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Wind farm layout optimization
• Objectives:

- Optimize a layout of 
- Optimizer in the middle of a design loop that include 
- Multiple 
‣ Wind distribution and wake effects
‣ Safety constraints
‣ Turbine power curve
‣ Economic constraints (construction and maintenance  

cost, cable and road optimization, etc.)
‣ Topographic constraints (lakes, mountains, roads,  

buildings, etc.)

2Source: AWS OpenWind Source: pfr



• Energy capture model from 
- Each turbine generates 

for other turbines behind it
- Based on a Weibull distribution, reduced  

by the wake generated per the turbines:

‣ P(θ)
‣ pθv
‣ β(v)

- Provides the global energy capture of the layout and for each 
turbines

- Compute the wake free ratio:
‣ Etot
‣ Ewf
‣ n: number of turbines in the layout

Wind farm layout optimization

3

With these eight di↵erent inputs, a cell has to decide which
action to trigger at each step of the simulation. The possible
actions for a cell are to divide in the direction defined by the
cell’s division plan, reorient clockwise the division plan 45°,
reorient counterclockwise the division plan 45°, wait, and kill
itself (apoptosis). This action list could be extended to give
more degrees of freedom to the cells. However, these simple
actions are su�cient such that a basic controller can easily
be optimized and produce interesting results.

3.2 Site model
Cells are positioned in a 2-D flat terrain. This environ-

ment is represented with a discretized matrix. Each cell of
the matrix represents an area of X meters by X meters. A
wind distribution in 24 directions is given at the beginning
of the simulation and is the same across the terrain.

3.3 Inter-turbine interference model
The simulation takes turbine wake interference into ac-

count using the following common energy capture model (for
details, see [24])

⌘(X,Y, v,�(v)) (1)

where X,Y are the coordinates for the turbine, v is the
wind speed, and the function �(v), known as a power curve,
gives the power generated by a specific turbine for a given
wind speed. Wind speed v however is a random variable
with a Weibull distribution, p

v

(v, c, k), which is estimated
from wind resource data. This distribution also changes as
a function of direction, ✓ which varies from 00 � 3600, yield-
ing a probability density function for di↵erent ✓ given by
p✓
v

(v, c, k). Additionally, wind flows from a certain direction
with some probability P (✓). These di↵erent pieces of in-
formation are inputs to the algorithm. Due to the random
nature of wind velocity, the objective function evaluates the
expected value of the energy capture for a given wind re-
source and turbine positions. For a single turbine, this value
can be calculated using
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Equation 2 evaluates the overall average energy over all
wind speeds for a given wind direction, and then averages
this energy over all wind directions. c

i

and k
i

are turbine
specific resource parameters derived for the ith turbine after
wake calculations. For more details, refer to [15].

3.4 Cells’ controller: GRN
As in nature, the cell’s controller is a gene regulatory net-

work (GRN). A GRN is a network of proteins that controls
the behavior of the cells. In a living organism, a cell has
several functions described in its genome. A gene regula-
tory network controls their expressions by the use of external
signals collected from protein sensors localized on the mem-
brane [7]. These signals activate or inhibit the transcription
of the genes, which then determines the cell’s behavior.

In our model, a similar network of proteins is optimized
in order to generate the simulated cells’ behaviors. The
amounts of energy production sensed by the cells is trans-
lated to protein concentrations that feed the GRN. Every
output protein chosen in the network is plugged to each

possible cell action. When a cell has to act, it will choose
the action with the highest output protein concentration.
This kind of controller has been used in many developmen-
tal models of the literature [13, 8, 5] and to control virtual
and real robots [18, 14].
We have based our regulatory network on Banzhaf’s model

[1]. It is designed to be as close as possible to a real gene reg-
ulatory network. It has been neither designed to be evolved
nor to control any kind of agent. However, Nicolau used
an evolution strategy to evolve the GRN to control a pole-
balancing cart [18]. Though this experiment behaved con-
sistently, the evolution of the GRN has been an issue. We
have decided to modify the encoding of the regulatory net-
work and its dynamics. In our model, a gene regulatory
network is defined as a set of proteins. Each protein has the
following properties:

• Its identifier (id) is coded as an integer between 0 and
p. The upper value p of the domain can be changed in
order to control the precision of the GRN. In Banzhaf’s
work, p is equivalent to the size of a site, which is 32
bits. We have kept the same precision by setting p to
32.

• Its enhancer identifier (enh) is coded as an integer
between 0 and p. The enhancer identifier is used to
calculate the enhancing matching factor between two
proteins (see equation 3 hereafter).

• Its inhibitor identifier (inh) is coded as an integer be-
tween 0 and p. The inhibitor identifier is used to cal-
culate the inhibiting matching factor between two pro-
teins (see equation 3 hereafter).

• The type determines if the protein is an input protein,
the concentration of which is given by the environment
of the GRN and which regulates other proteins but is
not regulated, an output protein, the concentration of
which is used as output of the network and which is
regulated but does not regulate other proteins, or a
regulatory protein, an internal protein that regulates
and is regulated by other proteins.

The dynamics of the GRN is specified as follows. First,
the a�nity of a protein a with another protein b is given by
the enhancing factor u+

ab

and the inhibiting u�
ab

:
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where id
x

is the identifier, enh
x

is the enhancer identifier
and inh

x

is the inhibiting identifier of protein x. Figure 2
represents the GRN as a network of proteins (nodes) where
the weights of the edges correspond to the a�nity between
the proteins.

The GRN’s dynamics are calculated by comparing the
proteins two by two using the enhancing and the inhibit-
ing matching factors. For each protein in the network, the
global enhancing value is given by the following equation:
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where g
i

(resp. h
i

) is the enhancing (resp. inhibiting) value
for a protein i, N is the number of proteins in the network,
c
j

is the concentration of protein j and u+
max

(resp. u�
max

) is
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Figure 1: Two components of the developmental approach

mary of wind speed at that location for a period of
time. This is given by p

v

(v; c, k|✓), where c and k are
Weibull shape and scale parameters and ✓ is a wind
directional bin. The wind speed distribution is di↵er-
ent for di↵erent directional bins, ✓. Additionally, wind
flows from a certain direction with some probability
p(✓). Together p

v

(v; c, k|✓) and p(✓) are referred to as
wind resource/scenario in this paper.

Power curve: A function ⌘(v), known as a power curve,
gives the power generated by a turbine for the given
wind speed v. The power curve is dependent on the
turbine make and model.

Wake e↵ects: In a particular directional bin, for a given
turbine i located at x

i

, y

i

a number of other turbines
a↵ect the wind it experiences. This is called wake
e↵ect. Given other turbines locations x

j

, y

j

for all
j 2 {1 . . . i� 1, i+1 . . . n}, the turbines that a↵ect the
particular turbine is determined using a wake model.
This is documented in [14]. If a turbine located at
x

i

, y

i

is in the wake of another turbine located at x
j

, y

j

in a given direction, the wind speed distribution ex-
perienced by the turbine is modified by changing the
parameter c resulting in a turbine specific c

i

|✓. The
value c

i

< c is reduced in proportion to the euclidean
distance between i and j.

To evaluate the energy capture the objective function cal-
culates the expected value of the energy capture for a given
wind resource and turbine positions. For a single turbine
at position (x

i

, y

i

), it first determines its modified wind re-
source for each directional bin based on other turbine posi-
tions and then calculates its energy capture using:
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Equation 1 evaluates the overall average energy over all
wind speeds for a given wind direction, and then averages
this energy over all wind directions. Energy is calculated
for every turbine and then summed together to give global
energy capture. To implement a wake model and reproduce
the results there are three options as described in [14] and
[19].1

To evaluate the e�ciency of a wind field, the energy cap-
ture is compared to the theoretical maximum energy possible
by as many turbines, if they were free of energy decreasing
wake e↵ects, resulting in a wake free ratio:
1Software that evaluates energy capture given turbine
positions and wind resource is available from https://
github.com/d9w/WindFLO. A competition being organized
at GECCO 2014 will result in an open source software re-
lease for standardized comparisons.
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where R

wf

is the wake free ratio, E
tot

is the layout energy
output, E

wf

is the theoretical maximum energy output of
one turbine and n is the number of turbines in the layout.
In situations where evaluation of both the e�ciency, given

by the wake free ratio, and the number of turbines in a field is
necessary, in this paper we use the following fitness function:
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where R

wf

is the wake free ratio of the layout and n is the
number of the turbines in the layout. This could be eas-
ily replaced by an economic model that pits energy capture
against turbine cost.

3. DEVELOPMENTAL APPROACH
In this paper, we develop an approach that works di↵er-

ently than a direct global search method. Our solution to
the optimization problem argmax

X

f(X) consists of three
components:

1. Definition of a developmental step: As shown in
Figure 1 (a), the model is defined for entities termed
cells as characterized by their state S. A multi-input,
multi-output cell controller (GRN in this paper) pro-
cesses a cell’s current state information and inputs I

derived for the cell to generate its outputs. The inter-
preter uses these outputs to create actions for the cell
and updates the state of the cell. This process is re-
peated for every cell and is known as a developmental
step.

2. Generation of a solution At the end of each devel-
opmental step a solution is generated and the inputs
for the controller (on a per cell basis) are derived from
the solution. The developmental steps are repeated
till a stopping criterion is met. The solution at the
conclusion of the last developmental step is the final
solution for the design/optimization problem.

3. Learning the controller structure and parame-
ters: The problem of optimization then becomes that
of learning (or optimizing) the structure and parame-
ters for the controller such that when the developmen-
tal process is run it produces the best solution for the
problem. When the optimization problem is specified
by its scenarios, the developmental model is run for
multiple scenarios and average performance is consid-
ered when evaluating a controller’s e�cacy.



Wind farm layout optimization
• Energy capture model from 

- Implemented in the open-source WindFLO API
‣ Matlab
‣ C++
‣ Java

- Available online: https://github.com/d9w/WindFLO
- Provides a set of random and real test scenarios 
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Competition
• 2 tracks:

- Track 1: 
‣ Position a given number of turbines
‣ Optimize the energy output of the layout (wake free ratio)
‣ 5 scenarios with different wind scenarios and layout sizes
‣ 5000 layout evaluation credits for all 5 scenarios

- Track 2: 
‣ Position as much as possible turbines
‣ keep the wake free ratio over a threshold
‣ 5 scenarios with different wind scenarios and layout sizes
‣ 5000 layout evaluation credits for all 5 scenarios

• Evaluation:
- Competitors ranked per wake free ratio (track 1) and number of 

turbines (track 2)
- Points given for each scenarios according to the position of the 

competitors
‣ 1st = 10 pts, 2nd = 6 pts, 3rd = 4 pts, 4th = 3 pts, 5th = 2 pts, 6th = 1 pt
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Competitors
• For this first instance, 2 competitors:

- Markus Wagner, University of Adelaide, Australia
‣ Start with a gridded layout in a continuous space
‣ Randomly select one turbine in the layout
‣ Move this turbine away from the n-closest neighbors
‣ Repeat multiple time
‣ Stop criteria: 1000 evaluations per scenario

- Ilya Loshchilov, Ecole Polytechnique Fédérale de Lausanne, 
Switzerland
‣ Fill up the space with a gridded layout of turbines
‣ Remove extra turbines until reaching the required conditions (number 

of turbines or wake free ratio threshold)
‣ 3 removing strategy: random, random with moving the turbines on the 

same column and random with moving the turbines on the same line
‣ Stop criteria: 1000 evaluations per scenario
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State-of-the-art approaches 
• To improve the comparison, 2 state-of-the-art algorithms are 

added:
- Genetic algorithm:
‣ Track 1: fixed-size vector of 2*n floating-point values, variation around 

a central position, fitness=wake free ratio
‣ Track 2: matrix of boolean, on/off of turbines in a discretised 

environment, fitness=number of turbines
- CMA-ES (track 1 only):
‣ Track 1: use of a CMA-ES on a 2*n floating-point values, reparation 

mechanism in case of invalid layout, fitness=wake free ratio 
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Results
• Track 1: Fixed number of turbines
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Wake free 
ratio

Scenario 
1

Scenario 
2

Scenario 
3

Scenario 
4

Scenario 
5 Score

Wagner 0.9157 0.9112 0.8535 0.8777 0.8373

Loshchilov 0.9402 0.9305 0.8798 0.9076 0.8649

CMA-ES 0.8996 0.9100 0.8453 0.8768 0.8269

GA 0.9021 0.9051 0.8570 0.8775 0.8482
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Results
• Track 2: Variable number of turbines
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# turbines Scenario 
1

Scenario 
2

Scenario 
3

Scenario 
4

Scenario 
5 Score

Wagner 373 238 793 427 969

Loshchilov 489 310 974 459 1133

GA 358 243 820 397 1081
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Conclusion
• We want you!

• There is a lot to do to solve this complex problem

• A lot of constraints can be added to increase the complexity of 
the optimization
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