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In this study an advanced wake modeling for wind turbine wakes is presented. The
wake model is based on the idea presented by Crespo where the Navier-Stokes equations
are written in parabolic form with the assumption that the flow is dominant in the wake
direction and there is no information traveling upstream. Various components of this model
are presented in detail including near wake, root vortex and atmospheric boundary layer
stability models. Furthermore the Active Wake Control concept is explained that modifies
the pitch and yaw angles of upstream wind turbines in order to increase the overall power
production and reduce the loading of the turbines. Finally a validation test case is presented
where the results obtained from the wake model are compared to the lidar data obtained
from an offshore wind farm.

I. Introduction

Wind turbines extract energy from the flow field which results in wakes that contain less energy and
more turbulence than the undisturbed flow and this leads to less energy extraction and higher fatigue loads
for the downstream turbines. In large wind farms, most turbines are located in the wake of one or more
turbines. The overall loss of a wind farm is very much dependent on the conditions and the lay-out of the
farm but it can be in the order of 5-20%. Apart from the loss in energy production an additional wake
effect is formed by the increase in turbulence intensity, which leads to higher fatigue loads. In this sense it
becomes important to understand the details of the wake behavior to improve and/or optimize a wind farm
layout. Within this study improvements are presented for the existing ECN wake model which constructs
the fundamental basis of ECN’s FarmFlow wind farm wake simulation tool.1–4

The ECN wake model is called WakeFarm1–4 which is based on the original UPMWAKE model proposed
by Crespo et al.,5,6 that simulates the wind turbine wakes by solving the steady parabolized Navier-Stokes
equations in perturbation form in three-dimensions. The basic background flow is modeled by an atmospheric
wind profile model based on Monin-Obukhov similarity theory.7 The similarity relations suggested by
Businger8 et al. are used. Because the axial-pressure gradient term is neglected in the parabolized Navier-
Stokes equations, the perturbation variables are initialized by a near wake model.

Schepers1 pointed out the problem in the near wake and used an empirical velocity-deficit profile as a
boundary condition for the far wake. This approach depends on a data-fit with experimental data and the
physics of the flow are not modeled explicitly. Schepers and Van der Pijl3 proposed a model for the near
wake based on the free-wake vortex method where the wind turbine is modeled by an actuator disc model
and the wake is represented by discrete constant strength vortex rings. They obtained the solution with a
panel method. A new near wake model is presented here based on a free wake-vortex method as well, where
the radius of the wake and vorticity strength of discrete vortex rings are varied as suggested by Øye.9 The
induced velocities are obtained by a semi-analytical solution of the Biot-Savart law.

The diabatic wind profiles for the surface layer of the atmospheric boundary layer have been investigated
extensively.8,10 The atmospheric stability model based on Monin-Obukhov7 theory is only valid within the
surface layer of the atmospheric boundary layer. Previous studies11–13 show that boundary layer height
varies typically between 50− 200m under stable conditions and 500− 1000m under unstable conditions. A
need for a model that extends to the entire boundary layer height is obvious considering the sizes of modern
wind turbines. Blackadar14 and Lettau15 studied a wind shear model covering the entire boundary layer
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height under neutral conditions. Gryning et al.16 extended this model to cover all stability conditions of the
atmosphere based on measurements extending into the mixing layer region where the surface layer scaling is
connected with the geostrophic drag law. More recently similar work is done by Peña et al.17 Sathe et al.18

showed that the loads are predicted smaller with the model proposed by Gryning when compared to models
based only on surface layer wind profiles.

Within this study the ECN wake model is extended further based on the model proposed by Gryning et
al.16 The numerical solution obtained by the ECN wake model using Gryning model is compared with the
solution obtained by surface layer model and with the available data obtained by measurements on ECN’s
Wind turbine Test field Wieringermeer (EWTW).

Active Wake Control (AWC) is an approach of operating wind farms with the aim at improving the
overall wind farm performance in terms of power production at below rated wind conditions. It consists of
a pitch-based approach (also known as Heat & Flux), and a yaw-based approach (called Controlling Wind).
In this study the AWC concept is explained in details and furthermore a method to apply this method in a
quasi-dynamic way is briefly discussed.

The outline of this paper is as follows: First of all the governing equations of the ECN wake farm model
are presented. Then the new near wake modeling is discussed and the results compared with the original near
wake modeling and EWTW data as well as the results obtained for various near wake implementation cases
are shown. The details of the atmospheric stability model are given and the comparison with the solution
obtained for the original surface layer model and with the available data obtained by EWTW measurements
are presented. Details of AWC concept and quasi-dynamic implementation is given. Some recent results of
a validation test case is presented and finally the conclusions are summarized.

II. Governing Equations

In the wake model originally proposed by Crespo et al.5 the wind turbine is supposed to be immersed in
a nonuniform basic flow corresponding to the surface layer of the atmospheric boundary layer. This surface
layer which is modeled by the standard surface-layer scaling based on the Monin-Obukhov theory, is assumed
to be perturbed by the wind turbine. The equations describing the perturbed flow are obtained by introducing
the following perturbation variables into the Navier-Stokes equations together with the conservation of mass
and energy equations and two equations for turbulent kinetic energy and the dissipation rate of the turbulent
kinetic energy:

u = u′ + u0, v = v′, w = w′, p = p′ + p0, θ = θ′ + θ0, k = k′ + k0, ε = ε′ + ε0, (1)

with u, v, and w are three components of the velocity vector, p is the pressure, θ is the potential temperature,
k is the turbulent kinetic energy and ε is the turbulent dissipation rate. The subscript “0” refers to the
undisturbed flow and the superscript ()′ refers to a perturbation variable. This undisturbed flow does not
vary in x− and y−directions, but does vary in z direction.

For the wake flow behind a wind turbine the following assumptions are made: the streamwise pressure
gradient is neglected in the far wake behind the wind turbine while the near wake is modeled by the free-
vortex wake model as part of basic background flow. The streamwise diffusion is neglected leading to
∂τij
∂x = 0 and νt

∂uj

∂x = 0. The undisturbed flow in y− and z− directions is assumed to be zero meaning
that the information is only traveling downstream. Furthermore the turbulent stresses can be modeled by
Boussinesq’s eddy viscosity approximation:

τij = ρνt

[
ui
xj

+
uj
xi

]
− 2

3
ρkδij . (2)

Under these assumption the Navier Stokes equations that describe the flow can be written in parabolized form
where the elliptic terms are not present anymore. When the Navier-Stokes equations for the undisturbed
flow are subtracted from those equations for the disturbed flow, the following relations can be derived. Please
note that the superscript ()′ is dropped for convenience.
Continuity equation:

∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0. (3)
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Momentum equations (x, y and z directions):

(u0 + u)
∂u

∂x
+ v

∂u

∂y
+ w

∂(u0 + u)

∂z
= (νt + νt0)

∂2u

∂y2
+
∂νt
∂y

∂u

∂y

+(νt + νt0)
∂2u

∂z2
+

(
∂νt
∂z

+
∂νt0
∂z

)
∂u

∂z
+
∂νt
∂z

∂u0
∂z

+ νt
∂2u0
∂z2

, (4)

(u0 + u)
∂v

∂x
+ v

∂v

∂y
+ w

∂v

∂z
= −2

3

∂k

∂y
− 1

ρ

∂p

∂y
+ 2(νt + νt0)

∂2v

∂y2
+ 2

∂νt
∂y

∂v

∂y

+(νt + νt0)
∂2v

∂z2
+

(
∂νt
∂z

+
∂νt0
∂z

)
∂v

∂z
+

(
∂νt
∂z

+
∂νt0
∂z

)
∂w

∂y
, (5)

(u0 + u)
∂w

∂x
+ v

∂w

∂y
+ w

∂w

∂z
= −1

ρ

∂p

∂z
+ (νt + νt0)

∂2w

∂y2
+
∂νt
∂y

∂w

∂y

+2(νt + νt0)
∂2w

∂z2
+ 2

(
∂νt
∂z

+
∂νt0
∂z

)
∂w

∂z
+
∂νt
∂y

∂v

∂z
− 2

3

∂(k + k0)

∂z
+ βgθ, (6)

with β is the expansion coefficient.
Energy equation:

(u0 + u)
∂θ

∂x
+ v

∂θ

∂y
+
∂(θ0 + θ)

∂z
= (νθ + νθ0)

∂2θ

∂y2
+ w

∂νθ
∂y

∂θ

∂y

+(νθ + νθ0)
∂2θ

∂z2
+

(
∂νθ
∂z

+
dνθ0
dz

)
∂θ

∂z
+
∂νθ
∂z

∂θ0
∂z

+ νθ
∂2θ0
∂z2

. (7)

Turbulent kinetic energy:

(u0 + u)
∂k

∂x
+ v

∂k

∂y
+ w

∂(k0 + k)

∂z
= (νk + νk0)

∂2k

∂y2
+
∂νk
∂y

∂k

∂y
+ (νk + νk0)

∂2k

∂z2

+

(
∂νk
∂z

+
dνk0
dz

)
∂k

∂z
+
∂νk
∂z

∂k0
∂z

+ νk
∂2k0
∂z2

+ (νt + νt0)

[(
∂u

∂y

)2

+

(
∂u

∂z

)2

+ 2
∂u

∂z

∂u0
∂z

]

+νt

(
du0

dz

)2

− βgνθ
(
∂θ

∂z
+
∂θ0
∂z

)
− βgνθ0

∂θ

∂z
− ε. (8)

Dissipation rate of the turbulent kinetic energy:

(u0 + u)
∂ε

∂x
+ v

∂ε

∂y
+ w

∂(ε0 + ε)

∂z
=

(νε + νε0)
∂2ε

∂y2
+
∂νε
∂y

∂ε

∂y
+ (νε + νε0)

∂2ε

∂z2
+

(
∂νε
∂z

+
dνε0
dz

)
∂ε

∂z
+
∂νε
∂z

∂ε0
∂z

+ νε
∂2ε0
∂z2

+Cε1
ε0 + ε

k0 + k
(νt + νt0)

[(
∂u

∂y

)2

+

(
∂u

∂z

)2

+

(
∂u0
∂z

)2

+ 2
∂u

∂z

∂u0
∂z
− (1− Cε3)βg

1

σθ

∂(θ + θ0)

∂z

]

−Cε1
ε0
k0
νt0

[(
∂u0
∂z

)2

− (1− Cε3)βg
1

σθ

∂θ0
∂z

]
− Cε2

(ε+ ε0)2

k + k0
+ Cε2

ε20
k0
, (9)

with,

νt = Cµ
(k + k0)2

ε+ ε0
− νt0, νθ =

νt
σθ
, νk =

νt
σk
, νε =

νt
σε
. (10)

where Cµ, Cε1 , Cε2 , Cε3 , σθ, σk and σε are the closure coefficients of the system. The system of equations
given between equation (3) and (9) form a steady, three-dimensional parabolic set of equations. These
equations are discretized with central differences and integrated employing the semi-implicit ADI scheme.
The pressure is evaluated using the SIMPLE method.19

3 of 16

American Institute of Aeronautics and Astronautics

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
E

R
SI

T
Y

 o
n 

Ja
nu

ar
y 

10
, 2

01
8 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

8-
05

15
 



Dirichlet and Neumann boundary conditions are applied at boundaries of the domain.6 The numerical
values are determined from the undisturbed flow in front of the wind turbine.

The solution domain size is chosen to be at least ten times the wind turbine diameter, D, along x−
direction (i.e., downstream wake direction) and six times the wind turbine diameter in y− and z−directions.
A grid stretching is applied along the x−direction within the near-wake region. For a typical simulation of
a single turbine-single wake combination around 1 · 106 grid points are used.

III. Wake Models

III.A. Near Wake Model

In the original ECN wake model the near wake is modeled by a free-wake vortex model where the vorticity
strength of vortex rings are kept constant while the wake radius is varied. The solution is obtained by a
panel method. In the current study the near-wake model is improved further as suggested by Øye.9 The
wind turbine rotor is modeled by an actuator disc model and the wake is represented by a thin vortex sheet
which is described by vortex rings of variable radius and variable vorticity strength leading to a variable
transport velocity at infinity. Flow is assumed to be axisymmetric. Induced velocity profiles are obtained
analytically using Biot-Savart law, where the elliptic integrals are evaluated numerically. The radii along the
wake are calculated by making use of the continuity equation and the solution is iterated until convergence
is reached between the local radius and the vorticity.

In figure (1) a comparison of various calculation methods that have been studied and the original panel
method are presented. The wake radius is plotted against the distance from the turbine in downstream
direction for constant vortex strength (Γ) and variable vortex strength cases for uniform and stretched grid
distributions. All results are obtained for an axial induction factor of 0.28. The left-hand side of the figure
is a close-up of the near-wake region while on the right-hand side the full domain is presented. In figure (2)

Figure 1. Comparison of the wake radius as a function of distance from the turbine up to 5R (left)
and 15R (right) with a = 0.28, as simulated by the constant vorticity vortex ring model, the variable
vorticity vortex ring model and the panel method. The new near wake models are simulated on
uniform and stretched grids.

the induced velocity just behind the rotor is shown for the panel method and the variable vorticity vortex
ring method for an axial induction factor of 0.28. It is clear that the models are comparable, but that inside
the wake the induced velocity in downstream direction is higher for the variable vortex ring method in an
absolute sense. According to actuator disc momentum theory the induced velocity just behind the rotor is
−aU∞, so the variable vorticity vortex ring model agrees better with the theory. The results of both original
and new wake models are compared with the experimental data obtained from the measurements at ECN
Wind turbine Test field Wieringermeer, EWTW. The test site consists of five state of the art turbines in a
row, a scaled wind farm with 10 wind turbines of 7.5 meter hight and 7.6 meter in diameter and 7 prototype
spots for certification of industrial turbines. The five turbines, with a hub height and diameter of 80 meters,
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Figure 2. Comparison of velocity and force profiles just behind the rotor plane at the symmetry plane,
as simulated by the variable vorticity vortex ring model (the new near wake model) and the panel
method (the old near wake model).

are situated in a row and a meteorological measurement mast is located in the proximity of T5 and T6, as
can be seen on the left-hand side of figure (3).20 Since there is only one measured point in the field, multiple
measurements are combined to get the horizontal wake profile behind a turbine on a certain distance. The
right-hand side of figure (3) shows the distance S between the mast and the wind turbines: 2.5D and 3.5D.
When the wind direction is 31 degrees or 315 degrees the velocity at the wake center is measured. When
the wind comes from a different direction, the distance y to the wake center is calculated. The results of the

Figure 3. Location of wind turbines and meteorological measurement mast at EWTW (left). When the
turbine yaws the meteorological mast moves along the dashed line with respect to the rotor (right).

numerical simulation obtained by the ECN wake model WakeFarm using the original (panel method) and
new near wake models are compared with the EWTW data and shown in figure (4). WakeFarm performs
best at 2.5D, but for 3.5D the results deviate more from the experimental measurements. For the details of
the experimental work one is referred to reference.20

III.B. Atmospheric Boundary Layer Stability Model

In the original UPMWAKE model of Crespo et al.5 a diabatic wind profile based on Monin-Obukhov7

similarity theory and Businger et al.8 formulation is used given as follows:

u =
u∗0
κ

[
ln

(
z

z0

)
− ψm (z/L)

]
, (11)

where u∗0 is the friction velocity near the ground, z is the height, z0 is the aerodynamic roughness length,
κ is the von Kármán constant, L is the Monin-Obukhov length and ψm is a universal stability function
which is defined empirically. In the original ECN wake model the above wind profile is adopted whith the
Bussinger et al.8 form for stability function ψm where further details are given by Panofsky and Dutton.21
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Figure 4. Comparison of EWTW experimental data with velocity profiles in wake direction, as simulated
by ECN wake model using the original and the new near wake model, respectively.

The Monin-Obukhov length, L, is given by the following expression:

L =
u3∗0T

κgω′θ′0
, (12)

where, T is the absolute temperature, θ0 is the potential temperature and ω′θ′0 is the virtual kinematic heat
flux.

The diabatic wind profile models using surface layer scaling of Monin-Obukhov7 are valid only within the
surface layer of the atmosphere. In the current study the extended wind profile model proposed by Gryning
et al.16 is used which is valid for the entire boundary layer. The model is given as follows:

For neutral conditions:

u =
u∗0
κ

[
ln

(
z

z0

)
+

z

LMBL
− z

zi

(
z

2LMBL

)]
, (13)

for unstable conditions:

u =
u∗0
κ

[
ln

(
z

z0

)
− ψm (z/L) +

z

LMBL
− z

zi

(
z

2LMBL

)]
, (14)

for stable conditions:

u =
u∗0
κ

[
ln

(
z

z0

)
− ψm (z/L)

(
1− z

2zi

)
+

z

LMBL
− z

zi

(
z

2LMBL

)]
, (15)

with zi is the height of the atmospheric boundary layer and defined as follows for the neutral conditions:22

zi = c
u∗0
|f |

(16)

with c is a constant and f is the Coriolis parameter. The value of c is adopted from the works of Sathe et
al.18 and Peña et al.23,24 as 0.15 for neutral conditions, 0.14 for stable conditions and 0.13 for very stable
conditions.

Stability function, ψm, is used from Businger et al.8 for stable conditions and from Grachev et al.10 for
unstable conditions. An empirical fit suggested by Gryning et al.16 for the scaling parameter, LMBL, is in
the following form:

u∗0
fLMBL

=

(
−2 ln

(
u∗0
fz0

)
+ 55

)
e

(
− (u∗0/fL)2

400

)
. (17)
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In figure (5) the influence of various models for an atmospheric boundary layer velocity profile is pre-
sented using the parameters listed in table (1). It can also be concluded from these figures that the choice
for the atmospheric boundary layer stability model is most important for (very) stable conditions.

Unstable Neutral Stable

L -128 m 321 m 41 m

zi 117 m 205 m 49 m

LMBL 283 m 866 m 69 m

Table 1. Parameters used for figure (5)

Sathe et al.18 showed the importance of using a
diabatic wind profile for the entire boundary layer.
They argued that using a surface layer model pre-
dicts the blade and rotor loads along the wake di-
rection much larger compared to a model for the
entire boundary layer particularly for stable condi-
tions, since in the surface-layer wind profile model
under stable conditions, the wind profile length scale

increases infinitely, leading to large wind gradients, while a wind profile for the entire boundary layer16 limits
the growth of this length scale using the boundary layer height, leading to smaller wind shear.

In figure (6) a comparison of numerical simulation using Gryning et al.16 model valid for the entire
boundary layer for stable, neutral and unstable conditions with the surface layer model and the available
data from EWTW measurements for U∞ = 8m/s (left) and U∞ = 10m/s (right) is given. The EWTW
data is evaluated as described in the previous section. The induced velocity is predicted lower compared
to the surface layer model which is in agreement with Sathe et al.18 It should be noted here that a single
EWTW data set is used for the entire stability region and the simulation results for each stability region are
compared with this single data.

Figure 5. Influence of the atmospheric boundary-layer
model on the velocity profile for unstable, neutral and stable
conditions.

There is a necessity of determination of the ex-
perimental data for various stability conditions. The
available EWTW data do not contain any informa-
tion to categorize the stability of the atmosphere of
the measurements at the moment. In the literature
several rough estimates are given about the estima-
tion of the stability condition of the atmosphere de-
pending on the time of the day.22 Based on these
rough estimates the data measured between sunrise
and sunset is assumed to be unstable and between
sunset and sunrise is assumed to be stable. The com-
parison of the numerical simulation using Gryning
et al.16 model with the surface layer model and the
data from EWTW measurements for stable and un-
stable conditions for U∞ = 8m/s is shown in figure
(7) at 2.5D and 3.5D downstream of the turbine.
Although the comparison is not conclusive because of the reliability of the data it is shown here for the
demonstration purposes.

IV. Active Wake Control Concept

Active Wake Control (AWC) is an approach of operating wind farms in such a way as to maximize the
overall wind farm power production. It consists of two concepts: pitch-based AWC (called Heat & Flux),
and yaw-based AWC (called Controlling Wind).

IV.A. Heat & Flux

The Heat & Flux concept20,25 is a wind farm operating strategy for improving the power output and reducing
the loads of the wind farm as a whole. The term heat reflects the energy dissipation (as heat) when two flows
of air with different velocities mix, i.e. the stream tube around the rotor and the outer flow. Flux refers to
the flow of air through the farm. The general idea behind the concept is to reduce the heat losses and the
flux deficit of an aligned row of wind turbines by lowering the induction of upstream turbines. Reducing
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Figure 6. Comparison of numerical simulation using Gryning et al.16 model for stable, neutral and unstable conditions
with the surface layer model and the available data from EWTW measurements for U∞ = 8m/s (left) and U∞ = 10m/s
(right).

the induction can be achieved by changing (either one or both) the turbine’s blade pitch angle θb and tip
speed ratio λ. While the upstream turbine(s) will produce less, the downstream turbines make up for this,
resulting in a net increase of power output. Also the loads reduce and are more evenly distributed over the
turbines.

In a previous study25 the concept is validated in the boundary layer wind tunnel at TNO Apeldoorn.
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Figure 7. Comparison of numerical simulation using Gryning et al.16 model with the surface layer model and the data
from EWTW measurements for stable and unstable conditions for U∞ = 8m/s, at 2.5D (left) and 3.5D (right).

Despite the scaling issues (rotor diameter of 25cm), this test under controlled conditions clearly demonstrated
the effect. The measured increase in power output between the Heat & Flux and reference row was about
4% (although this could be partly due to scaling effects). Also, it is worth to mention that the scatter in the
data was large. The next step was a full scale test on EWTW.20 Although no optimal settings could be used,
this test still showed power increase and load reduction for the aligned Heat & Flux case. Unfortunately,
these measurements were taken with difference in turbulence intensities, which should be accounted for.

Recently, a study by Küçükşahin26 quantified the effect of spacing and turbulence intensity on the
performance of Heat & Flux strategy. Increased spacing of the turbines reduces the power increase gained
from Heat & Flux. The simulation results on the EWTW indicate a power increase of about 3.5% at best
for the Heat & Flux scenarios compared to the base case. Increasing the spacing between the turbines to
8D, the benefit from Heat & Flux reduces to 0.2% increase of energy yield. The turbulence has a sweet spot
at about 9% for the test farm EWTW.

It should be noted that the optimal Heat & Flux pitch angle depends on the wind direction, since this
is the parameter that determines the spatial configuration of the wind farm. As a result, Heat & Flux has
the highest effect when the wind direction is such that a large number of wind turbines are in the wake of
upstream wind turbine at a distance of less than several rotor diameters. On the other hand, when this
wind direction condition is not satisfied, Heat & Flux has little to no effect on the overall wind farm power
production and loads.

If there would be no turbulence in the wakes (and therefore no mixing with the surrounding undisturbed
air flow), the optimum induction (and thus blade pitch angle) could be estimated with the relation between
thrust and induction as shown in.27 Of course, this is not the case in reality, and therefore in this study an
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accurate wake modelling tool, FarmFlow, is used to determine the optimum pitch angle setting.
For constant lambda operation, the farm effects (and therefore the optimal heat and flux pitch angle

setting) are not wind speed dependent. Figure 8 shows the tip speed ratio as function of the wind speed for
a 6MW wind turbine, which indicates this assumption is valid up to about 9m/s. The optimal heat and flux
pitch angle can thus be determined at a single wind speed below rated (and used for all below rated wind
speeds). The relation between tip speed ratio and wind speed has been determined using the given rotor
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effect of H&F operation on tip speed ratio
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Figure 8. Tip speed ratio as function of wind speed for three different below-rated operation modes: optimum pitch
angle (blue line), pitch angle offset of 2 degrees (red) and 4 degrees (magenda)

characteristics and the power curve (PV curve), estimated losses and assuming that the generator torque
control remains unmodified under Heat & Flux operation, i.e. the nominal torque-speed curve (QN-curve),
exemplified in Figure 9, remains the same when the pitch angle is increased by Heat & Flux. To calculate
the tip-speed ratio for a given pair of wind speed and pitch angle, the rotor speed is first computed. To do
this, the aerodynamic torque is calculated as function of the rotor speed using the rotor torque coefficient
CQ for the considered wind speed and pitch angle. The rotor speed is then obtained by determining the
crossing point of the curve aerodynamic torque – rotor speed and QN curve, from which the tip-speed ratio
follows.
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Figure 9. Equal generator torque control (QN-curve) assumed for normal and Heat & Flux operation
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IV.B. Controlling Wind

The Controlling Wind concept28 is an alternative approach to control the wakes in a wind farm by applying
yaw misalignment, i.e. yawing the rotors of the upstream wind turbines away from the wind. As a result of
that, two things happen: the power production of the yawed wind turbines decreases because the effective
rotor area affected by the incoming wind flow becomes smaller, and the wakes behind these turbines is
redirected aside from the downstream wind turbines (see Figure 10). Due to the fact that the wake is being
diverted, the downstream turbines can get (a larger portion of) the undisturbed wind field instead of the
wake of the upstream wind turbine, which increases their power production substantially.

Figure 10. Visualization of the wake redirection introduced by Controlling Wind: normal situation (top), and effect of
Controlling Wind on the wake (bottom)

Due to the yaw misalignment introduced, Controlling Wind can increase or decrease the loads on the
wind turbines for some wind directions. For this reason, it is important to evaluate the damage equivalent
fatigue loads and compare these to those in the reference case without Controlling Wind. To this end, an
extensive loads database can be constructed using aeroelastic simulations under many different operating
conditions such as a range of wind speeds, turbulence intensities, wake deficit profiles, wake locations, and
yaw misalignment.

As of present, Controlling Wind has not yet been fully tested in the field. However, numerous simulation
studies indicate its huge potential:29,30 even for a row of just 3 turbines, an energy yield increase of more
than 10% can be realized by Controlling Wind when wind turbines are in the half-wake of upstream turbines.
For long rows containing many wind turbines, this gain in energy can even reach up to 30%.

In Figure 11 four individual cases of yaw misalignment is presented to show the corresponding wake
deviation. In case of 30◦ of yaw (bottom right of Figure 11) the wake center deviates around 0.25D from
the center line.

In Figure 12 a demonstration is shown for 3 wind turbines. Each downstream turbine is aligned to be at
the half-wake of the upstream turbine and the incoming wind direction differs 5◦ from the line of turbines.
The wake of the last turbine is not simulated since we are only interested in the power production of the wind
turbines. The left of Figure 12 shows a line of three turbines in normal operation where each downstream
turbine is indeed in the half-wake of the upstream turbine. In the figure on the right the most upwind turbine
is yawed 20◦ in order to steer its wake away from the downstream turbines. As a result, the wake deficit at
the second turbine has been reduced significantly, while also a small benefit for the third turbine is visible.
When both figures are compared it can clearly be seen from the figure on the right that the wake of the first
turbine is moved away from the centerline so the second turbine is effected less from the half wake situation.
This leads to an increase in power and decrease in loads for the second (and hence the other downstream)
turbine.

In Figure 13 a comparison of relative power production is shown for the case of 5 wind turbines aligned
in a row. For each yaw misalignment case (where only the most upstream turbine is yawed) the total power
production of 5 turbines is calculated and compared to the total power production for the case of 0◦ yaw
angle. It can be seen from this plot that he most effective yaw angle is around 20◦ − 22◦.

IV.C. Dynamic Active Wake Control

One of the risks in the application of Active Wake Control (AWC) is the variability of the wind direction in
relation to the slow response of the yaw angle of the turbine. This causes uncertainties in the position of
the wake with respect to other turbines. In order to gain realistic results from simulations with AWC, it is
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Figure 11. Visualization of the contour plots of velocity indicating the wake deviation for yaw angles of 0 (top left), 10
(top right), 20 (bottom left) and 30 (bottom right) degrees.

Figure 12. Visualization of the contour plots of velocity in the wake direction where the first turbine in a raw is yawed.
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Figure 13. Comparison of relative power production of 5 turbines for various yaw angles with respect to yaw angle of
0 degrees.
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important to account for the uncertainty in the wake trajectory. Therefore, the simulations with AWC are
done in a quasi-dynamic way with one-minute time series. The turbines are controlled dynamically on basis
of the results of the previous time step. The succeeding time step with a new wind vector, which introduces
an unknown change in wind direction and wind speed, is then simulated with these settings. The benefit
of AWC is determined by running the simulations with the time series twice: the first time with normal
operation and the second time while applying AWC.

V. Validation case

FarmFlow has been applied to the same test cases as FlaP in order to compare its results with data
derived from the LiDAR measurement campaign in the wind farm Nordsee Ost. Whereas FarmFlow is
developed to calculate the (multiple) wake effects throughout large offshore wind farms, no multiple wake
test cases could be selected from the measurements due to extreme low availability under multiple wake
conditions.

In all FarmFlow calculations, wind speed, wind direction and turbulence intensities are based on the
measured values from the met mast. Yaw (misalignment) angles of the turbine are modelled as well in
FarmFlow.

Figure (14) shows the measured and the simulated wind field for test case 1. The grid of the FarmFlow
results is aligned differently from the LiDAR measurements. The grid of the FarmFlow results is aligned with
the wind direction, while the grid of the LiDAR measurements is aligned with the rotor axis. The measured
wakes will show a much larger offset from the LiDAR grid, than from the wind direction. The position of
the wake will also deflect from the wind direction, however this deflection angle is less than 25% of the yaw
misalignment angle. The wake deficit in the simulation results is lower than the wake deficit that is seen by

Figure 14. Comparison of wind fields from LIDAR (left) and FarmFlow (right) for test case 1 (NSO-id 333).

the LiDAR, especially at smaller distances behind the rotor and above rated wind speeds. Top-left figure in
Figure 15 shows the wind speeds perpendicular to the centre line at a distance of 3D behind the rotor (shown
with red solid line). The width of the wake is very well captured by FarmFlow, but at the centre of the wake
the velocity deficit is largely underestimated, probably due to underestimated thrust forces near the rotor
centre. The average wind speed in the wake centre as measured by the LiDAR is 9.4m/s for case id 333.
With an undisturbed wind speed of 14.59m/s, the induction factor according to blade element momentum
(BEM) theory the following relationship holds for the far wake (3D behind the rotor can be considered as
far wake)31

uwake = (1− 2a)u∞ (18)

where uwake is the velocity of the wind 3D behind the rotor, a is the induction factor and u∞ is the undis-
turbed velocity. Using the given velocity values the induction factor can be calculated as (1−9.4/14.59)/2 =
0.178. This corresponds to a theoretical thrust coefficient (ideal wind turbine) of 0.585 where the theoretical
thrust coefficient CT is defined by31

CT = 4a(1− a) (19)
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The actual thrust coefficient according to the official turbine data at 14.59m/s is only 0.357, which is
39% lower than the theoretical value of 0.585. As mentioned above, the most plausible cause for this large
discrepancy is an inaccurate thrust coefficient given in the specifications of the wind turbine. The application
of a thrust coefficient assumes a uniformly loaded rotor, which is only reasonable (far) below rated wind
speeds. Around and above rated wind speeds, when the blades are pitched, the thrust forces are much more
reduced near the tip than near the root of the blades.

Similar results at 5D and 7D distance behind the rotor are shown in Figure (15). For FarmFlow it has

Figure 15. Wind speed at hub height 3D (top-left), 5D (top right) and 7D (bottom) behind the wind turbine along
the direction perpendicular to the wind direction provided by the NSO met mast in test case 1 (NSO id 333). The
blue circles are LiDAR measurements. The red and green line show the FarmFlow results with original and increased
thrust coefficient respectively.

been attempted to improve the agreement between simulated and measured wind fields by increasing the
thrust coefficient in the simulations. Instead of using the thrust coefficient specified by the wind turbine
manufacturer, an adjusted thrust coefficient has been derived based on the information on the inflow wind
speed derived from the met mast and information on the wind speed in the wake derived from the LIDAR
measurements, using the relations of blade element momentum theory. For test case 1, NSO id 333 with an
undisturbed wind speed of 14.59m/s, the simulations were carried out with an adjusted thrust coefficient of
0.45 instead of the the thrust coefficient given by the wind turbine specifications of 0.357.
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Top-left figure in Figure (15) shows the profiles of the wind speeds perpendicular to the centre line at a
distance of 3D downstream (shown with green solidline). It is obvious that the comparison of the FarmFlow
simulations with LiDAR measurements is largely improved when the applied thrust coefficient is derived from
BEM theory taking into account the wake velocities in the near wake region, and calculating the induction
factor. Also the comparisons for distances 5D and 7D have improved considerably (top-rigth and bottom
figures). Both width of the wake and wake velocity at the centre line are very accurate. Only at a distance
of 3D the measured wake is smaller and asymmetrical near the centre line with a lower minimum velocity.
Nevertheless, the average value of the curve near the centreline shows good agreement with the simulations.

The asymmetry at the edge of the wake, most clearly seen at 5D and 7D downstream, is possibly an
effect from wake rotation in combination with vertical shear. Air with the higher velocity at the top of the
wake due to the vertical shear shifts towards the right side of the wake due to the wake rotation. At the
same time, the lower velocity at the bottom of the wake shifts towards the left side of the wake.

VI. Conclusions

In this study improvements to ECN wake model, WakeFarm, are presented in three folds. First of all,
an improved near wake model is shown where the wake is modeled by a thin vortex sheet represented by
discrete vortex rings of variable strength. The solution is obtained analytically with the Biot-Savart law,
where the elliptic integrals are evaluated numerically. It is shown that the induced velocity is higher than for
the original near wake model and more in accordance with the theory. Furthermore the diabatic wind profile
model is improved by implementing a model valid for the entire boundary layer as suggested by Gryning
et al.16 The results are compared with a diabatic wind model valid for the surface layer and with the data
obtained from EWTW measurements. Although the results seem closer to the data, the EWTW data is a
single data set representing all stability regions. An initial attempt to categorize the EWTW data into two
stability regions depending on the time of the day of the measured data did not lead to better conclusions.
A need for a better data mining to distinguish the different stability regions and data from different sites is
obvious. In addition, accurate temperature measurements should be standard for wake measurement cam-
paigns. Finally the concept of Active Wake Control (AWC) is explained and it is shown that AWC can be
simulated in a quasi-dynamic way using wind time series with a 1-minute time step in order to account for
uncertainties in the variable wind conditions. A comparison of the model with the wind field data obtained
by Lidar measurements is shown and the discrepancy between the theoretical and actual thrust coefficients
of the wind turbine is discussed.
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