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a b s t r a c t

In this paper we investigate the sources of cyclic loads affecting the structural solicitation and power
production in Horizontal Axis Wind Turbines, in particular the role of blade-section misalignment. These
loads could become determinant in future designs of extra-large turbines, limiting lifespan due to fatigue
of structural and mechanical components. Gravity loads would also become more significant in future
up-scaled machines due to the square-cube law relation between energy capture and rotor mass.

We identify the different constructive factors and physical mechanisms which constitute the sources of
the cyclic loads on the rotor, and present a methodology to analyze the contribution of each one of them.
We propose six hypothetical scenarios to illustrate the individual effect of each of the aforementioned
sources on the aerodynamic and structural variables that characterize the operational state of the
turbine.

We analyze the evolution of aerodynamic variables which characterize rotor interference and its
relation with the angle of attack on the blade sections. Structural variables are also analyzed, showing the
contribution of both aerodynamic and gravity loads, inducing out-of-plane bending and torsional os-
cillations, and how these could be activated by bend-twist coupling on the blade structural response.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Wind turbines function in the presence of fluctuations that can
be detected in macroscopic variables of interest like power and
thrust. Although a vast amount of research on fluctuating loads on
wind turbines focus on turbulent causes [1e5], fluctuations can be
observed even for spatially and temporal constant wind profile due
to turbine design and configuration. These fluctuations are different
from the essentially chaotic fluctuations resulting from wind vari-
ation (e.g. atmospheric boundary layer wind profile, gusts, turbu-
lence) in that they are typically periodic. In this paper we
investigate the sources of cyclic loads affecting the structural so-
licitation and power production in Horizontal Axis Wind Turbines
(HAWTs). In particular, the role of blade-section misalignment, that
is, changes of attitude of the airfoil sections due to instantaneous
deformation, plus other factors like yaw, tilt, pitch, coning and
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initial twist and bending curvature of the blade design. These fac-
tors would likely become even more important in the future. For
example, more flexible blades in future turbines will deform more
and may require tilt to be increased in order to avoid tower colli-
sion, both factors will increase airfoil-section misalignment and
produce higher cyclic loads.

These loads could become determinant in future extremely
large turbines limiting lifespan due to fatigue of structural and
mechanical components or producing catastrophic failure after
triggering resonance or unstable behavior at some particular fre-
quency. According to Bir and Jonkman [6] future turbine designwill
be prone to be conditioned by stability in contrast to the loads-
driven design of the past. Holierhoek [7] thoroughly reviewed
possible aeroelastic blade instabilities in present and future larger
turbines. An example of this are the results obtained at Sandia
National Laboratories by the 100 m blade project [8e10] where an
upscaled turbine blade is analyzed.With the increased blade length
there has been an increase in the cyclic edgewise loading and an
associated increase in trailing-edge fatigue issues. During the
whole life span of a wind turbine the revolution count can be
typically well over 10 million revolutions [11,12] which is the
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number of cycles usually used to define the endurance limit in fa-
tigue calculations for materials where it can be defined, so results
need to be analyzed from a fatigue point of view.

The issue of cyclic non stochastic loading is barely studied in the
literature. Zalkind and Pao [13] studied the fatigue loading effects of
using an intentional yaw misalignment to redirect wakes in order
to increase overall plant power capture. They focus on the effect of
cyclic loads originated in the yaw misalignment used to redirect
turbine wakes in order to increase overall plant power capture and
compare two control strategies: one collective and one individual.
Kim et al. [14] analyzed the effect of bend-twist coupling on blade
root fatigue loads and blade tip clearance through a parametric
study in terms of the coupling magnitude.

The detailed study of complex aeroelastic phenomena in wind
turbine blades has required the advancement of combined aero-
dynamic and structural codes during the past decade [15]. Geb-
hardt and Roccia [16] developed an aeroelastic code based on a
segregated structural formulation and a vortex sheet aerodynamic
model capable of capturing nonlinear effects such as flutter, etc. Mo
et al. [17] coupled a multi-body system structural model with a
modified Blade Element Momentum (BEM) model that includes
blade vibration and torsional deformation, shown to have signifi-
cant effects on aerodynamic loads. In addition, the dynamic stall
model increases fluctuation of blade aerodynamic loads, affecting
the blade fatigue load spectrum and the fatigue life design. Wang
et al. [18] presented a nonlinear aeroelastic model for large wind
turbine blades developed by combining a BEMmodel and a mixed-
form formulation of geometrically exact beam theory which was
applied to aeroelastic modeling of the parked WindPACT 1.5 MW
turbine [19] comparing results to the classic FAST code [20]. Meng
et al. [21] proposed an elastic actuator line model, which is the
combination of the actuator line wake model and a finite difference
structural model. The wake interaction involving two staggered
HAWTs was carried out, showing that the downstream wind tur-
bine experiences a wake-induced fatigue increase.

Future scaling of wind turbines faces the limit imposed by the
so-called square-cube law [22]. This refers to the fact that turbine
power grows with the square of the size due to its dependence on
the rotor area while mass and weight, associated with the volume,
tend to grow with the cube of the size of the rotor if geometric
similarity is maintained when scaling. Thus, stresses due to blade
weight scale linearly with the size of the rotor unlike other stresses
(e.g. stresses due to aerodynamic or centrifugal forces) that remain
constant as rotor size increases. As a consequence, the wind turbine
industry will need to find the way to grow blade size without
increasing theweight with the cubical scale of the size. The need for
a new generation of what could be called Ultra Light Blades (ULBs)
will also be imposed by economical reasons. If the size of the tur-
bines (rotor radius) is to be scaled by a certain factor, the power of
that turbine is expected to scale with the square of that factor but
the mass will scale with its cube, increasing the share of rotor cost
on the specific cost of the turbine. In order to keep a favorable
tendency in terms of economies of scale, again, there will be a need
for reducing blade mass to keep the proportional cost of materials,
labor, transport and assembly within feasible limits. The level of
mass reduction required by economical considerations will be
determined by a combination of economies of scale of all the other
items involved in wind turbine manufacture and installation.

Fig. 1 shows, in the left column, the torque and thrust time
evolution for a the 3-bladed rotor of the NREL 5MWreferencewind
turbine (RWT) as defined by Jonkman et al. [23] working at nominal
wind speed with a constant flat wind profile. These basic test
conditions are shown as a reference to provide a starting point to
correctly asses the effect of other off-design conditions that we
shall analyze below. The resulting curves are periodic with a
frequency triple of the rotor, but their shape is not pure sinusoidal,
which indicates the presence of higher frequency modes of oscil-
latory deformation.

As stated above, future ULBs will tend to be more flexible due to
the reduction of their mass to avoid the consequences of the
square-cube law. To analyze the impact of the ULB philosophy in
future blade designwe devised a test-case using a hypothetical light
bladewith the same geometry of the RWT's but with a reduction of
10% in weight on its structural fiber-reinforced layers.

Fig. 1 shows a comparison of the time evolution of rotor power
and thrust for the light-blade test case and the standard blade of
the RTW. The light-blade curves show a higher complexity than
those of the standard blade, with an increasing presence of higher
frequency modes and a reduction of the mean values for both
parameters.

In Section 2 of the present work, we shall identify the different
physical mechanisms which constitute the sources of the cyclic
loads in the observed response, and in Section 3, we will present
the methodology employed to analyze the contribution of each one
of them, and the role of misalignment. In Section 4, we shall present
six cases to illustrate the individual effect of each of the afore-
mentioned sources on the aerodynamic and structural variables
that characterize the operational state of the turbine, and analyze
their effect on fatigue. Finally, we shall draw conclusions about
these future aspects of ULB turbine rotors.
2. Sources of cyclic loads

The sources of cyclic loads can be grouped in the following
categories according to their nature:

Aerodynamic interference of the rotor may vary with time,
which results in fluctuations of wind velocity at the rotor plane in
both, magnitude and direction, along the turning cycle. This is an
instantaneous aerodynamic manifestation associated with the
wind velocity deficit induced by the process of power extraction
exerted by the blades on the wind flow at each position along the
blade span.

Constructive featureswhich are specific for a particular turbine
design could induce variations on blade loads. There are several
design parameters which break symmetry around the rotor's axis,
and give raise to unsteady conditions, namely:

� Tilt angle
� Cone angle
� Blade twist, pre-bending and sweptback curvatures

Turbine mechanisms make the interaction between wind and
blades change at different working conditions. The magnitudes
associated to the principal mechanisms that result in non steady
situations can be divided into:

Geometric: referring to quantities that affect the geometric
setting of the attitude of the blade airfoil section. The main geo-
metric magnitudes are:

� Azimuth angle, which relates to the instantaneous position of
the blade in its rotation around the main shaft.

� Yaw angle, which relates to the misalignment between wind
direction and nacelle axis.

� Pitch angle, if the blade was actuated to compensate for cyclical
events.

Kinematic: meaning quantities that affect the composition of
the velocity vectors incident on the different airfoil sections along
the span. The chief kinematic magnitude is:
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Fig. 1. Time evolution of rotor torque and thrust for a 3-bladed RWT at nominal operational conditions during 4 cycles. Left column correspond to a standard NREL 5 MW RWT and
right column to the light-blade test case.
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� Tangential velocity of each blade section with respect to the
plane of rotation, which is composed with the local wind to give
the incident velocity. It is given by the rotational velocity of the
blade multiplied by the instantaneous radial distance of the
blade section to the main shaft. This radial distance will vary
dynamically with instantaneous deformation.

Deformation of turbine components (mainly blades and tower)
also affects the loading situation in two senses in a similar way as
the mechanisms:

Geometric: deformation that change the aerodynamic attitude
of each airfoil section along the span. It can be divided in terms of
the type of deformation:

� Torsional, mainly affecting the attitude of the airfoil in the plain
of the airfoil section itself (and thus, the angle of attack)

� Flexural, which affects mainly the instantaneous alignment of
the airfoil section with respect to its original alignment in a
plane normal to the blade design axis.

Kinematic: involves the velocity of blade sections due to
vibrational deformation which, when composed with the tangen-
tial velocities and the local wind, determines the total incident
velocities on the airfoil sections.

Some of these effects act independently, some act in a coupled
manner and some are compounded by the action of an additional
effect like gravity which, by affecting the deformation, also affects
the geometry modifying the aerodynamic loads. The block diagram
of Fig. 2 schematically summarizes how the above-mentioned ef-
fects relate each other and how they finally affect the aerodynamic
forces through the apparent wind incident on the airfoil sections.
Relations among the different factors will become clearer in the
next section, where we describe the fundamentals of the aero-
elasto-inertial model that was used to conduct the simulations
for the rotor behavior. The logic of this model closely resembles the
sequence of Fig. 2 block diagram.
3. Methodology

3.1. Aero-elasto-inertial modeling of wind turbines

Wemodel the fluidestructure interaction dynamics of the wind
turbine rotor by means of the DRD-BEM aerodynamic model
described by Ponta et al. [24] coupled with the structural model
presented by Otero and Ponta [25]. Early versions of these two
models, were previously used to analyze the NREL-RWT with
standard and adaptive blades by Otero et al. [26] and Lago et al.
[27]. This modeling tool is able to take into account all the features
related to the physical mechanisms presented in the previous
section, and also has the capacity of turning off some of them
selectively to evaluate their incidence on the overall behavior. It has
unique capabilities to study this problem compared with other
models presented in the literature that share a similar approach. As
stated in Zhang and Huang [28], this is a crucial aspect because,
with the increasing size of turbines and much more flexible blades,
the assumptions of small deformation and displacement for line-
arization are not valid. Modeling the multi-megawatt wind tur-
bines nonlinear effects, e.g. the nonlinear effects due to large blade
deflection, have to be accounted for. This had prompted upgrades to
classical models like the FAST Aerodyn [20] where more advanced
structural models were introduced by Wang et al. [29].

A key feature of the DRD-BEM that differs from previous models
based on the BEM theory [17,18,20,30,31] is that it includes all the
aforementioned geometrical and structural nonlinear effects asso-
ciated to the dynamic deformation of composite blades of complex
geometry. In the DRD-BEM, the velocities and forces involved in the
aerodynamic computations are transformed by a series of orthog-
onal matrices acting as linear operators. These matrices represent
the changes of attitude of the airfoil sections due to instantaneous
deformation, plus other factors like yaw, tilt, pitch, coning and
initial twist and bending curvature of the blade design.

In this section wewill briefly review the fundamental aspects of
the DRD-BEM procedure, referring the reader to Ponta et al. [24]
and Otero and Ponta [25] for more details. We start by consid-
ering the velocity vector of the flow passing through an annular



Fig. 2. Block diagram with a conceptual interpretation of the interaction among different sources of cyclical loads.
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actuator aligned with the hub coordinate system h. The compo-
nents of this velocity vector are affected by the axial induction
factor a (i.e. normal to the annular actuator) and the tangential
induction factor a0, representing respectively the axial velocity
deficit and the increase in tangential velocity across the actuator.
These two factors are obtained by an optimized iterative solution
process described in Ponta et al. [24]. Then,

Wh ¼
2
4
W∞hx

ð1� aÞ
W∞hy

þ U rha
0

W∞hz

3
5; (1)

is the velocity vector of the wind going through the annular actu-
ator.W∞h is the undisturbed wind velocity field referred to the hub
coordinate system, U is the angular velocity of the rotor, and rh is
the instantaneous radial distance.

For the cases of rotors with tilt, and/or in the presence of
changes in yaw angle and wind direction, the three-dimensional
nature of W∞h will take those effects into account. In order to do
this, we use a set of orthogonal matrices to transform the wind
velocity defined in a coordinate system alignedwith thewind itself,
into the hub coordinate system, W∞h ¼ CqazCqtltCDqyawW∞wind.

Next, the velocity vector is projected on the blade section co-
ordinate system. These coordinate systems are shown in Fig. 3.
Thus, Wh will be projected going through several coordinate sys-
tems, from the hub to the system aligned with the blade section.
After all these transformations, the velocity vectorWh is expressed
into the coordinate system of the blade section, and then we add
the blade section vibrational velocities vstr coming from the
structural model. We also add the velocity components vmech,
Fig. 3. Coordinate systems associated with the rotor hub (a), blade root (
associated with the motion of the blade section due to the com-
bined action of mechanical devices (like yaw, pitch, and azimuthal
rotation around the main shaft), expressed in the coordinate sys-
tems of the blade section l. Thus, the expression for the wind ve-
locity relative to the blade section, Wl, results:

Wl ¼
�
ClLCLbCqpCqcnWh

�
þ vstr þ vmech: (2)

The coning transformation matrix Cqcn is a linear operator taking
into account the coning angle for the rotor and is characterized by a
rotation around the second axis of the hub coordinate system (Fig. 3
(a)). Similarly, the pitching transformation matrix Cqp , is related to a
rotation around the pitch axis of the blade, which is the third axis of
the coordinate system resulting from the previous coning trans-
formation (Fig. 3 (b)).

The orthogonal matrix CLb is based on the geometrical align-
ment of the blade sections along the span defined at the time when
the blade was designed and manufactured (Fig. 3 (c)). It takes into
account the fact that the blade could have pre-conformed curva-
tures along its longitudinal axis (i.e. the design blade axis is no
longer rectilinear and the coordinate systems of different blade
sections along the reference line are no longer aligned with the
third axis of the blade root system b). The intrinsic system L is
defined aligned to the blade sections in the chord-normal, chord-
wise, and span-wise directions. Thus, the abovementioned curva-
tures can reflect either an initial twist along the longitudinal axis or
a combination of twist plus pre-bending on the other two axes (i.e.
coning-wise/sweeping-wise). The orthogonal matrix ClL, is the one
provided by the solution of the kinematic equations on the struc-
tural model (as explained in Ponta et al. [24]), which transforms
b), and blade section in undeformed and deformed configuration (c).
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vectors from system L to system l (Fig. 3 (c)).
With the magnitude of the wind velocity projection onto the

plane of the blade section, Wrel ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W2

lx þW2
ly

q
, and its angle of

attack a, the aerodynamic lift and drag forces per unit length of
span are computed:

dFlift ¼
1
2
r Cl W

2
rel c (3)

dFdrag ¼ 1
2
r Cd W2

rel c; (4)

where Cl and Cd are the lift and drag coefficients computed at the
instantaneous angle of attack a, r is the air density, and c is the
chord length of the airfoil section. The total aerodynamic load
acting on the blade element of length dl relative to the wind di-
rection has components corresponding to the lift and drag forces
and is given by

dFrel ¼
2
4

dFlift
dFdrag

0

3
5dl: (5)

The aerodynamic moment on the airfoil section per unit span-
length, which acts around the first axis of l, is also considered. It
is computed as dMaer ¼ 1

2 r Cm W2
rel c

2. Our model also considers the
three-dimensional contribution of the gravitational action to the
distributed forces and moments along the span. It is computed
considering the instantaneous position and attitude of each blade
section. Fig. 4 shows a flowchart of the seven fundamental steps of
the algorithmic sequence of the DRD-BEM including the iterative
Fig. 4. Flowchart of the seven fundamental steps of the algorithmic sequence of the
DRD-BEM (see Ponta et al. [24]) including the iterative solution for the interference
factors and the computation of aerodynamic forces in each blade section.
solution for the interference factors and the computation of aero-
dynamic forces in each blade section [24].

3.2. The role of misalignment

We will further analyze the origin of different phenomena that
cause aerodynamic load variation by a qualitative decomposition of
the angle of attack. We start by examining Equation (2), and
considering the rotation corresponding to each orthogonal matrix
in the plane of the section, we define the following angles:

� fhz
: angle of incident wind on the rotor plane, i.e. the angle

between the relative windWh and the plane of the rotor. This is
mainly influenced by the yaw and tilt of the rotor and the rotor's
aerodynamic interference on the wind free stream. Its relation
with W∞ and the interference factors is shown in Fig. 5(a).

� a: angle of attack (AoA), i.e. the angle between the apparent
wind vector Wl as defined in Section 3.1, projected in the plane
of the airfoil section at a certain position along the span, ac-
cording to Fig. 5(b).

� 4: angle of the total apparent wind on the blade section; i.e. the
angle between the direction of rotation of the blade section, and
the direction of the total incoming wind, which includes the
effects of the yaw, tilt, and aerodynamic interference of the
rotor, plus the contribution to the incident wind by the motion
of the blade section due to structural vibration, vstr , and the
combined action of mechanical devices, vmech (mainly, the
tangential velocity of the blade section on its rotation around
the main shaft).

� b: section pitch angle. This is a constructive and/or operational
characteristic of the rotor, and includes the effect of rotor coning,
blade pitch, and twist and curvature of the undeformed blade
given by matrices CLb, Cqp and Cqcn .

� qtor: angle of dynamic deformation. Angle change due to twist
deformation of the blade, this is mainly given by the component
of the angle of deformation co-linear with the blade axis coming
from matrix ClL. This item could be high in case of low blade
torsion stiffness.

Analyzing the effects described in Section 2 in terms of Equation
(2) on a blade section at a certain position along the span, as
depicted in Fig. 5(b), the above mentioned angles relate one
another according to:

a ¼ 4� b� qtor: (6)

Equation (6) can be interpreted as an angular representation of
Equation (2) when projected on the blade axis passing through
each section.

We also define the out-of-plane angle (OoP) which represents
the angle between the apparent wind vector Wl and the plane of
the airfoil section at a certain position along the span. This is due to
a combination of constructive and/or operational characteristics of
the rotor plus the angle change due to bending deformation of the
blade, i.e. all rotation on the section coming from matrix ClL not
considered by qtor. This last item could be high in case of low blade
bending stiffness.

4. Numerical results and analysis

In order to analyze the different factors giving rise to cyclic
loading we ran a set of numerical experiments on an NREL 5 MW-
RWT rotor as defined by Jonkman et al. [23] by means of the aero-
elasto-inertial model described in Section 3.1. The simulations were
carried out imposing a uniform wind profile of 11.4 m/s with the



Fig. 5. Schematics of different factors affecting the apparent wind in the blade section: (a) composition of the incident wind vectorWh in the plane of the rotor, and (b) composition
of the apparent wind vector Wl according to Equation (2).

Fig. 6. Aerodynamic situation of blade # 1 at 90% of the span. Apparent wind
magnitude (a), effective angle of attack (b), and out of plane angle (c) corresponding to
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rotor turning at 12.1 rpm, which correspond to nominal operational
conditions of the NREL 5 MW-RTW. These conditions impose pure
periodic loading on the rotor blades in contrast to other non-
periodic effects that can result from considering effects in the at-
mospheric boundary layer such as wind profile, turbulence or
gusts. The level of description attained by the DRD-BEM allow us to
consider every and all the effects mentioned in Section 2. In order
to elucidate the relative importance of each of them, they can be
selectively switched on or off. Deformation effects can be switched
off by simulating a turbine with what we call hyper-stiff blade,
which is a hypothetical bladewith the same aerodynamic geometry
of the standard, but whose structural stiffness coefficients are set to
be 103 times higher than those of the standard one. We run our
experiments for more than 70 rotor revolutions, to avoid transient
effects and ensure a regular regime operation.

Among all the possible scenarios that could be explored, we
selected six, which in our opinion will provide the maximum
insight in terms of characterizing the rotor behavior. This set of
scenarios allow us to better draw conclusions about the relevance
of each factor and their interrelation. The parameters to be
switched on, off, and/or combined in these study cases are:

� cone and tilt as representative of constructive features defining
the geometry of the rotor, respectively producing symmetric
and asymmetric effects with respect to the rotor's axis;

� deformation of the blade, which includes both, geometric and
kinematic effects, switched off by means of using the hyper-stiff
blade explained before;

� gravity loads switched on or off.

We adopted a short-hand nomenclature to identify the six
proposed scenarios, namely:

Nom: Standard RWT rotor operating at nominal working
conditions.

TC0: Standard RWT blade operating in a turbine without tilt and
coning of the rotor.

TC0eGoff: Standard RWT blade operating in a turbine without
tilt and coning of the rotor, Idem but switching gravity forces off.
Stiff: RWT turbine equipped with hyper-stiff blades operating at
nominal conditions.

Stiff TC0: RWT with hyper-stiff blades without tilt and coning of
the rotor.

Stiff T0: RWT with hyper-stiff blades without tilt, but with the
standard coning of the rotor.
4.1. Analysis of aerodynamic effects

4.1.1. Aerodynamic variables on the blade section
Fig. 6 shows the evolution of three representative aerodynamic

variables along each turning cycle of the rotor. We focus our
a standard NREL 5 MW RWT.



Fig. 7. Break down cases proposed to analyze sources of oscillating loads.
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analysis in a blade section located at 90% of the blade span, as
representative of the aerodynamically-active part of the blade. Also,
at this section near the tip of the blade structural deformation ef-
fects are intense enough to facilitate their observation, but aero-
dynamic tip effects are still small. Thus, it constitutes an ideal
location to observe coupled aeroelastic phenomena. Results are
plotted in function of the number of blade revolutions starting
when the blade is in the vertical upper position. Due to the high
aspect-ratio of the blades, the aerodynamics of the blade airfoil-
sections is fairly two-dimensional. Thus, the aerodynamic forces
depend mainly on the magnitude of the apparent wind jWlj and
angle of attack (a). The evolution of these two variables is shown
respectively in Fig. 6(a) and (b), under different hypothetical con-
ditions. A third variable that has an additional influence, in terms of
defining the aerodynamic forces on the airfoil section, is the span-
wise component of the apparent wind, as, even when two-
dimensional aerodynamics is considered, it reduces the projec-
tion of the apparent wind on the plane of the airfoil section (Wrel).
In order to evaluate that, Fig. 6(c) shows the evolution of the out-of-
plane angle ofWl, OoP (as defined in Section 3), which is associated
with the misalignment that takes Wl out of the plane of the airfoil
section.

The magnitude of apparent wind velocity, jWlj, is a clear indi-
cator of the aerodynamic interaction of the rotor with the wind
free-stream and, as previously stated, has direct influence on the
aerodynamic forces. For a givenwind speed and turbine's rotational
regime, fluctuations in the apparent-wind magnitude through the
rotor indicate changes of interference in the axial direction, in-
duction of tangential velocity, and additional velocity components
due to blade vibration. Fig. 6(a) shows the time evolution of jWlj.
We can start analyzing the curve for the Stiff TC0 scenario which
can be seen as a textbook base case. Here the apparent wind speed
is constant during the rotor's turning cycle due to the symmetry of
the aerodynamic configuration. The rotor does not have tilt nor
cone, and their blades do not deform. For the next level of behav-
ioral complexity, we can add two more alternative features to the
reference Stiff TC0 case. We can consider the effect of the rotor
coning in case Stiff T0, where a slightly lower constant value of
speed is seen, representing a higher level of interaction. Next, we
can consider the effect of switching the tilt on in case Stiff, where
the oscillatory behavior appears. The corresponding curve is
perfectly centered around the one of the previous case, indicating
that the only effect of tilt in this case is to introduce an asymmetry
which adds an unsteady component on top of the stationary con-
dition represented by the precedent case.

Another line of reasoning starting from the Stiff TC0 scenario
considers the effect of adding only the deformation of the blades,
which gives the curve for the TC0-Goff scenario. Here, the differ-
ence from the previous case is a reduction in the magnitude of the
apparent wind on the airfoil section, which again remains constant
due to the constant deformation during the rotor's cycle. The higher
misalignment of the airfoil section with respect to the undeformed
configuration increases the level of interaction. In this scenarioTC0-
Goff, the interaction is higher than the corresponding to the Stiff T0
case where the misalignment is only due to the coning of the rotor.
If we add gravity effects to the previous case, the situation turns
into scenario TC0, where the presence of gravity gives rise to an
unsteady aerodynamic situation mainly triggered by oscillatory
deformations that translate into geometry changes, and then, un-
steady loading. The TC0 curve is perfectly centered around the TC0-
Goff one, indicating that in this case gravity only adds a fluctuating
component. The addition of the two alternative lines of reasoning
finally converge in the nominal scenario, which is identified as
Nom. This case can be thought as a convolution of cases Stiff and
TC0 giving a higher oscillation amplitude which is smaller than the
sum of the previous cases. This has to do with the peaks of previous
cases being uncorrelated, and thus partially cancelling each other.
We can clearly identify the effect of gravity and tilt as independent
sources of cyclic variations in the apparent wind. Fig. 7 shows a
flowchart schematics summarizing the relation among the six hy-
pothetical scenarios, and the two lines of reasoning followed during
the analysis.

Following the same line of reasoning for the angle of attack
(shown in Fig. 6(b)), we begin with the Stiff TC0 scenario. Adding
the rotor coning to it (moving into the Stiff T0 scenario) does not
significantly change the results, as both curves almost overlap.
When tilt is added to the previous case, the oscillatory behavior
appears; and the Stiff scenario curve again oscillates around the
previous one. Following the alternative line of reasoning, the effect
of deformation on the angle of attack can be clearly seen. Results for
cases without blade deformation appear grouped in the upper part
of the plot, and cases that consider deformation appear grouped in
the lower part. Looking first purely at the effect of deformation, the
TC0-Goff scenario shows a smaller angle of attack with respect to
the base case, Stiff TC0. This is attributable to the effect of a
coupling between twist and flapwise bending, in the blade defor-
mational response, that would reduce the angle of attack as the
blade bends. Again, gravity adds to the previous case a fluctuating
component, which is centered around the Stiff TC0 level curve,
leading to the results for the TC0 case. This fluctuation can also be
attributed to a twist-bend coupling but in this case, connected with
the fluctuating bending action of gravity, exerted mostly in the
chord-wise direction. As it happened beforewith jWlj, the result for
the nominal scenario is a combination of cases Stiff and TC0, with
the amplitude being approximately the sum of both amplitudes,
but with the phase mainly being imposed by the gravity loading. In
this case, deformation clearly reduces the mean angle of attack. As
stated in the discussion about the square-cube law, it can be fore-
seen that, as the typical blade length increases, the importance of
gravity-driven fluctuations will be more significant than the
bending-driven change of the angle of attack.

Fig. 6(c) shows that the out of plane angle behavesmore likely to
the apparent windmagnitude than to the angle of attack. This could
be related with the fact that the change of this angle is connected to
a change inmisalignment of the chord-normal forcewith respect to
the rotor's axis, affecting the axial induction factor. Comparing case
Stiff T0 with the base case Stiff TC0, it could be observed that,
conversely to what happens with the angle of attack, the out of
plane angle is heavily influenced by rotor coning. Additionally, the
effect of blade deformation on the out of plane angle in case TC0-
Goff is comparable to the effect of the rotor coning in magnitude,
but in the opposite sense. This is consistent with the idea that the



A.D. Otero, F.L. Ponta / Renewable Energy 117 (2018) 275e286282
difference in angle of attack observed between cases with or
without deformation can be attributed to twist-bending coupling
more than to an aerodynamic effect. Later on, we shall investigate
this further by analyzing pure structural-deformation variables.
Again, following the previous two lines of reasoning, we get to the
nominal scenario, which shows oscillations given by a composition
of the effects of tilt and gravity-induced deformation.

4.1.2. Aerodynamic interference on the rotor plane
Fig. 8 shows the evolution of the angle between the incident

wind and the rotor plane fhz
(see Section 3.2). The curves therein

represent the effect of the aerodynamic interference both in the
axial and the tangential directions, associated with the interference
factors a and a0 respectively (see Fig. 5(a)). Thus, fhz

constitutes
another indicator of aerodynamic interaction, additional to the
ones mentioned previously. It particularly indicates changes in the
wind flow exerted by the rotor's presence, before any other velocity
component (due either to structural vibration, or mechanical mo-
tion) is added to obtain the apparent wind. In this case, the rotor
cone affects less significantly than the deformation due to the
aerodynamic forces with respect to the base case. Another inter-
esting effect revealed in this figure is that the peaks in the curve
induced by gravity action (TC0 scenario) occur when the blade is at
a horizontal position, and are in the opposite sense than the peaks
induced by tilt (Stiff T0 scenario). As both these peaks are almost in
phase, it results in a total oscillation amplitude smaller than in
previous cases, diminishing the compound effect in the nominal
scenario (Nom), which shows a small difference in phase that
scarcely shifts the nominal curve. A remarkable aspect in Fig. 8 is
that peaks from both tilt and gravity action are in phase, while in
the apparent wind they are shifted by 1=4 rotor turn. This is closer
to what happens with the angle of attack.

4.2. Analysis of structural response

4.2.1. Blade deformation
Fig. 9 shows the evolution of two deformation measures: the

out-of-rotor-plane displacement of the blade section, Uhx
, and its

torsional rotation qtor (see Section 3.2) which has direct effect on
the angle of attack. These deformation measures are useful to
analyze the effect of dynamic geometrical changes on the rotor
behavior. Here, we only show results for scenarios with the stan-
dard blade, as deformational measures for the hyper-stiff blade are
practically nil. Starting with the first significant scenario, TC0-Goff,
we can observe the flat curves corresponding to the constant values
on both variables due to blade deformation induced by steady
aerodynamic loads. When gravitational loads are added to the
previous case (TC0 scenario), oscillating displacement appears. As
can be seen in Fig. 9(a), maximum and minimum values of Uhx

approximately coincide with the blade being at upper and lower
vertical positions of the turning cycle, indicating that the mayor
source of displacement oscillations are gravity loads acting on the
Fig. 8. Effect of rotor interference on the incident wind angle of blade # 1 at 90% of the
span.
deformed blade, that project on the chord-normal direction, and
produce out-of-plane bending, which alternatively adds and sub-
tracts from the constant displacement produced by the steady
aerodynamic loads. This also seems to be the cause of the oscil-
lating behavior of the aerodynamic interaction revealed by the
curve of apparent wind magnitude previously observed in Fig. 6(a).
In the nominal scenario, as tilt and cone are introduced, a constant
amount of displacement is added to the previous curves, which is
produced by the rotor coning. Rotor tilt seems to have an almost
imperceptible effect on Uhx

. This behavior seems consistent with
the fact that, when the rotor has coning, blade deformation tends to
increase the rotor's swept area, while when the rotor is plane (i.e.
no coning), blade deformation tends to reduce swept area, implying
less aerodynamic forces that deform the blades and a smaller
displacement.

On the other hand, the maximum and minimum of the torsion
angle curve in Fig. 9(b) coincide with the blade being at horizontal
positions, indicating that the mayor player here is the gravity force
acting chord-wise, which twists the blade through a bending-twist
coupling. The torsion angle plot exhibits a flat curve corresponding
to the TC0-Goff scenario, where all the torsion corresponds to
deformation due to steady aerodynamic loads. The latter mostly
produce bending, which clearly reveals the bending-torsion
coupling. The TC0 curve, which only differs in the presence of
gravity, shows oscillation around the previous flat curve. This
oscillation could only be originated by a coupling between torsion
and bending in the rotor's plane, which is the prominent direction
on which gravity loads act. Tilt and coning, considered in the
nominal scenario has the effect of slightly increasing oscillation
amplitude and mean value. The fact that the extrema of the pre-
vious plots do not exactly coincide with the vertical or horizontal
positions of the blade reveals the aero-elasto-inertial coupled na-
ture of the problem.
4.2.2. Tower clearance
Fig. 10 shows the distance between the section at 90% of the

span and the tower center. As a reference, the top tower diameter,
as defined by Jonkman et al. [23], is 3.87m, and the base diameter is
6 m, giving a diameter of around 5.24 m at the height at which the
90% section passes in front of the tower. The clearance is a limiting
factor in the turbine design, guiding the choice of constructive
features (like tilt, coning, and rotor overhang) in order to prevent a
blade-tower collision.We chose the clearance as a significant factor,
as it summarizes the effect of the rotor coning, tilt, constructive
characteristics, and blade deformation due both to aerodynamic
and gravity loading. Following the same line of reasoning as for
previous magnitudes, we can start with the base case (Stiff TC0) to
see that cone and blade deformation act in opposite ways in terms
of this magnitude. Then, contribution from tilt (Stiff scenario) re-
veals to be much more significant than that of gravity effects (TC0
case). Finally, this gives a curve for the nominal scenario similar to
the former one with a constant shift given by blade deformation.
4.3. Fatigue effects

4.3.1. Mechanical loads on the rotor hub
In order to analyze the effect of periodic loads on fatigue damage

of critical turbine components, we selected three representative
quantities that characterize the overall load condition on the rotor
in terms of fatigue effects, namely: the torque on the shaft, and the
bending moments at the blade root that produce bending in the
rotor plane (in-plane bending) and normal to the rotor plane (out-
of-plane bending) and the bending moments at blade root in the
direction of rotation (in-plane bending) and in the turbine-axial



Fig. 9. Deformation measures of blade # 1 at 90% of the span. Out of rotor plane displacement Uhx
(a) and torsional rotation angle qtor (b) corresponding to a standard NREL 5 MW

RWT.

Fig. 10. Blade # 1 clearance from tower center pnx at 90% of the span corresponding to
a standard NREL 5 MW RWT.
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direction (out-of-plane bending). Shaft shear stresses due to torque
are proportional to the torque value and they reach their maximum
on the external surface of the shaft. Stresses due to bending mo-
ments attain their maximumvalues at the points most distant from
the blade root bending axis, and are proportional to the bending
moment. Considering that the stresses relevant to fatigue analysis
are proportional to the torque and bending moments, and given
that our purpose is to compare different scenarios, we directly use
those moments in our analysis of fatigue effects. We computed
their mean value, their amplitude of oscillation, and their min/max
ratio (R-value). The results for the six proposed scenarios are
summarized in Table 1.

As it is expected from the well-balanced characteristics of a 3-
blade rotor, shaft-torque amplitudes are negligible compared to
their mean values in the proposed scenarios. This becomes clear by
observing the shaft-torque amplitudes in Table 1 and their corre-
sponding R-value. Wind turbine shafts are typically made of high-
Table 1
Fatigue indicators computed from torque and blade root bending moments, in MNm, for

Case Shaft torque Out-of-plane b

Mean Amp R Mean

Stiff TC0 4.3482 0 1 �10.029
Stiff T0 4.3374 0 1 �10.861
TC0 Goff 4.0892 0 1 �8.184
Stiff 4.2958 0:35,10�3 0.9998 �11.123
TC0 4.0878 0:65,10�3 0.9997 �8.175
Nom 4.0487 1:10,10�3 0.9995 �9.164
tensile steel, which makes them less susceptible to the fatigue ef-
fects observed in the six scenarios proposed.

Results from blade root bending moments are more substantial.
Out-of-plane moment amplitudes are around one tenth of the
mean value in each case, except for the TC0-Goff scenario where
loads are constant. Results for hyper-stiff blade configurations show
a higher mean moment (in absolute value) but also a higher
amplitude of oscillation. Rotor coning, comparing cases Stiff TC0
and Stiff T0, increases the means value giving a lower R-value.
Addition of tilt, in scenario Stiff increases both the mean and the
amplitude giving the higher R-value.

The standard blade in scenario TC0, because of its elastic
deformation, absorbs part of the load pulsation, considerably
lowering themean and amplitude, and producing a slight reduction
in R-value compared with the Stiff TC0 scenario (which is its
analogous for the hyper-stiff blade). Finally, adding coning and tilt
to get to the nominal configuration produces an increase in the
mean, reflected in the lowest R-value. R-values for all cases, except
TC0-Goff, range from 1.15 to 1.19.

The out-of-plane bending moment at the root could be used to
further analyze fatigue effects on the blades. To this end, we turn to
the Goodman diagram, which relates equivalent mean and ampli-
tude values of stress for a given number of loading cycles. Mandell
et al. [32] and Sutherland and Mandell [33] presented a detailed
Goodman diagram for a typical fiberglass material used by thewind
industry. Fig. 11 shows the curve corresponding to a high number of
cycles (108) endurance highlighted in red. The curve has a slope of
approximately 0.28 for R between 1.1 and 1.43 (marked as shaded
the different turbine configurations.

end moment In-plane bend moment

Amp R Mean Amp R

0.8362 1.1819 �0.9403 3.5326 �1.7254
0.8505 1.1699 �1.1390 3.5329 �1.9516
0 1 �0.5941 0 1
0.9775 1.1927 �1.2151 3.4705 �2.0776
0.6641 1.1768 �0.5940 3.6761 �1.3855
0.6576 1.1546 �0.8388 3.6256 �1.6020



Fig. 11. Goodman diagram modified from Mandell et al. [32]. Curve for 108 cycles is highlighted.
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region I in the figure). Assuming that the standard blade was
designed safely in terms of fatigue resistance, we can compare the
locus for the six different scenarios in that portion of the Goodman
diagram. These are shown in Fig. 12(a). A line passing through the
locus for the nominal scenario with the 0.28 slope will separate
cases with better fatigue expectation than the nominal, those
below that line, from cases with worse fatigue expectation lying
above that line. Following this line of reasoning, it can be seen that
scenarios with the hyper-stiff blade present worse fatigue behavior
than the nominal case, regardless of any other conditions. This
could support the adoption of softer blades when designing future
wind turbines. In both cases, tilt and cone tend to worsen the sit-
uation, resulting in a compromise between ensuring tower clear-
ance and improving fatigue behavior.

Regarding the in-plane blade root moment, Table 1 shows very
similar amplitude values for all the proposed cases. The conclusions
for the in-plane moment are similar than for the out-of-plane
moment, as the positions relative to the nominal case are qualita-
tively the same.
Table 2
Fatigue indicators computed from blade bending moments, in kNm, at 90% blade
length for the different turbine configurations.

Case Chord-normal bend moment Chord-wise bend moment

Mean Amp R Mean Amp R

Stiff TC0 �88.174 0.1973 1.0045 9.0312 9.2308 �0.01093
Stiff T0 �92.001 0.5728 1.0125 8.9644 9.2308 �0.01464
TC0 Goff �55.719 0 1 5.2552 0 1
Stiff �92.603 1.8111 1.0399 8.9041 9.220 �0.01743
TC0 �55.784 2.7685 1.1044 5.2587 9.0509 �0.26501
Nom �58.334 2.1308 1.0758 4.8697 8.7628 �0.28557
4.3.2. Loads on the blade section
We also analyzed the effect of different configurations on

bending moments at a particular blade section to characterize their
structural effect. We chose the section at 90% of the blade span as in
the previous analysis. This selection is consistent with the findings
of Liu et al. [34] who found that, when blade vibration is consid-
ered, a significant aerodynamic fatigue load increase is found near
blade tip, which reduces towards rotor axis. This increase is still a
6% at 75% rotor radius, with significant reduction of the aero-
dynamic fatigue loads per unit length in the out-of-plane and in-
plane directions respectively. Authors also found that blade vibra-
tion has great influence on the out-of-plane damage equivalent
Fig. 12. Partial Goodman diagram for the out-of-plane blade root bending moment (a) and th
combined fatigue of the analyzed cases.
bending moment, especially for the outer part of the blade. The
impact decreases towards the blade root, with still a 4.5% increase
at 5% rotor radius. In Table 2, we present the mean value, the
amplitude of oscillation, and the R-value of bending moment
components in that section in both, the chord-normal and the
chord-wise directions, for the six different scenarios.

R-values for the chord-normal component are very close to 1, so
we could repeat the procedure with the Goodman diagram, in this
case shown in Fig. 12(b). From Fig. 11 we obtain the same slope for
R-values near 1.1 and 108 cycles that we got in the previous case:
approximately 0.28. From Fig. 12(b), it can be seen that the fatigue
situation of all the cases arrange in a similar pattern than in the case
of the out-of-plane blade root moment, with the exception that this
time case TC0 lies on the line passing through the nominal case. The
chord-wise component in Table 2 has R-values that lie in the
�0:5<R<0:1 region of the Goodman diagram (shaded region II in
Fig. 11), where the line for 108 cycles is horizontal. Thus, the fatigue
condition can be analyzed in terms of the amplitude. In this case,
the lower amplitude results from the nominal scenario with the
TC0 case giving higher values. The same is found for the scenarios
e chord-normal bending moment at 90% blade length (b) showing the situation against



Fig. 13. Comparison of different variables under different situations for blade # 1 at 90% of the span. Angle of attack (a), torsional rotation angle (b), and section clearance from
tower center (c) comparing a standard NREL 5 MW RWT versus the light blade presented before and nominal wind with lower and higher wind speeds.
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using the hyper-stiff blade, which give higher amplitude values,
with cases Stiff TC0 and Stiff T0 showing higher amplitudes than
the Stiff case, which includes both tilt and cone. The large ampli-
tude value in this component is a reflection of the action of gravity
forces, which have a higher projection in the chord-wise direction.
5. Conclusions

In this work we have analyzed the sources of periodic loads on
horizontal axis wind turbines with emphasis in the future scaling
needs of the industry. We deconstructed the problem by the
introduction of six hypothetical configurations defining scenarios
which highlight the effect of different sources. This analysis could
only be possible thanks to the rich phenomena description attained
by the aero-elasto-inertial code used, described in Section 3.1. Apart
from a detailed representation of aerodynamic phenomena it is
able to adequately represent the effect of different ways of coupling
bending in two directions and torsion. In this qualitative study we
focused on understanding how different design parameters pro-
duce cyclic loads and which impact they will have in future scaled
turbines.

We started by analyzing the evolution of aerodynamic variables
(apparent wind magnitude, angle of attack and out of plane angle)
in each of the test-case scenarios. One conclusion drawn at this step
is that coning angle affects mainly the out-of-plane angle but its
effect on the angle of attack is negligible. Next, we studied the effect
of different configurations on energy extraction by analyzing the
rotor interference. Results show that interference is more related to
the angle of attack than to other aerodynamic variables. After that,
we turned into structural variables selecting the two more relevant
to the phenomena under study, blade out-of-plane displacement
and torsional deformation. In this case, gravity loads are identified
as a mayor source of displacement oscillations producing out of
plane bending which relates to the observed interference behavior,
and torsional oscillations activated by twist coupled with in-plane
bending. This gravity-induced oscillations, which would become
more significant in future up-scaled machines due to the square-
cube law, could be controlled by adjusting the amount of bend-
twist coupling. It is interesting to note here that Cox and Echter-
meyer [35] found that bend-twist coupling is independent of
geometric scaling, but the magnitude of displacement will increase
with blade length. Again this kind of behavior could not be revealed
without the descriptive capabilities of our model. Then, we studied
the tower clearance as a summarizing factor of the aero-elasto-
inertial dynamics, as it clearly reveals the effect of coning, tilt,
and other constructive characteristics, in combination with blade
deformation due both to aerodynamic and gravity loads. It has been
seen how coning and blade deformation act in opposite ways, and
that contribution from tilt is much more significant than that of
gravity effects. In this regard, the only way of reducing tilt activated
oscillations is to eliminate or, at least, reduce the need of tilt. This
could be achieved by means of downwind rotors with the penalty
of increased effects due to tower interference. Other way of
reducing tilt would be to increase rotor coning, but as blades
become more flexible, coning would need to be greatly increased
resulting in big differences between unloaded and loaded config-
urations. Also, it can be foreseen that, as the blade length increase,
the importance of gravity-induced fluctuations will be more sig-
nificant than the bending-induced fluctuations of the angle of
attack.
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Finally, we analyzed how the different sources of periodic
loading affect the fatigue behavior. We analyzed both global
quantities such as shaft torque and blade root moments, and local
quantities such as blade section bending moments. We found out
that the shaft torque is almost insensitive to this kind of loads and is
practically not affected by the different scenarios although the
nominal case is the one with the greater oscillating component.
Regarding blade root bending moments, the out-of-plane moment
show R-values ranging from 1.15 to 1.19 given by a fluctuating
component about one tenth of the mean value, while the in-plane
moment has R-values near �2 corresponding to fluctuating com-
ponents more than three times the mean. From all the configura-
tions, those with hyper-stiff blades exhibit the worst fatigue
behavior compared with those with the standard blade. Also, it is
found that tilt and coning generally worsen fatigue behavior. Blade
section moments show qualitatively similar features than blade
root moments. In this case, the relation between the chord-normal
moment amplitude and its mean is much smaller than a tenth.
Mean and amplitude of the chord-wise moment are of the same
order of magnitude, revealing a strong dependency with gravity-
induced loading. From the latter, we can infer that flexibility im-
proves fatigue behavior while tilt and coning worsen it.

The use of hyper-stiff blades served here as a theoretical artifact
to study different phenomena bymeans of deconstructing the rotor
aeroelastic behavior by ruling out the structural deformation and
the feedback between structural and aerodynamic variables sepa-
rating both aspects of the coupled problem. Comparing results for
cases with hyper-stiff and standard blades could give an idea of the
information missing by disregarding deformation.

As a way to check that our analysis can be extrapolated to other
load conditions and future ULB rotors, Fig. 13 shows a comparison
between the standard and a hypothetical light blade working under
nominal conditions, and the standard blade working at wind
speeds lower and higher than the nominal. We selected three
magnitudes representative of the aerodynamic, structural and
global behavior of the blades. It can be seen that the four curves
behave qualitatively in the same way, allowing to extend the
findings of this work to lighter blades and different wind regimes.

As an outlook for further work, we plan to focus our research
efforts on load dynamics related with unsteady wind, and its effect
on wind turbines in relation with different constructive and oper-
ational features. Unsteady-wind related loads are usually non pe-
riodic, although they could be cyclic, and may be stochastic. Loads
resulting from atmospheric boundary layer velocity profile, tower
shadow interference and turbulence, combined with different
constructive features, need to be analyzed with the perspective of
future turbine upscaling in mind.
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