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Response to Reviewer 1

General Comments

The manuscript presents a novel control strategy, COFLEX, for large flexible wind tur-
bines, addressing a critical gap in optimizing turbine performance considering structural
flexibility. This study is highly relevant as the increasing scale of wind turbines intro-
duces significant challenges in structural dynamics and control. The integration of a set
point optimization framework (COFLEXOpt) with a feedforward-feedback control scheme
represents a substantial improvement over traditional tip-speed ratio-based methods.

The manuscript effectively builds upon existing methodologies and tools for optimization,
estimation, and control. While none of the individual modules (optimization framework,
wind speed estimator, or controller) are entirely new, the parameterization of dimension-
less coefficients in three dimensions instead of two is a noteworthy adaptation. These
adaptations are well-discussed, seamlessly integrated, and tested comprehensively through
simulations. The paper is clear, well-structured, and includes detailed methodologies and
results.

Response: Thank you for your kind words and appreciation of our work. We also thank
you for your feedback which helped improving the work further. In the following section,
we provide our responses to your specific comments.

Specific Comments

1. Design of Wind Turbines:

The manuscript could benefit from a brief discussion of passive design techniques
such as pre-coning/pre-bending of blades to mitigate flexibility effects and tailored
bend-twist coupling for passive load alleviation.

Response:

Thank you for your suggestion. A brief discussion of passive design techniques
indeed improves situating our work in a broader perspective of passive and active
techniques to alleviate loads while optimizing performance. Therefore, we added a
paragraph to the introduction.

Revised portion:

e Line 37 - 42:
“...Passive design techniques such as pre-coning, pre-bending, and bend-
twist coupling can mitigate some of these effects by modifying the geometrical
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and structural properties of the rotor. For instance, while pre-coning and pre-
bending can increase blade-to-tower clearance and increase the maximum
swept area when the turbine is operating at its rated condition, bend-twist
coupling can be used to reduce aerodynamic loading passively (Sartori et
al., 2018). Nonetheless, these structural measures remain complementary to
advanced active control, which can further optimise energy capture and help
decrease loads (Bortolotti et al. 2019). ... "

Objective Function:

The motivation for solely minimizing the torque and power coefficient in the steady-
state optimization is unclear.

It is recommended to

(a) describe the optimization framework in a more general form

(b) include a discussion on other meaningful objectives to demonstrate versatility
of the proposed framework.

The use of a single objective function across the entire operating region is intrigu-
ing as objectives are considered to vary between full and partial load operation.

Response:

Thank you for your valuable feedback on this point. In the original manuscript, we
included a general form of the optimisation problem required to compute the set
points shown in Eq.(6). This general formulation shows that the objective f,; and
the constraints C.,, C;; may be chosen freely by the user/designer, enabling the
framework to handle alternative objectives or terms. We acknowledge the lack of
sufficient description of this general representation, so we added it right after the
general form of the problem.

In the revised manuscript we clarify the possible choices for the objective function
and constraints. The choice of maximising the power coefficient in the objective
function is obvious. Additionally, we introduced the rationale behind minimising
the torque coefficient. Essentially, the solution to the NLP is not unique in the
full-load region (i.e. V > Vi.ieq) because there are infinitely many pairs (w*, 8*)
that all return the power coefficient to produce the rated power. This was shown
graphically in the lower-left panel of Fig. 6 of the original manuscript, where solu-
tions valid for the rated power can be found on the red iso-line. To find a unique
solution to the general problem that is valid for the entire operating range, the
objective function needs to “select” a single (optimal) point on that red iso-line.
Mathematically, this means including an additional term that produces different
iso-lines in the full-load region so that the objective function is convex and returns
one unique solution. From a design perspective, that extra term must “compete”
with the power coefficient. If one uses it merely for regularisation, a straightfor-
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ward choice is a term that remains sufficiently small in the partial-load region—thus
avoiding sub-optimal power capture—while being large enough to enable finding a
unique solution in full load. Competing objectives for the power coefficient include
aerodynamic torque or thrust, among others.

As a result, we include only a small regularisation term (i.e., the torque coefficient),
ensuring limited impact on partial-load solutions. Furthermore, we prefer to treat
structural deformations as non-linear constraints. By doing so, we can directly
control the maximum (steady-state) blade deflections (and, indirectly, loads).

A comparable methodology to find optimal set-point schedules was described by
lori et al. (2022), which we have now cited in the revised manuscript. To this
point, we also added a brief discussion of potential additional objectives that can
be integrated into COFLEXOpt, which shows its versatility.

Revised portion:

e Lines 300 - 321:

“... The versatility of this framework lies in the wide range of possible defini-
tions for fopj, Ceq, and Ciq. In particular, C.q, and Ci, can include any met-
rics representable in the (w, V) 3) space. Since the tip-speed ratio is decom-
posed into two separate variables, one can incorporate non-linear constraints
dependent on actual operating conditions. Examples include structural de-
flections, peak thrust (as in peak-shaving strategies), load-alleviation targets
(e.g. bounding the root flapwise bending moment), or blade-span-dependent
quantities (e.g. limiting angle of attack or relative velocities). Regarding the
objective function f,p;, its formulation must yield unique and optimal solu-
tions (w*, %) across the entire operating range. The primary objective is to
maximise power capture (i.e. the power coefficient). The power output will
also naturally be subject to an inequality constraint, ensuring the rated power
is not exceeded. However, once the rated power limit is reached in the full-
load region (i.e. V' > Viaea), infinitely many (w*,V, 3*) combinations yield
the power coefficient to produce the rated power and the maximisation of the
power coefficient is not sufficient to produce unique solutions.

To address this, we introduce a secondary term in the objective function, re-
solving the non-uniqueness of the solution. This technique, also suggested in
lori et al. (2022), selects one point along the power coefficient iso-lines based
on the minimisation of a secondary term in the objective function, resolving
the non-uniqueness of the solution. In particular, this secondary term can
have physical meaning: for example, if one selects the thrust coefficient, an
increase in rotor loading is penalised in the optimal solution. Alternatively, one
can penalise the torque coefficient, which ensures that the optimizer seeks the
solution that yields the lowest rotor torque within the feasible region—helping
to mitigate drivetrain loading. If the weight on this secondary term is kept
sufficiently small, it effectively acts as a regularisation term while still retain-
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ing power maximisation as the primary objective. In our case, having defined
custom inequality constraints that can include loads and structural deforma-
tions, we can directly target load alleviation through the imposition of limit
(steady-state) values. As a result, we include only a small regularisation term
in the objective function to ensure a limited impact on partial-load solutions.
Hence, we propose maximising the power coefficient with a penalisation on
the rotor torque coefficient for each wind speed V, as follows: ..."

Model Limitations:

A discussion on robustness of the proposed control approach is recommended, in-
cluding potential discrepancies between HAWC2 simulations and real-world turbine
dynamics.

How do modeling uncertainties and measurement errors affect performance?

Response:

Thank you for raising this point. In the original manuscript, we cited Brandetti et
al. (2022) to illustrate how inaccuracies in the power coefficient tables affect wind
speed estimates (see Section 5.1). In the revised manuscript, we have added a
brief discussion in Section 5.4 that analyses the overall robustness of the combined
control scheme.

Specifically, modelling uncertainties in the internal aerodynamic model can lead
to biased wind speed estimates, which in turn result in biased feedforward inputs.
Although the feedback components work to drive the system back to a reference
rotor speed, denoted as w*, this reference is also affected by the biased wind speed
estimate V. Consequently, in case of modelling uncertainties, the tracked operat-
ing point does not exactly reflect the intended optimal behaviour of the turbine.
Similarly, measurement errors can propagate in the wind speed estimate, leading
to biased tracking. A potential solution to this issue would be to base the feedfor-
ward input on an independent measurement of the rotor-average wind speed, for
instance, by using lidar measurements or a combination of lidar measurements and
estimated values, thereby mitigating the effects of the bias. Another approach is to
update the aerodynamic model (used in the controller and estimator) based on the
wind turbine's current aerodynamic properties. Our research group has proposed
two learning methods for this: one excitation-based and another excitation-free,
relying on wind speed measurements.

Revised portion:

e Lines 538 - 552:
“ ... This control scheme leverages feedforward action to achieve the desired
set points, while feedback loops work to enhance stability, correct (tracking)
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errors, and add resiliency to disturbances and noise. However, its overall
tracking performance is dependent on the accuracy of the internal power co-
efficient table. The wind speed estimation relies on this table, so any bias in
the power coefficient data propagates into the estimates. As demonstrated
by Brandetti et al. (2022), for the WSE-TSR tracking scheme, whenever
the controller’s reference is scheduled based on wind speed estimates, the
system converges to a steady state that reflects this bias. In other words,
the controller is capable of tracking a reference, but the reference itself is
shifted from the true optimal operating point. This is essentially the same
phenomenon encountered in standard tip-speed ratio tracking, where the opti-
mal set point is also calculated offline using nominal aerodynamic data; if the
real performance deviates from that nominal data, the turbine will no longer
be operating at the true optimum. Our scheme will similarly be affected by
inaccuracies in the internal power coefficient table, even though it maintains
effective reference tracking. A potential mitigation of the bias introduced by
modelling inaccuracies would be to schedule the feedforward input on an in-
dependent measurement of the rotor-average wind speed—such as lidar—or
by combining such measurements with the estimated values. Alternatively,
one can update the aerodynamic model (used in both the controller and esti-
mator) to represent the actual, possibly degraded, aerodynamic properties of
the wind turbine using online learning algorithms (Mulders et al., 2023). ..."

Wind Speed Estimator:

The wind speed estimator described in Section 5.1 is tested using a Kw? control
law.

Please clarify which power coefficient is used in the Kw? law and discuss if /how
the selection of the feedback gain K impacts the estimator's performance.

Response:

Thank you for highlighting this point. We wish to clarify that the Kw? controller
used in this section serves only as a convenient means to evaluate the wind speed
estimator (WSE) performance in an “open-loop” fashion, where the resulting ro-
tor speed, pitch, and torque control signals are directly fed to the WSE while the
output wind speed estimate does not affect the control routines. For all other
sections of the paper, our advanced COFLEX controller is used in closed-loop with
the newly adapted WSE. The constant K for the Kw? scheme was calculated based
on the optimal tip-speed ratio prescribed by the IEA 15 MW baseline design. As a
result, the system reaches steady states that do not depend on the WSE and the
estimator performance is then evaluated at that point. Although the feedback gain
K affects the dynamic behavior of the estimator, our analysis of the steady-state
bias in wind speed estimation confirms is unaffected by this value. We have revised
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the corresponding paragraph in Section 5.1 accordingly.

Revised portion:

e Lines 437 - 445:

... To verify the improved performance of the WSE with an additional power
coefficient table dimension, three time-domain simulations of the IEA 15 MW
RWT were performed with uniform wind steps of 1 ms~! ranging from 3 to 11
ms~!, each step lasting 300 s. To analyse the accuracy of the steady-state
wind speed estimation, we implemented a Kw? scheme, selecting the gain K
according to the method in Pao and Johnson (2011). The constant K was
calculated based on the optimal tip-speed ratio prescribed by the I[EA 15 MW
RWT baseline design, reverting to the standard constant optimal tip-speed
ratio assumption. The constant K was calculated based on the optimal tip-
speed ratio and corresponding maximum power coefficient prescribed by the
IEA 15 MW RWT baseline design, reverting to the standard constant optimal
tip-speed ratio assumption. In doing so, the steady-state behaviour is fully
specified by the gain K so that the generator torque controller does not rely on
wind speed estimates. This approach decouples the steady-state performance
of the WSE from other control routines, allowing us to evaluate the estimator
without interference from the control tuning parameters. The Kw? controller
used in this section serves only as a convenient means to assess the WSE
steady-state performance. ..."

Saturation Schedules:

A clearer motivation is needed why saturation limits are computed solving the “re-
duced” optimization described in Equation (18).

Could alternative formulations also be used?

Response:

Thank you for this feedback. First, let us clarify that we needed to find a general
way of obtaining the lower pitch saturation schedule that could be integrated with
COFLEX (and COFLEXOpt optimized set points). First, we noticed that in Abbas
et al. (2022), the so-called " minimum pitch schedule” of Fig. 9 is said to produce
set points for "peak shaving and power maximization in low wind speeds.” How-
ever, in their work, it is not fully clear how this schedule was obtained.

For our needs, it seemed natural to adapt the set point optimiser to find these
schedules; We made the following considerations to build the reduced optimization
problem of Equation (18):

e The lower pitch angle saturation value needs to produce an aerodynamically
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stable point for the operations of a wind turbine in full load. That is the low-
est collective pitch angle that can be reached for a given wind turbine wind
speed and given rotor speed should let the blades stay away from stalling.
This point led to the same definition of the objective function for the reduced
problem because if we stay close to the maximum of the power coefficient
curve, stalled conditions are avoided. This is because to produce the max-
imum power coefficient values, the blades operate at low angles of attack,
thus staying away from the stall angle of attack.

The lower pitch angle saturation value needs to produce a set point that still
adheres to the non-linear constraint, in this case, the out-of-plane tip dis-
placement. This point led to the same definition of the non-linear constraint
on out-of-plane tip displacement.

The authors acknowledge that there might be other ways to define reduced opti-
mization so that there is a guarantee that the blades do not incur stalling. For
instance, one can use other aerodynamic quantities to express the " stall avoidance”
condition. This point was clarified in the revised manuscript in the following lines:

Revised portion:

e Lines 504 - 511:

“ ... A key motivation for deriving the lower pitch saturation limit from the
“reduced” optimisation in Eq. (18) is to systematically obtain minimum pitch
schedules that comply with the constraints imposed in COFLEXOpt optimised
operating points and avoid stall. By defining an objective function that max-
imises aerodynamic efficiency (i.e. the power coefficient) and retaining the
OoP tip displacement constraint, we ensure that at full load, the minimal-
pitch operating point (for any rotor speed—wind speed combination) remains
above the stall onset value. This preserves aerodynamic stability and avoids
stalled blades even if the turbine briefly operates at that minimal pitch. In
contrast, simpler schedules (e.g., setting J(V) to the pitch angle at rated
conditions) may produce stalled conditions or violate tip-displacement limits
for wind speeds in full-load operations. ..."

Technical Corrections

1. Line 165: The mention of "direct drive” appears misplaced and should be revised

for clarity.

Response:
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Thank you for this feedback. As we only consider the rotor rotational speed
throughout the paper, and for the sake of clarity, we do not need to mention
the generator rotational speed here. Hence, we decided to leave out this line.

Equation 2 needs to be revised.

Response:
Thanks for noticing the error in Equation 2. We revised it as follows.

Revised Portion:

e Equation 2:

Q

Co=+——=,
© SpV2mR3

It is "HAWCStab2" instead of "HAWC2STAB".

Response:
Thanks for noticing the error in the caption of Fig. 17. We revised it as follows.

Revised portion:

e Fig. 17 - Caption:
* Comparison of steady states (dots) calculated from the time-domain HAWC2
simulation and prescribed operating points (lines) from COFLEXOpt based
on HAWC2Stab HAWCStab?2 linearisations for the four different strategies.

”
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Response to Reviewer 2

This is a very clearly written manuscript that discusses a new control strategy that com-
bines feedforward torque and pitch control, using optimized control commands scheduled
using a wind speed estimator, with feedback control to ensure the rotor speed setpoint
is tracked. The paper does a nice job of showing the importance of optimizing pitch
and rotor speed setpoints in the partial load region as a function of wind speed, using
an aeroelastic turbine model with rotor flexibility, rather than assuming a single optimal
tip-speed ratio and blade pitch. This is especially important for highly flexible rotors
where blade deformations due to thrust affect the aerodynamic properties of the rotor
throughout the partial load region.

This paper builds on previous work examining how turbine models including blade flexi-
bility can be used to optimize control set points while adhering to design constraints (and
the advantages over traditional control laws). Specifically, this paper extends previous
ideas by presenting a closed-loop control strategy to implement the intended set points us-
ing a wind speed-estimator-based combined feedforward /feedback controller with smooth
setpoint switching between the partial load and full load regions. The incorporation of
blade tip displacement constraints in the set point optimisations is another important
contribution.

| don’t have any major concerns with the paper, but there are several areas where | believe
corrections or clarifications are needed or some additional analyses would help provide
more value.

Response:
Thank you for your feedback and recognition of our contributions. In the following
section, we will provide corrections and clarifications to the points you raised.

Specific Comments

1. Pg. 4, In. 91:
Given the similarity of this work to Pusch et al. 2023, please explain the differences
between that study and the research in this paper here.

Response:

Thank you for raising this point. We improved the description of the general NLP
that is solved by COFLEXOpt in the revised manuscript in Section 4.1 in response
to a similar point raised by the other reviewer. The contributions provided in the
introduction describe the novelties (contributions) we bring with this work with
respect to the current state-of-the-art described in the literature. To further high-
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light the differences with Pusch et al. 2023. Moreover, we revised the contribution
point as follows.

Revised portion:
e Lines 96 - 98:

“ ...Providing a set point optimisation scheme called COFLEXOpt calcu-
lating set points over the complete turbine operating range using one opti-
misation problem, adhering to operational and structural load constraints,
and without the need for explicit definition of the partial to full load transition
point; ... "

2. Pg. 8, In. 207:
Can you add the resolution of the rotor speed, wind speed, and pitch angles that
make up the 27,000 points?
Also, can you clarify if wind shear is included in the inflow?

Response:

Thank you for your suggestion. A description of the nonconstant resolution of the
three-dimensional power coefficient map is now added to the paper. No wind shear
was included in the calculation of steady-state performance as HAWCStab2 only
operates with uniform, constant inflow.

Revised portion:

e Lines 216 - 225:

“ ... To balance computational effort and accuracy, the spacing in our grid is
variable: it is refined in regions of particular interest—such as near the rated
wind speed, where loads have a pronounced effect—and coarser in less critical
regions. We then use HAWCStab2 to obtain the steady-state coefficients over
a three-dimensional grid with 27 thousand operating points spanning various
combinations of rotational speeds, wind speeds, and pitch angles. Specifically,
the grid consists of:

1 1

steps, from 5 to
1

— 20 rotor speeds w (from 2 to 4 min~" in 1 min~
9.5 min~" in 0.5 min~! increments, and from 10 to 16 min~" in 1 min~
steps),

! steps, from 8 to

“linlms™!

— 30 wind speeds V (from 2 to 7 m s™' in 1 m s~
12.5m s~ in 0.5 m s ! increments, and from 13 to 26 m s
steps).

— 45 pitch angles 5 (from —5 deg to 4.5 deg in 0.5 deg increments and
from 6 deg to 30 deg in 1 deg increments).
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No wind shear is considered here—i.e., we assume a spatially uniform inflow.
This uniform inflow assumption arises from a limitation of HAWCStab2. In
principle, it would be possible to incorporate wind shear by generating per-
formance tables with a time-domain-based simulation tool such as HAWC2.
However, creating such a large number of required operating points would be
computationally infeasible.

Pg. 10, In. 241: "These likely unrealistic large torsional deformations. . ."
Please explain why you believe these are unrealistic deformations..

Response:

Thank you for raising this point. We added a brief explanation of why these
deformations are very unlikely to happen in steady-state operating conditions in
real-world scenarios.

Revised portion:
e Lines 261 - 265:

“ ...Under such conditions, large torsional deflections occur and, in turn,
degrade performance while reducing loads. However, these operating points,
corresponding to rotational speeds above 9 min~' and wind speeds above
13 ms~ !, lie well outside the normal steady-state operating conditions of
the IEA 15 MW RWT. Consequently, these extreme deformations are not
expected during typical turbine operation and are therefore considered unre-
alistic. ... "

Section 4, 1st paragraph: Minor point.
It would be nice to mention what Section 4.2 covers in this introduction.

Response:
Thanks for this feedback. A mention of Section 4.2 has been added here.

Revised portion:
e Lines 278 - 283:

“ This section introduces the COFLEXOpt set point optimiser, which deter-
mines optimal operational points for large, flexible wind turbines. In Sect. 4.1,
we formulate the optimisation problem for selecting set points based on tur-
bine performance metrics and then explain the structure and implementation
of the solver. Then, in Sect. 4.2 we show an illustrative example of the so-
lution of the optimisation problem for two different wind speeds. Finally, in
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Sect. 4.3, we carry out set point optimisation for different control strategies.

Page 11, In. 262: " As a consequence, the rated wind speed and operating regions
were predefined.”

This doesn’t appear to be true. In Pusch et al. 2023, Section 3.1 states that " rated
generator torque and speed are not pre-defined herein and are subject to optimisa-
tion as well... the ratio of rated generator torque and speed is determined at the
smallest wind speed where a given value of rated generator power is reached.”
Can you clarify in more detail how your approach differs from this previous study?

Response:

Thank you for raising this point. To avoid confusion with definitions of variables
used in their work, in this response, we will use Pusch et al. 2023 notations. First,
as shown in Tables 2, 3 and 4 from Pusch et al. 2023, their approach changes the
objective function and constraints based on the "detected” control region, while
in our approach, the objective function and constraints remain the same for the
entire operating range of the wind turbine. This difference has the primary effect
that the set point optimisation approach of Pusch et al. set point optimiser needs
an additional sub-routine to change the NLP definition in full load (above rated).
We acknowledge that, in some cases, the two approaches can lead to the same
results.

However, using a different NLP definition in full load has the following limitation:

e Once the full load (above rated) region is detected V' > V™ and the NLP
definition has been changed, the set point optimiser cannot freely choose al-
ternative objectives and constraints to be satisfied. In fact, when applying
the additional constraint 7 = 7", the problem reduces to finding the collec-
tive pitch angle 3* that satisfies the operating points defined by the values
(W™, V| Beot, 7). Notice that at this point, in above rated, the optimisation
problem reduces to solving a non-linear equation P (B.1) = P™. Applying
de-rating techniques (P =~ P™*4 with v < 1) or additional constraints that
are of interest for the wind energy community, for instance, a limit on the
relative velocities encountered by blade sections Vie] < Viel, 1imit Would require
a complete re-shaping of the switching sub-routines.

Since the objective functions and constraints remain the same for the entire operat-
ing range of the wind turbine, our approach allows the user to account for different
objectives, being agnostic to the operating region, and seamlessly integrate the
set-point optimiser within the controller that we defined, with the possibility of ex-
tending it to perform online set point optimisation. We added a brief clarification
of this in the following revised section.
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Revised portion:

e Section 4.1:

See the Revised portion in response to Reviewer 1 - Specific Com-
ments - 2. Objective Function.

Pg. 13, In. 310: "due to the small contribution given by the torque coefficient
term”

You explain that the weighting term w; for the torque coefficient should be small,
but how did you choose the specific value?

What value was finally used?

Response:
Thank you for your feedback. We clarified how this weighting term was chosen
and added the final value used in this work, as seen in the following revised lines.

Revised portion:
e Lines 329 - 332:

“...In the remainder of this work, we set w; = 0.01. Because the power
coefficient surface is relatively flat around its maximum in partial-load condi-
tions, this small weighting factor has a negligible impact on the optimal set
points in that region. However, it is sufficient to ensure unique solutions in
the full-load region by regularising the objective function. ... "

Pg. 16, In. 343: "where the blades pitch in to relieve thrust force”
Should this be pitch "out”? Larger blade angles (from pitching out) would lead to
lower thrust generally.

Response:

Thank you for pointing out this inconsistency. To avoid any confusion stemming
from the terms “pitching in” and “pitching out,” we have revised the manuscript
to use "pitch to stall” and “pitch to feather.” This revision ensures a clearer ter-
minology.

Revised portion:
e Lines 390 - 392:

“ ... The optimisation framework allows pitching to stall, counteracting the
effects of structural torsion on the blade and increasing the power output in
the partial load region, as shown in the generator power plot. A different trend
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is observed in the constrained strategies, where the blades pitch to feather to
relieve thrust force and facilitate the decrease in OoP tip displacement. ... "

Eq. 10:
| believe the inertia term " J” should be in the denominator of both of the fractions
on the right hand side of the first line.

Response:
Thank you for noticing the error in Eq. (10). We have updated it with the
suggested correction.

Revised portion:

e Equation 10:

pV3TR2Cp(w,V, ) B &Q
2Jw J 8
o =W — W,

V - KW,P@@ + KW,I f C@(T)dT./

W=

Pg. 19, In. 399: "able to estimate the wind speed at a steady state with a signifi-
cantly smaller error”

Can you discuss what might cause the small error in the wind speed estimates for
the Flex. 2 case?

Are there additional degrees of freedom in the simulation that aren't in the wind
speed estimator model?

Response:

Thank you for noticing this discrepancy. We double-checked the results of the
simulations that we performed to test the wind speed estimators and found an
issue in calculating the steady-state error. We fixed the calculation and modified
In. 399, and the related figure and table. An even smaller discrepancy that still
remains may be due to the flexibility of the tower, which cannot be modelled by
the linearised solver HAWCStab2 (that produces the Cp table for the WSEs) and
is active as a DoF in HAWC2 simulations.

Revised portions:
e Table 3:
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WSE Case | Model Cp table max (|ey|) at steady state
Rigid Rigid | Cp(h B) vy m ot 3.5%
Flex. 1 | Flexible | Cp(\, 8)|y—g m ot 27 2.5%
Flex. 2 | Flexible | Cp(w, V, B) 10.5%
e Figure 10:
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Figure 10. Evaluation of wind speed estimation accuracy with different WSE
configurations. Percentage error in estimated wind speed (e ) as a function of actual
wind speed during a simulation with uniform wind steps ranging from 3 to 11 metres per
second. Data points represent the average of the final 100 seconds of each wind step
after reaching steady state. The Flex. 2 results, obtained using HAWC2 simulations for
the IEA 15 MW RWT, demonstrate the improved accuracy of using the
three-dimensional C'p(w, V,B) table to reduce estimation errors in the partial load region.

10. Pg. 21, In. 423:
To match the description of the feedback pitch command in this sentence, you
could state that when e, > 0, AQ, rp should similarly be negative to accelerate
rotor speed.

Response:
Thanks for your feedback. We added the suggested statement to help clarify the
sign of the feedback term.

Revised portion:
e Lines 479 - 481:

“ ...where the two gains for the generator torque contribution Kpg and
K1q must be defined so that AQ, rp < 0 leads to acceleration of the rotor
rotational speed when e, >0, ... "
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Eq. 17:
Is Bmax also 30 degrees in this case?

Response:

Thank you for raising this point. Yes, the value we used for " normalisation” in this
formula was the same as in the previous sections. We added a comment clarifying
this in the revised manuscript.

Revised portion:
e Lines 496 - 499:

“ ... where Qg ratea and [max represent the upper saturation limits of the
generator torque and collective pitch angle, respectively. In contrast, the

~

function j(V') represents the lower varying saturation limit for the collective

~

pitch angle. We developed a new methodology to obtain j(V). ...

Pg. 23, In. 447: "producing stable operating points for the wind turbine in the
full load region”

Please explain how this choice of j(V') produces operating points that are "stable”
and how this differs from the strategy used by Abbas et al. 2022.

How would the stability compare to other simpler choices of j(V), such as setting
it equal to the pitch angle at the rated wind speed?

Response:

Thank you for raising this point. First, as already noticed in the answer to the
Reviewer 1 on this point, the strategy used by Abbas et al. 2022 seems to lead to
similar results to what we obtained (see their Fig. 9 (a), orange line and our Fig.
13, blue and orange dashed lines). Nonetheless, in their work, it is unclear how
these schedules were obtained. When we mention that these points are stable, we
mean that in case of a transient situation in which the turbine finds itself operating
at (w*,v, Bmin(V)) the blades would still operate in non-stalled conditions, thus
avoiding aerodynamic instabilities due to stall. Moreover, thanks to how we defined
the reduced optimisation of Eq. (18), operating at the minimum pitch schedule
would still lead to compliance with the non-linear constraints. This would not be
true if j(V') could be set to the pitch angle at the rated wind speed. To clarify this
point we revised Sect. 5.3 (see answer to first reviewer).

Revised portion:

e See the Revised portion in response to Reviewer 1 - Specific Com-
ments - 5. Saturation Schedules.
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15.

Pg. 23, In. 455: "In the partial load region, Awpias, = 0 and Awpias < 0"

Is there a sign error somewhere in Eq. 16 or 197

Otherwise | think Awy,i,s would only be negative in the partial load region if the
gain Ky, is negative (I'm assuming you intend for the gains to be positive values).

Response:
Thanks for noticing this inconsistency. Eq. (16) has indeed an error. We revised
it so that it would lead to positive values when used in the set-point smoother.

Revised portion:
e Eq. (16):

Qg, rated — Qg

AWbiasl - Q .
g, rate

Pg. 24, In. 464:
How did you design this low-pass filter? What cut-off frequency was used?

Response:

Thank you for raising this point. We employ a discrete-time version of a first-
order low-pass filter to remove high-frequency components from the Awy;as signal.
Because we want the set-point smoothing technique to behave similarly to that
described for the IEA 15 MW RWT in Abbas et al. (2022), we use the same
cut-off frequency (0.27 rad/s) specified in the publicly available repository of the
IEA 15 MW RWT (Servodyn input file ‘/EA-15-240-RWT-Monopile_DISCON.IN")
We have clarified this detail in the revised manuscript accordingly.

Revised portion:
e Lines 521 - 522:

“ ... The signal Awy;.s is also low-pass filtered to prevent high-frequency
oscillations. In particular, we used a discrete-time first-order filter with a cut-
off frequency of 0.27 rads™!. ... *“

Fig. 15:
Can you explain why there is an underestimation bias in the estimated wind speed?
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Response:

Thank you for this feedback. Our controller relies on a torque-balance wind speed
estimator (WSE), which uses a look-up table of the power coefficient calculated
at steady state. Even though this estimator performs well on average (and shows
very low errors at steady states), we observed some discrepancies between the
estimated values and the true ones in our time-domain simulations. We believe
that this discrepancy arises from several factors:

e the time-domain simulations performed in HAWC2 include dynamic effects
and DoFs that the rather simple single DoF aerodynamic model in the WSE
does not capture;

e the dynamic performance of the WSE depends on the combined tuning/calibration
of the estimator and controllers and the set-point smoothing technique;

e noise in the signals that are input to the WSE.

To improve the readability and clarify the scope of Fig. 15, we modified the WSE
and controller tuning and re-ran the simulation for Fig. 15. The fixes include:

e Re-tuning of the WSE and controllers;
e Low-pass filtering of the feedforward control signals Q; ep(V) and Bip(V);

e Correcting a post-processing issue in Fig. 15(d) that had introduced the wrong
scaling for e, €/, and Awp;as.

We have revised the figure and its discussion accordingly in the updated manuscript.

Revised portions:
e Lines 558 - 585:

“ ... To observe this transition in detail, we have extracted a 40-second seg-
ment from a 1000-second simulation carried out with a turbulent wind field
and wind shear, capturing the moment when the rotor’'s average wind speed
crosses the rated wind speed. Figure 15 (a) compares the rotor-average wind
speed (light grey) with its corresponding estimate (dark grey). Overall, the
two signals align well, though the estimated value shows some high-frequency
oscillations that likely stem from noise in the WSE input signals and the cal-
ibration of the WSE. Brief discrepancies also occur (e.g. near t ~ 510s),
which may be attributed to dynamic effects or degrees of freedom not cap-
tured by the internal model used in the WSE. To prevent the high-frequency
oscillations from directly exciting the actuators, we apply a first-order low-
pass filter with a cut-off frequency of 0.57 rads™! to the feedforward inputs.
Figures 15 (b) and (c) show, respectively, the feedforward pitch and torque
commands scheduled on the true rotor-average wind speed (light grey), on the
estimated wind speed (dark grey), and the actual controller outputs (green).
Up to t = 5055, the turbine remains in partial-load operation: The collective
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pitch angle closely follows the feedforward command, which in turn tracks
the ideal feedforward value reasonably well. Near ¢ = 5055, the generator
torque saturates (Fig. 15 (c)) to maintain rated power. At that moment,

the estimated wind speed in Fig. 15 (a) reaches around 10.7ms

~1 matching

the expected rated condition. Figure 15 (d) illustrates how the set-point bias
Awpias (blue) ensures a smooth transition from torque to pitch control. Before
t = 5058, the bias is negative, keeping the collective pitch angle saturated at
its lower limit and allowing the torque controller to be active. As the system
approaches rated, the bias crosses zero and effectively drives the generator
torque into saturation, activating the collective-pitch controller. This grad-
ual shift avoids abrupt changes in control action and demonstrates that the
combined feedforward-feedback strategy can successfully handle transitions
to full-load operation, even under turbulent inflow. Finally, while the overall
dynamic performance is satisfactory, further gain scheduling or fine-tuning of
the WSE and PI loops could improve transient behaviour and reduce any re-
maining high-frequency pitch or torque activity.. .. "

e Figure 15
(a) (b)
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Figure 15. Quantities extracted from a time domain simulation of the IEA 15 MW RWT
with turbulent wind and wind shear, performed in HAWC2 with the implementation of
the novel control scheme, showing the behaviour of control inputs and set-point
smoothing technique values near the transition from partial load to full load. The vertical
dashed line at ¢t ~ 505 s marks the transition from generator torque control to collective
pitch control in the full-load region. (a) Rotor-average wind speed (light grey) and
estimated wind speed (dark grey). (b) Ideal feedforward collective pitch angle scheduled
on the actual rotor average wind speed (light grey), feedforward scheduled on the
estimated wind speed (dark grey), and the controller pitch command (green). (c) Ideal
feedforward generator torque scheduled on the actual rotor average wind speed (light
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17.

grey), feedforward input scheduled on the estimated wind speed (dark grey), and the
actual generator torque command (green). (d) Rotational-speed error e, (black), biased
error e/, (red), and the set-point smoothing technique bias Awpi,s (blue).

Fig. 15b:

There is a considerable high-frequency component in the blade pitch feedforward
signal (and the torque setpoint too) stemming from the high frequencies in the
estimated wind speed. Can you please discuss where this comes from, and is it
problematic?

The oscillations in the pitch angle could potentially increase damage to the pitch
actuators. What improvements could be made to reduce the high-frequency com-
ponent of the estimated wind speed?

Response:

Thank you for the feedback. We acknowledge that the high-frequency oscillations
in the pitch and torque feedforward signals largely stem from the WSE. Because
the WSE's internal model does not capture all of the degrees of freedom present in
the HAWC2 simulations, the estimator can misinterpret unmodeled high-frequency
oscillations with actual changes in the wind speed. When used for feedforward
control, these high-frequency signals might lead to pitch and torque actuator wear.
As an initial measure, we have added filters on the feedforward signals to remove
most of the high-frequency components. For Fig. 15, we re-ran the simulations
with these additional filters, and we observed a significant reduction in pitch high-
frequency oscillations. We do note that simply filtering the feedforward signals does
not entirely resolve the underlying issue. In future work, we plan to: refine the WSE
model, analyse the WSE bandwidth and improve the overall control tuning.
These steps will aim to understand the root causes of high-frequency content in
the WSE. However, for this study, the introduced feedforward filtering has proven
sufficient to reduce the oscillations, as shown in the revised simulation results.

Revised portion:

e See answer to 15.

Fig. 15d:

e, is consistently negative across the 20 seconds of the simulation. This sug-
gests that the combined pitch and torque control strategy is regulating rotor speed
poorly. Can you discuss this?

I'm also surprised that the difference between e, and €, is so small. Given that the
difference is tiny compared to the magnitude of the rotor speed error, how does
this meaningfully impact the setpoint switching?

Response:
Thank you for noticing the inconsistency. The authors double-checked the post-

Page/of 22/29



Date March 21, 2025

Our reference n/a

Page/of 23/29

18.

19.

processing of the data producing Figure 15, where we noticed an error in the
calculations of the quantities shown in subplot (d). After revisiting Figure 15 and
the post-processing script, the three lines shown in subplot (d) show the correct
values.

Revised portion:

e See answer to 15.

Fig. 15:
Minor point, but in the first sentence of the caption it might be clearer to describe
the variables in the order they're shown in the subplots.

Response:
Thank you for this feedback. The caption of Figure 15 has been revised as shown
in the previous answer.

Revised portion:

e See answer to 15.

Pg. 28, In. b27:
"a discrepancy in the steady-state blade deflection calculation for HAWC2 and
HAWCStab2": Could you simply use HAWC2 for the steady-state calculations?

Response:

Thank you for this feedback. In line 527, we are comparing the steady-states
of a time-domain simulation with wind steps performed with the new controller,
with the prescribed set-points (obtained using COFLEXOpt), which are optimised
based on steady-states quantities coming from HAWCStab2. The rationale behind
the choice of HAWCStab2 (linearised aeroelastic solver) for the steady-states to
be used in the set-point optimiser lies in its computation time. To evaluate the
same steady-states with a time-domain-based solver (like HAWC2) would require
considerably higher computation time. In cases of using the set-point optimiser
inside an outer optimisation loop (for example, for co-design), it would result in
extremely high computation times. We clarified this in Pg. 5, In. 126 - In. 128

Revised portion:
e Lines 126 - 129:

“ ...Secondly, it provides a very fast computational time, which is crucial
for evaluating performance across thousands of operating points that result
from the combination of the three independent variables: rotational speed,
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wind speed and collective pitch angle, with sufficiently fine resolution. Hence,
this tool offers a good trade-off between calculation accuracy and computa-
tional cost for operating-point evaluations. ... "

Section 6.2:

It would strengthen the results of the paper to compare the controller performance
in turbulent wind conditions to the performance of the simpler reference controller.
For example, although the steady state results show improvements compared to
the reference controller, how do the power and tip displacement compare in more
realistic turbulent conditions between the novel controller design and the reference
controller?

Response:

Thank you for this feedback. We complemented the discussion with an additional
figure showing the differences in median values of tip displacement and generator
power (normalised w.r.t. to the reference) in turbulent conditions for the four
strategies. We also added a brief comment as follows.

Revised portions:
e Lines 691 - 700:

“ ... Figure (20) compares the median values of OoP tip displacement (top
panel) and generator power (bottom panel), both normalised by the reference
strategy, for the new strategies across wind speeds from 5 to 15 metres per
second. For Case 1 and Case 2, we observe that the generator power increases
by approximately five percentage points relative to the reference at the ex-
pense of higher tip displacements in the partial load region. In particular,
Case 1 shows OoP tip displacements as much as 30% above the reference at
rated wind speed, which aligns with the prescribed operating points. In Case
2, the displacement constraint is active around 10 ms™!, as indicated by the
orange bars converging toward unity in the top panel near 11 ms~!. Case
3 follows a similar pattern at lower wind speeds (below 8 ms™'), but the
tighter constraint on tip displacement results in values around 25% below the
reference near the rated wind speed, and a corresponding lower power output
in that range. All three cases behave similarly to the reference controller in
full-load operations. Overall, these trends confirm that the set points derived
via COFLEXOpt can be effectively tracked in turbulent inflow scenarios.

e Figure 20
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Figure 20. Median OoP tip displacement (top) and generator power (bottom), both
normalised by the values obtained with the reference strategy for each wind speed bin
across wind speeds of 5 to 15 ms~!. Bars represent 10-second median values obtained
from six 600-second HAWC2 simulations under realistic turbulence, grouped in 1 ms™!
bins. The reference strategy values (unity) are shown in grey, while Case 1 (blue), Case 2
(orange), and Case 3 (yellow) bars represent the values obtained with the new strategies.
In Cases 1 and 2, power increases relative to the reference, but tip displacements rise by
up to 30% in partial-load operation. Case 3 exhibits a 25% reduction in tip displacement
near rated wind speed, associated with generally lower generator power.

21. Section 6.2:
Please mention what amount of wind shear was included in the turbulent simula-
tions.

Response:
Thank you for this feedback. We included a mention of the wind shear character-
istics that were used in the simulations.

Revised portion:
e Lines 646 - 647:

“ ...Additionally, a power-law vertical wind shear was applied with an ex-
ponent of 0.2. ... "

22. Pg. 28, In. 555: " This consistent, positive bias..."
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Could the presence of wind shear cause this positive bias?
For example, shear might lead to higher turbine power than predicted by a simple
rotor average of wind speed used for comparison.

Response:

Thank you for highlighting this issue. Our wind speed estimator relies on a torque-
balance approach, which uses the balance between measured generator torque and
estimated rotor torque to derive the wind speed. The rotor torque is a non-linear
function of wind speed; recall the following equation, which is used in the WSE.

Q _ PVgWRQCP(Wa V, B)
' 2Jw

For the calculation of the actual rotor average wind speed V/, it is important to
realize that different sections of the blade do not contribute equally to the overall
rotor torque. This means that, under wind shear and turbulent conditions, the
wind speed that contributes to producing the rotor torque is, in general, different
from the rotor average wind speed.

When using a global estimate of the rotor torque, our WSE is averaging (V) over
the rotor area, exceeding (7)3, causing the estimator to interpret the rotor as if it
were experiencing a higher uniform wind speed.

These considerations lead to the conclusion that when wind speed is not uniform
over the rotor disk, our WSE estimates a quantity that is slightly different from
the rotor average wind speed that we use as a reference. However, this bias does
not compromise the performance of the controller. In practice, the control scheme
should track set points based on this effective wind speed, and COFLEX set-point
mappings and feedforward inputs depend precisely on that quantity (estimated by
the WSE). We also note that the small discrepancies between median values and
prescribed set points likely arise because we binned results by rotor average wind
speed. Although further studies could use the rotor effective wind speed output
from HAWC2 (noting that its definition requires particular care, as stated in the
manual), such an investigation lies beyond the scope of this work. We revised the
new manuscript accordingly.

Revised portion:
e Lines 662 - 671:

“ ... This consistent, positive bias was not observed in previous analyses and
is likely driven by local wind speed fluctuations due to wind shear and turbu-
lence. Our wind speed estimator uses a torque-balance approach, matching
the measured generator torque to an estimated rotor torque, recalling the
system of Eq.(10). Under wind shear and turbulence, the contribution of
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blade sections to the total torque depends on the local velocities. Hence, the
effective wind speed which produces the rotor torque differs from the arith-
metic mean across the rotor disk. As a result, the WSE estimates an effective
wind speed that differs from the rotor average wind speed, which is used as a
reference here. However, this bias does not degrade the performance of the
controller. In a practical scenario, the controller must adapt to this effective
wind speed; the control scheme of COFLEX still holds, as our set-point map-
pings and feedforward inputs rely on precisely this torque-based wind speed
estimate.

e Lines 673 - 675:

“ ... These differences can be largely attributed to the bias between the es-
timated wind speed and the rotor average wind speed resulting from the
simulator used for binning. This directly impacts the feedforward component
in the control loop, especially at low wind speeds.

e Lines 723 - 726:

“ ... Despite a slight wind speed estimation bias, which may be attributed to
the difference in the estimated effective wind speed and rotor average wind
speed, the controller maintained tracking of rotor speed, generator torque,
and collective pitch angle under turbulent conditions.

Pg. 29, In. 563: "the expected constraint on the median value of the OoP tip
displacement is satisfied with a deviation of less than 1%".

For OoP tip displacement, | would think the maximum value would be more impor-
tant than the median within a wind speed bin (since even one tower strike would
cause damage). Is the median value a relevant way to judge the tip displacement
here?

Response:

Thank you for this valuable observation. We agree that, from a tower-strike per-
spective, the maximum out-of-plane tip displacement is of critical importance.
However, the maximum displacement is primarily driven by transient effects (e.g.,
controller tuning and dynamic wind conditions). Consequently, imposing a hard
limit on the maximum displacement would require a different control architecture
(e.g., advanced IPC or MPC) that can explicitly predict and mitigate such ex-
tremes—beyond the scope of our current work.
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Nonetheless, to address the probability of exceeding a safe maximum value, one
could extend our steady-state constraint by incorporating a precomputed variance
around the median displacement. Our median-based constraint in COFLEXOpt
could be augmented to ensure that the maximum displacement remains within an
acceptable safety margin. We have added a brief comment on this in the revised
manuscript.

Revised portion:
e Lines 679 - 686:

“ ... While constraining the steady-state OoP tip displacement helps reduce
average deflection levels, more advanced control techniques remain necessary
to mitigate the transient effects that drive the maximum values—and thus
the tower-strike risk. Consequently, imposing a strict limit on the maximum
displacement would require a different control approach, such as online set-
point optimisation (Petrovi¢ and Bottasso, 2017) or advanced individual pitch
control (Liu et al., 2022), which can explicitly predict and counteract such
extremes. Nonetheless, to address the safety margin in a stochastic way, one
could modify the constraint in COFLEXOpt by incorporating a precomputed
variance around the median displacement. This would allow designers to en-
sure, a priori, that the probability of exceeding the maximum allowable OoP
tip displacement remains within an acceptable margin.

Section 7:

This is impressive work, but it would be interesting to briefly summarize ideas for
improvements to the control strategy for future work. For example, could the con-
troller be designed to better handle different amounts of wind shear?

How could the controller be combined with IPC to better reduce maximum tip
displacement?

Could the wind speed estimator be improved to reduce the high-frequency ripple
in the estimates?

Are there ideas for reducing the bias in the wind speed estimator?

Response:

Thank you for this feedback. We have briefly summarised the capabilities of online
set-point optimisation (which is a natural development of COFLEX) for potential
improvements and future work in the conclusions. Because the conclusions are
already fairly long, we kept this addition concise—and have instead addressed
specific improvements (for example, related to the WSE) in the paragraphs where
they are most directly relevant.
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Revised portion:
e Lines 734 - 736:

“ ...Looking forward, this framework could be leveraged for the co-design
of large, flexible wind turbines, integrating structural and control variables
from the earliest design stages. Additionally, the control scheme of COFLEX
can be adapted to perform online set-point optimisation to limit the maximum
values reached in dynamic situations—such as wind gusts—that can suddenly
increase out-of-plane tip displacement. “
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Abstract. Large-scale wind turbines offer higher power output but present design challenges as increased blade flexibility
affects aerodynamic performance and loading under varying conditions. Although flexible structures are considered in terms
of (periodic) load control and aerodynamic stability, the impact of flexibility on the aerodynamic response of the blades is
currently not fully addressed in conventional control strategies. The current state-of-the-art control strategy is the tip-speed
ratio tracking scheme, which aims to maximise power production in the partial load region by maintaining a constant ratio
between blade velocity and wind speed. However, this approach fails under large deformations, where the deflection and struc-
tural twist of the blade impact aerodynamic performance. This work aims to redefine the state-of-the-art wind turbine control
with COFLEX (COntrol scheme for FLEXible wind turbines): a novel feedforward-feedback control scheme that leverages
optimal operational set points computed by COFLEXOpt — a set point optimiser considering the effects of blade deformations
on the aerodynamic performance and turbine loading. The proposed combined strategy consists of two key modules. The first
module, COFLEXOpt, is an optimisation framework that provides controller set points while allowing constraints to be im-
posed on various operational, structural, and load properties, such as blade deflection and other structural loads. Set points
obtained using COFLEXOpt are agnostic to operating regions, meaning that the operating region boundaries are optimised
rather than prescribed. The second module is a feedforward-feedback controller and uses the set point mappings generated
with COFLEXOpt, scheduled on wind speed estimates, to evaluate feedforward inputs and feedback to correct modelling in-
accuracies and ensure closed-loop stability. A set point smoothing technique enables smooth transitions from partial to full
load operations. The IEA 15 MW turbine is used as an exemplary case to show the effectiveness of COFLEX in maximising
rotor aerodynamic efficiency while imposing blade out-of-plane tip displacement constraints. An analysis of the steady state
optimisation results shows that accounting for blade flexibility leads to variable optimal tip-speed ratio operating points in
the partial load region, and the collective pitch angle can be used to counteract blade torsion, maximising power coefficient
while complying with imposed constraints. The established controller, tailored to track these optimised set points and operating
points, was evaluated through time-marching mid-fidelity HAWC2 simulations across the entire operational range of the HEA:

+5-MW-RWTIEA 15 MW RWT turbine. These simulations, performed under uniform and turbulent wind inflows, demonstrate
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excellent agreement between optimised steady states and median values obtained from HAWC?2 simulations. Furthermore, the
generator power shows an increase of up to 5% in the partial load region compared to the reference scheme while maintaining

blade deflection at a similar level.

1 Introduction

While the European and international renewable energy targets for 2030 and 2050 provide an important framework for the
future development of wind energy (IEA, 2023), the drive for larger, multi-MW wind turbines is primarily motivated by the
ongoing efforts to reduce the cost of energy. This push is especially pronounced in the offshore wind sector, where the high costs
associated with installation favour the selection of larger turbines (Liang et al., 2021). However, enlarging components while
simultaneously aiming to keep costs low presents a significant challenge for wind turbine designers and manufacturers (Ja-
nipour, 2023). Cost-effective large structures become highly flexible, and turbines with higher power ratings are inherently
subject to higher loads (Sieros et al., 2012), coming from wind, inertia, and even sea waves in offshore installations (Veers
et al., 2023). These loads deform the structures, such as the turbine tower, but in particular, the blades. In contrast to stiffer,

smaller-scale turbines, blade flexibility heavily impacts aerodynamic and mechanical performance and results in complex sys-

tem dynamics (Pagamonci et al., 2023). Passive design techniques such as pre-coning, pre-bending, and bend-twist coupling
can mitigate some of these effects by modifying the geometrical and structural properties of the rotor. For instance, while
pre-coning and pre-bending can increase blade-to-tower clearance and increase the maximum swept area when the turbine is
Sartori et al., 2018
- Nonetheless, these structural measures remain complementary to advanced active control, which can further optimise energy.
capture and help decrease loads (Bortolotti et al., 2019). Extensive studies on aeroelastic interactions have led to structurally

feasible designs (Wang et al., 2016; Rinker et al., 2020; Escalera Mendoza et al., 2023) and the commercialisation of large

operating at its rated condition, bend-twist coupling can be used to reduce aerodynamic loading passivel

wind turbines with rated power reaching up to 20 MW (GE Renewable Energy, 2024; Vestas, 2024; Siemens Gamesa, 2024;
Memija, 2024) has demonstrated that scaling-up challenges can be successfully addressed. Concurrently, joint research teams
have designed bleeding-edge reference wind turbines (RWTs) for the wind energy community, pushing the rated power up to
22 MW (Zahle et al., 2024).

Conventional turbine controller designs drive the system to optimal operating points derived from steady-state calculations
which, in the partial load region, often assume an optimal constant tip-speed ratio and fixed collective pitch angle set point to
maximise power production (Hansen and Henriksen, 2013; Brandetti et al., 2023). An example of this approach is implemented
in the ROSCO controller, which employs tip-speed ratio tracking for generator torque control, aiming to maximise power
capture in the partial load region (Abbas et al., 2022). An even simpler approach is represented by the Kw? controller, which
sets the generator torque in the partial load region proportional to the square root of the rotor speed via a constant gain K (Pao
and Johnson, 2011). This approach, while still effective for present-day wind turbines (Brandetti et al., 2023), is also limited

by its dependence on an assumed power coefficient curve.
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In fact, flexible blades of large wind turbines are subjected to heavy loads and undergo significant deformations, causing
blade sections to deflect and twist from their unloaded positions (Trigaux et al., 2024). These structural changes alter the
relative angle of attack experienced by the individual blade sections, which in turn affects the aerodynamic performance of the
rotor.

While TSR-tracking and K w? control schemes have been successful in research and industrial turbines over the past decades,
our work proposes a novel and combined set point optimisation and feedforward-feedback controller strategy to address the
increased structural flexibility of next-generation turbines. Since the tip-speed ratio is the ratio between the blade tip speed and
incoming wind speed, the same value for the tip-speed ratio can result from different combinations of wind speed and rotational
speed, each producing different loading conditions. Hence, the effects of deformations are not captured when performance is
parameterised solely by this quantity. Therefore, when considering the performance of larger, more flexible wind turbines,
constant tip-speed ratio-based control strategies should be reconsidered. Instead, rotor and wind speed, which compose the
tip-speed ratio, should be treated as independent variables in future control strategies. Moving away from constant tip-speed
ratio assumptions allows us to explore control in a three-dimensional space, where rotor speed, wind speed, and collective pitch
angle are considered independently to better account for the-turbine’s-flexible-behaviour-flexible behaviour of the turbine.

To determine the optimised set points schedules, this work follows the emerging trend of calculating operating points by
formulating the definition of steady-state set points as a nonlinear optimisation problem, with rotational speed and collective
pitch angle as decision variables scheduled on wind speed (Pusch et al., 2023). Another example of implementing a vari-
able steady-state schedule for the collective pitch angle in the partial load region was demonstrated in the recently published
IEA 22 MW RWT design report (Zahle et al., 2024). In the IEA 22 MW RWT, the controller adjusts collective pitch angle set
points in the partial load region with the two-fold objective of maximising the aerodynamic performance of the blades and
ensuring peak-shaving of thrust. However, the concept of a variable optimal tip-speed ratio is not addressed, and details of the
framework used to calculate the schedules have yet to be disclosed. An earlier example of deriving schedules for the steady-
state operating points was provided by Bottasso et al. (2012). Set points were optimised for a representative 3 MW turbine to
constrain the blade tip speed in the near-rated region, and an LQR controller was employed to perform power tracking. More
recently, Petrovi¢ and Bottasso (2017) demonstrated that an optimal control employing online updates of power reference set
points could be designed on top of a conventional controller to alleviate loads.

In this work, we advance state-of-the-art control for large-scale wind turbines by introducing the COFLEX scheme, which
optimises turbine performance across the entire operational range while accounting for blade flexibility. Unlike conventional
approaches that assume a unique optimal tip-speed ratio and fixed collective pitch angle, COFLEX leverages a set point
optimisation framework (COFLEXOpt) to calculate schedules for the desired rotor speed and collective pitch for every wind
speed, according to a constrained optimisation problem. This approach eliminates the need to predefine operating points for
transitions between partial and full load regions, as the boundary between regions is optimised rather than fixed. Furthermore,
COFLEXOpt enables the formulation of a constrained optimisation problem, allowing for the inclusion of specific constraints

on various quantities, such as blade deflection and other structural properties.
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Finally, we developed a feedforward-feedback controller to track the optimised set points. We based our performance cal-
culations on representations of performance in a three-dimensional space where the rotational speed, the wind speed and the
collective pitch angle are the independent variables. The implications and efficacy of the COFLEX scheme are demonstrated
on the highly flexible IEA 15 MW RWT (Gaertner et al., 2020), where it achieves improved rotor power capture compared to
the baseline control strategy, while ensuring compliance with load and deflection limits to maintain structural integrity.

Thereby, the key novelties and contributions of this paper are:

— Providing a set point optimisation scheme called COFLEXOpt calculating eptimal-set points over the complete turbine
operating range using one optimisation problem, adhering to operational and structural load constraints, and without the

need for explicit definition of the partial to full load transition point;

— Improving the accuracy of rotor-effective wind speed estimation by decomposing the dependency of power coefficient

information from tip-speed ratio to rotor speed and wind speed;

— Proposing a feedforward-feedback controller using and tracking the COFLEXOpt optimised set points, satisfying and

adhering to the constrained optimisation objective(s);

— Demonstrating the capabilities and performance advantages of the proposed COFLEX in a higher-fidelity simulation

environment using realistic wind conditions;
— Sharing COFLEX in a publicly available and freely-accessible online repository (Lazzerini et al., 2024).

This paper is organised as follows. Section 2 presents an overview of COFLEX. Section 3 provides the flexible model calcula-
tions used in the controller and a comparison with rigid model calculations to highlight the effects of flexibility on performance
and to understand the importance of considering flexibility in the control problem. Section 4 defines the set point optimisa-
tion framework, named COFLEXOpt, with results of steady-state calculations. Section 5 exposes the improvements to the
wind speed estimator scheme and the details of the novel controller scheme and Sect. 6 demonstrates the capabilities of the
novel control scheme in step-response and realistic wind conditions through time-domain simulations. Finally, conclusions and

possible future developments are outlined in Sect. 7.

2 Overview of COFLEX

This section provides a comprehensive overview of the novel control scheme. We briefly introduce the key elements of the con-
trol architecture, describing how each component contributes to the overall scheme. Figure 1 offers a graphical representation
of the paper’s structure and main components of the control scheme.

As seen in Fig. 1, we start by calculating the steady states of wind turbine operating points in a three-dimensional space. The
steady-state operating points need to be expressed as functions in a three-dimensional space, in the form " f (w,V, 8)", where

w is the rotational speed, V' is the wind speed and S is the collective pitch angle.
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Figure 1. Schematic representation of the development of COFLEX, with indications of the main topics for each section of this manuscript.
The steady-states calculation (Sect. 3) of performance is used as inputs to COFLEXOpt (Sect. 4). The optimised set points are tracked

through a controller scheme (Sect. 5), which was validated with time-domain simulations (Sect. 6).

For this purpose, we use a flexible IEA 15SMW RWT turbine model in HAWCStab2; this turbine was selected for its present-
day relevance with modern turbines currently commercialised (GE Renewable Energy, 2024; Vestas, 2024) and because it is
deemed to have a representative level of blade flexibility of such turbines. HAWCStab2 is an aeroelastic tool which solves the
linearised dynamic equations of Blade Element Momentum Theory (BEMT) to calculate aerodynamic loads and implements an
iterative process to account for deformed structures (Hansen, 2011). This tool was chosen for different reasons: First, it can take
into account large deformations of blades and structural couplings such as bend-twist in the loads calculations (Stéblein et al.,
2017). Secondly, it provides a very fast computational time, which is crucial for evaluating performance across thousands

of operating points that result from the combination of the three independent variables: rotational speed, wind speed and

collective pitch angle, with sufficiently fine resolution. Hence, this tool offers a good trade-off between calculation accurac

and computational cost for operating-point evaluations.
Next, the post-processed performance data from the steady-state calculations serve as input to our set point optimisation

framework. This framework operates within the Matlab-CasADi environment (Andersson et al., 2019), which implements the
formulation and manipulation of symbolic functions and optimisation algorithms. Three-dimensional B-spline function inter-
polators of turbine performance metrics were used in the optimisation problem. COFLEXOpt is able to solve a constrained
optimisation problem in the entire operating range of a wind turbine, providing optimised set points without prescribing oper-
ating regions. The constraints can be set to reflect design requirements.

Once the set points are obtained by solving a numerical optimisation problem for the entire operating range of a wind
turbine, they are used as inputs to the controller. We have developed a novel feedforward-feedback controller that utilises both
generator torque and collective pitch angle to track the set points. The feedforward contributions, derived from COFLEXOpt
mappings, are functions of the estimated wind speed. The feedforward control is implemented to accelerate the achievement

of the prescribed steady states such that the controller relies less on feedback to attain the desired operating point.
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The feedback control component uses proportional-integral (PI) controllers to correct deviations from the optimised set
points. A switching logic is implemented to allow for the alternate activation of the generator torque controller (active in the
partial load region) and the collective pitch angle controller (active in the full load region) based on a set point smoothing
technique adapted from the works of Schlipf (2021) and Zalkind et al. (2021). This technique forces the inactive controller to
reach its saturation limit, preventing interference with the active controller and ensuring smooth operation under varying wind
conditions.

A critical aspect of the feedforward control is its reliance on accurate wind speed estimation (Schlipf (2016) uses LiDAR
measurements for feedforward control). In our work, the control system continuously estimates the wind speed to update the
feedforward contributions accordingly. The wind speed estimator (WSE) used here is a modification of the immersion and
invariance (II) estimator, first introduced in Ortega et al. (2011) and further developed in Liu et al. (2022b) and Brandetti et al.
(2022).

We demonstrate the effectiveness of the control strategy on the IEA 15 MW RWT through a series of time-domain simula-
tions carried out in the mid-fidelity aeroelastic code HAWC?2 (Larsen and Hansen, 2007). These simulations, including both
uniform wind steps and realistic turbulent wind conditions, demonstrate the control strategy’s working principles, robustness,

and efficacy in accurately tracking predefined operating points.

3 Effects of flexibility on steady-state performance of the IEA 15 MW RWT

In this section, we show how flexibility affects the steady-state power and thrust coefficients of the IEA 15 MW RWT. In
Sect. 3.1, we will establish quantities to represent the wind turbine performance, which is the foundation for conventional
controllers and - in an extended form - for the novel scheme. Section 3.2 presents the limitations of conventional tip-speed
ratio tracking, which fails to account for structural deformations. Finally, we compare different performance metrics evaluated
with rigid and flexible blade models, highlighting the significant performance variations induced by structural flexibility and

the need for an optimised control scheme that incorporates these effects.
3.1 Fundamental wind turbine relations

First, we define the non-dimensional mechanical power coefficient as:

P

Cp=+—-—,
P %pV37TR2

e))

where P is the rotor mechanical power (W), V is the rotor averaged wind speed {ms—}(ms_!), R is the blade radius (m)
and p is the air density {ke-m—2}(kgm ?). Note that we refer to the wind speed here as the spatial average of the longitudinal
component of the atmospheric wind field at the rotor plane when unaffected by the presence of the wind turbine (see defini-
tion in Larsen and Hansen, 2007). In wind turbine design and analysis, non-dimensional parameters like C'p are essential in

evaluating wind turbine performance, as they provide a universal metric for comparing different turbines operating at various
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conditions. As

We also introduce the torque coefficient as:

Q

— 2
%pV27TR3’ ()

Cq

where () is the torque exerted on the rotor by the wind. The tip-speed Ratio-ratio (TSR) is defined as the ratio between the
tangential speed at the tip of the blade and the wind speed, as:

wR

calculated from the rotational speed of the rotor w. From Eqs. 1 and 2, we get the proportionality between the power and torque

coefficients as follows:
Cp=XCq. 4)

Finally, we define the thrust coefficient to represent the force perpendicular to the rotor plane:

T

Cr=——,
r %pVQWRQ

)
where T is commonly known as thrust.
3.2 Decomposing the tip-speed ratio

In conventional controllers, the WSE and most gain-scheduling and peak-shaving routines are dependent and often calibrated
using performance information where each entry is a function of A and the collective pitch angle 3, i.e. functions in the form
"F(AB)".

Moreover, optimal tip-speed ratio tracking control schemes are based on a constant A set point in the partial load region,
which, to date, has been deemed to lead to optimal power extraction. The tip-speed ratio has effectively been used to define the
aerodynamic state of reasonably rigid wind turbines. In fact, the aerodynamic performance is determined by the geometry of
blade sections and angle of attack distribution, assuming Reynolds and Mach number variations are negligible (i.e., ignoring
viscosity and compressibility effects on section aerodynamics). For a rigorous explanation, the reader is referred to the results
of BEMT (Hansen, 2010).

However, when loads deform the blade shape and, consequently, the geometry of the sections, aerodynamic performance is
altered. This variation is not captured by the tip-speed ratio alone because the same value of the tip-speed ratio may correspond
to different combinations of V' and w. Due to blade flexibility, the traditional use of tip-speed ratio to parameterise the per-
formance of wind turbines becomes inadequate. Consequently, it is necessary to parameterise the aerodynamic performance
coefficients using three arguments, i.e. decomposing A into its components w and V.

Two discrepancies with the actual aeroelastic behaviour of wind turbines arise when using aerodynamic performance coef-

ficients parameterised on the tip-speed ratio for the design of conventional controllers:
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1. The tools used for performance calculations may not account for structural flexibility primarily in the form of blade
deformations, neglecting the effects of such deformations on aerodynamic behaviour, as already noted in Abbas et al.
(2022).

2. The Cp look-up tables are often calculated by fixing the wind speed to a reference value Vit representing the average

or rated atmospheric condition for the turbine, and varying the rotational speed, resulting in a Cp(\,3)

v, surface.
This assumes that the wind turbine performance is unaffected by variations in loading and Reynolds number, which can
change with different wind speeds. As suggested in Bottasso et al. (2012), a possible solution is to incorporate a third

dimension when calculating C'p look-up tables.
3.3 Aerodynamic performance evaluation using rigid and flexible blade models

To illustrate the discrepancies mentioned above, we compare C'p and Cr coefficients of the IEA 15 MW RWT using a rigid

and flexible blade model. We-To balance computational effort and accuracy, the spacing in our grid is variable: it is refined

in regions of particular interest—such as near the rated wind speed, where loads have a pronounced effect—and coarser in
less critical regions. We then use HAWCStab2 to obtain the steady-state coefficients or-over a three-dimensional grid with 27

thousand operating points ever-atrange-of-different-spanning various combinations of rotational speeds, wind speeds, and pitch

angles. Afinerresolution-of-the-grid sed-in-proximity-to-the rated-wind-speed-of-the-turbine,-where loads-are-higherand-a

from 2 to 4 min~ " in 1 min~"' ste s, from 5 to 9.5 min~ ! in 0.5 min~! increments, and from 10 to

16 min_ " in 1 min ! steps)

— 20 rotor speeds w

1

— 30 wind speeds V (from 2 to 7ms~! in 1 ms—! steps, from 8 to 12.5 ms~! in 0.5 ms~! increments, and from 13 to

26 ms~!in 1 ms~! steps).
— 45 pitch angles /3 (from —5 deg to 4.5 deg in 0.5 deg increments and from 6 deg to 30 deg in 1 deg increments).

No wind shear is considered here—i.e., we assume a spatially uniform inflow. This uniform inflow assumption arises from a
limitation of HAWCStab2. In principle, it would be possible to incorporate wind shear by generating performance tables with
a time-domain-based simulation tool such as HAWC2. However, creating such a large number of required operating points

would be computationally infeasible.
The rigid model assumes infinitely stiff structures, while the flexible model considers fully flexible structures, where all

linear and rotational deformation degrees of freedom are active. In the flexible model, each blade is divided into 20 sub-
bodies using Timoshenko beam elements. These sub-bodies consist of two nodes with six degrees of freedom and coupled
structural cross-sectional stiffness matrices (Stéblein et al., 2017), allowing for large deformations and modelling of bend-twist
coupling (Lobitz and Veers, 2002). Table 1 provides an overview of the models and settings used in HAWCStab2.

Figures 2 and 3 show the power coefficient (a) and thrust coefficient (b) values, obtained fixing the pitch angle (5 = 0 deg)

and varying the wind speed (from 2 to 27 sa-s=ms~!) and rotational speed (from 2 to 16 min ) for a total of 600 combina-



Table 1. IEA-15MW RWT data and HAWCStab2 calculation settings. To obtain the HAWCStab2 rigid model from the original flexible

model described in Gaertner et al. (2020), the elements of the stiffness matrices of the blades are increased by several orders of magnitude.

IEA 15 MW key characteristics
Installation Onshore
Tower height 130 m
Hub height 150 m
Rotor diameter 240 m
Rotor and tower design see Gaertner et al. (2020)
HAWCStab2 calculations settings. | Rigid Model Flexible model
Tower Stiff Timoshenko beam | Flexible Timoshenko beam - 10 sections
Blades Stiff Timoshenko beam | Flexible Timoshenko beam - 20 sections
(a) (b)
Power coefficient Thrust coefficient
16 0.50 16 7 1.40
141 0.45 141 1.25
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0.35 0.95
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Figure 2. Power coefficient (a) and thrust coefficient (b) contour surfaces obtained varying rotational speed and wind speed for 5 = 0 deg
in HAWCStab2 using the rigid model. Constant values can be found for both quantities along the iso- lines (grey lines), indicating that for
rigid blades and fixed collective pitch angle, the performance is uniquely dependent on A. The rated operating point (white star) was obtained

from Gaertner et al. (2020).

tions. The results are interpolated linearly on a finer grid for smoother variations in the analysed region. As expected from the
discussion on tip-speed ratio, the rigid model (Fig. 2) exhibits C'p and Cr values that remain constant on constant tip-speed

235 ratio lines. The results shown in Fig. 2 confirm that performance depends solely on the tip-speed ratio when using a purely
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Figure 3. Power coefficient (a) and thrust coefficient (b) contour surfaces obtained by varying the rotational speed and wind speed for a
constant collective pitch angle 8 = 0 deg in HAWCStab2 using the flexible model. Very different values can be found for both quantities
along the iso-\ lines (grey lines), indicating that for flexible blades and fixed collective pitch angle, the performance is dependent on the
exact combination of w and V. The rated operating point (white star) may not match the maximum power coefficient for this collective pitch

angle configuration.

aerodynamic solver (i.e. without the effects of deformations of blades) and neglecting Reynolds number variations along the
blades.

Figure 3 presents the power coefficient (a) and thrust coefficient (b) values obtained with the flexible model. In contrast to the
observations from the rigid model, values exhibit nonlinear, decreasing trends along iso-\ lines. These differences stem from
the coupled aerodynamic and structural response occurring in flexible blades: structural deformations introduce changes in the
local angle of attack and in the relative wind velocity at the blade sections, causing deviations from the rigid model predictions.
The varying trends along the iso-A lines in the flexible model highlight how flexibility-induced deformations impact both
aerodynamic efficiency and loading. These effects become particularly pronounced at higher wind speeds and rotor speeds,
where structural deformation is more significant. The trend is noticeable along all the iso-A lines, including the iso-A =9 line,
which represents the partial load operational tip-speed ratio of the IEA 15 MW RWT.

In Fig. 4, the power coefficient (a) and thrust coefficient (b) are plotted against the wind speed, along iso-A = 9 lines, for
the rigid and the flexible models, to showcase the relative discrepancies for the same tip-speed ratio. Figure 4 shows that
both Cp|r—9 and C7|y—9 are constant when flexibility is neglected (blue line), whereas the fully flexible model (orange line)
displays a substantial drop in power performance starting from ¥-=75ms=V = 7.5 ms_', and showing a more than 10%
reduction in the Cp with respect to the rigid model’s corresponding value at ¥=+8-ms—-} =10ms_"'.

10
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Figure 4. Comparison of performance, deformations and load characteristics of the two models at steady state, obtained varying wind
speed and rotational speed, along a constant tip-speed ratio line, corresponding to the value A = 9. All quantities were calculated using

HAWCStab2.

To illustrate how the structure of the blades changes, causing the reported reduction in power performance, two quantities
representing structural deformations are shown: tip torsion in Fig.4 (c), indicating the structural twist of the blade tip section
(positive when the structural twist decreases the angle of attack); and the out-of-plane (OoP) tip displacement in Fig.4 (d),
which represents the distance of the blade tip section mid-chord point from the rotor plane, positive in the wind direction. From
with the rigid model.

onwards, both these metrics exhibit significant differences compared to the values calculated

The corresponding loads exerted on the rotor blades are shown in Fig.s 4 (e) and (f) in the form of the flap-wise bending
moment at the root of the blades and the thrust force, respectively. When wind speed and rotational speed combinations produce

rotor thrusts that exceed the peak value Ti,.x = 2750 kN (as indicated in Gaertner et al. (2020)), the loads and deformations

display highly nonlinear trends and influence one another. These-likelyunrealistic largetorsional-deformations-due-to-high
loadslead-to-performance-degradation-Under such conditions, large torsional deflections occur and, in turn, reduced-loads:
degrade performance while reducing loads. However, these operating points, corresponding to rotational speeds above 9 min™"
and wind speeds above 13 ms_", lie well outside the normal steady-state operating conditions of the IEA 15 MW RWT.

Consequently, these extreme deformations are not expected during typical turbine operation and are therefore considered

The findings in this section on the coupling between blade loading, structural flexibility, and the aerodynamic performance

of the rotor suggest that constant tip-speed ratio tracking, a common control strategy for smaller and more rigid turbines, may

11
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no longer be sufficient to control large, flexible wind turbines optimally. These results indicate that there is room to optimise
the power coefficient by accounting for blade flexibility early in the process of control design. They also show that flexible
turbine calculations provide the opportunity for the incorporation of structural constraints once the set points are defined in a
three-dimensional space of rotational speed (w), wind speed (V'), and pitch angle (/).

Based on the results and conclusions drawn in this section, we develop a new control scheme aimed at maximising energy
capture while limiting excessive structural deformations.

The first model of the new scheme is a set point optimisation framework named COFLEXOpt, providing optimal (con-
strained) control set points and control inputs used to create steady-state mappings for the feedforward and feedback modules

of the control scheme. The next section elaborates on the set point optimiser.

4 COFLEXOpt: Control set point optimiser

This section introduces the COFLEXOpt set point optimiser, which determines optimal operational points for large, flexible
wind turbines. In Sect. 4.1, we formulate the optimisation problem for selecting set points based on turbine performance metrics
and then explain the setver’s-structure and implementation of the solver. Then, in Sect. 4.2 we show an illustrative example of

the solution of the optimisation problem for two different wind speeds. Finally, in Sect. 4.3, we carry out set point optimisation
for different control strategies.

4.1 Optimisation problem definition

Recently, Pusch et al. (2023) demonstrated a method for obtaining optimised operating points for wind turbines by solving
an optimisation problem. In their study, steady-state set points were optimised by varying constraints, objective functions,
and decision variables across different operating regions. As a consequence, the rated wind speed and operating regions were
predefined. To simplify the optimisation setup and problem and possibly result in even more optimal solutions, our proposed
framework solves the same optimisation problem to determine the set points, using a convex objective function over the
entire operating range of a wind turbine — so in both partial and full load conditions. Notably, the decision variables in the
optimisation problem remain unchanged over the entire range of operations. Hence, the subdivision of operating conditions
into regions becomes irrelevant to the controller design. In addition, this optimiser allows for imposing constraints on various
structural and operational quantities, such as thrust, blade deflection, tip-speed ratio, power output, and rotational speed, while
still ensuring that an optimal solution is returned for each set of imposed constraints.

The general nonlinear optimisation problem can be written as follows:
(mlg) fobj (W,V,ﬂ) v V S [‘/cut—ina V;:ut—out] 5

S.t. Wiin W < Winax & Bumin < B < Brmax (©6)
Ciq (w7vaﬂ) < 07

Ceq (w0, V.5) =0.
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Where V' represents a wind speed within the operating range [Veuein, Veut-out)s fobj is a suitable objective function, Wmin, Wmax.
Bmin> and Brax are box constraints on the decision variables, and Cjq and C,q are in-equality and equality vector constraints,
respectively. The decision variables are the rotational speed w and the collective pitch angle 3, as the performance of the wind
turbine, including flexibility effects, of-the-wind-turbine-can be expressed as functions of these variables and the wind speed.
Trrthis-works-we propose-an-objeetive funetion The versatility of this framework lies in the wide range of possible definitions

for fopi, Coq, and Cy,. In particular, C, and C;, can include any metrics representable in the (w, V., 3) space. Since the tip-speed

ratio is decomposed into two separate variables, one can incorporate non-linear constraints dependent on actual operatin

conditions. Examples include structural deflections, peak thrust (as in peak-shaving strategies), load-alleviation targets (e.g.

bounding the root flapwise bending moment), or blade-span-dependent quantities (e.g. limiting angle of attack or relative

2

velocities). Regarding the objective function f,y:, its formulation must across the

entire operating range. The primary objective is to maximise power capture (i.e. the power coefficient). The power output will
also naturally be subject to an inequality constraint, ensuring the rated power is not exceeded. However, once the rated power
limit is reached in the full-load region (i.e. V > Vi V.3*
produce the rated power and the maximisation of the power coefficient is not sufficient to produce unique solutions.

To address this, we introduce a secondary term in the objective function, resolving the non-uniqueness of the solution. This
technique, also suggested in lori et al. (2022), selects one point along the power coefficient iso-lines based on the minimisation
of a secondary term in the objective function, resolving the non-uniqueness of the solution. In particular, this secondary term
can have physical meaning: for example, if one selects the thrust coefficient, an increase in rotor loading is penalised in the
optimal solution. Alternatively, one can penalise the torque coefficient, which ensures that the optimizer seeks the solution that
yields the lowest rotor torque within the feasible region—helping to mitigate drivetrain loading. If the weight on this secondary.
primary objective. In our case, having defined custom inequality constraints that can include loads and structural deformations,
we can directly target load alleviation through the imposition of limit (steady-state) values. As a result, we include only a
small regularisation term in the objective function to ensure a limited impact on partial-load solutions. Hence, we propose
maximising the power coefficient with a penalisation on reter-torque—forreasons-that-will-become-apparent-later—for-the
rotor torque coefficient for each wind speed V. as follows:

infinitely many (w* combinations yield the power coefficient to

fobj (wvv75) = [_CP (wvv7ﬁ) +UJ1CQ (w7vaﬁ)} . (7)

In which the first objective has a unity weight, and the selection of w; remains the only tuning variable. Tuning parameters
such as the weight w; is not a straightforward task. A similar challenge is reported in the work of Hovgaard et al. (2014),
where multiple tuning parameters were required to balance competing goals in the objective function of a model predictive
control scheme for wind turbines. This highlights the difficulty in tuning such parameters, which often involves trial and error

to achieve the desired system behaviour. In our case, the torque term regularises the objective function in the full load region;

. In the selection of w;, we should consider

that increasing w; decreases the power coefficient in the partial load region and is therefore chosen small. In the remainder

13



330

335

340

345

(" COFLEXOpt )

CALCULATE STEADY-STATE PERFORMANCE 4 CREATE MULTI-VARIATE B-SPLINES )
interpolating steady-state performance values, to get continuous and
P,Cp,T,Cr,Q,Cq; Myt flap, O0P tip disp., ... continuously differentiable functions,
—>

on a sufficiently large and fine grid defined by combinations: Cp(w,V,B), Co(w,V,B), OoP tip disp.(w, V, B), ...

(w,V,B) € [wmin, Wmax] X [Vinin, Vinax] X [Bmin, Bmax] \ )
* |

FORMULATE SET POINT OPTIMISATION AS A NLP (" SOLVE NLP )

B to get optimized operating points defined by the 3 elements tuples:
(w*, ") = argmin (—Cp +w1Cq) VV € [Veutin, Veut-out] _
@8 (W, V,8)

subject to multiple constraint functions, depending on design requirements. \The controller set points over the entire operating range are deﬁned)
. J

Figure 5. Block diagram of COFLEXOpt. The framework begins with the calculation of steady-state wind turbine performance over a large
and fine grid of operating points defined by combinations of rotational speed, wind speed, and collective pitch angle. These performance
values are interpolated using multi-variate B-splines to create continuous and differentiable functions, which are then used in the NLP
optimisation process. The NLP is solved for each wind speed under the imposed objective function and constraints and defines the control

set points across the entire operating range of the wind turbine.

of this work, we set w; = 0.01. Because the power coefficient surface is relatively flat around its maximum in partial-load

conditions, this small weighting factor has a negligible impact on the optimal set points in that region. However, it is sufficient

to ensure unique solutions in the full-load region by regularising the objective function.
The formulation and solution of the optimisation problem in the set point optimiser framework is shown in Fig. 5. This

figure illustrates the sequential steps in the optimisation process, starting from the initial calculation of performance metrics on
a three-dimensional grid (upper left block), followed by the generation of multi-variate B-splines to ensure smooth, continuous
performance functions (upper right block). These interpolated functions are then used to formulate the nonlinear Programming
(NLP) problem (lower left block), which incorporates design constraints. The process concludes with the solution of this NLP,
yielding optimised operating points for the entire turbine operating range (lower right block). We implement the NonLinear
Programming (NLP) process defined in Eq. (6), using CasADi and solve it with the IPOPT nonlinear solver (Wichter and
Biegler, 2005). The most general optimisation problem for determining set points across the entire operating range of a wind

turbine is defined as in Eq. 6 with the objective function of Eq. 7, with the following constraints:

Pg (W,V, ﬂ) < Pg,rated7
Qg (w7va B) S Qg,maxv

®)
where By raeq is the rated power and (g max is the maximum admissible generator torque. The solution to this problem is

represented by combinations of optimal values (w*,3*) for each wind speed V/, gathered in set point mappings, which are then

used in the feedback component of the controller.
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Table 2. Summary of the set points optimisation strategies analysed in this work. The reference strategy is the conventional TSR-tracking
scheme. The other strategies aim to maximise power production in the partial load region while complying with increasingly tighter con-

straints on the blade out-of-plane tip displacement.

Strategy Objective A*(V) in partial load | B*(V) in partial load | OoP tip disp.,,,,
Reference See Gaertner et al. (2020) Fixed Fixed Free
Case 1 Optimise C'p with no constraints Free Free Free
Case 2 Constraint on blade tip disp. set to Reference maximum Free Free 13.6 m
Case 3 Tighter constraint on blade tip disp. Free Free 10.0 m

4.2 TIllustrative example: Optimisation working principles

Figure 6 illustrates the results of the optimisation process for two specific wind speeds, 10 s-s=-ms~ ' and 11 sms—'ms !,

chosen to represent partial and full load operating conditions. This figure visually demonstrates how the optimiser finds the
best operating points while satisfying the required constraints in the different operating regions of a wind turbine, as we remark
that COFLEXOpt is agnostic to regions. In each case, the power coefficient and torque coefficient are plotted against rotational
speed and collective pitch angle. Optimal solutions found by COFLEXOpt are represented with red stars.

The grey regions in each plot represent infeasible zones where one or more constraints are violated, such as limits on
power or torque. These areas indicate combinations of § and w that the optimiser cannot select, helping to emphasise the
feasible solution space. The difference between plots (a) and (c) versus (b) and (d) lies in the objective for each wind speed
condition. In partial load (10 ms=1ms~!), the optimisation focuses on maximising the power coefficient, as seen in plot (a).
However, in the full load region, the rated power constraint leads to an infinite number of (w, ) combinations along the red
line highlighted in Fig. 6 (c). The objective function becomes strictly convex due to the small contribution given by the torque
coefficient term, as demonstrated by the iso-contours in Fig. 6 (d). These figures highlight the different sensitivities of power
and torque coefficients to variations in rotational speed and collective pitch angle, which is exploited to find unique solutions
to the optimisation problem over the entire operating range of a wind turbine. The optimal solution, which minimises Cg,
is found at the upper boundary of the rotational speed wp,x. This is because, in the NLP solved in this work, constraints on
rotational speed and generator torque were chosen according to values from Gaertner et al. (2020) to avoid major differences

with the baseline controller design. For other applications of COFLEXOpt, such as optimising set points during the preliminary

design of a wind turbine, relaxing these constraints is possible without sacrificing convergence capabilities.
4.3 Constrained set point optimisation for the IEA 15MW-15 MW turbine

In this section, we use COFLEXOpt to calculate set points for four different strategies, as summarised in Table 2. The first
strategy corresponds to the Reference approach, adopted for the IEA 15 MW RWT (Gaertner et al., 2020), and commonly
referred to as optimal TSR tracking, where a fixed optimal TSR value \* is prescribed for the partial load region. The collective

pitch angle is set to a minimum of 0 degrees, and the following formulation of the optimisation problem is used to obtain
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Figure 6. Visualisation of the solutions obtained from the NLP optimisation described by Eq. (8) for V=10ms ' and V =11 ms~'. The
plots show the power coefficient (C'p) and torque coefficient (C'q) as functions of rotational speed (w) and collective pitch angle (3). The
optimal solutions, (w*,3*), are marked with red stars, indicating the points that maximise C'p while satisfying the constraints. Shaded grey
areas represent regions that are infeasible due to these constraints. In subplot (c), the feasible solution space is bounded by the red line, where

Cp equals the rated power coefficient.

rotational speed set points:
(mirﬁl) [-Cp (w,V,B) +wiCq (w,V,8)] VV € [3ms™!, 25ms™ '],
st.5mn ' <w<755min"t & 0 deg < 5 <30 deg,

)\* = 9 VV S [Vwmi“, ‘/rated} s (9)
Pg (anwB) S 15 MW,
Qe (w,V,5) <21.1 MNm.

Note that this fine-pitch optimisation is only able to increase the power coefficient when the tip-speed ratio is constrained by
the minimum rotational speed in the partial load region, with positive collective pitch angles. Under these assumptions, this
strategy is not able to compensate for the flexibility effects illustrated in the previous section.

Case 1 optimises the power coefficient in the partial load region without using a prescribed optimal tip-speed ratio and with
no structural design constraints. The minimum collective pitch angle is set to -5 degrees. Case 2 and Case 3 include upper lim-
its on the OoP tip displacement at 13.6 metres and 10 metres, respectively. The first value was chosen based on the maximum
value observed in the reference strategy, while the tighter constraint was introduced to evaluate the framewerk’sperformanee
performance of the framework. To our knowledge, no previous studies or proposed frameworks have the capabilities to con-
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Figure 7. Comparison of optimised operating points for rotational speed (w), collective pitch angle (5), tip-speed ratio (\), generator torque
(Q,), power output (P,), and out-of-plane tip displacement, as obtained through the COFLEXOpt framework for different strategies (see
Table 2). The plots cover wind speeds ranging from 5 to 15 metres per second. Each strategy reflects different optimisation priorities, with
Case 1 focusing on maximising power output without constraints, Case 2 imposing a constraint on OoP tip displacement to match deflection
levels of the reference strategy’s-deflectiontevels, and Case 3 imposing even more conservative load constraints. The percentage differences
in power output are shown relative to the reference strategy, highlighting consistent improvements in power generation for Case 1 and Case

2. Case 2 is particularly interesting for achieving higher power output while maintaining similar blade deflection levels compared to the

reference.

strain steady-state structural properties such as OoP blade tip deflection directly in the optimisation problem, and this presents
a significant contribution to COFLEXOpt. This quantity is relevant for the design of flexible wind turbines due to the risk of
tower strikes. It showcases the implementation of a critical structural performance constraint in our set point optimiser (Wang
et al., 2023).

Figure 7 shows the resulting optimised set points (rotational speed, collective pitch angle, tip-speed ratio) and the corre-
sponding steady-states for generator torque, blade OoP tip displacement and generator power for the four different strategies.
While in the cut-in and full load region, the TSR values match for all cases (third plot), we observe that the optimal A\ from
COFLEXOpt varies across the partial load region for all three cases. This again demonstrates that variable- regulations lead to

improved performance, a tendency that is expected to intensify for more flexible rotors. The operating points of the collective
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pitch angle for Cases 1, 2, and 3 deviate from the reference values up to rated conditions. The optimisation framework allows
pitehing-inpitching to stall, counteracting the effects of structural torsion on the blade ;-to-inerease-and increasing the power
output in the partial load region, as shown in the generator power plot. A simitar-different trend is observed in the constrained
strategies, where the blades pitch in-te-to feather to relieve thrust force and facilitate the decrease in OoP tip displacement. The
wind turbine performance output with the current recalculated optimised operating points returns higher power, with gains up
to 10% for Case 1 and a consequent decrement of the rated wind speed.

Interestingly, the rated wind speed of Case 1 and Case 3 assumes different values w.r.t. the reference one, a direct result of
the optimisation problem and imposed constraints, and is not predefined. This shows the framework’s-major-ecapability-major
capability of the framework to arrive at the optimal solution and sets a new standard for deriving operating strategies for flexible
turbines.

We notice an interesting effect on the operating points when the OoP tip displacement limit is active in the partial load
region. Unlike a fixed tip-speed ratio strategy, COFLEXOpt allows concurrent changes in the rotational speed and pitch angle
to find the optimal compromise between reducing loads and maximising the power coefficient. In this case, our approach takes
advantage of the different sensitivities of the power coefficient and thrust coefficient to variations in pitch and rotor speed.
In Case 3, the OoP tip displacement is effectively constrained to 10 metres, though this leads to power losses compared to
the reference strategy. To correctly track the set points of the optimised strategies obtained with COFLEXOpt, we introduce a

novel control scheme in the next section.

5 Feedforward-feedback control strategy

In this section, we describe the COFLEX control scheme. The diagram in Figure 8 retraces the main components of the
control strategy, consisting out of an improved wind speed estimator for flexible turbines, set point smoother, and combined
feedforward-feedback tracking control strategy.

In Sect. 5.1 we show a methodology to estimate the wind speed. Section 5.2 describes the generator torque and collective
pitch angle controllers, discussing how feedforward set points strategies listed in Table 2 are tracked and how feedback terms
correct deviations. Finally, Sect. 5.3 introduces the set point smoothing technique that manages transitions between control

regions.
5.1 Wind speed estimator

The Wind Speed Estimator (WSE) employed in this work is part of the torque balance estimator class (@stergaard et al., 2007;
Ortega et al., 2011; Liu et al., 2022b). Under the assumptions of measurable generator torque and rotational speed and a known
power coefficient performance of the turbine, an estimate of the aerodynamic torque (or also rotor torque ();) is used to derive
an estimate of the rotor effective wind speed. The scheme used in this work is from Liu et al. (2022b) and employs the dynamic

balance of rotor and generator torque at the rotor shaft, with a feedback loop for providing the rotor effective wind speed. The
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Figure 8. Block diagram of the control system architecture, illustrating the integration of the wind speed estimator, set point smoothing
technique, and the feedforward-feedback controller. The diagram shows how the estimated wind speed (V) is used in conjunction with
COFLEXOpt look-up tables (LUTs) to determine the optimal set points for generator torque and collective pitch angle. The set point
smoothing technique is employed to ensure smooth transitions between control modes, with the rotational speed set point bias (Awpiss) being
a key element in smoothing the control signals. This figure provides an overview of the components and their interactions within the control

system.

WSE illustrated in the block diagram of Fig. 9 is structurally identical to those shown in Liu et al. (2022b) and Brandetti et al.
(2022). We refer the reader to these works for the full derivation and details on this WSE.

As demonstrated by Brandetti et al. (2022), the accuracy of wind speed estimates at steady state depends largely on the
uncertainty in the power coefficient table, which is usually a function of A and 3. As already demonstrated in Sect. 3, more
accurate results can be obtained by using a flexible aeroelastic solver and removing the fixed tip-speed ratio approach to obtain
a three-dimensional function for the power coefficient table, particularly when considering large and flexible wind turbines
such as the IEA 15 MW RWT. To increase the accuracy of the estimated rotor torque for large, flexible rotors, we implement
a modification to the schemes found in the literature by using the newly obtained power coefficient tables C'p(w,V, 3). To the
authors’ knowledge, this is the first effort to improve the accuracy of a torque balance-based WSE with a three-dimensional
power coefficient table. Now, the system equations of the wind speed estimator are given as:
p‘A/37rRQC’p(w,V,[3) B &Q

2Jw J e
e =w—w, (10)

(:):

‘A/ = Kw’peg, + KW,I f BQ(T)dT,
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Figure 9. Detailed block diagram of the wind speed estimator (WSE) used in this study, based on modifications to the scheme presented
by Brandetti et al. (2023). The WSE estimates the aerodynamic torque and wind speed by balancing rotor and generator torques, using a

three-dimensional power coefficient table that accounts for blade flexibility.

where a constant value K, represents the mechanical efficiency between the rotor and the generator, and .J is the total of the ro-
tational inertia of the rotor, drivetrain, and generator shaft (recall that the IEA 15 MW RWT employs direct-drive technology).
The estimated rotational acceleration @ is used to obtain an estimated rotational speed w. A feedback loop with proportional
and integral gains (Kwp and Kw;) is used to obtain an estimate of the wind speed V.

To verify the improved performance of the WSE with an additional power coefficient table dimension, three time-domain
simulations of the IEA 15 MW RWT were performed with uniform wind steps of +m-s=—1 ms~' ranging from 3 to 11
-ms——-ms ', each step lasting 300 seconds. To analyse the accuracy of the steady-state wind speed estimation, we implemented

a Kw? scheme-(see-Pao-and Johnson—20 sused-to-control-the wind-turbine.as this strateg y-allows the

fromreontrolroutines—, selecting the gain J{ according to the method in Pao and Johnson (2011). The constant K was calculated
based on the optimal tip-speed ratio and corresponding maximum power coefficient prescribed by the IEA 15 MW RWT
baseline design, reverting to the standard constant optimal tip-speed ratio assumption. In doing so, the steady-state behaviour
is fully specified by the gain K so that the generator torque controller does not rely on wind speed estimates. This approach
decouples the steady-state performance of the WSE from other control routines, allowing us to evaluate the estimator without

interference from the control tuning parameters. The Kw? controller used in this section serves only as a convenient means
to assess the WSE steady-state performance. Three different schemes for the WSE were analysed, as summarised in Table 3:

the first, named Rigid, being a WSE in which the C'p table was calculated with a rigid model and parameterised on tip-speed
tip-speed ratio and collective pitch angle; in the Flex. I WSE, the Cp table was calculated taking into account flexibility and
parameterised on tip-speed-tip-speed ratio and collective pitch angle; and in Flex. 2, the C'p table was calculated with flexibility
and parameterised on wind speed, rotational speed, and collective pitch angle. All Cp tables were obtained using HAWCStab2

with the same models described in Sect. 3.
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Table 3. Summary of the Wind Speed Estimator (WSE) configurations analysed in this study, showing the model type, the parameterisation
of the power coefficient table C'p, and the maximum steady-state error in estimated wind speed ey, . The three cases include: (1) a rigid model
using Er(A55)1-Cp(), 3) calculated at a reference wind speed; (2) a flexible model with C'p (A, ) calculated at the same reference wind
speed; and (3) an enhanced flexible model with C'p(w, V, 3) to improve accuracy by capturing effects of rotational speed, wind speed, and

pitch angle variations.

WSE Case | Model Cp table max{ep-)-max (|ey|) at steady state
Rigid Rigid | E€rAHr=rm=rCr A S| yg met 3.53.5%
Flex. 2 Flexible Cp(w,V,B) +0.5%
3 - — -
24 R
*\
14 DN
5 0 ﬁ-*-*:::-’—_"——"t:.——.
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e
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Figure 10. Evaluation of wind speed estimation accuracy with different WSE configurations. Percentage error in estimated wind speed (ey,)
as a function of actual wind speed during a simulation with uniform wind steps ranging from 3 to 11 metres per second. Data points represent
the average of the final 100 seconds of each wind step after reaching steady state. The Flex. 2 results, obtained using HAWC?2 simulations

for the IEA 15 MW RWT, demonstrate the improved accuracy of using the three-dimensional C'p (w, v, () table to reduce estimation errors

in the partiaHoad-partial-load region.

As shown in Table 3 and Fig. 10, the WSE with a three dimensional Cp table Flex. 2 outperforms the first two schemes in
estimating the wind speed value in this operating region, with lower mean errors at steady state. As seen in Fig. 10, the Rigid
WSE shows a small steady-state error for low wind speed cases up to 7 metres per second. Flex. I is only able to estimate
the wind speed with a small error in the neighbourhood of the wind speed which was chosen to calculate the Cp()\, 3) table
(#=9ms=LV =9 ms_!). The novel, improved scheme Flex. 2 is able to estimate the wind speed at a steady state with a
significantly smaller error due to the improved match of the estimated rotor torque in the WSE model with the simulation
model. The speed of convergence of the estimate to its steady-state value in all three cases analysed here is essentially related
to the choice of the gains (Kwp and Kyw;). When the WSE is integrated into a controller scheme (i.e., V is used to compute

inputs to the controller), tuning of the gains is needed as they become part of a dynamic feedback loop.
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Figure 11. Block diagram detailing the implementation of the feedforward-feedback controller developed in this study. The controller uses
feedforward set points derived from COFLEXOpt set point mappings and adjusts the generator torque and collective pitch angle outputs
based on the estimated wind speed. Feedback contributions are calculated from the rotational speed error with proportional-integral (PI)

controllers to improve stability and prevent model mismatch errors.

5.2 Generator torque and collective pitch angle controllers

The generator torque and collective pitch angle controller developed in this work implements feedforward set points param-
eterised on the wind speed estimate and, following well-established methodologies to control wind turbines (Bossanyi, 2003;
Pao and Johnson, 2011), includes two PI feedback controllers to regulate the rotor speed. A set point smoothing technique
allows switching between the two controllers by forcing the inactive controller to saturation. The scheme of Fig. 11 shows the
controller implementation.

The following control laws are implemented for the generator torque ((),) and collective pitch angle (3) command inputs to

the system:
Qe = Qf pr+ AQg rs (an
ﬁ:ﬁ;F+ABFB7 (12)

where the feedforward contributions Q3 pr and Sy are calculated with COFLEXOpt and are extracted from set point mappings

as a function of estimated wind speed V' (as indicated by the functions f (V) and g(V) in Fig. 11). These quantities represent
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Figure 12. Schematic representation of the set point smoothing technique used to manage transitions between control regions. The technique
applies a rotational speed set point bias to either the generator torque or collective pitch angle PI controller, depending on the operational

region of the turbine. The smoothing function ensures that one controller is always saturated while the other is active.

the desired steady-state set points for the entire operating range of the wind turbine and depend on the design requirements and
optimisation strategy.

The feedback terms are calculated based on the rotational speed error, which is calculated as follows:
ey =W —w. (13)
Thus, the feedback contributions are given by:
AQg 8 = Kpgew, + KLQ/ew(T)dT, (14)
ApBrg = Kpge, + K13 /ew(T)dT, (15)

where the two gains for the generator torque contribution Kpg and Kjqg must be defined so that AQ rp-acts-to-aceelerate
AQ, rp < 0 leads to acceleration of the rotor rotational speed when e, > 0, while Kpg and Kj g must be defined so that ASgp
is negative (i.e., the blades pitch towards finestall, increasing the aerodynamic torque of the turbine) when e,, > 0. To satisfy
controller performance requirements, such as overshoot and rise time, proper tuning of the gains (Kpq, K10, Kpg, K1) is
necessary.

At the same time, a bias Awyys is introduced to the inactive controller set point through a switching logic. This technique
for smoothing the set point in the switching region is implemented similarly as in Abbas et al. (2022) and explained in further

detail in the following section.
5.3 Set point smoothing technique

A set point smoothing technique is described here to ensure a continuous transition between partial and futtoad-full-load
operations. To this aim, a bias is introduced in the reference set points of the two controllers. This set point bias is used to force

one of the two PI controllers to saturate when the other is active. When the generator torque PI controller is active, i.e., in the
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partial-Head-partial-load region, the pitch controller should be forced to its lower saturation limit. Vice-versa, in the full-Hoad
full-load region, the generator torque should reach its upper saturation limit. The set point smoothing technique is represented
by the block scheme of Fig. 12.

The following equations are used to calculate the contributions for the rotational speed set point bias Awpjs:

Apis, = M’ (16)
Qg,rated
— iV

Awbi332 = Bﬂ]()a (17)

where the- «d and [, represent the upper saturation limits of the generator torque and collective pitch angle, respectively.

In contrast, the function j(V) represents the lower varying saturation limit for the collective pitch angle. We developed a new
methodology to obtain j(V) This function is introduced to ensure that the collective pitch angle correctly saturates to the
prescribed set points in the partial-oad-partial-load region while preventing aerodynamically unstable behaviour in the fult
toad-full-load region and is obtained by solving a nonlinear program similar to Eq. (9):
(k(V),j(V)) =argmin [-Cp (w,V,B) +w1Cq (w,V,8)] VV € [3ms™, 25ms™'],

(w, B)

st.hmin" ! <w<755min"t & —5deg < 5 <30deg, (18)

OoP tip disp. (w,V, B) < OoP tip disp. . s

without constraints on the maximum power and torque, but imposing the same maximum level on OoP tip displacement of

the chosen set point strategy. A key motivation for deriving the lower pitch saturation limit from the “reduced” optimisation
in Eq. 18 is to systematically obtain minimum pitch schedules that comply with the constraints imposed in COFLEXOpt

optimised operating points and avoid stall. By defining an objective function that maximises aerodynamic efficiency (i.e. the

ower coefficient) and retaining the OoP tip displacement constraint, we ensure that at full load, the minimal-pitch operatin

oint (for any rotor speed—wind speed combination) remains above the stall onset value. This preserves aerodynamic stabilit

and avoids stalled blades even if the turbine briefly operates at that minimal pitch. In contrast, simpler schedules (e.g., settin

to the pitch angle at rated conditions) may produce stalled conditions or violate tip-displacement limits for wind speeds

in full-load operations.
By solving this NLP, we obtain the two mappings k(V) and j(V') over the wind speed interval. The function j(V') is used

to track the collective pitch angle set points in the partial-Head-partial-load region while being compliant with the design
requirement and producing stable operating points for the wind turbine in the fulHead-full-load region. This function was
calculated for each set points strategy obtained with COFLEXOpt and is represented for illustrative purposes in Fig. 13 for
Cases 1 and 2.

The contributions to the set point bias calculated in Eq. (16) and Eq. (17) are normalised and weighted so that the final value

{which-islow-pass-filtered-to-avoid-sharp-transitions)-can be calculated as:

AWbias = Wrated (Kbia52 AWbiasz - Kbia51 AWbiasl) s (19)
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Figure 13. Collective pitch angle set points, and functions j(V), representing the varying saturation limit. These functions ensure that the
collective pitch angle correctly saturates to the prescribed set points in the partial-Hoad-partial-load region while maintaining stable operation
in the futHead-full-load region. These functions were calculated for different set point optimisation strategies, and they are plotted here for

Case 1 and Case 2.

In which the two gains { Kpias, , Kbias, } € RT are similar to the ones introduced in Abbas et al. (2022) and can be tuned to
regulate the smoothness of the transition from one PI controller to the other. The signal Awp;as is also low-pass filtered to prevent
high-frequency oscillations. In particular, we used a discrete-time first-order filter with a cut-off frequency of 0.27 rads™". The
sign of this function depends on which one of the two controllers is saturated. In the partiaHead-partial-load region, Awpjss, = 0
and Awpips < 0, while if the generator torque is saturated, Awpias, = 0 and Awpips > 0. A switching logic, which applies a bias

to the two different set point inputs to the PI controllers, can be implemented based on the sign of Awpjas:

if Awpias <0 — €', = e, — Awpias,  in collective pitch angle PI controller,

else  Awpias >0 — €', = e, — Awpins,  in generator torque PI controller.

In this way, in the partial-ead-partial-load region, the collective pitch angle controller receives a biased, higher set point €',
which pushes the blades to pitch to finestall, forcing the controller to its lower saturation limit (i.e., the function j (V)) In the
ful-Head-full-load region, the generator torque reaches its upper saturation limit Qg raed, and Awyiys changes sign, becoming
positive. The switching logic applies a negative bias (—|Awpias|) to the generator torque controller, which, in the attempt of
trying to decelerate the rotor, is forced to its upper saturation limit, and the collective pitch angle controller becomes active. In
the transition zone, the alternating activation of the controllers is smoothed by the presence of a low-pass filter in the rotational
speed bias. To ensure a smooth transition, the gains Kbiss, and Kpiss, Were re-tuned w.r.t. the values that can be found in Abbas

et al. (2022).
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Figure 14. Block diagram of the novel control scheme for large, flexible wind turbines, showing the integration of the wind speed estimator,

set point smoothing technique, and feedforward-feedback controllers.

5.4 Integration of WSE, controllers and set point smoother

The integration of the WSE, the set point smoothing technique, and the PI controllers leads to the novel control scheme for

large, flexible wind turbines shown in Fig. 14.

scheme leverages feedforward action to achieve the desired set points, while feedback loops work to enhance stability, correct
tracking) errors, and add resiliency to disturbances and noise. However, its overall tracking performance is dependent on
the accuracy of the internal power coefficient table. The wind speed estimation relies on this table, so any bias in the power
coefficient data propagates into the estimates. As demonstrated by Brandetti et al. (2022), for the WSE-TSR tracking scheme,
whenever the controller’s reference is scheduled based on wind speed estimates, the system converges to a steady state that
reflects this bias. In other words, the controller is capable of tracking a reference, but the reference itself is shifted from the true
optimal operating point. This is essentially the same phenomenon encountered in standard tip-speed ratio tracking, where the
optimal set point s also calculated offline using nominal aerodynamic data; if the real performance deviates from that nominal
data, the turbine will no longer be operating at the true optimum. Our scheme will similarly be affected by inaccuracies in
the internal power coefficient table, even though it maintains effective reference tracking. A potential mitigation of the bias
introduced by modelling inaccuracies would be to schedule the feedforward input on an independent measurement of the
rotor-average wind speed—such as LIDAR measurements—or by combining such measurements with the estimated values.
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Alternatively, one can update the acrodynamic model (used in both the controller and estimator) to represent the actual, possibl

degraded, aerodynamic properties of the wind turbine using online learning algorithms (Mulders et al., 2023).

The capabilities of this novel scheme to allow for a smooth transition between the two PI controllers are visualised in
Fig. 15, where the behaviour of the controller is analysed in a time-domain simulation. This analysis was performed using the
characteristics of the flexible model described in Sect. 2, in the time-domain wind turbine aeroelastic simulator HAWC?2.

In this example, the controller tracks the optimised set point strategy defined by Case 2. The transition between the partial
load-and-ful-Head-partial-load and full-load controllers is expected to occur at a wind speed of approximately 10.5 metres per
second (see Fig. 7). To observe this transition in detail, we have extracted a 26-seecond-40-second segment from a 1000-second
simulation carried out with a turbulent wind field and wind shear, capturing the moment when the rotor’s average wind speed
crosses the rated wind speed. fnFig—

Figure 15 (a) compares the rotor-average wind speed (light grey) with its corresponding estimate (dark grey). Overall, the

two signals align well, though the estimated value shows some high-frequency oscillations that likely stem from noise in the
WSE input signals and the calibration of the WSE. Brief discrepancies also occur (e.g. neart ~ 510 s), which may be attributed
to dynamic effects or degrees of freedom not captured by the internal model used in the WSE. To prevent the high-frequency
oscillations from directly exciting the actuators, we apply a first-order low-pass filter with a cut-off frequency of 0.5 rads™ .
to_the feedforward inputs. Figures 15 +5-(b) +-the-and (c) show, respectively, the feedforward pitch and torque commands
scheduled on the true rotor-average wind speed (light grey), on the estimated wind speed (dark grey), and the actual controller

outputs (green). Up to ¢ &~ 505 s, the turbine remains in partial-load operation: The collective pitch angle closely follows the

fs%@@wvavrégmmwwwh@ﬂ

Magevcl\pgyvvevrvévttmltmwvvovrgev& t, the estimated wind speed in F1g 15 (a) ha%—reaehed—&ppfe*uﬂate}ylrl—me&eﬁeeﬁeeeﬂd—ahgmﬂg

reaches around 10.7 ms™ ', matching the expected

set-point bias Awy;,s (blue) ensures a smooth transition from torque to pitch control. Before ¢ ~ 505 s, the bias is negative
keeping the collective pitch angle saturated at its lower limit and allowing the torque controller to be active. As the system
approaches rated, the bias crosses zero and effectively drives the generator torque into saturation, activating the collective-pitch

controller. This gradual shift avoids abrupt changes in control action Qhe%aﬁaﬁmﬁs%e&%ﬂal}%e—%gmﬁeamkyﬂﬁﬂueﬂeeﬁe

%%WMMHMWM%HMWIMW
can successfully handle transitions to full-load operation, even under turbulent inflow. Finally, while the overall dynamic
performance is satisfactory, further gain scheduling or fine-tuning of the WSE and PT loops could improve transient behaviour
and reduce any remaining high-frequency pitch or torque activity.

27



585

590

(a) (b)
Bipp (V) (deg)

1= Bpp(V) (deg)
—— [ (deg)

V (ms™)

— V (ms™})

12 1

W~

0.5 1

0.0 1
1
Qg pr(V) (MN m) o (min ) :
T Q; FE(V) (MN m) —0.5 1 €. (min~!) i
17.5 1 — Qg (MN m) —— Awpjg (min ) 1
i 1
480 490 500 510 520 480 490 500 510 520
t(s) t(s)

Figure 15. Quantities extracted from a time domain simulation of the IEA 15 MW RWT with turbulent wind and wind shear, performed in
HAWC?2 with the implementation of the novel control scheme, showing the behaviour of control inputs and set-point smoothing technique
values near the transition from partial load to full load. The vertical dashed line at { ~ 505 s marks the transition from generator torque
control to collective pitch control in the full-load region. (a) Rotor-average wind speed (light grey) and estimated wind speed (dark grey).

b) Ideal feedforward collective pitch angle scheduled on the actual rotor average wind speed (light grey), feedforward scheduled on the
estimated wind speed (dark grey), and the controller pitch command (green). (c) Ideal feedforward generator torque scheduled on the actual
rotor average wind speed (light grey), feedforward input scheduled on the estimated wind speed (dark grey), and the actual generator torque
(black)

. (d) Rotational-speed error e, , biased error e/

command

The next section will delve deeper into the validation of the proposed COFLEX control scheme through time-domain simu-

lations with uniform wind step inputs and turbulent wind fields.
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6 Results

In this section, we present the results of time-domain simulations carried out to verify the effectiveness and robustness of the
newly developed control strategy for large, flexible wind turbines. In Sect. 6.1, we assess the COFLEX control scheme using
uniform wind steps simulations. Step responses are commonly used in controller design to evaluate dynamic transient response,
particularly in terms of performance and stability. In our case, these tests serve multiple purposes: to verify the controller s
funetionality-aeross-the-turbine’s-functionality of the controller across the full operating range, including partial and full load
regions as well as the transition between them; and, most importantly, to confirm that the operational strategy defined by
COFLEXOpt mappings is consistently maintained through the proposed control scheme, as evaluated with full aeroelastic
HAWC?2 simulations. Then, in Sect. 6.2, we analyse the simulations carried out with turbulent wind fields to test the controller
under more realistic operating conditions for a wind turbine.

The following subsections will detail the specific simulation setups, the methods used to analyse the performance, and the
comparisons made with reference values obtained from COFLEXOpt results shown in Fig. 7. The model used for the time-
domain simulations is equivalent to the Flexible model described in Table 1. The tool used to perform simulation is HAWC2,
a mid-fidelity aeroelastic code capable of handling coupled structural deformations of the blades, which was already employed

to calculate the performance of the same wind turbine in Rinker et al. (2020).
6.1 Time-domain simulations: uniform wind cases

Four 2500-second simulations were carried out with incremental wind speed steps of one metre per second every 100 seconds,
starting from an initial wind speed of 3 metres per second up to 25 metres per second, for each set points strategy. These
simulations, which included an initialisation period of 200 seconds to settle down transient behaviour, were used to test the
controller step response.

The time series of rotational speed, collective pitch angle and tip-speed ratio are shown in Fig. 16, excluding the initialisation
period. In the first 500 seconds, all control strategies correctly track the minimum rotational speed (5 min~ '), with relatively
high overshoots (around 10%), while the collective pitch angle is set to the same values to maximise the power coefficient.
From ¢ = 500 s onwards, the four cases follow different set point strategies for both rotational speed and collective pitch angle.
In all cases, varying trends on the overshoot and settling time values suggest that gain scheduling (see Abbas et al., 2022) could
be employed to improve the dynamics of the controller and is devoted to future work. The focus of this paper is to establish a
novel control strategy for flexible turbines, and therefore, we are interested in analysing the trends in steady-state performance.

During the simulation, the final 10 seconds for each 100-second interval were used to calculate the steady states of selected
variables. These steady states (dots), obtained using the FF-FB control scheme in HAWC?2 simulations, are presented in Fig. 17
w.r.t. the input wind speeds (uniform and constant) in the same intervals and compared to the prescribed operating points (lines)
calculated through COFLEXOpt.

These results demonstrate that, in time-domain simulations, COFLEX accurately tracks the set points calculated with

COFLEXOpt for all variables of interest. The trends observed in the mean values of control variables, including rotational

29



8 _K‘i.ll.k'.u.'.unx-, 20 4 r-F 25 A E— ]
JF'F | —— Case 2
6 1 g 15 1 h_i”r 20 A1 i Case 3
— ahon .: = i ---- Reference
'T A [y
£ 41 T154Y
ch < Ay
3 104N
i M
2 T 'v":-m_L’n_
l-‘_L_
5 4 -.-}_1_.‘_,__‘__-_'_1_
0 T T T T =5 1 T T T T T T T T
500 1000 1500 2000 2500 500 1000 1500 2000 2500 500 1000 1500 2000 2500

t(s) t(s) t(s)

Figure 16. Time series of rotational speed, collective pitch angle, and tip-speed ratio for the four different strategies, in time-domain sim-

ulations performed with HAWC2, with uniform wind steps. The plots demonstrate the control system’s ability to follow different set point

strategies and maintain stable operation across varying wind speeds.
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Figure 17. Comparison of steady states (dots) calculated from the time-domain HAWC?2 simulation and prescribed operating points (lines)
from COFLEXOpt based on HAW-C2Stab-HAWCStab? linearisations for the four different strategies. Steady-state trends match the expected
operating points, meaning that the novel controller is able to track the set points for the entire operating range of the IEA 15 MW RWT.
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speed, collective pitch angle, and generator torque, follow the strategies prescribed by COFLEXOpt. This novel approach with
a variable tip-speed ratio and collective pitch angle allows for maximising power production while respecting the blade tip
displacement constraint.

The generator torque reaches saturation above +-m-s—-11 ms ! for all cases, except Case 3, in which the tighter constraint
on tip displacement increases the wind speed at which the rated power is produced up to +2-ms=12 ms~!. The steady-
state maximum values of tip displacement for Case 2 and Case 3 result in 14.1 metres (+3.5 %) and 10.6 metres (+6.0 %),
respectively, showing a positive slight discrepancy. For all cases and each wind speed, the OoP tip displacement is slightly
underestimated in the steady states calculated through COFLEXOpt. This small difference can be attributed to different factors:
a discrepancy in the steady-state blade deflection calculation for HAWC2 and HAWCStab2, which was deemed small but not
directly quantified in the comparison of the tools (Verelst et al., 2024); nonlinear dynamic effects which are only taken into
account by HAWC2.

Some differences are also present in the generator torque and collective pitch angle set points (see, e.g. Case 3 generator
torque and Case I collective pitch angle at wind speeds near rated). These differences can be attributed to the activation of
the switching logic and the resulting set-peint-set-point bias affecting the system behaviour. The potential of the new control
scheme to track them in realistic turbulent wind conditions is provided in the next section with the analysis of turbulent wind

cases.

6.2 Time-domain simulations: turbulent wind cases

To evaluate the eontreller’s—performanee-performance of the controller under more realistic operating conditions, turbulent
wind cases were defined following the design load case (DLC) 1.1 as specified in IEC 61400-1 for wind class IB (International

Electrotechnical Commission, 2019). A series of 1000-second simulations were performed with mean wind speeds ranging
from 3 to 25 metres per second (one simulation every metre per second) and turbulence intensity in accordance with IEC
standards, using six different seeds for the turbulence box generator (for a total of 138 simulations for each control strategy).
The turbulent wind fields were generated using the Mann turbulence box generator integrated within HAWC2. Additionally, a
power-law vertical wind shear was applied with an exponent of 0.2.

For each simulation, only the last 600 seconds were used in the analysis to eliminate initialisation dynamics. Simulations
were grouped for each control strategy and subdivided into small time intervals of 10 seconds. Then, the means of the individual
performance metrics were calculated in these intervals and binned with respect to the average wind speed of the rotor, with a
uniform bin length of one metre per second.

A statistical analysis was performed, and the distribution of selected performance metrics is shown for the control strategies
Case I and Case 2 in Fig. 18 and Fig. 19, within a wind speed range of 5 to 15 metres per second. In these figures, the
dotted lines represent the prescribed operating points from COFLEXOpt for the same control strategy, calculated using the
rotor average wind speed V', while the dashed grey lines (corresponding to the right y-axis) indicate the differences between
the median values for each bin and the prescribed values at each bin mid-point. The boxplots depict the distribution of the

performance metrics averaged over ten-second intervals for each wind speed bin, with indications of quartiles (the filled boxes
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with a central line represent the 25%, median, and 75% quartiles), minimum and maximum values (whiskers limits), and
outliers (triangles).

For both strategies, the median values of the estimated wind speed (V) are consistently higher than the actual wind speed.
This discrepancy is around 10% at very low wind speeds, decreases to approximately 5% near the rated wind region, and
then increases again linearly in the full load region. This consistent, positive bias s-which-was-not-captured-was not observed
in previous analyses and eould-be-attributed-to-dynamic-phenomen a-should-be-investigated-and-pessibly-corrected-infurthe
improvements to-the-eurrent eontrob seheme s likely driven by local wind speed fluctuations due to wind shear and turbulence.
Our wind speed estimator uses a torque-balance approach, matching the measured generator torgue to an estimated rotor torque,
recalling the system of Eq. 10. Under wind shear and turbulence, the contribution of blade sections to the total torque depends
on the local velocities. Hence, the effective wind speed which produces the rotor torque differs from the arithmetic mean across
the rotor disk. As a result, the WSE estimates an effective wind speed that differs from the rotor average wind speed, which
is used as a reference here. However, this bias does not degrade the performance of the controller. In a practical scenario, the
controller must adapt to this effective wind speed; the control scheme of COFLEX still holds, as our set-point mappings and
feedforward inputs rely on precisely this torque-based wind speed estimate.

Both the collective pitch angle and generator torque exhibit differences relative to the set points, with similar magnitudes
and trends across the two analysed control strategies. These differences can be largely attributed to the errerin-wind-speed
for binning,. This directly impacts the feedforward component in the control loop, especially at low wind speeds.

Despite these discrepancies, the median values of the OoP tip displacement closely follow the steady-state values calculated
by the set point optimiser, with a high degree of accuracy (less than 10% difference across the analysed operating range). In

Case 2, the expected constraint on the median value of the OoP tip displacement is satisfied with a deviation of less than 1%.

While constraining the steady-state OoP tip displacement helps reduce average deflection levels, more advanced control
techniques remain necessary to mitigate the transient effects that drive the maximum values—and thus the tower-strike risk.

Consequently, imposing a strict limit on the maximum displacement would require a different control approach, such as

online set-point optimisation (Petrovi¢ and Bottasso, 2017) or advanced individual pitch control (Liu et al., 2022a), which can

explicitly predict and counteract such extremes. Nonetheless, to address the safety margin in a stochastic way, one could modify
the constraint in COFLEXOpt by incorporating a precomputed variance around the median displacement. This would allow.
designers to ensure, a priori, that the probability of exceeding the maximum allowable OoP tip displacement remains within
an acceptable margin.

The generator torque is correctly saturated in the full load region for both strategies. Finally, we observe an interesting

effect on the generator power median values in the partial load region, where these values consistently exceed the prescribed
operating points. These trends align with studies on the effects of turbulence intensity on the power production of wind turbines
in the partial load region (Saint-Drenan et al., 2020).

Figure 20 compares the median values of OoP tip displacement (top panel) and generator power (bottom panel), both

normalised by the reference strategy, for the new strategies across wind speeds from 5 to 15 metres per second. For Case I and
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Figure 18. Statistical analysis of performance metrics under turbulent wind conditions for the Case I control strategy. The boxplots represent
the distribution of average performance metrics over 10-second intervals, categorised into wind speed bins of one meter per second. The filled
boxes indicate the 25th, 50th (median), and 75th percentiles, with whiskers extending to the minimum and maximum values of the distribution
and triangles marking outliers. The dotted lines correspond to the prescribed operating points from COFLEXOpt for the same control strategy,
while the grey dashed lines (associated with the right y-axes) represent the errors between the median values and the optimiser’s set points
for each wind speed bin midpoint. Although a slight discrepancy in wind speed estimates is present, the deviations between median values

and prescribed operating points remain minimal across other metrics.

Case 2, we obserye that the generator power increases by approximately five percentage points relative to the reference at the
expense of higher tip displacements in the partial load region. In particular, Case I shows OoP tip displacements as much as
30% above the reference at rated wind speed, which aligns with the prescribed operating points. In Case 2. the displacement
constraint is active around 10 ms~", as indicated by the orange bars converging toward unity in the top panel near 11 ms~".
Case 3 follows a similar pattern at lower wind speeds (below 8 ms~"), but the tighter constraint on tip displacement results in
values around 25% below the reference near the rated wind speed, and a corresponding lower power output in that range. All
three cases behave similarly to the reference controller in full-load operations. Overall, these trends confirm that the set points
derived via COFLEXOpt can be effectively tracked in turbulent inflow scenarios.

7 Conclusions

This work introduces COFLEX: a novel set point optimisation and control strategy for large, flexible wind turbines, addressing

the limitations of conventional methods. Unlike traditional strategies that rely on fixed tip-speed ratio and fixed collective pitch
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Figure 19. Statistical analysis of performance metrics under turbulent wind conditions for the Case 2 control strategy. The boxplots represent
the distribution of average performance metrics over 10-second intervals, categorised into wind speed bins of one meter per second. The filled
boxes indicate the 25th, 50th (median), and 75th percentiles, with whiskers extending to the minimum and maximum values of the distribution
and triangles marking outliers. The dotted lines correspond to the prescribed operating points from COFLEXOpt for the same control strategy,
while the grey dashed lines (associated with the right y-axes) represent the errors between the median values and the optimiser’s set points
for each wind speed bin midpoint. As demonstrated by the small deviations between median values and prescribed operating points in all

control and output variables, COFLEX confirms its suitability for real-world scenarios, where compliance with constraints is essential.

angle, our approach optimises set points for varying rotational speed, pitch angle, and generator torque across the turbine’s full
operational range without the need to predefine operating regions.

The first module of COFLEX, the set point optimiser COFLEXOpt, was used to obtain new control strategies for the
IEA 15 MW RWT turbine and compare them to the reference fixed tip-speed ratio tracking scheme. Using COFLEXOpt, we
derived variable tip-speed ratio and collective pitch angle schedules for power maximisation, with and without constraints on
blade out-of-plane tip displacement. In one of the analysed cases, we achieved up to an 8% increase in generator power across
the partial-load region compared to the reference strategy. Additionally, we demonstrated the ability to incorporate constraints
on structural and operational requirements in COFLEXOpt, such as limiting out-of-plane tip displacement. For the case where
the blade deflection limit matched the maximum value from the reference strategy, we still observed an increase in generator
power of about 5%.

A feedforward-feedback controller was designed to track the optimised set points, relying on a new, more accurate wind

speed estimator algorithm that uses three-dimensional C'p tables, parameterised on rotational speed, wind speed and collective

34



720

725

=
i~

I Case 1

N Case 2
Case 3

W Reference

[
]
1

Normalised OoP tip disp. ()
—
o

Normalised Pg (-)
o
e

5 6 7 8 9 10 11 12 13 14 15
V (ms71)

Figure 20. Median out-of-plane tip displacement (1op) and generator power (bottom), both normalised by the values obtained with the
reference strategy for each wind speed bin across wind speeds of 5 to 15 ms_". Bars represent 10-second median values obtained from six
600-second HAWC?2 simulations under realistic turbulence, grouped in 1 ms " bins. The reference strategy values (unity) are shown in grey,
while Case I (blue), Case 2 (orange). and Case 3 (vellow) bars represent the values obtained with the new strategies. In Cases / and 2, power
increases relative to the reference, but tip displacements rise by up to 30% in partial-load operation. Case 3 exhibits a 25% reduction in tip

pitch angle. A set point smoothing technique was developed to allow for a seamless transition between partial and full load
operations of a wind turbine.

Time-domain simulations were employed to validate the eentreller’scapabilitiescapabilities of the controller under various

wind conditions and in the transition region. The wind step response simulations indicated that the controller effectively reached
the steady states prescribed by COFLEXOpt schedules across the entire operating range and that it was able to operate smoothly
in the transition region. A statistical analysis of the control-scheme’s-performanee-performance of the control scheme under
turbulent wind conditions was carried out to evaluate its robustness in more realistic operating scenarios. Selected performance
metrics were analysed in the operating range with a mean wind speed from 5 to 15 metres per second. Despite a slight wind

speed estimation bias, the-controller-maintained-effeetive-which may be attributed to the difference in the estimated effective
wind speed and rotor average wind speed, the controller maintained tracking of rotor speed, generator torque, and collective
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pitch angle under turbulent conditions. The median values of rotor speed across different wind speeds were generally contained
within a small margin (with an error of 5%) with the desired set points. Generator torque and collective pitch angle outputs
were similarly accurate, with small deviations.

Moreover, the controller effectively achieved the expected out-of-plane tip displacement and generator power steady states
across different wind conditions. The analysis showed that the out-of-plane tip displacement and generator power closely
tracked the optimised set points derived from COFLEXOpt. The ability to reach the desired steady states highlights the potential
of the novel control scheme to enhance performance while complying with structural integrity in large, flexible wind turbines.

Looking forward, this framework could be leveraged for the co-design of large, flexible wind turbines, integrating structural

and control variables from the earliest design stages. Additionally, the s

safe-operationcontrol scheme of COFLEX can be adapted to perform online set-point optimisation to limit the maximum values
reached in dynamic situations—such as wind gusts—that can suddenly increase out-of-plane tip displacement.
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