observed; including wake deficit, channel 

speed up, and two potentially new effects, single and multiple shear point speed up.  In addition, 

an attempt is made to quantify wake losses using the same SCADA data.  Power losses for the 

specific wind farm investigated are relatively low, estimated to be in the range of 3-5%. 

 

Finally, a simple model based on the wind farm geometrical layout is proposed.  Key parameters 

for the model have been estimated by comparing wake profiles at different ranges and making 

some ad hoc assumptions.  A preliminary comparison of six selected profiles shows excellent 

agreement with the model.  Where discrepancies are observed, reasonable explanations can be 

found in multi-turbine speedup effects and landscape features, which are yet to be modelled. 
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FIGURES 
 

Figure 1.  Wind Farm Layout.  The relative positions of the turbines are shown, with turbines 

numbered from 1-67, and the met tower marked M.  The site wind rose is shown in the upper 

left.  Turbines in close proximity are connected by lines: turbines within 5 rotor diameters are 

connected using red lines; turbines between 5 and 6 rotor diameters are connected using blue 

lines; and turbines between 6 and 7 rotor diameters are connected using black lines.  Icons were 

taken from the Map Icons Collection (http://mapicons.nicolasmollet.com) and are licensed under 

Creative Commons Attribution (3.0). ........................................................................................... 12 
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Figure 2.  Met Tower Wind Direction Correction. On the left, power variability of turbine 64 is 

plotted against the met mast measured wind direction ʃÍ for winds from the south.  A peak in 

power variability is seen at approximately ρφωЈ.  In reality, this peak should occur at the 

geographical bearing from turbine 64 to turbine 67, which is shown as a red line, occurring at 

ρψπЈ.  Therefore, the wind direction offset ʃÆ ʃÔ ʃÍ ρρЈ.  On the right, power variability 

is plotted against the corrected wind direction, showing an alignment between the peak power 

variability and the geographic bearing.  Throughout this figure, the power variability curves were 

computed across wind direction bins of ρЈ. .................................................................................. 14 
 

Figure 3.  Nacelle Direction Correction for Turbine 6.  On the left (a), the residual —ὲ —ά of 

the nacelle wind direction measurement —ὲ versus the met tower measurement —ά is shown 

through time for turbine 6.  In addition to the additive biases that can be observed, there are 

several noticeable changes in the measurements at different time points.  In the middle (b), the 

time periods are clustered using a change detection algorithm so that an additive correction can 

be applied.  The separation of the last two groups (green and blue) is due to a period of erratic 

measurements which can be observed in the uncorrected data as a solid vertical line.  On the 

right (c), additive corrections are applied to the time period clusters and individual measurements 

significantly different from the mean are removed....................................................................... 15 
 

Figure 4.  Pitch Correction.  On the left, the pitch schedule is shown as the variation in mean 

blade pitch against wind speed.  Data points more than one standard deviation from the pitch 

schedule (indicated by the dashed lines) are removed.  On the right, the power curve of the 

corrected data is shown (power is shown on a normalized scale).  Note that several abnormal 

operating modes were removed, including de-rated periods. ....................................................... 16 
 

Figure 5.  Power Corrections.  On the left (a), the median power curve was computed using wind 

speed bins of 1 m/s, shown as a red line.  Any data greater outside of the 60
th
 percentile was then 

removed.  This correction directly removes abnormal modes of turbine operation from 

consideration for further analysis.  On the right (b), the full collection of median power curves 

(67) exhibit a large degree of uniformity over the wind farm, indicating that the power corrected 

data is suitable for estimating power losses due to wake effects on the farm. ............................. 16 
 

Figure 6.  Wake Effect for Turbine 7.  On the left (a), power curves are shown for the upwind 

turbine 6 and the downwind turbine 7 (given westerly winds).  These curves show no wake effect 

because the individual nacelle wind speed measurements were used, which are relative.  On the 

right (b), power curves are shown for the same two turbines, this time using the upwind nacelle 

sensor to measure wind speed.  These curves show a wake effect, because the wind speed is now 

absolute for both turbines.  Throughout this figure, the power curves were obtained by averaging 

the nacelle power measurements over bins with width of 1 m/s. ................................................. 17 

 

Figure 7.  Normalized Instant Power Plots.  These plots show normalized instant power averages 

over time versus wind direction for turbines 6 and 7.  The plots are arranged to mirror the 

positions of the turbines in the wind farm, so that turbine 6 is west of turbine 7.  Thus, given a 

westerly wind, turbine 6 is upwind and turbine 7 is downwind.  In this case, turbine 6 is over-

performing relative to turbine 7, so that a bump is observed in the plot for turbine 6 at the angle 

ςχπЈ.  Similarly, turbine 7 is underperforming due to the wake effect, and a dip is observed in 
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the plot for turbine 7 at the angle ςχπЈ.  Both plots are obtained by averaging normalized instant 

power over time within wind direction bins of ρЈ. ....................................................................... 18 
 

Figure 8.  Power Variability Plots.  These plots show power variability over time against wind 

direction for turbines 6 and 7.  They are again arranged to mirror the positions of the turbines in 

the wind farm.  Wake effects can be observed as increased variability, which manifest as bumps 

on the plots.  Thus there are bumps at ωπЈ (easterly wind) for turbine 6 and ςχπЈ (westerly wind) 

for turbine 7.  Both plots are obtained by averaging power variability over time within wind 

direction bins of ρЈ. ....................................................................................................................... 19 
 

Figure 9.  Wind Shadow Estimates.  On the left (a), wind shadows are computed for wind 

blowing out of the north-east using k = 0.075 and ὼЊ ρυ (rotor diameters).  Turbines are 

marked with blue dots and wind shadows are shown using gray quadrilaterals.  Turbines not in 

wind shadows are highlighted with red circles.  On the right (b), wind shadows are computed 

using the same wind direction but with an extremely high Ὧ πȢτ and ὼЊ ςπ.  The wind front 

computed in the two examples shows how more or less conservative wind front estimates can be 

obtained by varying Ὧ and ὼЊ. ..................................................................................................... 20 
 

Figure 10.  Power Observer versus Actual Power.  Shown here is the power observer calculation 

(red) compared to the actual power measurements (blue).  The curves are totaled over all turbines 

in the farm.  For this estimate, Ὧ πȢπχυ and ὼЊ ρυ (rotor diameters). ................................ 21 
 

Figure 11.  Wake Effect Visualizations.  On the left (a), visualization is shown using normalized 

instant power, and on the right (b) visualization is shown using power variability.  In both cases, 

the rose plots are positioned in place of the turbine icons seen in Figure 1.  Further, the rose plots 

are colored according the radial magnitude.  For the instant power plots, over-performing turbine 

directions are colored red, while under-performing turbine directions are colored blue.  Grey 

circles show average performance (instant normal power value of 1).  For the power variability 

plots, high variability directions are colored red, and low variability directions are colored blue.

....................................................................................................................................................... 23 
 

Figure 12.  Google Earth Visualization.  This visualization shows the wind farm wake effects 

using the normalized instant power plots, complete with the labels from Figure 1.  Grey circles 

show average performance (instant normal power value of 1).  The wind farm terrain imagery 

(not shown) can also be examined for correlations between performance and local topography. 23 

 

Figure 13.  Peak Deficits.  The peak deficit for all of the profiles plotted as an average of the 

nearest five points to the bearing against Jensenôs Park model to the 3rd power, with Ὧ πȢπχυ 
and ὅὝ πȢχ.  The profiles from each bin are colored coded. .................................................... 24 
 

Figure 14.  Wake Profiles from 3D to 12D.  On the top (a), the average normalized power wake 

profiles for the 1.25D bins are shown. There are approximately 16 profiles in each bin.  On the 

bottom (b), power variance of the wake profiles for the 1.25D bins is shown. ............................ 25 
 

Figure 15.  Fitted Parameters.  On the top (a), we show wake deficit and centerline for the 

normalized power wake profiles.  The fitted values outside the wake are given by ὥὼὈ ρ
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ςυȾὈ ὡὩὭὦόὰὰὼȾὈȟρπ.  In the middle (b), we show the measured peak power variability 

above the ambient level, with a fitted value.  On the bottom (c), we show curves fitting wake 

width in linear coordinates for power and power variability.  For reference, the Park model wake 

width is plotted for Ὧ πȢπχυ.  The power performance fit is ύὼ πȢρρὼȾὈ πȢυ and the 

variability fit is ὦὼ πȢρυὼȾὈ πȢυ. ..................................................................................... 26 
 

Figure 16.  Initial Model.  On the top (a), individual wake components for turbine 11  are 

modelled as Gaussian bells.  On the bottom (b), all wakes for turbine 11 are modelled as the 

product of the individual Gaussian bells.  Three of the wake directions have been adjusted a few 

degrees to align with the experimental data. ................................................................................. 28 
 

Figure 17.  Cosine Model.  On the top (a), individual wake components for turbine 11 are 

modelled using a Gaussian bell and a damped cosine overlay.  On the bottom (b), all wakes for 

turbine 11 are modelled as the product of the individual Gaussian bells using the damped cosine 

overlay........................................................................................................................................... 29 
 

Figure 18.  Power Variability Model.  On the top (a), individual wake components for turbine 11 

are modelled using Gaussian bells.  On the bottom (b), all wakes for turbine 11 are modelled as 

the sum of the individual Gaussian bells. ..................................................................................... 30 

 

Figure 19.  Overall Wind Farm Performance.  On the left (a), the power averaged over all 

turbines versus wind direction is shown.  As expected, this polar plot is highly correlated with 

prevailing wind directions (NW and S), although there is also an interesting spike in the NE 

direction.  In the middle (b), the average power variability versus wind direction is shown.  The 

power variability is aligned with prevailing winds as well as a large number of closely positioned 

E-W turbine pairs.  On the right (c), a radial histogram of counts for turbine-turbine pairs within 

7 rotor diameters is shown. ........................................................................................................... 31 
 

Figure 20.  Average Turbine Performance over Wind Farm.  On the left, the wind direction 

averaged normalized instant power is shown for each turbine, where red indicates high 

performance, and blue indicates low performance.  On the right, the wind direction averaged 

power variability is shown for each turbine, where red indicates high variability, and blue 

indicates low variability. ............................................................................................................... 32 
 

Figure 21.  Wake Effects.  On the left (a), three wake effects can be observed using instant 

normalized power plots for turbines 8, 10, and 11.  Wake deficits can be seen as dips in the 

power production when turbine 11 is in the shadow of turbines 8 or 10; a speed up channel can 

be seen as a peak in the power production when turbine 11 is facing the midpoint of turbines 8 

and 10; and shear point speedups can be seen when turbine 11 is tangent to the wake of turbine 

10 or 8.  On the right (b), the corresponding variability in power is shown. ................................ 33 
 

Figure 22.  Normalized Instant Power for Waked Turbines.  The x-axis gives the wind direction 

degree offset normalized by the distance between the turbines (e.g. ὼὈ —Ј“ρψπЈὼὈ), where 

—Ј is the offset in degrees, ὼ is the distance between the two turbines, and Ὀ is the rotor 

diameter).  For example, when the offset is πЈ the wind is blowing straight from the upwind to 

the downwind turbine.  The y-axis shows the normalized instant power for the downwind 
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turbine.  The turbine pairs selected are given in the legend, where the notation Ὠᴺό ὶ 

indicates the downwind turbine (d), the upwind turbine (u) and the distance (r) in rotor 

diameters.  See also Figure 1 for turbine positions. ...................................................................... 34 

 

Figure 23.  Power Variability for Waked Turbines.  As in Figure 22, the x-axis gives the wind 

direction degree offset from the upwind turbine.  The y-axis gives the power variability of the 
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1.  INTRODUCTION 
 

The wind energy used by a turbine to produce electrical power causes a reduction in wind speed 

behind the turbine, also known as a wake or wind shadow [1].  The wake behind a turbine will 

dissipate with distance, but will affect nearby downwind turbines.  For a large wind farm, these 

effects will accumulate, resulting in potentially significant aggregate power loss over the entire 

farm.  In addition, wakes are turbulent, and can stress downwind turbines, possibly affecting the 

reliability and lifetime of turbines within the farm. 

 

To mitigate the effects of turbine wakes in a wind farm, it is important to carefully site turbines 

during the design phase [1].  Research into siting wind turbines has employed semi-empirical 

numerical models of turbine wakes [2-5], as well as more exact models based on the Navier-

Stokes equations [6].   Power losses due to wake effects have also been modeled [7,8].  While 

these models provide valuable insight and guidelines, they are nevertheless incomplete and 

cannot address every practical concern in the siting of turbines when building a wind farm.  

Further, there are numerous existing wind farms, for which re-siting is not an option, but which 

might yield greater power production with improved understanding of on-site wake effects. 

 

An alternative to using computational models for understanding and mitigating wake effects is to 

analyze data gathered from existing farms using techniques from statistics and data mining.  

Such approaches have yielded results in the areas of turbine failure prediction and condition 

monitoring, see for example [9-13], but have only been applied to limited degree in wake 

analysis [14]. 

 

In this report, Supervisory Control and Data Acquisition (SCADA) data is analyzed with the goal 

of documenting wake effects on a functioning industrial scale wind farm.  SCADA data from this 

farm is summarized, corrected, transformed, and analyzed in order to provide an estimate of 

potential power loss due to wake effects.  Finally, a simple model based on the wind farm 

geometrical layout is proposed. 
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2.  MATERIALS AND METHODS 
 

Data was gathered over a 1.5 year period in 2012 and 2013 from the SCADA system at an 

onshore wind farm in the United States.  The wind farm included 67 horizontal axis, three 

bladed, variable pitch turbines, along with one meteorological (met) tower.  In this study, 

analysis was performed on subset of the data collected from the turbines: nacelle wind speed, 

nacelle direction (position), rotor speed, blade pitch, and power output.  The met tower collected 

data on temperature, air pressure, wind speed, and wind direction.  The layout of the wind farm 

is shown in Figure 1, along with a wind rose showing the prevailing wind directions. 

 

 
 

Figure 1.  Wind Farm Layout.  The relative positions of the turbines are shown, with turbines numbered from 1-67, and the met 

tower marked M.  The site wind rose is shown in the upper left.  Turbines in close proximity are connected by lines: turbines 

within 5 rotor diameters are connected using red lines; turbines between 5 and 6 rotor diameters are connected using blue lines; 

and turbines between 6 and 7 rotor diameters are connected using black lines.  Icons were taken from the Map Icons Collection 

(http://mapicons.nicolasmollet.com) and are licensed under Creative Commons Attribution (3.0). 

 

http://mapicons.nicolasmollet.com/
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Data was collected continuously (every 2 seconds) but was summarized over 10 minute intervals 

prior to analysis.  For each variable collected (e.g. wind speed), the minimum, maximum, 

average and standard deviation over the 10 minute interval was computed.   After 

summarization, there were approximately 61,000 time points per turbines available for analysis. 

 

2.1. Data Corrections 
 

Wind Speed Screening   

We required an operational turbine and wind speed to lie in the range of 4-20 m/s, yielding 

approximately 46,000 time points per turbine, corresponding to a site average wind speed of 

approximately 8 m/s. 
 

Met Tower Correction   

Due to sensor inaccuracies, various corrections were performed on the wind direction 

measurements.  Following [14], the met tower was considered to have the most accurate wind 

direction sensor, but was adjusted for systematic bias by comparing the met tower sensor data 

with data gathered from two nearby turbines, as described next. 

 

Given the measured wind direction at the met tower, denoted — , the goal is to find an offset — 

such that  

 

     — — —,       (1) 

 

where — is the true wind direction.  To find —, it is necessary to estimate the true wind direction 

—.  Fortunately, — can be estimated using the geographical bearing (known exactly) of two 

turbines near the met tower, and comparing that bearing to the power variability of the 

downwind turbine.  In theory, the power variability of the downwind turbine will peak when the 

wind direction is exactly aligned with the geographical bearing, providing an estimate of —. 

 

The power variability of a turbine is computed as  

 

ὖ
„
‘,      (2) 

 

where ‘ is the power produced by the turbine, and „ is the standard deviation of the power 

produced, both taken over the ten minute intervals.  For the purpose of comparing power 

variability against wind direction, the power variability is averaged over time for a given wind 

direction, where the wind directions are binned in ρЈ intervals. 

 

For the wind farm under investigation, wind direction at the met tower was compared with the 

power variability of nearby turbine 64.  Specifically, power variability was computed for turbine 

64 when turbine 64 was downwind from turbine 67.  Since turbine 64 is due north (bearing 

ρψπЈ of turbine 67, the greatest power variability in turbine 64 should be seen in periods of 

southerly winds (bearing ρψπЈ.  By comparing the power variability of turbine 64 with the wind 

direction at the met tower, the true wind direction — can be estimated, as illustrated in Figure 2.  
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According to this analysis, the measured wind direction —  was offset from the true wind 

direction — by an angle — ρρЈ. 

 

 
   (a)             (b) 

 
Figure 2.  Met Tower Wind Direction Correction. On the left, power variability of turbine 64 is plotted against the met mast 

measured wind direction ἵ for winds from the south.  A peak in power variability is seen at approximately Ј.  In reality, 

this peak should occur at the geographical bearing from turbine 64 to turbine 67, which is shown as a red line, occurring at Ј.  
Therefore, the wind direction offset Ἦ Ἴ ἵ Ј.  On the right, power variability is plotted against the corrected wind 

direction, showing an alignment between the peak power variability and the geographic bearing.  Throughout this figure, the 

power variability curves were computed across wind direction bins of Ј. 

 

Nacelle Direction Correction   

The nacelle direction sensors have a number of potential sources of error.  First, they are not 

typically well maintained because the direction is not often used by the turbine controllers.  

Second, the typically slow changes in yaw and long periods of inaction cause the sensors to 

experience accuracy loss in relative position.  These losses can be jumps in the position or slow 

deterioration.  Although the direction may (in some turbines) be reset by the passage of a switch, 

some sites have very monotonous wind direction and the turbines rarely trigger the reset.  

Further, calibration to magnetic north is not always performed, or is sometime re-programmed 

with turbine software updates.  This means that there can be instant jumps in directional 

determination at discrete times.  Finally, if no service records are available, sensors may be 

replaced, after which absolute direction is lost. 

 

The largest obstacle to overcome in correcting the nacelle wind direction is the identification of 

time period clusters showing significant relative change in wind direction against the corrected 

met tower data, now considered to be ground truth.  An example of this behavior for turbine 6 is 

shown in Figure 3(a).  Note that the direction measurements are present only when a turbine is 

operational and wind speeds exceed 4 m/s, as per the initial data screen. 
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(a)     (b)    (c) 

 

Figure 3.  Nacelle Direction Correction for Turbine 6.  On the left (a), the residual Ᵽ▪ Ᵽ□ of the nacelle wind direction 

measurement Ᵽ▪ versus the met tower measurement Ᵽ□ is shown through time for turbine 6.  In addition to the additive biases 

that can be observed, there are several noticeable changes in the measurements at different time points.  In the middle (b), the 

time periods are clustered using a change detection algorithm so that an additive correction can be applied.  The separation of the 

last two groups (green and blue) is due to a period of erratic measurements which can be observed in the uncorrected data as a 

solid vertical line.  On the right (c), additive corrections are applied to the time period clusters and individual measurements 

significantly different from the mean are removed. 

 

Each time period cluster is identified using a change detection algorithm [15].  The change 

detection algorithm proceeds sequentially through each time series searching for time points 

where the moving average experiences a change beyond a given threshold.  For the wind 

direction measurements, a moving average over 750 time points was used with a threshold of 

ςπЈ.  The results of the change detection algorithm applied to wind direction measurement data 

from turbine 6 is shown in Figure 3(b). 

 

After the time period clusters were identified for a given nacelle, the wind direction based on the 

nacelle measurements were corrected using additive offsets, as was previously done for the met 

tower data.  Using Equation 1, an offset — is applied to the nacelle measurements for each time 

cluster such that the nacelle wind direction — is equal on average to the met tower wind 

direction —  for that time period cluster.   

 

Finally, individual wind direction measurements for each nacelle were discarded if greater than 

one standard deviation from the mean.  An example of the corrected data for a nacelle is shown 

in Figure 3(c).  The nacelle correction left approximately 34,000 time points per turbine for further 

analysis. 

 

Pitch Correction   

The final correction compared blade pitch versus wind speed to remove unusual instances of 

turbine operation.  Normally, blade pitch should respond predictably to variations in wind speed, 

as dictated by the turbine controller.  Unusual blade pitch response therefore indicates unusual 

turbine operation. 

 

To perform this correction, instances of unusual turbine operation were removed if the mean 

blade pitch was more than one standard deviation from the mean blade pitch schedule, identified 

empirically by computing mean pitch vs. wind speed, using wind speed bins of 1 m/s.  The blade 

pitch correction for turbine 6 is shown in Figure 4.  Pitch correction left approximately 32,000 

time points per turbine for further analysis, or approximately 222 days in operation. 
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