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1 EXECUTIVE SUMMARY

Current practice in wind turbines operation is that each turbine has its own controller optimizing its
performance in terms of energy capture and loading, based only on the available information of its
own measurements. However, when wind turbines are operating with control algorithms that treat
the entire wind plant as a holistic controls optimization problem, a turbine may be let to work in
conditions different from those it was designed for.

For this purpose a wide parametric analysis is performed for several wind farm site selection: off-
shore, stable, neutral and unstable atmospheres. First, different layouts by moving turbine 2 in a
three-turbine array forwards and backwards are evaluated in wind farm power, but also in loads.
Secondly, wind farm control algorithms based on axial induction controls are applied to get optimal
solution for power maximization and/or load reduction. Thirdly, a sensitivity analysis is performed
to evaluate the optimal solution with respect to other suboptimal options. Finally, the robustness of
these solutions is analyzed against variations in wind predictions.

Equally, wind farm control algorithms affect wakes and turbulence inside the wind farm. For this
reason, linked to the different operating modes of each turbine, effects on wind turbine fatigue
and ultimate loads are computed. Another important structural design parameters, such as the
maximum blade deflection and the actuator duty cycles, are taken into account in the wind turbine

redesign process for active mixing.

The effect to redesign a wind turbine is analyzed from the wind farm point of view. So, changes in the
wind turbine hub height, rotor diameter and wind rose are evaluated. Finally, layout optimizations
are carried out to maximize the annual energy production in the wind farm.

Altogether various aspects of the atmospheric conditions, structural constrains and wind turbine
operations modes are stated and let customers some guidelines for new redesigned wind turbines
and wind farms taking into account the new wind farm algorithms.

Copyright CL-Windcon Contract No. 727477 Page 7
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2 INTRODUCTION

A large modern wind farm is not just a collection of autonomous wind turbines. It is a wind power
station, feeding significant amounts of power into the electricity grid. Itis also a highly complex phys-
ical system. For both reasons, it is important to consider how the whole plant should be controlled.
CL-Windcon revolves around multi-fidelity dynamic modelling and open and closed-loop advanced
control algorithms at a farm level by treating the entire wind farm as a comprehensive real-time
optimization problem. For that reason, Workpackage 1 developed multi-fidelity wind farm models
needed for the design of control algorithms. In Workpackage 2 different wake control options were
investigated. And in Workpackage 3 these wind turbine and wind farm control methods were vali-
dated.

The objective of Workpackage 4 of the European CL-Windcon project is to assess the benefits of the
new control technology when applied on an industrial scale and to provide guidance on the imple-
mentation rationales. Specifically, this report focuses mainly on get guidelines for new redesigned
wind turbine and the new wind farm, both designed taking into account the wind farm control algo-
rithms. The guidelines for wind turbine and wind farm redesign will also be included. The report is
structured in four chapters.

Chapter 3 covers a wide parametric analysis for several categorize wind conditions. First, it is inves-
tigated the optimization of a wind farm layout under axial induction control strategy developed in
[23]. For this, we assumed a fixed topology (defined in [22]), and only allowed turbine 2 (in a three-
turbine array) to move backwards or forwards. The optimization was concerned with both power
maximization and load minimization. Loads are estimated with a novel methodology based on a
pre-calculated database [26]. Secondly, most promising configurations for power farm and loads
are analysed from a robustness point of view. Finally, the main trends are provided.

Chapter 4 focuses on the impact of the wind farm control algorithms on the rotor design which
can be considered as the subsequent step with respect to the work presented in [28]. Operating
according to a farm control algorithm, in particular active wake mixing, may let a turbine work in
conditions different from those it was designed for. For this reason, it is necessary to evaluate the
impact of wind farm control at turbine level in terms of loading. The chapter is organized according
to the following plan. Firstly, the procedure followed to evaluate the effect of wind farm control on
wind turbine blade design is presented. Secondly, results obtained for different design processes

are shown. Finally, the main findings and conclusions are reported.

Chapter 5 addresses wind farm layout optimization in order to maximize the energy production with
minimal fatigue as well as minimal distance between the turbines. In Chapter 2 of Deliverable D4.3
[29] of the CL-Windcon project an optimization of NORCOWE reference wind farm [16] has been
reported in which the wind turbines position as well as yaw settings were optimized to gain the
maximum annual energy production (AEP). This chapter follows the same methodology and tools
to optimize the wind farm layout and yaw setting for the redesigned wind turbine taken from [20].

Copyright CL-Windcon Contract No. 727477 Page 8
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The effect of redesigning turbine on the optimization of wind farm layout is analyzed. First, do a
sensitivity analysis for some parameters and see their effect on the wind farm optimization. These
parameters, which basically along with hub height and Cp and Ct curves were the input parame-
ters to optimization problem, are chosen to be rotor diameter and the resolution of wind rose for
which the number of wind directions in wind rose is used. Secondly, results obtained are shown and
conclusion provided.

Chapter 6 emphasizes the main achievements, comparing them to the initial objectives of the deliv-
erable, concluding with the accomplishments of the goals of the report.

Copyright CL-Windcon Contract No. 727477 Page 9
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Part I: Parametric Analysis
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3 PARAMETRIC ANALYSIS

3.1 Introduction

Motivation of this deliverable is get guidelines for wind turbine and wind farm redesign taking into
account the wind farm control algorithms. These new redesigns are affected by wind farm site se-
lection.

For this reason, a wide parametric analysis is performed, changing parameters related to the wind
farm redesign (layout), related to the wind turbine operational modes (induction control) and related
to the atmospheric conditions (turbulence intensity and shear).

The chapter is organized according to the following plan. Section 3.2 define model used in the anal-
ysis and its associated parameters. Section 3.3 deals with the power farm and loads taking into
account different layouts. This methodology is repeated for several site selection: offshore atmo-
sphere type (subsection3.3.1), stable atmosphere type (subsection3.3.2), neutral atmosphere type
(subsection3.3.3) and unstable atmosphere type (subsection3.3.4).

Moreover, once determined positions for wind turbines, Section 3.3.5 approach wind farm control
algorithms. These control modes are based on induction control developed in [23]. In order to see
how robust this methodology is against the wind distribution uncertainty, subsection 3.4 analyses
most promising configurations for power farm and loads.

3.2 Definitions

3.2.1 Description of the wind farm model (FLORIS)

The wind farm model selected for this analysis is FLORIS. The FLORIS tool is a set of low-fidelity
steady-state wind farm models developed by the Delft University of Technology and the US National
Renewable Energy Laboratory (NREL) [24]. The wake model selected is Bastankhah and Porté-Agel
wake model, and the Crespo and Hernandez turbulence model [3], with model parameters were
set to their default values as maintained in NREL repository at the time of making predictions and
are provided in [25]. This model has been chosen due to was found to be the most accurate model
for predicting the wake velocity deficits and wake widths for the neutral and stable atmospheric
conditions in single wake model benchmark with field data.

Improvements have been developed in this code by CENER in order to add the functionality to take
into account loads in each wind turbine inside the wind farm. For this pre-calculation of cases the
damage equivalent loads (DEL) of an unaffected turbine are computed by OpenFAST for different
wind speed, turbulence intensity, yaw misalignment and derating conditions.

This method is based on the use of simulations from unaffected wind turbines and translates the
distribution of wind velocities into cyclic loads due to the rotor sweep, which add to those coming

Copyright CL-Windcon Contract No. 727477 Page 11
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from turbulent variations. Regarding DEL estimation for cases without partial wake wind turbine,
interpolation from pre-calculated databases is a validated approach [26]. In cases with partial wake
there is a significant effect of the reduction of the velocity on the loads in determined regions of
azimuth depending on the wake impingement. Using the mean velocities obtained for azimuth 0,
90, 180 and 270 deg is possible to translate from velocities to cyclic loads due to rotor sweep apart
from the turbulent variations. In particular, this report is focus on blade flapwise bending moment,
but other loads could be computed in similar way. More details about this methodology can be
found in [26].

3.2.2 Input parameters related to the wind turbine operational modes

Coupling between the turbine and the flow inside FLORIS are parameterized using power and thrust
curves. In order to get different curves representing different operating conditions, various simula-
tions are run with OpenFAST [13], for different wind speeds, turbulence intensities (Tl), yaw misalign-
ments and deratings. The control strategy to get these derating settings in the reference InnWind
10 MW wind turbine [7] is minCT [14], which attempts to minimize the thrust coefficient, while
achieving a certain power reference signal. [WIND CONTROL NO WIND TURBINE]

3.2.3 Input parameters related to the wind farm redesign

In a wind farm redesign, wind turbines are allowed to modify their position inside the wind farm. In
the first package of the CL-Windcon project some reference wind farms were defined. Futhermore,
it showed that the benefits of axial induction control may only show 3-4 turbines down in the array
[22]. Therefore, to carry out this analysis a 3-turbine array is the minimum size of the wind farm. For
that reason a subset from the reference nine turbine case is chosen. The wind farm that is studied
consists of nine wind turbines, placed in a 3x3 matrix, as it can be seen in Figure 1. This example case
compares to a realistic scenario where the outer domain is fixed, while the inner turbine can only
move laterally due to limitations in the electricity cable network. Moreover, novelty of this analysis is
taking into account loads, particulary blade flapwise moment.

The separation in the Y axis (primary grid direction from now on) between the machines is 5 times
the rotor diameter and in the X axis (secondary grid direction from now on) is 7 times the rotor
diameter. The turbine that is in the middle is moved along both dimensions (Figure 3 and Figure 2)
and a sensitivity study is carried out in order to see how the power and loads are affected by the
position of this turbine.

3.2.4 Input parameters related to the boundary conditions

Wind conditions are different in the possible sites to set up a wind farm. Atmospheric conditions
(stable, neutral and unstable) for onshore and offshore farm. This could be simulated with a specific
Tl / shear coefficient for each bin of mean wind speed.

Copyright CL-Windcon Contract No. 727477 Page 12
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5D

5D

Figure 1. Wind farm layout and dimensions

Itis relevant to define stability classes that can allow us to categorize wind conditions. For this reason
all the simulations are run using four different topographies: offshore case, stable atmosphere,
neutral atmosphere and unstable atmosphere. The main difference between the different types of
atmospheres is the Tl and shear, as it can be seen in Figure 4.

+ Offshore case: offshore atmosphere, where the Tl is the lowest one due to the absence of
obstacles.

+ Stable: onshore atmosphere, where the Tl is low.
+ Neutral: onshore atmosphere, where the Tl is a bit higher that the stable one.
+ Unstable: onshore atmosphere, where the Tl is quite high.

Apart from the Tl and shear that each atmosphere type have, it is necessary to define a wind dis-
tribution for the site. In this case a Weibull distribution is used with a mean of 8 m/s and a factor
of 3. The distribution can be seen in Figure 5. This selection are based on characterization of wind
conditions [19] and [11]. Simulations and analysis have been carried out for the four topographies
types.

3.2.5 Key Performance Indicators (KPIs)

Because of the importance of wake effects in reducing energy production and increasing loads, there
has been much interest in recent years in the concept of minimising wake effects through wind farm
control. Different approaches to the control of wake interactions are possible.

Copyright CL-Windcon Contract No. 727477 Page 13
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Wind direction

—— —— ——
> —— >
> e >

Figure 2. Wind farm layout in primary grid direction

In this case derating for load reduction is chosen. Changing the operation of an upstream turbine
to reduce its thrust force is applied with strategy control [D21], so that the wake effect is reduced.
Turbines downstream will see increased power production but this must be balanced against the
reduced power production at the upstream turbine. Downstream turbines will see reduced turbu-
lence and increased wind speed, so some loads might go up or down depends on the details of the
situation.

For this reason, power and flapwise DELs in the blade root have been analyzed in order to see which
is the best position for the second turbine (in the two main directions). In the following subsections
it will be shown, for different wind speeds (6, 8, 10 and 11 m/s), how the DELs and power of the three
turbines change moving the second wind turbine in the primary and secondary grid directions. It
is worth mentioning here that the model which has been used is not completely reliable when the
moving turbine is in near wake region. For this reason, values in range below 3D, and above 7D for
the primary grid direction and 11D for the secondary grid direction will not be considered for the
analysis.

3.2.6 Definition Test Matrix

Several scenarios have been selected in order to get guidelines for wind turbine and wind farm
redesign. Firstly, to give the user the option to choose the best layout according to their criteria

Copyright CL-Windcon Contract No. 727477 Page 14
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Wind direction

Figure 3. Wind farm layout in secondary grid direction

F

Public

F

Wind direction

Second wind turbine position

Primary 2.5D
grid 2.75D

direction 3D
7.25D

7.5D

Secondary 3D
grid 3.25D
direction 3.5D
10.75D

11D

Table 1. Second wind turbine position cases

CL-Windc n

(axial induction control for load reduction, net overall production may increase), the cases shown in

Table 1 have been running:

Secondly, the layout is fixed for several atmospheric conditions. After this, using wind farm control

algorithms developed in WP2, a complete combinations of deratings are tested (Table 2).

3.3 Wind farm parametric study

3.3.1 Wind farm under an offshore atmosphere type

Copyright CL-Windcon Contract No. 727477
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Figure 6. Wind turbines blade root flapwise DEL in an off-
shore atmosphere type and in the primary grid direction
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Figure 7. Maximum DEL for different wind speeds in an off-
shore atmosphere type and in the primary grid direction
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3.3.1.1 Wind coming from the primary grid direction

The first case corresponds to an offshore atmosphere in the primary grid direction. As it has been
said earlier, the offshore atmosphere is, by far, the atmosphere type with the lowest Tl, on account
of the absence of obstacles. The first turbine is obviously, not influenced by the next ones, hence
its DEL is constant, independent of the position of the downstream wind turbines. Furthermore, the
third turbine has usually the highest DELs, as it is the last one in the wind direction and it is affected
by the wake of the rest of the machines.

In this case the Tl does not vary very much, because there is low added turbulence from wind tur-
bine. So wind speed deficit should not be neglected in this scenario. In other cases it can do it and
therefore this tendency cannot be extrapolated to other atmosphere types. In general terms, the DEL
in the second turbine is always increasing as it is moved backwards, because the wake produced by
the first machine vanishes and the wind speeds effect is grater than the turbulence intensity effect,
leading to higher loads. The DEL in the third turbine is always decreasing, because the wake gets
bigger as the second turbine moves closer, which means less wind speed reaching its rotor.

The tendency above mentioned (the load in the second turbine is increasing and in the third one
decreasing) can be seen in Figure 6. It is worth noting here that at approximately 5D both loads
cross each other,leading to a minimum total load in the farm (in terms of blade root flapwise DEL).
In Figure 7 the maximum DELs for all wind speeds are plotted. Here it can be specially seen how the
evolution of the maximum DEL is for different wind speeds. The minimum DEL for each wind speed
occurs at a different position for the second turbine and therefore it is not easy at all to choose
the best position for the moving machine with respect to the DEL. The data in this graph should be
crossed with the wind distribution in order to make a good choice.

Figure 8 represents the power in the turbines. In Figure 8 (a) the power of each turbine and the total
power of the row for 8 m/s wind speed can be seen. As it happened with the DELs, the power in the
first turbine is always constant. As it is logical, the power in the second turbine goes up as it moves
away from the first turbine, but the power in the third one goes down, because the second turbine
is nearer. The optimum point (maximum power) taking into account all wind speeds (8) is found
placing the second wind turbine approximately at a distance of 4D from the first turbine. The Figure
8 (b) shows that the power graph shape is similar for every wind speed (the values are obviously
increasing with the wind speed). In this case the power for the entire wind farm is shown and hence
the curves are flatter. It is not very noticeable in this case, but the total power in the wind farm for
very low wind speeds (<6 m/s) has a concave form and not a convex one, which means that there
is minimum in the power instead of a maximum one in the middle of the graph. This feature is
repeated in every atmosphere type. However, this is not very important, because the wind speeds
and therefore the power are very low.
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Figure 9. Wind turbines blade root flapwise DEL in an off-
shore atmosphere type and in the secondary grid direction
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shore atmosphere type and in the secondary grid direction
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Figure 11. Wind turbines and total power in an offshore
atmosphere type and in the secondary grid direction

3.3.1.2 Wind coming from the secondary grid direction

The atmosphere is still offshore, but now the wind turbine placed in the middle is moved across
the secondary grid direction. As one could expect, the tendency is similar to the previous direction,
just with some particularities. Now, as the distances between machines are in general bigger, when
there is a lot of space (>7D) between two turbines, the loads are less affected by the wake because
intensity turbulence is recovering and getting close to the ambient turbulence value. So their DEL
remains almost constant. This can be seen in Figure 9, specially in the second turbine, when it is
far away from the first one. Apart from this, the graphs shapes are quite similar to the ones in the
primary grid direction. If a look is taken at Figure 10, the same as in the primary grid direction can be
seen. The smallest maximum DEL happens at different positions for each wind speed, so it should
be analyzed together with the wind speed distribution to come to a decision. In Figure 11 (a), the
total power is shown. Itis a little bit higher than in the primary grid direction, because the spacing
between machines is bigger, but the shapes are similar. Figure 11 (b) is practically equal.

3.3.2 Wind farm under an stable atmosphere type
3.3.2.1 Wind coming from the primary grid direction

The next atmosphere type is the stable one, which has a higher Tl than the offshore one. First the
case in the primary grid direction is analyzed. For the DELs (Figure 12) some minor differences can
be found in comparison with the previous atmosphere type. The DEL of the second turbine is usually
decreasing and the DEL of the third turbine is usually increasing, but they do it in a more irregular
manner, due to the TI. Actually, at high wind speeds (11 m/s), when the second wind turbine is far
away from the first one (>5D), it starts going down, because in this case the Tl has a bigger impact
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Figure 12. Wind turbines blade root flapwise DEL in an sta-
ble atmosphere type and in the primary grid direction
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Figure 13. Maximum DEL for different wind speeds in an sta-
ble atmosphere type and in the primary grid direction
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Figure 14. Wind turbines and total power in an sta-
ble atmosphere type and in the primary grid direction

than the wind speed and the wake produced by the first turbine has not yet vanished. The Figure
13 shows a similar behaviour as before. The power (Figure 14) is slightly higher than in the previous
cases, but it maintains the shape. Furthermore the crossing between the second and third turbines
curves is produced slightly further away from the first turbine.

3.3.2.2 Wind coming from the secondary grid direction

Looking into the secondary grid direction, the DELs are similar to the ones in the primary grid di-
rection (Figure 15), but some comments should be mentioned. In Figure 15 (a), the wind speed is
so low that the Tl plays an important role here. Because of it, when two turbines are far away from
each other, the slope changes. That is, when the second turbine is far away from the third one (<7D),
the Tl becomes dominant over the wind speed and therefore the DEL in the third turbine increases
as the second machine moves backwards. When the second turbine is far away from the first one
(>7D), the opposite happens: its DEL decreases as it moves closer to the last turbine. In Figure 15 (b)
can be seen how the model is not feasible in near wake region. For the rest of positions the tendency
is similar. For Figure 15 (d), as it happened in the previous direction, the DEL of the second turbine
decreases when it is near the third one, due to the Tl. The maximum DEL for all wind speeds (Figure
16) and power (Figure 17) is similar to the previous cases.

3.3.3 Wind farm under a neutral atmosphere type
3.3.3.1 Wind coming from the primary grid direction

Now the turbines in a neutral atmosphere are analyzed, of which Tl is between the unstable and
stable one. Because of a higher Tl than the previous atmosphere type, the differences that happened
between the stable and the offshore atmosphere are now more noticeable (Figure 18). At very low
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Figure 15. Wind turbines blade root flapwise DEL in an sta-
ble atmosphere type and in the secondary grid direction
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Figure 17. Wind turbines and total power in an sta-
ble atmosphere type and in the secondary grid direction

and high wind speeds (Figure 18 (a) and Figure 18 (d)) the effect of the Tl is more considerable.
The DELs of the second and third turbines go up until approximately 4-5D and then they start to
decrease. For medium wind speeds (Figure 18 (c)) the shape of the curves is similar to the cases
with less TI. As it happened in the previous cases, the maximum DEL for each wind speed has the
maximum at a different position for the second wind turbine (Figure 19), making difficult choosing a
optimal position for the second turbine. Information about the wind speed distribution in the site is
recommendable. Figure 20 continues being very similar.

3.3.3.2 Wind coming from the secondary grid direction

The DELs in the turbines for the secondary grid direction (Figure 21) are, for some wind speeds,
quite different to the DELs in the same atmosphere, but in the primary grid direction. For medium
wind speeds (Figure 21 (b) and Figure 21 (c)), the tendency is very similar to the stable atmosphere.
Actually, the two curves cross each other in the same position and the model fails in the same zone
at 8 m/s. For very low and high wind speeds (Figure 21 (a) and Figure 21 (d)), the Tl starts playing an
important role. Because of it, the DEL in the second turbine goes down except when it is near the
first one. This is because, when it is near the first one (<5D), the turbulent wake affects it, making the
load increase. When it is far away from the first machine (>5D), the load goes down, as the wind it
receives is almost undisturbed. With the third turbine the opposite happens. Its DEL increases when
the second machine is far away (<9D) and it decreases when it is near (>9D). From Figure 22 the same

conclusions as in the previous sections can be extracted. The power (Figure 23) is also similar.

3.3.4 Wind farm under an unstable atmosphere type
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Figure 18. Wind turbines blade root flapwise DEL in a neu-
tral atmosphere type and in the primary grid direction
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Figure 19. Maximum DEL for different wind speeds in a neu-
tral atmosphere type and in the primary grid direction
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Figure 20. Wind turbines and total power in a neu-
tral atmosphere type and in the primary grid direction

3.3.4.1 Wind coming from the primary grid direction

The last case corresponds to an unstable atmosphere. As it has been said earlier, it is the atmo-
sphere with the highest TI, which leads, in general, to the most severe loads. First the primary grid
direction is analyzed. The loads are very similar to the ones in the neutral atmosphere (Figure 24).
When the second wind turbine is near the first one (approximately below 5D), its DEL goes up as it
goes backwards, because, although the Tl decreases, the wind speed increases in a more significant
manner. When the second turbine is near the third one, the DEL goes down, because, as it is far
away from the first turbine, although the wind speed increases, the Tl decreases in a more signifi-
cant manner. In the third wind turbine something similar happens, but the Tl and the wind speed
can affect it in a slighter difference way. In Figure 25 the maximum DELs for all wind speeds and in
Figure 26 the power in the turbines are plotted. All of them are very similar to the ones seen in the
previous atmospheres.

3.3.4.2 Wind coming from the secondary grid direction

In this case the atmosphere is still unstable, but now the wind turbine placed in the middle is moved
in the secondary grid direction. As one could expect, the tendency is similar to the previous case, with
just few particularities. Figure 27 (b) and Figure 27 (c) are almost identical to the ones in the primary
grid direction. There is only a small difference with the 10 m/s. When the second turbine is near the
third one, its DEL decreases as it goes backwards, unlike in the previous case. This happens because
now the machines are more separated and in this particular velocity and location, the Tl reduction
is bigger than the wind speed increase. If a look is taken at Figure 28, the same as in the primary
grid direction can be seen. As always, the smallest maximum DEL happens at a different position for
each wind speeds, so it should be analyzed together with the wind speed distribution to come to a
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Figure 21. Wind turbines blade root flapwise DEL in a neu-
tral atmosphere type and in the secondary grid direction
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Figure 22. Maximum DEL for different wind speeds in a neu-
tral atmosphere type and in the secondary grid direction
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Figure 23. Wind turbines and total power in a neutral at-
mosphere type and in the secondary grid direction

decision. As it can be seen in Figure 29 (a), the total power is a bit higher than in the primary grid
case, because there is more spacing between turbines, but the shapes are similar. Figure 29 (b) is
practically equal.

3.3.4.3 Comparison between atmospheres

Once all the atmosphere types have been analyzed separately, it is illustrative to compare them in
the same graph. To do that, the wind speed distribution shown in Figure 5 is applied to the wind
farm and its power and DELs are examined.

In Figure 30 the power of the entire wind farm can be seen (for both wind directions). As it has
been seen before, in terms of power, the best position for the second wind turbine is more or less
in the middle between the other two, independently of the wind direction and atmosphere type.
Furthermore, the higher the Tl is, the higher the power that the wind farm produces is, as one could
expect. However, this is not true for each individual machine, because of the wakes interacting
between them. Actually, it is quite usual that the first turbine in the wind direction generates a lower
power when the Tl is higher. Nevertheless the wake that it creates is also weaker, allowing the second
and third turbines to produce more power. Besides, more power is produced when the wind blows
from the secondary grid direction (approximately a 5% more), as there is more spacing between the
turbines and the wake has more time to recover before it gets to the next machine.

Now the DELs of the second and third turbines are examined (for both wind directions). The DEL of
the first turbine is not analyzed, because no wake affects it and therefore no useful information can
be extracted from it. In Figure 31 and Figure 32 the values for the second and third machines are
shown. Unlike what it happens when each wind speed is independently analyzed, in this case the
tendencies are quite clear.

Copyright CL-Windcon Contract No. 727477 Page 29



D4.4 - Feasibility by re-design

velocity 6.0 m/s

Public CL-Windc n

velocity 8.0 m/s

15000 A

14000 A

13000 A

12000 -

11000 A

DEL [kNm]

10000 A

9000 -

8000 -

7000 -

()
..'... ..
[J ()
PY XA o
[
v ' o
v?Y ® Max P
v Vv
v A W Ve,
Vv
v v WT2
x  WT3

A A AAAAAAAAAAAALAALAAALAALAALAALD

3 4 5 6 7
WT2 position [D]

24000 A

22000 A

20000 A1

DEL [kNm]

18000 -

16000 -

(a) 6 m/s

velocity 10.0 m/s
[ @® Max
oo oo A WT1
’0.' v OWT2
CIPY x WT3

)
®
o
)
vvvv"',...
vy X
v’
v X
v

v X

A A AAAAAAAAAAAALAALAAALAALAALAALD

17000 A ..". ® Max
2P A WTL
16000 LIPS voWT2
L x  WT3
(]
15000 A )
= ()
g [ ..
~, 14000 - e oy
o v
a vv'?’
13000 A v?
v
'V
12000 AAAAA'XAAAAAAAAAAAAAA
v
v v
11000{ v ¥
3 4 5 6 7
WT2 position [D]
(b) 8 m/s
velocity 11.0 m/s
26000
00%0 4y ® Max
so00e®® ®o, 4 wn
24000 1 ®q v WR2
x  WT3
e
€ |
£ 22000 )
= R ARA Y
o 'v' 'v"'
e v YVvyy
20000 -
18000 A
A A A AAAAAAAAAAALAALAAALAAADLDD

3 4 5 6 7
WT2 position [D]

(c) 10 m/s

3 4 5 6 7
WT2 position [D]

(d) 11 m/s

Figure 24. Wind turbines blade root flapwise DEL in an un-

stable atmosphere type a

nd in the primary grid direction

16
25000 { GREEOEEESoSE,
90094, 0808 S
PYYY X P 14
22500 A ..:.....'V '. v.
®e, .’oooo
E20000- ‘o.. 12
Z ®e, Y
% 175001 o e000®
o ¢0ccccce,, °®® 10
0 15000 1 ...‘!..... °o®
3 eoeo00® T
= 12500 °. 8
009000
10000 R L T Y
6
7500 A
000000000000000000000
5000 T T ; : : 4
3 4 5 6 7

WT?2 position [D]

Figure 25. Maximum DEL for different wind speeds in an un-

stable atmosphere type a

Copyright CL-Windcon Contract No. 727477

nd in the primary grid direction

Page 30



D4.4 - Feasibility by re-design Public CL-Windc - n

velocity 8.0 m/s le7 16
e00000000000000 (¢ o 3.01
70001 ® A WT1 14
v WT2 2.5 4
< 6000 A x  WT3 ) 0000000000000000000¢,
= <201 12
5000 g 00000000000000000000, £
S g 3
= 1.5 eeoe000000e 10 >
€ 4000 - 1S e00000 (YY) s
© E =
; A A A A AAAAAAAAAAAAAAAAD 5 1.0- ..................... 8 ;
£ 3000 - £t
= " yYYVYY 2 ©00000000000000000000
X v
2000 A xxx":;;:x;;" 05{000000000000000000000 6
yyv XXy 000000000000000000000
17 X x $880888080888088888888388
1000 T T T T T 0.0 4 4
3 4 5 6 7 3 4 5 6 7
WT2 position [D] WT2 position [D]
(@)8m/s (b) 2D

Figure 26. Wind turbines and total power in an unsta-
ble atmosphere type and in the primary grid direction

The DEL in the second wind turbine goes up as the machine moves backwards, because the wake
that it receives becomes weaker (higher wind speed). However, the Tl plays an important role here;
for atmospheres with low Tl (specially the offshore one), the Tl contribution can be neglected and
what has been stated is completely true. For atmospheres with higher Tl, something slightly differ-
ent happens. When the second turbine is near the first one (<4-5D), the same as in the offshore
atmosphere occurs (the DEL goes up), because the wind speed is dominant over the TI. Neverthe-
less, when the second turbine is near the third one, the DEL remains almost constant or it even
decreases. That is because, although the wind speed that it receives increases, the Tl has a bigger
impact in the DEL, as the wake has almost vanished.

As it could be expected, the DEL in the third turbine makes the opposite. For low Tl atmospheres, it
is always decreasing and for the rest of them, it decreases only when the second turbine is near the
last one. When the moving turbine is near the first one, almost no wake affects the third one, due to
the high TI.

In general, the DELs in the third turbine are bigger than the ones in the second machines, as it is
more affected by the wake that it receives.

3.3.5 Derating

Once the different layouts have been studied, the best ones are supposed to be selected. However,
as it has been said earlier, this is not a straightforward decision, because there is not just one optimal
solution, it depends on how much weight to the power and the loads is given. For this case, in order
to select not only an appropriate layout, but also different directions and atmosphere types, the
following cases are chosen (Table 3):
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Figure 27. Wind turbines blade root flapwise DEL in an un-
stable atmosphere type and in the secondary grid direction
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Figure 28. Maximum DEL for different wind speeds in an un-
stable atmosphere type and in the secondary grid direction
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Figure 30. Wind farm power

Case name Atmosphere type Wind direction Sec<')r'|d wind turbine
position
Offshore-primary-5 Offshore Primary grid direction 5D
Offshore-secondary-9.5 Offshore Secondary grid direction | 9.5D
Neutral-primary-6.5 Neutral Primary grid direction | 6.5D
Unstable-secondary-5D Unstable Secondary grid direction | 5D

Table 3. Derating levels cases
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Figure 32. DELs in the third turbine
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The different cases shown in Table 3 are selected because of the following reasons:

+ Offshore-primary-5: as it is the atmosphere with the lowest Tl and in the most compact di-
rection, this case is supposed to be the one in which the derating strategy will be the most
notable one. Applying the appropriate derating levels, the maximum power is expected to
increase, whereas the loads in the downstream wind turbines will probably go up too.

+ Offshore-secondary-9.5: the atmosphere type is the same as in the previous case, but now the
second wind turbine is placed a little bit nearer to the last turbine than to the first one, because
this will balance the loads in the second and third wind turbines (and therefore minimize the
maximum DEL). The load in the third turbine will be lower, but very likely the power will also
decrease a little bit.

+ Neutral-primary-6.5: this case is similar to the Offshore-secondary-9.5 case. The second tur-
bine is placed a bit backward from the middle position in order to balance the loads of the
second and third turbines, although the power will also be lower.

+ Unstable-secondary-5D: as the high Tl of this atmosphere type probably comes from the com-
plex orography, the position of the second machine cannot be any one. Hence the 5D is se-
lected. The main goal in this case is to reduce the loads in the second turbine. Nevertheless,
as it happened in the previous case, the total power will go down too.

The derating levels that will be applied to the different wind turbines are shown in Table 2.

The five different derating levels for each machine are joined in every possible combination, making
a total number of 125 (5x5x5) cases.

3.3.5.1 Offshore-primary-5

In this case the wind farm is analyzed in an atmosphere with a very low Tl, in the primary grid direc-
tion and with the second turbine placed just in the middle between the first and the last one. All the
derating combinations are simulated and the power and the blade root flapwise DEL are analyzed.
Up to 12 m/s of wind speed, the power of the first turbine is the highest one and the power of the
third one, the lowest one, as one could expect. In Figure 33 can be seen, how the power of the three
turbines changes for the different derating combinations (for 12 m/s of wind speed). As the power
of a wind turbine rises, the power of the ones behind it decreases, because of the stronger wake
produced by the first one.

Regarding the blade root flapwise DEL, it goes up whenever the derating level decreases (more
power). Besides, as it increases, the DEL of the wind turbines behind increases too, due to the wake,
as it happened with the power. Furthermore, it is worth mentioning that the DEL increasing rate
with the derating level is not linear, it is more pronounced as derating level is near the 0% (maximum
power), as it can be seen in Figure 34 (for 12 m/s of wind speed). The power is not linear also, but
the non-linearity is more noticeable in the DEL case.

Copyright CL-Windcon Contract No. 727477 Page 35



D4.4 - Feasibility by re-design Public

CL-Windc n

12 m/s
1.0 e Wind turbine 1 power
e Wind turbine 2 power
e Wind turbine 3 power
0.9
0.8 seecccccccsccccscesconccce
_07
]
§ veeee®toe®
0.6
05
0.4
.
0.3
8 28
Derating config
Figure 33. Wind turbines power for different derating combinations
12 m/s
170001 e  wind turbine 1 DEL .
e Wind turbine 2 DEL . . . ° N
e Wind turbine 3 DEL . . ®
16000 . M . ¢
. . . .
. .
.
15000 ° . . . °
.
g . e o e . M
_314000 . ° . . . .. ° . . ° ] °
2 . . B .
2 . - . d . . . . °
< 13000 . St eeese e e e I
8 ot . o
; .° . XYY Y]
& 12000 socee
@
eoece
coeee cocon
11000 secee cosce
secee
esececcsceccsccccescccece
10000 e0ecescssescscsscscscccce
.

80/80/80
80/80/85

0/100/85
0/100/90
0/100/95

Derating config

Figure 34. Wind turbines DEL for different derating combinations
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Figure 35. Wind turbines DEL and power for different derating combinations (ordered by power)

If the derating combinations are reordered by the power value, some conclusions can be more clearly
visualized. They are ordered by the power value, because the main objective in this atmosphere and
layout is the power maximization. In the following cases the combinations will be ordered by the
DEL value, because in those cases the load is of great importance. In Figure 35 the sum of power
and DEL of the three turbines are shown, sorted by the power value in descending order. It can be
highlight that FLORIS model predict gains in power farm using axial induction control in some cases.
For example for the derating combination 95-90-100, DEL reduction is achieved, but also increase
power farm against without axial induction control. These predicted gains (power and loads) have
been compared with dynamic simulations running with FAST.Farm tool in deliverable [27]. Although
it seems that there is some kind of relationship between the DEL and the power, as the former has a
small decreasing slope too, it is quite irregular with the power. Therefore, the best combinations will
surely be in the left part of the graph, where the power is bigger. A minimum in the DEL must also
be chosen in order to get a appropriate derating combination. In the rest of wind speeds, something
similar happens, indicating that this tendency seems generalized. This phenomena will be analyzed
in a deeper way in the next paragraphs.

As it has been said earlier, there are more than 100 cases, too many to analyze all of them. Therefore,
the most favourable ones are chosen to analyze them in a deeper detail. Continuing with the 12 m/s
wind speed, all the power-DEL combinations are shown in Figure 36. The power values are shown in
the X axis, normalized with respect to the nominal power, and the DEL values are shown in the Y axis,
normalized with respect to the maximum DEL value. In this graph, the total sum of the variables of
interest is used, that is, the addition of the power and DEL of the three turbines. In order to choose
the candidate solutions for the best derating combination, it is desired a combination, which has a
high power and a low DEL. Therefore the low right corner of the graph is of interest. In this instance,
the power axis is divided by small intervals and for each power interval, the lowest DEL value is
chosen (orange dots in the graph). Now only this combinations are plotted to choose the best one.
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Figure 36. Power/DEL relations for different derating combinations

In Figure 37 both power and DEL for the chosen derating combinations are shown. The power values
have been normalized dividing them by the nominal one and the DELs by the maximum, so they can
be analyzed more clearly in the same graph. Itis clear that the derating combinations 80/100/80 and
95/90/100 are not the best ones (first and last ones), but choosing between the other ones is not so
easy, because the power and load are increasing. These two discarded cases can be seen in Figure
36 as the most left and right points. The former is not a good choice, because it has a low power
(0.94) relative to the DEL ( 0.8); and the latter neither, because although the power value is very high
(1.02), the DEL is also quite high ( 0.95). Actually, the chosen points are ordered equally in Figure 37
and Figure 36.

As it has been said in the previous section (layout choosing), there is not just one best solution, it
depends on the weight that is given to the power and loads in each case. Furthermore, other wind
speeds have to be analyzed, because the combinations that have been chosen in this case could not

be the most suitable ones for other wind speeds.
3.3.5.2 Offshore-secondary-9.5

The next case corresponds to the same atmosphere type, but in the secondary grid direction, with
the second wind turbine located in the 9.5D position. Figure 38 shows the power and DEL for the
three turbines, with the DELs in ascending order. As it happened in the previous case, the power is
held roughly constant for most of the DEL values.

Once the best combinations have been found (Figure 39), their power and DEL are plotted to choose
the most suitable one (Figure 40). The last 2-3 cases (combinations 100/90/85, 95/85/95 and 100/90/95)
are very likely the worst ones, so they are ruled out. Among the ones that are left, any one could be
selected, depending if the power or the DEL is prioritized.
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Figure 37. Power and DEL values for the chosen derating combinations
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Figure 38. Wind turbines DEL and power for different derating combinations (ordered by DEL)
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Figure 40. Power and DEL values for the chosen derating combinations
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Figure 41. Wind turbines DEL and power for different derating combinations (ordered by DEL)

3.3.5.3 Neutral-primary-6.5

The next case corresponds to a neutral atmosphere (more Tl) in the primary grid direction, with the
second wind turbine placed at 6.5D from the first machine, because it has been seen in the previous
section that this position is better for this atmosphere type.

Now the values of power and DEL of the three turbines are plotted sorting the DEL values in an
ascending order. In Figure 41, the sum of power and DEL of the three turbines are shown, sorted by
the DEL value in ascending order. It is quite clear from the graph that there is no direct relationship
between the blade root flapwise load and the power. Although the DEL increases, the power values
remain roughly constant along all the X axis, with just some minor changes. Therefore, it seems that
the best combinations are in the left part of the graph, because the power has similar values to the
ones in the right part and the DELs are smaller. For other wind speeds, the same happens, indicating
that it seems generalized.

Again, the best combinations are chosen between all the possible ones to get handier data (Figure
42). In this case, as it can be seen in Figure 43, the two last values (combinations 95/90/95 and
100/95/95) can be dismissed. The rest of them could be possible solutions, depending whether the
power or the DEL is prioritized. Again, the rest of the wind speeds should be analyzed before making
any definitive choice.

3.3.5.4 Unstable-secondary-5D

The last case corresponds to an unstable atmosphere (high TI) in the secondary grid direction, with
the second turbine placed at 5D. In Figure 44 the power and DEL of the turbines are shown, with the
DELs in ascending order. As expected, the power is held at the same level for most of the DEL values.

The best combinations are selected (Figure 45) and their power and DEL are plotted (Figure 46). As
it happened in the previous case, the last two cases (combinations 95/95/95 and 95/95/100) can be
beforehand discarded. The other ones are not so clear as in the previous sample, because there is
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Figure 42. Power/DEL relations for different derating combinations
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Figure 43. Power and DEL values for the chosen derating combinations
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Figure 44. Wind turbines DEL and power for different derating combinations (ordered by DEL)
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Figure 45. Power/DEL relations for different derating combinations

no significant difference between the power and DEL percentage. Other wind speeds ought to be
analyzed in order to choose an appropriate derating combination.

In this atmosphere, as it is the one with the highest Tl, one analysis more will be carried out. It is
well believed that, for atmospheres with high T, there is a relationship between the Tl and the DEL
suffered by the turbine. In Figure 47 the blade root flapwise DEL for each turbine against the Tl that
each ones receives is plotted. The first turbine, as it receives an unperturbed wind, has always the
same Tl, so all its DEL values are in the same vertical line (there are five different points because of the
different derating levels). For the second and third turbines, a linear relationship between the DEL
and the Tl can be observed, as expected. Analogously there are five different "lines", because of the
derating levels. It is worth mentioning here that the derating level does not affect the relationship,
as the slopes of all "lines" are very similar.
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Figure 48. Weibull wind distributions

In general terms, using this methodology it can be seen that, in spite of the fact that the power is
slightly reduced (less than 10%), the flapwise load in blade root is more significantly reduced (more
than 25%), if the derating combination is well chosen. Therefore it seems promising the idea of

derating some turbines in order to increase their lifetime.

3.4 Robustness to the wind distribution

In order to see how robust this methodology is against the wind distribution uncertainty, another
Weibull distribution is tested, which has a mean wind speed of 9 m/s and a factor of 4 (remember
that the original one has a mean wind speed of 8 m/s and a factor of 3). In Figure 48 this new Weibull
distribution (from now on Weibull 9-4) and the previously used one (from now on Weibull 8-3) are
shown. It can be well seen that this new distribution is a little bit narrower and the probability of

medium and some high wind speeds (7-14 m/s) is higher.

Now the power and loads for both wind distributions are analyzed. In the Figure 49 the total power
of the farm for some derating configurations is shown. As it can be seen, the shape of both graphs is
practically equal, although the power values change significantly. For the Weibull 9-4, as its medium-
high wind speeds (7-14 m/s) are much more likely to occur than in the Weibull 8-3, their impact in
the power is significant (25% more).

With regard to the DELs, more or less the same thing happens. As it can be seen in Figure 50,
the shapes between both distributions are also very similar, but in this case there is not such a big
difference in the magnitude. The loads in the Weibull 9-4 distribution are slightly higher, but no more
than a 5%. This is because in spite of the wind speed increase, the Tl remains the same, which is the
main responsible for the machine loading.
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Figure 50. DEL comparison with different wind speed distributions
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In order to validate conclusions a similar analysis for a wind direction distribution should be carry out
in future. Up to now, FLORIS estimation to loads in partial wake together with dynamic simulations
with turbulent-changing winds running with FAST.Farm tool developed in deliverable [27] seems to
be in right way.

3.5 Conclusions

This chapter tries to set some guidelines for wind turbine control settings and wind farm design
taking into account the wind farm control algorithms. For that, a parametric analysis changing the
wind farm layout is performed in Sec. 3.3. Some trends are highlighted:

1. Wind Farm Power. In order to maximize the total wind farm power, the best layout seems
to be with the second wind turbine placed equidistant between WT1 and WT3. However, the
power loss is small if the position is slightly modified.

2. Damage Equivalent Loads. Due to the recovery of the wake (higher wind speed and less Tl),
it seems that in order to minimize the maximum DEL, that is, trying to balance WT2 and WT3
DEL, the best range to position WT2 is approximately in 60-70% of the total spacing.

3. Power/DEL. The user could choose different layouts regarding the relative weight that they
want to balance the power and the loads. It is dependent on the wind rose where the wind
farm is placed.

This analysis is repeated for other atmospheric conditions (offshore/stable/neutral/unstable). Same
trends are observed for different stability levels. Also, when the Tl is higher, the total wind farm
power increases, but so does the blade root flapwise DEL, in a minor way, though.

Once the different layouts have been studied, Sec. 3.3.5 analyzes different depowering combinations
for the selected layouts. The decision of these layouts depends on the user criteria. For different
scenarios four layouts have been chosen, one of them trying to prioritize the total wind farm power
and the rest of them trying to minimize the DEL.

In the strategy to maximize power (Offshore-primary-5):

1. Wind Farm Power. Under certain conditions it is possible to slightly improve the power in the
wind farm. This is achieved generally depowering a little bit the upstream wind turbine, and
slightly WT2, keeping the downwind turbine working at maximum power.

2. Damage Equivalent Loads. Also a drop in DEL is achieved.

3. Power/DEL. The user could choose different depowering combinations regarding the relative
weight that they want to balance the power and the loads. In this case the DEL is reduced up
to 20% without a big drop in power terms.
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In the strategy to minimize DELs (Offshore-secondary-9.5, Neutral-primary-6.5, Unstable-secondary-
5):

1. Wind Farm Power. Power is held roughly constant for the best combinations.
2. Damage Equivalent Loads. Drop in the DEL up to 20-30% is achieved.

3. Power/DEL. Power/DEL relationships for different derating combinations are performed. The
user could choose the best option for their problem.

Also a sensitivity analysis is performed. In this methodology, it can be seen that, in spite of the

fact that the power is reduced (less than 10%), the flapwise load in blade root is reduced more
significantly (more than 25%).

Finally, Sec. 3.4 analyzes how robust this methodology is against wind distribution uncertainty. It is
observed that similar trends are maintained although Weibull wind distributions vary.
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Part Il

Part Il: Wind Turbine Re-Design
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4 IMPACT OF WIND FARM CONTROLLER ON THE ROTOR DESIGN

4.1 Introduction

At present, the synthesis and the implementation of wind farm control algorithms are performed
taking into account the overall wind farm power and, in few cases, also the fatigue loads on a single
turbine.

Clearly, operating according to a farm control algorithm may let a turbine work in conditions different
from those it was designed for. For this reason, it is necessary to evaluate the impact of wind farm
control at turbine level in terms of loading. In Deliverable D4.1, different wind farm controls have
been analyzed with the aim of computing the related effect on wind turbine fatigue and ultimate
loads, as well as on other important design parameters, such as the maximum blade deflection and
the actuator duty cycles. The analyses performed in D4.1 showed that the impact of all controller al-
gorithms (especially wake redirection and active wake mixing) have a limited but not negligible effect
on fatigue and, more important, a significant impact on ultimate loads, especially on the maximum
tip deflection, which is a typical design driver for blades (i.e. a maximum blade tip displacement is
severely enforced in the design process in order to maintain a suitable clearance between blades
and tower, see, for instance [6], [4] and [20]).

This chapter deals with the impact of wind farm control within the design of the turbine rotor, which
can be considered as the subsequent step with respect to the work presented in D4.1. The goal of
this analysis is to quantify the possible modifications on the structural design of the blade if wind
farm control is considered. Possible increase in blade mass and turbine cost will be considered as
concise indicators of the impact of wind farm control on blade design. In particular, the wind farm
controller investigated in this Deliverable, among the ones considered in D4.1, is the active wake
mixing due to its very recent introduction in the literature and its impact on the wind turbine loads
as showed in D4.1.

In order to perform a neat comparison where the effects of the a wind farm control is highlighted, all
redesigned rotors should be "optimal”, in the sense that they should be all coming from an optimal
design process characterized by the same cost function and the same constraints. To this end, the
reference INNWIND.EU 10 MW wind turbine will be first redesigned. This re-designed wind turbine
will be considered as the baseline one, with respect to the other(s), designed including in the process
the effects of the wind farm controller, will be compared.

The chapter is organized according to the following plan. Section 4.2 deals with the procedure fol-
lowed to evaluate the effect of wind farm control on wind turbine blade design. The multidisciplinary
design tool, employed in this analysis (i.e. Cp-Max), is described (Sec 4.2.1), followed by the specifica-
tion of the design assumptions made in the process (Sec. 4.2.2).
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In Sec. 4.3, the results obtained for different design processes are shown. At first the baseline blade

is under investigation (Sec. 4.3.1), then design process in the case of active wake mixing is analysed
(Sec. 4.3.2 and 4.3.3).

Finally, the main findings and conclusions are reported in Sec. 4.4.

4.2 Methodology

4.2.1 Optimization framework

The activities of this Task have been carried out through our multi-disciplinary design suite Cp-Max.
This program has been developed by Politecnico di Milano and the Technische Universitat Mtinchen
as a tool for the integrated design of wind turbines and is continuously updated to support novel
features and capabilities. A detailed description of the algorithm is provided by Sartori [20] and by
Bortolotti et Al. [4], together with a range of design applications focusing on the development of
next-generation wind turbines.

) Generation of Wind
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Figure 51. Architecture of the design tool Cp-Max.

The architecture of Cp-Max is organized into the multi-level workflow illustrated in Fig. 51. In this
framework, the complete design of the wind turbine is managed by two different layers of opti-
mization: the outermost layer is the Macro Design, whose task is to optimally design a few global
features of the turbine in order to minimize the Cost of Energy (COE). At this level, the set of the
design variables include the rotor diameter, the hub height, cone and tilt angles and a set of shape
parameters which control the underlying design layers. Then, for each perturbation of the Macro
design variables, several Submodules perform the detailed design of individual components. It must
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be noticed that each of the Submodules is indeed an optimization problem itself, so that each mod-
ule lists its own merit function, its own variables and constraints. At present, several Submodules are
available: the Aerodynamic Design performs the optimization of the rotor shape in order to maxi-
mize the Annual Energy Production (AEP), the Prebend Design optimizes the native prebend of the
blades while the Structural and Tower Design submodules conduct, respectively, the structural op-
timization of the rotor and the tower to minimize the Initial Capital Cost (ICC) of the wind turbine.
The latter is a figure which accounts for all the liabilities associated to the individual costs of several
turbine components (see Fingersh et al. [8] for details). It is important to notice that each Submodule
can either be used as a standalone tool or as part of a global design process. When both the Macro
Design and the Submodules are active, the two layers continuously share informations and interface
to one another in order to conduct a feasible optimization.

In this work, we use primarily the Structural Design Submodule (SDS), whose workflow is shown
in Fig. 52.

Loads o

DisplacementsA Constraints:

» Deflections

Computation

Aero-elastic Frequencies

of DLC optimization
\ Manufacturing limits
N P 4 » Ultimate stress, strain
Refined - - Coarse solution
solution /_\ Fatigue damage

3D FEM

verification Buckling

Figure 52. Architecture of the Structural Design Submodule.

The purpose of the SDS is to manage the structural design of the rotor through a dedicated optimiza-
tion in which all the thickness of the structural components are optimized to minimize the ICC. It must
be noticed that, in the current implementation of the cost model, this figure is broadly dependent
on the blade total mass. As shown in the Figure, the structural optimization is conducted through a
multi-steps procedure: initially, an arbitrarily large set of Design Load Cases (DLC) is computed with
the multi-body dynamic solver Cp-Lambda [5]. This way, it it possible to extract the driving loads
and displacements of the turbine components from fully-resolved aeroelastic simulations in which
the turbine is controlled according to the selected control strategy. Once loads and displacements
are computed, the proper structural optimization is performed. At first, simplified 1D/2D models for
the blade and the sections are used to achieve a coarse solution. Then, it is possible to add a finer
verification of the structural integrity through an additional design phase in which a full 3D Finite Ele-
ments (FEM) model of the blade is analyzed. This second step, although not always necessary, allows
to achieve a better capture of localized phenomena like local stress concentration or buckling. It is
important to notice that, along the whole process, structural integrity constraints are enforced ac-

Copyright CL-Windcon Contract No. 727477 Page 52



D4.4 - Feasibility by re-design Public CL-Windc - n

cording to international certification guidelines. Those account for maximum deflections, stiffness,

strength, possible manufacturing limitations, fatigue and buckling.

4.2.2 Design assumptions

This activity originates from the findings of Deliverable 4.1, in which the impact of different wind-
farm (WF) controllers on selected Key Performance Indicators (KPIs) of the individual turbine were
evaluated. The report concluded that, when turbines are equipped with dedicated wind-farm con-
trol strategies, a global increase of the ultimate and fatigue loads, as well as of the displacements,
should be expected along the turbine operating lifetime. This conclusion requires a specific analysis
in order to assess how the increase of loads and displacements affect the structural integrity of the
turbine components, and in particular the rotor. The main goal of this study is then to determine
whether it is possible to retrofit an existing turbine with a wind-farm controller without the need
to redesign the blades. Or, conversely, if the design of such turbine should account for the chosen
wind-farm control strategy since the beginning, in order to directly account for the larger loads and
displacements occurring when the WF controller is operating.

To answer these questions, we set up the following methodology:

1. Structural definition of the Baseline rotor. Since we are concerned about the impact of the
WF controllers on the structural design of the turbine, it is necessary to develop a reference
condition equipped with a classic regulation strategy (that is, without any WF controller) and to
conduct a preliminary structural optimization according to the presented methodology. This
way, it is possible to start the process from a consistent solution and to isolate the impact of
the WF controller in the subsequent redesign. At this stage, we include in the structural opti-
mization all the relevant DLC to ensure that the driving loads and displacements are captured

properly.

2. Load analysis of the Baseline with WF control. Once the Baseline has been defined, all the
DLC considered at the previous step are repeated but, this time, the Baseline is equipped with
the chosen WF control technique. Although we do not perform any redesign at this stage,
through this study it is possible to assess the variation of the loads (and displacements) in-
troduced by the WF controller and, importantly, to identify the most demanding load cases.
Those cases are then included in the DLC set used to redesign the rotor.

3. Structural redesign with WF control. Finally, a complete structural redesign of the rotor
is performed according to the updated loads. This step allows to achieve a feasible solution
with the chosen WF control and ensure that all the constraints are satisfied. At this level, it is
possible to correctly assess the true impact of the WF control strategy on relevant KPI of the
turbine. These typically include AEP, COE, Actuator Duty Cycle (ADC), blade mass, ultimate and
fatigue loads.
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Given the complexity of the problem at hand, any design-oriented activity should be planned out
carefully as to identify the best trade-off between modelling accuracy, computational effort and de-
sign scope. To do so, we introduced some assumptions in our redesign activity in order to make
sure that the relevant aspects of this Task are thoroughly investigated and highlighted. In this view,
our first choice was to limit the redesign effort to the optimization of the blade structure. In fact, al-
though a certain impact of WF controllers could be expected on other aspects of the design, it is clear
from the activities of D4.1 that the main effect of such control strategies is an improvement of the
driving loads, with important implications on the rotor structure. As a consequence, the macro pa-
rameters of the wind turbine like the rotor radius and tower height have not been modified through
this activity. Similarly, the aerodynamic shape of the rotor has been kept constant and coherent to
that of the baseline. It must be noticed that, by introducing this scope limitation, it was possible to
include a large set of fully-resolved DLC directly in the design, without the need to adopt any simpli-
fication on the load spectra. In particular, it was possible to use the entire set of DLC considered in
D4.1, whose definitions are listed in Table 4. The entire set includes about 130 load cases, for a total
computational time of 26~28 hours on a common desktop.

Table 4. Definition of the DLC considered in the redesign.

DLC Wind  Wind Yaw Fault Safety
Type  Speed Mis. Factor
1.1 NTM  0jy & Uout - - 1.35
1.3 ETM 0, : Oout - - 1.35
1.4 ECD vy, Uout - 1.35
1.5 EWS vy, Uout - 1.35
2.1 NTM iy, @ Oout - Grid Loss 1.35
22(a) NTM 0, t Oout - Pitch Freeze 1.35
22(f) NTM v, Oout - Pitch Runaway 1.35
2.3 EOG vy, Uout - Grid Loss 1.1
6.1 EWM  vpf —8°:8° - 1.35
6.2 EWM  vpf —180° : 180°  Grid Loss 1.1
6.3 EWM 0y f —20° : 20° - 1.1

All the DLC have been performed with the basic CL-Windcon controller [15] fully described in CL-
Windcon deliverable D2.1. All the controller settings are assumed to be identical to those employed
during D4.1. As prescribed by the standards, DLC 1.1 was employed to evaluate the turbine AEP as
well as the fatigue loads spectra and the ADC, while ultimate component loads and displacements
were computed from the full DLC set of Table 4. In order to model the faults as defined in the pre-
vious Table 4, we have used, as in D4.1, the PoliWindController, which is a wind turbine controller
including the turbine supervisor, used for controlling the machine throughout all the operational
states (e.g start-up, shut-down, pitch fault, short circuit, ...). The PoliWindController is a C++ software
compiled as a DLL to be linked to a wind turbine simulator. The interface between the two codes
has the GH-Bladed style. The PoliWindController DLL exchanges informational data with the turbine
simulator through a swap array, whose space in memory should be allocated at the beginning of the
simulation by the simulator and passed as an input argument to the DLL itself. The PoliWindController
has been used in this WP4 because it is also able to call other external DLL, implementing the single
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wind turbine trimmer, as the above mentioned baseline controller. Thanks to the PoliWindController,
it is possible to evaluate the loads of the wind turbine, regulated by a suitable controller and subject
to the full list of DLC including faults. Within this PoliWindController the wind farm control technology
has also been implemented in order to account for its effects on the design parameters.

The structural design assumes that the internal layout of the blade is organized according to the
spar-box topology depicted in Fig. 53. The Figure shows on the top half the subdivision of a generic
blade section into various sectional elements. In our formulation, each sectional elements is associ-
ated to a certain lamination sequence, that is, the order in which different materials are laminated in
that specific sector. The bottom half of the figure shows the standard lamination sequence for each
element: it can be seen how different structural components are associated to the various elements
depending on the needs. It must be noticed that the thickness of the structural components are the
actual design variables of the SDS. For a complete description of the design assumptions within the
structural design, the Reader can refer to the mentioned work by Sartori [20].

Spar panel SS

Shell panel
LE SS

Shell panel
TESS

Reinforcement
panel TE

Reinforcement
panel LE

Web panel

a) Web panel rear
front Third web
Nt
t.
ileiI;panel Shell panel tz::l core
TEPS ot
m
- tstrip
- t3web
- twebs
twet:s_:ore
b)

Figure 53. Structural layout: sectional elements (top) and structural components (b).

4.3 Results

In the following, we present and the discuss the partial results of each of the design steps introduced
in 8 4.2.2. At each step, we highlight the main findings and provide a discussion of what the main
implications on the design are. Finally, we give a comprehensive comparison of the redesigned rotor
against the Baseline.
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4.3.1 Structural definition of the Baseline 10MW

The first step of the redesign process is the definition of a Baseline rotor in order to support a fair
comparison between the initial and the redesigned solutions. All the preliminary analyses under-
taken in D4.1 were based on the INNWIND.EU 10 MW wind turbine [1], however, it must be noticed
that all the analyses were performed on a purely aero-elastic model, whose structural properties
were directly taken from the turbine’s data-sheet. In this study, however, we focus on the structural
redesign and, to ensure a fair comparison, we need to provide a structural design of the Baseline
rotor which complies with the internal optimization strategy of Cp-Max. Otherwise, it would be im-
possible to split the effects of the WF controller from those of the specific optimization strategy in
the final comparison. Then, our first activity was to perform a complete structural redesign of the
INNWIND.EU 10 MW through the SDS. Such preliminary redesign is hereafter referred as the Baseline
10 MW. At this stage, the design was based on all the DLC set defined in Table 4 and the standard
CL-Windcon controller was used to regulate the wind turbine. However, since the CL-Windcon con-
troller is only designed to manage operating conditions, all special situations like faults, start-ups,
shut-downs and other non-operating cases are managed by a dedicated supervisor developed at
Politecnico di Milano (See D4.1 for details). It's important to stress here that the standard controlled
used in this analyses, and previously tuned in D4.1 for the INNWIND.EU 10MW, here has not been
updated because the aerodynamic shape of the blade was kept frozen and no other active and pas-
sive load alleviation systems were introduced in the redesign process.

A sketch of the blade planform of the Baseline 10 MW is given in Fig. 54. In the layout it is pos-
sible to see the chord-wise and span-wise positions of the various sectional elements. It must be
noticed that, to account for current manufacturing standards the spar caps are identical and non-
tapered, that is, their width is constant along the entire span. To improve the structural efficiency of
the design, minor variations have been introduced on the position of the leading-edge and trailing
edge reinforcement strips as well as on that of the third web.

4
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Figure 54. Blade planform view of the Baseline T0MW.

Figure 55 shows the aerodynamic design of the rotor, in particular the chord and twist distributions
along the blade span. It must be noticed that the aerodynamic definition of the rotor, as well as the
type and number of the pivot airfoils were directly taken from the INNWIND.EU 10MW data-sheet.
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Similar considerations hold true for the spanwise distributions of thickness and prebend shown in
Fig. 56.
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Figure 55. Baseline 10MW: spanwise chord (left) and twist (right) distributions.
100G 6
—e—Baseline 10MW —e—Baseline 10MW
90 L
80 - —
= E
o 70r °
= 5
1]
g 60 - @
o
4
= 8
o
40+
30 |
-1 i

20

0 01 02 03 04 05 06 07 08 09 1 0 o1 02 03 04 05 06 07 08 09 1
Nondimensional spanwise location [-] Nondimensional spanwise location [-]

Figure 56. Baseline 10MW: spanwise thickness (left) and prebend (right) distributions.

The internal structure was optimized by the SDS according to the multi-step procedure discussed in
8 4.2.1. Since the focus of this study is on the macroscopic impact of WF controllers on the design
rather than to provide a fully-feasible structural layout, we limited our analysis to the aero-elastic
optimization loop of Fig 52, while the finer verification by means of 3D FEM models was not con-
ducted. it must be noticed that the entire procedure of re-computing the DLC and performing the
aero-elastic structural optimization was repeated iteratively so that the structural design could ac-
count for the updated load spectra coming from the previous iteration. The procedure was repeated
until the difference in total blade mass was lower than 1% between two consecutive iterations. Al-
though this process is quite computationally expensive, it ensures that the final optimal solution is
perfectly coherent with its own load system.

An overview of the results of the structural optimization of the Baseline 1T0MW Is given in the fol-
lowing. In particular, Fig. 57 gives the stacking sequence of the shell panels, while Fig. 58 and Fig. 59
report the stacking sequence of the spar panels and, respectively, of the main shear webs. It must
be noticed that the distribution of materials has not been changed from that of the INNWIND.EU
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10MW: specifically, we assumed that the spar caps are laminated of unidirectional glass fiber while
the shell and the webs are made, respectively, of triaxial and biaxial laminates. All core materials are
assumed to be industrial balsa panel and all the mechanical properties of the materials match those
of the reference blade.
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Figure 57. Baseline 10MW: Stacking sequence of the Shell Panels.
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Figure 58. Baseline 10MW: Stacking sequence of the Spar Panels.
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Figure 59. Baseline 10MW: Stacking sequence of the Web Panels.

A survey of the Baseline 1T0MW KPIs, as well as the driving ultimate and fatigue loads is provided in
Table 5. The evaluation of the AEP, as well as that of the COE is made by time-averaged DLC 1.1. The
optimal structural design fulfills all the integrity constraints prescribed by international standards.
In particular, the most demanding constraint proved to be the maximum blade deflection, which is
an active constraint of the final design. From the value of the first flapwise frequency of the blade
it is possible to notice that frequency placement is another active constraint. In fact, assuming a
rated rotor speed of 9.6 RPM, as prescribed by the CL-Windcon controller, the minimum value of
the flapwise frequency was imposed to be 1.2 times the three-per-revolution (0.576 Hz). The second
column of Table 5 gives the values of the ultimate loads in several turbine components. It must be
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noticed that the reported values always refer to the multi-directional combined loads. Then, by BR
bending we mean the combined flap/edge bending at blade root. Similarly, the HC bending refers to
the combined yawing/nodding moment at the hub centre and TT bending and TB bending refer to the
combined fore-aft/side-side moment at the tower top and base, respectively. For what concerns the
blade loads, it was found that DLC 1.4 gives the most demanding conditions, even though DLC 1.3 is
locally active in certain area of the blade span. Fatigue DEL are provided in the third column. It must
be noticed that fatigue is an active constraints on the design of the shell layers and on that of the
shear webs so that, any increase in fatigue due to the WF controller would almost certainly result in
an increase of thickness for these components.

Table 5. Baseline 10MW: KPI, ultimate and fatigue loads. BR is
blade root, HC is hub center, TT is tower top and TB is tower base

Baseline 10MW
Performance Ultimate loads Fatigue DELs
Frequency: 0.58 Hz BR bending: 72.0 MNm BR flapwise:  34.4 MNm
Displacement: 159 m HC thrust: 3.7 MN HC nodding:  25.9 MNm
Blade mass: 40643 kg HC bending: 81.5 MNm HCyawing: 24.5MNm
AEP: 45.86 GWh | TTbending: 69.8 MNm | TT FA: 25.6 MNm
CoE: 89.42 /MWh | TB bending:  783.7 MNm | TB FA: 134.0 MNm

4.3.2 Load analysis with AWM

Once the structural design of the Baseline 10MW has been established through the dedicated opti-
mization loop, we proceed to evaluate the impact of the chosen WF control technique on the turbine
performance. In particular, a) we focus on the Active Wake Mixing (AWM) control discussed in D4.1
and b) we investigate the effects of this AWM only on the upstream wind turbine (i.e. the one that
actively control the wake on the downstream ones). The analyses on the wake generation and on the
downstream wind turbines loads require more detailed CFD simulations which are out of the scope
of this Deliverable and which will be further investigated in future research activities. The AWM tech-
nique studied here is applied with a pure Periodic Collective Motion (PCM) of blade pitch angles at a
single frequency, as described by

Brcm = Apcm sin (27t fpemt + ¢pem) (4.1)

where Bpcw is the pitch setting imposed by PCM to be summed up to the pitch of the trimmer, Apcum
is the related amplitude, fpcym the frequency, t the time and @pcym the possible phase.

Rather than in terms of frequency f, the effect of PCM is to be viewed in terms of the dimensionless

Strouhal number S;, defined as
g _ fremUeo
t D ’
being U the undisturbed wind velocity and D the rotor diameter. An detailed overview of the

(4.2)

impact of the AWM/PCM on selected KPIs of the turbine has been given and discussed in D4.1. How-
ever, it must be stressed here that due to the preliminary structural optimization of the Baseline
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10MW, the rotor investigated in the mentioned deliverable and the one we developed in this study
differ in their dynamic behavior. It is wise, then, to conduct a preliminary load analysis in which the
AWM is applied directly on the Baseline 1T0MW to highlight possible impacts on the performance.
The activities of D4.1 highlighted the importance of several tuning parameters of the AWM, namely
the Strouhal number and the amplitude and phase of the collective pitch motion. Since a complete
re-evaluation of the various combinations of such parameters is beyond the scope of this task, we
assume here that the redesign will be made for a Strouhal number of 0.5 and an amplitude of 2 de-
grees, as those values proved to be the most demanding in the complete analysis undertook during
D4.1. The same D4.1 observed that the phase of the oscillation is important especially for ultimate
loads. Consider for example the set of DLC including extreme condition. By chance, itis possible that
the particular extreme event, like a gust, or the sudden change of direction or even a fault, occurs at
a time in which the PCM control is increasing the collective pitch reducing the rotor loading. Clearly,
in this situation, the peak load involved by the extreme event will be probably smoothed out and one
could be erroneously led to believe that the control has a beneficial effect. Clearly, if the extreme
event had occurred in correspondence of a decrease of the collective pitch, the effect of the control
would have been the one of increasing the peak load. For this reason, at this level we consider a full
phase sweep in which the phase of the PCM is varied from 0 to 360 degrees. To conduct the analy-
sis, the full DLC set discussed in Table 4 was extended with additional DLCs specific to the AWM. In
particular, all DLC which explicitly require the controller have been repeated by introducing the AWM
in the range of wind speed from 4 m/s to 15 m/s. All family of DLC was then repeated for different
values of phase angles, so that the total number of load cases increased to about 350. It is important
to underline that, at this step, we did not perform any redesign, as the focus is on understanding
how the adoption of the WF controller affect the performance of the Baseline 10MW.

The impact of the AWM on the ultimate loads and displacements of the Baseline 10MW rotor blade
is summarized in Fig. 60, which shows the spanwise distribution of the ultimate flapwise (on the left)
and the edgewise (right) bending. As expected, the main effect of the AWM is a generalized increase
of the main blade loads. From the values reported in Table 6 it can be noted how the introduction
of the WF controller results in a 10% higher flapwise bending at blade root. Similar considerations
apply to the ultimate tip deflection. The inspection of the sizing load cases confirms that the phase
angle of the PCM plays an important role and, in particular, the configuration with ¢ = 270° is the
most demanding, as most performance indicator worsen due to DLC 1.4 with the AWM tuned for this
configuration. From a design’s perspective, the increase of the flapwise/edgewise bending moments
and the increase of tip displacement implies almost certainly the need to redesign the structure of
the blade. In particular, since the maximum deflection is an active constraint on the Baseline T0MW,
it is interesting to notice that the 10% increase caused by the AWM would lead the rotor not to fulfill
the deflection constraint.

To understand the impact of the AWM on the blade root fatigue loads, different rainflow analyses
have been conducted for varying values of the phase angle. Figure 61 shows the values of the blade
root flapwise DEL for different wind speed for each of the phase angles considered. It must be
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Figure 60. Impact of AWM on the Baseline 10MW: span-
wise flapwise bending (left) and edgewise bending (right).

Table 6. Impact of AWM on the Baseline 10MW: ultimate loads and displacements.

KPI Baseline T0MW  Baseline 1T0MW AWM Variation
Blade root flap bending ~ 72.03 MNm 79.47 MNm +10.33%
Sizing DLC DLC1.4 @ v, DLC 1.4 AWM (¢ = 270°) @ v,
Blade root edge bending 48.47 MNm 59.18 MNm +22.10%
Sizing DLC DLC1.4 @ v, DLC 1.4 AWM (¢ = 270°) @ v,
Blade root torsion 1.52 MNm 2.58 MNm +69.74%
Sizing DLC DLC1.4@ vy DLC1.4AWM (¢ = 270°) @ v,
Blade tip displacement 15.93 MNm 17.65 MNm +10.78%
Sizing DLC DLC 1.4 @ Vyut DLC 1.4 AWM (¢ = 270°) @ v,

noticed that, for wind speed larger than 15 m/s the loads are identical because the AWM is not active
in that region. As already pointed out by D4.1, the introduction of the AWM generally results in an
increase of the relevant fatigue loads, with the overall impact depending on the phase angle. For the
subsequent redesign phase, we decided to assume a phase angle ¢ = 180° to conduct the fatigue
analyses, since this setting produces the worst-case increase.

4.3.3 Structural redesign with AWM

The load analysis conducted on the Baseline 1T0MW equipped with the AWM showed that, when the
WF controller is embedded in the operating range of the wind turbine, some increase in the ultimate
and fatigue loads, as well as on the displacement, is expected. It also highlighted that, when the AWM
is operating, some fundamental design constraints would be violated. In the last step of our activity,
we conduct a full structural redesign of the Baseline T0MW rotor blade to achieve a solution which
is feasible under the new loads and displacement and, more importantly, to quantify the impact of
the redesign on the main KPIs of the project. To this end, we repeated the structural optimization by
taking into account both the standard DLC set from Table 4 and all the DLC in which the turbine is
equipped with the AWM. While the fatigue analysis was restrained to the sole phase angle ¢ = 180°,
all the phase angles were included in the ultimate loads/displacements analysis. Once again, the
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Figure 61. Baseline 10MW AWM: Impact of different phase angles on the blade root flapwise DEL.

entire set of DLC was re-computed at each structural iterations to make sure that, as the structural
design evolves, the loads are updated accordingly.

The main results of the redesigned rotor with the AWM are summarized in Table 7. As shown, the
introduction of the WF controller leads to a general worsening of the KPIs. It must be stressed,
however, that the KPIs refer to the individual turbine as the current release of Cp-Max implements a

turbine-specific cost model and a proper assessment of the impact of the AWM on the cost of energy
should be evaluated at wind farm-level.

Table 7. Comparison between the KPIs of the Baseline 10 MW and the redesigned rotor.

Performance Baseline 10 MW  Redesign AWM  Variation

Blade mass: 40643 kg 45436 kg +11.8%
AEP: 45.86 GWh 45.63 GWh -0.5%
CoE: 89.42 EUR/MWh  90.22 EUR/MWh  +0.89%

For what concerns the aerodynamic performance, Table 7 shows that only a slight deterioration of
the AEP on the single upstream wind turbine is expected when the AWM is used. It is important to
remember that the downwind turbines, on the other hands, will experience an increase of power
output due to this wake mixing effect. This is mainly due to the collective pitch motion imposed in
the partial-loading range of the power curve which results in the collective pitch of the blades being
cyclically driven away from their theoretical optimum value. This is confirmed by looking at the
time-averaged turbulent power curve given in Fig. 62 (left) and the corresponding power coefficient
(right). However, this detrimental influence is partially compensated by the increased stiffness of
the blades which contribute to preserve the AEP by reducing the deformations experienced by the
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rotor. Another important feature of the AWM is the increase of Actuator Duty Cycle. This finding was
already discussed in D4.1 and is confirmed by the redesign (see Fig. 63 (left)).
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Figure 62. Redesign AWM: time-averaged turbulent power curve (left) and power coefficient (right).
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Figure 63. Redesign AWM: Weibull-averaged ADC (left) and ultimate blade deflection (right).

From a structural perspective, as expected the introduction of the AWM resulted in an about 12%
higher blade mass. As previously hinted, this result comes from a combination of higher loads and
higher displacements introduced by the controller. Specifically, the increased blade deflection re-
quired a heavy redesign of the spar caps in order to avoid the violation of the constraint on the
maximum tip displacement. The optimal distribution of spar cap thickness is shown for both the
baseline and the redesigned rotor in Fig. 64. It is worth to mention that, due to the increased flap-
wise stiffness, at the end of the optimization the maximum displacement of the redesigned rotor is
almost identical to that of the Baseline and, most importantly, it does not exceed the allowed tower
clearance (see Fig. 63 (right)).

As expected from the previous step, the increase of the fatigue loads on the blade required a slight
redesign of both the shell and the shear webs, as both elements are heavily driven by fatigue. This
can be seen in the corresponding distributions of thickness provided by Fig. 65 and Fig. 66.

The fatigue DEL show a general increase of the loading in the rotor, although the impact on the fixed
infrastructure like hub and tower is less significant. Distributions of equivalent loads for varying
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Figure 64. Redesign AWM: thickness of the spar caps.
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Figure 65. Redesign AWM: thickness of the shell.
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Figure 66. Redesign AWM: thickness of the shear webs.

wind speeds are reported for the blade root flapwise and edegwise bending (Fig. 67 and Fig. 68),
for the hub nodding moment (Fig. 69), for the tower top and tower base fore-aft moments (Fig. 70
and Fig. 71). It must be noticed that part of the fatigue increase is directly ascribable to the use
of the AWM controller but an important contribution is due to the increased blade mass. Then, an
important conclusion is that fatigue loading should expect to increase not only for the use of the
WEF controller, but also due to the unavoidable mass increase required by the higher ultimate loads
and displacements. A complete comparison of the fatigue loads of the Redesign AWM rotor against
the Baseline 10MW is given in Fig. 72, in which equivalent loads are made non-dimensional with
the corresponding values of the Baseline 1T0MW. Here, flp identifies flapwise, edg is edgewise, trs is
torsion, thr is thrust, nod is nodding, yaw is yawing, FA and SS are, respectively, fore-aft and side-side
loads. As already discussed, the largest impact of the redesign in terms of fatigue is detected in the
blade loads, in the hub thrust and, slightly, at the tower base fore-aft. The increase at tower base,
however, would hardly justify a complete redesign of the tower.
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Figure 68. Redesign AWM: blade root edgewise DEL.
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Figure 70. Redesign AWM: tower top fore-aft DEL.

The evolution of the ultimate loads follows a similar trend, with the worst effect being detected on the
rotor. A direct comparison of the ultimate loading of the Baseline 10 MW and the Redesigned AWM is
given in Fig. 72 (right). The nomenclature is similar to that of the fatigue analysis, however, here the
tag cmb identifies multi-directional combined loads. From the diagram it is possible to notice how
the blade loads are globally increased by the combination of AWM and higher blade mass. When
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Figure 71. Redesign AWM: tower root fore-aft DEL.
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Figure 72. Fatigue DEL (left) and ultimate loads of the Redesign AWM against the Base-
line 10MW. BR is blade root, HC is hub center, TT is tower top and TB is tower base

it comes to the fixed infrastructure, however, the impact is mixed. On one side, the side-side and
the torsion at the tower base are slightly increased, while the fore-aft is significantly reduced. Based
on this limited analysis, then, it is possible to conclude that the introduction of the AWM as a WF
controller would require a redesign of the rotor but, likely, would not affect the structural integrity of
the hub and the tower.

4.4 Wind Turbine Re-design Conclusions

In this activity we studied the impact of WF controllers, and in particular the Active Wake Mixing,
on the structural design of a reference 10 MW wind turbine. The main goal was to assess how
equipping a turbine with the AWM would affect the main KPI of the turbine, in particular the AEP, the
total blade mass and the COE. We organized the investigation in three steps: initially, we conducted
a preliminary feasibility study of a 1T0MW baseline in order to achieve an optimal structural solution
which respects all the standard constraints. Then, we applied the AWM on the baseline to isolate
and study the impact of the controller on the turbine. Finally, we embedded the AWM directly in
the definition of the turbine and conducted a complete structural redesign of the rotor, so that the
initial and final solutions could be consistently compared. Results show that introducing an AWM
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controller results in higher loads on the turbine and, importantly, leads to higher tip displacements.
This certainly requires a dedicated redesign in which the higher loading is taken into account, that is,
it is not possible to equip an existing turbine with an AWM without reducing somehow its operational
range. Additionally, a drop in both the aerodynamic and structural performance is expected due
to the AWM itself but also to the increased mass associated to the higher loads. However, this
analysis did not assess the economic impact at wind-farm level and specific studies should highlight
an economical convenience of the AWM. Additionally, results show that the main redesign effort
would concern the rotor, whereas only limited impacts were detected on the hub and tower.
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Part i

Part Ill: Wind Farm Re-Design
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5 WIND FARM REDESIGN

5.1 Introduction

The main goal of designing a wind farm layout is to maximize the energy production with mini-
mal fatigue as well as minimal distance between the turbines. In Chapter 2 of Deliverable D4.3 of
the CL-Windcon project an optimization of NORCOWE reference wind farm [16] has been reported
in which the wind turbines position as well as yaw settings were optimized to gain the maximum
annual energy production (AEP). The optimizations were carried out using WISDEM (Wind-Plant Inte-
grated System Design and Engineering Model) [31] and OpenMDAO (Multidisciplinary Analysis and
Optimization) [18] with SLSQP (Sequential Least SQuares Programming) as optimization algorithm.
The wake model used there was FLORIS which is a parametric wind turbine wake model that was
developed to optimize the yaw settings and turbine locations in the wind farm [12, 21, 17]. To do
this the plugin FLORIS-SE was used which provides a simplified version of the WISDEM FLORIS model
based on the structure of OpenMDAO [10]. More details can be found in Chapter 2 of Deliverable
D4.3.

In D4.3 different optimizations have been done for some subsets of turbines of original NORCOWE
layout. The results for 65 turbines and 12 wind directions showed that the position optimization with

an increase of 34.0 % in AEP is more effective than yaw optimization with 8.4 %.

Here in Deliverable D4.4 the same methodology and tools are used to optimize the wind farm layout
and yaw setting for the redesigned wind turbine taken from [20]. The question that we would like to
answer here is that what is the effect of redesigning turbine on the optimization of wind farm layout.
The provided redesigned wind turbine is that of INNWIND.EU project taken from [20] for which the
only different parameter from that of original turbine (DTU 10 MW) is the rotor diameter. Doing the
farm optimization considering only this single different parameter might not be able to answer the
above question. Therefore, we first do a sensitivity analysis for some parameters and see their effect
on the wind farm optimization. These parameters, which basically along with hub height and Cp and
Ct curves were the input parameters to optimization problem, are chosen to be rotor diameter and
the resolution of wind rose for which the number of wind directions in wind rose is used.

In the next sections we first provide the approach for sensitivity analysis and then show the results.
After that we run the optimization of wind farm layout for the new turbine. At the end of this chapter

we provide our conclusion.
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5.2 Approach

The objective function of the optimization problem is the AEP of the wind farm which should be
maximized with given restrictions. The AEP is defined as:

16
AEP = () fi x P;)8760, (5.1
i=1

where i stands for i wind direction and P; and fi are produced power and wind direction probability

for i wind direction, respectively.

For the sensitivity analysis we consider 9 turbines from NORCOWE RWF which are located almost in
the center as shown in Figure 73. The figure also shows the allowed boundary for the optimization.
The reason to choose this 9 turbine as subset, instead of the 9-turbine wind farm proposed in D1.1,
is the availability of wind data of the field at NORCOWE, which makes it possible for us to use this
data as an input to the wind farm layout optimization. This subset of 9 turbines of NORCOWE should
be considered as an arbitrary initial layout of a 9-turbine wind farm. Though the boundary of WF in
Figure 73 overlaps with other turbines in the original NORCOWE RWF, we should emphasize that this
9-turbine WF should be seen as complete whole for which the optimized layout is not supposed to
be put in the NORCOWE RWF layout.

Original layout of NORCOWE with 82 turbines
® Wind farm with 9 turbines
8000 —
6000 —
4000 — __» Rectangulat boundary
® as int for
optimization
2000 [~
[ ] ﬁoD °
ok
® °
=~ 6D
-2000 —
-4000 —
-6000 —
-8000 —
1 | 1 L L 1 1 J
-8000 -6000 -4000 -2000 0 2000 4000 6000 8000

Figure 73. The initial layout (turbines shown in red circles). The rect-
angular constraint shows the permitted boundary for the wind farm.

5.2.1 Sensitivity analysis

The parameters of wind turbine which are taken into account for the optimization problem are Cp
and Ct curves, rotor diameter and hub height. The wind rose is another input to the optimization
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(a) Wind rose with 6 wind directions (b) Wind rose with 12 wind directions

(c) Wind rose with 18 wind directions (d) Wind rose with 24 wind directions

Figure 74. Wind Roses from FINO 3 (the code in [30] is used)

problem. The effect of varying each of the above parameters on the wind farm redesign, i.e. on the
layout (and yaw-setting) optimization can be investigated. The original reference turbine (not the
redesigned one) is the DTU 10MW RWT with the characteristics shown in Table 8 [2]:

Rotor diameter 1783 m
Turbine rating 10 MW
Cut-In wind speed 4m/s
Rated wind speed 11.4 m/s
Cut-Out wind speed | 25 m/s
Hub height 119.0 m
Table 8. DTU 10MW Wind turbine characteristics

Here we first do the sensitivity analysis for number of wind direction bins in wind rose and for rotor
diameter. For each optimization, similar to Chapter 2 of Deliverable D4.3, measurement data from
FINO3 [9] for the years 2000-2010 is used.

By varying each parameter we keep the other parameters unchanged at their nominal value. First
we change the number of bins for wind direction in the wind rose. To do this we consider four wind
roses with 6, 12, 18 and 24 wind directions, as seen in Figure 74. The results can be seen in Figure
75a. As it has been mentioned earlier the expected change in AEP by varying the number of bins in
the wind direction depends on how wind directions probability is distributed. In our case, though
the AEP for the baseline layout increases when we increase the number of wind directions, the AEP
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for optimized layout, and therefor the percentage of improvement after optimization, do not follow
the same trend. It can be seen that, with this wind data, the improvement of AEP by optimization
decreases when a more detailed wind rose is used. These results, however, show that this sensitivity
analysis with selected number of bins for wind direction does not numerically converge and more
number of bins might be needed to get a more clear result.

Another analysis can be carried out by changing the parameter rotor diameter with an approximately
4+5% variation of the nominal value 178.3m, i.e. varying between 169m and 185m. For this case we
take the wind rose with 24 wind directions. The used 24 wind directions with belonging frequency
and average wind speed is shown in a wind rose pictured in Figure 74d. The results are shown in
Figure 75b. It is not surprising that for bigger rotor diameter we have a bigger value for AEP, both for
baseline layout and for optimized layout. But a clear trend cannot be seen in the improvement, i.e.
when the rotor diameter increases the improvement of AEP as a result of layout optimization does
not have a clear trend.

Sensitivity analysis for number of wind directions in wind rose . 10°
P A A £
— A B
s ° =
10 - ]
S @ Improvement of AEP (in %) 54 g
£ AEP for Baseline WF o
g A\ AEP for optimized WF [ ] 2
I E
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£ . 52 &
& e
< 3
?
o
5 @

0
6 12 18 24

Number of bins in wind rose

(a) Sensitivity analysis for the num-
ber of wind directions in wind rose

=)
e

Sensitivity analysis for rotor diameter

@ Improvement of AEP (in %) A
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(b) Sensitivity analysis for the rotor diameter

Figure 75. Sensitivity analysis for hub height, rotor diameter and number
of wind direction. Blue and orange triangles AEP for baseline and optimized
WF, respectively. Red circles show the improvement after optimization (in %)

The optimized layout for above optimization cases can be seen in Figure 76. This plot also shows
that changing the hub height does not result in different optimized layouts. On the other hand,
rotor diameter and the number of considered wind directions in wind rose play a bigger role in
optimization results.
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Figure 76. Optimized layouts for different parameters

5.2.2 Case study: Wind farm redesign for a redesigned wind turbine

In Chapter 2 of Deliverable D4.3 three optimizations cases have been carried out including position
optimization (layout optimization), yaw-setting optimization and combined layout/yaw optimization.
The combined optimization is a two step optimization in which first a position optimization is carried
out over the initial layout of wind farm and then the yaw setting is optimized for this optimized layout.
There, it has been concluded that in this scenario the effect of position (layout) optimization on the
improvement of AEP is meaningfully more considerable than the effect of yaw optimization. This
is probably because after the position optimization the distances between wind turbines are that
large (comparing to initial layout) that the effect of wakes or equally the effect of yaw-settings are
decreased. But we need to mention that this conclusion strongly depends on the spacial constraints
in which we are allowed to locate the turbines.

In this section we ran the same combined layout/yaw optimization for (a subset of) NORCOWE wind
farm, but this time for the redesigned wind turbine, which is different from the original DTU 10 MW
wind turbine only in the rotor diameter (see [20]). While the rotor diameter in the original DTU 10
MW turbine is almost 178.3m the rotor diameter in redesigned turbine is almost 187.2m. For more
details please refer to [20]. Optimized layout is shown in Figure 77. Here 12 bins for wind directions
in wind rose is considered. Note that this is a 2-level optimization in which first an optimization
is carried out over turbines positions and then the yaw set-points are optimized. For comparison
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purpose Figure 77 also shows the optimized layout for original turbine (blue circles) which shows
that both optimization have similar results. In other words this amount of change in rotor diameter
does not play a Significant role in wind farm layout optimization.

In both cases a +26% increase in AEP comparing to initial layout has been observed where it was
mostly due to optimization over position. We should mention that this increase in AEP is not a
realistic result and the investigation should be done in a way that more parameters and factors be
considered which at the end it give us a better understanding of thir effect on LCOE.

Subset of 65 turbines of the original layout of NORCOWE:
Rectangulat boundary ©  Optimized layout for redesigned turbine

as constraint for [ ] ° ®  Optimized layout for original turbine
8000 — optimization [ J °

6000 [ ® ° L o
4000 - [ ]

2000 —

-2000 Y [ ]
-4000 - L]
-6000 [~ L]

-8000 [~ ® °

-8000 -6000 -4000 -2000 0 2000 4000 6000 8000

Figure 77. The initial layout (turbines shown in gray circles) together with opti-
mized layout for redesigned turbine (in red) and for original turbine (in blue).
The rectangular constraint shows the permitted boundary for the wind farm.

5.3 Conclusions

In this chapter, by changing the parameters rotor diameter and number of bins for wind direction in
wind rose we ran some optimization to evaluate the effect of these parameters on the optimization
of wind farm. The optimization takes these parameters of wind turbine together with hub height
and Cp and Ct values and tries to find the optimum layout with maximum AEP. To do these sensitivity
analysis we used a subset of 9 turbines from the NORCOWE reference wind farm. Not a clear trend
could be observed for the amount of improvement in AEP by changing the above parameters.

As a case study a bigger subset of NORCOWE wind farm, i.e. with 65 turbines has been optimized.
The used turbine is different with original DTU 10 MW only in rotor diameter. In this case the opti-
mized layout was not different with the results when we use the original DTU 10 MW turbine.
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6 CONCLUSIONS

The purpose of the deliverable was to report how wind farm control algorithm influences in the new
redesigned wind turbine and the new wind farm.

In Part. | a parametric analysis changing the wind farm layout (1-directional) is performed. Some
trends are highlighted. In order to maximize the total wind farm power, the best layout seems
to be with the second wind turbine placed right in between turbines 1 and 3. However, due to
the recovery of the wake (higher wind speed and less Tl), it is possible to balance and reduce wind
turbines flapwise DELs up to 20% without a big drop in power capture. This methodology is repeated
for several categorize wind conditions (offshore, stable, neutral and unstable) the same trends. Also,
when the Tl is higher (unstable site), the total wind farm power increases, but so does the blade
root flapwise DEL, in a minor way, though. Once the different layouts have been studied, different
depowering combinations for the selected layouts are analyzed. The decision of this layout depends
on the user criteria (objective function based on power, DEL, or both). Finally, a robustness analysis
of different optimal solutions is performed, in order to get a sensitivity on the different solutions for
the wind farm design and operation.

In Part. Il the impact of WF controllers is studied, and in particular the Active Wake Mixing, on the
structural design of a reference 10 MW wind turbine. The main goal is to assess how equipping
a turbine with the AWM affects the main KPI of the turbine, in particular the AEP, the total blade
mass and the COE. AWM results in higher loads on the turbine and, importantly, leads to higher tip
displacements. Additionally, results show that the main redesign effort concerns the rotor, whereas
only limited impacts are detected on the hub and tower.

In Part. Ill by changing the parameters rotor diameter and number of bins for wind direction in
wind rose some optimizations are carried out to evaluate the effect of these parameters on the
optimization of wind farm. The optimization takes these parameters of wind turbine together with
hub height and Cp and Ct values and tries to find the optimum layout with maximum AEP. To do
these sensitivity analysis we used a subset of 9 turbines from the NORCOWE reference wind farm.
Not a clear trend could be observed for the amount of improvement in AEP by changing the above
parameters.
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