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Abstract

The goal of this thesis is to evaluate if flutter is a challenge to a 10 MW wind
turbine. Flutter is an aeroelastic instability which occurs due to the interaction
between the aerodynamic forces and the elasticity of the blade. Torsional motions
of the blade lead to variations in the aerodynamic forces due to changes in the
angle of attack of the airfoil. The variation in aerodynamic forces creates flapwise
vibration of the blade. When the vibrations of the blades are in an unfavourable
phase with the aerodynamic forces, flutter occurs. Flutter may lead to rapidly
increasing vibrations of the blade and failure of the blade.

The 10 MW reference turbine from NOWITECH, Norwegian Research Centre for
Offshore Wind Technology, was studied. An aeroelastic stability analysis was per-
formed using the aeroelastic stability tool HAWCStab2. It was found that this
wind turbine becomes unstable at approximately twice the operational speed of
the turbine. The turbine does not experience flutter in normal power producing
operation. A simulation in the time domain was also performed, using the aeroe-
lastic tool HAWC2. In a run-away situation, the turbine was found to become
unstable with flutter before it reached the run-away speed.

The turbine was then analysed with other blades. A softer blade and a stiffer
blade were studied. The soft blade was found to become unstable at 1.8 times the
operational speed of the turbine. The stiff blade was found to become unstable at
around 2.5 times the operational speed. The stiff blade was the only blade where the
turbine was able to reach the run-away speed without experiencing instabilities.
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Sammendrag

Målet med denne oppgaven er å evaluere om flutter er en utfordring for en 10
MW vindturbin. Flutter er en aeroelastisk ustabilitet som oppstår på grunn av
en kobling mellom de aerodynamiske kreftene og elastisiteten i bladet. Torsjon av
bladet kan endre de aerodynamiske krefter på grunn av endret angrepsvinkel. Dette
kan videre påvirke utbøyingen av bladet. Når vibrasjonene fra bladene er i ugunstig
fase med de aerodynamiske kreftene, absorberer bladene energi fra vinden pumpes
energi fra vinden inn i bladene og flutter oppstår. Flutter kan føre til vibrasjoner
med raskt økende amplitude som kan ødelegge vindturbinen.

Vindturbinen som studeres i denne oppgaven er NOWITECH sin 10 MW referanse
turbin. En stabilitetsanalyse ble utført ved hjelp av det areoelastiske analysepro-
grammet HAWCStab2. Resultatene fra denne analysen viste at vindturbinen ble
ustabil ved omtrent dobbel så høy rotasjonshastighet som driftshastigheten på tur-
binen. Turbinen er ut fra dette ikke utsatt for flutter i normal drift. En simulering
i tidsdomenet ble deretter gjennomført ved hjelp av et aeroelastisk simulerinsgspro-
gram, HAWC2. En rusingssituasjon ble studert, hvor rotoren mister motmomentet
fra generatoren og akselererer opp i rotasjonshastighet. Flutter ustabilitet inntraff
før turbinen nådde en konstant rotasjonshastighet.

Det ble også gjennomført en analyse hvor andre blader ble brukt på turbinen. En
turbin med mykere blad og en med stivere blad ble studert. Det myke bladet
ble ustabilt ved 1.8 ganger driftshastigheten. Det stive bladet ble ustabilt ved 2.5
ganger driftshastigheten. Det stive bladet var det eneste bladet i denne analysen
som nådde konstant hastighet i en rusingssituasjon uten at ustabilitet oppsto.
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Chapter 1

Introduction

The development of wind turbines has been enormous the last decade. As the
demand for renewable energy sources increases, wind turbines are an attractive op-
portunity. To enhance the energy capture per unit wind turbine, the wind turbine
size is increasing. Wind turbines are also being planned offshore, which enables
even bigger wind turbines, as there are no people near enough to complain about
the size and the noise. NOWITECH, the Norwegian Research Centre for Offshore
Wind Technology, plan to develop a 10 MW floating reference wind turbine, to
study how such a turbine behaves. The turbine is planned to have a rotor diameter
of 140 m.

The rotor blades of big wind turbines are long and slender, with large forces on
the blades. These blades bends and twist due to the elasticity of the blades. The
blade bending affects the aerodynamic forces on the blades by changing the an-
gle of attack. As a result an aeroelastic instability known as flutter may occur.
Flutter is a well-known phenomenon from the aircraft industry. It happens when
an unfavourable coupling between aerodynamic forces and flapwise and torsional
vibrations of the blade occur at high wind speeds. Flutter leads to rapidly increas-
ing blade vibrations and may ultimately lead to failure. No failure due to flutter
has yet been reported on commercial wind turbines, but it may become a problem
with the increased size of the wind turbine. To be sure that the NOWITECH
reference turbine is not subject to flutter near its operational area, the aeroelastic
stability of this turbine is studied in this thesis. The theory for computing the
critical flutter speed is studied. The stability of the wind turbine is investigated
through aeroelasic stability analyses and time-domain simulations. The time do-
main analysis is performed using the aeroelastic simulation tool HAWC2, and the
aeroelastic stability analysis was performed in HAWCStab2. Three different blade
configurations with different stiffness of the blade will be studied to find out how
this affects the flutter limits.
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Chapter 2

Literature Survey

2.1 Aeroelasticity

Aeroelasticity is the study of how aerodynamic forces affect elastic bodies. The
aerodynamic forces can lead to a deformation of the elastic body, which conse-
quently can result in changed aerodynamic forces. This interaction between the
deformation of the body and aerodynamic forces may lead to complex problems.

There are several types of constructions where aeroelasticity have to be considered.
Bridges and buildings are exposed to forces from the wind. Aircrafts and wind
turbines are exposed to the wind and dependent on forces from the wind to operate
as intended. Subsea structures are exposed to forces from waves and currents
(hydroelasticity). In the human body, several organs are dependent on the correct
collaboration between the flow and the elastic tissue. An example of this is how
the hearts pumps blood through the body.

The steady aeroelastic deformation of a body is often relevant and has to be cal-
culated. For a wind turbine it is important that the steady deflection of the blades
due to the wind load does not result in the blades hitting the wind turbine tower.
Aeroelastic instabilities may be just as disastrous, and more difficult to calculate.

When aeroelastic instabilities occur, the phase difference between the motions of
the structure and the aerodynamic forces becomes such that the structure absorbs
energy from the air. The aerodynamic forces pump energy into the structure,
leading to vibrations with increasing amplitude. In the worst case scenario this
can lead to failure of the structure. The most famous accident due to aeroelastic
instability is the collapse of the Tacoma Narrows Bridge, also known as "Galloping
Gertie" in Washington, US, in 1940. A photo of the vibrations on the bridge prior
to its failure, is shown in figure 2.1. The failure happened at a wind speed far
below what the bridge was designed to withstand without vibrations. The failure
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of the bridge is generally believed to be due to stall flutter [5]. Stall flutter is an
aeroelastic instability which occurs when the structure is in stalled conditions.

Figure 2.1: Vibrations of the Tacoma Narrows Bridge prior to its breakdown. From
[1]

In this thesis the focus is on classical flutter. Classical flutter is an aeroelastic
instability involving coupling of the torsion and the deflection of the body. When
classical flutter occurs, it rapidly creates violent vibrations, and potentially failure
of the structure. Classical flutter is known from aircraft and civil engineering and
may also occur in the human body. No commercial wind turbines have so far been
reported to fail due to classical flutter [2]. Subsequently classical flutter will be
denoted as "flutter", which is not to be confused with stall flutter.

2.2 Flutter

Flutter is an aeroelastic instability involving 2 degrees of freedom (DoF), one flap-
wise and one torsional. The definition of the DOFs is found in chapter 3.1. The
torsional structural mode (usually the first mode) couples with a flapwise bending
mode in a flutter mode through the aerodynamic forces. The aerodynamic forces
lead to torsion of the structure. The torsion changes the angle of attack and thus
the aerodynamic lift force [2]. Flutter occurs when the change of angle of attack
due to torsion changes the lift in an unfavourable phase with the flapwise bending.
Flutter causes violent vibrations with rapidly growing amplitude. The flutter mode
has a highly negative damping which can not be compensated by the structural
damping. Flutter only happens above a certain relative wind speed on the struc-
ture, known as the critical flutter speed. The definition of the critical flutter speed
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limit, is the wind speed at which the aeroelastic system will oscillate harmonically
without further excitation after an initial disturbance [5].

Even though no wind turbines have failed due to flutter, it is important to in-
vestigate the possibility of flutter on wind turbines. With the rise of bigger wind
turbines, flutter may become a dimensioning criterion. Due to the increasing flexi-
bility of the blade and the increased relative velocity at the blade tip, bigger wind
turbines tend to become more prone to flutter.

From studies of aircraft wing flutter, it is assumed that a wind turbine has risk of
flutter if the following criteria is met [2]:

1. Attached flow. The flow needs to be attached to the blade to ensure that a
nose-up blade torsion leads to increased lift.

2. High tip speeds. A high tip speed leads to a sufficiently high relative wind
speed, which is needed for the wind to have high energy in the aerodynamic
forces.

3. Low stiffness. The natural frequencies of the torsional and flapwise bending
mode must be sufficiently low for them to couple and create flutter.

4. Center of mass aft of the aerodynamic centre. An aft centre of gravity com-
pared to the aerodynamic centre ensures the right phase difference between
the flapwise and torsional components of flutter

Other parameters such as the air-blade mass ratio, blade aspect ratio, material
damping and structural bending-torsion couplings also influence the critical flutter
limit.

To study if a wind turbine is prone to flutter, a stability analysis of the wind
turbine has to be performed. In chapter 3, the methods used for performing such
a stability analysis are discussed.

Figure 2.2: Example of a blade flutter mode over one period of oscillations on a
wind turbine blade [2]

2.2.1 Flutter on aircrafts

Most of the theory for predicting the critical flutter speed has been developed
for aircrafts. Through history several aircrafts have crashed due to flutter, and
consequently flutter on aircraft wings is extensively studied. On an aircraft wing
not only the coupling between the torsion and flapwise degrees of freedom on the
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blade can result in flutter, also the motion of the aileron relative to the rest of the
wing can cause flutter. On a wind turbine this is not a problem, as there are no
ailerons or similar flaps on the blades.

The earliest study of flutter on aircrafts is the studies made by Lancheter, Bairstow
and Fage in 1916 in connection with flutter on a Handley Page Bomber, as described
by Fung [5]. The main development of flutter analysis started after the development
of non-stationary airfoil theory, by Kutta and Jukowski around 1905. In 1934
Theodorsen’s exact solution of a harmonically oscillating wing with a flap was
published [6]. Theodorsen was born in Norway and graduated from NTH with a
degree in mechanical engineering, but emigrated to the US and worked for NACA,
the National Advisory Committee for Aeronautics. His work is an important part
of the foundation of flutter calculations. It applies unsteady aerodynamics and the
frequency domain, to calculate the critical flutter limit. After this, the theory of
flutter was further developed and the tools became better and more suitable for
faster calculations. To study a three dimensional wing with more than 2 degrees
of freedom (DoF), Galerkins method was applied together with strip theory of
aerodynamics. The flutter phenomenon was also experimentally investigated. In
1955 Fung published a book on aeroelasticity, which includes most fields of aircraft
aeroelasticity [5]. This book is still highly relevant and includes a lot of theory on
flutter prediction. As airplanes began to be constructed to operate in transonic and
supersonic flight, the flutter prediction had to be developed to handle cases with
compressibility effects. With the increasing computational power of computers
the last decades, Computational Fluid Dynamics (CFD) can also be to model
unsteady aerodynamics. It is then coupled with the structural computations, like
Finite Element Method (FEM), to calculate the aeroelastic effects. This is very
computational intensive method.

2.2.2 Flutter on wind turbines

There has so far been little research on wind turbine flutter. A plausible reason
for this is that no wind turbines have yet been subject to flutter. Smaller wind
turbines do not experience flutter due to the stiff blades with low tip speed. For
rotor blades in the size of 10 m, the critical flutter speed has been calculated to be
approximately 5 times the operating speed of the wind turbine [7]. For MW-sized
wind turbines, the flutter speed is found to be about twice the operational speed,
by among others Hansen [2]. In several studies, like Lobitz [8], it was found that
it was the second flapwise mode and the first flapwise blade mode which coupled
in flutter. But Hansen [2] showed that for the NREL 5 MW turbine, the third
flapwise mode couples with the first torsional blade mode.

Parts of the theory on aircraft flutter analysis can be adapted to analyses of flutter
on wind turbines. One of the first linear stability tools able to analyze wind turbine
stability was ARLIS from 1984 [9]. It was originally designed for rotorcrafts, but
could also be used to analyse wind turbines. As wind turbines, especially stall
controlled ones, are more prone to stall induced vibrations than to classical flutter,
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stall induced vibrations was investigated at an earlier time. An early attempt to
model edgewise vibrations on wind turbines was made under the European research
program STALLVIB in 1998 [10]. The main outcome of this project was the fact
that the edgewise vibrations are caused by negative aerodynamic damping. The
aerodynamic damping of the edgewise vibrations was approximated by the work
done by the aerodynamic force on the blade over one period of oscillation. The
European VISCEL project [11] investigated a typical blade section to study stall
induced vibrations. Unsteady Navier-Stokes treatment of the aerodynamics was
performed in the time-plane. It was concluded that a linear model is conservative
when evaluating instabilities. Even though these tools were developed to study
stall-induced vibrations, some of them can also be used to study classical flutter.

New stability tools were developed under the European DAMPBLADE project
[12], based on single blade analyses. Standard structural modelling was combined
with the Blade Element Momentum method (BEM) and unsteady aerodynamic
models. The tools were used to perform eigenvalue analyses. The main issue in
developing new tools for stability analysis has been the linearization and state-
space formulation of the aerodynamic models [3]. Another major outcome of the
DAMPBLADE project was the development of a theory to model not only the
aerodynamic damping, but the structural damping of a wind turbine blade as well.

It is also possible to run aeroelastic simulations in the time-plane. Time domain
simulations does not give all the information of an eigenvalue analysis, but can
be useful. The most detailed description of the turbine response is given by such
time-domain simulations, as it can implement non-linearities better than eigenvalue
analyses. Simulation codes useful for performing a time-domain simulations may
be HAWC2 [13], by Risø DTU, National Laboratory for Sustainable Energy in
Denmark and FAST [14] by NREL, National Renewable Energy Laboratories in
the United States. Another possible method for studying aeroelastic instabilities
is using CFD to model the aerodynamics, and then couple it with the structural
model. In the KNOWBLADE European research project, tools for isolated blade
analysis using a Navier-Stokes aerodynamic analysis were developed.

Single blade analyses shows that the predicted critical flutter speed is lower when
using quasi-steady aerodynamics instead of unsteady aerodynamics. This was
shown by Lobitz [8] for a MW-sized blade. Lobitz [15] also confirmed that the
critical flutter speed decreases when the centre of mass moves towards trailing
edge, using a single blade analysis. Similarly the critical flutter speed decreases
when the ratio of the natural frequencies of the flapwise and the torsional blade
modes was reduced. The same study showed that the flutter speed compared to
the operational speed should not change when the blade is scaled. The different
design requirements with increasing blade size are what may change the critical
flutter speed for bigger blades.

The European Union founded project UPWIND deals, among other issues, with
non-linear modelling of blades and the effects of including such non-linearities. A
steady state deflection of the blade results in geometrical non-linearities, which
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have to be taken into account. Kallesøe [16] used a single blade analysis, with a
non-linear blade model to study the effect of large bending deflections on blade
flutter limits, on the NREL 5 MW reference turbine. He found no significant
change of the flutter limit on the rotor speed due to a steady state flapwise blade
deflection. But a negative damping of the first edgewise bending mode was found.
This is assumed to be due to the coupling of the edgewise bending mode with blade
torsion, which causes a change of the effective direction of the blade vibrations.
Hansen [17] showed that backward swept blade creates torsion towards feathering
for downwind flapwise deflection in the first flapwise blending mode. The critical
flutter speed was found to decrease for backward swept blades.

The single blade analysis may be unconservative as modes of the complete wind
turbines contain significant blade-to-blade and blade-to-tower interactions. Under
the STABCON European research program [18], aeroelastic tools for determining
the aeroelastic stability of the entire wind turbine was developed, among others by
Risø [3], Sandia National Laboratories in the United States [19] and ECN Energy
Research Center of the Netherlands [20]. Methods developed at various Euro-
pean institution were cross-validated using experimental data for a variable speed,
pitch regulated wind turbine. The aeroelastic stability program used in this study,
HAWCStab [3], was developed under the STABCON project. It performs a full
stability analysis of the entire wind turbine. A new version of this tool has been
developed by Hansen, but only the work on the blades has been published [17].
This new version, HAWCStab2, is able to calculate the nonlinear blade coupling
effects on flutter limit, and thus a more correct flutter speed for blades with a large
steady flapwise deformation.

Some state-of-the-art issues in flutter analysis, which need to be investigated is [2]:

• Flutter experiments. No experimental data are currently available for valida-
tion of the flutter limits predicted for conventional three-bladed wind turbines
using the aeroelastic stability tools.

• Near wake effects on flutter limits. This is a unsteady aeroelastic effect which
arises due to variations in the trailing vorticity of the near wake as the blade
vibrates. The effect is similar to the near wake effect modelled by Theodorsen
aerodynamics. The near wake effect depends on the radial distribution of the
lift and is largest near the tip.

• Flutter limits for yaw misaligned flow. It should be investigated if a wind
turbine in large yaw misalignment with the wind may experience flutter as
a part of the blade rotation where the blade meets the incoming wind with
higher relative speed.

• Pitch-torsion coupling in flutter modes. The torsional flexibility of the pitch
system due to compressibility of the hydraulic liquids or free play in the
electromechanical pitch gear, is assumed to affect the flutter limits.

• Active damping using trailing edge flaps. Active suppression of flutter using
trailing edge flaps is a research technology on aircraft wings, which could be

8



directly applicable for wind turbines.

• False linear flutter limits due to large nonlinearities. Large nonlinearities
may change the type of the flutter instability. The linear stability analysis
may thus predict a too high flutter limit.

2.3 Stall induced vibrations

Stall induced vibrations denotes an aeroelastic instability which can occur on blades
in stalled conditions. It is also known as stall flutter. On wind turbines stall flut-
ter mainly occurs on stall-regulated turbines, as they are designed to operate in
stalled conditions at high wind speeds. Stall induced vibrations are generally less
violent than vibrations due to classical flutter. Stall induced vibrations have been
experienced by several wind turbines. As a result of this, more research has been
performed on stall induced vibrations, than on classical flutter, for example by
Hansen [21] and Chaviarpoulos [11]. Stall induced vibrations are often a combi-
nation of edgewise and flapwise vibrations. The parameter which dominates the
risk of stall-induced vibrations are, according to Hansen [2], the airfoil character-
istics, the direction of the vibrations and the structural damping. If the blades
have airfoils with abrupt stall characteristics, the risk of stall flutter increases. The
directions of blade vibrations depend on the entire turbine dynamics and some of
these gives a higher risk of stall induced vibrations. The structural damping is
important because it can compensate the slightly negative aerodynamic damping
due to the stall-induced vibrations. In classical flutter the negative aerodynamic
damping is much higher and the structural damping can not compensate.

As stall-induced flutter is mainly an issue on stall-regulated turbines, and the
turbine in question is pitch-regulated, the main focus in this thesis is classical
flutter.

It is also possible for other modes to couple to an aeroelastic instability. This may
be due to an unfavourable coupling of eigenfrequencies. Such vibrations are not
common, and are not expected to occur for a wind turbine.
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Chapter 3

Methods for Aeroelastic
Instability Calculations

In this chapter the basic theory of aeroelasticity, and flutter calculations are pre-
sented. First the coordinate systems and terms used are presented. Then the
basic structural dynamics and aerodynamics used in the aeroelastic calculations
are derived. To understand the flutter dynamics, first the qualitative aeroelastic
considerations of single sections are discussed. Then the aeroelastics of an aircraft
is presented, leading to the aeroelastics calculations used in aeroelastic stability
tools.

3.1 Degrees of freedom and coordinate systems

To avoid confusion, the same terms are going to be used on all types of blades,
wind turbine blades, aircraft wings or a typical section of a blade. The terms used
corresponds to the terms used by Hansen [2].

On a single blade, the degrees of freedom (DoF) important for the aeroelastic anal-
ysis are denoted flapwise, edgewise and torsion. At zero pitch of the wind turbine
blades, flapwise correspond to the out-of-rotor-plane motion, whereas edgewise cor-
responds to in-plane motions at the blade tip. The DoFs are shown in figure 3.1.

The DoFs on a complete wind turbine can be found in figure 3.2. The tower may
bend in fore-aft or side-to-side direction, which is parallel to or perpendicular to
the wind direction respectively. Fore-aft motion of the tower leads to tilt motion
of the nacelle, and side-to-side motion of the tower lead to a roll motion of the
nacelle. Torsion of the tower results in a yaw motion of the nacelle. A yaw motion
is also used to align the rotor with the wind direction. When the shaft rotates, the
rotor blades rotate in the azimuthal direction. The azimuth angle is assumed to
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Flapwise

(a) Flapwise

Edgewise

(b) Edgewise

Torsion

(c) Torsion

Figure 3.1: Degrees of freedom on the blade, modified from Hansen [2]

be zero when the blade is in downward position. As the wind turbine in question
is pitch regulated, the blades can pitch about the pitch axis to regulate the angle
of attack of the wind and thus the power output from the turbine.

Azimuth

Pitch

Side-to-side Fore-aft

Roll

Tilt

Yaw

Wind direction

Figure 3.2: Tower coordinate system

The coordinate system of a typical section of a blade is found in figure 3.3

The typical section has three DoFs, flapwise translation h(t), edgewise translation,
y(t) and rotation θ(t) about the elastic axis (EA). It can also have a DoF describing
the edgewise direction, y(t). The elastic axis is a length c · aCG in front of the centre
of gravity (CG). c is the chord length and aCG is the fraction of the length between
the elastic axis and the centre of gravity and the chord length. The aerodynamic
lift, L is defined at the aerodynamic centre (AC), in a distance c · aAC in front of
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rotor plane
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Figure 3.3: Coordinate system on a typical section of the blade

the torsional point. At this point is also possible to define the aerodynamic drag,
D and moment, M . The aerodynamic centre (AC), usually lies at around 1/4 of
the chord length. The angle of attack, α is defined at the collocation point (CP), at
three quarter of the chord length. This is to capture the effect of torsional velocity
θ̇ 6= 0. It is also possible to define the angle of attack at the elastic axis. The
incoming relative wind speed is denoted W0.

3.2 Structural dynamics

The structural dynamics in aeroelasticity calculations are often based on beam
theory. The standard beam theory is linear and known as the Euler-Bernoulli
beam theory. The relationship between the applied load per unit length, q, and
the deflection, h, is described with the following equation, where x is the direction
of the beam:

ρBA
∂h2

∂2t
+ d2

dx2

(
EI

d2h

dx2

)
= q(x, t) [N/m] (3.1)

Another common method is the Timoshenko beam theory [22]. This model takes
into account shear deformation and rotational inertia effects. The governing dy-
namic equations using in beam model are:

ρBA
∂h2

∂2t = d
dx

[
κAG

(
dh
dx − ϕ

)]
+ q(x, t) [N/m]

J d
2ϕ
dx2 = d

dx

(
EI dϕdx

)
+ κAG

(
dh
dx − ϕ

)
[−] (3.2)

In both equations, E is the Young’s elastic modulus, x is the direction outward on
the beam, and I is the moment of inertia of the beam. ϕ is the slope of the beam
due to bending, A is the area of the beam and G the shear modulus of the beam. κ
is the Timoshenko shear coefficient, which varies with the geometry of the beam. If
the shear modulus of the beam approaches infinity and rotational inertia effects are
neglected, the Timoshenko beam theory converges towards Euler-Bernoulli beam
theory.
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To calculate how the structures react to external forces, the equations of motion of
the structure has to be known. To derive the equations of motion for a structure,
it is possible to use Lagrange’s equation:

d

dt

(
∂L
∂ẋj

)
− ∂L
∂xj

= Qj [N ] (3.3)

where L is the Lagrangian operator: L = T − V. T is the kinetic energy of the
system and V is the potential energy. xj is the independent coordinates and Qj
are the generalized forces.

After a examination of the system and forces at hand, and possibly Lagrange
method, the equations of motion can then be found:

Mẍ + Cẋ + Kx = Q [N ] (3.4)

where M is the mass matrix, C is the damping matrix, K is the striffness matrix
and Q is the external forces. There are several ways to write out the equations of
motion for a wing. In Fung [5] the equations of motion for a cantilever wing are
described, using Euler-Bernoulli beam theory and two DoF, as:

∂2

∂x2

(
EI ∂

2h
∂x2

)
+m∂2h

∂t2 +mcaCG
∂2θ
∂t2 + L = 0 [N ]

∂
∂x

(
GJ ∂θ∂x

)
− Iα ∂

2θ
∂t2 +mcaCG

∂2h
∂t2 +M = 0 [Nm]

(3.5)

L is the aerodynamic lift and M the aerodynamic moment. The equations of
motion can also be written using stiffness and damping coefficients. The structure
is then modelled as a spring-mass-damper system, with the springs and dampers as
shown in figure 3.4. It is also possible to model the edgewise motion with a spring
and a damper.

W0

α
CG

L

AC

kf

kt

df

dt

Figure 3.4: A blade element modeled with springs and dampers in flapwise and
torsional direction
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When studying aeroelastic instability on a blade it may be useful to express the
stiffness as function of the uncoupled modal frequencies, ω. The subscript f denotes
flapwise and t denotes torsional direction.

kf = ω2
fm, kt = ω2

tm [N/m] (3.6)

For a blade section of a wind turbine with only 2 DoFs, flapwise and torsional,
where structural damping is neglected, the linear equations of motion can, using
this, be written as [5]:

mḧ−mcaCGθ̈ + kfh = L [N ]
−mcaCGḧ+mc2(r2

CG + a2
CG)θ̈ + ktθ = caCGL [Nm] (3.7)

where rCG = I
m · c is the radius of gyration normalized whit the chord length c,

and kf and kt is the flapwise and torsional stiffness respectively.

To better describe the motions of a blade section the edgewise DoF has to be
considered, in addition to the flapwise and torsional DoFs. A lower order model
of a blade section with both spring and dampers using all 3 DoFs can be found in
Kallesøe [23]. The method is an extension from Hodges-Dowell’s partial differential
equation for helicopter wings.

The damping of the aeroelastic system is mainly due to the aerodynamic forces. But
also the structure dampens oscillations. The structural damping of the wind turbine
blade was studied in the DAMPBLADE project [12], where tools for modelling the
damping was developed, as well as new types of more damped composite blades.

Some new approaches for increased damping of composite blades which were in-
vestigated in the DAMPBLADE project was [12]:

• Using composites of high-damping polymer matrices.

• Tailoring ply orientation, fibre volume fraction and stacking sequence for
optimal damping capacity.

• Using sandwich composite laminates with shearly damped polymer foam
cores.

3.3 Aerodynamics

The aerodynamic lift and drag forces arise as the wind around an airfoil creates
different pressure at the upper and lower side of the airfoil. The lift force can
be expressed as a function of the lift coefficient as described in equation 3.8. For
quasi-steady flows the lift coefficient is solely a function of the angle of attack
CL = CL(α). For unsteady flow, the lift coefficient is also dependent on earlier
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flow conditions. There also exists corresponding equations of the drag and pitching
moment.

L = 1
2ρcW

2CL [N ] (3.8)

To simplify the aerodynamic calculations, the strip assumption is often used. This
assumption states that the aerodynamic forces on a section or strip of the blade
are only determined by the angle of attack at this section, and not dependent of
the forces on the neighbouring sections.

For airplanes, the traditional method for computing lift and drag forces on a wing
is the method of circulation, developed by Kutta and Jukowzki. A description of
the steady theory can be found in Bertin [24] and Fung [5]. A steady thin airfoil
can be modelled with several vortices, each with a circulation strength, γ. For an
unsteady flow, the model of the airfoil consists of both free and bound vortices.
The vortices is shed at the trailing edge and carried downstream with the flow.

For wind turbines the Blade Element Momentum method (BEM) is a much-used
method for calculating the aerodynamic forces. The derivation of BEM can be
found in Manwell [25]. The BEM is a quasi steady method, based on the strip as-
sumption, which combines the momentum method with the blade element method.
BEM can be extended with models to handle some of the effects of unsteady flows.
The most used models for describing the unsteady effects are the Beddoes-Leishman
dynamic stall model, and the ONERA Lift and Drag dynamic stall model.

When Theodorsen derived a method of deriving the critical flutter speed, he de-
veloped a theory to handle unsteady aerodynamic effects. The method is based on
potential flow theory and the Kutta condition. It includes a dynamic model of the
trailing near wake [6]. The model was derived for a blade simultaneously pitching
and plunging in a oscillatory fashion described by

h = h0e
iωt [m], θ = θ0e

iωt [rad] (3.9)

where h0 and α0 are complex constants, and ω the frequency of the oscillations.
According to Theodorsen the unsteady lift of an airfoil can be described as [8]:

L = πρW 2c

(
iωC(k)
W

ḣ+ C(k)θ0 + [1 + C(k)(1 − 2a)]
iωc

4W
θ0 −

ω2c

4W 2 h0 +
ω2c2a

8W 2 θ0

)
[N ]

(3.10)

C(k) is the Theodorsen’s function of the reduced frequency k = ωc/W and a is the
fraction of the chord between the elastic axis and the mid-chord.

An unsteady aerodynamic state space model, based on the Beddoes-Leishman dy-
namic stall model, was suggested by Hansen [26]. Dynamic stall is an unsteady
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Figure 3.5: Comparision of dynamic stall and linear and nonlinear dynamic stall
model. Modified from [3]

aerodynamic effect which is characterized by the hysteresis of the lift and drag
polars with respect to the angle of attack. Variations in blade loading change the
vorticity trailed into the rotor wake, and the full effect of these changes takes a
finite time to affect the induced velocity field. This leads to a time delay of the
aerodynamic lift and drag. The model includes the dynamic effects of the near
wake from Theodorsen theory and the effect of trailing edge separation in stall on
the aerodynamic lift, drag and moment coefficients. The model uses four aerody-
namic states to describe the dynamics of the unsteady forces. States z1 and z2
model the time-lags in the near wake effect. States z3 and z4 describes time-lags
in the effect of trailing edge separation. The aerodynamic state equations are:

ż1 + T−1
u

(
b1 + c

Ẇ

2W 2

)
z1 = b1A1T

−1
u α3/4 [1/s] (3.11a)

ż2 + T−1
u

(
b2 + c

Ẇ

2W 2

)
z2 = b2A2T

−1
u α3/4 [1/s] (3.11b)

ż3 + T−1
p z3 = T−1

p C′L(αE − α0) +
Tuπ

TpW

[
Wα̇+ Ẇα− (lEA −

c

2
)α̈− ḧ

]
[1/s] (3.11c)

ż4 + T−1
f

z4 = T−1
f

fst
(
z3/C

′
L + α0

)
[1/s] (3.11d)

Tu = c/2W is a normalized time constant and Tp, Tf , b1, b2, A1 and A2 are different
time lags. fst(α) is the function which describes the static trailing edge separation
point.

To create the final aerodynamic equations of motion, the aerodynamic equations
have to be coupled with the structural dynamics. An easy way is to use the aero-
dynamic forces as external forces in the structural equations from chapter 3.2. If
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aerodynamic state equations are used, these have to be implemented to the struc-
tural dynamics. If the goal is to perform an eigenvalue analysis, the equations have
to be linearised. The standard approach is to linearise the aerodynamic equations
and the structural equations of motion separately, before they are coupled.

3.4 Flutter instability mechanisms

In this section an example of an eigenvalue calculation is shown. The calculation is
performed to show the quantitative mechanisms which influence the critical flutter
speed. The calculations in this section include many simplifications, to make the
equations readable. The calculations in this section is from Hansen [2].

To calculate the critical flutter limit, the typical blade section from figure 3.3 is
considered. To simplify the system, the typical section is assumed to have only
two degrees of freedom, torsional, θ(t) and flapwise, h(t). The section is exposed
to quasi-steady lift forces without apparent mass terms. As discussed in chapter
3.2 the linear equations of motion can be derived as:

mḧ−mcaCGθ̈ + kfh = L [N ]
−mcaCGḧ+mc2(r2

CG + a2
CG)θ̈ + ktθ = caCGL [Nm] (3.12)

where rCG = 1
c

√
I/m is the radius of gyration normalized with the chord length

c, and kf and kt are the flapwise and torsional stiffness respectively.

The quasi-steady aerodynamic lift per unit-length can be described as:

L = 1
2ρcW

2CL(α) [N ] (3.13)

where the relative speed, W and the angle of attack α are here defined as:

W =
√
W 2

0 + ḣ2 [m/s]

α = arctan
(
W0 sin θ−ḣ−c( 1

2−aAC)θ̇
W0 cos θ

)
[rad]

(3.14)

When linearizing equation 3.13 about θ = ḣ = θ̇ = 0 one achieve:

L ≈ L0 + 1
2ρcW

2
0C
′
L(α)

[
θ − ḣ

W0
−
(

1
2 − aAC

)
cθ̇

W0

]
[N ] (3.15)

where the lift coefficient and its derivative C ′L = dCL/dα are evaluated at α0 = 0.
For thin airfoils it can be assumed that C ′L = 2π. The steady state lift force, L0
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has little influence on the stability of the airfoil, and can be assumed zero. The
equations of motion with linearised lift can thus be written as:

Mẍ + Cẋ + Kx = 0 [−] (3.16)

where x = {h/c, θ}T . The matrices M, C and K are defined as:

M =
[

1 −aCG

−aCG r2
CG + a2

CG

]
, C =

cκ

W0

[
1 1

2 − aCG

aCG aAC

(
1
2 − aCG

) ] ,
K =

[
ω2

f −κ
0 r2

CGω
2
t − κaAC

]
(3.17)

where ωf =
√
kt/m and ωt =

√
kt/(mc2r2

CG) are the natural frequencies for the
flapwise and torsional modes respectively without inertial coupling (aCG = 0), and
κ = ρ

2mW
2
0C
′
L is the aerodynamic stiffness.

The aerodynamic damping matrix, C, contributes only to small dissipative aero-
dynamic forces, which is assumed not to have any qualitative influence on the
mechanism of flutter instability. But it is very important when calculating the
exact critical flutter limit. As only the qualitative influences are studied here, it
is possible to neglect the aerodynamic damping matrix, C to simplify the calcula-
tion. This lead to the following eigenvalue problem in equation 3.18, with x = veλt,
where λ is the eigenvalue and v is the eigenvector.

(λ2M + K)v = 0 [N/m] (3.18)

From this the following characteristic equation can be derived:

r2
CGλ

4+[(r2
CG+a2

CG)ω2
f+r2

CGω
2
t−κ(aAC+aCG)]λ2+ω2

f (r2
CGω

2
t−κaAC) = 0 [1/s2]

(3.19)

The eigenvalues are generally complex λ = β+iω. If the real part of one eigenvalue
is positive, β > 0, then the equilibrium of the section is unstable. Using the Routh-
Hurwitz stability criteria, the section is stable if

(r2
CG + a2

CG)ω2
f + r2

CGω
2
t − κ(aAC + aCG) > 0 [1/s2] (3.20a)

and
r2
CGω

2
t − κaAC > 0 [1/s2] (3.20b)

Using the first of these two limits (equation 3.20a) it can be found that the imagi-
nary part is non-zero when the real part of the eigenvalue is positive, which leads to
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oscillations. This limit can thus be used to define the critical flutter limit. Flutter
occurs when the following inequality is true:

ρ

2mW 2
0C
′
L > ω2

f

r2
CG + a2

CG

aAC + aCG
+ω2

t

r2
CG

aAC + aCG
for aAC+aCG > 0 [1/s2] (3.21)

The flutter limit in equation 3.21, confirms the criteria in section 2.2. The flutter
may occur under attached flow conditions, C ′L > 0, if the air-blade mass ratio, ρ/m
and the relative wind speed, W0 is sufficiently high for the aerodynamic forces to
overcome the dynamic elastic forces represented by the uncoupled natural frequen-
cies, ωf and ωt. These frequencies are weighted by some factors, and converge to
infinity if the centre of gravity lies at the centre of mass (aAC + aCG = 0). If the
centre of gravity lies in front of the aerodynamic centre, the inequality is never
fulfilled for C ′L > 0. This is the reason why flutter can be avoided by putting
weight at the leading edge on aircraft wings.

Using full stability analysis it was confirmed that the critical flutter speed decreases
when the centre of gravity is moved further aft on the blade and decreases with
lower uncoupled torsional frequency [2]. This is shown graphically in figure 3.6.
QS mean that a quasi-steady approach is used. The other curves are made using
unsteady aerodynamics. When comparing the full stability analysis and the single
blade analysis the results for the critical flutter speed are similar. The work on
classical flutter is still limited and no experimental data for modern commercial
wind turbines are available for validation of the flutter limits.

Figure 3.6: Flutter speed limits for a wind turbine section. The frequencies denote
the torsional frequency. Modified from [2]
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3.5 Stability analysis on wind turbines

To find out if a wind turbine is prone to flutter, an aeroelastic stability analysis
has to be performed for the entire wind turbine structure. The tool which is used
in this thesis, is the program HAWCStab2, created at Risø by M.H. Hansen [17].
This tool is buildt on the tool HAWCStab [3]. The basic principles of HAWCStab
and HAWCStab2 are presented in this section.

3.5.1 Multi-blade coordinates

To be able to perform a stability analysis for the entire turbine, a multi-blade
transform has to be performed. It describes the blade coordinates and deflections
in a ground fixed frame of reference. As a result it eliminates the periodic coefficient
from the equations of motion. Without this transformation it is very difficult to
linearised and perform an eignvalue analysis of the wind turbine rotor.

The multi-blade transformations is also known as the Coleman transformation, and
enables the individual blade coordinates to be described in the ground fixed frame
of reference. The assumptions for using the multi-blade transformation are that
the numbers of blades are odd, the inflow is uniform and the blades are identical
and symmetrically mounted (isotropic rotor). Instead of a physical coordinate
qk for blade k, denoting flapwise, edgewise or torsional position, the multi-blade
coordinates a0, a1 and b1 are used. The multi-blade coordinates are defined through
the transformation:

qk(t) = a0(t) + a1(t) cos
(

Ωt+
2π
3

(k − 1)
)

+ b1(t) sin
(

Ωt+
2π
3

(k − 1)
)

(3.22)

k = 1, 2, 3 is the blade number. The letter a0 describes the symmetric deflection
of all blades. a1 and b1 are the asymmetric motions of the rotor. If the coordinate
qk describes the flapwise deflection of a blade, a1 describes the tilt motion of the
blade, b1 the yaw motion of the blade and a0 is the simultaneous flapwise deflection
of the blades. If qk describes edgewise deflection, a1 and b1 describe horizontal and
vertical motions respectively and a0 is the simultaneous edgewise deflection of the
blades.

The multi-blade transformation enables the formulation of an eigenvalue problem.
A solution of such a problem represent a mode of the turbine where the natural
frequency ω is given by the eigenvalue, and the mode shape is given by the eigen-
vector in multi-blade coordinates, a0 = A0 sin(ωt+ φ0), a1 = Aa sin(ωt+ φa) and
b1 = Ab sin(ωt+ φb). Substituted into equation 3.22 this leads to:

qk(t) = A0 sin(ωt+φ)+ABW sin
(

(ω + Ω)t+
2π
3

(k − 1) + φBW

)
+AF W sin

(
(ω − Ω)t−

2π
3

(k − 1) + φF W

)
(3.23)
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The modal response of blade k may consist of three components: a symmetric com-
ponent where all blades deflect simultaneously in the considered deflection shape
with an amplitude A0, and two cyclic components where the blades deflect with
phase shift of 2π/3 and the amplitudes ABW and AFW [2]. These modes represent
the backward whirling and the forward whirling of the rotor. The blades vibrate
in a forward or backward sequence relative to their numbering. The vibrations
lead to the effective centre of mass of the rotor whirls about the rotor shaft, in the
same or opposite direction of the angular velocity respectively. Most blade modes
on a wind turbine is a combination of symmetric, forward whirling and backward
whirling modes.

The frequency of the symmetric component is ω, while the frequency of the whirling
modes are shifted by ±Ω. An observer on the blade would measure the frequency
ω for all the modes, but as the multi-blade transformation transform the mode to a
global point of view, the shift in the frequencies for the whirling modes is present.

3.5.2 Wind turbine structure

The wind turbine structure is defined with a multi-body formulation in HawcStab.
Each part of the structure is defined as a substructure to the total structure, with
its own relative coordinate system. Typical substructures are the tower, the shaft
and the blades. The substructures are coupled with each other with algebraic con-
straints. Large rotations and translations are accounted for in the coupling points
whereas small deflections are assumed within the objects [27]. The exception is the
blade, where separate bodies within the blade are present. This type of formulation
of the structure leads to a good management of large structural deflections. The
different substructures are modelled with Timoshenko beam elements. The model
of the wind turbine is illustrated in figure 3.7.

The Timoshenko beam theory includes the shear deformation and rotational inertia
of the beam cross section. Each node thus has 6 DoFs: Two pairs of cross-sectional
translations and rotations, a flapwise translation and a torsional rotation. The
deformations on the turbine can be described with a node deformation vector u =
{ut,un,ua0 ,ua1 ,ub1}T . ut contains the tower substructure DoF, un contains the
nacelle substructure DoFs described in the fixed frame of reference. ua0 , ua1 and
ub1 describe the DoFs of the rotor blades in multi-blade coordinates.

In HAWCStab the steady state deformation of the turbine is assume dto be a
steady state deformation of the rotot. In HAWCStab2, which is the version used in
this thesie, the kinematics of the structure are based on a nonlinear co-rotational
formulation. The element coordinate system Ek is continously updated according
to the displacement of the nodes.

To find the equation of motion for the system, Lagrange’s equation (equation 3.3)
is applied on the structure. Then the results from Lagrange’s equation is linearised,
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Figure 3.7: The beam element method used in HAWCStab

which leads to the linear equations of motion, found in equation 3.24. The different
matrices in HAWCStab can be found in Hansen [3], and the different matrixes in
HAWCStab2 can be found in Hansen [17].

Mü + (C + G)u̇ + Ku = Q [N ] (3.24)

3.5.3 Coupling of the aerodynamics and the structure

The aerodynamic forces are assumed parabolic over the blade elements. To cal-
culate the aerodynamic forces, the BEM method is combined with a Beddoes-
Leishman type dynamic stall model. The aerodynamic states(equation 3.11) is
combined with the BEM method, transformed to multi-blade coordinates and col-
lected in an aerodynamic state vector: z = {za0 , za1 , zb1}T . za0 contains the
symmetric aerodynamic states, whereas za1 and zb1 contains the asymmetric aero-
dynamic states.

The linear first order dynamic equation of the aerodynamic states can be written
as:

ż + Adz = H(u, u̇) [1/s] (3.25)

where Ad is a matrix having uncoupled 4x4 matrices in the diagonal, one for
each aerodynamic calculation point. The vector H(u, u̇) is an inherent nonlinear
function of the deformation vectors and velocity vectors. The function H(u, u̇)
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describes the effect of turbine vibrations on the angle of attack and relative inflow
velocities at the calculation point. The matrixes can be found in [17], for HAWC-
Stab2. In HAWCStab the equation is linearised about the symmetric deformations
and the symmetric aerodynamic states as:

H(u, u̇) = Cuxu̇ + Kuxu [1/s] (3.26)

In HAWCStab2 the equation 3.25 is linearized about the steady state values of the
aerodynamic states as found in [17].

3.5.4 Nonlinear steady state computation

In HAWCStab2 the equations are linearized about the nonlinear steady state. The
nonlinear steady state is obtained for each operational point given by the wind
speed, rotor sreed and pitch angle in an iterative process. First the steady state
forces and moments in all aerodynamic calculation points are computed by BEM
for the undeflected blade. Then the blade is deflected until there is an equilibrium
of the external aerodynamic points computed by BEM and the moments with
the internal elastic forces due to the element deformation. Then the aerodynamic
forces are updated by a new BEM computation followed by a update of the blade
deflection. This iterative proces continues untill the blade tip movement in an
update is less than 0.01 % of the blade length.

3.5.5 Eigenvalue analysis

The aerodynamic and structural equations are linearized, and for each operational
point the structural and aerodynamic coefficients are computed using Gauss inte-
gration of analytical funtions of the position vectors and rotation matrices and their
derivatives. The linearised equations are then collected in the coupled aeroelastic
equations which describes the blade response to small vibrations about the steady
state equilibrium.

Mü + (C + G + Ca)u̇ + (K + Ka)u + Af z = 0 [N ]
ż + Adz + Cuzu̇ + Kuzu = 0 [1/s] (3.27)

To be able to study the natural frequencies and the damping of the wind tur-
bine blades, an eigenvalue analysis is performed. It is possible to obtain a direct
formulation of the eigenvalue problem from equation 3.27, but this method leads
to an ill-conditioned problem. To avoid that, a modal expansion of the DoFs is
performed. The undamped eigenvectors of the turbine at standstill, ωi is used for
this expansion, where N is the number of natural modes, Φ is the modal matrix
containing the undamped eigenvectors, and v is the new structural state vector.
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u =
N∑
i=1

ωivi(t) = Φv (3.28)

After the modal extension, the aeroelastic states are gathered in a vector y = {z,v, v̇}T,
and solutions to the eigenvalue problem on the form y = weλt is sought. Inserting
this equation into equation 3.28 and the result into equation 3.27, one obtains the
following eigenvalue problem:([

Ad KuzΦ CuzΦ
0 0 −I

ΦTAf ΦT(K + Ka)Φ ΦT(C + G + Ca)Φ

]
+ λI

)
w = 0 (3.29)

The eigenvalues, λn, and eigenvectors, wn yield the natural frequencies, the damp-
ing and the mode shapes of the aeroelastic turbine modes. The natural frequency
and logarithmic decrement for mode nr n are given by the imaginary and real parts
of the eigenvalues respectively. Instabilities of the wind turbine can be found where
the aeroelastic damping of a mode is negative.

fn = Im{λn}
2π [Hz] and δ = −Re{λn}

fk
[−] (3.30)

3.5.6 Campbell diagram
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Figure 1. Terminology for degrees of freedom of wind turbines
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Figure 3.8: Exampel of Campbell diagram, from Hansen [2]
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To understand how the modes vary with the rotational speed of the wind turbine
and the effect of the multi-blade transformation, the Campbell diagram of a wind
turbine is explained. Figure 3.8 shows the Campbell diagram for the lower order
turbine modes. The natural frequency of the turbine modes are plotted against the
rotational speed of the rotor. There are no aerodynamic forces on the blade, only
the increasing rotational speed.

The modes with the lowest natural frequency are the low order tower modes: The 1.
fore-aft bending mode and the 1. side-to-side bending mode. The natural frequency
of the structural tower modes is practically independent of the rotational speed of
the rotor. As the generator is a direct-drive generator, there is no mode present
which represent the drive train torsion, instead there is a mode consisting of the
symmetric edgewise bending of the modes [2].

The blade modes are described using multi-blade coordinates. There are thus one
symmetric, one forward whirling and one backward whirling mode for each blade
mode. The backward and the forward whirling modes have natural frequencies
which shifts with ±Ω and the rotational frequency Ω increases. This is due to the
multi-blade transformation.

The symmetric blade modes are mainly constant as the relative wind speed in-
creases. The 1. edgewise symmetric deflections is dependent on the torsion of the
shaft and the operation of the generator, and thus the natural frequency of the
1. edgewise symmetric mode is mainly independent of the rotational speed. The
1. symmetric flapwise mode has a frequency which increases due to centrifugal
stiffening as the rotational speed increases. This effect is also present in the flap-
wise forward and backward whirling modes. Centrifugal stiffening is the effect of
the centrifugal force on the blade stiffness. The centrifugal forces try to force the
blades into a position which is as close as possible to perpendicular to the shaft.
As a result the stiffness of the blade increase and the frequency of the vibrations
increase.

The blade stiffness is higher in the edgewise direction than in the flapwise direction.
The 1. edgewise mode has thus a higher frequency than the first edgewise mode

3.5.7 Other methods for stability anlayses

The method used in HAWCStab2 is not the only method to be used for stability
analysis. In different studies different approaches are used to finding the critical
flutter speed. A short description of the method used in some of these studies are
described here.

A aeroelastic stability tool which models the whole wind turbine is developed by
Riziotis and described in [19]. The structure of the wind turbine is approximated
with beams bending in two directions, flapwise and torsion. The Lagrange equa-
tion (3.3) is used to derive the equations of motion. The aerodynamic forces are
modelled using BEM and the ONERA Lift and Drag dynamic stall model. The
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multi-blade transformation is performed and the coupled equation of motion is
linearised to be able to perform an eigenvalue analysis.

An aeroelastic stability predictions for a MW-sized blade was performed by Lobitz
[8]. Only a single blade was simulated and not the entire turbine. The calculations
are similar to the derivation in section 3.4, but focuses on the whole blade, and
does not apply the simplifying assumptions. The focus of the unsteady aerody-
namic effects is the shed wake, and a version of Theodorsn’s theory modified for
wind turbines is used as aerodynamic model. The blades are modelled using a
NASTRAN tapered beam element. The equation of motion was found, linearised,
and used in the eigenvalue analysis.

A low-order model for blade analysis, which also has the possibility to model flutter
was described by Kallesøe. This applied the Beddoes-Leishman type dynamic
stall model for the unsteady aerodynamics and Lagrange equation to derive the
structural model.

3.6 Time domain analysis

To study the response of a wind turbine in different conditions, a time domain
analysis can be performed. The time-domain analysis is a standard tool to find the
response of a wind turbine. It is possible to observe the effect of flutter in time
domain simulations. The flutter vibrations are mainly vibrations in the flapwise and
torsional direction with rapidly increasing amplitude at high relative wind speeds,
and can thus be recognized. The flutter vibrations appear in the attached flow
regime at high relative velocities. An advantage of the time-domain simulations
compared to an eigenvalue analysis is that more non-linearities can be express as
the equations of motions need not be linearised.

In this thesis the aeroelastic simulation tool HAWC2, developed at Risø DTU [28]
is used to study the effect of aeroelastic instabilities in the time domain.

3.6.1 The aeroelastic simulation tool HAWC2

The aeroelastic stability tool HAWCStab2 is developed from HAWC2, so the main
principles of the tools are mainly the same, except for the linearization and eigen-
value approach in HAWCStab2. The wind turbine structure is defined with a
multi-body formulation, where the substructures are coupled with algebraic con-
straints.

The aerodynamic in HAWC2 is described using the Blade Element Momentum
(BEM) method. The induced velocities in BEM are defined locally on a non-
rotating polar grid, which enables the possibility for different induction in top
and bottom of the rotor. To account for the aerodynamic tip-loss on the blades,
Prandtl’s tip-loss method is used. This method is explained in Manwell [25]. To
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calculate the dynamic stall Øyes method or the Beddoes-Leishman method can
be chosen. The Beddoes-Leishman method is discussed in section 3.3 and Øyes
method is a simplified version of the Beddoes-Leishman method. Aerodynamic
drag on the different substructures is implemented together with tower shadow
effects. The wind can be described using both turbulence and wind shear from
the atmospheric boundary layer. It is also possible to implement wakes from other
wind turbines and floating wind turbine structures in HAWC2.
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Chapter 4

The Reference Turbine

The wind turbine studied in this thesis is designed by Lars Frøyd [4]. The design of
this wind turbine is a part of a project by NOWITEC, Norwegian Research Centre
of Offshore Wind Technology, to design a reference turbine. The turbine is still in
the design process, which this thesis is a part of. A summary of the turbine design
parameters is found in table 4.1:

Rotor configuration 3-bladed, upwind, pitch control
Rated power 10 MW
Cut-in wind speed 5 m/s
Cut-out wind speed 25 m/s
Design wind speed 13.25 m/s
Rotor diameter 140.4 m
Maximum allowed tip speed 90 m/s
Design tip-speed ratio (TSR) 7.3
Electromechanical efficiency 92 %
Tower height 110 m
Generator configuration Direct drive variable speed generator

Table 4.1: Wind turbine specifications

4.1 The blades

The diameter of the rotor is 140 m and each blade is 69 m and is made of composite
material. The wind turbine is designed to have 3 blades which are identical. The
diameter of the rotor is determined by the design wind speed, which is the wind
speed where the turbine reaches rated power. Longer blades result in a wind turbine
which captures more energy of the wind and thus reaches rated power at a lower
wind speed. Different types of airfoils are used along the blade span to achieve a
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high energy production. The airfoils and chard thickness along the blade span is
shown in figure 4.1.

 

AERODYNAMIC DESIGN 
 
The aerodynamic part of the design is determined using an iterative 
design method that was presented by Frøyd and Dahlhaug (2011), and 
is explained briefly in this section. The method is based on blade 
element momentum (BEM) theory for the main parts of the blade, but 
is extended to also handle the root and tip sections so that the complete 
blade geometry can be determined.  
 
The design method relies on the specification of a thickness-to-chord 
distribution throughout the blade span with a corresponding distribution 
of 2D airfoil lift and drag characteristics.  Based on the airfoil 
characteristics it is possible to determine the ideal chord length 
distribution of the blade, but to have a realistic aspect ratio for large 
wind turbines the chord length has to be reduced. The final chord 
length is adjusted by four parameters r2, r3, k1 and k2, which are chosen 
by the designer. The parameters are defined in Fig. 1.  
 

 
 

Fig. 1. Definition of chord length parameters 
 
The chord reduction changes the force distribution on the blade. To 
maintain a uniform distribution of torque generating forces, the twist 
angle is modified within the main part of the blade (between r2 and r3). 
This improves the distribution of induced velocities and can improve 
the aerodynamic efficiency somewhat. The modification also increases 
the angle of attack of the airfoils, and care must be taken when 
choosing the design parameters to avoid operating the inner parts of the 
blade too close to stall. 
 
In a comparison of a 5 MW blade designed using this method with the 
NREL 5 MW baseline blade as presented by Jonkman et al. (2009), the 
two blade designs agreed well. The chord length was almost identical, 
but the twist angles were somewhat lower in the new design, leading to 
a blade operating at higher aerodynamic angles of attack, but still kept 
safely below stall for the main and tip regions of the blade.  
 
Design Parameters 
 
The main parameters governing the aerodynamic design of the rotor 
blades are summarized in Table 2.  
 
Table 2. Summary of turbine design parameters and constraints 
 

Rated power 10 MW 
Design wind speed Udes = 13.25 m/s 
Cut-out wind speed 25 m/s 
Maximum allowed tip speed 90 m/s 
Design tip speed ratio (TSR) 7.3 
Electromechanical efficiency 92 % (From shaft to grid) 
Rotor configuration 3-bladed, upwind, pitch control 
Shaft and coning angles θshaft = 5o, θcone = 2o, no pre-bend 
Chord length param. (see Fig. 1) r2 = 0.23, r3 = 0.71, k1 = 0.70, k2 = 1.08  

 
The diameter of the turbine is determined by the design wind speed, 
which is the wind speed where the turbine theoretically reaches the 
rated power of 10 MW. Because of rotor speed limitations and 
controller actions when switching regions between speed and pitch 
control, the rated power is generally reached at a somewhat higher 
wind speed, called the rated wind speed Urated.  
 
The design wind speed of 13.25 m/s has been chosen rather arbitrarily 
so that the wind turbine should have a high specific rating p (W/m2) and 
relatively short blades. Shorter blades means considerably lower rotor 
mass and allow higher rotational speeds that reduce the weight of the 
generator. The influence of the component weights propagate down the 
load chain causing increased weight of the complete support structure. 
The result is that a high design velocity causes considerably lighter 
turbines that will produce less energy at low wind speeds. Generally, a 
complex optimization task is needed to find the optimal design wind 
speed. 
 
The design wind speed of 13.25 m/s results in a rotor diameter of 
140.4 m and a specific rating of 646 W/m2. The rated wind speed has 
been determined to be between 16 and 17 m/s. This has been found 
from aero-elastic simulations including both control systems and 
turbulence. The results from the aero-elastic simulations are presented 
later in this paper, in Fig. 12. To show how this compares with other 
large offshore wind turbines, the characteristics of the 10 MW turbine 
are presented in Table 3, together with the characteristics for two large 
commercial wind turbines.    
  
Table 3. Comparison of design characteristics 
 

Wind Turbine Diam. (m) Power (MW) p (W/m2) Tip speed (m/s) 
Current design 140.4 10.0 647 90.0 
Enercon E-126 127 7.6 598 77.8 
Areva M5000 116 5.0 473 89.9 

 
 A maximum allowed tip speed of 90 m/s is assumed. This is high 
compared to traditional turbines, but is similar to e.g. the Areva M5000 
offshore wind turbine. A high tip speed is advantageous to keep down 
the weight of the direct drive generator, but a higher tip speed also 
implies higher erosion rates and higher noise levels. Combined with the 
more flexible designs of large wind turbine blades the risk of flutter 
increases with increased tip speed. These issues could limit the 
maximum tip speed and should be investigated further.  
 

 
 
Fig. 2. Airfoil thickness distribution 
 
The assumed airfoil and thickness distributions of the blades are shown 
in Fig. 2. The design utilizes the same airfoil family as the NREL 
5 MW turbine with Delft University and NACA airfoils. The lift and 

Figure 4.1: Airfoil thickness and profile distribution, from Frøyd [4]

The chord length and twist of the blades is optimised using the Blade Element
Momentum (BEM) method, using the method described by Frøyd [29].

The internal structure of the blades is indicated in figure 4.2. The blade consists
of a skin made of composite material, mainly fibreglass and foam. Inside the skin
there is a central beam, called a spar cap, built up of thicker laminated material
including fibreglass and carbon fibres. The upper and lower spar caps are held
together by shear webs which run along the length of the spar. The airfoil-shaped
skin and the spar cap are the main load carrying components. The shear webs are
designed to distribute the shear forces between the spar caps and contribute to the
edgewise and flapwise stiffness of the blade.

 

 
 
Fig. 6. Cross-section definitions and composite layout 
 
The gel coating is the outermost layer, which purpose is to provide 
erosion protection and a low-friction surface to minimize the 
aerodynamic drag. The lining consists of random oriented, chopped 
glass fibre strands that protect the load carrying laminas and prevents 
imprint of the skin structure through the coating. The thicknesses of the 
gel coating and the liner are assumed constant throughout the blade, 
0.51 mm and 0.38 mm respectively. These two components do not 
contribute noticeably to the blade stiffness properties, but have a small 
impact on the blade mass. 
 
The airfoil-shaped skin and the spar are the main load carrying 
components: The skin carries the main edgewise and torsional loading 
while the spar caps carry the main flapwise loading. The initial 
thickness of each layer of skin laminate and spar cap laminate is 
2.54 mm and 1.27 mm respectively, and if the blade violates a failure 
criterion, the material thickness of one or both of these components will 
be increased based on the direction of the failure.  
 
The purpose of the shear webs is to distribute shear forces under 
flapwise deflection, but it also contribute to edgewise and torsional 
stiffness. The webs have the same core thickness as the trailing edge 
and a skin thickness of 50 % of the spar cap thickness. The webs are 
assumed straight, but following the twist of the blade so that they are 
perpendicular to the chord. The webs are located at approximately 
15 % and 50 % of the chord for the main parts of the blade. This is 
approximate because the webs are straight. The layout of the spar and 
the webs is shown in Fig. 7. In the root sections without webs, cross 
section layout is assumed uniform, similar to the leading edge 
definition. 
 

 
 
Fig. 7. Layout of spar and shear webs 
 
The material properties are given in Table 5. The properties are 
combined and mixed from Griffin (2004), Höyland (2009) and Merz 
(2011), and are assumed  to give realistic properties for large blades. 
The skin material is made of glass fibre reinforced polymer (GFRP) 
with 20/60/20 distribution of plies, meaning 20 % spanwise fibres, 
60 % ± 45 o fibres and 20 %  90 o fibres. The spar materials have 
70/30/0 distribution. In the hybrid spar, the spanwise fibres are replaced 
with carbon fibre. 
 
Composite materials are much more likely to break in compression 
than in tension, hence the design value of ε0 is the characteristic strain 
in compression. 
 

Table 5. Material properties 
 

Material ρ(kg/m3) E1 (MPa) G12 (MPa) ε0 (%) m K 
Gel coat 1230 3440 1380 - - - 
GFRP skin 1850 21000 8300 1.80 16.9 1.02 
Hybrid spar 1621 74300 4800 0.90 17.0 1.02 
GFRP spar 1880 29000 6000 1.55 16.9 1.02 
Lining 1670 9650 3860 - - - 
Foam core 200 25 8.5 - - - 

 
 
Results 
 
The structural design was carried out according to the load cases and 
design method explained above. The load cases were applied in 
sequence, starting with the supposedly most severe: The extreme 
operating gust at design wind speed was applied first because it 
involves both flapwise and edgewise loads and puts requirements on 
the maximum tip deflection. The edgewise fatigue loads were also 
accounted for in this load case. The tip deflection criterion caused the 
blade to be so stiff that the first flapwise frequency ended up within the 
restricted 3Prated region, requiring additional material to be added until 
the first flapwise frequency reached 0.674 Hz, 10 % above 3Prated.  
 
The temporary design resulting from the first load case was then 
subjected to the extreme 50-year wind speed, but this load case was 
only dimensioning for the flapwise ultimate strain on the outermost 
40 % of the blade. Although the largest flapwise tip deflection occurred 
during this load case, the tower-hit criterion was not violated because 
the blades were fully feathered. The structural design after these two 
load cases also became the final design, because the two remaining 
load cases were not dimensioning for any parts of the blade.   
 

 
 
Fig. 8. Mass distribution comparison 
 
The final blade design ended up with a weight of 25.0 tonne, with a 
mass distribution as shown in Fig. 8. Comparison with the 126 m 
diameter NREL turbine shows a very similar mass distribution for the 
main and outer parts of the blade, but the root section of the 10 MW 
blade seems proportionally much heavier than the root section of the 
NREL blade. Discrepancies in the root section design were also noted 
by Frøyd and Dahlhaug (2011) when comparing a new 5 MW design 
with the NREL 5 MW blade. The discrepancies may relate to special 
design features of the root and the hub connection in the NREL design 
that has not been taken into account here. 
 
The composition of the blade mass with respect to the different 
materials is presented in Table 6, revealing that only 10 % carbon fibre 
is required to achieve the necessary stiffness.  
 

Figure 4.2: Cross section and composite layout. From Frøyd [4]

The hub is simulated in this thesis as 3 uniform cylinders, which have the blades
attached to the end, instead of a real hub configuration. This is to simplify the
input data to the aeroelastic tools. The hub length is set to be 2,5 m and the hub
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Fig. 6. Cross-section definitions and composite layout 
 
The gel coating is the outermost layer, which purpose is to provide 
erosion protection and a low-friction surface to minimize the 
aerodynamic drag. The lining consists of random oriented, chopped 
glass fibre strands that protect the load carrying laminas and prevents 
imprint of the skin structure through the coating. The thicknesses of the 
gel coating and the liner are assumed constant throughout the blade, 
0.51 mm and 0.38 mm respectively. These two components do not 
contribute noticeably to the blade stiffness properties, but have a small 
impact on the blade mass. 
 
The airfoil-shaped skin and the spar are the main load carrying 
components: The skin carries the main edgewise and torsional loading 
while the spar caps carry the main flapwise loading. The initial 
thickness of each layer of skin laminate and spar cap laminate is 
2.54 mm and 1.27 mm respectively, and if the blade violates a failure 
criterion, the material thickness of one or both of these components will 
be increased based on the direction of the failure.  
 
The purpose of the shear webs is to distribute shear forces under 
flapwise deflection, but it also contribute to edgewise and torsional 
stiffness. The webs have the same core thickness as the trailing edge 
and a skin thickness of 50 % of the spar cap thickness. The webs are 
assumed straight, but following the twist of the blade so that they are 
perpendicular to the chord. The webs are located at approximately 
15 % and 50 % of the chord for the main parts of the blade. This is 
approximate because the webs are straight. The layout of the spar and 
the webs is shown in Fig. 7. In the root sections without webs, cross 
section layout is assumed uniform, similar to the leading edge 
definition. 
 

 
 
Fig. 7. Layout of spar and shear webs 
 
The material properties are given in Table 5. The properties are 
combined and mixed from Griffin (2004), Höyland (2009) and Merz 
(2011), and are assumed  to give realistic properties for large blades. 
The skin material is made of glass fibre reinforced polymer (GFRP) 
with 20/60/20 distribution of plies, meaning 20 % spanwise fibres, 
60 % ± 45 o fibres and 20 %  90 o fibres. The spar materials have 
70/30/0 distribution. In the hybrid spar, the spanwise fibres are replaced 
with carbon fibre. 
 
Composite materials are much more likely to break in compression 
than in tension, hence the design value of ε0 is the characteristic strain 
in compression. 
 

Table 5. Material properties 
 

Material ρ(kg/m3) E1 (MPa) G12 (MPa) ε0 (%) m K 
Gel coat 1230 3440 1380 - - - 
GFRP skin 1850 21000 8300 1.80 16.9 1.02 
Hybrid spar 1621 74300 4800 0.90 17.0 1.02 
GFRP spar 1880 29000 6000 1.55 16.9 1.02 
Lining 1670 9650 3860 - - - 
Foam core 200 25 8.5 - - - 

 
 
Results 
 
The structural design was carried out according to the load cases and 
design method explained above. The load cases were applied in 
sequence, starting with the supposedly most severe: The extreme 
operating gust at design wind speed was applied first because it 
involves both flapwise and edgewise loads and puts requirements on 
the maximum tip deflection. The edgewise fatigue loads were also 
accounted for in this load case. The tip deflection criterion caused the 
blade to be so stiff that the first flapwise frequency ended up within the 
restricted 3Prated region, requiring additional material to be added until 
the first flapwise frequency reached 0.674 Hz, 10 % above 3Prated.  
 
The temporary design resulting from the first load case was then 
subjected to the extreme 50-year wind speed, but this load case was 
only dimensioning for the flapwise ultimate strain on the outermost 
40 % of the blade. Although the largest flapwise tip deflection occurred 
during this load case, the tower-hit criterion was not violated because 
the blades were fully feathered. The structural design after these two 
load cases also became the final design, because the two remaining 
load cases were not dimensioning for any parts of the blade.   
 

 
 
Fig. 8. Mass distribution comparison 
 
The final blade design ended up with a weight of 25.0 tonne, with a 
mass distribution as shown in Fig. 8. Comparison with the 126 m 
diameter NREL turbine shows a very similar mass distribution for the 
main and outer parts of the blade, but the root section of the 10 MW 
blade seems proportionally much heavier than the root section of the 
NREL blade. Discrepancies in the root section design were also noted 
by Frøyd and Dahlhaug (2011) when comparing a new 5 MW design 
with the NREL 5 MW blade. The discrepancies may relate to special 
design features of the root and the hub connection in the NREL design 
that has not been taken into account here. 
 
The composition of the blade mass with respect to the different 
materials is presented in Table 6, revealing that only 10 % carbon fibre 
is required to achieve the necessary stiffness.  
 

Figure 4.3: Layout of the spar and shear webs. From Frøyd [4]

mass is 75 ton. The nacelle and shaft structure is 5 m long. The total mass at the
top of the tower is set to be 400 ton.

In the aeroelastic analysis in this thesis, 3 different blades are studied, one baseline
one stiff and one soft blade. The shape of the blades is the exact same, the only
difference between them are the stiffness. The stiffness of the blades in the different
directions are found in figure 4.4

The baseline blade is the blade which is planned to be used on the reference tur-
bine. More information on the design of this blade can be found in Frøyd [4].
The blade parameters of this blade is found in appendix C.1. The soft blade is
approximately 20 % softer than the baseline blade in all directions. The stiff blade
has approximately the same stiffness as the baseline blade in flapwise and edgewise
direction. In torsional direction it is approximately 50 % stiffer than the baseline
blade.

The hub of the blades is simulated in this thesis as 3 uniform cylinders, which
have the blades attached to the end, instead of a real hub configuration. This is to
simplify the input data to the aeroelastic tools. The hub length is set to be 2,5 m
and the hub mass is 75 ton. The nacelle and shaft structure is 5 m long. The total
mass at the top of the tower is set to be 400 ton.

4.2 Tower and support structure

The tower of the wind turbine is tubular and is made of steel. The height of the
tower is 110 m. The tower stiffness is chosen to be soft-stiff, which means it has
a natural frequency between 1P and 3P. 1P is the rotational frequency of a blade
and 3P is the blade passing frequency for a 3-bladed wind turbine.

The turbine is planned to be a floating offshore turbine. The floating platform is
planned to be a Tension Leg Platform. The intention is to use a four-legged lattice
substructure for the 10 MW wind turbine, possibly integrating the tower and the
foundation in one piece. But for preliminary analysis like in this thesis, a standard
tubular tower is used, and the tower is assumed to be bottom-fixed.
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(a) Flapwise stiffness (b) Edgewise stiffness

(c) Torsional stiffness

Figure 4.4: Stiffness in different directions

4.3 Drive train and control system design

The wind turbine is designed to operate at variable speed and variable pitch. The
concept chosen to achieve this is a direct drive permanent magnet synchronous
generator with a fully rated converter [4]. It is chosen as a compromise between
weight, reliability and the ability to meet grid code requirements.

The main goal for the control system is to minimize the costs during the lifetime
of the turbine. The energy capture should be as high as possible for every wind
condition without surpassing neither the rated power nor the maximum blade tip
speed. An ideal power curve, with regions of different control objectives is shown
in figure 4.5. Region 1 has wind speeds below the cut-in speed and the turbine
is not operating. In region 2 the wind speed is above cut-in and below rated and
the turbine should be operated at maximum efficiency to extract the maximum
available power from the wind. In region 3, above the rated wind speed, the blades
must be pitched, to avoid that the power output become higher than the rated
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power and the forces on the structures too high. In region 4 the wind speed is
above the cut-out speed, and the wind turbine is shut down to avoid damage. To
achieve this, the blades are pitched to feather. The highest thrust and highest
forces appears in the transition region 2 1/2, when the turbine reaches maximum
rotational speed, but before the blades begin to pitch.

Wind speed

Pmax

Po
w

er 1 2
2 ½ 

3 4

Figure 4.5: Ideal power curve

Some control parameters can be found in figure 4.6, which shows the operation of
the control system. The TSR and the pitch angle is kept constant in region 2, to
achieve as high as possible power coefficient, until the rotational velocity Ω reaches
its maximum value. This value is set to avoid too high tip speed of the blades. In
region 2 1/2, Ω is kept constant and TSR drops according to equation 4.1. When
the rated power is reached, the blades are pitched to keep the power constant.

TSR = ΩR
V

(4.1)

Figure 4.6: Controlled parameters for the baseline case
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Chapter 5

Methodology and Validation

5.1 Aeroelastic stability analysis

In this thesis the wind turbine presented in chapter 4 is analysed, to study if it is
prone to flutter. The study is performed using the aeroelastic stability tool HAWC-
Stab2. The theory behind this tool is discussed in chapter 3.5. HAWCStab2 runs
an eigenvalue analysis of the turbine. The results show the aeroelastic frequencies
and the damping of the turbine modes. If a mode shape has negative damping, it
indicates an instability of the wind turbine.

The turbine modes are computed at different operating points. The operating
points are defined by the rotational speed of the turbine, the wind speed and the
blade pitch. In this study the goal is to investigate aeroelastic instabilities and the
critical flutter limit. As the flutter limit is dependent on the relative wind speed on
the blade, it is convenient to set the operating points such that it reflects this. As
the program computes the aeroelastic frequency and damping versus the incoming
wind speed, the operating points where chosen such that the relative wind speed
at the blade tip is 10 times the wind speed. This is achieved by using a tip-speed
ratio (TSR) of

√
99 when calculating the rotational speeds, using equation 4.1. The

operational points which were used is found in table 5.1. In the analysis both the
relative wind speed and the incoming wind speed increases. The highest operating
speed in the simulations was chosen to be a relative wind speed of 220 m/s. The
blade pitch is set to zero for all wind speeds.
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Wind speed [m/s] Pitch [deg] Rotational speed [rpm]
2.0 0.0 2.7
5.0 0.0 6.7
8.0 0.0 10.8
10.0 0.0 13.5
12.0 0.0 16.2
14.0 0.0 18.9
16.0 0.0 21.6
17.0 0.0 22.9
18.0 0.0 24.3
19.0 0.0 25.6
20.0 0.0 26.9
21.0 0.0 28.3
22.0 0.0 29.7

Table 5.1: Operational points for analysis in HAWCStab2

Simulations of the wind turbine in normal power producing operation were also
performed, to study if the wind turbine experienced instabilities in normal opera-
tion. To find the operating points, a control system was applied. The operating
points were chosen using this control system to find the rotational speed and the
blade pitch at the different wind speeds. The operational points used for all the
different blades are found in table 5.2. The control system strategy is discussed in
chapter 4.3.

Wind speed [m/s] Pitch [deg] Rotational speed [rpm]
3.0 1.72 5.5
5.0 -0.29 5.5
6.0 -0.43 6.2
8.0 -0.45 8.2
10.0 -0.45 10.3
12.0 -0.45 12.2
13.0 -0.45 12.2
14.0 3.46 12.2
16.0 8.07 12.2
18.0 11.18 12.2
21.0 14.97 12.2
25.0 19.24 12.2

Table 5.2: Operational points for normal power production

In the analysis of the baseline blade, one analysis was performed where the steady
state downwind deflection of the blade was neglected. This was done to study the
effects of the deflection of the blade. A analysis of the turbine in HAWCStab2,
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without deflection of the blades correspond to the use of the aeroelastic stability
tool HAWCStab.

When setting up the input files to the stability simulation, the turbine is modelled
to have a free rotation constraint between the tower and the shaft. This is because
the instabilities are found at such high rotational speed, that the turbine in reality
would have to be cut off from the grid, else it would burn up. This assumption is
important because the simultaneous edgewise mode is dependent on the torsion of
the shaft and thus on the moment of the generator. An example of the input file
to HAWCStab2 and the file with the operating points is found in appendix C.

It is possible to run the aeroelastic stability analysis as an isolated blade simulation
or as an entire turbine simulation. The isolated blade simulation simulates only one
blade, and does not account for the effects of the tower and shaft on the vibrations.
In the entire turbine simulations these effects are included. Both of these methods
are used in this study.

The program used in this simulation, HAWCStab2 is a new tool. There has not yet
been published any papers of the entire tool, only on the blades [17]. During the
work of this thesis, several updates was made on this tool, and currently version
97 is used. The results from this thesis are also used to debug the tool. Some days
before this thesis was finished there were found some bugs in version 97, and a new
version of this tool was constructed. These bugs and how it affects the results are
discussed in appendix B.

5.1.1 Aeroelastic frequency and damping

The results from HAWCStab2 describes the aeroelastic frequency and damping
of the different modes. The aeroelastic frequency describes the vibrations of the
blades due to the elasticity of the blades and the influence of the wind speed and
the rotational speed. The wind speed and the rotational speed excite the blade
to vibrate with different deflection modes. As the wind speed increases, different
modes may couple with each other. An example of this is torsion of the blade due
to to the misalignment of the centre of gravity and the centre of lift as the blades
deflect downwind due to high wind speed. A mode at high wind speed may be a
combination of flapwise and edgewise motion, blade torsion and tower motion.

The damping of the aeroelastic modes describes how much the amplitude of the
vibration decreases after an initial excitement. The damping is measured as the
logarithmic decrement of the vibration, which is defined in equation 5.1

δ = ln
x(t)

x(t+ τd)
= 2πξ√

1− ξ2
[−] (5.1)

δ is the logarithmic decrement, x(t) is the amplitude at time t and x(t+ τd) is the
amplitude at time t+ τd. ξ is the damping coefficient of the system. If a mode has
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a high logarithmic decrement, the vibrations of this mode are soon damped out. If
the damping is low, the vibrations use long time to dampen out. If the aeroelas-
tic damping is negative it implies that the vibrations have increasing amplitude,
and that the system is unstable. The damping of the blades is dependent on the
rotational speed and the wind speed.

5.2 Simulations in the time domain

To study the response of the wind turbine to aeroelastic instabilities, simulations in
the time domain was performed, using the aeroelastic simulation tool HAWC2. To
make the result comparable to the aeroelastic stability analysis, uniform incoming
wind was used. One simulation was run with wind shear, tower shadow and turbu-
lent wind, to study how the realistic wind conditions would influence the triggering
of aeroelastic instabilities.

Simulations of how the turbine behaves when the connections to the power grid is
lost was performed. This is known as run-away condition. To achieve this in the
simulations, a free bearing between the shaft and the tower was used, such that
the rotor could rotate freely. The wind speed was set to 10 m/s and the rotational
speed was set to have an initial velocity of 10.4 rpm.

A simulation was performed with increasing wind speeds and constant rotational
speeds. This was done for several rotational speeds. The generator was set to be
working and controlling the rotational speed. In each simulation the rotational
speed was kept constant and the wind speed was set to increment 1 m/s every 50
seconds. The wind speed varied from 5 m/s to 20 m/s. This simulation was per-
formed for rotational speeds from 10 rpm to 26 rpm. The simulation was performed
to get a better picture of when and why the instability appears.

5.3 Validation

To validate the simulations, they should be compared against experiments. As no
experiments have been performed on wind turbines this size, this is not possible.
Instead a code to code comparison was performed. There are no other compa-
rable aeroelastic stability codes available, which HAWCStab2 could be validated
against. But the input to HAWCStab2 is mainly the same as the input to HAWC2.
There exists aeroelastic stability tools which are comparable to HAWC2, and thus
HAWC2 was used for validation. To validate the input to the aeroelastic simu-
lation program HAWC2, the results from HAWC2 was compared with simulation
result from the Blade Element Momentum (BEM) method, and the results from
the aeroelastic simulation tool FAST.

The BEM method is a method to calculate the aerodynamic properties of the wind
turbine blades. It is simplified and not considering unsteady aerodynamic effects.
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The BEM method is described shortly in chapter 3.3, and more thoroughly in
Manwell [25]. Both FAST and HAWC2 uses BEM to calculate the aerodynamic
forces on the blades. In FAST and HAWC2, unsteady aerodynamic effects are also
considered. The version of BEM used in this validation is created by Lars Frøyd.

FAST is a aeroelastic simulation tool made by NREL, the National Renewable
Energy Laboratorium in the United States. The purpose of FAST and the manner
of operation is similar to HAWC2, but the details in the calculations are different.
HAWC2 uses beam element theory to calculate the deflection of the beam element,
whereas FAST uses a modal approach. In FAST it is assumed that the deflection
of an element is a linear combination of the modal shapes of the element. More
information on FAST is found in the FAST user guide [14]. There are two different
ways to calculate the response in FAST: One steady calculation which uses the
equilibrium inflow model and one dynamic calculation which uses the generalized
dynamic wake model. In this validation the dynamic model is used, as the FAST
user guide [14] states that this model should be used for production runs.

The inputs to the programs are different, but the wind turbine it describes should
be the same. The stiff blade was simulated. There may be some differences in
the turbine which is simulated due to the different methods used for defining the
wind turbine structure the input files. There is assumed to be no tilt and cone
angles. The simulations were performed with uniform incoming wind at 10 m/s
and a rotational speed of 10 rpm.

5.3.1 Result from code to code comparison

HAWC2 FAST BEM
Power [MW] 4802 4799 4679
Cp 0.502 0.502 0.489
Thrust [kN] 791 791 735
Blade flapwise moment [kNm] 10 060 10 690 11 313
Blade displacement [m] 4.6 4.2 -

Table 5.3: Comparisment different codes at 10 m/s and 10.4 rpm, averaged values

HAWC2 FAST BEM
Power 0 -0.1 % -2.6 %
Cp 0 -0.1 % -2.6 %
Thrust 0 0.0 % -7.0 %
Blade flapwise moment 0 6.3 % 12.5 %
Blade displacement 0 -8.9 % -

Table 5.4: HAWC2 compared to the other codes. Percentage difference from
HAWC2 results
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In table 5.3 and table 5.4 the results from the code to code comparison is found.
The BEMmethod has not blade deflection implemented, and no blade displacement
is found in the BEM method. In FAST the torsional bending of the blades is not
implemented.

As seen in the tables, the HAWC2 code gives higher values than the other codes,
except for the blade flapwise moment. The results from the dynamic simulation in
FAST are approximately the same as the values in HAWC2, with 0 % difference at
the best, when ignoring the blade flapwise moment and the blade deflection. The
results from BEM are between 2 % and 7 % lower than the results from HAWC2.
The high flapwise moment from BEM may be the result of a blade which does not
deflect downwind. A deflection of the blade downwind leads to centrifugal forces
acting on the blade, reducing the blade root moment. It is curious though that the
rotor thrust of the BEM method is the lowest of the three codes, but the flapwise
moment is the lowest. When using another code, WT_Perf, to calculate BEM, the
results was the same, except for a higher rotor thrust in WT_Perf. The thrust for
the BEM is thus not certain to be correct. No obvious reason is found for the high
blade moment in FAST or a low blade moment in HAWC2.

In the IAE Offshore Code Comparison Collaborative (OC3) [30] different aeroelas-
tic codes were compared to each other. The power output from FAST was found
there to be approximate 5 % higher than the power output from HAWC2. The
blade simulated was another blade, and the results are thus not directly compa-
rable. In this validation study the results from HAWC2 and FAST is found to be
very similar. The results from BEM were found to be slightly lower than the results
from BEM and HAWC2. This may be due to the fact that BEM is a simplified
method, not accounting for the linearities and dynamic which is implemented in
FAST and HAWC. The slight difference between HAWC2 and FAST may be due
to the torsional degree of freedom which is not implemented in FAST. Some dif-
ferences between the codes may be due to the different design of the codes, using
different input files and different computational schemes. When using the steady
calculations in FAST, the results are found to be between 4 % and 8 % lower
than the results from HAWC2 and the dynamic simulation in FAST. This shows
that a difference in the calculation my result in differences between the results of
the codes. As the results from HAWC2 and FAST are so similar, the input to
HAWC2 can be said to be validated. Due to this it is assumed that the input to
the aeroelastic stability analysis is correct.
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Chapter 6

Results and Evaluation

The most important results are presented in this section. Some discussion of the
results is also found in this section, together with the plot of the results. An
overview of the results and a more general discussion with comparison to other
studies is found in chapter 7. For the aeroelastic stability analysis in this thesis,
version 97 of the aeroelastic stability tool HAWCStab2 is used.

6.1 Baseline blade

The baseline blade is the blade which is planned to be used on the NOWITECH
reference turbine. The blade is analysed to find the critical flutter speed and if it
is prone to flutter in normal operation. The turbine is also simulated in the time
domain using the aeroelastic tool HAWC2. The results from the time domain show
how the wind turbine reacts to flutter instabilities. The flutter limits found in the
different analyses are then compared with each other.

6.1.1 Aeroelastic stability analysis

Aeroelastic stability analyses were performed to study what creates aeroelastic in-
stability and at which wind speeds and frequencies the instabilities occurs. Aeroe-
lastic eigenvalue analysis can reveal information that no simulations in the time
domain can reveal, but it does not show the actual movements and response of the
wind turbine. The analysis assumes uniform and steady incoming wind.

In the results from HAWCStab2, the different modes at each operational point are
not sorted. Deciding which mode belongs to a mode in the previous operational
point and sorting them are done manually. This is a source of error, especially when
discussing which mode becomes negative. Smooth lines between the operational
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points in the frequency and in the damping plots are considered together with the
animation of the mode shapes.

Figure 6.1: Aeroelastic frequency plot for the entire turbine analysis with baseline
blades

The aeroelastic frequency of the 20 first modes for the baseline blade can be found
in figure 6.1. As the rotational speed increases the forward and backward whirling
modes are shifted ±Ω, due to the definition of whirling modes as discussed in
chapter 3.5.6. In addition to this, effects of the wind on the blades are present.

One of the modes which have a significant increase in the aeroelastic frequency
as the relative wind speed increases is the first symmetric flapwise mode. The
phenomena which leads to this is known as aeroelastic stiffening, and is due to the
coupling of the first torsional flapwise symmetric mode with torsion. As the profile
accelerates up to a higher velocity, the blade pitches nose-up due to the aft centre
of mass on the blade. This leads to a higher angle of attack on the blade and thus
higher lift forces in the direction of the acceleration. The aerodynamic forces are
out of phase with the deflection of the blade, which leads to increased stiffness of
the blade.

The decrease in the frequency of the 1. torsional mode is due to the aft centre
of mass on the turbine. The effect can be found in equation 3.17 in the part
of the stiffness matrix which describe the torsional stiffness: r2

CGω
2
t − κaAC . As

the relative wind speed increases, κ increases proportionally, leading to a reduced
torsional stiffness at increased relative wind speeds.
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It is possible to run aeroelastic stability analyses with unsteady aerodynamics or
quasi-steady aerodynamics. An analysis performed with quasi-steady aerodynam-
ics showed that the wind turbine becomes unstable at lower relative wind speed
with quasi-steady aerodynamics, than with unsteady aerodynamics. This con-
firmed Lobitz [8] theory that quasi steady results are very conservative. To be able
to include the unsteady aerodynamic effects in this study, unsteady aerodynamics
was used.

6.1.2 Modes which cause instability

To study if and when the blade becomes unstable, the modes with negative aeroe-
lastic damping are studied. The turbine is analysed as an isolated blade and as an
entire turbine.

Isolated blade

(a) Frequency (b) Damping

Figure 6.2: Modes which cause instability in the isolated blade analysis with base-
line blades

When the results from the aeroelastic stability analysis of an isolated blade are
studied, only one mode is found to have negative damping. This mode is shown
in figure 6.2. The mode which has negative damping is the 1. torsional mode.
At low relative wind speeds the mode consists mainly of torsional motions, but as
the wind speed increases, the torsional motion couples with flapwise motion. The
torsional motion leads to changes in the angle of attack, which causes changes in
the aerodynamic forces and leads to flapwise vibrations. The aeroelastic frequency
of the mode decreases as the wind speed increases and it couples with flapwise
motion. When the mode becomes unstable, the aeroelastic frequency is 5 Hz. As
the torsional mode couples with the flapwise motion, the aerodynamic forces begin
to act in an unfavourable phase with the flapwise deflection of the blade, and a
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flutter mode is created. The mode has flutter-like motion and the typical steep
decrease in aeroelastic damping.

Entire turbine

(a) Frequency (b) Damping

Figure 6.3: Modes which cause instability in the entire turbine analysis with base-
line blades

In the entire turbine analysis, two modes were found to have negative damping.
These modes are found in figure 6.3.

The first mode with negative damping is the 3. edgewise symmetric mode. It
becomes negative damped at a relative wind speed of 200 m/s. At low relative
wind speed this mode is edgewise but slightly coupled with torsional motion. As
the relative wind speed increases the mode couples with torsion, and at high relative
wind speeds, the mode couples with flapwise motion and becomes a flutter mode.
The mode has a frequency of 4.4 Hz as it becomes unstable. The motions of the
mode are a combination of flapwise and torsional motion, and the damping has the
typical steep negative damping of flutter. This indicates that this mode becomes
the flutter mode.

It is a question why the 3. edgewise mode becomes unstable and not the 1. torsional
mode as in the analysis of the isolated blade. The difference between the entire
turbine analysis and the isolated blade analysis is that the effect of the shaft and
the tower motions are present in the entire turbine analysis. In addition the effects
of all the blades are present in the entire turbine simulation, and the blade modes
are expressed in multi-blade coordinates. In other studies of flutter instabilities,
torsional or flapwise modes become unstable with flutter motion. This is expected
as the flutter mode consists of torsional and flapwise motion. In the plot of all
the aeroelastic frequencies in figure 6.1 it can be found that the frequency of the
3. edgewise symmetric mode is very close to the frequency of the 1. torsional
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backward whirling mode at low wind speeds. Even at zero wind speed, the modes
couple due to the close frequency and at around 800 m/s the mode is almost purely
torsional. This coupling is probably due to the close frequency of the modes and
the geometrical coupling between edgewise motion and torsion due to the steady
state deflection of the blade. The animations of the 1. torsional mode in the
isolated blade analysis is similar to the animations of the 3. edgewise symmetric
mode in the entire turbine analysis, even at quite low wind speeds. The mode is
entirely torsional before it couples with the flapwise mode into the flutter mode.
A possible reason for the 3. edgewise mode becoming the flutter mode, may be
that as the frequency of the 3. edgewise symmetric mode decreases more than
the 1. torsional backward whirling mode, it may couple easier to the flapwise
mode to create flutter. At high relative wind speed the aeroelastic damping of the
1 torsional backward whirling mode decreases, and it is possible that this mode
becomes negative damped at a higher relative wind speed. A visualisation of the
blade flutter mode is found in figure 6.4

21 2 3 4

Figure 6.4: Blade flutter mode

The next mode which has negative damping is the 3. flapwise mode. It becomes
unstable at a relative wind speed of 210 m/s and with a frequency of 2.5 Hz. The
animation of this mode shows the typical flutter-like motion, but with moderate
levels of negative damping. The moderate levels of negative damping may indicate
that only some of the airfoils are subject to flutter motion. This mode is not present
in the isolated blade analysis. A plausible reason for this may be a coupling of the
mode with the tower and shaft mode, which makes the mode negative damped at
a lower relative wind speed in the entire turbine analysis.

The relative wind speed for a turbine in normal power producing operation is
between 90 m/s and 100 m/s. Compared to this, the flutter instability is found at
about twice the operational speed of the wind turbine.

Analysis without steady state downwind blade deflection

To study the effect of the downwind steady state blade deflection due to the in-
coming wind, an analysis was performed for an entire turbine without this effect
present. The blades are thus assumed to vibrate around an undeflected state. The
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(a) Frequency (b) Damping

Figure 6.5: Stability analysis of the entire turbine with baseline blades without
including steady state deflection of the blades

mode which became unstable in this analysis is found in figure 6.5. The mode is
the 1. torsional mode and is found to become unstable at a relative wind speed of
180 m/s. This result can be compared to the analysis which includes steady state
blade deflection in figure 6.3. In the analysis with steady state deflection, there
are two modes which become unstable, compared to only one when the deflection
is neglected. This indicates that one of the modes, probably the 3. flapwise mode
becomes unstable due to the steady state deflection of the blade. This may be due
to the deflection causing a coupling with torsional motion. The other mode which
becomes unstable is similar to the mode in the analysis without deflection. Both
the frequency and damping of these modes are similar. There are however some
differences: The mode which becomes unstable when analysing without deflection
is the 1. torsional mode whereas the mode which becomes unstable when including
deflection is the 3. edgewise mode. This indicates that the steady state deflection
of the blades may be a reason for the 3. edgewise mode to become unstable. This
effect is uncertain and not understood, as there is little steady deflection of the
blade at low relative wind speed. But there may be some geometrical coupling of
the edgewise mode with torsion as the blade deflecte downwind. In the analysis
where the steady state deflection is neglected, the critical flutter speed is found to
be lower than when the deflection is present, which indicates that the critical flut-
ter speed increase somewhat with increasing incoming wind speed. This analysis
correspond to the use of the aeroelastic stability tool HAWCStab, which is a more
validated tool than HAWCStab2.

Turbine in normal power producing operation

An aeroelastic stability analysis was performed for a wind turbine in normal power
producing condition. The results from this analysis can be found in figure 6.6. The
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(a) Power

(b) Frequency (c) Damping

Figure 6.6: Stability analysis of turbine in normal operation with baseline blades

results are plotted against the wind speed and not against the relative wind speed,
as the relative wind speed is quite constant after the blades start to pitch. The
pitch of the blades is controlled by the control system to achieve the desired power
output at a given wind speed. The control system is further described in chapter
4.3. The wind turbine did not become unstable, in the normal operating condition.
This result indicates that the wind turbine is able to produce power without having
the risk of flutter instabilities.

6.1.3 Simulations in the time domain

Run-away of turbine

To study the response of the wind turbine, simulations in the time-domain were
performed. First a turbine run-away was simulated. This is a situation where
the power grid falls out and the generator looses its counter torque. There is thus
nothing to withstand the acceleration of the rotor, until the rotational speed in high
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(a) Rotational speed (b) Relative wind speed at blade tip

(c) Flapwise (d) Torsion

Figure 6.7: The dynamics of the rotor when the load has fallen away, baseline
blades

enough for the aerodynamic drag forces to balance the lift forces. The results from
the simulations of the run-away situation is found in figure 6.7. The simulation is
performed with an uniform incoming wind with a wind speed of 10 m/s.

Before the instability occurs, the turbine behaves as expected in a run-away sce-
nario. The wind speed is constant and the rotational speed is increasing as there is
nothing to withhold it. The flapwise motions first increase slightly then it decreases
due to the decreasing angle of attack and the increasing centrifugal forces. The
blades thus do not hit the tower, before the instability occurs. It is plausible that
the blades are not destroyed by the centrifugal forces before the instability occurs.

The instability of the blade happens at a relative wind speed slightly above 180
m/s. The blade then uses 20 seconds to reach significant amplitude of the blade
vibrations. When the amplitude of the torsional vibrations becomes too high, the
blades reach the stall area, and the amplitude of the vibrations do not increase
any more. The vibrations in the torsional and flapwise direction are dominant, but
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edgewise vibrations are also present.

It is plausible that the instability in the run-away situation is the flutter instability
which was found in the aeroelastic stability analysis. In the stability analysis, the
flutter mode has slightly positive damping at a relative wind speed of 190 m/s and
negative damping at a rotational speed of 200 m/s. This indicates that the wind
turbine becomes unstable at a relative wind speed between 190 and 200 m/s. In the
simulation of the run-away the instability occurs at a relative wind speed slightly
above 180 m/s. This corresponds to a 5 to 10 % lower relative wind speed. In
the stability analysis, the wind speed is also increased when the rotational speed
increases, causing a downwind deflection of the blade. There is no big deflection
present in the run-away simulation as the wind speed is constant 10 m/s. In the
aeroelastic stability analysis where the steady state downwind deflection is not
included, the critical flutter speed is lower. In that stability analysis the critical
flutter speed is 180 m/s and thus the same as in the run-away simulation. This is
expected as there is litle deflection of the blade in the run-away simulation. The
frequency of the vibrations is approximately 3.5 Hz in this simulation, but accord-
ing the stability simulation the frequency of the mode which becomes negatively
damped is 5.1 Hz. The difference may be due to the vibrations of other modes.

The wind turbine uses 80 seconds to reach the instability area. As an instability
is present, causing violent vibrations, it is plausible that the wind turbine will get
destroyed in a run-away situation if allowed to run to the instability. In reality
there would be time to pitch the blades before the blades get destroyed by flutter,
if this mechanism is still working. Should this blade be used on a wind turbine,
it would be desirable to have a pitch system which has redundancy and is able to
operate in a run-away situation.

Simmulations of run-away with realistic wind

Wind configuration Relative wind speed where instability occurs
Uniform wind 180
With wind shear 180
With turbulence 165
With tower shadow 160
With wind shear and tower shadow and turbulence 160

Table 6.1: Relative wind speed where instability occurs at different wind configu-
rations in a run-away simulation

The run-away simulations were performed with uniform wind speed. To study
if the blade became unstable at a lower relative wind speed in a more realistic
incoming wind, the same simulation was performed with realistic wind conditions.
Different effects were added one at the time. First a simulation was performed
with wind shear. Second a simulation was performed with turbulent wind with
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a turbulence intensity of 10 %. Then a simulation was performed with the tower
shadow effect. Finally a simulation was performed with all these effects together.
The relative wind speed where the different cases became unstable can be found
in table 6.1. The results show that the wind shear has little influence on when the
blade becomes unstable. When the tower shadow effect is added, there is an effect.
The wind turbine becomes unstable at a relative wind speed around 160 m/s, which
is lower than in the simulations without tower shadow. A plausible reason is that
the tower shadow results in a change of the angle of attack on the blade, which can
cause instabilities at a lower relative wind speed. When turbulence is added, there
is also an effect and the instability occurs at 165 m/s. When all the effects are
present, the instability happens at a relative wind speed of 160 m/s, which is the
same as when only the tower shadow effect is present. These simulations show that
the tower shadow effect and the turbulence are able to create instability at a lower
wind speed. The effect of the wind shear leads to too small changes on the wind
turbine blades. The wind turbine in this case is upwind, and has only a limited
tower shadow. A downwind rotor would have a higher effect of the tower shadow.
It is possible that this could lead to an even earlier trigger of the instability.

6.2 Soft blade

To study how the instabilities is dependent on the blade stiffness, a softer blade was
studied. The soft blade is a blade which typically would be used on a downwind
wind turbine, where there is no risk of the blade hitting the tower when the blades
deflect downwind.

6.2.1 Aeroelastic stability analysis

An aeroelastic stability analysis was performed with the soft blade, to study which
modes could cause instability of the blade. As the blade is softer the natural
frequencies are lower and the deflections of the blades are bigger.

6.2.2 Modes which cause instabillity

Isolated blade

The modes which have negative damping for the soft blade can be found in figure
6.8. In the results from the analysis with a isolated blade, there are 2 modes which
has negative damping. One of them becomes negative at a relative wind speed of
180 m/s, and the other at a relative wind speed of 190 m/s.

The first mode which becomes unstable is the 2. edgewise blade mode at a relative
wind speed of 180 m/s. When the mode achieves negative damping, the aeroelastic
frequency is 2.3 Hz. The motions of the blade when it becomes unstable are found
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(a) Frequency (b) Damping

Figure 6.8: Modes which cause instabillity in the isolated blade analysis with soft
blades

to be a combination of edgewise motion, torsion and flapwise motion. This is not
the typical flutter motion. The reason for this instability may be an unfavourable
coupling of modes. It is possible that the instability is not dependent on the relative
wind speed, but rather a result of the big deflection of the blade due to the incoming
wind speed.

The second mode to have negative damping is the 1. torsional mode at a relative
wind speed of 190 m/s. The mode seems to become negative damped only slightly
above 180 m/s. At low relative wind speeds the blade motions is purely torsional,
but as the wind speed increase the torsional motion couples with flapwise motion.
At high relative wind speed the modes couples to a flutter mode. The mode has
the typical highly negative damping of flutter above the critical wind speed.

When comparing the results with the isolated blade analysis for the baseline blade,
it is found that the mode which has flutter motion is the same as the mode, the 1.
torsional mode, which couples to the flutter mode in the analysis of the baseline
blade. At the soft blade the mode becomes unstable at a slightly lower relative
wind speed than when the baseline blade is simulated. The other mode which has
negative damping for the soft blade is not present in the stability analysis of the
baseline blade, and may be due to a coupling of modes due to the lower stiffness
of the blade.

Entire turbine

A stability analysis of the entire turbine was performed on the soft blade. The
modes which became negatively damped is showed in figure 6.9. One mode has
negative damping at a relative wind speed of 170 m/s and next mode at 180 m/s.
The two next modes become unstable at 200 m/s and 210 m/s.
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(a) Frequency (b) Damping

Figure 6.9: Modes which cause instabillity in the entire turbine analysis with soft
blades

The mode which becomes unstable at 170 m/s is either the 1. torsion backward
whirling mode or the 3. edgewise symmetric mode. It is difficult to know which of
them as their frequency at low wind speeds almost coincides, and the modes are
heavily coupled with each other from low wind speeds. The 1. torsion mode is the
same mode which became unstable in the simulation with isolated blade. The 3.
edgewise symmetric mode is the mode which became unstable in the entire turbine
analysis of the baseline blade. The mode has a frequency around 6 Hz at low
relative wind speeds, which decreases to 3.5 Hz at high relative wind speeds. At
low wind speeds the motions are a combination of edgewise and torsional motion,
but as the wind speed increase the motions become more torsional. At higher
relative wind speed the motion couples with flapwise motion and the typical flutter
motion is found. The flutter motion leads to a negative aeroelastic damping and
thus instability of the turbine. The mode has the large levels of negative damping
at high wind speeds, which is characteristic for flutter.

The mode which has negative damping at a relative wind speed of 180 m/s is
the 3. flapwise backward whirling mode. It has a decreasing frequency when
the relative wind speed increases, which is mainly due to the backward whirling.
When it becomes unstable it has a frequency of 2.2 Hz and is found to have the
typical flutter motion. After the mode has become negative damping, the damping
increases again. A possible reason for this may be that not all of the airfoils are
subject to flutter. This is the only mode which has this behaviour.

The 2 last modes to become instable are the 2. edgewise symmetric mode and
backward whirling mode. The 2. edgewise mode is the same mode which became
unstable in the isolated blade analysis. It is plausible that this instability is due to
an unfavourable coupling between the edgewise bending mode with blade torsion,
which causes a change in the effective direction of the blade vibrations.
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In the isolated blade analysis, the 2. edgewise mode becomes unstable at slightly
lower relative wind speed than the flutter mode. In the entire turbine analysis,
the flutter mode becomes unstable at a lower relative wind speed. The reason
for this is not known. It is uncertain if the flutter mode is the same in both the
isolated blade analysis and the entire turbine analysis. There are more modes which
becomes unstable in the entire turbine analysis than in the isolated blade analysis.
One reason for this is the multi-blade coordinate, which causes two 2. edgewise
modes in the entire turbine analysis to have negative damping. The 3. flapwise
mode was not negative damped in the isolated blade analysis. A plausible reason
for this is that it may be dependent on a coupling with the tower or shaft modes
to become unstable. The modes become unstable at a lower relative wind speed in
the analysis of the entire turbine than in the analysis of the isolated blade. This
corresponds well to the results from the analysis with the baseline blade.

Compared to the results from the baseline blade there are more modes which
becomes unstable for the soft blade. The first mode becomes unstable at a lower
relative wind speed for the soft blade than for the baseline blade. Both the 1.
torsional mode, and the 3. flapwise mode which were the first to become unstable
in the analysis with soft blade is found in the analysis of the baseline blade. The
instability of the 2. edgewise mode at higher relative wind speed is not found for
the baseline blade. This instability may be due to the higher deflections of the soft
blade.

The blade becomes unstable at aproximately 1.8 times the operational speed of the
wind turbine.

Stability in normal power producing operation

To check if the wind turbine is stable in normal power producing operation, a
stability analysis was performed using a control system. The control system used
is the same used for the baseline blade, which is described in chapter 5.1 and in
chapter 4.3. The results from this analysis are found in figure 6.6. In the stability
analysis the turbine was found to be aeroelastic stable for all the operational points
during normal operation.

6.2.3 Simulations in the time domain

A simulation of a turbine run-away is shown in figure 6.11. In this time-domain
simulation the wind speed is uniform and constant 10 m/s. The simulation shows
that the wind turbine becomes unstable at a relative wind speed of 155 m/s. The
instability causes considerable flapwise and torsional vibrations, and is assumed
to be flutter instability. As the vibrations increases, the stall area is reached and
the amplitude of the vibrations does not increase more. In the aeroelastic stability
analysis the instability occur at a relative wind speed slightly below 170 m/s in
the entire turbine analysis. The 5% difference in critical flutter speed may be due
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(a) Power

(b) Frequency (c) Damping

Figure 6.10: Stability analysis of turbine in normal operation with soft blades. The
peak in (c) is due to numerical issues in the simulation

to the lower incoming wind speed in the run-away simulation. Another element
which may cause the difference in the critical flutter speed is that there are more
non-linearities present in the simulation in the time domain.

The instability occurs 30 seconds into the simulation. The vibrations of the blade
increases rapidly and within 5 second the torsion of the blade is ±20 degrees. This
is a faster increase of the amplitudes, than in the case with the baseline blades.
A reason for this may be the lower stiffness of the blades. The frequency of the
vibrations are found to be approximatly 3 Hz. This is close to the frequency of
3.5 Hz of the flutter mode when it became unstable in the stability analysis. The
difference may be due to the effect of the other modes present. The instability of
the turbine occurs before the turbine reaches a constant run-away speed. When
the results from before the instability are studied, it can be found that the blade
never deflects such that it hits the tower. If the control system of the pitching of
the blades is operating, it is possible to pitch the blades before the wind turbine
reaches instability.
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(a) Rotational speed (b) Relative wind speed at blade tip

(c) Flapwise (d) Torsion

Figure 6.11: The dynamics of the rotor when the load has fallen away, soft blades

The results from the simulations on the baseline blade with realistic incoming wind
indicate that the instability occurs at lower wind speeds when the effect of wind
shear, tower shadow and turbulence is added to the simulation. It is plausible that
this would also be the case for the soft blade. The instability would thus occur at
lower relative wind speed in realistic wind conditions.

6.3 Stiff blade

A stiff blade was analysed, to study what effect an increased torsional stiffness has
on the aeroelastic stability of the blade.
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(a) Frequency (b) Damping

Figure 6.12: Modes which cause instabillity in the entire turbine analysis with stiff
blades

6.3.1 Aeroelastc stability analysis

An aeroelastic analysis of the isolated blade was performed. It showed that at a
relative wind speed of 220 m/s, no modes was yet unstable. At 240 m/s the 1.
torsional mode was found to have negative damping after coupling with flapwise
motion into the flutter mode.

The entire turbine was then analysed. Still no mode had negative damping at
relative wind speeds of 220 m/s or below. The first mode to have negative damping
is found at a relative wind speed of 240 m/s. This mode is shown in figure 6.12.
The mode which becomes unstable is the 3. edgewise symmetric mode, which is
the same mode to become unstable in the entire turbine analysis of the baseline
blade, and not the 1. torsional mode as in the isolated blade analysis. The mode
couples with torsional motion and eventually with flapwise motion to create the
flutter motion. The frequency of the 3. edgewise symmetric mode is 1.5 Hz lower
than the frequency of the 1. torsional modes at, but they still couple. At high
wind speed it is found to have the typical flutter motion, and the steep decrease in
aeroelastic damping which is typical for flutter.

Normal power producing operation of the wind turbine was also studied in figure
6.13. The wind turbine does not become unstable in normal power producing
operation. The output from the control system of the baseline blade was used in
this analysis.

6.3.2 Simulations in the time domain

Run-away simulation of the stiff blade was performed to study how the blade
would react to loosing the power grid. The results can be found in figure 6.14.
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(a) Power

(b) Frequency (c) Damping

Figure 6.13: Stability analysis of turbine in normal operation with stiff blades

The results show that the wind turbine is able to reach run-away speed without
becoming unstable. The rotational speed increases to a constant speed of 26 rpm
which corresponds to a rotational speed of 195 m/s. The flapwise motions increases
slightly before it decreases as the rotational speed increases due to centrifugal forces
and decreased angle of attack. The blade does thus not hit the tower. The torsion
decreases slightly as the rotational speed increases.
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(a) Rotational speed (b) Relative wind speed

(c) Flapwise (d) Torsion

Figure 6.14: The dynamics of the rotor when the load has fallen away, stiff blades
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Chapter 7

Discussion

In this thesis the aeroelastic instabilities of a 10 MW wind turbine are studied.
Aeroelastic stability analyses were performed using three different blades: one
baseline blade, one softer blade and one stiffer blade. The goal of the analysis
was to evaluate if the turbine is prone to flutter instabilities.

The baseline blade was found to become initiate flutter instabillites at a relative
wind speed slightly below 200 m/s, which is approximately twice the operational
speed of the blade. Two analysis approaches were used, isolated blade analysis
and entire turbine analysis. The critical flutter limit was found to be slightly
higher in the isolated blade analysis. In the isolated blade analysis the 1. torsional
mode became unstable and in the entire turbine analysis the 3. edgewise mode
became unstable. The reason for this difference is uncertain, but it was found that
the 3. edgewise symmetric mode coupled intensely with the 1. torsional mode.
Only at low wind speeds was the mode found to include edgewise motion. An
aeroelastic stability analysis of the entire turbine without the effect of the steady
state downwind deflection of the blades was also performed. This analysis indicated
that the deflection of the blades might be an element in causing the 3. edgewise
mode to become unstable. It also indicated that the critical flutter speed may
increase with increasing downwind deflection. It was concluded that the wind
turbine did not become unstable in normal power producing operation.

Simulations of the wind turbine in the time domain were also performed to study
the response of the turbine and to validate the stability analysis. A run-away
situation was simulated, where the wind turbine accelerates until a constant rota-
tional speed is reached where the drag forces balances the lift forces. The wind
turbine became unstable before the constant run-away speed was reached, when
the relative wind speed was 180 m/s. This indicates a critical wind speed which is
around 8% lower than in the stability analysis. A plausible reason for this is that
the downwind deflection of the blades is lower in the run-away simulation than
in the stability analysis, due to lower wind speed. Stability analysis with higher
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incoming wind speed may thus not be conservative, particularly the isolated blade
analysis. In a run-away situation it is possible to avoid the instability by pitching
the blades, if this mechanism still works. In this simulation it would be time to
pitch the blades before the instability occur. The turbine run-away was also simu-
lated with more realistic wind conditions. It was found that the turbulence and the
tower shadow effect on the wind field may cause the turbine to become unstable
at a lower relative wind speed, due to changes in the angle of attack.

The turbine was then analysed with soft blades. The blades are typical blades for
a downwind wind turbine. The turbine was found to become unstable with flutter
at a relative wind speed of 170 m/s, in the entire turbine analysis. This is a lower
relative wind speed than in the analysis of the baseline blade, as the lower stiffness
enables an easier coupling of the modes into the flutter mode. In this analysis
it is difficult to conclude if it is the 3. edgewise mode or the 1. torsional mode
which became negative damped. Time domain simulations were performed, and the
results corresponded well with the results from the stability analysis. The difference
of critical wind speed between the stability analysis and the time simulations are
around 5 %, due to the same considerations as for the baseline blade. The soft
blade is a typical downwind blade. In a downwind position, the effect of the tower
shadow is increased. This may lead to flutter instability at a lower relative wind
speed.

A turbine with stiff blades was also studied. The blade had the same stiffness in
edgewise and flapwise direction as the baseline blade, but was stiffer in torsional
direction. The turbine with this blade became unstable with flutter at a relative
wind speed of 240 m/s, which is more than twice the operational speed of the
turbine. It was the 3. edgewise mode which becomes unstable in the entire turbine
simulation, as in the baseline simulation. The stiff blade does not become unstable
in normal power producing operation and is able to reach the run-away speed
without any flutter instability in a run-away situation.

The same mode was found to first become unstable for all three blades. The turbine
became unstable at different relative wind speeds, due to the different stiffness of
the blades. The soft blade became unstable at the lowest wind speed and the
stiff blade at the highest wind speed. In this thesis none of the blades experience
aeroelastic instabilities in normal power producing operation. But the baseline and
soft blade was found to become unstable in a run-away situation of the turbine. If
it is a requirement that the turbine should be able to survive a run-away situation
it is important to have a high enough torsional stiffness to avoid flutter, and the
baseline and soft blade should thus not be used.

As no other stability analyses has been performed on this wind turbine or wind
turbines with similar size, there are no articles which can be used to verify the
critical flutter speed. But for the NREL 5 MW reference turbine, several aeroelastic
stability studies has been performed. In a study by Hansen [2] the NREL turbine
is found to be unstable at rotational speeds exceeding 25 rpm in an entire turbine
simulation where the steady state deflection of the blade is neglected. 25 rpm
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corresponds to a relative wind speed of 165 m/s, as the radius of the blade is 63
m. This is approximately twice the operational speed of the turbine. When the
steady state deflection is neglected, the baseline in this thesis was found to become
unstable at 1.8 times the operational speed at a relative wind speed of 180 m/s.
There was not found any studies that indicated that the NREL turbine is prone to
flutter in a run-away simulation. In the aeroelastic analysis of the NREL turbine,
the 3. flapwise mode becomes negative damped. This mode is found to become
unstable in the analysis of the baseline blade and the soft blade in this thesis,
but not as the first mode to become unstable. It is not found indication of flutter
instability for the 3. edgewise modes in any articles. Kallesøe found that the flutter
speed did not change much with the steady state deflection of the blades for the
NREL 5 MW wind turbine. In this study it was found that the critical flutter speed
varied somewhat with steady state the deflection of the blade. The difference may
be due to different blades being studied with different tools.

In this thesis a new aeroelastic simulation tool, HAWCStab2, is used. Version 97
of the program is used in this thesis. There exists little validation of this tool, as it
is new. The time domain simulations and the input to HAWCStab2 were validated
against other codes and the results corresponded well. No experimental data for
modern commercial turbines are able for validation of predicted flutter limits.
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Chapter 8

Conclusion and Further
Work

8.1 Conclusion

In this thesis a 10 MW wind turbine was studied to investigate if it was prone
to flutter. Three different analyses were performed with turbines with different
blades: baseline blades, blades which were softer, and blades which were stiffer in
torsional direction.

The input to the aeroelastic stability tool was validated in the time domain by.
The input to HAWCStab2 corresponds mainly to the input to the aeroelastic time
domain tool HAWC2. Simulations in HAWC2 was performed and compared with
other aeroelastic codes. The results from the different codes corresponded well. As
no data for experiments on full-scale wind turbines are available, the critical flutter
limits calculated are not validated.

In the aeroelastic stability analysis it was also confirmed that the isolated blade
simulations may not be conservative whereas simulations with quasi-steady aero-
dynamics are very conservative.

It was concluded that the wind turbine and the blades studied in this thesis are
not prone to flutter instabilities in normal power producing operation. The critical
flutter limit is found to be around twice the operational speed for the baseline
blade, which corresponds to a relative wind speed of 200 m/s. For the soft blade
the critical flutter limit was found at 80 % above the operational speed and for
the stiff blade at 1.4 times of the operational speed. These results assumed high
incoming wind speed. In a run-away scenario, a turbine with the baseline blades
or the soft blades is prone to flutter instabilities, but not a turbine with the stiff
blades.
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8.2 Further Work

Some objects which should be furthered studied are:

• Simulations should be performed with an updated version of HAWStab2,
when the debugging phase is finished.

• In the results from the aeroelastic stability analysis, the 3. edgewise sym-
metric mode is found to become the flutter mode. Why this mode becomes
the flutter mode should be further studied. It is also a question why it is
different modes which experienced flutter in the isolated blade analysis and
the analysis of the entire turbine.

• As the program which is used, HAWCStab2, is new, the program needs to
be validated against other aeroelastic stability tools. If possible, the critical
flutter limits should be validated against experimental results.
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Appendix A

Analysis of turbine with
working generator

(a) Frequency (b) Damping

Figure A.1: Modes which cause instability in the entire turbine analysis with fixed
bearing

In the input to the aeroelastic stability analyses in this thesis, the bearing between
the shaft and the tower was set to be free. If this bearing is set to fixed, the 1.
edgewise mode corresponds to the 1. fixed-free drive train torsion. When the wind
turbine is working in reallity this mode is present when the generator functions
properly. An aeroelastic stability analysis of this situation is were performed and
the modes which became unstable is found in figure A.1. The first egdewise sym-
metric mode is found at a low frequency and is found to become negative damped
at a relative wind speed of 170 m/s. The negative damping is probably due to
unfavourable coupling with the torsional bending modes and the tower modes, due
to the large deflection of the blade.
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Figure A.2: Wind speed

Simulations were run in the time domain where the generator was assumed to be
working properly. Different simulations were run with constant rotational speed
and increasing wind speed. Some of these are found in figure A.3. The wind turbine
was found to be unstable at all simulated wind speeds when the rotation caused
a relative wind speed of 185 m/s. The vibrations were mainly torsional, and it is
assumed that the critical flutter limit is reached at this relative wind speed. This
result confirms the result from the run-away simulation that the critical flutter
speed is slightly above 180 m/s.

At low rotational speeds and high wind speeds an instability was found which
caused flapwise-edgewise vibrations. The growth of the amplitudes was slow com-
pared to the flutter vibration and the frequency of the vibrations was lower. As the
rotational speed is set to be constant in the simulations the results are comparable
to stability results with a fixed bearing between the tower and the shaft. When
a fixed bearing is present, the 1. edgewise symmetric mode becomes unstable at
a relative wind speed of 170 m/s. It is possible that this instability is due to the
downwind deflection of the blades due to the high incoming wind speed.
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(a) Torsional rotation at 10 rpm (b) Flapwise motion at 10 rpm

(c) Torsional rotation at 24 rpm (d) Flapwise motion at 24 rpm

(e) Torsional rotation at 25 rpm (f) Flapwise motion at 25 rpm

Figure A.3: The wind turbine with increasing wind speed at different rotational
speeds
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Appendix B

HAWCStab2 version 98

A new version of HAWCStab 2 is beeing released 09.06.2011, after some bugs
were found in version 97, which is the version used in this thesis. A note from
the designer of the tool HAWCStab2, Morten Hartvig Hansen, describing the bug
correction is found in section B.1

The modes which becomes unstable in the result for an entire turbine analysis of
the baseline blade in the new version is found in figure B.1. In figure B.2, the result
from version 97 is showed, to compare against.

The same modes are found to become unstable in both version of the tool. It is
still the 3. edgewise mode which becomes first unstable at a relative wind speed
of 200 m/s in the new version. But in the new version the other mode to become
unstable, the 3. flapwise mode becomes unstable at a lower relative wind speed
than in version 97. It also has negative aeroelastic damping at a relative wind
speed of 200 m/s, and it is possible that it becomes unstable slightly before the 3.
edgewise mode.

So in general there are small differences between the versions. The wind turbine
becomes unstable at the same relative wind speeds, and the same modes are present.
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(a) Frequency (b) Damping

Figure B.1: Modes which cause instability in the entire turbine analysis with the
baseline blades version 98

(a) Frequency (b) Damping

Figure B.2: Modes which cause instability in the entire turbine analysis with the
baseline blades version 97

B.1 Note from Morten Hartvig Hansen
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Bug corrections from HAWCStab2 revision 97 to 98: 

Two main bugs have been corrected (more details given below): 

1. Bug in the setup of the modal expansion matrix used for expanding the structural DOFs to condition 
the eigenvalue problem has been corrected. It has meant that mode shapes involving cyclic rotor 
DOFs were distorted if the user pressed the “Apply” button in the sorting dialog box. It may have 
had a minor impact on the eigensolutions themselves due to worse conditioning of the problem. 

2. Aerodynamic stiffness terms have been added in the linearization of the aerodynamic forces. These 
terms were neglected in the previous reversions due to the assumption that they were small and 
some implementation problems for the coupling terms between rotor support DOFs (tower and 
shaft/nacelle) and rotor DOFs. These terms will have the largest effect on the aeroelastic behaviour 
of modes involving blade motions when the blades are largely deflected. 

Ad. 1: The modal expansion matrix used for conditioning the eigenvalue problem in HAWCStab2 is setup by 
the undamped standstill modes of each body of the tower, nacelle/shaft, and blades that are be separated 
by bearings. This approach is different from the modal matrix used in the old HAWCStab where the 
undamped standstill modes of the entire turbine were used which cannot to handle the bearings. The bug 
in revision 97 was a “copy and paste” error during the coding process, where the undamped standstill 
modes of the cyclic/asymmetric rotor DOFs (cosine and sine components of the multi‐blade coordinates) 
are inserted into the modal expansion matrix in the reversed order. The underlined code in the following 
code section is the bug and has been deleted: 

do j=1,n ! eigenvalues and eigenvectors in decreasing order from dgvcsp 
  do i=1,n 
    phi_mat(  i+n1-1-noffset, j+n1-1-noffset)=evecs(i,j) 
    if ((isubs.eq.3).and.(.not.blade_only)) then 
      phi_mat(i+n1-1-noffset+  ndofs_rotor, j+n1-1-noffset+ndofs_rotor)=evecs(i,n+1-j) 
      phi_mat(i+n1-1-noffset+2*ndofs_rotor, j+n1-1-noffset+2*ndofs_rotor)=evecs(i,n+1-j) 
    endif 
  enddo 
enddo 

Ad. 2: The previously neglected contributions to the aerodynamic stiffness matrix are the linear generalized 
forces on the DOFs due to their movement of the steady state force. They are included in the description of 
the blade only model in Eq. (33) of [1], but were removed in the previously released versions (< rev. 98), 
because they were considered small and due to problems in the derivations of the coupling terms between  
rotor support DOFs (tower and shaft/nacelle) and rotor DOFs, and therefore not for the blade only analysis. 
These problems have been resolved in revision 98. The largest effect of the new terms will be on blades 
with large deflections, mostly on the coupling between edgewise blade bending and its torsion. 

[1] Hansen, M. H., “Aeroelastic properties of backward swept blades”, In the Proceedings of 49th AIAA 
Aerospace Sciences Meeting Including The New Horizons Forum and Aerospace Exposition, Orlando, 4‐7 
January, 2011. 

 

Morten Hartvig Hansen 
Risø‐DTU, Roskilde, June 9, 2011 
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Appendix C

Input to HAWCStab2

C.1 Blade definition file
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4  Nset  

‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐

#1 Blade data

r                 m x_cg y_cg ri_x ri_y x_sh y_sh E   G

$1 39                                                                                                                                                      

0 9.45E+02 ‐9.52E‐06 ‐2.03E‐06 1.2301 1.2251 ‐9.52E‐06 ‐2.03E‐06 1.02E+10 2.13E+09

1.38E+00 9.50E+02 3.84E‐03 6.80E‐05 1.2296 1.243 3.84E‐03 6.80E‐05 8.68E+09 1.82E+09

2.84E+00 8.50E+02 1.64E‐02 3.13E‐04 1.2235 1.2947 1.64E‐02 3.13E‐04 9.65E+09 2.03E+09

4.29E+00 7.21E+02 3.99E‐02 3.20E‐03 1.1795 1.2894 8.78E‐02 1.25E‐03 8.84E+09 1.99E+09

5.75E+00 6.20E+02 9.02E‐02 5.25E‐03 1.1425 1.3307 1.77E‐01 1.97E‐03 9.30E+09 1.74E+09

7.21E+00 5.77E+02 1.52E‐01 7.25E‐03 1.0942 1.3637 2.73E‐01 2.57E‐03 9.81E+09 1.58E+09

8.67E+00 5.50E+02 2.08E‐01 9.17E‐03 1.0329 1.4033 3.64E‐01 3.02E‐03 1.03E+10 1.47E+09

1.01E+01 5.29E+02 2.55E‐01 1.10E‐02 0.9684 1.4374 4.32E‐01 3.63E‐03 1.06E+10 1.39E+09

1.16E+01 5.14E+02 3.06E‐01 1.27E‐02 0.9078 1.4667 5.26E‐01 3.59E‐03 1.13E+10 1.34E+09

1.31E+01 4.97E+02 3.49E‐01 1.45E‐02 0.8504 1.4985 6.18E‐01 3.43E‐03 1.20E+10 1.30E+09

1.45E+01 4.92E+02 3.70E‐01 1.62E‐02 0.7796 1.4806 6.38E‐01 4.19E‐03 1.32E+10 1.38E+09

1.60E+01 4.74E+02 3.71E‐01 1.19E‐02 0.7167 1.4721 6.65E‐01 ‐1.90E‐03 1.38E+10 1.40E+09

1.74E+01 4.53E+02 3.84E‐01 5.18E‐03 0.6648 1.4552 7.18E‐01 ‐1.17E‐02 1.55E+10 1.45E+09

1.89E+01 4.48E+02 4.00E‐01 ‐7.71E‐03 0.6154 1.4308 7.60E‐01 ‐2.87E‐02 1.70E+10 1.52E+09

2.03E+01 4.32E+02 4.13E‐01 ‐2.02E‐02 0.5708 1.3959 7.83E‐01 ‐4.54E‐02 1.92E+10 1.63E+09

2.28E+01 4.20E+02 4.03E‐01 2.05E‐03 0.5081 1.3691 7.86E‐01 ‐1.96E‐02 1.94E+10 1.68E+09

2.52E+01 4.06E+02 3.81E‐01 3.15E‐02 0.4575 1.3321 7.55E‐01 1.54E‐02 1.96E+10 1.73E+09

2.76E+01 4.03E+02 3.78E‐01 5.64E‐02 0.4158 1.2789 7.36E‐01 4.43E‐02 2.07E+10 1.85E+09

3.01E+01 3.90E+02 3.61E‐01 7.47E‐02 0.3788 1.2307 7.06E‐01 6.58E‐02 2.11E+10 1.93E+09

3.25E+01 3.82E+02 3.72E‐01 8.62E‐02 0.349 1.1753 7.11E‐01 7.92E‐02 2.23E+10 2.02E+09

3.49E+01 3.58E+02 3.53E‐01 8.93E‐02 0.3215 1.1252 6.78E‐01 8.43E‐02 2.25E+10 2.07E+09

3.74E+01 3.31E+02 3.28E‐01 8.99E‐02 0.2975 1.0792 6.41E‐01 8.65E‐02 2.23E+10 2.08E+09

3.98E+01 3.02E+02 3.01E‐01 8.89E‐02 0.2766 1.036 6.02E‐01 8.67E‐02 2.19E+10 2.07E+09

4.22E+01 2.73E+02 2.81E‐01 8.70E‐02 0.2592 0.992 5.70E‐01 8.56E‐02 2.17E+10 2.06E+09

4.47E+01 2.35E+02 2.49E‐01 8.44E‐02 0.2432 0.9593 5.32E‐01 8.35E‐02 2.05E+10 1.95E+09

4.71E+01 2.03E+02 2.21E‐01 8.22E‐02 0.2298 0.9119 4.84E‐01 8.20E‐02 2.00E+10 1.88E+09

4.95E+01 1.72E+02 2.03E‐01 7.92E‐02 0.2178 0.8764 4.62E‐01 7.91E‐02 1.94E+10 1.79E+09

5.20E+01 1.48E+02 1.71E‐01 7.55E‐02 0.2059 0.8513 4.22E‐01 7.56E‐02 1.76E+10 1.69E+09

5.44E+01 1.31E+02 1.35E‐01 7.15E‐02 0.1947 0.8289 3.71E‐01 7.18E‐02 1.55E+10 1.61E+09

5.64E+01 1.17E+02 1.00E‐01 6.82E‐02 0.1854 0.8113 3.17E‐01 6.85E‐02 1.33E+10 1.52E+09

5.85E+01 1.03E+02 6.86E‐02 6.40E‐02 0.1741 0.7784 2.55E‐01 6.41E‐02 1.13E+10 1.47E+09

6.05E+01 8.95E+01 3.88E‐02 5.95E‐02 0.1612 0.731 1.76E‐01 5.92E‐02 9.51E+09 1.43E+09

6.26E+01 7.92E+01 3.22E‐02 5.42E‐02 0.1477 0.6721 1.49E‐01 5.37E‐02 9.19E+09 1.46E+09

6.46E+01 6.36E+01 1.28E‐02 4.46E‐02 0.1312 0.5969 1.25E‐01 4.58E‐02 1.07E+10 1.50E+09

6.53E+01 5.88E+01 1.40E‐02 4.17E‐02 0.123 0.5586 1.17E‐01 4.29E‐02 1.12E+10 1.57E+09

6.60E+01 5.30E+01 1.52E‐02 3.82E‐02 0.1129 0.5115 1.08E‐01 3.93E‐02 1.18E+10 1.65E+09

6.67E+01 4.56E+01 1.62E‐02 3.37E‐02 0.0996 0.45 9.55E‐02 3.46E‐02 1.27E+10 1.78E+09

6.73E+01 3.57E+01 1.66E‐02 2.72E‐02 0.0806 0.3628 7.76E‐02 2.79E‐02 1.42E+10 2.01E+09

6.80E+01 2.53E+01 1.52E‐02 2.00E‐02 0.0596 0.2669 5.77E‐02 2.06E‐02 1.65E+10 2.34E+09



‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐

I_x I_y I_p k_x k_y A pitch x_e y_e

1.68E+00 1.66E+00 3.38E+00 0.5 0.5 1.11E+00 ‐4.22E+01 ‐9.52E‐06 ‐2.03E‐06

1.90E+00 1.94E+00 3.89E+00 0.5 0.5 1.26E+00 3.77E+01 3.84E‐03 6.80E‐05

1.55E+00 1.74E+00 3.31E+00 0.5 0.5 1.04E+00 1.83E+01 1.64E‐02 3.13E‐04

1.64E+00 1.63E+00 2.48E+00 0.5 0.5 1.05E+00 ‐4.33E+01 8.78E‐02 1.25E‐03

1.38E+00 1.37E+00 2.30E+00 0.5 0.5 8.93E‐01 ‐4.24E+01 1.77E‐01 1.97E‐03

1.20E+00 1.23E+00 2.16E+00 0.5 0.5 8.20E‐01 3.55E+01 2.73E‐01 2.57E‐03

1.03E+00 1.15E+00 1.99E+00 0.5 0.5 7.68E‐01 1.38E+01 3.64E‐01 3.02E‐03

8.74E‐01 1.09E+00 1.77E+00 0.5 0.5 7.25E‐01 7.45E+00 4.32E‐01 3.63E‐03

7.39E‐01 1.01E+00 1.55E+00 0.5 0.5 6.81E‐01 5.45E+00 5.26E‐01 3.59E‐03

6.20E‐01 9.38E‐01 1.32E+00 0.5 0.5 6.35E‐01 4.31E+00 6.18E‐01 3.43E‐03

4.99E‐01 8.38E‐01 1.04E+00 0.5 0.5 5.99E‐01 3.65E+00 6.38E‐01 4.19E‐03

3.99E‐01 7.55E‐01 8.37E‐01 0.5 0.5 5.62E‐01 3.36E+00 6.65E‐01 ‐1.90E‐03

3.13E‐01 6.31E‐01 6.86E‐01 0.5 0.5 5.11E‐01 3.37E+00 7.18E‐01 ‐1.17E‐02

2.54E‐01 5.46E‐01 5.59E‐01 0.5 0.5 4.82E‐01 3.61E+00 7.60E‐01 ‐2.87E‐02

2.00E‐01 4.44E‐01 4.44E‐01 0.5 0.5 4.41E‐01 3.94E+00 7.83E‐01 ‐4.54E‐02

1.52E‐01 4.11E‐01 3.41E‐01 0.5 0.5 4.28E‐01 3.24E+00 7.86E‐01 ‐1.96E‐02

1.18E‐01 3.82E‐01 2.70E‐01 0.5 0.5 4.16E‐01 2.60E+00 7.55E‐01 1.54E‐02

9.40E‐02 3.41E‐01 2.16E‐01 0.5 0.5 4.06E‐01 2.05E+00 7.36E‐01 4.43E‐02

7.44E‐02 3.07E‐01 1.73E‐01 0.5 0.5 3.91E‐01 1.60E+00 7.06E‐01 6.58E‐02

5.98E‐02 2.62E‐01 1.38E‐01 0.5 0.5 3.76E‐01 1.29E+00 7.11E‐01 7.92E‐02

4.71E‐02 2.26E‐01 1.10E‐01 0.5 0.5 3.52E‐01 1.05E+00 6.78E‐01 8.43E‐02

3.71E‐02 1.95E‐01 8.80E‐02 0.5 0.5 3.26E‐01 8.69E‐01 6.41E‐01 8.65E‐02

2.93E‐02 1.68E‐01 7.06E‐02 0.5 0.5 3.00E‐01 7.25E‐01 6.02E‐01 8.67E‐02

2.31E‐02 1.40E‐01 5.65E‐02 0.5 0.5 2.70E‐01 6.31E‐01 5.70E‐01 8.56E‐02

1.79E‐02 1.16E‐01 4.50E‐02 0.5 0.5 2.37E‐01 5.41E‐01 5.32E‐01 8.35E‐02

1.38E‐02 8.98E‐02 3.52E‐02 0.5 0.5 2.03E‐01 4.25E‐01 4.84E‐01 8.20E‐02

1.07E‐02 7.00E‐02 2.78E‐02 0.5 0.5 1.73E‐01 3.99E‐01 4.62E‐01 7.91E‐02

8.50E‐03 6.15E‐02 2.26E‐02 0.5 0.5 1.54E‐01 3.46E‐01 4.22E‐01 7.56E‐02

6.97E‐03 5.83E‐02 1.88E‐02 0.5 0.5 1.42E‐01 2.92E‐01 3.71E‐01 7.18E‐02

5.90E‐03 5.79E‐02 1.61E‐02 0.5 0.5 1.34E‐01 2.55E‐01 3.17E‐01 6.85E‐02

4.74E‐03 5.50E‐02 1.31E‐02 0.5 0.5 1.24E‐01 2.36E‐01 2.55E‐01 6.41E‐02

3.63E‐03 4.98E‐02 1.00E‐02 0.5 0.5 1.14E‐01 2.15E‐01 1.76E‐01 5.92E‐02

2.66E‐03 3.91E‐02 7.32E‐03 0.5 0.5 1.02E‐01 2.20E‐01 1.49E‐01 5.37E‐02

1.51E‐03 2.22E‐02 4.50E‐03 0.5 0.5 7.44E‐02 2.27E‐01 1.25E‐01 4.58E‐02

1.19E‐03 1.75E‐02 3.54E‐03 0.5 0.5 6.68E‐02 2.28E‐01 1.17E‐01 4.29E‐02

8.68E‐04 1.27E‐02 2.57E‐03 0.5 0.5 5.79E‐02 2.29E‐01 1.08E‐01 3.93E‐02

5.50E‐04 8.04E‐03 1.62E‐03 0.5 0.5 4.73E‐02 2.29E‐01 9.55E‐02 3.46E‐02

2.57E‐04 3.76E‐03 7.54E‐04 0.5 0.5 3.39E‐02 2.30E‐01 7.76E‐02 2.79E‐02

8.88E‐05 1.29E‐03 2.57E‐04 0.5 0.5 2.15E‐02 2.32E‐01 5.77E‐02 2.06E‐02
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#4 110 m tower 

r m x_cg y_cg ri_x ri_y x_sh y_sh E G

$1 50 110 m tower

0 4.54E+03 0 0 2.13E+00 2.13E+00 0 0 2.10E+11 8.08E+10

2.2446 4.48E+03 0 0 2.11E+00 2.11E+00 0 0 2.10E+11 8.08E+10

4.4893 4.41E+03 0 0 2.10E+00 2.10E+00 0 0 2.10E+11 8.08E+10

6.7339 4.35E+03 0 0 2.08E+00 2.08E+00 0 0 2.10E+11 8.08E+10

8.9786 4.29E+03 0 0 2.06E+00 2.06E+00 0 0 2.10E+11 8.08E+10

11.2232 4.22E+03 0 0 2.04E+00 2.04E+00 0 0 2.10E+11 8.08E+10

13.4679 4.16E+03 0 0 2.03E+00 2.03E+00 0 0 2.10E+11 8.08E+10

15.7125 4.10E+03 0 0 2.01E+00 2.01E+00 0 0 2.10E+11 8.08E+10

17.9572 4.04E+03 0 0 1.99E+00 1.99E+00 0 0 2.10E+11 8.08E+10

20.2018 3.98E+03 0 0 1.97E+00 1.97E+00 0 0 2.10E+11 8.08E+10

22.4465 3.92E+03 0 0 1.96E+00 1.96E+00 0 0 2.10E+11 8.08E+10

24.6911 3.86E+03 0 0 1.94E+00 1.94E+00 0 0 2.10E+11 8.08E+10

26.9358 3.80E+03 0 0 1.92E+00 1.92E+00 0 0 2.10E+11 8.08E+10

29.1804 3.74E+03 0 0 1.90E+00 1.90E+00 0 0 2.10E+11 8.08E+10

31.4251 3.68E+03 0 0 1.89E+00 1.89E+00 0 0 2.10E+11 8.08E+10

33.6697 3.62E+03 0 0 1.87E+00 1.87E+00 0 0 2.10E+11 8.08E+10

35.9144 3.56E+03 0 0 1.85E+00 1.85E+00 0 0 2.10E+11 8.08E+10

38.159 3.51E+03 0 0 1.83E+00 1.83E+00 0 0 2.10E+11 8.08E+10

40.4037 3.45E+03 0 0 1.82E+00 1.82E+00 0 0 2.10E+11 8.08E+10

42.6483 3.39E+03 0 0 1.80E+00 1.80E+00 0 0 2.10E+11 8.08E+10

44.893 3.34E+03 0 0 1.78E+00 1.78E+00 0 0 2.10E+11 8.08E+10

47.1376 3.28E+03 0 0 1.76E+00 1.76E+00 0 0 2.10E+11 8.08E+10

49.3822 3.22E+03 0 0 1.75E+00 1.75E+00 0 0 2.10E+11 8.08E+10

51.6269 3.17E+03 0 0 1.73E+00 1.73E+00 0 0 2.10E+11 8.08E+10

53.8715 3.12E+03 0 0 1.71E+00 1.71E+00 0 0 2.10E+11 8.08E+10

56.1162 3.06E+03 0 0 1.70E+00 1.70E+00 0 0 2.10E+11 8.08E+10

58.3608 3.01E+03 0 0 1.68E+00 1.68E+00 0 0 2.10E+11 8.08E+10

60.6055 2.96E+03 0 0 1.66E+00 1.66E+00 0 0 2.10E+11 8.08E+10

62.8501 2.90E+03 0 0 1.64E+00 1.64E+00 0 0 2.10E+11 8.08E+10

65.0948 2.85E+03 0 0 1.63E+00 1.63E+00 0 0 2.10E+11 8.08E+10

67.3394 2.80E+03 0 0 1.61E+00 1.61E+00 0 0 2.10E+11 8.08E+10

69.5841 2.75E+03 0 0 1.59E+00 1.59E+00 0 0 2.10E+11 8.08E+10

71.8287 2.70E+03 0 0 1.57E+00 1.57E+00 0 0 2.10E+11 8.08E+10

74.0734 2.65E+03 0 0 1.56E+00 1.56E+00 0 0 2.10E+11 8.08E+10

76.318 2.60E+03 0 0 1.54E+00 1.54E+00 0 0 2.10E+11 8.08E+10

78.5627 2.55E+03 0 0 1.52E+00 1.52E+00 0 0 2.10E+11 8.08E+10

80.8073 2.50E+03 0 0 1.50E+00 1.50E+00 0 0 2.10E+11 8.08E+10

83.052 2.45E+03 0 0 1.49E+00 1.49E+00 0 0 2.10E+11 8.08E+10

85.2966 2.40E+03 0 0 1.47E+00 1.47E+00 0 0 2.10E+11 8.08E+10

87.5413 2.36E+03 0 0 1.45E+00 1.45E+00 0 0 2.10E+11 8.08E+10

89.7859 2.31E+03 0 0 1.43E+00 1.43E+00 0 0 2.10E+11 8.08E+10

92.0306 2.26E+03 0 0 1.42E+00 1.42E+00 0 0 2.10E+11 8.08E+10

94.2752 2.22E+03 0 0 1.40E+00 1.40E+00 0 0 2.10E+11 8.08E+10

96.5198 2.17E+03 0 0 1.38E+00 1.38E+00 0 0 2.10E+11 8.08E+10

98.7645 2.13E+03 0 0 1.36E+00 1.36E+00 0 0 2.10E+11 8.08E+10

101.0091 2.08E+03 0 0 1.35E+00 1.35E+00 0 0 2.10E+11 8.08E+10

103.2538 2.04E+03 0 0 1.33E+00 1.33E+00 0 0 2.10E+11 8.08E+10

105.4984 1.99E+03 0 0 1.31E+00 1.31E+00 0 0 2.10E+11 8.08E+10

107.7431 1.95E+03 0 0 1.29E+00 1.29E+00 0 0 2.10E+11 8.08E+10

109.9877 1.91E+03 0 0 1.28E+00 1.28E+00 0 0 2.10E+11 8.08E+10



I_x I_y I_p k_x k_y A pitch x_e y_e

2.58E+00 2.58E+00 5.16E+00 0.5 0.5 5.68E‐01 0 0 0

2.50E+00 2.50E+00 5.00E+00 0.5 0.5 5.60E‐01 0 0 0

2.42E+00 2.42E+00 4.85E+00 0.5 0.5 5.52E‐01 0 0 0

2.35E+00 2.35E+00 4.70E+00 0.5 0.5 5.44E‐01 0 0 0

2.28E+00 2.28E+00 4.55E+00 0.5 0.5 5.36E‐01 0 0 0

2.21E+00 2.21E+00 4.41E+00 0.5 0.5 5.28E‐01 0 0 0

2.14E+00 2.14E+00 4.27E+00 0.5 0.5 5.20E‐01 0 0 0

2.07E+00 2.07E+00 4.14E+00 0.5 0.5 5.12E‐01 0 0 0

2.00E+00 2.00E+00 4.00E+00 0.5 0.5 5.05E‐01 0 0 0

1.94E+00 1.94E+00 3.87E+00 0.5 0.5 4.97E‐01 0 0 0

1.87E+00 1.87E+00 3.75E+00 0.5 0.5 4.90E‐01 0 0 0

1.81E+00 1.81E+00 3.62E+00 0.5 0.5 4.82E‐01 0 0 0

1.75E+00 1.75E+00 3.50E+00 0.5 0.5 4.75E‐01 0 0 0

1.69E+00 1.69E+00 3.39E+00 0.5 0.5 4.67E‐01 0 0 0

1.64E+00 1.64E+00 3.27E+00 0.5 0.5 4.60E‐01 0 0 0

1.58E+00 1.58E+00 3.16E+00 0.5 0.5 4.53E‐01 0 0 0

1.53E+00 1.53E+00 3.05E+00 0.5 0.5 4.45E‐01 0 0 0

1.47E+00 1.47E+00 2.95E+00 0.5 0.5 4.38E‐01 0 0 0

1.42E+00 1.42E+00 2.85E+00 0.5 0.5 4.31E‐01 0 0 0

1.37E+00 1.37E+00 2.75E+00 0.5 0.5 4.24E‐01 0 0 0

1.32E+00 1.32E+00 2.65E+00 0.5 0.5 4.17E‐01 0 0 0

1.28E+00 1.28E+00 2.55E+00 0.5 0.5 4.10E‐01 0 0 0

1.23E+00 1.23E+00 2.46E+00 0.5 0.5 4.03E‐01 0 0 0

1.19E+00 1.19E+00 2.37E+00 0.5 0.5 3.96E‐01 0 0 0

1.14E+00 1.14E+00 2.28E+00 0.5 0.5 3.89E‐01 0 0 0

1.10E+00 1.10E+00 2.20E+00 0.5 0.5 3.83E‐01 0 0 0

1.06E+00 1.06E+00 2.12E+00 0.5 0.5 3.76E‐01 0 0 0

1.02E+00 1.02E+00 2.04E+00 0.5 0.5 3.69E‐01 0 0 0

9.80E‐01 9.80E‐01 1.96E+00 0.5 0.5 3.63E‐01 0 0 0

9.42E‐01 9.42E‐01 1.88E+00 0.5 0.5 3.56E‐01 0 0 0

9.05E‐01 9.05E‐01 1.81E+00 0.5 0.5 3.50E‐01 0 0 0

8.69E‐01 8.69E‐01 1.74E+00 0.5 0.5 3.44E‐01 0 0 0

8.35E‐01 8.35E‐01 1.67E+00 0.5 0.5 3.37E‐01 0 0 0

8.01E‐01 8.01E‐01 1.60E+00 0.5 0.5 3.31E‐01 0 0 0

7.69E‐01 7.69E‐01 1.54E+00 0.5 0.5 3.25E‐01 0 0 0

7.37E‐01 7.37E‐01 1.47E+00 0.5 0.5 3.19E‐01 0 0 0

7.06E‐01 7.06E‐01 1.41E+00 0.5 0.5 3.12E‐01 0 0 0

6.77E‐01 6.77E‐01 1.35E+00 0.5 0.5 3.06E‐01 0 0 0

6.48E‐01 6.48E‐01 1.30E+00 0.5 0.5 3.00E‐01 0 0 0

6.20E‐01 6.20E‐01 1.24E+00 0.5 0.5 2.95E‐01 0 0 0

5.94E‐01 5.94E‐01 1.19E+00 0.5 0.5 2.89E‐01 0 0 0

5.68E‐01 5.68E‐01 1.14E+00 0.5 0.5 2.83E‐01 0 0 0

5.42E‐01 5.42E‐01 1.08E+00 0.5 0.5 2.77E‐01 0 0 0

5.18E‐01 5.18E‐01 1.04E+00 0.5 0.5 2.71E‐01 0 0 0

4.95E‐01 4.95E‐01 9.89E‐01 0.5 0.5 2.66E‐01 0 0 0

4.72E‐01 4.72E‐01 9.44E‐01 0.5 0.5 2.60E‐01 0 0 0

4.50E‐01 4.50E‐01 9.00E‐01 0.5 0.5 2.55E‐01 0 0 0

4.29E‐01 4.29E‐01 8.58E‐01 0.5 0.5 2.49E‐01 0 0 0

4.08E‐01 4.08E‐01 8.17E‐01 0.5 0.5 2.44E‐01 0 0 0

3.89E‐01 3.89E‐01 7.78E‐01 0.5 0.5 2.38E‐01 0 0 0



C.2 Main input

XVII



Input HAWCStab2

begin new_htc_structure;

;

  begin main_body;         tower 110m

    name        tower ;            

    type        timoschenko ;

    nbodies     1 ;

    node_distribution     c2_def ;

    damping   5.0E‐02 5.0E‐02 8.0E‐01 1.0E‐03 1.0E‐03 4.5E‐04 ;

    concentrated_mass 10 0.0 1.9 0.0 2.539E5 9.126E5 9.126E5 1E5 ; 

    begin timoschenko_input;

      filename ./data/hawc_Sigrid1.nrl ;

      set 4 1 ;              

    end timoschenko_input;

    begin c2_def;              Definition of centerline (main_body coordinates)

      nsec 10;

      sec 1 0.0 0.0 0.0    0.0 ;  x y z twist

      sec 2 0.0 0.0 ‐12.22  0.0 ;

      sec 3 0.0 0.0 ‐24.44 0.0 ;

      sec 4 0.0 0.0 ‐36.66  0.0 ;

      sec 5 0.0 0.0 ‐48.88  0.0 ;

      sec 6 0.0 0.0 ‐61.11  0.0 ;

      sec 7 0.0 0.0 ‐73.33 0.0 ;

      sec 8 0.0 0.0 ‐85.55 0.0 ;

      sec 9 0.0 0.0 ‐97.77 0.0 ;

      sec 10 0.0 0.0 ‐110 0.0 ;

    end c2_def ;

  end main_body;

;

  begin main_body;    

    name        shaft ;              

    type        timoschenko ;

    nbodies     1 ;

    node_distribution     c2_def ;   

    damping   3.0e‐05 3.0e‐05 4.0e‐02 3.0e‐07 3.0e‐07 4.5e‐03 ;   

    concentrated_mass 1 0.0 0.0 0.0 10.0 1E5 1E5 5.026E6 ;         

    begin timoschenko_input;

      filename ./data/hawc_Sigrid1.nrl ;

      set 2 1 ;                set subset  

    end timoschenko_input;

    begin c2_def;              Definition of centerline (main_body coordinates)

      nsec 5;

      sec 1 0.0 0.0 0.0     0.0 ; Tower top x y z twist

      sec 2 0.0 0.0 0.1     0.0 ; Generator end

      sec 3 0.0 0.0 1.96256 0.0 ; Gearbox position

      sec 4 0.0 0.0 3.10710 0.0 ; Main bearing

      sec 5 0.0 0.0 5.01910 0.0 ; rotor centre

    end c2_def ;

  end main_body;

;                          

  begin  main_body;      nei                

    name  hub1  ;                  

    type  timoschenko  ;                  



    nbodies  1  ;                  

    node_distribution  uniform 2  ;                  

    damping  2.00E‐04  2.00E‐04  2.00E‐03  3.00E‐05  3.00E‐05  2.00E‐04  ;

;    damping  2.00  2.00  2.00  3.00  3.00  2.00  ;        

    begin  timoschenko_input;                    

      filename  ./data/hawc_Sigrid1.nrl  ;                

      set  3  3  ;              

    end  timoschenko_input;                    

    begin  c2_def;  Definition  of  centerline  (main_body  coordinates)          

      nsec  4;                  

      sec  1  0.00E+00  0.00E+00  0.00E+00  0.00E+00  ;  x y z twist      

      sec  2  0.00E+00  0.00E+00  1.00E+00  0.00E+00  ;        

      sec  3  0.00E+00  0.00E+00  2.00E+00  0.00E+00  ;        

      sec  4  0.00E+00  0.00E+00  2.46710  0.00E+00  ;        

    end  c2_def  ;                  

  end  main_body;                      

;                          

  begin  main_body;                      

    name  hub2  ;                  

    copy_main_body  hub1;                    

  end  main_body;                      

;                          

  begin  main_body;                      

    name  hub3  ;                  

    copy_main_body  hub1;                    

  end  main_body;                      

;

 begin main_body; nei

   name        blade1 ;        

   type        timoschenko ;

    nbodies     9 ;

    node_distribution     c2_def ;          

    begin timoschenko_input;

      filename ./data/hawc_Sigrid1.nrl ;

      set 1 1 ;                set subset     

    end timoschenko_input;

    begin c2_def;              Definition of centerline (main_body coordinates)

      nsec 21;

sec 1 0 0 0 ‐1.36E+01; xyz twist

sec 2 ‐7.22E‐02 0 1.38E+00 ‐1.35E+01; xyz twist

sec 3 ‐2.84E‐01 0 4.29E+00 ‐1.32E+01; xyz twist

sec 4 ‐5.06E‐01 0 7.21E+00 ‐1.26E+01; xyz twist

sec 5 ‐7.05E‐01 0 1.01E+01 ‐1.18E+01; xyz twist

sec 6 ‐9.12E‐01 0 1.45E+01 ‐1.03E+01; xyz twist

sec 7 ‐9.90E‐01 0 1.89E+01 ‐8.83E+00; xyz twist

sec 8 ‐1.01E+00 0 2.28E+01 ‐7.60E+00; xyz twist

sec 9 ‐9.77E‐01 0 2.76E+01 ‐6.27E+00; xyz twist

sec 10 ‐9.48E‐01 0 3.01E+01 ‐5.68E+00; xyz twist

sec 11 ‐8.75E‐01 0 3.49E+01 ‐4.65E+00; xyz twist 50%blade

sec 12 ‐7.94E‐01 0 3.98E+01 ‐3.77E+00; xyz twist

sec 13 ‐7.18E‐01 0 4.47E+01 ‐3.01E+00; xyz twist

sec 14 ‐6.49E‐01 0 4.95E+01 ‐2.34E+00; xyz twist

sec 15 ‐6.18E‐01 0 5.20E+01 ‐2.03E+00; xyz twist



sec 16 ‐5.91E‐01 0 5.44E+01 ‐1.72E+00; xyz twist

sec 17 ‐5.70E‐01 0 5.64E+01 ‐1.47E+00; xyz twist

sec 18 ‐5.08E‐01 0 6.05E+01 ‐9.64E‐01; xyz twist

sec 19 ‐4.08E‐01 0 6.46E+01 ‐4.50E‐01; xyz twist

sec 20  ‐3.08E‐01   0.000   6.67E+01    ‐1.83E‐01;

sec 21 ‐1.84E‐01 0.000   6.80E+01    0.000;       

    end c2_def ;                           

  end main_body;

;

  begin main_body;

    name           blade2 ;

    copy_main_body blade1;

  end main_body;

;

  begin main_body;

    name           blade3 ;

    copy_main_body blade1 ;

  end main_body;

;

  begin orientation;

;  

    begin base;

      body   tower;

      inipos        0.0 0.0 0.0 ;         initial position of node 1

      body_eulerang 0.0 0.0 0.0;

    end base;

;

    begin relative;

      body1  tower last;

      body2  shaft 1;

      body2_eulerang 90.0 0.0 0.0; 

      body2_eulerang 5.0 0.0 0.0;    5 deg tilt

    end relative;                           

;

    begin relative;

      body1  shaft last;         

      body2  hub1 1;

      body2_eulerang ‐90.0 0.0 0.0;    

      body2_eulerang 2.0 0.0 0.0;      2.0 deg cone

    end relative;

;

    begin relative;

      body1  shaft last;         

      body2  hub2 1;

      body2_eulerang ‐90.0 0.0 0.0;    

      body2_eulerang 0.0 ‐120.0 0.0;   

      body2_eulerang 2.0 0.0 0.0;      2.0 deg cone

    end relative;

;

    begin relative;

      body1  shaft last;         

      body2  hub3 1;

      body2_eulerang ‐90.0 0.0 0.0;    



      body2_eulerang 0.0 120.0 0.0;    

      body2_eulerang 2.0 0.0 0.0;      2.0 deg cone

    end relative;

;            

    begin relative;

      body1  hub1 last;         

      body2  blade1 1;

      body2_eulerang 0.0 0.0 0.0;    

    end relative;

;

    begin relative;

      body1  hub2 last;         

      body2  blade2 1;

      body2_eulerang 0.0 0.0 0.0;    

    end relative;

;

    begin relative;

      body1  hub3 last;         

      body2  blade3 1;

      body2_eulerang 0.0 0.0 0.0;    

    end relative;

 end orientation;

;‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐

 begin constraint;

   begin fix0;  fixed to ground in translation and rotation of node 1

     body tower;

   end fix0;

;

    begin bearing1;                       free bearing

      name  shaft_rot ;

      body1 tower last;

      body2 shaft 1;

      bearing_vector 2 0.0 0.0 ‐1.0;     vector in body2 coordinates where the free rotation is present

    end bearing1;  

;

    begin fix1;

      body1 shaft last;

      body2 hub1 1;

    end fix1;

;

    begin fix1;

      body1 shaft last;

      body2 hub2 1;

    end fix1;

;

    begin fix1;

      body1 shaft last;

      body2 hub3 1;

    end fix1;

;

    begin bearing2;                       forced bearing

      name pitch1;

      body1 hub1 last;



      body2 blade1 1;

      bearing_vector 2 0.0 0.0 ‐1.0;    vector in body2 coordinates where the free rotation is present

    end bearing2;  

;

    begin bearing2;                       forced bearing

      name pitch2;

      body1 hub2 last;

      body2 blade2 1;

      bearing_vector 2 0.0 0.0 ‐1.0;   vector in body2 coordinates where the free rotation is present

    end bearing2;  

;

    begin bearing2;                       forced bearing

      name pitch3;

      body1 hub3 last;

      body2 blade3 1;

      bearing_vector 2 0.0 0.0 ‐1.0;   vector in body2 coordinates where the free rotation is present

    end bearing2;  

  end constraint;

;;   

end new_htc_structure;

;

begin hawcstab2 ;

  begin ground_fixed_substructure ;

    main_body tower ;

    log_decrements 2.0 2.0 ;

  end ground_fixed_substructure ;

;  

  begin rotating_axissym_substructure ;

    main_body shaft ;

    log_decrements 5.0 ;

  end rotating_axissym_substructure ;

;

  begin rotating_threebladed_substructure ;

    main_body hub1 ;

    main_body blade1 ;

    log_decrements 1.8 2.2  ;

  end rotating_threebladed_substructure ;

;  

  operational_data_filename ./data/op_Sigrid2.opt ;

end hawcstab2 ;

;

begin wind ;

  density                 1.225 ; to be checked

  wsp                     15;

  tint                    0.0 ;

  horizontal_input        1     ;            0=false  1=true

  windfield_rotations     0.0  0.0  0.0 ;    yaw  tilt  rotation

  center_pos0             0.0 0.0 ‐110.0 ;

  shear_format            1  0  ;0=none 1=constant 2=log 3=power 4=linear

  turb_format             0     ;  0=none  1=mann 2=flex

  tower_shadow_method     0     ;  0=none  1=potential flow  2=jet

;

end wind;



;

begin aero ;

  nblades  3;

  hub_vec shaft ‐3 ;         rotor rotation vector 

  link 1 mbdy_c2_def blade1;

  link 2 mbdy_c2_def blade2;

  link 3 mbdy_c2_def blade3;

  ae_filename        ./data/Sigrid1_ae.nrl;

    pc_filename        ./data/hawc_pc.nrl;   

  induction_method   1 ;     0=none  1=normal

  aerocalc_method    1 ;     0=ingen aerodynamic  1=med aerodynamic

  aerosections       40 ;

  ae_sets            1 1 1;

  tiploss_method     1 ;     0=none  1=prandtl

  dynstall_method    2 ;     0=none  1=stig øye method 2=mhh method

end aero ;

;

exit;
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