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Abstract. This paper introduces a novel model-based approach for virtual sensing of wind turbine support
structures for full-field strain estimation using a single biaxial, DC-capable accelerometer and a sufficiently ac-
curate structural model. It enables displacement and strain estimation in the quasi-static frequency band, which
accounts for a large proportion of accumulated fatigue damage in offshore wind turbine support structures,
while saving costs by relying solely on accelerations from a single accelerometer as input. The introduced
method extends the modal decomposition and expansion by using displacement estimations based on tilt-error
compensated acceleration time series, utilising the tower’s static bending line. It is applied here in two valida-
tion case studies: a small-scale laboratory experiment and a full-scale offshore wind turbine. In both cases, the
estimated strain is validated against strain measurements conducted at various locations along the structure.
The results show excellent agreement between the estimated and measured strains for both case studies. In
the laboratory experiment, both displacements and strains are estimated accurately with errors below 2.2% and
1.2%, respectively. For the offshore wind turbine, the damage equivalent loads at the tower can be estimated
with a maximum error of 21% in the worst case and 6% in the best case. The remaining errors can be attributed
to modelling uncertainties and simplified load assumptions. The presented approach offers an improvement
over established methods for strain estimation, achieving similar accuracy with fewer sensors, resulting in a

low-maintenance load monitoring.

1 Introduction

With the increasing number of offshore wind turbine (OWT) installations over the last decades, a significant
number of OWTs will reach the end of their typical design lifetime of 20-25 years in the coming years (WindEu-
rope), leading to questions about the end-of-life strategies, which will become even more important in the years

to come. Due to incomplete understanding of aerodynamics, soil mechanics and expected environmental con-
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ditions, uncertainties in the design loads and structural resistance are relatively high in OWTs, especially com-
pared to other types of power generating turbines. Experience shows that the structural properties assumed
in design often deviate from the as-built turbine support structure, which becomes apparent from deviations
in the eigenfrequencies of the actual OWT when compared to those expected in the design phase (Augustyn
et al,, 2020; Sastre Jurado et al., 2024). To account for these uncertainties, OWTs are designed with partial safety
factors (DNV, 2016), often resulting in conservative designs (Nat, 2020). Knowledge about the actual fatigue-
relevant loading acting on the OWT could therefore be used to justify an extension of the OWT’s service life
beyond the design lifetime (Ziegler and Muskulus, 2016). Furthermore, load monitoring can also serve as a
basis for longer service lives through an optimised operation that takes into account the fatigue effects of
unforeseen operational conditions, such as frequent curtailments.

To monitor the loads acting on an OWT, it can be equipped with sensors, such as strain gauges or acceleration
sensors, to measure its structural response. Usually, the turbine operator is interested in the structural response
at various relevant elevations of the structure (Tarpe et al., 2020). However, equipping the structure with sensors
at every critical position is not always possible nor cost-effective and therefore not feasible in practice (Farrar
and Worden, 2012). To overcome this limitation, virtual sensing methods can be used. In virtual sensing, non-
physical sensors are synthesized from physical sensor time-series data and a structural or data-based model to
estimate quantities at positions without sensors. In the context of wind turbines, virtual sensing is often used to
estimate strain at unmeasured locations, since the critical point for the fatigue design is close to the mudline,
where strain sensors cannot usually be installed. For this reason, virtual sensing methods for OWTs are also
often referred to as strain estimation, strain prediction, or fatigue prediction methods (Tarpe, 2020).

The most widely used methods for virtual sensing for OWTs are based on the modal decomposition and
expansion (MDE), the Kalman filter (Tarpe, 2020) and machine learning (ML) techniques. In their simplest
form, these approaches use only acceleration measurements as input for the strain estimation.

The Kalman filter was first applied for virtual sensing by Papadimitriou et al. (2011) and estimates a state-space
model that is updated continuously using measurement data. By combining information from the state-space
model with measurements, the Kalman filter can reduce uncertainty in the estimation compared to purely
data-based or purely model-based approaches. The Kalman filter has been applied for strain estimation of
wind turbine support structures in several publications, such as (Maes et al., 2015, 2016; Branlard et al., 2020),
as well as in modified versions such as by Zou et al. (2023).

The majority of research in the field of virtual sensing is, however, based on the MDE. The MDE algorithm,
as it is known today, was introduced by Hjelm et al. (2005) and Graugaard-Jensen et al. (2005). In the MDE,
the structural response is decomposed and reconstructed using the structure’s mode shapes, usually extracted
from a finite element model and vibration measurement data, typically acquired using accelerometers. In many
applications, the structural response is dominated by a few modes only, allowing sufficiently accurate strain

estimation despite using only a limited number of sensors (Bagersad et al., 2015). The MDE or modifications
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to the MDE have been used for strain estimation of wind turbines in multiple publications, such as Tarpe et al.
(2020), Maes et al. (2016) and Nabuco et al. (2020).

Additionally, other methods based on machine learning exist, such as those described by Tarpe et al. (2022),
Moynihan et al. (2024) and Bilbao et al. (2022). In Bilbao et al. (2022), it is also shown that a significant portion of
fatigue-relevant damage is neglected when only dynamic stresses above 0.1 Hz are considered, highlighting a
limitation of many virtual sensing approaches for OWTs: the methods perform well for estimating the dynamic
strain but fail to accurately capture the response well below the first eigenfrequency, denoted here as the quasi-
static frequency range (Maes et al,, 2016; Iliopoulos et al., 2017). Although no formal definition exists for this
quasi-static frequency range, it is generally understood to encompass frequencies significantly lower than the
first eigenfrequency and below 0.1 Hz.

For many structures, the quasi-static response has negligible effects on the fatigue life consumption, since
only few low frequency load cycles occur over the structure’s lifetime. However, for wind turbines, the quasi-
static response is fatigue relevant (Bilbao et al., 2022; Tarpe et al., 2025), as large displacements and thus strains
are associated with the quasi-static part of the excitation (Augustyn et al., 2021; lliopoulos et al., 2017; Noppe et al.,
2016), caused by wind gusts and yawing motion. In contrast, the excitation in the dynamic frequency band occurs
due to wind turbulence, waves and periodic rotor excitation. Therefore, neglecting the quasi-static frequency
range leads to a significant underestimation of fatigue loads and is therefore not conservative. This is shown
as an example in Fig. 1 for a one-hour strain time series of an OWT tower. If the quasi-static component of
the strain set here to below 0.1 Hz is neglected, the fatigue damage, expressed here via the damage equivalent
strain (DES), is significantly underestimated, only adding up to about 68% of the actual DES. Similarly, it is
not sufficient to consider the quasi-static frequency range only, since the dynamic frequency range, including
vibrations close to the first eigenfrequency and those excited by rotor rotation, also contributes to the fatigue
loading.

Estimating the quasi-static response from acceleration time series is, however, not trivial. As strains are
related to structural displacements, a double integration of the measured accelerations from a DC-capable
accelerometer is necessary for strain estimation. An integration to convert acceleration a(f) to displacement
w(t) in the frequency domain can be expressed as
t
—w2

w(t) = F1 < zr(a(t))> , (1)

where w is the frequency and & and F~! are the Fourier transform and the inverse Fourier transform,
respectively. For w — 0, the factor _ng approaches negative infinity and thus amplifies the low-frequency range
in a non-physical way. This leads to an overestimation of quasi-static amplitudes in the estimated displacements
and, consequently, in the estimation strains when estimated from accelerations (Tarpe, 2020).

As a consequence, approaches accounting for the quasi-static response of wind turbine support structures

have been developed, in which the quasi-static strain is estimated from different quantities such as strain, in-
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Figure 1. Strain time series of an offshore wind turbine tower under partial load operation and the low-pass and high-pass
filtered signal components, using a crossover frequency of 0.1 Hz. The damage equivalent strain (DES) is normalised with

respect to the total DES of the unfiltered signal.

clinations, or supervisory control and data acquisition (SCADA) data, thereby avoiding the challenge arising
from the double integration of accelerations. A straightforward approach uses strain measurements to esti-
mate the quasi-static strain at non-instrumented locations. Maes et al. (2015) showed a significantly improved
strain estimation in the quasi-static frequency range when strains were used as input to the Kalman filter
in addition to accelerations. Several authors have also extended the MDE with strain measurements to esti-
mate the quasi-static response (Iliopoulos et al., 2017; Henkel et al., 2020; Fallais et al., 2025) by applying the
multi-band MDE approach introduced by Iliopoulos et al. (2017). By splitting the entire frequency range into
multiple frequency bands, the multi-band approach allows the consideration of more vibrational modes than
the number of accelerometers would typically permit. Furthermore, it enables the reconstruction of the quasi-
static strain by spatially extrapolating the measured strain using the strain distribution in the static bending
line instead of the first bending mode. Despite enabling accurate strain estimation, depending on strain gauges
has downsides. In addition to increased installation costs for additional sensors, strain gauges often exhibit
high noise levels and drift, as well as lower reliability and robustness compared to accelerometers. Further,
sensor faults and defects can occur when installed close to the waterline, as they are exposed to more extreme
environmental conditions (Tarpe et al., 2020). Alternatively, the quasi-static strain can be reconstructed using
SCADA data, as shown by Noppe et al. (2016), who model the thrust load based on 1 s resolution data for pitch
angle, wind speed and rotor speed and then reconstruct the quasi-static strain using the static bending line of
the tower. However, since the reconstruction of the quasi-static response is not based on structural reactions
but rather on a modelled relationship, it can be subject to greater uncertainty. Toftekaer et al. (2023), however,
used inclinations derived from DC-capable accelerometer signals as input to the MDE of the quasi-static re-

sponse to avoid problems arising from the double integration, assuming the measured acceleration is only due
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to the gravitational acceleration. This assumption is only accurate for the static case. For frequencies above
0 Hz, accelerations of the vibrating tower distort the estimated inclinations. Furthermore, in contrast to the
above-mentioned publications, Toftekaer et al. (2023) used the static deflection shape and strain distribution
arising from a unit moment at the tower top obtained from an FE model in addition to those resulting from a
horizontal force, thereby further improving the strain estimate in the quasi-static frequency domain.

The consideration of different deflection shapes in addition to the mode shapes is often referred to as
Ritz vectors in the context of strain estimation according to Skafte et al. (2017), who used Ritz vectors to
better represent wave loading on offshore structures. The concept has been employed by Augustyn et al
(2021) and Toftekeer et al. (2023). In contrast to the mode shapes typically used in MDE, such Ritz vectors are
excitation dependent. It was shown that including multiple Ritz vectors can further improve strain estimation
results, especially in the quasi-static frequency range, because the loading conditions can be modelled more
realistically (Toftekaer et al., 2023).

However, Boroschek and Legrand (2006) showed that for tower structures, a tilt error is introduced in
the horizontal acceleration signal. Because the deflection of a tower structure introduces a tilt, the measured
accelerations include components of the gravitational acceleration in addition to the structural acceleration.
Jonscher et al. (2025) showed that the overestimation of amplitudes in the estimated quasi-static displacement
response is not primarily due to low-frequency noise in the acceleration measurements, but can instead mostly
be attributed to the neglected influence of the tilt error on acceleration measurements. In the above-mentioned
publications, instead of explicitly accounting for the tilt error’s influence on accelerations, it has been bypassed
by utilising additional strain or SCADA data, or implicitly used for strain estimation via inclinations (Toftekaer
et al, 2023). Different methods for compensating for the tilt error have been developed since then. Luczak
(2014) calculates the tilt angle from the low-pass filtered ratio of different components of a triaxial DC-capable
acceleration sensor, while Tarpe et al. (2021) propose a compensation method utilising multiple accelerometers
attached to different sides of the structure to calculate the tilt error. Jonscher et al. (2025) compensate for the tilt
error using the static bending line of a tower structure and show that this tilt error is particularly pronounced
at low frequencies, increasing the error introduced when determining displacements by direct integration of
accelerations. The tilt error, therefore, must be considered in the virtual sensing concept for strain estimation
from accelerations in the quasi-static frequency range.

The approach presented in this contribution addresses the above-mentioned challenges by accounting for
the tilt error in the reconstruction of the quasi-static strain and displacement response from acceleration mea-
surement data. In industrial applications, an instrumentation with multiple accelerometers on more than one
turbine, the so-called fleet leader, is rarely done (Tsiapoki and Colomer Segura, 2024). However, instrumenting
all turbines within a wind farm with one biaxial and DC-capable accelerometer is becoming more common
to capture turbine-specific vibration. Therefore, the method is applied here to acceleration measurements ob-

tained from a single DC-capable accelerometer. The proposed method extends the approach for tilt error
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compensation by Jonscher et al. (2025), enabling the determination of quasi-static displacements down to 0 Hz,
which are subsequently converted into strain using a transmissibility function based on the multi-band MDE.
The approach requires a finite element model as a basis, from which the displacement, rotation and strain
distribution in the static bending line and in the structural modes are extracted. The only data input required
for the presented approach is acceleration data from a single accelerometer, thus facilitating low-maintenance
load monitoring.

The remainder of the paper is structured as follows. The method used for displacement and strain estimation
is presented in detail in Sect. 2. The method is validated experimentally using a beam model and data from
an operational OWT in Sect. 3 and 4, respectively. In the following Sect. 5, the benefits and limitations are

highlighted. The results are summarised and conclusions are drawn and an outlook is presented in Sect. 6.

2 Strain estimation method

In this section, the novel approach for determining the quasi-static displacement response using acceleration
data is presented. A flowchart of the relevant steps is given in Fig. 2. The two steps of the strain estimation,
namely displacement estimation from accelerations using the combined tilt-error compensation and double
integration and the strain estimation from displacements using a transmissibility function based on the MDE,

are described here.
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Figure 2. Flowchart of the displacement and strain estimation approach.
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Figure 3. Schematic representation of the tilt error experienced by a deflected tower structure based on Jonscher et al.
(2025).

2.1 Displacement estimation using DC-capable sensors

In previous work by Jonscher et al. (2025), it was found that the measured acceleration ameqs can be decomposed

as

ameas(f) = astr(f) + ag(f)r (2)

where agy(f) is the actual acceleration of the structure in the inertial coordinate frame and ag4(f) is the contri-
bution from gravitational acceleration g due to the tilt of the sensor as illustrated in Fig. 3. The gravitational

acceleration can be expressed as

1
ag(f) = gmastr(f)m' (3)

where the tilt constant m describes the ratio between the tilt w’ and the lateral displacement w in the quasi-static

bending line, which is valid for small tilt angles:

m = W (4)

The tilt constant m is only determined for the static case as the tilt error is neglectable in the dynamic

frequency range dominated by structural eigenmodes of current wind turbines. This leads to an expression
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influence of the tilt error is marginal above the first eigenfrequency (EF).

for the tilt-compensated structural acceleration
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Astr (f) = ameas(f)

using a frequency-dependent correction factor c(f, m). The correction factor has the amplitude response of a
second-order high-pass filter with a cutoff frequency of gm but does not change the phase of the input signal.
However, the resulting acceleration ag, has to be integrated twice to get the displacements, necessitating the
use of an additional high-pass filter (cf. Equation 1) due to the unstable behaviour of the integration filter and
thus losing information about the quasi-static motions. Furthermore, Jonscher et al. (2025) utilised IEPE ac-
celerometers, which were able to measure at low frequencies due to the calibration performed according to
Jonscher et al. (2022) but which could not measure the DC component. It was therefore not possible to estimate
static displacements below 0.01 Hz in this way (Jonscher et al., 2025). Figure 4 shows the amplitude response of
the integration filter and the tilt error compensation, the latter being particularly pronounced below the first
eigenfrequency and for frequencies approaching 0 Hz. Additionally, utilising Equation 6, it is also possible to
calculate the frequency-dependent actual tilt of the tower

w'(f) = sin <C;J> = sin <ameaS(1 ;c(f,m))> . (6)

This contribution focuses on the estimation of the static motion of the tower, which can be captured using

DC-capable accelerometers. The static tilt angle can be expressed as

wiif) = %)
1) ===, (7)

for small angles, which leads to the lateral displacement

wif) = ) )

agm
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using Equation 4.

Combining Equation 2 and Equation 8 utilising the relationship established in Equation 5, one finds that

(2tf) 2

@rf) Pgm 1 ©

w(f) = Ameas(f)

In this expression for the tower displacement, the inertial accelerations are compensated. The resulting com-
bined tilt error and integration filter (Equation 9) shows a stable behaviour at 0 Hz, theoretically enabling the
determination of static motions when DC-capable accelerometers are used. However, low frequency noise in
the measurement chain can still lead to a long term drift, impeding the determination of static motions in
practical applications. The frequency-dependent combined integration and tilt error correction resulting from
Equation 9 is shown in Fig. 4 together with the correction factor c(f,m) from Equation 5 and the magnitude
of the double integration filter.

For the static case f = 0 Hz the measured acceleration is solely due to the tilt error, which is assumed to be
true in the entire quasi-static frequency band in the MDE approach by Toftekeer et al. (2023). Equation 9 then
simplifies to
W= ‘LLm (10)
which means that offset errors in the measured mean acceleration are directly propagated to the estimated
tower displacement. To avoid such errors, the sensor either needs to be aligned precisely during the installation
or the misalignment has to be compensated numerically by applying the rotation matrix R~! to the measured

acceleration.

Gmeas(t) = R Graw(t) (11)

The rotation matrix is set up such that it shifts the mean direction of the gravitational field in the raw sensor
data to make it perfectly aligned with the y-axis. Using Euler angles ¢ and £ for deviations about the pitch and

roll axes, a rotation matrix R is established.

cos& -—sin€ O 1 0 0
R=|siné cosé O0|-|0 cos¢ -—singd (12)
0 0 1 0 sing coso

Measurement data for calm conditions with minimal movement of the tower are averaged to suppress
measurement noise and obtain a raw mean gravitational vector a..w. The Euler angles can be determined by
using the matrix R to transform the unit vector along the negative y direction and equating it to the normalised

measured acceleration vector.
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The resulting formulae are

¢ = arcsin <—amw'z> & = arcsin <amwx> (14)

]araw| Iar‘aw| cos¢

This approach does not allow for compensation of alignment errors in the yaw direction.
2.2 Strain estimation from displacements

The displacements estimated as described above serve as an input for the strain estimation. The focus of this
contribution is strain estimation using displacements derived from a single accelerometer. If multiple sensors
were available, several proven methods could be used for this step, such as the Kalman filters, or the modal
decomposition and expansion (MDE). The proposed method involves constructing a transmissibility function
that maps displacements to strain based on the MDE, denoted by T, ... Therefore, a brief explanation of the
MDE, based on the work of Tarpe et al. (2020), is provided here.

In MDE, the displacements or strains are usually obtained from multiple acceleration measurements and the
structure’s mode shapes. It is assumed that the system response in terms of displacements w can be represented

in modal coordinates q(t) using the mode shape matrix ®

w(t) = dq(t). (15)
Equivalently, the system response in terms of strains € is expressed using the strain mode shape matrix 0 as
e(t) = q(1). (16)

Since not all infinite modes can be preserved in this step and high frequency modes can safely be disregarded
for wind turbine tower fatigue assessment, the mode shape matrix ® and the strain mode shape matrix 6
are truncated to only include a finite number of real modes. Consequently, the modal coordinates q can be

estimated as
q(t) = @, wn(t) (17)

from the displacement response wy, where [-],, denotes the measured locations. This modal decomposition is
performed using a Moore-Penrose inverse of the mode shape matrix Cbzn. The mode shape matrix is usually

determined using a numerical model of the structure, but can also be derived from an operational modal

10
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analysis, as shown by (Tarpe et al., 2020). Estimated quantities are marked with [-] here. If the structural
response is measured using accelerometers, the displacements have to be estimated before applying the MDE
according to Section 2.1.

In the modal expansion, the structural response is expanded in space using the estimated modal coordinates

g and mode shapes at the target locations ®;. These target locations are indicated by the index [-}:
Wi (t) = Pq(t). (18)

Similarly, the strains can be estimated by replacing the deflection mode shapes at the target locations with the

strain mode shapes 0;:
&(t) = 04(t). (19)

The number of modes considered in the MDE is limited by the number of input sensors and must therefore
be truncated. Since the structural response of many structures, including offshore wind turbines, is usually
dominated by just a few modes, this approach still yields adequate results even with only a few sensors (Bagersad
et al,, 2015). However, in this contribution, we focus on a sensor setup consisting of only one sensor position.
Using the classical MDE, the vibration across the entire frequency band would then be projected onto the
first eigenmode, leading to insufficiently accurate results. To overcome this limitation, the multi-band approach
proposed by Iliopoulos et al. (2017) can be used, in which the MDE is carried out independently for multiple
frequency bands. The full-field strain € can then be calculated as a superposition of the strains for each

frequency band i = 1...n

n
&g = Zei. (20)
i=1

Thus, different mode shapes and Ritz vectors can be used in each frequency band, depending on the dominant
excitation. The approach also reduces the number of required sensors, as the number of modes per frequency
band is now limited by the number of sensors rather than by the total number of considered modes. If only one
acceleration sensor is used, the multi-band approach MDE simplifies to a frequency-dependent transmissibility
function T,_,. that takes into account the fact that unit displacements at different excitation frequencies result
in different strains. T,,_,. is defined here as

ere(f)

Tw—>e(f) = m,

(21)

where & rg(f) is the strain at the target location and wy, re(f) is the displacement at the measured location
extracted from the finite element (FE) model for different excitation frequencies f.
In the simplest case, the considered frequency range is divided into n regions, where n is the number of

considered modes. This would result in T,, ., being a step function that is only correct at the eigenfrequencies

11
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Figure 5. Displacement-to-strain transmissibility function T, for different MDE approaches. All approaches are exact at

the eigenfrequencies (EFs) but deviate from the continuous T, ,. between the EFs and below the 1. EF.

and approximates the response at neighbouring frequencies (cf. Fig. 5). This may be sufficient if the system’s
eigenfrequencies dominate the response. However, for wind turbines, this is not always the case as the excitation
from wind and waves is usually below the first eigenfrequency. If a separate Ritz vector is considered for the
quasi-static frequency range, the strain estimation can be improved as shown by Iliopoulos et al. (2017). Ty_.e
is then modified to capture the different Ritz vectors in the quasi-static frequency band as shown in Fig. 5.
However, Ty_.(f = 0) depends on the position and type of excitation, which needs to be modelled. In theory,
Tw_e can be constructed for every excitation frequency, resulting in the example continuous graph shown
in Fig. 5. Unless this continuous T,_.. is used, the strain estimation is only exact at support frequencies used
for the construction of T,_.. However, for T, to be correct for all frequencies, the excitation type must
be known at every frequency. As a simplification, only one additional Ritz vector — the static response to a
horizontal force at the tower top representing the thrust load — is often used e.g. in Iliopoulos et al. (2017);
Noppe et al. (2016).

3 Experimental validation using a laboratory beam model

To validate the proposed method, a laboratory-scale beam model was constructed. The steel beam shown in
Fig. 6 has a total free length of 152.4 cm and a rectangular cross-section of 3 cm x 0.52 cm. It is equipped with
DC-capable accelerometers of type PCB 3713B112G at the three measuring points (MP) indicated in Fig. 6
as well as laser distance sensors of type Keyence IL-030 at MP3 and a laser distance sensor of type MEL
M5/200 with a larger measurement range at the top level MP1. Additionally, the vertical strain is measured
on both sides of the beam at the locations MP4 and MP5 using electrical strain gauges of type HBK 3/350ZE
LY91 in a quarter-bridge configuration. To attach the strain gauges, the beam surface was sanded, reducing
the cross-section in these areas to 3 cm x 0.5 cm. The acceleration, displacement and strain are measured

with a sampling frequency of 600 Hz. The laser distance sensor at MP3 exhibits a time delay of approximately

12
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Figure 6. Photo and schematic drawing of the experimental beam. The exact sensor positions are given in Table 1.

0.01 s relative to the other sensors, which has been digitally compensated before performing any further data

analysis. The measurement setup and the measuring point heights are documented in Table 1.

Table 1. Heights of the measuring points on the experimental beam.

Position | Elevation (m)

MP1 1.462
MP2 1.098
MP3 0.829
MP4 0.798
MP5 0.393

A displacement boundary condition is applied manually in the x-direction at the top of the beam via a string
connected to the beam with a magnet. The boundary condition consists of three distinctive parts indicated in
305 Fig. 7. During the first 310 seconds (Part 1), stepped displacements are applied to demonstrate the proposed
method’s capability to estimate the quasi-static response. This part is followed by a free decay for about 85
seconds in Part 2. For the remaining 110 seconds (Part 3), a quasi-random displacement time series is applied

to showcase the performance in a setting relevant for fatigue estimation.
For the virtual sensing approach, an FE model of the beam is set up in Abaqus using Timoshenko beam
310 elements. The masses of the accelerometers and the magnet used to apply the displacement boundary condition

are modelled as inertial point masses. The sanded cross-section around the strain gauges was accounted for

13
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in the FE model by assuming a reduced cross-section in the region 30 mm above and below the strain gauge
positions. In the FE model, the boundary condition at the base of the structure is updated to match the modal
parameters of the first three bending modes in the x-direction identified from the acceleration measurements
during the free decay from t=310 s to t=395 s using operational modal analysis. The dynamic properties,
especially the mode shapes, of the updated FE model are found to match those of the real structure for a
rotational stiffness of ky, = 4.000 Nm/rad. The considered eigenfrequencies and mode shapes of the updated
model, as well as the measurement results for the real structure, are shown in Table 2. The mode shapes of
the real structure are determined from the acceleration measurements using operational modal analysis and
are herein compared to the mode shapes from the FE model using the modal assurance criterion (MAC).
Even though a significant deviation of the eigenfrequencies is still observable, the mode shapes show good
agreement with MAC values close to 1. Since mode shapes are the relevant modal parameter for the employed

approach, the updating is considered sufficiently accurate for this application.

Table 2. Comparison of the first three modes in x-direction of the laboratory beam ([,]) and the updated FE model ([rg.]).

Eigenfrequency (Hz) Mode shape
Mode fO,FE,u fO,m MAC (q)FE,u:queas)
Bix 1.698 1.569 0.9989
B2x 10.775 10.389 0.9999
B3x 30.59 29.619 0.9999

3.1 Displacement estimation results

The displacements at MP1 and MP3 were estimated as shown in Fig. 2 using the tilt constants m derived from
the static bending line of the FE model, which was obtained by application of a horizontal unit force at the
top of the beam. The tilt constants m and the amplitude behaviour of the resulting filters are shown in Fig. 8

for MP1, MP2 and MP3. As the tilt error is more pronounced at higher positions, m is also larger and the

14



330

335

340

345

) ) ﬂ
S0
e
(;é) My = 211 .
N
—m,,=1511 \
m _ =1.034
MP1
4 : _ LEF
10
107 10t 10° 10t

log(Frequency) (Hz)

Figure 8. Amplitude behaviour of the combined integration and tilt error filter for the accelerometer positions MP1, MP2

and MP3. The tilt constants m are given in (rad m™).

combined tilt error compensation and integration filter has a smaller amplitude for higher measuring points,
meaning a smaller share of the measured acceleration is in fact due to the structural acceleration.

The measured accelerations have been corrected for rotational offset according to Equation 14. All measured
data have been low-pass filtered using an IIR filter with a cutoff frequency of 12 Hz, as the frequencies above
12 Hz do not significantly contribute to the structural response.

Two quality metrics commonly used in the literature for evaluating the performance of strain estimation
methods are used here: the normalised root mean squared error (NRMSE) as used in (Moynihan et al., 2024;
Noppe et al, 2016; Jonscher et al.,, 2025) and the evaluation via the error in the damage equivalent strains
(ADES) or displacements (ADED) used in (Tarpe et al., 2020; Henkel et al., 2020; Fallais et al, 2024; Henkel
et al., 2021). The latter is used for evaluating Part 3, as it captures the fatigue-relevant characteristics of a time
series. The ADED is defined here as

DED.

ADED = DED,. ~

1, (22)

where DED, and DED,,, are the DED from the estimated and measured displacement time series, respectively.
The DED is calculated from the ranges Aw; and number of cycles n; obtained from a rainflow counting of the

time series according to the ASTM E 1049 standard (ast, 2017). The DED can then be calculated as

1/mgn
1
DED = Aw™Nn; , 23
(i o) =

assuming a generic SN-curve with a fatigue exponent mgy = 3 for Nyt reference load cycles. Equivalently, for
comparing strain time series, the deviation of the damage equivalent strains (ADES) is introduced, calculated
from the strain time series as input to the rainflow counting.

Additionally, the NRMSE is used for evaluating Part 1, as it provides more reliable information for quasi-static
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Figure 9. Displacement estimation at MP1 using the accelerometer at the respective level. Due to the similarity of the

estimated and measured signals, some signals might not be visible in the plot.

loading with only a few cycles. It is defined here as

1

Xm

NRMSE =

to
&3 emlt) — xelt)? (24)
i=t
from the measured and estimated time series x,, and x., respectively, normalised with respect to the standard
deviation of the measured time series.

The displacements estimated according to the proposed method are compared to the measured displace-
ments in Fig. 9 for the accelerometer position MP1. The estimated displacements show good agreement with
the measured displacement as shown by the quality metrics in Table 3. Not only can the vibrations at the eigen-
frequencies be estimated accurately, as can be seen from Zoom 2 in Fig. 9, where the first eigenfrequency
dominates during the free decay and the frequency spectra shown in Fig. 10. Also, the static and quasi-static
displacements can be captured accurately as shown in Zoom 1 and Zoom 3 in Fig. 9, respectively and the zoom
into the frequency range from 0 Hz to 0.3 Hz in the spectrum in Fig. 10. The absolute error shown in Fig. 11 is
generally low, with errors below 0.1 mm for MP3 and errors below 0.2 mm for MP1. The laser displacement
sensor at MP1, however, has a high noise level, as visible in Fig. 10, contributing to a share of the observed

absolute error. The estimated displacement can be used as input for strain estimation.
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Figure 11. Absolute error of the displacement estimation at MP1 and MP3 using the accelerometers at the respective

levels.

Table 3. Quality metrics for the displacement estimation for two different sensor positions.

Position | NRMSE | ADED (%)

2.1084%
-1.2128

0.0380
0.0290

MP1
MP3
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3.2 Strain estimation results

The strain is subsequently calculated from the displacement estimation obtained in the previous step, as shown
in Fig. 2. For both MP4 and MP5, the strain is estimated three times using the accelerometers at MP1 to MP3
separately. The six transmissibility functions T, .. are constructed according to the MDE with an additional
quasi-static frequency band. The frequency band limits are chosen as centre of the supporting frequencies.
The displacement and strain mode shapes and the Ritz vector for the quasi-static case are extracted from the
FE model. A horizontal force at the beam top is assumed for calculating the Ritz vector in the quasi-static case.

The resulting values of the step function T, for the strain estimation of MP4 and MP5 are given in Table 4.

Table 4. Displacement-to-strain transmissibility function T,_. in (m™') for the strain estimation at MP4 and MP5 from

displacements at MP1, MP2 and MP3 using a separate Ritz vector in the quasi-static frequency range.

Frequency band (Hz)

Quasi-static 1. EF 2. EF
0-0.79 0.79-5.99 5.99-12
HyyMp1)—empa) 1.76E-03 1.39E-03 3.08E-02

Hypopoeupsy | 2.77TE-03 242E03  -434E-02
Hypsoeupsy | 448E-03 333E-03  -2.32E-02
Hyoptjoeups) | 2.74E-03 9.7TE-03  5.49E-03
Hypo)oeups) | 432E-03 4929E-03  -T.T3E-03
Hyps)eoups) | 6.98E-03 6.64E-03  -414E-03

The strain estimation results for MP4 are shown in Fig. 12. Corresponding to the evaluation carried out for
the displacement estimation, the strain estimation is evaluated using the NRMSE for Part 1 and the ADES for
Part 3 of the time series. The values resulting for NRMSE and ADES can be found in Table 5.

The strain estimation consistently yields excellent results, with a maximum absolute ADES of 1.47%, indicating
that, for a known excitation, the proposed method can reliably estimate strains using a single accelerometer.
Additionally, spatial extrapolation of the strain is possible, as accurate strain estimation can be achieved regard-
less of the input and output positions. The good agreement between the estimated and measured strains is
achieved in both the quasi-static and dynamic frequency ranges, as can be concluded from the quality metrics
in Table 5. The accuracy of the strain estimation in the quasi-static frequency range is evident in Zoom 1 and
Zoom 3 in Fig. 12 and in the zoom into the frequency range from 0 Hz to 0.3 Hz in the spectrum in Fig. 13.
The strain estimation in the dynamic range is sufficiently accurate for determining fatigue damage close to the
eigenfrequencies (cf. Zoom 2 in Fig. 12 and Fig. 13). However, between the first and second eigenfrequency,
the estimations deviate from the measured strain. Since not much energy is contained in these frequencies,

this can hardly be seen in the time domain representation of the strain but becomes visible in the spectrum
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Figure 13. Spectrum of the strain estimation at MP4 using the accelerometers at MP1, MP2 and MP3.

in Fig. 13. This deviation is due to the approximation of the continuous Ty .. as a step function. Therefore,
frequencies below the band limit frequency are assigned to the lower frequency band, while higher frequencies
are assumed to vibrate in the shape of the upper frequency band. This leads to the discontinuity in T,_,. at the
band limit frequencies, which is visible in the spectra and has also been observed by Noppe et al. (2016, 2018).
This issue can be alleviated by using the continuous T, .. function, which does not possess this discontinuity.
However, a continuous Ty, .. inflates strains at frequencies where the displacement shape has a nodal point,

leading to a pole in the function T,_,., which is also undesirable.
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Table 5. Quality metrics for the strain estimation for different acceleration sensor positions.

Position Metric
Strain | Acceleration | NRMSE | ADES (%)
MP1 0.0262 0.1543
MP4 MP2 0.0403 1.1529
MP3 0.0377 0.3634
MP1 0.0238 -1.4694
MP5 MP2 0.0267 -0.1594
MP3 0.0257 -0.4249

4 Application to an offshore wind turbine

In the previous section, the proposed method was shown to yield accurate displacement and strain estimation
results in a laboratory-scale experiment under controlled conditions. In this section, the proposed method
will be applied to measurements recorded during the operation of an offshore wind turbine. The goal is to
showcase the method’s performance in a realistic setting, where deviations of the in-situ conditions from design
assumptions are not known in detail.

The considered offshore wind turbine is located in the German Bight in the North Sea with a water depth
of approximately 24 m. The wind turbine is supported by a monopile foundation embedded in medium-dense
sand. For confidentiality reasons, additional information about the construction cannot be disclosed. The tower
is equipped with DC-capable accelerometers measuring in both horizontal directions at three positions: close
to the tower top (TT), at the tower middle (TM) and close to the transition piece (TP). Furthermore, six strain
gauges are installed close to the TP. The relative elevation normalised with respect to the hub height and
the orientations of the installed sensors are summarised in Table 6 and an illustration of the wind turbine
with the indicated sensor positions and orientations is given in Fig. 14. Both accelerations and strains were
sampled at 25 Hz and low-pass filtered with a cutoff frequency of 1 Hz for evaluation, therefore including only
the quasi-static frequency range and the first eigenmode. However, it should be noted that frequencies above
1 Hz, which are dominated by the rotor dynamics and higher tower eigenmodes, can also influence the fatigue
loads in the support structure, for example by reducing the amplitude during sudden events like shut-down or
start-ups. Despite this, the cutoff frequency is chosen as 1 Hz to focus on the performance in the quasi-static
range. The temperature-corrected measurement data recorded by the strain gauges are used to validate the
strain estimation.

The vibration measurements used here have a duration of 9.5 hours. The turbine operates under part-load
conditions during the measurement period except for approximately 20 min from 05:00 h to 05:20 h, when

the turbine is shut down. The minimum, maximum and mean values of some of the relevant SCADA data
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Figure 14. Schematic drawing of the sensor setup on the offshore wind turbine showing the sensor placement.

are given in Table 7 to give an impression of the occurring environmental and operational conditions (EOCs),
underlining the fact that the method is applied to data under varying EOCs.

An Abaqus FE model of the structure, consisting of Timoshenko beam elements, is set up based on the design
assumptions. The rotor-nacelle assembly is modelled as a lumped mass, while the soil is modelled using 42

linear springs in the horizontal directions. The deviation in the eigenfrequencies expressed as

_ fore —fom

f 0,m

as well as the second-order modal assurance criterion (S2MAC) (D’Ambrogio and Fregolent, 2003) values of

Afo (25)

the first bending mode pair are presented in Table 8. By comparing the mode shapes with the S2MAC, the
alignment uncertainty within the mode subspace is excluded, which can be significant for tower structures with
closely spaced modes as shown in Jonscher et al. (2023). The comparison of the modal parameters reveals a

good agreement of the calculated first bending mode pair with the measurement data from the real structure.
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Table 6. Relative elevations normalised with respect to the hub height and orientations of the sensors on the offshore wind

turbine.

Position | Relative elevation (-) | Orientation (°)

Acceleration

TT 0.92 356
™ 0.55 355
TP 0.14 280
Strain
35, 90, 155
TP 0.15
215, 275, 335

Table 7. Statistical properties of selected EOCs during the measurement period.

Quantity ‘ Min ‘ Max ‘ Mean

Wind Speed (m/s) | 4.00 | 9.69 6.14
Yaw Angle (°) 236 312 276
Rel. Power (%) 0.1 55.8 17.6

4.1 Strain estimation results

The strains are estimated from the estimated displacement using the combined integration and tilt-error com-
pensation filter introduced in Sect. 2.1. The utilised tilt constants m and the resulting frequency-dependent
amplification function were obtained in the same fashion as described in the previous section and are shown
in Fig. 15. The strain time series are subsequently estimated using T,_. constructed using the parameters
given in Table 9. It is assumed for this proof of concept that the dominant load in the quasi-static frequency
range is the thrust load on the rotor. Therefore, as a simplification, only the thrust load is considered here. The
values of Ty_.. in this frequency range are therefore determined from the static bending line resulting from a
horizontal force applied to the top of the tower, regardless of the direction. Furthermore, since the FE model
is axisymmetric, any directional dependence of T,_.. is neglected here. More complex load assumptions and
a more detailed FE model with a detailed rotor and directional soil model would result in direction-dependent
tilt constants m and transmissibility functions Ty_,.

For each strain gauge position, the strain has been estimated using the accelerometers at TT, TM and TP

separately. The acceleration signals ameasx and ameasy have been rotated to match the orientation angle of the
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Table 8. Comparison of structure and the FE model: deviations of the eigenfrequencies and the mode shape assessed via

the S2MAC.

Mode | Af, (%) | S2MAC

Bix
Bly

-1.00
-0.98

0.9994
0.9995

[}
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10
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log(Frequency) (Hz)

Figure 15. Amplitude behaviour of the combined integration and tilt error filter for the three accelerometer positions TT,

TM and TP. The tilt error constant m is given in (rad m~1).

respective strain gauge Osqin before applying the proposed method using the transformation

Ameas,bsrain — Cos(estrain>ameas,x - Sin(esuﬂain)ameas,y° (26)

The resulting strain time series exhibits a long-term drift, which has been removed by applying a second-order
zero-phase high-pass filter with a cutoff frequency of 1E-4 Hz to both the measured and estimated strains.
This drift is likely caused by measurement noise and not inherent to the method formulation. However, for
this measurement setup it limits the method’s ability to estimate the DC-component of the strain. The strain
estimation is then evaluated using the quality metric ADES, as introduced in Sect. 3.1. The ADES for all input
and output combinations calculated using a generic SN curve with mgy =5 and Nyt = 107 is shown in Table 10
and ranges from 6.27% to 21.36%. This deviation is comparable to other published results in which deviations
in the damage equivalent strain of around 16% (Zou et al.,, 2023) and up to 18% (Fallais et al., 2025) have been
found. The high-pass filtered results of the proposed method for strain estimation are shown as an example
in Fig. 16 for the strain gauge position at 35° next to the 10 minute mean values of the yaw angle and the wind
speed in Fig. 17. The significant deviation during the first hour is due to the high-pass filter settling in. The
long duration of the settling is caused by the low cutoff frequency; a higher cutoff frequency would reduce the
error during the first hour.

The method accurately captures the general trends, i.e., the quasi-static frequency range and also captures

vibrations at higher frequencies up to the cutoff frequency of 1 Hz, as shown in the spectrum in Fig. 18.
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Table 9. Displacement-to-strain transmissibility function Ty._,. in (m~') for the strain estimation at TP from the displacements

at TT, TM and TP using a separate Ritz vector in the quasi-static frequency range.

Frequency band (Hz)
Quasi-static 1. EF
0-0.11 011 -1
Hy(r)-e(Tp) 3.55E-04 3.52E-04
Hyirm)—e(tp) 7.28E-04 7.25E-04
Hy(tp)se(tp) 2.58E-03 2.57E-03
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Figure 16. Strain estimation at TP at 35° using the accelerometers at the TT, TM and TP. Due to the similarity of the

estimated and measured signals, some signals might not be visible in the plot. The shutdown event is highlighted in grey.

460 The zoom in Fig. 18 further highlights the good agreement between the estimated and measured strains in
the quasi-static frequency range, regardless of the accelerometer position used as input. The agreement in
the quasi-static frequency range can also be observed in Zoom 1 in Fig. 16. Furthermore, the method shows
satisfactory results for the shutdown event around 05:00 h, which is shown in detail in the same illustration.
As shutdown events result in significant changes in strain, an accurate strain estimation is critical for fatigue

465 estimation. Figure 19 shows the difference between the estimated and measured strains and reveals a systematic
share of the absolute error. It is especially pronounced during the highlighted shutdown event. This remaining
error can be attributed to modelling uncertainties, EOC-dependent changes in the dominant loading and the

measurement technology.
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Figure 18. Spectrum of the strain estimation at TP at 35° using the accelerometers at the TT, TM and TP and a Hanning
window of 30000 samples. The zoom shows the spectrum in frequencies up to 50 % of the first eigenfrequency. Due to the
similarity of the estimated and measured signals, some signals might not be visible in the plot. For reasons of confidentiality,

the frequencies cannot be disclosed.

5 Benefits and limitations

470 The results of this study show that accounting for the tilt error in strain estimation on wind turbine support

structures enables an accurate strain estimation using a single biaxial and DC-capable accelerometer. A key
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Figure 19. Error of the strain estimation at TP at 35° using the accelerometers at the TT, TM and TP. The shutdown event

is highlighted in grey.
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Table 10. Comparison of ADES (%)

Acceleration level Strain gauge orientation
35 | o0 | 1550 | 2150 | 2750 | 335

TT 21.21 | 1548 | 1452 | 17.36 | 1551 | 10.42
™ 14.47 | 11.45 | 1526 | 1084 | 11.77 | 11.12
TP 17.02 | 10.95 | 1030 | 13.31 | 10.98 | 6.35

advantage of the presented approach is its ability to enable a cost-effective, low-maintenance load monitoring
of wind turbine support structures, as only one bi-axial DC-capable accelerometer and a beam model of the
structure are required to estimate strains.

Comparisons of both measured and estimated displacements and strains in a laboratory setting show excellent
agreement, not only in the dynamic but also in the quasi-static frequency range, which is otherwise difficult to
determine using only acceleration as input. Low deviations in the damage equivalent strain promise a reliable
estimation of fatigue life consumption throughout the entire structure. However, the approach necessitates a
sufficiently accurate finite element model and correct load assumptions. Similar results can be observed from
the application of the approach to data from a full-scale offshore wind turbine. Due to a limited dataset, the
method could only be validated for one position, for which a strain estimation accuracy comparable to other
publications could be achieved. Even though the estimated damage equivalent strains are larger than in the
laboratory setting, deviations comparable to those achieved with other methods using more input data can be
achieved.

The remaining deviation is likely due to uncertainties in finite element modelling that arise because the un-
derlying finite element model is based on design data, neglecting manufacturing and construction deviations.
Sensitive parameters, such as the soil stiffness distribution, can deviate significantly from the design assumption
as they involve a high uncertainty. Moreover, any asymmetries in the mass and stiffness distributions through-
out the wind turbine support structure are neglected in the modelling. Furthermore, the influence of varying
EOC:s is neglected in the calculation of the tilt constant m and the transmissibility function T, ... Such varia-
tions can affect the static bending line and mode shapes, and can occur due to temperature gradients, waves,
or changes in water level with the tide. Most EOC-dependent effects cannot be identified using the available
dataset due to its short duration. Additionally, for this application, the rotor thrust is assumed to dominate the
quasi-static response. However, a wind turbine experiences a variety of different loads in addition to the thrust
load, caused, e.g., by waves or the eccentricity of the rotor load. Furthermore, the amplitude and therefore
composition of the different loads can vary with different operational conditions (Skafte et al., 2017; Toftekeaer
et al, 2023). A more detailed modelling of the EOC-dependent excitation using multiple Ritz vectors and a

continuous and direction-dependent transmissibility function might further improve the results and allow for
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an accurate strain estimation even for locations below the waterline. Finally, errors arise from uncertainties
in sensor placement and from the measurement technology. Since bi-axial accelerometers are used in the
presented application to an offshore wind turbine, the misalignment correction according to Equation 14 is not
possible and it cannot be guaranteed that the accelerometers are accurately aligned in the horizontal plane. The
exact orientation of the accelerometers around the tower’s circumference is also uncertain. Additionally, the
measurement data are subject to measurement noise, necessitating the use of a high-pass filter for long mea-
surement periods. Despite these limitations and simplifications, strain estimates with an accuracy comparable

to state-of-the-art methods can already be achieved with fewer inputs.

6 Summary and outlook

This paper presents a novel approach to strain estimation on tower structures, particularly in the quasi-static
frequency range, based on tilt-error compensation using a single DC-capable accelerometer and a finite element
model. In the presented approach, displacements can be directly calculated from accelerations using param-
eters extracted from a finite element model of the structure’s static bending line and mode shapes, thereby
combining tilt-error compensation with double integration. The displacements are consequently transformed
into strain using a transmissibility function based on modal decomposition and expansion. By combining tilt-
error compensation and double integration, the proposed method theoretically enables displacement and strain
estimation down to 0 Hz, using only one accelerometer. The approach requires a sufficiently accurate structural
model and relies on load assumptions for quasi-static strain estimation.

It was validated using a laboratory experiment and using measurement data from an operating offshore wind
turbine. Excellent agreement between the estimated and measured displacements and strains was observed
in the laboratory experiment, with deviations in the damage equivalent strain of less than 1.5% across all ac-
celerometer measurement points. Both the quasi-static and dynamic responses could be captured and a single
accelerometer position was shown to be sufficient to accurately estimate strains at multiple locations. The re-
maining errors are likely due to modelling uncertainties, sensor positioning uncertainties and, in the case of
the strain estimation, due to the noise level of the strain gauges.

The strain estimation for the offshore wind turbine also yields accurate results but shows larger deviations in
the damage equivalent strain, ranging from 6% to 21%, which is comparable to other strain estimation methods.
The larger deviation compared to the laboratory study is likely due to the more complex structure and environ-
mental and operating conditions, as well as only considering the rotor thrust when estimating the quasi-static
response. Due to measurement noise, a high-pass filter with a cutoff frequency of 1E-4 Hz was applied, which
impeded the determination of static strains. The proposed method was shown to be an attractive alternative
to established methods for strain estimation, as it relies on fewer sensors while yielding comparable accuracy,

making it more cost effective.
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In future research, the proposed method should be validated against strain measurements on more target
locations. The uncertainties in the strain estimation should be further investigated, particularly the influence

of uncertain design parameters on the estimation accuracy. Additionally, future research should focus on im-

535 proving the derivation of the transmissibility function that maps displacements to strains. This should also
incorporate different Ritz vectors to better represent wave and rotor excitation under various operational con-
ditions. Furthermore, it is of particular interest to find a sensor setup that minimises sensor cost while still
enabling sufficiently accurate strain estimation, perhaps necessitating sensor fusion. The proposed method
should be applied to wind turbine measurement data spanning longer time periods to identify damaging op-

540 erational conditions, with the goal of developing strategies for lifetime-oriented operation of wind turbines,
potentially necessitating a continuous model update to account for structural changes like scour development

or marine growth. Lastly, future investigations should focus on extending the proposed method to monitor

entire wind farms by applying population-based SHM techniques.
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