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A B S T R A C T

This study aims to comprehensively investigate the impact of mechanical loads on the performance and lifetime
of wind turbines, with particular emphasis on blade vibration at the 4P operational harmonic. Experiments and
advanced aeroelastic simulations are combined to assess how active yaw systems and concrete towers affect
this specific vibration. Contrary to previous assumptions, field tests have shown that there is a resonance
phenomenon in the blade. Specifically, the first edgewise mode of the blade resonates at the 4P frequency,
which did not happen in the aeroelastic simulations. Remarkably, thorough aeroelastic simulations show that
this resonance is triggered by the excitation of the Edgewise Backward Whirling mode of the rotor, which
occurs at the 3P operating harmonic. This study highlights the need for accurate and precise modelling using
aeroelastic simulations to reproduce the resonance phenomenon and analyse the contributing factors. A major
breakthrough is the discovery that stiffening the active yaw system significantly reduces the 3P hub fixed
motions, resulting in reduced blade vibration at the 4P frequency. Furthermore, the simulations show the
sensitivity of the 4P vibration to different wind characteristics, providing valuable insights for the design of

wind turbines in different environmental conditions.
1. Introduction

Blade vibration due to the operational harmonics in horizontal axis
wind turbines is a problem that is usually analysed at the design stage of
a blade. Wind turbine (WT) manuals [1–3] give a general explanation
of the theoretical details of this phenomenon. In practice, it is common
to have vibrations that need to be analysed specifically for a particular
WT and wind farm [4–6].

The risk of unexpected vibrations has increased in recent years for
a number of reasons. In response to the need to minimise the cost of
energy (CoE) of wind farms, innovative solutions have been developed.
These include the use of larger rotors [7] and the construction of more
slender towers [8]. Consequently, these advances lead to lower natural
frequencies for these critical components. As a result, the frequencies
of the larger turbine components are more likely to overlap with the
operational harmonics.

The design of the wind farm layout is also important. It can include
positions with very high turbulence intensity, which can generate
high periodic disturbances. These disturbances are aligned with the
blade passing frequency (1P) and its harmonics (3P, 6P, 9P...) in the
fixed reference frame. The disturbances at 3P are mainly induced

∗ Corresponding author at: Public University of Navarre (UPNA), Campus de Arrosadía, Pamplona, 31006, Navarra, Spain.
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by wind turbulence, wind shear, wind direction, flow inclination an-
gle and tower shadow [9–11]. These disturbances have the potential
to significantly increase the excitation level of resonances at certain
frequencies.

This research analyses a real case of unexpected blade vibration in
a 4.8 MW wind turbine. The turbine analysed has an active yaw system
and a prestressed concrete tower, which is known for its high stiffness
compared to conventional steel towers, resulting in reduced vibration at
higher tower heights [12]. The torsional dynamics of the tower directly
influence the dynamic behaviour of the yaw system as they are in series
on the same axis.

During the load validation process [13,14] performed on a pro-
totype WT manufactured by Nordex, an unexpected vibration was
detected in the blades. This vibration did not appear in the simula-
tions previous to the validation process. The vibration is attributed to
the first eigenfrequency of the blade in the edgewise direction and
poses a particular challenge due to the specific configuration of the
turbine. This paper presents a comprehensive analysis of this complex
vibration phenomenon, with the aim of unravelling its underlying
causes, modifying the aeroelastic model to reproduce it and exploring
its implications.
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There are several studies that have investigated resonant vibra-
tions in wind turbines. Tibaldi et al. [15] concluded that operating
close to resonance can lead to significant vibration levels, even with
small differences in turbine characteristics, with particular focus on
the structural pitch. Sullivan [16] investigated resonance in two-bladed
wind turbines and showed that vibrations are noticeable when resonat-
ing with external excitations up to 5P in the blade edgewise mode.
In addition, Fleming et al. [17] investigated vibrations in a three-
bladed turbine, specifically addressing resonance at the high speed
shaft and nacelle acceleration. The importance of accurately modelling
the stiffness characteristics of the yaw structure was also highlighted
in Maalawi [18], although not in the context of an active yaw system
without a braking system. In this case, it is very relevant to reproduce
the dynamic behaviour of the yaw system during turbine vibrations,
as the yaw system is not fully restricted by the brakes. This issue has
not yet been investigated in detail, as this yaw system configuration is
relatively new.

To accurately reproduce mechanical resonance in wind turbines, the
correct use of aeroelastic simulation tools is paramount, as analysed
by Hach et al. [19], Holierhoek [20], Gözcü and Verelst [21] and
Sayed et al. [22]. These tools allow accurate simulation of the complex
interactions between aerodynamic, inertial and gravitational forces
required to capture the intricate dynamics of the system. In addition,
Filsoof and Zhang [23], Filsoof et al. [24] and Wanke et al. [25] have
also investigated the vibration phenomenon of the Edgewise Backward
Whirling (EBW) mode, providing additional insight into this particular
aspect of wind turbine dynamics.

The aim of this investigation is to understand the vibration phe-
nomenon observed in the field and to study the influence of the wind
conditions and the flexibility of the active yaw system. In this case,
the focus is specifically on the resonance of the EBW mode with the
3P in the fixed frame of reference, which is the one that has been
experimentally found to be amplified. It also highlights the importance
of accurately modelling the active yaw system and the prestressed
concrete tower to gain insight into their specific contributions to the
observed wind turbine vibrations.

The paper is structured as follows: It begins with the presentation
of unexpected vibration results from a field study of a real WT. It
then proceeds with an analysis of the vibration patterns and resonant
frequencies of the investigated turbine configuration, together with
insights into the interaction between the EBW mode and the 3P op-
erational harmonic. The following section focuses on the modelling
and simulation required to reproduce the unexpected vibration. A
sensitivity analysis section is also included to investigate the effect of
yaw stiffness on the observed vibration and to explore the influence of
wind conditions. Finally, a summary section outlines the main findings
of the research.

2. Field observation

During the load validation process of a Nordex WT prototype,
anomalous behaviour of the blade root edgewise bending moment
(from now on, 𝑀𝑥) was observed. This WT has a rated power of 4.8 MW,

rotor diameter of 155 m and a concrete tower of 120 m.
The edgewise bending moment of the blade is mainly due to gravity,

nd this gravitational cycle is repeated with each revolution of the rotor
1P). When the observer is in the rotating reference system of the blade,
he vertical gravitational load is seen as sinusoidal. In this case, a 4P
requency load appears superimposed on the 1P frequency gravitational
oad. This effect significantly increases fatigue and extreme loads and
an affect the performance and lifetime of the wind turbine. Fig. 1
hows an example of a time series of blade edgewise loads measured
ith strain gauges at the blade roots, showing the common vibration at
P (an example marked in blue) and above it a clear vibration of four
ycles (marked in red).
2

Fig. 2 shows the same Blade 1𝑀𝑥 signal from Fig. 1 in the frequency
domain, and it can be seen that the highest power content is at the
frequency 1P, followed by the frequency close to 4P.

To better understand the observed 4P vibration, an order analysis
is performed based on the waterfall plot. Order analysis is used to
quantify vibration in rotating machines whose speed changes with time.
Fig. 3 shows the measured blade edgewise load in the frequency domain
with the rotor frequency (multiples of P) on the 𝑥-axis and the rotor
speed on the 𝑦-axis. The load is shown in the rotating reference frame
and the power content of the blade edgewise load is shown in decibels
on the colour scale.

It can be seen that 1P is the order with the highest vibration energy
over the whole speed range of the rotor and also that its harmonics
have low energy. Of particular interest is the hyperbolic curve showing
the first eigenfrequency of the blade edgewise and its intersections with
5P at variable speed and, in particular, with 4P close to the rotor rated
speed (𝛺𝑟𝑎𝑡𝑒𝑑). The edgewise vibration of the 4P blade close to 𝛺𝑟𝑎𝑡𝑒𝑑
s the most relevant resonance as it is higher than expected and it is
herefore the main topic of this article.

. Understanding 4P blade edgewise vibration

This section explains the blade edgewise vibration as a part of the
otor vibration at the 4P frequency, including an examination of the
ampbell diagram.

In the design phase of a wind turbine blade, it is essential to avoid
he occurrence of a resonance condition, in which the natural frequency
f the blade is equal to the rotational frequency or to a harmonic with
ignificant energy. The analysis of this phenomenon is usually carried
ut using a Campbell diagram, which shows, among others, the natural
requencies of the blades as a function of the rotor speed, including the
otational frequency and its harmonics [26,27]. Any intersection of the
ines with a blade natural frequency over the operating speed range
f the turbine indicates a potential resonance. These cases need to be
nalysed in detail to know the criticality for the structural integrity of
he blade.

The Campbell diagram can be displayed showing the modes of the
otor with respect to the rotating reference frame or with respect to the
ixed nacelle reference frame. When they are measured in the rotating
eference frame, the multi-blade coordinate transformation [28,29] is
sed to generate the rotor modes with respect to the fixed reference
rame.

Before starting to analyse the Campbell diagrams, it is convenient
o give an introduction to the so-called rotor modes. Thirstrup Petersen
t al. [30] has provided an explanation of how local edgewise vibra-
ions in wind turbines can be coupled to the substructure of the whole
otor, leading to the occurrence of global Edgewise Forward Whirling
EFW) and Backward Whirling modes. These modes generate a force at
he hub centre, resulting in either co-rotating or counter-rotating rotor
oG (centre of gravity) rotation relative to shaft rotation.

Fig. 4 illustrates the three rotor modes that are generated from the
dgewise modes of each blade:

• Rotor 1st edgewise mode A: This is a synchronous mode as
the three blades reach their maximum and minimum deflections
simultaneously. It has a significant contribution from the drive
train first torsional mode, resulting in an increase in the global
mode frequency due to the stiffness of the low-speed shaft. This
frequency does not correspond to the vibration observed in the
field measurements described in Section 2. The vibrations associ-
ated with this mode can be reduced by using the torque control of
the converter [31–33], due to the high contribution of the drive
train mode.
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Fig. 1. Time series of measured edgewise loads on the three blade roots. A common 1P cycle is shown in blue and a clear vibration of four cycles is shown in red. Note: The
axes are not labelled with absolute values and are provided for illustrative purposes only in order to protect the confidential information of the Nordex company.
Fig. 2. Auto spectral density of the blade edgewise load in the frequency domain shown as a function of rotor speed.
Fig. 3. Waterfall diagram of blade 𝑀𝑥 order analysis. The white lines indicate the critical rotor speed (𝛺𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙) at which the 4P crosses the blade natural frequency.
• Rotor 1st edgewise mode B: This is an asynchronous mode as
the three blades do not reach their maximum and minimum
deflections simultaneously. The main contributions are the first
edgewise modes of the three blades. In this case, the Campbell
diagram has been calculated with blade 1 in the vertical and
upward position. In this rotor mode B, the contribution of the first
edgewise mode of blade 1 is more than three times the individual
contributions of blades 2 and 3.

• Rotor 1st edgewise mode C: This is an asynchronous mode similar
to mode B except that the individual contributions of the first
edgewise modes of blades 2 and 3 are more than three times the
contribution of blade 1.
3

Firstly, the Campbell diagram in Fig. 5 is shown in relation to the
axes that move with the rotor, as these are the axes of the strain gauges
that measured the 4P vibration. Secondly, the Campbell diagram in
Fig. 6 is analysed in the fixed nacelle axes to see the operating fre-
quencies that can excite the rotor modes from the fixed part of the
turbine.

The diagram in Fig. 5 shows the existence of three rotor modes
with a significant contribution from the first blade edgewise mode.
There are two rotor edgewise modes (B and C) which cross the 4P
operational frequency near 𝛺𝑟𝑎𝑡𝑒𝑑 and whose frequencies correspond
to the observations seen in the field measurements described in Figs. 1
and 3.
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Fig. 4. The first edgewise mode shapes of the rotor. (a) Rotor 1st edgewise mode A (collective), (b) Rotor 1st edgewise mode B (anti-phase I) and (c) Rotor 1st edgewise mode
C (anti-phase II).
Fig. 5. Campbell diagram in the rotating frame of reference. The 4P operational frequency is highlighted in red.
Fig. 6 shows the Campbell diagram of the rotor under considera-
tion in the fixed frame of reference. Only the 3P and 6P operational
harmonics are shown as these are the most relevant for fixed frame
turbine loads, with 3P highlighted in red as the most important.

There are three rotor modes with relevant participation of the first
blade edgewise mode:

• Rotor 1st edgewise collective: This mode is the same as ‘‘Rotor
1st edgewise mode A’’ as it is not affected by the multi-blade
coordinate transformation.

• Rotor 1st EFW: This is the asynchronous mode whose frequency
increases by 1P as the rotor speed varies.

• Rotor 1st EBW: This is the asynchronous mode whose frequency
decreases by 1P as the rotor speed varies. There is a potential
resonance with 3P near 𝛺𝑟𝑎𝑡𝑒𝑑 , which seems to be important due
to the usual large magnitude of 3P loads in the fixed reference
frame.

With the multi-blade transformation, the EFW and EBW modes
appear and it is possible to see which is being excited. In this case the
EBW mode is excited by the 3P operational harmonic. It is interesting
to note that the EBW mode is the one in which the rotor CoG rotates
in the opposite direction to the rotor rotation. This has the effect of
reducing the natural frequency as the speed increases [23].
4

Another variation of the Campbell diagram is shown in Fig. 7, in
which the wind speed at hub height is plotted on the abscissa. In this
way, resonances can be seen over the entire wind speed range, making
it possible to distinguish between resonances at the same rotor speed
but at different wind speeds.

It can be seen that the rotor first EBW mode is very close to 3P
when the wind speed is higher than the rated wind speed (𝑉𝑟𝑎𝑡𝑒𝑑) and
it is known that the 3P loads in the fixed part of the turbine increase
with increasing wind speed and reach their maximum value near the
cut-off wind speed [34]. This, together with the considerable number of
hours that the turbines operate at 𝛺𝑟𝑎𝑡𝑒𝑑 , indicates that the 3P loads in
the fixed part can have a significant effect on this mode of vibration. It
is noticeable that above 𝑉𝑟𝑎𝑡𝑒𝑑 the pitch controller starts and the blade
edgewise loads do not exactly match with the rotor inplane loads.

4. Modelling and simulation

The Campbell diagram illustrates the potential resonance points
between the coupled turbine modes and the operational harmonics. In
order to determine whether these resonances present any problems, the
matter must be analysed using aeroelastic simulations, which require
accurate modelling to reproduce the observed resonance phenomenon.

As mentioned above, the turbine model used in this study includes
a concrete tower and an active yaw system. It should be noted that
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Fig. 6. Campbell diagram in the nacelle fixed frame of reference. The 3P operational frequency is highlighted in red.
Fig. 7. Modified Campbell diagram (shown as a function of wind speed, from cut-in to cut-out). The 3P operational frequency is highlighted in red.
it is particularly important to accurately model these components as
they are interrelated and dynamically affect each other, meaning that
changes in one component can affect the behaviour of the other. The
inclusion of an additional Degree of Freedom (DoF) representing the
flexible yaw system is the main new feature of the model with respect
to previous models that did not predict the unexpected experimental
resonance. This new DoF improves the representation of the mechanics
of the yaw system, which is necessary to reproduce the resonance
phenomenon under investigation.

A new output variable is also introduced in this section to quantify
and analyse the EBW mode vibration by filtering the moment 𝑀𝑥 at the
EBW mode frequency. The following subsections describe the nature of
this variable and its validation.

4.1. Aeroelastic code and modelling

The aeroelastic design software used in this investigation is Bladed
[35–37] and the specific modelling requirements essential to replicate
5

the observed vibrations in the field are detailed below. It is crucial
to ensure that the simulation model includes all relevant stiffness
parameters and DoFs.

The tower is modelled by specifying its properties at a number
of locations, starting at the base and progressing to the top. At each
location the properties of the tower such as geometry, mass, bending
stiffness, torsional stiffness and shear flexibility are defined. The foun-
dation component is also included and its connection to the ground is
represented by fore-aft and side-to-side bending DoFs. The transmission
of the drive train takes into account the bending and torsional flexibility
of the low-speed shaft. The nodding flexibility of the main frame is
also included. The blade model includes geometric, mass and stiffness
properties as well as its aerodynamic properties. Both bending and
torsional flexibility are considered. The blade model is subdivided into
many rigidly coupled finite element bodies to more rigorously model
large blade deflections. The outer parts of the blade can undergo rigid
body rotation as a function of the deflection and rotation of the inner
parts, as well as incorporating linear deflections within the part.
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Fig. 8. Simplified yaw system model scheme.

The structural formulation is based on linear finite element bodies,
upplemented by non-linear geometric stiffness models that take into
ccount the effect of structural deflections on the dynamics. For flex-
ble structures, the Craig–Bampton modal reduction method [38,39]
s applied to calculate the component uncoupled modes of the tower
nd the blades. The modes of different bodies are coupled by the
quations of motion so that the actual eigenfrequencies of the coupled
ystem differ from the uncoupled mode frequencies. The aerodynamic
alculations are performed using the momentum theory of Glauert [40],
he dynamic wake model of Øye [41], the skew wake correction model
lauert [42,43] and the in-compressible Beddoes–Leishman dynamic

tall model [44].
The wind turbine controller uses several strategies to manage the

ariable speed turbine with a double-fed induction generator [45,46].
uring very low wind conditions, a PID controller is used to maintain

he rotor speed at the minimum operating value. During periods of low
ind, the reactive torque of the generator is modulated to optimise
nergy capture. In moderate wind conditions, a torque demand adjust-
ent procedure is used to maintain the rotor speed at the rated value.

n high wind conditions, pitch control [47] is used to regulate the rotor
peed by adjusting the blade pitch angle with a feedback controller. In
ddition, individual pitch control is used to reduce the loads on the
urbine [48].

The active yaw system and the concrete tower are critical for
he dynamic performance of the WT. Thus, as the main novelty of
he aeroelastic model, the yaw system is modelled as flexible, with
he nacelle passively adjusting its angle in response to aerodynamic
orces. A spring damper element is used to define the damping and
tiffness of the angular connection between the tower and the nacelle.
n Section 5.1, some stiffness values of the flexible yaw are analysed.

A schematic representation of the simplified yaw system used in the
eroelastic model is shown in Fig. 8, where the green boxes represent
he components, the blue circles represent the tower top (TT) and
aw bearing (YB) output nodes, and the orange diamond is the new
roposed spring damper element.

To analyse the vibration of the blade at its first natural frequency
n the edgewise direction, a new output variable is created. This is
6

btained by filtering the 𝑀𝑥 signal with a bandpass filter centred on the
first edgewise natural frequency. The amplitude of the filtered signal
is called BMX1EF. Fig. 9 shows an example of the 𝑀𝑥 filtered signal
(represented by black dots) corresponding to the 𝑀𝑥 load, together
with the amplitude of the filtered signal called BMX1EF (represented
by red lines). This metric is used to quantify the vibration level of 𝑀𝑥
t the first edgewise natural frequency of the blade. As can be seen
rom the graph, the BMX1EF indicator rises when the resonance of the
dgewise BW mode is excited.

.2. Validation of the proposed aeroelastic model and comparison with the
onventional rigid yaw model

To validate the proposed aeroelastic model, the normal power pro-
uction load cases (DLC1.2) of Class B turbulence intensity, as specified
n the IEC61400-1 ed4 standard [49], are being used. As aforemen-
ioned, in order to reproduce the observed vibration, a modification
f the stiffness of the yaw system was introduced in the wind turbine
odel. The results obtained are analysed in this section. The proposed
odification of the yaw system model and its sensitivity to the BMX1EF

ibration are shown in Fig. 10. The newly introduced flexible yaw
odelling is contrasted with the conventional version of rigid yaw
odelling in terms of normalised 𝑀𝑥 in inlet-a and normalised BMX1EF

in inlet-b.
It is important to highlight the effect of including the compliance

of the yaw spring in the modelling process, as opposed to assuming
a rigid yaw system. It is observed in inlet-b of Fig. 10 that when the
stiffness of the yaw spring was included in the model, the simulation
of the BMX1EF vibration showed higher levels that were representative
of those measured experimentally.

By incorporating the compliance of the yaw spring, the new model
is able to reproduce the unexpected amplification of the edgewise mode
observed experimentally in the field, as shown in inlet-a of Fig. 10.

5. Sensitivity analysis of BMX1EF

It is important to understand how different factors affect this vibra-
tion behaviour. In this section, we perform a sensitivity analysis of the
BMX1EF vibration in this particular wind turbine to investigate how
the stiffness of the yaw system and different wind conditions affect this
vibration. The results of this analysis can provide valuable insight into
the design of the wind turbine and wind farms.

5.1. Sensitivity analysis of BMX1EF to yaw system flexibility

This sensitivity study analyses how the amplitude of BMX1EF
changes when the stiffness of the yaw system is varied. To do this,
the load case used in this study is the one with the highest BMX1EF
of all the normal power production load cases (DLC1.2) of IEC61400-1
ed4 [49].

Fig. 11 shows part of the 𝑀𝑥 time series data obtained in the
aeroelastic simulations for different yaw stiffness values, in which
different 4P contents are observed. The red colour gradient is used to
highlight the series with the highest 4P content (the more red, the more
4P content). It can be seen that the lower the yaw spring stiffness, the
higher the 4P content. The yaw spring stiffness is given as a multiple
of the reference stiffness (𝑘𝑟𝑒𝑓 ), which is the value that best validates
he simulations against the field measurements.

Fig. 12 shows the maximum normalised value of BMX1EF obtained
n each simulation. It can be seen that increasing the stiffness of the
aw system reduces the BMX1EF to a base level determined by the
tiffness of the tower and nacelle components. This information can
e used to improve the design of the yaw system in relation to this
esonance phenomenon.
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Fig. 9. Example of the filtering of the BMX1EF signal, showing the initial 𝑀𝑥 load and the intermediate 𝑀𝑥 filtered signal.
Fig. 10. Validation of proposed aeroelastic model: (a) normalised 𝑀𝑥, (b) normalised BMX1EF.
Fig. 11. Time series of normalised 𝑀𝑥 with differences in yaw spring stiffness expressed as a multiple of the 𝑘𝑟𝑒𝑓 .
5.2. Sensitivity analysis of BMX1EF to wind conditions

This sensitivity study analyses how the vibration of the BMX1EF
changes when the wind conditions that generate the fixed frame 3P
loads vary. As mentioned in Section 1, these 3P loads are mainly in-
duced by wind turbulence, wind shear, wind direction, flow inclination
angle and tower shadow.

The sensitivity of the BMX1EF to some of the above wind conditions
is illustrated in Fig. 13. The analysis focused specifically on the above
mentioned load case, considering the 𝑘𝑟𝑒𝑓 yaw stiffness. Wind charac-
teristics such as wind shear, tower shadow, wind direction and flow
inclination angle were considered. The objective of the analysis is to
7

assess the vulnerability of the blade edgewise vibration to fixed frame
3P loads at nominal rotor speed. Note that the ranges considered in the
abcisas are the usual values for normal power production load cases.

As can be seen, the shadow of the tower (inlet-a) and the flow
inclination angle (inlet-b) have a small effect on the BMX1EF vibration
of about 5% between the values considered. On the other hand, wind
shear (inlet-c) and wind direction (inlet-d) have a larger effect of about
20% between the values considered. The results show a low sensitivity
to tower shadow and flow inclination angle, and a medium sensitivity
to wind shear and wind direction.

In addition, to investigate the effect of wind turbulence on the
sensitivity of the BMX1EF, some DLC1.2 scenarios are calculated using
representative turbulence quantiles. These quantiles are specific statis-

tical points within the turbulence data distribution, chosen to capture



Renewable Energy 227 (2024) 120503A. Torres et al.
Fig. 12. Normalised BMX1EF as a function of yaw spring stiffness expressed as a multiple of the 𝑘𝑟𝑒𝑓 .
Fig. 13. Normalised BMX1EF (y-axis) as a function of wind conditions: (a) tower shadow correction factor, (b) flow inclination angle, (c) wind shear exponent, (d) wind direction.
Standard values are shown in bold. Note that the scale of the normalised BMX1EF (vertical axis) is not the same in each sub-figure.
Fig. 14. Considered quantiles of the Class B turbulence distribution: (a) turbulence intensity values, (b) normalised occurrences of wind distribution.
its key characteristics [49]. The wind turbulence conditions considered
in this analysis are shown in Fig. 14. The turbulence intensity values
are shown in inlet-a of Fig. 14 and the normalised occurrences of the
wind distribution are shown in inlet-b of Fig. 14.

Fig. 15 shows the normalised BMX1EF over different wind speeds
for different turbulence levels, based on the category B turbulence
standard of [49]. The figure clearly shows that both wind speed and
turbulence intensity have a significant effect on the BMX1EF. The
strongest vibrations are observed at high wind speeds combined with
8

high turbulence levels.
The figure shows clear patterns in the BMX1EF under different wind
conditions. On the one hand, increasing the turbulence intensity from
a low quantile of 3 to a high quantile of 99.4, while keeping the wind
speed constant, causes the BMX1EF value to more than double. On the
other hand, increasing the wind speed from 4 m/s to 20 m/s results
in at least a fourfold increase in the BMX1EF value. These observations
suggest that both turbulence intensity and wind speed have a significant
effect on the BMX1EF.

The figure also shows how quickly these vibrations can increase. At

the higher turbulence levels, the increase in vibration is much steeper,
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Fig. 15. Normalised BMX1EF of several turbulence quantiles of category B as a function of wind speed.
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specially at wind speeds above 12 m/s. This sharp increase suggests
hat the effects of turbulence become more intense as the turbine faces
igher wind speeds. However, it is important to put these data into
erspective. Although the figure shows high BMX1EF values at high
ind speeds and turbulence levels, the likelihood of both conditions
ccurring at the same time is quite low, especially for this class of
urbine as can be seen in inlet-b of Fig. 14. This means that the impact
n the BMX1EF under these conditions can be quite significant but the
robability of such scenarios occurring is low.

. Conclusions

This study provides a comprehensive investigation on mechani-
al loads that affect the performance and lifetime of wind turbines,
ith particular focus on an observed blade vibration at the 4P oper-
tional harmonic frequency that did not appear in previous aeroelastic
imulations.

In this specific case, the investigation identifies that the resonance
f the blade first edgewise mode at the 4P frequency results from
he excitation of rotor edgewise backward whirling mode with the 3P
perational harmonic.

This unexpected and unknown blade vibration has been simulated
sing advanced aeroelastic models that allow the effects of active yaw
ystems on this vibration to be included. These modelling changes made
t possible to reproduce the observed field vibrations in the simulations.
his improvement in the model allows better controller solutions to be
esigned based on the simulation data. This highlights the importance
f accurate modelling to reproduce the resonance phenomenon, allow-
ng a thorough analysis of the factors influencing it. A particularly novel
inding is that by stiffening the active yaw system in this turbine, the
P excitation on the fixed frame axes is significantly reduced, resulting
n a reduction of the blade vibration at the 4P frequency.

The study also analyses the sensitivity of the observed vibration to
arious wind characteristics, such as wind shear, flow inclination angle,
ower shadow, misalignment, turbulence intensity and wind speed.

ith regard to the sensitivity of the 4P vibration to the wind conditions
onsidered, the simulations carried out show a low sensitivity to tower
hadow and flow inclination angle, a medium sensitivity to wind shear
nd wind direction, and a particularly high sensitivity to turbulence
ntensity and wind speed.

In summary, this study contributes to the existing body of knowl-
dge on wind turbine dynamics and provides a basis for future research,
articularly in the modelling of active yaw systems to reproduce their
9

ynamics during mechanical resonance phenomena.
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