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Abstract—This project used optimization to explore the effects
of wake and acoustic propagation in positioning wind turbines
used in a wind farm. The Jensen and FLORIS models were used
for modeling the turbine wakes, the BPM equations were used
to predict the turbine noise and its propagation, and SNOPT (a
sequential quadratic programming optimization algorithm) was
used for repositioning each of the turbines to an optimal location.
The optimized layout reduced the turbine noise disturbances
in nearby residential areas with minimal decrease in power
production.
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I. INTRODUCTION

Wind energy is a valuable source of power as it is renew-
able, available in many parts of the world, and has the ability
to produce twenty times more power than the world currently
consumes [1]. To harness large amounts of wind energy, wind
turbines are grouped in wind farms. However, as each turbine
extracts energy from the wind, it causes a reduction in wind
speed and an increase in turbulence in the nearby air. The
air that is affected by the turbine is called the turbine wake.
A turbines wake causes a significant reduction in the power
production of nearby and downwind turbines. In order to avoid
these negative effects, the turbines must be placed in such a
way that the wake effects between turbines will be minimized.
This leads to the greatest possible power production from the
wind farm [1]. Thus, predicting how these wakes propagate,
and how they change the efficiency of a wind farm, is very
important.

Another important aspect of the turbines, in addition to
the wakes they produce, is the noise they generate. This
noise causes disturbances to residential areas located in the
vicinity of wind farms. There are many contributors to the
turbine noise, including mechanical noise from the generator,
turbulence over the blades, and the passing of the turbine
blades in front of the tower. While the sound coming from
wind turbines poses no physical or psychological harm to
humans, it can be an annoyance to individuals nearby [2]. This
annoyance comes from the low frequency noise originating
predominately from the turbulence of the wind passing over
the turbine blades [3]. Ideally a wind farm layout would reduce
the level of turbine noise disturbance to nearby residential areas
and is a goal in wind farm design.

Current wind power research is seeking ways to improve
the power production of wind turbines individually, as well as
for wind farms as a whole. Much of this research depends on
the use of wake models describing the effects that turbines have
on the airflow. These wake models are used to determine the
power production, cost of energy (COE), layout, control, and

other aspects of wind turbine and wind farm design. Because
of the important role that wake models play in wind farm
development, there is a concerted effort to define how effective
each of the many wake models are so that they may be used
with confidence during the wind farm design and analysis
process [4]. These efforts include accuracy comparisons of the
total power output of a wind plant [4], usefulness for controls
of wind farms [5], and accuracy of wake effect predictions [6].
However, as far as our research has found, a comparison of
optimization results using multiple wake models has not yet
been performed.

While accurately predicting the total power production of
a wind farm is important, the locations of the turbines within
the plant will ultimately have one of the greatest effects in
determining the actual COE of the wind farm [7], [8]. While
a more accurate model may yield more accurate predictions
in terms of power production, the optimal layout is what
will determine the actual COE when a wind farm is built. A
wake model may not be accurate enough to predict the exact
wind speed in the wake, or the exact power production of a
wind turbine, but it may still be sufficient to perform a useful
layout optimization. Significant savings could be realized in
time and resources if we can gain a good understanding of
how well various wake models perform wind farm layout
optimization. The final optimized layout can then be tested
a single time using a higher fidelity model to more accurately
predict what the final power production will be. In this work
we present initial comparisons between layout optimizations
using two simple models, the FLOw Redirection and Induction
in Steady-state (FLORIS) model [9] and the Jensen model [10],
demonstrating how a set of wake models compare when used
in wind farm optimization.

Using these different wake models, we explored the pos-
sibility of reducing the noise level through changing the
positions of the turbines. We maximized power output while
constraining the turbine noise to an acceptable level using an
acoustic model. Previous research has already performed a
simple analysis of turbine optimization with the Jensen wake
model and the ISO-9613-2 standard for acoustic propagation
[11]. Because the ISO-9613-2 standard only predicts how
sound propagates and not how it is created, our research used
an acoustic model based on BPM equations [12] that described
how sound was created and propagated for results based on the
turbine operation. With this optimization, we studied how to
position turbines in a wind farm to increase the plant efficiency
and reduce the noise disturbance to nearby residential areas.

II. METHODS

In an effort to make the research applicable to a real-world
situation, the turbine optimization was based on the Rosiere



Wind Farm run by Madison Gas and Electric in Kewaunee
County, Wisconsin. Individuals living within and near this
plant filed complaints that the noise produced by the plant was
too much of a disturbance [13]. This wind farm was used as a
reference in the optimization because of the importance it had
in reducing noise pollution while maintaining maximum power
output. The specifications of this plant include 17 turbines with
154 ft rotor diameters on a 30.5 acre area of land [14]. The
approximate layout of the Rosiere wind farm is shown in Fig.
1.
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Fig. 1. Approximation of the actual layout of the Rosiere wind farm in
Kewaunee County, Wisconsin used for the optimizations performed in this
study

A. Acoustics

The acoustic model used in this research was based on
the BPM equations developed by Brooks, Pope, and Macolini
[12]. These equations produce a semi-empirical acoustic model
based on experimentation that was conducted using NACA
0012 airfoil data. This model was further studied by other
researchers, such as Moriarty and Migliore with NREL who
compared the NACA 0012 data to other blade cross-sections
[15]. They found that the most accurate results from the
BPM equations were obtained when using a NACA 0012
blade cross-section. Because the original BPM equations were
developed using the NACA 0012 blade data, any changes to
the blade cross-section resulted in less accurate acoustic results
[15]. Since the turbines used at the Rosiere Wind Farm do not
use NACA 0012 blades [14], tuning took place to match the
sound level to the published data that 47 dB could be heard
800 feet away from a turbine [14].

The BPM equations use different aspects of a wind turbine,
such as rotation rate and blade shape, to produce a sound
pressure level (SPL) in decibels based on how far an observer
is from the noise created from a turbine as the wind flow over
the turbine blades creates turbulence [12]. In this research, the
sources of sound included turbulence from the trailing edge,
tip vortices, boundary layer vortex shedding, and trailing edge
bluntness vortex shedding. Other areas of turbulence creation

along the blade, while they do produce noise, were not be
considered due to the scope of the project. Fig. 2 shows the
SPL distribution in the Rosiere Wind Farm using this acoustic
model.
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Fig. 2. The SPL distribution of the turbines on the Rosiere Wind Farm at
their original locations

B. Wake Modeling

The Jensen model is by far the simplest of the models used
and is only valid in the far wake [10]. There are two versions of
the Jensen model. The first uses a single wind speed reduction
across the entire wake of a given turbine. The second is fit
with a cosine function that accounts for the steadily varying
conditions across the wake. We used the latter of the two. The
Jensen model treats a turbine as either completely shadowed by
a wake, or not effected at all, but that assumption is softened
by the gradual decay of the cosine function mentioned earlier.

The FLORIS model accounts for varying conditions in
different parts of the wake (known as wake zones) as well as
wake decay and offset, but makes some large simplifying as-
sumptions including an idealized approach to induction across
the rotor similar to the Jensen model [9]. The three zones are
the near wake, the far wake, and the mixing zone. Constant
wake properties are assumed in the cross-wind direction for
each zone. The varying conditions within the wake, as seen
by the shadowed turbine, are accounted for by using a ratio
of the wake and rotor overlap area to the rotor area for each
zone. The properties of each zone are then weighted according
to these ratios.

Both of these models are fairly simple computationally
and can be run quickly. A full-scale wind farm layout op-
timization requires addressing all wind directions and using



the coordinates of all of the turbines as design variables with
multiple constraints. This leads to an enormous amount of
function calls that in turn leads to a long computation time
for optimization with even the simplest of wake models. In
this study we address only the primary wind direction, which
is due east [14]. Despite the simplification to a single wind
direction, this comparison of the optimization results using the
two wake models still proves very illustrative of the differences
and similarities of each of the wake models.

For this study, the parameters given in [9] were used for the
FLORIS model, with the exception of rotor diameter. We used
a rotor diameter of 47 m, the diameter of the turbines in the
Rosiere wind farm. Due to a lack of data, and the scope of this
project, the other parameters were not adjusted. For this reason
we have only compared the solutions for each model against
each other model used rather than to the recorded power output
of the Rosiere wind farm.

Separate optimizations were performed for each model,
both with and without the constraint on SPL. The power
production and location results for each optimization were
compared to the baseline as well as power calculations using
the other wake model of interest. Power production was
compared by percent improvement in reference to the values
obtained with the given power calculation model for the
original layout.

C. Optimization

Using the Jensen, FLORIS, Frandsen, and BPM models,
the optimization was performed using SNOPT, an optimization
algorithm for solving large, nonlinear problems [16]. The
optimization was defined by:

maximize
xi,yi

P (x, y)

subject to di,j ≥ 2Dturbine, i, j = 0, 1, ...,m

Bx,low,i ≤ xi ≤ Bx,high,i, i = 0, 1, ...,m

By,low,i ≤ yi ≤ By,high,i, i = 0, 1, ...,m

SPLk ≤ SPLlimit, k = 0, 1, ..., n

(1)

where P (x, y) is the overall turbine power output, using the
Jensen and FLORIS wake models, based on the position of
each of the turbines, (xi, yi) are x and y locations of each
of the turbines in the wind farm reference frame, di,j is
the distance between turbines i and j, Dturbine is the rotor
diameter of the turbines, Bx,low, Bx,high, By,low, and By,high

are the lower and upper x and y boundaries of the property
where the turbines are located, and SPLj is the SPL at each
of the j observation points, each with a certain SPL limit
(SPLlimit). For the results presented in this study, the SPL
limit was 35 dB. The SPL constraint was only applied to half
of the optimizations.

III. RESULTS AND DISCUSSION

A. Acoustics

Using the optimizer to reposition each of the turbines, the
SPL was improved by an average of 6 dB when the SPL
constraint was observed. As seen in Fig. 3, the SPL was

reduced to about the limit of 35 dB with the exception of
observers 7 and 8. Observers 3, 4, 7, 10, 11, and 12 all saw
significant SPL reductions as well. It can also be seen in Fig.
4 that when the SPL constraint was not observed, only slight
SPL reductions, if any, were seen. While the SPL distribution
was not the objective of the optimization, it is interesting to
note that SPL reduction is possible simply through turbine
repositioning.
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Fig. 3. SPL at each observer location from the optimization including the
SPL constraint
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Fig. 4. SPL at each observer location from the optimization without the SPL
constraint using just the wake models for power optimization

B. Wake Modeling

In discussing the layout results, we will first address the
results obtained using each wake model separately: comparing
the optimization results with the SPL constraint to the results
obtained without it. We then compared the two wake models
using the optimized power and locations for each case. This
approach provided insight into how the results changed based
on wake model and constraints separately.
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Fig. 5. Optimized layout using the Jensen wake model without the SPL
constraint

1) The Jensen Model: Before considering the results ob-
tained using the Jensen model, remember that the Jensen model
is only valid in the far wake. This means that if turbines are too
close in the downwind direction, the results obtained become
much less reliable. The results obtained using the Jensen model
without the SPL constraints are shown in Fig. 5.

In this figure we can see that the turbines are, in general,
moved away from each other. However, it can been seen that
in some cases, such as in the southwest sector of the wind
farm, the turbines are moved closer together, with the most
movement being in the downwind direction. There are several
potential sources of this result. The first is that the Jensen
model defines the wake to exist only within the range of
+/− 20°from the center-line of the generating turbine. Once
an affected turbine is out of this zone, there is no longer any
driving force to move the turbines away from one another.
The second is related; because the wake spread is important,
there are instances where moving turbines closer together is
actually better. Downwind movement can reduce the wake area
at the downwind location of another turbine and potentially
move the wake off of the turbine while actually decreasing
the turbine separation. The third source is the wake decay. The
wake of wind turbine will slowly recover free stream velocity
downstream of the generating turbine. This means that if more
benefit is found by moving downwind to where the wake has
been moved closer to the free stream than is possible moving
the turbine in the crosswind direction, the primary movement
will be downwind.

Now let us consider the results of the Jensen model using
the SPL constraint. These results are shown in Fig. 6. A
comparison of the results obtained using the SPL constraint
to those obtained without it quickly demonstrates that the SPL
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Fig. 6. Optimized layout using the Jensen wake model with the SPL constraint

constraint is dominant when used. When the SPL was used
with the Jensen model the turbines were driven as far away
from the houses as the boundary and separation constraints
would allow. The resulting layout is intuitively very bad, with
multiple areas exhibiting downwind lines of turbines. One
of the reasons this occurred may be the limitations of the
Jensen model in the near wake. Another possible cause is
that by allowing a few turbines to experience drastic power
production reduction, other turbines were able to produce
optimally, leading to an overall improvement. On the acoustics
side, it is interesting to see the directional properties of the
sound field of the turbines (see Fig. 2) coming into play with
the western most turbine of the northeast sector. This turbine
was moved closer to the homes, but in a way that the low SPL
region directly crosswind of the turbine was lined up with two
of the nearest homes.

2) FLORIS Model: Some of the key characteristics of the
FLORIS model include accounting for the wake offset due to
the rotor rotation and its accuracy in the near wake. Both of
these attributes will come into play as we analyze the layout
results of from the FLORIS model.

Let us first consider the results of the FLORIS model
without the SPL constraint as seen in Fig. 7. It is easy to
see that none of the turbines moved drastically, and some
did not move at all. This layout seems fairly intuitive. There
are a few turbines placed directly downwind of others, but
these are at distances of around 10 diameters where the wake
should have mostly recovered. Turbines that began inline in the
downwind direction at smaller distances were shifted slightly
in the crosswind direction to get them out of the others’ wake.

The results of the FLORIS model with the SPL constraint,
shown in Fig. 8, again show the dominance of the SPL
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Fig. 7. Optimized layout using the FLORIS wake model without the SPL
constraint
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Fig. 8. Optimized layout using the FLORIS wake model with the SPL
constraint in place

constraint over the power predictions. Although most of the
turbines seem to be in reasonable locations, there are quite a
few placed directly in the shadow of other turbines. We will
see later how this affected the power output of the wind farm.

3) Layout Comparison Between Wake Models: The results
using each of the wake models without the SPL constraint
are overlaid in Fig. 9. Here we can see some key differences
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Fig. 9. Layout comparison for each optimization performed without the SPL
constraint

between the Jensen and the FLORIS model. Perhaps the most
obvious difference is the rate of the wake decay, which appears
much greater in the FLORIS model than in the Jensen model.
The Jensen model drove the turbines consistently further down
stream than the FLORIS model. However, the general shape
of the layout is fairly similar between the models, with the
turbines being placed in zigzag patterns facing the wind
direction.

The dominance of the SPL constraint is very apparent in the
overlay plot with results of both wake models using the SPL
constraint shown in Fig. 10. The key similarities here are that
the turbines were forced into the corners of the plant away from
the homes in both cases. A more interesting result is noting
again the westernmost turbine in the northeast sector. In both
optimizations with the SPL constraint in place, this turbine
was forced into a place where the low SPL area to the side of
the turbine was lined up with two of the nearby houses. This
helps to validate the use of SPL in layout design because of the
ability to take advantage of the directional characteristics of the
SPL profile, especially in the near field. These results can be
better compared by referencing Fig. 11 and Fig. 12, which
show a closer view of the northeast and southwest sectors
respectively with the SPL constraint in place.

The biggest difference in final locations between the
FLORIS case with SPL and the Jensen case with SPL is that
the FLORIS model was less likely to place turbines directly
downwind of other turbines. This is probably a result of the
higher fidelity of the FLORIS model in the near wake.

4) Power Comparison Between Wake Models: The power
production results are reported in Fig. 13. In looking at the
power results for both models without the SPL in place, it
looks like the Jensen model gives a slightly more conservative
estimate of the power. As expected, each wake model estimates



X position (m)
0 500 1000 1500 2000 2500 3000

Y
 p

o
s

it
io

n
 (

m
)

0

500

1000

1500

2000

2500

3000

3500

4000

4500

Wind Direction

Original Locations
Optimized with Jensen
Optimized with FLORIS
Turbine Shift
Houses
Wind Farm Boundaries

Fig. 10. Layout comparison for each optimization performed with the SPL
constraint
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Fig. 11. Optimization comparison for the northeast sector of the Rosiere
wind farm with the SPL constraint

the other model’s optimized layout as worse than its own, and
optimization with both models yielded an increase in power
production of 3.7% to 7.7%, with the exception of the Jensen
model’s assessment of the FLORIS layout, which predicted a
1.4% decrease in power production. This is likely primarily
due to the difference in wake decay between the two models.

The major differences become apparent when we investi-
gate the power predictions for layout taking the SPL constraint
into account. Each wake model predicts drastically different
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Fig. 12. Optimization comparison for the southwest sector of the Rosiere
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Fig. 13. Graphical comparison of the power results for each optimization;
red indicates the Jensen model, blue indicates the FLORIS model, light colors
indicate which wake model was used during optimization, and dark colors
represent which wake model was used to calculate the power after optimization

power production for the different layouts using SPL. Here
we can see that the Jensen model predicted much high power
production for the layout obtained with that model than the
power production predicted by FLORIS model for the same
layout. This is also likely due to the inaccuracy of the Jensen
model in the near wake. We can see that the FLORIS model
found a solution with a power reduction of nearly half accord-
ing to itself, which is still fairly good according to the Jensen
model.

To determine which layout is truly better we would need to
perform a high-fidelity simulation of both layouts. However,
this simple comparison illustrates the differences in the models.
It appears that the FLORIS model is a little more reliable and
likely yields better results.

The extreme dominance of SPL over the power optimiza-
tion could be lessened by loosening the constraint on SPL.
This may enable more viable layouts that could be used to



strike a compromise between the owners of the wind farms
and the residents that live near by.

IV. CONCLUSION

From these results we learn that it could potentially be
very beneficial to include acoustics in the optimization step of
design when preparing the layout for a new wind farm. Putting
a constraint on SPL while maximizing power production could
allow the turbines to be located in such a way that residents
will not be bothered by the noise and power will not be
compromised. The largest possibility here is to place wind
farms in locations that are in the crosswind direction of the
predominant wind from the nearest residential areas. These
preliminary results also demonstrate that although the wake
models used differ significantly, the layout obtained is not
necessarily very different. This means that it may be very
possible to optimize using a reasonably accurate and simple
wake model and then obtain a final power calculation using a
high fidelity model. Future work should include a comparison
of more wake models and comparison of results to high-fidelity
models or real life data for validation. More investigation is
also needed to determine the exact origins of the differences
in the models investigated.
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