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Response to comments of Reviewer #1

General comments:

Reviewer: The experiment is carried out with the software-in-the-loop (SIL) methodology,
which is presented in the article. With SIL you are coupling the physical and
numerical domains by means of measurements and actuators. In my experience, this
coupling can be affected by issues such as delays and it's not perfectly “transparent”
(i.e., it perturbs the wind turbine response compared to a case where all subdomains
are physical). In this sense, do you see any effect of the SIL technology itself on
the results of the experiment? Maybe you can add some short comments on that
in Sect. 2.3 or in the Results section.

Authors: Thank you for your comment. This is indeed an important point to address, as the

delays of the system and the lower limit on the rpm are limitations of the current
setup. We have modified the text as follows:
Text excerpt: "A feedback control loop enables the system to reach a satisfac-
tory accuracy, particularly at low and wave frequencies, which are the main focus
of the presented analysis. The delays of the system and the minimum rotor speed
are limitations of the current setup. The total delay, defined as the delay between
measurement of the state of the physical model and the reproduction of the aerody-
namic force corresponding to this instant (sum of delays induced by the acquisition,
simulation, and force reproduction) is estimated as 100 ms in the worst case. In
terms of force magnitude, the error on the reproduction of the axial force is lower
than 5% at low and wave frequencies [1].”

Reviewer: The feedforward controller is derived based on a model of the floating wind turbine
that is obtained by means of system identification applied to a QBlade model.
What did you model in QBlade: the full-scale wind turbine or the scaled system.
| assume the scaled floating platform is not a perfect model of the full-scale one
(e.g., it has different mass distribution, mooring response, ...). In case you modeled
the full-scale (ideal) wind turbine, do you expect that this can affect the results of
the experiment? Also in this case, you may add a comment on that in Sect. 2.3
or in the Results section.

Authors: Thank you for your question. The full-scale model is used in Qblade, and it was

able to reproduce the experimental behaviour to a good agreement. The text was
modified in Sect. 3.1 instead as follow:
Text excerpt: "To obtain these TFs, which are required for the control design,
identification is conducted on the results obtained from QBlade [2], where the
FOWT is modelled at full-scale, and was able to reproduce the experimental re-
sults [3].”
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Reviewer: After the first part of the experiment, it was decided to continue testing on one of
the two FF controllers only. | think this choice is not sufficiently motivated (or the
motivation is not very clear to me). The FF for platform pitch requires 20% more
blade pitch actuation compared to baseline. Is this above some kind of limits of
the wind turbine (e.g., maximum pitch rate)? Or did you decide to stop testing
the FF for platform pitch because it gave less benefits compared to the FF for
generator power but requiring higher control effort? From Fig. 10, it seems the FF
for platform pitch is more effective with respect to its control objective ( -20% of
platform pitch variation) than the FF for generator power (j-5%) so | think it's not
clear why you decided to continue with the first controller only. If | understood the
results correctly, and if you agree with my comments, | think you should also say
that you tested both controllers in a baseline scenario, then you decided to explore
the performance of wave FF control in a broader range of conditions and, to do
so, you focused on one on the two controllers.

Authors: Thank you for your comment. | guess you misunderstood Fig. 10, as the -20% you
are referring to is in the platform yaw DOF, while the pitch DOF is around -5%,
which is comparable to the generator power variation reduction, but almost doubles
the variation in the control effort. This is in addition to increasing the variation
in the tower base bending moment to 10%. The paragraph in lines 274 276 was
moditfied as follows:

Text excerpt: "According to Fig. 10, not only the platform motion alleviation
objective requires large actuation effort, but also, it increases the tower-base bend-
ing moment, unlike the power regulation objective.”

Specific comments:

Reviewer: 12-13. "It was concluded that [...] response than waves.”. | suggest removing
this sentence and summarizing in a quantitative way the results of the experiment.

Authors:

Text excerpt: This part was modified as follows: "It was found that the feed-
forward controller for the generator power reduces the power fluctuations properly
with a fair control effort, while the one for platform pitch motion requires almost
double the actuation duty for the same percentage reduction. Furthermore, the
feedforward controller was able to counteract the wave disturbance at different
wave heights and directions. However, it could not do much with increasing tur-
bulence intensity as wind turbulence was found to have more dominance on the
global dynamic response than waves.”
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Reviewer: 33-35. “As a result, [...] to disturbances.”. This sentence should be rephrased.
The pitch controller is slower and has limited authority against disturbances of wind
and waves.

Authors: We have modified the text as follows:
Text excerpt: " Consequently, the blade pitch feedback controller has limited con-
trol over errors caused by disturbances like wind and waves, leading to a delayed
response in control actions to these disturbances.”

Reviewer: 77-78. "Whether the scaled-model [...] of the FOWT.". | suggest rephrasing this
sentence. It is not a matter of complexity but which domain you want to reproduce
with higher accuracy (wind in the wind tunnel, water in the wave basin).

Authors: We have modified the text as follows:
Text excerpt: " The domain where higher accuracy is required plays an important
role in choosing the scaled-model testing environment, whether in a wind tunnel
to focus on the aerodynamic aspect of the system, or a wave basin to focus on the
hydrodynamic aspect.”

Reviewer: 86-89. “When it comes [...] (Al, 2020).". | would skip these sentences. As you
say, the FF controller was not tested.

Authors: This part has been removed as advised.

Reviewer: 132-134. “This accelerometer [...] thrust forces.”. | would remove this sentence
because here it is not clear why you have to remove the inertia forces. Explain it
in the SIL section.

Authors: This part has been removed as advised, and the text was modified to become:
Text excerpt: "An accelerometer of model ASC 5525MF-002 is installed on the
nacelle, above the load cell at the tower-top. This accelerometer is used to com-
pute the inertial force and the weight terms to obtain the actual thrust forces.”

Reviewer: 138-140. “The numerical simulation [...] on the elements of the blades.”. Explain
this in the SIL section.

Authors: This part has been explained to the SIL section instead as advised.

Reviewer: Section 2.3. Even if it seems trivial, | suggest adding a sentence in this section to
explain that in the SIL approach the wind turbine rotor is not scaled physically but
it is replaced by force actuators that emulate the rotor loads.
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Authors: Thank you for the suggestion, and it helps further the understanding of the reader.
The first few lines of the first paragraph became:
Text excerpt: "The main purpose of the Software-In-the-Loop (SIL) system is
to take care of reproducing the aerodynamic loads on the FOWT model. It is
composed of a real-time loop including acquisition, Blade Element Momentum
simulation and force reproduction by means of thrusters to mimic the rotor loads,
since the wind turbine rotor is not physically scaled.”

Reviewer: Caption of Figure 4. | would remind the reader that the numerical model emulates
the wind turbine controller and aerodynamic response.

Authors: The caption has been modified to:
Text excerpt: "Scheme of the real-time loop for the SoftWind SIL approach,
with the numerical model emulating the wind turbine controller and aerodynamic
response.”

Reviewer: Figure 5. If | understand correctly you use an algorithm to predict wave loads and
this is the input of the wave FF controller (not the wave elevation). Can you add
one figure next to this one to showcase the wave force prediction?

Authors: This has been included in the manuscript as suggested. | would also refer you to
this paper [4], where the algorithm is explained together with the wave prediction
used in this experiment.

Reviewer: 202-203. “takes a structure [...]| second-order system”. How did you choose this
structure?

Authors: Thank you for this comment. Indeed, it was not clear why we choose that struc-
ture. The text was modified as follows:
Text excerpt: " The fitting must be ensured to be of the highest accuracy within
the wave band enclosed by the dashed vertical lines in the figures, such that the
performance is ensured within the wave frequency range of interest without the
need for complex higher order control structures.”

Reviewer: Figure 7-8. | suggest merging figure 7 and figure 8 in a single figure with two
subfigures.

Authors: The figures have been merged as proposed.

Reviewer: “the frequency band of interest enclosed by the vertical lines”. How did you define
this frequency band?

Authors: For deep waters, where floating turbines are installed, wind waves have frequencies
ranging from 0.05 Hz to 0.2 Hz, where FOWTs operate.
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Reviewer: 216-218. Rephrase these sentences. | suggest saying that you test both controllers
in one condition, then you proved that one is more effective than the other, hence
you carry out all other experiments with the first controller only.

Authors: Thank you for your suggestion. The text was modified as follows:
Text excerpt: "First, both controllers are tested at the same condition to investi-
gate their effectiveness. Afterwards, we carried out the rest of the experiments with
the more effective one, which was then tested at different wind speeds, turbulence
intensities, significant wave heights and wave directions.”

Reviewer: 222-225. You can remove these sentences if you rephrase the first part of the
introduction of Sect. 4 according to the previous comment. | think that what is
explained in lines 222-225 must be clarified before Table 3.

Authors: Those lines were removed as per your suggestion and considered before Table 3.

Reviewer: “We begin with illustrating the two different control objectives”. You are studying
the performance of the two controllers and not illustrating their objective (this was
done before).

Authors: The text has been modified as follows:
Text excerpt: “We begin with illustrating the performance of the two different
controllers.”

Reviewer: 228-229. “At the end [...] such control.”. This part is not clear. At the end
of the comparison, you understand that one control objective can be reached with
reasonable control effort, but not the other. Then you carry out experiments to
understand the potential of one of the two controllers considering a wider range
of operating conditions. It should be also mentioned that you compare the two
controllers to the baseline feedback controller to assess their performance.

Authors: The text has been modified as follows:
Text excerpt: “We begin with illustrating the performance of the two different
FF controllers for power regulation, and platform pitch motion reduction, each one
at a time against the baseline feedback controller. At the end, we should be able
to determine the effectiveness of the wave feedforward control for each control
objective.”

Reviewer: 237-238. "which indicates [...] wave signals”. It's not clear what you mean. |
think you should say that when you add the FF controller to the FB controller,
the low-frequency content of the signal remains the same and you have additional
blade pitching at the wave frequencies.
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Authors: The text has been modified as follows:
Text excerpt: “This indicates that adding the FF controller to the control loop
on top of the FB controller does not have any effect on the low-frequency content
that corresponds to the wind turbulence, as it remains unchanged, but only reacts
to the higher frequency wave signals, which results in additional blade pitching.”

Reviewer: 244-245. "“The PSDs [...] other objective.”. | don't understand this sentence.
| think you mean that reduction of power fluctuations with the FF controller for
power is obtained with less blade pitch actuation that reduction of platform pitch
motion with the FF controller for platform motion.

Authors: The text has been modified as follows:
Text excerpt: “The PSDs in Fig. 9 also show that the reduction in the generator
power fluctuations with the FF controller for power regulation is achieved with less
blade pitch actuation than the reduction resulting from the FF controller for the
platform pitch motion.”

Reviewer: “the effect of the feedforward controller for both control objectives.”. | think you
should add “because the two controllers are expected to decrease the variance of
power and platform pitch counteracting the effect of the wave disturbance”.

Authors: The text has been modified as follows:
Text excerpt: “In Fig. 10, the standard deviation, as a statistical metric illus-
trating the variation of a signal about its mean, is used to demonstrate the effect
of the feedforward controllers, since they are expected to counteract the effect of
the wave disturbance, and thus, reduce the variance of the generator power and
the platform pitch.”

Reviewer: “Once you define one symbol, it's not necessary to define it again. | would avoid
defining symbols more than once to improve readability.”.

Authors: The manuscript has been carefully reread to avoid redundancy regarding defining
the symbols.

Reviewer: 255-256. “and we even [...] reduction FF control”. This sentence is not clear but
| don't have a suggestion to improve it. Please double check it.
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Authors: The text has been modified as follows:
Text excerpt: “The variation in 6. increases for both FF controllers relative to
the baseline case. This indicates that indeed the FF controller is active for both
objectives. However, in order for FBFF,, to achieve its control objective, it requires
almost half the blade pitch actuation needed by FBFF,, to achieve its control ob-
Jective. As for FBFF, , the blade pitch variation about the mean value increases
by almost 20% above the baseline case to achieve its control objective.”

Reviewer: “the thrust force varies”. Is this the aerodynamic thrust or the total thrust force
(aerodynamic + structural)?

Authors: This is the total thrust force. We also added 'total’ to the text for distinction.

Reviewer: 272-274. "“a huge actuation effort [...] for the rest of this study”. See the
comment in the General comments.

Authors: This has been addressed and clarified in the general comments.

Reviewer: 301-302. “the peak-to-peak value of the signal is decreasing as the turbulence
intensity increases”. |I'm not sure about this comment. With TI=0%, the peak-to-
peak is about 2°, with T1=13.8%, the peak-to-peak is about 8°.

Authors: This is correct for the blue curve corresponding to the FB controller only, while
we refer to the red curve of the FBFF. Thanks for pointing this out as it was not
clear, and has been clarified in the text.

Text excerpt: “the peak-to-peak value of the FBFF control signal is decreasing
as the turbulence intensity increases”

Reviewer: 229-330. “asthereis noclear [...] for every DOF separately”. These two sentences
are not clear to me.

Authors: The text has been modified as follows:
Text excerpt: “Regarding the platform motion, each DOF has a different sensi-
tivity to the wave height variation.”

Reviewer: 346-347. “we can not [...] the generator power signal”. Do you have an expla-
nation for that? If yes, maybe you can add a short comment.
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Authors: An explanation was added to the text has been modified as follows:

Text excerpt: “This is an expected result, which is attributed to the fact that
the system identification was performed with the wave excitation moment as a
disturbance input instead of the surface wave elevation. This was done for the
purpose of eliminating the effect of wave directionality from the control problem.
Therefore, there is no reason to expect the FF controller to be less effective in wave
conditions with different directional spreading, since the directional spreading does
not have a very significant effect on the distribution of the wave excitation forces
over the frequencies.”

Reviewer: Figure 19. If Fig. 19 does not add value to the discussion you can remove it and
just explain by words that blade pitching is the same in all cases you analyzed.

Authors: [t is definitely a valid point, but we thought it was better to stay consistent with
the rest of the figures in the manuscript.

Reviewer: Through the result section, we see the response of the platform DOFs is not
coherent, and they react differently to changes in the environmental conditions.
Do you have an explanation for this behavior? In case, you may add some short
comments in the results and in the conclusion where you discuss the platform
response.

Authors: Unfortunately, we do not have a clear explanation for that behaviour, but we sus-
pect it to be due to the platform dynamics. Besides, the main objective of the
controller is reducing the generator power fluctuations, but not the platform mo-
tions. Therefore, we can not directly relate each motion to be proportional to a
change in a certain condition.

Reviewer: 351-355. “This is because ... of the wave fluctuations”. Can you rephrase these
sentences? | think they are not clear.

Authors: The text has been modified as follows:
Text excerpt: “Directional spreading results in a reduction of the pitch and surge
excitation forces. So in terms of the wave excitation force, an increased directional
spreading has an effect similar to a decreased wave height. In that sense, the result
in Fig. 19 are consistent with those in Fig. 16."

Reviewer: Section 4.5. all wind speeds are above the rated wind speed. Can you add a short
comment to explain why you did not consider below rated wind speeds?

Authors: There is no scientific reason for choosing above rated wind speeds. It was rather
due to the short time available for the experiment, that we decided to focus on the
above rated.
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Reviewer: Data availability. | think it is mandatory to have this section. Is there any
data/model made available for readers (also by contacting you)?

Authors: This section has been added to the manuscript.

Response to comments of Anonymous Reviewer #2

Reviewer: Page 6. “where kp and ki are the proportional and integral gains respectively,
which were properly tuned using the loop-shaping technique.” Could the authors
elaborate more? How did the baseline controller get tuned? Did you reduce the
gain crossover frequency to overcome the negative damping problem compared to
onshore cases?

Authors: Thank you for your question. The gain crossover frequency was indeed reduced
below the platform pitch eigenfrequency to avoid the negative damping instability.
This has also been reflected on in the results section. Also, a sentence was added
for clarification as follows:
Text excerpt:”It is important to mention that the gain crossover frequency was
kept below the platform pitch eigenfrequency to avoid the negative damping insta-
bility.”

Reviewer: Page 11. “In order to obtain the TFs; Gg,(s) and Gp,(s), a chirp signal, logarithmi-
cally distributed over the experiment's duration,” As | understood, these transfer
functions are not physical in the experiment. What is the reason you didn't com-
pute them directly using aeroelastic code instead of using the system identification
method?

Authors: Thank you for your question. This is indeed a fair point. We could have followed
a model-based control method, but the reason for our approach here is twofold;
1) While Qblade is a very flexible aeroelastic tool it is unfortunately not equipped
with a numerical linearisation capability. 2) We wanted to explore the data-driven
approach in a way that would allow us to further apply more sophisticated data-
driven control methods in the future.

Reviewer: Also, did you update your feedforward controller design in different operating con-
ditions, as the frequency responses are different?

Authors: No, the controller was only synthesised at one operating point, but it was proven
to be robust at other operating points as was discussed in the wind speed variation
subsection in the results section.
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Reviewer: Figure 6. | understand that the feedforward controller maps the wave-induced
moment to blade pitch. Could you elaborate on how the wave LiDAR information
is translated into the wave-induced moment?

Authors: Thank you for your question. Just for clarification, this technology already exists in
the offshore industry and is based on RADAR measurements, not LiDAR. Unfortu-
nately, this is out of the scope of this paper. However, some references were cited in
the text that would definitely be helpful with this matter. We refer you to [4, 5, 6, 7]

Reviewer: Figure 6. Did you use the Constant Torque strategy in the experiment? Can you
justify it?

Authors: Thank you for your question. Yes, we did, as the focus was on the performance of

the wave FF control rather than the feedback. We did not modify anything within
the feedback control loop. We only added an extra FF controller in the above-rated
region. This is apart from the benefits of using the constant torque strategy above
rated wind speeds according to [8], which was added to the text as follows:
Text excerpt:’ Moreover, constant torque strategy was adopted, which on one
hand limits the rotor speed variations resulting from reducing the natural frequency
of the blade pitch controller, and on the other hand, reduces the drive-train loads
and the pitch activity [8].”

Reviewer: Figure 7 & 8. The phase response of your design (red) looks quite different to
the actual frequency response (blue). A phase difference would cause a time delay
in the FF control action, derived from the disturbance, which might affect the
disturbance rejection performance. Could you comment on this?

Authors: Thank you for noticing this, and it is definitely correct. However, it was only a
matter of phase wrapping which was causing the phase to look differently. It is
also important to bear in mind that the phase should only be accurate within the
frequency range of interest. This has been modified in the manuscript.
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Abstract. Floating wind energy has attracted substantial interest since it enables the deployment of renewable wind energy in
deeper waters. Compared to the bottom-fixed turbines, floating wind turbines are subjected to more disturbances, predominantly
from waves acting on the platform. Wave disturbances cause undesired oscillations in rotor speed and increase structural
loading. This paper focuses on investigating the potential of using wave preview measurement in the eentroller-control system
labeled as wave feedforward eontrolto mitigate the effects of the wave disturbances. Two wave feedforward controllers were
designed: one to reduce generator power oscillations, and the other one to minimize the platform pitch motion. In this study,
a software-in-the-loop wave tank experiment is presented for the purpose of investigating the potential of wavefeedforward
control-for-floating-wind-turbinesthese wave feedforward controllers. In the experiment, a 1:40 scaled model of the DTU
10 MW reference wind turbine is used on top of a spar platform, with the reference-closed-loop-baseline feedback control
functionalities. Different environmental conditions, including wind speed, significant wave height, turbulence intensity and
wave spreading, were applied during the experiments to test the feedforward control performance, and their effect on the
turbine dynamics in general. It was found that the feedforward controller for rotor-speed-the generator power reduces the
power fluctuations properly with a fair control effort, while the one for platform pitch motion requires huge-actuation-duty—

H-was—concladed-that-wind-tarbulenee-has-almost double the actuation duty for the same percentage reduction. Furthermore
the feedforward controller was able to counteract the wave disturbance at different wave heights and directions. However, it
could not do much with increasing turbulence intensity as wind turbulence was found to have more dominance on the global

dynamic response than waves.

1 Introduction

Wind energy is pivotal for meeting the decarbonisation objectives of the European Union (EU) energy system, as it ensures de-
livering clean, affordable and secure electricity to various sectors; including households, industry and transport. Consequently,
wind energy is expected to heavily contribute to the EU renewable energy targets. This is not surprising, especially when we
know that in 2022, wind energy covered 16% of the EU electricity demand and accounted for over ene-third-37% J-of the total

electricity generated from renewable sources in the EU in 2021. No wonder the EU is regarded as a pioneer in wind energy. Ac-
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cordingly, this has seen the EU revising the renewable energy directive, which lays down a minimum binding target of 42.5%
share of renewables by 2030 with an aspiration to reach 45%. This is 10.5% higher than the initial 32% target. Subsequently,
the EU could fulfill its ambition of becoming climate-neutral by 2050 (European Commission, 2023).

Offshore wind is quite superior to onshore wind when it comes to the higher wind speeds and consistency in direction. Float-
ing offshore wind, in particular, offers unique opportunities for Europe, as FOWTs can produce electricity further offshore and
in deeper waters than bottom-fixed turbines, which opens the door for offshore wind development in countries with deeper sea
basins such as the Mediterranean and Atlantic. Nevertheless, floating offshore wind turbines operate in rough environmental
conditions. As opposed to onshore turbines, waves come into play and act as another source of disturbances affecting the
wind turbine, and exerting extra structural loading on top of the loads due to wind turbulence. Consequently, fatigue loads
experienced by FOWTs are increased due to the contribution added by the waves (Saenz-Aguirre et al., 2022). FOWTs come
with additional challenges compared to their onshore counterpart from a control point of view, as extra dynamics introduced
by the floating platform make the control problem more complex. A well-known example is the negative damping instability

that forces a reduction in the bandwidth of the feedback-Feedback (FB) pitch controller below the platform pitch eigenfre-

quency rvan-der-Veen-etal;2012; Fischer; 2013; Lemmer-etal5 2020 Hegazy-et-al5s-2023a)-As-aresult(Larsen and Hans
. Consequently, the blade pitch FB controller has limited i ns < i I §

as-control over errors caused by disturbances like wind and waves, whichresults-inslowercontrol-actioninresponse-to-leading
to a delayed response in control actions to these disturbances. As mentioned before, wind and waves are the main sources of

disturbance affecting FOWTs. If a preview of those disturbances exists, it can be exploited within a feedforward-Feedforward
(FF) control framework to combat such-disturbaneestheir effects. This would reduce the control effort exerted by the feedback
FB controller, as it would not need to react to disturbances anymore since the feedforward-FF would be taking care of them.
As for wind disturbance, nacelle-mounted Light Detection And Ranging (LiDAR) technology can provide measurements of
the upstream wind inflow, from which, an estimate of the rotor-effective wind speed is obtained, which is-thea—can be used
for FeedForward<(FF--FF wind turbine control. LIDAR FF control has proven its ability to reduce fatigue loads and power
excursions effectively (Schlipf et al., 2013; Navalkar et al., 2015; Schlipf et al., 2020), which helped boost its momentum

towards commercialisation.
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Figure 1. Schematic of the wave feedforward-FF control strategy. The feedforward-FF control action is based on the wave elevation measured
by a radar upstream of the wind turbine. This measurement is used to obtain a preview of the wave excitation forces at the floating platform

ahead of time, which is the input to the wave feedforward-FF controller.

Generally speaking, wave FF control strategy resembles LiDAR FF control, as in the case of wave FF, a preview of the
wave height/loads is acquired based on measurements of the surrounding upstream waves, as shown in Fig. 1, which is then
exploited within the turbine controller. In this regard, several technologies are available to measure the surface wave elevation
such as: wave buoys, radars, or satellites. The radar technology, in particular, has the capability of scanning large areas at
further distances which makes it attractive (Fontanella et al., 2021). Predictions of the surface wave elevation can then be
established from the radar images of the wave field (Naaijen and Wijaya, 2014). Kim et al. (2023) developed a phase-resolved
ocean wave predictions algorithm to incorporate directional sea states and validated them against dedicated scaled wave tank
experiments, considering sea states with different directional spreading as well as different wave steepness. Later on, they
continued the development of the prediction algorithms with the aim of enhancing the accuracy of continuous wave prediction
as discussed in Kim et al. (2024a). Furthermore, Kim et al. (2024b) proposed wave excitation force prediction methods, where
they validated the prediction algorithms against the experimental data.

Wave FF, however, is not yet as mature as LiDAR FF, since it is not thoroughly discussed in the literature. Only a few
studies investigated the subject as in Raach et al. (2014) where a Non-linear Model Predictive Control (NMPC) strategy
was developed, considering perfect wind/wave preview, demonstrating promising improvement over the baseline feedback

controller with regard to blade loads, but the contribution of each of the LIDAR and wave FF separately was not clarified.
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In Ma et al. (2018), an effective deterministic finite-horizon LQR controller was designed, exploiting a real-time forecast of
the wave loads, to reduce tower-base fore-aft (FA) bending moment, and achieved assorted results. A model-inversion wave
FF controller utilizing a preview of the incoming wave elevation, with the objective of reducing rotor speed oscillations, was
developed in Fontanella et al. (2021) and Al et al. (2020) considering a few degrees of freedom corresponding to the global
dynamics of the FOWT, where the FF controller was added to the standard feedback<FB—-FB controller to improve power
quality by reducing the rotor speed fluctuations caused by waves. They showed that the controller could alleviate the effects of
the wave disturbance on the rotor speed, hence, the generator power, with a positive side-effect of lowering the fatigue loads
for the Low-Speed Shaft (LSS) and blades.

Unlike the model-based control used in Fontanella et al. (2021); Al et al. (2020) for the control synthesis, Hegazy et al.
(2023b) employed a data-driven control approach that can capture the missing dynamics that are not considered in the model-
based one. As the Predictor-Based Subspace Identification (PBSID,,,;) algorithm van der Veen et al. (2013) was used to
develop the wave FF controllers, which were synthesised for the same two control objectives discussed in this study; power
regulation, and platform pitch motion reduction. Those controllers were then tested in the aero-servo-hydro-elastic simulation
suite, Qblade (Marten, 2023). Hegazy et al. (2023b) went on to show that FF control for power regulation helps reduce the
rotor speed fluctuations, and thus, lead to higher power quality output. Meanwhile, the FF control for platform pitch mitigation
requires huge-large control effort.

A step forward towards pushing the technology readiness level of such control strategy would be conducting physical experi-
ments. Such experiments can be performed in the field using a full-scale prototype, or scaled-model of the system can be tested
either in a wind tunnel or a wave tank. Scaled-model testing helps to better understand the system dynamics, and at a lower

cost than full-scale prototypes. Whether-The domain where higher accuracy is required plays an important role in choosing the
scaled-model testing is-conducted-environment, whether in a wind tunnel to focus on the aerodynamic aspect of the system, or

definesthe complexity-ley he-physical-scale-mode he- EFOWTto focus on the hydrodynamic aspect. If the

tests are performed in a wind tunnel, the part of the FOWT with the uncertain theoretical model is reproduced with a physical

a wave basin

scale model, while a numerical model is used to emulate the rest of the FOWT. Both the physical and the numerical models are
then coupled via continuous measurement of some quantities of the physical model and actuation of other quantities computed
in the numerical model (Fontanella et al., 2023). Meanwhile for wave tank testing, a numerical model is used to define the
turbine aerodynamics and control actions, while the hydrodynamic and structural response of the platform is reproduced with
a physical scale model (Chen et al., 2022).

Within the context of FF control of wind turbines, field tests of full-scale prototypes were conducted to investigate the

effectiveness of LiDAR FF wind turbine control, which confirmed the positive impact LIDAR FF control has with regard to

W-ave o -a-strele-experimen AHRPAFSH 245 model-based—wave

FE-controllers-developed-in(Al-et-al5;2020)—Unfortunately, the experiments were not successful due to unknown reasons that

have nothing to do with the FF controller itself (Al, 2020). So to the best of the authors’ knowledge, no successful experiments
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have been conducted for the purpose of investigating wave FF control potential so far. This takes us to the main contributions

of this article:
— Explore the potential of wave FF control strategy by conducting scaled-model testing in a wave basin.
— Investigate the effect of different environmental conditions on the performance of the different wave FF controllers.

The remainder of this article is structured as follows: Section 2 presents the experimental setup of the model-scale test.
Afterwards, the control design procedure is discussed in Section 3. Results from the conducted wave tank scale-model tests are

then discussed in Section 4. Finally, Section 5 will draw the conclusion.

2 Experimental Setup

The experimental campaign was performed in the Hydrodynamic and Ocean Engineering Wave Tank of Ecole Centrale de
Nantes (ECN) in France. It is 50 m long, 30 m wide and 5 m deep, equipped with a segmented wave maker composed of 48
independent flaps distributed over the width of the basin, which enables generating high quality waves. It can produce both
regular and irregular waves taking into account wave direction. Both uni-and-multi-directional waves can be generated. The
generated wave periods can vary from 0.5 to 5 s, while the significant wave height at model scale can go up to 1 m for regular

waves, and 0.6 m for irregular ones.

-
.
-
.
-
-+
: 4

Figure 2. Hydrodynamics and Ocean Engineering Tank at Ecole Centrale de Nantes.

2.1 Floating wind turbine model

For this study, the DTU 10 MW Reference Wind Turbine (RWT) (Bak et al., 2013) is mounted on top of a spar-type floater, at
scale 1:40, as shown in Fig. 3. The floating platform was designed at ECN within the context of the SOFTWIND project (Arnal,
2020). The Softwind floating platform is a spar-type floater. It is of 90 m draft and 18 m diameter, tapered to 11.2 m diameter
at the water level. The mooring system considered is composed of three catenary lines contained within a 16 m radius with a
120° spacing. Each line is fixed on two fairlead points by means of delta connection lines to ensure high yaw stiffness. The

parameters of both the DTU 10 MW RWT and the Softwind floating platform are shown in Table 1 and Table 2, respectively.
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The floating wind turbine is regulated with an industry-standard generator-speed-generator speed controller, as at below-
rated wind speeds, the controller is seeking to maximize the extracted power by keeping the collective blade pitch angle, 6.,
constant while varying the generator torque, 7,4, as a function of the square of the generator speed, w,, as follows:

Tg Zk’ng, (1)

with kg = 0.5077%(Cp,maz/ ns’)\gpt), being the generator-torque constant, p is the air density, 7 is the rotor radius, and 7, is
the gearbox ratio. Cj, 4. is the maximum power coefficient, which is achieved at the optimal tip-speed ratio, A,,:, and zero
blade pitch angle.

At above-rated wind speeds, the controller regulates the generator speed to its rated value, while keeping the generator torque
constant at its rated value. As a result, generator power fluctuations are directly proportional to the oscillations occurring in the
generator speed. The collective blade pitch controller regulates the generator speed about its rated value, wy. ,q¢, according to

the following feedback control law:

0. = kp(wg - Wg,rat) +k; /(wg - Wg,rat)dta 2)

where k, and k; are the proportional and integral gains respectively, which were properly tuned using loop-shaping tech-

nique. It is important to mention that the gain crossover frequency was kept below the platform pitch eigenfrequency to avoid
the negative damping instability. Moreover, constant torque strategy was adopted, which on one hand limits the rotor speed
variations resulting from reducing the natural frequency of the blade pitch controller, and on the other hand, reduces the

drive-train loads and the pitch activity (Larsen and Hanson, 2007). The feedback controller is considered the baseline against
which the petential-efthe-wave FF controller is evaluated.
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Figure 3. The floating wind turbine 1:40 scaled model of the DTU 10 MW RWT on top of the SoftWind Spar.

Table 1. Key parameters of the SOFTWIND spar platform (Arnal, 2020).

Parameter Value Unit
Mass 1.94 x 107 kg
Roll inertia about CoG FOWT 1019 kg.m?
Pitch inertia about CoG FOWT 1010 kg.m?
Yaw inertia about CoG FOWT 6 x 108 kg.m?
Draft 90 m
Spar diameter 18 m
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Table 2. Key parameters of the DTU 10 MW RWT (Bak et al., 2013).

Parameter Value Unit
Cut-in wind speed 4 m/s
Cut-out wind speed 25 m/s
Rated wind speed 114 m/s
Rated power 10 MW

Peak power coefficient  0.48 -
Optimal tip speed ratio  7.55 -

Rotor diameter 178.3 m
Hub Height 119 m
Minimum rotor speed 6 rpm
Maximum rotor speed 9.6 rpm
Rotor mass 227,962 kg
Nacelle mass 446,036 kg
Tower mass 628,442 kg

2.2 Measurements

The measurement system consists of several sensors. As for the forces and moments, two six-component load cells (model
HBM-MCSI10) are placed along the tower. The first is installed between the tower-top and the nacelle to measures the rotor
integral forces and torques, while the second is installed at the transition piece to measure the tower-base loads, including the
bending moments. The axial load in the-mooringtnes-each mooring line is measured through an in-line submersible one-
component load cell located at the connection between the main-line and the delta-line where the tension is supposed to be
maximum. Four strain gauges are installed at the tower base to measure the tower defermation-bending strain.

An accelerometer of model ASC 5525MF-002 is installed on the nacelle, above the load cell at the tower-top. This ac-
celerometer is used to compute the inertial force and the weight terms that-sheuld-beremoved-from-the-measured-foree-to
obtain the actual thrust forces.

Regarding motions, an optical Qualisys motion capture system is used to measure the 3D position of 8 spherical reflective
markers (see Fig. 3). Four markers are fixed to the nacelle to measure the tower-top motion, while another four markers
are fixed to the platform top to measure the platform motion. The platform and nacelle velocities can then be derived from

the positions measured by the motion capture system via an implicit super-twisting differentiator—Fhe-numerical-simulation

on-theelements-of-the-blades— (Mojallizadeh et al., 2024b).



Moreover, seven wave gauges, required for the wave reconstruction and prediction algorithm, are installed at different loca-
tions in the wave basin. The waves were calibrated with one wave probe exactly at the model’s equilibrium position.

155 All the onbooard sensors’ signals are acquired via CompactRio data acquisition system, which is installed inside the spar
platform to record all the measurements of the sensors fixed on the FOWT model. An HBM Quantum signal-conditioning unit
records the data from the mooring load cells, the wave gauges and the water temperature sensor through the Catman software.
The Qualisys software records the FOWT motions on a PC. An Ethernet cable connects the PC with the CompactRio in order
to ensure the fastest possible data exchange. These three systems are then synchronized via a trigger signal generated at the

160 start of the wavemakerwave maker.

2.3 Software-In-the-Loop system

The main purpose of the Software-In-the-Loop (SIL) system is to take care of reproducing the aerodynamic loads on the FOWT

model. The-SH-system-depends-on-It is composed of a real-time loop thatruns-the-acquisitionand-the-numerical-simulation
alongside-thephysical-medeltestingincluding acquisition, Blade Element Momentum simulation and force reproduction b

165 means of thrusters to mimic the rotor loads, since the wind turbine rotor is not physically scaled. A motion tracking system
measures the position of the platform (reference point: platferm-tep;-er-tower base) and the tower top deflection (fore-aft and

side-side), whenever the model reacts physically to external loads (gravity, waves, moorings, and actuator).

A set of differentiators are then used to calculate the veleeityvelocities of the platform and nacelle. Once the displace-
ments and the velocities are measured, they are provided to OpenFAST-as-inputs—to-caleulate-the-the numerical simulation
170 (OpenFAST), which runs in parallel to the experiments, to compute the relative velocities on the elements of the blades, and

thus, the thrust force acting on the rotor. By applying Froude scaling on the thrust force obtained from OpenFAST, the reference
force to apply with the actuator is then derived at model scale and apply-applied by a set of thrusters.
The inner loop ecensists—of-the-actuator-and-of the SIL system controls the actuators with implicit sliding mode con-
trol (Mojallizadeh et al., 2024b) which aims at reproducing as fast and accurate as possible the axial thrust force —set point (Mojallizadeh et

175 . A feedback control loop enables the system to reach a satisfactory accuracy, particularly at low and wave frequencies, which
are the main focus of the presented analysis. The delays of the system and the minimum rotor speed are limitations of the current
setup. The total delay, defined as the delay between measurement of the state of the physical model and the reproduction of the

aerodynamic force corresponding to this instant (sum of delays induced by the acquisition, simulation, and force reproduction
is estimated as 100 ms in the worst case. In terms of force magnitude, the error on the reproduction of the axial force is lower

180  than 5% at low and wave frequencies (Bonnefoy et al., 2024).
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Figure 4. Scheme of the real-time loop for the SoftWind SIL approach, with the numerical model emulating the wind turbine controller and
aerodynamic response.

2.4 Wave loads prediction

Regarding the preview of the wave excitation forces, a real-time phase-resolved ocean wave forecasting algorithm, developed
by Kim et al. (2023, 2024a), was used. It is composed of two steps: (1) reconstruction of the initial wave conditions by
assimilating data from observations; (2) wave propagation to achieve wave preview by simulating wave surfaces over a specific
zone in the spatio-temporal domain. Once the wave preview is available, the wave excitation force estimation methods in Kim
et al. (2024b) are applied to predict the wave excitation forces acting on the FOWT.

Figure 5 illustrates the comparison between the real surface wave elevation and wave excitation pitch moment at the
FOWT, and the predicted wave elevation and moment expected at the FOWT. We can already see that the prediction al-

gorithm can provide a fairly accurate wave preview.

te (I;ilﬂ et al-’ 292»;’ 292 a&; b)
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Figure 5. Comparison between the wave preview of the (a) surface wave elevation, and (b) wave excitation pitch moment, obtained via the
rediction algorithm (Kim et al., 2023), and the wave at the FOWT location.

3 The-eontrol-medelSynthesis of the wave feedforward controller

In this section the controller design is presented. First, the control model is explained before dweling-en-moving to the control

synthesis of the FF controller.
3.1 Data-driven approach

195 Figure 6 shows a block diagram of the FOWT model and control signals. Each block represents a linear Transfer Function (TF).
G, m,, represents the mapping from the wave-induced pitch moments, M., to the platform pitch motion, 6,, while G, 1,
maps the wave-induced pitch moments to the generator speed, wg. Similar to the wave moment, the effect of blade pitchen-, 3,
on the generator speed and the platform pitch motion is described by the TFs G, 5 and Gy, g, respectively.
To obtain these TFs, which are required for the control design, identification is conducted on the results obtained from
200 QBlade (Marten, 2023), where the FOWT i modelled at full-scale, and was able to reproduce the experimental results (Becker et al., 2022)
. QBlade is a fully coupled, non-linear, aero-hydro-servo-elastic wind turbine simulation suite that is capable of simulating wind
turbineswith-a-good-level-of-aceuraey. System identification is also required when using QBlade for control design purposes,

as it is not equipped with a linearization-linearisation functionality, and thus, making it complicated to do model-based control.

11
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Figure 6. Block diagram of the FOWT model

The TFs were identified at an average wind speed of 16 [m/s] as an operating point. A similar procedure was used for both
the spectral estimation, and the system identification, where an experiment of duration of 25000 [s] was performed in QBlade.

In order to obtain the TFs; G.,, s(s) and &y, 5{5)G tperq,.5(8), a chirp signal, logarithmically distributed over the experi-
ment’s duration, was used to excite 3 within a frequency band (0.02 to 0.3 Hz). As for G, ar,, (s) and G, 11, (), a JONSWAP
spectrum was used to-exeite-the-systemfor waves.

A non-parametric form of the above-mentioned TFs ean-be-is obtained from the input-output data by spectral estimation. A
frequency response function (FRF), assuming no correlation between the input and noise signals, ean-be-is achieved according
to:

Syu(jw)

3)

where w in Eq. (3) denotes the frequency, j = +/—1, while Sy, (jw) is the cross-power spectral density of the output and input,
Suu(jw) is the auto-power spectral density, and G, ., (jw) represents the estimated FRF. Based on the estimated frequency
response functions and the feedferward-FI structure given in Fig. 6 the optimal non-parametric feedferward-FF controller, for

both the generator speed control and the platform pitch motion control, can be estimated and are respectively given by:

} _ G, o, (Jw)

Kffxw (jw) - - ng ’ﬁ (]UJ) ’ (4)
. Go, .1, (Jw)

Kypo,(jw) G () | ©)

The optimal non-parametric controllers are given by the blue lines in Fig. 22-7a and Fig. 227b, respectively.

So far, the controllers given in Eq. (5) were-obtained-using-are non-parametric since FRFs were used. However, they cannot
be directly employed for control implementation.

The parametric controllers are obtained by fitting stable FF parametric TFs to the spectral estimate as shown in Fig. ??-and7a

and Fig. 227b. The fitting must be ensured to be of the highest accuracy within the wave band enclosed by the dashed vertical

12



lines in the figures, such that the performance is ensured within the wave frequency range (0.05-0.2 Hz) without the need for
225 complex higher order control structures. Outside the wave bandwidth, the controller is not supposed to react.

The parametric wave FF targeting the power regulation, Ky, , takes a structure that is a combination of a double integrator,

first order zero, and a second-order system according to Eqn. 6:

Ky, Ts+1
52 82+ 2Cwes + w2’

Ko, = (6)

where K, is a static gain for controller tuning, 7 a time constant, ¢ the damping ratio, and w,. being the corner frequency

230 of the controller.

While for the parametric FF controller targeting the platform pitch, Ky g, , the controller structure is composed of a double

differentiator together with a second order system, with Ky, being a static gain for controller tuning, as illustrated in Eqn. 7:

235 Ky — R0 %
11,6, §2 + 2¢wes + w?

I

FF controller for wy, Kyfu, = Nﬁ

% FF controller for 8, Kfrg, = %
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Figure 7. Bode plot of the optimal feedforward controller for (a) power regulation, and (b) platform pitch motion. Blue: spectral estimate,
Red: parametric controller.
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Investigating Fig. 2?-and7a and Fig. 227b, they show a good agreement between the spectral-based, and the parametric
FF controller within the frequency band of interest enclosed by the dashed vertical lines, which gives confidence in the fitted

parametric controllers.

4 Results

In this section, the results from the experimental campaign are illustrated and discussed. The wave tank tests were performed at

different conditions to properly assess the controller performance for

powerregulater-was-power regulation (P,), and platform pitch motion reduction (6,). First, both controllers are tested at the
same condition to investigate their effectiveness. Afterwards, we carried out the rest of the experiments with the more effective

one, which was then tested at different wind speeds, turbulence intensities, significant wave heights and wave directions.

Accordingly, each case would be treated separately. So, we will first look at the effect of varying the turbulence intensity,
TI, at a certain wind speed. This is followed by varying the significant wave height, H, then the wave directional spreading
parameter, s, before concluding with varying the wind speed, V. In each case, one of the parameters is varied, while the rest are

kept constant. The different experiments that were performed are listed in Table 3:

Table 3. Environmental conditions for the different experiments performed in the wave tank, (P, refers to the power regulation controller,
while 0, for platform pitch motion reduction).

\" TI H, T, S Control objective
Case
[m/s] [%] [m] [s] [-] [-]
Control objective 14 7.1 5 12 00 [Py, 0,]

Variable TI 14 [0, 7.1, 13.8] 7 12 00 P,
Variable H, 14 7.1 [5,7,9] 12 00 P,
Variable s 14 7.1 7 12 [15, 25, 60] P,
Variable V [14, 17, 20] 7.1 7 12 00 P,

4.1 Control objective

We begin with illustrating the performance of the two different FF controllers for beth-objectives;-powerregulationtPgypower
regulation, and platform pitch motion reduction(f;)-Thisisperformed-while keeping-the-other parameters-constant-—Adfterwords

14
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one at a time against the baseline FB controller. At the end, we should be able to determine the petential-effectiveness of the

FF control for each control objective.

For-this—eomparison;—Lhe two control strategies were compared by performing the SIL experiment was-performed-at-the
same-environmental-conditions-of-wind-and-wavesat fixed wind and wave conditions. Turbulent wind at +4-V = 14 m/s with-a

Frof7+%-and TI = 7.1% was considered. Waves according to a JONSWAP spectrum, with signifieant-wave-height: H, -of 5
m-and-peak-period;= 5 m and T, -ef+2-= 12 s were considered.

Figure 8 demenstrates-shows the generator power, the collective blade pitch and the platform pitch time-domain responses
together with their PSDs with the different controllers. As first, the experiment was performed only with the feedback-FB
controller as a baseline case. Afterwards, the feedferward-FF controllers for both power regulation, and platform motion
reduction, were added to the feedbaek;respeetivelyB _controller. We can see in the time response of the blade pitch signal

the higher frequency ripples, corresponding to waves, oscillating about a lower frequency sinusoidal signal corresponding

to the wind turbulence;~which-indieates-that-. This indicates that adding the FF controller to the control loop on top of the
EB controller does not have any effect on the low-frequency content that corresponds to the wind turbulence, as it remains
unchanged, but only reacts to the feedforward-controter—for-both-objectives;-only-picks-up-the-higher frequency wave signals,

white-notreacting-to-the-wind-turbuleneewhich results in additional blade pitching. This is also evident in the PSDs, where we

see that in the wave frequency range (0.05-0.2 Hz), the generator power signal has less spectral content than the baseline case
for the power regulation control objective, while there is no change at lower frequencies for both objectives. On the contrary,

when the FF controller for the platform motion reduction objective is operational, the spectral content in the generator power

signal slightly increases above the baselineindicating-more-variance-in-the-signal.

15
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Figure 8. Generator power (P,), blade pitch (f.) and platform pitch (¢,,) responses with and without wave feedforward control, at wind speed
of H-V = 14 m/s, with-a-TI of 71%= 7.1%, and wave conditions of H, = 5 m s-and Ts—, = 12 s. The two feedforward controllers, for the

objectives of power regulation and platform pitch motion reduction ;-are compared to the baseline feedback controller.

The PSDs in Fig. 8 also show that the pewerregulation-objective leadsto-morereduction in the generator power varianee-with
fluctuations with the FF controller for power regulation is achieved with less blade pitch actuation than the other-objectivereduction
resulting from the FF controller for the platform pitch motion. So, we conclude that the reduction of the platform pitch motion
requires a significantly large actuation for a smaller gain relative to the one for power regulation, which is alse-evident in Fig.

8, where the effect of the feedforward controller, FBFFy , on the platform motion is minor, unlike the effect of FBFF,, on the
generator power.

In Fig. 9, the standard deviation, as a statistical metric illustrating the variation of a signal about its mean, is used to demon-
strate the effect of the feedforward-controllerfor-both-control-objeetivesEE controllers, since they are expected to counteract
the effect of the wave disturbance, and thus, reduce the variance of the generator power and the platform pitch. In fact, Fig.

9 shows the percentage difference between the standard deviation of the signals with and without the FF control, which is
normalised with respect to the baseline-feedback-standard-deviation-standard deviation of the baseline feedback controller. As
mentioned earlier in Fig. 8, FBFF,, is mitigating the wave effects on the quality of the-generator-power;- P +-by reducing the
rotor-speeds-variations in w, s-variations-as illustrated in Fig. 9. The eoHeetive-blade-piteh;-variation in 6. --variation-increases
for both FF controllers relative to the baseline case;+whieh-. This indicates that indeed the feedferward-FE controller is active
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for both objectives;-but-the FFforpewerregulation-. However, in order for FBFF,, to achieve its control objective, it requires
almost half the blade pitch actuation needed by FBFFy,, 5

is-notthe-case-for-the platform-motionreduction FF-eontrol-as-to achieve its control objective. As for FBFFy , the blade pitch
variation about the mean value increases by almost 20% over-above the baseline case —to achieve its control objective.

Even though the blade pitch action is higher with the FF controller than in the FB baseline case, the FF control contribution
reduces that of the feedback-—centrelerFB controller, as it does not need to react to the wave disturbance anymore since the FF
is taking care of that. The variation of the total thrust force varies for both objectives, as for the FBFF,, , the thrust variance
decreases below the baseline, which is not the case for FBFFy,. The thrust variation is reduced as a result of more blade
pitching by FBFF,,, in order to regulate the rotor speed, while for FBFFy, , thrust is varied continuously to keep the platform
motion-in-the-piteh-DOF-pitch motion as minimal as possible. Asfor-

Regarding the platform motion, we can say that the FF control in general has a positive effect on the platform motions as
we see a reduction for both control objectives in most of the degrees of freedom (DOFs). Now that might vary from one DOF
to another as we can see, for instance, there is a minor reduction in the surge, z,, and pitch, 6,,, DOFs, while a significant
reduction in sway, y,, and roll, o, DOFs. For heave, 2, and yaw, ,,, DOFs, FBFF,, and FBFF  lead to more oscillations,
while their effect differs when it comes to yaw DOF. As FBFF,, increases oscillations in platform yaw, while FBFFy  reduces
those fluctuations significantly. This is an extra effect from FBFFy, since it was designed to mitigate the platform pitch, 6,
oscillations only. FBFF,, hardly affects the tower-base bending moment, Mt sy, as an insignificant increase is observed,
which is not the case for FBFFy, that leads to more tower-base loading. Regarding the mooring tension, 75,00, both FBFF,,
and FBFFy  affect the mooring tension slightly, as FBFF,, leads to a small reduction in the tension oscillation, while FBFFq

causes a slight increase in the mooring tension.
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Figure 9. Normalised standard deviation percentage change of the two different control modes for different variables with respect to the
baseline feedback FB case. All cases were held at wind speed of V = 14 m/s, with & Tl ef= 7.1%, and wave conditions of H; = 5 m, and T=

p=12s.

According to Fig. 9, we-ean-say-thatnot only the platform motion alleviation objective requires a-huge-large actuation effort,
but also, it increases the tower-base bending moment, unlike the power regulation objective. As a result, we proceeded with
the FF control for power regulation, FBFF,, , for the rest of the study.

4.2 Effect of turbulence intensity variation

After showing the potential of FF control for both objectives, and observing that the platform pitch motion reduction FF
control requires huge-large actuation, the remaining experimental results are based on the power regulator FF. We start with
investigating the effectiveness of the FF controller while varying the turbulent intensity. The experimental results at wind speed
of 14 m/s were chosen for this discussion. Fig. 10, Fig. 11 and Fig. 12 clearly illustrate the performance of the FF control. In
Fig. 10 the effect of waves on the generator power is reduced compared to the FB only cases, as there is a reduction at all the
turbulent intensities, within the wave frequency range (0.05-0.2 Hz). This is depicted in the Power Spectral Density (PSD) of
Fig. 10 where the addition of FF control reduces the energy within the wave energy band. However, it has no effect within the
low-frequency band corresponding to wind turbulence, which is to be expected since the controller’s bandwidth is targeting the

wave frequency range only.
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Figure 10. Generator power response with and without wave feedforward control, at wind-speed-of-V = 14 m/s, varying from steady wind at
0% TI to turbulent wind at aTI of= 7.1% and 13.8%.

Increasing the turbulence intensity has a direct effect on increasing the variance of the depicted signals. We-In steady wind,
we can clearly observe how the time traces are dominated by the high frequency sinusoids, relevant to wave frequency band,
in-steady-wind;-while the low frequent-frequency sinusoids, relevant to wind turbulence, dominate as the TI increasesleading
._This leads to increasing the peak-to-peak value about the mean of the signal, indicating an increase in the variance of the
signal. This can also be confirmed by the PSDplets, where there is more spectral content in the low frequency bandwidth than
the bandwidth related to the waves. In steady wind, we can observe a reduction in the generator power variation as a result of
using wave FF control. However, once the wind inflow becomes more realistic, and wind turbulence increases, the reduction in
the generator power oscillations is not as significant. This indicates that the wind turbulence, lying in the low-frequency band,
dominates the global dynamic response even though the wave FF controller is taking care of oscillations caused by the waves
in the high-frequency band.

Figure 11 illustrates the platform pitch response at different turbulence intensities. In Fig. 11, we see that the FF controller
has no authority on the platform motions in the wave band, which is reasonable since this controller is mainly aimed at reducing

power fluctuations. Also, for the TI effect, we see a clear domination of the wind turbulence.
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Figure 11. Platform pitch response with and without wave feedferward-FF control, at wind speed of V = 14 m/s, varying from steady wind
at 0% TI to turbulent wind at a TI of 7.1% and 13.8%.

As for the collective blade pitch angle in Fig. 12, the pitch actuator is clearly active in the wave frequency range with the FF
control compared to the FB controller. We see that the FB controller is only reacting to the low-frequeney-low-frequency wind

turbulence, while not considering the wave disturbance because of the negative damping implications that would happen if the

bandwidth of the FB controller is increased (Nie
Nielsen et al., 2006; Larsen and Hanson, 2007; Jonkman, 2008; van der Veen et al., 2012;
. Moreover, it is observed that the peak-to-peak value of the signalis-deereasing-FBFF control signal decreases as the turbu-

lence intensity increases. This indicates that in steady wind, the blade pitch actuator is varying at a higher rate than in turbulent

Fischer, 2013; Fleming et al., 2014;

wind, and the higher the turbulence, the lesser the blade pitch variation. This is depicted, and discussed in Fig. 13.
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Figure 12. Collective blade pitch angle with and without wave feedferward-FF control, at wind speed of V = 14 m/s, varying from steady
wind at 0% TI to turbulent wind at a TI of 7.1% and 13.8%.

Regarding-the-The Standard Deviation (SD) of the signals is used to quantify the effect of the FF control on the different
variables of interest as shown in Fig. 13. It is fair to mention that the figure illustrates the difference between the FF control with
respect to the baseline FB controller in steady wind case. The effect of including FF control can already be seen as the main
objective of the FF controller is to regulate the generator power, ;. However, the focus in this subsection is on the effectiveness
of the FF strategy at different wind inflow turbulent intensity conditions. It is striking to see how the wind dominates the waves
as the turbulence intensity increases, as the reduction in the generator power fluctuations decreases with the increase in the
turbulence intensity. Thus, we can conclude that the FF strategy is indeed effective for improving the power quality, but as the
turbulence intensity increases, the effectiveness of the FF diminishes. Furthermore, the effect of the turbulence intensity on the

platform motion varies from one DOF to another, and there is no clear trend for the different DOFs.
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Figure 13. Standard deviation change with wave feedforward-FF control relative to the baseline feedback control, at wind speed of V = 14
m/s, varying from steady wind at 0% TI to turbulent wind at a TI of 7.9% and 13%.

4.3 Effect of significant wave height variation

Varying the significant wave height has, without a doubt, effects on the FF control performance. As the disturbance TF accounts
for the mapping from the wave excitation forces, as a disturbance input, to either-the rotor speeder-the-platferm-pitch—as—an
output-depending-on-the-control-objective. By wave excitation forces, we are referring to the first order wave forces based on
linear wave theory (Newman, 2018), where there is a direct transfer from the wave height to the first order wave excitation
forces through the transfer functions known as the Response Amplitude Operators (RAOs). To have a deeper look at this
subject, different wave conditions were applied, where different significant wave heights were considered, while keeping both
the peak period and the wind speed constant. This is in addition to having long-crested unidirectional waves —(i.e., s = 00). The
peak period was kept constant because the natural periods are very large compared to the waves (>30 s). The motions RAOs
are hence quite low, in particular on a spar, which is known to have small wave-induced motions. Therefore, there would be
only very limited effect of varying the peak period across the typical peak periods of ocean waves.
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Figure 14. Generator power responses with and without wave feedferward-FF control, at a turbulent wind speed of V = 14 m/s with a-7+%

TI M and unidirectional waves at S-s = 0o, and T}, = 12 s, but at different significant wave heights, H.

Looking at Fig. 15, apart from the FF control operating as expected, we can see how the amplitude of the generator power
signal-oscillations at the wave frequencies increases as waves get bigger, which corresponds to an increase in energy in the
PSDs for the corresponding signals. This rise in amplitude can also be observed in the blade pitch signal to maintain the rotor

speed as close to its rated value as possible.
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Figure 15. Collective blade pitch responses with and without wave feedforward-FF control, at a turbulent wind speed of V = 14 m/s with &
7+%-TI = 7.1%, and unidirectional waves atS-s = co, and T}, = 12 s, but at different significant wave heights, H..

Figure 16 summarises the effect of varying the significant wave height on the different variables of interest. It is pretty clear
how the FF controller reacts to waves; the bigger they get the stronger the FF control action is. This is illustrated in the generator
power ;-and the blade pitch signals. On the contrary, we see a rise in the fluctuations in the thrust force as the significant wave
height becomes higher.

As—for-Regarding the platform motion, each DOF has a different sensitivity to the wave height variation;-as-there-is—no

ar-trend-they-are-folowing-all-together—Furthermore—there-is-not-even-a-trend-for-every-DOF-separately—_We see, for
instance, that the fluctuations in the surge DOF significantly decreases with the FF control compared to the baseline FB
controller at H, = 5 m, while as the-wave-height-I{, increases, the percentage difference in the standard deviation goes from
negative to positive at H, = 9 m indicating that the power regulation FF control leads to higher surge displacements at bigger
waves. Concerning heave and pitch DOFs, we observe that at H; = 7 m in particular, there is a considerable alleviation in the
oscillations of both signals with respect to the baseline FB control. However, an increase in the platform heave oscillations can

be seen for the other two wave heights, while a mitigation in the platform pitch fluctuations is observed at all the wave heights.
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Figure 16. Standard deviation change of different variables of interest with wave feedferward-FF control, at a turbulent wind speed of V =
14 m/s with a73+%-TI = 7.1%, and waves of T}, = 12 s, but at different significant wave heights, H,. The bars illustrate the difference in

standard deviation with the FF control compared to the baseline case at each significant wave height.

4.4 Effect of wave directional spreading

After investigating the effect of varying the turbulence intensitiesintensity, and the significant wave height, we move on to the
effect of the wave directional spreading on the different variables of interest with the FF control present. For this part of the
experimental campaign, waves were generated at a-significant-wave-height-H, = 7 m, and a-peakperiod;-1}, = 12 s, but at
a different directional spreading parameter, where it was varied from a low value corresponding to short-crested waves of a
multidireettonal-multi-directional nature, to higher values that correspond to long-crested waves that act in a more unidirec-
tional manner.

Starting with Fig. 17, where the generator power is depicted, it can be observed that even though the disturbance TF,
used in the FF control synthesis, was identified based on unidirectional waves, yet the FF controller is working well also in
multidirectional waves, which is evident in the time history and the PSD. As for the different directional spreading parameter

cases whether with FB eases-only or FBFFeases, we can not really detect a big influence of the wave directional spreading on
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the generator power signal, as the amplitudes at each time instant, or frequency, almost do not change. This is an expected result

which is attributed to the fact that the system identification was performed with the wave excitation moment as a disturbance
input instead of the surface wave elevation. This was done for the purpose of eliminating the effect of wave directionality.
395 from the control problem. Therefore, there is no reason to expect the FF controller to be less effective in wave conditions with
different directional spreading, since the directional spreading does not have a very significant effect on the distribution of the
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Figure 17. Generator power response with and without wave feedferward-FF control, at a turbulent wind speed of V = 14 m/s with a-7+%
TI = 7.1%, and waves with H, =7 m, and T}, = 12 s, but with different directional spreading paramter, -55-varying from short to long crested

waves.

Moving to Fig. 18, again, the activity of the FF controller within different wave directional conditions is clear, and again, the

amplitudes of the blade pitch signal do not differ too much from each other.
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Figure 18. Collective blade pitch response with and without wave feedforward-FF control, at a turbulent wind speed of V = 14 m/s with &

FH%TI = 7.1%, and waves with H, =7 m, and T}, = 12 s, but with different directional spreading paramter, -S--varying from short to long

crested waves.

The wave directionality results are summarised in Fig. 19. We see that in short-crested waves, which are the ones with low

spreading parameter, the effectiveness of the FF control is slightly reduced compared to the long-crested waves case. Fhis-is

%he«pewer—aﬂdﬂfrDlrectlonal spreading results in a reduction of the proeess—changes-the-thrust-forcecontinuously-in-orderte

as;pitch and surge excitation forces. So in terms of the wave excitation
force, an increased directional spreading has an effect similar to a decreased wave height. In that sense, the result in Fig. 19 are

consistent with those in Fig. 9.
Again, there is no specific trend for the platform motions, as we see a different effect at each spreading parameter for every

DOF. Also, the different DOFs do not agree on a certain behaviour at every spreading parameter. We see the surge decreasing
at short-crested, then increasing, before decreasing again. The heave decreases slightly before increasing all the way. The

platform pitch is always less oscillatory than the baseline FB case, but this reduction in oscillations seems to vary in a random
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before increasing again slightly as the waves become more long-crested.
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Figure 19. Normalised standard deviation percentage change of different variables of interest with wave feedforward-FF control, at a turbulent
wind speed of V = 14 m/s with a7+%TI = 7.1%, and waves with H, =7 m, and T}, = 12 s, but with different directional spreading paramter,
S, varying from short-crested, at S-s = 15, to longer crested waves at S-s = 60. The bars illustrate the difference in standard deviation with

the FF control compared to the baseline case at each directional spreading parameter.

4.5 Controller performance at different wind speeds

In this subsection, we show the control performance when the wind speed varies. Initially, the controller was synthesized at a
single operating point at wind speed of 16 m/s. Consequently, the controller might be expected not perform-optimattyto perform
optimally at other wind speeds. However, Fig. 20 suggests otherwise, as it shows the controller efficiently operating at different
wind speeds. This is clear in both the time response, where we observe a decent reduction in the peak-to-peak amplitudes, as
well as the spectral content in the PSDs.

This gives confidence in the controller that it is robust enough to handle the non-linear dynamics of the FOWTs without

the need for gain scheduling even though it was synthesized for a single operating point. Of course having a gain-scheduled
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controller would ensure that the controller is performing optimally at each operating point across the spectrum of the operating
wind speeds of the wind turbine;—yet-. Yet, sometimes having a sub-optimal controller is preferred to have a compromise

between performance and control effort.
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Figure 20. Generator power response with and without wave feedferward-FF control, at different steady wind speeds at 14 m/s, 17 m/s and

20 m/s, and long-crested waves with Hy =7 m, T}, =12 s, and S = co.

425 5 Conclusions

Successful wave tank experiments were conducted to evaluate the benefits of the wave feedforward control strategybenefits
, using on wave excitation force preview, in terms of the structural loads and the power quality of the floating wind turbine
components. It was found that the effectiveness of the wave feedforward controller for reducing the power fluctuations is
higher than the one for decreasing the platform pitch motion—As;-the-FF-, as, the feedforward controller for generator power
430 requires less actuation than the FF-feedforward controller for the platform pitch motion, and the reduction in the generator
power oscillations is greater than the alleviation in the platform pitch motion. The experiments went on to investigate the

performance of the feedforward control withinfor power regulation within several environmental conditions, as well as how
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these conditions affect the turbine dynamics in general. Subsequently, some experiments were performed at different wind
turbulence intensities, others at varying significant wave heights, and others at contrasting wave spreading conditions.

The wave feedforward strategy was indeed proven to be operational and effective at different environmental conditions. How-
ever, we concluded that as the turbulence intensity increases, the wind dominates and the effectiveness of the FF-feedforward
control diminishes. As for varying significant wave heights, as the waves get bigger, the reponses of the different DOFs of
the platform motion de-netfollow-acleartrend;-howeveritisratherrandomvary randomly. While for different wave spread-
ing parameters, it was shown that the power fluctuations are higher in case of short-crested waves than in long-crested ones.
However, the difference is rather insignificant, which indicates that the main source of fluctuations is the fore-aft direction.

In short, the wave feedforward control strategy is effective when it comes to alleviating the effects of the wave forces on the
produced power of the FOWT, whereas, wave FF-feedforward control requires significant amount of actuation to minimise the

platform pitch motion, which makes such a technology unfavourable for that objective.
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