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Thank you for this good and extensive research work on a topic which deals with a
isuue which many turbines suffer.

General: The paper is basically very well structured, straight-forward and written pro-
foundly starting with the nice analytical part and having an extensive sensitivity study.
The blade angle misalignment is a very important topic for wind turbine load and CoE
reduction as well as lifetime extension. Since a large share of turbines is affected,
developing such a method is very suitable in order to continuously monitor and adjust
the blades. Using the torsional amplitude derived from accelerometers as reliable in-
dicator for blade angle misalignment and correction has been applied successfully at
hundreds of turbines in diagnostic offline measurements. Many CMS companies offer
wind turbine structural monitoring or even lifetime consumption monitoring where it is
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possible that suitable sensors are available. One wind turbine manufacture performs
a step-wise pitch rebalancing procedure during operation. which seems quite similar
but perhaps with other algorithms. From this point, the successful implementation of
the developed method in the field is very it is promising. The simulation-based sensi-
tivity studies are very extensive, and in the conclusions, points to be checked during
validation by measurement for field implementation are carefully mentioned.

However, several points need a comment, clarification and/or correction. If some of the
mentioned topics here are already covered by another paper it would be beneficent to
give more notes in the paper, add references or else. It is clear that many following
comments are with a strong relation to experience from field measurements and some
consider perhaps the next steps of the presented research.

Introduction, page 1 ff The description of the state of art is incomplete. However it is
clear that the introduction has to be short and precise and is not the core part of the
work. So, it is up to the editor and authors how many changes are done.

There are no references to published blade angle deviation statistics from field mea-
surements, which have more direct link to the research motivation as statistics on the
pitch system failures, .e.g. Heilmann DEWEK 2015 and WindEurope Summit 2016.
The mentioned measuring methods are incomplete.

Methods are mentioned which have at present a questionable accuracy (video mea-
surements or drones, please provide references) are mentioned while methods ap-
plied for years like laser-based methods, and vibration measurements for validation
of accurate blade angle correction are missing (Wobben Patent 2001; Donth EWEA
Offshore 2011; Mayer DEWEK 2015; Bartholomay DEWEK2015; Heilmann DEWEK
2015 and WindEurope Summit 2016) . The suitability of the torsional 1P vibration from
accelerometers for blade angle misalignment assessment is as well stated.

VDI guideline VDI3834-1:2015 contains an annex on in-situ balancing on wind turbines.
Here mass imbalance, blade angle deviation and their combination is discussed and
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recommendations for measurement are given with consideration of DIN ISO 21940-
13. Moreover, the guideline states requirements for measurements on low frequent
turbine vibration measurements and that the measuring device including the evalua-
tion has to meet the requirements, not only the sensor. This has a strong relation to
the conclusions of the SNR study in the reviewed paper where the SNR requirement
is stated only for the acceleration sensor. This statement needs to be corrected in the
paper’s conclusions, etc. There is a patented load reduction system implemented by
General Electrics in their turbines already for several years for blade angle misalign-
ment determination and correction by temporarily changing the blade angles during
operation (exact patent number currently unknown, sorry). The hub movement relative
to the fixed frame is measured at 4x90◦, so it is not based on accelerometers. This
patent should be mentioned, (at least in future papers) and discussed in how far the
presented work does not interfere with this patent/ proceÂňdure/ algorithm, etc. If this
point is covered already by one of the references of the paper please indicate this.

References with relation to the state of art to document the relevance of the comments,
mostly non-scientific, not reviewed papers

Bartholomay et al.: A new approach to elimination of aerodynamic imbalance of wind
turbines, Proceedings: DEWEK 2015, Bremen, Germany, 19-20 May, 2015 (test pitch
method using axial vibration for refined blade angle correction, perhaps now patented
for offline measurements)

Donth, A. et al.: New Methods for Balancing Offshore Wind Turbine Rotors including
Blade Angle Measurements. Proceedings: EWEA Offshore 2011, Amsterdam, The
Netherlands, November, 22 – 24, 2011 (laser-based blade angle measurement and
necessity of validation by vibration measurement)

Donth, A. et al.: Payback Analysis of Different Rotor Balancing Strategies, EWEA
2013,Vienna, Austria, 4-7 February, 2013 (statistics on mass imbalance and blade
angl deviaitons, 45% of serial WT in the field are affected by mass and/or aerodyn.
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Imbalance)

Heilmann, C. et al.: Field studies on absolute blade angle at wind turbine rotors and
their impact on lifetime consumption and yield, Proceedings: DEWEK 2015, Bremen,
Germany, 19-20 May, 2015 (blade angles of 277 WT, necessity of vibration measure-
ment for adjustment validation)

Heilmann, C. et al.: Improved Quality of Rotor Balancing Measurements through Cri-
teria from the Guideline VDI-3834-1:2015, WindEurope-Summit 2016, Hamburg, Ger-
many, 27-29 September 2016 (blade angles of 383 WT, non-linearity of pitch angle
changes, suitability of torsional signal)

Kleinselbeck et al.: 3D laser optical measurement of the rotor blade angle, Proceed-
ings: DEWEK 2015, Bremen, Germany, 19-20 May, 2015(blade angle measurements
using tachymeter)

VDI guideline VDI3834-1:2015: Measurement and evaluation of the mechanical vibra-
tion of wind turbines and their components

DE10032314C1 (2001), US7052232 (2006) Wobben (i.e. company Enercon) patent
on laser-based blade angle method

Informative: Christoph Lucks (Windcomp GmbH) and other various international
patents on laser-based blade angle measuring methods since 2007, DEWEK2015 only
the poster: Mayer, Lucks: Laser Based Geometry Measurement of Rotor Blades

Section 2.1, p4, Fig 1: In the text above the thrust force t is introduced. However, fig.
1 contains the name changed to shear force. This has to be consistent. Page 5, 6 ,
especially eq. 7 and 8: many symbols not contained in nomenclature, see last page.

Results Section 3.1. Simulation environment and 3.2 Linearity: Page 7, line 9 to 13
and section 3.1. Simulation environment and 3.2 Linearity: (If some of the com-
ments are covered with other references please indicate this). Obtaining indepen-
dence from operating point using dynamic pressure from nacelle anemometer Please
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short explanation why well-known non-linearities from tower resonance during imbal-
ance measurements (e.g. Gasch/Twele “Wind Power Plants”, Springer 2005, chap-
ter 8; VDI3834-1:2015) which affect the axial acceleration measurement and nacelle
anemometer behaviour can be removed by normalizing the dynamic pressure. Please
state for the simulation environment turbine rotor speed range and natural frequen-
cies of tower simulated to show that resonance effects are. Many towers have (1st
bending) resonance frequency within the operating range, resonance affects axial and
lateral measurement. Lattice towers may have problems with resonance from tor-
sional vibration. It is well known that the nacelle anemometer cannot be trusted so
much. It is affected by the rotor wake, its position on the nacelle etc. The calibra-
tion of the nacelle anemometer transfer function is a big point of discussion in the
wind industry. WindGuard published a report in 2018 (“Anemometer calibration at dif-
ferent air temperatures and air pressures”, https://www.windguard.com/publications-
wind-energy-statistics.html) detected significantly different anemometer behaviour un-
der changing climatic conditions. Please explain nacelle anemometer position /mea-
suring point during simulation. Why is it possible to neglect this? Or is it assumed that
the turbine control has a very exact nacelle anemometer calibration, then this needs to
be stated as requirement like the SNR of the acceleration sensor? These approaches
need explanation or stricter requirement statements in the paper’s results/conclusions
section.

The equation of the dynamic pressure needs formatting and numbering like other equa-
tions, despite it is perhaps trivial for the authors.

There should be the equation for normalisation of acceleration with the dynamic pres-
sure and a related symbol introduced and used in fig. 3 etc. to prevent misunderstand-
ings. The averaging interval of Ua is not mentioned.

Figure 3 needs corrections: Physical property is “Scaled acceleration” which can be
found in the text page 10, line 24-24 in a verbal description, and derived from the unit
if it comes clear that Us and metric units are mixed, US unit “g” for acceleration and kg
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in one single expression. Please use only SI units.

Fig 3 should allow a plausibility check of performed simulation with field measurements
(e.g. exemplary values given in the above mentioned papers) and show that the 1P-
torsional amplitudes are in the right order of magnitude and the SNR of evaluation.
There are no direct 1P- amplitudes given in fig. 3, only the sine and cosine component,
hence the following estimation and comparison with the field is only valid if the way of
estimation is correct. Estimating the acceleration backwards with the dynamic pressure
from Fig. 3 gives e.g. for the sine component for blade 1 at -2◦ approx. 26 mg. In
the field, measured torsional amplitudes from acceleration are in the range below 3
mg for 2◦ blade angle deviation. For the fine-tuning range below 0.5◦ they are in the
range below 0.5 mg, often below 0.1 mg. At this amplitude level, it is in the noisy
measuring environment, especially close to the main bearing in the field very difficult
to fulfil the required SNR of 22dB even for high quality sensors. Despite the shown
linearity in Fig 3, there are some more questions whether the linearity can be really
assumed as well in the field. Is yawing excluded during the performed simulations?
Then this is an additional requirement to be mentioned as well in the Conclusions.
Is the axial displacement of the nacelle from thrust changes linked with wind speed
changes considered during the simulations? Due to the coupling of axial, lateral and
torsional vibration this is a very complex topic and may impact on the centre of the
torsional vibration, i.e. disturbing the assumed linearity.

The sensitivity studies are very good and extensive. However, the line for SNR5 should
be shown in Fig. 8 because a SNR 5 to 10 dB is to be expected in the field, especially
for the steps of refined blade angle correction because of various noise sources in the
nacelle, especially close to a bearing.

Conclusions, page 16 ff.

It is very good that the step-wise approach promises to be able to cope with non-
linearities during the pitch angle correction procedure, which are observed in the field.
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It has to be corrected that the SNR requirement is for the entire measuring device
including evaluation, not only for the sensors, see above. The paper states the mea-
surement can be performed during normal operation. Many modern turbines have
several vibration control / torque control algorithms implemented. How would the pro-
posed method be affected, or is it an additional requirement to be mentioned to turn all
this off? Using order analysis requires a trigger to obtain the phase angle correctly, i.e.
a rotor speed sensor. So not only the nacelle wind speed and accelerometers but such
a signal is required. Despite in the presented simulation the results for 10 min time
intervals are consistent, it has to be kept in mind that VDI 3834-1:2015 recommends
larger measurement intervals than 10 min for diagnostic measurements. However, as
the method uses step by step measurements, the validation of the results is included.
Comment for future work: Will there be a sensitivity analysis of the impact of mass
imbalance on the proposed method? It is known from the field statistics that at a rotor,
mass imbalance and aerodynamic imbalance is often simultaneously present. Mass
imbalance limits may be as small as 60 kgm while detected mass imbalances amount
up to more than 5000 kgm even today. Mass imbalance causes as well torsional vibra-
tion due to its lever to the center of torsional rotation and the fore-aft movement for the
tilted rotor.

Page 17: The Nomenclature is incomplete: a, lambda, epsilon, CL, J, R, K, C, (.)a,
(.)m, sm
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