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Abstract

With the growing number of wind turbines, the interest on how to optimize the power production
at the wind farm level is rising. Several techniques have already been identified to be effective,
such as wake redirection or wake mitigation. One drawback of such strategies is the increased
loads it induces. Control strategies such as Individual Pitch Control (IPC) have shown great po-
tential at reducing the loads. In this Master’s Thesis we investigate power optimization strategies
based on yaw, along with the effect of combining them with load reducing IPC. The investiga-
tions are carried out through numerical simulations with an accurate LES Vortex Particle-Mesh
code. The study focuses on the loads, the power output, the wake, and the potential power
gain downstream. First, static yaw misalignment to redirect the wake is addressed. Second, a
passive dynamic yaw strategy is considered, named free yaw, intended to lead to enhanced wake
dissipation. We have observed that IPC has a quite positive impact on static yaw misalignment,
while it tends to significantly reduce the wake dissipation effect for the free yaw. Among the
different strategies studied, the best one is finally identified for two inline wind turbines.
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Chapter 1

Introduction

1.1 Context and motivations

Climate emergency has driven political ambitions towards decarbonizing our society. The recent
climate objectives put forward the need for alternative energy sources [1]. Wind energy tech-
nologies are a cornerstone to meet global climate objectives; they are an essential part of most
governmental action plans, with an installed capacity projected to keep growing exponentially
[2]. Installing wind turbines in wind farm configurations is economically advantageous, but can
also disrupt the operation of individual units located downstream. The power extraction of a
wind turbine perturbs the inflow by decreasing its velocity and increasing its turbulence. This
perturbed flow, called wake, then propagates downstream before being progressively dissipated.
In the context of a wind farm, the wake of an upstream wind turbine encounters a downstream
wind turbine before it is dissipated. This downstream turbine has therefore a lower power capture
potential and faces increased wear risks. Wind turbines currently in operation are mainly con-
trolled individually to optimize their power output and structural loading, but advanced power
optimization at the wind farm level requires a global control strategy. This control needs to take
wake interactions into account. The minimization of the wakes impact on downstream turbines
has been a hot research topic these recent years.

1.2 Power optimization strategies

In the literature, control strategies already exist to improve the power available in the wake
and optimize the power production at the wind farm level. It is done through wake redirection
or dissipation. Most of them rely on either axial induction control or wake redirection, or a
combination of both [3]. All those strategies intend to maximize the power downstream with
different actions. In this work, we focus on wake redirection strategies based on yaw to deviate
or dissipate the wake.

In axial induction control, the power production of upwind turbines is reduced by deviating the
turbines from their optimal tip-speed ratio or blade pitch angle. It causes the velocity slowdown
in the wake to decrease, hence allowing larger power capture by downstream wind turbines. This
method is considered beneficial as soon as the power gain of the downstream turbines compen-
sate for the power losses of the upstream units. However, the real benefits of such strategies are
questionable. Some studies reported substantial gains while others did not [3, 4]. Another more
promising approach is dynamic induction control: the induction is varying in time and allows a
better wake mixing and thus a faster recovery. A comprehensive comparison of control strategies
is available in [5].

1
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Wake redirection encompasses a much more diverse category of control strategies. The simplest
redirection technique consists in redirecting the wake by introducing a misalignment angle be-
tween the turbine and the inflow. This can be achieved by introducing either a tilt angle or yaw
angle. The second option is preferred most of the time. Such strategies have been proven to be
really efficient [6, 7]. In this work, we refer to this kind of control as static yaw, as it is achieved
by a static yaw misalignment with the inflow. Redirection can also be achieved by adapting
the blade pitch angle. Individual pitch control can be used either to redirect the wake in one
direction or to induce a movement in the wake and increase its mixing and recovery. This last
method uses wake redirection with the goal of dissipating the wake rather than just redirecting
it. J. Friederik et al. studied extensively this method in [8]. Controls based on wake redirection
can thus both redirect or dissipate the wake. A detailed overview of redirection techniques can
be found in [6].

The last type of control we will mention is hard to classify as a redirection or dissipation strategy.
Dynamic yaw consists in varying the yaw angle in time. Depending on the frequency and am-
plitude of variations of the angle, it can be redirection, dissipation, or both. Few studies assess
dynamic yaw strategies, and only one investigating wind farm power optimization was identified;
the strategies presented in [4] rely on active control based on an optimization algorithm. This
algorithm uses a wind farm state model and a state estimator. This control is thus quite complex
and with high computational costs, making it not practically implementable.

All those strategies have the advantage of increasing the power available downstream. However,
their two main drawbacks are power losses and increased loads for the controlled turbine. Part of
the wind turbine fatigue loading can be mitigated using a load reducing individual pitch control,
IPC [9]. IPC reduces the loading imbalances by dynamically adjusting the pitch angle of the
blades.

1.3 Objectives and outline

The goal of this Master’s Thesis is to study strategies that minimize the wake interaction using
yaw redirection and its combination with IPC. Those investigations are conducted through nu-
merical simulations. The first strategy studied is static yaw redirection. It is one of the most
promising strategies for wind farm power optimization. Although it has already been extensively
studied, its combination with IPC has only been studied recently by Wang et al. in [10]. We aim
to provide a similar study by quantifying the possible power gains and losses, downstream and
upstream respectively, but the loads aspect is further developed. Moreover, wake characteristics
are also analysed in this work. The second control strategy studied is a dynamic yaw strat-
egy. Current investigations on the subject are not practically implementable because of their
complexity, so a simpler control is considered. This study will focus on a passive dynamic yaw
strategy: free yaw. Such a strategy is intended to increase the wake meandering and enhance
wake recovery. Even if free yaw was almost only considered for small power wind turbines, it
is investigated here as a possible strategy for wind farm power optimization. Free yaw is thus
tested for a large 5 MW wind turbine along with its combination with IPC. To the knowledge
of the author, no similar studies have been conducted yet. At last, wake characteristics are also
analysed.

The next chapter presents the simulation tools used for this work. The base controller and IPC
are also presented. Then, Chapter 3 discusses the static yaw. Cases without turbulence are
firstly presented to get familiar with the core physics. Then more realistic turbulent cases are
analysed. In Chapter 4 the investigation results for free yaw are addressed. Then Chapter 5
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compares the best scenarios of both the static and dynamic study with simulations of two inline
wind turbines. Finally, a conclusion summarizes the major observations and draws perspectives.





Chapter 2

Numerical tools and wind turbine model

This chapter describes the different numerical tools used for this Master’s Thesis. First, the
Vortex Particle-Mesh (VPM) code used in this work is presented. It is named VPM from the
resolution method it uses and will be noted in italic to avoid confusion with the method of the
same name. It is used to solve the flow dynamics of the different simulations that are discussed in
the following chapters. The second section presents the multibody system solver, ROBOTRAN,
that is used to model the wind turbines and their dynamics and controls. Another section
addresses the coupling between both the VPM code and the multibody solver. Finally, the last
section discusses the wind turbine model and its controllers.

2.1 The Vortex Particle-Mesh code

This section treats the resolution method used to solve the fluid dynamics. Firstly, the flow
solver is addressed. A description of the immersed lifting lines, used to model the blades, is then
presented. Finally, a brief note on the treatment of turbulence is made.

2.1.1 Flow solver

The flow solver used in this work was developed jointly at ETH Zurich and UCLouvain. The
following description of its principles is based on [11, 12, 13] and [14] where the interested reader
can also find more information. As it will be explained, VPM methods combine the advantages
of both vortex particles and meshed methods. The former is known to be particularly well suited
for convection-dominated flows and the latter ensures the convergence by reinitializing regularly
the particle positions and allows to easily evaluate the differential operators.

From vortex particle methods, VPMmethods imply the discretization of the velocity (u)-vorticity
(ω = ∇× u) formulation of the Navier-Stokes equation in their Lagrangian form:

Dω

Dt
= (ω · ∇)u + ν∇2ω, (2.1)

∇ · u = 0, (2.2)

where D
Dt =

∂
∂t +u ·∇ denotes the Lagrangian derivative and ν is the kinematic viscosity, instead

of the more common velocity-pressure Eulerian formulation. The vorticity field is thus discretized
with particles characterized by a position xp, a volume Vp and a strength αp =

∫
Vp
ωdx ≈ ωdVp.

Those particles are convected by the flow and their strength is modified to account for vortex
stretching and diffusion

5
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dxp
dt

= u (xp) , (2.3)

dαp
dt

=

∫
Vp

(
(ω · ∇)u + ν∇2ω

)
dx (2.4)

'
(
(ω · ∇)u + ν∇2ω

)
p
Vp. (2.5)

Here the velocity field is recovered thanks to the Helmotz decomposition u = U∞ + uω through
the Poisson equation

∇2uω = −∇× ω (2.6)

solved by a fast Poisson solver in the Fourier space [15].

Using the Lagrangian formalism to discretize the vorticity field with vortex particles gives robust-
ness to the calculation method. It also allows to waive constraints usually present in convection
problems in classical Eulerian form like the time stability constraint (CFL). On the other hand,
those vortex particle methods are known to be subject to Lagrangian distortion [12]. Some re-
gions would become free of particles while others would contain large groups of them. This will
weaken the accuracy of the method. To handle this, as previously mentioned, it is coupled with
a mesh. The particles are redistributed on the mesh at regular time intervals by interpolating
the vorticity from the particles to the node locations. This process is called the remeshing. This
mesh also allows to compute efficiently the different differential operators and solve the Poisson
equation at lower costs. This dual discretization is the main feature of Vortex Particles-Mesh
methods as it offers to take the advantages of both discretization methods.

When it comes to wind turbines, flows are typically complex turbulent ones at high Reynolds
numbers. Large Eddy Simulation (LES) will thus be used to reduce the numerical cost. LES
implies a filtering of the Navier-Stokes equation. The smaller scales of turbulence are accounted
for via a dissipation model rather than being solved explicitly. The new vorticity equation to
solve is then an adapted version of Equation 2.1

Dω

Dt
= (ω · ∇)u + ν∇2ω +∇ ·TM (2.7)

where u and ω are the resolved velocity and vorticity fields, and TM the subgrid-scale (SGS)
stress model that represents the filtered smaller scales. The model used for this work is a classical
eddy viscosity model called Regularized Variational Multiscale (RVM)

TM = νSGS
(
∇ωs −∇Tωs

)
(2.8)

where ωs represents the small-scales part of the vorticity field. More details can be found in [16].

Concerning the spatial and temporal discretization, a fourth-order finite difference scheme is
used to carry out the differential operators and a third-order low-storage Runge-Kutta scheme
is used for the time integration.

The numerical simulations were performed on the Lemaître3 supercomputer, allowing parallel
computing.
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2.1.2 Immersed lifting lines for blade modelling

The blades are modelled with a vorticity line that will generate vorticity in the flow by shedding
a vorticity sheet. From the Prandtl lifting line theory, making the assumption of a slender body
experiencing an essentially two-dimensional flow, a wing (and thus a blade) can be modelled
with a vorticity line bundle that progressively leaves the wing [17]. This is exactly the idea that
lies behind the immersed lifting lines. The strength of the vorticity lines can be quantified by
the bound circulation Γ(r, t) around the airfoil. For a steady flow, the lift per unit span L and
the bound circulation are related through the Kutta-Joukowski theorem

L = ρVrel × Γ (2.9)

where ρ is the air density and Vrel = u− u blade.
The blade model is characterised by different sections along its span, each corresponding to

a certain type of airfoil. For each of these sections, the coefficient of lift CL as a function of
the angle of attack is stored. Knowing the inflow velocity and its relative angle with the blade,
the lift can then be computed. The bound circulation and the shed vortices, due to spatial and
temporal variations of the circulation, can then be evaluated with Equation 2.9 and the solenoidal
property of the vorticity ω. In the Vortex Particle-Mesh method framework the added vorticity
is discretized with particles for the treatment to remain fully Lagrangian and thus allowing large
time steps [11].

2.1.3 Turbulent and sheared inflow

The turbulent wind model relies on a turbulent velocity field u′ which has been, in this work,
generated through Mann’s algorithm [18]. The vorticity field of this periodic turbulent flow
is computed and then made compact in the unbounded directions through a smooth clipping.
Vortex particles are created to carry this turbulent vorticity into the domain through the inflow
plane [11].

Shear in the inflow is accounted for via the power law

U(y) = U0

(
y

Hhub

)α
(2.10)

where U0 is the flow velocity at Hhub the hub height and α is the shear coefficient. Computed
in term of vorticity, it gives

ω(y) = α
U0

Hα
hub

yα−1. (2.11)

2.2 Multibody system solver

In the previous section, the modelling of the flow and the aerodynamics of the turbine have
been discussed. The focus of this section is the turbine proper dynamics that is modelled with
a multibody system (MBS) software: ROBOTRAN. Its coupling with the VPM will be covered
in the next section. Here, a brief description is first given. It is followed by the characterization
of the multibody system. Then the solving process of the MBS dynamics is addressed.

The ROBOTRAN environment is an in-house software at UCLouvain developed by the UCL-
MEED research group. It is based on a symbolic approach to generate multibody equations, a
powerful tool to drastically simplify mathematical expressions and to confer the equations upon a
high portability towards other scientific disciplines like control [19]. ROBOTRAN is thus a useful
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tool to model the turbine dynamics and implement its controls. The software works in three
steps: it starts from a graphical description of the MBS; the MBS equations are then generated
by the symbolic translator; these symbolic equations are finally automatically interfaced with
the simulator.

2.2.1 System characterization

The wind turbine is decomposed into a mechanical system of N rigid bodies. This multibody
system is represented by a tree-like structure where the different bodies are connected together
through joints.

Figure 2.1: Body characterization [19].

A body i is always carried by a parent body h through a joint i and can have children bodies j
and k. For any joint i, two reference anchor points are defined: the first one, Oi , on the parent
body h and the second one, O′i , on the body i. Each body is attached with a right-handed
frame at its centre of mass and characterized by the vectors that locate the connection points to
the other bodies dj , the position vector of its centre of mass li, its mass mi and its inertia tensor
with respect to its centre of mass Ii. This is depicted in Figure 2.1.

The joints specify the displacement to go from the frame of body i to i + 1. It can either be
a translation or a rotation along an axis. In ROBOTRAN, each joint only has one degree of
freedom and is thus either prismatic or revolute. The relative motions that occur in the joints
connecting the different bodies are described by relative generalized coordinates q and their time
derivatives q̇ and q̈. The absolute configuration of the MBS is computed in terms of these rela-
tive coordinates and time derivatives.

The forces and torques that act on the bodies are split into the gravitational force g, the joint
forces/torques that act via the joint connections Qi and the external forces. The external forces
represent all other forces gathered in a resultant force frci and a resultant torque trqi for each
body.

2.2.2 Multibody formalism

The system being characterized, the direct dynamics of the MBS is needed to compute the gen-
eralized accelerations for a given configuration. The dynamic equations of the whole multibody
system are thus generated. The problem can be expressed in a semi-explicit formulation, also
called direct dynamics model

M(q, δ)q̈ + c(q, q̇, δ, frc, trc,g) = Q(q, q̇) (2.12)
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where M is the symmetric generalized mass matrix of the system, c is the non-linear dynamic
vector containing gyroscopic, centrifugal, gravity terms and contributions of external forces and
torques. q represents the relative generalized coordinates and Q is the associated generalized
joint forces and torques.
It can also be expressed in a more compact formulation of these equations, where the generalized
accelerations are implicitly expressed, and referred to as inverse dynamics model

Q(q, q̇) = φ(q, q̇, q̈, δ, frc, trq,g) (2.13)

The above models are then obtained by ROBOTRAN through different formalisms [20]. This
MBS solver main feature is the generation of the symbolic equations that aims to take advantage
of both numerical and manual techniques. It allows the automation of the computational process,
on one hand, and arithmetic and trigonometric simplifications, on the other hand. The analytical
expressions of the equations are organized and prioritized in a tree structure, which is further
optimized to result in a minimum number of operations.

2.3 Coupling of the flow and multibody solver

In the two previous sections, we described the flow solver and the multibody solver. The first
one computes the flow dynamics as well as the aerodynamic forces on the blades. While the
second one solves the dynamics of high number of degrees of freedom systems. The two systems
are thus coupled. This coupling is briefly covered below and further details can be found in [21].

In this coupling, the two simulation codes are kept untouched. Instead of mixing the two to
obtain a third one, a weak coupling is implemented. Both codes run separately and communi-
cate during synchronization steps with a master-slave relation. This interaction is ruled by the
flow solver as it has the highest computational cost. Communication between the two solvers
works as follows: at time t, the aerodynamic forces are computed by the flow solver and sent
to ROBOTRAN that updates the dynamics data, the positions q and velocities q̇ of the lifting
lines are then sent back to the flow solver. With this information, the flow solver knows where
to shed the blade induced vorticity in the flow. This information exchange is executed several
times during a flow solver time step using substeps for more accuracy.

z

x

y

U0

Yaw

Tilt

Roll

Figure 2.2: VPM reference frame axes conventions.

To ensure a good communication between the two codes, they must use the same reference frame.
VPM has a particular reference frame that slightly differs from the ones generally used for this
kind of simulations. The different axes and rotations are depicted in Figure 2.2. In VPM, the
streamwise direction corresponds to the z-axis, the lateral horizontal direction corresponds to
the x-axis and the vertical direction is along the y-axis. It forms a conventional right-handed
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reference frame. The rotations are defined accordingly, with the right-hand rule. The yaw is
positive counter-clockwise, viewed from the top. The tilt is positive clockwise seen from the
right, in the positive x-direction. And the roll is positive counter-clockwise, looking downstream
in the positive z-direction. These conventions will be used in all the following discussions.

2.4 Modelled wind turbine and associated controllers

The wind turbine used for the purpose of this Master’s Thesis is the NREL offshore 5-MW
baseline wind turbine defined in [22]. The NREL 5-MW is a three-bladed wind turbine and its
main characteristics are presented in Table 2.1.

Rated power 5MW

Rotor and hub diameter 126m, 3m
Hub height 90m

Cut-in, rated and cut-out wind speed 3m/s, 11.4m/s, 25m/s
Cut-in and rated rotor speed 6.9 rpm, 12.1 rpm
Optimal tip-speed ratio 7.55

Table 2.1: Main wind turbine characteristics [22].

The remaining of this section discusses the baseline controller used in this work. An Individual
Pitch Control (IPC) that can be added on the top of the baseline controller is also addressed.

2.4.1 Baseline variable-speed variable-pitch controller

Any wind turbine needs to be given a control for two main reasons. They have to extract the
maximum energy from the wind and stay in rated operation range to avoid being damaged. The
NREL 5-MW baseline wind turbine is described with a proposed control strategy in [22]. This
is the one used for this work and it will be summarized hereafter.

The NREL 5-MW controller is a variable-speed, variable blade-pitch control. It thus features two
basic control systems: a generator-torque controller and a full-span rotor-collective blade-pitch
controller. The generator-torque controller aims at maximizing the power capture in below-rated
operation and the blade-pitch controller regulates the generator speed in above-rated operation
of the turbine. They rely on two independent control loops.

Both control loops take the generator speed measurement as input data. To avoid high-frequency
excitation, this information is filtered with a low-pass filter. The corner frequency is set to one-
quarter of the blade first edgewise natural frequency, 0.25Hz.

Generator-torque controller

The generator torque is computed as a tabulated function of the filtered generator speed for
each of the five control regions: 1, 11

2 , 2, 2
1
2 , 3. Region 1 is the region before the cut-in wind

speed where there is no torque at the generator and no power extraction. The wind is used
to accelerate the rotor at start-up. Region 2 is a control region where the power extraction is
optimized by targeting the optimal tip-speed ratio, maintaining it constant. In Region 3, it is
the generator power that is held constant. The generator torque is thus inversely proportional
to the rotor speed. The 1

2 regions are linear transitions between the other regions.
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A conditional statement is set on the generator-torque controller so that the torque is computed as
if it were in Region 3, regardless of the generator speed, whenever the previous blade-pitch-angle
command was 1° or greater to improve the output power quality at the expense of short-term
overloading. This excessive overloading is avoided by saturating the torque 10% above its rated
value. A torque rate limit is also implemented.

Blade-pitch controller

In Region 3, the generator speed is controlled through the aerodynamic torque which is in
turn controlled by pitching the blades. This is also called Collective Pitch Control (CPC).
The full-span rotor-collective blade-pitch-angle commands are computed using gain-scheduled
proportional-integral (PI) control on the speed error between the filtered generator speed and
the rated generator speed. The gain scheduling is based on the linearization of the relation
between pitch sensitivity and blade-pitch angle. It is further described in [22] along with the
detailed equations of PI control.

2.4.2 Individual pitch control

Wind turbines operating in atmospheric boundary layer experience wind speed variations across
the rotor disc that result from wind shear, atmospheric turbulence and yaw misalignment. The
rotating blades are thus subject to cyclically varying loads inducing fatigue. A pitch-regulated
wind turbine generally having one pitch actuator per blade, the loading of each blade can thus be
regulated by adjusting its angle of attack thanks to IPC. Among the possibilities proposed in [9],
the implemented solution is a simple PI control taking the blades loads as input and returning
differential pitch actions for each blade. IPC thus consists of a third loop action on top of the
ones described before. It keeps the collective pitch control and superimposes a pitch correction
for each blade.

The IPC algorithm uses the Coleman transformation to project three phases (blades) rotating
system into a two axes fixed frame. The axes of this new reference frame are the direct and
quadrature axes representing the lateral and the vertical direction. The projection of the blades
normal bending moments in this fixed frame is computed as follows

(
Mtilt

Myaw

)
=

(
2

3

)(
cos(θ) cos(θ + 2π/3) cos(θ + 4π/3)
sin(θ) sin(θ + 2π/3) sin(θ + 4π/3)

) Mn,1

Mn,2

Mn,3

 (2.14)

where θ is the rotor azimuth angular position and Mn,i the normal bending moment of blade
i. In the VPM reference frame, the direct axis corresponds to the x-axis and the quadrature
axis to the y-axis. The obtained moments Mtilt and Myaw are thus the moment around x and y
respectively. The latter present noise and a significant 3P (three times per rotation) component.
They are therefore filtered using a second-order low-pass filter at 2.5P and a notch filter at 3P.
The goal of the IPC is to suppress those moments, the error is thus the moments obtained by the
transformation. A PI controller is now used to evaluate the differential pitch action in the fixed
frame. It is then sent back into the blades axes by the inverse Coleman transformation. Finally,
the differential pitch action obtained via the IPC is superimposed to the CPC pitch angle.





Chapter 3

Static yaw misalignment

Wind turbines are not alone. In wind farms, the wake has an important effect on the successive
turbines. Wake redirection is a way to address this challenge. In this chapter, wake redirection
using static yaw misalignment will be investigated along with the effect of using a load reducing
IPC on the yawed turbine. The first section introduces the subject and reviews some literature
about what has already been done in the field. A second section addresses the methodology
used and the numerical setup. Then, the obtained results are presented and analysed. Finally,
a conclusion is drawn at the end of the chapter.

3.1 Introduction

With the growing number of wind farms, the knowledge of wake behaviour becomes very impor-
tant. Several people have already studied wake redirection using static yaw misalignment. For
example, the wake deflection for a range of yaw angles and thrust coefficients is investigated in
[23], where the authors aimed at analysing the wake redirection in order to provide an analytical
model to predict it. In addition, a bunch of redirection techniques are studied in [6] and the
effect on the loads is also addressed. The authors studied yaw and tilt misalignment as well
as individual pitch control redirection strategies. Among those presented methods, static yaw
showed the greatest potential for wake steering and reduces loads in the meantime. In the con-
text of wind farms, it thus presents a potential to increase the gathered energy by downstream
turbines. In the light of this, we study static yaw in what follows.

As already mentioned in the previous chapter, IPC can be declined in a simple control algorithm
that allows the mitigation of the loads. Its efficiency is underlined in [9] and a lot of studies have
been done in the field with the development of more advanced controllers [24, 25]. However,
only few studies treat the combination of both static yaw misalignment and load-reducing IPC.
To the author’s knowledge, the only article mentioning that is [10], where many aspects are ad-
dressed. This paper gives physical explanations on the obtained results and discusses the loads,
the redirection and the energy gain that occurs or not in the wake by combining the two methods.
They concluded that orientation (positive or negative, cf. 2.3) of the misalignment influences
the physics of the flow. A positive yaw orientation is more advantageous than a negative one.
Furthermore, positive yaw combined with IPC could increase both the power produced by the
concerned turbine and by a downstream turbine.

The goal of this chapter is to carry out a similar study. Static yaw is thus analysed with and
without IPC, focusing on the power produced, the loads suffered by the turbine and the available
power in the wake. The wake characteristics are also analysed.

13
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3.2 Methodology and numerical setup

This section firstly presents the different cases considered and describes the algorithm used to
compute the wake characteristics. Secondly, the simulation setup and the different parameters
are addressed.

3.2.1 Methodology

To study the impact of static yaw misalignment, several cases are considered. The different
quantities studied are the power produced, the loads and the available power downstream of the
wind turbine. They are studied for yaw misalignment angles from −30° to 30° by steps of 10°.
The quantification of the fatigue loading is evaluated with Damage Equivalent Loading (DEL)
[26] and relies on rainflow counting [27]. The wake characteristics such as the redirection, the
meandering amplitude and wavelength are also considered. They are computed with the wake
tracking algorithm described below. The effect of the IPC on the wake and the turbine is then
addressed by adding IPC. All the cases are thus run without and then with IPC, totalling 14 cases.

Wake tracking algorithm

The wake tracking algorithm is based on the experimental wake tracking algorithm used in [28].
It is based on a 3D convolution between the power in a 2D plane and a 2D Gaussian function.
The algorithm is used to track the wake centerline at hub height. First, the 2D streamwise
velocity field at hub height is extracted. It is shown in Figure 3.1.
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Figure 3.1: Streamwise velocity field in a horizontal plane at hub height with the wake centerline
(black-dashed).

Second, the available power density is computed

p =
1

2
uz |u|2. (3.1)

Then it is convoluted with the Gaussian function

fG2Dhp
(x, z) = A exp

(
−
(
x2

2σ2
x

+
z2

2σ2
z

))
, (3.2)

where A = −1 and σx = σz = D/4. It gives Figure 3.2a. The wake centroid xc is then located by
searching for the maximum of the convolution field for each downstream location (Figure 3.2b)

xc = argmax
(
pG2Dhp

∗ fG2Dhp

)
. (3.3)

This low complexity algorithm is aimed to be used in data post-processing. Yet it gives good
results as it is observed in Figure 3.1. The absence of blades at the hub location creates a high-
velocity zone just behind the wind turbine. This high-velocity zone disturbs the tracking. The
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Figure 3.2: Convolution of the streamwise power density with a Gaussian in a 2D plane at hub
height (a). Slice in the convolution at 5 diameters downstream (b), where the wake centroid is
tracked.

results will thus be considered starting from 3D.

The centerline position then enables to determine the wake meandering amplitudes and wave-
lengths. Again the method used is the one from [28]. Each wake centerline is low-pass filtered
spatially with a cut-off length Lcut−off = 1D. Then the amplitudes of the wake meandering are
computed as half the cross-flow distance between two consecutive maxima or two consecutive
minima. The wavelengths are computed as the streamwise distance between two consecutive
extrema. The downstream position of these quantities is set to the intermediate position of the
two points involved in the computation. It is represented in Figure 3.3. The quantities are then
binned, with respect to the downwind distance from the rotor, into half-diameter bins and the
mean values are computed. With this method only the results for downstream positions from
3D to 9D are exploitable.

Figure 3.3: Schematic of the conventions used for the determination of the amplitudes and the
wavelengths of the wake centerline oscillations [28].

3.2.2 Numerical setup

This study is carried out with numerical simulations using the LES code VPM (cf. 2.1) and
ROBOTRAN as multibody solver (cf. 2.2). The simulations are performed for an isolated NREL-
5MW wind turbine. Only the blades of the turbine are modelled with immersed lifting lines.
The resolution is 32 points per diameter in every direction. The domain is depicted in Figure
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3.4a. Its width, height and length are 4D × 3D × 15D and the flow is unbounded in the x and
z directions. The turbine is located at the centre of the domain 3 diameters downstream of its
entry. The inflow has a streamwise wind speed at hub height U0 = 9m/s. The turbine is thus
working in Region 2 at optimal tip-speed ratio. The wind shear coefficient α is 0.2 in Equations
2.10 and 2.11. For the turbulent cases, the turbulence intensity is 10% and is synthesized with
a Mann box [18] that is 32-diameters long. The time step is constant and the CFL number
is between 0.12 and 0.46. The flow is studied after it develops for 20 convective times (4/3 of
through-flow). The different quantities are studied during one through-flow the twelve diameters
downstream of the turbine (12 convective times) for the cases without turbulence and during one
Mann box through-flow (32 convective times) for turbulent cases.
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Figure 3.4: Computational domain with its dimensions (a) and the wind turbine showing the
positive orientation convention of the yaw angle γ, with the inflow velocity projected in the wind
turbine frame (b).

3.3 Results

This section presents the results obtained. First, cases without turbulence are presented. They
are used to explain some physics that lies behind the observed results. Then the results for the
turbulent cases are presented. The orientation (positive or negative) of the yaw angle will have
an impact on the physics and the reader should thus be aware of the orientation convention used
as depicted in Figure 3.4b.

3.3.1 Sheared inflow

This subsection begins with some explanations about the aerodynamics of the inflow with the
turbine blades to explain the loading. The impact of the shear and the misalignment angle are
thus discussed. The loads for the different misalignment angle are then presented. Next, the
addition of the IPC is tackled. And finally, the impact on the power produced and on the power
available downstream is addressed.

Let us first consider the effect of the shear with the cases drawn in Figure 3.5a-c. The shear is
a major stakeholder in the fatigue loading of a wind turbine. It causes variation of the inflow
velocity across the rotor disc. The inflow has a higher velocity at the top and a lower one at
the bottom. Hence, the shear creates an up/down imbalance. When a blade passes on the top
side, it thus experiences a higher inflow velocity. As depicted in case (b), it results in a higher
relative velocity W encountered by the blade and a higher angle of attack. The loading is thus
even bigger. When the blade is at the bottom, the inflow velocity is lower and so are the relative
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velocity and angle of attack as depicted by (c). Then, the lift and thus the loading are smaller.
The extreme blade positions being θ = 0 and θ = π it explains the extrema of the flapwise
bending moment for a yaw angle γ = 0° in Figure 3.6.
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Figure 3.5: Velocity triangles for different positions and orientations with respect to the inflow.
The first line underlines the effect of the shear where the base case (a) is compared to a higher
inflow velocity (b) and a lower inflow velocity (c). The second line highlights the impact of the
yaw angle and compares the base case (d) to cases where the tangential component of the inflow
is in the same direction (e) or against (f) the blade rotation. U is the streamwise velocity, ω the
rotational speed of the blade, W is the relative speed with respect to the airfoil, α is the angle
of attack and γ is the yaw misalignment angle.

When considering the effect of the yaw, the inflow velocity breaks up into a tangential and a
normal component in the rotor frame as in Figure 3.4b. The blade rotation is not fully perpen-
dicular to the wind inflow velocity anymore. Therefore, the effect of the tangential component
adds to the effect of the blade rotation velocity (Figure 3.5d-f). The blades rotate clockwise. If
the turbine is yawed positively, the blade tends to rotate in the same direction as the wind at
the top (Usin(γ) has the same direction as the blade rotation). The tangential component of the
inflow velocity and the rotational speed of the blade thus balance each other and corresponds to
case (e) in Figure 3.5. Because of that, the relative velocity W is lower and the angle of attack
higher. But when the blade is at the bottom, the tangential component of the inflow is against
the blade rotation. Contributions from both the blade rotational speed and inflow tangential
component add. It results in a higher relative velocity while the angle of attack is lower, as in
case (f).

The relative velocity and angle of attack then influence the loading of the blade through lift
and drag forces. To understand how it affects the blade solicitations, consider the lift and drag
equations

L =
1

2
ρW2clA, (3.4)

D =
1

2
ρW2cdA, (3.5)

cl = f(α, ...) ∝ α for α�, (3.6)
cd = f(α, ...) ≈ Cst for α�, (3.7)

where ρ is the fluid density, A the blade area, α the angle of attack, and cl and cd are the lift
and drag coefficient respectively. The contribution of the velocity is dominant compared to the
angle of attack in term of applied force to the blade. Indeed, the angle of attack only intervenes
in the lift equation (through cl) while the relative velocity comes to the square in both lift and
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drag equations. The effect of the wind shear, described above, thus tends to increase the loading
at the top and decrease it at the bottom whereas it is the opposite for positive yaw. Both thus
counteract each other as summarized in Table 3.1 and mitigate the fatigue loading.

Top (θ = 0) Bottom (θ = π)
Shear W ↑, α ↑ ⇒ L ↑ W ↓, α ↓ ⇒ L ↓

Positive yaw W ↓, α ↑ ⇒ L ↓ W ↑, α ↓ ⇒ L ↑
Negative yaw W ↑, α ↓ ⇒ L ↑ W ↓, α ↑ ⇒ L ↓

Table 3.1: Effect of shear and yaw misalignment on the blades solicitations.

If the yaw angle is negative it is the opposite, the blade tends to rotate in the opposite direction
as the wind at the top and in the same direction at the bottom. The tangential component of
the relative velocity with respect to the blade W is higher at the top and lower at the bottom. It
corresponds to cases (f) and (e) respectively. Both shear and yaw then make the relative velocity
higher at the top and lower at the bottom. It results in even higher solicitation imbalances and
an increase of the fatigue loading. Yaw misalignment thus adds a contribution to the up/down
imbalance caused by the shear, either increasing or decreasing it.
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Figure 3.6: Azimuthal evolution of the blades flapwise bending moment for positive (a) and
negative (b) yaw misalignment angles. Darker and lighter colours stand for the use of the IPC
or not, respectively.

Let us now look at the mean azimuthal evolution of the blade flapwise bending moment pre-
sented in Figure 3.6. The extrema are mainly located where the effect of the shear is maximum
and minimum. For both positive and negative static yaw misalignment, the mean value of the
loads decreases with the misalignment. It is caused by the lower normal inflow velocity due to
its projection in the turbine frame. However, the amplitude decreases in the case of positive
yaw angles and increases for negative angles. Indeed, as explained with the velocity triangles,
positive yaw orientation counteracts the effect of the shear while negative orientation exacerbates
the induced imbalance. The comparison in term of DEL is given in Figure 3.7c. The equivalent
fatigue loading is decreased for positive yaw angles and increased for negative yaw angles.

The shape of the cycle changes especially for positive yaw. As explained previously, the imbalance
is reduced in positive yaw due to the combination of the tangential inflow velocity component
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and the blade rotation. At the top, the blade rotation and the tangential velocity counteracts
from θ = 3π

2 (or −π
2 ) to θ =

π
2 where they are in the same direction. This effect is maximum at

θ = 0 (or 2π) where the blade rotational velocity is fully horizontal and in the same direction as
the inflow tangential velocity. The reduction in loading at θ = 0 eventually surpasses the other
positions and induces a shift of the maximum. The maximum is shifted to the position where the
reduction has the lowest impact, that is θ = 3π

2 . At this position, the blade rotational velocity
is fully vertical and do not interact with the tangential component of the inflow. By contrast,
in negative yaw the extrema stay at the same position because the imbalance is increased. The
effect of the IPC is clearly visible in Figure 3.6. The oscillations are nearly totally damped and
the fatigue loading is decreased by a lot for IPC cases, as can be seen in Figure 3.7c. However,
IPC seems to be less efficient as the yaw angle increases.
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Figure 3.7: Changes in produced power (a), power available in the wake 7D downstream (b) and
flapwise bending moment damage equivalent loading (c) with respect to the yaw angle, with and
without IPC. The comparisons are expressed in relative percent compared to the 0° without IPC
case. Darker and lighter colours stand for the use of the IPC or not, respectively.

We now look at the impact of IPC on the downstream velocity field. Since there is no turbulence
in those cases, IPC mainly must mitigate the imbalance due to the shear in the inflow. The
effect of IPC is thus to decrease the angle of attack and hence decrease the gathered power at
the top, and the reverse at the bottom. As less power is extracted at the top and more at the
bottom, the flow velocity after the rotor using IPC is higher at the top and lower at the bottom,
as depicted in Figure 3.8. IPC generates an excessively low loading at the top and an excessively
high one at the bottom. It results in a deviation from the optimal induction which translates
in a general power loss when using IPC. One can note from Figure 3.7a that the relative loss is
lower in the case of positive yaw. Actually, it already contributes to the mitigation of the imbal-
ance, allowing a lower contribution of IPC, while the opposite can be concluded for negative yaw.

The higher and lower velocity zones created by IPC we just mentioned also have an impact
on the power that flows downstream. When we look from downstream to upstream, the wake
rotates clockwise as the flow goes downstream. The gain in velocity at the top and the loss
at the bottom induced using IPC also rotates. They end up at the right and at the left of
the wake, respectively, for a certain position downstream. It is observable in Figure 3.9 at 7
diameters downstream. When positive yaw misalignment is added, the wake is shifted to the
left. Considering the location that would potentially be occupied by a second wind turbine (in
dashed in Figure 3.9), the low-velocity zone is pushed away while the high-velocity one is pulled
in. It thus has the potential to profit from this velocity gain and to increase the available power
downstream for a second wind turbine. On the contrary, negative yaw tends to pull the velocity
deficit at the downstream turbine location and push the high velocity away. It is observable at
7 diameters downstream.
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Figure 3.8: Difference in wake mean streamwise velocity at 1D downstream the rotor for γ = 0°
when IPC is added. The rotor plane is viewed from downstream. The dashed circle represents
the position of the rotor of an aligned wind turbine located downstream.
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Figure 3.9: Difference in wake mean streamwise velocity for different downstream positions and
yaw angles when IPC is added. The rotor planes are viewed from downstream. The dashed circle
represents the position of the rotor of an aligned wind turbine located downstream.

The power available is evaluated by taking the mean power available in the area that would
be occupied by a downstream turbine. From Figure 3.7b, the introduction of a misalignment
angle increases the available power downstream by redirecting the wake. The introduction of
IPC slightly increases the power available in the wake for moderate positive yaw misalignment.
However, IPC is more prone to decrease the available power downstream when it is used with
negative yaw, as stated above.
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3.3.2 Turbulent sheared inflow

In the last subsection, cases without turbulence were presented. It helped to understand the
impact of the yaw misalignment combined with the shear. Now, to have more realistic quantifi-
cations on the phenomena described earlier, turbulent cases are studied. The turbulent intensity
is 10% which is a standard value for onshore wind turbines. Again, we discuss the differences
observed for the different misalignment angles. To the quantities previously studied that are the
power produced, the blade flapwise bending moment and the available power downstream, we
add the tangential blade bending moment and the yaw and tilt moments. At the end of the
section, wake behaviour is also discussed.

The loading cycles for a turbulent inflow vary drastically from one rotation to another, unlike for
the non-turbulent case. This is caused by the turbulence, making the inflow vary continuously.
Indeed, in the previous cases, only the effect of shear and yaw misalignment contributed to the
inflow differences across the rotor disc. Now the effect of those varying turbulent structures,
varying in both space and time, is added. Again, mean cycles of flapwise bending moment are
drawn in Figure 3.10. The same observations from the non-turbulent cases hold: lower mean
values when the misalignment increases, but lower and higher amplitudes for positive and nega-
tive angle respectively. The variation with the yaw angle is given in term of DEL in Figure 3.11b.
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Figure 3.10: Azimuthal evolution of the blades flapwise bending moment for positive (a) and
negative (b) yaw misalignment angles, in a turbulent inflow. Darker and lighter colours stand
for the use of the IPC or not, respectively.

Positive yaw decreases the blade flapwise fatigue loading while negative yaw increases it. The
load increase in negative yaw seems to have a maximum around γ = −20°, then it starts to
decrease back. When IPC is added, the load oscillations are significantly reduced. The loads
mean cycles in Figure 3.10 are largely flattened. The DEL curve with IPC is more symmetrical
around 0° than without IPC.

Another type of loading encountered is the tangential moment experienced by the blades. It is
actually the torque applied to the shaft of the wind turbine, responsible for the power production.
However, its variations cause fatigue on the shaft. The DEL of the blades tangential moment
is displayed in Figure 3.11e. Unlike the blade flapwise bending moment, it is lower for negative
yaw than for positive yaw. IPC helps to reduce it but is not as efficient as for the blade flapwise
bending moment. Indeed, the IPC inputs are the yaw and tilt moments that are caused by the
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Figure 3.11: Changes in produced power (a), power available in the wake 7D downstream (d),
blade flapwise bending moment damage equivalent loading (b), tangential bending moment dam-
age equivalent loading (e), yaw moment damage equivalent loading (c) and tilt moment damage
equivalent loading (f) with respect to the yaw angle, with and without IPC. The comparisons are
expressed in relative percent compared to the 0° without IPC case. Darker and lighter colours
stand for the use of the IPC or not, respectively.

blade flapwise bending moment. By design, the goal of IPC is thus not to mitigate the fatigue
of the tangential moment. Hence, it is nice IPC also helps in this case.

The next type of loading is the yaw moment. It applies to the yaw bearings of the yaw mechanism
that control the wind turbine orientation with respect to the wind. Both with the tilt moment
that will further be discussed, they are induced by the blade flapwise bending moment. The yaw
moment comes from a left/right solicitation imbalance of the rotor. It corresponds to an imbal-
ance between the ]0;π[ and ]π; 2π[ azimuthal sectors, where the bounds are neutral positions for
the left/right imbalances. The more the blade flapwise bending moment is symmetrical around
π, the smaller the yaw moment. From Figure 3.11c, both yaw orientations tend to reduce the
yaw moment. The positive orientation is more effective at this reduction.

The last type of loading discussed is the tilt moment. It mainly applies to the tower and its
connection to the nacelle. Like the yaw moment, it is induced by the blade flapwise bending
moment but is due to top/bottom imbalances. That is to say imbalances between the ] − π

2 ;
π
2 [

and ]π2 ;
3π
2 [ azimuthal sectors. It is thus mainly caused by shear. Again it decreases with the

misalignment, as depicted in 3.11f. However, it is lower for positive yaw angles. It is due to
the displacement of the maximum that moves away from 2π where it has the most impact. In
addition, the amplitude increases for negative yaw which tends to increase the imbalance.

For tilt and yaw moments IPC increases the DEL. In fact, IPC well contributes to loads reduc-
tion. It mainly acts on low frequency ( lower than 1P) variations of the loading. However, the
DEL quantification is more sensitive to high frequency (3P and more) that are not reduced by
IPC. IPC even tends to slightly increase high frequencies. Therefore, the DEL with IPC can be
higher than without. More comments on that are made in the next chapter and Appendix C.
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The power produced for yawed cases without IPC does not really differ for positive or negative
angles. Whatever the direction of the misalignment, the projection of the inflow perpendicularly
to the turbine is the same. The introduction of IPC induces a power loss. For positive yaw, the
difference in power due to IPC disappears as the misalignment becomes more important. Here,
a little gap appears between positive and negative angles. The power produced with IPC for
negative angles is lower. As explained previously, IPC is more solicited for negative yaw and
hence leads to larger power losses.
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Figure 3.12: Difference in wake mean streamwise velocity for different downstream positions and
yaw angles when IPC is added. The rotor planes are viewed from downstream. The dashed circle
represents the position of the rotor of an aligned wind turbine located downstream.

Regarding the available power downstream, it is the positive yaw that yields the highest power
gains (Figure 3.11d). It is in part due to the larger redirection provided by positive yaw as shown
in [6]. It is observable in Figures 3.13 and 3.14a. IPC first introduces a power gain, for small
misalignment angles. Then for larger positive angles, this gain weakens and disappears. On the
contrary, for larger negative angles, the gain weakens and becomes a loss. This has been ex-
plained previously with the higher velocity at the top and lower at the bottom, that are rotated
downstream and then flushed to the left or the right. It makes a downstream turbine encounter
either the higher or the lower velocity zone for positive or negative yaw respectively. here, it is
illustrated by the fact that a power loss in the wake appears for negative angles, due to IPC.
Although it is less obvious than for the non-turbulent case, the higher and lower velocity zones
can still be identified in Figure 3.12. The velocity difference is more marked for negative yaw
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because IPC is more solicited. The higher velocity bubble is pushed away from the rotor location
and the rotor that would lie at this location would essentially experience the low-velocity bub-
ble. It is the opposite for positive yaw where the downstream rotor would rather experience the
high-velocity bubble created by IPC. Nevertheless, it is less evident than in the no-turbulence
cases as the wake is mixed in addition to the lower contribution of IPC and the gain or losses
in power are really small. From Figure 3.12, let us also note the uneven velocity distribution
downstream, caused by IPC. It may lead to increased loading for a downstream wind turbine.
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Figure 3.13: Mean streamwise velocity field in a horizontal plane at hub height with the mean
wake centerline (black dashed) for different yaw angles, without IPC.

The impact of the misalignment and IPC on the wake characteristics is also briefly investigated.
From Figure 3.14a, the redirection is larger for positive angles. IPC decreases the redirection
for large negative angles but does not seem to have an impact on positive angles. The standard
deviation of the wake centerline position is also given in Figure 3.14b. The wake meandering
amplitudes and wavelengths are displayed in Figure 3.16. First looking at the amplitude, we
can see that for every case the amplitude of the meandering increases with the distance from
the turbine. Also, it turns out that the misalignment makes the meandering amplitude grows
faster. One can note that this phenomenon is more marked for negative angles. Hence, the wake
mixing is increased and the velocity deficit is lower and wider, as shown in Figure 3.15. This can
be further confirmed with the standard deviation of the wake position. When the misalignment
angle increases, the standard deviation increases. This increase is larger for negative angles. No
real conclusion has been drawn from the wavelength. Yet, for an aligned turbine, the wavelength
is rather constant with the distance from the turbine. It seems that for the misaligned case, the
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Figure 3.14: Wake mean centerline position (a) and standard deviation (b) at 6, 7 and 8 diameter
downstream for the different cases. Darker and lighter colors stand for the use of the IPC or not,
respectively.

wavelength is increased near the turbine and then decreases back. Except for the redirection,
IPC does not seem to have any well identifiable impact on the wake meandering. Indeed, IPC
seems to reduce the meandering amplitude but it is not confirmed with the standard deviation.
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(blue) and positive (red) angles are plotted against each other. Darker and lighter colours stand
for non-IPC and IPC cases respectively.
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Figure 3.16: Mean binned wakes amplitudes (a) and wavelengths (b) with respect to the down-
stream location for the different cases. Negative (blue) and positive (red) angles are plotted
against each other. Darker and lighter colours stand for the use of the IPC or not, respectively.
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3.4 Conclusion

In this chapter, redirection using yaw misalignment has been studied. The goal was to maximize
the power downstream and the available power and wake behaviour have thus been considered.
Yaw misalignment triggers the question of the loads. We thus looked at the loads and we ad-
dressed the possibility of using load reducing IPC. The impact of the IPC has also been evaluated.

In the methodology, a simple algorithm to track the wake centerline and compute some char-
acteristics of the wake has been described. It relies on the 3D convolution of the power in a
horizontal plane at hub height with a 2D Gaussian. Despite its simplicity, it gives satisfying
results and allowed to get some insights about the wake behaviour.

In the first part, static yaw cases with and without IPC were investigated with a non-turbulent
inflow. It helped to understand the related mechanisms and the phenomena that lie behind the
observed results. The effects of the shear and misalignment on the loads were firstly explained.
It was shown that positive yaw tends to counter the imbalances in the inflow velocity experi-
enced by the rotor, while negative yaw tends to increase it. Then the effect of IPC was addressed.
When the unbalance is mainly due to shear, IPC induces a higher velocity on the top and a lower
on the bottom in the wake. This can be exploited with the redirection of the wake. Positive
yaw can make a downstream turbine take advantage of this highest velocity bubble that rotates
clockwise with the wake.

Secondly, the same study was conducted with a turbulent inflow (TI = 10%) to provide more
realistic insights into the possible advantages or drawbacks such strategies of redirection have.
The first thing to keep in mind is that positive yaw beats negative yaw in many aspects. It is
better regarding the power produced and the power available in the wake. Regarding the loads,
positive yaw has a lower blade flapwise bending moment, yaw and tilt moment but it is slightly
worst for the tangential bending moment. Nevertheless, considering the advantages it gives in
terms of power and redirection, positive yaw gives more advantages. Hence, positive yaw is to
prioritize as a wake steering strategy. Furthermore, considering the wake characteristics, positive
yaw is more relevant as a redirection strategy as the redirection is larger and the velocity deficit
thinner than for negative yaw angles. However, some interest may be found in the increased
meandering in negative yaw. Then it is concluded that the use of the IPC is worth the power
loss as it greatly reduces the loads. On top of that, IPC has the potential to slightly increase
the power for downstream turbines when it is combined with positive yaw. Nevertheless, a more
economical study should be conducted to confirm its worthiness, based on the Levelised Cost of
Energy (LCOE) and a Life Cycle Assessment (LCA) for example.

When comparing to the literature, most of the observation made here are in accordance with what
has already been done. The conclusion drawn here is the same: positive yaw is to be considered
as an interesting redirection strategy and its combination with IPC can lead to significant load
reductions.





Chapter 4

Dynamic yaw misalignment

The previous chapter was about wake redirection. In this chapter, another strategy aiming at
maximizing the power for downstream turbines is presented. This strategy relies on dynamic
yaw. Again, a yaw misalignment is introduced with the difference that the control is dynamic
and passive. The goal is thus to let the yaw angle freely vary in time and quantify the impact it
has. Such a strategy has an impact on the loads. Load reducing IPC is thus also included in the
study. The first section introduces the subject. Second, the numerical setup is presented. The
results are then analysed and finally some conclusions are drawn.

4.1 Introduction

This dynamic yaw strategy aims to dissipate the wake and accentuate its recovery to maximize
the power downstream of a wind turbine. Wakes already naturally dissipate with the help of
turbulence. On one hand, the turbulence itself causes mixing in the wake and thus participate
in the recovery. On the other hand, the turbulence creates an uneven loading of the rotor that
induces wake meandering. This meandering motion also actively participates to wake dissipation.
The goal is to see if dynamic yaw can accentuate this meandering motion.

Studies assessing dynamic yaw are scarce. The only one found by the author concerning wind
farm power optimization is [4]. In this paper, dynamic yaw strategies are investigated but the
high computational cost of the control used makes it not practically implementable. Here we
will thus focus on a simple dynamic passive yaw strategy that is free yaw. Free yaw is al-
ready known from small downwind wind turbines. This strategy only applies to downwind wind
turbines for stability reasons. The studies about free yaw mainly treat stability, like [29, 30],
and are conducted for small wind turbines. No studies about free yaw for large wind turbines
nor the wake behaviour in such a configuration seems to exist and it is the subject of this chapter.

In this chapter, we aim at quantifying the possible benefits from a free yawing 5-MW wind
turbine. We expect an increased wake meandering amplitude to enable more power extraction
downstream. The dynamic motion of the turbine may lead to increased loads for the free yawing
turbine. The impact of load reducing IPC is thus also studied.

4.2 Numerical setup

To study the effect of free yaw, a free yawing wind turbine is compared with a turbine aligned
with the inflow. Both cases are also reproduced using IPC. The different quantities studied are
the loads, the power produced and the power available downstream to identify the pros and cons
of such strategies. In addition, the wake behaviour is analysed for the listed cases. Damage

29
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equivalent loading is used to quantify the loads and the wake is studied using the algorithm
presented in the previous chapter.

As before, the study is carried out with numerical simulations using the LES code VPM and the
multibody solver ROBOTRAN. The same simulation parameters as for Chapter 3 are used. The
simulations are also performed using the NREL-5MW wind turbine. However, in the context
of free yaw, it has been turned into a downwind configuration. The downwind configuration is
more stable for free yaw as shown in [30]. The only thing that changed is the shaft overhang
that is oriented downstream. Similar configurations of the NREL-5MW are found in [31, 32, 33].
No blade coning nor nacelle tilt are considered and only the blades of the turbines are mod-
elled with immersed lifting lines. The resolution is 32 points per diameter in every direction.
The domain is the same as the one depicted in Figure 3.4a. Its width, height and length are
4D × 3D × 15D and the flow is unbounded in the x and z directions. The turbine is located
at the centre of the domain 3 diameters downstream of its entry. The inflow has a streamwise
wind speed at hub height U0 = 9m/s. The turbine is thus working in Region 2 at optimal tip-
speed ratio. The wind shear coefficient α is 0.2. A turbulent inflow is synthesized with a Mann
box [18] that is 32-diameters long. The time step is constant and the CFL number is between
0.12 and 0.46. The flow is studied after it develops for 20 convective times (4/3 of through-flow)
and the different quantities are studied during one Mann box through-flow (32 convective times).

4.3 Results

This section presents the different results obtained while studying free yawing and IPC. The
section begins by focusing on the loads the turbine experiences. Each type of load is addressed,
with the effect of free yaw and IPC. A quantification in term of DEL is used. Then the focus
is on power. First, the difference in power production is discussed. Secondly, we talk about the
wake and the power it contains for downstream turbines.

The first thing we look at is the evolution of the yaw angle and yaw rate. A turbine should stay
aligned as much as possible with the inflow to ensure a fair power production. The yaw rate is a
design parameter for the yaw bearings and should not be too high. Moreover, a too fast yaw rate
can create a large gyroscopic moment that would damage the turbine. From Figure 4.1a, one can
see that the free yawing turbine is stable and stays in reasonable bounds for the yaw angle. The
yaw rate is plotted in Figure 4.1b, where it has been filtered for the sake of being readable. It is
also bounded and never excess 2 °/s when not filtered. To make some comparison, the nominal
yaw rate of the actuator is 0.3 °/s. However, other studies on dynamic yaw for multi-megawatts
wind turbines used yaw rates about a few degrees per second. In [34], the aerodynamics of wind
turbines is studied for yaw rate up to 3 °/s. Also, [4] investigated yaw controls with yaw rates
up to 5 °/s. The yaw rates we obtain thus seems still really acceptable. Another simulation with
another longer Mann’s box has also been examined to confirm those results and it shows similar
results. It is joined in Appendix B. Given the yaw angle variation we have here, this dynamic
yaw strategy is indeed more a dissipation than a redirection strategy.

The first effect of IPC is already observable here. When the free yawing turbine is provided with
IPC, the yaw angle variations are weakened. In fact, the changes of orientation of the rotor are
caused by rotor force imbalances. Hence it is reduced with the IPC as it aims to reduce loads
imbalances.

Now we will focus on the loads. Let us begin with the flapwise bending moment represented
in Figure 4.2a. The effect of freeing the yaw degree of freedom does not reduce its amplitude
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Figure 4.1: Yaw angle (a) and filtered yaw rate (b) during one Mann’s box through-flow for the
fixed (blue) and free (orange) cases. Darker and lighter colors stand for the use of the IPC or
not, respectively.

but it slightly decreases its mean value. It is because the turbine in free yaw has, in absolute
value, an average misalignment angle with the inflow. The turbine is thus less loaded in average.
Notwithstanding this lower mean value, the comparison in term of DEL, in Figure 4.4b, shows
that the flapwise bending moment is more important in the case of free yaw. It is explained by
the fact that the low-frequency oscillations (lower than 1P) are more important in the case of free
yaw, as depicted in Figure 4.3 in red. IPC decreases a lot the amplitude of the oscillation and
leads to DEL reduction in both cases. Then, from Figure 4.4e one can note that the tangential
moment is decreased when the yaw is free and that IPC further decreases it.
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Figure 4.2: Azimuthal evolution of the blades flapwise bending moment (a) for the fixed (blue)
and free (orange) cases, without and with IPC. Power in a rotor area behind the wind turbine
(b) as a function of the downstream distance from the wind turbine. Darker and lighter colours
stand for the use of the IPC or not respectively.
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Figure 4.3: Blade flapwise bending moment for both fixed (a) and free (b) yaw cases. The red
dashed line represents the low-frequency oscillations, obtained by applying a moving average.
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Figure 4.4: Changes in produced power (a), power available in the wake 7D downstream (d), blade
flapwise bending moment damage equivalent loading (b), tangential bending moment damage
equivalent loading (e), yaw moment damage equivalent loading (c) and tilt moment damage
equivalent loading (f) for the fixed (blue) and free (orange) cases. Darker and lighter colours
stand for the use of the IPC or not, respectively. The comparisons are expressed in relative
percent compared to the fixed case without IPC.
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Contrary to classical wind turbines that have a yaw mechanism to control the yaw angle, a free
yawing (downwind) wind turbine does not need it. The cost of the yaw mechanism could thus
be saved. Indeed, it stays aligned with the inflow on average even if turbulence makes it oscillate
around the inflow direction. When the yaw joint is free, no yaw moment is applied on it. In Fig-
ure 4.4c, the yaw moments for the fixed cases are plotted. The effect of IPC is well identifiable.
The low-frequency content is well decreased. However, this version of IPC does not reduce the
3P component as it is filtered out from its inputs. It even contributes to increase them and it is
the reason for the higher DEL encountered in Figure 4.4 with IPC. The calculations of the DEL
takes lower and higher frequencies (3P and higher) into account. Appendix C contains additional
comments on IPC and its resultant DEL quantification. Obviously, it is important to notice the
correlation between the low-frequency component of the yaw moment, experienced by the fixed
turbine, and the evolution of the yaw angle of the free turbine. The yaw moment is translated
into yaw motion for the free turbine, with a small lag in time.

20 25 30 35 40 45 50

tU0/D [−]

−30

−20

−10

0

10

20

30

Y
aw

a
n

gl
e
γ

[°
]

Fixed

Fixed w. IPC

Free

Free w. IPC

20 25 30 35 40 45 50

tU0/D [−]

3

2

1

0

−1

−2

−3

Y
aw

m
o
m

en
t
M
y

[M
N

m
]

20 25 30 35 40 45 50

tU0/D [−]

3

2

1

0

−1

−2

−3

Y
aw

m
o
m

en
t
M
y

[M
N

m
]

Figure 4.5: Temporal evolution of the yaw angles for the different cases and evolution of the yaw
moments for the fixed cases, without and with IPC. Lighter colours denote the use of IPC. The
red dashed line is the low-frequency oscillations, obtained by applying a moving average.

The next type of load is the tilt moment. In Figure 4.4f, it is greatly increased by unlocking the
yaw motion. From Figure 4.6 where the tilt moment is represented along the time, one can see
that it is increased in both low and high-frequency content. On one hand, it might be due to
the dynamics of the motion that induces increased aerodynamic solicitations. And on the other
hand, it is caused by the gyroscopic moment due to the yaw motion. The gyroscopic moment is
given by

Mtilt,gyro = γ̇ Irotor ωrotor, (4.1)
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where γ̇ is the yaw rate, Irotor the inertia of the rotor and ωrotor is the rotating speed of the rotor.
For some applications, it can be harmful. For example, for small power turbines, free yaw may
require a yaw damping. In fact, they often operate at larger rotational speed and have a larger
yaw rate [35]. The induced gyroscopic moment is not that big here. As mentioned earlier, we are
in a reasonable range of yaw rates. In Figure 4.6, no drastic increase is noticed. Investigations
led in Appendix B.1 show that the wind turbine can largely withstand the gyroscopic moment
encountered. Moreover, shear is more harmful. Again, we can note the effect of IPC reducing the
low-frequency content. The reduction is more effective in the fixed case than in the free yaw case.
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Figure 4.6: Temporal evolution of the tilt moments at the articulation for the fixed (blue) and free
(orange) cases. Lighter colours denote the use of IPC. The red dashed line is the low-frequency
oscillation, obtained by applying a moving average.

Let us now elaborate on the power. First, the power produced by the free yawing turbine is
lower, as shown in Figure 4.4a. One could think that as the turbine self aligns with the inflow it
would produce more. Conversely, it produces less because it actually oscillates around the inflow
direction due to the large turbulence structures. The turbine gathers less power for the time it
spends not aligned with the inflow. Here the effect of IPC is different for the two cases. For
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the yaw locked turbine, it tends to decrease the power production as already explained in the
previous chapter. For the free yawing case, we saw that the amplitude of the oscillation around
the inflow direction is damped by the IPC (Figure 4.1a). The turbine alignment with the inflow
is thus better than for the free case without IPC. Hence, IPC leads to a higher power in the free
case but still less than both fixed cases.

Regarding the power available downstream, from Figure 4.4d, a significant gain is achieved in
free yaw. Further, from Figure 4.3b, the gain in power available downstream grows with the
downstream distance from the turbine. Again, IPC reduces the effect of the free yaw and cancels
the power gain in the wake. For the fixed yaw case, the effect of IPC is really small and induces
a decrease in the available power.

As already explained, the wake behaviour is of capital importance when talking about the power
available for a downstream wind turbine in the context of wind farms. To clarify what occurs
in the case of free yaw, some investigations are made to better understand what takes place.
In Figure 4.7a, the amplitude of the meandering is computed as a function of the downstream
position. The free yaw case has a larger amplitude than the other. Also, it is growing faster with
the downstream distance. The other cases present similar amplitudes. Regarding the wavelength
of the meandering, the free yaw case has a larger wavelength closer to the turbine. The two IPC
case are really close and the evolution of the wavelength with the downstream distance is concave
and has a maximum around 6D. However, for the fixed case, it is approximately flat.
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Figure 4.7: Mean binned wake amplitudes (a) and wavelengths (b) with respect to the down-
stream location for the fixed (blue) and free (orange) cases. Lighter colours denote the use of
IPC.

The accentuated meandering provided by the free yaw contributes to increased wake mixing. In
Figure 4.8, velocity profiles at different downstream locations are presented. For the fixed case,
IPC has nearly no impact on the recovery, as the amplitude are similar for those cases. The
faster recovery of the free yaw case is well identifiable. It is the cause of the energy gain pointed
earlier, for a downstream the turbine. The velocity deficit is smaller and wider. When IPC is
added to free yaw, the velocity deficit is relatively close to the one obtained for two fixed cases.
However, the velocity deficit is thinner and slightly shifted toward negative x.
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4.4 Conclusion

At the beginning of the chapter, the goal of the strategy was recalled with the motivations. This
strategy is about wake dissipation and is motivated by the quite complex dynamic strategies
tested up till now in the literature.

Secondly, the numerical setup was addressed. It is to note that the tower is not modelled here
and that a next step would be to include it in a similar study. The wake tracking algorithm was
also used to identify the impact of free yaw on the wake.

Then the results were presented. The free yawing turbine is stable and does not experience too
high yaw rates. Free yaw accentuates the wake meandering motion that leads to a faster recovery
and increases the power available downstream. It also allows getting rid of the yaw mechanism
a classical wind turbine needs. However, the other loading types are increased and the turbine
power production is decreased. The usage of IPC was showed to cancel what is brought up by
free yaw. It reduces the variation of the yaw angle and yaw rate, it cancels the power gain in the
wake and mitigates the additional loading induced. The use of IPC seems therefore not indicated
in combination with free yaw. Regarding the wake, except the increased meandering, no other
impact on the wake were identified.

Free yaw has thus proven its potential to increase the power in the wake by an enhancement of
the meandering motion. However, similar or larger increases in meandering were reported for
static yaw misalignment in the previous chapter. The power loss it induces is not negligible. In
addition, it also causes more fatigue. Like in the previous chapter, it would be interesting to lead
a deeper investigation, considering the LCOE to assess its worthiness or not. Nevertheless, it
does not seem that interesting considering the advantages and drawbacks pointed out. A deeper
study of the wake behaviour with more performant tools could also help to better highlight the
impact of free yaw.



Chapter 5

Optimal strategy for a pair of inline wind tur-
bines

In previous chapters, different strategies were presented. Both redirections and dissipations
techniques were addressed. This chapter is about simulations where two wind turbines are
considered. The first wind turbine is implemented with the best strategy of each previous
chapter with their IPC version. Then the different quantities of interest are studied for both
wind turbines. Of course, in this chapter, the focus is on the second wind turbine and the impact
of the chosen strategies for the upstream wind turbine on it. The effects of those strategies for
the turbine that implements it have already been discussed in the previous chapters. The first
section presents the numerical setup. Then the results are analysed in the second section. And
finally, the chapter is ended with a conclusion.

5.1 Numerical setup

To study the impact of using a certain control, cases with two wind turbines are run. For all the
cases studied, only the upstream wind turbine is used with an additional control while the second
is used with its regular control. The first case does not feature any particular control and serves
as a reference case. In the second case, the upstream wind turbine has a static yaw misalignment
of γ = 20°. For the third case, free yaw is enabled for the first wind turbine. For all those three
cases, the addition of IPC on the first turbine is also performed, totalling six different cases.
In each case, the impact on the power produced and the loads experienced by the second wind
turbine are analysed. Also, the mean power output and solicitations for the two turbines are
considered to evaluate the efficiency of the control strategies at the level of the wind turbine pair.

Figure 5.1: Computational domain.
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Again, the study is carried out with numerical simulations using the LES code VPM and the
multibody solver ROBOTRAN. The quantification of the fatigue loading is evaluated with Dam-
age Equivalent Loading and relies on rainflow counting. Similar simulation parameters as for the
other chapters are used. The simulations are performed using the NREL-5MW wind turbine.
Note that the turbine is considered in upwind configuration, except for the free yaw cases where
the turbine is used in downwind configuration. No blade coning nor nacelle tilt are considered
and only the blades of the turbines are modelled with immersed lifting lines. The resolution
is 32 points per diameter in every direction. The numerical domain is depicted in Figure 5.1.
Its width, height and length are 4D × 3D × 22D and the flow is unbounded in the x and
z directions. The first turbine is located at the centre of the domain 3 diameters downstream
its entry and the second turbine is 7D behind the first one. The inflow has a streamwise wind
speed at hub height U0 = 9m/s. The turbines are thus working in Region 2 at optimal tip-
speed ratio. The wind shear coefficient α is 0.2. A turbulent inflow is synthesized with a Mann
box [18] that is 32-diameters long. The time step is constant and the CFL number is between
0.12 and 0.46. The flow is studied after it develops for 20 convective times (4/3 of through-flow)
and the different quantities are studied during one Mann box through-flow (32 convective times).

5.2 Results

This section addresses the results obtained, focusing on what the second wind turbine experi-
ences. The results for the pair are also analysed. The aim is to try to identify the best pair,
considering the impact of the different strategies studied on the downstream wind turbine.

The streamwise velocity fields are plotted in Figure 5.2. For the misaligned turbine, the redi-
rection of the wake is well identifiable and it encounters the downstream wind turbine on the
right. One can note that the wake of the downstream wind turbine is also redirected even if it
is aligned with the inflow. Then for the free yawing turbine, the wake exhibits a lower veloc-
ity deficit. In what follows, the loads are firstly discussed. Then we look at the power production.

We begin by looking at the blades flapwise bending moment. It is the first thing to look at.
Indeed, the stresses are first applied to the blades and are then transferred to the other parts
of the turbine. The reference case is denoted "aligned" in Figure 5.3. It corresponds to a basic
scenario where both turbines are aligned with the inflow. In that case, the mean azimuthal
evolution of the flapwise bending moment of the downstream turbine has a lower mean value
than the upstream one because it experiences a lower wind speed. Furthermore, the amplitude
is about the same for both wind turbines. One can note that the minimum has moved. It is not
at θ = π and it is because the wake does not go straight downstream but it has a little deflection
as shown in Figure 3.13. Even if the amplitude of the solicitation is the same on average, the
fatigue loading is more important for the downstream turbine, as can be observed in Figure
5.4a. It is caused by the meandering motion of the wake that induces more low frequency (less
than 1P) fluctuations in the flapwise bending moment. The use of IPC on the upstream turbine
induces higher loads. It is due to the fact that IPC decreases the power extraction at the top and
increases it at the top, increasing the top/bottom imbalance (Figure 3.12) for the second wind
turbine. The static 20° misalignment is the one that induces the larger blades flapwise bending
moment. Contrary to the aligned case, the wake is redirected and instead of experiencing it in
the middle, the downstream wind turbine experiences it on the right side creating an important
left/right solicitations imbalance. Indeed, one can see from Figure 5.3b that the positions of the
extrema are around θ = π

2 and θ = 3π
2 . Here IPC induces a slight decrease of the loads. For

the free yaw case, the second wind turbine also experiences higher loads. The mean value of the
azimuthal evolution is larger than for the reference case because the average inflow velocity is
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(b) Static yaw misalignment
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(c) Free yaw

Figure 5.2: Mean streamwise velocity field in a horizontal plane at hub height for two aligned
inline wind turbines (a), a 20° misaligned turbine (b) and a free yaw turbine (c) followed with
aligned turbines.
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Figure 5.3: Azimuthal evolution of the blades flapwise bending moment of the upstream (a) and
downstream (b) wind turbine for the aligned (blue), misaligned (green) and free (orange) cases.
Darker and lighter colours stand for the use of the IPC or not, respectively.
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higher. Indeed free yaw increases wake mixing and the flow velocity is thus higher. The ampli-
tude is similar compared to the reference case as no additional imbalances are induced by free
yaw. The IPC case is really close to the reference case. In fact, we saw in Chapter 4 that IPC
tends to kill the effect of free yaw.
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Figure 5.4: Changes in blade flapwise bending moment DEL (a) and tangential bending moment
DEL (b) for the aligned (blue), misaligned (green) and free (orange) cases. Darker and lighter
colours stand for the use of the IPC or not, respectively. The comparisons are expressed in
relative percent compared to the aligned without IPC case.

Regarding the tangential bending moment, its DEL quantification is in Figure 5.4b. The tan-
gential bending moment is globally higher for the downstream wind turbine due to the increased
turbulence after the first turbine. For the reference case, the loading is more important when
using IPC and might be due to the additional imbalances it induces. For the static 20° misalign-
ment, the loading is also increased compared to the reference case. However, the use of IPC on
the upstream wind turbine reduces the loading. For the free yaw case, only a slight increase is
induced and IPC nearly totally mitigates it.

Let us now focus on the yaw moment, the comparison being depicted in Figure 5.5a. In the
reference case, the use of IPC increases the yaw moment. From the blades flapwise bending
moment, it is due to the larger imbalance between positions θ = π

2 and θ = π
2 . For the static

misalignment case, the loads on the second wind turbine are increased. It directly results from
the induced left/right imbalance that induces a more important yaw moment. The uses of IPC
on the first turbine further increases the yaw moment on the downstream turbine. An explana-
tion could be the higher velocity bubble, mentioned in Chapter 3, that could further contribute
to the left/right imbalance. Free yaw on the upstream wind turbine leads to a slightly higher
yaw moment but the use of IPC reduces it.

The tilt moment is increased using IPC on the upstream turbine in the reference scenario. It is
due to the higher top/bottom imbalance we just mentioned. In case of static yaw misalignment,
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the tilt moment is subject to an increase and IPC again leads to an increase but the effect is
small. In the case of free yaw on the upstream wind turbine, the tilt moment is decreased. But
the use of IPC, in this case, contributes to a large increase in tilt moment.

WT1 WT2 (WT1+WT2)/2

Aligned γ = 20° Free
0.5

1.0

1.5

2.0

2.5

M
y
a
w

D
E

L
[M

N
m

]

+0.0
%+11.3

%

−6.6
%+1.9

%

−100%
−100%

Aligned γ = 20° Free
0.5

1.0

1.5

2.0

2.5

M
y
a
w

D
E

L
[M

N
m

]

+0.0
%+11.3

%

+8.1
%
+10.7

%

+3.4
%
+1.1

%

Aligned γ = 20° Free
0.5

1.0

1.5

2.0

2.5

M
y
a
w

D
E

L
[M

N
m

]

+0.0
%+11.3

%

+1.0
%
+6.4

%

−46.0
%

−47.2
%

(a) Yaw moment
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Figure 5.5: Changes in yaw moment damage equivalent loading (a) and tilt moment damage
equivalent loading (b) for the aligned (blue), misaligned (green) and free (orange) cases. Darker
and lighter colours stand for the use of the IPC or not, respectively. The comparisons are
expressed in relative percent compared to the aligned without IPC case.

At the level of the wind turbines pair, the use of IPC does not lead to significant differences in
terms of blade loads for the reference scenario. But yaw and tilt moment are increased by IPC.
When a static misalignment is introduced, the loads are higher for both flapwise and tangential
moment but is lower for yaw and tilt moment. It is to be noted that in the frame of upwind
wind turbines, the blade flapwise moment is quite important as it has to deal with the tower
clearance constraint for the blades not to collide with the tower. The use of IPC, in this case,
leads to important blade loads reductions. When the first turbine is in free yaw, the flapwise
bending moment is increased a lot, on average for the two turbines. However, it is less critical for
downwind wind turbines. The economy of the yaw mechanism is a nice advantage. Nevertheless,
there are more solicitations due to the tilt moment. The use of IPC decreases the loads except
for the tilt moment.

The power produced by the second turbine is much lower than the power produced by the first
one. It is represented in Figure 5.6. The use of IPC in the reference case slightly decreases
and increases the power of upstream and downstream turbine respectively. It only results in a
slight power loss in the end, when considering both turbines. The static misalignment causes
a large power loss at the first turbine but also allows large gains at the second. It leads to a
global gain of 4% and IPC only slightly decreases this gain. For the free yaw case, the first wind
turbine experiences a power loss and gains are observable at the second. However, it does not
result in a significant difference compared to the reference case when both turbines are considered.
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Figure 5.6: Changes in produced power for the aligned (blue), misaligned (green) and free
(orange) cases. Darker and lighter colours stand for the use of the IPC or not, respectively. The
comparisons are expressed in relative percent compared to the aligned without IPC case.

5.3 Conclusion

In this chapter, the best identified strategies were compared for two inline wind turbines. The
impact for the second wind turbine of the different strategies in term of loads was addressed and
the power production was also tackled.

The use of IPC without any additional control is poor in term of benefits. The first turbine
suffers little and produces much while the second suffers a lot and does not produce much. Here
it brings too high loads increases on the second wind turbine compared to the gains on the
first one. It does not seem interesting, especially since it does not lead to an increase in power
production at the pair level.
As expected, static yaw redirection is really promising. This strategy only leads to slight loads
increases and allows a power gain in the end. In this case, the power production is more shared
between both turbines. But in term of loads, the uneven repartition is aggravated. Here the
combination with IPC helps to mitigate blade loads and tilt moment. It is to be considered as
blades loads are more critical. The power loss due to the introduction of IPC is only small.
The case of free yaw is not simple. Used without IPC it increases all the types of loads. However,
it could allow the economy of a yaw mechanism. Used with IPC, blade loads are significantly
reduced but it adds much tilt moment. In both cases, the gain or loss in power is not significant.
Therefore this strategy is not interesting in term of power gain nor loads reduction, except for
the IPC case.

As in the other chapters, a deeper study that considers the economic aspects could be led. Nev-
ertheless, it is clear that static yaw misalignment is a strategy that gives an interesting power
gain and if combined with IPC also leads to lower loads. On the contrary, free yaw does not
provide significant power gains.



Chapter 6

Conclusions and perspectives

With the growing number of wind turbines, the interest on how to optimize the power production
at the wind farm level is rising. In this Master’s Thesis, we have evaluated power optimization
strategies based on yaw, and the effect of combining them with load reducing IPC.

Chapter 1 has been dedicated to presenting the objectives of this Thesis and the context of wind
farm control strategies. The goal is to study different strategies that rely on yaw dynamics and
analyse their impact on the loads and wake of the wind turbine. For all the studied scenarios,
we have addressed the impact of using load reducing IPC. The first strategies under scrutiny
have been (1) static yaw misalignment with respect to the inflow direction, (2) simple passive
dynamic yaw strategy, and (3) some cases for two inline wind turbines in order to analyse the
impact on a downstream wind turbine.

In Chapter 2, we swept through the different tools we have used in this work. Firstly, the flow
solver VPM has been presented: it combines the advantages of the vortex methods and meshed
based approaches. Secondly, the multibody system solver ROBORAN has been discussed: it is
based on the generation of symbolic equations and is used to solve the dynamics of the multibody
system representing the wind turbine. It is also particularly useful to implement its controllers.
Then, we have described the coupling between both numerical solvers: it is done through weak
coupling. Both codes run simultaneously and communicate together during synchronization
steps, allowing a high modularity. Finally, we have addressed the wind turbine model, including
its different controllers. The basic controller of the wind turbine is described, it is based on a
generator-torque controller to maximize the power in below-rated operation and a blade-pitch
controller to regulate the generator speed in above-rated operation. The second controller is an
IPC algorithm based on the Coleman transformation. It aims to mitigate the turbine structural
loading due to the variations in the inflow velocity across the wind turbine swept area.

In Chapter 3, we have described the static yaw misalignment strategy, and examined what hap-
pens in two steps: without turbulences, then with turbulences. Static yaw misalignment is a
well-known strategy, but its combination with IPC is less covered. In the methodology we have
presented a low complexity wake tracking algorithm relying on a 3D convolution of the power in a
horizontal plane. Then we have examined what happens. First, we have investigated turbulence-
less cases to introduce and illustrate the basic loads and wake physics when using static yaw
misalignment. Positively oriented yaw misalignment counters the imbalance caused by the shear
in the inflow, while negative yaw tends to increase imbalances. Another point is the high and
low-velocity zones induced in the wake by IPC. The direction of the wake redirection matters.
Depending on the redirection, a downstream wind turbine can potentially either encounter the
higher or lower velocity zone; with positive yaw, an inline downstream wind turbine will expe-
rience the higher velocity zone. Secondly, we have analysed the turbulent cases. This analysis
gives more reliable quantifications of loads and power. For every type of load, we have seen that
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the fatigue loading is more important for negative yaw. The use of IPC showed a great potential
at reducing blades loads. However, the current version of IPC increases the yaw and tilt mo-
ment. Regarding the power, positive yaw is again better as the power production and the power
available downstream are larger. The tendency of the wake to have increasing meandering with
misalignment has been identified. We also have found that the increase in meandering is larger
for negative yaw angles. The velocity deficit is thus smaller but also wider than for positive yaw.
The conclusion of this chapter is that positive yaw appears to be the most promising redirection
strategy, and that the load reduction IPC provides is worth the small power loss it induces.

Chapter 4 addressed free yaw as a simple passive dynamic yaw strategy. To date, only complex
dynamic yaw strategies have been studied in the literature for large wind turbines. In our study,
we have shown that the turbine remains stable and that the yaw rate stays in a reasonable range.
Free yaw induces increased fatigue loadings on the turbine. The fact that the turbine rotates
along its yaw axis also induces an additional tilt moment due to gyroscopic effects, but it was
not critical in our investigations. The use of IPC in combination with free yaw mitigates the
extra loads except for the tilt moment. Free yaw does not require a yaw mechanism and it can
show an economical advantage. In addition, even if it reduces the power output, free yaw has a
great potential at increasing the amplitude of the wake meandering. It allows for a faster wake
recovery and important gains in power downstream. On the contrary, the use of IPC cancels
the meandering brought by free yaw. Free yaw combined with IPC then exhibits similar wake
characteristics as the normal case. The advantage of using free yaw is not straightforward. The
increased loads are not worth the power gains in the wake. Indeed, similar increases in mean-
dering are achieved with static misalignment. Moreover, larger power gains downstream can be
obtained with static yaw misalignment.

In Chapter 5, we have investigated small wind farms of two inline wind turbines. The first tur-
bines are featured with the control strategies that showed to be the best in the previous chapter.
For each case, loads and power output have been considered for both turbines. The misaligned
turbine scenario leads the comparison and yields the highest power output at wind farm level.
Its combination with IPC seems the best compromise as the additional loads caused by the mis-
alignment are mitigated. Also, the total amount of loads at the pair level is lower than for the
reference case. Free yaw does not allow interesting power gains compared to the high induced
structural loading. Its combination with IPC is not worth it.

In summary, positive static yaw misalignment is an excellent strategy to increase the power for
a downstream wind turbine. The addition of IPC allows for relevant loads reduction. Based on
the investigations performed in this study, the advantages of free yaw are still to prove. Besides,
structural load considerations would benefit from deeper analysis to identify the most harmful
loading modes, in order to support our conclusions. In the different chapters, we have also men-
tioned the possibility of using Levelised Cost of Energy (LCOE) and a Life Cycle Assessment
(LCA) to have more meaningful quantifications of the efficiency of the different strategies. Re-
garding the wake behaviour, we have only used a low complexity tool to underline some wake
characteristics but the use of more performant tools should also be considered. In addition,
the efficiency of the IPC algorithm we use may depend on the inflow velocity and turbulence
intensity. The gains of its PI controller could still be improved by reviewing and optimizing its
response in a wider range of scenarios.
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Appendix A

Static misalignment

A.1 Sheared inflow

Power MFn DEL Available power in the
wake 7D downstream

IPC Off On Off On Off On
−30° -25.8% -29.1% +26.8% -63.6% +154.0% +127.4%
−20° -11.3% -15.5% +20.6% -63.3% +110.8% +100.2%
−10° -2.8% -6.7% +10.5% -73.7% +26.4% +33.1%
0° 0 -3.1% 0% -83.1% 0% -5.7%
10° -2.9% -4.9% -21.1% -78.2% +35.5% +38.0%
20° -11.8% -12.3% -31.9% -73.4% +100.4% +101.2%
30° -25.7% -25.5% -42.7% -63.5% +134.1% +133.9%

Table A.1: Changes in produced power, blade flapwise bending moment damage equivalent
loading (DEL) and power in wake for the different yaw angles, with and without IPC. The
comparisons are expressed in relative percent compared to the 0° without IPC case.

A.2 Turbulent sheared inflow

Power Available power in the
wake 7D downstream

IPC Off On Off On
−30° -27.1% -29.8% +41.6% +40.0%
−20° -12.4% -15.4% +25.3% +24.4%
−10° -3.2% -6.0% +5.0% +5.3%
0° 0% -2.2% 0% +3.0%
10° -2.9% -4.3% +12.8% +13.4%
20° -12.1% -12.5% +36.4% +35.9%
30° -26.6% -26.5% +48.9% +48.9%

Table A.2: Changes in produced power and power in the wake for the different yaw angles, with
and without IPC. The comparisons are expressed in relative percent compared to the 0° without
IPC case.
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MFn DEL MFt DEL Myaw DEL Mtilt DEL
IPC Off On Off On Off On Off On
−30° +2.4% -24.8% -18.7% -24.8% -8.6% +1.0% -22.6%% -17.2%
−20° +6.9% -17.6% -10.7% -15.8% -2.1% +9.4% -9.4%% -1.0%
−10° +4.9% -13.6% -3.8% -12.2% +0.7% +12.0% -1.1% +8.3%
0° 0% -14.3% 0% -10.1% 0% +12.4% 0.0% +8.9%
10° -5.0% -19.0% +0.7% -5.0% -2.1% +9.1% -4.4% +3.0%
20° -9.5% -23.9% -3.2% -9.5% -6.4% +2.3% -14.2% -9.0%
30° -16.4% -30.4% -11.5% -16.6% -11.7% -6.0% -27.0% -25.1

Table A.3: Changes in the damage equivalent loading (DEL) of different bending moments: blade
flapwise bending moment, tangential bending moment (drivetrain), yaw moment (yaw bearing)
and tilt moment (tower); for the different yaw angles, with and without IPC. The comparisons
are expressed in relative percent compared to the 0° without IPC case.

6D 7D 8D
IPC Off On Off On Off On
−30° 0.30 0.29 0.32 0.30 0.36 0.35
−20° 0.32 0.26 0.32 0.26 0.34 0.26
−10° 0.11 0.12 0.11 0.12 0.11 0.13
0° -0.06 -0.09 -0.09 -0.10 -0.12 -0.14
10° -0.26 -0.23 -0.30 -0.27 -0.32 -0.30
20° -0.42 -0.42 -0.43 -0.47 -0.51 -0.52
30° -0.45 -0.47 -0.51 -0.51 -0.55 -0.55

Table A.4: Mean wake centerline position for the different cases at 6, 7 and 8D downstream,
normalized with the diameter.

6D 7D 8D
IPC Off On Off On Off On
−30° 0.35 0.35 0.38 0.38 0.37 0.39
−20° 0.19 0.20 0.24 0.26 0.27 0.29
−10° 0.18 0.15 0.19 0.15 0.22 0.19
0° 0.16 0.16 0.17 0.18 0.19 0.22
10° 0.13 0.15 0.15 0.15 0.18 0.18
20° 0.14 0.16 0.21 0.23 0.24 0.22
30° 0.24 0.25 0.26 0.28 0.28 0.32

Table A.5: Standard deviation of the wake centerline position for the different cases at 6, 7 and
8D downstream, normalized with the diameter.
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Figure A.1: Mean velocity profile for the different cases for several downstream positions. Darker
and lighter stands for non-IPC and IPC cases respectively.





Appendix B

Dynamic yaw misalignment

20 30 40 50 60 70 80

tU0/D [−]

−30

−20

−10

0

10

20

30

Y
aw

a
n

gl
e
γ

[°
]

Fixed

Fixed w. IPC

Free

Free w. IPC

(a) Yaw angle

20 30 40 50 60 70 80

tU0/D [−]

−2

−1

0

1

2

Y
aw

sp
ee

d
γ̇

[°
/s

]

Fixed

Fixed w. IPC

Free

Free w. IPC

(b) Yaw rate

Figure B.1: Yaw angle (a) and filtered yaw rate (b) during one Mann’s box flow through for the
cases, with and without IPC. A Mann’s box of 64D is used.
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Figure B.2: Transverse wake position at 7D downstream for the different cases.
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Figure B.3: Standard deviation of the transverse wake position as a function of the downstream
distance from the turbine for the different cases.

B.1 Gyroscopic moment

This appendix presents a few investigations regarding the gyroscopic moment induced by the
yaw motion. The main goal is to have an idea of the tilt moment the turbine can withstand and
compare it to the gyroscopic moment encountered in chapter 4. Just note that the data from
turbulent simulations displayed in this appendix are run with a 24-diameter Mann box.

The first thing tested here is the accuracy of

Mtilt,fixed
?
=Mtilt,free −Mgyro. (B.1)

It is displayed in Figure B.4b. One can see that it is only true when the misalignment angle is
small, like around 33 and 42 convective times. The difference grows as the misalignment increase
and is due to aerodynamic effects.

In Figure B.5, a test is done by imposing the yaw displacement and the yaw speed. The yaw speed
is 0.3 °/s rms, which correspond to the rated speed of the actuator and the yaw angle oscillates
between −30° and 30°. The goal is to evaluate the relative importance of the gyroscopic moment
and have an idea of the tilt moment the turbine could encounter in normal conditions. To do so,
we have one case at 9m/s like for our other simulation and another at 15m/s. Those simulations
have been run with shear but without turbulence to better see the effect of the gyroscopic
moment. All the other parameters are similar to the other simulation ran in chapter 4. First
from Figure B.5d, at 9m/s, one can see the impact of the gyroscopic around 35 convective times.
For the rest, the tilt moment is influenced by the yaw angle and thus by the effect of the shear.
At 15m/s, in Figure B.5f the gyroscopic effect is nearly not visible anymore and the tilt moment
is driven by the shear. Already, tilt moment values are in the range of those obtained for the
free yaw case (Figure B.5b). As the turbine operates until 25m/s, we expect it could withstand
an even higher tilt moment, from the shear, than what is encountered for our free yaw study.
(The gyroscopic moment is only represented for 9m/s in Figure B.5 because it is only slightly
lower for 15m/s. It is proportional to the rotation speed that decreases with the inflow velocity
speed.)
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Figure B.4: Evolution of the yaw angle (a). Filtered tilt moments at the articulation for the
fixed and free cases without IPC (b). In red is the filtered tilt moment of the free yaw case
subtracted with the gyroscopic moment. Gyroscopic moment of the free yaw case without IPC
(c). Yaw rates (d).
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Figure B.5: Imposed yaw angle (a), yaw rate (c) and gyroscopic moment (e) for an inflow of 9m/s. Tilt moment of the free yaw from previous
simulation (b) for comparison. Tilt moment for the imposed yaw kinematic for inflow of 9m/s (d) and 15m/s (f). Those two last are from a sheared
but without turbulence inflow.



Appendix C

Individual pitch control

Before using the IPC version used in the current manuscript, another version was investigated.
The two versions gave different results for some loads. For example, the first one showed de-
creased DEL for the yaw moment while the second increases it. The version used in the different
chapters of this work is the one referenced as the "second version" in this appendix.

This appendix thus aims at explaining the difference between two versions of IPC. The difference
is that the first version does not have the filter part (in orange in Figure C.1). The second one
features this filtering part and is more in agreement with the literature [24].

Figure C.1: IPC control loop.

The inputs of IPC are the blades flapwise bending moments (MFn,i). The main frequency of
those tree blades signals corresponds to the rotation frequency (1P) and are phase-shifted by 2π

3
with respect to each other. They are then translated in a two-axis fixed reference frame with the
inverse Coleman transform. It gives two signals (Mtilt and Myaw) from the initial tree signals.
Those two signals have a large 3P frequency component. The turbulent structures in the inflow
then also add low-frequency components to those signals.

The first version of the IPC does not contain any filtering and the PI controller sees all the
frequencies of the signals in its inputs. All the frequency content passes through the PI con-
troller and is thus treated. While for the second version the inputs are filtered. The filtering
part features a second order low pass filter at 2.5P and a notch filter removing the large 3P
component. It is to be noted that the gains of the PI controllers are of importance and that
the efficiency of IPC also relies on it. A fine tuning of the gains is required and the efficiency
of the chosen gains may also depend on parameters such as the inflow velocity, the turbulence
intensity,... Both versions of the IPC have also different gains.

The fatigue loading is quantified with DEL. A loading sample is decomposed in different fatigue
cycles of different amplitudes with rainflow counting. Then an equivalent fatigue loading of zero
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mean can be evaluated with

Meq =

(
nc∑
i=0

niM
m
a,i

Neq

)1/m

(C.1)

where ni is the number of cycles of amplitude Ma,i identified by the rainflow counting, nc is
the number of amplitude bins used for the rainflow counting, Neq is the total amount of cycles
considered and m is a parameter depending on the material. The different amplitudes thus have
a different weight in the sum, depending on m. Further details can be found in [26, 27].
In Figure C.2, yaw and tilt moments are plotted for the two versions of the IPC. For the tilt
moment, both versions of IPC exhibit similar results in term of low frequencies (smaller than 1P)
attenuation. The main cause of the tilt moment is shear that is stable in time and the feedback
is efficient for both version of IPC. However, the higher frequency content is best reduced with
the first version. Indeed, the second version is blind for higher frequencies and cannot have an
effect on it. For the yaw moment, it can be further observed that the lower frequency content is
less efficiently managed by the first version of IPC. It may be because it is saturated with the
high-frequency information caused by turbulence. The feedback is thus too slow and less prone
to deal with the lower frequencies. This difference in low-frequency reduction can be observed
with the FFTs of the different signal, in Figure C.3. Moreover, in all the cases, version 2 seems
to slightly amplify frequencies around 3P.

Those differences in the efficiency regarding lower or higher frequencies have an impact on the
quantification of the fatigue loading. Both versions mitigate the loads differently. With the ex-
ponent m all the amplitudes/frequencies are considered with a different weight compared to the
others. That is why in some cases, the use of IPC leads to DEL that are more important than
without using it. For example for the first version, IPC leads to a reduction by 27.9% of the yaw
moment DEL. In the case of the second versions it leads to an increase of 13.7 %. However as de-
picted in Figure C.2, the second version is much more efficient at reducing low-frequency content.

The aim of IPC is to reduce 1P loads on turbine blades. Even if this second version best
fulfils what is expected from it, it is not especially translated in terms of DEL reduction here.
More work should also maybe done on the PI controller gains tuning.

Myaw DEL Mtilt DEL
IPC Off On Off On

Version 1 1.1× 1064 4.8× 1062 3.6× 1064 1.5× 1062

Version 2 8.5× 1063 5.0× 1063 3.9× 1064 2.5× 1064

Table C.1: Result for
∑nc

i=0 niM
m
a,i [Nm], with m = 10 for the different IPC versions.

Myaw DEL Mtilt DEL
IPC Off On Off On

Version 1 1.8× 1026 4.7× 1025 3.6× 1064 5.3× 1025

Version 2 1.8× 1026 3.0× 1026 2.8× 1026 3.4× 1026

Table C.2: Result for
∑nc

i=0 niM
m
a,i [Nm], with m = 4 for the different IPC versions.
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Figure C.2: Yaw and tilt moments obtained for the first and the second version of the IPC, respectively in the first and second column. Light blue
corresponds to the cases with IPC.
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Figure C.3: Yaw moments analysis for the two IPC versions. The bar chart represents the result of the rainflow counting. The third graph is the fft
of the yaw moment and the last one is niMm

a,i that goes in the sum of Equation C.1. Light blue corresponds to the cases with IPC.
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Figure C.4: Tilt moment analysis for the two IPC versions. The bar chart represents the result of the rainflow counting. The third graph is the fft
of the tilt moment and the last one is niMm

a,i that goes in the sum of Equation C.1. Light blue corresponds to the cases with IPC.
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