
Dynamic displacement measurement of a wind turbine tower using

accelerometers: tilt error compensation and validation

Answers to the reviewer’s comments

The authors would like to thank the editor and reviewers for their time and effort in reviewing the article and their
constructive comments. We appreciate the chance to clarify the points that were commented on. The article is
revised according to the reviewers’ remarks and queries, with detailed responses and explanations of the edits given
below. All edits in the manuscript have been highlighted in red colour.

We note that during the revision, the number of lines has been changed. Therefore, in the following paragraphs,
we refer to the revised article.

Reviewer 1

I’ve enjoyed reading your manuscript on your methods and experimental work on determining the
displacement of a turbine tower from IEPE accelerometers and validating your findings using a
laser (TLS) setup. The work seems to be conducted in a diligent manner and I have no reason
to doubt the conclusions of the work. The authors point out a classic error that is made when
using accelerometer data for estimating displacements; the double integration will blow up any low
frequency contributions in the spectrum. And in particular because a turbine is slightly tilted
(bent) under the nominal load a low frequency contribution from gravity will appear, and exactly
this contribution gets blown up by the double integration leading to erroneous estimates of the
displacement. In this publication the authors show that it is possible to use a structural model of
the turbine to predict this effect on various heights on the structure and introduce a filter to counter
this. I like the elegance of this solution and it seems a viable strategy.

We thank the reviewer for the appreciative review. We hope that our answers to the following points and concerns
will clarify why we have submitted the paper to a wind energy-specific journal. The corresponding changes in the
manuscript can be found after the answers to comment 3.

1) However, I do question whether this paper belongs in this journal. The challenges presented are
not unique to wind turbines and the paper does not present any results that are unique to wind
turbines (E.g. an example on how the method can be used to tackle a particular question in wind
energy engineering). Aside for the fact they were collected on a wind turbine no results are linked
to the operation or particular dynamics of wind turbines, in fairness it might have been a regular
tower.
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We agree with the reviewer that the tilt error is not unique to wind turbine towers but applies to any tower mea-
surement. However, as the reviewer already states, the comparison was carried out on a wind turbine tower. Many
readers of the WES journal will find this topic interesting as they might not be fully aware of the significant influence
of the tilt error in acceleration measurements on wind turbine structures. Wind turbines are subject to significantly
greater head displacements than conventional towers or buildings. The larger these displacements are, the more
significant the tilt error becomes. The displacements are caused by the high head mass, the large area exposed to
wind in relation to the cross-section of the tower, as well as operational changes to the wind turbine due to, e.g. the
yaw movement. These excitations are particularly low-frequency, leading to a significant tilt error, as can be seen in
Figure 10. This overestimation leads, for example, to an overly conservative calculation of the remaining service life.

2) Furthermore the authors motivate the need to resolve this issue to allow for a better estimation of
the fatigue life and the displacement. They propose IEPE accelerometers to outperform DC capable
sensors, such as MEMS, based on better noise characteristics. While this statement is historically
true, high quality MEMS are available today that give IEPE strong competition. And I honestly
question whether the differences in signal to noise ratio between a good quality MEMS and IEPE
really make any significant difference in the final fatigue/displacement estimate. But if you could
show me I’m wrong, then I’m happy to learn.
Meanwhile, while the achieved lower frequency bound of the IEPE is impressive, it is still not
sufficient to actually capture the slow varying fatigue cycles (e.g. as caused by slow variations in
windspeed) that play a significant part in the fatigue of (onshore) wind turbines and would be caught
by e.g. MEMS. The authors acknowledge this and mention data-fusion would be required to obtain
that goal.
Similarly I look at the issue of the tilt error and wonder is this not just an issue of working with just
2 axis? Why could one not look at e.g. Tri-axial MEMS instead? While I didn’t do the maths, I
suspect that with a Tri-axial MEMS you would be able to compensate for the slow varying tilt error
without the need of a model? (but I will accept that I might have overlooked something)

We concur with the reviewer on the improving noise characteristics of MEMS technology in recent years. Selecting
the appropriate sensor technologies and considering the correct frequency ranges are crucial for effective monitor-
ing. Although we employed IEPE sensors due to positive experiences, the reviewer correctly asserts that tilt error
measurement is technology-independent. The paper suggests measuring tilt angle as a simple method to address
the tilt error, like measuring the vertical acceleration axis using MEMS. However, our paper focuses on a virtual
sensing approach for cases where direct tilt angle measurement is not feasible, as often encountered in available
wind turbine tower acceleration data, such as Alpha Ventus and WiValdi. We want to process these data records
using this method in the future.
The virtual sensor approach enables tilt error compensation using a bi-axial acceleration sensor, regardless of the
sensor type. This approach also allows a prediction of the tilt error to determine whether tilt error compensation
should be considered in further SHM steps or not. Future research could explore comparing dynamic displacement
estimation between bi-axial MEMS sensors and tri-axial MEMS sensors with direct tilt measurement.

3) To summarize, there is nothing for me to question the actual work done nor the quality thereof
or the quality of the measurement. And the paper was clear and easy to read. But as a whole for I
didn’t feel like it matched this journal and might be more appropriate in e.g. a journal that targets
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experimental methods. I’m however willing to review a revision of this manuscript if the authors
can draw a stronger link with either the final goal of fatigue estimation (e.g. demonstrating an
estimate of the quasi-static load from this measurements in comparison to a MEMS based estimate)
or a stronger discussion on how wind energy specific phenomena that were initially obfuscated by
the tilt error now are made visible.

In summary, the paper aims to raise awareness that tilt errors influence low-frequency vibrations and that this error
can be compensated with a bi-axial accelerometer and knowledge of the bending line. We want to emphasise that
the reviewers correctly stated remark that the tilt error compensation is independent of the sensor type and that
it was not our intention to compare sensors with regard to the described challenges a tilt error entails. The type of
sensor used for a monitoring concept is chosen based on other requirements, such as the frequency range of interest.
The paper focuses primarily on dealing with available measurement data that does not include a direct measurement
of the tilt angle. With regard to wind energy-specific phenomena, wind turbines are subject to significantly greater
head displacements than conventional towers or buildings. Consequently the tilt error plays a significant role for
monitoring wind turbines. For a correct dynamic displacement estimation, tilt error compensation is necessary and
provides the basis for further methods, such as correctly estimating the remaining useful life. However, the latter is
not the objective of this study. We hope we have explained why we chose a wind energy-specific journal to submit
this article and why we think readers of the WES journal might be interested in the presented research, especially
with the application of the proposed approach on a real wind turbine tower.

To further clarify the aim of the work and the importance of considering the tilt error for wind turbines, we have
changed lines 54-78 (pages 2-3) in the manuscript:

The tilt error is caused by a temporal change in the alignment of the measurement direction relative to the Earth’s
gravity field, so that a part of the acceleration due to gravity is added to the structural acceleration measured by the
sensor (Tarpø et al., 2021), leading to an overestimation. This effect can also be utilised to determine inclination
with a tri-axial DC MEMS accelerometer ( Luczak, 2014). In the quasi-static case a tower deflects according to the
static bending line, so that translatory motion at the tower top is always coupled with a slight tilt of the structure,
resulting in a change in orientation relative to the Earth’s gravity field. Basically, the tilt error can be corrected
using the tilt angle (Boroschek and Legrand, 2006) before integrating the signal in time, such as determining the
tilt angle using a tri-axial MEMS sensor. However, the direct measurement of the tilt is not always possible, as
vibrations can falsify it. Therefore, Tarpø et al. (2021) developed a geometrical approach to compensate for the tilt
error in a laboratory setting. However, if only one bi-axial acceleration sensor per measuring level is provided in the
measurement setup, regardless of the sensor type, a virtual sensing concept is required. Since the tilt error is position-
dependent on a flexible structure, it can lead to an incorrect identification of mode shapes and overestimation of
low-frequency vibration amplitudes. As a consequence of the overestimation of displacement, the structural loads are
also overestimated. Although the tilt error occurs in any structure where the orientation of the sensors to the Earth’s
gravity field changes in the low-frequency range, the tilt error plays a particular role in wind turbines in contrast to
other tower structures. This fact is caused by the high head mass, the large area exposed to wind in relation to the
cross-section of the tower, as well as operational changes to the wind turbine due to, e.g. the yaw movement. These
excitations are particularly low-frequency, leading to a significant tilt error. Therefore, Tarpø et al. (2022) used
a virtual sensing approach to estimate the dynamic strain of an offshore wind turbine tower using geophones and
removed the tilt error by estimating the tilt angle using tri-axial geophones. So far, the influence of the tilt error on
acceleration measurements of wind turbine towers is usually not considered. Furthermore, a predictive compensation
method that functions without direct tilt angle measurement and the installation of respective additional sensors yet
to be proposed. Such a method is especially relevant for existing measurement set ups, like the first German offshore
wind farm Alpha Ventus.
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We have also made it clear in the outlook (lines 355-362, page 19) that, in addition to the approach presented, it is
also possible to measure the tipping error directly and that a comparison of both approaches will be useful in the
future.

In addition, the relationship between tower head displacement, wind speed and power should be investigated in future
studies. It should also be investigated whether the compensation of the tilt error using the method with a bi-axial
MEMS accelerometer presented in the study leads to comparable results as using the tilt angle estimated from a
tri-axial MEMS accelerometer. Overall, it will be interesting to investigate in future how low-frequency, low-noise
MEMS versions can estimate dynamic displacements. Since the presented tilt error compensation variant is similar
to a second-order high-pass filter without phase change, this could allow for more low-frequency evaluations than the
tilt error compensation based on a direct angle measurement.

Reviewer 2

The paper is well-structured, with clear objectives, and it applies valid scientific methods that
are well-documented for reproducibility. The results support the authors’ interpretations and the
discussion is relevant and well-backed. The conclusions are accurately derived from the results.

We would like to thank the reviewer for the feedback and constructive comments. We have answered them below:
1)

• Technically, the term RUL (Remaining Useful Life) is widespread and shall be used. (See line
16)

We have changed the description in the manuscript accordingly (page 1 line 16).

For remaining useful life (RUL) estimation, the real loads occurring on the towers are of interest.

• Botz (2022) examined the quasi-static tower deflection using RTK. He does not specify standard
deviation and quality flag of the solution. In general, RTK has long-term stable static precision.
Care must be taken what data is precise enough. My personal experience from a case study is,
that less than 20% of the measured data has a standard deviation ¡ 0.02 m and a quality flag
of 1 (fixed solution)

We thank the reviewer for sharing his valuable experience. We have added the following to the manuscript
(page 21 line 24-26):

Except for GNSS, which in the case of Botz (2022) indicates unrealistically high quasi-static deformations for
the top of the tower without specifying the quality flag or standard deviation, all other approaches require a
reference point.

• Line 39: ”by using of” revise for clarity

We have deleted the ”of”.
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• Line 116: ”The time integration of measurement data can also be performed in the time domain”
revise for clarity

We have changed in the manuscript (page 5 lines 124):

The time integration of the acceleration data can also be carried out in the time domain by using filters.

• Figure 3: axis description missing

We have labelled the axes and changed the caption as follows (page 8):

10-2 10-1 100

frequency in Hz

10-2

100

c
o
rr

e
c
ti
o
n
 f
a
c
to

r

Figure 1: Double logarithmic representation of the frequency-depended correction factor of ameas as a function of
frequency for gm = 0.4267 1

s2 . There is no phase change due to the tilt error compensation.

2) Tilt error is indeed of great importance for dynamic displacement estimation in time domain. I
strongly agree with the importance of measures for tilt error. As the tilt error strongly depends on
the nacelle and rotor weight induced bending but also the thrust force induced bending, I’d love to
see the SCADA data (wind and power output as a comparison to the plots. It would be important,
especially for Figure 13.

Unfortunately, we only have aggregated 10-minute SCADA. Therefore, we only have one value for each measurement,
which are listed in Table 2. However, the relationship should be investigated in future studies. We added the power
in Table 2 and added in the caption of Figure 14 in the manuscript (page 16):

Comparison of the displacements determined from accelerometers (frequency range 0.005-2 Hz) and TLS (frequency
range 0-2 Hz) for TLS measurement 1 with a averaged wind speed of 12.53 m/s and power of 3373 kW.

We have also added in the manuscript (page 11 lines: 231-232):

Only this 10 minutes aggregated SCADA data are available during the measurement campaign.
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We have also added in the manuscript (page 19 lines: 355-356):

In addition, the relationship between tower head displacement, wind speed and power should be investigated in future
studies.

3) I would recommend a flowchart for the data pipeline, as this is hard to understand from text only.

We thanks the reviewer for the suggestion and agree with the comment. We have added the Figure 2 (page 4) and
the following to the manuscript (page 4 lines 92-93):
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Figure 2: Flowchart of the dynamic displacement determination from acceleration measurement data taking into
account the tilt error compensation based on the static bending line.

This study describes how low-frequency displacements of towers can be estimated using accelerometers, taking into
account the tilt error. The corresponding flowchart of the process is shown in Fig. 2. The required theory of the
various process steps is described in terms of accelerometers, integration filters and the compensation of the tilt
error based on the static bending line.

6


