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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 dtauglhnd

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 computationodelling 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 inrder 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 considenednalizeed
capacity facta below rated power. Wind speed measurements are not used in the analysis
except for data prprocessing. Four wake effects are observed; including wake deficit, channel
speed up, and two potentially new effects, single andpleikhear 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 rangg26f 3

Finally, asimple model based dhe wind farm geometrical layout is proposdtky parameters

for the model hae been estimated by compariwgke profiles at different ranges and making
some ad hoc assumption&.preliminary comparison of six selected profiles shows excellent
agreementvith the model.Where discrepancies are observed, reasonable explanations can be
found in multiturbine 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 567, and thenet 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 AHDULION (3.0). . veeveiiiiiiieeiiiei e 12



Figure 2. Met Tower Wind Direction Correction. On the left, power variability of turbine 64 is
plotted against the met mast measured wind diregfiofor winds from the south. A peak in

power variability is seen at approximat@lyp w lh reality, this peak should occur at the
geographical bearing from turbine 64 to turbine 67, which is shown as a red line, occurring at

p U 1t Therefore, the wind diction offsetf £ [O [ p p. JOn 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 BINSOId..........uvuiiiiiiiiii e 14

Figure 3. Nacelle Direction Correction for Turbine 6. On the left (a), the residial—d&of

the nacelle wind direction measurementversus the met tower measuremestis shown

through time for turbine 6. In addition to the additive biases that can be observed, there are
several noticeable changes in the measurements aediffene 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 whiclag 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 remoVved................eeveiiiieeeiiiiiiiieiiee e 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 améasti 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, includd@gated periods.............ooooiiiiiiiimemrnne 16

Figure 5. Power Corrections. On the left (a), the median power curve was computed using wind
speed binef 1 m/s, shown as a red line. Any data greater outside of theesentile 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 mexaer 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 effatdeltbeavind 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 LmJ/s..........ccccoooiviiieeen e, 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
positionsof 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 théopkoirbine 6 at the angle

¢ X 1 Similarly, turbine 7 is underperforming due to the wake effect, and a dip is observed in



the plot for turbine 7 at the angtex 1 Both plots are obtained by averaging normalized instant
power over time within wind dir¢ion biNS Ofp J.......ooooiiiiii e 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 increadabiirar, which manifest as bumps

on the plots. Thus there are bumpedat (éasterly wind) for turbine 6 angd x ttwesterly wind)

for turbine 7. Both plots are obtained by averaging power variability over time within wind
Ir€CtION DINS OP .. 19

Figure 9. Wind Shadow Estimates. On the left (a), wind shadows are computed for wind
blowing out of the nortteast usingk = 0.075 ad a¥b p Urotor 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 directidiut with an extremely higl2 1@ anddHb ¢ @ The wind front
computed in the two examples shows how more or less conservative wind front estimates can be
obtained by varyingRANAGHD. ............cooeevee ettt 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 estimat€) 18t x anddrb p yrotor dianeters)..........cccccveeveveeenee... 21

Figure 11. Wake Effect Visualizations. On the left (a), visualization is shown using normalized
instant power, andn 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 powerquetperforming turbine
directions are colored red, while ungesrforming 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 looved red, and low variability directions are colored blue.

Figure 12. Google Earth Visualization. This visualization shinsvind 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 etations between performance and local topogr&hy.

Figure 13. Peak Deficits. The peak deficit for all of the profiles plattean average of the
nearest five points to the bearingQagdaywmst Je
andd Y 1. The profiles from each bin are colored coded.................cccvvieeeveeeeeennnnee, 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 approximaéebydfiles in each bin. On the
bottom (b), power variance of the wake profiles for the 1.25D bins is shawn.................. 25

Figure 15. Fittd Parameters. On the top (a), we show wake deficit and centerline for the
normalized power wake profiles. The fitted values outside the wake are gidemiy p



¢ 7O &'Q"Qw Gfdp 1 In the middle (b), we show the measured peak poweahitity

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 forQ 1@t X.uThe power performance i#0 & T® p FO T® and the
variability fit iSO TP U GHO  TE...ooreieeeerieeeeeeee st ceessie e e seste st eeenesseese s e seens 26

Figure 16. Initial Model. On the top (a), individweake 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 parimental data............ccccooeeiiiiiiecc e 28

Figure 17. Cosine Model. On the top (a), individual wake components for turbine 11 are
modelled using &aussian 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
(01T - Y25 PR 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 sumof the individual Gaussian DeILS.............c..uuviiiiiiiiiee s 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 vensod 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 tuthiléne pairs within

A (0] (] e [ =T 0 0123 (=T £ IS 1 11 o T 31

Figure 20. Average Turbine Performance over Wind Farm. On the left, the wind direction
averaged normalized instant powesl®wwn 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 OW VArIADIY. .............uuuiiiiiiiiiiii e nnee e 32

Figure 21. Wake Effects. On the left (a), three wake effects can be observed using instant
normalized power plots fdurbines 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. xdas gives the wind direction
degree offset normalized by the distance between the turbine® (@.g—3 p Y TIP where
—Jis the offset irdegreespis the distance between the two turbines, @rsl the rotor
diameter). For example, when the offsatidhe wind is blowing straight from the upwind to
the downwind turbine. Thgaxis shows the normalized instant power for the downwind



turbine. The turbine pairs selected are given in the legend, where the nafationi
indicates the downwind turbind)( the upwind turbineu) and the distance)(in rotor
diameters. See also Figure 1 for turbine POSItIQNS.............uuuiiiiiiiieeeiiiiiiiiieieeee e 34

Figure 23. Power Variability for Waked Turbines. As in Figure 22xtleis gives the wind
direction degree offset from the upwind turbine. V¥axis gives the power variability of the
[0 (oY 1LY T To I (1T ][ 1= 34

Figure 24. Power Deficit Versus Distance. Maximum instant normalized power and minimum
power variance for a downstream turbine were collected for 85s&upaiirs. On the left (a),

the maximum normalized instant power is plotted versus distance behind the upwind turbine.
The semiempirical wind velocity deficit from Equation 4 is shown as a solid curve. On the right
(b), the minimum power variance foretidlownstream turbine versus distance is shown....35

Figure 25. Normalized Instant Power for Channel Speedupx-&kes gives thevind direction
degree difference from the downstream turbine to the midpoint between the two upstream
turbines. The-axis gives the normalized instant power. The channel speed up effect can be
seen as thpeak atrt Jflanked ly wake deficits on eitheside of the peak............................. 36

Figure 26. Power Variability for Channel Speedup. As in Figure 2%-#xés gives the wind
offset fromthe midpoint between the two upstream turbines. yf&es gives the power
variability. The channel speed up is associated with low variability.................c..ceee.. 36

Figure 27. Normalized Instant Power for Shear Speedup x-akis gives the wind direction

degree offset from thbearing between and upwind and downwin@ine pair, and thg-axis

show the normalized instant power. Turbines were selected so that the region metoeem J

from the downwind turbine is undisturbed (no turbines nearby). The shear point speedup can be
seen as improved power productionvienp v ahdg Tt as indicated by the dotted line at

[ T T TP PPPPSPP R PPPPPPTN 37
Figure 28. Power Variability for Shear Speedup. As in Figuréh2&-axis gives the wind
direction degree offset from the upwind turbine. V¥exis shows power variability............ 37

Figure 29. Normalized Instant Power Increase from Multiple Upstream Turbines. The
normalized instant power profiles are shown for 6 turbines offset frampstneam row of
turbines. The upstream turbine rows are all arranged from north to.sauth.................... 38

Figure 30. Power Variability fra Multiple Upstream Turbines. The power variability profiles
are shown for 6 turbines offset from an upstream row of turbines. The upstream turbine rows are
arranged NOIh 10 SOULN.........oiii et e e e e e e e e 38

Figure 31. Percent Gain Parameter Search. Percen@asghown as a function of
parameters inthergg’ Q T@1 @0 Q T andatb UL towb o motor diameters.......... 39

Figure 32. Region Il Percent Gain Parameter Search. The percent gain of the wind farm is
uniformly higher using wind restricted speeds frorh6m/s, as compared to wind speeds from



4-20 m/s (Figure 31). Parameters are agaihémrangéQ 18t o Q 1 andaHb U to
(O o S 1 (0] o]0 [ F=Ta U] (=T £ SO PRPR S SPPP 40

Figure 33. Region Il Percent Gain Parameter Search. The percent gain of tharmingl f
minimal using wind restricted speeds from2®m/s, as compared to wind speeds fref®4
m/s (Figure 31 and Figure B2Parameters are again in the raitye T8t g0 Q ™ and
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Figure 34. Power roses for turbines 11, 8 and 10. In this figure, we show the power roses as
computed using the wake model from Section 2.4. On the left(ahowe the power rose for

turbine 11; in the middle (b), the power rose for turbine 8; and on the right (c), the power rose for
L0011 1300 O SSRRRRPPR 42

Figure 35. Power variability roses for turbines 11, 8 and 10. In this figure, we show the power
variability roses as computed using the wake model from Section 2.4. On the left(a), we show
the power variability rose for turbine 11; in thedatie (b), the power variability rose for turbine

8; and on the right (c), the power variability rose for turbine. 10.................cooeiieeeeiiiinennnn. 43

Figure36. Power roses for turbines 39, 40, and 54. In this figure, we show the power roses as

computed using the wake model from Section 2.4. On the left(a), we show the power rose for
turbine 39; in the middle (b), the power rose for turbine 8; and.on..................................43
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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 ardnshadow [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 addion, 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 desig phase [1]. Research into siting wind turbines has employedesepiiical
numerical models of turbine wakes%2 as well as more exact models based on the Navier
Stokes equations [6]. Power losses due to wake effects have also been model&@die8].
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 whigitireg isnot an option, but which
might yield greater power production with improved understanding-siterwake effects.

An alternative to using computational models for understanding and mitigating wake effects is to
analyze data gathered from existing faumsig techniques from statistics and data mining.

Such approaches have yielded results in the areas of turbine failure prediction and condition
monitoring, see for example-E3], 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 ordewvtdgoan estimate of

potential power loss due to wake effed&nally, 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 turtaneBe 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 shownin Figurel, along with a wind rose showing the prevailing wind directions.

g

7o oo

Figure 1. Wind Farm Layout. The relative positions of the turbineshoevn, with turbines numbered frorr6Z, 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 betwedr65@or 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.nicolasmeit.con) and are licensed under Creative Commons Attribution (3.0).
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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 tuniei and wind speed to lie in the range &Mm/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 pextbon 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 turbires described next.

Given the measured wind direction at the met tower, deretethe goal is to find an offset
such that

- = — (1)

where—is the true wind direction. To fing-, it is necessary to estimate the twiad 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 oéttlownwind 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
U ” ¢ , (2)

where' is the power produced by the turbine, gnds 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 tma §iven wind
direction, where the wind directions are binneg idntervals.

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 @ue north (bearing

p U 1af turbine 67, the greatest power variability in turbine 64 should be seen in periods of
southerly winds (bearing ¢ @ By comparing the power variability of turbine 64 with the wind
direction at the met tower, the true wididection— can be estimated, dlistrated inFigure2.
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According to this analysis, the measured wind directiorwas offset from the trueimd
direction—by an angle— p p.J

Met Tower Wind Direction Uncorrected Met Tower Wind Direction Corrected
0.5 0.5
—©— Power Variability —©— Power Variability
0.45 | Geographic Bearing 0.45 | Geographic Bearing
< <
© 04 © 04
g 2
= B
5 0% ] 0.35
=}
E 0.3 = 03
2 = 0.25
= 025 30
g g
g 02 5 02
> >
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: e S o
a o 2 o1
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0 0
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Wind Direction (Deg) Wind Direction (Deg)
@ (b)

Figure 2. Met Tower Wind Direction Correction. On the left, power variability of turbine 64 is plotted against the met mast
measuredvind direction ; for winds from the south. A peak in power variability is seen at approximately. In reality,

this peak should occur at the geographical bearing from turbine 64 to turbine 67, which is shown as a red line, occurding at
Therefore, the wid direction offset 4 - J. 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 cuves were computed across wind direction binsbf

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 byrthiee 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 mag 6ome 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 magnetiorth is not always performed, or is sometimg@regrammed

with turbine softvare 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 imreoting 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 inFigure3(a). Note that the direction measurements are present only when a turbine is
operational and wind speeds exceed 4 m/s, as per tia¢ dlaita screen.
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Figure 3. NacelleDirection Correction for Turbine 6. On the left (a), the resi@ial P of the nacelle wind direction
measuremer®, versus the met tower measurementis 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 theéhaiddle (b),
time periods are clustered using a change detedgonithm 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 uncorrested data as
solid vertical line. On the right (c), additivercections 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 thrésmdle wind

direction measurements, a moving average over 750 time points was used with a threshold of
¢ Tt JThe results of the change detection algorithm applied to wind direction measurement data
from turbine 6 is shown iRigure3(b).

After the time period clusters were identified for a given nacelle, the wind direction based on the
nacelle measurements were corrected using additive offsetasgeeviously done for the met
tower data. Using Equation 1, an offsets applied to the nacelle measurements for each time
cluster such that the nacelle wind directieris equalon averag¢o the met tower wind

direction— for that time perid 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 Figure3(c). The nacelleorrection left approximately 34,000 time points per turbine for further
analysis.

Pitch Correction

The final correction compared blade pitch versus wind speed to remove unusuaésefanc
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, instagg 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 carection for turbine 6 ishown inFigure4. Pitch correctioheft approximately 32,000

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