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ABSTRACT

Analysis results, obtained from numerical simulation, for non-linear and unsteady aero-
elastic behavior of large horizontal-axis wind turbines are presented in this paper. Simu-
lations are carried out using a partitioned scheme of weak interaction that allows dealing
with the fluid—structure interaction problem by using one method to solve the structural-
dynamic problem and another method for the aerodynamic problem.

The aerodynamic model used is the non-linear, unsteady vortex lattice method
(NLUVLM). The structural model used is a system of beam finite elements and rigid bodies
with finite rotation. This provides a very general tool with relatively low computational
cost.

The proposed method allows predicting from the operating conditions (wind speed and
direction, pitch angle of blades, etc.) the aeroelastic response of wind turbines, charac-
terized by variables such as rotation speed of the rotor, loads on the structural components
and the extracted power, among others.

Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

from an air stream by a LHAWT increases with the square of
the length of the blades [3]. For this reason, the worldwide
trend is to develop wind turbines with longer blades. Designs

The size of the horizontal axis wind turbines has dramatically
increased in the last quarter century. They have evolved from
15 m-diameter-rotor turbines with 0.05 MW rated power to
large horizontal axis wind turbines (LHAWT), commercially
available today, with rotor diameters of more than 120 m and
power ratios of approximately 7.5 MW [1]. This trend is ex-
pected to continue to reach turbines with rated power of about
10 MW—-20 MW, which would allow, for example, to cover 20%
of Europe’s energy demand by 2020 and 33% by 2030 [2].
Betz’s Elementary Momentum Theory, developed between
1922 and 1925, indicates that the maximum power extractable

of turbines with blades of large aspect ratio and slenderness,
highly flexible and constructed with composite materials,
have forced to substantially change the analysis techniques. It
is necessary the use of methods that are able to capture the
unsteady characteristics and the nonlinearities typical of
these phenomena. They must be able to represent complex
constitutive relations, adequate structural damping models,
coupled problems (multiphysics), etc.

The accuracy in predicting loads and the design optimi-
zation to maximize energy extraction are crucial points to
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improve in order to achieve a wind turbine industry
economically competitive with respect to other energy sour-
ces. The set of branches of engineering necessary to carry out
an analysis of this type includes the structural dynamics and
fluid mechanics, leading to the study of aeroelastic phenom-
ena (fluid—structure interaction, FSI). The next step is the in-
clusion of control strategies.

The main difficulty in the field of computational aero-
elasticity (CAE) is that the aerodynamic actions upon a body
depend on its shape, speed, and acceleration, while these
three variables depend on the aerodynamic loads of the fluid
on it. To overcome this difficulty, many authors propose a
partitioned scheme [4—7]. The partitioned scheme considers a
phenomenon divided into sub-problems of different nature.
Each sub-problem is addressed with the method that best
suits it. An interaction scheme allows coupling the sub-
models, thus reconstructing the original phenomenon.

This work was carried out by the same research group that
led two other studies published previously. The first of these
works [8] describes in detail the aerodynamic model used in
the second and even the present works. The second one [9]
presents an aeroelastic study, where the structure is
described as a multibody system, treating the flexible bodies
(tower and blades) as beams. The method of assumed-modes
is used for the tower. The blades are modeled as non-straight,
linearly elastic, undamped beams. Large displacements and
rotations due to the motion of the blade as a rigid body are
considered separately from small displacements and small
rotations due to elastic deformation. In order to account for
the small elastic deformation, the blades are discretized using
two-noded beam finite elements along the elastic axis.

Following this line of research, the present paper in-
corporates the aerodynamic model presented in Ref. [8],
replacing the structural model used in Ref. [9], using in this
particular case nonlinear beam elements able to undergo large
displacements and rotations. These elements are part of an
extensive library of elements incorporated into a code of
general purpose [10] that also allows modeling the nonlinear
behavior of viscoelastic and anisotropic materials (essential
characteristics to simulate structures built in composite ma-
terials). The existence, within that library, of shell elements
would enable to improve the structural model effortlessly.

Sections 2, 3 and 4 describe the model for determining
loads on the structure, the model that allows predicting the
response of the structure and the scheme that interrelates
both, respectively. Section 5 presents the simulation strategy
and Section 6 evaluates the results. Finally, some conclusions
are drawn.

2. Aerodynamic model

The aerodynamic model allows determining the load of air on
the blades, which causes their rotational movement and
constitutes the mechanism by which the wind energy is
transferred to the turbine. In this paper, we use the non-linear
unsteady vortex lattice method (NLUVLM) [11]. This method
shows an excellent balance between generality and compu-
tational cost. The implementation by Cristian Gebhardt for
horizontal axis wind turbines LHAWT/AC [12] is used in the

present effort. This method considers incompressible flow at
very high Reynolds number. This allows confining vorticity to
a small area of the domain within the boundary layers and the
wakes, while the remainder fluid is assumed irrotational.

As a simplification, we model the boundary layer and the
wake as vortex sheets. The boundary layer is represented by a
vortex sheet attached to the surface of the body at all times,
moving with it. Its position is determined by the displace-
ments and deformations of the structure, and thus it repre-
sents an input for the aerodynamic problem. The wakes are
represented by free vortex sheets whose positions are not
specified a priori. They are convected from the sharp edges of
the bodies at the local velocity of the fluid particles, taking
positions so that no resultant forces act on them. These vortex
sheets join at the edges where the wake is convected. Fig. 1
shows the representation of a blade and the wake associated
to it.

The vortex sheets are discretized becoming aerodynamic
grids (AG) composed of straight vortex segments of constant
circulation I' along its length. Fig. 2 shows the AGs resulting
from the discretization of the vortex sheets of Fig. 1. Each
vortex has an associated field of perturbation velocity ob-
tained applying the Biot—Savart Law. Two are the boundary
conditions of NLUVLM: the condition of no penetration and
the condition of regularity at infinity. The first one allows
determining vorticity at each segment. The second is implic-
itly fulfilled by the Biot—Savart law.

LHAWT/AC can handle different wind directions and speed
values and it can simulate the effect of the boundary layer
using a pre-established velocity profile.

3. Structural model

The structural model is responsible for predicting the dy-
namic response of the turbine to the aerodynamic loads. That
is, the position, velocity and acceleration of the different parts
of the machine over time. The model consists of a set of beam
finite elements, rigid bodies and kinematic constraints. Sim-
pact [10], a general purpose code with explicit integration of
equations of motion, is used.

Fig. 1 — Vortex sheet representing a blade and its wake.
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Fig. 2 — Discretization of vortex sheets in vortex grids.

The mechanical properties of the components of the tur-
bine have an important role in defining the structural mesh
(SM): the nacelle and hub are treated as rigid bodies, while the
tower and the blades are modeled as beams. The center of
mass (CM) of the nacelle corresponds to the upper end of the
tower and it is connected to the hub’s CM through a restriction
that allows rotor rotation. The roots of the blades are con-
nected to the hub CM through rigid links that do not allow
relative displacement or rotation.

The extraction of energy by the electric generator is
simulated using viscous damping for the rotor rotation. This
produces energy dissipation proportional to rotational speed.
Gravitational forces are also included, which are essential and
necessary to obtain representative results of the reality.

Currently, LHAWTS blades are constructed using compos-
ites reinforced with fibers. Fig. 3 shows an outline of a section
of a typical blade made of composite material. Each pattern
indicates a different material with mechanical and mass
properties that are generally very dissimilar.

For adequate modeling of the blades using beam elements,
it is necessary to consider the different couplings that occur
due to the type of composite laminates used and the stacking
sequence of these laminates in the different parts of the sec-
tion of the blade.

The stiffness properties of an equivalent section must be
evaluated for each generalized stress (axial, shear in both di-
rections, torsional and bending in both directions), including
the possible couplings between them. In this work PreComp
[13] was used for the calculation of these stiffness properties.

L\

Fig. 3 — Lamination scheme for a wind turbine blade.

4, Interaction method

The interaction between the aerodynamic model and the
structural/dynamic model takes place at boundary conditions
level, transferring information between the AG and the SM.
The displacements and velocities calculated with the struc-
tural code are used to update the position and velocity of the
AG nodes. Reverse transference corresponds to the calcula-
tion of a system of equivalent loads, obtained from the forces
provided by the NLUVLM, acting on the SM.

The method consists of an initial step that determines a
structural master node, n,,, for each node in the AG. Further-
more, it calculates the relative position between these nodes,
r(t), which remain fixed throughout the entire simulation. This
method is similar to that of surface tracking used by Cebral and
Lohner [5]. The relationship between both nodes is,

Xa(t) = Xm(t) +1(1).

Taking the time derivative of the expression above yields to
the relationship that connects the velocities of these nodes as,

Va(t) = Un(t) + @m(t) X Fus(t)

where wp(t) is the angular velocity vector of the structural
master node.

To determine the relationship between loads, the virtual
work done by the load system on the AG must be equal to that
done by loads on the SM, ensuring in this way that the method
does not alter artificially the total energy of the system. In this
case, two relationships were obtain,

fm :fm

That is, applying a force on n, is equivalent to applying an
equal force on n,, plus a torque resulting from the translation
of the original force.

Moreover, it can be shown that the method conserves the
linear and angular momentum of the system. For more de-
tails, please check the reference [14].

My = Ty X f,.

5. Turbine model and simulations
5.1. Turbine model

The blade model used in this work is based on the data re-
ported in Ref. [15]. It corresponds to 100 m-length blades
entirely built in composite materials. The masses used for the
nacelle and hub are determined through an up-scaling pro-
cess [15]. They are: m, = 1.1845 x 10° kg for the nacelle and
my, = 1.96 x 10° kg for the hub.

The tower is simulated as a beam with annular section
defined by two parameters: the outer diameter and the wall
thickness. These parameters are fixed at the base and upper
end of the tower, and vary linearly along the tower height.
Mechanical properties of typical steel are considered. The di-
mensions are determined so that a static/dynamic behavior of
the structure in accordance to literature [3] can be obtained.

The model becomes complete after fixing two angles that
define the geometry of the turbine: the pre-tilt angle formed by
the rotor shaft and a horizontal plane, and the pre-cone angle,
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between the blade axis and a plane normal to the rotor axis. In
this study, we used values of 5° and 2.5°, respectively.

The AG has 2261 nodes and 1702 panels, while the SM, 140
nodes and 133 beam elements. These values were previously
determined from the convergence analysis performed on the
same turbine model. Modeling the tower and blades as beams
presents the benefit that to the aerodynamic problem, the
structural problem is less much expensive.

5.2. Simulations

Sections 6.1 and 6.2 present results for two study cases. The
results corresponding to Case A are representative of the
behavior of the turbine within the operation range according
to reference [15]. Case B corresponds to no deformation on
blades which allows analyzing the behavior of the torque
applied on the rotor axis. Both cases are developed in two
stages:

e Stage 1: Rotor rotation is stopped for 10 s;
e Stage 2: Rotor rotation is allowed and simulation continues
up to 200 s.

For all instant t < 0, both gravity loads and wind speed are
zero. At the beginning of the simulation, both are activated by
a step function, resulting in a dynamic response that in-
terferes with the analysis to be carried out. During the first
stage, the structure reaches a static equilibrium position and
the wake develops to its final length.

Figs. 4 and 5 show aerodynamic grids in both simulation
stages. Fig. 4 corresponds to Stage 1. The starting vortices can be
observed in the rear ends of wakes. Fig. 5 shows the wakes at
the end of Step 2, which are helicoidal as a result of the
combination of wind speed and rotation of the blades. The
initial breakdown of one wake caused by its impact on the
tower is also appreciated. The vectors represent the aero-
dynamic forces applied to the panels of the lifting surfaces.

Wind speed is the nominal speed for this turbine, 11.3 m/s,
and has no lateral inclination respect to rotor rotation axis.

Fig. 4 — Aerodynamic grids during Stage 1.

S
7
-

Fig. 5 — Aerodynamic grids during Stage 2.

A value of 1 x 10" kg m%/rad s is used for the viscous damping
coefficient of the rotor rotational degree of freedom.

Section 6.3 shows the operating curves used to charac-
terize the performance of this type of machines. To construct
them, the data obtained from more than 50 study cases are
post-processed, including those of Case A previously
mentioned. In all the cases, the behavior of the turbine is
studied for different values of the pitch angle of blades and
wind speed.

6. Results
6.1. Global response

Fig. 6 shows the time evolution of variables along the entire
simulation of Case A. The upper curve corresponds to the
rotor rotation speed (hub + blades), which is zero for the first
10 s and then begins to grow until it reaches a constant
average value weq = 0.555 rad/s, with fluctuations with am-
plitudes of less than 0.2%. This is the steady state speed, and
its value depends on several factors, mainly the pitch angle of
blades, the free stream speed and the energy extraction.

The figure also shows the evolution of the magnitude of the
aerodynamic loads acting on the blades, Fy, F, and F3. The
behavior of loads in Stage 1 is characterized by an initial peak
(marked with circles on the ordinate axis), followed by a
sudden drop and a number of fluctuations whose amplitudes
decrease continuously until it reaches an equilibrium value.

The initial value is high (peak) due to the use of an impulsive
start. That is, the wind speed is described as a step function
that goes from 0 m/s to 11.3 m/s instantaneously at t = 0. At
this point, vorticity concentrates on the surface of the turbine
(no wake yet) and it should be enough to determine the whole
velocity field around it so as to meet the no penetration con-
dition. At the subsequent instant, the starting vortex is con-
vected and loads decrease significantly.

Initial fluctuations are due to the vibrations of the flexible
parts of the system (blades and tower), caused by instanta-
neous application of gravitational and aerodynamic loads.

Please cite this article in press as: Maza MS, et al., Unsteady and non-linear aeroelastic analysis of large horizontal-axis wind
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Fig. 6 — Global behavior of the turbine.

The use of large amount of damping at this stage allows
quickly reaching static equilibrium.

During the second stage, periodic fluctuations of load can
be observed around an average value. This value increases
from the instant the rotor starts rotating freely up to a
maximum value and then it suffers a slight decrease to reach
a constant value. The fluctuations are the result of the aero-
dynamic interaction between the blades and the tower.
Whenever the blades get close to the tower due to the rotor
rotation, the perturbation velocity field associated to the
vorticity on the tower surface produces a decrease of the
aerodynamic loads on the blades.

The increase and subsequent decrease of the average value
are due to a variation in rotation speed. The rotation of the
rotor causes a distribution of linear velocity v, on the blade
sections, which is contained in the plane of rotation of the
blades and whose magnitude increases linearly with the
radius. This velocity, together with that of the free stream, v..,
provides an unperturbed velocity field, v, = v,, + v, relative to
each section of the blade. Not only the module of v, varies
with the rotation radius, but also the relative angle of attack at
which the air reaches the blade. As a consequence, the
maximum aerodynamic load is reached for a given rotation
speed, which depends on the speed of the free stream and on
the pitch angle of the blades. For higher rotation speed values,
load reduces.

At the bottom, the evolution of the magnitudes of the
aerodynamic torque, M, and the resisting torque, M;, are
shown. To determine M,, we consider the torques, Mfl, that
each force, FJl:, applied on the lifting surface produces with
respect to the mass center of the hub. The torque plotted is the
projection onto the rotor axis of the sum of the individual
torques

M, =t > M,

where t, is the versor coincident with the rotor axis. The time
evolution of M, is totally dependent on the loads on the
blades, so the same general trends can be observed.

M; is the resisting torque opposed by the electric generator
on the rotor axis. In this case, it depends linearly on the
rotation speed as M; = cw, so that its evolution is equal to that
of the rotor speed. The difference between M, and M; during
rotor acceleration from w = 0 rad/s to weq corresponds to the
required torque to produce a speed change in the rotor. This is
discussed in detail in subsection 6.2.

From M,, M; and v, powers P, and P; can be calculated. The
aerodynamic power, P, is a first approximation to the power
extracted from the air stream. It is important to notice that its
maximum value occurs, in general, at a rotation speed higher
than that corresponding to the maximum values of M,. This
should be considered to develop control strategies to maximize
the efficiency of the turbine. Ps represents the electrical power
generated, assuming no losses for power generation and
transmission. For Case A at steady state, Ps; adopts a value of
3.1 MW, which represents 23% of the design rated power [15].

6.2. Steady state operation

We analyze in detail the steady state behavior. Fig. 7 shows the
evolution of the aerodynamic torque, M,, and the resisting
torque, M;, (left scale) and the magnitude of the aerodynamic
resultant actingon the blade 1, F, (right scale) for the last three
turns of the rotor. The grid corresponding to the time axis in-
dicates, with major divisions, the duration of one complete
revolution and, with secondary divisions, thirds of a turn.
The magnitude of the aerodynamic load on each blade
exhibits oscillations with a period equal to the duration of one
rotor turn, which is due to the aerodynamic interaction be-
tween the blades and the tower, as discussed in Subsection
6.1. Consequently, the period of M, oscillations is about one
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Fig. 7 — Behavior of forces and torques in steady state operation.

third of a turn (as it depends on the aerodynamic loads on the
three blades). Such oscillations have amplitudes equal to
10.5% of the mean value, which could represent a very sig-
nificant fatigue load. However, the resisting torque, M, shows
very small amplitude fluctuations (less than 0.2% of mean
value).

To explain this, the results for the Case B should be studied.
The global behavior of the variables is very similar to those of
Case A. The benefitis that, if the hub + blades system behaves
as arigid body, the equation for torque equilibrium reduces to

My =M + 1o

where o is the angular acceleration of the rotor and I is the
moment of inertia around the rotation axis.

In Fig. 8 are plotted the difference between torques M, — M;
and the term Io. The curves clearly overlap, which allows to
conclude the following: while the aerodynamic torque varies
strongly with a frequency of three times per turn, the load
torque on the rotor axis shows fluctuations of about two or-
ders of magnitude smaller due to the large inertia of the
hub + blades system, which acts as a flywheel, keeping the
rotation speed nearly constant.

It is expected that a similar effect occurs along the entire
drive train, starting from the blade surface (where the aero-
dynamic pressure is applied) to the rotor axis. However, this
has not been studied in this work and will be the subject of
future analyzes.

6.3. Characteristic curves

Figs. 9 and 10 correspond to the power coefficient cp, and the
torque coefficient, cq, respectively. On the horizontal axis, it
can be observed the advance coefficient or tip speed ratio, 2. The
different curves correspond to constant values of the pitch
angle, ¢.

The advance coefficient relates the tangential speed of the

blade tip due to rotor rotation speed, v;, with wind speed, v.,
U R

a=t _f@

Ve Us

(1)

where R is the rotor radius.
Power and Torque coefficients are calculated as,

P, P,
Sisa RT1,9aR
2PV, 3PV%

Cp
where:

e pis air density;

e U, is wind speed;

e Aisthereference area, generally frontal area of the rotor; and
e Ris the reference length, generally the rotor radius.

Using the definition of advance coefficient (1), it can be
obtain an equation that relates the three non-dimensional
quantities,

| | | |

Torque [M Nm)|
H O RN WO 3 0 ©
T

| | I | |

0 20 40 60 80

100 120 140 160 180 200

Fig. 8 — Comparing the difference between torques M, — M; and the rotor acceleration term for Case B (rigid blades).
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Cp = ACQ (2)

In this paper, the cp curves are determined from the power
P, values obtained directly from simulation. The cq curves
were constructed as follows:

e for 2 > 2, it was used the relation (2);

e for =0 (thatis, w =0rad/s), such relation is not valid, so cq
was calculated from the M, values associated to the end of
Stage 1, and finally

e for 0 < 1 < 2, straight lines were used to join the ends of the
curves with the corresponding points on the ordinate axis.

These curves characterize the performance of a particular
design within its whole operation range, and allow, among
other things, to evaluate the energy production capacity and
to develop appropriate control strategies to ensure safe
operating conditions and maximize power extraction.

7. Conclusions

An interaction scheme is developed that allows coupling the
unsteady non-linear vortex lattice method and the finite element
0.030
0.025
0.020
0.015

0.010

cq -]

0.005

0.000
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—0.010

method, using non-linear finite-strain beams. This enables
studying unsteady nonlinear aeroelastic behavior of large
horizontal axis wind turbines.

The method adequately captures the main phenomena of
fluid—structure interaction. Globally, it includes predicting the
evolution of key parameters such as rotation speed of the
rotor and the generated electrical power. Locally, it is possible
to capture variations of load on the blades due to aerodynamic
interaction between blades and the tower.

As a significant result, the method predicts that the fluc-
tuations of aerodynamic loads are not transmitted directly to
major structural components such as the rotor axis or the
anchoring structures that connect the blades to the hub. This
can lead to a better estimation of fatigue loads, which repre-
sent a key factor to determine the service life of these
machines.

Predictions of torque and aerodynamic power allow eval-
uating the overall performance of the machine at steady state
operation. This information is summarized in the power and
torque coefficients curves as a function of the advance coef-
ficient, and characterize the turbine behavior.

It is expected that this method allows successfully study-
ing unstable operating conditions, including the appearance
of phenomena such as resonance or flutter, and extreme

__ plane of rotation

~.. )

at 70% radius Twind -

—0.015

15 20 25 30

Fig. 10 — Torque coefficient cq. Curves for constant pitch angle ¢.
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situations, for example excessive wind speeds or failures in
the control systems.
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