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Abstract—Wind farm layout has a significant impact on the
productivity of a wind farm. To ensure that the turbines are
placed in the most advantageous arrangement, optimization algorithms are often used during the layout design process. Depending
on the wake model used for the optimization, optimizing the
layout can be time intensive or potentially inaccurate. In this
paper we present a comparison of optimization results using two
simple wake models, the FLORIS model and the Jensen model.
Results highlight some of the key similarities and differences of
layout optimization results when different wake models are used.
Keywords—wind turbine; wind farm; wake propagation; wake
modeling; Jensen; FLORIS; optimization

I.

I NTRODUCTION

To harness large amounts of wind energy in an area, wind
turbines are often grouped in wind farms. The layout of the
turbines within a wind farm are optimized during the design
process to minimize the cost of energy (COE). There are many
factors that affect the COE of the wind farm, including landuse, power production, cabling, and noise. For the purposes
of this study, only power production was considered in the
optimization process.
Wind farms produce power by extracting energy from the
wind and converting it to usable power through generators
placed in the nacelle of the turbines. As each of the turbines
extract energy from the wind they cause a reduction in wind
speed and an increase in turbulence in the downwind air. The
airflow that is affected by a turbine is called the wake. There
is a significant reduction in the power production of turbines
that are shadowed by other turbines’ wakes. When the power
production of turbines within the farm is reduced, the cost
of energy is increased. To reduce the effects of shadowing
wakes, the turbines must be placed in such a way that the
wake effects between turbines is minimized. This leads to the
greatest possible power production from the wind farm [1].
Thus, predicting how these wakes propagate, and adjusting
the layout accordingly, directly affects the final COE from the
wind farm.
Work on wind farm design optimization has progressed
along two basic routes as pointed out by [2]: wake model
improvement and numerical solution method development. In
order to create better wind farm designs, these tracks need
to be combined to improve our understanding of how the

results of optimization algorithms differ when different wake
models are used. There are two main divisions of optimization
methods: gradient-free, and gradient-based. While many wind
farm layouts are optimized using gradient-free approaches,
gradient-based optimization is preferred due its ability to
reliably handle large numbers of design variables while still
accurately converging, but it requires gradients of the model
being optimized. Both classes of optimization algorithms tend
to exploit small differences in the wake models to obtain
different solutions that may vary significantly or may not even
be optimal (e.g. stopping the optimization at a local minimum
or failing to converge). Thus, the suitability of a model for use
with optimization, particularly gradient-based optimization, is
not necessarily correlated to its accuracy in predicting the
power production of a wind farm.
While accurately predicting the total power production of
a wind farm is certainly important, the layout of the turbines
within the wind farm will ultimately have one of the single
greatest impacts on the actual COE of the wind farm [2]. A
more accurate model may yield more accurate predictions in
terms of power production, but the optimal layout is what
will determine the actual COE when a wind farm is built.
This means that even if a given wake model does not give
accurate predictions of the wind speed in a wake or the
power production of a wind turbine, it may still be able to
perform a useful layout optimization and determine the best
locations for the turbines. Significant savings could be realized
in reduced COE if we can gain a good understanding of how
well various wake models function for use in wind farm layout
optimization. The final optimized layout determined with a
wake model well suited to optimization could then be tested
a single time using a high fidelity model to accurately predict
what the final power production and COE will be for the wind
farm being designed.
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 [3]. These efforts include accuracy
comparisons of the total power output of a wind farm [3],
comparisons for usefulness in control of wind farms [4], and
comparisons for wake effect prediction accuracy [5]. However,
to our knowledge, a comparison of optimization results using
multiple wake models has not yet been performed.

In this work we present an initial comparison between
optimized layouts using two simple models, the FLOw Redirection and Induction in Steady-state (FLORIS) model [6]
and the Jensen model [7], [8], demonstrating how the wind
farm layout optimization results are affected by using different
wake models. This work shows the significant differences in
optimized layout that can occur when using models with even
small differences. Further research is needed to determine
which of the many available wake models performs best with
optimization and yields the best layout results.
II.

M ODELS

A. Princess Amalia Wind Farm
We based our study on the Princess Amalia Wind Farm,
located off the coast of the Netherlands. The Princess Amalia
Wind Farm consists of 60 turbines placed in parallel rows.
The turbines in the farm are Vestas V80 wind turbines with
rotor diameters of 80 m. These turbines have a rated power of
2 MW. The original layout can be seen in Fig. 1. Note that
this is rotated 90°from the actual wind farm and then mirrored
across the y-axis.

(a) Original locations with power calculations by the Jensen model.

For this study, the turbine parameters given in [6] were used
instead of those for the actual turbines in the Princess Amalia
Wind Farm, which means that we used the NREL 5-MW
turbine instead of the actual turbine type used in the Princess
Amalia Wind Farm. The change of turbine type was made
because of the availability of the necessary turbine parameters
for use in the FLORIS model. The rotor diameter of the
NREL 5-MW turbines is 126.4 m, which is substantially larger
than that of the Vestas V80 turbines in the actual wind farm.
Because of this significant difference from reality, our results
will not be compared to data from the Princess Amalia Wind
Farm.
Wind farm layout optimization requires addressing all wind
directions (i.e. using addressing the full wind rose) and using
the coordinates of all of the turbines as design variables with
multiple constraints. In this work we used wind rose data from
the NoordzeeWind meteorological mast that is located near
the Princess Amalia Wind Farm. The data was taken before
the installation of the OWEZ wind farm, and so the data is
undisturbed by that installation. Data was obtained from [9]
and is shown in Fig. 2. To simplify the study, and make use
of the available tuned parameters for the FLORIS model, only
8 m/s wind speeds were addressed. The wind rose data is
separated into 5° segments (resulting in 72 directions), with
each direction being weighted according to its frequency for
use in the final power calculations. The primary wind direction
is from the southwest.
B. The Jensen Model
The Jensen model is the simpler of the two models used
and is only valid in the far wake [7]. There are two versions of
the Jensen model presented in [7]. The first uses a single wind
speed reduction across the entire wake of a given turbine in the
crosswind direction. The second is fit with a cosine function
that accounts for the steadily varying conditions across the
wake. We used the version fit with the cosine function for

(b) Original locations with power calculations by the FLORIS model.
Fig. 1. Original locations of the turbines in the Princess Amalia Wind Farm.
Average power for each turbine is shown as calculated by the FLORIS model
and Jensen models respectively. The radii of location markers are not to scale

this study because it provides an approximation of the steadily
varying conditions within the wake. Using a model that gives
steadily changing wake conditions across the wake is important
because the optimization algorithm used relies heavily on
gradients as it seeks the best solution. The Jensen model
treats a turbine as either completely shadowed by a wake,
or not affected at all, but that assumption is softened by the
gradual decay of the cosine function mentioned. The power
production profile of a turbine at varying positions within a
single wake calculated by the Jensen model is shown in Fig. 3.
The wakes were combined using the root sum squares method
as described in [8].
C. The FLORIS Model
The FLORIS model is a derivative of the Jensen model,
but is more physically accurate because it accounts for varying
conditions in different parts of the wake (known as wake

The FLORIS model combines the various shadowing
wakes by using a similar method to the Jensen model. The
main difference in the wake combination method is that the
overlap ratios are used instead of wind speed deficit.
The power profile of a turbine in the wake of another
turbine at various center line separation distances, as calculated
by the FLORIS model, can be seen in Fig. 3. The flat spot
at the base of the cup, as well as the sharp change in slope
towards the lip of the cup are due to the use of the overlap
area ratios. When a turbine is completely shadowed by a
single wake zone, moving the turbine within that wake zone
does not change its power production. When a turbine begins
overlapping a new wake zone, the sensitivity of power to the
change in relative position also changes. The FLORIS model
agrees very well with CFD results as presented in [6].

Fig. 2. Windrose from the NoordzeeWind meteorological mast displaying
the frequency of wind in each direction [9]. Data shown is only for wind at
8 m/s as used in this work.

zones) separately as well as wake offset due to rotor rotation
and rotor yaw angle. It also makes simplifying assumptions
including an idealized approach to induction across the rotor
similar to the Jensen model [6]. The three zones defined
by the FLORIS model are the near wake, the far wake,
and the mixing zone. Constant wake properties are assumed
within each zone at a given downwind position from the
wake generating turbine. The varying conditions within the
individual zones, perpendicular to the wake center line, are
accounted for by using a ratio of the overlap area of the
shadowed rotor in each wake zone to the full rotor area.
This ratio is then used to calculate the final effective wind
speed, which in turn determines the power production of the
shadowed turbine and ultimately the COE of the wind farm.

D. Comparing the Wake Models
As shown in Fig. 3, power curves calculated by each of
the models of interest are similar, but have some distinct
differences. Note that the wake of the FLORIS model is
narrower than that of the Jensen model. The wake width affects
the optimization process because once a turbine leaves the
wake area defined by the model, there is no driving gradient
to tell the optimizer to move the turbine any farther from
that wake. This is problematic since there may be better
locations for the turbine further from that wake. The flat spots
present in the FLORIS model create similar difficulties. By
contrast, the Jensen model gives a wider and smoother wake
definition, and a more gradual return to the non-shadowed
state. These elements of the Jensen model are advantageous
for use in optimization because they give more positions where
the gradients of the model indicate which direction to move
each turbine so that a more optimal layout may be found.
Another key difference between the two models, that is
not apparent in Fig. 3, is the rate of decay of the wakes. In
the FLORIS model, the near wake decays completely, which
allows the power of downstream turbines to increase with
respect to that recovery. The FLORIS model also accounts
for the offset present in the wake due to the rotor rotation and
yaw angle with respect to the wind direction. The yaw and
decay definitions are key factors for locating turbines within
the wind farm (see [10] for yaw optimization results) and are
strengths of the FLORIS model.
III.

Fig. 3. Power profiles of a turbine shadowed by the wake of single other
turbine located 4 rotor diameters upwind using the Jensen and FLORIS models
respectively. The dotted line represents the line through the center of the
nacelle of the upwind turbine

O PTIMIZATION P ROBLEM D EFINITION

The optimization was performed using SNOPT, a gradientbased sequential quadratic programming optimization algorithm for solving large, nonlinear problems [11]. SNOPT’s
built in finite difference method was used to obtain gradients.
The optimization was defined by (1), where P (x, y) is the
overall turbine power output, (xi , yi ) are the x and y locations
of each of the turbines in the wind farm reference frame,
the separation distance between each pair of turbines i and
j is represented by di,j , the rotor diameter of the turbines
is denoted by Dturbine , and the lower and upper x and y
boundaries of the wind farm are denoted by Bx,low , Bx,high ,
By,low , and By,high .

maximize P (x, y)
xi ,yi

subject to di,j 2Dturbine , i, j = 0, 1, ..., n
(1)
Bx,low,i  xi  Bx,high,i , i = 0, 1, ..., n
By,low,i  yi  By,high,i , i = 0, 1, ..., n
In this study, boundaries were determined as the smallest
rectangle with sides parallel to the x and y axes that would
contain the original locations of the turbines in the Princess
Amalia Wind Farm.
Separate optimization studies were performed for each
model. 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. The change in wind farm boundary
from the actual wind farm means that the results do no present
a fair comparison of optimal layout to original layout. Thus,
the comparisons made to the original wind farm are solely for
the purpose of comparing optimization results obtained using
the individual models.
IV.

First, the turbines are loosely grouped in rows that lie
perpendicular to the primary wind direction (from the southwest). Second, the turbines in the southwest corner are spaced
further apart than the turbines in the northeast corner to avoid
shadowing a large amount of the farm when the wind is from
the primary wind direction.
The turbine separation constraint was rarely active during
the optimization performed with the FLORIS model, most
likely due to the different near wake definition given by the
FLORIS model, and its rapid decay in the downwind direction.
These characteristics of the FLORIS model force turbines
away from close and direct shadowing, but allow shadowing
at moderate distances, resulting in a dispersed layout.

R ESULTS AND D ISCUSSION

We 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 the wake model
used and highlights some of the key similarities and differences
between of the two models investigated.
A. The Jensen Model
The results obtained using the Jensen model are shown
in Fig. 4. 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.

(a) Optimal locations as determined by optimizing with the Jensen model.
Power shown was calculated by the Jensen model.

Instead of dispersing the turbines evenly throughout the
available area, the Jensen model led the optimization to group
the turbines into essentially three sets of lines spaced close
together, but only rarely activating the turbine separation
distance constraint.
The straight lines of turbines are aligned nearly parallel
with less frequent wind directions, while being approximately
perpendicular to the more frequent wind directions. While this
layout is not good for some wind directions, it is very good
in the more important directions and thus results in a higher
average power production.
B. FLORIS Model

(b) Optimal locations as determined by optimizing with the Jensen model.
Power shown was calculated by the FLORIS model.

The layout optimization results obtained using the FLORIS
model are shown in Fig. 5. The layout optimized using the
FLORIS model is dispersed throughout the domain. However,
there are logical patterns in the layout.

Fig. 4. Optimized locations for turbines within the Princess Amalia Wind
Farm as optimized using the Jensen model. Average power for each turbine
is shown as calculated by the FLORIS model and Jensen models respectively.
The radii of location markers are not to scale

TABLE I.
Opt. Model
None
None
Jensen
Jensen
FLORIS
FLORIS

(a) Optimal locations as determined by optimizing with the FLORIS model.
Power shown was calculated by the Jensen model.

(b) Optimal locations as determined by optimizing with the FLORIS model.
Power shown was calculated by the FLORIS model.
Fig. 5. Optimized locations for turbines within the Princess Amalia Wind
Farm as optimized using the FLORIS model. Average power for each turbine
is shown as calculated by the FLORIS model and Jensen models respectively.
The radii of location markers are not to scale

C. Comparison of Optimization Results
There are two key similarities between the optimized
results. First, the turbine placement along the edges of the
wind farm, an intuitive place to put turbines since it increases
the overall turbine separation, and thus decreases wake interactions. Second, the development of a line of turbines running
from the southeast corner towards a point just below the
northwest corner.
The differences between layouts obtained using each of
the wake models seems odd at first. However, on closer
comparison of the power results, along with an analysis of
what is causing the differences, the results begin to make
sense. In Table I we see that optimization with each of the
models yields good results, spreading the turbines out to utilize

P OWER O PTIMIZATION R ESULTS C OMPARISON
Evaluation Model

Power Production (MW)

Change (%)

Jensen
FLORIS
Jensen
FLORIS
Jensen
FLORIS

63.92
78.22
77.00
85.46
72.60
85.36

N/A
N/A
20.5
9.3
13.6
9.1

the available space and increasing the power production of
the wind farm from the starting locations, regardless of the
power model used to calculate the final power (note that the
percent change is in relation to the original layout using the
same model for power calculations). The layout optimized with
the Jensen model yields higher overall power than the layout
optimized with the FLORIS model as calculated by both the
FLORIS and Jensen models. While the strong influence of the
near wake in the FLORIS model appears to have encouraged a
large separation between turbines in all directions, optimizing
with the FLORIS model did not find the best solution, as
illustrated by the fact the the FLORIS model predicts higher
power for the optimal layout obtained using the Jensen model
than it does for the optimal layout obtained by the FLORIS
model (see Table I).
Another factor keeping the optimization using the FLORIS
model from finding a better solution is the narrowness of the
FLORIS wake as compared to the Jensen wake as shown in
Fig. 3. The narrower FLORIS wake allows turbines to remain
in areas of little to no change with small location perturbations
due to being outside of nearby wakes (the area outside of a
turbine wake is a flat area, meaning that the power gradient in
that area is zero). In these cases, the optimizer would consider
the location to be optimal and exit the algorithm. A related
issue is the use of rotor overlap to the discrete zones (near
wake, far wake, and mixing zone) in the FLORIS model. The
overlap ratio allows the optimizer to find areas where a turbine
is shadowed by one or more wakes, but slight movements
yield no improvements due to the turbine rotor area being
completely inside a single wake zone. The combination of the
two areas of relative flatness in the FLORIS model make it
difficult for the optimization algorithm to converge. It is quite
possible that if better gradients were obtained for the FLORIS
model it would work much better in layout optimization.
V.

C ONCLUSION

To determine which layout truly produces the most power
we would need to perform a high-fidelity simulation of
both layouts. However, the initial comparison presented here
illustrates the differences in optimization layouts resulting
from using each of the models. It appears that even though
the FLORIS model has a more detailed wake description,
the cosine version of the Jensen model is better suited to
large-scale gradient-based optimization because of its smooth
gradients. Future work will include a comparison of a greater
variety of wake models and an analysis of the results using
higher fidelity methods to determine which model works most
effectively with the optimization algorithm to find the optimal
layout. Improving the FLORIS model for use in gradient-based

optimization will also be considered. The results presented
here appear promising because they show that a more detailed
model is not inherently better for use in optimizing wind farm
layout with gradient-based optimization.
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