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DESCRIPTION

Field of invention

[0001] The present invention relates to a method and to an arrangement of determining a
control setting of at least one wind turbine of a wind park, wherein in particular wake
interactions are taken into account. Further, the present invention relates to a wind park
comprising the arrangement for determining the control setting.

Art Background

[0002] A wind park may comprise plural wind turbines which extract energy from the wind and
convert the energy to electric energy. Due to the extraction of the energy by the rotating rotor
blades, the wind stream is affected and modified downstream a considered wind turbine. In
particular, downstream of an operating wind turbine there is a wake region generated due to
the interaction with the rotor blades of the upstream wind turbine in which the wind speed is
reduced and in which in general the wind condition is altered compared to a wind condition
upstream the considered wind turbine. In general, downstream wind turbines may be subjected
to lower wind speed than the upstream wind turbines.

[0003] In order to reduce production losses on downstream wind turbines caused by wakes of
upstream turbines, optimized control settings have been conventionally considered. Optimized
control settings have been based on the wind conditions coming into the wind farm which is
also referred to as free-stream inflow or free-stream wind condition. Conventionally, the
optimized control settings may have been designed to result in an increase of the wind speed
in the wake region and/or in a deflection of a wake away from downstream turbines.

[0004] A conventional way to optimize flow in a wind park is to adjust the blade pitch or rotor
speed control settings of the upstream wind turbines to increase the flow speed in the wake of
the turbine. Further, EP 1 534 951 A1 discloses an assembly of energy flow collectors by which
energy can be extracted from a flowing fluid. Thereby, devices on the upstream side of the
assembly are set such that they exert lateral (horizontal and/or vertical) forces on the fluid flow,
as a result of which flows are produced that guide fast fluid through the energy extracting
devices and guide slow fluid precisely away from these. Thereby, a wake deflection using
different yawing angles of different wind turbines may be set for optimizing overall power
production. In the prior art, a wind direction measurement has been utilized to schedule
yawing, blade pitch or rotor speed control settings of wind turbines in a wind farm. Thereby, the
control settings of the different wind turbines in the wind park has been set to different values
such that for example wind park power output is maximized. Furthermore, conventionally, free-
stream wind direction and free-stream wind speed have been considered for scheduling or
setting optimized control settings of wind turbines in a wind park. Other examples of wind farm
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optimization are given in EP 3 121 442 A1 and the article "Wind turbine wake estimation and
control using FLORIDyn, a control-oriented dynamic wind plant model" by Gebraad et al, in
2015 AMERICAN CONTROL CONFERENCE (ACC).

[0005] It has however been observed that the conventional methods for determining control
settings of wind turbines in a wind park do not in all conditions lead to optimized or desired
performance of the wind park, in particular regarding power output and/or load, in particular
fatigue load.

[0006] Thus, there may be a need for a method and an arrangement of determining control
settings of at least one wind turbine of a wind park, wherein a performance goal may be
achieved in a reliable manner, in particular appropriately taking into account wake interactions
between different wind turbines, in order to in particular optimize wind farm power output
and/or to keep the load of the wind turbines of the wind park in acceptable limits.

Summary of the Invention

[0007] This need may be met by the subject matter according to the independent claims.
Advantageous embodiments of the present invention are described by the dependent claims.

[0008] According to an embodiment of the present invention it is provided a method of
determining a control setting of at least one wind turbine of a wind park, the method comprising
determining a free-stream wind turbulence and deriving the control setting based on the free-
stream wind turbulence. The control setting includes a yawing offset, wherein the yawing offset
is derived to be the smaller, the higher the free-stream wind turbulence is. The latter can be
expressed also differently, such that the higher the free-stream wind turbulence is, the smaller
the yawing offset is.

[0009] The method may be performed by individual wind turbine controllers and/or by a wind
park controller, such as a park pilot. The control setting may in particular be characterized by a
setting of one or more values of one or more operational parameters of the wind turbine, in
particular operational parameters which may affect a wake behind the considered wind turbine.
The operational parameters may comprise any parameter which may affect wind flow and/or
affect power production and/or which may affect a wake characteristic or wake interaction with
other wind turbine(s).

[0010] The control setting of the at least one wind turbine or all control settings of all wind
turbines may in particular be set such that a performance goal is achieved, for example
optimizing or maximizing power output and/or keeping the load the individual wind turbines are
subjected to within acceptable limits. The control setting may in particular comprise setting
values of a yawing angle, setting values of at least one blade pitch angle, a value for a
rotational speed of a rotor at which rotor blades are connected, a tilt angle of a rotor, etc.
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[0011] The free-stream wind is considered to comprise the wind which comes into the wind
turbine but which is not affected (e.g. not altered) by any other wind turbine, in particular not
affected by any wind turbine rotor forces. Free-stream wind may be understood as a wind
which is not affected by any wake of any upstream turbines. Thus, the free-stream wind may
be considered to be the wind (for example characterized by wind speed, wind direction and/or
wind turbulence) which would impact on a considered wind turbine when no other wind turbine
(upstream therefrom for example) affects or modifies or alters the wind characteristics. The
free-stream wind turbulence may be considered as a turbulence of the free-stream wind, thus
as the turbulence of the wind impacting on the considered wind turbine unaltered by any other
wind turbine potentially upstream of the considered wind turbine.

[0012] Considering the free-stream wind speed and free-stream wind direction has
conventionally been utilized in a conventional wake model for modelling and optimization of
operational behaviour of all wind turbines of the wind park. Conventionally, however, measured
free-stream wind turbulence has not been taken into account. Embodiments of the present
invention take into account free-stream wind direction, free-stream wind speed and free-
stream wind turbulence for determining the control setting.

[0013] Free-stream wind (speed, direction and/or turbulence) may for example be measured
and/or determined (e.g. involving computation) from operational parameters of a front turbine
in a wind farm, i.e. a turbine which faces the wind unaffected by other wind turbines, e.g.
without being any other wind turbines upstream therefrom. The free-stream wind turbulence
may be (for example indirectly) measured or may be based on a measured quantity and/or
may be based on computations for example at least taking into account operational
characteristics of the considered wind turbine or one or more other wind turbines of the wind
park. The free-stream wind turbulence may be based on a variance of the free-stream wind
speed, for example. The free-stream wind turbulence may also take into account a variance or
a change of the free-stream wind direction and/or free-stream wind speed.

[0014] Deriving the control setting (or all control settings of all wind turbines of the wind park)
may involve computations, in particular applying a physical/mathematical model modelling or
simulating all wind turbines of the wind park including wake interactions between different wind
turbines. The control setting may include a definition of values of one or more operational
parameters of the considered wind turbine.

[0015] According to an embodiment of the present invention, the at least one wind turbine may
further be also controlled using the control settings.

[0016] The turbulence of the inflow (i.e. the free-stream wind turbulence) may be relevant,
because it may determine to which extent the wake (downstream a particular wind turbine) will
mix with the surrounding flow and recover to the free-stream wind conditions. The free-stream
wind turbulence may be a complex phenomenon that in general may be hard to characterize.
For simplification therefore, the wind inflow turbulence may be approximated or taken to be the
variance of the free-stream wind speed.
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[0017] The wake region may be a region downstream a considered wind turbine in which
region the wind flow may be affected by rotor forces or may be affected by the operation of the
upstream wind turbine.

[0018] The control setting may in particular relate to wake-influencing control settings, i.e.
settings of the wind turbine which may affect or change the characteristics of the wind flow
within the wake region or which may influence the geometry and/or size and/or shape of the
wake region downstream the considered wind turbine. Wake-influencing turbine control signals
may for example comprise any control degree of freedom on a wind turbine that may influence
the wake of the wind turbine. Wake-influencing turbine control signals may for example
comprise (1) rotor yaw angle, to redirect the wake flow direction, (2) blade pitch angle and/or
rotor speed, to change the turbine thrust and thereby the wake flow velocity, (3) rotor tilt (a tilt
angle measured between a horizontal direction and the rotor axis or rotational axis, thus
defining a deviation of the rotor axis from a horizontal direction). In particular, the rotor tilt may
be applied to deflect the wake flow direction upwards or downwards. Further, the wake-
influencing control signals may include any combination of the above examples.

[0019] Determining or deriving the control setting may involve an offine model-based
optimization. In particular, a set of optimized control settings may be pre-generated for each
wind condition using a model that describes a system behaviour in each (free-stream wind)
condition, before live operation with these optimized settings is performed. The model may be
used to test different control settings and predict system behaviour. For example, through
iteration and other type of optimization algorithms, the optimized settings giving the optimized
system behaviour (for example giving optimized power output) may be found. The optimized
settings for each condition may be stored in a table or in any other data structure in an
electronic storage for example. In a live operation, the data structure having the pre-generated
set of optimized control settings associated with different wind conditions may be looked up for
that control setting being associated with the current wind condition. Possibly an interpolation
between settings or conditions stored in the table may be performed to derive the control
settings for the current (wind) condition.

[0020] Embodiments of the present invention may optimally schedule the wake-influencing
control signal in order to improve wind farm performance (for example increased or optimized
or maximized power production and/or reduced wake-induce dynamic turbine load causing
wear and tear and thus maintenance) by controlling the interaction between upstream and
downstream wind turbines through the wakes. The optimal schedule may be determined with a
parametric wake model that describes or takes into account the interaction of different wind
turbines. Different wake-influencing turbine control settings may be tested and optimized.

[0021] The wake model may be adapted (for example using one or more model parameters)
to the current wind condition. For the adaptation of the wake model (in particular defining
model parameters), a characterization of the inflow (i.e. the free-stream wind) may be needed.
In particular, the turbulence of the free-stream wind may be taken into account in addition to
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the free-stream wind speed and/or free-stream wind direction, because it may determine how
quickly the wake recovers as it flows away from the turbine downstream of the rotor. In
particular, more inflow/ambient turbulence may increase the mixing of the wake with the
surrounding free-stream flow and therefore the flow speed in the wake may recover more
quickly (and/or closer to the wake causing wind turbine) compared to a situation having less
free-stream wind turbulence.

[0022] According to an embodiment of the present invention, the free-stream wind turbulence
is determined based on a, in particular low-pass filtered, variance of a free-stream wind speed.
The free-stream wind speed may conventionally be measured or may be available. The
variance may be calculated as a square root of a mean of a squared deviation between the
free-stream wind speed and an averaged free-stream wind speed, for example. Thereby, the
free-stream wind turbulence may be derived in a simple manner. The low-pass filtering may
reduce or even eliminate noise, thereby improving the method. The free-stream wind
turbulence may be at least an estimate of the effective inflow turbulence intensity. In particular,
the free-stream wind turbulence may be generated by scaling the variance of the effective wind
speed signal around its low-path filtered value.

[0023] According to an embodiment of the present invention the wind turbulence is estimated
by use of the mean over a certain time period and the standard deviation of the estimated free-

stream wind speed. E.g. the estimated turbine intensity is calculated as:
TurbEst = ((Parl *g) / MeanWindSpeed) + Par?2
where ois the standard deviation of the free-stream wind speed, defined as the square root of

the variance, and Par1 and Par2 are two tuning parameters; MeanWindSpeed is the mean of
the free-stream wind speed.

[0024] According to an embodiment of the present invention, the free-stream wind speed is
determined based on an operational condition and/or a wind measurement of at least one front
wind turbine facing the wind essentially not disturbed by any other wind turbine, in particular
using a 3D data table.

[0025] Measuring the free-stream wind speed may be difficult directly to be performed at the
wind turbine, because the measurements at the wind turbine may be affected by the rotor
operation. Thus, it may be advantageous to derive the free-stream wind speed based on
operational condition of the wind turbine.

[0026] An estimate of the effective wind speed in the inflow (i.e. the free-stream wind speed)
may be based on a turbine-specific three-dimensional rotor aerodynamic data table (or any
other data structure) with electric power and thrust entries as a function of blade pitch angle
and/or rotor rotational speed and/or inflow wind speed. For example, the current power level
(for example power production) and blade pitch angle and rotor speed may be used to derive
the effective wind speed (i.e. free-stream wind speed) from the table or data structure.

[0027] By using the turbine operational condition as a sensor rather than a local anemometer
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wind speed measurement, the wind speed determination may be less sensitive to small-scale
turbulence and flow blockage effects of parts of the wind turbine. In particular, the thereby
obtained effective wind speed may be low-path filtered with a large filter time constant (for
example 600 s). In other embodiments, the free-stream wind speed may be measured by an
upstream or front wind turbine. Furthermore, values for the free-stream wind speed derived by
several front wind turbines may be combined, for example averaged.

[0028] According to an embodiment of the present invention, the operational condition
comprises: current power level;, and/or current blade pitch angle of at least one rotor blade;
and/or rotational speed of a rotor of the front wind turbine. Thereby, for example,
conventionally available equations or models may be utilized to derive the free-stream wind
speed. The current power level may relate or may be equal to the current power production or
the current power output of the wind turbine.

[0029] The scheduling of the (e.g. wake-influencing) control signals on each of the wind
turbines may be based on the values of measurement (or computations) at a front turbine in
the wind farm that is not affected by wakes of other turbines. A wake model may have been
developed that predicts the power production of each turbine in the wind farm as a function of
the free-stream wind speed and the free-stream wind direction and the wake-influencing
turbine control signals or general control settings of each wind turbine.

[0030] According to an embodiment of the present invention, the control setting is further
derived based on the free-stream wind speed and/or, in particular measured, free-stream wind
direction. The wind speed (of the free-stream wind) may be relevant because it may determine
the production operating point of the upstream wind turbine and thereby may also affect the
amount of wake loss on the downstream wind turbine(s).

[0031] The free-stream wind direction may be relevant, because it may determine the direction
(and/or geometry and/or size) of the wakes (and thus whether or not a wind turbine is within a
wake region of any upstream wind turbine or not). Thus, the wind direction may determine
which of the wind turbines of the wind park are affected by a wake region of any upstream
turbine.

[0032] The free-stream wind direction may be determined using or performing a measurement
of the wind direction at the nacelle. In particular, a measurement value of the wind direction
may be low-pass filtered with a low-filter time constant (for example 600 s).

[0033] According to an embodiment of the present invention, the control setting is derived, in
particular such that wind park performance is optimized, using a wake model that predicts
power production and/or loading of at least one, in particular all, wind turbines of the wind park
based on, in particular thereby defining values of wake parameters: the free-stream wind
speed, and/or the free-stream wind direction, and/or the control setting for at least one, in
particular all, wind turbines, and/or the free-stream wind turbulence.
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[0034] An algorithm to schedule or determine yaw offset and/or other wake-influencing control
signals based on the combination of a free-stream wind direction, a free-stream wind speed
and a free-stream wind turbulence characterization has not been published before and it has
not been specified how these wind conditions should be measured.

[0035] Wake parameters of the models may be adapted to the (derived, for example indirectly
measured) free-stream wind turbulence. This may be done in a discretized manner: For
different ranges of the free-stream wind turbulence (for example bins), different wake
parameters may be defined and used to have a better prediction of the turbine data (for
example wind speed and power production at downstream turbines). In particular, the model
parameters may be related to how quickly (and/or how far away from) the wake recovers
behind the wind turbines, so that with high turbulence, the wake velocity may recover more
quickly to the ambient free-stream velocity. In case the free-stream wind turbulence intensity is
higher, this may result also in a higher wind speed and power production level predicted at a
downstream wind turbine standing in the wake of an upstream wind turbine.

[0036] The wake model, with the different parameters settings for each free-stream wind
turbulence range (for example bin) may be used to pre-generate a set of look-up tables of
optimized wake control settings for each wind turbine and discretized combination of free-
stream wind speed and free-stream wind direction (for example one table for each range of
free-stream wind turbulence). Because the binning and the wake model adaption by turbulence
intensity may result in a better model prediction of the interaction of the turbines through their
wakes, the resulting optimized control settings for each wind condition may give a higher
performance (or better performance in terms power production and/or fatigue load) of the wind
farm compared to if the model is only adapted according to free-stream wind speed and free-
stream wind direction as has conventionally be performed.

[0037] According to an embodiment of the present invention, the wake model predicts higher
power production for a downstream wind turbine for higher free-stream wind turbulence (e.g.
otherwise not changed wind characteristic). If there is higher free-stream wind turbulence, the
flow downstream of a wind turbine may closer to the upstream wind turbine recover to the
undisturbed wind flow thus resulting in a higher wind speed to impact on a downstream wind
turbine to be predicted compared to conventional models. Taking into account this higher
power production for a downstream wind turbine when relatively high turbulence is present,
may allow improvement of an optimization regarding power production of the whole wind farm.

[0038] According to an embodiment of the present invention, a blade pitch offset (of an
upstream wind turbine) is derived to be the smaller, the higher the free-stream wind turbulence
is. In other words, the higher the free-stream wind turbulence, the smaller the blade pitch
offset. A blade pitch offset (angle) may conventionally be applied to increase the wind speed at
downstream wind turbine(s) by at least partly deflecting away the wake (region) from one or
more downstream wind turbines. However, when the free-stream wind turbulence is relatively
high, a relative smaller blade pitch offset (of an upstream wind turbine) may be sufficient to
sufficiently or appropriately increase the wind speed (downstream the upstream wind turbine)
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at downstream wind turbine(s) due to faster recovery of the free-stream flow downstream the
upstream wind turbine.

[0039] According to the present invention, a yawing offset is derived to be the smaller the
higher the free-stream wind turbulence is. |.e. the higher the free-stream wind turbulence, the
smaller the yawing offset.

[0040] In particular, a yawing offset may be considered to be an angle between the free-
stream wind direction and the rotor axis of the wind turbine to be controlled. A yawing offset
(angle) may conventionally be applied to deflect the wake (region) at least partly away from
one or more downstream wind turbines. However, when the free-stream wind turbulence is
relatively high, a relative smaller yawing offset may be sufficient to sufficiently or appropriately
deflect the wake due to faster recovery of the free-stream flow downstream the wind turbine
which is set regarding the yawing offset.

[0041] According to an embodiment of the present invention, the control setting include at least
one wake-influencing wind turbine setting, in particular at least one of. a rotor yawing angle;
and/or a pitch angle; and/or a rotor speed; and/or a rotor tilt; and/or a power production set-
point. Furthermore, the control setting may include control signals to a converter of the wind
turbine which may control rotational speed of the rotor and/or outputs of active power and/or
reactive power and/or torque at the generator.

[0042] According to an embodiment of the present invention, the control setting is looked up
from a multidimensional table or from one table of a set of tables each being associated with a
particular free-stream wind turbulence range. Any other suitable data structure, such as a
relational database and/or object-oriented database or any other data structure may be utilized
for storing an association between characteristics of the free-stream wind and particular control
settings.

[0043] According to an embodiment of the present invention it is provided a method of
controlling a wind park, the method comprising: performing a method according to one of the
preceding embodiments to derive control setting for at least one wind turbine of the wind park;
limiting values of the control setting to comply with a rating of the control setting for the wind
turbine; and controlling the wind turbine by the limited values of the control setting.

[0044] Thereby, in particular all wind turbines of the wind park may be controlled, allowing the
wind park to operate in an optimized manner, satisfying at least one performance goal.

[0045] During the operation of the wind farm, the wind farm controller may select the relevant
control settings look-up table (individually) for each wind turbine based on the value of the free-
stream wind turbulence (and/or speed and/or direction) and may then interpolate (if necessary)
the table based on the measured wind direction and wind speed to find the optimized wake
control setting for each wind turbine in the wind farm.
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[0046] The optimized control settings may ensure best performance of the complete wind
farm, in terms of production and/or turbine loadings, as predicted by the model for the current
inflow conditions (for example involving wind speed, direction and turbulence). These
optimized control settings may be post-processed in a way that may ensure safe operation of
each individual wind turbine (for example limiting the value of the and limiting the rate-of-
change of the control setting command based on turbine operating state at that moment
and/or based on rating of components of the wind turbine). The limited values may be supplied
as control signals to the wind turbines.

[0047] It should be understood that features, individually or in any combination, disclosed,
described or explained in the context of a method of determining a control setting of at least
one wind turbine of a wind park may also be applied, individually or in any combination, to an
arrangement for determining a control setting of at least one wind turbine of a wind park
according to an embodiment of the present invention and vice versa.

[0048] According to an embodiment of the present invention it is provided an arrangement
according to claim 12 for determining a control setting of at least one wind turbine of a wind
park, the arrangement comprising a processor adapted to: determine a free-stream wind
turbulence; and derive the control setting based on the free-stream wind turbulence. The
arrangement may be adapted to carry out or control a method of determining a control setting
of at least one wind turbine of a wind park.

[0049] Furthermore, it is provided a wind park, comprising: plural wind turbines; and an
arrangement according to the preceding embodiment, communicatively connected to the wind
turbines to supply the respective control setting to each wind turbine.

[0050] A yawing offset of a considered wind turbine may be an angle between a free-stream
wind direction and a direction of the rotation axis of the considered wind turbine. The yawing
angle may be determined to be the greater, the smaller the turbulence (of the free-stream
wind) is. That means, the smaller the turbulence, the greater or the larger the yawing angle.
The yawing offset of a considered wind turbine may be determined such that the deflection of a
wake region downstream of and caused by the upstream wind turbine is the greater, the
smaller the free-stream wind turbulence is. That means, the smaller the free-stream wind
turbulence, the greater or larger the deflection of the wake region. Further a blade pitch angle
may be determined to be the greater, the smaller the turbulence (of the free-stream wind) is -
i.e. the smaller the turbulence, the greater or larger the blade pitch angle - , such that a higher
wind speed is retained in the wake that recovers more slowly to the free-stream conditions in
smaller turbulence.

[0051] It has to be noted that embodiments of the invention have been described with
reference to different subject matters. In particular, some embodiments have been described
with reference to method type claims whereas other embodiments have been described with
reference to apparatus type claims. However, a person skilled in the art will gather from the
above and the following description that, unless other notified, in addition to any combination of
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features belonging to one type of subject matter also any combination between features
relating to different subject matters, in particular between features of the method type claims
and features of the apparatus type claims is considered as to be disclosed with this document.

[0052] The aspects defined above and further aspects of the present invention are apparent
from the examples of embodiment to be described hereinafter and are explained with
reference to the examples of embodiment. The invention will be described in more detail
hereinafter with reference to examples of embodiment but to which the invention is not limited.

Brief Description of the Drawings

[0053] Embodiments of the present invention are now described with respect to the
accompanying drawings. The invention is not restricted to the illustrated or described
embodiments.

Fig. schematically illustrates a wind park according to an embodiment of the present invention;

Fig. 2 schematically illustrates an arrangement for determining a control setting of at least one
wind turbine according to an embodiment of the present invention which may be comprised in
the wind park illustrated in Fig. 1; and

Fig. 3 schematically illustrates wind flow characteristics upstream and downstream a wind
turbine creating a wake.

Detailed Description

[0054] The illustration in the drawings is in schematic form.

[0055] The wind park 1 schematically illustrated in Fig. 1 comprises plural wind turbines
3a,3b,3c and an arrangement 5 for determining a control setting of at least one wind turbine of
the wind park 1 according to an embodiment of the present invention. Each wind turbine
3a,3b,3c comprises a respective wind turbine tower 7a,7b,7c having mounted on top a
respective nacelle 9a,9b,9¢c which harbours an electric generator having a rotation shaft
coupled with a hub 11a,11b,11c. At the hub 11a,11b,11c plural respective rotor blades
13a,13b,13¢ are connected which drive the generator for producing electric energy. The wind
turbines 3a,3b,3c may further each comprise a converter, in particular AC-DC-AC converter for
converting a variable frequency power stream output by the electric generator to a fixed
frequency power stream having for example a frequency of 50 Hz or 60 Hz. Each wind turbine
may further comprise a wind turbine transformer for transforming an output voltage to a higher
medium voltage.
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[0056] The wind park may comprise more than three wind turbines, for example 20 to 100
wind turbines or even more wind turbines. The wind turbine power output terminals may
commonly be connected at a point of common coupling which may supply electric energy
(optionally via a wind park transformer) to a not illustrated utility grid. Each wind turbine
3a,3b,3c may comprise a wind turbine controller.

[0057] The arrangement 5 for determining control settings of at least one wind turbine
3a,3b,3c receives measurement signals and/or operational parameters 15a,15b,15¢c from the
respective wind turbines 3a, 3b and 3¢ and supplies control signals 17a, 17b, 17c to the
respective wind turbines 3a, 3b, 3c for controlling the operation of the wind turbines. In
particular, the control signals 17a, 17b, 17c comprise or encode one or more control settings
for one or more components of the wind turbines, such as regarding setting a rotor yawing
angle, setting a power production set-point, setting a blade pitch angle, setting a rotational
speed of the rotor and/or setting a rotor tilt.

[0058] The arrangement 5 derives the respective control settings (supplied via control signals
17a, 17b, 17¢) based at least on a free-stream wind turbulence for which the arrangement 5
carries out a method of determining a control setting of at least one wind turbine 3a,3b,3c of a
wind park 1 according to an embodiment of the present invention. Therefore, the arrangement
5 determines the free-stream wind turbulence for example based on a variance of a free-
stream wind speed. The free-stream wind speed may for example be determined based on an
operational condition and/or a wind measurement of at least one front wind turbine, such as
wind turbine 3a which is facing the wind indicated with reference sign 19 (e.g. having a
particular free-stream wind speed, direction and turbulence).

[0059] The operational condition and/or the wind measurement of the front turbine 3a may for
example be supplied via the signal 15a to the arrangement 5. The operational condition may in
particular comprise the current power level, current blade pitch angle and current rotational
speed of the rotor of the front turbine 3a. Based on these values, the arrangement 5 may then
(using one or more tables or relationships or program modules, for example) derive the free-
stream wind speed for plural successive time points or time intervals. The arrangement 5 may
then calculate the variance of the free-stream wind speed to obtain the (estimation of) the free-
stream wind turbulence.

[0060] The arrangement 5 further provides an implementation of a wake model having model
parameters which may be defined based on for example a measured free-stream wind
direction, the free-stream wind speed and the free-stream wind turbulence. The wake model
may be utilized for deriving the wind turbine control signals 17a, 17b, 17c¢ (individually for the
corresponding wind turbine) to derive and supply the wind turbine control signals 17a, 17b,
17c, such as to satisfy a performance goal, such as optimizing power production of the entire
wind park 1.

[0061] Fig. 2 schematically illustrates an embodiment of the arrangement 5 as an example
implementation. As an input, the arrangement 5 comprises a free-stream wind speed 21 which
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may for example be based on the operational condition of an upstream wind turbine, such as
upstream wind turbine 3a illustrated in Fig. 1. The arrangement 5 comprises a variance
determination module 23 which determines the variance of the free-stream wind speed 21 and
performs a scaling, to output a free-stream turbulence intensity 25 which is supplied to a
turbulence binning module 27. A turbulence bin range definition module 29 supplies turbulent
bin ranges to the turbulence binning module 27 which outputs turbulent bin indices 29 which
are supplied to a table selection module 31. Within an electronic storage, the arrangement 5
comprises control settings look-up tables (or other data structures) 33 associating control
settings with particular free-stream wind conditions. The control settings look-up tables 33 may
have been determined using a wake algorithm or determination model 35 which may perform a
wake model based optimization for each wind condition (in particular offline). The table
selection module 31 selects from the plural control settings look-up tables 33 the table
corresponding to the current free-stream turbulence intensity 25 and provides therefrom the
respective control settings (in particular for each wind turbine 3a, 3b, 3c of the wind farm 1).
The output of the table selection module 31 may be a look-up table with the optimized control
settings for each wind direction and wind speed of the free-stream wind.

[0062] The arrangement 5 further receives as input the free-stream wind direction 36 and free-
stream wind speed 37 for example measured or determined from a front turbine 3a. The
optimized control setting may either be taken from the look-up table 39 output by the table
selection model 31 or may be interpolated (using interpolation module 40) between two or
more tables providing control settings close to the current free-stream wind direction and
speed 37. Finally, the arrangement 5 outputs the optimized wind turbine control settings 41
which may then be supplied, via the control signals 17a, 17b, 17c individually to all wind
turbines 3a, 3b, 3c.

[0063] Fig. 3 schematically illustrates wind flow upstream and downstream a wind turbine
having rotor blades rotating in a rotor disk 43. Upstream the rotor disk 43, the wind 19 has a
free-stream wind velocity U which then varies in dependence of a lateral position x according to
a first curve 45 for a first turbulence and according to a second curve 46 for a second
turbulence in a coordinate system having as ordinate 20 wind speed and having as abscissa
lateral extent x.

[0064] The rotor disk 43 including the rotating rotor blades exerts a force 47 on the wind 19
resulting in a decrease of the wind velocity 45 downstream the rotor disk 43. The wind velocity
45, 46 reaches downstream the rotor disk 43 a minimum Up,j, and increases then within a

wake region 49 substantially towards the upstream wind velocity U. The region 51 defines a
shape of the wake 49. Within a mixing region 53, radially outwards of a rotor stream tube 55,
mixing of the free-stream wind with the wind affected by the rotor disk 43 occurs.

[0065] The shape of the wind velocity 45, 46 downstream a wind turbine is different for
different free-stream wind turbulence of the wind 19. In particular, the wind velocity (second
curve 46) may be recovered to the upstream value U for a higher (second) free-stream wind
turbulence closer to the rotor disk 43 than for a lower (first) turbulence (first curve 45). The
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wind velocity for the higher second turbulence is indicated with reference sign 46. The wind
velocity for the lower second turbulence is indicated with reference sign 45. Thus, taking into
account the free-stream wind turbulence may enable to derive optimized control settings for all
wind turbines of the wind farm.

[0066] In particular, embodiments of the present invention may allow a better prediction of the
optimized wind turbine control settings resulting in an improved mitigation of wake losses in
wind farms and thereby a higher electrical energy production of the wind farm may be
achieved. Adaptation to estimated turbulence intensity may result in a more accurate prediction
of the optimized control settings. The use of filtered wind speed and direction signals may
make the optimized control settings less sensitive to measurement errors and may thus also
result in a better prediction of the optimized control settings. The wake optimization
methodology may be retrofitted to existing wind farms in order to improve their operation.

[0067] Alternatively to having for each turbulence bin an associated data table with control
settings, a full parameterized model may be defined with free-stream turbulence, free-stream
wind speed and free-stream wind direction as an input. Thus, a single 3D look-up table may be
predefined for the optimized control settings of each wind turbine with the three
aforementioned input parameters as selection.

[0068] Rather than using a pre-calculated offline model, the model and look-up table could
also be adaptive using a learning controller (for example model and control settings look-up
table updated online using online parameter fitting based on measurements and online
optimization).

[0069] It should be noted that the term "comprising" does not exclude other elements or steps
and "a" or "an" does not exclude a plurality. Also elements described in association with
different embodiments may be combined. It should also be noted that reference signs in the
claims should not be construed as limiting the scope of the claims.
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Patentkrav

1. Fremgangsmade til bestemmelse af en styreindstilling af mindst én vind-
molle (13) af en vindmallepark (1), hvilken fremgangsmade omfatter:
bestemmelse af en fristramsvindturbulens (25); og

udledning af styreindstillingen (41) baseret pa fristremsvindturbulensen (25),
hvor styreindstillingen indbefatter en krgjningsforskydning, hvor krgjningsfor-
skydningen er udledt til at veere jo mindre, jo hgjere fristreamsvindturbulensen
(25) er.

2. Fremgangsmade ifalge det foregaende krav, hvor fristremsvindturbulensen
(25) bestemmes ud fra en, iseer lavpasfiltreret, varians af en fristremsvindha-
stighed (37).

3. Fremgangsmade ifglge et af de foregéende krav, hvor fristremsvindha-
stigheden (37) bestemmes ud fra en driftstilstand og/eller en vindmaling (15a)
af mindst én forreste vindmalle (3a), der vender mod vinden (19) og i det vee-
sentlige ikke forstyrres af nogen anden vindmeglle, iseer ved brug af en 3D-
datatabel.

4. Fremgangsmade ifelge det foregéende krav, hvor driftstilstanden (15a) om-
fatter:

nuvaerende effektniveau; og/eller

aktuel pitchvinkel af mindst en rotorvinge (13); og/eller

rotationshastighed af en rotor pa den forreste vindmaelle (3a).

5. Fremgangsmade ifelge et af de foregadende krav, hvor styreindstillingen
yderligere udledes pa grundlag af fristremsvindhastigheden (37) og/eller isaer

malt fristremsvindretning (36).



10

15

20

25

30

DK/EP 3749853 T3

6. Fremgangsmade ifelge et af de foregaende krav, hvor styringsindstillingen
(41) udledes séledes, at vindparkens ydeevne optimeres ved hjeelp af en slip-

stramsmodel (35).

7. Fremgangsmade ifelge det foregaende krav, hvor slipstramsmodellen for-
udsiger effektproduktion og/eller belastning af mindst én, iseer alle vindmaller
i vindmelleparken, baseret pa slipstremsparametre, navnlig ved at definere
veerdier af disse:

fristramsvindhastigheden (37) og/eller

fristramsvindretningen (36) og/eller

styreindstillingen (41) for mindst én, iseer alle, vindmaealler og/eller

fristramsvindturbulensen (25).

8. Fremgangsmade ifglge et af de foregaende krav 6 eller 7, hvor slipstrems-
modellen forudsiger hgjere effektproduktion for en nedstremsvindmalle til ha-

jere fristramsvindturbulens.

9. Fremgangsmade ifalge et af de foregaende krav, hvor styreindstillingen (41)
omfatter mindst én slipstremspavirkende vindmelleindstilling, iseer mindst én
af:

en rotors krgjningsvinkel; og/eller

en pitchvinkel; og/eller

en rotorhastighed; og/eller

et effektproduktionsindstillingspunkt; og/eller

en rotorheaeldning.

10. Fremgangsmade ifalge et af de foregaende krav, hvor reguleringsindstil-
lingen (41) s@ges fra en flerdimensionel tabel eller fra en tabel (31) af et seet
tabeller (33), der hver iseer er knyttet til et bestemt fristramsvindturbulensom-
rade (29).
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11. Fremgangsmade til at styre en vindmelle, hvor fremgangsmaden omfatter:
udferelse af en fremgangsmade ifelge et af de foregaende krav til at udlede
styreindstilling for mindst én vindmaglle (3) i vindmealleparken (1);
begreensning af veerdier af styreindstillingen (41, 17) for at overholde en vur-
dering af styreindstillingen for vindmallen; og

styring af vindmeallen (3) med de begraensede veerdier af styreindstillingen.

12. Indretning (5) til bestemmelse af en styreindstilling af mindst én vindmelle
(3) i en vindmallepark (1), hvor indretningen omfatter en processor, der er ind-
rettet til at:

bestemme en fristramsvindturbulens (25); og

udlede styreindstillingen (41) baseret pa fristremsvindturbulensen (25),

hvor styreindstillingen indbefatter en krgjningsforskydning, hvor krgjningsfor-
skydningen er udledt til at veere jo mindre, jo hgjere fristreamsvindturbulensen
(25) er.

13. Vindmagllepark (1), som omfatter:
flere vindmagller (3a, 3b, 3c); og
en indretning (5) ifelge det foregéende krav, der er kommunikativt forbundet

med vindmgallerne for at levere den respektive styreindstilling til hver vindmalle.
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