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1. EXECUTIVESUMMARY

This report quantifies the benefit to wind farm production and fatigue damage reduction to major
wind turbine structures through the use of selective wind turbinerdgng and yaw control
strategies. These wind farm supervisory control strategies are modelled in diverse software that
possess various wake models of different fidelity. We compare the results on the power production
and loads reduction in the Lillgrund wind farm usindadv fidelity wake model approaches (FUGA,
Gaussian Wake and LONGSIM) and one medium fidelity wake model approach (Dynamic Wake
Meandering (DWM)). It should be noted that the term fidelity refers more to computational speed
than with the accuracy, that is lovdelity models are computationally fast.

The Lillgrund wind farm comprises of Siemens 2.3 MW wind turbines and the farm is tightly packed
with 48 turbines spaced over a small area. Therating of wind turbines is implemented
selectively keeping severabjectives such as maximizing power or maintaining a certain power
level, while minimizing loads. The yaw control is implemented to maximize power production
separately uncoupled to deating. The DWM model is also tested on a larger 10 MW wind turbine
with a single wake from a neighbouring turbireo that the quantification of the effects of selective
turbine derating at larger scaleand with limited number of turbinesan be understood.
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2.INTRODUCTION

The current approach to wind farm control is lealson individual regulation of each turbine and
supervisory control for operator actions. Supervisory control allows an operator to switch off or
derate the complete wind farm or individual turbines. This approach neglects interconnections
between the turbnes. The mostlirect interconnection is the wake interactiobetween turbines
coupled to the wind direction. Each turbine changes the wimidow and in this way influences
turbines down wind. This can lead to severely increased loads on turbines thédarewind from

the predominant wind direction. By considerinige wake effectinterconnections coupled to the
demand from the grid, maintenance needs, the fatigue damage of the turbines, the wind farm open
loop control can produce selected tailored-dating that can maximize energy capture or minimize
loads or both.

Wake losses in offshore wind parks are typical in the range from 10 to 15% depending on the park
design and wind climate. Turbines are typically operated individually to generate a maxirhum o
energy, disregarding the wake development and the impact on downwind turbines in the park. This
leads often to an uneven power and load distribution in a wind park.The wake losses depend on
turbine operational parameters and wind conditions. Particulathe atmospheric stability has an
influence on the wake decay, amplifying convective motion and turbulent mixing. Atmospheric
conditions are fixed boundary conditions for an offshore wind park, but there are approaches for
the application of technical f control in an offshore park. A modification of the operational
behaviour of the turbines can be applied to change park flow patterns to increase power production
and to mitigate loads.

Onecontrol methodis to deflect the wake by yawf the turbines redtive to each other Through

the yaw operation a turbine can move the wake away from a downstream turbine to increase power
production and reduce loads. However, yaw operation might increase loads for the operating
turbine and large yaw angles should beoaded. Wake deflection by yaw has been investigated in
numerical aad experimental approaches, sééimenez, 2009)Schottler, 2017)Vollmer, 2016)The
methodispari £ OEA OxAEA AAADPOS b A ALhdt@lnetAdd o ihérehde] A /E
or distribute the power production more even is induction control. The upwind turbines are
operated with reduced power generation to enhance downwind power production agedaout

by (Bossanyi, 201§Munters, 2018}§J.A. Vitulli, 2021)

A brief overview of each of the software used to quantify the impact of selected wind turbire de.
rating or yaw steering is made in the subsequent sectios and also introduced$eres ' , 8 O x E
farm simulation code LongSim is an engineering code designed to simulate the dynamic behaviour
of wind turbines and their wakes within a realistic wind field. Itudels engineering simplifications

in terms of the flow modelling and wind turbine aeroelastic behaviour, so as to achieve high
computational speed to allow repeated control design iterations and long simulations to be carried
out easily, with minimal compurhg power. A fast boundary layer model, the Three Layer Model
Model (TLM) has been previously developed at KU Leuven to study windfarm operation in a variety
of atmospheric conditiongAllaerts, D. and Meyers, J, 2015Yind turbine forces in the TLM are
obtained through a Gaussian Wake Model (GWM), which accounts for wake overlap between
different turbines of the windfarmFUGA is a linear CFD RANS model, where the governing Navier
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Stokes equations are linearized and conveniently formulated in a mixedtsggedomain, which
AAAEI EOAOAO AgGOOAT AT U EAOGO Olup tbuleg whe@ sohn® ard A O A
general and some are WT specific. These tables are used to determine the velocity field behind a
single solitary WT. Due to the linearity di¢ model, multiple wakes from many turbines can be
constructed from the wake dictated velocity perturbation of a single turbine. These are constructed
from Fourier components by a fast Fourier integral transfoBgnamic wake meandering is model

is a timedomain solution that is initialized with the flow just behind the wind turbine that is
shedding the wake. The model is composed of three parts,

1) awake deficit formulated in the meandering frame of reference;
2) a stochastic model of the downstream veakneandering process;
3) a model of the selhduced wake turbulence described in the meandering frameetdrence.

The results of these wind farm control studies can be readily implemented in practise since all the
control mechanisms are supervisory arth not require a feedback mechanism or added
instrumentation. Some of the lookip tables thus generated to deate selected turbines herein

will be implemented in the Lillgrund wind farm in the next steps to validate the conclusions
presented herein. Theext sections describes th@odels and theconclusiongeachedbased on

each model used.
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3.DESCRIPTION OEOW FIDELITYWAKE APPROACHES

3.1 DTU(FUGA)

DTU has developed a platform for optimal op#op scheduling of wind farm control. The
resulting wind farm catrol schedules are conditioned on wind direction and mean wind speed. The
model of the wake affected flow field inside the wind farm is based on the linearized Reynolds
Averages Nawr Stokes (RANS) CFD code Fu@it(S., Berg, J. and Nielsen,)Mwvhichis an
extremely fast CFD solverpopular speaking one million times faster than a conventional-non

Il ETAAO #%$& j2!.3Qq Ol OGAO8 )O EO OEAOAAE OA OAc
farm control scheduling, where the wind farm flow usualBeds to be recomputed thousands of

times before a converged solution of the optimal wind farm control schedule is found.

Being a RANS code, stationary flows are considered, which support production estimates of the
wind farm wind turbines (WTs), but ndiynamic loading (e.g. fatigue loading) of these. Thus, the
metric for the developed optimizer is wind farm production. The design variables are rotor tip
speed ratio, collective pitch and WT yaw error for each and every WT within a given wind farm.
Thus,the facilitated active wake control includes both WT-ing and wake deflection caused

by provoked WT error settings.

In Fuga, the WTs are formulated as actuator discs (ADs). The original formulation of Fuga did not
support the modelling of yawed WTgherefore, for the purpose of supporting simulation of active
wake control in the form of wake deflection, Fuga has been generaliredccount for such
situations Qtt, S., Laan, P. van der and Larsen, (.C

Platform basic elements

In addition to the Fug CFD solver, the optimization platform consists of a detailed aerodynamic
model of the WT rotor, a fast and accurate surrogate of the detailed aerodynamic model and an
optimization platform.

TheCFD solvesimulate the atmospheric boundary layer (ABL) ihe wind farm WTs embedded.
Ambient mean wind shear and turbulence characteristics are specified in terms of a terrain
roughness height conditioned on wind direction, which implicitly dictates the ambient turbulence
conditions via the turbulence closuref the CFD model. The WTs are modeled as ADs with
characteristics defined as based on the aerodynamic model. Note, that for yawed WTs the ADs
representing the rotor forcing embedded in the flow field have a force component in the mean flow
direction as wdla force component in the lateral direction.

The linarized NavierStokes equations are conveniently formulated inméxed spectratiomain,
xEEAE AZAAEI EOAOAO A@OOAIl Al U loaAUp Gble®iher&gmd ateO A O
general and dbers are WT specific. These tables are used to determine the velocity field behind a
single solitary WTDue to the linearity of the model, multiple wakes from many turbines can be
constructed from the wake dictated velocity perturbation of a single tugbifhese are in turn
constructed from Fourier components by a fast Fourier integral transform.

The wake interactions within the wind farm flow field are determined using a parabolic type of
solution scheme, in whicthe wind field conditions at each WTdation inside the wind farm will
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depend on wakes emitted from only upstream WTs. For a given ambient wind direction, the wind
turbine locations are therefore first sorted according to their upwind distance. Next, the local wake
affected wind speed, the thust coefficient(s) and the power production are evaluated starting with

the undisturbed upwind turbines locations and progressively evaluated at WT locations in the
downwind direction. Finally, when the thrust of all turbines are known for the specifielieh

wind conditions, we can evaluate the combined wake affected wind farm flow field at any position

AU T ETAAO OOPAODPI OEOEITT 1T £ xAEA ODPA P&érseA AOET |
M.M., van der Laan,P., Fridgller, M., Rinker, J. et.alyvhich is an open source python framework

for calculating AEP including wake effects.

The aerodynamic moddk based on a detailed aerodynamic description of the rotor and its
operational conditions (i.e. tip speed ratio, collective pitch setting and pked WT yaw errors)
and model rotor aerodynamic forceslefining the ADs for the Fuga flow modelings well as rotor
power used as input to the optimizer. We use therodynamic code HAWC2Aerbadrsen, T. J.
(2008)) for this purpose. The aerodynamic meldin this code is based on a variant of the
conventional blade @ment momentum (BEM) codeMadsen, H. Aa., Mikkelsen, R., Sgrensen,
N.N. et.al.) meaning that detailed aerodynamic description of the rotor is needieel blade twist
and blade profiles Wh their respective aerodynamic coefficients. Consistent with the static
undeformable ADs used in Fuga, HAWCAeron@t including static deformation of WT
components

Although the Fuga solver allows for namiform ADs, we have for the present purpose fo
simplicity choseruniformlyloadedADs. These are in turoharacterized by their individual power

and thrust coefficients i.e. G (U¥y,3,[y)andG (U, 3, [y), respectively- conditioned on the WT
operational conditions. The operational comidins are in turn characterized by mean hub height
wind speedU, collective pitch settingy, tip speed ratio}, and the WT yaw errdry. Accounting

for the influence from wind shear, tower shadow, WT yaw error and WT tilt, the tip speed ratio may
be deined as

p Ym .
¢ vw ° @

whereU(R, 3) is the mean inflow wind speed seen by the tip of the blade (defined by rotor radius
R) at azimuthal positiorg, and mis rotor rotational speedHowever, for the present purpose we
use thetraditional simplistic definition
"

> 2)

K=

which is expected to be close to the value defined by eq. (1), and which in dhis egqually good

as a state pameter for the intended optimization.

The dimensionless WT poweaind thrust coefficientsare defined by respectively
Y8 h_h—

€” OY

3)

s 0
5 "6 LLh— Kk

and
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™6 h_h—
€” BY

J
- 7\3 F]=F\— k -Il (4)

in whichmis the air densityAis therotor area,Pwrdenotes WT powr production, andlwris the
rotor thrust force perpendicular to the rotor plane. Bd#rand Twrresult from the aerodynamic
model. The power coefficient,, is ascalar whereas the thrustoefficient, G, is avectorspecifying
normalized magnitudeas well as direction of the rotor thrust force.

We assume thaonly the inflow perpendicular to the rotor plane contribute to power production
and rotor loading. Referring to a two dimensional Cartesian frame of reference, with axes directed
along the mea wind direction and the lateral flow direction, we resofyi@s follows

F™Y8hh— k 60 ™8 hh—Mu ™ NLh— (5)

in whichGy (U¥y,1,[y) denotes the component in the mean wind direction, a@g (U¥y,?},[y)is
the component in the lateral direction. Using eqs. (4) and (5) the rotor thrust force may be
expressed as

~

1 ™ hh— cdY 60 ™8 RLh— Mu Y LA

5 (6)
=0 YAT-©O AT-66 YAT-O htmOE+LS YAT-O hm
From eq. (6) we finally obtain
6o "B hh— AT-6 6 "YAT-O| hm -
7

6n Yghh— OEF AT-O 6 "YAT-O| hm
Thus, the two components of the thrust coefficient vector can, in a simple way, be expressed in
terms of the conventional thrust coefficient for a ngawed WT (i.ef y = 0). This is a considerable

simplification, because the thrust coefficient hyper surface is then spanned by only two of the three
dimensions of the state vector space representing the operational condition of the WT.

In analogy with the above considerations, we find the following reduerpression for the power
coefficient

6 Yhh— AT-©O 6 "YAT-O| hhn (8)
Accounting for both rotor tilt {+) and rotor coning|(c), the rotor may be expressed as
o “ YAT-OAT-© 9)

In order to facilitate fast simulabtns supporting the iterative optimization approach, a fast and
accurate surrogate model is used as a proxy for the detailed aerodynamic model described above.
First, the steady state performance values of respectiv@yU ¥y, ,},0) andG (Uy) ,1,0) ae
calculated for every combination of tip speed ratio, pitch angle and mean wind speed from a
suitable userdefined grid of selected sample points. Next, midimensional polynomial

1C
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representations of respectivel, (U ,},0) andG (Uyy ,},0) are itted to the computed grid values,
whereby continuous Esurfaces are obtained for the surrogates, and finally these are used
together with the eq.(# 9) to map the thrustand power characteristics @frbitraryyawed WTs.

As the surrogates are to be usedcombination with gradierbased optimization algorithms, it is
important that the partial derivatives of the constructed continuous mutmensional surfaces are
continuous. In the present work a splhun@erpolation was applied.

With the described iput and using the wind farm production as the objective function, the
optimization platformcompute optimal wind farm control schedules, conditioned on #mbient
inflow conditions; i.e. mean wind speed and mean wind direction. Selected WT specificaiotsstr

like upper and lower limits on the pitch setting, the tip speed ratio and the yaw error setting can be
imposed.

Without a wind farm controller functionality, each individual WT will operatenakimumGC, below
rated wind speed. The goal for the pregeoptimized wind farm controhpproachis to find the
optimal balancéetween individual WT deatings and/or yaw settings, which result in maximum
wind farm power production. The optimal WT settings will clearly depend on the wind farm
topology and therdy in turn on the mean inflow wind directiof, It will, moreover, depend on the
mean wind speeas long as one or more WTs operates below rated wind spéedsequently, the
optimal wind farm operation is formulated as a set control schedules, conditioned on the wind farm
mean inflow wind speed anithe wind farm mean inflow wind direction.

The objective function is thus accordingly defined as

o~

0 Yh— 0 _h fh— Yh— (10)

where N denotes the number of WTs in the wind farm, and lower indigegfer to WT noi. The
optimization problem to be solved is defined in terms of the objective function (10) accompanied
by a set of constraints given by

| | | A (11)

The relevant values for the Siemens SY2B-93 WT used in the case study in section 4.1arglJ)
= 36m51/U, lmax(U) = 7515myU, .{ p,min= '20; .{p,max: 90>, _r y,min:'BOD; and_[ y,max= 30.

The workflow in the developed optimization platform is illusted in Figure3.1. The optimization

OiI T ADOI Ad6 E GdevebBpéiddrsioh bf TGPFARMRéthoré, P-E., Fuglsang, P., Larsen, G.
C., Buhl, T.et.al.)Error! Reference source not found. A genetic optimizatioralgorithm (GA) is
used for firs pass of the solution supplemented by a gradient based method (SLSQP) for final
refinement.

11
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Fuga HAWQAero

Figure 3.1. Platform workflow .

3.2 KUL(GAUSSIANWAKE)

In recent years, Large Eddy Simulations (LES) have proven to be a valuable asset to test wake
misalignment control strategies under different atmospheric conditianslowever, the high
computational cost associated with these simulations makes studying a large number of wake
misalignment combinations expensivA.fast boundary layer model, the Three Layer Mol&idel

(TLM) has been previously developed at KU Leuven to study windfarm operation in a variety of
atmospheric conditiongAllaerts and Meyers, 2019Wind turbine forces in the TLM are obtained
through a Gaussian Wake Model (GWM),iethaccounts for wake overlap between different
turbines of the windfarm. Windfarm simulation results from the TLM have been recently compared
against LES datasets from the TotalControl Windfarm database and shown to be in good
agreement(Sood et al., 2020)

The GWMs further extendedo include individual turbine yawing capilities to provide a platform

for rapid evaluation of yaw misalignment strategies under varying inflow condit{@astankhah

and PortéAgel, 2016)The wake deficit behind a yawed turbine is given by,

l

~

S ofu oy 6 'éhrAQD P a w1
® TooP P [ ¢ ©O O
0 0
& O

7 E A O & the turbines yaw angle,7@ the wind turbine thrust set point coefficiemind D is the

turbine diamete8 8 EO A xAEA ODPOAAAET Cthebnkanhd thriufkede x E E A
intensity TI the wake deflectiom arid the downstream positions, r and z Further details of the

model and itparameters can be found in the reference.
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Individual wind turbine wakes in the farm amecursivelysuperimposed by followinghe new wake
merging methodologyby (Lanzilao and Meye)sThe irflow velocityat a point on avind turbine in
the farm is given by

Y @ Yoo, p ® ® Qf Y o &y

k is the wind turbine index going from 1 to. Nwhile the unit vectorsQ wé—+h Q¢ and
Qp [ "Q&hd é—+ accountfor the incoming wind directior—at turbine k.The total inflow
velocity of the turbineQfor the computation of its power is computed by averaging treogity
across the disc. To this end, we use the quadrature rule dvith 16 points, spread over the rotor
disk. The guadraturgoint coordinates are denoted by and are chosen following the rule
proposed by Holoborodko with uniform weighiy factor ofo0 pf0 (H. P, 2011)Hence,the
diskaverageturbine inflow velocity can be determined by

Where,"Yo Z£EY o A& .

3.3 DNV (LONGSIM)

The LongSim model has been developed internalfy NV GL, for the purpose of exploring the
possibilities of wind farm control, and testing and evaluating wind farm control algorithms in a
realistic dynamic environment. The model is designed for low computational cost so that different
control options ca be investigated rapidly. Although starting with relatively Idselity empirical
models, the intention is to allow more sophisticated models to be implemented easily as and when
this becomes appropriate. This table gives an outline specification:

Compuational cost Time-domain simulations to run in approximately real time on a typit
laptop for a wind farm of ~100 turbines

Steadystate optimisations Automated to generate optimal control settings

Turbine aerodynamics Either power and thrust curvesr power and thrust coefficients
functions of tip speed ratio, pitch angle and yaw misalignment

Turbine dynamics Rotor speed, pitch & yaw DOFs are available

Turbine control Dynamics of generator torque, blade pitch, and yaw control can be
simulated if required

Turbine loads Surrogate model based on higfidelity Bladedsimulations

Timestep Typically ~ 1 second

Input wind data Met mast 18minute averages (typically) or similar

Simulation length Hours to years
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Wind field Low frequencis correlated across farm, evolving as it advects

Wake profile Various models available, including Ainslie and EPFL/Bastankah

Wake turbulence Options include QuartorAinslie and Crespélernandez

Wake meandering Driven by lowfrequency turbulence imvind field

Wake advection Driven by lowfrequency wind field with wake deficit modification

Wake deflection Options include Jimenez and EPFL/Bastankah

Wake superposition Various options including dominant wake and sum of deficits with
corrections avdable for large wind farm effects and streamtube
expansion

Wind farm control Configurable, with buikin options for axial induction control and/or
wake steering, and wind condition estimation including consensus
options.

A detailed description was pwusly provided in TotalControl deliverable D1.9, although there
have since been many detailed improvements, and some of the newer wake modelling options
have been introduced since that time. The wake model used in this report was the Aashel

deficit model with Obukhov lengthr200m (slightly unstable), using the EPFL model for lateral
deflection due to yaw. A new surrogate loads model has been introduced, as described in the next
subsection, which has been used in this report, allow the effect ofl iamm control on turbine
fatigue loads to be evaluated.

SURROGATE LOADS MODEN LONGSIM

The surrogate model for turbine loading has been developed primarily for predicting turbine
fatigue loads in wind farms, taking detailed wake effects into accolihe model can be used both
for steadystate setpoint optimisation against a merit function which includes both power and
turbine loads, and for dynamic timdomain simulations, for example to evaluate the effects of
wind farm control on turbine loading.

For this, fatigue loads need to be evaluated much more rapidly than is possible with full aeroelastic
turbine simulations. Surrogate models based on large numbers ofcpraputed simulations can

be used, as in Dimitrov et al (2018). A simple example (Bg§sd018) uses a fatigue loads
database (FLD) generated with the aeroelastic code Bladed, containing damage equivalent loads
(DELSs) for a wide variety of wind conditions, from which the DELs for a particular condition are
simply interpolated. The wind contions may include wind speed, turbulence intensity, wind shear,
etc., as separate dimensions of a mudimensional lookup table of DELs. For wind farm control,

a separate dimension needs to be added for any wind farm control setpoints, e.g. thrustim@duc
and/or yaw misalignment setpoints. Wake effects on the loads are modelled only by increased
turbulence intensity, due to the wakadded turbulence. To take into account important effects
such as partial wake immersion, wake meandering, and wake sasérpn would add too many
further dimensions to the database, making it quite impractical.

14
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Therefore, a new model has been developed which allows the loads to be synthesised from
information contained a much smaller set of aeroelastic simulations. Shdeme by assuming that
each load is made up of stochastic and deterministic components which can be predicted
separately and summed together. The method involves combining the deterministic effects of
wake profiles, shear, yaw misalignment, rotor tilt etwith the stochastic effects of rotationally
sampled turbulence coupled with structural dynamics. The effects are calculated separately from
models fitted to appropriate targeted sets of Bladed runs, and then combined. The step of
combining the load compients derived from different effects is clearly an approximation, but this
has been tested by comparing the outcomes against individual Bladed simulations for specific sets
of conditions which Bladed is able to deal with, such as a steady single wake.

Thefollowing subsections describe how the stochastic part of the load is modelled, how the various
deterministic parts are modelled, the calculation of the mean or DC component which has to be
added on, and how the different load contributions are combiredally, an example validation is
provided to show how the predicted loads compare against a detailed Bladed aeroelastic
simulation. The examples in this section are all based on a generic 2MW wind turbine model, but
the model parameters have been fitted the Lillgrund turbine for use in subsequent chapters of
this report.

STOCHASTIC EFFECTS

The stochastic part of the load is deemed to be caused by wind turbulence, including rotational
sampling of turbulence by the rotor blades, in the absence of altd#terministic effects which are
described below. The stochastic effects are characterised by running Bladed simulations with
turbulent wind but without effects giving rise to deterministic effects, i.e. using axial flow, no
gravity, tower shadow or imbateces, and no wakes, wind shear or yaw misalignment -ihémute
simulations have been used to adequately capture the range of turbulent frequencies, and
structural dynamic effects are included since these are mainly excited by the turbulence.

To characteise the stochastic load, a transfer function is calculated from the hub longitudinal wind
speed to each of the loads of interest. This is done for each of a number of wind speeds and thrust
reduction setpoints (se®ptimal thrust reduction setting$elow). Interpolation of the transfer
functions between wind speeds could be problematic, especially if the rotor speed changes with
wind speed leading a shift in the spectral peaks at multiples of the rotational frequéiheyefore,

the transfer functions were calculated for closalgaced wind speeds, so that for any intermediate
wind speed, the transfer function for the nearest mean ambient wind speed can be used. In
LongSim, the transfer functions are applied to thendispeed spectrum to generate loading
spectra, which are then converted to zensean timedomain loads using inverse Fast Fourier
Transformation (FFT). The resulting loads are scaled by the {tiamging) ratio of the actual
standard deviation of incidenwvind speed at each turbine (including wagenerated turbulence)

to the ambient standard deviation. Thus, the loads will automatically increase when the turbine is
experiencing a high level of wakeduced turbulence. This works because the transfer florcti
does not depend appreciably on the turbulence intensity. This assumption appears to hold well,
although it relies on linearity and so may not work for very high levels of turbulence. As an example,
Figure 3.2shows that the transfers functions from wirgpbeed to yaw moment at the hub for
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turbulence levels of 10% and 20% are almost identical. To obtain a smooth transfer function, the
magnitude has been filtered using a variatweder median filtering technique.

DETERMINISTIC EFFECTS

In addition to the sbchastic loading described above, deterministic load contributions arise from
other, nonturbulent, variations of the wind field across the rotor. This includes effects resulting
from mean wind shear, yaw misalignment, upflow, rotor tilt, tower shadow, tighrwake
immersion, wind veer, and so forth. Other asymmetries also cause deterministic effects, such as
gravity, and rotor mass and aerodynamic imbalances. All these features are taken into account in
the model, with the exception of wind veer and rotionbalances. However, the method could
easily be extended to include these features if desired.

Stationary hub Mz
10 e e e

. 1P 3P 6P 9P

Magnitude (log scale)

Magnitude

200 — Ty T

100~

(
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‘ | M
e [
‘\ H
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200 -t e e -

10° 10° 10 = 10’ 10l
Frequency, Hz

Figure 3.2: Example transfer functions at 9 m/s: 10% TI (blue), 20% TI (red)

0~.

Phase, deg

-100 -

The deterministic loading effects are predicted by runningea af short Bladed simulations in a
steady, nonturbulent wind flow, each with just one of the deterministic effects included, so that
the load variations are solely due to that effect. Then, for each of those effects, an empirical model
is fitted to predct the azimuthal variation in loading which occurs as a result of that effect. These
azimuthal variations are characterised by the amplitude and phase (with respect to rotor azimuth)
of the cyclic load variations which can be seen in the steady wind diimilaesults. These

Al b1 EOOAAO AT A PEAOAO AOA AAIl AHOdessifghcalculation indDE A
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Bladed, and converted to equivalent y and z components, and empirical models are fitted to predict
these components as a function of the paraters defining each modelled feature. For example,
wind shear is usually characterised by a single parameter, such as the shear exponent, and yaw is
characterised by the yaw misalignment angle, whereas a Gaussian wake profile is characterised by
the wakewidth, centreline deficit, and the horizontal and vertical displacements of the wake
centreline from the rotor centre. Gravity and tilt being constant, only a single simulation is required
for each wind speed and thrust setpoint, so no fitting is needegpdhding on the specific load,

the azimuthal variation may have components at different multiples of the rotor rotation
frequency: the OP component provides a mean offset, and loads in theroating frame can also

be expected to have components at muyles of the blade passing frequency, i.e. 3P, 6P etc. for a
3A1T AAAA OOOAET A8 4EA O&1 OOEAO EAOITTEAOGSE AAIA
the different harmonics. So far, only the dominant OP and 3P components have been used, but the
method could easily be extended to include less important 6P and higher harmonics if this proves

important (perhaps for large, highly flexible turbines).

A few typical examples are presented to illustrate the model fitting, for which a {sqsares
method was used. For wind shear, characterised by the shear exponesdch component of any

load harmonic was modelled simply by a polynomial grwhich gave an excellent fit in most cases.

A third-order polynomial was used to fit six different exponents. For the most important
components, the OP Stationary hub My aiiz (nod and yaw moments), the fitting errors were
tiny, mostly less than 0.01%, with the largest error being 0.2% for Mz. For the various 3P
components, the errors were mostly less than 1%. Of the 270 errors, only five exceeded 2%, with
the two largest baig 3.7% and 5.5%, all in the case of the hub Mx (torque) load. A couple of example
fits with 1.9% and 3.7% error is showrfig. 3.3

x 100 Tower Mx at Om - 3P at 7m/s, Delta 10: Error = 0.018972 Stationary hub Mx - 3P at 5m/s, Delta 5: Error = 0.036603
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Figure 3.3: Example model fits for wind shear

Variations with yaw misalignment were not quite smaoth, so fourthorder polynomials were

fitted to seven yaw misalignments, with positive and negative yaw misalignments treated
separately.The errors were generally larger than for the shear model. The fit was generally quite
good for the hub My and Mz @a and yaw) moments, both OP and 3P components, with errors
usually very small, and always less than 3% except in one case at 17m/s with the maximum thrust

1i
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reduction setting. For the other 3P components, the errors were almost always less than 5%. A
coupleof example fits with error of 2.8% and 5.3% are showfign 3.4

Stationary hub My - OP at 7m/s, Delta 5: Error = 0.027886 x 10°  Tower My at Om - 3P at 5m/s, Delta 10: Error = 0.053373
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Figure 3.4: Example model fits for yaw misalignment (shown in radians, actually from40° to +40°)

For wakes, the situation is more complicated because wake width, centreline dediuit the
horizontal and vertical displacements of the wake centreline all affect the azimuthal variation of
load. Since the wake effect in modelled in the absence of other asymmetries, only three
parameters are needed: width , centreline deficiff , and the magnitude of the centreline
displacement,w. The phase of each harmonic is then predicted relative to the direction of the
displacement, and once the displacement angle is known the phase is corrected accordingly. Thus,
a threeparameter empirical model is requireor generality and better numerical scalifgis
expressed as a fraction, ahdand ware normalised by the rotor diameter D. Furthermore, a new
parameter—has been defined to represent approximately ttieange in velocity deficit across the
rotor diameter:

- AgPbm® wT—Y Aobm ¥

This was found to be a useful explanatory variable. For the OP hub My and Mz (nod and yaw)
moments, a polynomial in -was fitted:

I

with 0 being the amplitude of the harmonic component, and a good fit was obtained with grder
= 8. For the 3P loads, separate polynomialsamd] were found to work better:

5 0 -8

1€
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for both the Y and Z components, usigg = 6 anct = 2.The errors are generally larger than for

the shear and yaw models. The fit is again better for the hub My and Mz (nod and yaw) moments,
with errors usually in theange 3z 7% for both OP and 3P components, with a maximum of 8.2%.
Hub Fx (thrust force) is similar with only one case above 7%, but hub Mx (torque) is not so well
predicted, with errors typically in the range %020%. The other loads come somewhere in
between. Two example fits, with errors of 3% and 8%, are shomin3.5.

Stationary hub Fx - 3P at 13m/s, Delta 10: Error = 0.030146 x 10" Stationary hub My - OP at 11m/s, Delta 5: Error = 0.082444
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Figure 3.5: Example model fits for wake loads

The Bladedruns so far described have had gravity and tower shadow disabled, and wind flow
parallel to the rotoraxis. Further simulations have been run with gravity and tower shadow
enabled, and zero upflow (so that the wind direction is misaligned from the rotor axis by the tilt
angle). These three effects add a further deterministic contribution to the loads,asuthese
effects are not expected to change, their combined effect can be calculated with a single additional
simulation at each wind speed and thrust settiggno additional parameters are involved.
Imbalance effects have been ignored, but if desiredytlieuld simply be included along with the
other deterministic effects described in this section.

The deterministic simulations should also include structural dynamics, as some response must be
driven by the deterministic forcing. The separation of struetudynamic response between
stochastic and deterministic simulations could become an issue in situations where a large
resonant response occurs due to the coincidence of a ligiti;nped resonant frequency with a
harmonic of the rotational frequency, buaiis would indicate a poor turbine design.

MEAN ORDCLOADS

The modelled 3P deterministic load components and the stochastic loads all have zero mean. For
the asymmetric loads like nod and yaw moments, the mean or OP component, which is entirely the

resut of the deterministic effects is obtained as explained above. For other loads, the mean values

must be obtained in a different way. The mean or DC values of thrust and torque are already
calculated anyway in the LongSim code, starting from steatigte agodynamics, and the mean

or DC value of other loads can be obtained by multiplying the torque or the thrust by an appropriate
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correction factor or DC gain which can be obtained very simply, as a function of wind speed, from
the results of ondBladedsteadyoperational loads calculation per thrust setpoint.

COMBINING LOAD COMPOBNTS INLONGSIM

TheLongSinwind field has statistical properties, such as turbulence spectra, which are defined for
each period of (usually) 10 minutes. During each period, higresfuency wind variations are
generated stochastically from these spectral properties. For this model, the wind speed spectrum
is also used together with the stochastic transfer functions to generate-peean stochastic load

time histories for each periodpr every turbine. Then at each simulation time step during the
period, this stochastic time history is scaled by the standard deviation of the wind incident in the
turbine at that moment, including the effect of any wake turbulence. The rotor averagel win
speed, combined with the turbine operational state (rotor speed, pitch and yaw) also defines the
rotor torque and thrust at each time step. These are multiplied by the appropriate DC gains to
generate the DC load values at that time step for the symnedivads, while the DC values for the
asymmetric loads come from the OP deterministic effects of shear, yaw, wakes, gravity etc. The DC
values are added to the stochastic values at each time step. However, thigdgquency stochastic
variations will also@me through in the DC values, leading to some doutxdeinting; to avoid this,

the stochastic variations for all variables which have a DC contribution aregaighfiltered. A first

order filter at 0.05 Hz was found to work well (the Hub My and Mz, wlahmot have a DC
component, also need a filter to remove spurious very low frequencies, for which 0.01 Hz was used).
Finally, the 3P deterministic load values at that time step are calculated from the amplitadel
phases of each deterministic load and the rotor azimuth;asd @ éa— « . This could of course

be extended to other harmonics if deemed significant.

So far, the loads are those in the nootating reference frame. Rotational transformatis can

then be used to calculate loads in the rotating frame. For the rotating hub loads, this would be a

straightforward conversion using the sine and cosine of the azimuth angle. For the blade root loads
0 HKQ ptod ,the number of blads) the Coleman transformation is used to combine the non

rotating hub loads My{{ ) and Mz { ) together with the sum of the blade root out of plane

moments ¢0 ):

~ . . G0 Q P 0]
5 o b AT TP b OB 2P 4p W
whered ,0 andt0 are total loads including their deterministic, stochastic and DC

contributions.

COMBINING LOAD COMPOBNTS INLONGSIM

In future it is hoped to be able to validate the loadedel by comparing simulation results against
measured loads from wind farms including Lillgrund. Meanwhile some validation of the principles
of the model and verification of its implementation has been achieved by comparing LongSim
results against Bladedesults for some particular situations which Bladed is able to simulate.
Bladed can simulate the effect of a defined Gaussian wake deficit profile on a turbine (as was used
for the steady wake effect simulations described above), so atiwbine test casevas set up in
LongSim, with the second turbine partially waked by the first, and also having a yaw misalignment,

20



Total@ontro[ TotalControl- Project no. 727680

in a steady sheared windflow with no wake meandering. This exercises all the main features of the
model, but in a situation which Bladed cagproduce. The setup is shownkig. 3.6 The turbulent

wind speed time history at the downstream turbine was recorded along with the turbulence
intensity and the wake deficit, width and centreline position. The wind speed history was used to
generate a Bided turbulence file, and a simulation was run for the waked turbine using the
appropriate wake characteristics and turbulence. The loads generated by Bladed were compared
to the LongSim results, in terms of time histories, spectra, damage equivalent IfaB&s) at
AEEEAOAT O 7EELA®I A®RAIBIghT GG Aj GBAET &£ 1 x AUAT A 7
expected to match exactly, of course, because the dynamic loads are generated by the particular
stochastic wind variations across the rotor seen hie Bladed simulation, whereas in LongSim
these effects are embodied in a generalised model through the transfer functions. Therefore the
time histories, especially of loads whose OP components are purely stochastic, like the nod and yaw
moments, will not natch, but the spectra should match fairly well. The DELs should also match,
except that they actually depend quite a lot on the random number seed used in the Bladed
simulations to generate the spatial turbulence. The Bladed simulation was repeated widh tw
different seeds to illustrate the differences introduced, but a thorough validation would need the
DELs averaged over a larger number of seeds, or to use longer simulations so that the results are
less seeellependent. Nevertheless, the agreement obtainedvery good, as illustrated by the
examples irFig 3.Figure3.to Fig 3.10
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Figure 3.6: Test case for LongSim vs Bladed comparison
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Figure 3.8hows the hub thrust force Fx. The spectra match extremely well, and for the DELSs the
small differences are comparable to the effect of different random number sdédare 3.8 shows
comparison for the hub Mz (yaw) momenere the random number seed has a big effect,
affecting also the lower frequencies, but the LongSim result is very comparable. The yaw and nod
moments also contribute to blade root out of plane bending, but the DELs are more strongly
dominated by the rotaibonal frequency (1P), so the seed differences are smaller, and again the
LongSim result matches very well.
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Figure 3.8: Hub yaw moment comparison: Spectra (left) and DELSs (right)

22

T T

S-N slope



Total@ontro[ TotalControl- Project no. 727680
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Figure 3.9: Blade root out of dane bending moment comparison: Spectra (left) and DELSs (right)

Validation of wake models vs Lillgrund SCADA data

&1 O OEA AT Al UOAO AAOOEAA 106060 AO PAOO 1T £ 41 OAI
data was available at the time of submissjavhereas almost eightnonths-worth of data was later
i AAA AOAEI AAT A AU 41 O0AIl #1711 001160 DBAOOT AOO8 -
comparisons were:
1 10 seconds averaged SCADA data, available from 1st march 2012 to 2nd December 2012,
1 2.5,5 and lfinutes averaged SCADA data, available from 1st March 2012 to 31st October
2012,
1 Details about four different modes of operation for nine turbines at the site: A05, A06, AQ7,
BO7, B08, C07, D07, D08, EO7.
Preliminary investigations allowed to confirm tHé-minutes averaged data agreed well with the
10-seconds averaged data.

As it was highlighted in Deliverable D1.9, discrepancies in the Power, RPM or Pitch curves used
were found in the shorter period of SCADA data available at that time, along with ctbees such

as erroneous nacelle direction offset and discrepancies in the indicated wind speeds and the
correspondents activgower-derived wind speeds. Therefore, the first step of this analysis has
focused on irdepth analysis of the dataset.

Curtailment modesFour operational modes were provided by the project partners as part of the
AT AOiI AT OAGETT1q9q T PAOAOGETT AT 1T TAA 1T AAATTAA O!o
I AAAT T AA O0"d6h O#d6 AT A O$6 AOA AOOOAEI AA BI xAO
1) Four operational modes wer provided by Siemens as part of the documentation:
I DAOAGETTAT 1T AA 1T AAATTAA O!'6 OAPOAOGAT 6O
O"oh O#06 AT A O$06 AOA AOOOAEI AA DPI xAO 11T AAO
2) Further investigations on the provided SCADA dataset allowed to clardy $ix different
modes of operation were actually flagged. Internal conversation with the turbine
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present in the data but it can be disregarded sibegng used as an experimental curve, as

confirmed by the manufacturer.
3) Data from the nine curtailed turbines were filtered for raraked directions and for each

operational mode. This allowed to compare the SCADA data points and the provided
power, RPM angbitch curves, and allowed to confirm the curtailment modes are operating

as prescribed.
Data from all the norcurtailed wind turbines were filtered for newaked directions and compared
to the provided operational curves. This allowed to confirm that@abines followed the power
curve and the pitch curve as prescribed in the standard operational mode. However, this also
AT 11T xAA O1 AT1T £ZEOI OEAO Ail OEA OOOAETAO A1
exception of turbines C08, A01, A02, AGRIaA04.

Turhine G02 - count: 2818 Turbine G0O2 - count: 2818
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Figure 3.10 Comparison between SCADA data (power, rotor rotational speed and pitch angle) at Lillgrund

turbine G02 with provided operational modes.
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Directional offsetExtensive checks have been performed to correct erroneous directiona&tsffs
AAOxAAT OEA O1 AAl EAOAOCAA xET A AEOAAOEIT OECIT A
direction.

1) Initially, directional signals from newaked turbines for two different wind direction
ranges, respectively centred at 42° and 300°, were fdttand compared within themselves
into a correlation matrix. These comparisons allowed to highlight the turbines with an
evident shift in wind direction. The biggest inconsistencies were found for turbines C01 and
GO05.

2) As discussed in the next subsectiong meteorological orsite measurements were
available, therefore data from the New European Wind Atlas (NEWA) dataset was
downloaded for the area surrounding the site. The average wind directional from the
corrected (as described in the point above) wididection signals was compared to the
. %7! 80 AAOAh CEOEIT C CiT A OAOOI 008

3) Once some confidence wamined on the wind direction signals from the two clusters of
turbines nonwaked for the 42° and 300° directional ranges, the wind direction offset was
estimated for the waked turbines too. By using the power troughs in the waked sectors
when comparing sets of aligned turbines, and by minimising the #oetansquare error
between the binned power data and modelled results of the wake effectsdtrextional
offsetscould be obtained for all turbines. It is also noted that due to the scattering present
in the data and the uncertainties related to the use of the NEWA dataset as a global
reference for wind direction, the resolution of the obtained wind directiofsefs was set
to 5°.
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Moreover, DTU independently estimated the wind direction offsets with a similar methodology
and provided a set of offsets that was very similar (but with higher precision than 5°) to the set
obtained by DNVThe latter set of corrections was eventually used.

26



Totald

of vowrmoonasr | WindSpeeds - 42 deg
_n
= W
5
X} 0990 0009 09950 COuRs
15
3w
] .
20| 0 9EH0 o005 [ 030 comas? ) [ 0 9550 conyas?
=] -
_
B
5
0| 098NN 00HAsT 099900 000137 099290 000357 0 9980 000957
L] S 3
& w 2 o a
-
20[ B arHm ooGET - =\ [T soner — | [evmoomr T T AR 0009 - B OO0 BOSRET
g o g
@ W z 5 3 2 .
8l £ : "
20} 0970 00T 05750 0037 09780 000357 09830 000957 0 9ES{0 000[Rs7 099600 000357
Y 9
L] & 2 o o : o
@ W P o 2
™ i i - .
o [ 0 66E0 comasT 07000 BODF%T [T TLaT50 DOTRET T GEA[D ODUBET n*m 70 UCEET D GuED DOMA5T
15 - . :
g o ¥ e o .
= F - e - 2l >
&
5 10 15 20 5 10 15 5 10 15 5 10 1% 5 10 15 5 5 10 15
Al B0 co D01 EO1 FDI GO2
20} 0G0 000 VindSpeads - 200 deg
15
o
o
T 0
5

E'm

&

ontrol

TotalControl- Project no. 727680

0 SEej0 DO

0 S0 OO0ERn

[ i el ]

[ETe]

0 £ 00N

0 $15{0 000F0

0 51130 D000

[ET=ro]

0.S0B{0 OO0

097240 0001

5

1]
E0

5 0
HO2

15

1]

5 ] 15
HOG

5 1]
HO4

15

o & L] 15
(e ]

Figure 3.12 correlation matrix between turbines of the north edge of the lillgrund wind farm (above) and the
west edge of the lillgrund wind farm (below). tHE PLOTS CIRCELD IN RED SHOW THE LARGEST
DISCREPANCIES IN WIND SPEED.

Wind speed offset

Compaing measured power curves at each Aemaked turbines and the warranted power curves,
a wind speed offset was estimated for each of these turbinestiatmizedthe root-mean-square
errors. These wind speed offsets, the median of whickhOim/s, is probhly due to a mix of
calibration errors and local site effects. More complex effects, such as cgaatiéntsand effects
induced by blockage effects, were not considered for simplicity.
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Meteorological data

4EA TAxIT U DPOT OEAAA SAEADA Gabalncldding typibaf $CADAGMAIA. B isA 6 C
x| OOE OAI ET AET ¢ OEAO 11 AEOAAO OEOA 1 AAOOOAIT A
OEA AOQi 1T OPEAOEA OOAAEI EOU ET &£ OI AGET1T AAT OO0 C
using data fronthe nearby Drogden Fyr lighthouse, available only betweeti Ry 2008 and 2%

August 2011 and kindly provided by DTU.

For the purpose of this investigation, since no othersite measurement was available, reanalysis

data from the New European Wind las (NEWA) database (freely available at the website
https://map.neweuropeanwindatlas.eu/) was used.

This data is available fronftDanuary 2009 to 30December 2018 and includes modelled values of

wind speed, wind direction, turbulent kinetic energy, akhov lengths, and other standard
atmospheric parameters.

Hourly stability classes distribution {period 20120301-20121031) ! honthly stability classes distribution (year 20120301-20121031 )
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Figure 3.130ccurrence of unstable, neutral and stable atmospheric conditions, based on hourly data from the
newa database, between 201203-01 and 201210-31. Occurrence is shown binned botlof hours of the day (left)
and for each month (right). The orange dotted line represents the amount of data points for each bar. Colour
Legend is the same as the one in the next Figure.
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Figure 3.14 Occurrence of unstable, neutral and stable atmospéric conditions, based on hourly data from the
newa database, between 201203-01 and 201210-31. Occurrence is shown binned for both wind speeds (left)
and wind Directions (right).
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As it can be seen in Figure 3.13 and ,3lid site is strongly characteed by unstable and stable
conditions, which can be defined by the Obukhov lengths provided by the NEWA database. The
unstable, neutral and stable conditions have a mean Obukhov lengths of approximay 650

and 100, respectively.

Ambient turbulentitensity at the site

Due to the lack of meteorological measurements-site, it was not possible to get a reliable
measurement of the ambient turbulence intensity. An attempt of obtaining an estimate of
turbulence intensity both from the 10 seconds aveedgand the values averaged for a different
AlTO0T O T &£ TETOOAOG j #0711 X O Xo 1 ET OOAOQ xAC
turbulent kinetic energy data as a proxy. These tests did not lead to a definitive conclusion on how

to obtain a reliable the-series of ambient turbulent intensity, although they identified the ratio
between the standard deviatiotbo mean valueof active power from the SCADA data (taken at the
unwaked turbines from the different wind directions ) as the most credible estiraftee ambient

turbulent intensity at the site.

Wake modelling

Several wake models were tested against the provided SCADA data. The wake model deemed
most suitable to model the site production is an Ainslie model, modified to account for atmospheric
stability. More details on such model can be foundRnisi and Bossanyi (2019he wake model

used for the Lillgrund site uses a sum of deficit method (i.e. derived from conservation of
momentum) for wake superposition and a Quart#inslie model to obtain ake-added
turbulence.

A first comparison was carried out using the turbine production data recorded during a series of
toggle tests carried out at the site. The toggle test experiment was carriedroat mid-February

to September 2012, focusing on opeiag turbine DO8 in operational mdd 1 AAAT 1 AA O%
I DAOAGET ¢ OOOAET A s$o¢ ET 11 AA O!'d xEAT OEA Oi
test was on. The test was focused only on a 30° wind sector centred at 222°.

The data has been filtere@f wind direction and making sure all the turbines were operational, and
excluding sourious active power records. After filtering, the total number eimlute averaged

data points remaining are 965 for the toggte subset and 670 for theggle-off subset. Figure
3.15shows how the measured and modelled powers (calculated as the sum of powers produced by
turbines D08, DO7 and D06, and normalising this sum by C08) agree especially for wind directions
greater than 220°: this is probably influenced by treluced number of datapoints present for

wind directions lower than 220°. Apart from the good agreement between the wake model and the
binned SCADA data, it can be seen how the toggteand toggleoff curves are not discernible, as

also was pointed out abe outcome of these tests in 2012.
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Figure 3.15 Sum of active power of turbines D08, D07 and D06 compared for both toggtmn and toggle-off
experiments. The power is normalised by the active power of turbine C08.

In figure 3.16he power ratio betweenurbines D06 and C06 is shown. It can be seen how the wake
model is in reasonable agreement with the binned experimental data, and how the effect of the
change in operational mode has a discernible effect on turbine D06 (as compared to C06, which is
not affected by any change of operational mode), the third in the testing row of turbine.
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Figure 3.186 Active power of turbine D06 normalised by the active power of turbine C06, compared for both
toggle-on and toggle-off experiments.

Encouraged by these piighinary results, three different wake models were compared to the whole

available dataset. The scalled EPFL model (as defined in Bastankhah and PAgél, 2016) was
compared to two different flavours of the stabiliyodified eddy viscosity model desbed inRuisi
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and Bossanyi (2019ne of them included a modification of the wake superposition methodology
entailing a streamtube expansion for closely aligned turbines. The modified-ettysity models

are run three times using three different Obukhd¢engths (each representative for unstable,
neutral and stable conditions), and then weighted averaged together based on the occurrence of
such stability conditions.

Table 3.1 compares of the three models against the mean of power production by usinganetric
such as mean bias error (MBE), calculated between the total measured and predicted power, and
the rootmeanrONOAOA AOOT O j2-3%q AAlI AOI AOGAA OAEET C
predicted power. It is evident from these numbers that the stapifitodified eddyviscosity model,

using the sumof-deficit method for wake superposition and the Quarténnslie model for added
wake turbulence, outperforms the other models and it is therefore going to be used in this work.

Table 3.1: Comparisons betweerrror metrics given by different wake models, compared to scada active power
data. the two values for each cell represent the comparison for a binned wind speed of 6 m/s and 8 m/s,
respectively.

Wake Model Mean Bias Error (MBE), | Root-mean-square Error
total production [%0] (RMSE) {]
1) EPFL 24109.2 23.6t076.2

2) Stabilitymodified Ainslie Model +
Gunn + QuartorAinslie

3) Stabilitymodified Ainslie Model +
sum-of-deficit + QuartonAinslie

4.0t0 13.8 23.4t079.4

-3.1t06.1 18.8t0 51.9

In Figue 3.1%he pattern of production of the whole wind farm is shown in comparison with the
three models mentioned above. The measured data has been filtered as follows: wind speed 7+0.5
m/s, wind direction 222° +15°, active power greater than zero.

Lillgrund: Ws 7, WD 207-237, TI 6%

Power [W]

—3— Mean Measured Power
-+--EPFL
=& —-MOL-Ainslie + Gunn + QA

—&— MOL-Ainslie + SumOfDef + QA
T

15 \ | \ | \ \ | ‘
0 5 10 15 20 25 30 35 40 45 50

turbine number {alphabetical order)

Figure 3.17 pattern of production filtered for 7m/s wind speed bin and wind directions ranging from 207° to
237°.Comparison with three wake models.
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4. OPTIMAL PERFORMANCE SING LOW FIDELITY WRE
MODELS

4.1 DTU

We have used the Lillgrund wind farm as show case toafestrate the capability of the DTU open
loop platform for optimal wind farm control described in section 3.1.

The relative efficiency of different types of active wake control is an ongoing discussdioin wie

wind energy community (Bossanyi, 2018, and the results of applying the DTU opéwop
optimization platform to the Lillgrund wind farm in the this section will add to this discussion on a
rational basis. As described in detail in section 3.1, inclusion of all essential interactions between
the wind farm WTs are assured.

Three different sets of optimized control schemes for the Lillgrund offshore wind farm are derived
- each conditioned on ambient mean wind direction and wind speed: 1) Optimal WPP control
schedules as based on WT-diing; 2)Optimal WPP control schedules as based on WT wake re
direction (facilitated by yawing the wind farm WTs by purpose); and 3) Optimal WPP control
schedules as based on integrated WTrdéing and yawing. For each set of control schedules, the
aggregated incease of the annual energy production compared to the base case (no wind farm
supervisory control) is evaluated using the site sector Weibull distributions combined with the site
wind direction probability density function.

The Lillgrund wind farm

The Lilgrund wind farm consists of 48 Siemens S®Bi Q 7480 xEOE A 1 AUui 60
4.1. The layout of the Lillgrund wind farm is characterized by very small WT inter spaging's

down to 3.3 rotor diameterg and consequently with pronounced walkdfects, which makes this

wind farm ideally suited for wind farm control. Close WT spacing favoussatieg compared to

yaw dictated wake ralirection, because the latter type of active wake control needs some distance

to develop significantly. Thus, aipry a pronounced effect of active wake control in the form of

WT deOAOET ¢ EO AARAATI AA POIT T EOET C8 (1 xAOAOh- &£ O
direction might be an efficient approach to harvest gains in wind farm power production even for
close pacing. Thus, combining both types of active wake control might be the optimal strategy.
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Lillgrund Layout
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Figure4-1: Map of lillgrund wind farm

The AEP for the wind farm momputed using the optimized control scheduleacacompared to

OEA 1 %0 OAOOI OET ¢ A&£01 i1 OEA OOAAEOGEI 1T Al OCOAAA
The complete wind rose is resolved in°3@ctors, and for each of these the sector probability as

well as the mean wind speed Weibull pareters (i.e. shape and strength parameter) are given and
shown in Tabldl.1

Table4.1: Lillgrund site wind characteristics.

Wind Section (centered) Wd (%) Scale (A) | Shape (k)
0 deg 54 8.2 1.83
30 deg 4.2 7.6 2.1
60 deg 54 8.3 2.29
90 deg 6.6 9.0 2.69

120 deg 83 9.8 3.0
150 deg 8.3 9.4 3.16
180 deg 7.6 9.2 243
210 deg 10.6 101 2.53
240 deg 13.6 10.8 2.81
270 deg 15.4 10.6 2.66
300 deg 9.6 9.4 242
330 deg 5.0 9.7 1.92

The average yearly wind farm energy production (AEP) is computed for the investigated control
strategies conditioned on mean windpeed (1m/s resolution) and mean wind directiori (1
resolution), respectively, and subsequently convoluted with mean wind speed distributions and the
mean wind direction distribution to obtain the AEP estimate, which in turn is compared with the
base casdno wind farm supervisory control). Note, the high azimuthal resolution of the inflow
direction. This is needed as a moderate change in inflow wind direction results in non neglectable
changes in the down stream wake flow patterns and thus the optimal ianth control schedule

(cf. Figurest.5 and4.6).
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Optimal de-rating

Examples of a resulting control schedufesonditioned on a mean wind farm inflow speed of 9m/s

and for various mean inflow wind directiapare given in Figure4.2z7 4.15 For each Winh the wind

farm, the resulting derating percentage is indicated by the WT -da&ting colour code. The wind

farm flow field characteristics are illustrated by the blue wind speed colour code. As seen, optimal
de-ratings are, as expected, more pronouncext the upstream WTs affecting the downstream
740 OEA 11 00h xEAOAAO Al x1 OOOAAI 7460 AAAD EI
affected to a minor extend.
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Lillgrund Turbines: % Derating of Turbines at 0 deg, 9.0 m/s
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Figure4-2: Optimal WT deratings associated with mean wind speed 9m/s and wind direction 0° (northernly
winds).

Lillgrund Turbines: % Derating of Turbines at 45 deg, 9.0 m/s
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Figure4-3: Optimal WT deratings associated with mean wind speed 9m/s and wind direction 45°.
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Lillgrund Turbines: % Derating of Turbines at 85 deg, 9.0 m/s
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Figure4-4: Optimal WT deratings associated with mean wind speed 9m/s and wind direction 85°.

Lillgrund Turbines: % Derating of Turbines at 115 deg, 9.0 m/s
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Figure4-5: Optimal WT deratings associated with mean wind speed 9m/s and wind directioh15°.
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Lillgrund Turbines: % Derating of Turbines at 120 deg, 9.0 m/s
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Figure4-6: Optimal WT deratings associated with mean wind speed 9m/s and wind direction 120°.

Lillgrund Turbines: % Derating of Turbines at 135 deg, 9.0 m/s
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Figure4-7: Optimal WT deratings associated withmean wind speed 9m/s and wind direction 135°.
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Lillgrund Turbines: % Derating of Turbines at 180 deg, 9.0 m/s
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Figure4-8: Optimal WT deratings associated with mean wind speed 9m/s and wind direction 180°.

Lillgrund Turbines: % Derating of Turbines at 222 deg, 9.0 m/s
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Figure4-9: Optimal WT de-ratings associated with mean wind speed 9m/s and wind direction 222°.
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Figure4-10. Optimal WT deratings associated with mean wind speed 9m/s and wind direction 251°.
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Lillgrund Turbines: % Derating of Turbines at 265 deg, 9.0 m/s
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Figure4-11: Optimal WT deratings associated with mean wind speed 9m/s and wind direction 265°.
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Lillgrund Turbines: % Derating of Turbines at 278 deg, 9.0 m/s
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Figure4-12: Optimal WT deratings associated with mean wind speed 9m/s and windirection 278°.

Lillgrund Turbines: % Derating of Turbines at 300 deg, 9.0 m/s
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Figure4-13: Optimal WT deratings associated with mean wind speed 9m/s and wind direction 300°.
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Lillgrund Turbines: % Derating of Turbines at 315 deg, 9.0 m/s
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Figure4-14: Optimal WT deratings assogated with mean wind speed 9m/s and wind direction 315°.
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Lillgrund Turbines: % Derating of Turbines at 325 deg, 9.0 m/s
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Figure4-15: Optimal WT deratings associated with mean wind speed 9m/s and wind direction 325°.

41

%0

2.5

a.0

2

%0

25

0.0

TotalControl- Project no. 727680

u.use

8.496

/.136

1116

1410 >

b

7.056

©.096

6.330

5.976

5.616

v

8.496

a.144

1192

E
7440 T

1,080

©./36

6.384

0.032

5.680



Total,@ontrol_ TotalControl- Project no. 727680

The aggregated AEP results are shown in Figtt#6. The left plot of this figure shows the AEP
gainsconditioned on the inflow mean wind direcion with reference to the mean wind speed

regime [4m/s;25m/s]. The gain is obviously highly dependent on the inflow direction, with the
largest potential gais obtain in cases with massive wake effects as expected. The right plot of
Figure4-16 shows the AEP gagonditioned on mean wind speés expected the largest gains are

I AGAET AA ET OEA 700 1T AAT ET A 1T x xETA GoaedAA O,
wind speed. With increasing wind farm inflow wind speed, more and more WPs are successively
operating above rated wind speed, thus gradually reducing the possible AEP gain.

AEP increase [%]

0° —— 4-25m/s

AEP increase [%]

a4 6 8 10 12 14 16
Wind speed [m/s]

Figure4-16: AEP gain obgined using optmized derating control schedules (Vitulli, J. A., Larsen, G. C.,
Pedersen, M. M. et.al.)

In total the WPP AEP gain referring to all wind speeds (i25@/s) is approximately 1.0%. If one
were only to consider wind speeds between 4m/4d.1an/s, where increased production is possible
applying optimized settings, then this gain risesli&%.

4.2 KUL

The updated GWM model with yawing extensidefined in Section3.2 serves as a basis for
developing aroptimization framework to determine yaw setpoints across a windfarm for different
operating conditionswith the goal of power maximization.

61 6 mk Roi@8 — 1 -

allel

6EO OEA xET A OOOAET A DPi xAO AT AEEFEAEAT OMADA OE
DOAOET OBAODOBEIROT OEAO OEA AEAOECOA 11T AAO AAUIT
Al ©OOAET A 4ERAAGIEAIsE UAOCET T DOT AG AJEGOEDOKDD 1 © KA
OAEDPU8BT POEI EUA DPUOEI T AOGAGCARDDAIOAABOBDOECDOAA
I DOEI Al EOUS

Reference windfarm cases operating under normal operation are required to demonstrate the
benefits of wake steering control'o this end, wanake use of two different windfarm setups. For
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the first, we utilize the publicly availableTotalControl reference windfarm database which
comprises of numerical measurements usihggh fidelity LES spanning differenatmospheric
conditionsand wind directiongor the TotalControl reference windfarifAnderson, S.J., Meyers, J.,
Sood, I. and Tralborg, N) TheTotalContol Reference Wind Power Plant (TC RW&Yirtual setup

which comprises of 32 DTU 10 MW turbines, separated by 5D spacing in the vertical and horizontal
directions. Only the cases from the reference database which haignificant wake overlap
between upstream and downstream turbines are considered for yaw optimizaifioe. layout of

the TC RWP is presentedhigure4-17.

The second windfarm under consideration for performance optimizatiomtigh wake steering is

the real world Lillgrund windfarm situated off the cost of Sweden. The windfarm comprises of 48
Siemens 2.3 MW turbines in a tightly spaced layout, which leads to significant efficiency losses due
to wake effectsA comparison of tk layout of the TC RWP and the Lillgrund windfarm is shown in
The reference cases used for the Lillgrund windfarm to determine the effect of wake steering are
chosen from another TotalControl deliverable, D 1.2.1, in which data from a measurement
campaCi AT T AOAOCAA AO ,EI T COOT A xAO Oouin Alched OAI
selected cases have been summarized able . PDk refers the Pressure Driven Boundary Layer
(PDBL) and CNk2 and CNk4 ref@p the Conventionally Neutral Boundary Layer (CNBL) inflows
from the publicly available TotalControl inflow databa@nderson, S.J., Meyers, J., Sood, I. and
Troldborg, N) The inflows PDK PDk and , PDkare flowfields obtained by transforming thellk

inflow, achieved by changing the surface roughness and friction velocity to match the inflow
conditions at the Lillgrund windfarm during the measurement campaign.

Table 4.2GWM Power optimization cases

Case No. Inflow Windfarm Wind direction Hub ht wind
(degrees) speed (m/s)
1 PDk TC RWP 0 9.4
2 CNk2 TC RWP 300 11
3 CNk2 TC RWP 330 11
4 CNk4 TC RWP 300 11.3
5 CNk4 TC RWP 0 11.3
6 PDk: Lillgrund 119 8
7 PDk Lillgrund 243 8.5
8 PDks Lillgrund 110 4.5
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Figure4-17Layout of the TC RWP. Axes have units of Figure4-18 Scale comparison of the TC RWP (gray)
s/D, with a rotor diameter D = 178.3 m. and the Lillgrund WP (black) LILLGRUND TURBINE
HAVE A ROTOR DIAMETER OF D =93 M.

For each of the caseasutlinedin Table 4.2, the GWM defined in sectidh2is utilized to determine

the optimal yawing setpoints across the windfarm for the purpose of power maximizalfioa free
stream wind velocity and turbulence intensity, which are input parameters required for the GWM,
are obtained from theespectiveflow profilefrom thereference LES database. The yaw set points
are then used to run simulations in a LES high fidelity environmentv&tidatng the power gains
using the code SRVind ((J. P. Goit and J. Meyers), (D. Allaerts and J. Meyers), (W. Munters and J.
Meyers)) Spatial discretizationn SRWindis performed by combining pseudspectral schemes
with fourth-order energyconservaive finite differences. The equations are marched in time using
a fully explicit fourthorder RungeKutta scheme, and grid partitioning is achieved through a
scalable pencil decomposition approach. Subegsithle stresses are modeled with a standard
Smagoinsky model with wall damping. Wind turbines are modeled by an actuator sector model,
coupled with a nonlinear flexible mwbiody dynamics modelA. Vitsas and J. Meyers)urbulent
inflow conditions for windfarm simulations are generated in separateepursor simulationgW.
Munters, C. Meneveau, and J. Meye&)streamwise slab of the velocity and temperature field is
stored to disk when running the precursor, and is later introduced in the sfidn domain by
means of body forces in agalled fringe region.Similar to the reference database, the simulations
are divided into 2 parts. First, a spup period of 15 min is initiated for the settling of stan
transients, followed by 60 minutes of data collectiofhe LES time step is set to 0.5s, ehtihe
structural solver operates at a higher frequency of 100TH= general domain parameters for the
LES simulations are outlinkn Table 4.3
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Figure 4-19 Planview of Lillgrund (black) and TotalControReference windfarm layout (white) in simulation
domain. The black dashed line indicates the extent of the slab from which inflow data is extracted from the
precursor simulation (without turbines). The background is colored with a typical instantaneous stiamwise
velocity field at turbine hub height in a precursor simulation without turbines.

Table 4.3 Simulation parameters for SRWind

Variable Values
Domain size 0 0 0 PO PO pdkms3
Grid 0 0 0 PCTMTPCMIECU
Resolution 3 3 3 pPp&O p&oc ¢ gnd
Spinup time Y pd EIT
Simulation time Y ot EIT
Time stefs 30 B0 ™ Ordt @O
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Figure4-21COMPARISON OF TOTAL WINDFARM POWER GAINS PREDICTED BY GWM VERSUS POWER
GAINS OBTAINED FROM SW/IND USING OPTIMAL YAWING SETPOINTS
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Flow field results using the optimal yawing setpoints obtained from two ofdlght cases listed in
Table 4.2 are presented irFigure4-20. Both case and case 7 have fully aligned turbines for the
TC RWP and the Lillgrund windfarm respectively, henaeeh a high capacity for power gaing
steering the upstream turbine wakes away from downstream wakes, as seen by the time averaged
flow field results from SRVind. Adirect consequence of wake steering can be sedfigure4-21,
exhibiting power gainsip to 25% for both the TC RWP and the Lillgrund wind farm.dgtoof the

eight cases, the power gains obtained via the high fidelity\§d code aren good agreement

with the predictions made by the low fidelity\@M, with cases 5 and 8 exhibiting larger errdiisis

can be attributed to two factors. First, the turbulence intensity model used in the GWM is an
empirical expression proposed K\iayifar and PortéAgel). has been tuned for the range of 0.065<

Tl <0.15andfails to accurately capture the power generation of the extreme farm layout in case 5
with eight aligned turbinesFigure4-22) and Tl of 3.6%. Second, the wake expanstmwnstream

of yawed turbines also depe&non empiricalparameterswhich need to betuned for different
windfarm layouts and wind speeds, and currently the model fails to accurately predict the power
productionat the low wind speed and tighayout configurationof the Lillgrund windfarm for caes

8, in which majority of the wind turbines are operating in partial waked conditiéigufe4-22).
Thus,the results provided by the GWM model can further be improved by tuning the empirical
parameters involved ta@over a larger range of turbulence intensities dadn layous, however

that is beyond the scope of the current worlkevertheless, the yaw setpoints obtained in both
these cases from the GWM optimization still result in significant power gains wheadestthe

high fidelity environment of SRVind, resulting in power gains 8% and2% respectively.
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Figure 4-22 Turbine layout and optimal yaw setpoints fo case 5 (left) and case 8 (right)

To determine theeffect of yawing on the structural lifetime of the turbines, we use Damage
Equivalent Loads (DELS) to compare the load histories of the turbines across the windfarm for the
normal and optimal wake steering cases. DEL of each turbine is computed usirathegren

Miner rule and the Wohler equation to account for accumulating fatigue damage caused to the
wind turbine components by the fluctuating structural loa@utherland)The loads time series are
counted and binned into individual cycles using the flaw-counting algorithm(Socie, D.F. and

A~ N A oA

Downing, S.D)) AT A &£ O OEA xET A OOOAET A Al AAAO OEA
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slope coefficient equal to 10. Total increase in cumulative windfarm blade root flapwise DEL is
shown inFigure4-23. It can observed that for all the cases, the windfarm experiences significant
increase in damage due to fatigue. The reason for increase in damage can be explained by two
factors. First, individual turbines are subjed to higher fatigue loads while operating in yawed
position than when compared to normal operatidgbamiani, R.et al). Second, downstream
turbines are operating in partially waked conditions are subjected to higher cyclic fluctuations in
moments, al® increasing the fatigue damage. Hence, while wake steering can result in an increase
in overall windfarm power production, it is important to do a cost benefit analysis when using this
control strategy due to the large impact on the structural lifetimetloé turbines due to increased
fatigue loading.

DEL Increase

1 2 3 4 5 6 7 8
Cases
Figure4-23Total WINDFARM blade root flapwise moment DEL gain for power maximization wake steering

4.3 DNV

This section describes the procedure used by DNIMd=calculate and test a wind farm controller
based on optimised turbine setpoints. This makes use of the Bladed and LongSim codes, which
respectively model the performance of the turbine and the wind farm, and requires to following
inputs:

1 An aeroelastt model of the turbine set up to use with Bladed
1 Information relating to the wind conditions at the site
1 The turbine layout at the site

This information is described in the following subsections, followed by a discussion of different
design options for te wind farm control. Steadgtate setpoint optimisations using LongSim are
demonstrated for selected schemes. The design of a practically realisable dynamic wind farm
control algorithm which uses these setpoints is described, and LongSim is then used to ru
dynamic timedomain simulations to evaluate the performance of the controller in realistic time
varying conditions.
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THEBLADED MODEL

A Bladed model of the Lillgrund turbine was constructed using information provided directly by the
turbine manufactuer SGRE, and indirectly by DTU. Although some assumptions had to be made
where the information supplied was uncertain or insufficient, the model gave a reasonable match
to information which was provided on turbine performance, natural frequencies etchBudetails

are not publicly available.

OPTIMAL THRUST REDUGIN SETTINGS
For the purposes of axial induction control, turbine control settings should be found which reduce
rotor thrust to mitigate wake losses, while reducing power as little as possible.

The DNV GL approach uses the following steps:

1.

arwd

Define a thrust reduction level. This is defined as a fractional reduction in rotor thrust coefficient
).

For any given pitch angle, find the tip speed ratio which achieves the desired

Calculae the power coefficientd ) for this pitch angle and tip speed ratio.

Choose the (pitch angle, tip speed ratio) combination which maximises

Calculate the standard control law as definedBurton et al, 2011) for demanded generator
torque 0 as a function of the measured generator spgeavhich achieves the desired values
of 6 and tip speed ratig:

0] 0, where0 ——

Here” is the air density,Y the rotor radius,"Othe gearbox ratio ad 0 represents any
mechanical drive train losses referred to the high speed shaft. Heis,referred to as the

Oi POET Al 1T AA CAET 88 4EA OEOOOO OAAOBAOQEIT
controller parameters((f ) wherg (the fine pitch angle) is set to the pitch angle chosen
above. These are usually standard parameters in a wind turbine controller, so it is very easy to
command the desired thrust reduction setting by changing these two parameters, without any
changes to the etual controller software. (In practice, it may not be quite as simple; for
example, the 7 MW turbine on which field tests carried out for Work Package 3 of this project
has a speed exclusion zone for avoidance of tower resonance, and some adjustmentdsoere
required to the parameters controlling crossings of the exclusion zone. For the Lillgrund
turbines, the control law consists of a looip table of power demand as a function of rotor
speed, but the parameteb is easy to convert into such a tabléetpower demand is given by

01 where- is the electrical efficiency.

Figure4-24 show the current nominal controller settings in this form, together with some adjusted
settings which were used for a trial aduncted in the wind farm in 2012.
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Figure4-24: CONTROLLER SETTINGSSAUSED IN 2012 TESTS

The corresponding power and thrust coefficients are showhigure4-25and Figure4-26.
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Figure4-25: CONTROLLER SETTINGSAUSED IN 2012 TESTPOWER COFFICIENT
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Figure4-26: CONTROLLIR SETTINGS AS USEDN R012 TESTE THRUST COFFICIENT

As already mentioned in Section 3.3, one of the tests used to compare wake models was a toggle
test performed in 2012 using three turbines at the Lillgrund site, dynamically changing operational
modes d the turbines upstream. The results of this test, although uncertain, revealed a slight
power gain for the downstream turbine (the third in the row being tested) if compared to the third
turbine of the next row (operated at the normal operation mode), Inawever it showed no
guantifiable pawer gain for the whole group of three turbines, since showing no clear difference
between the toggleon and toggleoff tests. Below, more efficient controller settings are proposed
and discussed in details.

New proposé controller settings calculated as above are illustrated-igure 4-27 for several
different thrust reduction setpoints, along with the resulting power and thrust curveBigure
4-28. Note that the power and thrust coefficients are not exactly constant during the period of
optimal tip speed ratio operatiog this is because the flexibility of the turbine has been taken into
account in the calculations, so the rotor, foraemple, distorts differently at different wind speeds.
Rotor speed and pitch angle are showrFigure4-29.
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Figure4-27. ORIGINAL AND PROPOJECONTROLLER SETTINGS
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Figure4-28: ORIGINAL AND PROPOSECONTROLLER SETTINSS POWER AND THRUST
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7/ -8%thrust

These controller settings apply to the variable speed range of the turbine operating envelope. It is
also possible to extend the thrust reduction up to and above rated wind speed. This done by
calculating the power reduction at the wind speed atigfhmaximum rotor speed is reached, and
applying the same power reduction at higher wind speeds simply by setting a third controller
parameter, namely the maximum torque or power setpoint, to the corresponding value. The effect
of this can be seen Figure4-28above. (This allows induction control to be used at the higher wind
speeds if it should prove to be beneficial; of course, if it is not beneficial the setpoint optimiser will

Wind speed [m/s]

6 8 10

Wind speed [m/s]

Figure 4-29: Original and proposed controller settings: Rotor speed and pitcangle

simply choose the nominal settinfgr these wind conditions.)

A more complete set ofontroller settings is givemiTabel 4.4

Table4-4: SUMMARY OF CONTROLLEBETTINGS

Setpoint Thrust Cr) Fine pitch (deg)| Optimal mode Rated torque
reduction from gain,K (Nm)
optimal (%) (Nm&rad?)
0 0 -1 0.422 16076
1 2 -0.83 0.449 16063
2 4 -0.54 0.464 16023
3 6 -0.20 0.471 15955
4 8 0.09 0.483 15872
5 10 0.38 0.496 15771
6 12 0.66 0.509 15654
7 14 0.89 0.533 15528
8 16 1.12 0.560 15388
9 20 1.69 0.602 15052
10 25 2.55 0.633 14563
11 30 3.47 0.672 14004
12 40 5.36 0.925 12688
13 50 8.63 0.933 11143
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EFFECT OF YAW MISAIMGIENT

For wake steering control, the effect of yaw misalignméman the power, thrust and fatigue loads
needs to be known. The effect on fatigue I already included in the surrogate loads model
described in SectiorError! Reference source not found. LongSim has various options for
modelling the turbine power and thrust, including the effect of yaw. A simple and convenient
model hasbeen used for the current work, in which the power and thrust at wind speed V are
calculated from the zergyaw power and thrust curves assuming that the effective wind speed is
reduced to V.(codj)°, where the exponent p must be specified for the particular turbine. Here, a
value of p=0.65 has been found to fit well when compared to Bladed simulation results. Some
example fits are shown iRigure4-30for power andrigure4-31for thrust, showing that this model
gives good results over the range of yaw angles likely to be used for wake steering, and equally well
for the different thrust reduction settings describedave. This makes this model particularly
convenient to use when wake steering and axial induction control are combined (see below). The
Bladed results for negative yaw angles are almost identical, so the model can be used for both
positive and negative arlgs. At first, the thrust results might seem surprising above rated, but the
thrust increases because the blade pitch is reduced compared to theyzsvocase at the same
wind speed, with rated power only reached at a higher wind speed.
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Figure4-31: EFFECT OF YAW ON THST CURVE: MODEL FSITO BLADED RESULTS

WIND CONDITIONSAT LILLGRUND

The overall atmospheric conditions at the Lillgrund site have already been summarised in Section
3.3 For the purposes of this report, a representative period of historical Lillgrund SCADA data has
been selected which covers a range of bel@ated wind speeds in the prevailing soutiresterly
sectorz conditions which are being targeted for a possible field test later in the project. The wind
conditions for this 2zhour period are shown ifigure4-32 Inthe following sections, setpoint
optimisations have been calculated to cover this range of conditions, and the same data has been
used as input for timelomain simulations to test controller performance.
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Figure4-32 WIND CONDITIONS SELETED FROM SCADA DATA

WAKE MODEL

A wake model appropriate to Lillgrund has been used in the remainder of this section, and also in
ChapterError! Reference source not foundd 4 EEO E O liyEdpendchtnhdicndakeO O A A
deficit model (Ruisi and Bossanyi, 2019) with Obukhov len@®0m, QuartorAinslie added
turbulence, sumof-deficits superposition, and EPFL/Bastankah wake deflecijas defined in
Bastankhah and Portédgel, 2016) with implidgt wake meandering (i.e. no wake smearing is
applied for steadystate optimisations, and inverse wake smearing for thsd@main simulations

where the wind field causes meandering).
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The selected wake model has been compared to measured power data in Clgsieowing to
OAPOAOGAT O xAil ,EITCOOI A OOOAET AOGG DPi xAO 1 00D
tuned to run for unsteady conditions according to the preponderance of this condition in the period

in question: a comparison is shown in Figdras.

x10 Selected chunk of data, unstable

Active Power [ W]

o 53 10 15 20 25 30 35 40 45 50
turbine number {alphabetical order)

Figure 4-33 SCADA active power compared to modelled power, for the specific portion of data used for dynamic
simulations.

INDUCTION CONTROL

This section calculates controller setpoints definedim$igure4-27 optimised to maximise the

total wind farm power output. The effect on loads is also evaluated. The setpoints are calculated
for steadystate conditions. The resulting setpoints are used as the bfasis dynamic control
algorithm, and timedomain simulations are used to evaluate the performance of such a controller
in realistic timevarying conditions.

The optimal setpoints will change with wind speed and direction, and also with turbulence
intensity, and will be different for each turbine. However, before doing this full optimisation, a
OEi DI AO OAEAI A EO ET OAOOECAOAA EEOOOh 11 OEOAQ
of the baseline turbine, although optimal for a staiatbne turtine, are not optimal in a wind farm

context, and that a setting which sacrifices a small amount of power to achieve a significant thrust
reduction might lead to overall better wind farm performance due to reduced wake losses. The
simplest way to exploit tis is to find a single controller setting applied to all turbines which

maximises total farm output.

To illustrate this, optimisations have been performed for one particular wind condition (9 m/s with

6% turbulence intensity and wind direction 222°, isbowing directly along the principal rows), and

OEA PI xAO ATA 1TAAO AOA AT i PAOAA O OEA AAOA .
I DOEI EOAA8 AAOAh OEA OAI A OAODPI ET O EO ADPDPI EA/
allows eachurbine to have a different setpoint. In addition to the power, two key fatigue loads are
shown as damage equivalent loads (DELS): the blade root out of plane moment with Wd&hler
exponent 10 (representing GRP composite for the blades) and the tower basaffanoment with

Wohler exponent 4 (representing steel). Also shown are two further optimisations, again Uniform

and Optimised but now optimised against a merit function which includes weighted terms
representing the fatigue loads: the total power ha®@% weighting in the merit function, with
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weightings of 5% each for the blade root and tower loads. The loading terms represent the
coefficient of variation (CoV) of each DEL across the wind farm, i.e. the standard deviation across
all turbines divided byhe mean; reducing the CoV has the effect of reducing the highest DELs by
making the damage more uniform across the farm. The maximum DEL across all turbines could
have been included directly in the merit function, as could other terms such as the mdaaned
useful. However, using the maximum on its own gives a pebelyaved optimisation, since the
turbine experiencing the maximum is often unaffected by setpoint changes at other turbines.

The results for each turbine are showrfFigure4-34to Figure4-37and the summary for the whole

farm is inFigure4-38 and Table 4.5 Figure 4-34 shows the optimal setpoints: for the uniform
optimisation for power, the optimal setpoint is 5.04, representing a thrust reduction of just over
Xom A£O0T T OEA AAOGA ATaded4.5300H0uyRA thisirépreseAtdaOreducgon in O A A
power coefficiem for each turbine, the total wind farm power increases by 2.2% due to reduced
wake losses. This is already most the gain obtained by the full optimisation (2.75%), and the
maximum loads are reduced significantly more than in the fully optimised case.wiighted
optimisation for power and loads shows that, if desired, the maximum loads can be further reduced

in exchange for a small reduction in the power gain.

Ll

N =

I uniform optimised (power)

Setpoint [-]

N

Fully optimised (power)
[ uniform optimised (power & loads)
0 -Fully optimised (power& loads)

0 5 10 15 20 25 30 35 40 45 50
Turbine number

Figure4-34: INDUCTION CONTROL SEPOINTS FOR'HE DIFFERENT SCHEISE
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Figure4-35 POWER AT EACH TURBEN
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Figure 4-36: BLADE ROOT DEL AT E2H TURBINE
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Figure4-38: OVERALLRESULT OF DIFFERENNDUCTION CONTROL S€EMES

Table 4-5: Overall result of different induction control schemes

Power Blade oot load Tower base load
CoV Max CoV Max
Base case 1.0000 1.00 1.00 1.00 1.00
Uniform optimised 1.0220 0.88 0.81 0.88 0.83
(power)
Fully optimised 1.0275 1.30 0.91 1.27 0.90
(power)
Uniform optimised 1.0193 077 0.72 0.84 0.68
(power & loads)
Fuly optimised 1.0234 0.94 0.87 0.96 0.87
(power & loads)

WAKE STEERING AND C@WED CONTROL

For the same wind condition askigure4-38, blowing directly along the main rows, optimisations
were carried out fothe case of wake steering, allowing yaw angles up-36°, and also for the
combination of induction control and wake steering. For the combined case, it was found helpful
for the optimiser to start from the optimal induction control setpoints, and théloa the optimiser

to further adjust the these setpoints and the yaw offsets simultaneously for each turbine. Once
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again, optimisations were carried out first for power only, and then for power and loads using the
same weightings as before.

The resultingotal power and maximum DELSs are showrfFigure4-39andTable4-6. The labelling

uses IC for induction control and WS for wake steering, with the optimisation criteriorackets.
Clearly, wake steering on its own is capable of a much greater power gain in this wind condition,
but at the expense of much higher maximum blade root and tower base fatigue. With loads
included in the optimisation criterion the power gain is ghly halved, though slightly greater than

with induction control, but the maximum fatigue loads are still 20% above the base case.

When wake steering is used in addition to induction control, the power increase is even higher than
with wake steering on & own, as expected, and the loads increase is not quite as great. By including
loads in the optimisation criterion, the maximum loading is brought back below the base case and
is now similar to induction control on its own, but with a slightly high powang

The induction control and wake steering setpoints for each turbine are plott&iinre4-40, along
with the power. It can be seen that the amount of yawing is much reduced in the combined case
when loads aréncluded in the optimisation.

140 : : : :
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|

Figure 4-39: Comparisonof induction control and wake steering optimisations
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Table4-6: Resultsof induction control and wake steering optimisations

Power Blade root load Tower base load
CoV Max CoV Max
Base case 1.0000 1.00 1.00 1.00 1.00
IC (power) 1.0275 1.30 0.91 1.27 0.90
WS (power) 1.0722 1.04 1.33 1.26 1.25
IC + WS (power) 1.0727 1.27 1.30 1.34 1.19
IC (power & lads) 1.0234 0.94 0.87 0.96 0.87
WS (poweré& loads) 1.0335 1.02 1.20 1.14 1.20
IC + WS (poweré& loads 1.0313 1.04 0.90 1.02 0.87
0 T T T T T T T T T [
9~ —| I (C (power)
o 4 e e
IC (power & loads)
7+ — I ws (powers loads)
= 6 | N C + WS (power loads)
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WS (power)
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Figure4-40: SETPOINTS AND POWEROR EACH TURBIE
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These results indicate that if wake steering is to be used on this particular wind farm, it should
probably be combined with induction control, unless a significant increase in maximum fatigue
loads is acceptable. The energy gain is improved compacethduction control alone, and a
reduction in maximum fatigue loads can still be achieved.

OPTIMISATION FOR A RKGE OF WIND CONDITNS

These optimisations were performed for a single wind condition, with wind direction exactly
aligned with the long turlne rows. For a practical wind farm controller they should be repeated for
a range of conditions, leading to tables of setpoints which vary with wind speed and direction, and
ideally turbulence as well. This has been done for the wind conditions shoWwigume4-32, as
follows:

1 Wind speeds: 5,7 &9 m/s
1 Wind directions: 2002 245° in steps of 5°
1 Turbulence intensities: 7%

For a real case one would ideally interpolate setpoints over a range of turbulence irgegsitid

better still, also to atmospheric stability, with the wake model changing appropriately, but for
simplicity this has not been done here, as these variations are usually or lesser importance to the
effectiveness of the control.

Figure4-41shows the power increase as a function of wind speed and direction. The top left plot is
for induction control optimised for power only, showing gains from under 1% to over 4.5% for the
lowest wind speed when the directias aligned with the turbine rows. The top right plot shows the
same data but with the colours scaled to match the other two plots, which show the effect of
including wake steering in addition to induction control. Bottom left is optimised for power only,
and bottom right for power and loads (with weightings as above).
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IC + WS Power increase for case ICaddWS-P IC + WS Power increase for case ICaddWS-PL

Direction [deg]
Direction [deg]

55 6 6.5 7 7.5 8 8.5 9 5 55 6 6.5 7 7.5 8 8.5 9
Wind speed [m/s] Wind speed [m/s]

Figure4-41: Power gains for a range of wind speeds and direction¥he top left plot has a different colour scale;
top right shows the same data with colour scale matching the bottom two plots

These plots show that adding wake steering can result in much higher gains when the wind is
blowing along the rows, but makes very little difference in other directions.

The maximum blade root anbwer base DELSs for these cases are showFignre4-42 andFigure
4-43 respectively. The same cases Rigure4-41are shown, bubonly one plot is shown for the
induction control case, with the same colours scales used for each case.
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IC + WS Max-DEL-SN10-Blade-root-My increase for case ICaddWS-PL
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Figure4-42: BLADE ROOT DELS FORRANGE OF WIND SPHEE AND DIRECTIONS.

These figures clearly shothe significant loading increases caused by wake steering, and how
these can be entirely mitigated by optimising for power and loads, albeit with a reduction in the

power gain (although it is still higher than with induction control alone).
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Figure4-43: TOWER BASE DELS FORRANGE OF WIND SPEE AND DIRECTIONS.
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DYNAMIC TIMEDOMAIN SIMULATIONS

Having generated tables of optimised setpoints, these are used to construct a wind farm controller
capable ofbeing implemented dynamically in real time. The control algorithm has three steps
(described below in more detail): first, the estimation of the wind conditions using any available
measurements (for which estimates of wind speed and direction are assumbd available from

all the turbine controllers); second, using the wind conditions to interpolate all the turbine setpoints
from the lookup tables produced by the optimiser; and thirdly, implementing the thrust reduction
and/or wake steering setpoints atl the turbines.

Using the timevarying sample of wind conditions taken from historical SCADA data shown in
Figure4-32, four simulations have been run:

Base case with no wind farm control

Induction control, optinised for power only
Combined control, optimised for power only
Combined control, optimised for power and loads

PwnNpE

The simulations were run with a time step of 10s. This is too long to allow turbine pitch and torque
controller dynamic response to be modelledut the yaw dynamics were included to allow the
OOOAET AOG OI OAOPITA OF xEIT A AEOAAOEI 1T OAOEAOE
details on the yaw control algorithm, this was modelled using a 30sdnd¢r filter on the wind

diredction calculated from the instantaneous wind vane signal and the nacelle position, 8° of
hysteresis on the filtered yaw misalignment, and a yaw rate of 0.3%s. With wake steering control

this yaw strategy was overridden as explained below.

For cases 2, 3d 4, the setpoint tables arising from the steadiate optimisations were converted
into an implementable dynamic wind farm controller in the following way:

a) The setpoint lookup tables were first smoothed to account for the inevitable uncertainties in
measured wind conditions, which cannot be measured exactly, and which in any case are not
the same everywhere in the wind farm at any one instant. This has been shown to be a beneficial
step, tending to slightly increase the benefits while reducing the amaoointontrol action
(Bossanyi and Ruisi, 2021). Only direction smoothing was used, with an assumed uncertainty of
5.

b) The wind conditions needed to find the turbine setpoints at any time were calculated in the
simulation by an algorithm which determines whi turbines are currently unwaked, and
calculates the mean of the wind speed, direction and turbulence intensity measured at each of
these turbines. The wind conditions are filtered using a {oster lowpass filter, which
provides additional smoothingat make the wind conditions more representative of the whole
wind farm, and also introduces a time lag. The filter time constant of 200s has been chosen to
represent roughly the time taken for the measured wind to advect to the centre of the wind
farm.

c) Using these filtered wind conditions, the setpoints for all turbines are interpolated from the
lookup tables. The setpoints are updated at intervals of 1 minute.
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d) The setpoints are implemented at the turbines in a realistic fashion. The induction control
setpoints are implemented with a firsbrder lag of 5s, which is realistic for the rate at which
blade pitch and speetbrque gain would be allowed to change (in principle, LongSim can
model these dynamics explicitly, but the required controller details werenmatie available for
this turbine). The yaw setpoint was implemented by sending a demanded nacelle position to
AAAE OOOAET Ah xEEAE xI OEO Ol ECEOI U AAOOAO C
standard yaw controller. To reduce yaw drive duty,yasteresis of 2° was introduced, so that
yawing only occurs if the (slowlyarying) position demanded is more than 2° different from the
actual position, and the turbine then yaws to its new position at a rate of 0.3%/s. This overrides
OEA OOOA Ed yad @ntrilier AeBporsed

Parameters such as the filter time constant, controller update interval and yaw hysteresis could be

optimised by running a few simulations and evaluating the results in terms of energy gain, loading

changes and yaw drive andtgh actuator duty. This has not been done here, but would be a useful
exercise for any controller design which will be used in practice.

The wind conditions oFigure4-32were used to generate a stochastic windld, varying in time
AT A OpAAAh AT OAOET ¢ OEA xEITT1T A xET A EAZAOI h OOEI
wind field was then used to run the four simulations described above.

DYNAMIC TIMEDOMAIN SIMULATIONS

Having generated tables of ophised setpoints, these are used to construct a wind farm controller
capable of being implemented dynamically in real time. The control algorithm has three steps
(described below in more detail): first, the estimation of the wind conditions using anyaa\eil
measurements (for which estimates of wind speed and direction are assumed to be available from
all the turbine controllers); second, using the wind conditions to interpolate all the turbine setpoints
from the lookup tables produced by the optimisendathirdly, implementing the thrust reduction
and/or wake steering setpoints at all the turbines.

Using the timevarying sample of wind conditions taken from historical SCADA data shown in
Figure4-32, four simulatons have been run:

Base case with no wind farm control

Induction control, optimised for power only
Combined control, optimised for power only
Combined control, optimised for power and loads

© NGO

The simulations were run with a time step of 10s. This isdag to allow turbine pitch and torque
controller dynamic response to be modelled, but the yaw dynamics were included to allow the
OOOAET AOG OI OAOPITA OF xET A AEOAAOGEI 1T OAOEAOE
details on the yaw contl algorithm, this was modelled using a 30s fiester filter on the wind
direction calculated from the instantaneous wind vane signal and the nacelle position, 8° of
hysteresis on the filtered yaw misalignment, and a yaw rate of 0.3%s. With wake steewimtrol

this yaw strategy was overridden as explained below.
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For cases 2, 3 and 4, the setpoint tables arising from the ststatg optimisations were converted
into an implementable dynamic wind farm controller in the following way:

e) The setpoint lookip tables were first smoothed to account for the inevitable uncertainties in
measured wind conditions, which cannot be measured exactly, and which in any case are not
the same everywhere in the wind farm at any one instant. This has been shown to befeia¢ne
step, tending to slightly increase the benefits while reducing the amount of control action
(Bossanyi and Ruisi, 2021). Only direction smoothing was used, with an assumed uncertainty of
5.

f) The wind conditions needed to find the turbine setpointsaaty time were calculated in the
simulation by an algorithm which determines which turbines are currently unwaked, and
calculates the mean of the wind speed, direction and turbulence intensity measured at each of
these turbines. The wind conditions aretdiled using a firsorder lowpass filter, which
provides additional smoothing to make the wind conditions more representative of the whole
wind farm, and also introduces a time lag. The filter time constant of 200s has been chosen to
represent roughly thdime taken for the measured wind to advect to the centre of the wind
farm.

g) Using these filtered wind conditions, the setpoints for all turbines are interpolated from the
lookup tables. The setpoints are updated at intervals of 1 minute.

h) The setpoints aréamplemented at the turbines in a realistic fashion. The induction control
setpoints are implemented with a firairder lag of 5s, which is realistic for the rate at which
blade pitch and speetbrque gain would be allowed to change (in principle, LongSan c
model these dynamics explicitly, but the required controller details were not made available for
this turbine). The yaw setpoint was implemented by sending a demanded nacelle position to
each turbine, which works slightly better than merely sending & yal ££O0AO O OEA
standard yaw controller. To reduce yaw drive duty, a hysteresis of 2° was introduced, so that
yawing only occurs if the (slowdyarying) position demanded is more than 2° different from the
actual position, and the turbine then w& to its new position at a rate of 0.3%s. This overrides
OEA OOOAET A30O ET AEOEAOAIT UAx ATTOO0IT 11 AO OAOH

Parameters such as the filter time constant, controller update interval and yaw hysteresis could be

optimised by running a few simulations and &vating the results in terms of energy gain, loading

changes and yaw drive and pitch actuator duty. This has not been done here, but would be a useful
exercise for any controller design which will be used in practice.

The wind conditions oFigure4-32were used to generate a stochastic wind field, varying in time

AT A OpAAAh AT OAOET ¢ OEA xEITT A xET A EAAOIi h OOEI
wind field was then used to run the four simulatioressdribed above.

The total power for the four simulation cases is showFRigure4-44. The four lines are difficult to

distinguish, but the mean percentage power increase over the whole period compared to the base
case is tabulated.
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2 5 Induction (P) 19.6797 1.36%
g Combined (P) 19.9488 2.74%
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Figure 4-44: TOTAL POWER FOR THEO®JR SIMULATION CASES

The damage equivalent loads, calculated every 10 minutes, are shown for one of the turbines (D08)
in Figure4-45for the blade root outof-plane bending moment at Wohler exponent 10 (for glass
fibre), andFigure4-46 for the tower base foreaft moment at Wohler exponent 4 (for steel). Both
loads are cosistently reduced by an appreciable amount relative to the base case, except in one or
two short periods for the tower base moment at low wind speed.
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Figure 4-45: 10-MINUTE BLADE ROOT MRIENT DELS
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Figure4-46: 100MINUTE TOWER BASE M@ENT DELS

LongSim can also output the detailed, in this case 20 Hz,®lomain loads at each turbine in the
wind farm. For example, to try to understand why the tower basegiai briefly increase in the
induction control case around 7 hours we can examine the 20Hz tower moment as sheigaria

4-47, and we can see that the cause of the increase in fatigue is the increased toweiovilataine

first tower mode frequency. This would be a result of 3P tower excitation at the low rotor speed
and reduced daming due to the increased fine pitch angle.
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Turbine D-08 Tower My at Om
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Figure 4-47: 20HZ SAMPLETOWER BASE MOMET SHOWING TOWER RESONNCE
More importantly, we should look at the maximum DEL across all the turbines, showigume

4-48 (blade root) andrigure4-49 (tower base). In athree controlled cases the maximum fatigue
loads are always lower than the base case.
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Figure 4-49: MAXIMUM OF10-MINUTE TOWER BASE M@ENT DELS

The simulation results also provide the amount of yaw travel and the number of yaw manoeuvres
occurring in each case. These are showdable 4-1. Interestingly, he two later cases which

ET Al OAA xAEA OOAAOEI ¢ OETI x A 1 OAE Oi Al 1 A0 Ol O.
AT 100111 AOh xEEAE OAT EAO TT1U 11 OEAO OOOAET /
strategy where the wind farm cdroller commands each turbine to move to a given nacelle
position, using information from all the upstream turbines. This is a stragtegy which could be used
also in the cases where there is no wake steering, and is likely to be berngeialalso Bossam

(2019). The combined strategy optimised for power and loads results in a further reduction in the

amount of yawing. The number of yaw manoeuvres tells a slightly different story because the
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strategy used for wake steering used a 2° deadband rather theised for the turbine yaw
controller. The smaller deadband would be expected to result in a larger number of smaller yaw
manoeuvres. The number is indeed larger in the Combined (P) case, but not by as much as might
be expected because of the central yaantrol strategy. The Combined (P&L) case has slightly
fewer yaw manoeuvres than the base case, and only one third of the total yaw travel. Clearly
LongSim could be used to optimise the yaw strategy further, to find the best compromise between
energy gain ad yaw system duty. One of the original reasons for developing LongSim in the first
place was actually for optimisation of singilerbine yaw strategies.

Table4-1: YAW ACTIVITY FOR THEIMULATED CASES

Case Total yaw travel [deg] No. of yaw manoeuvres
Base 106960 8228

Induction (P) 106960 8228
Combined (P) 43398 11743
Combined (P&L) 28191 8179

CONCLUSIONS FROKECTION4.3

This section of the report has demonstrated the possibilities of axial inducoorirol and wake
steering, and also the combination of the two, using the Lillgrund wind farm as an example. The
main points to highlight are:

1 The definition of axial induction control setpoints which which reduce rotor thrust as much as
possible while he power output reduces as little as possible

The method for correcting power curves for the effect of yaw misalignment

The possibility of a very simple form of induction control in which all the turbines use the same
setpoint, but one which is optimiseai the wind farm and not for the turbine

1 The steadystate calculation of optimal setpoints for induction control, wake steering, and both
together, using LongSim, with the possibility to include loading in the merit function so that
the optimal setpoints &ke account of fatigue loading as well as power production

1 Induction control has the capability to increase power production by one or two percent while
significantly reducing fatigue loads

1 Wake steering has the capability to give significantly higher pogagns than induction control,
but at the expense of significantly increased loading

1 Combined control, especially when optimised to take account of loads, could be a useful
solution

1 Time-domain simulation with LongSim using realistic tinvarying conditioxs provides the
capability to evaluate the performance of different wind farm control algorithms in significant
detail, including the possibility to examine the loading effects overall and at each individual
turbine.
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4.4 COMPARISON OF RESULVATH DIFFERENT MD FIDELITY WAKE MODE

Compare power production increase with different geiintsusing FUGA, LongSim and Gaussian
wake

DNV, KUL, FUGASETPOINT COMPARISON

To compare the performance of different low fidelity models for optimal wake steering, a direct
comparison is made between the results obtained from the KU Leuven code GWM and DNV GL
code LongSim. Using the same inflow conditions for the Lillgrund windfarm, optimal yawing
setpoints are obtained using the optimization methodology for both the modelslinatl in
Sections 4.2 and 4.4. Yaw setpoints for power maximization for the two models for cases 6 and 7
of Table are shown irFigure4-50Figure 4-23. Besides minor discrepancies, both the GWM and
LongSim result in very similar setpoints across with the windfarm for the inflow cases considered.
However, LongSim reports lower power gains of 7.91% and 0.16% compared to GWM gains of
23.26% and B6% for cases 6 and 7 respectively. A possible reason for this discrepancy could be
the difference in the turbulence intensity models or power curve models used, resulting in different
inflow velocities and turbulence intensities for the downstream turlsireven though similar yaw
settings are used. An in depth analysis of the velocity fields obtained from these two codes should
be conducted to determine the exact cause for the discrepancy, however that is beyond the scope
of the current work.

Since LongS3n usesa surrogate mode&nd has the capability of combined power and structural

| DOEIi EUAOET T h OEA OAOPT ET OO 1T AOAET AA mEOIT I
fidelity aeroelastic LES code, SRind. The LongSim setpoints for optimal powendiloads are
shown inFigure4-51, along with the difference in power and DEL gains when compared to power
optimization alone. From the figure, it is evident that for the combined power+loads optimization,
while thenew setpoints lead to a reduction in overall power gain compared to power optimization
alone, by incorporating loading in the optimization framework significant savings on turbine
operating lifetime can be obtained while still retaining gains in power.
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FUGA Setpoints

The FUGA low fidelity model setpoints webbased on the ongarameter version of the platform

that demonstrated that production gains arfeasiblethrough selectivede-rating of theLillgrund

7 4 @v@r different prevailing wind direction¥he powergains can be obtained for virtually no cost
sinceno extra control system tuning is needed and 5% gain in AEP was obtained in wind sectors
with large wake effects. The WT loamsnot considered but, given the fact that wake losses
reduced, it can be assumedhat the load level in general is hancreased as a result of the
developed WPP control optimizatiorYaw steering may cause increase in loads, but herein as
opposed to yaw steering done in LongSim and GWM, the results from FUGA are only based on de
rating, increase in loads is not a concern.

In a future perspective, besides @A OET Ch AAOEOA UAwouldbé ihchdetin 1 A
FUGA simulations, wherebjpoad constraints would also be required to be prescribed in the
optimization to ensure that the yaw deflection does not result in @ase of mechanical loading

7€
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5.SETPOINT OPTIMIZATIONVITH THE DYNAMIC WKE
MEANDERING APPROACEDTU)

The lowfidelity approaches discussed in the previous sections of this report have the advantage of
simplicity and computational efficiency. However, thajso have limitations as the dynamics of
the wake are only considered in a quatatic way, and typically, the loviidelity models do not
provide outputs in terms of load estimates.

The dynamic loading on wind turbines, including the effect of wakesaictipg the rotor, can be
simulated using aeroelastic loamulationtools such as e.g. Haw¢Rarsen T J and Hansen A.M)
Specifically, the effect of wakes is considered through the Dynamic Wake Meandering (DWM)
model, which simulates enovingwake defici that is propagated downwind based on the lateral
components of thewind fieldsused in the simulationL@rsen G C, Madsen H A, Thomsen, K. and
Larsen T J)Due to the computational requirements of this model setup (approximately 3 times
slower than reatime on a single CPU)t is impractical to directly include the aeroelastic
simulations in the optimization procedure. Instead, the wind turbine response is mapped to a
simpler surrogate model which is trained on a large database otpreputed simulatio outputs.

The surrogate model approach is popular and used in various applicadimts as uncertainty
propagation Murcia Leon, J. P., Réthoré;E, Dimitrov, N. K., Natarajan, A. et.ahid prediction

of wind farm power output@imitrov, N. K., and Ni@rajan, A, 2019. The present study introduces

a novel application of surrogate models for wind farm controlgeint optimization.

A major part of the work towards the objectives in this section is reported in an-apeass paper
which is due to beublished in the Journal of Physics: Conference sdiiesiitrov, N. K., and
Natarajan, A, 2021)The present section provides a summary of the methods, presents the
findings, and discusses the benefits and challenges with using the DWM model withinavmd f
set-point optimization.

5.1 FATIGUE VSPOWER PRODUCTION

Having a model that can quickly provide both load and power estimates means that thzoswt
optimization can be carried out under more advanced objectives where the power maximization
can be balaned against a reduction of fatigue damage accumulation. The mathematical
formulation of these optimization problems uses the following definitions:

1 The number of turbines in a wind farm equals;
1 The individual turbine power output is denoted@$'Q p8 U ;
1 The fatigue is considered in terms of damagguivalent loadsQ@ ¢ 3O —, wherezO

denotes the fatigue damage accumulated at a single location on the winlirie over a
reference period of ten minutes, ardd is the slope of the materidy 0 curve.

Based on these definitions, two types of optimization problems are considered:

1) Power maximization subject to load constraints:
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0 &6 Q6 RPQ

YO OBHOD® 0B HQEdAD p8 O
2) Fatigue minimization at target total farm power output

0 Q¢ Q&G QDD

nYcr) (’:)'?’ N~ c\) U U
¢ O® OO hHQETD p8L

The rationale behind the first approadh to maximize the power output while ensuring that none

of the turbines would experience a load increase that would bring the total lifetime fatigue

accumulation beyond the turbine design limits. In order to fulfil this goal, the load constraints need

to be set as the fatigue design limits of each turbine, or to other maximum acceptable fatigue load

limit, e.g. the maximum expected fatigue accumulation, for a turbine in the same wind farm, under

operation without optimization of control strategies.

The £cond optimization approach becomes relevant mainly in situations where increased power
output is not relevant or not desirege.g., in operation under power curtailment where the total
power output of the wind farm may be limited by the grid demand. ks cases it would be
beneficial to provide the target output power at the lowest cost.

5.2 DE-RATING STRATEGIESND SURROGATE MODBUPLEMENTATION

The present sepoint optimization method requires a process where the actual optimization is the
final step aml is preceded by several other steps required to generate inputs and train the surrogate
models used in the optimization. The entire procedure is illustrateligures-1.

4. Surrogate
model mapping 5.Setup a
3. Hawc2 power output constrained
simulations on a and loads vs. optimization

2. Variable

6. Exploration of
the derate
strategy space

1. Definition and
implementation

space definition
(e.0.
of potential & environmental,
derate operational
strategies regimes, farm

DoE filling the environmental routine using
variable space inputs and surrogate model
derate predictions
strategies

to find optimal
control

e strategies

Figure 5-1 steps in the Procedure for sefpoint optimization including load assessment

The specific solutions for each of the steps showRigure5-1are explained in detaii® Dimitrov,

N, 2019) Keyelements of the procedure are the choice and implementation of therateng
strategy in the aeroelastic code, and the definition of variable space that allows the use of standard
supervised learning techniques for training a regression model. Theatieg strategy consists of

7€
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applying changes to the generator torque demand and to the minimum blade pitch angle, which
result in lower rotor speed and reduced power, along with reduced rotor thrust and hence a
reduction in the rotor induction and the strengtif the wake behind the turbind-or convenience,
means the turbine runs at nominal settings, whdeO p corresponds tanaximum derating. The
minimum pich angles and the torque demand multiplieb are linear functions 6® O

. p vOO

0 0 zZp ™ PO

This derating strategy results in up to 40% reduction in the rotor thrust, and it affects the power
output in a similar way, with up to 30% reduction in power output below rated. The power and

thrust curves under differer® ‘@alues are shown iRigure5-2. This derating approach only has

aneffect below rated wingpeeds. Above the rated wind speed, the power and thrust curves are
equivalent to the nominal curves without dating.

Power curves Thrust curves

1 Aﬁj3&‘******X******X******X*** 1
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Figure 5-2 effect of thrust-reduction based derating strategy on power output and thrust force

The variables used to describe the farm effects (the influence of upwind turbines on the power
output and loads on the downwind turbine) are defined in terms of the farm geometry. The relative
position of each upwind turbine considered, isidef in terms of two variables: the relative upwind
distance in terms of rotor diameterSy , and the relative angle between the upwind turbine
direction and the free wind directior;-This is illustrated ifigure5-3. Since the upwind turbines
may have different de-ate settings which will influence their wakes, an additional variable defining
the 'O "Of each upwind turbine is introduced. This results in 3 additional variables in total for every
upwind turbine considered. Most surrogate modelling approaches, including the currently used
feedforward neural networks, require a fixed number of input variables. In order to satisfy this
condition whilemaintaining the variable description discussed above, werdefin upper limit of

the number of upwind turbines to be considered, . Then the surrogate model will have a
fixed number of input variables, equal to 3 (the number of environmental variables) + 1 (the derate
index of the currently simulated turbine)co . Then, for situations where there sk than

0 disturbing turbines, the irrelevant variables are simply set to 0.
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Figure 5-3 Parameterization of wake-related conditions in the wind farm

The distribution of the data samplfor training the surrogate model should be chosen so that it
covers the range of situations (e.g. séeecific climate, wind farm geometries) where the model is
going to be used. If the intended use is for a specific wind farm or a few wind farms, @engffi
sampling approach is to randomly pick scenarios representing these particular wind farms. Hawc?2
simulations with the DWM model can include the wake effects of all wind turbines in a wind farm,
however load time series are calculated on a single telanly. Therefore, the sampling strategy

is as follows: 1) environmental conditions (wind speed, turbulence and shear exponent) are
sampled from their respective distributions, and a random DI level is selected for each turbine in
the wind farm, 2) a ranoim wind direction is picked from a uniform distribution between 0 and
360deg; 3) a random turbine position within the wind farm is selected; 4) a Hawc2 simulation for
the selected turbine is carried out, under the wind direction, environmental conditians,
operating status of neighboring turbines as selected. The simulation results are then applied as the
target data in the surrogate model training process, while the input variables are defined from the
simulation inputs using the procedure described &bo A large database of Hawc2 simulation
results is generated, covering the relevant ranges of input conditions as well as varying
combinations of derating strategies. The simulations in this database are used as inputs for
training the surrogate model.

The aeroelastic simulations use randomly generated turbulent fields as inputs. This introduces a
realizationto-realization uncertainty due to the different seeds used in the random number
generation processThis means the models based on simulations wite DWM model will have

an additional uncertainty comared to quassteady models such as the engineering wake models
available in PyWakgPedersen, M.M., van der Laan,P., FNigller, M., Rinker, J. et.al.)t could
therefore be relevant to run quasteady simulations with lowidelity models to obtain the
predictions of power outputand only use the DWM for the load predictiohsthe present study

we use both approaches, angenerate three types of surrogate modefsa powerprediction
surrogate nodel based on PyWakwith the Bastankhah wake deficit modeBé&stankhah M and
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Porté-Agel F.) a powerprediction surrogate model based on Hawc2 simulations with the DWM,
and a load prediction surrogate model based on Hawc2 simulations with the DWNMD(se&0ov,
N., and Natarajan, A. (2021pr additional details on the implementation).

5.3 COMPARISON OF RESULWATH LOW FIDELITYP®ROACH

The first application of the surrogate model based-p@int optimization that we present is pure
power maximization, whik allows a direct comparison with the lefidelity approaches presented

in Section 4.1 in this report. The optimization problem aims at maximizing the total wind farm
power output, by varying th&® “Of each turbine between 0 and $eparate optimizations are run

for wind speeds from 4 to 25m/s in 1m/s steps, and wind directions from 0 to 359deg in 1deg steps.
The resulting power outputs and thgotential gains due to the change isuggested operang
strategy are then probabilityweighted according to the wind speed and wind direction probability
given inTable, tofind the potential gains in AEP due to the updated operating strategy. A summary
of this cdculation is shown ifrigure5-4. The polar plot on the left hanside shows the relative
power gainover all wind speeds (with probability weighting according to the wind speed
probability in that sector)as functon of the wind direction This plot can be compared with the
polar plot in Figure 16 in section 4.1. The gain patterns are similar in both plots, and as expected
the highest gains are in the wind directions where the wind turbine alignment means there are
significant wake effects. The plot diigure5-4 shows more irregular patterns which is due to the
increased uncertainty with the use of a surrogate model. This uncertainty is discussed further in
Section 5.4The overall gain in AEP predicted with this optimization approach is 0.7%, which is
similar but slightly lower than the gains predicted with the methods presented in Section 4.1.
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Figure 5-4 relative power gain as function of wind direction, based on power maximization approachAll
guantities are weighted according to the wind speed probability distribution for the given wind direction LEFT:
Polar plot of power gain in percent. Right: comparison of the pobability -weighted power outputs of the
nominal and optimized strategies at different wind directions

The setpoints suggested by the optimization procedure described above were compared to the
nominal operatingstrategy in terms of the impact on bladeat flapwise damage equivalent loads.

The overall load change over all wind turbines in the wind farm as function of wind direction is
shown inFigure5-5. Evidently, even a deating strategy aimed at pure power mamization is also
expected to result in a decrease in fatigue loads. The total decrease of blade fatigue DEL over the
lifetime is predicted to be in the order of 3.6%. Given the nonlinearity of the fatigue damage
calculation defined by the slope of thetigue SN curve, a 3.6% decrease in DEL could be
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equivalent to between 10% and 40% increase in the fatigue lifetime compared to the design
lifetime defined by the nominal operating strategyhese results mean that optimal strategies can
be defined by balacing(i.e., finding the best synergy) betwedhe economic benefits of power
increase and lifetime extension.
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Figure 5-5 change in fatigue del accumulation over the farm lifetime due to implementing derating based power
output optimization

Figure5-6 shows an example of the distribution of the-dating applied to turbines in a suggested
optimal set point, for mean wind speed of 9m/s and wind direction of 299deiglwcoincides with

the wind turbine alignmentThere is no specific regular pattern in the location of therdtd
turbines. This can be attributed to the possibility of having multiple @Gumique) solutions with
different setups but similar total poweoutputs, as well as due to uncertainty/irregularity in the
surrogate model predictions which may lead to the optimization procedure get stuck in a sub
optimal local minimum. The effect of these uncertainties is investigated in more detail in Section
5.4.
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Figure 5-6 Example of the distribution of derating for a suggested optimal setpoint at 9m/s mean wind speed
and wind direction of 299deg.

The otheroptimization scenariconsidered in the present studyms at minimizing the total load
accumulation over the wind farm, while maintaining nominal power output (i.e., power output
equal to the output expected without any d®ting). This scenario can show if it is possible to lower
the damage accumulation fther while keeping a high power output. In addition to maximum
lifetime extensionat nominal power outputvithout grid constraints, such an approach could be
useful to determine an optimal strategy for situations when the grid restrictions means that the
wind farm is curtailed (i.e., an upper limin the farm power output is imposedA set of
optimizations based on this scenario is run for the same range of wind speeds and wind directions
as in the powemaximization scenarioFigure 57 shows a comparison of the relative load
reduction achieved with the two scenarios, as function of wind directidiith this strategy, as
expected the overall decrease of lifetime fatiguelDis larger, in the order of 8%vhichtranslates

to between 25% and 120% increase in the fatigue lifetime of structural componestsnated for

SN curve slopes of 3 (steel) and 10 (leadrying composite beams), respectively.
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Figure 5-7 Comparison of the relative load reduction achieved withpower maximization vs. load minimization
under nominal power

5.4 UNCERTAINTIES IN THEET-POINT OPTIMIZATIONAROCESS

The setpoint optimization procedure involves the use of several modelling steps (aeraelast
simulations, surrogate model &ining, and optimization) that will introduce uncertainties in the

final power and load estimates and in the potential benefits of the optimized control strafElyy.

sources of these uncertainties, their ranges estimatexin the present study, and their expected

significance for the control optimization goals are explained in detailcainle5-1.

Table5-1 uncertainties in the load sirrogate model-based setpoint optimization process.

uncertainty

random
turbulence seeds

Affects only
dynamic
simulations with
turbulence

~20% COV (95% confidenc
interval width of +40% of
the mean value)

Blade DEL:

~15% COV (95% confidenc
interval width of £30% of
the mean value)

Uncertainty Explanation Observed range Significance

type

Realizationto- Uncertainty due | Power below rated wind Behaves like standard error in a typical
realization to the use of speed: random sample (uncertainty decreases

with V0 for G number of realizations)
meaning that running e.g. 12 seeds per
sample would reduce the uncertainty in
the estimate of the mean power output
from 20% to ~6%. This uncertainty
influences the accuracy of surrogate
models trained on such data. Elimating
it requires either running multiple seeds
per sampling point, or increasing the
sampling point density which in both
cases increases the amount of data
requiredfor proper model training.

Surrogate model
uncertainty

Uncertainty due
to inaccurae
mapping of the
response by the
surrogate model

Power below rated wind
speed, HAWC2:

~7% COV,

R-square = 0.985

When mapping a deterministimodel like
the static wake models included in
Pywake, the uncertainty is just a few
percent.
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Blade DEL, HAWC2:
~9.5% COV,
R-square = 0.95

Power below rated wind
speed, Pywake:

~1.6% COV

R-square = 0.998

Optimization
uncertainty

Uncertainty due
to the presence
of local minima

~0.1%COV on the power
output (x0.3% total range).

Performing multistart (multiple
optimizations with different, random
initial conditions) leads to slightly
different optimal solutions (se¢Dimitrov,
N., and Natarajan, A. (202)for details)
This is due to the presence of local
minima where the optimization process
finishes without finding the true global
maximum. However, this uncertainty
seems to be rather small compared to
other factors.

Wake model
uncertainty

Uncertainty due
to the different
flow assumptions
in engineering
wake models

0-30% bias in the power
output predictions of waed
turbines (varies according t
wind speed and wake
angle).

15% average difference
between the predictions of
the Bastankhah model in
PyWake and the DWM
model with Hawc?2.

Engineering wake models, including the
DWM, differ significantly in the
assumptios about deficit depth, wake
expansion, and recovery rates. This
results in significant differences in the
predictions of total power output in
situations with strong wakes, especially
with multiple turbine rows. Specifically,
the standard settings of th®WM model
result in stronger deficits than the
Gaussian/Bastankhah wake models
implemented in PyWake. This is
illustrated inFigure5-8. Such differences
are mainly in terms of bias (the scatter ir|
the figure is maily due to seedto-seed
uncertainty). The main impact of such
bias is that it will lead to inaccurate
assessment of the power gains in
absolute terms. In case the bias varies
significantly throughout the analysis
domain, the relative power gain
estimationaccuracy will also be affected
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Figure 5-8 Comparison of power output predictions in wake conditions for the dwm model implemented in
hawc?2 and the bastankhah model implemented in pywake.

5.5 CONCLUSIONS FBM THE SEAPOINT OPTIMIZATION SINGDWM
This is a summary of the findings and conclusions from the study on using the DWM model for
wind farm setpoint optimization:

1 In order to make the optimization computationally feasible, it is necessary to map the
aeroelastic model outputs to a more computationally efficient surrogate model;

1 The total AEP gains estimated with this method are in taege of 0.7%, whichis similar
to the other studies which are part of this deliverable document;

1 Lifetime-equivalent fatgue load decrease in the order 6% was observed for the derate
strategiesaimed at pure power maximization. This could lead te4D3%6 increase in the
fatigue lifetime limits depending on the component. It means that pure power
maximization could be aeneficial strategy, and that there could be optimal solutions
which seek the best synergy between power increase and lifetime extension;

1 For strategies aimed at obtaining a nominal power output at least possible fatigue load
accumulation, a load decreasd# up to8% over the farm lifetimewas observed;

1 There is a significant uncertainty associated with the settings of wake deficit models,
which is the main contribution to the uncertainty in the estimated total benefits of the
optimized control strategies;

1 There is an additional uncertainty associateth the use of the DWM model, mainly
governed by the realizatiothio-realization uncertainty associated with using random
turbulence fields in the load simulations. This requires that larger amount of dates u
for surrogate model training;

91 Due to the higher uncertainty associated with the DWM model, it could be beneficial to
supplement the model training data with power predictions based on other models, e.g.
to train a surrogate model for power predictiom&ed on PyWake simulations and use the
DWM results just for load predictions;
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6. ANCILLIARY SERVICEDNV)

This chapter is concerned with certain types of grid ancillary services where wake effects play a
significant role. It is not concerned with the gifidcing aspects of wind farm control such as voltage
and reactive power regulation, fast frequency response, or the provision of black start ard grid
forming capabilities, which are only influenced by wake effects in a very peripheral way. LongSim
has alreag been used in conjunction with a grid simulation model to investigate optimisation of
fast frequency response strategies in this project (Deliverable D4.1: Bossaaly?2020 and Schoot

et al, 2020), and a field test of fast frequency response strategie the 7MW demonstration
turbine is planned as part of Work Package 3.

Wake effects are more important for those ancillary services which involve sustained changes to
the level of active power production from the wind farm, such as curtailment of tted wand farm
output, or delta control to provide a level of reserve power available at short notice. This chapter
deals mainly with the issue of responding to grid curtailment demands, because to achieve the
required curtailment level, an understanding wake effects can allow the wind farm operator to
distribute power reductions among the turbines in such a way as to minimise turbine fatigue
loading, potentially helping to achieve a longer life of the farm. A brief section on delta control is
also incluekd.

Wake steering could be used for both curtailment and delta control, but it would be more
appropriate to use the thrust reduction settings dsfined for axial induction control in Section
Error! Reference source not found.The inductioncontrol settings can be changed with a much
faster response than the yaw misalignments, and the effect on turbine fatigue loading is very
beneficial, unlike the effect of the large yaw misalignments which would otherwise be required.

Both curtailment anddelta control algorithms will be field tested on the 7MW Levenmouth
demonstration turbine in Work Package 3 of this project.

6.1 CURTAILMENT

This section shows how the LongSim setpoint optimiser can used to adjust turbine setpoints to
achieve a given level artailment, and goes on to evaluate the performance using tidoenain
simulations.

The optimisation has been done is three stages to aid convergence. This means that the optimum
found may not be the true global optimum; but there is in any case no gteeaof finding the
global optimum. The stages used were as follows:

a) Using a uniform setpoint for all turbines as in Secti€mor! Reference source not found.the
setpoint is adjusted for maximum power production to give a good starting tpoising a merit
function which is just the total power.

b) The uniform setpoint for all turbines is adjusted downwards until the correct curtailment level
is achieved, using a merit function which minimises SCE, the square of the curtailment error
(difference between total power and the curtailed power demand).
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c) As b) but using a merit function which includes blade root and tower base bending moment
fatigue as in Sectioirror! Reference source not found.
d) As c) but now optimising all turbine segmts individually

The optimisation is first illustrated for one particular wind condition: 9 m/s with 6% turbulence
intensity and wind direction 222°, with the curtailment level set to 25 MW (compared to the base
case power level of just over 30 MW irsttvind condition). Stage (a) is then the same as in Section
Error! Reference source not found Figure6-1shows the results of the four optimisations a) to d)
described above, and a fifth case e)iahis the same as c) but with increased weighting on the
loads (60% on power error, and 10% each on the maximum and the CoV of the blade root and the
tower base DEL).
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Figure 6-1: Optimisation results for at 9 m/s: uncurtailed case, and curtailment to 25 MW

This shows that the correct curtailment level is achieved in each of cases b), ¢) and d), and also that
the maximum loads are significantly reduced, even if they are not included in the merit function.
Including them in the merit function for cases c¢) and d) makes little difference, but increasing the
loads weighting in case e) does reduce the loads a little, at the expense of a significant error in the
curtailment level. The results are detailedTiable6-1. Case d) should be better than c) because all
setpoints are being optimised, but it is actually slightly worse, indicating firstly that this
optimisation (which is numerically much more demanding) may notehauite fully converged, but

also the setpoints required 12.25 in case b), defined as in

Table 4-4 7z are already close to the maximum value of 13, leaving little scope for further
adjustment.
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Table 6-1: Optimisation results for at 9 m/s: uncurtailed case, and curtailment to 25 MW

Case Base case a) b) c) d) e)
Power, MW 30.01 30.76 25.00 24.98 24.84 22.84
Max blade root DEL 100% 80.71% 41.32% 41.29% 42.47% 39.8%%

Max tower base DEL 100% 83.05% 51.89% 51.88% 52.15% 49.13%

Repeating with a curtailment level of 30MW, the setpoint is further from the maxim@m in case

b), leaving more scope for adjusting the optimisation to include loads, and also to optimise
setpoints individually as for case d), which now brings a small improvement. These results are
shown inFigure6-2 and Table6-2.
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Figure 6-2: Optimisation results for at 9 m/s: uncurtailed case, and curtailment to 30 MW

Table 6-2: Optimisation results for at 9 m/s: uncurtailed case, and curtailment to 30 MW

Case Base case a) b) C) d)
Power, MW 30.01 30.76 30.00 29.47 29.90
Max blade root DEL 100% 80.71% 50.35% 46.62% 46.47%

Max tower base DEL 100% 83.05% 59.20% 57.50% 57.48%

Since case b) is simple and effective, also in terms of loading, this scheme has been choken to ta
forward for further illustration. The setpoints are first calculated for the same range of wind
conditions as used in Sectidfrror! Reference source not found.and then dynamic simulations
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with the same wind conditions are performed. Artallment level of 20 MW has been chosen, as
the wind conditions are mostly well below 9 m/s, and simulations are carried out with and without
the curtailment, and the power and loads are compared. The simulation setup is as described in
Section Error! Reference source not found.except that for the curtailed case, no setpoint
smoothing was applied as this might be distorted when the setpoint reaches the maximum allowed
limit. A final simulation was therefore carried out with this modificatitmgether with a reduction

in proportional gain, and the results, shown kigure 6-5 to Figure 6-8, demonstrate that the
desired result has been achieved: the powercks the desired level well whenever possible, with
the reduced gain having cured the oscillatory behaviour, and the maximum loads now remain low

throughout.
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FIGUREB-4: Maximum tower base fatigue with and without a PI controller
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This represents an opeloop curtailment control, and any inaccuracies in the modelling or wind
condition estimations will mean that the actual power production may not be exactly what is
demanded. This can be compensated by an outer feedback loop, for which a simple PI controller is
probably adequate, which compares the actual and desired power and adds a uniform adjustment
to all the turbine setpoints, causing the actual power to track thesired power in closed loop
fashion.

6.2 DELTA CONTROL

Delta control refers to the possibility to operate a wind farm at a reduced power level in order to
provide a margirDP of reserve capacity which the grid can call upon at short notice. Below rated,
this means generating a varying amount of power which is alwaiydess that whatever power the
wind farm could have been producing in the wind conditions pertaining at that time.

The thrust reduction settings defined in Secti&nror! Reference source not foundcan be used

for this, because they also result in a power reduction. A lookup table can be constructed which
allows the appropriate thrust setting to be calculated for the desired power reducidmt any
given wind condition. However, this will not give the correct power margin because the wake losses
will also change. There are various possible ways to achieve the correct margin, for example:

1 Estimate the wind condition as for wind farm cont{eke SectiorkError! Reference source not
found.), and use this to calculate the expected wind farm power (including wake losses) from a
pre-calculated set of wind direction dependent wind farm power curves

Calculate the curtailed power lewahich would give the desireDP at that moment in time

Use the curtailment setpoint tables calculated as in SecBdlto get the appropriate turbine
setpoints for that power level in that wind condition.

= =4

An auter Pl loop can also be used, as in the case of curtailment, to maintain closed loop tracking of
the desiredDP margin.
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7 .APPLICATION OF MULTIMENSIONAL SET POINTONTROL
TO THEDTU10MW TURBINE IN THE REFEENCE WIND
FARM(EQUINOR)

The appliation of wake control in offshore wind farms has an interesting potential to increase
power production. The two mainstream approaches are wake deflection through yawed operation
and induction control by means of eating of turbines, the latter was invagated here. The aero
elastic code HAWC2 with the integrated DWM model was applied in the investigations with the
generic DTU 10MW wind turbine. A set of parameter studies covering turbine distance, wind speed
and turbulence intensity with different contiler setups was carried out the development of the
DWM model, the focus was to create a hifitielity engineering wake model where the parameters
affecting power production and loads of a turbine in wake operation are modelled in a physically
consistert manner. To achieve that, observations as well as physical and numerical experiments
were included in the design of the DWM model. The wake deficit evolution, the increased
turbulence level in the wake and the largeale meandering have been identified ¢he most
important processes for wake evolution. A fundamental assumption of the DWM model is the split
in scales which results in the decoupling of the wake deficit evolution from the wake meandering.

Reference is made to the publicatiorfsadsen, 2010)Larsen, 2013nd (Larsen, 2015)

In the activities, configurations with two turbines was examined. A-twidine setup is the most

basic approach, buttiis regarded as suitable to explore the main challenges to increase the
common energy production of an upstream turbine and a downstream turbine its wake. Anydarger
scale application depends on the solution for the ttuwsbine problem.

To vary turbine sgpoints/induction, controller setups for powerand thrust reduction were
developed. The power derating was applied in a broader range from 5 to 13 m/s, three levels (70%,
80% and 90% of original power production) were applied. Thrust reduction setupsreeadieed in

a more smatbanded wind speed range from 9 to 12 m/s around rated wind speed for two thrust
reduction levels (70% and 80%). Furthermore, a thrust reduction with optimized power production
was investigated.

7.1 THEDTU1O0MW TURBINE

The growth tend for offshore wind turbines is strong, in 2020/2021 three turbine designs with
rotors equal or larger than 220 m will enter the market. Technical data from these large designs are
not publicly available. However, the DTU 10 MW reference turbine has rdiimes and
specifications in the same range as the largest turbines, data are publicly available, and this turbine
design is chosen for this study.

Data can be found afhttps://www.hawc2.dk/Download/HAWGRIodel/DTU10-MW-Refererce-
Wind-Turbine, u.d.)
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1.1 Turbine data

The DTU 10 MW reference turbine was ready developed in 2013 at DTU in the Section for
Aeroelastic Design and Section for Structur@8ak, 2008) The turbine is an available large generic
design and regarded as representative for a large wind turbine. Equinor has applied the design in
internal studies for evaluation of nexgeneration turbines.

Main data for the DTU 10 MW turbine are gived able 7.3.

Table 7.3: Technical data DTU 10 MW turbine.

Turbine power 10 MW

Rotor orientation configuration Upwind, 3 blades

Control Variable speed, collective pitch
Drivetrain Medium speed, multiple stage gearbox
Rotor, Hub diameter 178.3m,5.6m

Cut-in, Rated, Cubut wind speed 4 m/s, 11.4 m/s, 25 m/s

Cutin, rated rotor speed 6 rpm, 9.6 rpm

Rotor mass 229000 kg

Nacelle mass 446000 kg

Tower mass 605000 kg

A challenging (and tim&onsuming) activity is the detailed aesdastic modeling of a large turbine
design. For the current project activity, the available model for the Hawc2 code from DTU was
used.

7.2 INDUCTION CONTROL

Induction control is one of several means to control the wake flow in an offshore wind farm. The
power prodiction can be distributed more even throughout the park and a slight production
increase seems possible. The induction control is regarded as load neutral. Wake control through
yawed turbine operation was found to increase structural loads especiallgrige yaw angles.

The optimization of a complete operational park flow is a large task beyond the scope of this
investigation. For the initial parameter studies carried out in this activity an array of two turbines
was chosen. This seems to be quite bdswever this approach enables very effective analysis of
parameter variations for large number of cases.

The main parameters that impact the wake on the downstream turbine are the distance and the
turbulence intensity. The inteturbine distance affectshe strength of the wake and the wind
speed at the downwind turbine. The turbulence impact is complex, here power and loads are
affected. Furthermore, wake recovery depends on turbulence intensity. Unstable atmospheric
conditions generate more turbulencedm convection effects and shear gradients. It increases
wake mixing and results in increased park production. In this study, three typical turbulence
intensities (5%, 10% and 15%) were applied.

Three approaches for induction control are evaluated. Thedgad power reduction, an approach
based on thrust load reduction (thrust cutting/peak shaving) and a thrust reduction with optimized
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power production are checked. Power reductions were designed to work in a broader range from 5
to 13 m/s. The reductions thrust/ are established in a smaller wind speed range around the around
rated wind speed. The modifications of single power and single thrust curves are shéigure

7-1, setpoints for the thrust reduction witbptimized Cp are shown ihable 7.2.

Table7.10.

Blade pitch, [deg] and thrust [kN] /100

0 I L 1 1
& 85 9 95 10 1 135 14

105 11 1S
Wind specd, [m/s]

Figure 7-1: Targets for modified controller schemes, power reduction (left) and thrust cut (right).

7.3 SETPOINT MODIFIETION BASED ON POWHREDUCTION

The setpoint is influenced by several operational factors and the blade pitch has a strong effect in
particular. The option to comprise pitch actuation for the control of power, thrust and
induction/wake effects is further agied.

In first tests, different power curves were developed. The derivation of setpoints was carried out
with simulation data, here fixed pitch angles were used in the Hawc2 simulations to generate power
and thrust data for the wind speed range from 416 m/s.

Results are given iRigure 7-2. This data set was used to estimate a 90% and 80% power production
in the wind speed range from 5 to 13 m/s.

Note that to achieve smooth transition, the 80% and 90% powerduction is applied in the wind

speed range from 6 to 13 m/s. To avoid increased start/stop situations at low wind speeds (4 m/s to
6 m/s) no power reductions schemes were applied for this range.
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Figure 7-2: Aerodynamic power production as function of start pitch and wind speed, results are from HAWC2
simulations with deterministic wind from 4 to 15 m/s.

To estimate the power setpoints, simulation series with initial prescribed blade pitch were carried
out. New setpoints are derived from the simulations for turbine power reductions in the range from

5 to 13 m/s. The turbine behaviour at very low wind speeds and wind speeds above rated was not
modified.

Data for the controller input are given rable7 .6 below.

Table 7.6: Setpoints from prescribed blade pitch for power level reductions.

Wind Datum 90% power, | 80% power,
speed, pitch, pitch, pitch,
[m/s] [deg.] [deg.] [deg.]

4 2.681 2.680706 2.68

5 1.896 1.896 1.896

6 0.863 2.99 4.3

7 0.000078 | 2.90 4.7

8 0.000048 | 2.88 4.8

9 0.000048 | 2.75 4.8

10 0.000048 | 2.76 4.8

11 0.000048 | 2.77 4.8

12 0.000048 | 5.07 5.3

13 0.000048 | 7.96 6.25

14 0.000048 | 0.000048 | 0.000048
50 0.000048 | 0.000048 | 0.000048

The setpoint variations impact the power generation in the medium wind speed range in
particular. As designed, for low wind speeds and for wind speeds above rated there is no change.
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Main turbine parameters as function of the wind speed with tHéedent controller setups are
given inFigure 7-3 and Figure 7-4 below.
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Figure 7-3: Power curves (left) and thrust curvegight) of the DTU 10 MW turbine with different power
setpoints.
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Figure 7-4: Pitch (left) and RPM (right) development of the DTU 10 MW turbine with different power setpoints.

A basic tweturbine park ughg the DTU 10MW turbine is further investigated with the developed
controller settings. Simulations with operational parameter variations were carried out on three

levels:

1.

2.

First, the behaviour of the turbine (with different controller setpoints) is leated at a
single wind speed. Here the typical wind conditions of 10 m/s with a turbulence intensity of
10% are applied. The intg¢urbine distance was chosen to be 8 rotor diameters.

The second step consisted of simulations throughout a wind speed rahge different
controllers and their impact on power development are tested in a wind speed range from
5 to 15 m/s at 10% turbulence intensity. The ifignbine distance is again 8 rotor
diameters.

Finally, 3Ddata are derived as function of turbine dasice and wind speed. A wind speed
range of 5 to 15 m/s and a distance range from 6 to 15 rotor diameters are computed to
compare the different controller setups and their impact on overall power and thrust
generation.
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The studies are limited to a twturbine park setup and aimed at the identification of main
trends/impacts. The simple setup allows large numbers of simulations to analyse pau#tmeter
effects.

7.3.1 SINGLE OPERATIONAL PT ANALYSIS

A single, typical operational point and sap was chosen fathe start of the simulations. Here, a
windspeed of 10 m/s (close to the annual mean wind speed in the North Sea) at 10% turbulence
intensity for a turbine distance of 8 diameters is taken as start point.

The following steps were carried out:

1 Simulationof a single DTU 10 MW turbine with original controller setup

1 Simulation of single DTU 10 MW turbines with modified controller, estimation of averaged
values for pitch and rpm

1 Application of the DWM model for a twturbine setup. The first turbine uses tlestimated
averaged pitchand rpm values, the second turbine operates with the original controller.

Data from the initial simulations are given kigure7-19, Figure7-20, andFigure7-21 Averaged
simulation results are shown ifable 7.7 and Table 7.8.

Table7.7: Averaged power prodiction [kW] for T1 and T2 at 8 rotor diameters distance, wind conditions 10 m/s
with 10% turbulence intensity.

Table 7.8: Averaged thrust from DWM simulations for T1 and T2. The T2 turbine is operated with the standard

Standard Power at 90%, | Power at 80%,
controller P90 P80

T1 power 6651 6005 5298

T1 power loss 0 -646 -1353

T2 power 4194 4427 4691

T2 powergain 0 +233 +497

Net power 10845 10432 {3.8%) 9989 (8%)

controller. Wind conditions 10 m/s and 10% turbulence intensitat turbine T1.

Averaged data | Datum Power at 90%, | Power at 80%,
P90 P80

T1 thrust 1096 884 731

T2 thrust 798 829.4 862.1

It is now interesting to compare the power trends for the two turbines. The upstream turbine is
downrated by 10% (P90 controllerh@é 20% (P80 controller) in this scenario. The power

production of the downwind turbine catches somewhat up, but losses are not fully compensated.
The downrating for the 10 m/s wind speed regime causes a loss of 646 kW and 1353 kW for the
reduced power prodction on turbine 1. Turbine 2 gains respectively 233 kW and 497 kW. Overall,
net losses of 413 kW3(8%) and 845 kW&%) are seen.
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The thrust development shown ifiable 7.8 demonstrates a levelling of the thrustdds to a more
even load distribution between the two turbines.

To get a better overview regarding the targeted net power increase, investigations dr8.@
extended over a wind speed range.
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Figure 7-5: Power (left) and thrust data (right) for upstream turbine T1 with three different controller settings.

Figure 7-6: Blade pitch (left) and rotor speed data (right for upstream turbine T1.

Figure 7-7: Power (left) and thrust data (right) for downstream turbine T2 in the wake of upstream turbine T1.
The turbineT1 was operated with three different controller settings
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