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Response to comments of Reviewer #1

General comments:

e Referring to your comment about the writing style. This paper was not the result
of a work that was written all around the same time. The first half of the paper is
much older than as it was written at the beginning of my PhD, while the second
part took place at the end of my PhD. All of this was compiled together to get
this paper at the end.

e Regarding the gains used, a table with the employed gains was added to the SIMO
controller section.

Specific comments:

Reviewer: Abstract: "feedback control”: Specify the type, e.g., generator speed or power
control.

Authors: Thank you for noticing this. We have modified the text as follows:
Text excerpt: "generator speed feedback control”

Reviewer: Abstract: "applying the same ... unstable”: Clarify that only the pitch-to-feather
scheme typically induces instability; other feedback control strategies exist that
maintain stability in floating wind turbines.

Authors: Thank you for your comment. The text was modified as follows:
Text excerpt: "via the pitch controller to feather the blades, is well-established,
employing the same controller gains with floating offshore wind turbines causes the
turbines to become unstable.”

Reviewer: Abstract: "fore-aft motion”: Specify this is the nacelle fore-aft motion.

Authors: Thank you for your comment. The text was modified as follows:
Text excerpt: "the nacelle fore-aft motion.”

Reviewer: Abstract: "more robust”: Define what is meant by "robustness”. Robust to what
(e.g., model uncertainties, disturbances)?

Authors: Thank you for your comment. This is explained in the following sentence in the
text.
Text excerpt: "which makes controllers often sensitive to unmodelled dynamics.”
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Reviewer: Lines 18-19: Remove “this is not ... know that” and “no wonder ... wind
energy”. These are unnecessary and informal.

Authors: Thank you for your comment. The whole paragraph was modified as follows:
Text excerpt: "Wind energy is essential to meeting the decarbonisation objec-
tives of the European Union (EU) energy system, as it ensures delivering 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, with wind energy already covering 19% of the EU’s
electricity demand in 2024. This has seen the EU revising the renewable energy
directive, which lays down a minimum target of 42.5% share of renewables by 2030
with an aspiration to reach 45%. This is 10.5% higher than the initial 32% tar-
get. Subsequently, the EU could fulfil its ambition of becoming climate-neutral by
2050 [1]."

Reviewer: Lines 20—26: Consider whether this section is necessary. Is the article relevance
limited to the EU context?

Authors: Thank you for your question. While the article’s relevance is indeed not limited to
the EU context, the EU was the funding body as mentioned in the acknowledge-
ments. However, a phrase was added to account for other continents as follows:
Text excerpt: "As for the other continents, similar trends are observed [2].”

Reviewer: Lines 37-38: The phrase "while modifications ... to reducing the LCOE" is vague.
Co-design of turbine and platform may reduce LCOE. Please clarify the mechanism
you're referring to.

Authors: Thank you for your comment. Since it is not clear to the reader, we clarified this
by modifying the text as follows:
Text excerpt: "Developing new control architectures can contribute to reducing
the LCOE. Another approach is control co-design [3], which has proven to be highly
effective.”

Reviewer: Line 80 and following: Including physical units is not necessary. Models can use
different units.

Authors: Thank you for your comment. While this is definitely correct, to our understanding,
including the units is part of the journal’s submission requirements. Furthermore,
it helps with reproducing the results of the paper.

Reviewer: Line 87: "and a non-linear function f(x) = 0". Unclear connection with the sur-
rounding text.
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Authors: Thank you for your comment. The whole paragraph was modified as follows:
Text excerpt: "with p (kg.m ?) as the air density, 2 (m) being the rotor radius,
Cy(A, ) as the power coefficient, which depends on the blade pitch angle, 5 (rad),
and the tip-speed ratio, A = QR/v Ny, with v (m.s™!) being the wind speed nor-
mal to the rotor plane. At steady-state, the non-linear wind turbine dynamics in
Eq.(1) can be linearised using first-order Taylor series expansion around an equilib-
rium point as:”

Reviewer: Line 98: Instead of "remains constant ... and assumption errors”, state clearly
that the control strategy assumes accurate knowledge of £,.

Authors: Thank you for your comment. The text was modified as follows:
Text excerpt: "It is fair to mention that the controller in Eq.(4) assumes a con-
stant k, throughout the wind turbine’s lifetime.”

Reviewer: Line 113: " Notice that the terms irrelevant to the control problem”. Please specify
which terms are considered irrelevant and why.

Authors: Thank you for your comment. The text was modified as follows:
Text excerpt: "Equation (3) represents the closed-loop system of the wind tur-
bine in the above-rated region. Therefore, only the terms containing 1 and its
derivatives are considered [4]. The remaining terms are irrelevant to the control
problem and therefore do not appear in Eq. (6)."

Reviewer: Line 131: The definition of above-rated operation is incorrect. Rated wind speed
is the minimum at which rated power is produced. All higher wind speeds are
above-rated.

Authors: Thank you for your comment. The definition is actually meant for the steady state
thrust in the above-rated region in particular.

Reviewer: Line 133: " The steady-state ... generator speed variations”. This appears inac-
curate. In above-rated conditions, pitch is increased to limit aerodynamic torque.
Clarify.

Authors: Thank you for your comment. The text was modified as follows:
Text excerpt: "The steady-state blade pitch angle varies along the operating
curve to limit the aerodynamic torque and reduce the oscillation in the power pro-
duction. The generator torque is kept constant instead of constant power since
this strategy limits the generator speed variations, hence, reduces drive train loads
and pitch activity [5]."

Reviewer: Line 135: " The objective is to achieve ... differential diminishes”. Unclear. Please
rephrase for clarity.
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Authors: Thank you for your comment. The sentence was removed since it did not fit in
this paragraph.

Reviewer: Line 138: "capturing the critical dynamics”. Specify what these critical dynamics
are. Are you referring to adding platform pitch to drivetrain dynamics? State
clearly which degrees of freedom are included and which are not, along with your
rationale.

Authors: Thank you for your comment. The text has been modified as follows:

Text excerpt: "To form a FOWT mathematical model, the generic 1-DOF model
of the wind turbine in Eq. (3) is combined with the floating platform dynamics. For
the sake of explaining the negative damping problem analytically, only a 2-DOF
FOWT model capturing the critical dynamics is used, where the platform pitch
degree of freedom (DOF) is primarily considered to characterise platform dynam-
ics, as the negative damping instability is most pronounced at the platform pitch
eigenfrequency, where there is no damping from the mooring and vary little hydro-
dynamic damping leading to negative damping if the pitch control is fast [5, 6]."

Reviewer: Line 149: "omitting radiation damping ... frequency-dependent coefficients”.
This choice is questionable. Why are some terms relevant only in certain scenarios?
Clarify.

Authors: Thank you for your comment. For a spar platform, the radiation damping is rela-
tively small compared to the viscous damping. It is almost equal to zero across all
frequencies except around the natural frequency of the mode of interest. Regarding
the added mass, it can be assumed constant across all frequencies, which is pretty
much the case. Therefore, computing the added mass using Morison’s equation is
valid. For a semi-sub (triple spar), the same assumption applies, whereas for other
platforms with different geometries, it might not be the case. The references .[7, 8]
explain the reason for the omission.

Reviewer: Line 181: "clearly shows ... via the term”. Why is this term important?

Authors: Thank you for your comment. The whole sentence was removed as its importance
emerges later in section 3.3 where it is discussed.

Reviewer: Line 192: "is of the main interest”. Justify why this is the main interest.

Authors: Thank you for your comment. The text was modified as follows:
Text excerpt: "For the feedback control of FOWTs in Region 3, the control ob-
jective is to reduce the generator speed oscillations using the blade pitch action.
Consequently, the TF, G g, mapping the blade pitch angle to the generator speed,
in Eq. (16) is of the main interest:”
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Reviewer: Line 205: "quasi-static ... wind speed”. Define quasi-static equilibrium more
precisely. What does it mean that system variables are “balanced”?

Authors: Thank you for your comment. The text was modified as follows:
Text excerpt: "In a closed-loop FOWT system at steady state, the gradient
dF,/dv is positive below-rated wind speed, meaning the thrust force increases as
wind speed rises.”

Reviewer: Line 208: "modifies the force direction”. Unclear. What force? How is the
direction modified?

Authors: Thank you for your comment. The part was removed as it was incorrect.

Reviewer: Line 229: “the pitch angle ... are negative”. | think you are mixing gradients and
steady state values. The derivatives of thrust and aerodynamic torque w.r.t. blade
pitch are negative. As the wind speed increases, the blade pitch is drecreased to
have constant aerodynamic torque (hence to balance the increase it would have
because of wind speed). The increase in blade pitch doesn't yield constant thrust
but thrust decreases.

Authors: Thank you for your comment. We agree with the thrust and aerodynamic gradients
being negative wrt blade pitch. However, we beg to differ with the rest of the sen-
tence, as when the wind speed increases, the blade pitch increases too to keep the
balance between the aerodynamic and generator torques, and avoid accelerating
the rotor. The aerodynamic torque decreases too in the process.

Reviewer: Line 293: "this approach”. Please clarify which approach is being referred to.

Authors: Thank you for your comment. The text was modified as follows:
Text excerpt: "Applying the global detuning approach.”

Reviewer: Line 299: The explanation regarding gain tuning and stability is not clear. Rephrase.

Authors: Thank you for your comment. The text was modified as follows:

Text excerpt: "Rather than applying a global detuning strategy at all the oper-
ating points as described in the previous section, a more effective method involves
individually tuning the Pl controller for the fastest achievable response at each op-
erating point, while still ensuring the stability of the linear system [9, 10, 11, 12].
However, achieving a stable system is not sufficient in control design; the system
must also exhibit adequate stability margins, which indicate how close it is to in-
stability and how robust it is to disturbances.”

Reviewer: Line 313: "a range of ... (.. Define these parameters explicitly.
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Authors:

Reviewer:

Authors:

Reviewer:

Authors:

Reviewer:

Authors:

Reviewer:

Authors:

Reviewer:

Authors:

Reviewer:

Authors:

Thank you for your comment. The text was modified as follows:
Text excerpt: "a range of the Proportional-Integral (Pl) control parameters,
namely, the natural frequency (w.) and the damping ratio ((.)"

Line 321: The effects of w. and (. on bandwidth and stability are difficult to
interpret without definitions. Please clarify.

Thank you for your comment. They were defined as per your comment above.
They were also introduced and defined in section 2 in the equations from 6 to 8.

Line 326: What is w, and how does it differ from w.? Define all parameters clearly.

Thank you for pointing this one out. There was a typo and it should have been
We.

Line 336: "regularisation terms”. Briefly explain what regularization is used for in
this context.

Thank you for your comment. The text was modified as follows:

Text excerpt: "Regularisation terms may be added to the objective function to
fulfil control objectives such as minimising the generator speed and power oscilla-
tions, as well as reducing the loads [9], and limiting the control gains [12].”

Lines 371, 377: "blade pitch damping” 777

Thank you for your comment. The title was changed to "additional blade pitch
loop”.

Line 400: "should this objective ... it will be unstable”. Unclear. Explain what
the objective is and why instability would result.

Thank you for your comment. The text was modified as follows:”.

Text excerpt: "Should the objective of decoupling the drivetrain and the platform
dynamics be sought, extra filtering is required to change its dynamics; otherwise,
the system damping worsens and it becomes unstable.”

Line 463: "It was learnt ... band-pass filter". Why is it feasible to retain the PI
controller and what is the role of the band-pass filter?

Thank you for your comment. As mentioned in the text, those control structures
for the blade pitch and the generator torque, were obtained based on

Hoo
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optimisation as explained in [13]. First, the structure of the different control loops
was learnt via H ., synthesis. For the blade pitch the returened structure was more
of a low-pass filter, while a band-pass filter for the generator torque. Afterwards,
the structure of both was fixed to basic control elements, ensuring the same perfor-
mance. Therefore, the blade pitch loop retained the Pl structure, and the generator
torque became an inverted-notch filter. We strongly, advise you to refer to this
publication [13]. The text was also modified as follows:

Text excerpt: "It was learnt from H., control synthesis that the blade pitch
maintains the Pl structure, while the generator torque requires an inverted-notch
filter hegazy2023. From its name, an inverted-notch filter is a control element
that is only operational at a specific frequency. Thinking about it, such a control
structure, resulting from the H., synthesis, for the generator torque control loop is
reasonable since the generator torque input should not operate across all frequen-
cies, but only around the RHPZs frequency where the blade pitch input is blocked.
Therefore, the generator torque control loop takes over.”

Reviewer: Line 468: "an inverted notch”. Clarify the purpose of using an inverted notch
filter.

Authors: Thank you for your comment. This was explained in the previous comment and
the text was modified accordingly.

Reviewer: Line 519: "to compensate for ... aerodynamic damping”. Rephrase for clarity.
What is being compensated, and how?

Authors: Thank you for your comment. The text was modified as follows:
Text excerpt: "its main objective is to add damping to the closed-loop system,

through extra blade pitch action, to compensate for the severe reduction in the
overall system damping caused by the negative aerodynamic damping”

Technical corrections:

Reviewer: Line 42: Remove “peak to peak”.

Authors: This part has been removed as advised.
Reviewer: Line 80: Remove “(kg.m2)" and similar notations. The dot is not conventionally

used.

Authors: The dot was removed from the units as advised.
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Reviewer:

Authors:

Reviewer:

Authors:

Reviewer:

Authors:

Reviewer:

Authors:

Reviewer:

Authors:

Reviewer:

Authors:

Reviewer:

Authors:

Reviewer:

Authors:

Reviewer:

Line 121: Replace “lie in the vicinity of” with “include”.

The text was modified as advised.

Line 272: Remove “a point that is elaborated further in this section”. It's redun-
dant.

The text was removed as advised.

Line 277: Replace “triggered by" with “associated with”; replace “causing” with
“causes”.

The text was modified as advised.

Line 320: Consider replacing “failure” with “instability” if that's what you meant.

The text was modified as advised.

Line 325: Replace “:" with “,".

The text was modified as advised.

Lines 367-368: Replace “actuators” with “actuation”.

The text was modified as advised.

Figure 15: Adjust the line style for to improve readability.

Line style has been adjusted as advised.

Figure 15 caption: Explain which transfer function the Bode plot represents.

Caption has been modified for further explanation as follows:

Text excerpt: "Bode plot of the normalised MISO plant G illustrating the fre-
quency response of each control channel separately (solid lines) as well as the
response of the SISO plant G in case of the linear combination of both actuators
(dashed line) where the blade pitch actuator is active till a certain frequency before
its authority deteriorates, thus, the generator torque actuator takes over from that
frequency onwards.”

Figure 16, magnitude: | think one dot is missing. Figure 16, phase: one vertical
line is hard to see.
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Authors:

Reviewer:

Authors:

Reviewer:

Authors:

Reviewer:

Authors:

Reviewer:

Authors:

Thank you for your comment. At first glance, it seems that the dot corresponding
to the gain margin is missing for the artificial SISO plant (i € ). However, it is not
the case since for this linear transfer function, at a certain operating point, and
after the modifications that have been applied, the gain margin is infinite. Regard-
ing the phase, the vertical line illustrating the phase margin is hard to see since it
is actually very small, which indicates less controller robustness.

Line 510: Replace “how impressive of a difference” with “the significant impact”.

The text was modified as advised.

Line 531: Remove repeated citation. Only cite once unless needed.

Repeated citations were removed as advised.

Figure 17: Reduce line thickness to avoid covering differences.

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

Line 547: Replace “dramatic” with “large”.

The text was modified as advised.

Response to comments of Reviewer #2

General comments

Reviewer: Clarify the turbine model used (which platform, rating, etc.).

Authors: Thank you for noticing this. The text was modified to include this important

piece of information in section 2.1 and again in the results section.

Reviewer: Clarify the site conditions assumed, i.e. wave height, period, wind shear, TI.

Authors: Thank you for your comment and advice. The text was modified to clarify

this in the results section.

Reviewer: Clarify the controller architecture and changes of existing controllers from the

literature.

Authors: Thank you for your comment. All the control architectures are explained

analytically and graphically, as illustrated by the figures and equations corre-
sponding to each controller.
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Reviewer: Tabulate used controller gains for reproducibility of results.

Authors: Thank you for your comment and advice. A table with all the gains was added
as advised.

Reviewer: Clarify structure of new SIMO controller, especially why the plant is changed.
| expected only K to change, not the plant.

Authors: Thank you for your comment. The modification applied to the plant primar-
ily aimed to bring the loop gain of both input channels to unity, ensuring
they have comparable gains and that their optimisation-based tuning could
be properly performed.

Reviewer: Discuss sensitivity to sea state: Often controllers perform well in benign sea
states but fail in harsher conditions. It should be proven that the controllers
don't amplify first-order wave motions.

Authors: Thank you for your comment. The sea state was defined in the results section
as previously advised, where a challenging sea state was used in the simula-
tions. Apart from that, the controller is actually blind to the first-order wave
effects as they do not appear in the response since they operate at higher
frequencies than the controller's natural frequency, while the low-frequency
dynamics are of interest. We refer you to [14] where this subject was ex-
plained through wave tank experiments.

Reviewer: Improve comparability of the results: Some controllers use a lot of generator
torque actuation, while others don't.

Authors: Thank you for your comment. This has to do with the tuning and also to
showcase that the SIMO controller can better reduce rotor speed oscillations
at the expense of more generator torque actuation.

Specific comments

Reviewer: Line 38: “should not be overlooked as it can significantly contribute to re-
ducing the LCOE.” How?

Authors: Thank you for your question. The text was modified as follows:
Text excerpt:” Developing new control architectures can contribute to reduc-
ing the LCOE. Another approach is control co-design [3], which has proven
to be highly effective.”
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Reviewer: Line 56: "control channels are separately tuned to achieve improved dynamic
responses of a specific output.” Clarify what this means exactly. What is a
"control channel”? Is compartmentalised the same as "segmented” control?
How does it relate to the "multi-SISO" approach (see Fleming2016) and the
terms "sequential”, or "decentralised” control?

Authors: Thank you for your comment. The text was modified for clarification as fol-
lows:
Text excerpt:” Systems with more than one actuating control input and more
than one sensor output may be considered as multivariable systems or Multi-
Input-Multi-Output (MIMO) systems. The control objective for multivariable
systems is to obtain a desirable behaviour of several output variables by simul-
taneously manipulating several input channels. A FOWT is a MIMO system.
To evaluate such a system, MIMO transfer function matrix is needed. In many
FOWT control strategies, the feedback control loops are often designed sep-
arately in a decoupled format, with each control loop tuned to improve the
response of a specific output [15]. This means that the multivariable con-
troller design is reduced to a series of single-loop controllers. Although this
approach is common, the loops in a MIMO system are dynamically coupled.
As a result, changing the settings of one control loop can affect the behaviour
of other loops, causing interaction between them. Subsequently, the inter-
action between the different control loops of a system should be dealt with
simultaneously.”

Reviewer: Line 65: tutorial or a review?

Authors: Thank you for your question. It was changed to "review” instead.

Reviewer: Line 105: introduce €,;.

Authors: Thank you for noticing this. The text was modified as follows:
Text excerpt:" At above-rated wind speeds (referred to as Region 3), a con-
ventional wind turbine controller relies on the blade pitch to regulate the
generator speed to its rated value, €2,.,;."

Reviewer: Equation 6: Clarify if the generator torque is constant.

Authors: Thank you for your comment. This is mentioned in the paragraph above Eq. 6.

Reviewer: Line 113: does this mean that changes in relative wind speed are irrelevant?
How can you then model negative damping?

Authors: Thank you for your comment. The changes in the relative wind speed are
included in Eq. 13 due to the rigid body motion of the floater.

Reviewer: Line 150: clarify which types of models you're using. What is the "control
model”, as opposed to the "simplified 2D model”

Page/of 12/23



Date September 21, 2025 Page/of 13/23

Authors: Thank you for your comment. The text was modified as follows:
Text excerpt:"However, to preserve key dynamic couplings, the control
model used for the control design must include additional modes that capture
the most significant system dynamics, namely the platform’s surge and heave,
and the tower first fore-aft bending [9]; otherwise, some interactions within
the system may be overlooked [10]."

Reviewer: Equation 11: How about surge motion?

Authors: Thank you for your comment. The surge motion is not as problematic as the
pitch since the negative damping instability arises due to the pitch motion.
The system zeros corresponding to the surge motion always lie in the left
half plane. This we already showed in [13]. So for the sake of the analytical
model, we excluded the surge motion in the simplified 2D model. However,
in the control model used for the synthesis, the surge motion was included.

Reviewer: Line 206: "gradient dF,/dv is positive below-rated wind speed” Clarify if
you're referring to an OL or CL system.

Authors: Thank you for you comment. The text was modified as follows:
Text excerpt:”In a closed loop FOWT system at steady state, the gradient
dFa/dv is positive below-rated wind speed” Clarify if you're referring to an
OL or CL system.”

Reviewer: Line 209: " As a consequence, aerodynamic damping is positive at below-rated
wind speeds but turns negative at above-rated wind speeds.” Note that this
is only true in CL.

Authors: Thank you for your comment. This was clarified in the previous comment.

Reviewer: Equation 22: Why is there the torque in the equation of the thrust?

Authors: Thank you for your comment. From Eq. 19, where §2,. is constant, an expres-
sion was obtained for the blade pitch differential in Eq. 20. Plugging Eq. 20
into Eq. 21, reach such an expression in Eq. 22, which is also derived in Eq. 18.

Reviewer: Line 249: " A zero represents a critical frequency, referred to as the frequency
of the zero" This sentence is unclear.

Authors: Thank you for noticing this. The text was modified as follows:
Text excerpt:” The roots of the numerator of a transfer function are called
zeros (denoted by () in Fig. 3)."

Reviewer: Line 293: "bandwidth” The bandwidth is only constant if the platform pitch
natural frequency does not change across operating points.
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Authors: Thank you for your comment. The platform pitch natural frequency is a sys-
tem property and does not change across the operating points. The detuning
process initially was applied such that the bandwidth stays constant [16, 17]
across all the operating points, such that its value does not exceed the plat-
form pitch natural frequency.

Reviewer: Line 354: " The optimisation goal is to minimise” repetition.

Authors: This part was removed as advised.

Reviewer: Line 46: Doesn't this mean that rotor speed changes resulting from free-
stream wind have the same effect?.

Authors: Thank you for your question. The main point of developing this controller
is to prove that the parallel compensation can still be applied without the
platform pitch motion sensor. The rotor speed response to the wind distur-
bance changes since the controller has a different structure from the other
controllers presented before, which can be seen in the results section. If we
are looking at the frequency response from the wind disturbance to the rotor
speed in a Bode plot, there will be no change since the controller was syn-
thesised to have generator speed error as input and a combination of blade
pitch and generator torque output. However, the relative wind speed effect,
due to the platform pitch motion in particular, is the one that is going into
the controller, and being reduced.

Reviewer: Line 468: Above, you say that the platform pitch measurement is not needed,
which is the measurement going into this controller?

Authors: Thank you for your question. Indeed for the SIMO controller, the platform
pitch measurement is not needed, as it only rely on the generator speed mea-
surement as illustrated in Fig. 13.

Reviewer: Figure 14: What does G(s) stand for?.

Authors: Thank you for noticing this one. It has been defined in the text now. It stands
for the normalised plant. The text was modified as follows:
Text excerpt:” In order to do that, the original MISO plant G/(s) is normalised
to GG such that the magnitude of both the blade pitch and the generator torque
input channels becomes unity so that both control inputs are of comparable
effect.”

Reviewer: Line 504: Which is the FOWT design used, rated power, what is the wave
height?.
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Authors: Thank you for noticing that. The FOWT design used has been introduced
earlier in the text and added also here together with the environmental con-
ditions. The text was modified as follows:

Text excerpt:’ The FOWT system (NREL 5-MW RWT jonkman2009definition
atop OC3 floater jonkman2010definition) was simulated in OpenFAST Open-
fast with the five controllers discussed in Section ?? in environmental condi-
tions of turbulent wind and irregular waves. The simulations were conducted
in the above-rated Region 3 (v,4tcq = 11.4 m/s) at average wind speeds rang-
ing from 12 m/s to 24 m/s, with TurbSim TurbSim to simulate the turbulent
wind field, where the International Electrotechnical Commission (IEC) Kaimal
spectral model was used as a turbulence model with a turbulence intensity
of 14%. The irregular waves were generated using JONSWAP spectrum at a
significant wave height H; = 3 m and peak period 7, = 12 s.”

Reviewer: Figure 17: The first-order wave response is not visible here. Are waves enabled
in the simulation?

Authors: Thank you for your question. The first-order wave effects do not appear in
the response as they operate at higher frequencies than the controller’s nat-
ural frequency, and thus the controller do not react to the incoming waves
although they are enabled in the simulation.

Reviewer: Line 605: Why does the SIMO controller saturate, but the others don't (i.e.
they use smaller gains which prevent saturation). Wouldn't it make sense to
use the same strategy for all?.

Authors: Thank you for your question. If we look at the relative gain array of plant
at zero frequency for above rated wind speeds, or in other words compare
the loop gain of the transfer function mapping the generator torque to the
generator speed (Gq;,) to that of the one mapping the blade pitch to the
generator speed (G, ), we will find that the loop gain of Gq, 4 is significantly
larger than the one of G, indicating that G, requires much higher gains
at above rated conditions to be able to do something. Maybe a some reduc-
tion in the gain might prevent saturation, but that indeed this is the challenge
facing this controller.
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Response to comments of Reviewer #3

When we first started writing this paper, it was not the plan to include the sec-
tions before section 3.3.3 (the key section, as you call it). However, as the writing
progressed, we thought of adding sections 3.1, 3.3.1 and 3.3.2. But we thought
that it would be nice to compare the new controller against the existing controllers
out there addressing the same control problem. Whereas, section 3.2 was a late
addition, and we thought that it would make the comparison a bit more complete,
although it is not the case since there are a few still missing, mainly from the
CSM MIMO paper as per your nomenclature, but we decided to stop at that point.
Having decided to add those additional sections to draw a more complete picture,
this is how this paper turned out to be.

Reviewer: The authors of WES-2025-68 refer to their paper as a tutorial, e.g. on page 3,
line 65, they state “This paper provides a tutorial on the design of closed-loop
controllers for FOWTs ..." and indeed they go into some detail in reviewing
the various controllers. Given that they cite a different paper in the same
special IEEE CSM issue, it is surprising that they don't cite the main tutorial
paper in this CSM special issue. It would be useful for the authors of WES-
2025-68 to explain why they believe another (very similar) tutorial paper is
needed so soon after the 30-page October 2024 tutorial paper in the IEEE
CSM.

Authors: Thanks for your comment. When developing new controllers, there must be
references to compare the performance of the new controllers against. That
is why we included those previously proposed controllers. Having said that,
we cite the ACC paper and this paper has considerable similarities with the
CSM tutorial paper

Reviewer: Figure 1 of WES-2025-68 looks quite similar (even in style) with Figure 3 of
the CSM MIMO paper. Of course, | do expect that authors may have similar
wind turbine diagrams; and | only noted this particular similarity after having
marked many of the other similarities enumerated below.

Authors: Thank you for your comment. Looking at Figure 3 of the CSM MIMO pa-
per in depth, we are 100% that different tools were used to generate both
figures. They might seem similar at first glance, but the similarity is not clear.

Reviewer: Figure 3 of WES-2025-68 is quite similar to Figure 2 of the main CSM tutorial
paper. The numerical values are not exactly the same, as the floating wind
turbines considered are different in the two papers.

Page/of 16/23
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Authors: Thanks for you comment. We have the same figure in our IFAC paper, which
was published before the CSM tutorial paper, and in the field, it is really
common to use those kinds of figures. The difference in this paper is that
the system has a lower number of states, and we show only the upper half of
the figure. Anyway, we have moditfied the figure to show the upper and lower
half planes.

Reviewer: The particular architectures reviewed in WES-2025-68, as illustrated in its
Figures 4, 9, and 11, are special cases of Figure 2 in the CSM MIMO paper
and are also separately discussed in the CSM MIMO paper. A summary
discussion is also provided in the main CSM tutorial paper (e.g. Figure S12).

Authors: Thanks for your comment. The particular architectures in Figures 4, 9 and
11 were in our IFAC paper, which was published before the two papers being
referred to.

Reviewer: Lines 54 to 59 of Page 2 in WES-2025-68 read: “A multi-loop feedback system
evaluation requires a Multi-Input, Multi-Output (MIMO) transfer function
representation. Those multi-loop FOWT control strategies in the literature
often employ a compartmentalised feedback design, where individual control
channels are separately tuned to achieve improved dynamic responses of a spe-
cific output. While this segmented tuning methodology remains widespread,
inter-loop dynamic coupling inherent in MIMO architectures generates cross-
channel interference phenomena, whereby localised parameter adjustment in
a single control loop perturbs the closed-loop response characteristics of ad-
jacent feedback channels.” A similar paragraph in the right-hand column on
page 64 (in the special issue) of the previously published 2024 CSM MIMO
paper reads: “Many multiloop FOWT control design approaches in the lit-
erature use single-loop closure, where each loop is designed in isolation with
simplifying assumptions, typically to target improvement of a single-output
behavior. For example, the common constant-power control loop is designed
to decrease the dependence of generator power variations on generator speed
variations, but it also has the side effect of reducing the natural stability of
the FOWT system. Tuning each loop in isolation is common practice, al-
though coupling between multiple loops means that tuning of one loop most
often induces changes in the behavior targeted by another, and a tradeoff is
necessary to satisfy multiple performance objectives.”

Authors: Thank you for your comment. Both paragraphs give pretty much the same
meaning, but they are not similar. Moreover, we already cited the CSM MIMO
at the end of the paragraph. Furthermore, this is common knowledge that can
be found in any textbook about multivariable control. Anyway, the paragraph
was rephrased as follows:

Page/of 17/23
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Text excerpt:” Systems with more than one actuating control input and more
than one sensor output may be considered as multivariable systems or Multi-
Input-Multi-Output (MIMO) systems. The control objective for multivariable
systems is to obtain a desirable behaviour of several output variables by simul-
taneously manipulating several input channels. A FOWT is a MIMO system.
To evaluate such a system, MIMO transfer function matrix is needed. In many
FOWT control strategies, the feedback control loops are often designed sep-
arately in a decoupled format, with each control loop tuned to improve the
response of a specific output. This means that the multivariable controller
design is reduced to a series of single-loop controllers. Although this ap-
proach is common, the loops in a MIMO system are dynamically coupled. As
a result, changing the settings of one control loop can affect the behaviour
of other loops, causing interaction between them. Subsequently, the inter-
action between the different control loops of a system should be dealt with
simultaneously.”

Reviewer: Equation (14) of WES-2025-68 is the same as Equation (14) in the main CSM
tutorial paper, except the orders of the states and inputs have been changed.
Similarly, Table 1 in WES-2025-68 is the same as Table 1 in the main CSM
tutorial paper, except with some different symbols and notation used. While
control-oriented models may end up being of similar forms, it is quite uncanny
how the presentation of the model in WES-2025-68 is also so similar to that
in the previously published main CSM tutorial paper.

Authors: Thank you for your comment. Table 1 was removed, and the model presen-
tation is based on our IFAC paper except that we excluded the platform surge
DOF.

Reviewer: The discussion and analysis of the condition for non-minimum phase zeros on
pages 9-12 of WES-2025-68 are similar to both the main CSM tutorial paper
(pages 40-42 of the CSM special issue) and the CSM MIMO paper (page
67, which references the main CSM tutorial paper). All of these analyses are
based on previous work, especially that of [18].

Authors: Thank you for your comment. This discussion and analysis is also similar to
our IFAC paper from 2023. The analyses are indeed based on the work of [18],
and we stated that explicitly.
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Reviewer: The stability margin discussion on pages 14-16 of WES-2025-68 is very sim-
ilar to the Robust Controller Tuning section in the CSM MIMO paper (page
69). In particular, the contour plots on page 15 of WES-2025-68 are very
similar to those in Figures S1 and S2 in the CSM MIMO paper, again with
different specific numerical results because different floating wind turbines are
considered in these papers. The authors of WES-2025-68 have added an ad-
ditional term in their cost function (Equation (24)) to directly address control
effort (control saturation), while the authors of the CSM MIMO paper discuss
“constraining or regularizing the controller gains in the tuning optimization”
to mitigate controller saturation (page 75).

Authors: Thank you for your comment. Somewhere in the text, a referral to the CSM
MIMOQO paper was added, explaining that this specific section is built upon it.
Consequently, the figures on page 15 are similar, while the one on page 16 is
new, corresponding to the modification of the objective function. Regarding
the regularisation, that was already acknowledged in the text, mentioning that
the process was not clearly explained in the CSM MIMO paper when we tried
to reproduce the results. That led to the modification of the cost function to
constrain the controller gains explicitly.

Reviewer: Section 3.3.1 in WES-2025-68 is very similar to the Blade-Pitch Platform
Damping section of the CSM MIMO paper (pages 73-74 in the CSM special
issue). Given the overlaps that | was noticing, | also looked up the Stockhouse
et al., Wind Energy, 2024 paper4 (which | will refer to as the WE paper) and
note that this Section 3.3.1 of WES-2025-68 has similar ideas as Section 3.1.2
in the WE paper. In particular, the idea of tuning the “strength” of kg via
a &g parameter that varies from 0 to 1 already appeared in the WE paper
with the az parameter in Equation (18) in the WE paper. While perhaps the
authors of WES-2025-68 are meaning to review this MISO control structure
from past papers, they do not cite either the CSM MIMO paper or the WE
paper in Section 3.3.1 in WES-2025-68. They do cite (Jonkman, 2008; van
der Veen et al., 2012) early in Section 3.3.1, but the tunable “strength” of
ks does not appear in either of these much earlier papers.

Authors: Thank you for your comment. The idea of tuning the strength kg via &g also
appeared in our IFAC paper in 2023. Anyway, a citation was added for the
tunable strength.

Reviewer: Similarly, Section 3.3.2 in WES-2025-68 is very similar to the Parallel Compen-
sation section of the CSM MIMO paper (pages 74-75), including the tunable
&7, parameter (which is oy, in the CSM MIMO paper and a in the WE

paper).
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Authors: Same as above.

Reviewer: Lines 573-577 on page 30 of WES-2025-68 state: “Based on these find-

ings, the authors recommend an adaptive approach, where different proposed
controllers are alternated depending on environmental conditions and control
objectives. For example, at certain times, the turbine operator may priori-
tise minimising generator speed oscillations and activate the corresponding
controller. At other times, the focus may shift to reducing structural loading,
necessitating a different control strategy. Since no single controller can simul-
taneously optimise all objectives—some of which may be conflicting—dynamic
selection based on operational priorities is advised.”
The conclusion of the CSM MIMO paper (page 79) states: “Four multi-
loop FOWT-control approaches have been analyzed and compared to a sta-
ble single-loop baseline controller. The simulation performance of these con-
trollers shows the tradeoffs in designing a multiloop controller. Wind energy
producers must balance instantaneous power-regulation demanded by grid
operators while ensuring operational safety and component longevity for the
lifetime of a wind farm. Multiloop control designs can schedule the usage
and combination of multiple control loops at different points of the operating
region to garner performance benefits, while mitigating drawbacks of each
control strategy. The control approaches taken in this work are intended to
serve as a basis for the intuitive understanding of the impact of structured
multiloop control on FOWT system dynamics.”

Authors: Thank you for your comment. For a paper comparing different controllers,
and for someone who has an interest in the control of floating wind turbines,
you would know that you can not achieve everything with one single con-
troller. Therefore, such a conclusion is normal to arrive at.

Reviewer: Section 3.3.3 may be the key section that appears to be new in WES-2025-68,
and is based on the authors’ earlier 2023 IFAC World Congress paper. So a
question is whether such a full-length paper is warranted for the contribution
in Section 3.3.3, and perhaps the addition of a control effort term to the
objective function used in the optimization.

Authors: Thank you for your question. Based on the previous comments, it seems that
the only part considered in the IFAC paper is section 3.3.3, although there are
other sections, which are simply sections 3.1, 3.3.1, 3.3.2 that were totally
neglected. Moreover, it is to our understanding that using your own previ-
ously published work is not against the journal’s policy as long as it is built
upon and extended, which we simply did here. Additionally, we need the other
controllers to compare against, which was also done in the CSM MIMO paper.
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Reviewer: While | do realize that accessing the IEEE Control Systems Magazine requires
a subscription or membership in the IEEE Control Systems Society, whereas
the Wind Energy Science journal is an open-access journal, many major univer-
sities with multiple engineering departments have institutional subscriptions
to IEEE Xplore that include the IEEE Control Systems Magazine. Further,
many control systems researchers are indeed members of the IEEE Control
Systems Society. A question is then: what are the rules for overlapping mate-
rial and ideas with already-published papers, possibly in journals that require
a subscription? Do the above similarities give others pause, or am | an outlier
in finding this amount of overlap disturbing? My own opinion is that newly
submitted manuscripts should not have substantial overlap with previously
published papers, regardless of whether they are open-access or not.

Authors: Thank you for this question. The two papers that you referred to were based
on the papers published at the 2023 ACC as you mentioned below, which is
not against the rules of IEEE. We also have had our paper published in 2023
in IFAC, and we are extending it while sticking to the rules of Wind Energy
Science.

Reviewer: | spent quite some time on this review, but really wanted to be as careful
as possible in forming this opinion before writing all of this up. | found that
the October 2024 IEEE CSM special issue is largely based on a special so-
called “tutorial session” at the 2023 American Control Conference (ACC), and
earlier versions of both the CSM MIMO and main CSM tutorial papers were
published at the 2023 ACC (and also available via IEEE Xplore), so many of
these ideas were already published in 2023.

Authors: Thank you for your comment. Our IFAC paper was also published at the 2023
IFAC [13].
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Abstract. While the generator speed feedback control of onshore wind turbines, via the pitch controller to feather the blades,
is well-established, applying-the-same-controllers-te-employing the same controller gains with floating offshore wind turbines
causes the turbines to become unstable. Such instability is attributed to the coupling between the nacelle fore-aft motion
and the wind turbine controller, which makes the fleating-wind turbine negatively damped. The non-minimum phase zeros
existing in the transfer function from the blade pitch to the generator speed impose a fundamental limitation on the closed-
loop bandwidth, posing a challenge to the operation of the floating turbines. This paper gives an overview of the control
strategies and their tuning techniques employed for floating wind turbines in the presence of the negative damping instability.
It discusses the different available strategies. Moreover, we propose a new controller that can alleviate the adverse effects
of the negative damping while preserving the standard proportional-integral control structure. Contrary to the multi-input-
multi-output controllers that have been proposed, the proposed controller is more robust since it does not require additional
signals of the floating platform, which makes controllers often sensitive to unmodelled dynamics. The controller is compared
against the previously proposed controllers using the non-linear simulation tool, OpenFAST. The proposed controller excels in
regulating generator speed, surpassing other controllers in performance. Additionally, it effectively mitigates the platform pitch
in addition to the tower and blade loads. However, achieving a balance between power quality, actuator usage, and structural

loading presents inherent trade-offs that need to be carefully addressed.

1 Introduction

Wind energy is essential to 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- i
know-thatin2024;-wind-energy-covered-, Wm@% of the EU’s electricity demand -—Ne-wonder

the-EU-isregarded-as-a-pioneer-in-wind-energy-—Aeecordinghy;this-in 2024. 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 fulfil its ambition of becoming climate-neutral by
2050 (European Commission, 2023).
As of 2025, Europe boasts a total installed wind capacity of approximately 285 gigawatts (GW), marking a significant expan-

sion in the region’s renewable energy infrastructure. Wind power accounts for almost 20% of Europe’s electricity consumption
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nowadays, and projections indicate that this figure could rise in the future. The EU aims to increase its wind capacity from 225
GW today to 350 GW by 2030, with a target of 425 GW to align with ambitious energy security goals (WindEurope, 2025).

Offshore wind offers significant advantages over onshore wind due to higher wind speeds and more consistent wind direc-
tions. Floating Offshore Wind Turbines (FOWTs) present unique opportunities as they can be deployed in deeper waters and
farther from shore compared to bottom-fixed turbines. This expands the potential for offshore wind development in regions
with deeper sea basins, such as the Mediterranean and the Atlantic. However, FOWTs face harsher environmental conditions
than onshore turbines. Unlike onshore turbines, FOWTs are subjected to additional disturbances caused by waves, which con-
tribute to increased structural loading on top of the loads induced by wind turbulence. As a result, FOWTs experience higher
fatigue loads due to the added impact of waves (Saenz-Aguirre et al., 2022).

The cost of energy defines the potential of one type of energy source to be preferred over another, with the Levelised Cost Of
Energy (LCOE) being the metric representing the average cost of generating electricity over the lifetime of a power-generating
asset, expressed in monetary terms per unit of electricity. The main challenge facing the further deployment of FOWTs is their

high LCOE. While modifications to their aerodynamic, hydrodynamic and structural design are applied to bring the LCOE

down, the control system should not be overlookedas-it-can-significantly-. Developing new control architectures can contribute
to reducing the LCOE. Another approach is control co-design (Pao et al., 2024), which has proven to be highly effective.

From a control perspective, FOWTs present additional complexities compared to onshore turbines. The dynamics introduced
by the floating platform make control more challenging. A notable concern is the negative damping effect (Nielsen et al., 2006),
as applying a fixed-bottom controller to a floating wind turbine can significantly amplify the system’s dynamic response, lead-
ing to large peak-to-peak oscillations. The simplest way to avoid closed-loop instability without modifying the conventional
baseline controller structure is to detune the control gains such that the closed-loop response of the generator speed mode in
isolation has a natural frequency below the platform pitch resonant frequency (Larsen and Hanson, 2007; Jonkman, 2008).
However, this leads to a degradation in the reference tracking performance of the blade pitch controller as its ability to effec-
tively respond to disturbances becomes restricted (Yu et al., 2018; Lemmer et al., 2020). Maintaining global detuning across
all wind speeds sacrifices higher control bandwidths at higher wind speeds that do not suffer from this instability. Accordingly,
it is reasonable to schedule the detuning at each wind speed separately (Yu et al., 2018, 2020; Lemmer et al., 2020; Stockhouse
et al., 2024b).

Other methods explored in the literature involve incorporating extra feedback loops to counteract the instability aris-
ing from rotor-platform interactions. By utilising nacelle fore-aft velocity as feedback to adjust the existing baseline con-
troller actuators, blade pitch (Jonkman, 2008; van der Veen et al., 2012; Fleming et al., 2014) and generator torque (Fischer,
2013; Fischer and Loepelmann, 2016) control inputs showed performance improvements could be achieved without the need

for additional actuators.

Funetion-(TH)representation—These-multi-leep-Systems with more than one actuating control input and more than one sensor

output may be considered as multivariable systems or Multi-Input-Multi-Output (MIMO) systems. The control objective for

multivariable systems is to obtain a desirable behaviour of several output variables by simultaneously manipulating several
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input channels. A FOWT is a MIMO system. To evaluate such a system, MIMO transfer function matrix is needed. In
many FOWT control strategiesin i i i tdivi

s-, the feedback control loops are often designed separatel
in a decoupled format, with each control loop tuned to improve the response of a specific output—While—this—segmented
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charaeteristies-of-adjacent feedback-channels— (Fleming et al., 2012). This means that the multivariable controller design is
reduced to a series of single-loop controllers. Although this approach is common, the loops in a MIMO system are dynamicall
coupled. As a result, changing the settings of one control loop can affect the behaviour of other loops, causing interaction

between them. Subsequently, the interaction between the different control loops of a system should be dealt with simultaneously.
It was demonstrated that improved performance could be achieved when optimally tuning all the control loops collectively,

accounting for the interdependencies within the MIMO feedback structure rather than tuning each control loop indepen-
dently (Stockhouse et al., 2024b). Modern multivariable control methodologies employing state-feedback architectures, in-
cluding Linear Quadratic Regulator (LQR) (Namik et al., 2008) and H., control (De Corcuera et al., 2012; Hegazy et al.,
2023a) demonstrate systematic efficacy in achieving specified stability and performance envelopes for complex dynamical
systems (Skogestad and Postlethwaite, 2005).

This dess il
This paper addresses the design of closed-loop controllers for FOW Ts;-eutlining-various-control-strategies-proposed-in-the

>

Additionally.. We begin by outlining the fundamental principles of closed-loop control for FOWTs and describing how the
negative damping problem arises. This instability has been widely recognised as a critical challenge, as it can compromise both
performance and structural safety.

To provide context, we review existing control strategies proposed in the literature and assess their ability to mitigate the

negative damping effect. Although these approaches have advanced the understanding of the problem, they often rely on
additional sensors.

The main contribution of this paper is the introduction of a novel controller structure is-introduced;—which-that eliminates

the need for additional-sensers——along—with-a—detatled—taning—technique—supplementary sensors while maintaining robust
and reliable performance. A detailed tuning methodology is also presented to support practical deployment. Together, these

contributions highlight a new pathway for addressing the negative damping problem in FOWTs and advancing the development

The remainder of this paper is structured as follows: In Section 2, the FOWT control problem is defined, and the control
design model is introduced. In Section 3, conventional Single-Input, Single-Output (SISO) and MIMO control strategies are
discussed. In Section 4, the controllers are evaluated by simulating the closed-loop system using the non-linear aero-servo-
hydro-elastic tool OpenFAST (NREL, 2025a).
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Figure 1. Schematic of the FOWT depicting the generator speed, €2, and the platform pitch, 6, DoFs of the simple control model together

with the external forces, namely, the aerodynamic thrust, F,,, and torque, 7,, as expressed in Eq. (14).

2 Problem background

In this section, we start by introducing the dynamic model of a conventional fixed-bottom wind turbine. Afterwards, we go on
to explain the process of closing the loop with the baseline controller and the tuning methodology of the controller gains. Once
this is established, we move on to the FOWTs where we introduce the additional dynamics for the floating platform to form a
representative dynamic model of a FOWT to conduct further analysis on the complexities that arise when controlling FOWTs.

Conventional wind turbine dynamics are excited by the imbalance between the aerodynamic torque and the generator torque,

which drives the generator speed, and thus ;-a simplified wind turbine model is described as:

r o

Q:Ta(ﬂ7ﬁav)_Nngg7 (1)

gb

where J,. (kg.m?) is the rotor drivetrain inertia, {2 (rad.s~!) is the generator speed with the dot notation indicating the time

derivative, 7, (N.m) is the aerodynamic torque, Ny, (-) is the gearbox ratio, and 7, (N.m) is the generator torque. The aerody-
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namic torque 7,(€2, 3,v) is modelled by a non-linear function:

v3

SCo(06), )

1
Ty = ipﬂRzNgb

with p (kg.m~3) as the air density, R (m) being the rotor radius, C,(\,3) as the power coefficient, which depends on the
blade pitch angle, 3 (rad), and the tip-speed ratio, A = QR /v N, with v (m.s™!) being the wind speed normal to the rotor

plane. Areund-an-equilibrium-point—2-a-perturbation-state; dx-is-defined-asdr—=2+—=2and-anon-linear funetion{2=0-

Fherefore;-At steady-state, the non-linear wind turbine dynamics in Eq. (1) ;-atsteady-state;-can be linearised using first-order

Taylor series expansion around an equilibrium point as:

Ngy [ 074 07, 07,
Q4+ ——ov+ —=08 — NgpoTy | 3)

08 = 7. |\ 99 v Bl

where § denotes state perturbation, and the partial derivatives of 7, with respect to its independent variables are known as
the aerodynamic sensitivities.

In practice, wind turbines are regulated with a generator speed controller, as at below-rated wind speeds, the controller is
seeking to maximise the extracted power by keeping the collective blade pitch angle, 3, constant while varying the generator

torque, 74, as a function of the square of the generator speed, €2, as follows (Bossanyi, 2000):
S )

with kg = 0.5pmR?*(Cy max /N, ;"bxgpt), being the generator-torque constant. The variable Cj, q. is the maximum power

coefficient achieved at the optimal Tip-Speed Ratio (TSR), A,,:, and at a specific constant blade pitch angle known as fine
blade pitch angle. Adthough-simpleIt is fair to mention that the controller in Eq. (4) operates—under—the-assumption—that
assumes a constant k, remains-constant-throughout the wind turbine’s lifetime. In reality, this is not the case, as it is influenced
by modelling inaccuracies and assumption errors. To address this limitation, the TSR tracking controller has proven to be more
effective and is widely adopted in the wind energy industry (Abbas et al., 2022; Brandetti et al., 2023).

At above-rated wind speeds (referred to as Region 3), a conventional wind turbine controller relies on the blade pitch to
regulate the generator speed to its rated value, §2,..;, while keeping the generator torque constant at its rated value (Bossanyi,
2000). As a result, generator power fluctuations are directly proportional to the oscillations occurring in the generator speed,

5Q = Q — Q. The collective blade pitch controller regulates the generator speed about its steady-state value, Q = €., accord-

ing to the following feedback control law (Jonkman et al., 2009; Abbas et al., 2022):
08 = kpoQd + ki/(Sth, )

where k, and k; are the proportional and integral controller gains, respectively. To reach a description of the gains, the

azimuth angle ¢ is introduced as 2 = ¥ in Eq. (3) and Eqg. (5). By combining both equations and focusing on the generator



speed terms, we derive a closed-loop system. When rewritten in the standard form of a second-order mass-spring-damper

135 system, it becomes (Jonkman et al., 2009; Abbas et al., 2022):
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Notiee-thatthe-terms-Equation (3) represents the closed-loop system of the wind turbine in the above-rated region. Therefore

only the terms containing v and its derivatives are considered (Jonkman et al., 2009). The remaining terms are irrelevant to the
control problem in-Eq—3)-were-dropped-and-and therefore do not appear in Eq. (6). Accordingly, we can parametrise the PI

140 blade pitch controller gains (Abbas et al., 2022):
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Given a desired natural frequency, w., and damping ratio, (., the PI controller gains can be computed (Astrém-and Murray; 2021
(Astrém and Murray, 2021; Abbas et al., 2022). By defining the w,. and (. of the generator speed response, the dynamic re-
145 sponse of the rotor to wind speed variations can be altered. The value of w. defines the bandwidth of the feedback controller.
Typically, the controller bandwidth is chosen below the lowest structural natural frequency of the system to avoid interac-
tion with lightly damped modes, leading to instability. The bandwidth should not include the Right Half Plane Zeros RHPZs
existing in the wind turbine system as Leithead and Dominguez (2006) reported. As shown in Eq. (7) and Eq. (8), the-their
controller gains depend on the aerodynamic sensitivities, which significantly vary across operating points. As a result, the
150 controller gains are scheduled at each operating point and modified during operation as the wind speed changes to maintain
consistent closed-loop transient behaviour using a linear controller.
The main challenge associated with the control of FOWTSs, within Region 3 concerns their fore-aft motion (Larsen and
Hanson, 2007; Jonkman, 2008; van der Veen et al., 2012; Fischer, 2013). Therefore, it is critical to include floating platform

dynamics in the control design model.
155 2.1 Floating wind turbine model

The main problem associated with the control of floating wind turbines concerns the platferm-pitch stability in the-abeve-rated
wind-speed-regimefull load (van der Veen et al., 2012; Larsen and Hanson, 2007; Jonkman, 2008; Fischer, 2013). The ef-
fect of varying wind speed on the steady-state thrust, in the above-rated region, has to be considered in order to understand

this problem. The above-rated part-portion of the steady state thrust curve, shown in Figure 2, is defined as the thrust force
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required at a given wind speed to produce rated power at rated generator speed (van der Veen et al., 2012). The steady-state
blade pitch angle varies along the operating curve to achieve—constant-generater—torgue-limit the aerodynamic torque and

reduce the oscillation in the power production. The generator torque is kept constant instead of constant power ;-sinee-this
since this strategy limits the generator speed variations, hence, reduced-drive-train-reduces drivetrain loads and pitch activ-

ity sen-and-Hanson,2007)—The-objectiveis—to-achieve-a—stable-power-production—with-less—va ons—stch—that-tts—tota

To form a FOWT mathematical model, the generic 1-DOF model of the wind turbine in Eq. (3) is combined with the
floating platform dynamics. For the sake of explaining the negative damping problem analytically, only a 2-DOF FOWT
model capturing the critical dynamics is used, where the platform pitch degree of freedom (DOF) is primarily considered

to characterise platform dynamics, as the negative damping instability is most pronounced at the platform pitch eigenfre-

quency—Jonkman;2008), where there is no damping from the mooring and vary little hydrodynamic damping leading to

negative damping if the pitch control is fast (Larsen and Hanson, 2007; Jonkman, 2008). However, to preserve key dynamic
couplings, the control model used for the control design must include additional modes that capture the most significant

system dynamics, namely the platform’s surge and heave, and the tower first fore-aft bending (Lemmer et al., 2020); oth-
erwise, some interactions within the system may be overlooked (Yu et al., 2020). The non-relevant DOFs are neglected

to avoid accounting for extra states, which would increase the complexity. For this analysis, the NREL 5-MW Reference

Wind Turbine (RWT) (Jonkman et al., 2009) is mounted on top of the OC3 spar floater (Jonkman, 2010). Such analysis was
erformed in Stockhouse et al. (2024b); Stockhouse and Pao (2024); Stockhouse et al. (2024a) for different FOWT system.,

The rigid floating platform pitch motion in still water, thus, affected by the aerodynamic thrust force only without any

wave-induced forces, can be modelled as a second-order mass-spring-damper system:
L6+ CO+ KO =1,F,(v,5), )

where 6 is the platform pitch angle, 6 is the platform pitch rotational velocity, 6 is the platform pitch rotational acceleration,
1, is the total mass moment of inertia about the platform pitch axis, comprising the structural inertia and the added mass associ-
ated with hydrodynamic radiation, C is the damping coefficient, K includes the hydrostatic and the mooring stiffnesses. Within
the simplified-analytical 2D model, the frequency-dependent radiation memory effects are disregarded by assuming a constant
added mass and omitting radiation damping, as it is insignificant compared to viscous damping in FOWT platforms (Lemmer
et al., 2016, 2020), while for the control model used for controller synthesis, a parametric radiation model is used (Perez and
Fossen, 2009; Fontanella et al., 2020). However, for the time-domain simulations, the convolution integral (Cummins, 1961) is
incorporated to account for the frequency-dependent coefficients. The variable F, is the aerodynamic rotor thrust force, which
causes a pitching moment on the platform through the hub height, I;,, as a lever arm. The aerodynamic thrust force F, (), 5,v)

is a non-linear function is expressed by:

1
Fo = 5prR*0*Cy(A, ), (10)
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where v is the rotor effective wind speed, C; is the thrust coefficient function in A and 3. The platform pitch motion influences
the dynamics as it induces a relative wind speed at the rotor apart from the inflow wind speed, v.,. Thus, the rotor effective

wind speed, v, is:

v =va — 0. (11)

Similar to Eq. (3) while considering Eq. (11), the non-linear platform dynamics can be linearised around an equilibrium

point as:

n . 0F, 8Fa 8F
1,60 +C60+ Ko0 =1y, 896(2 lh 6(56 (12)

In a standard second-order form, by considering only the coefficients corresponding to the platform pitch motion, Eq. (12)

can be rewritten as:

56 ! C 128F“ 60 K59 0 13
+Tp ‘*‘hW + E =0, (13)
2
2Cpwp “r

with w,, and (;, being the natural frequency and the damping ratio of the floating platform in the pitch DoF, respectively.

The coupled dynamics of the wind turbine in Eq. (3) and the floating platform in Eq. (12) form a third-order system, which

is represented in state space form of € = Ax + Bu, with a state vector « = [0 0 Q] T, and control input vector u = (74 BT,

as:
[0 1 0 | B o |
K o laFa l}LaF lhaF
Tr = _Tp _E + 311 TpaQ T+ 0 Eaﬁ u, (14)

2-The output vector
y = Cx + Du, with the output matrix C' and the feed-through matrix D, is defined according to the available system mea-
surements, which is typically a subset of the states in the state vector @. In this paper, the output vector is chosen as y = [9 O,

and thus obtained for the state-space model in Eq. (14) as:

y= z, (15)
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Now with such linear state space model, we can view the problem analytically with a pole-zero plot, shown in Fig. 3,
of the TF, G g, mapping the collective pitch pitch, 3, to generator speed, €2, describing how generator speed (controlled
variable) responds to a variation in blade collective pitch angle (control input). First, let us look at the analytical description
of G, g. This requires transferring to the frequency domain, which can be attained by applying G(s) = C(sI — A)"' B + D,
with s being the Laplace variable, and I being the identity matrix. As a result, we get a MIMO transfer function matrix,
G(s) = Guy(s) , mapping the input vector u to the output vector y. The transfer function matrix G(s) is composed of SISO
TF G,y (s) = y:(s)/u;(s) mapping each input u;(s) to each output y; (s):

G(s) = | C0m Cis (16)
Ga,, Gapg
For the feedback control of FOWTs +-the-in Region 3, the control objective is to reduce the generator speed oscillations using

the blade pitch action. Consequently, the TF, Gq g, mapping the blade pitch angle to the generator speed, in Eq. (16) is of the
main interest:

dT“ (Is —l—[C—l—lQaF]S—G—K)—l,%%ZjaaI;s

Tre— ) (b7 £ [C+ BIR] 55 C) + R

A7)

GQ’g = (

where all the gradients vary with the operating point. To determine the zeros of G g, its numerator polynomial is set to
zero, and the resulting equation is solved for s using the quadratic formula. Upon algebraic manipulation, it becomes evident

that RHPZs, indicating non-minimum phase behaviour, emerge under the following condition (Fischer, 2013):

oF, O01,0F, [ 07,
dv  ov 9B \ 9B (18)

C< -l

Haero

Equation (18) highlights that the emergence of non-minimum phase behaviour, driven by the presence of RHPZs, is closely
tied to the aerodynamic damping coefficient (1i4.10), Which is influenced by aerodynamic gradients. This coefficient varies with
the operating conditions and tends to be particularly low near the rated wind speed, as will be demonstrated in the following

analysis.
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Figure 2. Steady-state values of rotor thrust force, F,, as a function of the effective rotor wind speed, v, for the NREL 5-MW baseline wind

turbine on OC3 spar floating platform.

Figure 2 illustrates the relationship between the steady-state aerodynamic thrust force (F},) and the rotor-effective wind
speed (v) for the above-rated operation of the NREL 5-MW reference wind turbine (Jonkman et al., 2009) installed on the
OC3 spar floating platform (Jonkman, 2010). - i i Hibri i

balaneed-for-each-wind-speedIn a closed-loop FOWT system at steady state, the gradient dF, /dv is positive below-rated wind

speed, meaning the thrust force increases as wind speed rises. However, beyond the rated wind speed, this gradient becomes
negative, as shown in Fig. 2. This behaviour results from the pitch-to-feather control strategy, which reduces aerodynamic
loads and-modifies-the-foree-direetion-in the above-rated region. As a consequence, the aerodynamic damping is positive at
below-rated wind speeds but turns negative at above-rated wind speeds. As F, begins with a positive slope (fgero > 0) in
Region 2, where F,, keeps increasing till reaching its maximum at the rated wind speed where fi4cro = 0. Once Region 3
is reached, F, starts decreasing with a significantly steep negative slope (tqero < 0). The steeper this decline, the lower the
aerodynamic damping, with its minimum occurring just beyond the rated wind speed. As wind speed continues to increase, the
slope gradually becomes less steep, indicating a partial recovery of aerodynamic damping.

The root cause of this behaviour is the negative total derivative of thrust force with respect to above-rated wind speeds (Fis-
cher, 2013) as in Region 3, the rotor speed (£2,.) is at its constant rated value, while the aerodynamic torque (7,) varies. The
objective is to achieve stable power production (P) with fewer variations such that its total differential diminishes (van der
Veen et al., 2012):

10
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dP = Q,dr, = Q,
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and from Eq. (19), the total differential of the blade-pitch angle is:

-1

dv (20)

07, [ 074
ov \ 9B

df =~

Similar to d7, in Eq.(19), the total differential of F, is:

dF, =

3 55 21

Combining Eq. (20) and Eq. (21), the total derivative of the aerodynamic thrust with respect to the wind speed, yielded from

the variation of blade pitch to maintain rated power, is:

-1

dF,  9F, OF,07, (07,
dv v 0B v\ ag | = Haero

(22)

Equation (22) demonstrates why F, has a negative gradient, dF, /dv < 0, as wind speed increases, a condition that is
necessarily true for all conventional pitch-to-feather wind turbines (van der Veen et al., 2012). Burton et al. (2021) explains
that as the wind increases above-rated, the pitch angle increases to maintain constant generator torque, but the aerodynamic
thrust and torque decrease, indicating that the gradients dFy, /03 and 07, /0p are negative. This allows the downwind fore-aft
motion to decrease, which leads to an upwind fore-aft motion, causing the relative wind speed seen by the rotor to increase.
Consequently, the aerodynamic torque increases further, causing more pitch action (Jonkman, 2008; van der Veen et al., 2012).
So, the gradient 07, /v is positive. Therefore, after considering the signs of all the gradients in Eq. (22), it becomes clear why
dF,/dv < 0 in the above-rated operation.

After obtaining G, g from G(s) in Eq. (16), the pole-zero map of Ggq g, that maps the blade collective pitch, 53, to the

generator speed, (2, describing how the generator speed responds to a variation in blade pitch angle, is shown in Fig. 3.

11
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Figure 3. Pole-Zero map of the TF from blade collective pitch to rotor speed, Gq g, at different operating points. Poles and zeros are denoted

by X and o, respectively.

Figure 3 shows that the TF, G 3, consists of a complex pole pair, corresponding to the platform rigid-body pitch mode, and
a real pole, associated with the drivetrain mode. Additionally, a complex pair of RHPZ appears at a frequency close to that
of the platform pitch mode, indicating that the RHPZs condition in Eq. (18) is satisfied. The poles in the platform pitch mode
of the open-loop transfer function, G s, correspond to the pitch-free decay damping ratio, ,, and natural frequency (eigen-
frequency), w,,. It can be seen in Fig. 3 that the open-loop system is originally stable because of the sufficient hydrodynamic
damping (Yu et al., 2018) since all the poles are in the left-half-plane (LHP).

However, the closed-loop poles of a system would migrate from the open-loop poles location towards the open-loop zeros
as the feedback gain increases (van der Veen et al., 2012). Hence, according to Fig. 3, the platform pitch mode becomes less
damped, whilst the generator speed tracking improves. In the case where the zeros are in the right half plane, which for the

model visualized in Fig. 3 is true only for the platform pitch zeros, the frequencies provide bandwidth limits on G g loop.

2.2 Effect of RHP zeros

The roots of the numerator of a transfer function are called zeros (denoted b in Fig. 3). A zero represents a critical frequency,

referred to as the frequency of the zero, where the input signal is entirely blocked and has no effect on the system’s output. In

particular, RHPZs exhibit an "inverse-response behaviour," meaning the system output initially moves in the opposite direction

12
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Figure 4. Block diagram of the FOWT closed loop system, where G(s) represents the plant model, and K pr(s) represents the collective
blade pitch controller.

of the expected response (Skogestad and Postlethwaite, 2005). This unique characteristic imposes strict constraints on control
system design, especially in single-input single-output (SISO) configurations (Lemmer et al., 2016). Additionally, when the
system is excited at or near the frequency of the zero, the risk of instability increases significantly. To mitigate this, limiting
the controller bandwidth below the smallest RHPZ frequency is a must (Skogestad and Postlethwaite, 2005).

The effects of RHPZs extend beyond simple instability risks. As detailed in (Doyle et al., 2013), RHPZs introduce phase loss,
which diminishes the performance of closed-loop systems as the zero frequency approaches the loop’s cross-over frequency.
This degradation becomes more critical in systems with weakly damped zeros (characterised by low damping ratios, (), where
abrupt phase shifts occur near the zero frequency, w,. Such phase shifts are particularly problematic when the RHPZ frequen-
cies fall below the controller bandwidth or the loop transfer function’s cross-over frequency, exacerbating instability risks and
limiting achievable performance. From a control design standpoint, RHPZs are universally undesirable due to their adverse
impact on system stability and the fundamental limitations they impose on the achievable closed-loop bandwidth. Therefore,
a careful balance between system performance and the trade-offs introduced by RHPZs should be considered, ensuring that

controller bandwidth is appropriately tuned to account for these limitations.

3 Control of floating wind turbines

This section reviews various control strategies proposed for mitigating the negative damping instability in FOWTs, beginning
with the most straightforward approaches and progressing toward more complex solutions involving additional sensors and
actuators. Each method is evaluated in terms of its ability to address the negative damping effect and its effectiveness in
overcoming the bandwidth limitation imposed by the RHPZs. Ultimately, the analysis concludes that only the incorporation of

an additional actuator can effectively alleviate the constraint on closed-loop bandwidth.

13



Figure 4 shows the block diagram of the closed-loop FOWT system with the simple feedback PI controller. Each block
represents a linear TF, with G(s) mapping 3, the collective blade pitch angle, to €, the generator speed, while K p;(s) is the
collective blade pitch controller.

310 Neglecting the floating platform dynamics during the FOWT control design often yields instability in the operating points
containing RHPZs. This-is-beecause-As the high control bandwidth, associated with the high feedback control gains, causes
platform pitch excitation (Jonkman, 2008). At first, one might expect exponential growth in the response due to negative
damping, but this is not the case because of the non-linear dynamic coupling between the different FOWT modes. Yet the
FOWT keeps oscillating back and forth without reaching a steady state, which is still undesirable. There are several ways to

315 mitigate this challenging problem. Thus, in the remainder of this section, the conventional solutions are presented, followed by

our proposed solution in the next section.
3.1 Detuning

A common approach to mitigating negative damping instability is to reduce the bandwidth of the blade pitch controller below
the platform’s natural frequency (Larsen and Hanson, 2007; Jonkman, 2008; van der Veen et al., 2012). While this stabilises
320 the system, it compromises generator speed tracking performance at operating points where detuning is implemented.
Detuning introduces a control performance trade-off in the vicinity of rated wind speeds. Lowering the closed-loop band-
width to maintain stability compromises the system’s disturbance rejection capability and degrades power tracking perfor-

mance.
3.2 Robust scheduled tuning

325 As previously mentioned, stability can be maintained in the presence of RHPZs by detuning, such that the natural frequency of
the closed-loop is below the frequency of the RHPZs, which is approximately equal to the resonant frequency of the platform
pitch (Lemmer et al., 2020). Applying this-the global detuning approach means that the bandwidth and the damping ratio are
constant across all the operating points, which is inefficient since it sacrifices better tracking performance. According to Fig. 2

and Fig. 3, the limitation set by the RHPZs varies according to the operating point.

330 Instead-of-the—global-detuning-explained-Rather than applying a global detuning strategy at all the operating points as
described in the previous section, a more efficient-approach-is-to-detune-effective method involves individually tuning the PI

controller to-the-fastest-possible-for the fastest achievable response at each operating pomtsepa%a{elywm&mamfammg while
still ensuring the stab111ty of the linear system

s(Lemmer et al., 2020; Yu et al., 2020; Stockhouse et al., 2024b; Stockhouse and Pao, 2024)
. However, achieving a stable system is not sufficient in control design; the system must also exhibit adequate stability margins
which indicate how close it is to instability and how robust it is to disturbances. The gain and phase margins are classical

robustness measures that have been used for a long time in control system design, but they are not always good robustness

335

indicators when it comes to the Nyquist stability criterion. However, the stability margin s,,, can be used instead to give a more

14



340 general robustness measure. On one hand, it unites both the gain and phase margins under a single parameter, while on the
other hand, it ensures that the Nyquist stability criterion is met. The stability margin s,, is also a good robustness measure of
nominally stable systems against model uncertainties. The stability margin of a closed-loop system is defined as the shortest
distance between the Nyquist curve of the system’s loop transfer function, L(s) = G(s)K (s), and the critical point at s = —1
in the s-plane, and it expresses how well the Nyquist curve of the loop transfer avoids the critical point. While there is no rep-

345 resentation of s, in the Bode plot of the loop transfer function, s, is related to the the peak magnitude, My, of the sensitivity
closed-loop transfer function, S(s) = (1+ L(s)) ™", through s,,, = 1/M,, and M, being the H . norm of S(s) as (Astrom and
Murray, 2021):

1 1
Sm = R = HST)HW (23)
System stability robustness is a critical design priority for FOWTs, often leveraged in prior studies to calibrate both SISO (Lem-
350 meretal., 2020) and MIMO control architectures {Stockhouse-et-al--2024b)(Stockhouse et al., 2024b; Stockhouse and Pao, 2024)
. The contour plots in Fig. 5 and Fig. 6 depict the stability margin and the closed-loop bandwidth evaluated over a range of the
Proportional-Integral (PI) control parameters, namely, the natural frequency (w.and-) and the damping ratio ((.), showcasing
the stable design space of the controller parameters, with the white-coloured region determining the unstable region. The stable
region becomes larger as wind speed increases and the effect of the RHPZs fades according to Fig. 3, which allows for more

355 freedom to increase the controller gains and thus increase the closed-loop bandwidth without destabilising the system. It is
important to mention that a stable design space means that the combination of the control parameters means a stable closed-
loop system (i.e. not having right-half plane poles). Although the stable design space is extended at higher wind speeds, some
combinations of the controller parameters would significantly increase the controller aggressiveness, leading to instability in
the non-linear simulations.

360

Increasing the closed-loop bandwidth reduces the stability margin, pushing the system closer to instability, as shown in
Fig. 5 and Fig. 6. Consequently, achieving robust tuning of the PI controller requires a trade-off between stability robustness and
closed-loop bandwidth, as these are competing objectives. An-Inspired by the work done in Lemmer et al. (2020); Stockhouse et al. (2024b)
, an optimisation-based tuning integrating the two key system properties: the stability margin and the closed-loop system band-

365 width while considering the actuator limits, is thus employed. The PI controller is parametrised by «w, and (. collected in the
vector x € R%. A scalar objective function J(x) : R? — R is then constructed with the following requirements; (i) maximise
robust stability margin, (ii) maximise closed-loop bandwidth, and (iii) maintain acceptable actuator activity. When formulating
J(x), an important aspect is considering the actuator activity to avoid saturation. The control sensitivity function, K (s)S(s),
is a good indicator of the actuator activity. Inspired by s,,,, the control effort margin s, is introduced here as a measure of actu-

370 ation robustness. A low s, indicates high sensitivity to disturbances, risking actuator saturation. Analogous to s,,,, we propose
the variable s, that is related to the peak magnitude of the control sensitivity function M, through s. = 1/M,, where M, is
defined as M, = || K (s)S(s)

|| .- The objective function is then formulated as:

15
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Figure 5. Stability margin contours across the natural frequency w. and damping ratio (. of the PI controller, shown at two different operating
points; near-rated (0 = 13 m/s) and near cut-out (v = 24 m/s) wind speeds. The white region indicates a destabilising combination of w. and
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Figure 6. Closed-loop bandwidth contours across the natural frequency w. and damping ratio ¢. of the PI controller, shown at two different
operating points; near-rated (v = 13 m/s) and near cut-out (v = 24 m/s) wind speeds. The white region indicates a destabilising combination

of w. and (.
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Figure 7. Control effort margin contours across the natural frequency w. and damping ratio (. of the PI controller, shown at two different
operating points; near-rated (o = 13 m/s) and near cut-out (v = 24 m/s) wind speeds. The white region indicates a destabilising combination

of we and (.

J(x) = Wsmsm(xf1 — Wpwp(X) + Wscsc(x)*l7 24)

where w;_, Wpy, and w,_ are weights adjusting the importance of the stability margin, the bandwidth, and the control

effort margin, respectively. Regularisation terms may be added to the objective function to fulfil control objectives such

as minimising the generator speed and power oscillations, as well as reducing the loads (lem), and limiting the control
ains (Stockhouse and Pao, 2024). Despite acknowledging that regularisation terms may be added to limit the gains, Stock-

house and Pao (2024) do not explicitly integrate actuator limits within their objective function formulation. Neglecting the
actuator limits in the objective function would result in controller saturation. Conversely, Eq. (24) explicitly incorporates this
constraint, ensuring the controller remains within operational limits. The objective function in Eq.(24) is then implemented in

the optimisation problem in the form:

x = argmin J(x) (25)

X
In this framework, the optimisation variables (denoted as x) are the tuning parameters influencing three critical system prop-
erties: the stability margin, the closed-loop bandwidth, and the control effort margin. A systematic tuning method, leveraging

the simplified dynamic system, enables rapid recalibration of control settings and assessment of steady-state behaviour. The
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core objective is to maximise the closed-loop bandwidth while minimising the inverse of the stability margin. Focusing on
the inverse of the stability margin ensures the closed-loop stability of the system, while parameters that cause instability are
dropped out. After formulating and weighting the objective function, a locally optimal solution is derived using a gradient-
based optimisation solver.

Based on Eq. (24) and according to Fig.5 and Fig. 6, we have two competing objectives, as an increase in the closed-loop
bandwidth leads to a reduction in the closed-loop stability margin. Therefore, tuning the PI controller gains to achieve both
objectives is not trivial, especially since finding a globally optimal solution is not guaranteed with gradient-based optimisation.
Accordingly, a multi-objective optimisation problem is formulated over a set of continuous input variables X C R? called

the d-dimensional design space (Lukovic et al., 2020). The optimisation goal is to maximise both the stability margin and

the closed-loop bandwidth - through minimising the vector of the objectives defined as

g
f(z)=[f1(x), -, fn(z)] with n > 2, 2 € X being the vector of input variables and f(X) C R™ the m-dimensional image
representing the performance space.

The conflicting nature of the objectives does not always allow for the finding of a single optimal solution to the maximisation
problem but a set of optimal solutions as shown in Fig. 8, referred to as the Pareto set P C X in the design space and the Pareto

front Py = f(Ps) C R™ in the performance space (Lukovic et al., 2020).
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Figure 8. The Pareto front resulting from the multi-objective optimisation. Each data point indicates an optimal combination of the PI

controller parameters w. and (..

The Pareto front in Fig. 8 clearly illustrates the trade-off between closed-loop stability and bandwidth. Beyond a certain
threshold, further increasing the bandwidth significantly compromises system stability. The knee point on the Pareto front
represents an optimal balance between these competing objectives, making it a faverable-favourable region for selection.

However, caution is needed when considering solutions in the upper-right region of the Pareto front. While they offer higher
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Table 1. Robustly-scheduled control gains of the PI controller for the NREL 5 MW RWT.

v (m/s) 12 14 16 18 20 22 24
ki (- 1.15E-04  9.97E-05 1.18E-04 1.31E-04 2.46E-04 2.89E-04  2.48E-04
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bandwidth, they also lead to excessive pitch activity, rendering them impractical due to actuator constraints. The control gains

3.3 Multi-loop control

A standard method to address negative damping instability involves implementing a secondary feedback loop that incorporates
the platform pitch velocity signal. This technique can utilise blade pitchaetaation (van der Veen et al., 2012) or generator torque
actuation (Fischer, 2013), representing a shift toward MIMO control strategies. The approach seeks to reduce the coupling
between competing aerodynamic forces—rotor torque and thrust—while maintaining generator speed regulation via blade
pitch adjustments. In this work, the platform pitch rate is employed as the fore-aft velocity signal for the secondary feedback
loop. The study evaluates both blade pitch damping and generator torque for parallel compensation, finding that combining the
two actuators balances their advantages and limitations.

In Eq. (14) of the state-space model, the matrix element A%Mrepresents the dynamic coupling between platform
pitch velocity, 6, and rotor acceleration, 2. Nullifying this term diminishes the influence of platform pitching on rotor speed
tracking. This tuning strategy does not directly suppress platform motion but counteracts its destabilizing effect on speed

regulation, thereby enhancing closed-loop stability.

) )
Ba o

1)
KPI(S) o8 + Bt) G(S)

002

G*(s)

Figure 9. Block diagram of the blade-piteh-dampingMISO controller ywith the additional blade pitch loop.
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3.3.1 Blade-Additional blade pitch dampingloop: MISO control structure

Compensation using blade pitch feedback, as shown in Fig. 9, is achieved by adding an extra term to the element A%w,
corresponding to the closure of the inner loop, where the static gain, kg, is scheduled to be consistent with the PI controller
gains for each operating point. The blade pitch damping approach uses proportional feedback of the platform pitch veloc-

ity (Jonkman, 2008; van der Veen et al., 2012):

B4 =—kgb (26)
Therefore, the overall blade pitch signal becomes:
0fr =08+ 0pBa @27)

Closing the inner feedback blade pitch loop by substituting 65 from Eq. (27) in Eq. (3) and Eq. (12), the system matrix of

the inner loop, A*, becomes:

[0 1 0 |
K 1 o l28Fa - OF, I, OF,

A= |, TL\“ T T s ) T a0 28)
0 l Ngy [ 074 N 07, Ngy 074
7\ a0 T 7. 0%

This extra blade pitch in Eq. (26) is added to the collective blade pitch command from the PI controller, K p;(s) in Fig. 9,
before the actuator saturation limits are applied. At first glance, it is observed that the extra feedback loop affects, not only the
state transition from the platform pitch velocity to the generator speed, as shown by element A*(3,2) but also the damping of
the platform pitch mode shown by element A*(2,2). This indicates that this parallel loop can be used for two control objectives:
either to compensate for the RHPZs or to increase the platform pitch damping.

Solving for a gain that makes A*(3,2) = 0 leads to full compensation of the effect of platform pitch on the generator speed.
However, due to blade pitch coupling with both aerodynamic torque and thrust, such a gain reduces the effective system fore-aft
damping as a side effect. It is, therefore, sensible to choose a smaller gain to partially compensate the fore-aft motion, which

can be achieved by multiplying the parallel compensation gain by a static gain, £g. The parallel compensation gain for blade

pitch then becomes (Hegazy et al., 2023a; Stockhouse and Pao, 2024):

-1

oty [ 01,

b =650 | 75 9
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The value of {3 € [0, 1] determines the degree of partial compensation from the blade pitch actuator to alleviate the effect of
the platform pitch motion on the generator speed at the expense of less fore-aft damping. Should this-ebjeetive-the objective of
decoupling the drivetrain and the platform dynamics be sought, extra filtering is required to change its dynamics;-otherwise it
will-be-; otherwise, the system damping worsens and it becomes unstable. However, if the control objective shifts to increasing
the fore-aft damping, that will be at the expense of reducing the drivetrain damping, thus resulting in less generator speed

tracking performance. Similar to Eq. (13), the the platform pitch dynamics in the second row of A* is represented in standard

form as:
50 ! C zQaF“ Ink Ok, 50 K 50 30
_ _ _ _ =0
+Ip +hav+hﬁaﬂ +I,, ; (30)
N
25w, “p

where ( is the new desired damping ratio of the platform pitch DoF, without any change in its natural frequency. According
to Eq. (30) and taking Eq. (13) into account, kg can be parametrised as (Stockhouse and Pao, 2024):

by = 2wp Ay _ QWP(C; —(p) (31)

I, OF, 1, 0F,
1, 95 1, 95

where A(, represents the desired change in the platform damping. The extra feedback loop acts as a damper, increasing the
system damping by moving the poles of Gy, 4, corresponding to the platform pitch mode, away from their respective zeros.
While the RHPZs remain unaffected, setting restrictions on the closed-loop control performance, which is evident from the
phase loss of 180° in Fig. 10, the damper effect is illustrated, highlighting its direct influence on the outer loop Gf, 5. It is
observed that the rotor dynamics deteriorate by adding the blade pitch damper as the depth of the anti-resonance dip increases,
indicating an increase in generator speed oscillations, thereby affecting power production within the frequency range of the
fore-aft mode.

Although the MIMO plant, G(s) does not have any transmission zeros, the poor generator speed tracking performance
is attributed to the persistence of the RHPZs in Gy, 4, as they are not affected by the parallel inner loop, and still impose a

limitation on the PI controller bandwidth. This is confirmed by checking the numerator of G 0, 3> Whose damping term becomes:

1
P oF, O0r,0F, (07, M M 0
Tl 9y " 90 98 | 95 ~ gt g TR s (32)

Haero

As shown in Eq. (32), the RHPZs are indeed unaffected since the inner-loop contribution cancels, thus leaving the RHPZs

condition in Eq. (18) with no change.
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Figure 10. Bode plot comparing the channel mapping 3 to 62 of the original transfer function G(s) with the modified transfer function

G™ (s) depicted in Fig. 9, obtained after closing the inner loop from platform pitch velocity to blade pitch.

3.3.2 Parallel compensation: MIMO control structure

So far, the previous control strategies proved not to be able to compensate for the deteriorating effect of the RHPZs. The only
way to move zeros is by parallel compensation, y = (G + K )u, which, if y is a physical output, can only be accomplished by
adding an extra input (actuator) (Skogestad and Postlethwaite, 2005).

As mentioned earlier, the presence of zeros implies the blockage of certain input signals. In this case, the blade pitch
input is blocked due to the emergence of RHPZs, which is depicted in Fig. 10 where anti-resonance dips exist, indicating a
significant attenuation of the input signals at those frequencies. Therefore, instead of using the blade pitch in the parallel loop,
the generator torque can be used as illustrated in Fig. 11, thus taking a step towards MIMO control. Unlike the blade pitch, the
generator torque compensation is different as when G g, is closed with the generator torque parallel compensation loop, the
RHPZs move to the LHP. At optimal gain, the RHPZs vanish from G¥, 5, which is the TF representing G, g after closing the
generator torque parallel loop, indicating that the system became minimum phase. The generator torque parallel compensation

uses proportional feedback of the platform pitch velocity (Fischer, 2013):
67y = —k,,00 (33)

Closing the inner feedback generator torque loop by substituting 7, from Eq. (33) in Eq. (3) and Eq. (12), the system matrix

of the inner loop becomes:
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[0 1 0 |
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A =| I 1, b ov I, 00 (34)
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Therefore, to eliminate the effect of platform pitch rate on the rotor dynamics, set A*(3,2) = 0. Consequently, the parallel

compensation gain for the generator torque actuator is (Fischer, 2013; Hegazy et al., 2023a; Stockhouse and Pao, 2024):

lp, 01y

qu = 579 Nigbﬁj (35)
where ¢;, € [0,1] is introduced as a tunable parameter determining the intensity of parallel compensation since it is not
necessary to remove the RHPZs totally. Having a glance at the numerator of Gg, g, it can be noticed that adding the parallel
compensation loop modifies the damping term in the numerator by modifying the aerodynamic coefficient, tiqcro in Eq. (18),

to a new one, which in return, leads to a different zeros locations. The new aerodynamic coefficient becomes:

-1

or, 01, OF, [ 01,

ﬂaero = W"‘ (g‘rg - 1)% aﬂ 85 (36)

According to Eq. (36), the parallel compensation feedback loop makes it possible to manipulate the zeros of G g and com-
pensate for the RHPZs by pushing them towards the LHP
(Fischer, 2013: Yu et L, 2015 Hegazy et s, 2023a: Stockhouse et al., 2024 Stockhouse and Pao, 2024). The leve of com-
pensation is tunable based on the tuning of the gain &;,. The higher &, , the more the RHPZs move towards the LHP till they
migrate to the LHP indicating the removal of those RHPZs. Consequently, the bandwidth of the PI controller can be increased
above the platform pitch mode. This is clear in Fig. 12, as the depth of the anti-resonance dip, corresponding to the RHPZs,
decreases meaning that the limitation set by the RHPZs is vanishing, which gives the opportunity to increase the aggressiveness
of the PI controller.

The main drawback of this approach is the generator torque limit for parallel compensation that can be supplied by the
actuator. The usage of the full-compensation gain (§;, = 1) eliminates the RHPZs, thus, turning the system to minimum
phase for all operating points, however, the constraint imposed by the 7, saturation restrains actuator signals exceeding the
maximum generator torque. Reducing the compensation gain with &, € [0,1] is rather advantageous in practice, as on one
hand, it prohibits the generator torque actuator from saturating, and on the other hand, it reduces the drivetrain loads (Hegazy
etal., 2023a). With §;, < 1, the RHPZs are partially compensated, allowing higher achievable bandwidth and, hence, improved

performance.
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Figure 11. Block diagram of the generator torque parallel compensation (MIMO controller)
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Figure 12. Bode plot comparing the original transfer function G(s), which maps §53 to 62, with the modified transfer function G*(s)

depicted in Fig. 11, obtained after closing the parallel compensation feedback inner loop from platform pitch velocity to generator torque.

3.3.3 Parallel compensation: SIMO control structure

505 Hegazy et al. (2023a) showed that the feedback of the platform motion is not necessary for parallel compensation, as only
generator speed can be used. They went on to show the control structure of the blade pitch and the generator torque controllers.

It was learnt from H ., control synthesis that the blade pitch maintains the PI structure, while the generator torque requires &

band-passfilter—an inverted-notch filter (Hegazy et al., 2023a). From its name, an inverted-notch filter is a control element that
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is only operational at a specific frequency. Thinking about it, such a control structure, resulting from the H .., synthesis, for the
enerator torque control loop is reasonable since the generator torque input should not operate across all frequencies, but onl
around the RHPZs frequency where the blade pitch input is blocked. Therefore, the generator torque control loop takes over.

Figure 13 illustrates the control structure defined in Hegazy et al. (2023a), where the blade pitch controller maintains the PI

control structure as:

ks
Kp(s)=kp+—, (37)

where k, and k; are the proportional and the integral gains, respectively. As for the generator torque channel, an inverted

notch is applied as:

X 267, Wry s 3
‘rg(s) - 82+2<Tgw7_gs+w72_g ( )
Consequently, the SIMO controller takes the form:

K, (s
K= | ) )
Kp(s)

01,

K. (s) >
[ 5 G(s) [P

K(s)

Figure 13. Block diagram of the FOWT closed-loop system, where G(s) represents the plant model, and K (s) represents the SIMO structure
feedback controller composed of 2 SISO controllers; K'r, () controller acting on the generator torque actuator, and K (s) active on the blade

pitch actuator.

Now that the need for SIMO control to deal with the negative damping problem has been established in Fig. 13, tuning each
controller separately sounds complicated due to the dynamic interactions between the MIMO channels that would arise when

either of the controllers is modified. Therefore, the objective is to turn the SIMO system into a SISO one. In order to do that,
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Figure 14. Transition from SIMO to SISO control structure

the original MISO plant G(s) is normalised to G such that the magnitude of both the blade pitch and the generator torque

input channels becomes unity so that both control inputs are of comparable effect. Afterwards, a linear combination of the two

control elements K. and K is combined with normalised MISO plant G. This is depicted in Fig. 14 where the extra blocks
are integrated with the plant such that there is a new plant G*{s)-This-means-that-G (s). Therefore, the new SISO plant G*{s)

G\(s) is the result of the linear combination of both control channels as:

G*G(s) = GG(5)K (s) 1 , (40)

In-erder-to-de-that; where the controllers K5(s) and K, (s) have to be decomposed such that:

K(s)=| ." K(s) 41

where a-band-pass-an inverted notch filter is the outcome of combining a high-pass filter and an integrator:

Koy (5) = R(5) oy () = 2 - “2)
T4\S) = S)r (8)= s S2+2<Tgwfrg$+w72.g7

while a PI controller results from the combination of a PD and an integrator:

~ ~ QCquTqE ~ ~
K(s) = R(5)Ko(s) =~ s Ry 4 ), @

where the PD controller gains are:
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Figure 15. Bode plot of the normalised MISO plant G illustrating the effeetfrequency response of each control channel separately (solid

lines) as well as the response of the SISO plant G in case of the linear combination of both actuators (dashed line) where the blade pitch
actuator is active till a certain frequency before its authority deteriorates, thus, the generator torque actuator takes over from that frequency

onwards.
- 1
p= 2w (44)
Tg™Tg
- 1
b= 2w )? "

In this work, the damping ratio of the inverted notch ({, ) is set to 0.5, and its desired natural frequency ((w,. )) is placed at
the RHPZ location of G 3. The gain & in K (s) is a static gain to either crank up or reduce the overall gain of the controllers
KTQ and K s simultaneously, and is kept at 1 in this paper. The objective is to tune one single controller instead of multiple

control components, which would complicate the control tuning process.

The generator torque actuator is only active within the RHPZs frequency band to take over the control from the blade pitch,
which is limited by the non-minimum phase behaviour around that band. This is depicted in Fig. 15, where the limitation set
on the blade pitch, while regulating the generator speed, is lifted by the generator torque, and the linear combination of both
actuators can lead to an increase in the control bandwidth, as shown in Fig. 16. The two vertical lines depict the closed-loop
bandwidth of each controller. Clearly, the baseline feedback PI controller has its bandwidth constrained by the RHPZs, which

are also around the platform pitch natural frequency. Looking at the loop transfer function of the linear combination of both
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Figure 16. Bode plot of the loop transfer function, L(s), of the baseline controller, Kps(s) and the SISO plant, G(s) (grey), and the loop
transfer of the artificial SISO plant, é(s), in Fig. 14 and K (s) illustrating the effect of the linear combination of both actuators on increasing

the bandwidth of the closed-loop system indicated by the vertical lines in the phase plot.

actuators, we can see the jump in the bandwidth the SIMO controller makes over the baseline controller, as the SIMO controller
intersects with the O dB line much later than the baseline controller. Moreover, the anti-resonance dip that corresponds to the
RHPZs existing in the bode plot of the baseline controller is eliminated in the SIMO controller, reflecting on its robustness as

it significantly increased with a phase margin of almost 96-deg90°.

4 Results

The FOWT system (NREL 5-MW RWT (Jonkman et al., 2009) atop OC3 floater (Jonkman, 2010)) was simulated in Open-

FAST (NREL, 2025a) with the five controllers discussed in Section 3 in environmental conditions of turbulent wind and
irregular waves. The simulations were conducted in the above-rated Region 3 (v,4:cq = 11.4 m/s) at average wind speeds rang-
ing from 12 m/s to 24 m/s, with TurbSim (NREL, 2025b) to generate-simulate the turbulent wind field, where the International
Electrotechnical Commission (IEC) Kaimal spectral model was used as a turbulence model with a turbulence intensity of 14%
and a wind shear exponent of 0.14. The irregular waves were generated using JONSWAP spectrum at a significant wave height
H, =3 m and peak period 7}, = 12 s. All the simulations were performed for a simulation time of 1200 s, with the first 600 s
neglected for transients.

An example time-domain simulation at a reference wind speed of 18 m/s is illustrated in Figure 17 and Figure 18. The time

traces are complemented with the power spectra for a detailed view of the controllers’ performance. Looking at the rotor speed
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Figure 17. Non-linear simulation results for the FOWT system, simulated with each of the controllers described in Section 3 at a reference

wind speed of 18 m/s.

signal in Figure 17, we can see the significant impact the robust tuning of the SISO PI controller can make in comparison to the

565 detuned SISO PI controller. The rotor speed’s peak-to-peak amplitude of the Robust SISO is significantly reduced compared

to the detuned SISO. This is also evident in the spectral content of its power spectrum, as the rotor speed oscillations are
suppressed till 0.1 Hz.

For the SISO controller, the generator torque is kept constant and the generator power in Region 3 is directly related to the

generator speed. The reduction in the rotor speed oscillations reflects on the generator power leading to an improved power

570 quality with less fluctuations. However, such an improved performance comes at the cost of actuation. This is to be expected
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since the increased bandwidth of the Robust SISO means higher control activity, which can be seen in the blade pitch signal
with higher spectral content across the frequency range, leading to an increase in the blade pitch variation.

Regarding the MISO controller in Fig. 17, its main objective is to add damping to the closed-loop system, through extra
blade pitch action, to compensate for the severe reduction in the overall system damping caused by the negative aerodynamic
damping as explained by Eqn. (18) and Eqn. (22). In this work, the MISO controller is composed of the Robust SISO controller,
and added to it is the inner feedback loop from the platform pitch rate 6 to blade pitch as shown in Fig. 9. The MISO controller
in Fig. 17 appears to be doing slightly better than the Robust SISO in a small frequency segment within the low-frequency
region before 0.05 Hz, while no significant difference is observed between both controllers at other frequencies. Similar to the
detuned and Robust SISO cases, the generator power follows the same trend as the rotor speed since the generator torque is
constant in the case of the MISO controller. This explains the absence of the generator torque curves relevant to the three cases
in the power spectrum. The MISO controller blade pitch actuation does not change much from the Robust SISO controller. It
simply is a bit more active and thus more oscillatory because of the extra blade pitch input added.

As for the MIMO controller in Fig. 17, the generator torque is employed as an extra actuator to provide parallel compen-
sation (Skogestad and Postlethwaite, 2005) to the FOWT system to deal with the RHPZs. Implementing the MIMO controller
results in a modest enhancement of rotor speed, as the substantial improvement achieved by the Robust SISO controller over
the detuned version significantly limits the potential for further error reduction. With the generator torque not constant any-
more, the power variation includes contributions from both generator speed and generator torque, showing a clear drawback of
the MIMO controller.

Transitioning to the newly proposed control structure, the SIMO controller demonstrates superior performance in generator
speed regulation—the primary objective of this controller—particularly when compared to the Detuned SISO controller. While
one might expect increased blade pitch activity to achieve better generator speed regulation, this is not the case. Instead, the
blade pitch action remains nearly identical to that of the Robust SISO, MISO, and MIMO controllers. This is because, beyond a
certain point, generator torque takes over, as previously shown in Fig. 15. Consequently, the generator torque response becomes
highly aggressive, exhibiting significant variations to maintain a more stable generator speed signal, even reaching saturation.
However, this comes at the expense of power quality, similar to the MIMO controller. Notably, the SIMO controller exhibits an
even more aggressive generator torque action than the MIMO controller. A less aggressive tuning of the SIMO controller would
reduce the actuator usage and improve the power quality. Nevertheless, if the power quality is the main control objective, a
controller aimed at that objective could be synthesised, but at the cost of increased drivetrain loads (Stockhouse and Pao, 2024).

Across the above-rated wind speed spectrum, the SIMO controller achieves the lowest rotor speed oscillations, as indicated
by the standard deviation, without any notable difference in blade pitch action compared to other controllers (see Fig. 19).
However, the generator torque experiences a large increase with the SIMO controller, even at wind speeds where the RHPZs
are expected to disappear (above 16 m/s). This is because, unlike other controllers, the SIMO controller continuously engages
the generator torque actuator across all wind speeds, including those without RHPZs. As a result, variations in generator speed
have a considerable impact on generator power. In the simulations conducted at reference wind speeds of 12—-14 m/s, the

system occasionally operates below the rated wind speed, leading to fluctuations in generator torque. This occurs despite the
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Figure 18. Non-linear simulation results for the FOWT system, simulated with each of the controllers described in Section 3 at a reference

wind speed of 18 m/s.

Detuned SISO, Robust SISO, and MIMO controllers being designed to maintain a constant generator torque with zero standard
deviation in Region 3—a condition that is fully realised at wind speeds above 14 m/s.

Examining Fig. 18 and Fig. 19 simultaneously, it is evident that all controllers reduce platform pitch oscillations compared
to the fluctuations observed with the Detuned SISO. Among them, the MISO controller achieves the greatest reduction, as it is
specifically designed to enhance platform pitch damping—an effect clearly visible in the power spectrum around the platform

pitch eigenfrequency (= 0.033 Hz).

31



615

620

625

630

635

640

Although the SIMO controller is primarily designed to mitigate generator speed fluctuations, it also succeeds in reducing
platform pitch oscillations below the Detuned SISO level. While its effectiveness in this regard is lower than that of the MISO
and MIMO controllers, this reduction remains beneficial.

Furthermore, this improvement extends to the tower base fore-aft moment (Mr.,Bs,y), as there is a strong correlation
between platform pitch motion and tower base loading. Consequently, controllers that effectively suppress platform oscillations
also contribute to significant tower fatigue reduction.

Regarding the blade-root flapwise moment (M gy, 4 ), all controllers outperform the Detuned SISO across all wind speeds,
as shown in Fig. 19. This improvement is evident at low frequencies up to 0.1 Hz, after which there is a slight drop in
performance, temporarily exceeding the level of the Detuned SISO. Beyond this point, all controllers converge, exhibiting no
significant differences, as depicted in Fig. 18.

Rotor-shaft torsional loading (7sp4 f¢) is a well-known drawback of torque feedback in wind turbine control systems. While
both the Robust SISO and MISO controllers exhibit smaller shaft loading excursions compared to the Detuned SISO, the
MIMO and SIMO controllers, which rely on torque feedback, introduce greater fluctuations in shaft torsional loading. As
shown in Fig. 18, this effect is particularly pronounced in the SIMO controller, which exhibits elevated shaft loading variations
across all wind speeds, as further illustrated in Fig. 19.

Based on these findings, the authors recommend an adaptive approach, where different proposed controllers are alternated
depending on environmental conditions and control objectives. For example, at certain times, the turbine operator may priori-
tise minimising generator speed oscillations and activate the corresponding controller. At other times, the focus may shift to
reducing structural loading, necessitating a different control strategy. Since no single controller can simultaneously optimise
all objectives—some of which may be conflicting—dynamic selection based on operational priorities is advised.

Another recommendation is to incorporate a feedforward control strategy to reduce dependence on reactive feedback control.
If an accurate preview of disturbances affecting the FOWT is available, a LiDAR feedforward controller (Schlipf et al., 2020)
targeting the wind turbulence and a wave feedforward controller (Hegazy et al., 2023b, 2024) targeting the wave forces can be
implemented to mitigate the effects of wind and wave disturbances on the FOWT, respectively. This approach alleviates the

need for a high-bandwidth feedback controller, as the feedforward controllers would handle most of the disturbance rejection.

5 Conclusion

A new fixed-structure controller has been developed for FOWTs to effectively mitigate the well-known "negative damping"
instability and address the non-minimum phase behaviour introduced by the persistent RHPZs in Gqg. Designed specifically
for generator speed regulation, the proposed controller was evaluated through non-linear simulations in OpenFAST, where it
outperformed the existing FOWT controllers from the literature. Furthermore, it demonstrated robustness in a high-fidelity
simulation environment, effectively handling additional system dynamics.

The primary advantage of the proposed FOWT controller is that it operates without requiring any additional sensors, pre-

serving the conventional SISO configuration by relying exclusively on generator speed measurement. This approach enhances
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Figure 19. Controller performance: Non-linear simulation results for the FOWT, simulated with each of the controllers described in Section 3

at a reference wind speed of 18 m/s.

robustness, as incorporating extra signals can increase sensitivity to unmodeled dynamics. Additionally, the controller can be
regarded as an artificial SISO controller, as shown in Fig. 14 and Fig. 15, where the plant transfer function is pre-filtered to
achieve the desired control performance.

While the MIMO controller features a simpler control structure compared to the SIMO controller, the SIMO configuration
provides built-in redundancy within the FOWT system, ensuring continued operation in the event of floating platform sensor
failure. If the wind turbine is equipped with platform pitch sensors and the MIMO controller is in use, a sensor malfunction
could compromise performance. In such a scenario, the SIMO controller acts as a backup solution, allowing the system to

operate despite the loss of platform pitch measurements.
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Incorporating inner loops into the standard control loop G, g, whether using MISO, SIMO, or MIMO structures, expands
the design space for the SISO PI feedback controller, enabling the achievement of higher bandwidth. However, a well-known
drawback of employing generator torque actuation for parallel compensation is the resulting increase in shaft and drivetrain
loads (Fischer, 2013), along with deteriorated power quality. To mitigate power quality concerns, alternative MIMO feedback
architectures, such as a constant-power controller (Stockhouse and Pao, 2024), can be integrated.

Furthermore, the cost function in the robust control tuning approach from Stockhouse and Pao (2024) has been modi-
fied to prevent actuator saturation. Without this adjustment, actuator activity could become unbounded, leading to simulation
fattureinstability. This refinement has enhanced performance in the primary objectives of generator speed regulation and tower
load reduction, even in the presence of modelling inaccuracies resulting from dynamic simplifications and omitted degrees of

freedom.
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