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DESCRIPTION

[0001] The subject matter disclosed herein relates generally to wind turbines, and specifically
to the propagation of noise created by wind turbines.

[0002] Wind turbines typically include multiple blades extending from a central hub. The hub is
rotatably coupled to a nacelle suspended above the ground by a tower. Generally, the nacelle
houses an electric generator coupled to the hub and configured to generate electrical power as
the blades are driven to rotate by the wind. Wind turbine blades are typically designed and
manufactured to efficiently transfer wind energy into rotational motion, thereby providing the
generator with sufficient rotational energy for power generation. See, for example, EP 2 469
081.

[0003] Wind power plants typically consist of multiple wind turbines of this type spread over a
given geographic region. Wind passing over the region causes blades associated with each
wind turbine to rotate, thereby generating electrical power. Noise generated by a wind turbine,
or a group of wind turbines, may propagate long distances, in some cases a few kilometers.
Sound propagation may be influenced by environmental conditions such as wind, temperature,
atmospheric turbulence, terrain, etc. Because of local regulations, the presence of nearby
residents, or other factors, an operator may desire to operate one or more wind turbines such
that the noise level at one or more acoustic receptors remains below a specified noise level.

[0004] Certain embodiments commensurate in scope with the original claims are summarized
below. These embodiments are not intended to limit the scope of the claims, but rather these
embodiments are intended only to provide a brief summary of possible forms of the claims.
Indeed, the claims may encompass a variety of forms that may be similar to or different from
the embodiments set forth below.

[0005] The present invention is defined by the appended claims.

[0006] Various features, aspects, and advantages of the present invention will become better
understood when the following detailed description is read with reference to the accompanying
drawings in which like characters represent like parts throughout the drawings, wherein:

FIG. 1 shows a wind turbine system configured to convert wind energy into electrical energy in
accordance with aspects of the present disclosure;

FIG. 2A shows pitch adjustment of a turbine blade in accordance with aspects of the present
disclosure;

FIG. 2B shows yaw adjustment of a wind turbine system in accordance with aspects of the
present disclosure;

FIG. 3 shows a wind power plant having a plurality of the wind turbine systems shown in FIG. 1
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in accordance with aspects of the present disclosure;

FIG. 4A shows a wind turbine system that is not using the disclosed techniques to direct the
wake flow in accordance with aspects of the present disclosure;

FIG. 4B shows a wind turbine system that uses the disclosed techniques to direct the wake
flow in accordance with aspects of the present disclosure;

FIG. 5 is a sample plot of sound pressure level in the direction of an acoustic receptor plotted
against range when the wake flow and the sound propagation are aligned and misaligned in
accordance with aspects of the present disclosure; and

FIG. 6 is a flow chart for a process for maintaining noise levels at a given location by controlling
the wake effects in accordance with aspects of the present disclosure.

[0007] One or more specific embodiments will be described below. In an effort to provide a
concise description of these embodiments, all features of an actual implementation may not be
described in the specification. It should be appreciated that in the development of any such
actual implementation, as in any engineering or design project, numerous implementation-
specific decisions must be made to achieve the developers' specific goals, such as compliance
with system-related and business-related constraints, which may vary from one implementation
to another. Moreover, it should be appreciated that such a development effort might be
complex and time consuming, but would nevertheless be a routine undertaking of design,
fabrication, and manufacture for those of ordinary skill having the benefit of this disclosure.

[0008] When introducing elements of various embodiments of the present invention, the
articles "a," "an," "the," and "said" are intended to mean that there are one or more of the
elements. The terms "comprising,” "including,” and "having" are intended to be inclusive and
mean that there may be additional elements other than the listed elements. Furthermore, any
numerical examples in the following discussion are intended to be non-limiting, and thus
additional numerical values, ranges, and percentages are within the scope of the disclosed

embodiments.

[0009] Some wind turbine systems or wind power plants may be located near communities or
other sites that are sensitive to noise. Due to local regulations, or the requests of nearby land
owners, the operator of one or more wind turbine systems may desire to operate the wind
turbine systems so as to keep the noise level at one or more far-field acoustic receptors
attributable to the wind turbine systems below a threshold level. Operating a wind turbine
system so as to reduce the amount of noise generated may result in a reduced amount of
power produced.

[0010] The way sound propagates from a wind turbine may be affected by environmental
conditions such as wind, temperature, atmospheric turbulence, terrain, etc. Additionally, wind
turbines generate wake flows in the downwind direction as the turbine blades rotate and
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interact with the passing air flow. The wind turbine wake flow may also influence the sound
propagation by changing the speed of sound propagation. Specifically, the wind turbine wake
flow may affect the vertical wind profile, which in turn affects the speed at which sound travels.
Generally, when the wake flow and noise propagation are aligned, noise levels increase. VWhen
wake flow and noise propagation are misaligned, noise levels decrease. It should be
understood, however, that these are general trends (which will be addressed in more detail
with regard to FIG. 5) and that there may be specific distances in specific directions at which
this trend is reversed. Accordingly, the wake flow may influence the speed at which sound
propagates from the wind turbine in a given direction. Because the wake flow varies as one
moves away from the wind turbine, the effect of the wake flow on sound propagation also
changes with the distance from the wind turbine. The techniques described herein may be
used to control the wake effects of a wind turbine system, giving the operator the ability to
affect noise propagation from the wind turbine system in a given direction.

[0011] By making yaw adjustments to a wind turbine, an operator can "steer" the wake flow to
affect noise propagation. Such yaw adjustments may increase or decrease noise levels
attributable to the wind turbine at a given noise sensitive site, depending upon its distance and
direction from the wind turbine. If the operator makes yaw adjustments that direct the wake
flow away from the noise sensitive site, then sound propagation through the wake flow in the
direction of the noise sensitive site may be reduced. The operator may then operate the one or
more wind turbine systems so that they produce more power than would otherwise be allowed,
resulting in noise levels at the nearby community or noise sensitive site that are either the
same or lower than they would otherwise be in similar power generation systems without the
benefit of the present approaches.

[0012] FIG. 1 is a front view of a wind turbine system 10 configured to convert wind energy into
electrical energy. The wind turbine system 10 includes a tower 12, a nacelle 14 and blades 16.
The blades 16 are coupled to a generator 18 within the nacelle 14 by a hub 20 that rotates with
the blades 16. The blades 16 are configured to convert the linear air flow from the wind into
rotational motion. As the blades 16 rotate, the coupling between the hub 20 and the generator
18 within the nacelle 14 drives components of the generator 18 to rotate, thereby producing
electrical energy. While three blades 16 are included in the wind turbine system 10 of the
present embodiment, alternative embodiments may include more or fewer blades 16.

[0013] Each blade 16 includes a leading edge 22 and a trailing edge 24. The air flow engages
the leading edge 22 and flows toward the trailing edge 24. Due to the shape of the blades 16,
aerodynamic forces caused by the air flow induce the blades 16 to rotate, thereby driving the
generator 18 to produce electrical power. Efficiency of the wind turbine system 10 is at least
partially dependent upon converting linear air flow into rotational energy. Therefore, the blades
16 are generally configured to efficiently transfer wind energy into rotational motion. For
example, blade shape may be selected to enhance air flow over the blade 16 such that
aerodynamic forces induce the blade 16 to rotate. In addition, the blades 16 are typically
manufactured to be substantially smooth, such that air flows over the blades 16 without
interference.
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[0014] The wind turbine system 10 may also include a controller 26 to control the operation of
the wind turbine system 10. For example, the controller 26 may control the rotational speed
(rpm) of the wind turbine system 10, the pitch of the blades 16, the yaw of the wind turbine
system 10, as well as other parameters of operation. The controller 26 may include control
circuitry 28, which may include a processor 30 and a memory component 32. The processor
may be configured to analyze data, run programs, execute instructions, optimize operating
parameters of the wind turbine system 10, and control the operating parameters of the wind
turbine system 10. The memory component 32 may be any non-transitory computer readable
medium. The memory component may store data, processor instructions, programs,
optimization algorithms, lookup tables, models, and the like, including processor instructions for
implementing the present approaches discussed herein.

[0015] The controller 26 may include or communicate with an operator interface 34. The
operator interface 34 may include a display 36 and/or operator inputs 38. The display may be
an LCD, a cathode ray tube display, or some other kind of display. In some embodiments, the
display 36 may be an array of LEDs. The operator inputs 38 may include buttons, knobs, dials,
and/or a keyboard and mouse. In some embodiments, the display 36 and the operator inputs
38 may be combined into a single element (e.g., a touchscreen). The operator interface 38
allows the wind turbine system 10 to communicate with and control the operator and the
operator to communicate with the wind turbine system 10. Though the various components of
the controller 26 are shown within a common unit or housing for purposes of illustration, in
some embodiments the various components (e.g., control circuitry 28, processor 30, memory
32, operator interface 34, display 36, operator inputs 38, communication circuitry 40, etc.)
maybe situated in more than one unit and/or location.

[0016] The controller 26 may also include communication circuitry 40. In some embodiments,
the communication circuitry may facilitate communication between the controller and an
operator (e.g. via a smart device) by wired or wireless communication. In some embodiments,
the communication circuitry 40 may facilitate communication via a wireless or wired connection,
through port 42, with a network 44. In some embodiments, a remote control system 46 and/or
a database 48 may be in communication with the controller 26 via the network 44. The remote
control system 46 may provide an operator with control of one or more wind turbine systems
spread across one or more locations. The network 44 may also provide access to one or more
a databases 48. The databases 48 may provide the controller 26 with lookup tables, noise
propagation models, weather models, weather data, local noise regulations, desired threshold
noise levels, and the like.

[0017] The disclosed techniques may include management of noise propagation by adjusting
the rotational velocity of the wind turbine system 10, the blade 16 pitch, and the yaw of the
wind turbine system. The rotational velocity of the wind turbine system 10 is the speed at which
the blades 16 and the hub 20 rotate as a result of the blades' 16 interaction with the wind. FIG.
2A shows blade 16 pitch adjustment. Blade pitch adjustments are made by rotating the blade
about the blade axis 60, which runs the length of the blade. FIG. 2B shows wind turbine yaw
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adjustment. A yaw adjustment is made by rotating the nacelle about the tower axis 62, which
extends the height of the tower 12.

[0018] With the foregoing discussion of a wind turbine system 10 in mind, FIG. 3 is a
schematic diagram of a multitude of such wind turbine systems 10 disposed to function
together as part of a wind power plant 80. Electrical currents produced by the wind turbine
systems 10 of the wind power plant 80 are provided to an electrical power grid 82, thereby
providing electrical energy to consumers connected to the grid 82. Further, one or more
controllers 26 may be provided to control and/or monitor operation of the wind power plant 80.
Such controllers 26 may be provided as general or special purpose computers (or other
suitable processor-based systems) configured to execute code or routines that allow
monitoring and/or control of the wind power plant 80 as a whole and/or of individual wind
turbine systems 10 of the plant 80. For example, in one embodiment, a controller 26 (or other
processor based system) may execute control logic to optimize performance, noise generation,
noise propagation, and/or any number of other factors, as discussed herein. The disclosed
techniques may be used to control more than one wind turbine system 10 (e.g., wind power
plant 80) in order to control the noise propagation attributable to the more than one wind
turbine system 10 or wind power plant 80 at a given location.

[0019] FIG. 4A shows a wind turbine system 10, or wind power plant 80, that has not
implemented the disclosed techniques for affecting sound propagation by misaligning the wake
flow with the noise propagation in the direction of a noise sensitive site 104. In FIG. 4A, air 100
flows toward the wind turbine system 10, or wind power plant 80, and interacts with the blades
16, causing the blades 16 to spin. The blades 16 moving through the air 100 may generate a
wake flow 101 and noise 102, which propagate away from the wind turbine system 10. In some
embodiments, the sound 102 may propagate toward one or more noise sensitive sites 104,
such as one or more nearby communities. When the wake flow 100 and the noise propagation
102 are aligned in the direction of the noise sensitive site 104, the sound may propagate with
the wake flow. It should be understood that such noise sensitive sites 104 may represent any
location or geographical area that may be sensitive to noise, including one or more residential,
commercial, or industrial entities, or regions (e.g., housing, businesses, and so forth) as well as
environmentally sensitive sites. For example, such a site 104 or entity may include a place
where one or more people live, a school, an office, a park, a ranch, a farm, a wilderness
preserve, etc. In some embodiments, one or more acoustic receptors 106 may be disposed in
or near the sensitive sites 104 in order to monitor noise levels in the site 104. Though FIG. 4A
shows a single site 104 in the form of housing, it should be understood that in some
embodiments, the wind turbine system 10, or wind power plant 80, may be located near
multiple sensitive sites 104. As such, the present techniques may be used to control the wake
flow 101 so as to control noise levels due to the wind turbine system 10 at multiple neighboring
sites.

[0020] FIG. 4A shows that the sensitive site 104 is located approximately 1500m away from
the wind turbine system 10. It should be understood, however, that this distance is merely an
example and intended to communicate that the disclosed techniques are concerned with far
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field sound propagation. In general, far-field range is the distance from the wind turbine system
10 at which the environmental effects (e.g., wind, temperature, atmosphere) have a non-
negligible effect on sound propagation. For near field range, environmental effects are
negligible. Though there are many different ways to determine where far-field range begins, for
the sake of simplicity, it is assumed that far-field range begins at approximately 450 to 500
meters from the nearest wind turbine system. FIG. 4B shows a wind turbine system 10, or wind
power plant 80, that is implementing the disclosed wake management techniques to misalign
the wake flow and the sound propagation 102 in the direction of the sensitive site 104. As will
be described in more detail later, the controller 26 of the wind turbine system 10 may adjust
one or more of the rotational velocity (rpm) of the wind turbine system 10, the yaw of the wind
turbine system 10, or the pitch of the blades 16 in order to manage the wake effects and
misalign the wake flow 101 and the sound propagation. Local regulations or the wishes of
residents in the site 104 may require that noise levels in the site due to the wind turbine system
10 or wind power plant 80 stay below a threshold level. In the embodiment shown in FIG. 4A,
in which the wake flow 101 and the noise propagation 102 are aligned in the direction of the
site 104, noise reduced operation (NRO) may be used to reduce the overall noise produced by
the wind turbine system 10. NRO techniques typically include adjustment of the blade 16 pitch
or the rotational velocity of the wind turbine system 10. NRO techniques may reduce the
amount of power generated by the wind turbine system 10.

[0021] By adjusting the yaw of the wind turbine system 10, in addition to the rotational speed
and the blade pitch, to misalign the noise propagation 102 and the wake flow 101 in the
direction of the site 104, as shown in FIG. 4B, the controller 26 may adjust the settings of the
wind turbine system 10 to reduce noise levels at the site 104 as compared to the situation in
FIG. 4A or generate more noise (and more power) than would be allowable in the situation
shown in FIG. 4A, and still comply with local regulations. The controller 26 in the example
shown in FIG. 4B may then steer the wake flow 101 such that it is misaligned with the noise
propagation 102 in the direction of the noise sensitive site 104, resulting in the noise level
sensed at the acoustic receptor 106 being the same or less than the noise sensed in the
example shown in FIG. 4A. As such, the disclosed techniques may allow the wind turbine
system 10 to generate more power without an increase in the noise sensed by nearby
sensitive sites 104.

[0022] FIG. 5 shows a sample plot 130 of the sound pressure level (SPL) in the direction of an
acoustic receptor when the wake flow is aligned with sound propagation and when the wake
flow is misaligned with sound propagation. The x-axis 132 represents the range, in meters,
from the wind turbine system 10. The y-axis represents SPL in A-weighted decibels (dBA).
Curve 136 shows the SPL when the wake flow and sound propagation are misaligned, as
shown in FIG. 4B. Curve 137 shows the SPL when the wake flow and sound propagation are
aligned, as shown in FIG. 4A. Curves 136 and 137 are the SPL in dBA at the given range from
the wind turbine system 10, in the direction of interest (e.g., the direction from the wind turbine
system 10 to the site 104 or acoustic receptors 106). Note that between 0 and 1500m, the SPL
is generally lower when the wake flow and sound propagation are misaligned. Between about
1500m and 2500m, the SPL of curve 137 (wake flow and sound propagation aligned) is lower
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than the SPL of curve 136 (wake flow and sound propagation misaligned). Accordingly, in the
specific example of FIG. 5, a noise sensitive site 104 located between 1500m and 2500m from
the wind turbine system 10 will likely experience lower noise levels when the wake flow and
sound propagation are aligned. The distance at which this change occurs, that is, the distance
in the down wind direction at which the effect of an aligned wake flow on the noise levels at the
site 104 changes relative to the misaligned condition, is called the turning point 138. If the point
of interest (acoustic receptor 106 or site 104) is before the turning point, yaw adjustment or
reduction of NRO modes may be useful in controlling the sound propagation. If the point of
interest (acoustic receptor 106 or noise sensitive site 104) is after the turning point, an
increase of NRO modes may be useful to increase the power output of the wind turbine while
still meeting noise regulations.

[0023] FIG. 6 is a flow chart of a process 160 for maintaining the noise levels at a given
location by controlling the wake effects of one or more wind turbine systems 10. At some point
prior to implementing the disclosed techniques, lookup tables or models for the wake profiles
and sound propagation are generated or updated. This may be done at any point before
attempting to control the noise propagation of a given wind turbine system 10 (e.g., hours,
days, weeks, months, or years before attempting to control the noise propagation of a given
wind turbine system 10). The one or more lookup tables or models may be stored locally or
remotely from a given wind turbine system, such as in the memory 32 of the controller 26, by
the remote control system 46, or the database 48. The one or more lookup tables or models
may be updated manually, remotely, or by software update.

[0024] In block 162, the one or more lookup tables or models are populated or updated that
predict wake profiles based on given weather conditions. In some embodiments, the weather
conditions may include wind shear, wind speed, temperature, humidity, barometric pressure,
any combination thereof, or other weather conditions. The lookup tables or models may be
populated using data determined experimentally, by model, some mixture of the two, or some
other way. For example, given the distance and direction of an acoustic receptor, as well as the
local weather conditions, a lookup table or model may generate an estimation of the wake
profiles for various weather conditions.

[0025] In block 164, the one or more lookup tables or models are populated or updated that
predict sound propagation based on the given wake profiles. For example, given the wake
profiles output from the lookup tables or models populated in block 162, the frequency, and the
direction of the sensitive sites 104 or acoustic receptor 106 of interest, the lookup table may
output an equation, table, or graph of the SPL versus distance, similar to the plot shown in FIG.
5. In some embodiments, a single lookup table or model may be used to predict both wake
profiles and sound propagation based upon weather data, effectively combining blocks 162
and 164 into a single block.

[0026] In block 166, the process 160 obtains current or predicted weather data, which may be
indicative of one or more weather conditions surrounding the wind turbine system 10. The
weather data may be accessed from the remote control system 46, from the database 48, or



DK/EP 3096006 T3

pulled from the internet via the network 44. The weather data may be updated periodically, and
thus may be obtained by the process 160 once a minute, once every 5 minutes, once every 15
minutes, once every 30 minutes, once an hour, once every 2 hours, or 2, 4,6, 8, or 10 times a
day, or any time interval greater than, less than, or in between the listed intervals. Alternatively,
the weather data may also be obtained upon receipt of a manual update instruction, such as
when instructed by an operator. In some embodiments, the process 160 may be configured to
obtain weather data more frequently when the weather is subject to sudden changes (e.g.,
when a front is forecast to pass the wind turbine system 10). The weather data may include
wind shear, wind speed, wind direction, temperature, humidity, barometric pressure, or any
other weather data.

[0027] In block 168 the process 160 estimates the wake profiles of the air 100 after interacting
with the blades 16 of the wind turbine system 10. In some embodiments, the weather data
obtained by the process 160 in block 166 is plugged into the one or more lookups table
populated in block 162 using experimental data, models, or some other method. In other
embodiments, the weather data obtained by the process 160 in block 166 is fed into one or
more models in order to estimate the wake profiles. In some embodiments, the model or
lookup table may be based solely on weather data. In other embodiments, the model or lookup
table may consider the rotational velocity (rpm) of the wind turbine system 10, the pitch of the
blades, or other operational parameters of the wind turbine system 10. For example, given the
distance and direction of an acoustic receptor, as well as the local weather conditions, the
lookup table or model may generate an estimation of the wake profiles.

[0028] In block 170, the wake profiles derived in block 168 are used to estimate the sound
propagation from the wind turbine system 10. As previously mentioned, in some embodiments,
the wake profiles and the sound propagation may be estimated using a single lookup table or
model, effectively combining blocks 168 and 170. In some embodiments, block 170 may
produce a two or three dimensional map or prediction to determine how the sound of the wind
turbine system propagates from the wind turbine system. In other embodiments, block 170
may only consider the sound propagation at one or more acoustic receptors 106, sensitive
sites 104, or other points of interest. For example, given the wake profiles output from the
lookup tables or models populated in block 162, as well as the direction of the site 104 or
acoustic receptor 106 of interest, the lookup table may output an equation, table, or graph of
the SPL versus distance, similar to the plot shown in FIG. 5.

[0029] In block 172, the process 160 determines the noise turning point 138. As was discussed
with regard to FIG. 5, the turning point 138 may be determined by examining the SPL in a
given direction (e.g., the direction of the site 104 or acoustic receptors 106) at far-field
distances from the wind turbine system 10, or by comparing noise levels when the wake flow
and the sound propagation are aligned and misaligned. As can be seen in FIG. 5, the turning
point is the distance in the down wind direction at which the effect of the aligned wake flow on
the noise levels at the site 104 changes relative to the misaligned wake flow. In block 172, the
process 160 determines the range at which the turning point 138 occurs.
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[0030] At decision 174, the process 160 determines whether the acoustic receptor 106 or site
104 of interest is inside of the turning point 138 range. That is, if the turning point 138 occurs at
a known distance from the wind turbine system 10, is the acoustic receptor 106 or site 104 of
interest inside of that distance or outside of that distance? If the acoustic receptor 106 or site
104 of interest is inside the turning point 138, the process 160 moves to block 176, wherein the
process 160 directs the wake flow with yaw adjustments, and/or reduces NRO modes. In some
embodiments, the yaw adjustment may be in increments of 0.1 degrees, 0.5 degrees, 1
degrees, 2 degrees, 5 degrees, or 10 degrees, or any other increment. By making yaw
adjustments to the wind turbine system 10, the process 160 may adjust the angle at which the
wind 100 hits the blades 16, which in turn affects the wake profiles. Thus, by making yaw
adjustments to the wind turbine system 10, the process 160 or the controller 26 may misalign
the wake flow and the noise propagation in the direction of the site 104 or acoustic receptor of
interest, which may reduce the noise level. In some embodiments, block 176 may include the
act of the processor 30 generating or modifying a yaw signal, an rpm signal, or a blade pitch
signal.

[0031] If, on the other hand, the acoustic receptor 106 or site 104 of interest is outside of the
turning point 138 distance, the process 160 moves to block 178 and increases the Noise
Reduced Operation (NRO) modes in order to increase the power of the wind turbine system
while still maintaining noise levels at the acoustic receptor 106 or site 104 of interest below
required levels. Increasing NRO modes may include adjustments to the rotational velocity
(rpm) of the wind turbine system 10 and the pitch angle of the blades 16. In some
embodiments, block 178 may include the act of the processor 30 generating or modifying an
rpm signal or a blade pitch signal.

[0032] For example, assume a wind turbine system 10 is located 1500 meters from a city with
noise regulations requiring that the audible noise from the wind turbine system 10 at a given
acoustic receptor 106 not exceed 30 dBA. Without making yaw adjustments, the operator of
the turbine would likely adjust NRO modes, which would limit the noise (and likely the power)
produced by the wind turbine system, without any ability to direct the wake flow and misalign
the wake flow and the sound propagation, such that the acoustic receptor within the city
measures less than 30 dBA. However, by using yaw adjustments to steer the wake flow, the
operator may run the turbine to produce more noise (and likely more power), and then
misalign the wake flow and noise propagation, such that the noise level at the relevant acoustic
receptor 106 attributable to the wind turbine is below 30 dBA. In such an embodiment, for
example, a similar location 1500 meters away in the direction in which the wake flow and the
sound propagation are aligned, may experience a sound level of 60 dBA. Because there is no
sound sensitivity at this location, it is not an issue for the wind turbine system 10 operator.
Accordingly, the combination of making yaw adjustments and adjusting NRO modes, allows an
operator to run one or more wind turbine systems 10 to produce more noise, and likely more
power, than would otherwise be allowed, and then direct the noise away from the sensitive
area.

[0033] Whether the acoustic receptor 106 or site 104 of interest is located before or after the
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turning point 138, the process moves to decision 180 and estimates the noise levels at the one
or more acoustic receptors 106 or sites 104 of interest. If the estimated noise levels are below
the threshold levels, the process 160 operates the wind turbine system 10 according to the
parameters determined in block 176 or 178 until new weather data is available or until it is time
to obtain new weather data. In some embodiments, if the estimated noise levels are not below
the threshold levels, the process 160 may optimize by returning to block 174. The process 160
may be configured to return to block 174 for reoptimization whenever reoptimization is needed,
or when only small tweaks to the wind turbine system 10 are needed.

[0034] In some embodiments, if the estimated noise levels are above the threshold levels, the
process 160 re-optimizes by returning to block 168 where the wake profiles are recalculated
based on the new operating parameters determined in blocks 176 and 178. Some
embodiments may be configured to re-optimize by returning to block 168 each time through
the process 160. Other embodiments may return to block 168 when block 176 or block 178
results in substantial changes (e.g., above a threshold) to rotational velocity, blade pitch, or
yaw. The process 160 may then proceed to recalculating the sound propagation (block 170),
determining the noise turning point (block 172), and making adjustments to the wind turbine
system (blocks 176 and 178). The process 160 then recalculates whether the estimated noise
levels at the one or more acoustic receptors 106 or sites 104 of interest are below the
threshold levels. If the estimated noise levels are not below the threshold levels, the process
160 may go through the optimization process again. If the estimated noise levels are below the
threshold levels, the process 160 runs the wind turbine system 10 according to the parameters
determined in blocks 176 and 178 until new weather data is available or until it is time to obtain
new weather data.

[0035] For clarity, FIG. 6 shows an embodiment for steering the wake flow of a single wind
turbine system relative to sound propagation in the direction of a single noise sensitive site 104
or acoustic receptor 106. It should be understood, however, that the same techniques may be
used to control more than one wind turbine systems 10 (e.g., a wind power plant) and/or to
steer wake flows to align or misalign the wake flow relative to sound propagation in the
direction of multiple noise sensitive sites 104 or acoustic receptors 106.

[0036] The techniques described herein may be used to direct or steer the wake flows of one
or more wind turbine systems to affect noise propagation in the direction of nearby
communities or sites that are sensitive to noise. Using these techniques, an operator of one or
more wind turbine systems may operate the one or more wind turbine systems to generate
more noise (and likely more power) than would otherwise be possible, and then reduce the
noise at the community or noise sensitive site such that the noise attributable to the one or
more wind turbine systems, as perceived from the community, does not increase.

[0037] This written description uses examples to disclose the invention, including the preferred
mode, and also to enable any person skilled in the art to practice the invention, including
making and using any devices or systems and performing any incorporated methods. The
patentable scope of the invention is defined by the claims.
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KRAV

1. Fremgangsmade (160) til styring af en vindmglle (10), omfattende at:

opna (166) vejrdata, der indikerer én eller flere vejrforhold ved vindmgllen (10);
estimere (168) slipstramsprofiler baseret pd de opndede vejrdata;
estimere (170) lydudbredelse i en retning af en akustisk receptor (106) baseret pd
de estimerede slipstramsprofiler;
identificere (172) et vendepunkt (138) i den estimerede lydudbredelse, hvor
vendepunktet (138) er en afstand i retning af den akustiske receptor (106), ved
hvilket et stgjniveau bliver lavere, ndr slipstremsprofilerne er rettet ind med
lydudbredelsen, end nar slipstremsprofilerne ikke er rettet ind med lydudbredelsen;
optimere driften af vindmgllen (10), omfattende:
justere (182) af et krgjningssignal, hvis den akustiske receptor (106)
er fgr vendepunktet (138), hvor krgjningssignalet styrer krgjningen
pa en nacelle (14) i forhold til et tdrn (12); og
@ge en stgjreduceret driftstilstand (NRO), hvis den akustiske receptor
(106) er efter vendepunktet (138);
estimere stgjniveauet ved den akustiske receptor (106); og
genoptimere driften af vindmgllen (10), hvis det estimerede stgjniveau ved den
akustiske receptor (106) overstiger et teerskelstgjniveau.

2. Fremgangsmé&de (160) ifglge krav 1, hvor estimering (168) af slipstremsprofiler udfgres ved
hjeelp af en fgrste opslagstabel, og estimering (170) af lydudbredelse udfgres ved hjeelp af en
anden opslagstabel.

3. Fremgangsmade (160) ifelge et hvilket som helst af de foregdende krav, yderligere omfattende
at:
generere et vingepitchsignal, hvor vingepitchsignalet styrer pitchen for en flerhed af vinger (16) af
vindmgillen (10);
generere et omdrejningstalssignal, hvor omdrejningstalssignalet styrer en
rotationshastighed for flerheden af vinger (16) omkring et nav (20); og
justere ét eller begge af vingepitchsignalet og omdrejningstalssignalet, hvis det
estimerede stgjniveau pd det stgjfelsomme sted overstiger teerskelstgjniveauet.
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4. Fremgangsmade (160) ifglge et hvilket som helst af de foregdende krav, hvor vejrdataene
omfatter vindgradient.

5. Fremgangsméade (160) ifglge et hvilket som helst af de foregdende krav, omfattende at:
reducere en stgjreduceret driftstilstand (NRO), hvis det stgjfalsomme sted er far
vendepunktet (138); og
gge NRO-tilstanden, hvis det stgjfalsomme sted er efter vendepunktet (138).

6. Fremgangsmade (160) ifelge et hvilket som helst af de foregdende krav, hvor det stgjfalsomme
sted omfatter én eller flere akustiske receptorer (106) konfigureret til at male stgjniveauet pa det
stgjfalsomme sted.

7. Fremgangsmade (160) ifelge et hvilket som helst af de foregdende krav, hvor optimering af
driften af vindmgllen (10) omfatter én eller begge af at:
justere et vingepitchsignal, hvor vingepitchsignalet styrer pitchen for en flerhed af
vinger pd vindmgllen (10); og
justere et omdrejningstalssignal, hvor omdrejningstalssignalet styrer en
rotationshastighed for flerheden af vinger omkring et nav.

8. Fremgangsmade (160) ifglge et hvilket som helst af de foregdende krav, hvor optimering af
driften af vindmgllen (10) omfatter at reducere NRO-tilstanden, hvis den akustiske receptor er far
vendepunktet, og at gge NRO-tilstanden, hvis den akustiske receptor er efter vendepunktet.

9. Fremgangsmade (160) ifglge et hvilket som helst af de foregdende krav, hvor vejrdataene
omfatter temperaturprofil.

10. Fremgangsmade (160) ifglge et hvilket som helst af de foregdende krav, hvor justering af
krgjningssignalet er konfigureret til at dirigere slipstrsammen vaek fra den akustiske receptor.

11. Styresystem (26) til en vindmglle (10) omfattende:
kommunikationskredslgb (40), som kommunikativt koblet til et netvaerk (44), og
som er konfigureret til at opnd vejrdata, der indikerer én eller flere vejrforhold ved
vindmgllen (10); og
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en processor (30), der er konfigureret til at implementere fremgangsmaden (160)
ifalge et hvilket som helst af de foregdende krav.

12. Styresystem (26) ifglge krav 11, hvor processoren (30) er konfigureret til at:
generere et vingepitchsignal, hvor vingepitchsignalet styrer pitchen for en flerhed af
vinger (16) af vindmgllen (10);
generere et omdrejningstalssignal, hvor omdrejningstalssignalet styrer en
rotationshastighed for flerheden af vinger omkring et nav (20); og
modificere ét eller begge af vingepitchsignalet eller omdrejningstalssignalet, hvis
stgjniveauet ved den akustiske receptor (106) overstiger teerskelstgjniveauet;

13. Styresystem (26) ifglge krav 11 eller krav 12, hvor processoren (30) er konfigureret til:
identificere vendepunktet (138) i den estimerede fjernfeltlydudbredelse; og
gge en stgjreduceret driftstilstand (NRO), hvis den akustiske receptor (106) er efter
vendepunktet.

14. Styresystem (26) ifglge et hvilket som helst af kravene 11 til 13, hvor estimering af
slipstremsprofiler og fjernfeltlydudbredelse inkluderer anvendelse af én eller flere opslagstabeller.

15. Styresystem (26) ifglge et hvilket som helst af kravene 11 til 14, hvor den akustiske receptor
(106) er anbragt i eller i naerheden af et samfund.

16. Styresystem (26) ifglge et hvilket som helst af kravene 11 til 15, hvor teerskelstgjniveauet
bestemmes af én eller flere forordninger i samfundet.

17. Styresystem (26) ifglge et hvilket som helst af kravene 11 til 16, hvor modificering af
krgjningsjusteringssignalet er konfigureret til at dirigere slipstrammen veek fra den akustiske
receptor (106).
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