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Abstract. Wind turbines organized in wind farms will be one of the main electric power sources of the future. Each wind
turbine causes a wake with a reduced wind speed. This wake influences the power of downstream turbines. Therefore, there is
a strong interaction between the individual wind turbines in a wind farm. This interaction is an opportunity for optimal control
to maximize the total power and decrease the load (i.e., tower activity and pitch activity) of a wind farm. We use the already
known axial-induction-based control but investigate its potential in the case of a wind gust using mathematical optimization.
This case is particularly interesting because a wind gust requires a dynamic control reaction and the consideration of the time
delay with which downstream turbines are affected. In particular, this enables to reduce the tower load of downstream wind

turbines by dynamic axial-induction-based control of an upstream turbine.

Keywords. Wind Farm, Dynamic Wake, Optimization, Axial-Induction-Based Control, Wind Gust.

1 Introduction

Wind turbines are one of the most important electric power plants of the future energy grid, since they offer energy at low costs
and low green house emissions, see, e.g., Kost et al. (2018). They are among low-carbon and renewable energy. Therefore,
they are a key solution against climate change. The state of the art control is that each wind turbine maximizes its own power
output (greedy control) while taking care of of its own durability, see, e.g., Hau (2013). However, wind turbines are usually
located in wind farms (onshore or offshore) and interact with each other. This is due to the wake caused by each wind turbine
by extracting energy from the airflow. In the wake the wind speed is decreased and the turbulence is increased. Of course, this
influences the power of downstream wind turbines. The local control of a wind turbine influences the length and the spatial
distribution of its wake. Therefore, a greedy control strategy, which maximizes the power of each wind turbine individually,

might lead to a suboptimal total power of the complete wind farm. This is an opportunity for optimal control.

Wind Farm Layout. A profitable wind farm starts with the planning. Wind farm layout optimization relies on the yearly wind
frequency data (of wind direction and wind speed). It has been known for decades that it is useful to avoid the power reduction

of downstream wind turbines. First attempts did not optimize, but simulated the annual average output, see Katic et al. (1987).
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This allocation problem can be globally solved by mixed integer programs and constraint programs, see Zhang et al. (2014).
In addition to the annual energy production, the noise propagation is a topic in the case of onshore wind farms and can be
taken into account, see Zhang et al. (2014). In the case of offshore wind farms, cable routing and jacket foundations are worth

including in the optimization, see Fischetti and Pisinger (2019).

Wind Farm Operation. If the wind turbines are already allocated, it is state of the art that they run greedy for itself during
operation, see, e.g., Hau (2013). This is done by a local wind turbine controller. The motivation of wind farm-wide control
concepts is to increase the total power of the wind farm while reducing physical loads (e.g., tower load, blade load). There
are two control concepts: axial-induction-based (i.e., control the generator torque and/or the collective blade pitch angle) and
yaw-based (i.e., control the yaw angle), see Gebraad et al. (2015).

We consider the two control concepts in the case of two wind turbines, one of which is in the wake of the other. The first
control concept (axial-induction-based) reduces the power of the regarding wind turbine, which increases the wind speed in
the wake (in comparison to greedy control) and therefore increases the power of the downstream turbine. (The corresponding
axial induction factor is the fractional decrease in wind velocity between free-stream and turbine rotor, see (Annoni et al.,
2016, Sect. 2).) The second control concept (yaw-based) decreases the power of the regarding wind turbine, deflects the wake
and increases the power of the downstream turbine. So, in both cases the upstream wind turbine outputs less power, the
downstream one outputs more power. If the profit is greater than the loss, this is intended as the total power is increased.
However, it depends on the allocation of the wind turbines, their characteristics and atmospheric conditions whether a control
(different from greedy) is purposeful. For example, it is not possible if the wind speed is so high that both wind turbines can
output their maximum power. In addition, there are cases where axial-induction-based control has no positive effect of total
power but yaw-based control has a significant one, see the high-fidelity computational fluid dynamics (CFD) simulations to
generator torque, collective blade pitch angle and yaw angle in Gebraad et al. (2015).

Therefore, it is consequent to combine optimal wind farm layout and yaw control as in Fleming et al. (2016); Gebraad et al.
(2017). Yaw-based control is considered in Gebraad et al. (2014) (they call it game-theoretic approach), but note that it is a slow
approach to a solution. However, yaw-based control does not make sense in the case of a wind gust for mechanical reasons:
Due to the mechanical load, it is useful to avoid continuous small yaw movements, see Hau (2013). In addition, the yawing
rate must be slow (approximately 0.5 °s~!) to avoid gyroscopic moments, see Hau (2013).

Therefore, we focus on axial-induction-based control. The optimization in Gebraad and Wingerden (2015) deals with varying
incoming wind speed and considers the annual energy while keeping physical loads in limits. However, the change of the wind
speed is very slow—the method is not suitable to deal with an immediately nonsmooth wind gust. In this paper we want to
overcome this limit and provide an offline optimization to investigate the potential of dynamic wind farm control. Of course,

the next challenge is a real-time online optimization.

Loads. For durability reasons, it is useful to keep an eye on the physical loads of the wind turbine: the most important is the
tower load. In addition, changing the pitch angle results in some wear and there is a blade load, which we do not consider. We

substitute the tower load and the pitch angle changes by tower activity and pitch activity. The result of a field study, see Ennis
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et al. (2018), is that a slightly mathematical positive yaw offset (the exact location depends on level of shear) is best for blade
load.

Models. High-fidelity simulations of wind farms in 3D are impractical for control. An overview of the most important control-
oriented models! in 2D is given in (Annoni et al., 2018, Sect. 2.1): it includes the Jensen model, see Jensen (1983); Katic et al.
(1987) for a further developed model, the multi-zone model FLORIS, see Gebraad et al. (2014),—the dynamic extension is
FLORIDyn, see Gebraad and van Wingerden (2014),—and the Gaussian model, see, e.g., Bastankhah and Porté-Agel (2016).
To give a classification, we use a model that bases on FLORIDyn.

We consider NREL 5-MW wind turbines, see Jonkman et al. (2009) for technical details, in usual atmospheric conditions
for onshore wind farms, see Sect. 2.1 for details.

However, we should keep in mind that these control-oriented models have limitations: In the case of specific atmospheric
conditions, wakes of offshore wind farms can have a length of 45 km in real-world, see Platis et al. (2018). Such special cases
are explicitly excluded.

In addition, if pitch angle or generator torque have an offset, there is a discrepancy between control-oriented model (FLORIS,
see Gebraad et al. (2016)) and high-fidelity simulation (SOWFA, see National Renewable Energy Laboratory (NREL) (2020))
(for NREL 5-MW wind turbines), see Annoni et al. (2016).2 It also explains the background of axial-induction-based control
and suggests the FLORIS-vk.3 model to reduce the discrepancy. The model chooses the wake expansion coefficient k. in
dependence of the axial induction factor and three fitting parameters. However, we use the simulation software WinFaST?, see
Sect. 2.1 for a short description, that bases on FLORIDyn as described in Gebraad and van Wingerden (2014), i.e., it uses a
fixed expansion coefficient. We emphasize at this point that in Annoni et al. (2016) averaged wind speed with turbulence is

considered and a fixed control over time is used, whereas we consider wind gusts and a dynamic control.

Goal. The goal of this paper is to investigate the potential of axial-induction-based dynamic control in the case of a wind
gust to increase the power and decrease the load. This case is particularly interesting because a wind gust requires a dynamic
control reaction and the consideration of the time delay with which downstream turbines are affected, i.e., we have to deal
with a strong transient behavior. As we know the wind speed a priori, it is an offline optimization. However, this provides an
impression of the potential of real-time online optimization. To do this proof of concept, we use error free simulation data and
do not pay particular attention to the run time. Besides the expected increase in total power, we point out the option to reduce

the tower load of downstream wind turbines by dynamic axial-induction-based control of an upstream turbine. To the best of

I They are also called engineering models.
2Without offset, i.e., at the maximum operating point, there is no significant discrepancy between the results from models. With offset there might be one

(at least for the considered offshore conditions) that effects the total power: They carefully describe in the conclusions that the simulation examples suggest
the existence of circumstances where axial-induction-based control can not increase the total power of the wind farm, see (Annoni et al., 2016, Sect. 7). (It
is worth noting that their simulated conditions represent an almost ideal case for axial-induction-based control, see the scenario with two turbines in (Annoni
et al., 2016, Sect. 5.1.2).) We have already mentioned Gebraad et al. (2015) above with an analogous statement. However, the use of the high-fidelity model is

not an alternative for control as the high-fidelity simulations took them days of run time on a supercomputer, see (Annoni et al., 2016, Sect. 3.2).
3The MATLAB software package WinFaST, which stands for Wind Farm Simulation Tool, was written by Bastian Ritter and Thorsten Schlicht. Within the

project MOReNet the company IAV GmbH has provided us this internal company software together with the corresponding documentation.
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our knowledge, we are the first reducing the tower load by dynamically controlling an upstream wind turbine. In addition, we

combine it with the provided option in the simulation software WinFaST to damp tower oscillations of itself.

Structure. We describe the simulation and optimization methods in Sect. 2. We explain and discuss the results of the compu-
tational experiments in Sect. 3. A final conclusion is in Sect. 4. The results and evaluations of the computational experiments
themselves are available as tables in App. A. The corresponding figures are in App. B. (As abbreviations we use Eq., Sect., and

Fig. for Equation, Section, and Figure.)

2 Simulation and Optimization Methods

We define the experimental set-up of our computational experiments in Sect. 2.1. We consider in Sect. 2.2 the wind farm control
inputs and simulation outputs, which lead us to the objective function. We describe the optimization scenarios in Sect. 2.3 and

their solution methods in Sect. 2.4.
2.1 Experimental Set-Up

Wind Farm Layout and Operation. In our experimental set-up, we will consider NREL 5-MW wind turbines with a rating
value of 5 MW and a rotor diameter of 126 m, see (Jonkman et al., 2009, Table 1-1). As we are interested in the potential of
axial-induction-based control, the yaw angles are fixed to a yaw offset of 0°.

We consider wind farms with nwT € N wind turbines in a straight line in the wind direction with a distance of 5D, where
D = 126m is the rotor diameter. We will focus on the case with nywr = 2. The corresponding wind farm layout is depicted in

Fig. 1. The upstream turbine is labeled WTO1 and the downstream turbine WT02.

Turbulence Intensity. We always describe an average wind speed. Actually, we consider wind with turbulence, i.e., the (hori-
zontal) ambient wind speed Uy,mp. The turbulence intensity I is defined as

g

I= :
<Uamb>

where o is the standard deviation and (U,,) the average of the (horizontal) ambient wind speed, see, e.g., (Hau, 2013,

Sect. 13.4). This average is also denoted by U,ye.

Scenarios. We distinguish between three scenarios. They all have a fixed turbulence intensity of I = 0.01 in common.* Despite
the turbulence we speak abbreviated of low wind speed or high wind speed. In both cases we mean a wind speed that is constant
on average. Therefore, we also use the term constant wind speeds if we mean both cases. The third scenario is a wind gust. A

detailed description is the following:

4We will always consider wind gusts with a change of 1 ms~!. The understanding of the choice needs an anticipation. We will consider the following
wind gusts: 6-7, 11-12, 12-13 m s~ 1. The turbulence should have an effect but they should not be in the order of the wind gust itself. So, e.g., a choice of

I = 0.1 would not make sense.
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Figure 1. Example layout with two wind turbines and wind speed of 10m s ™. The wind direction is depicted by the horizontal lines. The
orientation is to the right. The axes describe the positions in the unit meters. The local wind speed is indicated by the color scheme (in unit

ms ™). This figure was produced using WinFaST.
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Figure 2. Example of a wind gust (with wind speed of 11-12m s~ !). The hub-height wind speed (in ms ™) of the upstream wind turbine
(plotted in blue) over the time (in s) represents a part of the wind gust scenario. In general we use U, for low wind speed (constant on
average), Uy, for high wind speed (constant on average) and U,—Uy, for the wind gust. Of course, the wind arrives at the downstream wind

turbine (plotted in red) with delay and influenced by the upstream one.

110 — Scenario 1 (low wind speed): we consider the two turbines in the case of an average constant low wind speed of U, over

the entire simulation time.
— Scenario 2 (high wind speed): we consider the two turbines in the case of an average constant high wind speed of Uy,.

— Scenario 3 (wind gust): In this scenario we begin with the low wind speed U, (constant on average), such that the wake
dynamics are more or less in a steady state. Then, we model a wind gust by an immediate change from U, to the high
115 wind speed U}, (constant on average). After this, we provide enough time such that the wake dynamics are more or less

in a steady state again. Fig. 2 shows an example of a wind gust. We use the abbreviated term wind speed of 11-12ms~!

to describe scenario 3 including a wind gust of 11 to 12ms~?!.

Steady States and Transient Phase. For more or less constant wind conditions and constant controls (apart from reactions to

turbulence), the wind farm settles to a state, that we consider as steady state. This is the case for scenarios 1 and 2.
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A change of wind conditions or controls influences the wake. The effect propagates downstream and reaches downstream
wind turbines with a time delay. So, the system is in a transient phase until all effects are propagated though the complete wind

farm. In scenario 3 the system is in a transient phase.

Time Intervals. We denote the simulation time interval by [ts, ,ts,]. Typically, t5, = 0. Basically, both wind turbines are con-
trolled by the local standard controller. In addition, we influence the controller of the upstream wind turbine within simulation
time. Within this full control time interval we chose a smaller dynamic control time interval, [t., ,t.,], for dynamic control
to react on wind gust. The dynamic control time interval will be chosen such that the immediate wind change reaches the
upstream wind turbine in its middle and such that the control can effect the downstream wind turbine within the simulation
time interval. We leave out the details. For data analysis we choose an observation time interval, [t,, ,t.,], that starts before
the dynamic control begins and ends so that the effect of dynamic control is definitely in the interval. Again, we leave out the
details. Finally, ts, < to, <tc, <te, <to, <ts,. Typically, ts, = 0 and ¢,, = ts,. All time intervals are in R and have the unit
s. An example is given in Fig. 3.

In Summary, we have the following time intervals:
- [ts,,ts,] Simulation time interval (as well as full control time interval)
= [te,,te,] Dynamic control time interval

- [to,st0,] Observation time interval

Simulation Software. As already mentioned in Sect. 1, we use the MATLAB software package WinFaST for simulation. For
orientation we give a short description.

We have to fix the wind farm layout before starting the simulation. Out of the box, individual parameters for axial induction
(set by a power reference value) and yaw angles are possible. The modular structure of the package—it uses the modelling
framework Simulink—enables modifications for the targeted individual axial-induction-based control. The modular structure
of the software would even allow a replacement of the wind turbine controller.

The dynamic wake model relies on FLORIDyn, see Gebraad and van Wingerden (2014). As already mentioned, FLORIDyn
is the dynamic extension of the multi-zone model FLORIS, see Gebraad et al. (2014). It uses more wake zones (7 instead of 3 in
FLORIS). Further, so-called observation points are defined to compute local wake characteristics. In addition, wake interaction
bases on Katic et al. (1987), see (Gebraad and van Wingerden, 2014, Sect. 2).

The controller in WinFaST relies on Jonkman et al. (2009), which is more or less the standard industrial wind turbine
controller, but was extended by the options to reduce the power and damp tower oscillations (of itself).> There is no individual

pitch control activated, i.e., all blades of a turbine have collectively the same pitch angle.

5Both options were developed as part of WinFaST.
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Figure 3. Example of control time intervals. For the example we anticipate parts of Fig. 5, which considers a wind gust (11-12ms™1).
The quantity Wind1VelX is the hub-height wind speed in ms™~'. All quantities are depicted over the time in s, which we restrict in the plot
to the observation time interval, e.g., [to,,to,] = [164,380]. The quantities for the upstream wind turbine are depicted in blue and for the
downstream one in red. The quantity powerRefCtrl is the power reference value, which we control in the dynamic control time interval, e.g.,
[tey,tey] = [186,268], and GenPwr is the generator power in W, which we analyze in the observation time interval. The simulation time
interval (as well as the full control time interval) is [ts, ,ts,] = [0,380] in this example. (A detailed explanation of the quantities follows in

Sect. 3.1. More examples of time intervals are given in Table 2.)

Simulation Software. The software WinFaST uses the same parametric model parameters for turbine and wake as in (Gebraad
and van Wingerden, 2014, Table 1) with the exception of the air density, that is set to 1.225 kg m~3 as in (Jonkman et al., 2009,
App. B.1).

2.2  Wind Farm Control

The software WinFaST uses a hierarchical control structure. Every turbine is equipped with a local wind turbine controller,
which reacts to local measurements. The control strategy of each individual standard wind turbine controller is to run greedy,
i.e., to maximize the power of each wind turbine (regardless of the total power of the wind farm) but to preserve the turbine
from physical damage. However, the local controllers in WinFaST can take into account reference values from a centralized
wind farm controller in order to determine control targets. Since we are interested in wind farm control, we use the reference

values to influence the turbines.

Control Inputs. The package WinFaST provides three reference vectors as control inputs:
— The yaw reference u~, € [—180,180]""T in the unit degrees controls the yaw angle relative to the wind direction.

— The power reference u,, € [0.5,1]"WT controls the power factor of the turbines. Depending on the working condition, it

influences the axial induction by generator torque and/or blade pitch angle.
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Table 1. Notation of control inputs.

Quantity Source code  Symbol  Symbol
vector of vector  of value
Yaw reference yawRef U~y Ury,v
Power reference ~ powerRef Up Up,v
Fatigue reference  fatigueRef ug U v

— The fatigue reference us € [0,1]™WT enables active tower damping, i.e., it reduces the tower load, in that it damps the

tower oscillations. Since we only make it either off or on, we use the expressions without/with fatigue reduction.

The corresponding notation in the source code is yawRef, powerRef and fatigueRef.® Note that these three references are
vectors, e.g. yaw reference u, = (0,0) in the case of two wind turbines. The corresponding entry for a specific wind turbine is
called reference value: yaw, power and fatigue reference values are denoted by . v, up v and us . The notation is summarized

in Table 1.

Control Function. Out of the box WinFaST enables fixed control inputs for the full simulation time interval. However, the
Simulink model can be modified such that time-dependent control inputs are possible. In particular, we only modified it in the

case of the power reference. However, we define the control function in dependence of the time for all three control inputs.
u: [t517t52] - ([71807180]nWT3[0~571]nWTa[071]nWT)7 t— (u’yaupauf)a (D
where u, up and ug are column vectors.

Simplified Control Function. We will discuss some simplifications that will lead to a simplified control function.

— First, as already mentioned, the yaw movement causes a high physical load and is therefore adjusted with a low sampling
rate (for example every 15 min). Since we are interested in the dynamic effects of a high frequency control, we do not
consider yaw control in this paper. Therefore, its reference is kept constant over the complete simulation time interval

(to a yaw offset of 0).

— Second, the fatigue reference enables active tower damping in the local wind turbine controllers. In this paper, we
consider either without or with fatigue reduction, i.e., uf € {0,1}. Furthermore, the fatigue reference value will be

fixed during the optimization.

— Third, the wake dynamics are only affecting downstream turbines and therefore the downstream-most turbine is not

affecting any other turbine. Therefore we assume, that the downstream-most turbine is controlled in a greedy way, i.e., it

In WinFaST itself the names are info.IV_PowerRef, info.IV_YawRef, info.IV_FatigueRef. They do not mean exactly the same: in the case of the yaw

reference we mean the angle relative to the wind direction and WinFaST means the absolute direction.
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maximizes its own power using the power reference value of 1. The power reference value of the upstream turbines can

be changed during the full control time interval, which coincides with the simulation time interval, see Sect. 2.1.

— Fourth, we will consider a wind farm with nywr = 2 wind turbines.
All in all, the simplified control function of our upstream wind turbine is
Ut [bsy,tsy] — [0.5,1], t— upy. (2)

Regardless of the defined function u,, we refer in subscripts only to u. As already mentioned, dynamic control (to react on
a wind gust) is only done in the smaller dynamic control time interval [t., ,t.,].
In order to be suitable for numerical optimization methods, we need a parametrization of the control function. This parame-

trization depends on the scenario and we will discuss it in Sect. 2.4.

Simulation OQutputs. We have two main objectives when controlling the wind farm: maximizing the total electrical energy
output and minimizing the physical load of the turbines. Typically, these are conflicting objectives. Therefore, our objective
function Eq. (3) will be a weighted sum of different performance indicators, which in themselves consist of the following three
outputs of WinFaST. (They all depend on the control function u and the time. Remember that we receive data over the entire

simulation time interval [ts, ,ts,], but we only analyze results in the observation time interval [to, ,to,]-)

— The power of each wind turbine is given in the unit W as function
Du [ts1 ’tSQ] - Rg\(’)VT

— The tower load is high, when the nacelle is oscillating. Therefore, we use the velocity of the nacelle in unit m s~1 in wind

direction

Uyt [tsy s ts,] — ROV,

— The pitch rate should be kept within limits because of the load of the pitch actuators. Therefore, we use the blade pitch

angle in the unit degree

Bu: [ts1 ) tSQ] — R"WT,
We explicitly do not consider the blade load as WinFaST does not provide a suitable output quantity.

Performance Indicators. For our objective function we will consider three performance indicators for the whole wind farm:
the power, the tower activity and the pitch activity. For the last two we consider the nacelle velocity v and the blade pitch angle
(. All three quantities are averages over the observation time interval [t,,,t,,]. As the wind farm is viewed holistically, we

denote the functions by hy,, h,,. and A,
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— For the average power in the unit MW we compute

toy

/ 107 (pu (1)), dt.

o1

nwt 1

P:=hy(u):=
’ 53 loo o

Note that we divide by 10 to receive a result in the unit MW instead of W.

— An oscillating nacelle results in a high tower load. So, we use the absolute value of the velocity of the nacelle (in wind

direction) to estimate the tower load by the so-called tower activity

t
nwT 1 %2

ar = ha, (u) = Z m/\(uu(tm dt.

The unit of the tower activity is ms~' but has no physical meaning.

— Similarly, we use the absolute value of the velocity of the blade pitch angle to estimate the load of the pitch actuators by

the so-called pitch activity

dt.

e Pl
ap 1= hap (u) == Z PR / ‘dt(ﬂu(t))i
i=1 %2 o1,
o,

The unit of the pitch activity is ® s~! but has no physical meaning.

Objective Function. The objective function, which we will minimize, combines these three performance indicators in a

weighted sum with the parameters w = (wr,wp) € Rzzo in dependence of the control function:
fo(u) :=—hp(w) + wr hag (v) + wp hag (). 3)

The weights are always chosen in a way that the main emphasis is on the power. In Sect. 3 we present computational
experiments with different weights wr as well as wp and we discuss the influence of the different parts of the objective
function.

We describe a case as without/with tower activity weight if wr is zero/non-zero. In the same sense we use the expressions

without/with pitch activity weight.
2.3 Optimization Scenarios

We briefly describe our optimization scenarios and their connection before the methods follow in Sect. 2.4.

Optimization Scenarios. The scenarios we optimize are the same as in Sect. 2.1: in scenario 1 we consider a low wind speed

Uy, in scenario 2 a high wind speed Uy, and in scenario 3 a wind gust from U, to Uj. Remember that the wind speeds in

10
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(a) Scenarios 1-3 baseline. (b) Scenarios 1-3 optimization.

Figure 4. Baseline and optimization output for scenarios 1-3 (for test series 1 case 5). All figures show the power reference values over the
simulation time (in s). We restrict the time to the observation time interval. The power reference value of the upstream wind turbine is blue
and of the downstream wind turbine red. (A detailed explanation of such figures is in Sect. 3.1.) (a) In the baseline simulation all power
reference values are 1. (b) In the optimization, the power reference value of the upstream wind turbine can be lower than 1. Note that control
in optimization can be the same as in baseline; scenario 2 is an example. In the optimization of scenario 3, the downstream wind turbine is
controlled greedy and the upstream wind turbine more sophisticated, i.e., in the dynamic control time interval by cubic spline interpolation
(within limits of power reference control) and outside this interval by fixed values (from steady state optimization). For the details of the

optimization methods, we refer to Sect. 2.4.

scenarios 1 and 2 are constant on average, i.e., we have turbulence but no wind gust. However, in this cases the wind farm is
more or less in a steady state. In contrast, in scenario 3, the wind farm is first in a steady state (as in scenario 1), then in a

dynamic state (caused by the wind gust), and then in a steady state again (this time as in scenario 2).

Connection of the Scenarios. Therefore, it is useful to start with the optimizations of scenarios 1 and 2 (steady state optimiza-
tions) and recycle the resulting optimal controls, i.e., the reference values p, (from low wind scenario 1) and py, (from high
wind scenario 2), in the optimization of scenario 3. This reduces the requirement of a continuous control function (to react to
the transient behavior) to the dynamic control time interval [t., ,t.,]. Outside this time interval, the reference values are fixed
to pe and py. In this context, it is worth remembering that the observation interval [t,, ,t,,] is chosen such that the effect of the

dynamic control is completely captured.

Baseline and Optimization Output. For each scenario we will consider two cases: first, we run a baseline simulation, i.e.,
without optimization; second, we run the simulation with optimization solution. The comparison of these outputs allows us to
make a statement about the potential of the optimal control. For a first impression, Fig. 4 shows the power reference values

over the time for baseline and optimization output. A detailed discussion of the potential is in Sect. 3.
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2.4 Optimization Methods

First, we consider the optimization problems in dependence of the scenarios, divided into steady states and dynamic state.

Second, we discuss numerical aspects.
24.1 Steady State Optimization Method

The aim of the steady state optimization is to compute optimal power reference values uy, ., for all nywT — 1 upstream wind
turbines in a steady state scenario, i.e., constant wind speed on average. We remember that the downstream-most wind turbine

is fixed to greedy control, i.e., u}, = 1.

WinFaST Simulation. The simulation in WinFaST works in two steps: First, it computes a WinFaST steady state simulation
for a fixed wind farm layout, fixed wind conditions and fixed control inputs. This is necessary to set the so-called tracking
points. Second, it runs the actual simulation, in which control inputs can be modified. For reasons of run time, it is best
practice to recycle this WinFaST steady state simulation. (Note that this steady state describes a technical steady state and has
a different meaning than the described steady state scenarios 1 and 2.)

For the WinFaST steady state simulation, we always use yaw reference values of u., . =0, power reference values of
up,v = 1 and fatigue reference values of u; , = 0. For the actual simulation, we might change our control inputs. In fact, we
remain the yaw reference values, might change the power reference values of the upstream wind turbines to other fixed values

and might change the fatigue reference values.

Observation Time Interval. In the case of a change we have to deal with a disadvantage of these two steps of WinFaST:
there is a transient phase in the actual simulation as we have to change from the control of the initial WinFaST steady state
simulation to a new steady state of the applied control in the actual simulation. Therefore, we choose the observation time

interval such that this transient phase is outside.

Optimization Problem. We remind the objective function f,,, see Eq. (3), and the simplified control function wu., see Eq. (2).
As already mentioned, in the steady state optimization all control inputs are fixed over the simulation time interval.

Finally, we solve two steady state optimization problems. First, for the low wind speed (scenario 1)

min fw (U*)

“)
st uk(t) =pe, tE|[ts,,ts,],
where p, denotes the fixed power reference value of the upstream wind turbine.’
Second, for the high wind speed (scenario 2)
min fw (u*)
Pn (5)

st. ul(t) =pn, tE [ts ts,],

"The power reference value itself was already denoted by up v in Sect. 2.2. However, we use py and py, to distinguish the two fixed values.
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where py, denotes the fixed power reference value of the upstream wind turbine.

Examples of the control function in steady state optimization were already depicted in scenarios 1 and 2 of Fig. 4(b).
2.4.2 Dynamic State Optimization Method

As already mentioned, in the dynamic state optimization (scenario 3), we want continuous control in the dynamic time interval

[te, ,te,] and we use precomputed fixed optimal controls (p, and py,) outside.

Discretization. The control function u, see Eq. (1), and the simplified ., see Eq. (2), are continuous. We need a discretization
to use numerical optimization solvers. Outside the dynamic control time interval [t., , t.,] the function values are fixed to p, and
pn- For time t in [t, ,t.,], we use a cubic spline interpolation with a number of n.,) intermediate uniform knots at ty,...,¢,._,
(within [t.,,t,]) and two boundary knots (at ¢., with value p, and at ¢., with value py,). The boundary conditions are chosen
to ensure a safe transition to the fixed part of the control function. The matrix of interpolation values (at ¢1,...,t,_,, ) is given
by ¢ € Rretnxnwr =1 Ag we consider two wind turbines, ¢ is a vector. We summarize the cubic spline interpolation Sy, ,, o

by the knots of it:
pe ift=t.,

Spepnse’ [te, te,] = [0.5,1],  S(t):= pi ift=tfori=1,... ¢y,
Ph ift = tCQ.

We make attention to the limited codomain because of the codomain of the power reference, see Sect. 2.2. It turned out in

computational experiments that the number of intermediate knots of 1) = 9 is purposeful.®

Optimization Problem. We remember the objective function f,,, see Eq. (3). Finally, we solve the dynamic state optimization
problem
min fw (u*)
©
De iftsl étgtcla
st ul(t) = Spepe(t) ifte, <t <t,,
Ph ifte, <t<t,.
Of course, we have to solve the optimization problems of the steady state optimization before, i.e. Egs. (4) and (5).

An example of the control function in dynamic state optimization was already depicted in scenario 3 of Fig. 4(b).

Wind Gust Simulation Workaround. Out of the box, the simulation software WinFaST can add turbulence but no wind gust.
Remember that the WinFaST steady state simulation generates a wind field (with a desired turbulence intensity) and sets the

corresponding tracking points.

81n our experience, 5 is too small, 7 is sometimes too small, 9 is a reasonable choice. On the other hand, 10 is too high as the modification of one

intermediate value has no significant effect on the objective value.
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To incorporate a wind gust, we modify the wind field of the lower wind speed and run the actual simulation. Note that the
tracking points are set for the original wind field, i.e., for lower wind speed—as we increase the wind speed, we can neglect
this effect.

However, we carefully restrict the computational experiments to a change of 1 ms~!. This is a strong limitation compared
to real-world wind gusts, which have greater changes.

In this context, the behavior of the wind field in the actual simulation is worth mentioning as it is pushed through the wind
farm with the average wind speed of the steady state simulation. This does not negatively influence the simulation of the wind
speed itself but it leads to temporal inaccuracies of the travel time, i.e., in our scenarios the wind gust consistently reaches the

downstream wind turbine too early.
2.4.3 Numerical Optimization Method

The software WinFaST computes the simulation of the wind farm without any sensitivity information. Therefore, gradient-
based optimization algorithms are not directly accessible. We employ the nonlinear programming (NLP) solver fmincon in
MATLAB, which uses finite differences internally to compute gradients.

As optimization method we have chosen sequential quadratic programming (SQP).” As options we set the maximum number

of iterations to 20 and the step tolerance (on the power reference value) to 0.01.1°

Initial Power Reference Values. As SQP is a local optimization method, the result depends on the initial value(s).

For scenarios 1 and 2, i.e., low and high wind speed (both constant on average), we start with a power reference value of 1,
ie.,pe=1and p, = 1.

For scenario 3, i.e., the wind gust, preliminary computational experiments with a very slow increase of the wind speed with
a global optimization method suggested to increase the power reference value analogously to the wind speed (as long as the
rated wind speed, which is 11.4m s~ for the considered NREL 5-MW wind turbines, see (Jonkman et al., 2009, Table 1-1), is
not reached). Of course, the time scale of the wind gust is very important, so that the preliminary experiments are not directly
comparable to an immediate wind gust. However, it turned out that a reasonable initialization follows this spirit: We set the
first half of entries of ¢ to py and the second half of entries to py,. In the case of an odd number of entries, the middle entry of ¢

is set to py. (Remember that the dynamic control time interval is chosen such that the immediate wind change is in its middle.)

Software. The described method to find out the potential of dynamic wind farm control by axial induction is available as a
module of the self-developed and unpublished Wind Farm Optimization software suite WiFaOpt. Remember that the simulation
itself uses WinFaST.

9 Apart from sqp, we also tried interior-point and active-set. However, they mostly stuck in a worse local minimum.
19Tn our computational experiments, a change of the third decimal in power reference did not change the fourth decimal of the power. Therefore, a step

tolerance of 0.01 is sufficient.
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3 Results of Computational Experiments

In this section we use representative examples to demonstrate the potential of dynamic wind farm control by axial induction.
The computational experiments are divided into two test series, each containing some cases.
As mentioned before, all cases have in common the wind turbine number of nwrt = 2 and the turbulence intensity of
I =0.01, see Sect. 2.1. Further, the number of intermediate knots (for the cubic spline interpolation) is nt,1 = 9, see Sect. 2.4.2.
The other parameters depend on the test series or the contained cases: This concerns the average wind speed Uyye, see
Sect. 2.1, the fatigue reference value us ., for both wind turbines, see Sect. 2.2, the tower activity weight wr and the pitch

activity weight wp, see Eq. (3).

Experimental Design. We want to explore several effects: We are interested in the effect of power reference optimization
itself, i.e., in comparison to baseline (greedy) in terms of the three performance indicators (power, tower activity and pitch
activity). We will consider the effect of the tower activity weight and the pitch activity weight comparing optimization results
to each other. Further, we are interested in the effect of fatigue reduction, i.e., active tower damping, comparing optimization
to baseline. We will also study the effects of these configuration combinations (comparing optimization results to each other).
Of course, we have to consider different wind gusts for a meaningful result. All in all, we make two test series.

The considered NREL 5-MW wind turbines have a cut-in, rated and cut-out wind speed of 3ms~!, 11.4ms~ ' and 25ms™!,
see (Jonkman et al., 2009, Table 1-1). Of course, it is interesting to investigate a wind gust that exceeds the rated speed. In
addition, we consider one below and one above. Finally, we choose 6—7 m s™1, 11-12mstand 12-13ms ! as representative

examples.

Series 1. In series 1, we consider three different wind gusts: 6-7ms~ ', 11-12ms~! and 12-13ms™!, i.e., a wind speed
change of 1 ms~!. For every wind gust, we consider four different control configurations: without/with fatigue reduction, i.e.,
fatigue reference value u¢,, = 0 or 1, and without/with tower activity weight, i.e., wt = 0 or 100.

The different cases are numbered in ascending order, see Table Al. In total series 1 comprises 12 cases. All experiments of

series 1 are without pitch activity weight, i.e., wp = 0.

Series 2. In comparison to series 1, we use the pitch activity weight in series 2, i.e., we set wp = 10, to investigate its effect. We
only consider a wind speed of 11-12m s ™. Similar to series 1, we simulate control configurations without/with fatigue reduc-
tion and without/with tower activity weight (using the same weight value wt as in series 1). The experiments are numbered,

see Table A2.

Choice of Weights. We have chosen both weights, i.e., power activity weight wt = 0 or 100 and pitch activity weight wp =0
or 10, such that they have a significant effect.!!

HEor an impression of the effect’s significance, we look at the data in advance: with the results of the baseline of series 1 case 5 (i.e., a power of 6.291 MW,
a tower activity of 0.012 and a pitch activity of 0.077) this would result in proportions of 19% (for tower activity with weight) and 12% (for pitch activity with

weight) compared to power.
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Table 2. Time intervals (see Sect. 2.1 for a definition), iterations and run time of some cases of test series 1: The cases 1, 5 and 9 belong
to the average wind speeds 6, 7, 6-7ms~ ! (case 1), 11, 12, 11-12m s~ (case 5), and 12, 13, 12-13m s~ ! (case 9). Remember that the
dynamic control time interval is [tc, ,tc, ], that ts, is the end of the simulation time interval [ts, ,ts,] (With ¢5, = 0), and that [to, ,to,] is the
observation time interval. The iterations of fmincon are given for the scenarios 1, 2 and 3, i.e., low wind speed, high wind speed and wind

gust. The run time is the total one for scenarios 1, 2 and 3.

Case  [te,tes] tsy [to1stos] Iterations Run time
(No.) ins ins ins (scenarios 1, 2, 3) in min
1 [353,509] 695 [312,695] 7,6,3 91
5 [186,268] 380 [164,380] 7,1,2 44
9 [166,238] 341 [146,341] 1,1,1 26

Structure. The results, evaluations and summary of series 1 and 2 are in the tables in App. A. The corresponding figures of
the optimization results in the scenario with wind gust are in App. B. We explain the tables and figures in Sect. 3.1 and discuss

the effect of control inputs, weights and wind conditions in Sect. 3.2. Thereby we repeat and add some figures.

Computational Set-Up. All computations were carried out on a workstation with an Intel(R) Core(TM) 17-6700 CPU with
3.40 GHz and 32 GByte RAM using MATLAB in version R2019b. The run time of one simulation mainly depends on the
simulation time interval (for the same wind farm layout), which depends on the wind speed. Of course, the total run time also
depends on the number of iterations of the optimization method. Some time intervals, number of iterations and run times are

given in Table 2.
3.1 Explanation of Tables and Figures

As already mentioned, the tables are in App. A. They are divided into results, see Tables A1 and A2, evaluations, see Tables A3—
A5, and a summary (of these evaluations), see Table A6. The corresponding figures are in App. B. For example, series 1 case
5 is in Table A1 and Fig. B2(a) (also in Fig. 5(b) for discussion). We describe the content of them using examples to become

familiar with the tables and figures. However, an interpretation of the effects will follow in the next section.

Results Tables. We choose series 1 case 5 as leading example, see Table Al. We read from the results table that this case
includes scenarios with a low wind speed (scenario 1) of U, = 11ms~!, a high wind speed (scenario 2) of U, = 12m s~ ' and
a wind gust (scenario 3) with wind speed U,y of 11-12m s ™. Note that all wind gust rows are highlighted by a bottom border
(in Tables Al and A2). Further, the fatigue reference values of both wind turbines are set to u¢, = 0, i.e., without fatigue
reduction. The tower activity weight is set to wp = 0. We remember that the pitch activity weight is wp = 0 for series 1.

The output is divided into baseline (i.e., greedy control) and optimization (with the method described in Sect. 2.4) results,

each consisting of the three performance indicators power P, tower activity at and pitch activity ap, see Sect. 2.2. (Remember
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that theses are the individual values of the objective function Eq. (3) and the units of tower activity and pitch activity have no
physical meaning.) In particular, for the baseline we denote them by F;,, a1 1, ap, and for the optimization by Py, a1 o, ap o.

The evaluation ratios in the results tables, see Tables Al and A2, always compare the optimization results to the corre-
sponding baseline, i.e., the baseline in the same line. However, in the evaluation tables, see Tables A3-AS5, the evaluation
ratios compare the optimization results to the associated raw baseline, i.e., always the corresponding baseline without fatigue
reduction. In Table A1 for average wind speeds of 11, 12 and 11-12m s~ these are the baselines of cases 5 and 6. We only
highlight one representative of the associated raw baseline outputs in the results tables with a frame, see Tables A1 and A2. We
make it clear in the column heading what quantity we are referring to.

In the results tables we want to see the change of the optimization compared to the corresponding baseline, i.e., in the same

line. Therefore, we compute the ratios'? of the optimization in comparison to the corresponding baseline in percent, i.e.,

PO (o] (e}
rp =100 =100, 7oy =100 ZT—b —100, 14, =100 Z;’—b —100.
T, )

[T

We will speak abbreviated from the ratio to the corresponding baseline. Note that we write in the table if the computation
of the ratio would lead into a division by O.

In the example of series 1 case 5 with wind gust (11-12m s~ 1), see Table Al, the power increases 5.1%, the tower activity
decreases 2.4% and the pitch activity decreases 7.3% (in comparison to baseline). In that case, the optimization has the desired
effect on all three performance indicators.

Further, remember that tower activity weight and pitch activity weight influence the optimization result but not the baseline

result. Therefore, the baseline results of series 1 cases 5 and 6 are the same.

Evaluation Tables. To work out effects, we compare results among each other in the evaluation tables. For this we make two
comparisons.

First, in Tables A3 and A4 the optimization results are compared to the associated raw baseline, i.e., always the correspond-
ing baseline without fatigue reduction. (As described above, one representative is highlighted with a frame.) This means, we
compute the ratio for the power as 100 (P, /P, ;) — 100 and the ratios for the activities aT and ap analog. (To make clear, that
we include optimization of the power reference value, we use the column header u,, ,, opt. and set it to 1.)

Second, in Table A5 the results of baseline (not optimization) with fatigue reduction are compared with baseline without
fatigue reduction (which is the associated raw baseline). Therefore, we focus on cases 3, 7 and 11 (and uy, , opt. is 0). This
means, we compute the ratio for the power as 100 (P, /P, ;) — 100 and the ratios for the activities ar and ap analog. We only

consider comparisons in scenario 3 (i.e., wind gust scenario).

Example to the Evaluation Tables. For example, we are interested in the effect of the tower activity weight wr for the wind
speed of 11-12ms~". In Table A3 we have series 1 case 5 (wr = 0) and 6 (wt = 100) in comparison to the raw baseline.

The changes of power, tower activity and pitch activity are 5.1%, —2.4%, —7.3% (case 5) and 7.9%, —18.7%, 37.3% (case 6).

121t is more natural to use the transformation rp = 100 (P, — P},)/ P, but the used representation saves symbols.
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This means, that the (used) tower activity weight increases the power (7.9% instead of 5.1%), decreases the tower activity but
increases the pitch activity.

In cases 5 and 6 of series 1, the ratios in the results table, see Table A1, are the same as in the evaluation table, see Table A3,
as the baseline in the same line and the raw baseline coincide. This is not the case if the fatigue reference is set to 1 as, e.g., in
series 1 case 7. In that example, the changes of power, tower activity and pitch activity are 5.1%, —3.8%, 0.7% in comparison
to the baseline in the same line (i.e., with fatigue reduction), see Table A1, but 5.1%, —59.3%, 96.6% in comparison to the raw

baseline (i.e., the corresponding baseline without fatigue reduction), see Table A3.

Summary Table. The results for the wind gusts (scenario 3) of all evaluation tables are summarized in Table A6. (Remember
that ratio has different meanings: It compares optimization with associated raw baseline if the quantity reference is power. It
compares baseline result with associated raw baseline if the quantity reference is fatigue.) For example, we find the evaluation
of series 1 cases 1, 5 and 9 in the first row. These are the corresponding cases to wind gusts with average wind speed of
6-7ms~ !, 11-12ms~! and 12-13 ms~!. Essentially, we will use this table to discuss the results. Of course, sometimes it is

useful to look at the details in results tables or evaluation tables.

Figures. As already mentioned, figures of all cases are in App. B. This is restricted to optimization (not baseline) results
of scenario 3, i.e., the wind gust scenario. In the discussion of the results we additionally show some baseline results for
comparison and we repeat interesting parts of the appendix to draw attention. In all figures we give the time in the unit s and
focus on the observation time interval. Further, the quantities for the upstream wind turbine are depicted in blue and for the

downstream one in red. The figures can contain the following quantities:

— powerRefCtrl (without unit) is the power reference value uy,, € [0.5,1], which is an input of the local wind turbine
controller. It is our main control input for the wind farm control, see Sect. 2.2. (Remember that it is fixed to 1 for the

downstream wind turbine.)
— GenTq (in N m) is the generator torque. It is controlled by the local wind turbine controller.

— BIdPitch1 (in °) is the blade pitch angle of the first rotor blade. As we do not use individual blade pitch control, the angle

is the same for the other blades. The angle is controlled by the local wind turbine controller.
— GenSpeed (in rpm) is the generator speed, which is an output quantity.
— GenPwr (in W) is the generator power, whose average (in MW) is our main performance indicator.

— Wind1VelX (in ms™!) is the hub-height wind speed (in z direction, i.e., here in the direction of the straight line drawn

by the wind turbines).

— NcIlMuTVxs (in ms™1) is the nacelle fore-aft velocity (in x direction), which is an output quantity.
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We discuss Fig. 5, which shows series 1 case 5, in the next section. At this point, we only point out that both power references
are 1 for baseline, see Fig. 5(a), and we remember that the limit of the power reference is 1 and that it is always set to 1 for the

downstream wind turbine, see Fig. 5(b).
3.2 Effects of Control Inputs, Weights and Wind Conditions

We discuss the effects on our performance indicators, i.e., power, tower activity and pitch activity, with respect to the con-
trol inputs, i.e., optimal power reference (for the upstream wind turbine) and without/with fatigue reduction (for both wind
turbines). In the case of power reference this is done in dependence of the used weights on tower activity and pitch activity.

Further, the wind conditions, i.e., wind speeds, play a role.
3.2.1 Effect of Optimization

The evaluation in Table Al (series 1, i.e., pitch activity weight wp = 0) and Table A2 (series 2, i.e., pitch activity weight
wp = 10) compares respectively the optimization result with the baseline simulation in the same line (of the table). Therefore,

it shows the effect of the optimization itself.

Power. In the case of series 1 the power increases or is unchanged. Most of the unchanged cases can be explained with the
wind speed: If the wind speed is 12ms™! or higher (cases 9 to 12), baseline (greedy) was already the best choice. The only
exception is case 4 with a wind speed of 6-7 ms~!. The power remains unchanged. In that case the fatigue reduction already
reduces the tower activity in the baseline; in addition, we weight the tower activity in the optimization; probably, this prevents
an increase in power; however, it is also possible to have reached a local minimum.

In the case of series 2 the effect of optimization is different. The chosen pitch activity weight results in the case of constant
wind speeds sometimes in an increase and sometimes in a decrease of power. The limitation of the pitch activity prevents
higher power in many cases. However, in the scenarios with the wind gust, the power always increases.

All in all, the power increases between 2% and 8% in the scenarios with wind gust (in series 1 and 2). The only exception is

the discussed case 4 with 6-7 ms~! of series 1.

Tower Activity. The most interesting cases in series 1 are the ones, that have a wind gust: in the cases of 6-7ms™! the
optimization can not contribute to reduction of tower activity, although we weight it in the cases 2 and 4. However, we remember
that the increase in power and the decrease in tower activity are opposed aims.

This balancing act succeeds in the case of 11-12m s~ in series 1 as well as series 2: optimization itself increases the power
and reduces the tower activity.

As already mentioned, if the wind speed is 12 ms~! or higher (series 1 cases 9 to 12), baseline (greedy) was already the best

choice; so, there is no effect of optimization on the tower activity.

Pitch Activity. In test series 1 we do not penalize the pitch activity. It is not surprising that the pitch activity sometimes

decreases and sometimes increases (compared to baseline in the same line).
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In test series 2 the weight wp = 10 takes an effect. The pitch activity is significantly reduced in all cases.

Example in Table. For example, the effect of optimized control in comparison to baseline control is in ratios of power, tower

activity and pitch activity: +5.1%, —2.4%, —7.3%, see case 5 of series 1 in Table Al.

Summary Table. Remember that the summary table, see Table A6, contains the ratios to the raw baseline instead of the

baseline in the same line. Therefore, it provides a good overview, but it shows not only the effect of the optimization.

Example Figure. The effect of optimization describes the effect of an optimal power reference for the upstream wind turbine.
We briefly consider Fig. 5 comparing the baseline result in Fig. 5(a) and the optimization result in Fig. 5(b). The corresponding
dataset is series 1 case 5, i.e., a wind speed of 11-12 m s~ without fatigue reduction, without tower activity weight and without
pitch activity weight.

As already mentioned, we usually only present the optimization result as in Fig. B2(a); however, the difference should
become clear once.

Of course, the power reference values of both turbines are 1 for baseline. In optimization the controller ensures a relatively
straight transition from the low to the high steady state power reference value. Further, we consider the limit at a power
reference of 1.

For both (baseline and optimization), the wind gust approaches the upstream wind turbine at about ¢ = 220s. We consider a
comparable control reaction to turbulence: before the wind gust only (in baseline) or mainly (in optimization) due to generator
torque; afterwards mainly due to blade pitch angle and little due to generator torque. The reason is the rated wind speed of
11.4ms~! for the considered NREL 5-MW wind turbines, see (Jonkman et al., 2009, Table 1-1). Therefore, the wind speed
of 11-12m s~ ! is particularly interesting. For both, we consider an abrupt increase of the generator torque when the wind gust
arrives.

In contrast, the generator speed has no abrupt changes. However, the generator power follows the generator torque. Of
course, at the upstream wind turbine the wind gust arrives at once. The later arrive at the downstream wind turbine is staircase-
like as the wind speed is influenced by the power reference of the upstream wind turbine. The nacelle fore-aft velocity gives an
impression of the tower oscillation. Essentially, they appear in the context of wind changes (and finally show up in the tower

activity).!3
3.2.2 Effect of Wind Speed

As already mentioned, if the wind speed is 12ms~! or higher (cases 9 to 12), baseline (greedy) was already the best choice,
see Table A1. For a direct comparison to the already considered case of 11-12ms~! (series 1 case 5) in Fig. 5(b), we show

the corresponding case of 12-13ms~! (series 1 case 9) in Fig. 6(b) and the case of 6-7 ms~! (series 1 case 1) in Fig. 6(a).

13This observation suggests to substitute the tower activity with the wind speed changes (e.g., for real-time online optimization). However, the use of this

observation is not part of this paper.
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Figure 5. Effect of optimization (test series 1 case 5). All quantities are depicted over the time in s, which we restrict to the observation time
interval. The quantities for the upstream wind turbine are depicted in blue and for the downstream one in red. The wind gust increases the
average wind speed (1 1-12ms™1). (a) Baseline simulation, i.e., no individual power reduction (both wind turbines run greedy with power
reference values of up v = 1). (a) Optimization result, i.e., control of power reference value up . of upstream wind turbine (and up v =1
for the downstream one). Remember that series 1 does not use pitch activity weight, i.e., wp = 0. In particular, case 5 is without fatigue

reduction, i.e., uf ~ = O for both wind turbines, and without tower activity weight, i.e., wt = 0.

Both cases are not as instructive as 11-12ms~!. The summary table, see Table A6, offers a similar impression. Usually,
495 6-7ms~!and 12-13ms~! have either no effect or a similar effect as 11-12ms~!. (There are two exceptions for 6-7 ms~!:
without fatigue reduction, without/with tower activity weight, without pitch activity weight.)

Therefore, we will mainly focus on 11-12ms~! in the following discussion.
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Figure 6. Effect of wind speed. Test series 1 cases 1 (6—7 m s™1) and 9 (12-13ms™ 1) (both with fatigue reference value u¢, = 0, tower

activity weight wr = 0, and pitch activity weight wp = 0). For the corresponding case 5 (11-12ms™ '), see Fig. 5(b).

3.2.3 Effect of Weight on Tower Activity and Pitch Activity

For the effect of weight on tower activity and pitch activity, we compare optimization results among each other. Thereby, the
500 comparative value is the raw baseline, i.e., the corresponding baseline without fatigue reduction.
As already mentioned, the power activity weight is wp = 0 or wr = 100 and the pitch activity weight is wp = 0 or wp = 10
to have a significant effect.
For comparison, we focus on the wind speed of 11-12m s~ 1 without fatigue reduction, i.e., series 1 cases 5 and 6 as well as

series 2 cases 1 and 2, that are depicted in Fig. 7. For the changes we also refer to Table A6.

505 Tower Activity Weight. First, we compare the optimization result with tower activity weight of wr = 100 in Fig. 7(b) (series
1 case 6) to the result with wp =0 in Fig. 7(a) (series 1 case 5). The velocity of the nacelle, NcIMuTVxs, is significantly
reduced for the downstream wind turbine, which results in a reduced tower activity (—18.7% instead of —2.4% compared to
raw baseline). An increase of the pitch activity was expected (37.3% instead of —7.3%). The increase of power (7.9% instead
of 5.1%) may come as a surprise, but as we can not expect a global solution, the tower activity weight seems to stabilize

510 the solution. Note that the main effect of tower activity is at the downstream wind turbine (in comparison to raw baseline in
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brackets): upstream wind turbine 0.0065 (0.0059), downstream wind turbine 0.0034 (0.0064). Finally, the control of the power

reference of an upstream wind turbine is an effective method to increase overall power and decrease tower activity.

Pitch Activity Weight. Second, we compare the optimization result with pitch activity weight of wp = 10 in Fig. 7(c) (series
2 case 1) to wp = 0 in Fig. 7(a) (series 1 case 5). The pitch activity is reduced within the scope of possibilities, i.e., the power
reference value only changes from optimal value for average low wind speed to optimal value for high wind speed. This leads to
little influence on the blade pitch angle. However, the blade pitch angle has changes due to the internal wind turbine controller.
Power, tower activity and pitch activity are (compared to raw baseline) of 1.7%, —17.1%, —39.0% (instead of 5.1%, —2.4%,
—7.3%). The power is higher than in the baseline result but lower as in the case of optimization only in regard to power. Note
that the main effect of tower activity is again at the downstream wind turbine (in comparison to wp = 0 in brackets): upstream
wind turbine 0.0057 (0.0059), downstream wind turbine 0.0045 (0.0060).'4 Finally, the method is effective to decrease the

pitch activity. At the same time, the tower activity is reduced.

Tower and Pitch Activity Weight. Third, we compare the combination a tower activity weight of wt = 100 and a pitch
activity weight of wp = 10 in Fig. 7(d) (series 2 case 2) to the other combinations. Power, tower activity and pitch activity
are (compared to raw baseline) of 5.6%, —17.9%, —22.0%. So, the power increase (5.6%) is not as high as in the best case
(7.9% with wt =100 and wp = 0), but much higher than in the worst case (1.7% with wt =0 and wp = 10). The tower
activity decrease (—17.9%) is slightly lower than the best'> (—18.7% with wr = 100 and wp = 0). The pitch activity decrease
(—22.0%) is lower than in the best case (—39.0% with wr = 0 and wp = 10) but much better than the other cases (—7.3% with
wt =0 and wp = 0 and 37.3% with wt = 100 and wp = 0).

Summary. All in all, we recommend to weight the tower activity as it first, significantly decreases the tower activity and
second, not necessarily counteracts the conflicting objective to power increase. If a decrease of the pitch activity is important,
we recommend to weight the pitch activity additionally as it first, significantly decreases the pitch activity and second, has a
moderate influence on the conflicting objective of power increase. However, in practice, a low tower activity is more important

than a low pitch activity.
3.2.4 Effect of Fatigue Reduction

For the effect of fatigue reduction, we compare first, baseline results among each other and second, optimization results among
each other. Again, we focus on the results with a wind speed of 11-12m s~ as the results of 6-7ms~! and 12-13m s~ are

very similar. As already mentioned, we compute either without (u¢, = 0) or with (u¢, = 1) fatigue reduction.

14The raw data of power are at upstream wind turbine 4.4093 MW (4.7655 MW), at downstream 1.991 MW (1.8479 MW) and of pitch activity at upstream

0.0467 (0.0709), downstream 0 (0) (as the power reference value of the downstream wind turbine is fixed).
15 At this point, we do not consider the results with fatigue reduction.
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Fatigue Reduction in Baseline. First, the only effect of fatigue reduction (without optimization) is considered. Therefore, we
compare the baseline with fatigue reduction with the corresponding baseline without fatigue reduction. These comparisons are
summarized in Table AS. For the wind gust, the results can also be found in Table A6.

For the wind speed of 11-12m s~ !, the baseline results without/with fatigue reduction are in Fig. 8. The corresponding ratios
of power, tower activity and pitch activity are 0.0%, —57.7% and 95.3%. So, the power is the same.'® For the significantly
reduced tower activity, we have to accept a high pitch activity.!” Note that the (used) fatigue reduction has a significant influence
on both wind turbines regarding the tower activity. In comparison, we remember that the main effect of the (used) tower activity
weight was only at the downstream wind turbine. Furthermore, the effect of the fatigue reduction on tower activity is stronger

than the effect of the considered tower activity weight.

Fatigue Reduction in Optimization. Second, we consider the effect of fatigue reduction with optimization of the power
reference value. In Fig. 9 we have the optimization results for 11-12ms~! with fatigue reduction and without pitch activity
weight for both cases without/with tower activity weight, i.e., we can compare Fig. 9(a) (series 1 case 7: us = 1, wt = 0) with
Fig. 7(a) (series 1 case 5: uf, = 1, wr = 0) and we can compare Fig. 9(b) (series 1 case 8: ur = 1, wr = 100) with Fig. 7(b)
(series 1 case 6: us = 1, wp = 100).

The ratios with fatigue reduction are in the case without tower activity weight (series 1 case 7): power 5.1% (instead of 5.1%
in series 1 case 5), tower activity —59.3% (instead of —2.4%) and pitch activity 96.6% (instead of —7.3%). So, we observe
an effect as in the baseline case: The power is the same. For the significantly reduced tower activity, we have to accept a high
pitch activity.

The ratios with fatigue reduction are in the case with tower activity weight (series 1 case 8): power 5.2% (instead of 7.9% in
series 1 case 6), tower activity —63.4% (instead of —18.7%), pitch activity 74.2% (instead of 37.3%).'® In comparison to the
effect in the baseline case, the same power is not reached.

Finally, the combination of fatigue reduction and tower activity weight is useful to decrease the tower activity: ratios of
tower activities are —63.4% (with tower activity weight) and —59.3% (without).

The highest decrease of tower activity ratio is reached with fatigue reduction, tower activity weight and pitch activity weight:

—74.8%. The pitch activity ratio is moderate (8.6%), but the power ratio is only 4.0% in that case.

Summary. Indeed, the (used) fatigue reduction decreases the tower activity significantly. In return, we have to accept a very
high pitch activity (if we do not activate the pitch activity weight). However, the (used) fatigue reduction is not necessarily

adverse to the power.

16Furthermore, there are also no significant changes in the individual wind turbines. The raw data for the power of the wind turbines are with fatigue
reduction (series 1 case 7) in comparison without fatigue reduction (series 1 case 5): 4.9028 instead of 4.9029 for the upstream wind turbine and 1.3888

instead of 1.3884 for the downstream wind turbine.
17Raw data of tower activity: 0.0030 instead of 0.0059 for upstream and 0.0022 instead of 0.0063 for downstream. Raw data of pitch activity: 0.0968 instead

of 0.0765 and 0.0526 instead of 0.0000.
18 Furthermore, if we compare the pitch activity of series 1 case 8 to 7, we observe a decrease of pitch activity for both wind turbines. The raw data for the

pitch activity of the wind turbines are with tower activity weight (series 1 case 8) in comparison without tower activity weight (series 1 case 7): 0.0891 (instead

of 0.0982) for the upstream wind turbine and 0.0441 (instead of 0.0522) for the downstream one.
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Figure 7. Effect of tower activity weight and pitch activity weight (without fatigue reduction). (We repeat series 1 case 5 for sake of easier

comparison.) Note that (c) is a rare example of an optimal lower power reference value at high wind speed than at low wind speed.
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Figure 8. Effect of fatigue reduction in baseline result (test series 1 cases 5 and 7).

4 Conclusions

In this paper we investigated the potential of axial-induction-based dynamic control in the case of a wind gust to increase the
power and decrease the load. To do this proof of concept, we used error free simulation data and did not pay particular attention
to the run time. A wind gust requires a dynamic control reaction and the consideration of the time delay with which downstream
turbines are affected. On the other hand, this requirement is a chance: Besides the expected increase in total power, we point
out the option to reduce the tower load of downstream wind turbines by dynamic axial-induction-based control of an upstream
turbine. Further, we can take care of the pitch activity. We both realized by taking into account the tower activity and the pitch
activity in the objective function (with appropriate weighting). To the best of our knowledge, we are the first reducing the tower
load by dynamically controlling an upstream wind turbine. As we know the wind speed a priori, it is an offline optimization.

However, this provides an impression of the potential of real-time online optimization.

Code and data availability. For simulation we use the MATLAB software package WinFaST as already mentioned in Sect. 1. It is unpub-
lished as it is an internal company software package. However, as described in Sect. 2.1 it is essentially based on known methods: the dynamic

wake model relies on FLORIDyn, see Gebraad and van Wingerden (2014), and the controller relies on Jonkman et al. (2009).
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Figure 9. Effect of fatigue reduction in optimization result (test series 1 cases 7 and 8).

For optimization we use a module of the self-developed software suite WiFaOpt, which is written in MATLAB. As the optimization requires
the simulation it is not a stand-alone program. Therefore, it is unpublished. The optimization method is described in detail in Sect. 2.4.

As data we provide the simulation outputs of baseline and optimization. These outputs are explained in Sect. 3.1 and depicted in App. B.
Among them are also those outputs that are used to compute the performance indicators, which are taken into account in the objective
function, see Sect. 2.2. These indicators also appear in Tables Al and A2. Data are available at Zenodo: https://doi.org/10.5281/zenodo.
7520546.

Appendix A: Tables

The results of the computational experiments are in Tables Al and A2, its evaluations in Tables A3—AS5 and the summary (of

these evaluations) in Table A6. We explain the tables in Sect. 3.1 and discuss them in Sect. 3.2.
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Table Al. Results of test series 1, i.e., pitch activity weight wp = 0. The evaluation ratios compare the optimization results to the corre-

sponding baseline results. We explain the table in Sect. 3.1 and discuss it in Sect. 3.2.

Data Input Output Evaluation
Baseline Optimization Ratios
P, aT,o ap,o
Case Uave ufy  Wr Py ar b ap.b P, ar,o ap .o — —
Py ar,b ap.p
(No.) inms™?! inMW inms~! in°s™! MW inms™! n°s™' % in% in %

Uave: 6,7,6-Tms ™t

1 6 0 0 0.865 0.001 0.000 0.898 0.001 0.000 3.8 9.1 -
1 7 0 0 1.353 0.002 0.000 1.404 0.002 0.000 3.8 6.3 -
1 6-7 0 0 1.200 0.003 0.000 1.226 0.003 0.012 22 6.9 -
2 6 0 100 0.865 0.001 0.000 0.884 0.001 0.000 22 9.1 -
2 0 100 1.353 0.002 0.000 1.404 0.002 0.000 3.8 6.3 -
2 6-7 0 100 1.200 0.003 0.000 1.263 0.003 0.035 52 34 -
3 6 1 0 0.865 0.001 0.017 0.898 0.001 0.017 3.8 0.0 0.0
3 7 1 0 1.353 0.001 0.021 1.404 0.001 0.020 38 111 24
3 6-7 1 0 1.200 0.001 0.032 1.226 0.001 0.040 22 8.3 24.9
4 6 1 100 0.865 0.001 0.017 0.896 0.001 0.017 3.6 0.0 0.6
4 7 1 100 1.353 0.001 0.021 1.402 0.001 0.021 36 -11.1 -1.0
4 6-7 1 100 1.200 0.001 0.032 1.200 0.001 0.039 0.0 0.0 20.6

Uave: 11,12, 11-12m s+
5 11 0 0 5.488 0.005 0.000 5.657 0.005 0.000 3.1 6.4 -
5 12 0 0 7.460 0.006 0.065 7.460 0.006 0.065 0.0 0.0 0.0
5 11-12 0 0 6.291 0.012 0.077 6.613 0.012 0.071 5.1 24 73
6 11 0 100 5.488 0.005 0.000 5.573 0.005 0.000 1.6 12.8 -
6 12 0 100 7.460 0.006 0.065 7.460 0.006 0.065 0.0 0.0 0.0
6 11-12 0 100 6.291 0.012 0.077 6.785 0.010 0.105 79 187 37.3
7 11 1 0 5.488 0.002 0.051 5.657 0.002 0.047 3.1 95 6.3
7 12 1 0 7.460 0.003 0.098 7.460 0.003 0.098 0.0 0.0 0.0
7 11-12 1 0 6.292 0.005 0.149 6.612 0.005 0.150 5.1 3.8 0.7
8 11 1100 5.488 0.002 0.051 5.656 0.002 0.046 3.1 9.5 8.9
8 12 1100 7.460 0.003 0.098 7.460 0.003 0.098 0.0 0.0 0.0
8 11-12 1 100 6.292 0.005 0.149 6.616 0.005 0.133 52 -135  -10.8

Uave: 12,13, 12-13m s~ ¢
9 12 0 0 7.482 0.006 0.058 7.482 0.006 0.058 0.0 0.0 0.0
9 13 0 0 8.930 0.006 0.044 8.930 0.006 0.044 0.0 0.0 0.0
9 12-13 0 0 8.227 0.012 0.062 8.227 0.012 0.062 0.0 0.0 0.0

10 12 0 100 7.482 0.006 0.058 7.482 0.006 0.058 0.0 0.0 0.0

10 13 0 100 8.930 0.006 0.044 8.930 0.006 0.044 0.0 0.0 0.0

10 12-13 0 100 8.227 0.012 0.062 8.227 0.012 0.062 0.0 0.0 0.0

11 12 1 0 7.482 0.003 0.091 7.482 0.003 0.091 0.0 0.0 0.0

11 13 1 0 8.930 0.003 0.081 8.930 0.003 0.081 0.0 0.0 0.0

11 12-13 1 0 8.226 0.005 0.119 8.226 0.005 0.119 0.0 0.0 0.0

12 12 1 100 7.482 0.003 0.091 7.482 0.003 0.091 0.0 0.0 0.0

12 13 1100 8.930 0.003 0.081 8.930 0.003 0.081 0.0 0.0 0.0

12 12-13 1 100 8.226 0.005 0.119 8.226 0.005 0.119 0.0 0.0 0.0
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Table A2. Results of test series 2, i.e., pitch activity weight wp = 10. The ratios compare the optimization results to the corresponding

baseline results. We explain the table in Sect. 3.1 and discuss it in Sect. 3.2.

Data Input Output Evaluation
Baseline Optimization Ratios
P, aT,o ap,o
Case Uave uf,y  wr Py ar,b ap,b P, ar,o ap,o . -
Py ar,b ap,b
(No.) inms™*! inMW inms™! in°s”! inMW inms™! in°s”! % in % in %
Uave: 11,12, 11-12ms ™!
1 11 0 0 5.488 0.005 0.000 5.657 0.005 0.000 3.1 6.4 -
1 12 0 0 7.460 0.006 0.065 7.363 0.006 0.050 -1.3 -3.3 -24.3
1 11-12 0 0 6.291 0.012 0.077 6.400 0.010 0.047 1.7 -17.1 -39.0
2 11 0 100 5.488 0.005 0.000 5.573 0.005 0.000 1.6 12.8 -
2 12 0 100 7.460 0.006 0.065 7.391 0.006 0.053 -0.9 -1.7 -19.6
2 11-12 0 100 6.291 0.012 0.077 6.643 0.010 0.060 5.6 -17.9 -22.0
3 11 1 0 5.488 0.002 0.051 5.470 0.002 0.047 -0.3 9.5 -6.5
3 12 1 0 7.460 0.003 0.098 7.365 0.003 0.081 -1.3 -11.8 -16.9
3 11-12 1 0 6.292 0.005 0.149 6.667 0.003 0.091 6.0 -34.6 -38.8
4 11 1 100 5.488 0.002 0.051 5.468 0.002 0.047 -0.4 9.5 -6.5
4 12 1 100 7.460 0.003 0.098 7.286 0.003 0.077 2.3 -17.6 -21.6
4 11-12 1 100 6.292 0.005 0.149 6.545 0.003 0.083 4.0 -40.4 -44.4
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Table A3. Evaluation of test series 1, i.e., pitch activity weight wp = 0. The evaluation ratios compare the optimization results to the

associated raw baseline, i.e., always the corresponding baseline without fatigue reduction. We explain the table in Sect. 3.1 and discuss it in

Sect. 3.2.

Upve: 6,7,6-Tms "t

-1

-1

Data Input Uave: 6m s Uave: Tm's Uave: 6-Tms ™!
P, ar,o ap,o P, ar,o ap,o P, ar,o ap o
Case uf v wT Up,v _— _—
Py, ar,b,r ap b,r Py aT,b,r ap.,b,r Py aT b,r ap b,r
(No.) opt. in % in % in % in % in % in % in % in % in %
1 0 0 1 3.8 9.1 — 3.8 6.3 - 2.2 6.9 -
2 0 100 1 2.2 9.1 - 3.8 6.3 - 5.2 34 -
3 1 0 1 3.8 -36.4 - 3.8 -50.0 - 22 -55.2 -
4 1 100 1 3.6 -36.4 - 3.6 -50.0 - 0.0 -58.6 -
Uave: 11,12, 11-12m s ™!
Data Input Uave: 11ms™— ! Uave: 12ms™?! Uave: 11-12ms~*!
P, aT,o ap .o P, arT,o ap,o P, aT,o ap o
Case Uf v wT Up,v _— _— _—
Py ; aT b,r ap b,r Py x aT b,r apb,r Py x aT b,r ap.b,r
(No.) opt. in % in % in % in % in % in % in % in % in %
5 0 0 1 3.1 6.4 - 0.0 0.0 0.0 5.1 2.4 -7.3
6 0 100 1 1.6 12.8 - 0.0 0.0 0.0 7.9 -18.7 37.3
7 1 0 1 3.1 -59.6 - 0.0 -43.3 49.2 5.1 -59.3 96.6
8 1 100 1 3.1 -59.6 — 0.0 -43.3 49.2 52 -63.4 74.2
Uave: 12,13, 12-13ms ™!
Data Input Uave: 12ms™! Uave: 13ms™?! Uave: 12-13ms™1
P, ar,o ap,o P, ar,o ap,o P, ar,o ap o
Case  wufy WT  Upy —_—c /2 ZTo  TPo _AT.0
Py, aT,b,r ap b,r Py ar,b,r ap . b,r Py . aT b,r ap b,r
(No.) opt. in % in % in % in % in % in % in % in % in %
9 0 0 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 0 100 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
11 1 0 1 0.0 -49.2 55.0 0.0 -54.0 83.6 0.0 -63.4 91.8
12 1 100 1 0.0 -49.2 55.0 0.0 -54.0 83.6 0.0 -63.4 91.8
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Table A4. Evaluation of test series 2, i.e., pitch activity weight wp = 10. The evaluation ratios compare the optimization results to the
associated raw baseline, i.e., always the corresponding baseline without fatigue reduction. We explain the table in Sect. 3.1 and discuss it in
Sect. 3.2.

Uave: 11,12, 11-12m s+

Data Input Uave: 11ms™! Uave: 12ms™1! Uave: 11-12ms™1
P, ar,o ap,o P, ar,o ap,o P, ar,o ap,o
Case Uf v wT Up,v _— : _— : _—
Py x aT,b,r ap . b,r Py x aT,b,r ap,b,r Py x aT b,r ap b,r
(No.) opt. in % in % in % in % in % in % in % in % in %
1 0 0 1 3.1 6.4 - -1.3 -33 -24.3 1.7 -17.1 -39.0
2 0 100 1 1.6 12.8 — -0.9 -1.7 -19.6 5.6 -17.9 -22.0
3 1 0 1 -0.3 -59.6 - -1.3 -50.0 24.0 6.0 -72.4 19.5
4 1 100 1 -0.4 -59.6 - -2.3 -53.3 17.0 4.0 -74.8 8.6

Table AS. Evaluation of test series 1 with regard to the effect of fatigue reduction. The ratios compare the baseline result (exceptionally not
optimization) with fatigue reduction to the baseline result without fatigue reduction (which is the associated raw baseline). We explain the

table in Sect. 3.1 and discuss it in Sect. 3.2.

Uave: Ug, Un, Ug=Un

Data Input Uave: Up Uave: Un Uave: Ug=Un
P P P

Case U, Uy ugy  wr Upy b O4Tb ap.b b arb  9Pb b 4T 9Pb
Py » aT b,r ap b,r Py x aT b,r apb,r Py x aT b,r ap,b,r

(No.) inms™?! inms™*! opt. in % in % in % in % in % in % in % in % in %
3 6 7 1 - 0.0 -36.4 - 0.0 -43.8 - 0.0 -58.6 -
7 11 12 1 - 0 0.0 -55.3 — 0.0 -43.3 49.2 0.0 -57.7 95.3
11 12 13 1 - 0 0.0 -49.2 55.0 0.0 -54.0 83.6 0.0 -63.4 91.8

Table A6. Summary of test series 1 and 2 evaluation. We only consider scenarios with a wind gust. The ratios have different meanings: They
compare the optimization result with the associated raw baseline result if the quantity reference is power. They compare the baseline result

with the associated raw baseline result if the quantity reference is fatigue. We explain the table in Sect. 3.1 and discuss it in Sect. 3.2.

Data Input Power Tower activity Pitch activity
(P ratio in %) (a ratio in %) (ap ratio in %)
Quantity Series Case(s) (Nos.) uf,y wT wp Uave inms™1: Uave inms™1: Uave inms™1:
reference to wind speeds 67 11-12 12-13 67 11-12 12-13 67 11-12 12-13
power 1 1 5 9 0 0 0 22 5.1 0.0 6.9 24 0.0 - -1.3 0.0
1 2 6 10 0 100 0 52 7.9 0.0 34 -18.7 0.0 - 37.3 0.0
1 3 7 11 1 0 0 22 5.1 00 -552 -59.3 -63.4 - 96.6 91.8
1 4 8 12 1 100 0 0.0 52 0.0 -58.6 -63.4 -63.4 - 74.2 91.8
power 2 1 0 0 10 1.7 -17.1 -39.0
2 2 0 100 10 5.6 -17.9 -22.0
2 3 1 0 10 6.0 <724 19.5
2 4 1 100 10 4.0 -74.8 8.6
fatigue 1 3 7 11 1 - 0.0 0.0 0.0 -58.6 -57.7 -63.4 - 95.3 91.8
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Appendix B: Figures

The optimization results of the computational experiments are in Figs. B1-B3 (series 1) and Fig. B4 (series 2). Some sub-

figures are repeats (from main part). We explain the figures in Sect. 3.1 and discuss some in Sect. 3.2.
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(c) Series 1 case 3 (ufv = 1, wr = 0).

(d) Series 1 case 4 (uf,, = 1, wr = 100).

WIND
ENERGY
SCIENCE

Figure B1. Optimization results of series 1, i.e., pitch activity weight wp = 0, cases 14, i.e., wind speed of 67 m s~*. For fatigue reduction

ug v and tower activity weight w, we refer to the sub-captions. We explain the figures in Sect. 3.1.
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(c) Series 1 case 7 (ugy = 1, wr = 0).

(d) Series 1 case 8 (uf~ = 1, wr = 100).

Figure B2. Optimization results of series 1, i.e., pitch activity weight wp = 0, cases 5-8, i.e., wind speed of 11-12ms™". For fatigue

reduction us, and tower activity weight wr, we refer to the sub-captions. We explain the figures in Sect. 3.1.
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(c) Series 1 case 11 (uf,v = 1, wr =0). (d) Series 1 case 12 (u¢ = 1, wr = 100).

Figure B3. Optimization results of series 1, i.e., pitch activity weight wp = 0, cases 9-12, i.e., wind speed of 12-13ms~*. For fatigue

reduction u¢ - and tower activity weight wr, we refer to the sub-captions. We explain the figures in Sect. 3.1.
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Figure B4. Optimization results of series 2, i.e., pitch activity weight wp = 10, cases 1-4, i.e., wind speed of 11-12ms~*. For fatigue

reduction us  and tower activity weight wr, we refer to the sub-captions. We explain the figures in Sect. 3.1.
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